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bstract

Biosorption of nickel and copper ions from aqueous solution onto treated alga biomass Undaria pinnatifida has been studied and the Langmuir,
reundlich and Temkine equilibrium isotherms, pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic model were determined
espectively. Within the test range (initial concentration 5–50 mg/L, biosorption doze 0.1–0.5 g, pH 3–7), biosorption performance for metal ions
howed an increase in specific metal uptake capacity with an increasing in initial ions concentration and decreasing in biosorbent doze. The
ptimized condition of pH value for nickel and copper is 4.7 and 4.0, respectively, while contact time is about 100 min. At equilibrium, the

aximum total uptake by U. pinnatifida was 24.71 mg/g for nickel and 38.82 mg/g for copper. The results for nickel and copper fit well to the
angmuir and the Temkin isotherm, respectively. Pseudo-second-order model described well the sorption kinetic of nickel and copper ions in
omparison to pseudo-first-order and intra-particle diffusion kinetic model.

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

Water pollution is one of the most debatable as almost all
norganic or organic wastes are discharged through aquatic route
ither in water soluble or insoluble forms [1]. Among the wastes,
obile and soluble heavy metal species are not biodegradable

nd tend to accumulate in living organisms, causing various
iseases and disorders. Heavy metal contamination exists in
queous waste streams of many industries such as metal pla-
ing facilities, mining operations, and tanneries [2]. Nickel and
opper is the common heavy metal in waste stream of many
ndustries. A water sample which contained 28 mg/L nickel and
mg/L copper was taken from a metallurgy factory in Liaoning,
hina.
Treatment processes for metals contaminated include che-
ical precipitation, membrane filtration, ion exchange, carbon

dsorption and coprecipitation/adsorption [3–7]; nevertheless, it
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s not very available for these methods that high capital invest-
ent for membrane filtration, expensive running cost for ion

xchange, active carbon adsorption and rewaste for chemical
recipitation and coprecipiation/adsorption. Therefore, there is
n urgent need for development of innovative but low cost pro-
esses, where metal ions can be removed economically. That is
iosorption. It is a proven technology for the removal of heavy
etal ions from synthetic and real industrial effluents. Several

esearchers investigated numerous biomass types and proposed
xcellent metal biosorbents including bacteria, fungi, and algae
8–11]. Biosorption technology has been shown to be a feasible
lternative for removing heavy metals from waste water. Natu-
ally abundant biomass which has been identified for its high
orption capacity to metal ions can be utilized. It is apparent that
atural biomass must be different in cite and cannot be copied
ffectively. Artificial biomass such as Undaria pinnatifida can
void this limitation.
Marine alga, U. pinnatifida has been artificially cultured for
early two decades in China such as at Liaoning and Shandong
rovince, etc. For high-productivity and low cost, this biomass
an be well as biosorbent to absorb heavy metal. The macro-

mailto:chmawv@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2007.11.064
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copic structures of the alga offer a convenient basis for the
roduction of biosorbent particles suitable for sorption process
pplication [12]. The potential of alga biosorption is beginning
o be recognized both for the recovery of valuable metals and
lso for reducing the pollution [13–15].

Considering this, the objective of present study was to
ccess the ability of treated U. pinnatifida to remove nickel
nd copper ions from low initial concentration aqueous solu-
ion and use models in non-linear form to describe the sorption
ata.

. Materials and methods

.1. Reagents

All reagents used in present study were of analytical grade.
or adjusting the initial pH of the medium 0.1 M solutions of
aOH and HCl were used.

.2. Biosorbent U. pinnatifida collection

The raw biomass of U. pinnatifida was harvested from a aqua-
arm in Dalian, China. The biomass were washed with deionized
ater and dried at 105 ◦C for 24 h.

.3. Preparation of biomass

U. pinnatifida was soaked in the solution of 0.2 M CaCl2
or 24 h. After treatment the biomass was washed with deio-
ized water. Then the biomass was dried at 105 ◦C for 24 h
n a drying oven. The dried biomass was cut, and then sieved
o obtain biosorbent with homogenous known particle size of
0.86 mm.

