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Abstract In the present study, the agricultural residues

viz., Syzygium cumini and Populus deltoides leaves powder

have been used for the biosorption of Cu(II), Ni(II), and

Cr(VI) from aqueous solutions. FTIR and SEM analysis of

the biosorbents were performed to explore the type of

functional groups available for metal binding and to

study the surface morphology. Various physico-chemical

parameters such as pH, adsorbent dosage, initial metal ion

concentration, and equilibrium contact time were studied.

Thermodynamic studies were carried out and the results

demonstrated the spontaneous and endothermic nature of

the biosorption process. The equilibrium data were tested

using four isotherm models—Langmuir, Freundlich,

Temkin and Dubinin–Radushkevich and the maximum

biosorption capacities were evaluated. The Pseudo-first-order,

pseudo-second-order, Elovich and intraparticle diffusion

models were applied to study the reaction kinetics with

pseudo-second order model giving the best fit (R2 = 0.99) to

the experimental data.

Keywords Syzygium cumini � Populus deltoides �
Temkin � Dubinin–Radushkevich isotherm model �
Elovich equation � Intraparticle diffusion model

Introduction

Heavy metal contamination of stream and river water

ecosystem is a worldwide problem. High concentration of

heavy metals in the environment can be detrimental to a

variety of living organisms. Excessive intake of these

metals by humans can cause accumulative poisoning,

cancer, nervous system damage and ultimately death. The

main industries responsible for this are electroplating,

electronics, batteries, paint industry, paper industry and

metal fabrication. Though some of the heavy metals are

essential in trace amounts, at higher concentrations they are

highly lethal as they cause some incurable diseases such as

higher concentrations of chromium lead to liver damage,

pulmonary congestion, oedema and skin irritation resulting

in ulcer formation (Raji and Anirudhan 1998). The effects

of Ni exposure vary from skin irritation to damage to the

lungs, mucous membranes and nervous system (Oliver

1997). Excessive human intake of Cu leads to severe

mucosal irritation and corrosion, widespread capillary

damage, hepatic and renal damage and central nervous

system irritation followed by depression (Ajmal et al.

1998). To minimize these potential health problems, the

United States Environmental Protection Agency has set the

limits for these heavy metals in drinking water (USEPA

2006). It is 1.3 mg/L for copper, 0.1 mg/L for nickel and

0.05 mg/L for chromium. Thus, it is an issue of utmost

concern to give proper treatment to industrial effluent so

that it becomes pollution free by the time it is disposed off

into the aqueous systems.

A number of methods were opted for the removal of

metal ions from aqueous solutions (Alothman and Apblett

2009, 2010). These include ion exchange (Petruzzelli et al.

1999), solvent extraction (Gupta et al. 2003) reverse

osmosis, electrodialysis (Hasar 2003), precipitation (Rem-

oudaki et al. 2003), flocculation (Zhao et al. 2005), sorption

(Sharma et al. 1991), activated carbon adsorption and

membrane separation processes (Yan and Viraraghavan

2001). However, these techniques have one major draw-

back that they involve high capital and operational cost.
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Among these, biosorption has proved to be a potential

alternative to these techniques due to its high efficiency,

ease of operation, simplicity of design, and comparable low

cost (Chowdhury and Saha 2010; Saha et al. 2010). Though

commercial activated charcoal has proved its worth as an

efficient adsorbent, its higher cost limits its wider appli-

cation (Babel and Kurniawan 2003). Thus, different forms

of inexpensive, easily available and effective biosorbents

such as waste acorn of cashew nut shell (Kumar et al.

2012), sugar cane dust (Mondal et al. 2011), lotus stalks

(Huang et al. 2010), pine cone activated carbon (Momčil-

ović et al. 2011), Tamarindus indica (Chowdhury and Saha

2011), gum karaya (Sterculia urens) (Vinod et al. 2011),

fluted pumpkin seed shell (Okoye et al. 2010), Melocanna

baccifera (Lalhruaitluanga et al. 2011) have been widely

used as potential adsorbents for heavy metals.

In this study, series of batch experiments were carried out to

assess the potentiality of Syzygium cumini and Populus

deltoides leaves powder for the removal of Cr(VI), Ni(II) and

Cu(II) from aqueous solutions. The effects of various

parameters viz., pH, adsorbent dose, initial metal ion con-

centration, temperature and contact time on the biosorption

capacity of both the adsorbents were investigated. Langmuir,

Freundlich, Temkin and Dubinin–Radushkevich isotherm

models were applied to the experimental data and metal

uptake capacity (qe) was calculated. Thermodynamic and

kinetics were also investigated and reported.

