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ABSTRACT: Peanut skin having polyphenols as major constituents is a natural,
abundant, and environmentally friendly potent biosorbent for aquatic pollutants
such as heavy metals. Its natural potential can be enhanced several times by
treating it with ionic liquids—the green solvents. This report presents a complete
study on biosorption of divalent cadmium ions using ionic liquid-treated peanut
skin. Initially, both peanut biomasses, skin and shells, were tested, and peanut
skin was used for thorough experimentation because of its higher adsorption
potential (g, values). Ionic liquids are highly green and designed solvents with
vast adjustable striking features such as high thermal and chemical stability,
insignificant vapor pressure, wide electrochemical assortment, non-volatility,
non-flammability, less toxicity, and high recycling ability. Peanut skin after
treatment with ionic liquids was characterized via FTIR, TGA, SEM, and XRD.
The biosorption process was optimized with respect to time, temperature, metal

Tons such as phosphates and
carbonates
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ion concentrations, agitation speed, pH, and adsorbent dose. Data obtained were interpreted by kinetic, isothermal, and
thermodynamic models. The biosorbent and ionic liquid both are regenerated and recycled up to three times, so cost effectiveness is

a promising thing.

1. INTRODUCTION

Ionic liquids are a special class of molten organic salts,
exhibiting melting points less than 100 °C. They are composed
of organic cations and an organic or inorganic anion bound
together via weak electrostatic interactions. They are highly
designed solvents with infinite modifiable prominent features
such as extensive electrochemical assortment, insignificant
vapor pressure, and high thermal stability. Some other
distinguished properties are polarity, viscosity, hygroscopicity,
and high solvating power; even they can dissolve polymeric
compounds. These properties can be adjusted accordingly by
careful choice of the anion or cation. In view of rapidly
emerging green chemistry and clean technology, applications
of ionic liquids (ILs) in various fields are constantly being
explored by researchers.”® One of such applications is water
purification. ILs are reported to get rid of contaminants such as
heavy metals, dyes, and other toxic compounds from water
both by extraction and by adsorption mechanism.* Among all
the pollutants, heavy metals are the most common, exhibiting
bio-accumulative property. Mina Mata and itai-itai are two of
many diseases caused by heavy metals, which made history.
Mining activities, agricultural runoff, industrial discharge, and
household applications are the main sources of heavy metal
release into the nearby water bodies.” Cadmium is one of the
hazardous heavy metals causing human health disorders if it
exceeds the recommended uptake limit by the World Health
Organization. It is mainly used in paints, photography, and

© 2021 The Authors. Published by
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rechargeable batteries along with another heavy metal, nickel.
It is present primarily in urban wastewater where waste of
detergents, body care products, and food products is present
largely.® It can easily and readily enter into the food chain
without exhibiting any positive impacts on the food chain. It
affects the female reproductive system and damages the
nervous system and kidneys.” Therefore, its efficient removal
from waste water should be done with prime focus.

Up to now, various conventional treatment processes such as
ion exchange,” chemical precipitation,” electrodialysis,” reverse
osmosis, '’ coagulation and flocculation,""** flotation,"
electrochemical treatment'* methods have been reported to
take away heavy metals from water. Requirement of large
chemical quantities, residual solubility of metals, high capital
investment, and running cost and generation of a large amount

and

of sludge are the main disadvantages of these methods."

Adsorption is the only versatile, advanced, and most widely

used technique for metal removal due to flexibility in its design
. . 16

and operation and cost effectiveness.~ A number of common
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Figure 1. Some representative polyphenolic constituents of PS.
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Figure 2. '"HNMR of synthesized 1-butyl-3-methylimidazolium chloride ([C,C,IM]CI) IL.

