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ABSTRACT

The wastewater contaminated with radioactive wastes is more hazardous and has an adverse
impact on ecosystems. One of the harmful species present in radioactive wastes is cesium. We are
in need of adequate process for the removal of cesium to protect the environment. In recent years,
the adsorption process has been adopted for the removal of contaminants from the waste stream.
In this study, a new low-cost adsorbent synthesized from Nigella sativa (black cumin seed) has been
employed for the removal of Cs(I) from the simulated wastewater. The adsorbent was characterized
by scanning electron microscopy, energy-dispersive X-ray, X-ray diffraction, and Fourier-transform
infrared spectroscopy analysis. The simulated wastewater sample containing cesium ions was pre-
pared and the adsorption studies were carried out. The process parameters such as initial solu-
tion pH, contact time, the dosage of adsorbent, and concentration of Cs(I) were examined and the
percentage separation of Cs(I) and adsorption capacity of activated black cumin seed (BCS) were
evaluated. The kinetic studies and adsorption isotherm studies were performed to analyze the
experimental findings. The optimized parameters were evaluated using the Response surface meth-
odology to analyze the maximum percentage removal of Cs(I) and adsorption capacity of activated

BCS. The optimized values were compared with the experimental findings.
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1. Introduction

The ecological and environmental impact of radioactive
wastes in the aqueous stream has attracted attention world-
wide towards the safe treatment and disposal of radioactive
wastes. Nuclear power has been employed in nuclear power
generation, mining, research and medical applications, etc.
The byproducts of the nuclear fuel cell, and also the radio-
active materials utilized in other fields such as research, and
medicine are considered to be radioactive wastes [1]. Due to
the rapid development of nuclear power applications, the
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disposal of various levels of radioactive waste has become a
great concern for the environment and public health. Based
on the activity and the concentration, the radioactive wastes
are grouped as low, intermediate, and high-level wastes. The
half-life of most of the radionuclides is more and it takes
a long period for degradation. The safe handling, treat-
ment, and disposal of the contaminants is the crucial part
concerning radionuclides.

Among the radioactive wastes, cesium is one of the
harmful species. It is one of the chief components of fis-
sion products, and it has become the prime nuclide to be
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removed from the effluent [2]. There are various stable forms
of cesium and the most common radionuclide of cesium is
Cs'. It is commonly found as the by-product of nuclear
fission processes and it is also highly soluble in water [3].
The half-life period of Cs™ is 30 y and which is quite a long
period. It indulges in serious environmental impacts due to
the emission of high energy gamma radiation [3,4]. The long
term exposure to this radionuclide can lead to the risk of can-
cer. When the cesium ions enter the human body;, it creates
harmful effects. So, it is an environmental need to develop a
suitable technology for the treatment of cesium ions in the
liquid effluent. However, cesium finds wide applications
in the medical field, atomic clock, solar devices, electronic
items, etc. [5,6].

There are various conventional treatment methods such
as chemical precipitation [7], adsorption [8,9], ion exchange
process [7,10], liquid-liquid extraction [11,12], electrochem-
ical process [13], membrane separation process [14] for the
treatment of radioactive wastes. The ion exchange process
is the widely employed separation methodology for the
removal of cesium radionuclides. However, this process
lacks due to the competitive impact of other ions of sodium
and potassium present in the wastewater which impedes
the ionic interaction of cesium with ion exchange resins [3].
So, it requires the synthesis of a suitable resin for getting
the selective separation of cesium. Electrochemical treat-
ment is an emerging trend that could effectively separate
cesium ions without the generation of secondary pollutants.
However, this process lacks its wider applications due to the
difficulty in electrode fabrication [15]. Membrane separa-
tion processes are well known for their selective separation
of ions. However, there is a problem of membrane fouling
and exploitation of membrane due to radiation [15]. The
photocatalytic processes have also been attempted by many
researchers in recent years, owing to their ease of opera-
tion, and efficiency [16]. Amid of all these processes, ease of
operation and efficiency make the adsorption process more
advantageous. Recently, the application of functionalized
nanomaterials in the adsorption process has becoming the
emerging technology for the separation of heavy metal ions
[17,18].

In the past few decades, there has been increasing atten-
tion towards the adsorptive removal of radioactive wastes as
a better alternative to other conventional treatment methods.
Several synthetic adsorbents and biosorbents were inves-
tigated for the adsorptive separation of cesium ions con-
taminated liquid effluent. For the removal of Cs(I) from the
aqueous stream the following adsorbents were reported in
the literature: Prussian blue analogues [19], titanate-based
adsorbents [20], molybdophosphate [21], tungstophosphate
[22], PAN-based adsorbers [23], AMP — calcium alginate com-
posite [24], functionalized montmorillonite clay [25], dual
functional micro adsorbents [26], magnetic chitosan [27].

