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a b s t r a c t
Herein, batch adsorptive removal of cobalt ions (Co(II)) from aqueous solution was studied at room 
temperature. Adsorption of cobalt ions onto rice husk (RH) was confirmed by utilizing Fourier 
transform infrared, scanning electron microscopy, and energy diffraction energy-dispersive X-ray 
analysis. The effect of contact time, mass of RH, initial concentration of cobalt ion solution, tem-
perature, and pH on the percentage discharge of Co(II) was revealed. The nonlinear models such as 
pseudo-first-order model, pseudo-second-order model, intraparticle diffusion model, and Elovich 
model were utilized to study kinetics for adsorptive removal of cobalt ions (Co(II)) from aqueous 
solution. Results showed that experimental data fitted well to nonlinear pseudo-second-order kinetic 
model. Nonlinear isotherms such as Langmuir, Freundlich, and Dubinin–Radushkevivh (D–R) 
were used to reveal experimental data of cobalt ion adsorption onto RH. Results represented that 
experimental data fitted well to nonlinear isotherms. Adsorption thermodynamic study showed 
that adsorption of Co(II) onto RH was an endothermic and spontaneous process. Moreover, desorp-
tion of cobalt ions was also revealed. Therefore, RH could be utilized as a good adsorbent for the 
removal of Co(II) from aqueous solution at room temperature.
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1. Introduction

Surface water polluted with heavy metals because of 
industrial wastewaters has been a problem for several coun-
tries in the world from the past few decades. The existence of 
heavy metals in aqueous environments has adverse effects 
on plant growth, human health, and animal habitat [1,2]. 
Cobalt is largely utilized in several industries including 
mining, metal-working, plating, pigments, electronics, and 
nuclear medicine [3]. In the human body, it is necessary for 
the synthesis of vitamin B12. However, high human expo-
sure to cobalt can cause symptoms such as low blood pres-
sure, nausea, vomiting, disorders of the nervous system, 
and paralysis [4]. According to the Environmental Bureau of 
Investigation (EBI) and Canadian Water Quality Guidelines 
(CWQG), the acceptable limits of cobalt in irrigation water 
and livestock watering are 0.05 and 1.0 mg/L, respectively 
[5,6]. Therefore, the removal of a nonacceptable amount of 
cobalt from water is necessary.

To date, various methods including precipitation, reverse 
osmosis, membrane electrolysis precipitation, ion-exchange, 
oxidation, and adsorption were utilized to discharge cobalt 
ions from huge volumes of aqueous solutions [7–10]. 
Adsorption is popular due to its simplicity, high efficiency, 
and cost-effectiveness in the discharge of metal ions from 
wastewater [11–15]. Several materials including iron oxide, 
nanomaterials, clay minerals, zeolites, coal, Mg/Al layered 
double hydroxides, chitosan, and carbon materials have 
been utilized as adsorbents [16–22]. Though, there are still 
some issues that bound their practical utilization such as 
these adsorbents are difficult to separate, their adsorption 
capacity is not enough, and so on [23]. Therefore, it is cru-
cial to find new adsorbent. Currently, the application of 
agro-wastes as adsorbents is attracting great attention due 
to their presence in huge amounts, low price, presence of 
porous structure, and relatively high fixed carbon content.

One of the most important agricultural wastes is rice husk, 
which can be utilized as an adsorbent for the discharge of 
various kinds of pollutants particularly metal ions. Pakistan 
comes in the big producer of rice (5.2 million tons annually) 
and its husk which forms 20%–23% of the total rice grain is 
considered as unwanted waste material that actually poses a 
disposal issue for mill owners [24–26]. It contains proteins, 
cellulose, hemicellulose, and lignin, possessing hydroxyl, 
and carboxyl functional groups present to connect with cat-
ions [27,28]. Rice husk could be utilized as an excellent adsor-
bent for the discharge of cobalt ions from aqueous solutions 
at room temperature because of these properties. Our pre-
vious work reported the use of RH as an adsorbent for the 
removal of lanthanum, cerium, and nickel [24–26]. Moreover, 
the discharge of dye from aqueous solution was also studied 
by utilizing anion exchange membranes and leave powder 
of different plants [29–38]. To extend our research, we shall 
use RH as an adsorbent for the discharge of cobalt ions from 
aqueous solutions. Moreover, the adsorption of cobalt ion 
onto RH has not been studied by any author to the best of 
our knowledge.

