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a b s t r a c t

Studies on the biosorptive ability of Gossypium hirsutum (Cotton) waste biomass outlined that smaller size
of biosorbent (0.355 mm), higher biomass dose (0.20 g), 5 pH and 100 mg/L initial Pb(II) concentration were
more suitable for enhanced Pb(II) biosorption from aqueous medium. The Langmuir isotherm model and
pseudo second order kinetic model fitted well to the data of Pb(II) biosorption. Highly negative magnitude
vailable online 28 March 2008

eywords:
iosorption
queous solutions

of Gibbs free energy (�G◦) indicated that the process was spontaneous in nature. In addition to this
surface coverage and distribution coefficient values of Pb(II) biosorption process were also determined.
At optimized conditions Pb(II) uptake was more rapid in case of industrial effluents in comparison to
synthetic solutions. FTIR spectroscopic analysis revealed that the main functional groups involved in the

face o

r
[

fi
G
b
s
a
m
t
w
t
a
i
t
a
t
b

b(II)
. hirsutum
TIR

uptake of Pb(II) on the sur

. Introduction

Heavy metals released into the environment have been increas-
ng continuously as a result of industrial activities and technological
evelopment, posing a significant threat to the environment and
ublic health because of their toxicity, accumulation in the food
hain and persistence nature [1–3]. Exposure to heavy metal con-
amination has been found to cause kidney damage, liver damage,
nd anemia in low doses, and in high concentrations, heavy metals
an be carcinogenic [4]. Pb(II) is neurotoxic. Numerous studies indi-
ate that blood Pb(II) concentration above 100 �g/L is associated
ith adverse outcomes on measures of intellectual functioning

5,6]. The conventional technologies used for removing heavy metal
ons from aqueous streams include chemical precipitation; lime
oagulation; ion exchange; membrane technologies; reverse osmo-
is and phytoremediation, but these are very costly [7–9].

Biosorption utilizes biological materials as adsorbents, and
his method has been studied by several researchers as an alter-

ative technique to conventional methods for the heavy metal
emoval from wastewater. The use of non-living biomaterial con-
aining metal-binding compounds would have the advantage of not
equiring utmost care and maintenance as well as being useful in

∗ Corresponding author.
E-mail address: raziyaanalyst@yahoo.com (R. Nadeem).
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f G. hirsutum biomass were carboxyl, carbonyl, amino and alcoholic.
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emediating areas with high levels of the heavy metal contaminants
10–14].

Gossypium hirsutum is grown all over the world as a major
ber crop. It is tropical/sub tropical crop, grown in summer [15].
. hirsutum stem, leaves and bolls after the collection of cotton
ecome waste. Similarly after the extraction of oil from cotton
eeds, its cake (also used for animal feed) is low of cost and easily
vailable throughout the world. According to our knowledge this
ost abundant waste material was never used for the biosorp-

ion of any heavy metal including Pb(II). So the present study
as undertaken with the aim to access the maximum adsorp-

ion capacity (qmax) of G. hirsutum waste biomass for Pb(II) from
queous solution and industrial effluents. The functional groups
nvolved in the adsorption process were determined by FTIR spec-
roscopic analysis. The effect of other important parameters such
s biosorbent dose, biosorbent size, effect of initial Pb(II) concen-
ration and sorption time on Pb(II) uptake by G. hirsutum waste
iomass was also studied to completely understand the sorption
rocess.

. Materials and methods
.1. Reagents

All the chemicals used in the present study were of analytical
eagent grade, including Pb(NO3)2, concentrated HCl, concentrated

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:raziyaanalyst@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.03.096
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3.2. Effect of biosorbent size

Fig. 2 shows the effect of different sizes of biosorbent on adsorp-
tion of Pb(II) at pH 5.0, biosorbent dose 0.2 g/100 mL, concentration
M. Riaz et al. / Journal of Haza

2SO4, NaOH (Merck) and Pb(II) atomic absorption spectrometry
tandard solution (1000 mg/L) (Fluka Chemicals).