In the past few decades, there were a lot of research on
the development of low-cost, eco-friendly adsorbents for the
treatment of toxic heavy metals from wastewater. Globally,
a lot of work was carried out using biomaterials as an
adsorbent for the separation of toxic pollutants from waste
streams [28]. The adsorbents synthesized from biomateri-
als such as de-oiled soya [29], bagasse fly ash [30], bamboo
[31], rice husk [32], rice straw [33], coconut shell [34], palm

kernel shell [35], chitosan based nano adsorbents [36], etc
have been reported in the literature. We are in need of an
adequate technology for the treatment of toxic and hazard-
ous metal ions, which could overcome the drawbacks of the
conventional processes such as selective separation, cost of
synthesis of resins and adsorbents, recovery and reuse of
the resins and adsorbents, fabrication of suitable electrodes,
generation of secondary pollutants, membrane fouling,
etc [37,38]. This present study is aimed to cover these gaps
by adopting adsorptive removal of cesium ions using the
adsorbent Nigella sativa (black cumin seed).

The black cumin seed (BCS) is a well-known home
medicine, which has a bitter taste and pungent flavour. It
is widely used for medicinal purposes in India, Arab, and
Africa. It has been used as an analgesic, anti-inflammatory,
and anti-oxidant medicine. It has been chosen as an adsor-
bent owing to its abundance and cost, eco-friendliness,
reusability, hydroxyl, carboxyl, and amide groups in it. All
these characteristics exhibit it as a potential adsorbent for the
removal of Cs(I) from the liquid waste. The novelty of this
study involves the application of activated black cumin seeds
as an adsorbent to remove Cs(I). Many of the works reported
earlier focused only on the separation of heavy metal ions
using activated BCS. This paper deals with the separation
of Cs(I) and also the experimental findings were analyzed
with the kinetic and isotherm studies. The characterization of
the activated BCS was also carried out by scanning electron
microscopy analysis (SEM), energy-dispersive X-ray analy-
sis (EDX), Fourier-transform infrared spectroscopy analysis
(FTIR), and X-ray diffraction analysis (XRD).

The batch experiments were executed by varying the
parameters initial pH, time of adsorption, the dosage of
activated BCS, initial concentration of Cs(I), and tempera-
ture. The characterization of activated BCS before and after
adsorption studies was performed. The kinetic and adsorp-
tion isotherm studies were performed. Based on the prelim-
inary batch experimental results, the design of experiments
was accomplished by response surface methodology (RSM)
(Design-Expert 10.0.0). RSM is a well-known mathematical,
and statistical tool, for process modeling and optimization.
By appropriate experimental design, RSM generates the
relation of response to the various levels of input parame-
ters. This involves screening of variables, fixing the lower
and upper levels of process variables, design of experiments,
analysis of variables, and optimization of process variables.
The various levels of process parameters are grouped to fit
the second-order polynomials to the measured outcome.
In this work, the experiments were executed by the central
composite design tool, and the process responses percentage
removal of Cs(I) and adsorption capacity of activated BCS
were evaluated. The process modeling and optimization of
process parameters were performed.

2. Materials and methods
2.1. Chemicals

CsNO, was used to prepare the stock solution of
100 ppm concentration. Black cumin seeds were used as the
base material for the preparation of adsorbent. The reagents
H,SO,, NaOH, and HCI were used in the adsorbent prepa-
ration and also in the adsorption studies. The analytical
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grade reagents and distilled water were utilized for the
experimental studies.

2.2. Adsorbent preparation [28,39]

100 g of BCS was taken and cleaned with water. BCS
was dried and ground into a fine powder. Then the chemi-
cal activation of the adsorbent was performed. The concen-
trated solution of H,SO, (100 mL) was added in the range
of 1:1 (w/w) drop by drop to the fine powder of BCS. It was
stirred well and kept in an oven at 150°C for about 18 h for
drying. After complete drying, it was crushed and then the
pH was brought to a neutral level by washing with water.
Again, it was dried, weighed and stored in a container. The
yield was found to be 75%. Fig. 1 shows the black cumin
seed and activated BCS samples.

2.3. Activated BCS characterization studies

After adsorbent preparation, the sample of activated
BCS was taken for characterization studies. Another sample
of activated BCS was taken after performing the adsorption
studies for the characteristics analysis. The surface morphol-
ogy of the activated BCS before and after adsorption stud-
ies were analyzed by scanning electron microscopy (SEM,
Thermo Fisher Scientific, Apreo 8). The elemental compo-
sition before and after adsorption studies was analyzed
to ensure the removal of Cs(I) on the surface of activated
BCS, by EDX. The crystalline nature of the activated BCS
was analyzed by XRD (Bruker USA D8 Advance, Davinci).
FTIR (Shimadzu, IRTracer — 100) analysis was done to
analyze the functional groups in activated BCS. The pore
radius, volume, and average surface area were determined
by Brunauer—-Emmett-Teller (BET) analysis (Quantachrome
Instruments, Autosorb IQ series).

2.4. Adsorption studies

The feed solution of various concentrations of cesium
in the range of 2-10 mg/L of 50 mL volume was taken in a
glass beaker. Then the adsorbent was added in the range of
0.25-2 g, and the initial solution pH was maintained between
2 and 12 by adding buffer solution. The beaker was sealed

and kept in an orbital shaker. The solution was shaken in
the orbital shaker at a speed of 140 rpm. The time of shak-
ing was maintained between 4-120 min. After the shaking
process, it was vacuum filtered and the sample of the filtrate
was taken for analysis by ICP-MS to evaluate the concen-
tration of cesium in it. The schematic representation of the
process is shown in Fig. 2.

