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a b s t r a c t

The present study proposed the use of meranti sawdust in the removal of Cu(II), Cr(III), Ni(II) and Pb(II)
ions from synthetic aqueous solutions. Batch adsorption studies showed that meranti sawdust was
able to adsorb Cu(II), Cr(III), Ni(II) and Pb(II) ions from aqueous solutions in the concentration range
1–200 mg/L. The adsorption was favoured with maximum adsorption at pH 6, whereas the adsorp-
eywords:
oxic metal
dsorption

sotherm
inetic

ntraparticle diffusion

tion starts at pH 1 for all metal ions. The effects of contact time, initial concentration of metal ions,
adsorbent dosage and temperature have been reported. The applicability of Langmuir, Freundlich, and
Dubinin–Radushkevich (D–R) isotherm was tried for the system to completely understand the adsorp-
tion isotherm processes. The adsorption kinetics tested with pseudo-first-order and pseudo-second-order
models yielded high R2 values from 0.850 to 0.932 and from 0.991 to 0.999, respectively. The meranti saw-
dust was found to be cost effective and has good efficiency to remove these toxic metal ions from aqueous
solution.
. Introduction

The presence of toxic heavy metals in industrial effluents has
ecome a matter of environmental concern. Mining, tannery, jew-
lry, chemical, metallurgical, electrical and electronics large scale
ndustries in industrial nations, and also arts and crafts in devel-
ping countries [1] are the main source for metal containing waste
ollution. The effect of waste as sludge deposition and wastew-
ter on flora, on marine life and on public health has invited
umerous research activities. Increasingly strict discharge limits
n heavy metals and their widespread uses, threatening pres-
nce at hazardous waste sites have accelerated the search for
dvanced and economically attractive treatment technologies for
heir removal. Heavy metals removal from aqueous solution has
een commonly carried out by several process, chemical pre-
ipitation, solvent extraction, ion exchange, reverse osmosis or
dsorption [2,3]. Chemical precipitation, in particular, is the most
revalent method but not suitable for removing low concentra-

ion of heavy metal ions. Adsorption processes are promising in
his regard as opposed to more conventional chemical precipita-
ion in that, it achieve higher level removal over a wider range of
olution conditions. The adsorption, with the selection of suitable
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adsorbents, can be an effective technique for the removal of heavy
metals from wastewater [4]. Some of the suggested adsorbents are
moss peat [5], fly ash [6,7], activated carbon [8–10], zeolite [11],
chitosan [12], lignin [13], clay [14], biomass [15,16], xanthate [17]
and cactus material [18]. All the adsorbents are not economically
suitable enough for wastewater treatment. Though they generally
have high metal adsorption capacity but are expensive and diffi-
cult to be separated from the wastewater after use. Therefore, a
growing research interest has been developed in search of low cost
alternatives to these adsorbents. Sawdust has received particular
attention as an economical adsorbent for removing heavy metals
from wastewater due to its abundance, easily available and low cost.
Further it will be a step ahead towards exploring the possibility on
the use of waste biomass for industrial wastewater pollution man-
agement. The studies on the use of meranti sawdust as adsorbent
are limited. It is a common tree present in all tropical countries
such as Malaysia and Indonesia. Meranti tree is widely used for fur-
niture making and the waste sawdust produced is generally used
for heating in the boiler.

The aim of this paper is to assess the ability of meranti sawdust
to adsorb Cu(II), Cr(III), Ni(II) and Pb(II) ions from aqueous solu-

tions. The effect of the solution pH, temperature, contact time and
adsorbent dosage on the removal of Cu(II), Cr(III), Ni(II) and Pb(II)
ions was studied. The adsorption isotherm and probable mecha-
nism are explained and also tried to find out the kinetics and order
of reaction at the surface of the adsorbent.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mohd_rafatullah@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2009.05.066
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. Materials and methods

.1. Adsorbent

Meranti sawdust was collected from Kedah, Malaysia. The saw-
ust was washed with distilled water and then dried in a dryer
t 70 ◦C until all the moisture had evaporated. The material was
round to a fine powder in a still mill. The resulting material was
ieved in the size range of 100–150 �m particle size. To remove
he colour and water soluble substances, the ground powder was
ashed with 0.5 M HCl at room temperature for 4 h. After that,

he sawdust was filtered out, several times washed with dis-
illed water until no chloride was released and dried in a dryer at
0 ◦C. The material was placed in an airtight container for further
se.