.2. G. hirsutum waste biomass

Different parts of G. hirsutum (Cotton) waste biomass viz.
tem, leaves, bolls and seed cake were collected randomly from
ocal fields near Faisalabad, Pakistan. Collected samples were
ashed with distilled water extensively, to remove the dust par-

icles. Subsequently samples were oven dried for 72 h. The dried
iomass was ground using food processor (Moulinex, France)
nd sieved through mechanical siever (OCTA-DIGITAL 4527-01)
o obtain biosorbent with known particle size. The sizes selected
or the present study were 0.255, 0.355, 0.710 and 0.100 mm.
hese fractions were stored in air tight plastic bottles at stan-
ard temperature and pressure (STP) for further experiments
16].

.3. Pb(II) solutions

Stock aqueous solution of Pb(II) having concentration 1000 mg/L
as prepared by dissolving 1.59 g of Pb(NO3)2 in 100 mL of deion-

zed distilled water (DDW) and quantitatively diluting to 1000 mL
sing DDW. Pb(II) solutions of the different concentrations on
esire were prepared by adequate dilution of stock solution with
DW.

.4. Batch biosorption studies

In all the sets of experiments, 100 mL of Pb(II) aqueous solu-
ion of varied concentrations (25, 50, 100, 200, 400 and 800 mg/L)
as taken in conical flask (250 mL) and mixed with desired biosor-
ent dose (0.05, 0.1, 0.15 and 0.2 g) at different biosorbent sizes
0.355, 0.500, 0.710 and 1.00 mm), pH (1–6) for various contact
imes (15, 30, 45, 60, 120, 240, 360, 480, 600, 840 and 1440 min)
t 30 ± 1 ◦C and finally agitated for 24 h on orbital rotatory shaker
PA 250/25. H). The solution pH was adjusted using 0.1 N HCl and
.1 N NaOH to appropriate value. The samples were finally filtered
hrough Whatman filter paper no. 1 and stored in plastic bottles
t 4 ◦C to reduce the risk of the evaporation of the stored samples
17–19].

.5. Sample collection from industrial effluents

The wastewater samples from different industries such as glass
ndustry (G.I.), ceramic industry (C.I.) and paint industry (P.I.)

ere collected from Sheikhupura, Gujranwala and Lahore, Pakistan,
espectively. Triplicate samples were collected and stored in pre-
leaned plastic bottles and placed in a cooler for transportation
o the research laboratory [41]. For the biosorption of Pb(II) from
he hazardous aqueous streams by G. hirsutum (Cotton) seed cake
iomass experiments were performed in triplicates at optimized
onditions of biosorbent size (0.355 mm), biosorbent dose (0.2 g),
H (5.0) and contact time up to 360 min taking 100 mL of each

ndustrial effluent sample.

.6. Pb(II) analysis
Pb(II) concentration was analyzed using PerkinElmer AAnalyst
00 Atomic Absorption Spectrophotometer (AAS) using an air-
cetylene flame [18,25]. The hollow cathode lamp was operated
t 15 mA and analytical wavelength was set at 283.3 nm. F
Materials 161 (2009) 88–94 89

.7. Metal uptake (q)

Metal uptake (q) was calculated using mass balance equation q
mg/g dry biomass) (Eq. (1)) [20].

= V(Ci − Ce)
m

(1)

here “V” is the sample volume (mL), “Ci” and “Ce” are the initial
nd equilibrium metal concentrations (mg/L), respectively, and “m”
s the amount of dry biomass (g).

.8. Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectroscopy was used to detect vibration frequency
hanges in G. hirsutum seed cake biomass before and after Pb(II)
ptake. The spectra were collected by PerkinElmer spectrome-
er within the range 4000–400 cm−1 using chloroform as mulling
gent. The background obtained from the scan of pure chloroform
as automatically subtracted from the sample spectra.

