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bstract

The present investigation was aimed at analyzing the potential utility of Lyngbya putealis HH-15, an indigenous cyanobacterium isolated from
metal contaminated site as a biosorbent of Cr(VI) from aqueous solutions using static and dynamic mode studies. Surface adsorption of the
etal at specific binding sites on the algal biosorbent was confirmed through scanning electron microscopy (SEM) and Fourier transform infrared

pectroscopy (FTIR) spectral analysis. Kinetic model was applied to study the adsorption process. Intraparticle diffusion plot of the data indicated
he involvement of both surface sorption and intraparticle diffusion. Six two-parameter equations (Langmuir, Freundlich, Temkin, Flory–Huggins,
ubinin–Radushkevich, D–R and Brunauer, Emmer and Teller, BET isotherms) were applied to model the equilibrium sorption data on both

ree and immobilized form of the cyanobacterial biosorbent. In continuous flow column experiments effects of bed height (5–10 cm), flow rate
1–3 mL/min), and initial metal ion concentration (5–20 mg/L) on breakthrough time and adsorption capacity of the immobilized biosorbent were

tudied. The data generated was developed into a model based on empirical relationship of the Bohart–Adams model. The column regeneration
tudies were also performed using 0.1 M HCl for five cycles. The high chromium removal ability and regeneration efficiency of this biosorbent
uggest its applicability in industrial processes and data generated would help in further upscaling of the adsorption process.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Passive removal of heavy metals from aqueous solution using
arious types of biosorbents including bacteria, fungi, algae
nd yeast have been investigated extensively in the recent years
1,2]. Amongst these, cyanobacterial biosorbents are found to be
ore promising due to their simple nutrient requirements, larger

iomass production and generally non-toxic nature. Their cell
all along with the outer mucilagenous sheath comprises an

rray of ligands with several functional groups providing sites
or binding various metallic ions. Use of dry powdered form of

lgal biomass for biosorption however, has limitations for col-
mn applications due to low strength, small particle size and
roblem of separation from wastewater after use [3]. A more

∗ Corresponding author. Tel.: +91 1662 263164; fax: +91 1662 277942.
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ffective technique is immobilization in a polymeric matrix like
el involving formation of beads, which provide mechanical
trength and rigidity to the system [4].

Most of the research was earlier restricted to batch studies,
roviding fundamental information on applicability of various
iosorbents for removal of metals. However, it had limited use in
olumn studies where sufficient contact time was not available
or attainment of equilibrium [5].

In the present study, the potential of Lyngbya putealis HH-15
Synonym. Phormidium putealis; [6], a cyanobacterium iso-
ated from a metal contaminated soil has been investigated in
ree and immobilized forms in batch mode for the removal
f chromium(VI) from aqueous solution applying various two-
arameter isotherms and kinetic model to the data along with

urface characterization of the biosorbent. Efficiency of the
mmobilized biosorbent for biosorption, desorption and regen-
ration have also been studied in column mode and modeled to
ssess its practical applicability.

mailto:aks_10@yahoo.com
dx.doi.org/10.1016/j.cej.2008.02.003
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. Materials and methods

.1. Cyanobacterial isolation and culture

.1.1. Lyngbya putealis
HH-15 was isolated from metal contaminated soil col-

ected from within the premises of an electroplating industry
n Haryana, India (28◦55′N 76◦43′E), which is a semi-arid sub-
ropical region. The soil in the region shows moderate organic
arbon and high concentration of soluble salts that accumulated
n the upper profile due to high solar intensity, high evaporation
ates and low annual rainfall (475 mm). The soil has a water
olding capacity of 38% and chromium concentration ranges
rom 2 to 8 mg/kg soil. The cyanobacterial species are exposed
o the metal concentration in the soil for about 30 years. Pure cul-
ure of the cyanobacterium was obtained by streaking on basal
gar medium at pH 8.5 using standard isolation and culturing
echniques on nitrogen supplemented BG-11 medium [7]. The
lgal cultures were maintained at a light intensity of 3000 lux
sing cool fluorescent tubes at 28 ± 3 ◦C in a culture room.

