
2
9

1

Research Article
Received: 11 March 2008 Revised: 5 June 2008 Accepted: 21 July 2008 Published online in Wiley Interscience: 9 October 2008

(www.interscience.wiley.com) DOI 10.1002/jctb.2038

Optimization and analysis of nickel adsorption
on microwave irradiated rice husk using
response surface methodology (RSM)
Magesh Ganesa Pillai,a I. Regupathi,b M. Helen Kalavathy,a T. Murugesanc,a

and Lima Rose Mirandaa∗

Abstract

BACKGROUND: The removal of heavy metals using adsorption techniques with low cost biosorbents is being extensively
investigated. The improved adsorption is essentially due to the pores present in the adsorbent. One way of improving the
porosity of the material is by irradiation of the precursor using microwaves. In the present study, the adsorption characteristics
of nickel onto microwave-irradiated rice husks were studied and the process variables were optimized through response surface
methodology (RSM).

RESULT: The adsorption of nickel onto microwave-irradiated rice husk (MIRH) was found to be better than that of the raw rice
husk (RRH). The kinetics of the adsorption of Ni(II) from aqueous solution onto MIRH was found to follow a pseudo-second-order
model. Thermodynamic parameters such as standard Gibbs free energy (�G◦), standard enthalpy (�H◦), and standard entropy
(�S◦) were also evaluated. The thermodynamics of Ni(II) adsorption onto MIRH indicates that it is spontaneous and endothermic
in nature. The response surface methodology (RSM) was employed to optimize the design parameters for the present process.

CONCLUSION: Microwave-irradiated rice husk was found to be a suitable adsorbent for the removal of nickel(II) ions from
aqueous solutions. The adsorption capacity of the rice husk was found to be 1.17 mg g−1. The optimized parameters for the
current process were found as follows: adsorbent loading 2.8 g (100 mL)−1; Initial adsorbate concentration 6 mg L−1; adsorption
time 210 min.; and adsorption temperature 35 ◦C.
c© 2008 Society of Chemical Industry
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NOTATION
af Multilayer adsorption capacity and intensity of adsorption

(mg g−1)
aL Langmuir constants (L mg−1)
b Langmuir adsorption intensity constant (L mg−1)
bf Freundlich isotherm exponent
kc Equilibrium constant
k, Number of factors in cube portion of design
qe, Equilibrium adsorption capacity (mg g−1)
qt Amount of Nickel ion adsorbed per unit mass of adsorbent

at time (mg g−1)
t Contact time (min)
xixj , Dimensionless coded value of ith variable
A Adsorbent concentration (g (100 mL)−1)
B Initial adsorbate concentration of Solution (mg L−1),
C Adsorption time (min)
D Adsorption temperature (◦C)
CAe Equilibrium concentration of Ni (II) on the solution (mg

L−1)
CBe Equilibrium concentration of Ni (II) on the adsorbent (mg

L−1)
Co Initial concentration of adsorbate in solution (mg L−1)
F Number of points in cube portion of design

K1 First-order rate constant (min−1)
K2 Second-order rate constant (g mg−1 min−1)
KL Langmuir constants (L g−1)
R Universal gas constant (kJ kg−1 mol−1 K−1)
R2 Coefficient of determination
T Temperature (K)
V Volume of adsorbent (L)
Vo Initial volume of adsorbent (L)
X Independent variable
Xi , The natural value of the ith variable
Xmax Highest limits of the ith variable
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Xmin Lowest limits of the ith variable
Y , Yi Predicted response

Greek letters
α Variables for the axial points
βii iith interaction coefficient
βo ith linear variable coefficient
�H◦ Changes in enthalpy
�S◦ Changes in entropy
�G◦ Changes in free energy

INTRODUCTION
Technological advances and rapid industrialization have led to an
increase in the quantity of effluents discharged into water bodies.
The effluents contain both organic and inorganic pollutants which
are highly toxic and have to be treated to conform to international
norms. Nickel, a heavy metal, although an essential constituent for
both plants and animals, is required in very low concentrations.
Increased discharge of this heavy metal into the environment
has to be contained since nickel exposure to humans causes
headache, dermatitis, dizziness, dry cough, nausea, vomiting, and
cyanosis leading to capillary, hepatic and renal damage, nervous
disabilities, chest pain, cancer in lungs, nose, bones, etc. In general
it is a listed carcinogenic for all living organisms. During the last few
years, new regulations coupled with increased law enforcements
concerning wastewater discharges have been established in many
countries. Due to the toxicity of the metal, the World Health
Organization (WHO) and Euro Environmental Contracts (EEC) have
set the international standard for nickel to be discharged into
surface waters at 0.02 mg L−1.1