agricultural waste materials and natural polymers have been catechins, A-type procyanidins, B-type procyanidin dimmers,
reported as effective biosorbents for removal of heavy metals in procyanidin trimers, tetramers, and oligomers with higher
the recent literature.'”>' Likewise, peanut husk (PH) can polymerization degrees™ are responsible for active functional
serve as a potent biosorbent for heavy metals.”” PH comprises sites for metal adsorption.
the lignocellulosic peanut shell and polyphenolic peanut skin In contrast to various chemicals used for enhancing the
(PS). The lignocellulosic peanut shell contains cellulose, adsorption potential of lignocellulosic adsorbents, we tried ILs
hemicellulose, lignin, extractives, and ashes, while PS is in view of their extensive green profile and eco-friendly
composed of proteins, fats, carbohydrates, and polyphenols behavior. They exhibit strong ability to enhance the properties
(Figure 1).>* Phenolic acids, flavonoids, resveratrol,** of various functional materials by modifying their surfaces
22260 https://doi.org/10.1021/acsomega.1c02957
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when combined with them. It extends their applicability in
different fields of chemistry.*

We used ILs to enhance the biosorption potential of both
the PS and shells for cadmium metal. 1-Butyl-3-methylimida-
zolium chloride [C,C,IM]Cl is selected as it is the most widely
explored IL for a number of applications; it has a wide range of
applications in synthesis and catalysis,” oxidation and
depolymerization of natural biopolymers," extraction of lignin
from Iignocellulose,27 conversion of agricultural waste into
platform chemicals and biofuel,”® extractive desulfurization of
liquid fuel,”” and in many other fields. Therefore, we selected a
commonly known and well-explored IL for this study before
using any other novel one. Different parameters that may affect
the adsorption percentage are also optimized. Kinetic,
thermodynamic, and isothermal behaviors of the process are
also studied.

2. RESULTS AND DISCUSSION

2.1. 'HNMR Analysis of IL. '"HNMR of synthesized
[C,C,IM]C] was recorded in D,0O at 600 MHz, Bruker’s
AVANCE Neo Technology (Figure 2). Imidazolium ring
protons at C4 and CS appeared as doublets at 7.39 and 7.35
ppm with coupling constants of 2.4 Hz, respectively. The C2
ring proton appeared as a singlet at 8.63 ppm. N-Methyl
protons substituted at C3 of imidazolium appeared as a singlet
at 3.81 ppm, while N-butyl protons substituted at C1 of
imidazolium appeared as two triplets and two multiplets at
0.83, 1.20, 1.74, and 4.10 ppm.

2.2. IL Functionalization of Peanut Biomass. The
peanut skin (PS), peanut shells and husk (both skin and shells)
were functionalized by IL 1-butyl-3-methylimidazolium
chloride ([C,C,IM]CI). The IL was first dried completely,
and then, finely powdered PS, shell, and husks were dissolved
into it at 80, 100, 120, and 140 °C. From all these
temperatures, 100 °C was selected as the optimum one, as
higher temperatures caused carbonization of biomass. A
maximum of 10 wt % biomass was loaded into the IL in
view of maximum dissolution capacity of IL; increasing the
amount of biomass caused too much saturation. One hour time
was given for the reaction based on the maximum dissolution
of biomass in IL. Also, increasing the time caused the
blackening of the reaction mixture that is not advisable. After
the maximum dissolution of biomasses into the IL, they are
regenerated by addition of anti-solvents; an equimolar water
and acetone mixture was used.’’ Regenerated functionalized
biomass was washed quite a lot of times with deionized water
and dried up well.

2.3. Characterization of the Adsorbent. 2.3.7. FTIR
Analysis. Fourier transform infrared (FTIR) analyses of the
PS, IL-functionalized PS (ILPS), and cadmium-adsorbed ILPS
were recorded to observe the biosorbent’s structural
functionalities (Figure 3). PS was observed to have character-
istic peaks of hydroxyl, carbonyl, ether, and alkene functional
groups. After IL treatment and cadmium adsorption, same
peaks are observed with slight peak shifts. The peak shift is
more apparent for band stretching of the —OH group (Table
1).

2.3.2. TGA Analysis. Three different thermal decomposition
regions were observed from the thermogravimetric analysis
(TGA) profile of ILPS (Figure 4); 22—58, 58—220, and 220—
366 °C. The first region corresponds to the loss of any possible
water physically present in the adsorbent, and it depicts just
10% weight loss. The other two regions depict two major
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Figure 3. FTIR analysis of PS, ILPS, and cadmium-adsorbed ILPS.

