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This study describes biosorption of chromium (VI) by immobilized Spirulina platensis, in calcium alginate
beads. Three aspects viz. optimization of bead parameters, equilibrium conditions and packed column
operation were studied and subsequently modeled. Under optimized bead diameter (2.6 mm), calcium
alginate concentration (2%, w/v) and biomass loading (2.6%, w/v) maximum biosorption was achieved.
140g1-" loading of optimized beads resulted in 99% adsorption of chromium (VI) ions from an aqueous
solution containing 100 mg1-! of chromium (VI). The quantitative chromium (VI) uptake was effectively

fﬁ{:(?l:lijliation described by Freundlich adsorption isotherm. The immobilized S. platensis beads were further used in a
Spirulina packed bed column wherein the effects of bed height, feed flow rate, inlet chromium (VI) ion concentration

were studied by assessing breakthrough time. The performance data were tested for various models fitting
inorder to predict scale up-design parameters such as breakthrough time and column height. Results were
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1. Introduction

Chromium (VI) is a hazardous heavy metal found in industrial
effluents of electroplating and leather tanning industries. Biosorp-
tion, which utilizes dead biomass of algae, fungi or bacteria to
sequester toxic heavy metals, is a well known method for the
removal of heavy metals from waste waters. Several metal uptake
studies focused on brown marine algae, owing to their high metal
adsorption potential, have been carried out [1,2]. However, other
algae, such as the green and the blue-green algae, have also been
explored for biosorption of heavy metals in this field [3-5]. Gokhale
et al. [6] have shown that biosorption using different species of
green algae is similar and the biosorption process is “species inde-
pendent”. Spirulina platensis, a blue-green alga, was selected for
the current study since this alga is relatively cheap and can be
easily grown in non-sterile conditions, at an alkalinity of pH 9.5.
The probability of contamination under such extreme conditions
is very low that offers an added advantage for algal cultivation.
This interesting finding will be useful for industrial application after
collecting data on technological aspects, such as possible reuse of
biomass, e.g. by immobilization, kinetics of process, appropriate
bioreactor design—may be packed or fluidized bed, etc. This paper
reports further work on chromium (VI) biosorption on S. platensis
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cells immobilized in calcium alginate, using a packed bed column
to get performance data for scale up.

Immobilization of biomass using biopolymeric matrices for
biosorption has been investigated by many researchers [7-9]. These
matrices being effective, non-toxic and inexpensive, offer an eco-
nomical alternative to ion exchange resins which are routinely used
as supports. Calcium alginate, a biopolymer, commercially pro-
duced from brown algae, is one such biopolymeric matrix. In the
present work calcium alginate gel was used for immobilization of
S. platensis by the entrapment technique. These gel beads are sensi-
tive to stirring and break when used in mixed flow tanks hence the
use of packed column in our current studies. Further, aspects stud-
ied were optimization of bead parameters, equilibrium studies and
packed column operation modeling. We assume that the following
is the first study to report the effect of bead parameters such as bead
size, calcium alginate concentration, biomass loading and mechani-
cal strength on biosorption. Hence optimizing these parameters for
obtaining efficient biosorption was essential. Equilibrium studies
were carried out to measure chromium (VI) adsorption capacity of
the biomass. The process engineering advantages of a packed bed
adsorption column with immobilized biomass offer ease of scala-
bility and scale up is an important aspect of the biosorption process.
Packed bed column studies including effect of bed height, flow rate
and initial metalion concentration on biosorption of chromium (VI).
Modeling of data available from column studies facilitates scale-up
potential. There are few reports on the modeling of packed bed col-
umn using immobilized microalgae for biosorption of heavy metal
ions [10,11]. Hence, several models, namely Thomas, Yoon-Nelson,


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sslele@udct.org
dx.doi.org/10.1016/j.jhazmat.2009.05.005

736 S.V. Gokhale et al. / Journal of Hazardous Materials 170 (2009) 735-743

Nomenclature

Amdr» bmar Modified dose-response model constants

C concentration of chromium (VI) ion in the fluid at
any time t (mgl-1)

Co initial/inlet metal ion concentration (mgl-1)

Gy breakthrough metal ion concentration (mgl-1)

Ceq concentration of adsorbate in the fluid at equilib-
rium (mgl-1)

dC/dt  slope of breakthrough curve from t, to te
(mgl-1h-1)

F volumetric flow rate (mlh—1)

k first order rate constant (min—1)

K adsorption rate constant (Img-1h-1)

Kg Freundlich adsorption constant

kth Thomas model rate constant (mg=!h-1)

kyn Yoon-Nelson model rate constant (min~1)

M biosorbent mass (g)

n Freundlich adsorption constant

No sorption capacity of bed (mgl-1)

eq mass of metal ion adsorbed per unit mass of original
adsorbent at equilibrium (mgg=1)

qr mass of metal ion adsorbed per unit mass of original
adsorbent at any time t (mgg~1)

Qo maximum solid-phase concentration of the solute
(mgg™")

t time

th breakthrough time (min)

te exhaustion time (min)

v linear velocity of solution in the column (cmh=1)

Vi breakthrough volume (1)

Vets volume of metal solution passed into the column (1)

VE exhaust volume (1)

VR retention volume (1)

w total amount of the metal loaded to the column (mg)

Waq metal ions adsorbed in the column (mg)

Z column height (cm)

T time required for 50% adsorbate breakthrough (min)

Modified dose-response and Bed Depth Service Time (BDST) were
investigated in the current study. The first three models predict the
service time for a given metal ion concentration and the informa-
tion thus obtained is useful in the BDST model to predict bed height.
The models may also be used for the scale up of the biosorption
process. The continuous process for biosorption is proposed at the
end.

