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Abstract
The current study explains the effect of acid pretreatments on rice straw (MRS) for the removal of Co(II) from
aqueous solution. MRS showed improvement in adsorption capacity. The kinetic data were analyzed in term of
pseudo first-order, pseudo second-order and intraparticle diffusion expressions. It is found that the pseudo secondorder model was the best model for the adsorption process. The Langmuir, Freundlich, D-R and Temkin isotherm
models were applied to the equilibrium data and defined very well the Langmuir isotherm model. The results show
that, the mean values of the thermodynamic parameters of activation energy (Ea = 8.33 kJ mol−1), the sticking
factor (S* ≤ 1), standard free energy (ΔG0 = −8.6 kJ mol−1), standard enthalpy (ΔH0 = 12.45 kJ mol−1) and
standard entropy (ΔS0 = 28.53 mol−1 K−1) of the adsorption mechanism were determined.
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1. Introduction
The removal and recovery of toxic metal ions from wastewater have become important research areas
in terms of environmental issues, and widely been studied from various aspects in recent years. A
number of approaches such as ion exchange, adsorption, chemical precipitation, reverse osmosis and
electrodialysis techniques have been developed for this purpose. Synthetic resins having the
functionalities to form chelate structures are also candidate compounds for the removal and recovery of
toxic metal ions in wastewater. However, in the case of petroleum-based synthetic polymers, suitable
post treatments of the used resins containing metal ions are required, and it may cause secondary
pollution during the post treatments. Moreover, most petroleum-based synthetic polymers are neither
renewable nor biodegradable.
On the other hand, cellulose is the most abundant and renewable biopolymers, and is one of the
promising raw materials available in terms of cost for the preparation of various functional materials.
However, because native cellulosic fibers generally have quite low carboxyl and other functional
groups, they have no or nearly no metal-anchoring capability per se. Hence, many attempts have been
made to utilize cellulose as a metal scavenger through some derivatizations.
Several pretreatment methods have been used to break the biological barriers to produce cellulosic
ethanol, such as dilute acid [1], steam explosion [2] and lime [3],. These methods are based on
principle of partial hydrolysis of the hemicellulose acetyl group, redistribution or cleavage of lignin,
which has been proven to be effective in increasing the cellulose hydrolysis. Alkaline solution has
advantages of removal of lignin, but it suffers from dealing with sustained pollutant and following up
management cost.
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The hot acid solution is the most popular pretreatment method of straw, by which the amorphous
hemicellulose and/or lignin is easily removed by H+ and hemicellulose will be partial hydrolyzed to
mono- and oligosaccharides. Furthermore, both morphological and structural characteristics are
changed due to organic polar substances and inorganic silica partly dissolved and leaving of the high
surface area with a more mesoporous pore on acid-treated plant residue. Increasing of crystallinity and
exposed cellulose having bigger microcrystalline size are helpful to produce fermentable ethanol by
removal of amorphous component such as hemicellulose/lignin and accompanied by breaking of
hydrogen bonding within inter-microfibril [4].
The content of lignin in rice straw is less than in other common feedstocks, such as corn stover and
wheat straw. Therefore, the effect of lignin composition on the enzymatic hydrolysis of rice straw may
be different from another that which occurs in the other biomass materials. Moreover, the
hemicelluloses–lignin matrix that surrounds the cellulose fraction in the biomass has been suggested to
act as a physical barrier, which hinders the access of cellulase to the surface of the cellulose. It is
believed that removing the hemicellulose may increase the pore volume and surface area of the solid
residue and assist access of cellulose to the cellulose structure [5].
In addition, the cellulase attack generally prefers to occur in an amorphous region of the cellulose.
Thus, the solid residues with high crystalline structure probably give fewer attack sites at which
cellulase initiate the hydrolytic reaction [5]. For corn stover with dilute acid pretreatment, it was found
that the level of crystallinity of the pretreated solid residues had a negative effect on the initial rate of
hydrolysis. Thus, the enzymatic hydrolysis of lignocellulosic materials are a complicated reaction due
to the heterogeneous structural properties of the raw materials. The effect of degree of crystallinity of
the pretreated rice straw on enzymatic hydrolysis is still not understood [6].
The aim of this study was to identify the reasonable conditions for the dilute acid pretreatment of rice
straw, which was evaluated by estimating the cobalt removal from aqueous solution. In addition,
structural features of the pretreated rice straw were also investigated by analyzing crystallinity and the
FTIR spectrum in order to clarify the effects of the acid-catalyzed reaction of adsorption capacity.
Furthermore, a comprehensive comparison of raw rice straw and pretreated rice straw was also made in
order to evaluate the potential of dilute acid pretreatment in the cobalt uptake.