.2. Fourier transform infrared (FTIR) spectroscopy and
canning electron microscopy (SEM)

FTIR spectroscopy was used to predict the vibrational fre-
uency changes in the algal biosorbent. The spectra were
btained by JASCO FTIR-660 PLUS spectrometer within the
ange 500–4500 cm−1 using a KBr window. The surface mor-
hology of the dry adsorbent before and after chromium loading
as visualized by SEM (Philips PSEM 515).

.3. Preparation of biosorbent

Dry cyanobacterial biosorbent: 14-day old algal cultures were
arvested and the algal biomass was washed with distilled water
nd oven dried at 70 ◦C for 24 h before use in powdered form.

Immobilized cyanobacterial biosorbent: 0.1 g dry weight of
he cyanobacterial biomass was suspended in 5 mL of double dis-
illed water, mixed with 4% sodium alginate solution (w/v) and
ropped into 0.5 M calcium chloride solution using a syringe to
orm algal beads (3.0 ± 0.1 mm diameter). The beads were kept
vernight at 4 ◦C in CaCl2 (0.5 M) for completing the process
f gelation. The beads were repeatedly washed with double-
istilled water and stored at 4 ◦C in distilled water prior to use
s the biosorbent [4]. Blank alginate beads were also prepared
sing similar procedure, but without the alga.

.4. Batch adsorption studies

A stock solution of the aqueous adsorbate, Cr(VI)
1000 mg/L) was prepared using potassium dichromate (AR
rade) and desired concentrations of the metal were obtained
y further dilutions. Batch studies were performed to determine

he equilibrium time required for adsorption of Cr(VI) on the
lgal bisorbents. Erlenmeyer flasks containing 100 mL of the
etal solution at initial pH 2 having biosorbent (0.1 g algal dry
eight) were shaken on an illuminated orbital shaker (Orbitek

b
w
S
l
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T-IL) with fluorescent light at 120 rpm at 25 ◦C. Samples were
ithdrawn at fixed time intervals from the flasks and analyzed

pectrophotometrically for residual metal ion concentration in
he aqueous solution. Equilibrium studies were performed using
ifferent initial metal ion concentrations (10–100 mg/L) with
.1 g biosorbent concentration at pH 2 and temperature of 25 ◦C.
H of the aqueous metal solution was adjusted using 0.1 M HCl.
ll the experiments were performed in triplicates and their mean
alues are reported here.

Amount of metal adsorbed, qe (mg/g of dry weight of alga)
as determined using the equation

e(mg/g) = V (C0 − Ce)

m
(1)

here C0 is initial metal concentration (mg/L), Ce the equilib-
ium metal concentration (mg/L), V the volume of metal solution
L) and m is the mass of dry alga (g).

Percent removal was calculated as the ratio of difference
n initial and final metal concentration (C0 − Ce) to initial
hromium concentration (C0):

(%) = C0 − Ce

C0
× 100 (2)

.5. Column studies

Immobilized alga in the form of alginate beads was used for
olumn studies. Glass column (2 cm i.d.) was taken with glass
ool at the bottom and glass beads at the top (2 cm layer) to
rovide a uniform inlet flow to column. A known quantity of
iosorbent was placed to obtain the desired bed height in the
olumn. Chromium solution of known concentration (pH 2) was
assed through the column and samples were collected at regular
ime intervals. The operation was conducted in down flow mode.
ll the experiments were conducted at room temperature.
After exhaustion of the column, the biosorbent was regen-

rated using 0.1 M HCl at a flow rate of 2 mL/min. After
esorption, column bed was washed with distilled water till pH
f outlet solution reached 7.0. The bed was reused for next cycle
nd the sorption–desorption study was carried out for five cycles.