.9. Statistical analysis

All experiments were run in triplicate and the arithmetic mean
f the results was considered in data analysis. All statistical analysis
as done using Microsoft Excel 2004, version Office Xp (Microsoft
orporation, USA) and Slidewrite software.

. Results and discussion

.1. Effect of biosorbent dose

The effect of biosorbent dosage was analyzed at pH 5.0,
iosorbent size 0.355 mm and Pb(II) concentration 100 mg/L. The
ercentage adsorption of Pb(II) was increased on increasing biosor-
ent dose from 0.05 to 0.2 g/100 mL (Fig. 1). The increase in
ercentage Pb(II) adsorption with an increase in biosorbent con-
entration can be attributed to increase in binding sites. However,
dsorption capacity (q) decreased with increase in biosorbent dose
21–23]. But these results were not surprising, as in all the biosor-
ent dosage experiments, percent metal adsorption is inversely
elated with metal uptake capacity of biosorbent. The decrease in
dsorption capacity (q) was observed because higher biosorbent
ose caused electrostatic interactions between cells and interfer-
nce between the binding sites [24].
ig. 1. Effect of biosorbent dose on Pb(II) biosorption by G. hirsutum waste biomass.
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ig. 2. Effect of biosorbent size on Pb(II) biosorption by G. hirsutum waste biomass.

00 mg/L for contact time of 24 h. From the same figure it is evident
hat, smaller the granular size of biosorbent, larger the adsorption
apacity (q). The optimum adsorption capacity (q) was observed
t smallest biosorbent size (0.355 mm) was 44.67, 35.44, 40.12 and
2.08 mg/g for seed cake, stem, leaves and bolls of G. hirsutum waste
iomass, respectively. Smaller the size of biosorbent greater its sur-
aces area, resultant increase in the binding sites for adsorption
18].

.3. Effect of pH

The pH dependence of metal uptake could be related to the func-
ional groups of the biomass and solution chemistry. Fig. 3 shows
he effect of pH on the adsorption of Pb(II) by G. hirsutum waste
iomass. Adsorption capacity (q) was analyzed over a pH range
.0–6.0. It was apparent from the results that the metal adsorp-
ion was a function of pH; as the pH increased from 1.0 to 5.0,
oth adsorption capacity and percentage adsorption increased. The
xperiments beyond pH 5 were not carried as the Pb(II) precipitates
t pH higher than 5.0. The maximum adsorption capacities (mg/g)
or the different parts of G. hirsutum waste biomass were seed
ake (45.01) > bolls (41.56) > leaves (38.62) > stem (34.42). Biosor-
ent materials primarily contain weak acidic and basic functional
roups. It follows the theory of acid-base equilbria, in the pH range
.0–5.0, and in this range the binding of heavy metal cations is
etermined primarily by the state of dissociation of the weak acidic
roups. Carboxyl groups ( COOH) are the important groups for the

etal uptake by biological materials [25]. The ionic states of cell
all functional groups can be used to explain the pH dependency of

he biosorption. Low pH conditions allow hydrogen and hydronium
ons to compete with Pb(II) for metal-binding sites on the biomass,
ausing poor Pb(II) uptake. At higher pH values 3–5, there are lower

Fig. 3. Effect of pH on Pb(II) biosorption by G. hirsutum waste biomass.

w
c
a
(
t

F

ig. 4. Effect of initial Pb(II) concentrations on biosorption by G. hirsutum seed cake
iomass.

umbers of competing hydrogen ions and more ligands are exposed
ith negative charges, resulting in the greater Pb(II) sorption. It
ay be explained that at low pH, the overall surface charge on

he cells became positive, which inhibited the approach of pos-
tively charged Pb(II) cations [26–28]. At the pH higher than 5.0
he hydroxy complexes were formed [31] which caused decrease
n adsorption capacity [29,30]. Maximum Pb(II) uptake (mg/g) was
bserved for seed cake (45.01) at pH 5.0, so all further experiments
ere conducted using seed cake of G. hirsutum at evaluated pH 5.0

32].