Materials and methods

Preparation of biosorbents

The fallen leaves of S. cumini and P. deltoides were col-

lected from Ambala (India). The collected leaves were

washed separately with running tap water several times to

remove the dirt and other adhering particulate matter. The

washed leaves were dried in the sunlight for 7 days till they

dried completely. The dried leaves were then ground and

screened through a mesh size of 0.6 mm (Singh and Ali

2012). The resulted uniform powder was treated with

1.0 M HCl solution and stirred at 100 �C for 24 h to

remove the coloring pigments. The powder obtained was

then washed repeatedly with deionised water to bring the

pH to neutral and finally dried in a hot air oven. The dried

S. cumini leaves powder (SCLP) and P. deltoides leaves

powder (PDLP) thus obtained were stored in separate air-

tight plastic containers for further use.

Preparation of stock solutions

All the chemicals used were of AR grade. Stock solutions

(1,000 mg L-1) of Cr(VI), Ni(II) and Cu(II) ions were

prepared by dissolving potassium dichromate (K2Cr2O7),

nickel nitrate hexahydrate and copper sulphate (CuSO4�5H2O),

respectively, in deionised water. The stock solutions were

diluted further with deionised water to prepare the solutions of

the desired concentrations and the pH of the solutions was

adjusted by adding 0.1 N HCl or 0.1 N NaOH solutions.

Instruments and software

The quantification of the metal ions in the solutions has

been performed on AAS (AA630, Shimadzu, Japan). FTIR

spectra of the adsorbent were recorded on Thermo, Nicolet

10 FTIR spectrophotometer and field emission scanning

electron microscopy (FESEM) was performed on JEOL

JSM 6510LV to collect the SEM images. The pH of the

solution has been measured by Cyber scan, Eutch pH meter

and the orbital shaker incubator by Metrex scientific

instruments has been used for shaking the samples during

batch operations at desired temperature and rpm. Software

Sigma plot 11 has been used for the data analysis and

fitting the experimental data.

Batch experiments

The batch experiments were carried out in 250-mL glass

stoppered, Erlenmeyer flasks with 100 mL of working

volume and 50 mg L-1 metal ion concentration. 1.0 g of

the biosorbent was added to the solution. The flasks were

agitated at constant speed of 225 rpm for 12 h in an

incubator shaker at 30 �C. The influence of pH (1.0, 2.0,

3.0, 4.0, 5.0, 6.0, 7.0), adsorbent dose (0.5, 1.0, 1.5,

2.0 g L-1), initial metal ion concentration (50, 100, 150,

200 mg L-1) and temperature (283, 288, 293,298, 303,

308 K) was evaluated during the present study. Samples

were collected from the flasks at predetermined time

intervals for analyzing the residual Cr(VI), Ni(II) and

Cu(II) concentration in the solution using atomic absorp-

tion spectrophotometer.

The amount of metal adsorbed at equilibrium qe

(mg g-1) was calculated according to a mass balance on

the metal ion concentration using Eq. (1):

qe ¼
Ci � Ce

m

� �
V ð1Þ

where Ci and Ce are the initial and equilibrium metal ion

concentration, respectively, in solution (mg L-1) of

Cr(VI), Ni(II) and Cu(II), V is the volume of the solution

(L), and m is the mass of the adsorbent used (g).

The percent removal (%) of Cr(VI), Ni(II) and Cu(II)

were calculated using Eq. (2):

R ð%Þ ¼ Ci � Ce

Ci

� 100 ð2Þ
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To ensure the accuracy, reliability, and reproducibility of

the collected data, all biosorption experiments were per-

formed in triplicate, and the mean values were used in data

analysis.

In a biosorption study, it is necessary to fit the equilib-

rium biosorption data using different biosorption isotherm

models and kinetic equations in order to analyze and design

a biosorption process. Therefore, different theoretical

models (Table 1) were applied to the experimental data in

order to find which model adequately predicts isotherm and

kinetic study.

Point-of-zero charge

The charge on the biomass surface is a function of pH. The

pH with which the charge of the solid surface is zero is

referred to as the point-of-zero charge (pHpzc) (Rivera-

Utrilla et al. 2001). The determination of the pHpzc of the

samples was carried out using a procedure similar as

described by Rivera et al.: 50 ml of 0.01 M NaCl solutions

were taken in 100-mL screw-cap conical flasks. The pH of

each solution in each flask was adjusted to values of 2, 4, 6,

8, 10 and 12 by adding 0.1 M HCl or NaOH solutions.

Then, 0.15 g of both SCLP and PDLP were added

separately and the final pH measured after 48 h under

agitation at room temperature. The pHpzc is the point

where the curve pH final versus pH initial crosses the line

equal to pH final (Rivera-Utrilla et al. 2001).