2. Materials and methods
2.1. Materials
The rice straw (RS) used as raw material was obtained from Menofia, Egypt. Hydrochloric acid (35%
purity) was used for acid treatment. Hydrochloric acid was used for hydrolysis. All chemicals were
purchased from System Chem AR and Sigma–Aldrich and were used without further purification.

2.2. Acid hydrolysis
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The acid hydrolysis treatment was conducted on the raw rice straw treatment at a temperature of 28 °C
using 0.1 M of hydrochloric acid (pre-heated) for 24h under continuous stirring. The hydrolysed
material was washed by centrifugation at 10,000 rpm at 28°C for 10 min. This centrifugation step was
repeated several times before the suspension was dialysed against distilled water for several days until
constant pH in the range of ≈ 7 was reached. The resulting suspension (MRS) was then kept in
desiccator for used.

2.3. Preparation of metal-solutions
The Co(II) stock solution containing 1000 mg/L was prepared by dissolving cobalt chloride (analytical
reagent grade) in distilled water. Cobalt working solutions in different concentrations was prepared by
diluting the Co (II) stock solution with distilled water.

2.4. Analytical technique
The concentrations of the Co (II) metal ions were performed using Flame Atomic Absorption
Spectrophotometer (FAAS) Vario 6. Elements were determined using an air– acetylene flame.

3. Discussion and results
3.1. Characterization of adsorbents
3.1.1. Chemical composition of RS and MRS
The chemical composition of the RS and MRS was determined and the data are summarized in Table 1.
Table 1 : Chemical Characterization of RS and MRS.
Samples

No.

Chemical Characterization

1

Moisture Content %

RS
7

MRS
6.27

2

Ash Content %

6

9.5

3

Lignin Content %

12.5

13.8

4

Holocellulose %

75.5

82.9

5

Alpha Cellulose

56

56.7

3.1.2. Spectroscopic analysis (FTIR)
The spectra of RS and MRS were measured within the range of 400–4000 cm−1 wave number. As
shown in Fig. 1.a and fig.1.b Significant changes of the functional group were visible after acid
treatment. Acid treatment (HCl) was used for cleaning the cell wall and replacing the natural mix of
ionic species bound on the cell wall with protons. The acid hydrolysis convert amide and ester groups
to corresponding carboxylic acids. A broad band in the region ∼3430 cm−1 in spectra may be assigned

to -OH stretching vibrations mode of hydroxyl functional groups including hydrogen bonding of
chemisorbed water or may be due to binding of -OH group with polymeric structure of MRS. A new
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peak emerged at ∼2923cm

in spectrum of MRS, which is not so prominent in spectrum of raw rice

straw, may be attributed to C-H stretching of aliphatic carbon or can be due to -CH2 or -CH3
deformation. The increased sorption potential of MRS as compared to untreated may be due to
formation of these stretching bands. Peak obtained at ∼1641 cm−1 may be due to oleifinic C=C and
carbonyl C=O stretching frequencies of hemicellulose, liginin and amino groups. This peak became

more prominent in MRS, justifying its higher sorption potential due to this structural modification. The
observed peak in the spectra of 1523 cm−1 [7,8] is attributed to ether and carboxylate groups.
To confirm the difference in functional groups after the biosorption of Co(II), FTIR study was carried
out using Co(II) loaded MRS. The absorption spectrum of cobalt-loaded adsorbent was compared with
that of unloaded MRS. A change of absorption bands can be seen when comparing the FTIR spectra of
pristine and cobalt-loaded biomass (Fig. 1.a and 1.b). This figure also shows the changes in the
spectrum of the biosorbent after sorption of Co(II). An interesting phenomenon was the disappearance
of the band intensity at 1459 and 1259 cm−1 after metal binding. Although, slight changes in other
absorption frequencies were observed, it was difficult to interpret how these absorption peaks were
related with Co(II) biosorption [9].

Fig. 1.a. FTIR spectra for RS (a) bfore and (b) after adsorption.