.6. Metal analysis

Concentration of Cr(VI) ions in the synthetic solution was
nalyzed using a Systronics Spectrophotometer-106 at 540 nm
sing 1,5-diphenyl carbazide reagent in acid solution as com-
lexing agent for Cr(VI) [8].

. Results and discussion

.1. Biosorbent surface studies

Fourier transform infrared (FTIR) was used to determine the
hanges in vibration frequency in the functional groups of the

iosorbent due to metal sorption. The spectra of the dry alga
ere measured within a range of 500–4500 cm−1 wave number.
urface morphology of the biosorbent with and without metal

oading was studied using scanning electron microscope.
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Fig. 3 shows the plot of qe versus t0.5 for the chromium sorp-
tion onto the immobilized and dry powdered algal sorbent. It is
observed that the curve shows two phases for algal beads. The
ig. 1. FTIR spectra of dry algal adsorbent (a) before and (b) after metal adsorp-
ion.

A perusal of the FTIR spectra of control and metal loaded
yanobacterial biosorbent L. putealis are shown in Fig. 1. The
TIR spectrum reveals complex nature of the biosorbent as evi-
enced by the presence of a large number of peaks. Adsorption
eak around 3458.3 cm−1 indicates the existence of –NH, which
hifts to 3437.5 cm−1 after chromium loading indicating bind-
ng of the metal to this functional group. The peak at about
937.5 cm−1 shifts to 2947.9 cm−1 after metal loading indi-
ates the involvement of –CH stretch. Spectral bands of the
iosorbent shifting from 2375.02 to 2395.9 cm−1 before and
fter metal treatment also suggests involvement of –C to N.
he peak at 1666.7 cm−1 indicated C C stretching that shift

o 1645.9cm−1 and the adsorption peak at 1083.3 cm−1 due
o –OCH3 group which showed a shift to lower frequency of
062.5cm−1 after metal loading indicate the involvement of
hese functional groups in metal binding onto the cyanobactrial
iosorbent. Distinct variations caused in the surface microstruc-
ure of the adsorbent after metal adsorption are further illustrated
n scanning electron micrographs of the cyanobacterial biosor-
ent before and after chromium loading (Fig. 2).
.2. Sorption mechanism

In order to interpret the experimental data, prediction of rate
imiting step is important. In a solid–liquid sorption process,

F
a

ring Journal 144 (2008) 391–399 393

olute transfer may take place by boundary layer diffusion or
ntraparticle diffusion or both. Vadivelan and Kumar [9] describe
hree consecutive steps in sorption dynamics as transport through
iquid film to exterior surface, solute diffusion into the pores of
he adsorbent and a rapid step of sorption of solute on the interior
urfaces of the pores. The overall sorption is determined by the
ate limiting steps of film diffusion or pore diffusion. For under-
tanding the sorption of chromium onto the biosorbent kinetic
odel was applied. A common method used for the identifica-

ion of mechanism involved in the sorption process is by fitting
he data into intraparticle diffusion plot. A plot of qt versus t0.5

as often been reported to represent multilinearity characteriz-
ng two or more steps involved in the sorption process [10]. The

athematical expression for intraparticle diffusion model is

t = Kpt
0.5 (3)

here Kp (mg/g min0.5) is the intraparticle diffusion rate con-
tant and its value can be obtained from the slope of the plot q

0.5 0.5
ig. 2. Scanning electron micrograph (SEM) of dry algal adsorbent (a) before
nd (b) after metal adsorption.
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Table 1
Isotherm constants of two parameter models for chromium(VI) biosorption onto
dry and immobilized algal biomass

Isotherm Dry algal biomass Immobilized algal biomass

Langmuir
Q0 (mg/g) 111.11 7.72
b (L/mg) 0.167 0.053
R2 0.8939 0.6932

Freundlich
Kf (mg/g) 15.98 6.42
N 1.49 1.984
R2 0.821 0.8569

Temkin
a (L/g) 1.83 6.08
b (kJ/mol) 0.101 0.052
R2 0.945 0.9697

Flory–Huggins
KFH 435.8 14.77
nFH 0.901 1.31
�G◦ (kJ/mol) −15.03 −6.66
R2 0.2146 0.6439