2. Materials and methods
2.1. Microorganism and growth conditions

The microalga used in the study was S. platensis (Strain no.:
ARN 740), obtained from CFTRI (Mysore, India). It was main-
tained in modified Zarrouks medium with analytical grade reagents
obtained from Merck [12]. The medium had following com-
position in gl-1: NaHCOs, 10.08; NaCl, 0.6; NaNOs, 1.5; EDTA
disodium magnesium salt, 0.048; K,SO4, 0.4; FeSO4-7H,0, 0.004;
CaCl,, 0.016; MgS0O4-7H,0, 0.08; K;HPOy4, 0.2; H3BO3, 0.00286;
MnCl,-4H,0, 0.00181; ZnSO4-7H,0, 0.000222; Na;Mo0O4-2H,0,
0.000039; CuS04-5H,0, 0.000079; Co(NO3),-6H,0, 0.000049. S.
platensis was grown in a 301 airlift reactor for 15 days under
illumination, with an average light intensity of 15001x, at room
temperature (30 £ 2 °C). Air was sparged at an average flow rate of
61min~!. Our earlier studies indicate that aeration of 1h in every

6h (4hin 1day) results in maximum growth of S. platensis (unpub-
lished work); the same was adopted in the present study.

2.2. Chemicals

Chromium (VI) metal ion solution was prepared by diluting
stock solution of the concentration 1gl~! to desired concentra-
tions. Weighed quantities of analytical grade potassium dichromate
(obtained from Hi-Media) dissolved in distilled water were used as
stock solution. Calcium alginate beads were made by precipitation,
on reacting sodium alginate with calcium chloride (both obtained
from Hi-Media).

2.3. Analysis of chromium (VI) ions

The concentration of unadsorbed chromium (VI) ions in the
biosorption medium was determined spectrophotometrically using
diphenyl carbazide as the complexing agent [13] using a Thermo
Electron Corporation: Spectronic Genesis 5 spectrophotometer.
Optical density was measured at 540 nm with distilled water as
a blank.

2.4. Immobilization of S. platensis

Immobilization of algal cells was carried out by the entrapment
method. The technique involves drop wise addition of cells sus-
pended in sodium alginate solution into calcium chloride solution,
whereon the cells are immobilized in precipitated calcium alginate
gel in the form of beads [14].

After the growth phase, the algal culture was centrifuged at
7000 rpm for 15min, washed with distilled water and dried at
60°C for 24 h before use. Measured amounts of dry S. platensis
biomass were suspended in distilled water (4-52 g1-!) and mixed
with equal volumes (1:1, v/v) of 4% (w/v) sodium alginate solution
(unless otherwise stated). A 100 ml aliquot of sodium alginate-cell
suspension was added drop wise to 1000 ml of 10% CaCl, using
a syringe pump. Sodium alginate drops precipitated upon contact
with CaCl,, forming gel beads, entrapping the algae cells. These
beads were then soaked in CaCl, solution for 4 h to complete the
gelling and were then washed with saline (0.85% NaCl) to remove
excessive calcium ions and cells.

2.5. Optimization of bead parameters

The experiments were conducted in 250 ml Erlenmeyer flasks
containing 100 ml of chromium (VI) synthetic solution contacted
with 10g of immobilized S. platensis beads (unless otherwise
stated). The optimum pH for biosorption of chromium (VI) on S.
platensis was found to be 1.5 [6]. The same was used in the current
study. The flasks were agitated at 180 rpm on a rotary shaker. Sam-
ples of sorbent suspensions were withdrawn initially at an interval
of 20 min for the determination of initial rate, and then at equilib-
rium (4h) to determine the residual concentration of metal ions
in the solution. The equilibrium results are given in terms of the
units of adsorbed metal ion concentration at equilibrium (Cyqeq:
mgl1-1), mass of metal ion adsorbed per unit mass of original biosor-
bent at equilibrium (geq: mgg~'), unadsorbed chromium (VI) ion
concentration in solution at equilibrium (Ceq: mgl=1).

The effects of bead size, biomass loading and calcium alginate
concentration on biosorption of chromium (VI) ions were stud-
ied. This was done by (i) varying the bead size from 1.9 to 5 mm
(£0.2 mm) by using different aperture sizes of the syringe pump;
(ii) biomass loading (dry Spirulina biomass) was varied from 0.2% to
2.6% (w/v) of sodium alginate solution. Beyond 2.6%, dry Spirulina
cell mass does not mix well with sodium alginate solution and set-
tles down. (iii) Sodium alginate concentration was varied from 1%
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to 6% (w/v). Beyond 6%, the sodium alginate solution becomes very
viscous and beads formation through the syringe pump becomes
difficult.

The mechanical strength of the beads was checked at each step of
optimization using a texture analyzer (Stable Microsystems TXT2i
Texture analyzer). Such strength studies are important for design-
ing packed columns, as the strength of the beads is decisive for the
height of column. The test parameters were as follows: probe used:
P5 (5 mm cylindrical probe); pretest speed: 1 mms~!; test speed:
0.5mms~!; post-test speed: 5mms~!; distance: 0.5 mm; acquisi-
tion rate: 200 pps. Strength of the beads was measured in gram
force at which bead was just about to crush.