Fig. 1.b. FTIR spectra for MRS (a) bfore and (b) after adsorption.
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3.1.3. Scanning electron (SEM) micrographs
Fig. 2 show the SEM micrographs of the RS and MRS befor and after loading. The studies demonstrate
the presence of hollow cavities with irregular surfaces and many micropores in the periphery of the
adsorbents activated. Micrographs show considerable changes in morphology of biosorbent after
activation with increased number of cavities on activated surface responsible for more adsorption
potential of MRS.

Fig. 2. SEM for (a) RS and (b) MRS before adsorption and for (c) RS and (d) MRS after adsorption.

3.1.4. EDXA Spectra
Scanning electron (SEM) micrographs of untreated (RS) and treated rice straws (MRS) are shown in
(Fig. 3) and its possible change following Co(II) uptake. In comparison to the EDX spectrums the
unloaded MRS did not show the characteristic signal of cobalt metal, whereas the EDX pattern for the
cobalt loaded MRS revealed distinctive two peaks for the metal ion. Therefore, the existence of the
metal on the RS and MRS surface after adsorption was confirmed by EDX spectra.

Fig. 3. EDXA for (a) RS and (b) MRS before adsorption and for (c) RS and (d) MRS after adsorption.
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3.1.5. X-ray diffraction (XRD)
Cellulose has crystalline structure contrary to hemicellulose and lignin, which are amorphous in nature.
According to Zhang [10], cellulose has a crystalline structure due to hydrogen bonding interactions and
Van der Waals forces between adjacent molecules. X-ray diffraction (XRD) analysis was completed to
evaluate the crystallinity of the rice straw after different chemical treatment stagesas shown in (fig 4).
Chemical treatment performed on natural fibers can affect the crystallinity of cellulose. For example,
dilute acid (HCl) has no effect on the crystalline domains, but destroys the amorphous region of the
fiber [11,12].

Fig.4 XRD for (a) RS and (b) MRS before adsorption and after adsorption.

3.2. Effect of solution pH values
The study of pH has pronounced effects on sorption, so it was studied over the range 1.8–7.1 at prior
mentioned conditions. For cobalt, the adsorption pH (1.8–7.1 ± 0.1) was chosen to avoid the
precipitation of the metal hydroxides.

At pH 1.8 and 3.1, the uptake capacity of acid pretreated RS biomass for Co(II) was very low due to
extreme competition between hydrogen and metal ions present in the liquid phase. The active binding
sites got protonated at low pH resulting in the generation of repulsive forces between metal ion Co(II)
and active adsorption sites and thereby decrease the interaction of metal ions with the cells [13], which
led to under privileged adsorption of Co(II). With the increase in pH from 4.5 to 6.3, removal of metal
ion increased. The increase in pH leads to decrease in repulsive forces and generation of attractive
forces between active sites of adsorbent and Co(II). On increasing pH, more ligands (carrying negative
charges) would be exposed with the subsequent attraction of positively charged metal ions. The
maximum removal of Co(II) with RS and pretreated MRS biomasses across the liquid phase was
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obtained at pH 6.3. Above pH 6.3, the hydrolysis of Co(II) starts leading to the formation of the
formation of metal–hydrolyzed species [M(OH)+] could occur with consequent precipitation of metal–
ion hydroxides [M(OH)2(s)] resulting in weakening of positive charge density, which in turn decreases
the uptake capacity of RS and pretreated MRS biomasses [14] and thus making the studies above and
below these values (pH 7.1) impracticable as shown in fig. 5. The results revealed that pH has a
significant effect on Co(II) binding to pretreated RH biomasses. The equilibrium and kinetics modeling
was only applied on the pretreated MRS biomasses with increased uptake capacity compared to nontreated RS.

(a)

1.8
3.1
4.5
5.6
6.3
7

21.58%
19.17%
17.69%
16.44%
12.99%

PH

12.14%

1.8
3.1
4.5
5.6
6.3
7

25.69%
(b)

18.85%
17.84%
14.94%
11.93%

PH

10.75%

Fig.5. The effect of PH on the removal of co(II) using (a) RS and (b) MRS.

3.3. Sorbate concentration
The effect of sorbate concentration on the removal efficiency of sorbent was monitored over the
concentration ranges; Co(II) (117.86 - 825.05 mg/l) solutions on its own uptake by 0.4 g of RS and
MRS using selected optimized conditions. The uptake rate of the cobalt ion Co(II) increases along
with increasing the initial cobalt concentration, if the amount of biomass is kept unchanged. Contrary
to that, uptake capacity of the metal ions is inversely proportional to the amount of the biomass when
the initial concentration of metal ions is kept constant. A corresponding decrease in removal percentage
with the increase in concentration of sorbate was observed, illustrating that at higher concentration of
sorbates, limited number of sorption sites are available onto sorbent surface and the study is in
agreement with earlier reported work [15] as shown in fig. 6.
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Fig.6. The effect of concentration on the removal of Co(II) onto RS and MRS.

