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ABSTRACT

In this article, adsorption of metal ions such as silver (Ag(I)), thorium (Th(IV)) and nickel (Ni(II))
from aqueous solution onto rice husk (RH) was performed at room temperature. Adsorption of
these metal ions (silver, thorium, and nickel) onto RH was demonstrated by using Fourier trans-
form infrared spectroscopy and energy-dispersive X-ray. Morphology of RH was investigated
before and after adsorption of these metal ions onto it by using scanning electron microscopy. The
effect of different operational parameters (contact time, initial concentration of metal ion solution,
weight of RH, pH, and temperature) on the percentage removal of these metal ions was explored
in detail and compared. Experimental data for adsorption of these metal ions onto RH was sub-
jected to Langmuir and Freundlich isotherm models. Results showed that adsorption of silver and
thorium fitted well to Langmuir isotherm model (R* > 0.99) whereas adsorption of Ni(II) fitted well
to Freundlich isotherm model (R* > 0.99). Adsorption kinetics study demonstrated that adsorp-
tion of these metal ions onto RH from aqueous solution fitted well to pseudo-second-order model.
Adsorption thermodynamics investigation represented that adsorption of these metal ions onto
RH was endothermic process. The values of Gibb’s free energy were —6.53 to —9.17 kJ/mol for Ag(I),
-1.11 to -3.57 kJ/mol for Th(IV) and -0.89 to —1.40 kJ/mol for Ni(II). The negative values of Gibb’s
free energy for these metal ions suggested that the adsorption process was spontaneous in nature.
The regeneration of RH and recovery of these metal ions were also studied.
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1. Introduction

Particularly in developing countries, heavy metal pollu-
tion is a global environmental issue, which is resulted from
the enhancement of agricultural and industrial activities as
well as the improper removal of metal ions from domestic
and wastewater effluents [1,2]. Industrial sources, smelters
and foundries, combustion by-products, the paint indus-
try and automobiles are the main sources of heavy metals
pollution in aqueous systems. It results in serious health
issues, especially to the immune systems and human cen-
tral nervous [3]. To solve this issue, researchers have fasci-
nated their interests in heavy metal treatment by removing
or at least decreasing their concentrations to acceptable
levels according to government regulations [4]. Herein,
the representative heavy metals are silver (Ag(I)), thorium
(Th(IV)) and nickel (Ni(II)). They are harmful to both human
beings and animals. The removal of these heavy metals
from wastewater is crucial for life and the environment.

Over the past few decades, several methods including
adsorption [5,6], oxidation, chemical precipitation, floccula-
tion [7], membrane filtration [8], catalytic degradation, elec-
trolysis, and biodegradation were utilized for the removal
of poisonous heavy metals [9-11]. Nevertheless, these
technologies have their own prejudices, including expen-
sive, long time-consuming, sensitivity to the environment
and ambitious for operation. These issues limit their prac-
tical uses in the discharge of metal ions from wastewaters.
Adsorption is generally endorsed in terms of its cost-effec-
tiveness, environmental friendliness, simplicity in handling
and high efficiency among methods used for segregate toxic
heavy metals [12,13].

A lot of materials including activated carbons [14], car-
bon nanotubes [15], zeolites [16], chitosan [17], clays [18]
and agricultural wastes [19] were used to remove metal
cations from aqueous solutions. After all, there were still
few drawbacks that obligated their practical applications
such as the adsorption capacity of these adsorbents is not
enough, these adsorbents are difficult to isolate, and so on
[20,21]. Therefore, it is crucial to find out a new adsorbent.
Presently, the utilization of agro-wastes as adsorbents is
attracting great interest because of their cheapness, presence
in large quantity, the existence of porous morphology and
relatively high fixed carbon content.

