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bstract

Maximum sorption of Cu(II) and Pb(II) by dried filamentous green alga Pithophora oedogonia occurred at pH 4.5 and 5.0, respectively. Chemical
retreatment could not appreciably enhance the metal sorption ability of the biomass. HCl and EDTA desorbed 92–96% of the sorbed metal from
he metal-loaded biomass. Sorption and desorption of both the test metals were very rapid attaining an equilibrium within 15 min. The time course
ata of both the processes fitted well to the pseudo-first and the pseudo-second-order Lagergren kinetic models with r2 ≥ 0.979. The isotherm
quilibrium of Cu(II) and Pb(II) followed the Redlich-Peterson and Sips model very well with r2 ≥ 0.991. The sorption of Cu(II) and Pb(II) at

arying biomass doses could be well defined by linear and hyperbolic decrease, respectively. The regenerated biomass of Pithophora has better
eusability for Pb(II) than for Cu(II). A good mechanical strength of Pithophora biomass was apparent as only 10–15% loss of biomass occurred
t the end of the fifth cycle.

2007 Elsevier B.V. All rights reserved.
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. Introduction

All heavy metals, including those required in small amount
or the physiological machinery of living organisms, are
xtremely toxic at high concentrations [1]. Therefore, heavy
etal burden of industrial wastewaters need to be substantially

educed before discharging them into water bodies. Dissat-
sfaction with conventional methods of metal removal from
astewater has led to a surge in efforts aimed at finding out

uitable alternatives. In this regard, a variety of non-biological
nd biological materials have been screened for their metal sorb-
ng ability with the ultimate objective of employing them for the
reatment of metalliferous wastewaters.

Non-biological materials that have been tested for their metal
orbing ability include activated carbon [2], commercial resins
3,4], bagasse fly ash [5–7], red mud [8], metal hydroxides [9],

lay [10], soil [11], etc. Diverse kinds of biomass have also been
ested for their ability to sorb and remove metal ions. Some of the

ajor advantages of using biomass for metal removal include

∗ Corresponding author. Tel.: +91 542 2307147x342.
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n cycle

ow cost, proficient and rapid sorption of metal ions even from
ow metal concentrations, regeneration of biomass and possi-
le recovery of metal ions after sorption [12]. Considering the
foresaid advantages, metal sorbing potential of biomass derived
rom organisms belonging to such diverse groups as bacteria,
ungi, algae, higher plants, etc., have been assessed [1,12,13].
n so far as algae are concerned, most of the earlier studies on
etal sorption have remained confined to seaweeds [14]. Fil-

mentous algae may be a good alternative for removing metal
ons from aqueous system due to ease in their harvesting after

etal sorption, good mechanical strength and easy availability.
nfortunately, literature on the use of filamentous algae in metal

orption is scant [15–19] and the subject indeed needs emphasis.
Metal sorption ability of a biomass can be profitably exploited

nly with adequate knowledge of conditions favoring biosorp-
ion, and the possibility of reuse of biomass after the process.
owever, optimal conditions for sorption and biomass regener-

tion vary depending on the type of biomass and metal ion [1].
ence, these conditions must be adequately defined before using

biomass for the metal sorption process. Similarly, a chemical

gent capable of efficiently desorbing metal ions from the metal-
oaded biomass without inhibiting its subsequent metal sorption
bility, need to be searched for the regeneration of biomass.

mailto:gaurjp@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2007.07.076
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hile the literature on metal biosorption is plentiful, only a few
eports deal with regeneration and repeated use of biomass.

Taking the above points into consideration and in the light of
ur earlier finding that Pithophora oedogonia has a remarkable
bility to sorb Cu(II) and Pb(II) from aqueous solution [18],
he present study was planned to study the effect of pH and to
evelop a pretreatment strategy for optimizing the sorption of
u(II) and Pb(II) by this organism. A functional relationship was
eveloped for defining the sorption and removal of metal ions
s a function of biomass concentration. The present study also
ompares the kinetic behavior of metal sorption and desorption,
hich may give a clue to the probable mechanisms of these
rocesses.

. Theoretical background

.1. Lagergren kinetic equations for metal sorption and
esorption

The pseudo-first-order Lagergren rate equation is applicable
hen the rate of sorption is proportional to the number of the
acant sites on the biosorbent [20,21]. The pseudo-first-order
ate equation for the sorption process can be written as following
21]:

1S = qE(1 − exp−k1S·t ) (1)

here qE and q1S are metal sorbed (mg g−1) on the biosorbent
t equilibrium and at any time t, respectively. The parameter k1S
s the first-order rate constant (min−1), which may be defined as
he rate of sorption when the availability of the vacant sites is
nity.