2.6. Kinetic and equilibrium studies

In order to study the mechanism of the biosorption process,
kinetic models of biosorption are important to analyze experi-
mental data. The widely used models are pseudo first and second
order kinetic models. Previously optimized beads were used for this
study. In these experiments, 10 g of beads were contacted to 100 ml
chromium (VI) ion solution of concentration 100 mgl-'. Samples
were taken at 0, 1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 30, 40,
50, 60, 75, 90, 105, 120 min and analyzed for chromium (VI) ion
concentration.

Equilibrium experiments consisted of studying adsorption of
chromium (VI) ions on immobilized S. platensis and fitting the data
obtained into various adsorption isotherms. Optimized beads were
used for these equilibrium studies. In these experiments, beads
were contacted to chromium (VI) ion solution in varying quantities
(4, 8, and 12 g per 100 ml). Chromium (VI) ion concentration in the
solution was varied as 100, 150, 200 mg1-!. The flasks were rotated
on a shaker at 180rpm for 4 h and the samples were analyzed for
residual chromium (VI) ions in solution.

2.7. Packed bed column studies

Continuous biosorption experiments were conducted in a glass
column (2 cm ID and 35 cm height), packed with a known quantity
of calcium alginate beads. A known concentration of chromium (VI)
solution was pumped through the column, at desired flow rates,
using a submersible pump. Again, optimized beads were used for
the column studies. The void fraction of the bed was 0.46, while
the pH of the solution was maintained at 1.5 [6]. Eluent samples
were collected every 3 min and were analyzed for chromium (VI)
concentration.

The total quantity of metal ions adsorbed in the column (W,q) is
calculated from the area over the breakthrough curve (outlet metal
concentration vs. time) multiplied by flow rate. Dividing W,4 by
biosorbent mass (M) leads to the uptake capacity (q) of the biomass.
The total amount of the metal ions entering the column can be
calculated from the equation:

Co-F-te
1000
where (g is the inlet metal ion concentration (mgl-1), Fis the vol-

umetric flow rate (mlh~1) and t is the exhaustion time (h).
Total metal removal (%) can be calculated from the equation:

W= (1)

total metal removal (%) = M‘;\a/d x 100 (2)

The effects of the following column parameters, on biosorption
of chromium (VI) ions were investigated. (i) Effect of bed height:
bed height was varied between 15, 22 and 28 cm, keeping flow
rate and initial metal ion concentration constant at 3.5 mlmin~!
and 100 mg1-1, respectively. (ii) Effect of flow rate: flow rate was
varied between 3.5, 7 and 12 mlmin~', while bed height and inlet

chromium (VI) ion concentration were held constant at 28 cm and
100mg1-1, respectively. (iii) Effect of inlet metal ion concentration:
inlet concentration of the chromium (VI) ions was varied between
100, 150 and 200 mg1-?, at 28 cm bed height and 3.5 mlmin—! flow
rate.

3. Results

Study of biosorption using immobilized S. platensis consists of
two parts: batch studies and packed bed column studies. In batch
studies, the immobilization process was optimized followed by
kinetic and equilibrium studies. In packed bed column studies
breakthrough curves were studied at different operating conditions
followed by the modeling of the same.

At this point, it is essential to understand that chromium may
exist as chromium (VI) or may get reduced to chromium (III) or
even chromium metal. It is reported that chromium (VI) is the most
hazardous form due to its mutagenic and carcinogenic properties
[15] and chromium metal is the least harmful. The discharge lim-
its involve chromium (VI) and total chromium permissible, e.g. the
maximum allowable level for chromium (VI) in domestic water sup-
pliesis 0.05 mg 11, while total chromium, including chromium (III),
chromium (VI), and its other forms, is regulated to below 2mgl-1.
The present work involved acidic pH (as low as 1.5+2) where
chromium (VI) would not get reduced to chromium (III) [13]. Fur-
ther, it is reported that during biosorption using S. platensis, less
than 12% of chromium (VI) was converted to chromium (III) [16].
It is also observed that S. platensis has higher adsorption capacity
for chromium (III) (92 £ 5%) than that for chromium (VI) (75 £ 5%)
[16]. Preliminary experiments were conducted where adsorbed
chromium (VI) (about 73 mgl-') was leached out and estimated
value was 60 mgl-1. Initial feed had 100 mgl-! of chromium (VI)
and hence our findings were in line with other reports. In view of
above the subsequent work was carried out for packed bed stud-
ies assuming that entire chromium (VI) added existed in the same
oxidative state.

3.1. Batch studies

Batch studies consisted of two parts: (i) optimization of immo-
bilization process and (ii) kinetic and equilibrium studies of
biosorption. S. platensis immobilized in calcium alginate beads by
the entrapment method was used for biosorption of chromium (VI)
ions. It was observed (from Table 1) that 140 g of beads are required
to almost completely remove chromium (VI) ions from the solution
of concentration 100 mg1-1. These 140 g beads contain 9.5 g of dry
S. platensis biomass. When free S. platensis cells were used,only 2.4 g
of dry biomass was required to treat same chromium (VI) solution.

For optimization of immobilization parameters, the effects of
bead size, biomass loading and calcium alginate concentration on

Table 1
Comparison of the equilibrium adsorption yields for immobilized and free cells of
microalgae at different biosorbent concentration.

