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bstract

This communication presents results pertaining to the adsorptive studies carried out on fluoride removal onto algal biosorbent (Spirogyra IO2).
atch sorption studies were performed and the results revealed that biosorbent demonstrated ability to adsorb the fluoride. Influence of varying

he conditions for removal of fluoride, such as the fluoride concentration, the pH of aqueous solution, the dosage of adsorbent, the temperature on
emoval of fluoride, and the adsorption–desorption studies were investigated. Sorption interaction of fluoride on to algal species obeyed the pseudo
rst order rate equation. Experimental data showed good fit with the Langmuir’s adsorption isotherm model. Fluoride sorption was found to be
ependent on the aqueous phase pH and the uptake was observed to be greater at lower pH. Maximum fluoride sorption was observed at operating
0 ◦C operating temperature. Adsorption–desorption of fluoride into inorganic solutions and distilled water was observed and this indicated the
ombined effect of ion exchange and physical sorption phenomena. Significant changes in the FT-IR spectra was observed after fluoride sorption
hich is indicative of the participation of surface function groups associated with hydrogen atoms in the carboxylic groups in sorption interaction.

rom X-ray photoelectron spectroscopy (XPS) analysis a marginal increase in the area for the binding energy peak at 287.4 eV was observed
hich could be due to the formation of –C–F– bonds. Thermogravimetric (TGA) analysis of the fluoride loaded sorbent showed that the biosorbent
nderwent three steps decomposition process when heated from 25 to 100 ◦C. The maximum weight loss was observed to be between 200 and
00 ◦C and 700 and 800 ◦C.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fluoride ion in water exhibits unique properties, as its con-
entration in optimum dose in drinking water is advantageous
o health and excess concentration beyond the prescribed limits
ffects the health [1]. High fluoride concentration in the ground
ater and surface water in many parts of the world is a cause
f great concern. High fluoride in drinking water was reported
rom different geographical regions. The problem of excessive
uoride in ground water in India was first detected in Nellore

part of Prakasam district now) of Andhra Pradesh in 1937 [2].
ccording to an estimate, 25 million people in 19 states and
nion territories have already been effected and another 66 mil-
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ion are at risk including 6 million children below the age of 14
ears [3]. Though fluoride enters the body mainly through water,
ood, industrial exposure, drugs cosmetics, etc. drinking water
s the major source (75%) of daily in take [4]. A fluoride ion is
ttracted by positively charged calcium in teeth and bones, due
o its strong electro negativity. Major health problems caused
y fluoride are dental fluorosis (teeth mottling) skeletal fluoro-
is (deformation of bones in children and also in adults) and
on skeletal fluorosis [5,6]. It can interfere with carbohydrates,
ipids, protein, vitamins, enzymes and mineral metabolism when
he dosage is high. In some parts of India, the fluoride levels are
elow 0.5 mg/l, while at certain other places, fluoride levels are
s high as 35 mg/l [7,8].

De-fluoridation was reported by adsorption [9], chemical
reatment [10,11], ion exchange [12], membrane separation

13,14], electrolytic de-fluoridation [15], and electro dialysis
16–18], etc. Among various processes, adsorption was reported
o be effective [19]. Investigators reported various types of
dsorbents namely activated carbon, minerals, fish bone char-

mailto:vmohan_s@yahoo.com
mailto:sarma1950@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2006.07.008


4 azar

c
d
w
r
s
a
B
o
t
i
t
r
I
m
i
w
o
a
t
K
w
u
i
r
t
i
(
g
(
a
e
i
u
p

2

2

o
t
t

2

s
a
c
c
t
s
7
1
f
a

c
t
m
s
t
e
p
s
(

2

p
m
g
t
t
c
F
t
u
b
1
w
o
2
t
b
a
c
1
m
a
o
r
m
1
a
i
t
3
r
t
N
c
[
c
d
l
5
a

66 S. Venkata Mohan et al. / Journal of H

oal, coconut shell carbon and rice husk carbon, with different
egrees of success [9,20–24]. Recently considerable interest
as observed on the application of biosorbent materials for