Dubinin–Radushkevich
qD (mg/g) 101.9 224.5
BD (mol2/kJ2) 0.26 2.19
E (kJ2/mol2) 1.39 0.48
R2 0.9691 0.9518
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ig. 3. Intraparticle diffusion model for the sorption of chromium(VI) onto dry
nd immobilized algal biomass.

urve is comparatively linear for dry biomass. However, it does
ot pass through the origin indicating that intraparticle diffusion
s not the only mechanism involved in sorption process. The
wo phases in the plot suggest that there is involvement of both
urface sorption and intraparticle diffusion. The initial curved
art and second linear portion indicate boundary layer effect
nd intraparticle diffusion, respectively. The slope of the second
inear portion can be explained by Kp (mg/g min0.5). The values
or Kp are 0.67 and 2.03 mg/g min0.5 for dry biomass and algal
eads, respectively. The intercept of the plot indicates boundary
ayer effect. Higher value of intercept for beads (12.97) shows
reater contribution of surface sorption in the rate-limiting step
f immobilized form as compared to that in free form.

.3. Adsorption equilibrium

Adsorption equilibrium data of the biosorbents was explained
ith the following isotherms.
Langmuir isotherm assuming that there are finite numbers of

inding sites distributed homogeneously over the surface of the
dsorbent, can be represented as

e = Q0bCe

1 + bCe
(4)

here Q0 (mg/g) and b (L/mg) are Langmuir constants showing
he adsorption capacity and energy of adsorption, respectively
11]. Langmuir isotherm showed linear plots and values of
angmuir constants (Q0 and b) were calculated from the slope
nd intercept of the plots. Adsorption capacity was very high
111.11 mg/g) for dry algal biomass (Table 1).

Furthermore the favorability of adsorption was tested using
dimensionless constant called separation factor (RL), which is
n essential feature of Langmuir isotherm:

L = 1

1 + bC0
(5)
he values of RL for the biosorbents, free (0.11); immobilized
0.28) ranging between 0 and 1 confirm feasibility of chromium
orption onto these biosorbents.

Freundlich isotherm applied to study the adsorption behavior
ssumes heterogeneous surface of the adsorbent and linearized
orm of the model is as follows:

q

w
(
i

qmax (mg/g) 111.11 18.83
B (L/mg) 2.25 × 104 0.59 × 104

R2 0.894 0.3013

og qe = Log Kf + 1

n
(Log Ce) (6)

here Kf is Freundlich constant indicating adsorbent capacity
mg/g dry weight), n Freundlich exponent known as adsorbent
ntensity [12]. Linear plot of Log qe versus Log Ce shows the
pplicability of this isotherm for both the systems. The values
f Kf and n along with R2 calculated from the plots are given
n Table 1. The high values of Kf and n confirm high feasibility
f Cr(VI) adsorption on the algal surface from metal containing
astewater.
The comparison of Langmuir and Freundlich constants

Table 1) obtained for these dry and immobilized cyanobac-
erial biosorbents shows that the value of both Q0 (111.1 and
.72 mg/g for dry and immobilized respectively) and Kf (15.98
nd 6.42 mg/g for dry and immobilized, respectively) is higher
or dry as compared to immobilized [13].