Immobilized cells Free cells

M(gl™) Xim (g171) % Ad Xe (g17") % Ad
20 1.36 30.78 1.2 73.64
40 2.71 54.66 1.4 78.18
60 4.07 68.63 1.6 83.18
80 543 78.54 1.8 88.64

100 6.78 86.23 2 92.73

120 8.14 93.51 2.2 98.64

140 9.50 99.22 24 99.53

Co: 100mgl-'; temperature: 25°C; agitation rate: 180 rpm. Where M is mass of
beads contacted with the chromium (VI) solution (g1-!); X;, is the mass of immo-
bilized microalgal cells (mgl-'); and X; is mass of free microalgal cells (mgl-').
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Fig. 1. Effect of bead size on biosorption of chromium (VI) ions (Co: 100mgl-1,
biomass loading: 10.0 g1, calcium alginate concentration: 2% (w/v), temperature:
30°C, pH: 1.5, and agitation rate: 180 rpm).

biosorption of chromium (VI) ions were studied. The first step was
to study effect of bead size. When the bead size was varied between
1.9 and 5mm, the average initial rate of adsorption decreased
(Fig. 1). However, equilibrium adsorption of chromium (VI) ions was
almost equal (approximately 56 mgl-1) for all bead sizes. The sec-
ond step was to see the effect of biomass loading, which also plays
an important role in biosorption. As biomass loading was increased
from 0.2% to 2.6% (w/v), an increase in equilibrium biosorption was
observed up to a certain critical biomass loading value (2.2%) which
then plateaus off (Fig. 2). The final step was to study the effect of
calcium alginate concentration. When calcium alginate concentra-
tion increased from 1% to 6% (w/v), the equilibrium biosorption of
chromium (VI) ions decreased from 95.49 to 85.41 gl~! (Fig. 3).

Another critical factor affecting the column design is the
mechanical strength of the beads, which was found to be consid-
erably affected by bead size and calcium alginate concentration.
As bead size increased from 1.9 to 5 mm, bead strength increased
from 13.33 to 154.48 g force (Fig. 1). With an increase in calcium
alginate concentration from 1% to 6% (w/v), mechanical strength of
the beads increased from 18.8 to 35.6 g force (Fig. 3).

Based on the above observations, following bead parameters
were selected for equilibrium batch studies and packed column

studies:

Bead size 2.6 mm
Biomass loading 2.6% (w|v)
Calcium alginate concentration 2% (w|v)

The data of variation of chromium (VI) metal ion concentra-
tion in solution with time was collected. Pseudo first order model
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Fig. 2. Effect of biomass loading in beads on equilibrium biosorption of chromium

(VI)ions (Cp: 100mgl-1, bead diameter: 2.6 mm, calcium alginate concentration: 2%
(w/v), temperature: 30°C, pH: 1.5, and agitation rate: 180 rpm).
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Fig. 3. Effect of calcium alginate concentration on biosorption of chromium (VI)
ion concentration (Cp: 100 mg1-', bead diameter: 2.6 mm, biomass loading: 26 g1-,
temperature: 30 °C, pH: 1.5, and agitation rate: 180 rpm).

was used to fit the experimental kinetic data. The mathematical
expressions for the model is given as

In(ge — q¢) = Inge — kt (3)

where g is equilibrium chromium (VI) uptake (mgg-1), q; is
amount of chromium (VI) ions adsorbed on the algal biomass at
any time t, k (min~1) is the first order rate constant. The first order
adsorption rate constant, k for chromium sorption was calculated
from the slope of the linear plot of In(ge — g¢) vs. time. In the cur-
rent study, samples were taken at various time intervals between
1 and 120 min. Biosorption capacity increases with time. The first
order rate constant k was found to be 0.0236 min—! and correlation
regression coefficient, RZ = 0.97.

Equilibrium relationship between the concentration of metal
ions in the fluid phase and the concentration of adsorbed metal
ions at a constant temperature is represented by an adsorption
isotherm. There are several adsorption isotherm expressions avail-
able viz. Freundlich isotherm, Langmuir isotherm, BET isotherm,
etc. Data obtained in the current study fitted well to the Freundlich
adsorption isotherm. The Freundlich adsorption isotherm gives the
empirical relation between the geq and the Ceq. The Freundlich
isotherm is given by the relation:

Geq = K - ng (4)

where geq is adsorbate loading at equilibrium (mgg~1), Ceq is the
concentration of adsorbate in the fluid at equilibrium (mgl-1),
and K is the Freundlich adsorption constant. Experimental data
of chromium (VI) biosorption on immobilized S. platensis gel beads
were fitted to linearized Freundlich model to evaluate the model
constants (Kg and n). Eq. (4) was linearized as

Ingeq = InKg + nlnCeq (5)

Plot of In geq vs. In Ceq gives straight line with intercept as In K and
slope as n (Fig. 4).

The Freundlich adsorption constants evaluated from the lin-
earized model and the regression correlation coefficient are as
follows: Kp=9.14; n=0.25; R2=0.91.

It is interesting to note that the standard model for adsorp-
tion has shown good fit to the data supporting that most of the
chromium (VI) was indeed adsorbed rather than chemically chang-
ing the oxidative state, or in the free form.
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Fig. 4. The linearized Freundlich adsorption isotherm of chromium (VI) by calcium
alginate beads at 30°C: (¢) experimental data (—) Freundlich model predicted data
(Co: 100 mgl-1, X: 26 g1, temperature: 30°C, pH: 1.5, and agitation rate: 180 rpm).
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Fig. 5. Breakthrough curve for chromium (VI) biosorption onto S. platensis-Ca-
alginate beads at different bed heights. Bed height, flow rate and inlet concentration
(4) 28cm, 3.5ml/min, 100mgl-', (x) 22cm, 3.5ml/min, 100mgl-', (M) 15cm,
3.5ml/min, 100 mg1-! (F: 3.5 mlh~1,Cy: 100 mg1-', temperature: 30 °C, and influent
pH: 1.5).