The pseudo-second-order Lagergren kinetics is used when
he rate of sorption is proportional to the square of the num-
er of unoccupied sites [20,21]. The pseudo-second-order rate
quation can be written as follows [21]:

2S = qE
2 · k2S · t

1 + k2S · qE · t
(2)

here k2S is the rate constant of sorption (g mg−1 min−1), qE the
mount of metal sorbed at equilibrium, and q2S is the amount of
etal sorbed at time t (mg g−1).
Similar to sorption, the pseudo-first-order and pseudo-

econd-order Lagergren rate expressions for desorption process
an be written as follows:

1D = qE(1 − exp−k1D·t ) (3)

2D = qE
2 · k2D · t

1 + k2D · qE · t
(4)

here qE is the total amount of loaded metal (mg g−1), qE may
lso be the total amount of the desorbed metal at equilibrium for

00% desorption efficiency. The parameters q1D and q2D are the
mount of metal desorbed at any time t (mg g−1) as per pseudo-
rst and pseudo-second-order rate equation, respectively, and
1D (min−1) and k2D (g mg−1 min−1) are, respectively the first-
rder and the second-order desorption rate constants.
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.2. Isotherm models

Freundlich, Langmuir, Redlich-Peterson and Sips models are
he commonly used adsorption isotherm models for defining the
orption of metal ions. The Redlich-Peterson and Sips models
ere used in the present study for defining the equilibrium of

orption of Cu(II) and Pb(II) by the Pithophora biomass. The
oodness-of-fit of the Freundlich and Langmuir model is not
iscussed here in detail as it has already been done in our earlier
tudy on the same test alga [18].

.3. Redlich-Peterson model

The Redlich-Peterson model is a three parameter extended
orm of the Langmuir model. This is just a mathematical function
hat may define the data reasonably well, however, its two param-
ters, namely, aRP (l g−1) and bRP (l mg−1)

nRP , do not convey any
hysico-chemical meaning [21]. The parameter nRP is a dimen-
ionless parameter that reflects heterogeneity of the binding
urface. If the value of nRP is set to unity, the isotherm assumes
Langmuir form, and thus we can say that the Redlich-Peterson

sotherm is a variant of the Langmuir isotherm. Nevertheless,
f the concentration of sorbate is low and nRP = 1, it changes
nto a linear form that is well known as Henry’s law [22]. The

athematical expression of the above said model is as follows
21]:

= aRP · Ceq

1 + bRP · CnRP
eq

(5)

.4. Sips model

The Sips model, some times also called as the
angmuir–Freundlich (LF) model, is a combination of Lang-
uir and Freundlich models. The mathematical expression of

he Sips model can be given by Eq. (6):

= qS(bS · Ceq)nS

[1 + (bS · Ceq)nS ]
(6)

here qS (mg g−1) is Sips qmax and bS (l mg−1) is analogous
o the Langmuir affinity constant. The parameter nS is a mea-
ure of heterogeneity of the binding surface. If the value of nS
pproaches unity at high concentration of the sorbate, Eq. (6) is
educed to a Langmuir form. However, at low sorbate concen-
ration and nS < 1, it is reduced to a Freundlich form. Similar to
he Redlich-Peterson model, if concentration of sorbate is low
nd the value of nS approaches unity, the Sips model is also
hortened to a linear form [22,23].

. Materials and methods

.1. The test alga
The oven-dried biomass of P. oedogonia was used as the
iosorbent. The biomass was collected from a nearby pond, and
ashed several times with Milli-Q water. The biomass was dried

n a hot air oven at 80 ◦C, and ground with mortar and pestle
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Pb(II) increased with a rise in pH from 3 to 4.5 or 5, respec-
tively. It is well known that the functional groups of biomass,
such as, carboxylic group, are protonated at low pH and thus
unavailable for binding the metal ions. As pH increases, the con-
A. Singh et al. / Journal of Hazard

nd sieved to get the dried particles of the size about 0.5 mm.
he moisture content of the dried biomass, its ash content and
quilibrium pH (at 25 ◦C) were 8.2, 2.9 and 5.3%, respectively.
he cell wall of the test alga is known to contain chitin [24],
hich enriches this biosorbent in metal binding sites.