emoval of various pollutants. Biosorbent materials can pas-
ively bind large amounts of metal(s) or organic pollutants,
phenomenon commonly referred to as biosorption [25–32].
iosorbents are attractive since naturally occurring biomass(es)
r spent biomass(es) can be effectively utilized [25]. Besides
his, biosorption offers advantages of low operating cost, min-
mization of the volume of chemical and/or biological sludge
o be disposed, high efficiency in dilute effluents, no nutrient
equirements and environmental friendly and economical viable.
t provides a cost-effective solution for industrial wastewater
anagement [33]. Application of biosorbents/biomass from var-

ous microbial sources, leaf based adsorbents and water hyacinth
as reported by various investigators [34–42]. Limited number
f studies were available on the treatment by algal species (fresh
nd marine water) in spite of their ubiquitous distribution and
heir central role in the fixation and turnover of carbon [43–45].
eeping the above points in view, batch adsorption of studies
as carried out on the sorption of fluoride from aqueous phases
sing commonly available algal Spirogyra. The adsorption stud-
es carried out under various experimental conditions and the
esults obtained are presented in this communication. The sorp-
ion mechanism elucidation was also carried out by employing
nstrumental techniques, viz., X-ray photoelectron spectroscopy
XPS), Fourier transform infra red spectroscopy (FT-IR), thermo
ravimetric analysis (TGA) and scanning electron microscope
SEM). Algae are traditionally a food supplement and are gener-
lly safe. The algal Spirogyra species used as biosorbent in this
xperiment is generally grows profusely in nature ponds and
ts availability is easy without any practical investment. Thus
sing Spirogyra IO2 as biosorbent is environmentally safe and
ractically economical.

. Experimental

.1. Chemicals

Stock solution of fluoride was prepared by dissolving 2.21 g
f sodium fluoride (AR grade) in 1000 ml of double glass dis-
illed water. The stock solution was then appropriately diluted
o get the test solution of desired fluoride concentration.

.2. Biosorbent

A viable form of algal species related to Spirogyra IO2
pecies was studied as biosorbent to evaluate its potential to
dsorb fluoride from aqueous phase. The algal biomass was
ollected from ponds in the premises of Osmania University
ampus, Hyderabad, India. The collected biomass was dewa-
ered, cleaned and washed with de-ionized water initially and
ubjected to drying under diffused sunlight for a period of
days. Dried algal biomass was crushed to particle size of
–2 mm. As the biosorption process involved mainly cell sur-
ace sequestration, cell wall modification could greatly alter the
dsorption capability. A number of methods were employed for

2

a
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ell wall modification of microbial cells in order to enhance
he metal binding capacity of biomass and to elucidate the

echanism of biosorption [26,47]. Acid pretreatments were
uggested in the literature to modify the surface characteris-
ics/groups either by removing or masking the groups or by
xposing more adsorption-binding sites [46–48]. The biomass
articles were further treated with (0.1N HCl) for 8 h and
ubsequently, washed with distilled water twice before drying
24 h).

.3. Batch sorption experiments

Batch sorption experiments were performed adopting bottle-
oint method as described by Venkata Mohan et al. [19]. In this
ethod, each independent bottle represented one point on the

raph containing the adsorbent and fluoride mixture in order
o get accurate results. A series of 250 ml Stoppard glass bot-
les with 0.1 g of biosorbent were taken and 100 ml of solution
ontaining fluoride concentration of 5, 10, 15, 20 and 25 mg
−/l were added in separate bottles and the adsorption mix-

ure was agitated for a pre-determined time period (480 min)
sing horizontal shaker [temperature, 30 ◦C; agitation, 100 rpm;
iosorbent mass, 0.1 g−1; contact (equilibrium contact time),
20 min; desorption time, 60 min; pH 7.0]. Sorption kinetics
ere determined by analyzing uptake of the fluoride from aque-
us solution at different time intervals of 15, 30, 60, 120, 180,
40, 300, 360, 420 and 480 min. Influence of temperature on
he fluoride sorption was evaluated by placing five separate
ottles in temperature control orbital shaker at 10, 20, 30, 40
nd 50 ◦C [agitation, 100 rpm; biosorbent mass, 0.1 g−1; con-
entration, 5 mg F−/l; contact (equilibrium contact time) time,
20 min; pH 7.0], respectively. Isothermal studies to deter-
ine the sorption capacity and intensity were carried out by

dding various doses of sorbent (0.1–0.5 g at an increment
f 0.1 g) and agitating the reaction mixture for the equilib-
ium time [temperature, 30 ◦C; agitation, 100 rpm; biosorbent
ass, 0.1 g; concentration, 5 mg F−/l; adsorption (contact) time,