Regeneration of the exhausted biosorbent

Desorption experiments were carried out using 0.1 N HCl

and 0.1 N NaOH solutions as the stripping agents. Metal-

loaded biosorbents obtained from our sorption experiments

were transferred to the Erlenmeyer flasks and shaken for

24 h. The filtrate was analyzed for desorbed Cr(VI), Ni(II)

and Cu(II) ions. Concentration of the metal ions in the

solution corresponded to the amount of metal desorbed

from the adsorbent and enabled to determine the percent-

age fraction of desorption. Consecutive biosorption–

desorption cycles were repeated thrice by using the same

sorbents.

Characterization of electroplating industry waste water

Electroplating industry waste water was collected from the

electroplating unit situated in Karnal, Haryana, India, and

analyzed. The details are given in Table 2.

Table 1 Isotherm and kinetic models used in this study

Model Equation Parameters References

Isotherm models

Langmuir Ce

qe
¼ Ce

qmax
þ 1

KLqmax
RL ¼ 1

1þKLCo
qe (mg g-1): equilibrium adsorption capacity

qmax (mg g-1): maximum adsorption capacity

KL (L mg-1): Langmuir constant

Ce (mg L-1): equilibrium adsorbate concentration in solution

Co (mg L-1): initial metal ion concentration

RL Separation factor

Chowdhury and Saha

(2010)

Freundlich log qe ¼ log KF þ 1
n

� �
log Ce KF (mg g-1) (L g-1)1/n: Freundlich constant

n: Heterogeneity factor

Chowdhury and Saha

(2010)

Temkin qe ¼ B ln A þ B ln Ce

B ¼ RT
b

A (L g-1): Temkin isotherm constant

b (J mol-1): constant related to heat of sorption

Wang and Qin (2005)

Dubinin–

Radushkevich
ln qe ¼ ln qm � be2

e ¼ RT ln 1 þ 1
Ce

� � b (mmol2 J-2): D-R constant, e (J mmol-1): Polanyi potential

R: universal gas constant (8.314 J mol-1 K-1), T (K):

temperature

Chowdhury and Saha

(2010)

Kinetic models

Pseudo-first-order log qe � qtð Þ ¼ log qe � k1

2:303
t qt (mg g-1): amount of adsorbate adsorbed at time t

k1 (min-1): pseudo-first-order rate constant

k2 (g mg-1 min-1): pseudo-second-order rate constant

Chowdhury and Saha

(2010)

Pseudo-second-order t
qt
¼ 1

k2q2
e
þ 1

qe
t Chowdhury and Saha

(2010)

Elovich dqt

dt
¼ ae�bqt a mg (g min)-1: initial adsorption rate

b (g mg-1): desorption constant

Ho and McKay (1998)

Intraparticle

diffusion
qt ¼ kit

0:5 ki (mg g-1 min): intraparticle diffusion rate constant Chowdhury and Saha

(2010)
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Packed bed column experiments

Among SCLP and PDLP, PDLP showed good adsorption

capacity for all the three metal ions in batch mode and

hence it was used in column studies for treating electro-

plating industry waste water. Continuous flow experiments

were conducted in three glass columns (internal diame-

ter = 1.3 cm, length = 50.0 cm) filled with PDLP up to

the 20.0, 25.0 and 30.0 cm bed heights. The packing of

PDLP was done with proper care to avoid any void spaces,

channels and cracks in the bed. The PDLP-packed columns

were held vertically with the help of stand and clamp,

washed thrice with deionised water. Then electroplating

waste water was passed through all the columns at flow rate

of 2.0 mL min-1 using peristaltic pump. Effluents were

collected in conical flask in 20.0-mL fractions and ana-

lyzed for the residual metal ion concentration using atomic

absorption spectrophotometer.

Results and Discussion

Characterization of biosorbent

FTIR analysis

The biosorption of metal ions onto plant materials is

attributed to the active groups and bonds present on them.

FTIR analysis was employed to investigate the major

functional groups on the biosorbent surface which are

responsible for biosorption of metal ions. FTIR spectra

obtained for SCLP and PDLP samples before and after

biosorption process are shown in Figs. 1 and 2, respec-

tively. Peaks appearing in the FTIR spectrum of native

SCLP and PDLP were assigned to various groups and

bonds in accordance with their respective wave numbers

(cm-1). The broad peak between 3,440 and 3,450 cm-1

was assigned to the presence of free or hydrogen bonded

O–H groups (from carboxylic acids or alcohols) on the

surface of the adsorbents. The two peaks appearing

between 2,850 and 2,920 cm-1 represent the asymmetrical

and symmetrical stretching vibration of methylene (–CH2)

groups due to C–H bonds of aliphatic acids. The peaks

around 1,500–1,652 cm-1 suggest that aromatic ring bands

and double bond (C=C) vibrations overlap with C=O

stretching vibration bands and OH bending vibration

bands. The peaks near 1,650 cm-1 arises from C=O

stretching in amide groups. The band between 1,020 and

1,040 cm-1 can be assigned to C–O stretching vibration of

alcohols and carboxylic groups. It is well indicated from

FTIR spectrum that carboxyl and hydroxyl groups are

present in abundance and are responsible for binding with

metal ions (Ashkenazy et al. 1997).