3.4. The distribution ratio (D)
Distribution ratio D for cobalt ions was determined by the batch method at different temperature
systems (301, 313 and 323K). The distribution ratio, D, is defined as the ratio of metal ion
concentration on the adsorbent to that in the aqueous solution and can be used as a valuable tool to
study Co(II) ion mobility. The distribution ratio D is defined by the following relationship:
Kd =

(I−F)

500 mg

x

50 ml
F

Where I is the volume of EDTA used before treatment of metal ion-exchange. F is the volume of
EDTA consumed by metal ion left in solution phase.Fig.

7 shows that the distribution ratio (D)

values increase with the increase in temperatures of cobalt solutions. A corresponding
increase in distribution coefficient (Kd) with the increase in temperature of sorbate
solution was observed, illustrating that at higher temperature of sorbates, large
number of sorption sites are available onto sorbent surface and the study is in
agreement with earlier reported work [16,17]. The rapid metal sorption has significant
practical importance, as this will facilitate with the small amount of adsorbent to
ensure efficiency and economy.
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Fig. 7. The effect of distribution coefficient on adsorption of Co (II) by RS and MRS

3.5. Effect of the ionic strength
Perusal of (Figs. not shown) clearly demonstrate that the presence of electrolyte in the reacting medium
plays a relevant role, particularly the progressive increase of the electrolyte concentration in solution
leads to a drastic reduction of the Co (II) uptake by RS and MRS adsorbents.
The influence of the ionic strength on the capacity of cobalt adsorption on the two adsorbents in the
presence of different electrolyte in various concentrations media has been tested with the addition of
NaCl, NaNO3 and Na2SO4 to the cobalt solution. The increase in ionic strength between 0.001 and 0.1
has decreased the percentage of adsorption in cobalt-electrolyte-RS and -MRS systems. This may be
due to the following two reasons: I) The electrostatic attraction seems to be a significant mechanism, as
indicated by the results where, in high ionic strength, the increased amount of the electrolyte can help
to render the surface of the rice straw not easily accessible to cobalt (II) ions and hence decreasing the
absorption rate. In fact, according to the Surface Chemistry Theory developed by Guoy and Chapman
[18], when solid adsorbent is in contact with sorbate species in solution, they are bound to be
surrounded by an electrical diffused double layer, the thickness of which is significantly expanded by
the presence of electrolyte. Such expansion inhibits the adsorbent particles and Co (II) from
approaching. b) The relative competition between sodium ions and cobalt species for the active sites of
rice straw can also be an explaining factor. However, the thickness of the electrical diffused double
layer was found to be NaCl < NaNO3 < Na2SO4 Thus, the order of cobalt uptake by the RS and MRS in
different electrolyte systems was NaCl > NaNO3 > Na2SO4 solutions. A similar trend has been
observed by earlier investigators [19,20].
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3.6. Amount of adsorbent
Increase of the biomass concentration of the biosorption system could result in increasing the sorption
site interactions for RS and MRS. When the biomass concentration is low, metal ions Co(II) in the
solution would not only be adsorbed to surface of the biomass, but also enter into intracellular part
through facilitating the concentration gradient of cobalt ion. Results revealed that adsorption capacity
(qe) increased with increase of initial c ion cobalt concentration due to the increase of the availability of
the metal ions in a fixed biosorbent dose (Fig. 8). This sorption characteristic represented that surface
saturation was dependent on the initial Co(II) concentrations. As a matter of fact, biosorption capacity
of metal ions reported was related to the ratio of the concentration of initial cobalt ions to the
concentration of biomass [21].