20 min; desorption time, 60 min; pH 7.0]. Influence of the
queous phase pH on fluoride sorption was studied by adjust-
ng the reaction mixture to different initial pH values from 2
o 10.5 (concentration, 5 mg F−/l; biomass, 0.1 g; temperature,
0 ◦C; agitation, 100 rpm; contact time, 120 min). Three sepa-
ate adsorption–desorption experiments were carried for each of
he desorption solvent used (distilled water, 0.1N HCl and 0.1N
aOH) separately up to three cycle. A single cycle sequence

onsist of adsorption (120 min) followed by desoprtion (60 min)
temperature, 30 ◦C; agitation, 100 rpm; biosorbent mass, 0.1 g;
oncentration, 5 mg F−/l; adsorption (contact) time, 120 min;
esorption time, 60 min]. After adsorption, the resultant fluoride
oaded algal biomass was filtered and air dried for a period of
min and reintroduced into the required desorption solvent and
gitated.
.4. Analysis

The residual fluoride concentration in the aqueous phase was
nalyzed colorimetrically using SPADNS method on a UV–vis
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Fig. 3. Variation of fluoride sorption by Spirogyra sp.-IO2. (a) Influence of
contact time on the sorption capacity [temperature, 30 ◦C; agitation, 100 rpm;
b
i
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pectrophotometer (CE2021 2000 Series) according to the pro-
edures outlined in Standard methods of APHA [49]. FT-IR
pectra of Spirogyra were obtained by using a Thermo Nico-
et Nexus 670 FT-IRS Spectrometer by KBr (0.1 g) keeping of
ry biomass (0.1 g). Elemental analysis was done on Elemen-
al Analyzer (Vario EL instrument). Particle size analysis was
one on (Malvern) Master sizer 2000. TGA measurements were
arried out on a Mettler Toledo (TGA/SDTA 851e) instrument.
-ray photoelectron spectroscopy (XPS) was preformed on a
ratos Analytical (AXIS 165). For scanning electron micro-

cope, biosorbent sample was washed with 0.9%. NaCl solution
ollowed by phosphate buffer (pH 7.0) and subsequently the
iomass was incubated in 3% glutaraldehyde (2 h). Incubated
ulture was serially treated with 10–90% alcohol for dehydra-
ion after transferred into absolute alcohol and subjected to SEM
Hitach S-3000N) analysis.

. Results and discussion

.1. Characterization of the biosorbent

.1.1. Surface area and composition
Specific surface area of acid treated biosorbent (Spirogyra

O2) was observed to be 0.154 m2/g as determined by parti-
le size analysis. The particle size distribution of the biosor-

ent (10% < 20 �m, 50% < 95 �m, 90% < 460 �m) is depicted
n Fig. 1. The algal biosorbent subjected to elemental analysis
howed composition of N 2.36%, C 28.81%, S 1.33%, and H
.14%.

Fig. 1. Particle size analysis of biosorbent before sorption.
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Fig. 2. Morphological (SEM image) details of biosorb
iosorbent mass, 0.1 g; pH 7.0]. (b) Influence of dose on the sorption capac-
ty [temperature, 30 ◦C; agitation, 100 rpm; concentration, 5 mg F−/l; pH 7.0;
ontact time, 120 min].

.1.2. Surface morphology
The scanning electron micrograph clearly revealed the sur-

ace texture and morphology of the biosorbent (Fig. 2). It was
vident from the micrographs that the biosorbent showed a
ell-defined rod clusters in net/mat format (300×). At 700×
agnification, the single rod of the biosorbent was focused,
here an uneven surface texture along with lot of irregular sur-

ace format was observed.
.2. Sorption kinetics

The effect of contact time and sorptive removal of fluo-
ide was depicted in Fig. 3(a). The rate of fluoride removal