2.5. Kinetic studies

The experiments were performed to analyze the influ-
ence of contact time, initial pH, the dosage of activated BCS,
and the concentration of Cs(I). The experimental data were
validated by kinetic and isothermal studies. The percent-
age removal of Cs(I) and adsorption capacity of activated
BCS were evaluated by the following equations:

The percentage removal of Cs(I) was calculated using

Eq. (1).

(Co _ Ce)
The percentage removal of Cs(I) = %100 1)

0

The adsorption capacity of activated BCS was deter-
mined using Eq. (2).

(C,-C )V

The adsorption capacity of BCS, Q, = )

where C; = initial concentration of cesium, mg/L; C, = final
concentration of cesium, mg/L; Q = adsorption capacity of
activated BCS, mg/g; V= volume of feed solution, L; W= mass
of activated BCS, g

2.6. Kinetic modeling and adsorption isotherm studies

The experiments were performed at the various initial
concentration of Cs(I), initial pH, contact time, the dosage
of activated BCS, and temperature. The pseudo-first-order
and pseudo-second-order modeling equations were ana-
lyzed with the experimental findings and the proper fit was
evaluated. The fitness of the experimental data with the
following adsorption isotherm was evaluated: Langmuir,
Freundlich, and Dubinin-Radushkevich under specified
operating conditions.

Fig. 1. (A) Black cumin seed and (B) activated black cumin seed sample.
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Orbital Shaker

adsorbent

Fig. 2. Schematic representation of batch adsorption study.

2.7. Design of experiments

The process modeling and optimization were per-
formed by RSM. It involves the mathematical approach to
obtain the empirical relation between the process variables
and responses [40]. The following steps are adopted in this
approach: screening of variables, design of experiments,
analysis of variance (ANOVA), and process optimization.
This methodology minimizes the number of experimental
runs to be performed and also evaluates the interactive effect
of process variables on the responses [41]. The central com-
posite design (CCD) tool of RSM was adopted for the design
of experiments. The screening of variables was done based
on the literature and parameters initial pH, the dosage of
activated BCS, the concentration of Cs(I), and contact time
[42,43] were chosen. The experiments were performed and
the process responses such as percentage adsorption of Cs(I)
and adsorption capacity of activated BCS were calculated.

To fit the experimental data, a second-order polynomial
model equation was generated and was represented by
Eq. (3) [44,45].

j<i

Y= b, + Zk:b,.xi + Zk:bi/.xf + Zk:Zbﬁxixj 3)
i=1 i=1

i=1 j=1

where Y denotes the predicted process responses percent-
age adsorption of Cs(I), and adsorption capacity of activated
BCS. x, denotes the coded levels of the process variables.
b, b, b, bi,. are the regression coefficients evaluated by

least square regression (offset term, main, quadratic, and
interaction effects).

3. Results and discussion

3.1. Physical characterization of activated BCS by SEM, EDX,
FTIR, and XRD analysis

The surface features and elemental composition of the
activated BCS were analyzed through SEM and EDX. The
activated adsorbent sample before and after adsorption
studies was taken and dried at room temperature. Fig. 3a
and b exhibit the SEM images of the activated BCS. It clearly
shows the pores created on the surface of the activated BCS.

Treated solution

Fig. 3c and d show the images of the activated BCS surface
after performing adsorption studies. It is observed from the
images Fig. 3a—d that there is a changeover in the surface
morphology of the activated BCS after performing adsorp-
tion. The composition of elements in activated BCS respec-
tive to pre-adsorption and post-adsorption studies is shown
in Fig. 4a and b. The peak corresponding to Cs in Fig. 4b
confirms the adsorption of Cs(I) over the active sites of the
activated BCS.

Fourier transform infrared is a widely applied technique
to analyse chemical compounds and their structure. The FTIR
spectrum for the activated BCS before and after adsorption
studies has been illustrated in Fig. 5. The peak corresponds
to the 1,150 mm™ refers to the C-OH stretch. The wavelength
2,923 and 2,853 mm™ corresponds to —CH stretch of —CH,
and —CH,, respectively [28]. The presence of amide group
consisting of -C=O and -NH, is represented by the bands
at 1,702 and 1,457 mm™, respectively [28]. The functional
groups in activated BCS remain unaltered before and after
adsorption studies. The interaction between the adsorbent
surface and Cs(I) was by electrostatic attraction.

XRD analysis is carried out to determine the crystalline
structure of the adsorbent and it is a non-destructive tech-
nique. The activated BCS was analyzed by XRD to eval-
uate its crystalline nature. The sample of activated BCS
after undergoing adsorption studies was also examined.
From the analysis results, as shown in Fig. 6a and b, it is
revealed that there is no change in of crystalline nature of
the activated BCS.