.4. Effect of initial Pb(II) concentrations

The rate of adsorption was a function of the initial Pb(II)
oncentration. Fig. 4 shows the effect of different initial Pb(II)
oncentrations on Pb(II) adsorption using seed cake biomass of
. hirsutum. The increase in initial Pb(II) concentration resulted

n increase in the percentage adsorption from 25 to 800 mg/L
ith a maximum adsorption at 100 mg/L [16,33–35]. The Langmuir

Fig. 5) and Freundlich adsorption isotherms [36] are commonly
sed to model the biosorption studies based on metal concentration
Figs. 6).

Langmuir equation transforms to the linearized form (Eq. (2))
21].

1
qe

= 1/qmax + 1/(qmaxKL)Ce (2)
here qe (mg/g) is the Pb(II) ion sorbed, Ce (mg/L) is the equilibrium
oncentration of Pb(II) ion solution, qmax (mg/g) is the maximum
mount of Pb(II) ion which can be taken up by biosorbent, and KL
L mg−1) is the Langmuir constant. The Langmuir equation assumes
hat (i) the surface consists of adsorption sites (ii) all adsorbed

ig. 5. Langmuir isotherm for Pb(II) biosorption by G. hirsutum seed cake biomass.
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where KL is the Langmuir adsorption coefficient and Ci is the initial
Pb(II) concentration.

The increase in initial Pb(II) concentration from 25 to 500 mg/L
for G. hirsutum seed cake biomass increases the surface coverage on
the biomass until the surface is nearly fully covered with a mono-

T
L

E

q

2

ig. 6. Freundlich isotherm for Pb(II) biosorption by G. hirsutum seed cake biomass.

pecies interact only with a site and not with each other and (iii)
he adsorption is limited to monolayer. It is then assumed that once
metal ion occupies a site, no further sorption can take place. This

uggested that all binding sites are energetically equivalent and
here is no migration or interaction between the adsorbed ions on
he surface area [37].

The Freundlich equation is an empirical relationship describing
he adsorption of solutes from a liquid to a solid surface. The general
orm of this model is:

e = KFC1/n

his can be linearized by taking logarithm of both sides of the equa-
ion to give:

og qe = log KF + 1/n log Ce (3)

here KF and 1/n are the Freundlich constants.
The Langmuir model fitted better to experimental data in com-

arison to the model of Freundlich as represented from the value
f its constants, qmax and R2 (Table 1).

.5. Separation factor (RL)

A dimensionless constant, separation factor (RL) can be used to
redict whether a sorption system is favorable or unfavorable in
atch adsorption process [38]. RL values between 0 and 1 represent
he favorable isotherm. RL was calculated from Langmuir isotherm
ased equation (Eq. (4)) [18].

L = 1
(1 + KLCi)

(4)

here KL is the constant from Langmuir equation and Ci is the initial
b(II) concentration. The separation factor (RL) profile of adsorp-
ion of Pb(II) on seed cake of G. hirsutum is presented in Fig. 7. The
arameter, RL, indicates the shape of the isotherm and the nature
f the sorption process as given below:
RL > 1 = unfavorable isotherm.
RL = 1 = linear isotherm.
RL = 0 = irreversible isotherm.
0 < RL < 1 = favorable isotherm.

F
f

able 1
angmuir and Freundlich isotherm parameters for Pb(II) uptake by G. hirsutum seed cake

xperimental Langmuir isotherm parameters

max (mg/g) KL (L/mg) qmax (mg/g) R2

03.05 0.01546 196.07 0.9918
ig. 7. Separation factor profile for biosorption of Pb(II) as function of initial metal
oncentration by G. hirsutum seed cake biomass.