.2. Adsorbate solutions

The stock solution (1000 mg/L) of metal ions was prepared
y dissolving their corresponding nitrate salts {Cu(NO3)2·2.5H2O,
rN3O9·9H2O, N2NiO6·6H2O and Pb(NO3)2} in distilled water. The
olution was further diluted to the required concentrations before
se. All the chemicals used were of analytical reagent grade and
ere obtained from Sigma–Aldrich and Fluka (Germany).

.3. Scanning electron microscopy, Fourier Transform Infrared
tudy and surface area analysis

Surface morphology was studied with Leo Supra 50 VP
ield Emission Scanning Electron Microscope (Carl-Ziess SMT,
berkochen, Germany). The scanning electron micrograph (SEM) of

he natural meranti sawdust (NMS) and metal ions loaded meranti
awdust at bar length equivalent to 20 �m, working voltage 15 kV
ith 250× magnification are shown in Fig. 1. For the main func-

ional groups that might be involved in metal adsorption, a Fourier
ransform Infrared (Nicolet, AVATAR FTIR-360) analysis was done
n the natural meranti sawdust and metals loaded meranti saw-
ust to determine the surface functional groups, and the spectra
ere recorded from 4000 to 400 cm−1. The surface area of mer-

nti sawdust was determined using a Micromeritics ASAP 2010 gas
dsorption surface analyzer.

.4. Adsorption experiments

The studies of the kinetics of adsorption were carried out at
0 ◦C. 100 ml of the solution containing the desired quantity of
he metal ion was treated with 0.5 g of sawdust in stoppard con-
cal flasks for the different times using a temperature-controlled
haker. The solution–sawdust mixtures were stirred at 100 rpm and
t the end of predetermined time interval the reaction mixtures
ere filtered out and analyzed for its metal ion concentrations using
tomic Absorption Spectrometer, AAS (Analyst 100 PerkinElmer).
he batch equilibrium studies for the determination of the effect of
ptimum metal ion concentration were conducted for the equilib-
ium time mixing at a constant speed of 100 rpm to obtain value of

aximum adsorption.
The effect of pH of the initial solution on the equilibrium uptake

f Cu(II), Cr(III), Ni(II) and Pb(II) ions was analyzed over a pH ranges
rom 1 to 8. The effect of pH of the solution was adjusted by either

.1 M NaOH or 0.1 M HCI solutions. The adsorption studies were also
onducted in batch experiments as function of adsorbent dosage
2, 4, 6, 8 and 10 g), contact time (1, 5, 10, 20, 30, 60, 120, 150
nd 180 min) and metal ions concentration (1, 5, 10, 25, 50, 100
nd 200 mg/L) for maximum adsorption. The percentage of metal
us Materials 170 (2009) 969–977

adsorption by the adsorbent was computed using the equation:

% adsorption =
{

Ci − Ce
Ci

}
100 (1)

where Ci and Ce are the initial and equilibrium concentration of
metal ions (mg/L) in the solution. Adsorption capacity was calcu-
lated by using the mass balance equation for the adsorbent [19]:

q = (Ci − Ce)V
W

(2)

where q is the adsorption capacity (mg/g), Ci is the initial concentra-
tion of metal in solution (mg/L), Ce is the equilibrium concentration
of metal in solution (mg/L), V is the volume of metal ion solution
(L) and W is the weight of the adsorbent (g).

3. Results and discussion

3.1. Characterization of meranti sawdust

The meranti sawdust mainly consists of lignin, cellulose, hemi-
cellulose and many hydroxyl groups such as tannins. All those
components are active ion exchange compounds. Lignin, the third
major component of the wood cell wall is built up from the
phenylpropane nucleus; an aromatic ring with a three carbon side
chain is promptly available to interact with cationic metal ions
[20].