In this research, batch adsorptive removal of cobalt 
ions by utilizing RH was revealed at room temperature. 
The effect of operational factors on the percentage of dis-
charge of cobalt ions was explored. Nonlinear kinetic 

models were applied to experimental data. Moreover, the 
obtained experimental data were also subjected to nonlinear 
isotherms. Thermodynamics for adsorption of cobalt ions 
onto RH was revealed. Moreover, the recovery of cobalt ions 
and regeneration of RH were also evaluated.

2. Experimental

2.1. Materials

Cobalt oxide (CoO2), hydrochloric acid (HCl), potas-
sium chloride (KCl), sodium acetate (CH3COONa), acetic 
acid (CH3COOH), boric acid (H3BO3), ammonium chloride 
(NH4Cl), ammonium hydroxide (NH4OH), sodium hydrox-
ide (NaOH), sodium phosphate (Na2HPO4), and Nitric acid 
(HNO3), was provided by Sinopharm Chemical Reagent Co., 
Ltd., (China). Deionized water was used throughout this 
research.

2.2. Adsorbent

Rice mill in the Punjab Province of Pakistan provided 
husk of basmati rice. The required samples were thoroughly 
washed with water to withdraw dust particles and were 
oven-dried at 80°C till constant weight was attained. The 
dried husk was stored in a pre-cleaned airtight container 
and was utilized without any physical or chemical pre-treat-
ment. The chemical analysis of husk samples was carried 
out by using neutron activation analysis (NAA) and atomic 
sorption spectrometry (AAS) methods for their trace metal 
contents and attained results have been reported elsewhere 
[24,39]. These results exhibited that the number of met-
als such as Na, K, Pb, and Fe was present in μg/g of sam-
ple. Silica contents were found to be 18.27 (0.62%) of RH. 
The trace amount of elements present in RH was analyzed 
by adopting standard methods.

2.3. Adsorption procedure

A known quantity of RH was taken into a 25 cm3 secured 
cap culture tube along with 4 cm3 of the standard acid 
solution and a fixed quantity of stock radiotracer with a 
known quantity of cobalt ions concentration solution was 
added. Consecutively, the contents were equilibrated on a 
wrist-action mechanical shaker (Vibromatic, USA) at a rate 
of 500 rpm for specific intervals of time. Then, it was cen-
trifuged at 5,000 rpm for phase separation and the super-
natant solution was withdrawn for activity measurement. 
The radioactivity of solutions before (Ai) and after (Af) 
equilibrium was recorded with a NaI well-type scintillation 
counter (Canberra Inc., United States) coupled with a count-
er-scaler (Nuclear Chicago). A volume of 1.0 cm3 was usu-
ally utilized to determine the activity. All experiments were 
performed at room temperature. The percentage adsorption 
of cobalt ions from aqueous solution was determined using 
the below relationship:

% Adsorption =
−

×
A A
A
i f

i

100  (1)
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where Ai and Af denote initial and final adsorption of metal 
ions (counts/min) into an aqueous solution, respectively.

Batch desorption of cobalt ions was done by soaking a 
specific amount of cobalt ions loaded RH into an aqueous 
solution of HNO3 (0.1 mol/L) as a desorbing media for 5 min.