.2. Metal sorption and desorption

To assess the effect of pH on Cu(II) and Pb(II) sorption, batch
xperiments were conducted in 100 ml Erlenmeyer flasks, each
ontaining 10 mg of the biomass in 10 ml of metal solution [10 or
00 mg l−1 of Cu(II) or Pb(II)]. Metal solutions were prepared
sing their analytical grade salts CuCl2·2H2O and Pb(NO3)2.
he pH of the solution was adjusted within the range 3.0–7.0,
sing 0.1 M NaOH or HCl. The flasks were kept on a shaker
t 80 rpm and 25 ◦C for 30 min. Thereafter, the biomass was
eparated using membrane filter of 0.45 �m pore size and the
etal content in the filtrate was determined by a flame atomic

bsorption spectrophotometer (Perkin Elmer, model 2380).
Eight different pretreatments, namely, HCl (0.1 mM), HNO3

0.1 mM), NaOH (0.1 mM), ammonium acetate (0.1 mM), 5%
v/v) HCHO, 90% (v/v) methanol, 90% (v/v) acetone, and hot
ater (60 ◦C) were selected for the present study. The pretreat-
ent was performed keeping 10 mg of biomass in 10 ml of

reating agent on a shaker at 80 rpm for 30 min at 25 ± 2 ◦C.
or hot water treatment, the dried biomass was kept in water
ath for 15 min at 60 ◦C. After various pretreatments, the algal
ells were separated and washed 4–5 times with Milli-Q water.
he washed biomass was again dried in an oven and tested for
etal sorption capacity. The biomass was incubated for 30 min

n a solution containing 100 mg l−1 Cu(II) or Pb(II) at pH 4.5 and
.0, respectively. After incubation in metal solution, the biomass
as separated and the filtrate was analyzed for metal content.
A 0.1 M concentration of different chemical agents (HCl,

NO3, H2SO4, NaOH, CaCl2, Na2CO3, and EDTA), and Milli-
water were tested for desorption of the test metals from the

etal-loaded biomass. The biomass was loaded with the test
etals by exposing 10 mg dried biomass to 10 ml of metal solu-

ion [100 mg l−1 of Cu(II) or Pb(II)] for 30 min on a rotary
haker. Metal desorption was studied by shaking 10 mg of metal-
oaded biomass in 10 ml of different desorbing agents for 30 min.
hereafter, the biomass was separated by filtration and the filtrate
nalyzed for metal content.

For kinetic study, pre-weighted biomass (500 mg) of
ithophora was suspended in 500 ml of 100 mg l−1 Cu(II) or
b(II) solution. Likewise, the kinetics of metal desorption was
tudied by taking 200 mg biomass, previously loaded with Cu(II)
20.54 mg g−1 dry weight] or Pb(II) [51.56 mg g−1 dry weight]
n 200 ml of 0.1 M HCl. The filtrate was collected at various
ime intervals for both sorption and desorption experiments and
nalyzed for metal content.

Experiments were conducted to determine the sorption
f Cu(II) and Pb(II) at different biomass concentrations

0.1–2.0 g l−1) taking two concentrations (10, 100 mg l−1) of the
est metals in the solution. The data thus obtained were fitted in

athematical equations for determining the functional relation
etween metal sorption and biomass concentrations.
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In order to evaluate the feasibility of using the biomass during
uccessive sorption–desorption cycles, a 50 ml metal solution
100 mg l−1 Cu(II) or Pb(II)] having 50 mg dried biomass of
he test alga was incubated for 30 min on a shaker. Thereafter,
he metal-loaded biomass was harvested and suspended in 0.1 M
Cl to recover the metal from the biomass. After gentle agitation

or 30 min, the biomass suspension was filtered and the metal
ontent in the filtrate was measured. The regenerated biomass
as washed in Milli-Q water to remove excess of acid till the pH
f the washings reached neutrality and thereafter, resuspended
n the metal containing solution for the next sorption run. In all,
ve successive cycles of metal sorption–desorption were run.

.3. Modeling of metal sorption and removal

In a previous study [18], we have used Langmuir and Fre-
ndlich equations to model metal sorption by Pithophora. The
angmuir model fitted better to the data than the Freundlich
odel. In the present study, the fitness of the other two widely

sed models, namely, Redlich-Peterson and Sips, was also
ssessed. A mathematical relationship between metal removal
nd metal concentration in the solution was also established by
nding out the equations that best fitted to the data on metal
emoval from different metal concentrations in the solution.

. Results and discussion

.1. Effect of pH on metal sorption

Sorption of metal ions was strongly affected by the initial pH
f the metal solution. Maximum sorption of Cu(II) and Pb(II)
rom both the tested concentrations of the test metals occurred
t pH 4.5 and 5.0, respectively (Fig. 1). Sorption of Cu(II) and
ig. 1. Effect of pH on metal sorption by Pithophora from solution containing
0 and 100 mg l−1 of Cu(II) or Pb(II). The biomass concentration and the contact
ime were 1 g l−1 and 30 min, respectively. Vertical bars show mean ± S.D. of
hree replicates.
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Table 1
Effects of various pretreatments (30 min) on metal sorption ability of Pithophora

Treating agent % Change in metal sorption ability

Cu(II) Pb(II)