.4. Batch sorption experiments

All the sorption experiments were performed at 25 ◦C and
50 rpm on an orbital shaker for 2 h with biomass in a 125 mL
ask containing 100 mL of copper or nickel solution prepared
sing the metal nitrate. At the end of the experiments, the flasks
ere removed from the shaker and the samples were centri-

uged at 3000 rpm for 10 min and the supernatant liquid was
sed to determine metal ions concentration. The solutions pre-
ared using deionized water had an initial metal concentration
f 1000 mg/L. Known amounts of biomass were contacted with
ach metal solution. The effects of following parameters such
s pH, biomass doze, initial metal ion concentration and contact
ime were studied. Biosorption experiments were carried out in
uplicate.

.5. Metal analysis
Metal concentrations were measured using an atomic absorp-
ion spectrophotometer (solan 969 USA). The wavelength used
or the analysis of the metal in this study was 232 nm for nickel
nd 324.8 nm for copper.

t
o
s
n
o
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.6. Calculations

The metal concentration in the liquid phase was determined
t beginning (Ci) and equilibration (Ce) in mg/L. The following
quation was used to compute biosorbent uptake capacity at
quilibrium qe (mg/g):

e = (Ci − Ce) × V

1000w
(1)

here V is the volume of solution in mL and w is the mass of
iosorbent in g.

Average and standard deviation values from triplicates were
alculated using Microsoft Office XP. The figures, the coeffi-
ient (R2) values of the non-linear form of pseudo-first-order and
seudo-second-order models were determined using statistical
unctions of Origin 7.5.

.7. Non-linear regression analysis

In this study all the model parameters were evaluated by non-
inear regression. The optimization procedure requires an error
unction to be defined in order to be able to evaluate the fit of the
quation to the experimental data. Not only the correlation coef-
cient (R2) but also the residual root mean square error (RMSE)
nd the Chi-square test were used to measure the goodness-of-fit.
MSE [8] can be represented as follows:

MSE =
√√√√ 1

m − 2

m∑
i=1

(Qi − qi)2 (2)

here Qi is the observation from the batch experiment, qi is
he estimate from the isotherm for corresponding Qi and m is
he number of observations in the experimental isotherm. The
maller RMSE value indicates the better curve fitting.

The Chi-square test statistic is basically the sum of the squares
f the differences between the experimental data and values
btained by calculating from models, with each squared diffe-
ence divided by the corresponding data obtained by calculating
rom models [16]. It can be defined as

2 =
m∑

i=1

(Qi − qi)2

qi

(3)

If data from model are similar to the experimental data, ε2

ill be a small number.

. Results and discussion

.1. Effect of treatment and initial concentrations

The capacities of treated U. pinnatifida and untreated U.
innatifida for metal ion were compared at the different concen-
rations respectively in Fig. 1. It was noted that the treatment

f CaCl2 had greatly enhanced the adsorption capacity. At the
orption of nickel, the adsorption capacity for untreated U. pin-
atifida increased from 0.98 to 11.33 mg/g with the increasing
f the initial concentration in 5–50 mg/L. The same direction
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for the adsorption of copper. The maximum metal ion sorption
of an adsorbent may be determined from column experiments,
by the use of a large excess of the adsorbate.

Table 1
Comparison between initial and final pH values in nickel and copper biosorption

Copper Nickel

pHi pHf pHi pHf

3 3.3 3 3.5
4 4.6 4 5.2
ig. 1. Effect of initial metal concentration and treatment on biosorption of (a)
ickel and (b) copper (0.1 g biomass in 100 ml metal solution for 120 min with
H 4.7for nickel and pH 4 for copper).

as found from the sorption by treated U. pinnatifida, and the
apacity was about 10 mg/g higher than the data of untreated
. pinnatifida biosorption at most initial concentration, respec-

ively. The biosorption of copper was similar to the direction of
ickel sorption. The capacity of treated U. pinnatifida increased
rom 0.88 to 38.82 mg/g with the increasing of initial concentra-
ion. The maximum capacity by treated U. pinnatifida is 24.71
nd 38.82 mg/g for nickel and copper, respectively.

Fig. 1 also clarifies the relation between capacities and the
etal ion concentration which shows that the adsorption concen-

rations increased with the increasing of the initial metal ion
oncentration. This was most probably due to increase in the
nitial ion concentrations which provided more chance for the
iosorbent.