Pakistan is a rice-producing country in Asia and pro-
vides rice husk (RH) as agricultural waste material. The
annual rice production worldwide is approximately
500 million metric tons of which 10%-20% is RH [22,23].
About 70%-85% of organic matter is present in RH, which
possesses sugars, cellulose and lignin, etc., while silica
is also present in the cellular membrane [23,24]. It pos-
tures a disposal issue for the mill owners. Previously, we
studied the adsorption of several metal ions onto RH via
batch model at room temperature [20,25,26]. In this arti-
cle, the removal of metal ions including silver, thorium
and nickel from aqueous solution by RH was reported
via batch mode. The effect of operating factors (contact
time, weight of RH, initial concentration of metal ions
solution, temperature and pH) on the percentage removal
of these metal ions from aqueous solution was explored
under constant conditions and compared with each other.

Adsorption isotherms, kinetics, and thermodynamics for
adsorption of these metal ions onto RH were also investi-
gated. Moreover, the regeneration of RH (adsorbent) and
recovery of these metal ions was also explored.

2. Experimental
2.1. Materials

All the chemicals used during this research were of
analytical grade and used as received. The temperature of
the solution was restrained by soaking the culture tube in a
water bath of Gallenkamp Thermostirrer (UK) for thermo-
dynamic evaluation. Deionized water was used through-
out the work. The fidelity of the temperature in the water
bath was +0.1°C.

2.2. Adsorbent

Rice husk (RH) of basmati rice was kindly provided
by rice mills of Punjab, Pakistan (Fig. S1). To remove dust
particles, RH was thoroughly washed with water and then
dried at 80°C. It was stored in a pre-cleaned airtight container
and was employed without any more physical or chemical
pre-treatment. Its chemical analysis for their trace metal
contents was performed by atomic adsorption spectrometry
(AAS) and neutron activation analysis (NAA). Results rep-
resented that the concentration of metals namely Na, K, Pb
and Fe was present in ug/g of sample. Silica contents were
18.27 (0.62%) of RH. The small concentration of elements in
RH was demonstrated by standard procedures.

2.3. Adsorption of silver, thorium and nickel onto RH

Adsorption of silver, thorium and nickel ions onto
RH was carried out as described [20,25-28] (Section S1 —
Adsorption of silver, thorium and nickel onto rice husk).

2.4. Characterization
2.4.1. Instrumentation

Detail instrumentation studies, for example, Fourier
transform infrared (FTIR) spectrometer (Vector 22, Bruker),
field emission scanning electron microscope (FE-SEM,
SIRION 200, FEI Company, USA), and energy-disper-
sive X-ray (EDX) analysis were employed (Section S2
— Instrumentations).

2.5. Adsorption equilibrium

Adsorption equilibrium was explored by using
Langmuir and Freundlich adsorption isotherms (Section S3
— Adsorption equilibrium).

2.6. Adsorption kinetics

Adsorption kinetics for silver, thorium and nickel ions
was studied by using pseudo-first-order and pseudo-
second-order models (Section S4 — Adsorption kinetics).
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2.7. Adsorption thermodynamics

Adsorption thermodynamics for adsorption of sil-
ver, thorium and nickel ions onto RH was also evaluated.
The values of change in Gibb’s free energy (AG®), enthalpy
(AH®) and entropy (AS°) were calculated by employing the
below relationships:

K _AS AH @
¢ R RT
C
K== 2
=T )
AG® = AH®° —TAS° ®3)

where K, AG°, AH®° and AS°® are denoting equilibrium
constant, change in Gibb’s free energy (kJ/mol), enthalpy
(kJ/mol) and entropy (J/mol K) respectively.

3. Results and discussion
3.1. Morphology

Morphology of virgin RH and metal ions (Ag(I), Th(IV)
and Ni(Il)) load RH was studied by using field emis-
sion scanning electron microscopy (FE-SEM) as described
[29,30]. Fig. S2 shows FE-SEM images of virgin RH and
metal ions (Ag(I), Th(IV) and Ni(Il)) loaded RH. Results
indicated that the surface roughness of RH was modified
significantly after the adsorption of these metal ions onto
it. The pores and groves were filled which were present
before metal ions adsorption and a decrease in surface
heterogeneity was observed resulting in the smooth sur-
face of RH. Ionic radii of silver and nickel are 0.129 and
0.074 nm, respectively, which are much smaller than the
pore size present on RH, (100-180 nm), enabling adsorption
of these metal ions through pore diffusion. It resulted to
change in the surface of RH to a smooth one.