Temkin isotherm assumes that fall in heat of sorption is linear
ather than logarithmic, as given in Freundlich equation [14].
ue to sorbate/sorbent interactions the heat of sorption of all

he molecules in layer would decrease linearly with coverage
15]. This isotherm has been applied in following form:

= RT
ln(aC ) (7)
e

b
e

here b is the Temkin constant related to heat of sorption
kJ/mol), R the gas constant (0.0083 kJ/mol K), a the Temkin
sotherm constant (L/g) and T is the absolute temperature (K).
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he curve was plotted between qe and ln Ce. Values of both
onstants a and b were calculated as presented in Table 1. It
as been observed that value of Temkin sorption potential, a,
s quite high (6.077 L/g) for beads and also the value of R2

s higher for beads (0.9697) as compared to free alga. Typical
onding energy range for ion-exchange mechanism is reported
o be 8–16 kJ/mol [16]. It is observed that up to −20 kJ/mol is
urface indicative of physisorption process due to electrostatic
nteraction between charged molecules whereas more negative
han −40 kJ/mol involves chemisorption [17]. Low values in
he present study (0.05–0.10 kJ/mol) indicate that interactions
etween the sorbate and sorbent are neither purely through ion-
xchange nor purely through physisorption.

Flory–Huggins isotherm applied to study the degree of sur-
ace coverage [18] is given by the equation

og
θ

C0
= Log KFH + nFH Log(1 − θ) (8)

here KFH is Flory–Huggins model equilibrium constant; nFH is
he Flory–Huggins model exponent; θ = ((1 − Ce)/C0) is degree
f surface coverage. The isotherm showed linear plots for both
he adsorbents. Values of (KFH and nFH) calculated from the
lope and intercept of the plots are given in Table 1. Suitability of
he model to immobilized algal beads is indicated by high value
f R2 (0.6439) whereas the free form showed little applicability
ue to low regression coefficient.

KFH was further used to calculate the Gibbs free energy of
pontaneity (�G◦):

G◦ = −RT ln KFH (9)

or both the biosorbents �G◦ is negative (Table 1) indicating
pontaneous nature and feasibility of chromium biosorption onto
hese biosorbents supporting an exothermic reaction.

Dubinin–Radushkevich isotherm assumes that characteristic
orption curve is related to the porous structure of the sorbent
19]:

e = qD exp(−BDE2
D) (10)

D = RT ln

(
1 + 1

Ce

)
(11)

here qD (mg/g) and BD (mol2/kJ2) are the
ubinin–Radushkevich model constants; ED is the Polanyi
otential.

The mean energy of sorption can be calculated as follows:

= 1√
2BD

(12)

alues of both the constants along with R2 (Table 1) are higher
or beads showing better fitness of the isotherm. The energy
alues for both the biosorbents (free and immobilized) are
ery low (1.39 and 0.48 kJ2/mol2, respectively) indicating weak
etal–sorbents interaction in consonance with the predictions
f Temkin isotherm.
Brunauer, Emmer and Teller (BET) model developed for

ultimolecular layers is an extension of Langmuir model [20]
ssumes that first surface layer adsorption occurs with energy

i
h
o
t

ring Journal 144 (2008) 391–399 395

omparable to heat of monolayer sorption and subsequent layers
ave equal energies, explained as follows:

e = BqmaxCe

(Ce − Cs)[1 + (B − 1)(Ce/Cs)]
(13)

here Cs is the saturation concentration of solute (mg/L) and B is
constant related to energy of adsorption. Curve was plotted for
oth the biosorbents and the values of qmax and B calculated from
he intercept and slope are given in Table 1. Higher coefficient of
etermination for free cyanobacterial biomass shows its greater
pplicability of this model-indicating multilayer adsorption pro-
ess for this biosorbent and higher value of R2 for Langmuir
sotherm suggests that Langmuir equation applies to each layer
f multilayer [11].

.4. Regression coefficient of determination

To find out greater suitability of data amongst various
sotherms used for the two biosorbents, two-way analysis of
ariance (ANOVA) without replication was applied to R2 val-
es. High average R2 value suggests that D–R provides a better
odel for sorption and dry biosorbent exhibits a better fitness to

ix isotherm models. However, variations in determination coef-
cients due to different isotherms (F = 1.58, d.f. = 5, P < 0.05)
nd biosorbents (F = 0.15, d.f. = 1, P < 0.05) were not statisti-
ally significant indicating every model to be important in its
wn capacity and adsorptive capacity of both biosorbents was
ood.