Hot water (60 ◦C) for 15 min −18.2 ± 0.7 −24.5 ± 1.2
Ammonium acetate (0.1 mM) −13.7 ± 1.0 −16.0 ± 1.8
Methanol (90%) −10.8 ± 1.1 −12.3 ± 1.8
Acetone (90%) −11.5 ± 1.1 −21.2 ± 2.0
Formaldehyde (5%) −01.7 ± 1.0 −01.1 ± 0.2
Hydrochloric acid (0.1 mM) +08.9 ± 1.2 +10.2 ± 0.2
Nitric acid (0.1 mM) +05.2 ± 1.0 +05.5 ± 0.3
S
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Table 2
Desorption of Cu(II) or Pb(II) from the metal-loaded biomass of Pithophora by
various chemical agents (0.1 M)

Desorbing agent % Desoprtion

Cu(II) Pb(II)

EDTA 92.3 ± 2.5a 96.2 ± 2.1a

HCl 91.2 ± 2.6 96.1 ± 2.7
HNO3 89.5 ± 2.4 92.3 ± 2.2
H2SO4 85.1 ± 2.7 85.1 ± 2.6
NaOH 27.6 ± 1.9 44.3 ± 1.7
CaCl2 15.2 ± 1.6 19.7 ± 2.0
Na2CO3 22.8 ± 1.5 13.4 ± 1.1
M
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Since the general pattern of sorption and desorption matched
odium hydroxide (0.1 mM) +07.4 ± 1.1 +02.6 ± 0.1

.B.: ‘+’ and ‘−’, respectively, denote increase and decrease relative to the
ontrol (untreated biomass). Data denote mean ± S.D. of three replicates.

entration of protons in the solution decreases, and hence these
unctional groups efficiently release their protons in the solu-
ion and become available for the binding of positively charged

etal ions. The other possible explanation for enhanced metal
orption with increase in pH is lowering of concentration of pro-
ons in the solution that are known to compete with metal ions
or the binding sites. The present findings are in consonance
ith other workers who have similarly reported an increase in
etal sorption with a rise in pH from 3 to 5 [1]. The effect of

H on Cu(II) and Pb(II) sorption by the test alga was more pro-
ounced at 100 mg l−1 than at 10 mg l−1 concentration of these
etal ions. The greater availability of metal ions in the former

nstance obviously enhanced the chances of their collision with
he binding sites thereby enhancing their sorption.

.2. Effect of biomass pretreatment on metal sorption

Results show about 2–10% increase in sorption of the
est metals following, NaOH, HNO3 and HCl pretreatment of
ithophora biomass (see Table 1). Alkali pretreatment probably
rovided more anionic metal binding sites to the biosorbent by
luting H+ ions from the functional sites. Similarly, acid pretreat-
ent seems to have washed out the cationic species, which were

ound to the negatively charged metal binding sites and thus
nhanced the sorption of the metal ions [19]. The above observa-
ion shows a good agreement with our earlier findings on another
lamentous alga Spirogyra neglecta [19]. The metal sorption
bility of Pithophora decreased following its pretreatment with
ot water, methanol, acetone and formaldehyde. It seems that hot
ater deteriorated the metal binding sites of the biomass, and

imilarly organic solvents dissolved away certain water insolu-
le substances, such as, lipids, which were apparently important
n metal binding [19]. Ammonium acetate pretreatment reduced

etal sorption ability of Pithophora, however, it has been found
o increase Cd(II) sorption on Ulva lactuca by 40% [25].

.3. Screening of desorbing agents
Eight different chemical agents were tested for desorbing the
est metals from the metal-loaded biomass of Pithophora (see
able 2). Maximum desorption of Cu(II) [>92%] and Pb(II)
>96%] occurred with EDTA and HCl followed in decreas-

v
a
c
s

illi-Q water 10.7 ± 0.9 07.8 ± 0.5

a Mean ± S.D. of three replicates.

ng order by HNO3, H2SO4, NaOH, Na2CO3, CaCl2·2H2O and
illi-Q water. Superiority of mineral acids and EDTA in desorb-

ng metal ions from the metal-loaded biomass was also reported
y earlier workers [1]. However, EDTA cannot be used for metal
esorption in a commercial process as it is costlier than HCl, and
oreover its disposal may cause serious environment problems.

.4. Kinetics of metal sorption and desorption

Time course of Cu(II) and Pb(II) sorption by Pithophora was
tudied and the data have been shown in Fig. 2. Sorption of
u(II) and Pb(II) by the test organism was very rapid attaining

he equilibrium within 15 min. Fig. 2 also depicts the data of
esorption of Cu(II) and Pb(II) from the metal-loaded biomass
f Pithophora using HCl as the desorbing agent. Desorption
f Cu(II) and Pb(II) also occurred rapidly, generating a pattern
hat closely matched that for metal sorption. The rapid sorption
nd desorption of metals by Pithophora biomass can be consid-
red as desirable characteristics of this particular biosorbent for
ommercial application [19].