2.4. Characterization

2.4.1. Instrumentation

Fourier transform infrared (FTIR) spectra was recorded 
by employing attenuated total reflectance with FTIR spec-
trometer (Vector 22, Bruker) having a resolution of 2 cm−1 
and total spectral range of 4,000–400 cm−1. Structural fea-
tures of RH before and after adsorption of cobalt ion were 
investigated by field emission scanning electron micros-
copy (FE-SEM, Sirion200, FEI Company, USA). Energy 
dispersive X-ray (EDX) analysis was utilized to prove the 
adsorption of cobalt ions onto RH.

3. Results and discussion

3.1. FTIR analysis

FTIR analysis was employed to confirm the adsorption of 
cobalt ions onto RH. Fig. 1a shows FTIR spectrum of virgin 
RH. The characteristic absorption band at 3,400-3,200 cm-1 is 

assigned for surface O-H stretching whereas aliphatic C-H 
stretching had a broadband at 2,921–2,851 cm-1. The peaks 
at 1,217.0; 1,365.4; 1,737.8; and 1,027.4 cm-1 are attributed to 
carboxyl group on RH in range of reported peaks at 1,208–
1,230; 1,367-1,371; 1,740; and 1,029 cm-1 for carboxyl group 
[40,41]. The peaks at 1,737.8; 1,435.6; and 1,365.4 cm-1 are 
attributed with C=O stretching, OH bending of adsorbed 
H2O and aliphatic C-H bending, respectively [42]. Moreover, 
the peak at 1,074.0 cm-1 correlated to the anti-symmetric 
stretching vibration of Si-O, whereas at 476.2 cm-1 represents 
the bending vibration of Si-O-Si bond [40,43,44].

After adsorption of Co(II) onto RH, the variations in 
the frequencies were crucial to study into the functional 
groups which are responsible for adsorption of cobalt ions 
onto RH. FTIR spectrum of cobalt ions loaded RH is repre-
sented in Fig. 1b. After adsorption of cobalt ions onto RH, 
the shifting of peaks to 2,926.0; 1,741.9; and 1,018.4 cm-1, 
the decline in the intensities of 1,366.0 and 1,217.1 cm-1. A 
shift of ~12 and 11 cm-1 was seen in 1,217.0 and 1,029 cm-1 
peak. It showed the collaboration of these functional groups 
for adsorption of cobalt ions.

3.2. SEM and EDX studies

SEM was utilized to study structural aspects of RH 
before and after the adsorption of cobalt ions. Fig. 2a shows 

Fig. 1. FTIR spectrum of (a) virgin rice husk and (b) cobalt loaded rice husk.
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SEM micrograph of virgin and cobalt ions loaded RH. 
It can be seen that surface roughness of RH changed sig-
nificantly after the adsorption of cobalt ions. The surface 
of RH became smooth due to the adsorption of cobalt ions 
onto RH. The pores located on RH were of larger in size 
than the ionic radius of cobalt (0.088 nm) which promoted 
the cobalt ions adsorption into the pores of RH.

The presence of cobalt ions onto RH was also confirmed 
by EDX analysis of cobalt ions loaded RH. Fig. 2b represents 

the EDX image of cobalt ions loaded RH. The metal ion 
peaks observed at different energy levels ranging from 
0.550 to 7.650 keV proving its successful adsorption onto RH.

3.3. Effect of operating factors

The effect of contact time, mass of RH, initial concen-
tration of Co(II) solution, temperature, and pH on the per-
centage discharge of cobalt ions from aqueous solution was 

 

Fig. 2. (a) SEM image of (a) virgin and (b) cobalt ions loaded rice husk. (b) Energy-dispersive X-ray image of cobalt ions loaded 
rice husk.
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revealed keeping temperature, shaking speed, and other 
operating parameters constant. The details are given below.