3.2. Zero-point charge (pHzpc)

Zero-point charge refers to the pH at which the adsor-
bent’s net surface charge becomes null. It is an important
characterization of the adsorbent for finding its efficiency
to adsorb cations and anions. At acidic pH, the H* will be
adsorbed more compared to the cationic adsorbate. So, the
adsorption capacity will be less when the surface is nega-
tively charged. At higher pH, when the surface of the adsor-
bent is positively charged, OH~ will be adsorbed more and
the anionic adsorbate will be less adsorbed. The ZPC of
the activated BCS was found to be 2.5. Hence, the adsor-
bent surface is negatively charged if the pH is above this
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Fig. 3. (a, b) SEM image of activated BCS and (c, d) SEM image of activated BCS after performing adsorption studies.

value and more cations could be adsorbed on its surface.
The surface is positively charged with lower pH and more
anions could be attracted to the surface of the adsorbent.

3.3. Brunauer—Emmett=Teller (BET) analysis

The sample of activated BCS was analyzed to evaluate
the pore size, volume, and surface area. The following data
were obtained from the analysis: Average surface area of the
adsorbent — 38.97 m?/g, pore volume — 0.079 cm?/g, and the
average pore radius — 15.269 A. The analysis report exhib-
its that the adsorbent has a significant pore volume and
also the surface area to trap the cesium ions.

3.4. Effect of time on adsorption

A set of experiments was performed to investigate the
influence of time on adsorption. The percentage removal of
Cs(I) and adsorption capacity of activated BCS were evalu-
ated at the contact time in the range of 4-120 min. The influ-
ence of contact time on the percentage removal of Cs(I) is
shown in Fig. 7. It is observed from Fig. 7 that up to 16 min
the percentage removal increases gradually. Then there is
a steep increase in the percentage removal followed by a
stable removal of Cs(I).

3.5. Effect of initial solution pH

The effect of the solution pH on the percentage removal
of Cs(I) and adsorption capacity of activated BCS was
investigated at various initial pH in the range of 2-12 at
equilibrium contact time. It is exhibited from Fig. 8 that
the percentage removal of Cs(I) increases with pH and
beyond pH 10 there is no substantial increase. As the solu-
tion pH increases the active sites on the activated BCS
surface acquire a negative charge and the electrostatic
attraction between the adsorbent surface and the adsorbate
increases. The -COOH, -OH and -NH, groups present in
the adsorbent surface facilitates the electrostatic attraction
between the adsorbent and Cs(I). It is also observed from
the zero-point charge, that the intake of the cesium ions
is more pronounced at higher pH.

3.6. Effect of dosage of activated BCS

The influence of dosage of activated BCS on the removal
of Cs(I) and adsorption capacity of activated BCS was
studied in the range of 0.25-2 g at optimum pH 10. Fig. 9
exhibits the increasing trend of percentage removal of Cs(I)
with increasing adsorbent dosage. Since more active pores
are available, the percentage removal of Cs(I) increases.
However, beyond 1.5 g of adsorbent dosage, the increase
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Fig. 4. EDX spectra of (a) activated BCS and (b) activated BCS after performing adsorption studies.

in the percentage removal is not substantial, due to the
inadequate availability of Cs(I).

3.7. Effect of concentration of Cs(I)

The influence of cesium concentration on the percentage
removal and the adsorption capacity of BCS was studied
and Fig. 10 shows the observations on the influence of the
cesium concentration on the percentage removal. The con-
centration of Cs(I) has a significant influence on the removal
of Cs(I) as represented in Fig. 10. The percentage of removal
increases from 25%—-47%, with the increase in concentration
from 2-8 mg/L. However, there is a steep increase in the
removal of Cs(I) with a further increase in the initial concen-
tration, due to the availability of cesium ions to get trapped
by the activated BCS.

3.8. Kinetic modeling of experimental data

3.8.1. Pseudo-first-order reaction model

The experimental data were analyzed to evaluate the
reaction model. The rate constant for the adsorption pro-
cess was evaluated through the pseudo-first-order equation.
Generally, Lagergren pseudo-second-order equation was

employed to evaluate the adsorption of a liquid-solid sys-
tem [46,47]. The linear form of the equation is represented
using Eq. (4).

In(Q,-Q,)=InQ, —kt )

where Q is the adsorption capacity at equilibrium con-
dition, Q, is the adsorption capacity at time ¢ and k, is the
first-order rate constant. The plot of In(Q, — Q,) vs. contact
time was plotted as shown in Fig. 11 to evaluate the rate
constant k, and also theoretically Q.. The values of k, and Q,
were evaluated from the slope and intercept, respectively.
The regression coefficient was observed to be very less for
the pseudo-first-order kinetic model and also a difference
was observed between the theoretical and experimentally
found values of Q. From these observations, it was found
that the fit of experimental data with the pseudo-first-order
kinetic model is poor.

3.8.2. Pseudo-second-order reaction model

The linear form of pseudo-second-order model equation
is represented using Eq. (5).
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Fig. 5. FTIR spectra of (a) activated BCS and (b) activated BCS after performing adsorption studies.
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where k, is the pseudo-second-order rate constant. The plot
has been made between t/Q, and time t as shown in Fig. 12.
The values of k, and Q, values were found from the slope and
intercept of the graph [48]. The regression coefficient value
is significant which indicates the fit of experimental results
with the pseudo-second-order kinetics. The adsorption kinet-
ics follows pseudo-second-order and the rate controlling
step involved in this adsorption process is the chemical
mechanism.