Comparison of the present biosorbents with other biosor-
ents reported in literature shows that maximum adsorption
apacity (Q0) for L. putealis HH-15 (111.11 mg/g) is more as
ompared to Dunaliella sp. (102.5–111.0 mg/g) [21], Chlorella
ulgaris (79.3 mg/g) [22] and Scendesmus obliquus (58.8 mg/g)
23] indicating its greater effectivity for chromium removal.

.5. Column studies

.5.1. Adsorption capacity of column
As the adsorbate solution moves, adsorption zone also starts

oving. After some time effluent concentration starts rising, this
s termed as break point. So break through time (tb) is defined as
he time required to reach a specific break through concentration
50% of initial concentration Ci).

Break through capacity calculated according to Treybal [24]
s expressed as mg of chromium(VI) adsorbed per gm of adsor-
ent.

Break through capacity (Q50%)

= break through time (at 50%) × flow rate × initial Cr conc.

mass of adsorbent in the bed

hromium adsorption capacity in column calculated for vary-
ng bed height, initial chromium concentration and flow rate

s presented in Table 2. It was found to be 0.7 mg/g for a bed
eight of 10 cm, flow rate of 1 mL/min and metal concentration
f 20 mg/L for 50% break through concentration. It is observed
hat adsorption capacity is less for column experiments as com-
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Table 2
Column adsorption capacity (Q50%) at various operating conditions of flow rate (ml/min), bed height (cm), and inlet concentration (mg/L)

Inlet concentration (mg/L) Break point (50%) (min) Flow rate (mL/min) Bed height (cm) Adsorption capacity (mg/g)

5 60 1 10 0.30
10 50 1 10 0.50
15 40 1 10 0.60
20 35 1 10 0.70
10 23 2 10 0.46
10 13 3 10 0.39
10 17 1 5 0.34
10 30 1 7.5 0.40
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ared to that calculated from batch studies. The reason may be
he less stirred property in column mode.

.5.2. Effect of bed height
Adsorption of metal is dependent on the quantity of sorbent in

he column. Break through experiments were conducted at con-
tant metal concentration of 10 mg/L, flow rate of 1 mL/min and
arying bed heights of 5, 7.5 and 10 cm and break through curve
as plotted between ratio of final (outlet) and initial chromium

oncentration (Cout/Cin) and time (min) (Fig. 4). It was observed
hat break through time increased with increasing bed height
hich seems attributed to increase in number of binding sites
roadening the mass transfer zone. The chromium adsorption
apacity was also increased with bed height and was found to
e maximum at 10 cm, which was selected as the optimized bed
eight for further experiments.

.5.3. Effect of flow rate
Flow rate is an important parameter for evaluating the effi-

iency of sorbents in continuous treatment process of effluents
n pilot or industrial scale. It was studied at constant initial
hromium concentration of 10 mg/L and bed height of 10 cm
y varying flow rate from 1 to 3 mL/min. Break through curve
s shown in Fig. 4. It was observed that break through time
ecreased from 50 to 13 min when flow rate increase and from 1
o 3 mL/min. This may be due to the increase in speed of adsorp-
ion zone at increased flow rate, which resulted in decrease in
he time required to reach the specific break through concen-
ration. Flow rate also influenced the chromium adsorption. It
as found to be 0.5, 0.46 and 0.39 mg/g for 1, 2, and 3 mL/min,

espectively. This may be due to insufficient time for adsorption
nd diffusion limitations of sorbate on the sorbent in column at
igher flow rates.

.5.4. Effect of initial chromium concentration
Fig. 4 shows the effect of initial chromium concentration

n break through curve. Break through time decreased with
ncreasing metal concentration from 5 to 20 mg/L, because with

ncreasing metal concentration, metal loading rate increases
esulting in decreased adsorption zone length. The main effect
s increase in adsorption capacity with increasing chromium
oncentration as shown in Table 2.