3.2. FTIR and EDX tests

Herein, the adsorption of these metal ions on RH was
confirmed by FTIR spectroscopy as described by research-
ers [31-34]. Fig. S3 denotes the FTIR spectrum of virgin RH.
The peaks at 1,217.0; 1,365.4; 1,737.8 and 1,027.4 cm™ were
associated 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™
for carboxyl group [35,36]. The characteristic absorption
band at 3,400-3,200 cm™ was attributed for surface O-H
stretching whereas aliphatic C-H stretching had a broad-
band at 2,921-2,851 cm™. The peaks at 1,737.8; 1,435.6 and
1,365.4 cm™ were attributed with C=O stretching, OH bend-
ing of adsorbed H,O and aliphatic C-H bending respec-
tively [37]. Further, the peak at 1,074.0 cm™ was due to the
anti-symmetric stretching vibration of Si-O, whereas at
476.2 cm™ indicated the bending vibration of the Si-O-Si
bond [35,38,39].

After adsorption of Ag(I), Th(IV) and Ni(Il) onto RH,
FTIR spectrum indicated the changes in the functional

groups intensity or position, responsible for metal ions
adsorption (Fig. S3). FTIR spectrum of Ag(I) loaded RH rep-
resents shifting of peaks to 2,921.6; 1,634.3 and 1,506.1 cm™.
For Ni(Il) loaded RH, the peaks shifted to 2,910.1; 1,734.7,
1,646.8 and 1,372.8 cm!, whereas intensities of 1,734.7;
1,216.3 and 1,027.7 cm™ were observed after Ni(II) adsorp-
tion onto RH. Following the Th(IV) adsorption, FTIR spec-
trum of RH exhibited variations in the peak positions and
relative intensities. The shifting of peaks to 421.8; 464; 489;
1,035; 1,081; 1,435; 1,739.5 cm™ and the decrease in the inten-
sities of 1,029; 1,093; 1,217 and 1,366.8 cm™ were noted.

Fig. S4 depicts the EDX images of virgin RH and metal
ions (Ag(I), Th(IV), Ni(Il)) loaded RH. Adsorption of metal
ions (silver, thorium, nickel) onto RH was also demon-
strated by the EDX test of metal ions loaded RH. The pres-
ence of peak for silver ion in range of 3.00 to 3.50 keV, for
thorium ion in range of 2.50 to 3.55 keV and for nickel ion
in range of 0.70 to 8.10 keV representing their successful
adsorption onto RH.

3.3. Effect of operating factors on percentage
discharge of metal ions

The effect of contact time, weight of RH, initial concen-
tration of metal ions solution, temperature and pH were dis-
cussed as:

3.3.1. Effect of contact time

Fig. 1a represents the effect of contact time on the per-
centage removal of Ag(I), Th(IV) and Ni(Il) from aqueous
solution by RH at ambient temperature. The removal of
these metal ions was found to be increased with contact
time. With increasing contact time from 0 to 20 min, the per-
centage removal of Ag(I), Th(IV) and Ni(Il) from aqueous
solution by using RH was increased at ambient tempera-
ture. The percentage removal of Ag(I), Th(IV) and Ni(II)
was increased from 73% to 92%, 40% to 68% and 43% to 60%
respectively. At the start, it was noted that the removal of
these metal ions was rapid from aqueous solution by RH.
After that, there was no big enhancement in the percentage
removal of these metal ions from the aqueous solution by
RH. Then, the equilibrium was attained. The rapid reaction
in the start was due to the presence of many vacant sites onto
the surface of RH. It results in interaction between metal
ions and adsorption sites. After that adsorption of these
metal ions was decreased because of their movement into
interior pores of RH when all surface sites were covered.
The optimized contact time attained for these metal ions
was different and used for further study.