The Brunauer–Emmett–Teller (BET) surface area and average
pore diameter were determined. The value of BET surface area was
under the detection level of the apparatus is 0.62 m2 g−1. Pore sizes
are classified in accordance with the classification adopted by the
International Union of Pure and Applied Chemistry (IUPAC), that is,
micropores (diameter (d) < 20 Å), mesopores (20 Å < d < 500 Å), and
macropores (d > 500 Å). The average pore diameter determined by
Barrett–Joiner–Halenda (BJH) method was 253.4 Å, suggesting that
meranti sawdust consists of mesopores.

Fig. 1 shows the surface morphology of the natural meranti
sawdust and metal loaded meranti sawdust. Meranti sawdust is a
heterogeneous material consisting largely of small spheres, irregu-
lar and porous cell wall of plant cells. The surface seems to be rough
and protrusions. Pores can be seen however, not extending into the
matrix.

FTIR spectra for meranti sawdust in natural form and loaded
with metal ions are shown in Fig. 2. In case of NMS, there is a strong
peak at 3445 cm−1 representing the –OH stretching of phenol group
of cellulose and lignin, and the peak at 2927 cm−1 indicates the
presence of –CH2 stretching of aliphatic compound. The appear-
ance of peaks at 1735 and 1633 cm−1 indicate the presence of C O
stretching of aldehyde group and C C stretching of phenol group,
respectively where as the peaks between 1508 and 1372 cm−1 in
the spectrum of NMS may be assigned to C C of aromatic ring. The
peaks at 1243 and 1041 cm−1 might be due to C–O stretching of phe-
nolic group and ether group of cellulose, respectively [21,22]. The
FTIR spectrum of metal loaded adsorbent, shown in Fig. 2, indicates
that the peaks due to above functional groups are slightly affected
in their position and intensity. It indicates that the adsorption of
metal ions on the surface of sawdust is either through complexa-
tion or through physical which might be through weak electrostatic
interaction and Van der Waals forces. However no chemical bond-
ing takes place in this process. Thus the FTIR of the surface moieties

remain unchanged. The FTIR spectra of meranti sawdust loaded
with Cu(II), Cr(III), Ni(II) and Pb(II) show elongation of these bands
after metal adsorption indicating the role of these group in adsorp-
tion which might be due to the close proximity of such transition
metals in the periodic table.
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Fig. 1. SEM micrograph of meranti sawdust (magnification, 250): (a) natural mer

.2. Effect of contact time

Preliminary kinetic experiments were conducted to asses the
ime taken for the equilibrium to be obtained and the results are
resented in Fig. 3 for Cu(II), Cr(III), Ni(II) and Pb(II) metal ions. It

s readily apparent from the figure that significant removal of dif-
erent metal ions occurred in 20 min and no appreciable changes in
erms of removal were noticed after 120 min. The adsorption plot
eveals that the rate of percent adsorption of Cu(II), Cr(III), Ni(II) and
b(II) ions is initially high which is probably due to the availability
f larger surface area of the sawdust for the adsorption of these ions.

s the surface adsorption sites become exhausted, the rate of uptake

s controlled by the rate of transport from the exterior to the interior
ites of the adsorbent particles. In all subsequent experiments the
quilibrium time was maintained at 120 min, which was consid-
red sufficient for the removal of different metal ions by meranti
wdust, (b) Cu(II) loaded, (c) Cr(III) loaded, (d) Ni(II) loaded and (e) Pb(II) loaded.

sawdust. A similar result has been found by Unlu and Ersoz [23]
in adsorption characteristic of heavy metal ions onto a low cost
biopolymeric sorbent from aqueous solutions.