Fig. 4. Breakthrough curve for varying (a) bed height (cm) at flow rate of
1 mL/min and 10 mg/L inlet concentration, (b) flow rate (mL/min) at bed height
of 10 cm and 10 mg/L inlet concentration and (c) inlet chromium concentration
(mg/L) at bed height of 10 cm and 1 mL/min of flow rate.
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Table 3
Bohart–Adams model constants for the adsorption of chromium(VI) on immo-
bilized adsorbent

Iso-removal
percentage

m (min/cm) c (min) N0 (mg/L) K (L/mg min) R2

20 1.2 −1.33 3.82 0.104 0.9643
3
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ig. 5. Bohart–Adams model for 20, 30 and 60% breakthrough at different bed
eights and constant inlet concentration (10 mg/L) and flow rate (1 mL/min).

.5.5. Bohart–Adams model
This is based on the assumption that sorption is a continuous

rocess wherein equilibrium is not attained instantaneously and
he rate of sorption is proportional to sorption capacity that still
emains on sorbent [25]. This model is based on surface reaction
heory [26] and the performance of continuous column can be
redicted by the following equation:

= N0Z

CiV
− 1

KCi
ln

(
Ci

Cb
− 1

)
(14)

here Ci is the initial metal ion concentration (mg/L), Cb the
reakthrough metal ion concentration (mg/L), t the time to
reakpoint (min), N0 the sorption capacity of biosorbent (mg/L),
the bed height of column (cm), V the linear velocity (cm/min)

nd K is the rate constant (L/mg min).
Equation for Bohart–Adam model can be written as

= mx + c (15)

here m = N0/CiV and c = 1/KCi ln(Ci/(Cb − 1)).
Under constant experimental conditions (flow

ate = 1 mL/min, initial chromium concentration = 10 mg/L),
so-removal lines were plotted between time and bed height
s shown in Fig. 5. From the slope and intercept of respective
so-removal line, the adsorption capacity (N0) and rate constant
f adsorption (K), were calculated (Table 3).

Linear equation developed for one metal concentration can

lso be applied to another concentration as modified:

new = mold

(
Ci

Cn

)
(16)

a
r
i
t

able 4
redicted breakthrough time (min) using Bohart–Adams constants for a new inlet con

reak point (%) mold cold Ci Cn Ci/Cn mnew cnew

0 1.2 −1.33 10 5 2 2.4 −1.68
0 2 −0.67 10 5 2 4 −0.85
0 10 −25.7 10 5 2 20 −32.4

* E =
N∑

J=1

[(qe)obs − (qe)predict]
2(qe)obs.
0 2 −0.67 6.36 0.126 0.9494
0 10 −25.67 31.8 −0.0016 0.9979

new = cold

(
Ci

Cn

) [
ln(Cn − 1)

ln(Ci − 1)

]
(17)

here Ci and Cn are the original and new chromium concentra-
ions.

Similarly slope constant can be calculated for flow rate (Vn):

new = mold

(
Vo

Vn

)
(18)

y applying these equations, breakthrough time was found out
or new chromium concentration and flow rate (Tables 4 and 5).
hese were then compared with the observed breakthrough time
btained from experimental results. It is also proved by low
tandard deviation (Tables 4 and 5). Thus, the developed model
an be used for the designing of column over a range of flow
ate and metal concentration.

.5.6. Regeneration of the biosorbent
It is of much importance to reuse the biosorbent for metal

emoval in industrial applications. Reusability of any biosorbent
an be evaluated by its sorption performance in successive sorp-
ion/desorption cycles. Immobilized cyanobacterial cells were
ested in five cycles using 0.1 M HCl as a desorbing agent
t 2 mL/min. The breakthrough time, exhaustion time, break-
hrough uptake capacity (mg/g) for all the five cycles is given in
able 6.