The effect of the HCl and NaOH solution also had been expe-
imented, which adsorption capacity was not apparent. So the
ighest metal uptake nickel and copper ions was obtained by
aCl2 solution treated U. pinnatifida which was then used for

urther study.

.2. pH profiles study for metal ion binding

The effect of the biosorbent on metal sorption was experi-
ented with not keeping constant during the sorption process,

nd the result is shown in Fig. 2. In nickel sorption, the sorp-
ion capacity increased significantly and reached 21.16 mg/g at
H 4.7, then decreased with increasing solution pH. The effect
f pH on copper sorption shows a similar increase in sorption
apacity. A sorption capacity of 29.43 mg/g was achieved at pH
.

The low metal biosorption at pH below 3 may be explained
n the basis of active sites being protonated, resulting in a com-

+ 2+
etition between H and M for occupancy of the binding sites
17]. At pH above 7.0 the metal occurs as calculated mathema-
ically by ion product equation, the precipitation seemed to be
pparent for the sorption of the metal ions.

5
6
7

ig. 2. Effect of pH on biosorption of (a) nickel and (b) copper (0.1 g biomass
n 100 ml of 30 mg/L metal solution for 120 min).

It is reported that [18] the removal of the nickel up to pH 7.0
as only due to the phenomenon of biosorption by biosorbents

nd not due to the precipitation.
The final pH values were determined and the results were

hown in Table 1. The pH value changed a little from initiation
o equilibrium. It is indicated that the treated U. pinnatifida can
ransfer the pH for its characteristic.

The maximum uptake capacity for nickel and copper indi-
ated to be in different pH values. This was most probably due
o the characteristic of the metal ions were not similar, or the
dsorption cites better sorbed to more available metal.

.3. Effect of biosorbent doze

Biosorbent doze seemed to have a great influence in biosorp-
ion process. Doze of biomass added into the solution determine
he number of binding sites available for adsorption. The results
f the effect of treated U. pinnatifida doze (Fig. 3) showed that
he biosorption capacity decreased with the increasing in bio-

ass doze, however, it is evident from the figure that the removal
alues increased with the increase of the doze of the biosorbent
rom 66% to 82% for the adsorption of nickel and 70% to 88%
5.8 4.7 5.3
5.88 6 5.6
6.49 7 5.9
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ig. 3. Effect of biosorbent doze on biosorption of (a) nickel and (b) copper
biomass in 100 ml of 35 mg/L metal solution for 120 min with pH 4.7 for nickel
nd pH 4 for copper).

.4. Kinetic study
Fig. 4 shows the sorption kinetics of copper and nickel ions
sing the treated U. pinnatifida. The sorption of both the metals
as rapid in the first 20 min before becoming more gradual

ig. 4. Effect of sorption time on biosorption of (a) nickel and (b) copper (0.1 g
iomass in 100 ml of 35 mg/L metal solution with pH 4.7 for nickel and pH 4
or copper).
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ntil equilibrium was reached at about 100 min. This figure also
erifies that sorption took place in two stages: a very rapid sur-
ace adsorption and a slow intracellular diffusion. Other studies
ublished in literature also report similar results for sorption
eactions such as the sorption of Cd2+ by biomass of fungal bio-
orbents [19], while in some other studies single-step uptake was
uggested for different biosorbents [20].

.5. Sorption isotherm models

Many sorption isotherm models have been successfully
pplied to experimental data. The simplest isotherm is based
n the assumptions that every adsorption site is independent
f whether or not adjacent sites are occupied. Among all
f the models [21], two-parameter models including Lang-
uir, Freundlich and Temkin isotherms are widely used.
hese three isotherm models which can be calculated from

he basis equilibrium equations [22] are examined in the
resent study. The experimental data for isotherm modeling
s the results determined in initial concentration effect in
ection 3.1.

Linear regression has been frequently used to evaluate the
odel parameters; however, the non-linear method is to be pre-

erred because this method is more suited to the error structure
f the data. The error of the estimates of the parameters can only
e calculated consistently from a non-linear fitting procedure
23].