3.3. Effect of pH

pH of the solution is the most important parameter affecting
metal ion adsorption. This is because hydrogen ion competing with
the positively charged metal ions on the active sites of the adsor-
bent. The effect of pH on the adsorption of Cu(II), Cr(III), Ni(II)
and Pb(II) ions on meranti sawdust has been studied by varying

it in the ranges of 1–8 as shown in Fig. 4. As shown in Fig. 4, the
uptake of Cu(II), Cr(III), Ni(II) and Pb(II) ions depends on pH, it
increases with the increase in pH reaching the maximum adsorp-
tion at pH 6. On higher pH values a slight decrease of adsorption
for Cu(II), Cr(III), Ni(II) and Pb(II) ions was observed. Based on the
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ig. 2. FTIR spectra of meranti sawdust: (a) natural meranti sawdust, (b) Cu(II)
oaded, (c) Cr(III) loaded, (d) Ni(II) loaded and (e) Pb(II) loaded.

ehavior of heavy metal adsorption on sawdust, it is speculated that
he ion exchange and hydrogen bonding may be the principal mech-
nism for the removal of heavy metals [24]. There are a number of
arameters to support this speculation, including the components
nd complexing properties of the sawdust, the properties of heavy
etals and the adsorption behavior, such as the effect of pH of the

queous media leading to change in speciation. At pH value lower

han 3, the adsorption capacities were found to be low due to the
ompetitive adsorption of HO3

+ ions and metal ions for the same
ctive adsorption site. As the pH increased, the adsorption surface
ecome less positive and therefore electrostatic attraction between
he metal ions and sawdust surface is likely to be increased. The

ig. 3. Effect of contact time on the adsorption of metal ions (initial concen-
ration = 100 mg/L, agitation speed = 100 rpm, temperature = 30 ◦C and adsorbent
osage = 5.0 g/L).
Fig. 4. Effect of pH on the adsorption of metal ions (initial concentration = 100 mg/L,
agitation speed = 100 rpm, temperature = 30 ◦C, contact time = 120 min and adsor-
bent dosage = 5.0 g/L).

maximum sorption efficiency at pH 6 may be due to the interaction
of M+, M(OH)+, M(OH)2 with surface functional groups present in
the sawdust. A slightly decrease in adsorption at high pH is due
to the formation of soluble hydroxyl complexes. These species are
adsorbed at the surface of sawdust by ion exchange mechanism
with the functional groups present in sawdust or by hydrogen bond-
ing as shown below [25]:

2(–ROH) + M2+ → 2(RO)M + 2H+

–ROH + M(OH)+ → (–RO) M(OH) + H+

}
ion exchange

2(–ROH) + M(OH)2 → (–ROH)2 + M(OH)2H—bonding

(3)

where M represents the metal ions and R represents the matrix of
sawdust, respectively.

A similar theory was proposed by several earlier workers for
metal sorption on different adsorbents. At higher pH values than 6,
metal precipitation appeared and the adsorbent was deteriorated
with the accumulation of metal ions [26–29]. Therefore, pH 6 was
selected to be the optimum pH for further studies.

3.4. Effect of initial metal concentration

In batch adsorption processes, the initial metal ion concentra-
tion of metal ions in the solution plays a key role as a driving force
to overcome the mass transfer resistance between the solution and
solid phases. Therefore, the amount of metal ions adsorbed was
expected to be higher with a higher initial concentration of metal
ions. The effect of initial concentration of Cu(II), Cr(III), Ni(II) and
Pb(II) ions at pH 6 while, keeping the dosage of the sawdust (5 g/L)
constant and temperature at 30 ◦C on the adsorption process is
shown in Fig. 5. The percent adsorption increased with the increase
of initial metal ion concentration as shown in Fig. 5. The amount
of all metal ions adsorbed at equilibrium appeared to follow the

same increasing trend with the initial metal ion concentration. As
a result of the above observations, it was indicated that the adsorp-
tion process of different heavy metal ions on meranti sawdust was
to be dependent on concentration of adsorbate up to some extent.
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ig. 5. Effect of initial metal concentration on the adsorption (contact
ime = 120 min, agitation speed = 100 rpm, temperature = 30 ◦C, pH 6.00 and adsor-
ent dosage = 5.0 g/L).