3.9. Adsorption isotherm studies

3.9.1. Langmuir adsorption isotherm

Adsorption isotherm studies are used to analyze the
relation between the amount of adsorbent and the adsorbate

concentration in the solution at equilibrium conditions and
constant temperature. The mechanism of adsorption, adsor-
bent surface properties, and the interaction between the
adsorbent and adsorbate are studied through an adsorption
isotherm. The Langmuir adsorption isotherm relates to the
equilibrium concentration of adsorbate when the adsorp-
tion is limited to mono-layer surface coverage [49,50]. The
Langmuir adsorption isotherm in linear form is given by

Eq. (6).

Semo ©
Qe KLQmax Qmax

where C, is the equilibrium concentration of Cs(I), Q, is the
equilibrium concentration of Cs(I) in the adsorbent, Q__ is
the maximum adsorption capacity and K, is the law con-
stant [47].

The isotherm studies were performed at various tem-

peratures between 30°C and 50°C. The graph between C/Q,
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Fig. 7. Effect of contact time on the percentage removal of Cs(I).
50 mL of feed solution at ambient temperature.

vs. C, as shown in Fig. 13 is plotted to analyze the Langmuir
isotherm and from the graph, it is observed that there is a
linear relation between C/Q, and C, for the experimental
findings. This confirms the proper fit of the data and the
values of Q__ and K, from the chart are shown in Table 1.

Fig. 8. Effect of initial pH on the percentage removal of Cs(I).
50 mL feed solution at equilibrium time.

The constant K is used to calculate the dimensionless sep-
aration factor which allows checking the feasibility of the
process. The process is feasible when the value of R, is
between 0 and 1.

The dimensionless factor R, is given by Eq. (7) [50].



E. Kavitha et al. | Desalination and Water Treatment 285 (2023) 129-145 137

100
90 <

o
o

—

T
80
70
60
50
40

Percentage Removal

30
20
10

0 0.5 1 1.5 2 2.5 3 3.5
Adsorbent dosage, g

Fig. 9. Effect of adsorbent dosage on the percentage removal
of Cs(I). 50 mL of feed solution at equilibrium time and opti-
mum pH.

100 -
90 -
80 -
70 -
60 -
50 -
40 A
30 -
20 -
10 A
0 T T T T T ]
0 2 4 6 8 10 12
Initial concentration, mg/L

Percentage Removal

Fig. 10. Effect of initial concentration of Cs(I) on the percentage
removal of Cs(I). 50 mL of feed solution at equilibrium time,
optimum pH and adsorbent dosage.

1
= __ 7
" 1+K,C, @)
The calculated values were between 0 and 1 repre-
senting the fitness of the experimental results with the
Langmuir isotherm.

3.9.2. Freundlich adsorption isotherm

The Freundlich adsorption isotherm is an empirical
model representing the relation between the adsorption
capacity and pressure at a constant temperature. For the non-
ideal adsorption processes taking place on nonuniform sur-
faces, the Freundlich adsorption isotherm could be applied.
The Freundlich adsorption isotherm is given by Eq. (8).

InQ, =InK, +llan 8)
n

where K, is the coefficient of Freundlich isotherm and # is
the adsorption constant.

The plot of InQ, vs. InC, was made as shown in Fig. 14
to analyze the fitness of the experimental results with the
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Fig. 11. Pseudo-first-order reaction kinetics: plot of In(Q, - Q) vs.
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Table 1
Adsorption isotherm constants for the adsorption of Cs(I) using
activated BCS

Adsorption Constant Temperature
isotherm 30°C 40°C 50°C
Langmuir K, L/mg 301 146.79 178
Q,.»mg/g 0.8103 0.4339 0.3619
Freundlich K, mg/g 1.784 2.156 2.633
n, g/L 7.794 8.240 9.525
Dubinin— K ,mol/]* 5x10°  4x10°  3x10°
Radushkevich ~ Q  mg/g 1913 2.269 2.729
isotherm E, kJ/mol 10.15 11.18 12.91
0.2

2
®In Qe (30°C)

In Qe (40°C)

In Qe

A In Qe (50°C)

InCe

Fig. 14. Freundlich adsorption isotherm: plot of InQ vs. InC,.

Freundlich adsorption isotherm. The values of n and K, were
evaluated from the slope and intercept of the plot. For the
favourable adsorption isotherm, the n value should be in
the range of 1-10. The calculated values of n are in the of
7-9 as shown in Table 1 and this indicates the favourable
adsorption isotherm.

3.9.3. Dubinin—Radushkevich isotherm

The physical or chemical mechanism of the adsorption
process could be identified with Dubinin—-Radushkevich
isotherm [51]. This isotherm is the superior model of the
Langmuir adsorption isotherm and is also applied to
study the porous structure of the adsorbent. The Dubinin-
Radushkevich isotherm is given by Eq. (9) [52].