Removal %
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MRS

90
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80
75
70
65
60
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1.0

Adsorbent dosage (g)
fig.8. Effect of amount of adsorbent on the removal of Co (II) onto RS and MRS

3.7. Biosorption Isotherms
Analysis of biosorption data is necessary for the development of biosorption isotherms, biosorption
kinetics, and thermodynamic models. These models are used for optimization of design parameters.
The interaction between biosorbent and sorbate can be determined by the biosorption isotherm models,
namely, Freundlich [22], Langmuir [23], Dubinin–Radushkevich (D–R) [24] and Temkin [25] models
at different temperatures.
Freundlich isotherm
The Freundlich isotherm is the earliest known equation explaining the biosorption mechanism
(Freundlich, 1906). This model is based on the assumption that the biosorption process takes place by
the interaction of the sorbate on the heterogeneous surfaces. There is a logarithmic decline in the
energy of biosorption with the increase in the occupied binding sites. In addition, Freundlich isotherm
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presumes the uptake of sorbate on a heterogeneous surface by multilayer sorption and may be tested
using the linearized form of equation (1) as:
1

log qe = log K F + log Ce ---------------------------------------------------------------------------------------- 1
n

where qe (mg/g) and Ce (mg/l) are sorbed and equilibrium concentrations of sorbate onto sorbent
surface and in solution at equilibrium, kF (mg/g) represents the multilayer sorption capacity of sorbent

and n is a characteristic constant measure of intensity of sorption and estimated from the intercept of
the linear plots. The values of n computed from the slope of the plots (2.2) indicate better sorption of
sorbate along of temperatures and the results of kF (251.1) although, the value of correlation
coefficients showed that the Freundlich model (0.90731) was poor fitted for HCl-treated biomass as in
table 2.
Langmuir isotherm
The Langmuir adsorption isotherm (Langmuir, 2000) is frequently applied for the biosorption of
organic and inorganic pollutants (dyes and heavy metals) from aqueous solution. This model suggests
that the biosorption into the adsorbent surface is homogeneous in nature. According to Langmuir
isotherm, the biosorption of solute from aqueous solution onto the biosorbent surface is occurring as
monolayer biosorption on the homogeneous number of exchanging sites. This phenomenon describes
the uniform biosorption energy on the biosorbent surface. The help of linearized form of relationship in
equation (2) as:
Ce
qe

=

1

KL Qmax

+

Ce

Qmax

------------------------------------------------------------------------------------------

2

where ‘b’ is the Langmuir constant (L mol−1) and Co is the initial concentration of sorbate (mg/l). In
linear Plots of Ce/qe versus Ce , the values of Qmax (mg/g) are analyzed from the slope of the linear plots
and the results are enlisted in table 2, whereas the values of ‘b’ (0.026 for Co(II) are computed from the
intercepts of the plots.
The important features of the Langmuir isotherm model can be defined by the dimensionless constant
separation factor RL, which is expressed by the following equation (3) as:
RL=1/1+KLC0 --------------------------------------------------------------------------------------------- 3
A dimensionless constant, separation factor, RL [26] describes the type (RL = 0 irreversible,
RL = 0 < RL > 1 favorable and unfavorable RL > 1) of Langmuir isotherm, which is an essential
characteristic of Langmuir isotherm and calculated in the temperature range (301 - 323K).
The values of RL in the range (0.098) assign a highly favorable sorption of Co ion solutions.The value
of correlation coefficients showed that the Langmuir model was the best fitted for HCl-treated biomass
(0.99885) in comparison with Freundlich model (0.90731).
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Dubinin–Radushkevich (D–R) isotherm
Dubinin–Radushkevich isotherm assumes a fixed volume or ‘sorption space’ close to the sorbent
surface and determines the heterogeneity of sorption energies within the sorption space and is applied
in the linearized form of the equation as (4),
lnqe =lnXm−βε2

----------------------------------------------------------------------------------------------- 4

where qe is in mg/g (described earlier), Xm represents the maximum sorption capacity of sorbent (mg/g)
and β (kJ2 mol−2) is a constant with dimensions of energy. The Polanyi sorption potential ɛ, which is
the amount of energy required to pull a sorbed molecule from its sorption site to infinity may be
evaluated by using relationship
where ‘R’ is a gas constant in J mol−1 K−1, ‘T’ is the temperature in Kelvin, Ce (mg/l) is as mentioned
earlier. The plots of ln qe versus ɛ2 yield coefficients of determinations 0.96419 and the result of Xm
(24.6) computed from the slope and intercept of respective plots are documented in table 2 . R2 values
(0.96419) showed that the D–R model poor fit to the experimental data.