A wide variety of conventional and non-conventional tech-
nologies have been developed throughout the years for the
reduction and removal of most metals including nickel. These tech-
niques include solvent extraction, ion exchange, reverse osmosis,
electrodialysis, precipitation, flocculation, sorption, activated car-
bon adsorption and membrane separation processes2 – 4 (basically
physical, chemical, physico-chemical and biological in nature). Of
all these methods mentioned above for the removal of nickel,
reduction, precipitation and coagulation techniques have been
accepted industrially. However, they are not efficient and cre-
ate sludge. Ion-exchange and reverse osmosis, although effective
and efficient are expensive. These techniques have disadvantages,
such as high capital and operational costs or they require the treat-
ment and disposal of the residual metal sludge. Hence cheaper and
more viable alternatives are being considered of which adsorption
onto agricultural/biological waste is one.5,6

The use of agricultural residues or industrial by-products
having biological activity has received considerable attention
for the adsorption of metal ions. In recent years, a number
of agricultural materials such as moss peat,7 coconut husk,8

chitosan,9 coir pith, rice husk,10 tea leaves,11 and almond husk,12

have been investigated for the removal of toxic metals from
aqueous solutions. Most of these materials contain functional
groups associated with proteins, polysaccharides, lignin, and
cellulose as major constituents. Metal uptake is believed to
occur through a sorption process involving these functional
groups. Previous investigations of the removal of heavy metal
ions have utilized either raw rice husk as a source material or
have carbonized it. Activation of any carbonaceous material is
carried out with the intention of increasing its surface area. In
the present work, microwave irradiation of the raw material was
studied as a possible route to enhancing adsorption. Microwave-
irradiated rice husk (MIRH) has been utilized as a sorbent for

the adsorption of heavy metals using conventional adsorption
procedures. Further, to optimize the process variables for the
adsorption of nickel, response surface methodology (RSM) was
used. RSM aims at developing a mathematical model to describe
the effects and relationships of the main process variables, to
maximize adsorption.

EXPERIMENTAL PROCEDURE
Methods and materials
Preparation of Adsorbent
The adsorbent rice husk was obtained from a local rice mill and
washed thoroughly with distilled water to remove all impurities
present. The prepared rice husk was exposed to microwave
irradiation for 2 min at a microwave output power of 180 W.

Chemicals
A stock solution of nickel (II) ions (1000 mg L−1) was prepared
by dissolving 4.787 g of NiSO4.7H2O in 1 L of distilled water. All
chemicals (sodium citrate, iodine, dimethylglyoxime, concentrated
hydrochloric acid and ammonia buffer solution) used for analysis
were of analytical grade and purchased from Ranbaxy Fine
Chemicals Ltd, India.

Experimental method
A temperature controlled incubator shaker was used for all
adsorption batch experiments with a constant agitation speed of
180 rpm. A UV–Vis spectrophotometer (Hitachi U 2002, Chennai,
India) was utilized to analyze the nickel metal concentrations in
the treated water. Isotherm studies were carried out in 250 mL
Erlenmeyer flasks. Each flask was filled with 100 mL of adsorbate
solution which was varied from 5 to 45 mg L−1. The adsorbent
loading ranged between 1 and 5 g (100 mL)−1 of sample solution.
All experiments were conducted using double distilled water.
The samples taken at different time intervals (0 to 300 min)
were analyzed using a UV spectrophotometer by forming a
complex with dimethylglyoxime (λmax = 470 nm). The equilibrium
adsorption capacity was calculated using:

qe = [(Co − Ce)V]
1

M
(1)

Experimental design
Central composite rotary design
The object of any process is to achieve a level of design at which
the response reaches an optimum. Although many techniques
are available to do this, response surface methodology (RSM) is
one of the best.13 The main advantages of this method include
an understanding of how the test variables (process variables)
affect the selected process response, the determination of any
possible interrelationships among the test variables, and the
characterization of the combined effect that all test variables may
have on the process response. From the literature, it was found that
although RSM has been widely used for other processes, no studies
had been conducted and reported on microwave-activated rice
husk adopting RSM as the optimization tool.

A five level four-factor central composite rotary design (CCRD)
was performed using the software Design expert 7.1.1 (Stat-
Ease Inc. Minneapolis, USA) to find the interactive effects of the
four variables A (adsorbent concentration; g (100 mL)−1, B (initial
adsorbate concentration of solution; mg L−1), C (adsorption time;
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Table 1. Level of variables considered for the adsorption of nickel using central composite rotary design (CCRD)

Variable Level

S.No Variable Name −2 (−α) −1 0 +1 2 (+α)

1 A Adsorbent Loading (g (100 mL)−1) 1 2 3 4 5

2 B Initial Adsorbate Concentration (mg L−1) 5 15 25 35 45

3 C Time (min.) 35 100 165 230 295

4 D Temperature (o C) 20 25 30 35 40

min), and D (adsorption temperature; ◦C) on the adsorption of
nickel(II) ions.14 The design of these experiments was intended to
reduce the number of experiments with a wide range of predicted
response Y . In the rotary design, the standard error, which depends
on the coordinates of the point on the response surface at which
Y is evaluated and on the coefficients β , is the same for all points
that are at the same distance from the central point. The value of
α for rotatability depends on the number of points in the factorial
portion of the design, which is given by

α = (F)1/4 where F = (2)K (2)

where F is the number of points and k the number of factors in
the cube portion of the design: K being 4, F = 24 (= 16) points
and α = 2. The range of the independent variables is based on the
conditions screened prior to optimization. The level of variables
considered for the CCRD and the array of experiments in terms of
coded and actual terms are given in Tables 1 and 2, respectively.