3.3.1. Effect of contact time

Fig. 3 represents the effect of contact time on the per-
centage removal of cobalt ions from aqueous solution at 
room temperature. It can be seen that the percentage of dis-
charge of cobalt ions was increased from 29% to 52% with 
contact time. From Fig. 3, it is clear that adsorption was 
very rapid in beginning and then there was no significant 
change in discharge after this equilibrium was attained and 
no further important enhancement in adsorption occurred 
with contact time. In the beginning, the fast reaction may be 
due to the presence of a large number of vacant sites onto 
RH, and interaction was developed between cobalt ions 
and adsorption sites. Adsorption slowed down because of 
the movement of cobalt ions deep into interior pores of RH 
when all surface sites were occupied. Another reason could 
be that several empty sites supported rapid adsorption 
and when these sites were engaged then, there was a com-
petition for lesser remaining sites for the metals ions to be 
adsorbed which slowed down the rate of adsorption until 
equilibrium was attained [24].

3.3.2. Effect of the mass of RH

Fig. 4 depicts the influence of the mass of RH on the 
percentage discharge of cobalt ions at ambient tempera-
ture. From Fig. 4, it can bee seen that the percentage dis-
charge of cobalt ions from aqueous solution was increased 
with increasing mass of RH. The increase in percentage 
adsorption was from 35.35% to 66.45% with 10 cm3 of 
1.70 × 10−4 mol/L of cobalt in 1.0 × 10–4 mol/L of HNO3 within 
10 min. The optimized amount of RH was 0.2 g because 
after this the variation in the percentage adsorption was very 

small. Hence, this optimized amount of RH was utilized in 
further experiments.

3.3.3. Effect of the initial concentration of cobalt ion

Adsorption of metal ions is dependent on the initial 
concentration of metal ion solution. Fig. 5 represents the 
influence of the initial concentration of metal ions on the 
percentage discharge of cobalt ions from aqueous solution 
at room temperature. The percentage discharge of Co(II) 
was decreased with increasing initial concentration of metal 
ions in solution. Some of the metal ions were left unabsorbed 
at a higher initial concentration of cobalt ions because of the 
saturation of adsorption sites. At a low concentration of 
metal ions, more binding sites were present. With enhanc-
ing concentration on metal ions, the number of ions compet-
ing for present binding sites onto RH was enhanced. Similar 
results were reported in our previous work [24–26].

3.3.4. Effect of temperature

Temperature has a crucial influence on the percentage 
of discharge of cobalt ions from aqueous solutions. The 
influence of temperature on the percentage discharge of 
cobalt was revealed and attained results are shown in Fig. 6. 
Results showed that the percentage discharge of cobalt ion 
from aqueous solution was enhanced from 42% to 60% 
with a rise in temperature. With a rise in temperature from 
280 to 333 K, the enhancement in adsorption of cobalt ions 
may be either because of acceleration of some initially slow 
adsorption stages or to the establishment of some new active 
sites on the surface of the adsorbent (RH) [24].

3.3.5. Effect of pH

The pH of the adsorption medium is a crucial endow-
ment which controls metal ions adsorption onto different 

Fig. 3. Effect of contact time on adsorption of cobalt ions onto 
RH.

Fig. 4. Effect of the mass of RH on adsorption of cobalt ions 
onto RH.
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adsorbents. The influence of pH on adsorption of heavy 
metals from aqueous media had been reported by several 
researchers [45–48]. The metal ions solubility, chemical 
speciation, and counter ions concentration on the func-
tional groups of the adsorbents were also influenced by 
pH of adsorbing solution. The adsorption of cobalt ions 
was revealed from the aqueous media of different pH in 
the range of 1.0–8.24 employing a fixed quantity of RH and 
metal ions concentration. Fig. 7 shows result for the influ-
ence of pH on adsorption of cobalt ions. It has been observed 
that the percentage discharge of cobalt ions from aqueous 
solution by using RH was enhanced with an increase in pH 
of the solution. The maximum adsorption of cobalt ions 
onto RH occurred at pH 8.24. Adsorption of cobalt ions in 
the basic medium may have occurred on the cellulose part 
of the RH. It could also be because of the surface complex 
formation phenomenon with several organic components of 
the RH [49–52].