Table 1. Assignment of Peaks in FTIR Spectra of
Adsorbents before and after Adsorption

wavenumber (cm™!)

PS ILPS ILPS after adsorption assignment
3301 3295 3301 —OH stretching
2941 2943 2942 —CH stretching
1636 1653 1652 C=0 stretching
1437 1436 1436 C=C stretching
1034 1036 1035 -C-0
120

Starts at: 58 °C

Ends at: 220 °C Starts at: 220 °C

100 . :
W Weight loss: 10% Ends at: 366 °C

9 \L Weight loss: 55%
% 80
&
E Starts at: 22 °C
2 60 Ends at: 58 °C
= Weight loss: 10%

40
20 : : : -

0 100 200 300 400 500

Temperature (°C)

Figure 4. TGA of ILPS.

degradation phases that may be conforming to both the
decomgosition of the PS and degradation of the polymer
matrix.”’ The second region exhibits 10 wt % loss at 58—220
°C temperature. The main loss of weight (55%) is observed in
the last region (220—366 °C), in which the adsorbent is
decomposed.

2.3.3. SEM Analysis. The morphology of the ILPS adsorbent
was noted via scanning electron microscopy (SEM) images.
Micrographs were taken at 50, 25, 10, and SkX magnifications
for 500 nm and 1, 2, and S pm particle sizes (Figure S). All
these images show a highly porous disrupted sheet of
adsorbent with a rough flaky surface. This rough flaky surface
facilitates the attachment of metal ions, thus enhancing the
adsorption process. The porosity of the biosorbent also
expedites its interaction with the adsorbate.””*

https://doi.org/10.1021/acsomega.1c02957
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Figure 5. SEM images of ILPS at different sizes; 500 nm and 1, 2, and § pm.

2.3.4. XRD Analysis. To determine the crystallinity of ILPS,
X-ray diffraction (XRD) analysis was carried out. A Bragg peak
appeared at the 22° 20 value corresponding to the (100) plane,
revealing the simple cubic structure of the biosorbent (Figure
6).

2.4, Effect of Various Parameters on Adsorption Rate.
2.4.1. Screening of Peanut Biomass as a Biosorbent. To
check the efficiency of peanut biomasses for Cd(II) adsorption,
PH and separate components, skin and shell, both untreated
and treated with ILs, were screened in test experiments. All
four experimental setups were given the same conditions; 20
mg of all biomasses was brought in contact with 30 mL of 20
ppm metal solutions at neutral pH and shaken at 150 rpm for 1
h at room temperature. It was observed that ILPS was the most
efficient amongst all, as is observed by its adsorption efficiency
(Figure 7). After ILPS, the second-highest adsorption potential
was that of IL-modified shells. Then, the turns are of PS, PH,
and the peanut shell. The reason for the highest adsorption
potential of ILPS may be clarified on the basis of the
polyphenolic structure of PS saturated with —OH function-
alities. When treated with IL, CI™ of [C,C,IM]CI dissolves

22262

these —OH functionalities by hydrogen bonding. When water
is added as a co-solvent, it tends to break up this hydrogen
bonding and make its own bonding with CI~, thus dissolving
the IL in itself and causing PS to regenerate (Figure 8). This
regenerated ILPS is now functionalized with IL with a refined
morphology and reduced crystallinity, as is obvious by XRD
and SEM, and of course, some unique properties are
unidentified yet. FTIR spectra also confirm that there is no
chemical change in the structure of peanut biomass after IL
functionalization; there is just a change in peak areas of —OH,
confirming the disruption of hydrogen bonding.