In the experimental design, all variables are coded for statistical
calculation according to the following equation

xi = α[2Xi − (Xmax − Xmin)]

[Xmax − Xmin]
(3)

where xi is the dimensionless coded value of the ith variable, Xi the
natural value of the ith variable, and Xmax and Xmin are the highest
and the lowest limits of the ith variable, respectively. Once the
desired range of variables is defined, they are coded to lie at ±1
for the factorial points, 0 for the center points and ±α for the axial
points. The matrix consists of a two-level full factorial design, six
center points, eight axial points and 16 fact points.15 Based on this
table, experiments were conducted to obtain the response, i.e. the
percentage of nickel adsorbed was measured at the values of the
independent variables detailed in the experimental design matrix.
These experimental data are used to validate the model of the
adsorption process. The sequence of experiments was randomized
in order to minimize the effects of uncontrolled factors.

Statistical method
A second-order polynomial equation was considered for all the
experimental data, obtained from regression of the response:

Yi = βo +
∑

i

βixi +
∑

ii

βiix
2
i +

∑
ij

βijxixj (4)

where Yi the predicted response, xixj , the independent variables, βi

the ith linear variable coefficient, βij , the ijth interaction coefficient,

Table 2. Independent variables for the adsorption of nickel using
central composite rotary design (CCRD)

Coded Actual

Run order A B C D A B C D

1 0 0 2 0 3 25 295 30

2 0 0 0 2 3 25 165 40

3 0 0 0 0 3 25 165 30

4 1 −1 −1 −1 4 15 100 25

5 0 0 0 0 3 25 165 30

6 0 0 0 0 3 25 165 30

7 0 0 0 −2 3 25 165 20

8 1 −1 1 1 4 15 230 35

9 1 1 1 1 4 35 230 35

10 1 1 1 −1 4 35 230 25

11 1 −1 −1 1 4 15 100 35

12 −1 −1 −1 1 2 15 100 35

13 0 2 0 0 3 45 165 30

14 −1 −1 1 −1 2 15 230 25

15 0 0 0 0 3 25 165 30

16 1 1 −1 −1 4 35 100 25

17 0 −2 0 0 3 5 165 30

18 1 1 −1 1 4 35 100 35

19 −1 −1 1 1 2 15 230 35

20 −2 0 0 0 1 25 165 30

21 −1 1 1 −1 2 35 230 25

22 −1 1 −1 1 2 35 100 35

23 0 0 0 0 3 25 165 30

24 −1 1 −1 −1 2 35 100 25

25 0 0 −2 0 3 25 35 30

26 0 0 0 0 3 25 165 30

27 2 0 0 0 5 25 165 30

28 −1 1 1 1 2 35 230 35

29 1 −1 1 −1 4 15 230 25

30 −1 −1 −1 −1 2 15 100 25

and independent variables A, B, C and D. In this study, a second-
order polynomial equation was derived as

Y = βo + β1A + β2B + β3C + β4D + β11A2

+ β22B2 + β33C2 + β44D2 + β12AB + β13AC

+ β14AD + β23BC + β24BD + β34CD (5)

Response surface graphs were plotted for all experimental
data by regression analysis using the statistical software ‘Design
expert 7.1.1. The statistical parameters were examined using
analysis of variance (ANOVA). A second-order polynomial was
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(a)

(b)

Figure 1. SEM image of (a) raw rice husk (RRH); (b) microwave-irradiated
rice husk (MIRH).

employed to fit the experimental data. The implications of the
model equations and terms were evaluated by F-test. The quality
of fit of the polynomial model equation was expressed by the
coefficient of determination (R2), adjusted R2 and ‘adequate
precision’. The fitted polynomial equation was expressed as three-
dimensional surface plots to visualize the relationship between
the responses and the experimental levels of each factor used in
the design. The combination of different optimized parameters,
which gave maximum response, i.e. maximum adsorption, was
tested experimentally to validate the model.