The mean free energy of biosorption (E) can be defined as the free energy change when one mole of
ion is transferred from infinity in solution to the biosorbent [27]. It can be calculated using the
relationship equation (5) as:
E = 1/√−2B ------------------------------------------------------------------------------------------------------- 5
The E value in our studies shows a high value (116.2 kJ mol−1), indicating the chemical nature of the
cobalt adsorption processes onto acid treated MRS.
Temkin Isotherm
The Temkin isotherm model (Temkin and Pyzhev, 1940) suggests an equal distribution of binding
energies over the number of the exchanging sites on the surface. The distribution of these energies
depends on the nature of adsorbate species and the biosorbent surface. The decline in the heat of
adsorption is linear, but not logarithmic in nature [28]. The linear form of Temkin isotherm can be
written as in equation (6):

qe = BT ln AT + BT ln Ce ------------------------------------------------------------------ 6
where BT = RT/b, T is the absolute temperature in Kelvin and R is the universal gas constant (8.314
J/mol/K), At is the equilibrium binding constant and BT is corresponding to the heat of sorption. The
results of the isotherm parameters/constants are given in tables 2. The correlation coefficients for HCl
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treated biomass were high (0.99655) and showed good linearity. So, it can be said that the experimental
data of cobalt were also better fit to the Temkin isotherm model.

Table 2 : Adsorption isotherm parameters for (353.58 mg/L) of Co(II) on RS and MRS in aqueous solution.

Rice Straw

Freundlich parameters

Langmuir parameters
Qo (mg/g)

b
(L/mg)

RL

R2

n

RS

28.5

0.009

0.24

0.99240

4.7

MRS

19.8

0.026

0.098

0.99885

2.2

Rice
Straw

D – R parameters

Kf
(mg/g)

86.1
251.2

R2

0.92857
0.90731

Temkin parameters

β

Xm
(mg/g)

E
kJ/mol

R2

RS

3.7x10-5

32.4

116.2

MRS

3.7x10-5

24.6

116.2

Kt

Bt

(L/g)

(J/mol)

0.67008

1.5x10-4

7.62

0.95294

0.96419

1.1x10-3

14.5

0.99655

R2

3.8. Biosorption Kinetic Models
The experiments were conducted to determine the time required for MRS biomasses to bind Co(II).
The Co(II) uptake was rapid within first 30 min followed by slow sorption till equilibrium was reached.
From this sorption behavior of MRS biomasses; it can be concluded that Co(II) uptake by MRS
biomasses followed a two steps mechanism, where the metal ion was chemically taken up onto the
surface of the biosorbent before being taken up into the inner adsorption sites of dead cells [21]. The
first step, known as a passive surface transport, took place quite rapidly, i.e. within 30 min, while the
second passive diffusion step transport, could take much longer time to complete. The fast metal uptake
(within first 30 min) observed is of particular importance to process design and operation in practical
uses. The mechanism of biosorption such as mass transport and chemical reaction procedures must be
investigated to fully understand adsorption kinetics. When the biomass is employed as a free
suspension in a well-agitated batch system, the effect of external film diffusion on biosorption rate can
be assumed not significant and ignored in any kinetic analysis.
Kinetic studies are necessary to optimize different operating conditions for the biosorption. The rate of
biosorption process depends on the physical and chemical properties of the biosorbent material and the
mass transfer mechanism. The kinetics of cobalt onto the treated rice straw was analyzed using pseudofirst-order [29], pseudo-second-order [30], and intraparticle diffusion [31] kinetic models. The
applicability of these kinetic models was determined by measuring the correlation coefficients (R2).
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Pseudo-First-Order Kinetic Model
Pseudo-first-order kinetic model is based on the fact that the change in cobalt solution temperature
with respect to time is proportional to the power one. The linearized equation is described as follows
(7) :
log�qe – qt � = log qe,1 – k1 t -----------------------------------------------------------------------------------

7

where qe and qt are the biosorption capacity (mg/g) at equilibrium and time t, respectively, k1 is the rate
constant (L min−1) of pseudo-first-order kinetic model.
The values of rate constant k1, qe calculated, qe experimental, and R2 of cobalt is presented in tables 3.
In linear plots of ln (qe − qt) versus t, the values of k (0.018, 0.019 and 0.023 for Co ions at three
temperatures, 301, 313 and 323K, respectively) are computed from the slopes of the corresponding
plots. The results showed that the qe calculated is not equal to qe experimental and the values of R2
values of cobalt with HCl treated biomass are not satisfactory. Mostly, the first-order kinetic model is
not fitted well for whole data range of contact time and can be applied to the preliminary stage of the
biosorption mechanism (Aksu and Donmez, 2003). This suggested that the biosorption of cobalt is not
likely to follow the first order kinetic model.