After biosorption of the metal ions, the band at

3,450 cm-1 corresponding to O–H groups shifts to the

lower frequency 3,420 cm-1. Thus, it can reasonably

concluded that carboxyl and hydroxyl groups may be the

main groups responsible for binding metal ions to both the

adsorbent surfaces.

Table 2 Characteristics of electroplating industry waste water

Concentration of heavy metal ions and anions (mg L-1)

Cr(VI) Ni(II) Cu(II) Cl- SO4
2- NO3

-

45.23 101.25 85.20 75.15 95.42 76.60

pH = 4.5
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Fig. 1 IR spectra of SCLP a before adsorption, b after adsorption of

Cr(VI), c after adsorption of Ni(II) and d after adsorption of Cu(II)
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Fig. 2 IR spectra of PDLP a before adsorption, b after adsorption of

Cr(VI), c after adsorption of Ni(II) and d after adsorption of Cu(II)
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Scanning electron microscopy

SEM is one of the most useful techniques to study the

morphological features and surface characteristics of the

biosorbent. The SEM images of SCLP and PDLP before

and after biosorption are shown in Figs. 3 and 4, respec-

tively. The surface of the biosorbents was rough, uneven

and had rod clusters before adsorption. The rough surface

can help to increase the surface area available for bio-

sorption of metal ions. But it becomes smooth after bio-

sorption due to the filling of the binding sites with Cr(VI),

Ni(II) and Cu(II) metal ions. The surface morphological

change can be linked to precipitation/complexation of

metal ions onto the biosorbent surface.

Batch studies

Effect of pH

The solution pH is an important parameter influencing

heavy metal biosorption from aqueous solutions. It affects

both, the surface charge of the adsorbent and the degree of

ionization of the heavy metal in solution (Aksu 2005). The

effect of pH on the biosorption of Cr(VI), Ni(II) and Cu(II)

on SCLP and PDLP was studied by varying pH range from

1.0 to 7.0 with adsorbent dose 1.5 g, 50 mg L-1 initial

metal ion concentration and temperature 30 �C at 225 rpm.

Cr(VI) was strongly adsorbed at pH 2.0 (Fig. 5), while

Ni(II) and Cu(II) were adsorbed at pH 6.0 and 4.0,

respectively. This can be explained with the help of pHPZC

of the adsorbent. pHPZC is the pH value, at which the solid

surface of the adsorbent has the net zero charge. The points

of zero charges (pHPZC) of both SCLP and PDLP were

experimentally found to be at pH 2.0, 2.12, respectively

(Fig. 6). Further, at pH [ pHPZC the adsorbent became

negatively charged and the metal species were positively

charged. Under such circumstances, the electrostatic

attraction between the positively charged metal ions and

the negatively charged adsorbent surface increases result-

ing in enhanced adsorption of the metal ions from the

solution. On the other hand, at pH \ pHPZC the surface of

the adsorbent became positively charged resulting in a

decrease in the metal ions adsorption apparently due to the

higher concentration of H? ions in the solution that were

challenging the positively charged metal for the active

sites. Further biosorption experiments were carried out at

pH 2.0, 6.0 and 4.0 for Cr(VI), Ni(II) and Cu(II) metal ions,

respectively.

Effect of adsorbent dosage

The biosorption profile of Cr(VI), Ni(II) and Cu(II) versus

different SCLP and PDLP adsorbent dosage in the range of

0.5–2.0 g was also determined (Fig. 7). It was observed that

the percentage removal of all three metal ions increased

with increase of adsorbent dose, reaching maximum at

around 1.5 g, while the loading capacity (amount of metal

ion loaded per unit weight of the adsorbent) gradually

decreased. The positive correlation between adsorbent dose

and Cr(VI), Ni(II) and Cu(II) removal can be related to

increase in adsorbent surface area and availability of more

biosorption sites (Babel and Kurniawan 2004). Further

Fig. 3 SEM images of SCLP

a before adsorption, b after

adsorption of Cr(VI), c after

adsorption of Ni (II) and d after

adsorption of Cu(II)
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increase in adsorbent dose did not significantly change the

biosorption yield. This is due to the binding of almost all

metal ions to the adsorbent surface and establishment of

equilibrium between the metal ions on the adsorbent and in

the solution (Garg et al. 2003; Pons and Fuste 1993).