RESULTS AND DISCUSSION
Microstructure determination
The material when subjected to microwave irradiation loses some
of the volatile matter and moisture content. As the drying proceeds,
the outer layers of the rice husk become rigid and their final
volume is fixed early in the drying. The tissues split and rupture
internally, cracks are formed in the inner structure when the
interior finally dries, and the internal stresses pull the tissue apart.
The dried rice husk then contains numerous holes, forming an
open structure.16,17 A scanning electron microscope (SEM) was
employed to investigate the surfaces and the internal structures
of rice husk. SEM micrographs (Fig. 1(a), 1(b)) showed that the

sample was almost fully dense with large grains in the central part.
Thin hairline cracks were observed on the surface of the material.
The grain size was smaller in magnitude at the surface than at
the centre of the specimen. The large difference in microstructure
is due to the extremely high heating rate generated. Microwaves
caused violent evaporation of water in cells, followed by a collapse
of cell structure and partial disconnection of cells. The interesting
point, however, is not the temperature gradient itself, but its
direction. The microstructure clearly shows that the heat was
mainly generated in the bulk of the sample and transported from
the bulk to the environment. This type of temperature gradient
can only be generated by microwave heating. Microwave drying is
caused by water vapour pressure differences between interior and
surface regions, which provide a driving force for moisture transfer.
Porosity is strongly affected by the drying method and conditions;
an increase in porosity was observed in the dried materials.18

The microstructure of MIRH showed higher nickel ion adsorption
rates than raw rice husk under different operating conditions.
Figure 2(a), 2(b) and 2(c) show a comparison between MIRH and
RRH. It is clearly observed in all plots and under all operating
conditions that MIRH shows better adsorption capability than
RRH. Microwave irradiation is a process by which, the inherent
moisture content of any material can be reduced, the movement
of the water molecules is from the centre of the material to the
outer surface, and this creates an increased porous microstructure
in the irradiated material. The enhanced porosity is the key factor
improving the adsorption capacity of the rice husk.

Effect of initial metal ions concentration and adsorbent dosage
on adsorption capacity
Figure 3 shows the effect of initial concentration on the adsorp-
tion capacity of nickel at various initial nickel concentrations for
a temperature of 30 ◦C and adsorbent loading of 3 g (100 mL)−1.
The removal of Ni(II) increases with time and attains saturation in
about 150 min, the degree of removal of adsorbate was initially
rapid (up to 50 min) gradually decreasing with time until it reached
equilibrium (150 min). From Fig. 3 it is observed that the amount
of Ni(II) ion adsorbed increased with increasing in initial concen-
tration of metal ions. The percentage removal of nickel became
almost insignificant after 150 min due to rapid exhaustion of the
adsorption sites. The resistance to the uptake of metal from solu-
tion decreases with increasing metal ion concentration. The rate
of adsorption also increased with increasing initial concentration
due to the enhanced driving force.19,20 After the adsorbed material
forms a monolayer (ion), the capacity of the adsorbent is exhausted
and then the uptake rate is controlled by the rate at which the
adsorbate is transported from the exterior to the interior sites of
the adsorbent particles. The data indicates that the initial metal
concentration determines the equilibrium concentration, and also
determines the uptake rate of metal ions and the kinetic character.

Figure 4 shows the effect of initial adsorbent dosage on the
adsorption capacity, indicating that the uptake of nickel per
gram of adsorbent decreases with increasing adsorbent dosage.
Although there is an increase in the total number of sites, there
is no significant increase in the active sites per gram, thereby
causing a decrease in the adsorbate uptake.21 Thus, the driving
force for mass transfer between the bulk liquid phase and the
solid phase decreases with the passage of time.22

Effect of temperature on adsorption capacity
The adsorption of nickel(II) ion onto MIRH at different temper-
atures showed an increase in the adsorption capacity when
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Figure 2. Comparison of percentage adsorption of nickel(II) for raw rice
husk (RRH) and microwave irradiated rice husk (MIRH) (a) at different initial
adsorbate concentrations (adsorption temperature = 30 ◦C, adsorbent
loading = 3 g(100 mL)−1•MIRH 5 mg L−1,◦ RRH 5 mg L−1, � MIRH 45 mg
L−1, � RRH 45 mg L−1); (b) at different adsorbent loadings (adsorption
temperature = 30 ◦C, initial adsorbate concentration = 25 mg L−1• MIRH
3 g (100 mL)−1, ◦ RRH 3 g (100 mL)−1, � MIRH 1 g (100 mL)−1, � RRH
1 g (100 mL)−1, (c) at different adsorption temperatures (initial adsorbent
loading = 3 g (100 mL)−1, initial adsorbate concentration = 25 mg L−1, •
MIRH 30 ◦C, ◦ RRH 30 ◦C, � MIRH 20 ◦C, � RRH 20 ◦C).
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Figure 3. Effect of initial adsorbate concentration on adsorption capacity
for nickel (II). (Adsorption temperature = 30 ◦C, initial adsorbent loading
= 3 g (100 mL)−1, • 45 mg L−1, ◦ 25 mg L−1, � 15 mg L−1, � 5 mg L−1).
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Figure 4. Effect of initial adsorbent dosage on adsorption capacity for
nickel (II). (Adsorption temperature = 30 ◦C, initial adsorbate concentration
= 25 mg L−1• 1 g (100 mL)−1, � 3 g (100 mL)−1, � 5 g (100 mL)−1).