.5. Effect of adsorbent dosage

The adsorption studies of Cu(II), Cr(III), Ni(II) and Pb(II) ions on
eranti sawdust were done at 30 ◦C temperature by varying the

uantity of adsorbent from 2 to 10 g while keeping the volume of the
etal solutions constant at pH 6. The influence of adsorbent dosage

n percent adsorption of Cu(II), Cr(III), Ni(II) and Pb(II) ions is shown
n Fig. 6. The adsorption of Cu(II) by meranti sawdust increased
rom 65 to 89%, Cr(III) increased from 68 to 94%, Ni(II) increased
rom 73 to 97% and Pb(II) increased from 76 to 96%, respectively, by
ncreasing the sawdust dosage from 2 to 10 g/L under equilibrium

onditions. The results showed that the adsorption increased with
he increase in the dose of sawdust. The increase in the adsorption
ercentage is due to the increase in active sites on the adsorbent
nd thus making easier penetration of the metal ions to the sorption
ites.

ig. 6. Effect of adsorbent dosage on the adsorption of metal ions (initial
oncentration = 100 mg/L, agitation speed = 100 rpm, temperature = 30 ◦C, contact
ime = 120 min and pH 6.00).
Fig. 7. Effects of temperature on the adsorption of metal ions (initial concen-
tration = 100 mg/L, contact time = 120 min, agitation speed = 100 rpm, pH 6.00 and
adsorbent dosage = 5.0 g/L).

3.6. Effects of temperature

Temperature is a highly significant parameter in the adsorption
processes. For adsorption of Cu(II), Cr(III), Ni(II) and Pb(II) ions onto
meranti sawdust, adsorption experiments were run to study the
effect of temperature variation at 15, 25, 35 and 45 ◦C at optimum
pH value of 6 and adsorbent dose level of 5 g/L. The equilibrium
contact time for adsorption was maintained at 120 min. The results
were evident from Fig. 7. It was observed that the percentage of
adsorption increased along with an increase of temperature.

3.7. Adsorption behavior of sawdust (isotherm studies)

The adsorption isotherms reveal the specific relation between
the concentration of the adsorbate and its adsorption degree
onto adsorbent surface at a constant temperature. To quantify
the adsorption capacity of meranti sawdust for the removal of
Cu(II), Cr(III), Ni(II) and Pb(II) ions from aqueous solution, the
Langmuir, Freundlich and Dubinin–Radushkevich (D–R) isotherm
models were used.

3.7.1. Langmuir model
This model assumes that the adsorptions occur at specific homo-

geneous sites on the adsorbent and is used successfully in many
monolayer adsorption processes. The data of the equilibrium stud-
ies for adsorption of Cu(II), Cr(III), Ni(II) and Pb(II) ions onto meranti
sawdust may follow the following form of Langmuir model:

Ce
Am

=
(

1
K

)(
1
b

)
+

(
1
b

)
(Ce) (4)

where Ce is the equilibrium concentration (mg/L) and Am is the
amount adsorbed per specified amount of adsorbent (mg/g), K is
the equilibrium constant and b is the amount of adsorbate required
to form a monolayer. Hence, a plot of Ce/A vs Ce (Fig. 8) should be a
m

straight line with a slope (1/b) and an intercept as 1/Kb. The values
of constants K and b were calculated and reported in Table 1. A
further analysis of the Langmuir equation can be made on the basis
of a dimensionless equilibrium parameter, RL [30], also known as
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Table 1
Adsorption isotherm model constants and correlation coefficients for the adsorption of metal ions on meranti sawdust at 30 ◦C.