ent Spirogyra sp.-IO2 before fluoride sorption.
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Fig. 4. (a) Intra particle diffusion mode lot of algal–fluoride sorption system
[temperature, 30 ◦C; agitation, 100 rpm; biosorbent mass, 0.1 g; pH 7.0]. (b)
Pseudo kinetics plots of algal–fluoride sorption system, pseudo first order [tem-
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as rapid initially and then slowed down gradually until it
ttained equilibrium. Beyond which there was no significant
ncrease in the rate of removal. The initial rapid sorption was
erhaps due to participation of specific functional groups and
ctive surface sites [50] in the adsorptive removal of the fluo-
ide ion. A large fraction of the fluoride ion was removed within
20 min of the contact time in all the experimental variations
tudied, the fluoride removal efficiency showed a decreasing
rend (gradually from 62 to 17.5% with increase in the aqueous
hase fluoride concentration from 5 to 25 mg/l). The amount
f fluoride adsorbed per unit mass of algae showed increasing
rend up to 20 mg/l of fluoride concentration and subsequently
ecreased. It can be presumed from the data that the system
howed higher removal rates up to 20 mg/l of fluoride con-
entration in aqueous phase. The effect of the dosage of algal
pirogyra on the sorption of fluoride was studied at 5 mg/l of
uoride concentration Fig. 3(b). Fluoride ion sorption increased
oncentration with the increasing dosage of sorbent. The high-
st percentage removal was observed at 0.5 g of biomass. The
orption kinetic data obtained from fluoride algal system was
tudied with different kinetic models [51,52] namely the intra-
article diffusion model [19,50,52] the pseudo first order [52]
nd the pseudo second order [52] models. The sorption kinetic
ata were correlated with the linear forms of the three models,
espectively.

.2.1. Intraparticle diffusion model
The basic assumption with intraparticle diffusion model is

hat the film diffusion was negligible and intraparticle diffusion
as the only rate-controlling step [19,50,52]. The mathematical

xpression for the intraparticle diffusion model [41] might be
epresented as

t ≈ kpt0.5 (1)

here qt represents intraparticle diffusion rate constant
nd represents the fraction of fluoride removed (mg/g), kp

mg/g min−0.5) and t to denotes contact time (min). According
o Eq. (1) the plot of fraction of fluoride removal (qt) versus the
quare root of contact time (t0.5) would yield a straight line pass-
ng through the origin if the adsorption process obeyed the intra
article diffusion model. Sorption kinetic data was processed
o determine whether intraparticle diffusion was rate limiting
Fig. 4(a)). The plots obtained were of general type, i.e., initial
urved portion with a final linear portion. The initial curved por-
ions might be attributed to the boundary layer diffusion effect
53], while the final linear portions might be due to intraparticle
iffusion effects [53,54]. It might be observed, from the figure,
hat the straight line did not pass through the origin and this fur-
her indicated that the intraparticle diffusion was not only the rate
ontrolling step [19,50–52,55–61]. The sorption data indicated
hat the sorption removal of the fluoride from aqueous phase on

o algae was rather complex process, involving both boundary
ayer diffusion and intraparticle diffusion. The slope of the linear
ortion was defined as a rate parameter (kp) and characteristic of
he rate of adsorption in this region where intraparticle diffusion
as rate limiting is depicted Table 1.

w
a
o
m
c

erature, 30 ◦C; agitation, 100 rpm; biosorbent mass, 0.1 g; pH 7.0]. (c) Pseudo
inetics plots of algal–fluoride sorption system, pseudo second order [tempera-
ure, 30 ◦C; agitation, 100 rpm; biosorbent mass, 0.1 g; pH 7.0].

.2.2. Pseudo first and second order models
The pseudo first and second order kinetic models assume

hat sorption is a pseudo chemical reaction and the sorption rate
ould be determined, respectively, by the first order and second
rder reaction rate equations [50].

dqt

dt
= k1(qe − qt) (2)

dqt

dt
= k2(qe − qt)

2 (3)

here qe (mg/l) is the solid phase concentration of the fluoride

t equilibrium, qt (mg/g) the average solid phase concentration
f fluoride at contact time (t (min)) and k1 (min−1) and k2 (g/mg
in) are the pseudo first order and pseudo second order rate

onstants, respectively. If the sorption followed the pseudo first
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Table 1
Summary of sorption data evaluated by different kinetic models

Kinetic model Initial fluoride
concentration (mg/l)

Rate constant R2

Pseudo first order
kinetic models

5 −0.2448 min−1 0.751

10 −0.1072 min−1 0.6316
15 −0.0583 min−1 0.6571
20 −0.1159 min −1 0.8324
25 −0.0402 min −1 0.7901