the temperature was increased (Fig. 5). This indicates that the
adsorption is endothermic as well as chemical in nature. The
increase in temperature increases the mobility of the metal cation;
also, swelling within the internal structure of the rice husk enables
the metal cation to penetrate further. This effect may also be due
to the fact that at higher temperatures an increase in active sites
occurs due to bond rupture.23 The enhancement in the adsorption
capacity may be due to the chemical interaction between the
adsorbate and the adsorbent, creation of new adsorption sites or
the increased rate of intra-particle diffusion of Ni(II) ions into the
pores of the adsorbent at higher temperatures.24 The standard
Gibbs free energy was evaluated using

�G◦ = −RT. ln Kc (6)

The equilibrium constant Kc was evaluated at each temperature
using the relationship

Kc =
[

CBe

CAe

]
(7)
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Figure 5. Effect of temperature on adsorption capacity for nickel (II). (Initial
adsorbent loading = 3 g (100 mL)−1, initial adsorbate concentration =
25 mg L−1� 20 ◦C, � 30 ◦C, • 35 ◦C).
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Figure 6. Van’t Hoff plot for the adsorption of Ni(II). (Initial adsorbent
concentration = 3 g (100 mL)−1, Initial adsorbate concentration =
25 mg L−1).

where CBe and CAe are the equilibrium concentration of Ni(II) on
the adsorbent and in the solution, respectively. Standard enthalpy
(�H◦) and entropy (�S◦) were determined from the van’t Hoff
equation:

ln Kc =
[

�S◦

R
− �H◦

RT

]
(8)

where �H◦ and �S◦ were obtained from the slope and intercept of
the van’t Hoff plot of ln Kc versus 1/T , as shown in Fig. 6 and listed
in Table 3. The positive value of �H◦ confirms the endothermicity
of the adsorption process. The negative values of �G◦ reflect the
feasibility of the process and the values become more negative
with increasing temperature. Standard entropy determines the
disorderliness of adsorption at the solid–liquid interface.25

Adsorption isotherm
The dynamic adsorptive separation of solute from solution onto
an adsorbent depends upon a good description of the equilibrium
separation between the two phases. Many models have been
proposed to explain adsorption equilibria, but the most important
factor is to have applicability over the entire range of process
conditions. The most widely used isotherm models for solid–liquid
adsorption are the Langmuir and Freundlich isotherms.

Table 3. Thermodynamic parameters for the adsorption of Ni (II) onto
microwave- irradiated rice husk at initial adsorbate concentration of
25 mg L−1, adsorbent loading 3 mg (100 mL)−1

T (K) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

293 −3.66

303 −4.19 12.50 55.12

308 −4.49

Table 4. Langmuir and Freundlich parameters for the adsorption of
Ni(II) onto microwave-irradiated rice husk at constant temperature
(30 ◦C) and adsorbent loading (3 g (100 mL)−1)

Langmuir constants Freundlich constants

Temperature
qmax

(mg g−1)
aL

(L mg−1) R2
af

(mg g−1) bf R2

303 K 1.17 0.713 0.952 0.4542 0.3579 0.9947

The Langmuir isotherm is based on monolayer adsorption
(constant enthalpy of adsorption for all sites) on the active sites
of the adsorbent. The data for the uptake of Ni(II) ion have been
processed in accordance with the Langmuir isotherm equation:26

qe =
[

KLCe

1 + aLCe

]
(9)

The linear form of the Langmuir isotherm is given by

Ce

qe
=

[(
1

KL
+ aLCe

KL

)]
(10)

where KL (L g−1) and aL (L mg−1) are the Langmuir constants. The
theoretical maximum monolayer adsorption capacity qmax (mg
g−1) is given by KL/aL.

The Freundlich isotherm gives the relationship between
equilibrium liquid and solid phase capacity based on multilayer
adsorption (heterogeneous surface). This isotherm is derived
from the assumption that the adsorption sites are distributed
exponentially with respect to the heat of adsorption27 and is given
by

qe = [af Cbf
e ] (11)

with linearized form

log qe = �(log af + bf log Ce)� (12)

where af (mg g−1) and bf are the multilayer adsorption capacity
and intensity of adsorption.

The experimental and predicted adsorption capacity using
the Langmuir and Freundlich isotherms becomes constant at
different adsorbate concentrations (constant temperature 30 ◦C
and adsorbent loading 3g (100 mL)−1), along with the regression
coefficients, and are listed in Table 4. The Freundlich adsorption
isotherm, basically empirical in nature and commonly used to
explain metal adsorption data, is also used to describe the nickel
uptake. Linear Freundlich adsorption plots were obtained by
plotting log (qe) versus log (Ce) (Fig. 7). The empirical constants af

and bf were 0.4542 mg g−1 and 0.3579 respectively. These results
further proved that MIRH had a higher adsorption capacity at
higher initial concentrations.
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Figure 7. Adsorption isotherms, experimental and predicted by Langmuir
and Freundlich models. (Adsorption temperature = 30 ◦C, initial adsorbent
loading = 3 g (100 mL)−1).