Effect of initial metal ion concentration

In batch biosorption processes, the rate of biosorption is a

function of the initial concentration of metal ions, which

makes it an important factor for effective biosorption. The

percentage metal removal at different initial metal ion

concentration (50–200 mg L-1) of Cr(VI), Ni(II) and

Cu(II) using SCLP and PDLP is shown in Fig. 8. The

percentage removal of metal ion decreases with increase in

initial metal concentration and shows little decrease at

Fig. 4 SEM images of PDLP

a before adsorption, b after

adsorption of Cr(VI), c after

adsorption of Ni(II) and d after

adsorption of Cu(II)
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Fig. 5 Effect of pH on Cr(VI),

Ni(II) and Cu(II) biosorption on

a SCLP and b PDLP (adsorbent

dose = 1.5 g/0.1 L, initial

metal ion

concentration = 50 mg L-1,

contact time = 12 h,

rpm = 225 at 30 �C)
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PDLP
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higher concentrations. This can be explained by the fact that

the adsorbent has a limited number of active sites that become

saturated at a certain concentration (Aksu and Donmez 2003).

Although the percentage removal of metal ion decreases, the

equilibrium biosorption capacity of the adsorbent increases

with increasing metal ions concentration. The initial metal

ion concentration provides an important driving force to

overcome all the mass transfer resistance between the solu-

tion and solid phases, hence a higher initial concentration of

metal ion may increase the biosorption capacity.

Biosorption thermodynamics

The biosorption of metal ions on SCLP and PDLP was

investigated as a function of temperature. The batch

experiments were performed by varying the temperature

from 283 to 308 K with fixed initial Cr(VI), Ni(II) and

Cu(II) concentration of 50 mg L-1 at pH 2.0, 6.0 and 4.0,

respectively, and adsorbent dose of adsorbents 1.5 g L-1 of

both the adsorbents. The equilibrium metal ion biosorption

capacity of the both SCLP and PDLP was better at higher

temperature and this could be attributed to the increase in

molecular diffusion or to the availability of more active

sites on the surface of the SCLP and PDLP by expansion of

the pores at the same temperature (Singh and Ali 2012).

Thermodynamic parameters such as free energy (DG�),
enthalpy (DH�), and entropy (DS�) change of biosorption

can be evaluated from the following equations:

DG� ¼ �RTInKd ð3Þ

where R is the gas constant (8.314 J mol-1 K-1), T is the

temperature (K) and Kd is the equilibrium constant. The

value of Kd was calculated using Eq. (4):

Kd ¼ qe

Ce

ð4Þ

where qe and Ce are the equilibrium concentrations of

metal ions on the adsorbent and in the solution,

respectively.

Also we know that

DG
� ¼ DH

� � TDS
� ð5Þ

Equations (3) and (5) can be combined together as:

lnKd ¼ DS�

R
� DH�

RT
: ð6Þ

A plot between lnKd versus 1/T is shown in (Fig. 9) for

both the adsorbents. The values of DH� and DS� can be

calculated from slope and intercept, respectively, and the

values of DG� were calculated from Eq. (5).

The negative value of DG� (Tables 3, 4) at all temper-

atures confirms the spontaneous nature and feasibility of

the biosorption process for Cr(VI), Ni(II) and Cu(II) onto

SCLP and PDLP. The positive value of DH� confirms that

process is endothermic in nature. The positive value of

entropy (DS�) shows increased randomness at the solid–

solution interface during the biosorption process (Kelleher
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(b)Fig. 8 Effect of initial metal

ion concentration on Cr(VI),

Ni(II) and Cu(II) biosorption on

a SCLP and b PDLP (adsorbent

dose = 1.5 g/0.1 L, pH = 2.0

for Cr(VI), 6.0 for Ni(II) and 4.0

for Cu(II), contact time = 12 h,

rpm = 225 at 30 �C)
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et al. 2002). The adsorbed water molecules, which are

displaced by the adsorbate species, gain more translational

entropy that is lost by the adsorbate molecules, thus

allowing prevalence of randomness in the system (Kelleher

et al. 2002).

Adsorption isotherms

An adsorption isotherm is a good tool for understanding the

nature of the surface of the biosorbents. However, a correct

selection of biosorption equation for different concentra-

tion ranges reveals a true picture of the surface.

The biosorption data have been subjected to different

biosorption isotherms, namely, Langmuir, Freundlich,

Temkin and Dubinin–Kaganer–Radushkevich (DKR)

(Table 4).

The Langmuir isotherm constant KL and qmax were

calculated from the slope and intercept of the plot Ce/qe

versus Ce. The maximum Cr(VI), Ni(II) and Cu(II) sorption

onto SCLP was 16.07, 15.60, 15.87 mg g-1 and on PDLP

was 18.31, 16.45 and 17.76 mg g-1, respectively, with

high value of correlation coefficient (R2). This indicates a

good agreement between the parameters and confirms the

monolayer biosorption of metal ions on the surface of both

the adsorbents.