3.4. Adsorption kinetics

Nonlinear kinetic models such as pseudo-first-order, 
pseudo-second-order, intraparticle diffusion, and Elovich 
were applied on the time-dependent adsorption data of 
Co(II) onto RH. IGOR Pro 6.1.2, Wave Metrices software 
was utilized for the determination of kinetic parameters 
while using nonlinear equations.

The Lagergren’s pseudo-first-order kinetic equation 
may be represented as [53]:

dQ
dt

k Q Qt
e t =  1 −( )  (2)

The pseudo-second-order kinetic rate equation can be 
expressed as [54,55]:

dQ
dt

k Q Qt
e t =  2 −( )2

 (3)

Where Qt is the quantity of Co(II) adsorbed at the time 
“t” (mg/g), Qe is the amount of Co(II) adsorbed at equi-
librium (mg/g), t is time (min), k1 is the rate constant of 
pseudo-first-order model (1/min), k2 is the rate constant of 
pseudo-second-order model (g/mg min).

Nonlinear pseudo-first-order:

Q Q et e
kt= −( )−1  (4)

Nonlinear pseudo-second-order:

Q
k Q t
k Q tt
e

e

=
+

2
2

21
 (5)

Fig. 8 depicts nonlinear plots of pseudo-first-order and 
pseudo-second-order kinetic models for the adsorption of 
Co(II) onto RH. The values of constants and theoretically 
calculated Qe are given in Table 1.

To compare the applications of different models, Chi-
square test “c2” was utilized as a determining tool for the 
best-fit of kinetic equations which may be measured by 
the following relationship:

χ2

2

=
−( )

∑
Q
Q
QE e m

e m

,

,
 (6)

where Qe is equilibrium capacity attained from experimen-
tal data (mg/g), and Qe,m is equilibrium capacity obtained 
from model (mg/g). The computed values of “c2” are given 
in Table 1. The similarity of data attained from models is 
generally confirmed by comparison with the experimental 
data, “c2” would be a small number and vice versa. The com-
puted lower values of nonlinear “c2” test analysis of Co(II) 
for pseudo-second-order showed that pseudo-second-order 
model looks to be more credible for the determination of 
kinetic constants for the adsorption of Co(II) onto RH.

Fig. 5. Effect of initial concentration on adsorption of cobalt 
ions onto RH.

Fig. 6. Effect of temperature on adsorption of cobalt ions 
onto RH.
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For the investigation of rate-controlling step, the intra-
particle diffusion model developed by W. Weber and 
J. Morris was applied to the kinetic data of metal ions 
adsorption on rice husk. Intraparticle diffusion model can 
be mathematically shown as follows:

Q tkt = ipd
0 5.  (7)

where kipd (mg/g min0.5) is the rate constant of the intrapar-
ticle diffusion equation. The intraparticle model plot for 
adsorption of Co(II) on RH is presented in Fig. 8. If the line 
of plot passes through the origin, it shows that the intra-
particle diffusion mechanism was only operative during 
the adsorption process and it is the rate-determining step. 

It was found that the plot did not pass through the origin, 
indicating that the intraparticle model was not only govern-
ing the adsorption process. Moreover, the Chi-square for the 
intraparticle diffusion model was found to be high suggest-
ing that this model alone was not sufficient to explain the 
adsorption mechanism.