The time course data of sorption and desorption of Cu(II) and
b(II) were fitted to the pseudo-first and pseudo-second-order
agergren kinetic models (Fig. 2), and the estimated parameters
re shown in Table 3. The data fit very well to both the models
r2 ≥ 0.979). Vilar et al. [21] also showed that the sorption of
d(II) by Gelidium and algal waste could be very well defined by
oth the models. Such a behavior may be due to the fact that the
elected concentrations of both the reactant species (i.e., biomass
nd metal concentration, or HCl in the case of desorption) are
ot in the rate governing range, and initial excess of any of
he reactants may give a mixed response. Furthermore, it is also
ikely that the order of sorption as well as desorption is in fraction
o that it remains between the first- and the second-order. It
s fairly well known that metal desorption mainly involves the
rocess of ion exchange, in which protons or other ions of the
esorbing agent replace metal ions from the binding sites [1,26].
ery well and kinetic parameters of both the processes have
lmost similar values (see Table 3), it appears reasonable to
onclude that ion exchange is the principal mechanism of metal
orption by the test alga.
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Table 3
Kinetic parameters of the pseudo-first-order and the second-order rate models for the sorption and desorption of Cu(II) and Pb(II) by Pithophora

Metal Pseudo-first-order Lagergren model Pseudo-second-order Lagergren model

qE (mg g−1) k1S (min−1) r2 qE (mg g−1) k2S (g mg−1 min−1) r2

Sorption
Cu(II) 20.27 0.31 0.998 21.05 0.04 0.998
Pb(II) 51.13 0.29 0.998 53.03 0.01 0.986

Metal Pseudo-first-order Lagergren model Pseudo-second-order Lagergren model

qE (mg g−1) k1D (min−1) r2 qE (mg g−1) k2D (g mg−1 min−1) r2

D

4

i
[
n
C
s

F
T
P
t
a
L

m
b
L
m

esorption
Cu(II) 18.91 0.18 0.997
Pb(II) 49.93 0.23 0.999

.5. Modeling of metal sorption and removal

The two parameters pertaining Freundlich and Langmuir
sotherms have already been discussed in our earlier study

18]. Here, we have taken three-parameter extended isotherms,
amely, the Redlich-Peterson and Sips model, for defining
u(II) and Pb(II) sorption data (see Table 4). The r2 value clearly

hows that Sips (r2 = 0.999) and Redlich-Peterson (r2 = 0.997)

ig. 2. Kinetics of sorption or desorption of Cu(II) and Pb(II) by Pithophora.
he solution used for metal sorption contained 100 mg l−1 of Cu(II) [pH 4.5] or
b(II) [pH 5.0] and biomass concentration 1 g l−1. Desorption of Cu or Pb from

he metal-loaded biomass was carried out using 0.1 M HCl at 25 ◦C. Sorption
nd desorption data were fitted to the pseudo-first and pseudo-second-order
agergren kinetic models by the non-linear regression method.
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20.88 0.01 0.979
53.80 0.01 0.989

odels best define Cu(II) sorption, followed in decreasing order
y Langmuir (r2 = 0.991) and Freundlich (r2 = 0.920) models.
ikewise, Redlich-Peterson (r2 = 0.998) and Sips (r2 = 0.991)
odels best defined sorption of Pb(II) on Pithophora biomass,

ollowed in decreasing order by Langmuir (r2 = 0.961) and Fre-
ndlich (r2 = 0.910) models. Vilar et al. [21] and El-Naas et
l. [27] also observed the superiority of the Redlich-Peterson
nd Sips model over other models for defining the sorption
ata. However, the Langmuir model provides more informa-
ion than the Redlich-Peterson model as its parameter qmax
eveals the maximum sorption capacity of the biomass and
he constant b reflects the affinity of the sorbate molecules for
he biomass surface. The Redlich-Peterson model seems just a

athematical function and its parameters aRP and bRP have no
hysico-chemical meaning [21]. The Sips model fitted better
o the present data than the Langmuir model because the pre-
icted value of the Sips sorption maximum (qS) was closer to
he experimental maximum for both the test metals, whereas the
angmuir model showed a higher value of qmax for Pb(II) [18].
he exponential parameters of the Redlich-Peterson (nRP) and
ips model (nS) do convey physico-chemical meanings to some
xtent and both reflect the heterogeneity of the binding surface
ith their values ranging between 0 and 1 [22,23]. The value
f the above said parameters generally remains below unity,
ut they were >1 for both the test metals in the present case.
he value of nRP and nS > 1 is not commonly observed, but has
lso been reported by some other workers [27–29]. It seems that
ypes and distribution of the binding sites on biomass surface are
xtremely complex in nature, and hence a natural sorbent, like
ithophora, will not completely follow any ideal assumption of
orption theory.