A further analysis of the Langmuir equation can be

made on the basis of dimensionless equilibrium parameter, RL

(Hall et al. 1966) also known as separation factor, given by

RL ¼ 1

1 þ bCo
: ð7Þ

The value of RL lies between 0 and 1 indicating that the

biosorption is favorable for both the adsorbents.

The Freundlich constants KF and n were calculated from

the slope and intercept of the straight line plot lnqe versus

lnCe. As it can be seen in Table 5, the values of n lies

between 1 and 10 (i.e. 1/n \ 1), representing a favorable

sorption.

Temkin isotherm model was applied and the constants

A, b were calculated from the slope and intercept of the plot

qe versus lnCe (Table 5). The value of R2, A and b showed

that model favors the biosorption of metal ions on SCLP

and PDLP.

In order to estimate the characteristic porosity of the

biomass and apparent energy of biosorption, the Dubinin–

Radushkevich model was used (Dubinin 1960). b is related

to the free energy of sorption per mole of sorbate as it

migrates to the surface of the biomass from infinite dis-

tance in the solution. The porosity parameter values b for

the biomass towards the metal was less than unity indi-

cating that sorption of Cr(VI), Ni(II) and Cu(II) onto SCLP

and PDLP was significant (Table 5). Values of qm were

also in accordance with the experimental data. R2 values

obtained from data also supported the fitness of model to

sorbents.

In comparing the linear correlation coefficients of all the

four isotherms (Table 5), it could be concluded that the

biosorption of Cr(VI), Ni(II) and Cu(II) onto SCLP and

PDLP was best fitted to Langmuir isotherm under the

concentration range studied confirming the monolayer

biosorption.

Adsorption kinetics

Pseudo-first-order, pseudo-second-order, Elovich equation

and intraparticle diffusion models were applied to study the

reaction pathways and potential rate limiting steps of the

biosorption of Cr(VI), Ni(II) and Cu(II) onto SCLP and

PDLP.

Constants of pseudo-first-order, pseudo-second-order,

were determined from the slope and intercept of the linear

plot between log (qe - qt) versus t and t/qt versus t,

respectively (Table 6). Correlation coefficient for pseudo-

first order was found to be appreciably high, but the cal-

culated qe is not equal to experimental qe, suggesting the

insufficiency of pseudo-first-order model to fit within the

kinetic data. Pseudo-second-order equation showed excel-

lent linearity with the experimental data with high corre-

lation coefficient (R2 [ 0.99) and the theoretical qe value is

closer to the experimental qe value. So it was inferred that
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biosorption of Cr(VI), Ni(II) and Cu(II) onto SCLP and

PDLP followed pseudo-second-order kinetics. This sug-

gests that the rate limiting step of this sorption system may

be chemisorption involving valency forces through sharing

or exchange of electrons between adsorbent and adsorbate.

A similar phenomenon was reported in the literature.

Table 3 Thermodynamic parameters of the Cr(VI), Ni(II) and Cu(II) biosorption on the SCLP at different temperatures with pH 2.0 for Cr(VI),

6.0 for Ni(II) and 4.0 for Cu(II) (Ci = 50 mg L-1, adsorbent dose = 1.5 g/0.1 L, contact time = 12 h, 225 rpm)

Adsorbent Metal ion T (K) Ce (mg L-1) qe (mg g-1) Kd DG� (kJ mol-1) DS� (kJ mol-1 K-1)a DH� (kJ mol-1)a

SCLP Cr(VI) 283 39.89 1.011 0.0253 -161.70

288 37.44 1.256 0.0335 -164.56

293 22.27 2.772 0.1245 -167.42 0.572 0.171

298 03.75 4.624 1.2316 -170.28

303 0.825 4.917 5.9606 -173.14

308 01.91 4.809 2.5178 -176.00

Ni (II) 283 41.57 0.843 0.0203 -108.137

288 40.82 0.917 0.0225 -110.04

293 27.37 2.262 0.0826 -111.96 0.382 0.117

298 09.28 4.072 0.4388 -113.87

303 06.79 4.321 0.6364 -115.78

308 08.22 4.177 0.5079 -117.70

Cu (II) 283 43.81 0.619 0.0141 -95.13

288 42.20 0.780 0.0185 -96.82

293 31.80 1.820 0.0572 -98.50 0.336 0.105

298 14.89 3.511 0.2358 -100.18

303 11.87 3.812 0.3210 -101.86

308 13.29 3.670 0.2761 -103.55

a Measured between 288 and 308 K

Table 4 Thermodynamic parameters of the Cr(VI), Ni(II) and Cu(II) biosorption on the PDLP at different temperatures with pH 2.0 for Cr(VI),