Pseudo second order
kinetic model

5 48.01 g/mg min 0.976

10 12.02 g/mg min 0.980
15 5.55 g/mg min 0.986
20 3.51 g/mg min 0.957
25 2.85 g/mg min 0.985

Intra particle diffusion
model

5 0.15 mg/g min0.5 0.974

10 0.25 mg/g min0.5 0.986
15 0.15 mg/g min0.5 0.971
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coefficient (R2 0.933) indicating the acceptability of the model
for the studied algal–fluoride system. The coefficients obtained
from the linearization of the Langmuir’s equation exhibited an
adsorption capacity (Qm) of 1.272 mg/g and Langmuir con-
20 0.25 mg/g min0.5 0.986
25 0.33 mg/g min0.5 0.997

rder rate equation, a plot of ln(qe − i) against contact time ‘t’
hould be a straight line. Similarly, t/qt should change linearly
ith time ‘t’ if the sorption process obeyed the pseudo second
rder rate equation. The derived rate constants together with the
orrelation coefficient R2 are depicted in Table 1. (Fig. 4(a and
) display the best-fitting results by the modified pseudo first
nd second order rate equations, respectively.)

The intraparticle diffusion model generated the best fit with
he sorption kinetic data for the investigated fluoride–algal sorp-
ion systems, among the three kinetic models evaluated. All the
orrelation coefficients obtained were larger than 0.97 (Table 1).
he modified pseudo second order equation showed next good fit
ith the sorption data (>0.95), followed by the pseudo first order

ate model (>0.63). In the case of pseudo first order rate model,
ll the correlation coefficients obtained were above 0.63 and
ess than 0.83 indicating the limited applicability of this model
or the investigated algal–adsorption system. The algal–fluoride
ystem was confining to the intraparticle diffusion model along
ith modified pseudo second order equation. Reported studies

howed that the pseudo second order rate equation was a rea-
onably good fit of the data over the entire fractional approach
o equilibrium and therefore was employed extensively in the
tudy of adsorption kinetics [51,52,58,59,62]. The applicability
f intraparticle diffusion model suggests that sorptive process
f fluoride onto the algal biomass is rather a complex pro-
ess involving both boundary layer and intraparticle diffusion
19,50]. It could be also presumed from the discussion that the
odified pseudo second order equation was potentially a gen-

ralized kinetic model for adsorption system under study. The
ate constants k1 [pseudo first order rate constant, min−1] and
2 [pseudo second order rate constant, g/(mg min)] decreased

ith increase in the initial concentration of the fluoride in the

dsorption systems. On the contrary, the rate constant of the
ntraparticle diffusion model increased with the increase in the
nitial concentration of fluoride. The diverse effect of the initial

F
t
F
a
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oncentration on k1 and kp was also observed with other sorption
ystems reported [52,63,64].

.2.3. Adsorption equilibrium
Both Langmuir’s and Freundlich’s adsorption isotherm

quilibrium models were used for the analysis of the
lgal–fluoride sorption system. The rearranged Langmuir’s
dsorption isotherm model for evaluating the monolayer sorp-
ion phenomena as depicted in Eq. (4) was used to calculate the

aximum adsorption capacity of the adsorbent Qm (mg/g) and
constant (ka) related to the affinity of the binding sites (l/mg).

Ceq

qeq
= 1

kaQm
+ Ceq

Qm
(4)

Freundlich’s adsorption isotherm model used to study the
on-ideal adsorption involving heterogeneous adsorption phe-
omena was evaluated by the linearised Eq. (5) form

og(qeq) = 1

n
log(Ceq) + log(kf) (5)

here kf and 1/n are empirical constants. A theoretical plot
f the Langmuir’s adsorption isotherm model fitted with the
xperimental data is shown in Fig. 5(a). The experimental data
roduced a straight line fit with a relatively good correlation
ig. 5. (a) Langmuir adsorption isotherm plot for algal–fluoride sorption sys-
em [temperature, 30 ◦C; agitation, 100 rpm; biosorbent mass, 0.1 g; pH 7.0]. (b)
reundlich adsorption isotherm plot for algal–fluoride sorption system [temper-
ture, 30 ◦C; agitation, 100 rpm; biosorbent mass, 0.1 g; pH 7.0].
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t
0.1 g; concentration, 5 mg F−/l; agitation, 100 rpm]. The effect
of aqueous phase temperature on the fluoride ion removal by
algal biosorbent was shown in Fig. 7. An increase in sorption
70 S. Venkata Mohan et al. / Journal of H

tant (Ka) of 0.585 mg−1 as can be seen from Fig. 5(b). The
ransformation of experimental data to Freundlich’s adsorption
sothermal model did not lead to linearization (R2 0.709) indi-
ating the non acceptability of isothermal model.