3.2. Packed bed column studies

Column operations do not have sufficient contact time for attain-
ment of equilibrium. Hence, in addition to equilibrium studies,
there was a need to perform biosorption studies using a column.
Effect of various column parameters on biosorption rates was inves-
tigated.

Fig. 5 shows the plot of C/Cy vs. t (breakthrough curve) at
different bed heights. Figure also shows the Thomas model pre-
dicted curves obtained by nonlinear regression. Table 2 gives the
chromium (VI) uptake, breakthrough and exhaustion time. The
chromium (VI) uptake capacity of beads remained almost simi-
lar for different bed heights (Table 2). The breakthrough time (t;,)
and exhaustion time (t. ) increased with increase in bed height. The
slope of the S-curve from t;, to te (dC/dt) in Fig. 5 decreased as the

Table 2
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Fig. 6. Breakthrough curve for Chromium (VI) biosorption onto S. platensis-Ca-
alginate beads at different flow rates. Bed height, flow rate and inlet concentration
(#) 28cm, 3.5ml/min, 100mgl-!, (+) 28cm, 7 ml/min, 100mgl-!, (a) 28cm,
12 ml/min, 100 mgI1-! (Z: 28 cm, Cp: 100mgl-', temperature: 30°C, and influent
pH: 1.5).

bed heightincreased from 15 to 28 cm, indicating that breakthrough
curve becomes steeper as the bed height decreases.

The breakthrough curves obtained by varying flow rates from 3.5
to 12mlh~1, at column height of 28 cm bed height and 100 mg1-!
of inlet metal ion concentration are shown in Fig. 6. At the lowest
flow rate (3.5 ml min—1), a typical S-shaped breakthrough curve was
seen. As the flow rate increased, the breakthrough curves became
steeper. Almost 56% of chromium (VI) ions were removed at the
lowest flow rate (3.5mlmin~!) as compared to 44% at higher flow
rates (12 mlmin~!) as seen from Table 2.

An important parameter that affects biosorption rates is the
initial metal ion concentration. The lowest inlet chromium (VI)
ion concentration (100 mg1-1) resulted in a delayed breakthrough
curve (Fig. 7). As the inlet chromium (VI) ion concentration
increased, much sharper breakthrough curves are seen. Taking the
columns biosorption performance into account, the highest inlet
chromium (VI) ion concentration resulted in decreased chromium
(VI) removal (Table 2).

To describe the column breakthrough curves obtained at differ-
ent bed heights, flow rates and inlet metal concentrations, three
models were used. These include:

Thomas model

C krn
o 1+exp (T (QoM — COVeff)) (6)

Yoon-Nelson model

C (exp kynt — Tkyn)

— 7

C() 1+ (exp kYNt — 'L'kYN) ( )
Modified dose-response model

C 1

— =1 8

Co 1+ (Vetr/bmgr) ™" ®)

Column data and parameters obtained at different bed heights, flow rates and inlet concentrations.

Bed height (cm) Mass of beads (g) Flow rate (mlh-1) Co (mgl-1) q(mgg1) ty, (min) te (min) dC/dt (mgl-! min~1) Cr (VI) removal (%)
15 42 3.5 100 354.25 27 75 2.4 56.68
22 59 35 100 297.11 33 100 5.25 50.93
28 59 3.5 100 260.38 39 114 5.31 49.59
28 59 7 100 370.01 24 78 7.5 46.50
28 59 12 100 372.27 12 51 12 44.38
28 59 3.5 150 203.46 30 84 8.0 35.06
28 59 3.5 200 150.82 21 69 10.8 23.73
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Fig. 7. Breakthrough curves for chromium (VI) biosorption onto S. platensis-Ca-
alginate beads at different inlet chromium (VI) ion concentrations. Bed height, flow
rate and inlet concentration (4) 28 cm, 3.5 ml/min, (*) 28 cm, 3.5 ml/min, 150 mg 11,
(®) 28 cm, 3.5 ml/min, 200mgl-! (Z: 28 cm, F: 3.5mlh~!, temperature: 30°C, and
influent pH: 1.5).

where kry is the Thomas model rate constant (mg~! h=1), Fis the
flow rate of the stream passing through column (I/min), Qg is the
maximum solid-phase concentration of the solute (mgg=1), Vug is
the volume of metal solution passed into the column (1), kyy is the
Yoon-Nelson model rate constant (min—1), 7 is the time required
for 50% adsorbate breakthrough (min) and a,g,; and by, are the
Modified dose-response model constants.

These models predict the service time for a given metal ion
concentration. Experimental data obtained from column studies
were fitted to the three models described here. Best fits were
obtained with Thomas model and Yoon-Nelson model as shown
in Table 3, with correlation regression coefficients (R?) ranging
between 0.97 and 0.99, as compared to those obtained for Mod-
ified dose-response model (R? ranging between 0.92 and 0.95).
The breakthrough curves predicted by all the three models for col-
umn biosorption data at optimum bed height (28 cm), flow rate
(3.5 mlmin—!)andinitial chromium (VI) concentration (100 mg1-1)
are shown in Fig. 8. The model constants for different bed heights,
flow rates and initial chromium (VI) ion concentration are given in
Table 3.