On the other hand, the shell comprises cellulose, hemi-
cellulose, lignin, and some percentage of extractives and ashes.
When treated with IL, this lignocellulose is dissolved in the IL,
and then, water and acetone in equal proportions were added
to regenerate cellulose and lignin. Water helps in regeneration
of cellulose, while the lignin gets dissolved in acetone and goes
with the filtrate fraction containing IL, water, and acetone.
Thus, the enhanced adsorption capacity of this regenerated
cellulose-rich material or IL-functionalized peanut shell can be

attributed to the reduced crystallinity of the delignified shell.

https://doi.org/10.1021/acsomega.1c02957
ACS Omega 2021, 6, 22259-22271
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Figure 7. Screening of untreated and IL-functionalized peanut
biomasses for Cd(II) biosorption. Shell (untreated peanut shell), IL
Shell (IL-functionalized peanut shell), PS (peanut skin), ILPS (IL-
functionalized PS), and PH (peanut husk).

Hence, IL is the efficient medium to enhance the adsorption
capacities of polyphenolic compounds and lignocellulosics.

2.4.2. Effect of Initial Metal lon Concentrations:
Equilibrium Isotherms. The effect of initial metal ion
concentration was studied using different concentrations of
cadmium metal solutions with 30 mg of ILPS in each solution.
These solutions were then shaken at 150 rpm for 1 h at room
temperature. The results indicated that the percentage removal
of metal declines with the rise in the initial concentration,
while metal uptake capacity of the adsorbent increases with the
increase in metal concentration (Figure 9). This can be
attributed to the less availability of adsorption sites after
optimum concentration.”> The optimum concentration for
metal removal was 20 ppm; all other parameters were studied
at this concentration.

The amount of metal ions adsorbed by ILPS, equilibrium
between ILPS and metal Cd(II) solution, and mechanistic
parameters associated with the adsorption of metal ions were

22263

inspected by adsorption isotherms—Langmuir, Freundlich,
and Temkin.

The Langmuir isotherm assumes that there are a fixed
number of homogeneously distributed active sites that have the
same affinity for adsorption of a monolayer having no mutual
interactions. At the equilibrium point, due to saturation, there
is no further adsorption.” It can be expressed as

C, C. 1
+
KLqmax

qe qmax

(1)

where g, (mg g™') is the metal amount adsorbed at
equilibrium, g, (mg g™') is the capacity of monolayer
sorption, C, is the concentration of metal ions in solution at
equilibrium, and K is the Langmuir constant. The essential
characteristic of the Langmuir isotherm can be expressed by
the dimensionless constant called the equilibrium parameter R,

defined by

1

Y1+ KG,

)
where “K;” is the constant of Langmuir and C, (mg L") is the
initial metal ion concentration. It points to the feasibility and
shape of the isotherm. The value of R, indicates the type of
isotherm to be unfavorable (R, > 1), linear (R, = 1),
irreversible (R; = 0), or favorable (0 > R; > 1).

The value of the correlation coefficient R* which is regarded
as a measure of the goodness of fit of experimental data on the
isotherm is closer to 0.99, indicating a very good mathematical
fit. The Ry value also lies between zero and one, showing that
adsorption of Cd(II) by ILPS follows the Langmuir isotherm
model.

The Freundlich isotherm considers the non-ideal adsorption
in a multilayer fashion on heterogeneous surfaces of the
adsorbent. Its linear mathematical expression is as follows™*

1
1 =—(InC)+InK
nqe ﬂ(n e) n K¢ (3)

https://doi.org/10.1021/acsomega.1c02957
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efficiency.

where 1/n and K; are Freundlich constants.

At different concentrations, the plotted parameters show a
linear relation to each other (Figure 10). Comparing the R*
values for both the Langmuir and Freundlich isotherms, it was
confirmed that the Langmuir isotherm fitted the best to
describe the equilibrium data for metal removal by ILPS at the
different initial concentrations.

According to the Temkin model, adsorption is regarded as
an unvarying dispersal of binding energies up to the maximum

binding energy3 and follows the following equation

q, = BInK; + Bln C, (4)
where B and K are constants. It may be concluded from the

correlation coefficient (Table 2) that the equilibrium data are
very well represented by the Temkin isotherm. It exhibits that

Cd(II) adsorption is categorized by an even scattering of
binding energies up to some maximum binding energy.