3.3.2. Effect of the weight of RH

The effect of the weight of RH on the percentage
removal of Ag(l), Th(IV) and Ni(Il) from aqueous solution
by RH at room temperature is depicted in Fig. 1b. Results
showed that the removal of these metal ions from aqueous
solution was increased with increasing the weight of RH.
The percentage removal of Ag(I), Th(IV) and Ni(Il) from
aqueous solution by RH was enhanced from 45% to 93%,
50% to 68% and 42% to 64% respectively. Attained optimized
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Fig. 1. (a) Effect of contact time (Time = Variable, Volume = 10 mL; Conc. 10 ppm; Weight of RH = 0.5 g for Ag(I); Time = Variable,
Volume =4 mL, Volume of trace = 0.05 mL, Conc. = 24.07 ppm, weight of RH = 0.10 g for Th(IV); Time = Variable, Volume = 10 mL,
Conc. =20.26 ppm, Weight of RH = 0.30 g for Ni(II)), (b) effect of weight of RH (Weight = Variable, Time = 20 min, Volume =10 mL,
Conc. 10 ppm for Ag(I); Weight = Variable, Time = 10 min, Volume = 4 mL, Volume of trace = 0.025 mL, Conc. = 24.07 ppm for
Th(IV); Weight = Variable, Time = 30, Volume = 10 mL, Conc. = 20 ppm for Ni(II)), and (c) effect of initial concentration of metal ion
solution (Conc. = Variable, Time = 15 min, Volume = 10 mL, Weight of RH = 0.5 g for Ag(I); Conc. = Variable, Time = 20 min, Vol-
ume =4 mL, weight of RH = 0.10 g for Th(IV); Conc. = Variable, Time = 15 min, Volume = 10 mL, Weight of RH = 0.30 g for Ni(II))
on the percentage removal of metal ions from aqueous solution by RH.

weights of RH were 0.5, 0.1 and 0.3 g for Ag(I), Th(IV),
Ni(Il) respectively. They were used in further research.
Similar results were attained in our previous work [20,27].

3.3.3. Effect of initial concentration of metal ions solution

Fig. 1c denotes the effect of the initial concentration
of metal ions solution on the percentage removal of Ag(I),
Th(IV) and Ni(Il) from aqueous solution by RH at ambi-
ent temperature. From Fig. 1c it was noted that percentage
removal of Ag(l), Th(IV) and Ni(Il) from aqueous solution
was decreased with increasing initial concentration of metal
ions. Some of the metal ions were not adsorbed at a higher
initial concentrations of Ag(I), Th(IV) and Ni(lI) because
of saturation of adsorption sites. At a low concentration of
metal ions, there were maximum binding sites between
metal ions and RH. With increasing the initial concentration
of metal ions solution, the number of ions competing for
existing binding sites onto RH was enhanced.

3.3.4. Effect of temperature

It is crucial to investigate the influence of temperature on
adsorption of Ag(I), Th(IV) and Ni(II) onto RH from aque-
ous solution. Fig. 2a represents the effect of temperature
on the percentage removal of Ag(I), Th(IV) and Ni(Il) from
aqueous solution by RH. Attained results showed that the
removal of Ag(I), Th(IV) and Ni(Il) from aqueous solution
by RH was increased with rise in temperature. The removal
of Ag(I), Th(IV) and Ni(II) was enhanced from 94% to 96%,
61% to 81% and 60% to 65% respectively with rise in tem-
perature. It was associated to acceleration of some origi-
nally slow adsorption steps or to the creation of some new
active sites on the surface of RH (adsorbent).