After predicting the breakthrough time (service time) for the
stream with given inlet metal ion concentration the height of the
column required can be found using the Bed Depth Service Time
(BDST) model. The BDST model states that there is a linear relation-
ship between bed height (Z) and service time (t) of a column. The
equation is expressed as

Nz 1 G
t_Cov+KaColn(Cb 1) 9)

where G, is the breakthrough metal ion concentration (mgl-1),
Ny is the sorption capacity of bed (mgl~1), v is the linear velocity
(ecmh~1)and K is the rate constant (Img~! h~1). The data of service

Table 3

C/Co

Time (h)

Fig. 8. Prediction of breakthrough curve data by Thomas model, Yoon-Nelson
model and Modified dose-response model: (#) experimental data, (—) predicted by
Thomas model, (- - - -) predicted by Yoon-Nelson model, (- - -) predicted by Modified
dose-response model (bed height: 28 cm, flow rate: 3.5 mlmin~?, initial chromium
(VI) ion concentration: 100 mgl-1, temperature: 30°C, and influent pH: 1.5).
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Fig. 9. BDST model plot for chromium (VI) biosorption on microalgae-Ca-alginate
beads at different flow rates (inlet chromium (VI) ion concentration: 100 mgl-?,
temperature: 30 °C, and influent pH: 1.5).

time against bed height at different flow rates and different inlet
chromium (VI) ion concentrations were plotted (Figs. 9 and 10). Eq.
(9)implies that the service time is a linear function of the bed height
and hence it can be written as

t=mZ-n (10)

where m is the slope of the BDST line and n is the intercept of the
BDST line. For different flow rates, intercept of the graph remains
same (Fig. 9), whereas for different inlet metal ion concentration,
slop of the graph remains near about same (Fig. 10). Linear corre-
lation coefficients greater than 0.9 show that the BDST model is
valid for the present system. The sorption capacity of the bed per

Thomas, Yoon-Nelson and Modified dose-response model constants at different bed heights, flow rates and initial chromium (VI) ion concentrations.

Z (cm) F(mlmin—!) Co (mgml-1) Thomas model Yoon-Nelson model Modified dose-response model
Qo krn R? kyn T R? Gindr bmdr R?
15 3.5 100 5.765 0.069 0.99 6.882 0.692 0.99 4.297 2.24 0.95
22 35 100 4.996 0.061 0.98 6.111 0.857 0.98 4.378 2.61 0.94
28 3.5 100 4.476 0.047 0.97 4.680 0.972 0.97 4.191 3.01 0.92
28 7 100 6.042 0.062 0.98 6.242 0.656 0.98 4.466 4.29 0.92
28 12.5 100 6.087 0.107 0.99 10.698 0.370 0.99 3.733 3.86 0.92
28 3.5 150 4.716 0.040 0.97 6.003 0.683 0.97 4.806 2.27 0.93
28 3.5 200 4.781 0.035 0.97 6.991 0.519 0.97 4.228 1.69 0.93
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Fig. 10. BDST model plot for chromium (VI) biosorption on microalgae-Ca-alginate
beads at different inlet concentrations (flow rate: 3.5 ml min-!, temperature: 30°C,
and influent pH: 1.5).

unit bed volume, Ng and rate constant K; were calculated from the
slope and intercept of BDST plot, respectively. From Fig. 9, the com-
puted values of Ny for three flow rates of 3.5, 7, and 12mlmin~!
are 116.48, 101.14, and 120.85 mg1~1, respectively with average K,
of 2.02 x 103 1mg-! h~!. From Fig. 10, the computed values of
K, for three inlet concentrations of 100, 150, and 200mgl-! are
2.07 x 1073, 2.40 x 103, and 2.39 x 103 Img-1 h~1, respectively
with average Ny of 116.48 mg1-1.

4. Discussion

S. platensis immobilized in calcium alginate beads by the entrap-
ment method was used for biosorption of chromium (VI) ions. Free
cells are not suitable for use in a column because of their low density
and small size, which would result in plugging the bed, resulting in
larger pressure drops. The poor mechanical strength, rigidity and
solid-liquid separation add to the limitations in the use of free cells
[17]. The advantages of immobilized algal biomass are manifold.
Firstly, immobilization of cells in solid matrix would give ideal size,
mechanical strength, rigidity and porosity necessary for the use in
column operations [18,19]. Secondly the demand for algal biomass
would be reduced, since immobilized systems can be regenerated
easily and reused several times [20]. This reduces the need for
mass algal cultivation; which is often the bottleneck encountered
in biosorption of heavy metals. This consequently improves process
economics. Thirdly, downstream processing is a major factor influ-
encing cost of heavy metal biosorption using free cells. When free
cells are used, they have to be separated from solution, generally by
centrifugation. But employing immobilized algal beads eliminates
routinely used separation techniques and offers an economical
alternative [19,21]. Finally, the problems encountered in disposal of
toxic sludge generated in the form of immobilized biomass would
be greatly reduced as compared to free biomass, since the for-
mer would be in a more concentrated form [20]. These factors
clearly indicate the potential advantages of employing immobilized
biomass.

However there are some limitations of immobilization. From
Table 1 it can be seen that compared to free cells, more immobilized
cells are required to treat same chromium (VI) ion solution. This is
due to higher mass transfer resistance to diffuse chromium (VI)
ions in the gel beads and due to the blocking of some active sites on
algal cell wall. Although a higher quantity of biomass was required
for biosorption using immobilized S. platensis, the beads could be
regenerated by changing the pH and could be reused at least five
times. Thus, effectively less biomass is required in the immobilized

state as compared to free cells in order to treat same volumes of
chromium (VI) solutions of identical concentrations. This would be
clearly advantageous in large scale applications.