.5.1. Langmuir isotherm
The Langmuir isotherms assume monolayer coverage of

orption of each molecule onto the surface has equal sorp-
ion activation energy. It has traditionally been used to quantify
nd contrast the performance of different biosorbents. It was
riginally developed to describe the gas–solid phase adsorp-
ion of activated carbon [8]. It has produced good agreement
ith wide variety of experimental data and can be expressed as

ollows:

e = qmCe

1/b + Ce
(4)

here qm is the maximum amount of adsorption (mg/g), b is
he sorption equilibrium constant (L/mg) and Ce is the equili-
rium concentration of the copper or nickel ions in the solution
mg/L).

The shape of the Langmuir isotherm can be used to pre-
ict whether a sorption system is favorable or unfavorable in a
atch adsorption process. The essential features of the isotherm
ere called the equilibrium parameter (Ep) which is defined as

ollows:

p = 1

1 + bCe
(5)
It is reported that, when 0 < Ep < 1, the sorption system is a
avorable isotherm. It can be explained apparently that when
> 0, sorption system is favorable [24].
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.5.2. Freundlich isotherm
The Freundlich isotherm equation is also used to describe

dsorption from a solution and is given by

e = KcC
1/n
e (6)

here Kc is a constant for relative adsorptive capacity and n is
n affinity constant. The equation can be written as a logarithm
unction for linear regression analysis [25].

.5.3. Temkin isotherm
Another model, Temkin isotherm, was also used to fit the

xperimental data. Unlike the Langmuir and Freundlich equa-
ion, the Temkin isotherm takes into account the interactions
etween adsorbents and metal ions to be adsorbed and is based
n the assumption that the free energy of sorption is a function
f the surface coverage [26]. The isotherm is as follows:

e = RT

bT
ln(ATCe) (7)

here AT is the equilibrium binding constant corresponding
o the maximum binding energy, bT is the Temkin isotherm
onstant, T is the temperature (K), and R is the ideal gas constant
8.315 J mol−1 K−1).

Fig. 5 shows the sorption isotherms of nickel and copper ions
n the treated U. pinnatifida. The sorption capacities for both
he metals increased with an increase in the equilibrium metal
oncentration in solution. The experimental data were mode-
ed according to Langmuir, Freundlich and Temkin isotherm,
nd the evaluated constants are given in Table 2. It is apparent
hat the Langmuir and Temkin isotherm were batter fits than the
reundlich isotherm equation for both nickel and copper sorp-

ion according to the values of R2 and ε2, the highest values of R2

nd the lowest values of ε2 were 0.984, 0.982 and 0.847, 0.644
or nickel and copper, respectively. Two best values suggested
he same results that Langmuir is the best model for nickel and
emkin is best for copper sorption. It is indicated that the sorp-

ion of nickel ion is similar to be a monolayer sorption. The
orption of copper is seemed to be a multilayer sorption, and the
dsorption takes place on a nonuniform surface.

.6. Kinetic modeling

In order to investigate the controlling mechanism of biosorp-
ion process such as mass transfer and chemical reaction, the

seudo-first-order, pseudo-second-order kinetic and the intra-
article diffusion models were used to test the experimental
ata of copper and nickel biosorption by treated U. pinnatifida.

number of models with varying degrees of complexity have

(
e

q

able 2
alculated equilibrium constants and thermodynamic parameters

etal Langmuir Freundlich

qm (mg/g) b (L/mg) R2 ε2 Kc n

ickel 29.89 0.193 0.984 0.847 7.172 2.52
opper 78.88 0.065 0.965 1.397 6.648 1.51
ig. 5. Adsorption isotherms of (a) nickel and (b) copper on the biomass.

een developed to describe the kinetics of metal biosorption in
atch systems. Due to presence of greater number of metal ions
n industrial wastewater, the sorption equilibrium was reached

uch faster due to faster occupancy of sorption sites by metal
ons.

Most commonly used pseudo-first-order Lagergren model is
enerally expressed as

n(qe − qt) = ln qe − K1t (8)

here qt (mg/g) is the mass of metal adsorbed at time t and K1
−1
min ) is the first-order reaction rate equilibrium constant. The

quation can be written as

t = qe − qe exp(−K1t) (9)

Temkin

R2 ε2 bT AT (L/mg) R2 ε2

1 0.941 1.682 429.3 2.652 0.961 1.824
9 0.947 1.963 144.1 0.617 0.982 0.644
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Table 3
Comparison between adsorption parameters of Lagergren pseudo-first-order, pseudo-second-order and inter-particle kinetic models