3.3.5. Effect of pH

The pH of the adsorption medium affects the adsorp-
tion of Ag(I), Th(IV) and Ni(Il) onto different adsorbents
and it is a significant factor. The chemical speciation, metal
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Fig. 2. (a) Effect of temperature (Temperature = Variable, Conc. = 20 ppm, Time = 15 min, Volume = 10 mL, Weight of RH =05 g
for Ag(l); Temperature = Variable, Conc. = 12.04 ppm, Time = 20 min, Volume = 4 mL, Weight of RH = 0.10 g for Th(IV); Tempera-
ture = Variable, Conc. =20 ppm, Time = 15 min, Volume = 10 mL, Weight of RH = 0.30 g for Ni(II)) and (b) effect of pH (pH = Variable,
Conc. = 10 ppm, Time = 15 min, Volume = 10.10 mL, Weight of RH = 0.5 g for Ag(I); pH = Variable, Volume of traces = 0.025 mL,
Conc. =12.04 ppm, Time = 20 min, Volume =4 mL, weight of RH = 0.10 g for Th(IV); pH = Variable, Conc. = 20 ppm, Time = 15 min,
Volume = 10 mL, Weight of RH = 0.30 g for Ni(I)) on the percentage removal of metal ions from aqueous solution by RH.

ions solubility, and counter ions concentration on the func-
tional groups of the adsorbents were also affected by the pH
of adsorbing medium [20]. Herein, the effect of pH on the
percentage removal of Ag(I), Th(IV) and Ni(Il) from aque-
ous solution by RH was demonstrated in detail and results
are shown in Fig. 2b. It was observed that the percentage
removal of Th(IV) and Ni(Il) was increased with an increase
in pH of the medium at room temperature. From Fig. 2b it
is seen that the higher percentage removal of Th(IV) and
Ni(Il) from aqueous solution by RH took place at pH = 10
and pH = 13 receptively. Adsorption of Th(IV) and Ni(II)
onto RH from aqueous solution in basic medium took place
on the cellulose part of the RH (adsorbent). It could also be
due to the surface complex formation phenomenon with
several organic components of the RH [20,40-43]. On the
other hand, the percentage removal of Ag(l) from aqueous
solution by RH was decreased with an increase in pH of the
medium at ambient temperature. The maximum removal
of Ag(l) was at pH = 2 from aqueous solution by RH at
room temperature. Hence, adsorption of Ag(I) was higher
in the acidic medium onto RH from an aqueous solution.

3.4. Adsorption isotherms

Adsorption isotherm curves (C, vs. g,) for adsorption of
silver, thorium and nickel ions onto RH are represented in
Fig. 3. In addition, experimental data for adsorption of sil-
ver, thorium and nickel were also subjected to Langmuir
and Freundlich isotherms.

Fig. 4 represents Langmuir isotherms for adsorption of
these metal ions (silver, thorium and nickel) onto RH and
the attained values of isotherm parameters are given in
Table 1. The values of correlation coefficient (R?) for adsorp-
tion of silver, thorium and nickel onto RH were 0.992, 0.992
and 0.802 respectively. It showed that the adsorption of
silver, thorium and nickel onto RH followed Langmuir’s

adsorption isotherm. But adsorption of Ag(I) and Th(IV)
fitted well to Langmuir adsorption isotherm compared
to Ni(Il) (R* > 0.99). For adsorption of Ag(I), Th(IV) and
Ni(Il) onto RH, the values of R, are given in Table 1 which
showed the adsorption of these metal ions (silver, thorium
and nickel) onto RH was a favorable process.

Fig. 5 depicts Freundlich isotherm for adsorption of silver,
thorium and nickel ions onto RH. The value of Freundlich
constants (n and K,) and correlation coefficient (R?) are
given in Table 1. The value of “n” was utilized to represent
the heterogeneous surface of the adsorbent. Results showed
that adsorption of these metal ions obeyed Freundlich
adsorption isotherm but adsorption of Ni(Il) fitted well to
Freundlich adsorption isotherm (R? > 0.99). The values of
‘n’ ranges from 2-10 shows good adsorption, 1-2 moder-
ate adsorption and less than one represents poor sorption
[28,44]. Moreover, adsorption of Ag(I) was higher whereas
adsorption of Th(IV) and Ni(II) was moderate onto RH.