The values of RL for Pb(II) were calculated and plotted against
nitial metal ion concentration. Favorable isotherm (Fig. 7) showed
hat, the sorption of Pb(II) on the seed cake biomass of G. hirsutum
ncreased as the initial metal ion concentration increased from 25 to
00 mg/L, indicating that adsorption is even favorable for the higher

nitial metal ion concentrations. The sorption process was favorable
or Pb(II) removal at all concentrations investigated. From the figure
t can be noted that adsorption process is favorable on low as well
s high concentrations [3].

.6. Surface coverage (�)

The fraction of biomass surface covered by Pb(II) was studied
sing Langmuir type equation (Eq. (5)). By plotting the surface cov-
rage value (�) against Pb(II) concentration (Fig. 8) [18].

= KLCi(1 − �) (5)
ig. 8. A plot of surface coverage (�) against initial Pb(II) ion concentration (mg L−1)
or G. hirsutum seed cake biomass.

biomass

Freundlich isotherm parameters

qmax (mg/g) KF (mg/g) 1/n R2

228.77 6.42 0.597 0.9604
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Table 2
Comparison between the Lagergren pseudo first order and pseudo second order kinetic models for Pb(II) uptake by G. hirsutum seed cake biomass

E Pseudo second order kinetic model

q 2 qe (mg/g) k2,ads (mg/g min) R2

4 971 50 4.86 × 10−3 0.997
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xperimental Pseudo first order kinetic model

e (mg/g) qe (mg/g) k1,ads (min−1) R

4.67 35.23 1.24 × 10−2 0.

ayer (Fig. 8). At concentration higher than 500 mg/L, the metal
dsorption rate on biomass surface becomes independent of the
b(II) concentration. This happens because the surface coverage
eases very significantly with concentration of Pb(II) at higher lev-
ls.

.7. Distribution coefficient (D)

Distribution coefficient (D) can be used to predict the ratio of
b(II) concentration in aqueous phase to the Pb(II) concentration
dsorbed on G. hirsutum surface (Table 2). A value of D greater than
.50 suggests that, the more number of Pb(II) ions are adsorbed
n biomass surface in comparison to the concentration of Pb(II) in
queous phase. Distribution coefficient (D) is “the ratio of metal ion
oncentration in the adsorbent phase, to the metal ion concentra-
ion in aqueous phase” [18].

.8. Gibbs free energy (�G◦
ads)

To judge whether the adsorption process is spontaneous or non-
pontaneous, the value of �G◦

ads was calculated using Bockeris
winkel’s adsorption isotherm (Eq. (6)) [39]

◦ ads = −2.303 RT log ×[{55.4�/Ci(1 − �)}{� + n(1 − �)n−1/nn}]
(6)

here Ci is the initial concentration of Pb(II) ion in the solution and
is charge on metal. The values of �G◦

ads are highly negative on all
oncentrations suggesting that the Pb(II) adsorption process by G.
irsutum seed cake is spontaneous in nature on low as well as high
oncentrations (Table 2).

.9. Effect of kinetics on biosorption of Pb(II)

Fig. 9 indicates the effect of contact time on adsorption of Pb(II)
y seed cake biomass. Percentage adsorption at different time
ntervals ranging from zero time to 24 h was analyzed. Optimum

dsorption capacity (q) and percentage adsorption were 44.67 mg/g
nd 86.46% respectively. Kinetic study revealed that adsorption
ook place in two phases, a rapid surface adsorption within 15 min
ollowed by slow intracellular adsorption before the equilibrium
as established after 6 h [40].

ig. 9. Effect of kinetics on Pb(II) biosorption by G. hirsutum seed cake biomass.
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ig. 10. Comparison between pseudo first order and pseudo second order for Pb(II)
iosorption by G. hirsutum seed cake biomass.

Kinetics of adsorption by any biological material has been widely
ested by the first order expression given by Lagergren and pseudo
econd order approach (Fig. 10) [41,42]. The first order Lagergren
quation (Eq. (8)):

og(qe − q) = [log qe − {(k1,adst)/2.303}] (8)

The pseudo second order equation (Eq. (9)) is given as follows.