Metal Pseudo-first-order Experimental value Pseudo-second-order Inter-particle

qe (mg/g) K1 R2 ε2 qe (mg/g) qe (mg/g) K2 (×10−3) R2 ε2 Kp C R2 ε2

N 25.04 3.336 0.990 0.213 0.760 14.109 0.73 0.732
C 30.74 4.842 0.998 0.051 0.672 21.518 0.87 0.190
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ickel 22.82 0.051 0.987 0.311 24.01
opper 28.87 0.075 0.990 0.270 29.67

The pseudo-first-order considers the rate of occupation of
dsorption sites to be proportional to the number of unoccupied
ites.

The best fit for the experimental data of this study was achie-
ed by the application of pseudo-second-order kinetic equation.
he pseudo-second-order equation based on adsorption equili-
rium capacity assumes that the rate of occupation of adsorption
ites is proportional to the square of the number of unoccupied
ites and may be expressed in the form

t

qt

= 1

K2q2
e

+ t

qe
(10)

here K2 (g mg−1 min−1) is the second-order reaction rate equi-
ibrium constant. A plot of t/qt against t should give a linear
elationship for the applicability of the second-order kinetic
odel. For non-linear, the equation can be written as

t = tK2q
2
e

1 + tK2qe
(11)

The intra-particle diffusion model [27] can be defined as

t = Kpt
1/2 + C (12)

here Kp is the intra-particle diffusion rate constant and C of
dsorption constant is the intercept.

Three kinetic models of the biosorption were shown in Fig. 6.
he sorption data of nickel and copper ions uptake by treated
. pinnatifida fitted with pseudo-first-order and pseudo-second-
rder kinetic model parameters are tabulated in Table 3. It is
lear from the table that coefficient of correlation (R2) and the
hi-square (ε2) for the second-order kinetic model is higher
nd lower in comparison to first-order model, and the estimated
alue of qe for the second-order kinetic is approximately close
o the experimental values. Both of observations suggested that
he pseudo-second-order kinetic model well fit the sorption of
ickel and copper by the treated U. pinnatifida which relies on
he assumption that biosorption may be the rate limiting step.
imilar conclusions on the sorption of nickel were found by
ther researchers such as Zafar et al. entrapped biomass of rice
ran [28]; Hanif et al. immobilized biomass of Cassia fistula
Golden Shower) [29] and M. Iqbal, A. Saeed using biomass
f hybrid biosorbent [19]. Then other ions researchers such as
ratik M. Choksi and Vishal Y. Joshi [30] entrapped biomass of
any natural adsorbents to remove aluminum and nickel found
hat the pseudo-first order is well fit the data.
The parameters of the intra-particle diffusion model were also

resented in Table 3. Low R2 and high ε2 indicated apparently
hat the model did not fit the data well. It gives an indication that

1

ig. 6. Adsorption kinetic models of (a) nickel and (b) copper on the biomass.

ntra-particle diffusion did not control the rate which consisted
ith the results taken from the pseudo-second-order that the
iosorption may be a rate-limiting step.

. Conclusions

Inexpensive, effective, readily available materials—U. pinna-
ifida can be used for the removal of heavy metals from solution.
olumn experiment should be the next research for the biosorp-

ion of metal ions by this biomass. From the results of the present
tudy obtained, the following conclusions can be drawn:

. U. pinnatifida can be obtained without excessive cost. Thus,

it is cheapness and sufficiency as biomass for sorption of
metal ions than other types of biosorbent materials found in
literature.
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. The obtained results strongly demonstrated that pH, biomass
doze, initial metal concentration and contact time affect the
metal ions uptake capacity of biosorbents.

. U. pinnatifida treated by CaCl2 solution can be used for
removal of nickel and copper ions from aqueous solutions
effectively. The maximum uptake capacity for nickel and
copper was 24.71 and 38.82 mg/g at pH 4.7 and 4 initial
concentration 50 mg/L for 120 min.

. The suitability of sorption isotherm models for the sorption
of nickel and copper are Langmuir and Temkin, respectively.
And the best isotherm models described the isotherm data
with high R2 and low values of ε2.

. Metal ion uptake capacity tests have shown that the biosorp-
tion process can be better described by pseudo-second-order
kinetic model.
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