3.5. Adsorption kinetics

Herein, kinetic curves for adsorption of silver, thorium
and nickel ions onto RH are represented in Fig. 6. Adsorption
kinetics for these metal ions was studied by using the
pseudo-first-order model and pseudo-second-order model.

Fig. 7 represents the plot of the pseudo-first-order model
for adsorption of silver, thorium and nickel ions onto RH
from aqueous solution. The calculated values of its endow-
ments are given in Table 2. As shown in Table 2, the values
of correlation coefficient (R?) for Ag(I), Th(IV) and Ni(II)
were 0.978, 0.991 and 0.765 respectively. There was a large
difference between the values of the calculated adsorp-
tion capacity values (g,.) and experimental adsorption
capacity (q,,,,)- From this, we can say that the pseudo-first-
order model is not convenient to explain the rating process
for adsorption of silver, thorium and nickel ions onto RH.
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Table 1
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Calculated parameters of Langmuir and Freundlich isotherms for adsorption of metal ions onto RH

Isotherm models Parameters
Ag(I) Th(IV) Ni(II)
Q, 1.52 x 107 4.32 x10° 3.15x107°
Langmuir isotherm K 15,479 32,573 1,754
R? 0.992 0.992 0.802
R, 0.053-0.411 0.129-0.571 0.163-0.778
K, 6.11 x 10 428 x10# 1.21 x 107
Freundlich isotherm n 2.11 1.93 1.17
R? 0.883 0.977 0.990
Q,:mg/g; K : L/mol; K.: mol/g.
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Fig. 5. Freundlich isotherm for adsorption of (a) Ag(I), (b) Th(IV), and (c) Ni(II) onto RH.

Fig. 8 depicts the plot of the pseudo-second-order
model for adsorption of silver, thorium and nickel ions
from aqueous solution onto RH. The determined values
of its parameters are given in Table 2. It was observed that
the values of calculated adsorption capacity for the entire
metal ions (Ag(I), Th(IV) and Ni(Il)) studied were in good
agreement with experimental values. Moreover, the val-
ues of correlation coefficient (R?) for the entire metal ions
studied were close to unity. From this, we concluded that
experimental data for adsorption of Ag(I), Th(IV) and Ni(II)
onto RH fitted well to pseudo-second-order model.

3.6. Adsorption thermodynamics

Fig. 9 denotes the plots of 1/T vs. InK_ for adsorption of
silver, thorium and nickel ions from aqueous solution onto
RH. The measured values of thermodynamic parameters
(AH®, AS°, and AG®) are given in Table 3. It was observed
that the values of Gibb’s free energy (AG°) for adsorption of
Ag(I), Th(IV) and Ni(II) onto RH were negative. It showed
that adsorption of Ag(I), Th(IV) and Ni(Il) onto RH was
spontaneous in nature. With the increase in temperature,
the decrease in values of Gibb’s free energy denoted the
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Table 2
Determined adsorption kinetic parameters for adsorption of
Ag(I), Th(IV) and Ni(II) onto RH

Kinetics models Parameters
Ag(l) Th@IV) NidI)
Pseudo-first-order model Tpop. 389 0.65 0.41
q, 0.029 0.21 0.81
k, 022 0.26 0.089
R? 0.978 0.991 0.765
Pseudo-second-order model g, 9.09  0.68 0.414
k, 0.29 1.54 8.47
R? 0.999 0999  0.999

g, mg/g; k;: (min™); k,: g/mg min.

decline in the feasibility of the adsorption process at ele-
vated temperatures. The attained positive value of entropy
(AG®) indicated the increase in randomness at the adsorbent—
adsorbate interface during the adsorption of these metal
ions onto RH from aqueous solution. Moreover, the pos-
itive value of enthalpy (AH®) for adsorption of these metal
ions onto RH showed that it was an endothermic process.