Adsorption isotherms Isotherm constants Metal ions

Cu(II) Cr(III) Ni(II) Pb(II)

Langmuir K (mg/g) 32.051 37.878 35.971 34.246
b (L/mg) 0.050 0.019 0.016 0.016
R2 0.990 0.993 0.995 0.995
RL 0.384 0.581 0.634 0.646

Freundlich K (mg/g) (L/mg)1/n 1.460 1.477 1.483 1.504
n 1.101 1.035 1.119 1.046
R2 0.996 0.982 0.992 0.987

Dubinin–Radushkevich
′ 2 2 1.845

0.334
5.205
0.994

t

R

T
w
s
i

a
(
e
a
p
s

3

h
m

F

Y (mol /J )
Cm (mg/g)
E (kJ/mol)
R2

he separation factor, given by

L = 1
1 + b(C0)

(5)

he value of RL lies between 0 and 1 for favourable adsorption,
hile RL > 1 represents unfavourable adsorption, and RL = 1 repre-

ents linear adsorption while the adsorption process is irreversible
f RL = 0.

The isotherm data have linearized using Langmuir isotherm
s shown in Fig. 8, the high values of correlation coefficient
R2 = 0.990–0.995) indicates a good agreement between the param-
ters and confirms the monolayer adsorption of Cu(II), Cr(III), Ni(II)
nd Pb(II) ions on to meranti sawdust surface. The dimensionless
arameter RL remained between 0.384 and 0.646 (0 < RL < 1) con-
istent with the requirement for a favourable adsorption process.

.7.2. Freundlich model
The Freundlich model can be applied for non-ideal sorption on

eterogeneous surfaces and multilayer sorption. According to this

odel:

Am = (K)(Ce1/n)
ln Am = ln K + (1/n) ln Ce

(6)

ig. 8. Langmuir adsorption isotherm plots for the adsorption of metal ions at 30 ◦C.
1.877 1.951 2.011
0.354 0.438 0.410
5.161 5.061 4.986
0.995 0.991 0.998

where all the terms have the usual significance and n is an empirical
constant. Thus, a plot of ln Am vs ln Ce (Fig. 9) should be a straight
line with a slope 1/n and an intercept of ln K. This model deals with
the multilayer adsorption of the substance on the adsorbent. The
related parameters were calculated and reported in Table 1. The
Freundlich type adsorption isotherm is an indication of surface het-
erogeneity of the adsorbent while Langmuir type isotherm hints
towards surface homogeneity of the adsorbent. This leads to the
conclusion that the surface of sawdust is made up of small hetero-
geneous adsorption patches which are very much similar to each
other in respect of adsorption phenomenon.

3.7.3. Dubinin–Radushkevich (D–R) isotherm model
To determine the adsorption occurred is physical or chemical in

nature, the equilibrium data were applied to D–R model [31]. The
linearized form of the D–R model is given below:

ln Cads = ln Cm − ′Yε2 (7)
where Cads is the adsorbed metal ions on the surface of adsorbent
(mg/L), Cm is the maximum adsorption capacity (mg/g), ′Y is the
activity coefficient related to mean adsorption energy (mol2/J2) and
ε is the Polanyi potential (kJ2 mol2).

Fig. 9. Freundlich adsorption isotherm plots for the adsorption of metal ions at 30 ◦C.
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ig. 10. D–R adsorption isotherm plots for the adsorption of metal ions at 30 ◦C.

Polanyi potential [32] can be calculated by using the following
quation:

= RT ln
(

1 + 1
Ce

)
(8)

The mean adsorption energy, E (kJ/mol) is calculated with the
elp of following equation:

= 1/
√

−2′Y (9)

Fig. 10 shows the plot of Eq. (7) between ln Cads vs ε2 is a straight
ine from which values of all parameters for Cu(II), Cr(III), Ni(II) and
b(II) ions were calculated and listed in Table 1. The adsorption
otential is independent of the temperature, but it depends upon
he nature of the adsorbent and adsorbate. The mean free energy
f the adsorption E, which is the free energy for the transfer of one
ole of metal ions from the infinity to the surface of the adsorbent,

rovide information about the nature of adsorption either chemical
on exchange or physical adsorption. The values of E lie between 8
nd 16 kJ/mol depict the adsorption process follows the chemical
on exchange and if E <8 kJ/mol, the adsorption process is of a phys-
cal nature [33,34]. The mean adsorption energy E = 5.205, 5.161,
.061 and 4.986 kJ/mol was calculated for Cu(II), Cr(III), Ni(II) and

b(II) ions, respectively.