InQ, =InQ,_ —K_¢& )

where Q, is the adsorption capacity at equilibrium, Q_
is the maximum adsorption capacity, K, is the Dubinin—-
Radushkevich isotherm constant in mol?/J?, and ¢ is the
Polanyi potential.

The Polanyi potential, € is given by Eq. (10):

£= RTln{l + 1]
CS

where R is the gas law constant, T is the absolute tempera-
ture, and C, is the equilibrium concentration of Cs(I). The

(10)

0 .
0.00E+00 .00E+08 2.00E+08 3.00E+08
-0.2
-0.4
——30°C
g -0.6 40°C
c
£ —&—50°C
-0.8 |
-1
-1.2
&2

Fig. 15. Dubinin-Radushkevich isotherm: plot of InQ, vs. €.

linear relation was observed between InQ, and &* as shown
in Fig. 15. The values of Q__ and K , were evaluated from
the intercept and slope of the plot. The values are shown
in Table 1. The mean free energy was evaluated from
K, to find the adsorption mechanism. The mean free energy
E is given by Eq. (11):

(11)

The value of mean free energy E in the range of 8-16 kJ/
mol represents the adsorption involving chemical mecha-
nism and the value less than 8 kJ/mol represents the adsorp-
tion process involving physical mechanism [52]. The values
of E calculated from K, are shown in Table 1. It is observed
from Table 1 that the free energy lies between 10 and 13 kJ/
mol, which implies that the adsorption process involves a
chemical mechanism.

4. Response surface methodology

Based on the batch experiments, the prime variables
have been screened as contact time, initial pH, the dosage
of activated BCS, and concentration of Cs(I). The higher and
lower levels of the prime variables have been fixed based
on the preliminary batch experiments. The following range
of values was chosen for the process variables based on the
design of experiments: contact time 1-100 min, initial pH
of the solution 2-12, adsorbent dosage 0.05-5 g, and initial
concentration of Cs(I) 1-20 mg/L. The set of experiments was
performed as shown in Table 2 and evaluated the percent-
age removal of Cs(I) and adsorption capacity of activated
BCS. The experimental data were analyzed and optimum
parameters were obtained.

4.1. Interactive effect of contact time and initial solution pH

The 3D surface response plot is shown in Fig. 16. The
percentage removal of cesium ion increases substantially
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Table 2
Central composite design and the experimental response for the removal of Cs(I) using activated BCS
Run Factor 1 Factor 2 Factor 3 Factor 4 Percentage Adsorption
A:Time (min) B: Initial C: Adsorbent D: Initial concentration removal (%) capacity (mg/g)
solution pH dosage (g) of Cs(I) (mg/L)
1 100 12 2 1 86.66 0.01969
2 38 12 0.05 10 77.88 0.1772
3 50 7 25 20 87.54 0.3977
4 21 7 5 10 75.56 0.1786
5 1 2 0.05 20 23.64 0.1074
6 1 2 5 20 44.46 0.2020
7 95 7 4 11 85.56 0.2152
8 100 6.5 1 20 86.79 0.3945
9 1 9 0.05 1 36.45 0.008284
10 100 12 5 20 99.01 0.4500
11 50 7 2.5 20 87.35 0.3970
12 21 7 5 10.5 80.26 0.1897
13 1 7 1 12.5 85.83 0.2340
14 1 2 3 5 40.24 0.04389
15 1 2 3 5 40.24 0.04389
16 1 9 0.05 1 44.46 0.01010
17 100 2 5 1 50.15 0.01139
18 68 2 0.05 1 24.47 0.005561
19 1 12 5 1 68.85 0.01565
20 38 12 0.05 10 49.68 0.1102
21 1 12 3 20 99.10 0.4505
22 55 6 3 1 65.35 0.01485
23 100 6 0.05 10 45.05 0.09875
24 100 2 3 20 64.15 0.2915
25 100 12 0.05 20 60.11 0.2732

Percentage Removal (%)

2

(2)

Adsorption capacity (mg/g)

B: Initial solution pH 4

1

(b)

A: Time (min)

Fig. 16. (a) Interactive effect of initial solution pH and contact time on the percentage removal of Cs(I) and (b) interactive effect of
initial solution pH and contact time on the adsorption capacity of activated BCS.
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with pH at a constant time and it reaches the maximum
value of around 99% at pH 10-12 as illustrated in Fig. 16a.
When we increase the solution pH, the active sites on the
BCS acquire a negative charge and the electrostatic attrac-
tion between BCS and the cesium ions increases. Due to
this, more removal has been pronounced at higher pH. It is
also depicted from the figure that the effect of contact time
at a constant initial pH does not have much influence on
the percentage removal. The same effect is also observed
for adsorption capacity. There is an observable influence of
pH on adsorption capacity till the contact time of 12 min as
shown in Fig. 16b. From the ANOVA table (Tables 3 and 4), it
is observed that the p-value is less than 0.05, which indicates
the interactive influence of solution pH and contact time
on the adsorption capacity of activated BCS.