3.7. Regeneration of adsorbent (RH) and recovery of metal ions

For water treatment, the recovery of metal ions and
regeneration of adsorbent is very important. A lot of efforts
were made to regenerate RH by using HNO, solution of dif-
ferent molarities as desorbing media via batch mode. For
specific intervals of time, a fixed quantity of metal-loaded

RH was soaked into HNO, for recovery of these metal
ions. Maximum recovery of silver ion (~60%) was attained
by using 2.0 mol/L of HNO, solution whereas for tho-
rium and nickel maximum recovery (~99%) was attained
by employing 1.0 mol/L HNO, solution.

4. Conclusions

Herein, adsorption of Ag(I), Th(IV) and Ni(II) onto RH
from aqueous solution was studied at ambient tempera-
ture. The successful adsorption of these metal ions onto
RH was confirmed by FTIR and EDX studies. The per-
centage removal of Ag(I), Th(IV) and Ni(II) was increased
from 73% to 92%, 40% to 68% and 43% to 60% respectively
with contact time, 45% to 93%, 50% to 68% and 42% to 64%
respectively with weight of RH and 94% to 96%, 61% to 81%
and 60% to 65% respectively with temperature. Contrary,
the percentage removal of Ag(I), Th(IV) and Ni(Il) was
decreased from 80% to 59%, 78% to 38% and 61% to 31%
respectively with an initial concentration of the aqueous
solution. With the pH of solution, the percentage discharge
of Th(IV) and Ni(II) was enhanced from 11% to 80% and 6%
to 63% respectively whereas decreased for Ag(I) from 79%
to 56%. Results showed that adsorption of Ag(I) and Th(IV)
onto RH fitted well to Langmuir isotherm whereas adsorp-
tion of Ni(II) onto RH fitted well to Freundlich isotherm
because the value of correlation coefficient (R?) was close
to unity. The kinetic study demonstrated that adsorption of
these metal ions onto RH obeyed the pseudo-second-order
model because the value of correlation coefficient (R?) was
close to unity. Adsorption thermodynamics study exhib-
ited that adsorption of these metal ions onto RH was an
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Fig. 9. The plot of 1/T vs. InK_ for adsorption of (a) Ag(I), (b) Th(IV), and (c) Ni(II) onto RH.
Table 3
Calculated thermodynamic parameters for adsorption of Ag(I), Th(IV) and Ni(II) from aqueous solution onto RH
Temp. (K) Ag(I) Temp. (K) Th(IV) Temp. (K) Ni(II)
AH° AS° AG® AH° AS° AG® AH° AS° AG®
283.16 -6.53 288.16 -1.11 283.16 -0.89
289.16 -6.77 297.16 -1.50 293.16 -0.99
293.16 -7.02 303.16 -1.92 303.16 3.83 16.83 -1.06
303.16 7.99 51.02 -7.58 313.16 15.27 56.71 —2.44 313.16 -1.23
313.16 -7.99 323.16 -3.13 333.16 -1.40
323.16 -8.34 333.16 -3.57 - - - -
333.16 -9.17 288.16 -1.11 - - - -
AH: kJ/mol; AS: kJ/mol; AG: k]J/mol.
endothermic and spontaneous process. It is associated with
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Supporting information

S1. Adsorption of silver, thorium and nickel onto rice husk

In a typical procedure, a known amount of rice husk (RH)
was taken into a 25 cm?® secured cap culture tube along with
4 cm?® of standard acid solution and a fixed quantity of stock
radiotracer with a known quantity of Ag(I), Th(IV) and Ni(II)
solutions were added. Continuously, the contents were equil-
ibrated on a wrist-action mechanical shaker (Vibromatic,
USA) at a rate of 500 rpm for specific intervals of time. Then,
it was centrifuged at 5,000 rpm for phase separation and the
supernatant solution was withdrawn for activity measure-
ment. The radioactivity of solutions before (A and after (Af)
equilibrium was recorded with a Nal well-type scintillation
counter (Canberra Inc., United States of America (USA)) cou-
pled with a counter-scaler (Nuclear Chicago). A volume of
1.0 cm® was normally used to measure the activity. All experi-
ments were performed at ambient temperature. The percent-
age discharge of Ag(I), Th(IV) and Ni(II) by RH from an aque-
ous solution were determined by the following equation:

z'_Af
x 100
A

i

% adsorption = (1)

where A, and A, show initial and final adsorption of metal
ions (counts/min) into solution respectively.