2.4.3. Effect of Adsorbent Dosage. Different amounts of
biosorbents added to the batch biosorption process produce
varying results of percentage removal and equilibrium
adsorption capacity. Hence, it is important to screen a
particular range of biosorbent dosages against other fixed
factors to select the optimum amount of the biosorbent for all-
out possible metal ion removal under an optimum set of
conditions.

In view of high-adsorption results of the IL-functionalized
peanut shell and skin, both these biomasses were tested for
dose optimization and to countercheck the best biomass for
later factors. Different dosages of the functionalized PS and
shell (10, 20, 30, 40, and SO mg) were added in 20 ppm metal
solution (30 mL) and shaken at 150 rpm for 1 h at room
temperature. The graph plotted between percentage removal,
equilibrium adsorption capacity, and adsorbent dose (Figure
11) revealed that the percentage removal of metal ions
proliferates with the adsorbent dose till optimum dosage, after
which the percentage removal becomes almost constant. This
decrease in the biosorbent’s adsorption tendency after the
optimal limit can be attributed to the self-aggregation of the
biosorbent, due to which reduction of active sites may happen
for adsorption.’® Another reason is the inter-particle
interactions due to the high amount of the adsorbent, causing
a decrease in the adsorbent’s total surface area and a rise in the
diffusional path length.”” The optimum dose concluded from
the graph was 40 mg, and this dose was used to study the next
parameters. Adsorption potentials of biosorbents and percent-
age removal of metals also justified the previous findings; ILPS
has greater adsorption capacity for Cd(II) as compared to the
functionalized shell.

https://doi.org/10.1021/acsomega.1c02957
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Figure 10. Sorption isothermal behavior of adsorption of Cd(II) over ILPS.

Table 2. Isotherm Constants of Langmuir, Freundlich, and Temkin Models

Langmuir isotherm

Freundlich isotherm

Temkin isotherm

qm (mg/g) Ky (mg/L) R’ Ry K¢ n R K B, R
26.17 7.960 0.9954 0.006 6.1025 4.4365 0.8081 3.4732 3.3439 0.8926
100 60 12). Hence, the agitation speed influences the adsorption rate
but up to a certain limit. The rationale for this result can be
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Figure 11. Effect of the IL-functionalized peanut shell and skin dosage
on percentage removal of cadmium(II) and adsorption capacity.

2.4.4. Effect of Agitation Speed. The agitation dependence
of the metal adsorption by ILPS was studied at different
agitation speeds (30—180 rpm). An initial cadmium concen-
tration of 20 ppm and 40 mg adsorbent dose were used for the
experimentation, and 1 h shaking time was used for all the
flasks at room temperature. It was observed that the adsorption
potential of ILPS for Cd(II) was significantly increased as the
agitation speed increased from 30 to 120 rpm; however, above
this speed, adsorption potential decreased dramatically (Figure

22265

Figure 12. Effect of rpm on adsorption capacity of ILPS.

provided by considering the contact time and possibility of
contact between the biosorbent and metal ions in solution, as
stirring the solution at too much speed lowers the two. Further
experimentation was done at 120 rpm.

2.4.5. Effect of Solution pH. The pH of solution prepared
for adsorption is one of the most significant parameters
affecting the adsorption capacity of biosorbents. By changing
the pH, the number of unsaturated sites available for
adsorption is changed due to the variations in the ionic state
of the adsorbent and its functional group activation.”

https://doi.org/10.1021/acsomega.1c02957
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ILPS comprises different functional groups, as evidenced by
FTIR. All these functionalities work differently at different pH
values. In order to study the effect of pH on the adsorption
efficiency of ILPS, batch experiments were conducted at
different pH values. The Cd(II) uptake increased by increasing
the pH from 2 to 8. At almost neutral pH (6—8), the
adsorption capacity of ILPS for Cd(II) was maximum (Figure
13), suggesting that the adsorbent is efficient under near-

16

14 -

qe (mg/g)
® o o

N

2.5 4 6 7 8 10 11

Figure 13. pH effect on the adsorption capacity of ILPS.