4.2. Interactive effect of contact time and adsorbent dosage

The influence of contact time and the dosage of activated
BCS is shown in Fig. 17. The percentage removal of cesium
ions increases with adsorbent dosage up to 3.5 g, at a con-
stant time and beyond that, it drops down to 70% removal of
Cs(I). As we increase the dosage of activated BCS, the avail-
ability of active pores increases, which is reflected by the
increase in the percentage removal of Cs(I) with the adsor-
bent dosage up to 3.5 g. However, with a further increase
in the dosage of activated BCS, the percentage removal of
Cs(I) falls due to the insufficient availability of the cesium
ions. The increase in the percentage removal of Cs(I) with
the contact time at a constant dosage of activated BCS is not
quite prominent as depicted in Fig. 17a. Since the adsorption

Table 3
ANOVA table for the percentage removal of Cs(I)
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capacity is interconnected with the percentage removal,
the same tendency is noticed for the interactive influence
of dosage of activated BCS and contact time on the adsorp-
tion capacity of BCS as exhibited in Fig. 17b. It is observed
from the p-value shown in ANOVA table (Tables 3 and 4)
that there is a remarkable influence of adsorbent dosage on
the percentage removal as well as the adsorption capacity
of activated BCS.

4.3. Interactive effect of initial concentration of cesium ion and
contact time

The 3D surface plot representing the interactive influ-
ence of the concentration of Cs(I) and contact time is shown
in Fig. 18. The percentage removal of Cs(I) rises gradually
with the increase in the concentration of Cs(I), at a constant
contact time. With the increase in the cesium concentration,
due to the availability of adequate cesium ions, the percent-
age removal increases. It is also depicted in Fig. 18b that there
is a steep rise in the adsorption capacity with the increase in
the cesium concentration. Concerning the contact time, there
is no noteworthy effect on percentage removal and adsorp-
tion capacity. This could also be confirmed by the p-value
of the ANOVA table (Tables 3 and 4).

4.4. Interactive effect of adsorbent dosage and initial solution pH

The interactive impact of the dosage of activated BCS
and solution pH on the removal of cesium is illustrated in
Fig. 19. With the increase in pH at the constant dosage of
activated BCS the percentage removal of Cs(I) and also

Source Sum of squares df Mean square F-value p-value
Prob.>F
Model 11,766.27 14 840.45 8.48 0.0009 Significant
A-Time 390.64 1 390.64 3.94 0.0751
B-Initial solution pH 4,856.51 1 4,856.51 49.03 <0.0001
C-Adsorbent dosage 2,060.83 1 2,060.83 20.80 0.0010
D-Initial concentration  1,122.17 1 1,122.17 11.33 0.0072
of cesium
AB 99.97 1 99.97 1.01 0.3388
AC 43.70 1 43.70 0.44 0.5216
AD 88.90 1 88.90 0.90 0.3658
BC 45.55 1 45.55 0.46 0.5131
BD 11.09 1 11.09 0.11 0.7448
CD 3.58 1 3.58 0.04 0.8531
A? 1.17 1 1.17 0.01 0.9155
B? 434.54 1 434.54 4.39 0.0627
c? 1,563.10 1 1,563.10 15.78 0.0026
D? 148.30 1 148.30 1.50 0.2492
Residual 990.61 10 99.06
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Table 4
ANOVA table for the adsorption capacity of activated BCS

Source Sum of squares df Mean square F-value p-value
Prob.>F
Model 0.55 14 0.04 33.05 <0.0001 Significant
A-Time 1.123 x 1073 1 1.123 x 107 0.94 0.3541
B-Initial solution pH 0.03 1 0.03 23.48 0.0007
C-Adsorbent dosage 0.01 1 0.01 9.47 0.0117
D-Initial concentration 0.38 1 0.38 322.99 <0.0001
of cesium
AB 8.160 x 10°® 1 8.160 x 10~ 6.86 0.0257
AC 3.114 x 10+ 1 3.114 x 10 0.26 0.6201
AD 6.993 x 10+ 1 6.993 x 1073 0.59 0.4610
BC 1.038 x 1073 1 1.038 x 1073 0.87 0.3723
BD 0.02 1 0.02 15.64 0.0027
CD 6.502 x 10°® 1 6.502 x 1073 5.46 0.0415
A? 1.708 x 10 1 1.708 x 1073 0.01 0.9070
B? 4.324 x10°® 1 4.324 x10°° 3.63 0.0857
c? 0.02 1 0.02 12.82 0.0050
D? 2.339 x 10° 1 2.339 x 10~° 0.02 0.8913
Residual 0.01 10 1.190 x 107

Percentage Removal (%)

Adsorption capacity (mg/g)

(b)

Fig. 17. (a) Interactive effect of adsorbent dosage and contact time on the percentage removal of Cs(I) and (b) interactive effect of
adsorbent dosange and contact time on the adsorption capacity of activated BCS.