Regeneration efficiency (%) was calculated using the equa-
ion:

E(%) = qreg

qorg
× 100

here qreg is the adsorptive capacity of the regenerated column

nd qorg is the original capacity (mg/g) of the adsorbent. The
egeneration efficiency was calculated for all the five cycles and
s given in Table 6. It has been observed that RE (%) was found
o be 40% after fifth cycle.

centration (mg/L)

Bed height (cm) Predicted time (min) Observed time (min) E*

10 22.3 20 0.03
10 39.2 35
10 167.6 160
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Table 5
Predicted breakthrough time (min) using Bohart–Adams constants for a new flow rate (mL/min)

Break point (%) mold cold Vo Vn Vo/Vn mnew Bed height (cm) Predicted time (min) Observed time (min) Ea

20 1.2 −1.33 1 2 0.5 0.6 10 6 7 0.06
30 2 −0.67 1 2 0.5 1 10 10 12
60 10 −25.7 1 2 0.5 5 10 50 55

a E =
N∑

J=1

[(qe)obs − (qe)predict]
2(qe)obs.

Table 6
Sorption–desorption parameters for five cycles

Cycle no. Breakthrough uptake (mg/g) Breakthrough time (min) Bed exhaustion time (min) Regeneration efficiency (%)

1 0.70 35 300 Original
2 0.64 31 330 91.43
3 0.48 24 360 68.57
4
5

c
i
o
d
c
t
l
t
S
t
t
o

4

h
i

•

•

•

•

•

•

•

•

•

A

G
H

R

0.38 19
0.28 14

It has also been observed that breakthrough time and uptake
apacity at breakpoint is decreased and exhaustion time is
ncreased with each cycle. This may be due to the adverse effect
f desorbing agent on the binding sites. The metal uptake is
ependent on the desorption process, as prolonged desorption
an destroy the binding sites or inadequate time for desorp-
ion allow the metal to remain onto the biosorbent. The bed
ength was also decreasing in successive cycles. It may be due to
he dissolution of some soluble constituents during desorption.
hortening of breakthrough time shows the loss of biosorp-

ion performance. The breakthrough capacity has been found
o be decreased significantly in the fifth cycle in comparison to
riginal capacity showing the deterioration of biosorbent.

. Conclusions

In this paper, data obtained from batch and column studies
as been used to study the adsorption capacity and mechanism
nvolved. Following outcomes have been drawn:

Involvement of various functional groups (–NH, –CH, –C to
N, and –C C) is indicated by the observed FTIR spectral
changes after metal adsorption.
Adsorption of chromium on algal surface is confirmed by
changes in surface morphology observed in SEM.
Relatively higher adsorption capacity observed for free algal
biomass based on Langmuir and Freundlich isotherm shows
its greater potential for chromium removal as compared to
that for immobilized form.
Value of separation factor (RL) for both the biosorbents rang-
ing between 0 and 1 support the favorability of the chromium

adsorption.
Application of data from kinetic studies to Intraparticle diffu-
sion model indicated the involvement of surface sorption for
both the biosorbents.
390 54.29
450 40.0

Temkin, Flory–Huggins and Dubinin–Radushkevich models
applied to the equilibrium data inferred that biosorption of
chromium by both biosorbents is physisorption and sponta-
neous process.
Optimal conditions for maximum adsorption capacity
(0.70 mg/g) in column mode, for the present biosorbent
are 20 mg/L initial chromium concentration at flow rate of
1 mL/min, and 10 cm bed height.
Bohart–Adams model applied to the data indicated good
agreement between the predicted and experimental values.
Higher adsorption capacity of this alga as compared to other
biosorbents reported in the literature, and good adsorptive
capacity after five consecutive sorption–desorption cycles
suggests the utility of this biosorbent for chromium removal
and further designing and upscaling of the adsorption process.
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