Pseudo-Second-Order Kinetic Model
The biosorption mechanism over a complete range of the contact time is explained by the pseudosecond-order kinetic model as shown below equ.(7,8):
t

qt

=

1

k2 q2
e,2

h = k 2 q2e,2

+

t

qe,2

----------------------------------------------------------------------------------------------- 7

-------------------------------------------------------------------------------------------------------- 8

where k2 (g/mg/min) is the second order rate constant of the biosorption process. The second-order
parameters k2, qe calculated, qe experimental, and R2 of cobalt is shown in tables 3. The values of qe
calculated and qe experimental for cobalt are quite same. The correlation coefficients (R2) for HCltreated biomass for cobalt are also very high (0.99841) which showed that the pseudo second-order
kinetic model good fit to kinetic data. The results predicted that the effectiveness, suitability, and
applicability of pseudo-second-order kinetic model was more than pseudo-first order kinetic model.
When the temperature was increased, the initial adsorption rate h (mmol/(g min)) of cobalt onto
MRS also increased.
Intraparticle Diffusion Model
The movement of cobalt ions (adsorbate) from aqueous solution to the biosorbent surface takes place
through various steps. In the first step called bulk diffusion, the transportation of cobalt ions to the solid
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biosorbent phase takes place. The second step involves the boundary layer diffusion of adsorbate
molecules on the biosorbent surface which is called film diffusion. In the third step called pore or
intraparticle diffusion, the cobalt ions move from the outer surface of biosorbent into the internal pores.
The fourth step involves a chemical reaction in which the cobalt ions are adsorbed onto the active
binding sites of the biosorbent material. The biosorption mechanism may be controlled by a single step
or combination of many steps. In a batch experiment system which involves fast and continues stirring,
there is a possibility that the intraparticle diffusion is only the rate determining or rate controlling step.
The intraparticle diffusion equation is written as follows equ.(9):
qt = Kp t1/2 + C

---------------------------------------------------------------------------------------------------

9

where C is the intercept which describes the boundary layer thickness and Kp (mg/g min1/2) is the rate
constant of intraparticle diffusion. The values of Kp and C for cobalt are given in tables 3. The
intraparticle diffusion played important role in the biosorption process, if the plot of qt versus t1/2 passes
through the origin. But the lines were not passed through the origin and values of correlation
coefficient are also low. Thus the results showed that the biosorption of cobalt onto the treated rice
straw does not only depend on intraparticle diffusion, but many other mechanisms may be involved
[32]. Therefore, the data are not fitted well to the intraparticle diffusion model. The value of intercept C
decreased with an increase in the cobalt solution temperature showing the decrease in boundary layer
thickness.
Table 3 : Kinetic parameters for (353.58 mg/L) of Co(II) on RS and MRS in aqueous solution.

Temp.K

Rice Straw

RS

MRS

Pseudo first-order
model

Pseudo second-order model

Intraparticle diffusion model

qe,1,cal
(mg/
g)

K1
(min-1)

R2

qe,2,cal
(mg/g)

K2
(g/mg
min)

h
(mg/g
min)

R2

Kint
mg/g min-0.5

301

13.14

0.018

0.99145

32.41

4.0×10-3

4.2

0.99959

313

19.83

0.023

0.94626

37.20

3.3×10-3

4.6

323

20.94

0.024

0.98666

41.05

3.1×10-3

301

12.72

0.018

0.95044

28.84

313

14.54

0.019

0.9552

323

17.05

0.023

0.95495

C
(mg/g)

R2

0.759

19.779

0.85229

0.99916

1.092

20.432

0.88023

5.2

0.99947

1.261

21.951

0.84888

4.2×10-3

3.5

0.99841

0.741

17.197

0.9356

31.00

2.6×10-3

2.5

0.99156

0.837

17.516

0.93365

32.02

3.6×10-3

3.7

0.99875

0.908

17.891

0.91301

3.9. Influence of temperature
Temperature mainly influences metal ion adsorption by affecting the chemical structure of an adsorbent
surface, as well as the physical and chemical status of a solution. Temperature influences the rate of ion
movement in a solution, which affects ion adsorption and desorption. Therefore, controlling the
appropriate adsorption temperature is necessary for an adsorbent to achieve the optimal adsorption
effect. Ion movement in the solution accelerated as the temperature increased from (301°C to 323°C) in
Fig. 9. This acceleration facilitated the exchange of unsaturated ions in the MRS with Co(II), which
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benefited the chelation of carboxyl and hydroxyl on the MRS with Co(II). Therefore, cobalt adsorption
increased [33].
RS
MRS

Removal (%)

Dosage = 0.4 g
PH = 6.3
80 c0 = 353.58 mg/L

60

40

20

0
300

305

310

315

320

325

Temperature K
Fig.8. The effect of temperature on the removal of co(II) using RS and MRS.