Hall et al. [65] and Venkata Mohan et al. [19] showed
hat essential characteristics of a Langmuir adsorption isotherm
quation could be expressed in terms of a dimensionless constant
alled as separation factor or equilibrium factor or equilibrium
arameter, ‘Rs’ which was defined by the following equation,

s = 1

1 + aCo
(6)

here, Rs is the dimensionless constant separation factor; a
he Langmuir’s constant as defined earlier (�g); and Co is
he initial solute concentration (�g/l). The separation factor as
escribed by Hall et al. [65] was calculated using the Langu-
uir’s model constants. By the separation factor value the value

f the isotherm can be assessed by following classification [66]
s shown below:

Rs > 1: unfavorable isotherm;
Rs = 0: linear isotherm;
0 < Rs < 1: favorable isotherm;
Rs < 0: irreversible isotherm.

Rs’ was calculated for the linearised Langmuir’s adsorption
sotherm and was found to be 0.253, for algal fluoride sorption
ystem, which was considered to be a favorable condition.

.3. Influence of pH

Biosorption process is dependent on the aqueous phase pH
nd the functional groups on the algal cell walls and their
onic states (at particular pH) determine the extent of biosorp-
ion [35,42,64,67,68]. The algae cell wall contains a high
mount of polysaccharides and some of them are associated
ith proteins and other components [25,27,29,69]. These bio-
acromolecules on the algal cell surfaces have several func-

ional groups (such as, amino, carboxyl, thiol, sulfydryl and
hosphate groups) and biosorption phenomena depends on the
rotonation or un protonation of these functional groups on the
urface of the cell wall [25]. The ionic form of fluoride in solu-
ion and the electrical charge of the algal cell wall components
i.e., functional groups carrying polysaccharides and proteins)
epend on the solution pH. Batch sorption experiments were
erformed at various aqueous phase pH (2.0, 5.0, 6.0, 7.0, 8.5
nd 10.5) by keeping all other experimental conditions constant
temperature, 30 ◦C, agitation, 100 rpm; biomass, 0.1 g; concen-
ration, 5 mg F−/l; agitation, 100 rpm]. The effect of pH on the
dsorptive removal of fluoride ion with the function of contact
ime is depicted in Fig. 6. The extent of fluoride sorption on
he algal sorption system showed a marked decrease as the pH
f the aqueous solution increased from 2.0 to 10.5. The high-

st biosorption values were observed at pH 2.0 (62%) where
he overall surface charges on the algal cells should be positive,
hich facilitated the binding of negatively charged fluoride ion.
his specific phenomenon of sorption characteristics could be

F
1

ig. 6. Influence of aqueous phase pH on sportive removal of fluoride [tem-
erature, 30 ◦C; agitation, 100 rpm; biosorbent mass, 0.1 g; concentration, 5 mg
−/l].

ttributed to the anionic sorption, which indicated that the adsor-
ent surface is of H+ (cationic)-type [50]. At lower pH values, the
urface of the adsorbent turned out to be positively charged and
his facilitated sorption of fluoride ions, probably by the anionic
xchange sorption. At acidic pH due to the protonated effect of
urface functional groups such as amino, carboxyl, thiol, etc.,
mparts positive charge on the surface [25]. Relative sorption
nhibition observed at basic pH range might be attributed to the
ncrease of hydroxyl ion leading to formation of aqua-complexes
hereby retarding the sorption [35]. However, the fluoride sorp-
ion efficiency at aqueous phase pH 7.0 was found to be 54%,
hich is considered to be on higher side and cannot be avoided

or all practical reasons with respect to the upscaling of the tech-
ology.