Mathematical expressions were developed for the removal of
u(II) and Pb(II) by Pithophora from various external concen-

rations of these metals. The non-linear regression method was
sed, and the constants of the best-fitted equations are given in
able 4. The removal Cu(II) and Pb(II) followed hyperbolic and
xponential decay equations, respectively, with their increasing
oncentration in the solution. The derived equations successfully

redict percent removal of the test metals by Pithophora from
olutions containing their various concentrations. Such equa-
ions seem to have tremendous potential for application in metal
emoval processes.
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Table 4
Parameters of various models tested for defining the sorption and removal of Cu(II) and Pb(II) by Pithophora biomass

Model Metal Parameters

Sorption Redlich-Peterson model (see Eq. (5)) Cu(II) aRP = 1.27 (l g−1), bRP = 0.03 (l mg−1)
nRP , nRP = 1.11, r2 = 0.997

Pb(II) aRP = 0.91 (l g−1), bRP = 0.0002 (l mg−1)
nRP , nRP = 1.76, r2 = 0.998

Sips model (see Eq. (6)) Cu(II) qS = 21.36 (mg g−1), bS = 0.03 (l mg−1), nS = 1.36, r2 = 0.999
Pb(II) qS = 57.16 (mg g−1), bS = 0.003 (l mg−1), nS = 1.65, r2 = 0.991

Removal Hyperbolic decay (% R = a·b/(b + Ceq)) Cu(II) a = 118, b = 23.38, r2 = 0.999
) a = 99.09, b = 0.007, r2 = 0.998
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Exponential decay (% R = a · exp−b·Ceq ) Pb(II

.6. Metal sorption as a function of biomass concentration

Biomass provides binding sites for the sorption of metal ions,
nd hence its availability strongly affects the sorption of metal
ons from the solution (Fig. 3). Effects of biomass availability
n metal sorption were assessed at 10 and 100 mg l−1 concen-
rations of both the test metals. The sorption of both the test

etals decreased with increase in concentration of biomass in
he solution due obviously to decrease in availability of metal
ons per unit biomass concentration [1]. However, Cu(II) and
b(II) showed different patterns of decrease in sorption. The
orption of Cu(II) followed a linear pattern, but that of Pb(II)
howed a hyperbolic decay (see Table 5). As discussed earlier,
ifferent patterns obtained may be due to variable tendency of
etal ions to bind onto the biosorbent. Unlike sorption, removal

f Cu(II) and Pb(II) showed an increase with increase in biomass
oncentration following the exponential and hyperbolic rise,
espectively (see Table 5). An increase in removal can be simply
xplained by the fact that at higher concentration of biomass, a
reater number of sites become available for binding the metal

ons [1]. The derived functional relations between sorption (and
emoval) and biomass concentration can be directly used, with-
ut performing any experiment, for quantifying sorption (and
emoval) for the concentrations of metal and biomass that lie

ig. 3. Effect of biomass concentration on sorption of Cu(II) and Pb(II). Exper-
ment was conducted at 10 and 100 mg l−1 concentrations of the test metals and
t 25 ◦C. The contact time was 30 min and the initial pH of the metal solution
as adjusted to 4.5 and 5.0 for Cu(II) and Pb(II), respectively. Data were fitted

o mathematical expressions using non-linear regression method, and the best
ts have been only shown in the figure.

Fig. 4. Successive cycles of Cu(II) and Pb(II) sorption and desorption by
Pithophora. Metal loading of the biomass was performed in a solution containing
100 mg l−1 of Cu(II) or Pb(II) at 25 ◦C for 30 min and the biomass concentration
1 −1
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g l . To regenerate the biomass for the next cycle, 0.1 M HCl was used as the
esorbing agent using 1 g l−1 of metal-loaded biomass.

ithin the range used in the present study. However, one prob-
em with this type of derivation is that it is an intrinsic property
f the system and might change if we change the experimental
onditions.