Elovich kinetic model is associated with adsorption 
capacity and was established in 1934 by Zeldovich based 
on the kinetic law of chemisorption. Elovich kinetic model 
can be used to explain the adsorption process and written as 
follows [56]:

dQ
d

Qt

t
t= −( )α β exp  (8)

where α is initial adsorption rate (mg/g min), β is desorption 
constant (g/mg), dQt/dt is change in metal ions concentration 
with time, and Qt is metal ions concentration adsorbed at 
equilibrium (mg/g). Elovich equation was used to describe 
adsorption rate of Co(II) onto RH. A nonlinear plot for 
adsorption of Co(II) onto RH is given in Fig. 8. The value of 
χ2 for adsorption of Co(II) along with Elovich constants is 
given in Table 1. Although no mechanistic evidence of the 
adsorption process was provided by the Elovich equation, 
it has proved suitable for highly heterogeneous adsorption 
systems [57].

3.5. Adsorption isotherms

Proper quantification of the adsorption method is 
needed for the application of the adsorption process on 
the commercial level. Adsorption equilibrium is essential 
for the analysis and design of the adsorption process. It 
gives fundamental data of physicochemical procedure for 
studying the applicability of process as a unit operation. 
The experimental data was evaluated employing nonlinear 
Langmuir, Freundlich, and Dubinin–Radushkevich adsorp-
tion isotherms for this purpose.

3.5.1. Nonlinear Langmuir isotherm

Langmuir model presumed homogeneity of adsorbing 
surface and no interactions between adsorbed species pos-
sessing uniform energies of adsorption onto the surface 

Fig. 7. Effect of pH on adsorption of cobalt ions onto RH.

Table 1
Determined parameters for nonlinear models for the adsorption 
of cobalt ions onto rice husk (qe (mg/g), k1 (1/min), k2 (g/mg min), 
kipd (mg/g min0.5), α (mg/g min), β (g/mg), Qt (mg/g))

Kinetics models Determined parameters

qe 0.636
Pseudo-first-order k1 0.679

% Error 4.036
χ2 0.0060
qe 0.737

Pseudo-second-order k2 1.166
% Error –11.307
χ2 0.0014

Elovich α 8.330
β 5.416
χ2 0.132

Intra-particle diffusion model kipd 0.287
χ2 0.3716

Experimental qe 0.663

Fig. 8. Nonlinear plots of pseudo-first-order and pseudo- second-
order, Elovich, and intraparticle diffusion kinetics models for 
adsorption of Co(II) onto RH.
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and no trans-migration of adsorbate species in the plane of 
the surface. The difference in adsorption capacities of two 
adsorbents for the same adsorbate is considered to be high 
because of the physicochemical properties of them or the 
chemistry of solution possessing adsorbing species.

Nonlinear Langmuir adsorption isotherm is expressed as:

C
Q K C
K C

m L e

L e
ads = +1

 (9)

where Ce is the metal ions concentration of solution (mol/L) 
at equilibrium. The constant Qm is monolayer adsorp-
tion capacity (mol/g) and KL (L/mol) is related to energy of 
adsorption. In general, Qm and KL are functions of pH, ionic 
media, and ionic strength. The value of Qm for adsorption of 
Co(II) onto RH was measured by nonlinear Langmuir iso-
therm. Herein, Wavemetrices IGOR Pro 6.1.2 software was 
utilized for determination of isotherm endowments while 
using nonlinear equations. Nonlinear Langmuir isotherm 
model are shown in Fig. 9 and the values of constants are 
given in Table 2.

A significant endowment of Langmuir isotherm can be 
shown in terms of a dimensionless constant “separation 
factor” parameter, “RL” that is utilized to determine if an 
adsorption system is “favorable” or “unfavorable” and can 
be shown as follows:

R
K CL
L

=
+( )

1
1 0

 (10)

where C0 is the initial concentration of metal ions (mol/L) 
and KL is the Langmuir adsorption equilibrium constant 
(L/mol). The value of RL shows the adsorption process to 
be either unfavorable (RL > 1), linear (RL = 1), favorable 
(0 < RL < 1) or irreversible (RL = 0).

The values of RL for adsorption of Co(II) onto RH were 
measured from Langmuir constant KL and initial concen-
trations of metal ion and results are given in Table 2 which 
established that adsorption of Co(II) onto RH was favorable. 
It was showed by fractional values of RL between 1 and 0.