Kinetic studies
The kinetics of the adsorption of Ni(II) were carried out at
30 ◦C. The data were fitted to Lagergren’s pseudo-first-order and
pseudo-second-order equations. Lagergren’s pseudo-first-order
equation28 is given by

log(qe − qt) = log(qe) − K1t (13)

where qe is the amount of Ni(II) ion adsorbed per unit mass of
adsorbent at equilibrium in mg g−1, qt , is the amount of Ni(II) ion
adsorbed per unit mass of adsorbent at any time in mg g−1, and
K1 is the first-order rate constant in min−1. The linearized form of
the pseudo-second-order equation29 is given as

t

qt
=

[
1

K2q2
e

+ t

qe

]
(14)

where K2 is the second-order rate constant (g mg−1 min−1). The
experimental and calculated values of the adsorption capacity
are given in Table 5. Based on the regression coefficient and
the calculated values of adsorption capacity, the adsorption
process was found to follow the pseudo-second-order kinetic
model (Fig. 8).

Mechanism of mass transfer
The two regions in the qt versus t0.5 suggest that the sorption
process proceeds by surface adsorption and intraparticle diffusion
(Fig. 9). The initial curved portion of the plot indicates a boundary
layer effect, while the second linear portion is due to intraparticle
or pore diffusion. The slope of the second linear portion of the plot
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Figure 8. Pseudo-second-order kinetics for Ni(II) adsorption (initial adsor-
bent dosage 3 g (100 mL)−1, adsorption temperature = 30 ◦C, • 5 mg L−1,
� 25 mg L−1, � 45 mg L−1).
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Figure 9. Intraparticle diffusion plot for the adsorption of nickel (II) ion by
microwave irradiated rice husk. (◦ 5 mg L−1, � 15 mg L−1, • 25 mg L−1, �
45 mg L−1).

has been defined to yield the intraparticle diffusion parameter
kid (mg g−1 min−0.5). On the other hand, the intercept of the
plot reflects the boundary layer effect. The larger the value of
the intercept, the larger the contribution of the surface sorption
in the rate controlling step. The calculated intraparticle diffusion
coefficient kid values are listed in Table 6.

Development of regression model equation
A central composite rotatory design (CCRD) was used to develop
a correlation between the adsorption process variables and the
percentage adsorption of nickel. CCRD is an extremely powerful

Table 5. Comparison of the pseudo-first-order and pseudo-second-order adsorption rate constants for different initial concentrations

Pseudo-first-order kinetics Pseudo-second-order kinetics

Co (mg L−1) qe (cal) (mg g−1) K1 (min−1) R2 K2 (×10−4 g mg−1 min−1) qe (cal) (mg g−1) R2 qe (expt.) (mg g−1)

5 0.1698 0.040 0.981 1.03 0.1746 0.998 0.1646

25 0.212 0.0072 0.951 0.2485 0.7122 0.999 0.7007

45 0.517 0.007 0.957 0.0876 1.16 0.999 1.13
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Table 6. Intraparticle diffusion rate parameter at different initial
concentrations

S. No Co (mg L−1) Kid × 103 (mg g−1 min−0.5)

1 5 1.28

2 15 1.97

3 25 3.66

4 45 8.69

Table 7. Standard deviation and R2 for the quadratic model equation

Std. Dev. 0.0784 R-squared 0.9742

Mean 0.7384 Adj R-squared 0.9502

C.V. % 10.62 Pred R-squared 0.8517

PRESS 0.5313 Adeq Precision 26.72

statistical method, since interactions between factors as well as
quadratic effects (curvature) are taken into account and quantified
in addition to the examination of each factor at five different levels.
According to the sequential model sum of squares, the models
were selected based on the highest order polynomials for which
the additional terms were significant and the models were not
aliased. For percentage adsorption of Ni(II) ions, the quadratic
model was suggested by the software, which was selected in this
case due to the higher order polynomial. The design matrix in
actual terms and the experimental results of nickel adsorption
by MIRH by CCRD with six center points, eight axial points and
16 fact points are given in Table 2. The application of the RSM
based on the estimates of the parameters indicated an empirical
relationship between the response and input variables expressed
by the following quadratic model:

adsorption

capacity (Y)
= 0.9983 − 0.6517A + 0.0367B + 0.0012 C

+ 0.0058 D − 0.0054 AB − 2.3 × 10−4 AC

− 1.17 × 10−3 AD + 2 × 10−5 BC + 3.15

× 10−4 BD + 1.66 × 10−5 CD + 0.1001A2

− 1.7 × 10−4B2 − 3.6 × 10−6C2 − 1.4

× 10−4 D2 (15)

A positive sign in front of the terms indicates a synergistic
effect, whereas a negative sign indicates an antagonistic effect.
The quality of the model developed was evaluated based on
the correlation coefficient value. The various R2 values for
Equation (15) are given in Table 7. A relatively high R2 value (close
to unity) indicates that there was good agreement between the
experimental and model-predicted values (Table 8; Fig. 10). The
smaller the standard deviation (Table 7), the better the model, as
it gives predicted values closer to the actual value of the response.
This indicates that the predicted value for Y is more accurate and
closer to the actual value.