6.0 for Ni(II) and 4.0 for Cu(II)

Adsorbent Metal ion T (K) Ce (mg L-1) qe (mg g-1) Kd DG� (kJ mol-1) DS� (kJ mol-1 K-1)a DH� (kJ mol-1)a

PDLP Cr(VI) 283 40.81 0.918 0.0225 -89.26

288 36.93 1.306 0.0354 -90.84

293 26.94 2.305 0.0856 -92.42 0.315 0.098

298 12.70 3.729 0.2935 -93.99

303 09.40 4.060 0.4319 -95.57

308 09.93 4.007 0.4035 -97.15

Ni(II) 283 41.94 0.806 0.0192 -83.92

288 39.44 1.056 0.0268 -85.41

293 29.34 2.066 0.0704 -86.89 0.296 0.093

298 14.18 3.581 0.2525 -88.38

303 11.84 3.8160 0.3223 -89.86

308 13.44 3.655 0.2719 -91.34

Cu(II) 283 44.37 0.562 0.0127 -64.91

288 34.36 1.564 0.0455 -66.06

293 30.22 1.978 0.0655 -67.2 0.229 0.074

298 20.35 2.964 0.1456 -68.35

303 18.44 3.155 0.1711 -69.50

308 19.35 3.064 0.1583 -70.65

Ci = 50 mg L-1, adsorbent dose = 1.5 g/0.1 L, contact time = 12 h, 225 rpm
a Measured between 288 and 308 K
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(Jayaram and Prasad 2009; Lawal et al. 2010). Further,

Elovich equation also supports chemisorption processes

with high value of a and R2 obtained from the plot of qt

versus lnt yielding a straight line.

In many biosorption processes, the adsorbate species are

most probably transported from the bulk of the solution into

the solid phase through intraparticle diffusion which is often

the rate limiting step in many biosorption processes. So the

intraparticle diffusion is another kinetic model which was

used to study the rate of Cr(VI), Ni(II) and Cu(II) biosorption

on SCLP and PDLP. According to this model, if the plot of qt

versus t0.5 gives a straight line, then the biosorption process is

controlled by intraparticle diffusion. kp can be calculated from

the slope of the plot of qt versus t0.5. Values of correlation

coefficient are closer to unity which indicates the applicability

of this model. The values of intercept give an idea about

boundary layer thickness, i.e., the larger intercept, the greater

is the boundary layer effect. The applicability of intraparticle

diffusion model indicates that it is the rate limiting step

(Kannan and Sundaram 2001).

In nutshell, it can be concluded that along with chemi-

sorption, intraparticle diffusion are the rate limiting steps in

the biosorption of Cr(VI), Ni(II) and Cu(II) biosorption on

SCLP and PDLP.

Regeneration of the exhausted biosorbent

In this study 0.1 N HCl and 0.1 N NaOH were selected to

desorb Cr(VI), Ni(II) and Cu(II) from exhausted SCLP and

PDLP. Low desorption was obtained with NaOH as com-

pared to HCl indicating that in acidic conditions, heavy

metal cations are displaced by protons from the binding

sites. Further the regeneration efficiency decreased from

92.63 % (in first cycle) to 45.23 % (in third cycle) in case

of Cr(VI) for SCLP and from 76.11 to 35.85 % for PDLP.

Similar was the case for Ni(II) and Cu(II) metal ions. The

complete desorption of the above said metal ions could not

be obtained even with 0.5 N HCl, which might be due to

the metal ions being trapped in the intrapores and therefore

difficult to release (Al-Asheh and Duvnjak 1997).

Packed bed column experiments

Electroplating waste water containing Cr(VI), Ni(II) and

Cu(II) with other anions were passed through three dif-

ferent columns with bed height 20.0, 25.0 and 30.0 cm

with 2.0 mL min-1 flow rate. Figure 10 represents the

breakthrough curves at different bed heights and it was

observed that all the three metals ions uptake capacity

Table 5 Various isotherm constants and correlation coefficients for the biosorption of Cr(VI), Ni(II) and Cu(II) on SCLP and PDLP, adsorbent

dose = 1.5 g/0.1 L; pH = 2.0 for Cr(VI), pH = 6.0 for Ni(II) and pH = 4.0 for Cu(II)

Adsorbent Metal ion Langmuir isotherm

constants

Freundlich isotherm

constants

Temkin isotherm

constants

Dubinin–Radushkevich isotherm

constants

qmax

(mg g-1)

K
(L mg-1)

R2 KF

(mg g-1)

n R2 A
(L g-1)

b
(J mol-1)

R2 b
(mol2 kJ-2)

qm

(mg g-1)