4.1. Batch studies

In the first part, optimization of immobilization process, three
parameters were studied: (i) bead size: as bead size increases, sur-
face area available for chromium (VI) ion diffusion into the beads
decreases, and hence the rate of biosorption decreases. But equi-
librium biosorption capacity remains same. This was because an
equal mass (5g) of beads was added to chromium (VI) ion solu-
tion for each bead size and as biomass loading and calcium alginate
concentration is same for all bead sizes, the density of the bead and
hence the amount of beads added to chromium (VI)ion solution also
remains the same. (ii) Biomass loading: increased biomass load-
ing provides more active sites for biosorption to occur and hence
increases the rate of biosorption. On the other hand, as biomass
loading increases, porosity of the beads decreases, resulting in low-
ering of biosorption rates. Therefore after a critical value, increasing
the biomass loading will not be useful. Moreover, dry Spirulina
biomass does not mix well with sodium alginate beyond a certain
limit. Hence, in the present study, biomass loading only up to 2.6%
was used. (iii) Calcium alginate concentration: increase in alginate
concentration is attributed to decrease in porosity of beads with
decrease in biosorption capacity.

Mechanical strength was yet another parameter taken into
consideration for optimization of immobilization process. Larger
the bead size, higher is the amount of calcium alginate and
biomass, which contributes to higher mechanical strength. Thus,
rate of adsorption was found to be inversely proportional, while
mechanical strength is directly proportional to bead size. Although
equilibrium biosorption rate was almost the same for all bead
sizes, larger beads exhibited higher mechanical strength which is
a desirable feature in column studies. Hence, an optimum bead
size of 2.6 mm with mechanical strength of 23.73g force was
selected for column studies which were sufficient for designing
a lab scale biosorption column. Increasing calcium alginate con-
centration gives rise to higher cross-linking within the beads, thus
imparting higher mechanical strength to the immobilized beads.
The rate of biosorption, is therefore inversely proportional while
mechanical strength is directly proportional to the concentration
of calcium alginate. An optimum calcium alginate concentration
of 2% was selected for the study. Although the biosorption rate
obtained with 2% calcium alginate concentration would be less than
that obtained with 1%. The mechanical strength of beads with 2%
calcium alginate was higher than beads with 1% calcium alginate,
23.1 g force as compared to 18.8 g force respectively. This sufficed
for designing a lab scale biosorption column. As the scale of the
column is increased, an optimum combination of bead size and
calcium alginate concentration should be used.

Biosorption kinetics and equilibrium studies were carried out in
the second part. Biosorption is a rapid process and around 50% of
the chromium (VI) ions were adsorbed in first 20 min. The rate of
adsorption is proportional to the active sites available and the con-
centration of chromium (VI) ions in the solution. As time lapses,
both active sites and chromium (VI) ions go on decreasing which
results in decrease in rate of adsorption. Pseudo first order rate
model describes the experimental data satisfactorily.

Biosorption of a metal ion depends upon temperature, concen-
tration, nature of metal ion and the nature of biosorbent. That
means at a constant temperature, extent of biosorption on a par-
ticular biosorbent depends on the concentration of a metal ion
and biomass loading. During biosorption, equilibrium is established
between adsorbed metal ions on the cell surface and the unad-
sorbed metal ions in the solution. Adsorption isotherm represents
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equilibrium relationship between the concentration of metal ions
in the fluid phase and the concentration of adsorbed metal ions.
Experimental data fitted well to Freundlich adsorption isotherm.

4.2. Packed bed column studies

Sorption capacity of immobilized S. platensis, obtained from
batch equilibrium experiments, was useful in providing fundamen-
tal information about the effectiveness of the metal-biosorbent
system. However, this data may not be applicable to most treatment
systems such as column operations, where contact time is not suf-
ficient for attainment of equilibrium. Hence the need to perform
biosorption studies using a column. Column studies comprise of
studies of breakthrough curves at different bed heights, flow rates,
initial metal ion concentration and the modeling of these studies.

Uptake capacity depends mainly upon the amount of biosorbent
available for adsorption. The breakthrough time (t;,,) and exhaus-
tion time (te) increased with increase in bed height since more time
was required to exhaust more beads. The slope of the breakthrough
curve from ¢, to te decreased as the bed height increased. This is
due to an increase in axial dispersion of the metal ions over the col-
umn with an increase in column height. This increase in bed height
resulted in an increase in volume of metal ion solution treated and
therefore a higher percentage of chromium (VI) removal.

A delayed breakthrough and exhaustion time resulted in effi-
cient utilization of beads, resulting in better metal uptake. As
the flow rate increased, the breakthrough curves became steeper.
Relatively early breakthrough and exhaustion times resulted in
comparatively less chromium (VI) uptake at higher flow rates.
Though biosorption is a very fast process and metal ion removal is
mainly controlled by the diffusion of ions into the beads. At higher
flow rates diffusion effects are lower due to the insufficient resi-
dence time of metal ions in the column. Hence lower flow rates are
desirable for effective removal of metal ions.