.4. Influence of temperature

The influence of aqueous phase temperature on the biosorp-
ion experiments was investigated at five different temperatures
10, 20, 30, 40 and 50 ◦C) by keeping all other experimen-
al conditions constant [pH 7.0, agitation, 100 rpm; biomass,
ig. 7. Influence of temperature on the algal sorption capacity [pH 7; agitation,
00 rpm; biosorbent mass, 0.1 g; concentration, 5 mg F−/l].
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Table 2
Surface function group observed on algal biosorbent by FT-IR spectroscopy

Before acid
treatment
(cm−1)

After the acid
treatment
(cm−1)

After
adsorption
(cm−1)

Bonds
indicative of

3411 3411 3412 OH stretch/carboxylic
2926 2925 2924 Carboxylic/phenolic
1644 1656 1642 >C N–, >C C C, C O stretch

1541 1549 1540 Quinone OH bonds
1924 1430 1400

1240 1237 1245 C–O–
– 1161 1163 C–C
1059 1059 1060 ≡C–N<
– – 1000 –C–F stretch

8733 – 873 Plane deformation
– 664 666
6
4

O
f
F
t
t
a

3

3
FT-IR spectra were obtained for the algal biosorbent before

and after acid treatment and after fluoride adsorption were per-
formed and the resulting surface functional groups were depicted
in Table 2. Interpretations of the spectra were based on the infor-
S. Venkata Mohan et al. / Journal of H

apacity was observed with increasing temperature the from 10
o 50 ◦C. An apparent sorption (F−) rate acceleration on rais-
ng the temperature was reported by Liang et al. [70], Meena
t al. [71] reported that the increase in sorption with tempera-
ure may be attributed to either increase in the number of active
urface sites available for sorption on the adsorbent or due to
he decrease in the boundary layer thickness surroundings the
orbent, so that the mass transfer resistance of absorbate in the
oundary layer decreased.

.5. Adsorption–desorption/reuse studies

Adsorption–desorption experiments are useful in eluci-
ation of the mechanism of sorption reaction and also to
ssess the regeneration capacity of the adsorbent for reuse
n a more economic manner. Three consecutive cycles of
dsorption–desorption experiments were carried out separately
ith three different desoprtion solvents (0.1N HCl, 0.1N NaOH

nd distilled water) (Fig. 8). The amount of desorption provides
n insight into the nature of adsorbent–adsorbate bonding and
lso on the ion exchange property of the adsorbent. Compar-
tively effective desorption of fluoride ions from biomass was
ound in acidic solution. However, the desoprtion in the case
f distilled water and 0.1N NaOH was slightly on lower side
n all the cycles studied. The resultant desorption phenomenon
bserved in both distilled water and inorganic solvents might
e attributed to both physical (desorption in distilled water in
hich fluoride ions are bound to the surface by week bond-

ng) and ion exchange type (desorption in inorganic solvents)
nteraction rather than chemical sorption [72]. The combined
ffect of ion exchange and physical sorption phenomena might
e possible during the fluoride–algal sorption, which can be
orroborated with the observation from pH studies reported in
arlier section. A consistent reduction in adsorption capacity was
oticed for each new cycle after desorption (Fig. 8). With three
ycles, the adsorption capacity reduced by ∼20% from 62%

distilled water), 64% (0.1N HCl) and 60% (0.1N NaOH) to
0% (distilled water), 44% (0.1N HCl) and 40% (0.1N NaOH).
urthermore, relatively effective reusability was noticed when

he loaded biomass was desorbed with 0.1N HCl solvent (Fig. 8).

ig. 8. Pattern of adsorption–desorption of fluoride [temperature, 30 ◦C; agi-
ation, 100 rpm; biosorbent mass, 0.1 g; concentration, 5 mg F−/l; adsorption
contact) time, 120 min; desorption time, 60 min] (↓ represents desorption).
13 614 614
60 464 464

n the whole the overall cumulative fluoride sorption observed
or the three cycles was 10.4 mg F−/l (distilled water), 11.3 mg
−/l (0.1N HCl) and 10.2 mg F−/l (0.1N NaOH). However, due

o relatively less variation and on economical point of view dis-
illed water could be used as desorption solvent for the studied
lgal–fluoride adsorption system.