3.5.2. Nonlinear Freundlich isotherm

Nonlinear Freundlich isotherm is expressed as:

C K CF e
n

ads =
1/  (11)

where “KF” and “n” are Freundlich constants indicating 
adsorption capacity and adsorption intensity respectively. 
Ce is the concentration of adsorbate at equilibrium in aque-
ous solution (mol/L). The good fit of adsorption data to 
Freundlich isotherm shows that there is almost no limit to 
the quantity adsorbed and multilayer adsorption will take 
place. Nonlinear Freundlich isotherm was applied to exper-
imental data. The nonlinear plot of Freundlich isotherm is 
represented in Fig. 9 and the values of KF and n are given 
in Table 2. The heterogeneous surface of the RH was signi-
fied by the value of n. The values of “n” ranges from 2–10 
representing good adsorption, 1–2 moderate adsorption, 
and less than one shows poor sorption [58].

3.5.3. Nonlinear Dubinin–Radushkevich isotherm

The nonlinear D–R equation can be expressed as:

C Cmads = −( )exp βε2  (12)

where Cads is the quantity of Co(II) adsorbed onto RH, Cm 
(mol/g) is the maximum quantity of metal ions that can 
be adsorbed onto RH under the optimized experimental 
conditions, b is a constant related to adsorption energy, and e 

(Polyanyi potential) =  RT
Ce

ln 1 1
+









 where R is the universal 

gas constant (kJ/mol K), T is absolute temperature (K), and 
Ce is the equilibrium concentration of metal ions in solution 
(mol/g).

From b value, the mean adsorption energy (E) can be 
calculated as [59]:

Table 2
Langmuir, Freundlich, and Dubinin–Radushkevivh (D–R) isotherms parameters by nonlinear method (Qm (mol/g), KL (L/mol), KF 
((mg/g) (L/mg)1/n), Cm (mol/g), β (mol2/J2), E (kJ/mol))

Adsorption isotherms Isotherm parameters

Qm 1.59 × 10−5

Langmuir isotherm KL 7,528
RL 0.164–0.610
χ2 8.24 × 10−14

KF 2.50 × 10–4 ± 9.44 × 10–9

Freundlich isotherm n 2.20 ± 0.007
χ2 5.06 × 10–12

Cm 7.41 ± 0.577) × 10–5

Dubinin–Radushkevich isotherm β (4.68 ± 0.162) × 10−5

E 10.34 ± 0.357
χ2 3.4 × 10–12
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E =
1
2β

 (13)

which is the mean free energy for transfer of one mole of 
solute from infinity to surface of adsorbent.

The D–R constants for nonlinear form were calculated 
from the plot of Cads vs. Ce by utilizing a computer pro-
gram Wavemetrices Igor Pro 6.2.1.2 and are given in Table 2 
along with their respective (χ2) values which can be utilized 
as a best fitting tool in the nonlinear method. The values of 
“Cm” and “β” along with measured adsorption free energy 
are also given in Table 2. The nonlinear plot for adsorp-
tion of Co(II) onto RH are given in Fig. 9. Low numerical 
values of “χ2” for nonlinear represents that experimental 
data fitted well to D–R isotherm.

The β value of (4.68 ± 0.162) × 10−5 was utilized for the 
determination of adsorption free energy (E) and measured 
E values was 10.34 ± 0.357 kJ/mol. It showed that adsorp-
tion of Co(II) onto RH was chemical adsorption. Moreover, 
the higher value of E is for a stronger bond between metal 
ions and adsorption sites onto RH.