From Table 1, the Langmuir adsorption isotherm and D–R
dsorption isotherm models yielded best fit as indicated by the
ighest R2 values for all metal ions compared to the Freundlich
dsorption isotherm model. Table 2 lists a comparison of maximum

able 2
omparison of adsorption capacities of various adsorbents for different metal ions.

dsorbents Maximum monolayer adsorption capacity (m

Cu(II) Cr(III)

eranti sawdust 32.051 37.878
hitosan 16.80 –
habazite 5.10 –
habazite-phillipsite 0.37 0.25
linoptilolite 25.4 2.4
last furnace sludge 16.1 9.6
orncobs 7.62 –
eanut husk 10.15 7.67
us Materials 170 (2009) 969–977 975

monolayer adsorption capacity of different metal ions on various
adsorbents. Meranti sawdust is found to have a relatively large
adsorption capacity of 32.051, 37.878, 35.971, and 34.246 mg/g for
Cu(II), Cr(III), Ni(II), and Pb(II) ions, respectively, and this indicates
that it could be considered a promising material for the removal of
these metal ions from aqueous solutions.

3.8. Kinetic studies

Kinetics of the adsorption process have been evaluated for
this work. This study describes the solute uptake rate and evi-
dently these rate controls the residence time of adsorbate uptake
at the solid–liquid interface including the diffusion process. The
mechanism of adsorption depends on the physical and chemical
characteristics of the adsorbents. The results obtained from the
experiments were used to study the kinetics of Cu(II), Cr(III), Ni(II)
and Pb(II) ions adsorption. The rate of kinetics on meranti saw-
dust was analyzed using pseudo-first-order, pseudo-second-order
and intraparticle diffusion model. The conformity between exper-
imental data and the model predicted values was expressed by
correlation coefficient (R2).

3.8.1. Pseudo-first-order model
The pseudo-first-order rate model equation given by Lagergren

[42] in 1898 is

dq

dt
= k′

1(qe − q) (10)

where qe is the amount of solute adsorbed at equilibrium per unit
weight of adsorbent (mg/g), q the amount of solute adsorbed at any
time (mg/g) and k′

1 is the adsorption constant. Eq. (10) is integrated
for the boundary conditions t = 0 to > 0 (q = 0 to > 0) and then rear-
ranged to obtain the following linear time dependence function:

log(qe − q) = log(qe) − (k′
1/2.303)t (11)

This is the most popular form of pseudo-first-order kinetic
model equation. Fig. 11 shows an example for these plots. The cor-
relation coefficient in this model lies between 0.850 and 0.932, it
showed that this model have very poor correlation coefficients for
best fit data. Therefore, it can be concluded that this model has
no satisfactory value to be predicted as a suitable model. Constant
k′

1 and correlation coefficients for all possible changes have been
calculated and summarized in Table 3.

3.8.2. Pseudo-second-order model
The rate constant for the adsorption of metal ions on sawdust
was determined by Lagergren equation. This equation modified by
Ho and McKay [43–45] and the differential equation for this reac-
tion is

dq/dt = k′
2(qe − q)2 (12)

g/g) References

Ni(II) Pb(II)

35.971 34.246 This work
2.40 16.36 [35]
4.50 6.00 [36]
0.56 – [37]
0.9 124 [11,38]
– 64.2 [39]

13.5 8.29 [40]
– 29.14 [41]
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from the slopes of the respective plots and the values are listed in
Table 3.
ig. 11. Pseudo-first-order kinetic plots for the adsorption of metal ions at 30 ◦C.