adsorption capacity of activated BCS increases. However,
beyond pH 8, there is no change in the percentage removal
of Cs(I) and adsorption capacity. Since, at higher solution
pH, the active sites on the BCS acquire a negative charge
leading to the electrostatic attraction between BCS and the
cesium ions, the percentage removal of cesium ions and
adsorption capacity increases. Similarly, with the increase in
the dosage of activated BCS at a constant pH the percentage
removal and adsorption capacity increase. This is observed

up to the adsorbent dosage of 3 g and a further increase in the
adsorbent dosage has no impact on the percentage removal
of Cs(I) and adsorption capacity. Since there is no adequate
availability of cesium ions to get adsorbed by BCS, beyond
the adsorbent dosage of 3 g, it does not show any impact on
the removal of cesium ions. The impact of pH and also the
dosage of activated BCS on the percentage removal of Cs(I)
and adsorption capacity of activated BCS could be confirmed
from the p-value of the ANOVA table (Tables 3 and 4).
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Percentage Removal (%)
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D: Initial concentration of Cesium (mg/L

Fig. 18. (a) Interactive effect of initial concentration of Cs(I) and contact time on the percentage removal of Cs(I) and (b) interactive
effect of initial concentration of Cs(I) and contact time on the adsorption capacity of activated BCS.
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Fig. 19. (a) Interactive effect of adsorbent dosage and initial solution pH on the percentage removal of Cs(I) and (b) interactive
effect of adsorbent dosage and initial solution pH on the adsorption capacity of activated BCS.

4.5. Interactive effect of initial concentration of cesium ion and
initial solution pH

The 3D surface plot representing the interactive influ-
ence of the cesium concentration and pH on the percent-
age removal of cesium ion and adsorption capacity of acti-
vated BCS are shown in Fig. 20a and b. When we increase
the concentration of Cs(I) at a constant pH, the percentage
removal increases gradually up to 12 mg/L, and with a
further increase, the percentage removal of Cs(I) remains
constant. However, when we increase the concentration of
Cs(I), due to adequate availability of cesium ions, a steep rise
in the adsorption capacity of activated BCS is observed as
shown in Fig. 20b.

4.6. Interactive effect of initial concentration of cesium ion and
adsorbent dosage

The interactive effect of the concentration of Cs(I) and
the dosage of activated BCS on the percentage removal of
cesium ion and adsorption capacity of activated BCS are
shown in Fig. 21a and b. The percentage removal of cesium
ion and adsorption capacity of activated BCS are observed
to increase up to the adsorbent dosage of 3 g and beyond
that, there is a slight drop in the percentage removal and
adsorption capacity. The percentage removal increases with
the cesium concentration at a constant adsorbent dosage.
This is observed till the concentration reaches 16 mg/L and
with a further increase, there is no observable increase in the
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Fig. 20. (a) Interactive effect of initial concentration of Cs(I) and initial solution pH on the percentage removal of Cs(I) and
(b) interactive effect of initial concentration of Cs(I) and initial solution pH on the adsorption capacity of activated BCS.
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Fig. 21. (a) Interactive effect of initial concentration of Cs(I) and adsorbent dosage on the percentage removal of Cs(I),and
(b) interactive effect of initial concentration of Cs(I) and adsorbent dosage on the adsorption capacity of activated BCS.

Table 5
Optimized parameters for maximum percentage removal of Cs(I) and adsorption capacity of activated BCS
Initial Initial Contact time Adsorbent Percentage Adsorption
solution pH concentration of (min) dosage (g) removal of capacity of
cesium ion (mg/L) cesium ion (%) BCS (mg/g)
Cs(I) 10 17 15 3 100 0.415

percentage removal of cesium ion. Concerning the adsorp-
tion capacity of activated BCS, we could observe a sharp
increase with the increase in the cesium concentration. The
impact of adsorbent dosage on the percentage removal of
cesium ion and adsorption capacity of activated BCS at a
constant initial concentration of cesium ion is similar as
depicted in Fig. 21b.

4.7. Optimization of process variables

The process variables initial solution pH, initial concen-
tration of cesium ion, contact time, and adsorbent dosage
were optimized and the values are given in Table 5. The
maximum percentage removal of Cs(I) was obtained at the
initial solution pH of 10, contact time of 15 min, initial con-
centration of 17 mg/L, and adsorbent dosage of 3 g.
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5. Conclusions

The batch experiments were conducted for the separa-
tion of Cs(I) using activated BCS. The kinetic studies were
performed and the experimental data were found to fit well
with the pseudo-second-order kinetics. The adsorption iso-
therm studies were performed and the experimental data
fit well with the Langmuir isotherm, Freundlich isotherm,
and Dubinin—-Radushkevich isotherm. The value of the
Freundlich adsorption isotherm constant lies in the range of
7-9, which indicates the favourable adsorption isotherm. The
adsorption mechanism was found to be chemical interaction
through the Dubinin—-Radushkevich isotherm model. The
process modeling and optimization were performed using
RSM and the following optimized process variables were
obtained for nearly 100% removal of Cs(I) and 0.415 mg/g of
adsorption capacity of activated BCS: initial solution pH-10,
initial concentration of Cs(I) - 17 mg/L, contact time — 15 min,
adsorbent dosage — 3 g. These values were validated through
the experimental findings. The separation of Cs(I) by adsorp-
tion process using activated BCS as an adsorbent has been
studied successfully, and with proper feasibility analy-
sis, this technology could be implemented for large scale
applications.
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