The adequacy of the models was further justified through
analysis of variance (ANOVA). The ANOVA for the quadratic model
for adsorption capacity is listed in Table 9. From the table, the
Model ‘F-value’ of 40.55 implies that the model was significant
and also the values of ‘Prob > F’ less than 0.5 indicates that
the model terms were significant. In this case, the process

Table 8. Measured and predicted response for the adsorption of
nickel onto MIRH using central composite rotary design (CCRD)

Factors Response (Y)

Run order A B C D Predicted Actual

1 3 25 295 30 0.6751 0.7017

2 3 25 165 40 0.7170 0.7292

3 3 25 165 30 0.6868 0.6868

4 4 15 100 25 0.3074 0.3162

5 3 25 165 30 0.6868 0.6868

6 3 25 165 30 0.6868 0.6866

7 3 25 165 20 0.6281 0.6609

8 4 15 230 35 0.3018 0.3378

9 4 35 230 35 0.7442 0.7657

10 4 35 230 25 0.6692 0.6994

11 4 15 100 35 0.2978 0.3279

12 2 15 100 35 0.6905 0.6377

13 3 45 165 30 1.1129 1.1183

14 2 15 230 25 0.7179 0.6508

15 3 25 165 30 0.6868 0.6868

16 4 35 100 25 0.6347 0.6773

17 3 5 165 30 0.1251 0.1646

18 4 35 100 35 0.6882 0.7327

19 2 15 230 35 0.7533 0.6883

20 1 25 165 30 1.6067 1.796

21 2 35 230 25 1.3153 1.2628

22 2 35 100 35 1.2989 1.2466

23 3 25 165 30 0.6868 0.6868

24 2 35 100 25 1.2220 1.1634

25 3 25 35 30 0.5778 0.5961

26 3 25 165 30 0.6868 0.6869

27 5 25 165 30 0.5679 0.4235

28 2 35 230 35 1.4137 1.3823

29 4 15 230 25 0.2898 0.3197

30 2 15 100 25 0.6766 0.6327

variables adsorbent loading (A), initial adsorbate concentration
of solution (B), adsorption time (C), adsorption temperature
(D), and the interaction term AB, A2 are the more significant
model terms, AC, BC, BD, B2, C2 have moderate significance,
and the interaction terms AD, CD, D2 were insignificant to the
response.

Interaction effects of adsorption variables
The adsorption capacity of MIRH at different values of the
variables was plotted as three- dimensional response surface
contour plots (Fig. 11(a)–(d)), which corresponds to a myriad
number of combinations of the two selected variables, while
the other two factors remain at their zero level. The plots
indicate the mutual interaction of all components with respect
to their variables. Based on ‘F’ values (Table 9), all the variables
were found to be highly significant for the adsorption capacity,
whereas the interaction effects of temperature with other
variables such as adsorbent loading (A) and adsorption time
(C) had little effect on adsorption capacity. Figure 11(a) shows
the combined effect of initial adsorbate concentration and
adsorbent loading on adsorption capacity of nickel at constant
time (165 min) and temperature (30◦C). It is observed that an
increase in the initial adsorbate concentration and a decrease
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Table 9. Analysis of variance (ANOVA) for response surface quadratic model for adsorption capacity

Source Sum of squares Degrees of freedom Mean square F Value P-value Prob > F

Model 3.4912 14 0.2494 40.5529 <0.1

A 1.6187 1 1.6187 263.2309 <0.1

B 1.4634 1 1.4635 237.987 <0.1

C 0.0142 1 0.0142 2.3069 0.1496

D 0.0118 1 0.0118 1.9271 0.1854

AB 0.0475 1 0.0475 7.7300 0.0140

AC 0.0034 1 0.0034 0.5627 0.4648

AD 0.00055 1 0.0005 0.0892 0.7693

BC 0.0027 1 0.0027 0.4401 0.5171

BD 0.0039 1 0.0039 0.6459 0.4341

CD 0.0004 1 0.0005 0.0753 0.7875

A2 0.2749 1 0.2749 44.714 <0.1

B2 0.0079 1 0.0079 1.2816 0.2754

C2 0.0062 1 0.0062 1.0155 0.3296

D2 0.0003 1 0.0003 0.0562 0.8157

Residual 0.0922 15 0.0062

Lack of Fit 0.0922 10 0.0092 954215.4 <0.1

Pure Error 4.83 × 10−8 5 9.67 × 10−9
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Figure 10. Comparison plot between the experimental and model-
predicted adsorption capacity of Ni(II) onto microwave-irradiated rice
husk.