.7. Successive cycles of metal sorption and desorption
Five successive cycles of sorption and desorption of both the
est metals were carried out in the batch system to assess the
eusability of Pithophora biomass for metal sorption (Fig. 4).
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Table 5
Functional relationships of metal sorption and removal with biomass concentration in the batch system

Criteria Metal (mg l−1) Functional form Type equation Derived equation r2

Sorption Cu(II) 10 Linear decay f = y0 + a·x qa = 14.14 − 4.74[B]b 0.992
100 Linear decay f = y0 + a·x q = 31.48 − 10.39[B] 0.995

Pb(II) 10 Hyperbolic decay f = a·b/(b + x) q = 9.90/(0.077 + [B]) 1.00
100 Hyperbolic decay f = a·b/(b + x) q = 95.22/(1.03 + [B]) 0.971

Removal Cu(II) 10 Exponential rise f = a(1 − exp−b·x) % R = 98.12(1 − exp−2.05[B]) 0.989
100 Exponential rise f = a(1 − exp−b·x) % R = 22.55(1 − exp−1.94[B]) 0.989

Pb(II) 10 Hyperbolic rise f = a·x/(b + x) % R = 99.65[B]/(0.079 + [B]) 1.00
f = a·x/(b + x) % R = 88.76[B]/(0.883 + [B]) 0.980
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Table 6
Cu(II) and Pb(II) sorption capacity (Langmuir qmax) of some common
adsorbents

Adsorbent qmax (mg g−1) pH Reference

Cu(II) Pb(II)

Activated carbon
Granular AC 5.08 16.58 5.0 [2]
Powdered AC 4.45 26.94 5.0 [2]

Commercial resins
Duolite GT-73 61.64 – 4.8 [3]
Amberlite IRC-718 127.10 290.08 4.8 [3]
Amberlite 200 88.97 352.24 4.8 [3]

Unicellular algae
Chlorella miniata 23.26 – 6.0 [34]
Chlorella vulgaris 18.75 – 6.0 [34]
Chlorella vulgaris – 97.37 4.0 [35]

Seaweeds
Ascophyllum nodosum 29.29 – – [36]
Chondrus crispus – 194.97 3.5 [37]
Fucus vesiculosus – 228.95 3.5 [37]
Padina gymnosperma – 65.07 3.5 [37]
Gracilaria corticata – 53.99 4.5 [38]
Ulva lactuca – 126.39 4.5 [38]

Filamentous algae
Cladophora glomerata – 73.56 4.5 [38]
Cladophora calliciema 14.08 40.50 5.0 [18]
Cladophora fascicularis – 198.5 5.0 [39]
Hydrodictyon reticulatum 8.72 24.00 5.0 [18]
Spirogyra neglecta 40.83 90.19 5.0 [18]
Spirogyra sp. 133.32 – 5.0 [17]

g
b

5

P

100 Hyperbolic rise

a Metal sorption in mg g−1 dry weight.
b Biomass concentration in g l−1.

ince HCl pretreatment was found to enhance the metal sorp-
ion ability of the biomass by 10%, an increase in metal
orption was also anticipated during successive cycles of sorp-
ion and desorption. However, no increase was evident, and
orption of both the test metals actually decreased after each
uccessive cycle (Fig. 4). After five sorption–desorption cycles,
he sorption of Cu(II) and Pb(II) by the biomass decreased
y 41 and 25%, respectively. The use of higher concentra-
ion (100 mM) of HCl for metal desorption, compared to a

ere 0.1 mM used for biomass pretreatment, seems to have
eteriorated the biomass thereby diminishing its metal sorp-
ion ability after each cycle of sorption and desorption. The
est biomass is superior to Sargassum bacculari that showed
early 52% decrease in Cu(II) sorption ability at the end of
he first sorption–desorption cycle [30], but slightly inferior
o S. neglecta that displayed, respectively 11 and 27% short-
all of Cu(II) and Pb(II) sorption at the end of the fifth cycle
19]. It deserves mention that the decrease in Pb(II) sorption
bility of Pithophora at the end of the fifth cycle is far less
han that for Cu(II). Hence, Pithophora biomass has better
eusability during successive cycles of sorption and desorp-
ion for Pb(II) than for Cu(II). The decrease in metal sorption
bility of Pithophora during successive cycles is also lesser
han that obtained for Cd(II) (45%) and Co(II) (70%) sorption
y Phormidium valderianum after five sorption runs [31]. The
iomass of Pithophora has a good mechanical strength as only
0–15% loss of biomass was recorded at the end of the fifth cycle.
he loss of biomass is lesser than that recorded by Ahuja et al.

32] and Nakajima and Sakaguchi [33] who, respectively showed
early 31 and 50% loss of biomass after five sorption–desorption
ycles.

.8. Comparison of metal binding capacity of Pithophora
ith other adsorbents

The monolayer sorption capacity (Langmuir qmax) of
ithophora for Cu(II) and Pb(II) were compared with that of the
ther sorbents (see Table 6). Cu(II) and Pb(II) sorption capacity
f Pithophora is higher than that of many filamentous algae and

ctivated carbon, comparable with unicellular green algae, but
ower than that of S. neglecta, Spirogyra sp., Cladophora fas-
icularis, seaweeds and commercial resins. But low cost, easy
vailability, ease in harvesting due to filamentous nature, and

s
e
t
m

Aulosira fertilisima 21.77 31.12 5.0 [18]
Pithophora oedogonia 23.08 71.13 5.0 [18], This study

ood mechanical strength make Pithophora an attractive metal
iosorbent.