neutral pH conditions. pH can affect the protonation of
functional groups in the biosorbent, along with the chemistry
of the metal (i.e,, its solubility). The higher adsorption at pH 6
might be due to the formation of negative active sites on the
surface of the biosorbent that enhances the sorption by an
electrostatic interaction between positively charged metal and
the negatively charged biosorbent surface. Increasing the pH
more than 8 decreases the biosorbent capacity that might be
attributed to the precipitation of cadmium ions due to the
formation of hydroxide. Different biosorbents are reported to
behave the same.’”*" At lower pH, due to high-acidic
conditions, concentration of positive ions is enhanced that
repel the positively charged metal ions in the solution, thus
lowering the adsorption capacity.

2.4.6. Effect of Temperature: Thermodynamic Study.
Biosorption is highly affected by temperature variations due
to the endothermic and exothermic nature of adsorption onto
the biosorbent. Therefore, the experimentation was done to
find the optimum temperature to achieve the maximum Cd(1I)
adsorption by ILPS at optimum biosorbent dose, agitation
speed, and initial metal ion concentration. Experiments were
conducted at room temperature (RT), 308, 313, 333, 353, and
373 K with 40 mg of adsorbent and 20 ppm metal ion solution
shaken at 120 rpm for 1 h. Maximum adsorption was observed
at RT, above which the adsorption efficiency of ILPS starts to
decrease (Figure 14). This can be due to the destruction of
some polymeric active sites or the deactivation of the ILPS
surface due to bond rupture.

Thermodynamic parameters, AG® (Gibbs free energy), AH®
(standard enthalpy), and AS° (standard entropy), were
calculated by the following equations

AG° = —RT In K, ()
= GG

C, (6)
AG®° = AH® — TAS® (7)

14.9
148
14.7
14.6
145
14.4
143
14.2
14.1

14

qe (mg/g)

298 308 313 333 353 373
Temperature (K)

Figure 14. Influence of temperature on ILPS adsorption capacity.

where R is the universal gas constant, T is the temperature, and
Kp is the constant of equilibrium calculated by eq 6. The
positive values of AG° demonstrate the non-spontaneous
behavior of the process (Table 3). Also, the values of AG®

Table 3. Thermodynamic Parameters for the Biosorption of
Cd(II) on ILPS

temperature (K)  AG° (k) mol™")  AH® (ki mol™!)  AS° (kJ mol™)

298 (RT) 11.15 +7.89 +0.15
308 10.71
313 9.04
333 8.94
353 8.90
373 8.53

were observed to decrease with increasing temperature,
indicating the favorable binding at high temperatures. Standard
entropy (AS°) and standard enthalpy (AH°) values were
obtained by the intercept and slope using eq 7. Positive
enthalpy values confirm the endothermic behavior of the
process, while the positive values of AS° revealed a rise in
disorderness at the interface of the solid and liquid.*'

2.4.7. Effect of Time: Kinetic Study. Kinetic study helps in
the determination of the adsorption mechanism. The effect of
contact time between ILPS and cadmium metal ion solution
was monitored, and adsorption capacity of ILPS for Cd(II) at
different times is given in Figure 15. It can be seen that
initially, there was a fast uptake of metal ions from 0 to 10 min
and then, the highest uptake was observed at 30 min.

15.05
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14.85
14.8
14.75
14.7
14.65
14.6

*
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*
4
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Figure 1S. Effect of time on the adsorption capacity of ILPS.
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Table 4. PFO and PSO Kinetic Rate Constants

PFO rate constants

experimental value

PSO rate constants

K, (L min™")
—0.0185

Ge(caty (mg g7") R
0.3748 0.2278

Ge(exp) (Mg g71)

K, (mg g™ min™") qe(eay (mg g7) R

11.776 1.4988 1

Table 5. Rate Constants of Elovich and Intra-particle Diffusion Models

Elovich constants

intra-particle diffusion rate constant

B (gmg™) R
13.099 0.4526 0.8237

a (mg g_[ min_l)

Ky (mg ¢! min™") C R?
0.2338 13.144 0.7303

Therefore, the adsorption capacity (q.) of ILPS reached
maximum at 30 min. At this point, the rate of adsorption is in
dynamic equilibrium with the rate of desorption. After this
optimal equilibrium time, no adsorption progress was
observed.