/q = 1/k2,ads q2
e = t/qt (9)

here qe is the mass of metal adsorbed at equilibrium (mg/g), qt is
he mass of metal at time t (min), k1,ads is the first order reaction rate
onstant of adsorption (min−1), k2,ads is the pseudo second order
ate constant of adsorption (mg/g min−1). A comparison between
agergren first order and to pseudo second order kinetic model
s expressed in Table 3. Pseudo second order kinetic model with
igher value of regression coefficient (R2 = 0.997) fitted well to the
ata.

.10. Pb(II) biosorption from hazardous aqueous streams

Sorption kinetic experiments were performed at optimized
onditions in order to investigate sorption time for Pb(II) biosorp-
ion from hazardous aqueous streams. Experiments indicated that

orption equilibrium reached much faster in case of industrial
astewater samples (120 min) in comparison to synthetic wastew-

ter (360 min) using same biosorbent (Fig. 11). This may be due
o the presence of co-metal ions in the industrial effluents. The
ercentage sorption from hazardous industrial effluents was in

able 3
pparent Gibbs free energy �G◦

ads (kJ/mol) and distribution ratio (D) for Pb(II)
ptake by G. hirsutum seed cake biomass

i (mg/L) �G◦
ads (kJ/mol) D

25 −28.3160 0.8495
50 −28.1095 0.8468

100 −27.7719 0.8571
150 −27.6267 0.7824
00 −27.5285 0.7460
00 −27.2998 0.6101
00 −27.1399 0.5069
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Fig. 11. Pb(II) biosorption from hazardous aqueous streames by G. hirsutum seed
cake biomass at optimized conditions.

Table 4
Pb(II) biosorption from hazardous industrial effluents by G. hirsutum seed cake
biomass at optimized conditions

Industries Initial Pb(II) concentration (mg/L) q (mg/g) % Removal

G.I. 35.21 ± 0.25 14.04 ± 0.014 80.85 ± 1.19
C.I. 22.15 ± 0.19 8.075 ± 0.021 72.91 ± 0.85
P.I. 18.57 ± 0.21 6.0543 ± 0.011 70.38 ± 0.92
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ig. 12. FTIR spectra of G. hirsutum seed cake biomass: (a) before and (b) after Pb(II)
orption.

he following order: G.I. (80.85 ± 1.19%) > C.I. (72.9 ± 0.85%) > P.I.
70.78 ± 0.92%) (Table 4) [18].

.11. FTIR analysis

The functional groups involved in the adsorption of Pb(II) by
. hirsutum seed cake waste biomass mass were determined using
TIR spectroscopic analysis. The main functional groups involved in
dsorption process were found to be carbonyl, carboxyl, alcoholic
nd amino groups (Fig. 12). The involvement of these functional
roups in metal adsorption process can be judged from change in
requency of absorbing groups (Fig. 12a and b). The absorbance of
he peaks in Pb(II) loaded sample was subsequently lower than in
nloaded sample [18].
. Conclusions

G. hirsutum (Cotton) waste biomass is easily available through-
ut the world, so it was selected for the removal of Pb(II) from

[

[
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queous solutions. From the results, it was concluded that max-
mum adsorption of Pb(II) ions from aqueous solutions occurred
t pH 5.0, 0.355 mm biosorbent particle size and 0.20 g biosor-
ent dose of seed cake biomass. At equilibrium and pH 5.0 the
aximum Pb(II) uptake (45.01 mg/g) was observed for seed cake.

he Pb(II) adsorption on G. hirsutum waste biomass was well
escribed by Langmuir adsorption isotherm. The uptake of Pb(II)
y G. hirsutum seed cake biomass occurred in two phases, a rapid
urface adsorption within 15 min followed by slow intracellular
dsorption till equilibrium. The whole adsorption process was
ell described by pseudo second order. The percentage sorption

rom hazardous aqueous streams was in the following order: G.I.
80.85 ± 1.19%) > C.I. (72.9 ± 0.85%) > P.I. (70.78 ± 0.92%).
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