.6. Sorption elucidation

.6.1. FT-IR analysis
Fig. 9. XPS spectra (a) before sorption and (b) after sorption.
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Fig. 10. Thermal analysis profile

ation acquired from literature [73–80]. Significant changes in
he FT-IR spectra after the fluoride sorption were found at the
ave numbers of 3412, 2924, 1642, 1540, 1400, 1245, 1163,
060 and 1000 cm−1. Display of strong broad O–H stretch car-
oxylic bands in the region 3412 cm−1 and carboxylic/phenolic
tretching bands in the region of 2924 cm−1 was observed. The
ands appeared in the region 1642 cm−1 might be attributed
o >C N, >C C C and C O stretch. The bands appeared in
he region of 1540 and 1400 cm−1 might be attributed to the
resence of quinine and OH bonds. The bands appearing in the
egion 1245, 1163, 1060 and 1000 cm−1 indicated the presence
f –C–O–, C–C , ≡C–N< and –C–F stretch groups, respec-
ively. FT-IR results indicated that mainly hydrogen atoms in the
arboxylic groups were involved in fluoride ion sorption. This
bservation correlated well with the desorption and pH studies
ata.

.6.2. XPS analysis
Surface properties play an important role in numerous impor-

ant technologies. X-ray photoelectron spectroscopy (XPS) is a
idely used method for surface analysis of materials, due to its

urface sensitivity and chemical specificity. From the XPS spec-
ra, the elements present and their chemical state (valence) can
e determined. Since only electrons emitted from atoms near the
urface escape without losing energy, this technique is surface
ensitive. Subtle changes in peak positions and shape can yield
mportant information on changes in surface chemistry, giving
PS the ability to determine the elemental composition on the

urface of materials. Analysis of the XPS data gave an idea
bout the local oxidation states and chemical bonding environ-
ent of the composing material. Fig. 9 shows the high resolution

cans for C 1s of biosorbent Spigoyra IO2 before and after flu-

ride sorption. XPS survey scan of Spirogyra sample 1 showed
eaks characteristic of O 1s, C 1s, N 1s, S 2p and P 2p at 532,
84, 400, 164 and 135 eV, respectively. In Spirogyra loaded with
uoride in addition to the above peaks a peak at 685 eV was

d
E
i
i

osorbent after fluoride sorption.

bserved which could be attributed to F 1s that is adsorption.
n virgin biosorbent the observed C 1s peak could be convo-
uted into three peaks at 284.6 eV (32.5%), 286.6 eV (57.3%)
nd 287.9 eV (10.2%), which could be attributed to the presence
f C–C/C–H, –O–C–O–, and carboxylic group (–O–C O–),
espectively. After sorption with fluoride the C 1s XPS high res-
lution narrow scan showed peak at 284.6 eV (29.3%), 286.5 eV
48.1%), 287.4 eV (11.9%) and 288.9 eV (10.7%). The peak
bserved at 288.9 eV was attributed to the –CH2–CF2– bond for-
ation. The areas under the curve showed a marginal increase

n the area for the binding energy peak at 287.4 eV could be
ttributed to a component from the formation of –C–F– bonds.

.6.3. TGA analysis
Thermo gravimetric (TGA) analysis of the fluoride loaded

iosorbent (Fig. 10) showed that the biosorbent underwent three
teps decomposition process when heated from 25 to 100 ◦C.
nitial step (∼1% weight loss), which was small in the range
n 25–150 ◦C could be attributed to the loss of adsorbed water
∼65%) molecules. Maximum weight loss due to degradation
as observed in the next two steps, i.e., between 200 and 400 ◦C

nd 700 and 800 ◦C indicating that the organic fraction of the
tudied biosorbent got decomposed in this range.

. Conclusions

Adsorption studies performed on the algal Spirogyra IO2 sp.
s biosorbents revealed the ability of algal species to remove
uoride from the aqueous phase. Batch sorption studies per-
ormed on the algal–fluoride sorption system indicated varied
uoride sorption capacity. Fluoride–algal interaction concurred
howed good fit with pseudo first order rate equation. Isothermal

ata fitted well with the Langmuir’s adsorption isotherm model.
ffect of pH was documented while desorption was more evident

n inorganic solution and distilled water. FT-IR spectral stud-
es and X-ray photoelectron spectroscopy (XPS) analysis were
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onducted on virgin and fluoride loaded biosorbent to under-
tand fluoride algal sorption mechanism. Thermo gravimetric
TGA) analysis was also performed on fluoride loaded biosor-
ent to study the temperature imbedded degradation nature of
he biosorbent and to assess its disposal nature.
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