R2

SCLP Cr(VI) 16.07 0.01 0.99 1.67 3.48 0.97 7.45 976.52 0.96 0.0003 13.59 0.91

Ni(II) 15.60 0.06 0.98 0.66 2.14 0.91 0.52 686.86 0.94 0.0018 14.20 0.98

Cu(II) 15.87 0.03 0.99 0.02 1.82 0.97 0.23 678.50 0.98 0.0030 12.54 0.97

PDLP Cr(VI) 18.31 0.03 0.99 0.06 1.83 0.96 0.27 605.18 0.99 0.0025 13.89 0.98

Ni(II) 16.45 0.03 0.97 0.19 1.80 0.98 0.23 666.88 0.98 0.0030 12.78 0.98

Cu(II) 17.76 0.01 0.99 -0.74 1.50 0.98 0.11 655.83 0.99 0.0050 11.56 0.98

Table 6 Parameters of various kinetic models for the biosorption of Cr(VI), Ni(II) and Cu(II) on SCLP and PDLP, adsorbent dose = 1.5 g/0.1 L;

pH = 2.0 for Cr(VI), pH = 6.0 for Ni(II) and pH = 4.0 for Cu(II)

Adsorbent Metal ion Pseudo-first-order Pseudo-second order Elovich equation Intraparticle

diffusion

k1

(min-1)

qe

(mg g-1)

R2 k2

(min-1)

qe

(mgg-1)

R2 a
(mg g-1 min-1)

b
(g mg-1)

R2 Ki R2

SCLP Cr(VI) -5.7 9 10-3 2.76 0.98 0.0017 49.75 0.99 794.63 0.239 0.99 0.673 0.94

Ni (II) -4.7 9 10-3 2.70 0.94 0.0017 43.29 0.99 619.82 0.275 0.97 0.595 0.95

Cu(II) -4.0 9 10-3 2.42 0.92 0.0018 37.87 0.99 455.39 0.304 0.97 0.510 0.86

PDLP Cr(VI) -8.0 9 10-3 3.02 0.98 0.0012 41.49 0.99 32.29 0.203 0.98 0.781 0.90

Ni(II) -5.8 9 10-3 3.26 0.99 0.00057 39.84 0.99 246.14 0.343 0.97 1.122 0.92

Cu(II) -5.0 9 10-3 2.14 0.95 0.0062 31.34 0.99 2.41 0.142 0.99 0.444 0.82
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increases with increase in bed height. The column with bed

height 30.0 cm showed the maximum removal of all the

metals ions as compared to other two columns with bed

height of 20.0, 25.0 cm. It may be attributed to increased

surface area of the adsorbent, which provided more binding

sites for the sorption. Along with this the breakthrough

time also increases with increase in bed height resulting

prolonged saturation for higher bed height columns.

Conclusion

The present investigation showed that both SCLP and

PDLP were novel and promising low-cost biosorbents to be

used in the removal of Cr(VI), Ni(II) and Cu(II) from

aqueous medium over a wide range of concentrations. The

following conclusions are made based on the results of the

present study:

• The biosorbent was characterized by Fourier transform

infrared (FTIR) spectroscopy and scanning electron

microscopy (SEM) techniques.

• The percentage removal of Cr(VI), Ni(II) and Cu(II)

was found to decrease with increase in initial concen-

tration while acidic solution pH 2.0 was more favorable

for the adsorption of Cr(VI), 6.0 for Ni(II) and 4.0

Cu(II) on SCLP and PDLP.

• When the biosorbent dosage was increased, the equi-

librium adsorption capacity (mg g-1) of adsorbents

gradually decreased, whereas the percent removal

efficiency increased.

• The results showed good correlation coefficients and

agreement between experimental and calculated values

of qe and pseudo-second-order kinetic mode gave the

best fit (R2 = 0.99). The results of the intraparticle

diffusion model suggest that intraparticle diffusion

along with chemisorption was the rate controlling step.

• Equilibrium data were fitted to linear models of

Langmuir, Freundlich, Temkin and Dubinin–Radushke-

vich, and the equilibrium data were best described by

the Langmuir isotherm model with maximum biosorp-

tion capacity of 18.31, 16.45 and 17.76 mg g-1 for

Cr(VI), Ni(II) and Cu(II), respectively, on PDLP.

• The electroplating waste water containing Cr(VI), Ni(II) and

Cu(II)was treated using PDLP with differentbed heights and

it was found that the column with maximum bed height

(30.0 cm) was able to remove all three metal ions.

Based on all the above results, it can be concluded that

both SCLP and PDLP are effective and alternative bio-

sorbents for the removal of Cr(VI), Ni(II) and Cu(II) from

aqueous medium in terms of high biosorption capacity,

abundantly available in nature at low cost.
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