The lowest inlet chromium (VI) ion concentration resulted in a
delayed breakthrough curve since the lower concentration gradient

causes reduced transport of the metal ions (Fig. 7). The driving force
for biosorption is the concentration difference between the solute
on the sorbent and the solute in solution. High concentration differ-
ences provide a higher driving force, which favors the biosorption
process. Although percentage chromium (VI) removal is lower at
high initial metal ion concentrations, sharper breakthrough curve
was observed, indicating shortened mass transfer zone and higher
biosorption rates. Therefore, when quick metal uptake is desired,
which is often the case, operating with high initial metal ion con-
centrations appears to be favorable.

For modeling of breakthrough curves, three models were
used viz. Thomas model, Yoon-Nelson model and Modified
dose-response model. The Thomas model, based on the Lang-
muir adsorption-desorption kinetics, is one of the most widely
used models [10]. It assumes no axial dispersion and sorption is
the rate driving force and obeys second order reversible reaction
kinetics [11]. The Yoon-Nelson model is based on the assump-
tion that the rate of decrease in the probability of adsorption for
each sorbate molecule is proportional to the probability of sorbate
sorption and the probability of sorbate breakthrough on the sor-
bent [11]. The Modified dose-response model proposed by Yan et
al. [22] minimizes the error that results from use of the Thomas
model, especially with lower and higher breakthrough curve times.
The model constant (a,,q,) increases with increasing bed height,
decreasing flow rate and decreasing initial metal ion concentration.
The Thomas model showed better fit than the other two.

After predicting the breakthrough time the height of the column
required can be found out using Bed Depth Service Time (BDST)
model. The BDST model, proposed by Bohart and Adams [23] and
subsequently modified by Hutchins [24], is based on physically
measuring the capacity of the bed at different breakthrough values.
The simplified design model ignores the intraparticle mass transfer
resistance [25]. The rate constant, Kj, calculated from the intercept
of BDST plot, characterizes the rate of solute transfer from the fluid
phase to the solid phase [26]. If K, is large, even a short bed will
avoid breakthrough, but as K, decreases a progressively longer bed
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Fig. 11. Proposed flow sheet for continuous operation.
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is required to avoid breakthrough [26]. For the present system, very
small value of rate constant K, (2.07 x 103 to 1.4 x 103 1mg-1h"1)
in BDST model indicated that a longer bed would be required to
avoid breakthrough.

From the present data, it can also be seen that the BDST equation
determined at a given flow rate (v) and inlet solute concentration
(Cop) can be modified to predict the BDST equations at different v
and Cy. Cooney [26] suggested that the BDST model rate constant
(K3) is not significantly affected by the change in flow rate, and thus
the intercept n of Eq. (9) remains essentially unchanged when flow
rate is changed. However, the slope m of Eq. (9) does change with
change in flow rate and hence given by:

new slope = old slopevf’i (11)
Unew

In contrary, the change in inlet solute concentration (Cp) usually
results in change in slope and intercept of BDST equation. The new
slope and intercept values can be determined from:

C
new slope = old slopeo‘ic"d (12)
0, new

. . C
new intercept = old intercept (Co’om)

0, new

ln[(CO, new/Cb) — ‘1]
g <ln[(C0,old/Cb)— 1] ) (13)

The advantage of the BDST model is that any experimental test
can be reliably scaled up to other flow rates and inlet solute con-
centrations without further experimental tests [10]. Based on the
studies presented here a continuous large scale biosorption pro-
cess is proposed as shown in Fig. 11. Two biosorption columns can
be used alternately such that when biosorption progresses in one
column, the beads in other column are being regenerated and vice
versa. When biosorption column 1 is fully saturated with chromium
(VI) ions (after the break though), the flow is switched over to sec-
ond column. Thus in these studies, immobilized algal beads were
used for continuous packed bed column studies and also different
models were used for the same. Thus immobilization technique
can be effectively used for continuous biosorption process at larger
scale of operation.

5. Conclusion

Immobilized Spirulina was effectively used for chromium (VI)
removal from aqueous solutions. Bead parameters such as size,
calcium alginate concentration and biomass loading had signifi-
cant effects on the biosorption rate, in addition to their primary
effect on the mechanical strength of the beads. The optimum bead
parameters for lab scale experiments were: bead size: 2.6 mm,
biomass loading: 2.6% (w/v) and calcium alginate concentration:
2% (w/v). The quantitative chromium (VI) uptake by immobilized
S. platensis was effectively described by Freundlich adsorption
isotherm. 140g1-! of optimized beads containing 9.5¢g of dry
Spirulina biomass resulted in 99% adsorption from an aqueous solu-
tion containing 100mgl-! chromium (VI). Packed columns are
preferred configurations for continuous operations and the advan-
tages of immobilized biomass can be effectively realized in packed
columns for large scale applications. Packed bed column studies
using immobilized S. platensis revealed that column performance
was significantly affected by bed height, flow rate and initial metal
ion concentration. Increasing bed height and flow rate resulted in
better utilization of the packed bed and higher biosorption rates.
The data indicated that high initial metal ion concentration should
be used for quick metal uptake. Modeling column data resulted in

best fits with the Thomas model and Yoon-Nelson model; which
predict the service time required for a given metal ion concen-
tration. The data also fitted well into the Bed Depth Service Time
(BDST) model; which predicts a linear relationship between bed
height and service time. For the present system, a very small value
ofrate constantK; (2.02 x 10~31mg~' h~1)in BDST model indicated
that a longer bed would be required to avoid breakthrough. Thus
immobilization technique can be effectively used for continuous
biosorption process at larger scales of operation.
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