Batch desorption of silver ion was carried out by using
2.0 mol/L HNO, solution whereas for thorium and nickel

Fig. S1. Rice husk of basmati rice.

[44] B. Subramanyam, A. Das, Linearized and non-linearized
isotherm models comparative study on adsorption of aqueous
phenol solution in soil, Int. J. Environ. Sci. Technol., 6 (2009)
633-640.

ions was used 1.0 mol/L of HNO, solution as a desorbing
media for 5 min.

S2. Instrumentations

Field emission scanning electron microscope (FE-SEM,
SIRION 200, FEI Company, USA) was used to study the
morphology of RH before and after adsorption of metal
ions. Fourier transform infrared (FTIR) spectrum of RH was
taken by attenuated total reflectance (ATR) with FTIR spec-
trometer (Vector 22, Bruker) having a resolution of 2 cm™
and total spectral range of 4,000-400 cm™ before and after
adsorption of metal ions. Successful adsorption of silver,
thorium and nickel ions onto RH was also demonstrated by
energy-dispersive X-ray analysis.

S3. Adsorption equilibrium
53.1. Langmuir adsorption isotherm

The linearized form of Langmuir adsorption isotherm is
given as [1]:

C, 1 C

b=t (S2)
9. QK Q,
where Q (mg of adsorbate per g of adsorbent) is the adsorp-
tion density at the equilibrium solute concentration C,.
C, is the equilibrium concentration of adsorbate in solution
(mg/L). Q, (mg of solute adsorbed per g of adsorbent) is
the maximum adsorption capacity corresponding to com-
plete monolayer coverage. K, is the Langmuir constant
related to the energy of the adsorption (L of adsorbate per
mg of adsorbent).

An essential feature of a Langmuir isotherm can be
expressed in terms of a dimensionless constant ‘separation
factor’ parameter, ‘R’ that is used to predict if an adsorp-
tion system is “favorable” or “unfavorable” and can be
expressed as follows:

- (S3)

R, (1+k.C,)

where C is the initial concentration of metal ions (mol/L)
and K, is the Langmuir sorption equilibrium constant
(L/mol). The value of R, indicates the adsorption process
to be either unfavorable (R, > 1), linear (R, = 1), favorable
(0 <R, <1) orirreversible (R, =0).

53.2. Freundlich adsorption isotherm

The linearized form of Freundlich adsorption isotherm
is expressed as [S1]:
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Fig. S2. FE-SEM image of (a) virgin RH, (b) Ag(I) loaded RH, (c) Th(IV) loaded RH, and (d) Ni(Il) loaded RH.
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Fig. S4. Energy-dispersive X-ray image of (a) virgin RH, (b) Ag(I) loaded RH, (c) Th(IV) loaded RH, and (d) Ni(II) loaded RH.

logg, zlogkf +llogCe (54)
n

where Q is the quantity of solute adsorbed at equilib-
rium (adsorption density: mg of adsorbate per g of adsor-
bent). C, is the concentration of adsorbate at equilibrium,
where K, and 1/n are empirical constants dependent on the
nature of sorbent and sorbate and the temperature.

S4. Adsorption kinetics
54.1. Pseudo-first-order model

The Lagergren pseudo-first-order rate in linear form is
represented as [S2-54]

Kt

1

2.303

log(q, —q,)=logq, - (S5)

where k; (/min), g, and g, are rate constant of pseu-
do-first-order model, the concentration of metal ion solu-
tion adsorbed at equilibrium and time ¢ respectively.

54.2. Pseudo-second-order model

The pseudo-second-order kinetic model linearized form
is represented as [S2,5S3,55]:

t 1 t
+

9. ka4

(S6)

where k, (g/mg min) is the rate constant of pseudo-second-
order model.
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