. Conclusions

Pithophora biomass has a great potential to sorb Cu(II) and
b(II) at pH 4.5 and 5.0, respectively. No pretreatment sub-

tantially enhanced the metal sorption ability of the biomass,
xcept for a slight increase following HCl pretreatment. Both
he pseudo-first and the pseudo-second-order Lagergren kinetic

odels fitted well to the time course data of sorption and
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esorption of both the test metals without any perceptible
ifference in their r2 value. The obtained kinetic parameters
ay be useful in designing a large-scale metal removal pro-

ess. The Redlich-Peterson and Sips models showed a good
greement with the isotherm data. The removal of Cu(II) and
b(II) followed exponential and hyperbolic decay equation,
espectively, with their increasing concentration in the solu-
ion. Similarly, the removal of Cu(II) and Pb(II) at increasing
iomass doses could be well defined by exponential and hyper-
olic rise, respectively. Although HCl efficiently desorbed the
est metals form the metal-loaded biomass, it caused 25–41%
eduction of metal sorption, which includes the reduction due
o 10–15% loss of biomass, at the end of the fifth cycle. This
imitation necessitates the search for a better metal desorbing
gent for commercial exploitation of Pithophora biomass. Nev-
rtheless, the ability of Pithophora to rapidly and efficiently
orb and desorb metal ions, together with good mechanical
trength, make it a good candidate for metal removal from waste-
ater.

cknowledgments

We are grateful to the Head, Department of Botany and Coor-
inator, Centre of Advanced Study in Botany, Banaras Hindu
niversity, for facilities. D.K. thanks the Council of Scientific

nd Industrial Research, New Delhi, for financial support in the
orm of a Junior Research Fellowship.

eferences

[1] S.K. Mehta, J.P. Gaur, Use of algae for removing heavy metal ions from
wastewater: progress and prospects, Crit. Rev. Biotechnol. 25 (2005)
113–152.

[2] H.K. An, B.Y. Park, D.S. Kim, Crab shell for the removal of heavy metals
from aqueous solution, Water Res. 35 (2001) 3551–3556.

[3] T. Vaughan, C.W. Seo, W.E. Marshall, Removal of selected metal ions from
aqueous solution using modified corncobs, Bioresour. Technol. 78 (2001)
133–139.

[4] V.K. Gupta, P. Singh, N. Rahman, Adsorption behviour of Hg(II), Pb(II),
and Cd(II) from aqueous solution on Duolite C-433: a synthetic resin, J.
Colloid Interface Sci. 275 (2004) 398–402.

[5] V.K. Gupta, C.K. Jain, I. Ali, M. Sharma, V.K. Saini, Removal of cadmium
and nickel from wastewater using bagasse fly ash—A sugar industry waste,
Water Res. 37 (2003) 4038–4044.

[6] V.K. Gupta, S. Sharma, Removal of zinc from aqueous solutions using
bagasse fly ash—A low cost adsorbent, Ind. Eng. Chem. Res. 42 (2003)
6619–6624.

[7] V.K. Gupta, I. Ali, Removal of lead and chromium from wastewater using
bagasse fly ash—A sugar industry waste, J. Colloid Interface Sci. 271
(2004) 321–328.

[8] V.K. Gupta, S. Sharma, Removal of cadmium and zinc from aqueous
solutions using red mud, Environ. Sci. Technol. 36 (2002) 3612–3617.

[9] C. Namasivayam, K. Ranganathan, Effect of organic ligands on the removal
of Pb(II), Ni(II) and Cd(II) by ‘waste’ hydroxide, Water Res. 32 (1998)
969–971.

10] C. Gagnon, M. Arnac, J. Brinde, Sorption interactions between trace metals

(Cd and Ni) and phenolic substances on suspended clay minerals, Water
Res. 26 (1992) 1067–1072.

11] Y. Yin, H.E. Allen, C.P. Huang, D.L. Sparks, P.F. Sanders, Kinetics of
mercury(II) adsorption and deposition on soil, Environ. Sci. Technol. 31
(1997) 496–503.

[

aterials 152 (2008) 1011–1019

12] B. Volesky, Z.R. Holan, Biosorption of heavy metals, Biotechnol. Prog. 11
(1995) 235–250.

13] S.S. Ahluwalia, D. Goyal, Microbial and plant derived biomass for
removal of heavy metals from wastewater, Bioresour. Technol. 98 (2007)
2243–2257.
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