3.6. Adsorption thermodynamics study

The feasibility and spontaneity of the adsorption pro-
cess were revealed by thermodynamic study. The change in 
Gibb’s free energy (∆G°), enthalpy (∆H°), and entropy (∆S°) 
were calculated from below relationships:

lnK S
R

H
RTc =

°
−

°∆ ∆  (14)

K
C
Cc
a

e

=  (15)

∆ ∆ ∆G H T S° = ° − °  (16)

where Kc, ∆G°, ∆H°, and ∆S° are equilibrium constant, 
change in Gibb’s free energy (KJ/mol), enthalpy (KJ/mol), 
and entropy (J/mol K), respectively. The plot of ln Kc vs. 1/T 
for the adsorption of Co(II) onto RH is shown in Fig. 10. 
The values of adsorption enthalpy (∆H°) and entropy (∆S°) 
were determined from the slope and intercept of Fig. 10 
and are given in Table 3. The positive value of enthalpy 
(∆H°) shows that adsorption of Co(II) onto RH is an endo-
thermic process. Similarly, the positive value of entropy 
(∆S°) denotes an increase in randomness at the adsor-
bent–adsorbate interface during adsorption of Co(II) onto 
RH. Contrary, the values of Gibb’s free energy (ΔGo) were 
also calculated from Eq. (14) and are given in Table 3. The 
decrease in values of Gibb’s free energy with rise in tem-
perature shows a decline in the feasibility of adsorption at 
elevated temperature. Moreover, its negative value showed 
that the adsorption process is spontaneous in nature.

3.7. Recovery of cobalt ions

The regeneration of adsorbent (RH) and recovery of 
Co(II) are significant aspects of wastewater treatment. Several 

efforts were made to recover loaded Co(II) from RH surface 
by utilizing HNO3 as desorbing media. HNO3 solution of 
different molarities was used by utilizing batch mode. Fixed 
quantity of metal loaded RH was shaked with HNO3 for spe-
cific intervals of time for regeneration of Co(II). A series of 
experiments were carried with changing concentrations of 
HNO3 solutions for desorption of Co(II) from RH. Maximum 
recovery of Co(II) (~97%) was attained with 0.1 mol/L HNO3 
solution.

3.8. Applicability of method

The discharge of cobalt was revealed from an ordinary 
tap water sample employing 0.0001 mol/L of HNO3 solution, 
25 min shaking time, and adsorbent weight of 300 mg in order 
to verify the applicability of the developed method on real 
samples. Table 4 represents attained results along with the 
calculated composition of the tap water sample. It exhibited 
that the measured concentration of cobalt in the tap water 
sample was very low. Thus, the discharge efficiency of cobalt 
was revealed by spiking the sample with 10.0 mg/L of cobalt. 
Table 4 shows that concentration of cobalt from spiked tap 

Fig. 10. Plot of 1/T vs. lnKc for adsorption of cobalt ions onto RH.

Fig. 9. Nonlinear plots of Langmuir, Freundlich, and D–R 
isotherms of cobalt ions adsorption onto RH.
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water in a single step was decreased by 67.80%, however, by 
shaking the aliquot with the same weight of fresh RH dis-
charge the cobalt from spiked tap water sample up to 86.40%, 
representing that RH has high potential to discharge cobalt 
from such matrix.

4. Conclusions

In summary, the adsorptive discharge of Co(II) from 
aqueous solution by RH was revealed at room tempera-
ture. The percentage discharge of Co(II) from aqueous solu-
tion was enhanced with the contact time, the mass of RH, 
temperature, and pH while declined with an initial con-
centration of Co(II). Results of adsorption kinetics showed 
that experimental data obeyed nonlinear pseudo-second- 
order kinetics. Results of equilibrium isotherm showed 
that experimental data fitted well to nonlinear Langmuir 
isotherm model. Adsorption thermodynamic study rep-
resents that adsorption of Co(II) onto RH was an endother-
mic and spontaneous process. Moreover, the recovery of 
Co(II) was attained maximum for HNO3 (0.1 mol/L) solu-
tion. Therefore, we concluded that RH could be employed 
as an excellent adsorbent for the discharge of Co(II) from 
aqueous solution.
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