Integrating Eq. (12) for the boundary conditions t = 0 to > 0 and
= 0 to > 0 and rearranging to obtain the linearized form which is

hown as follows:

t

q
=

(
1

k′
2 qe2

)
+

(
1

qe

)
t (13)

= k′
2 qe2 (14)

In these equations, h is the initial sorption rate (mg/(g min)).
he plot of t/q vs t of Eq. (13) should give a linear relationship, from
hich k′

2 and h can be determined from the slope and intercept of
he plot and there is no need to know any parameter beforehand.
he sample plot for meranti sawdust at 30 ◦C for Cu(II), Cr(III), Ni(II)
nd Pb(II) ions is given in Fig. 12, and values for k′

2 and h were calcu-
ated and reported in Table 3. The correlation coefficient (R2) values
or this model is very high with minimum value found was 0.991
nd most of the values reached 0.999 which is very much ideal
orrelation coefficient value to be a perfect model. Hence it can be
stablished that the adsorption of Cu(II), Cr(III), Ni(II) and Pb(II) ions

nto meranti sawdust perfectly follow the pseudo-second-order
inetic model.

It may be concluded from the values of k′
2 of different metal

ons that the reaction-taking place is of the pseudo-second-order.
he values of k′

2 also indicated the following preferential adsorp-

able 3
seudo-first-order, pseudo-second-order and intraparticle diffusion models for the
dsorption of metal ions on meranti sawdust at 30 ◦C.

odels Parameters Metal ions

Cu(II) Cr(III) Ni(II) Pb(II)

seudo-first-order kinetic
k′

1 (min−1) 0.046 0.040 0.043 0.039
R2 0.850 0.911 0.879 0.932

seudo-second-order kinetic
k′

2 (g mg−1 min−1) 0.086 0.097 0.103 0.106
h (mg/(g min)) 29.599 36.289 35.190 42.569
R2 0.998 0.999 0.999 0.991

ntraparticle diffusion
kp (min1/2) 0.937 0.696 0.792 0.635
R2 0.803 0.897 0.844 0.929
Fig. 12. Pseudo-second-order kinetic plots for the adsorption of metal ions at 30 ◦C.

tion of different heavy metal ions [Pb(II) > Ni(II) > Cr(III) > Cu(II)] on
meranti sawdust. In a batch reactor with rapid stirring, there is also
a possibility that the transport of adsorbate ions from the solution
into the pores of the adsorbent is the rate-controlling step [46]. This
possibility was tested in terms of a graphical relationship between
the amount of heavy metals adsorbed (mg/g) and the square root
of time (min1/2) and the results are shown in Fig. 13 for different
metal ions. It is clear from this figure that these plots gave straight
lines of each metal ion but did not pass through the origin showing
that the intraparticle diffusion is not the sole rate limiting factor
for the adsorption of different metal ions [47]. The rate constant for
intraparticle diffusion kp, of different metal ions was determined
Fig. 13. Plots of amount adsorbed vs square root of time for metal ion adsorption.
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. Conclusions

The results obtained in this study demonstrated the potential
se of meranti sawdust for the adsorption of Cu(II), Cr(III), Ni(II)
nd Pb(II) ions from aqueous solutions. The amount of Cu(II), Cr(III),
i(II) and Pb(II) ions adsorbed into the meranti sawdust increased
ith an increase in concentration and dosage of adsorbent. The

eaction rate for the adsorption of Cu(II), Cr(III), Ni(II) and Pb(II)
ons increased with an increase in temperature. The kinetic stud-
es indicated that equilibrium in the adsorption of Cu(II), Cr(III),
i(II) and Pb(II) ions on sawdust was reached in 120 min of con-

act between the sawdust and the solution. It was found that the
inetics of the adsorption of Cu(II), Cr(III), Ni(II) and Pb(II) ions
n sawdust followed pseudo-second-order model. The adsorption
ynamic studies indicated that the rate of controlling step was
ainly intraparticle diffusion but was not the only rate-limiting

tep for the metal ions. The adsorption isotherms followed the Lang-
uir model of isotherms, Dubinin–Radushkevich models predict

he physical nature of the adsorption. Taking into consideration of
he above results, it can be concluded that the meranti sawdust
s a suitable adsorbent for the removal of Cu(II), Cr(III), Ni(II) and
b(II) ions from aqueous solution in terms of low cost, natural and
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