3.10. Thermodynamics of sorption
Thermodynamic parameters, enthalpy ΔH (kJ mol−1), entropy ΔS (J mol−1 K−1) and standard free
energy of activation ΔG (kJ mol−1) were investigated in the range of 301–323 K under the optimized
conditions chosen by applying the equations(9,10):
log K d =

∆S

2.301R

−

∆H

2.301RT

---------------------------------------------------------------------------------------- 8

ΔG =ΔH - TΔS --------------------------------------------------------------------------------------------------- 9
Where ‘R’ is a gas constant, ‘T’ is the temperature in Kelvin. The plots of ln Kd versus 1/T (K−1) are
linear throughout the investigation and the values of ΔH and ΔS are computed from the respective
slope and intercepts of the plots. The positive values of ΔH (12.45 kJ mol−1), ΔS (28.53 J mol−1 K−1)
and ΔG (−8.6, -8.9 and -9.2 kJ mol−1) demonstrate the endothermic, unstable and spontaneous nature of
the sorption process, respectively [34].
In order to further support the assertion that the adsorption is the predominant mechanism, the values of
the activation energy Ea 8.33 KJ/mol and sticking probability (S*) were estimated from the
experimental data and tabulated in table 4. They were calculated using a modified Arrhenius type
equation related to surface coverage as expressed in equations (11,12):
θ=1−

Ce
C0

-------------------------------------------------------------------------------------------------------- 11

S ∗ = (1 − θ) exp �−

Ea

RT

�

-------------------------------------------------------------------------------------- 12
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The sticking probability, S*, is a function of the adsorbate/adsorbent system under consideration and is
dependent on the temperature of the system. The parameter S* indicates the measure of the potential of
an adsorbate to remain on the adsorbent indefinitely.
The effect of temperature on the sticking probability was evaluated throughout the temperature range
from 301 to 323 K by calculating the surface coverage at the various temperatures. Table 4 also
indicated that the values of S* ≤ 1 (0.013), hence the sticking probability of the Co(II) ion the
adsorbent system are very high.
The apparent activation energy (Ea) and the sticking probability (S*) are estimated from the plot (Fig.
not shown). These results are indicating that the adsorption processes has a low potential barrier. The
positive values of the apparent activation energy Ea also indicated that the higher solution temperature
favors the adsorption process and also the adsorption process is endothermic in nature [35].
Table : 4 Thermodynamic parameters for (353.58 mg/L) of Co(II) on RS and MRS in aqueous solution.

Rice Straw

Temp.K

∆G
(kJ/mol)

∆S
(J/mol k)

∆H
(KJ/mol)

S*

301

-50.2

167.0

53.61

7.19×10-9

44.13

313

-52.2

-

-

-

-

323

-53.9

-

-

-

-

301

-8.6

28.53

12.45

0.013

8.33

313

-8.9

-

-

-

-

323

-9.2

-

-

-

-

RS

MRS

Ea
(KJ/mol

CONCLUSIONS
The adsorption properties of Co2+ by untreated rice straw and acid treated rice straw were examined in
this experiment. The results obtained from the present investigation reveal that:
•

The rice straw which is abundantly available and can be easily converted into good adsorbent
by using simple method of activation, such as activation with acid.

•

Rice straw is an environmentally friendly potential adsorbent for toxic metals. This work
examined the efficiency of this adsorbent in removal of some metal ions Co(II) from aqueous
and inorganic solution. The present investigation shows that the rice straw is an effective and
inexpensive adsorbent for the removal of Co(II).

•

It was found that the percentage removal (%) of toxic cobalt ions was dependent on the dose
of low cost adsorbent and adsorbent concentration.

•

The contact time necessary for maximum adsorption was found to be 4.5 hours.

•

The maximum removal of Co(II) with un treated and pretreated RS biomasses was obtained at
pH 6.3
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