in adsorbent loading increased the adsorption capacity of MIRH,
which is reflected in the polynomial equation (Equation (15)) in
the term AB. The adsorption capacity increased for decreasing
adsorbent loading and increasing adsorption time, which is
evident from Fig. 11(b), for adsorbent loading, adsorption time
and adsorption capacity of MIRH at fixed temperature (30◦C)
and initial adsorbate concentration (25 mg L−1). It was also
found that the rate of nickel adsorption increased with time.
Figure 11(c) illustrates clearly the interaction between initial
adsorbate concentration (B) and adsorption temperature (D),

with adsorbent loading (A) fixed at 3g (100 mL)−1 of sample
and adsorption time (C) maintained at 165 min. The adsorption
capacity increased with increasing temperature, showing that
the adsorption process is endothermic in nature. Figure 11(d)
shows the combined effect of adsorption time and temperature
on adsorption capacity. The system has an increasing trend for
both variables, with adsorbent loading and initial adsorbate
concentration maintained at 3 g (100 mL)−1 and 25 mg L−1,
respectively.

Optimization of adsorption variables
Optimization was carried out after observing all the interaction
effects between the adsorption variables. The proficiency of
‘point optimization’ was used for all the variables. A set of
solutions were generated by the Design-Expert 7.1.1 software,
to determine the optimum conditions of the process. The
optimization study was performed by considering the range
of variables used in the experiment (i.e. adsorbent loading
1–5 g (100 mL)−1; initial adsorbate concentration 5–45 mg L−1;
adsorption time 35–295 min; temperature 20–40 ◦C) for the
maximum response (adsorption capacity, mg g−1) with the
desirability value of 1. Initially, the optimization was started at
any random value of the individual variables by fixing the target
of maximum adsorption capacity and obtaining the optimum
values of the variables for the adsorption process, i.e. adsorbent
loading 1.5 g (100 mL)−1; initial adsorbate concentration 45 mg
L−1; adsorption time 280 min and temperature 30 ◦C with
the desirability of 1 for the maximum adsorption capacity of
1.96 mg g−1. The experiment was conducted at the optimized
conditions, i.e. where the adsorption capacity of the adsorbent
was a maximum and a comparison between the experimental
values and model-predicted results was found to be good
(Table 10). Thus, the optimum values of the process variables
were found to be adsorbent loading (A) 1.5 g (100 mL)−1;
initial adsorbate concentration of solution (B) 45 mg L−1;
adsorption time (C) 280 min.; and the adsorption temperature
(D) 30 ◦C.

J Chem Technol Biotechnol 2009; 84: 291–301 c© 2008 Society of Chemical Industry www.interscience.wiley.com/jctb



3
0

0

www.soci.org MG Pillai et al.

Figure 11. 3D Response surface. (a) Interactive effects of varied initial adsorbent loading and initial adsorbate concentration at adsorption time 165 min
and adsorption temperature 30 ◦C. (b) Interactive effects of varied initial adsorbent loading and adsorption time at initial adsorbate concentration 25 mg
L−1 and adsorption temperature 30 ◦C. (c) Interactive effects of initial adsorbate concentration and adsorption temperature at initial adsorbent loading 3g
(100 mL)−1 and adsorption time 165 min. (d)Interactive effects of adsorption time and adsorption temperature at initial adsorbent loading 3 g (100 mL)−1

and initial adsorbate concentration 25 mg L−1.

Table 10. Optimized process variable values for adsorption process

Adsorption capacity (mg g−1)
Adsorbent concentration Initial adsorbate Adsorption Temperature
(g (100 mL)−1) concentration (mg L−1) time (min) (o C) Predicted Experimental

1.5 45 280 30 1.9564 1.9427

CONCLUSIONS
Kinetic and isotherm studies revealed that MIRH, an inexpensive
material, could be used as a potential adsorbent for the removal
of Ni(II) ions from aqueous solutions. Although the adsorption
data fitted the Freundlich isotherm model reasonably well, the
maximum adsorption capacity obtained using the Langmuir
model compared well with both the experimental data and
the qe values obtained from the pseudo-second-order kinetic
model. The kinetics of Ni(II) adsorption were found to follow
the pseudo-second-order model. The RSM was used for the
optimization and analysis of the adsorption process variables.
The existence of interactions between the variables considered
for the response was observed to be most significant for
AB, AC, BD, moderately significant for CD and not significant
for AD and BC. The optimum conditions of variables for
Ni(II) uptake were adsorbent loading (A) 1.5 g (100 mL)−1;

initial adsorbate concentration of solution (B) 45 mg L−1;
adsorption time (C) 280 min.; and adsorption temperature (D)
30 ◦C.
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