The data obtained by this experimentation were used to plot
kinetic models: PFO (pseudo-first-order) and PSO (pseudo-
second-order) reaction models. According to the PFO model
proposed in 1898 by Lagergren and Svenska, the rate of
adsorption is proportional to the number of vacant sites left by
the solutes.*

In(q, — q) =1Ing, — Kt (8)

where g, is the mg ¢! adsorption capacity of ILPS at any time
t, q. is the mg g~' adsorption capacity of ILPS at equilibrium,
and K is the rate constant of the equation (min™").

The linear plot of In(q. — ¢q,) versus time in Figure 16
suggests that the Cd(II) adsorption process by ILPS did not
follow the first-order kinetics. The values of K, and g,
calculated from the eq 7 and those of the correlation
coefficient (R*) fitting the PFO kinetic equation are shown
in Table 4. It is clear from the table that the value of R* is just
0.2, suggesting that the process does not follow the PFO
kinetic model.

The experimental data were then fitted to Ho and McKay’s
PSO kinetic equation,” which is
t 1 t
= 2 + —
qt I<2qe qe (9)

K, is the rate constant (g mg™' min~") of the second-order
equation. As obvious by the R* value of PSO calculated from
the kinetic equation of t/q; versus time plot, the adsorption
process is well described by the PSO model (Figure 16; Table
4). Comparing the Ge(cat) values of both models with g, (eyp), the
Ge(cay value of PSO is much more closer to it (Table 4),
suggesting the second-order kinetics for the studied process.
Thus, the sorption of cadmium metal onto ILPS is probable to
be controlled by the chemisorption process.*"**

Elovich and intra-particle diffusion (I-PD) models were also
applied to check the kinetics of the chemisorption process*®
and direct proportionality of metal uptake to t;,, as proposed
by Weber and Morris*’

g =a+ plnt Elovich model

g, =Kgt"?+C  I-PD model

where a represents the mg g~' min initial sorption rate and /3 is
related to the extent of surface coverage in g mg™' and
activation energy for chemisorption. The value of R* in the
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Figure 17. (a) Desorption and (b) reusing the desorbed biosorbent (c) and IL recycling.

Elovich model (Table S) shows that adsorption is not
chemisorption.

K; in the I-PD model is the rate constant of intra-particle
diffusion. C is the boundary layer thickness. If intra-particle
diffusion takes place, the g, versus t,/, will be linear. The rate-
limiting process will be only due to intra-particle diffusion, if
the plot is passing through the origin. Otherwise, some other
mechanisms are also involved along with intra-particle
diffusion. As the plot does not go through the origin (Figure
16d), the adsorption of Cd(II) on ILPS is not intra-particular
diffusion-controlled.

3. DESORPTION AND RECYCLING STUDIES

Desorption is a practice of removing adsorbed metal from the
surface of the adsorbent in order to regenerate it for second-
batch experiments. This restoration and reuse of the adsorbent
are imperative for making the biosorption cost-effective,
dropping the reliance of the method on the continuous
adsorbent supply, and also help in recovering the metal ions
extracted from the liquid phase.*® The common method for
desorption of the heavy metals from the adsorbent is leaching
with dilute acid. This is due to the fact that most biosorption
processes follow an ion-exchange mechanism for metal ions,
and thus, increasing the acidity of the metal-loaded adsorbent
leads to the leaching of metal ions from the adsorbent.

To desorb our Cd(II)-loaded ILPS, 0.1 M solutions of
H,SO,, HNO;, HCl, and NaOH were tested under the same
experimental conditions as those of adsorption. The desorbed
amount of heavy metals (qq) and desorption rate were
calculated as follows by the following equations

G XV

qde W

(10)

22268

qde
9.

X 100

rate of desorption % =

(11)

where V is the volume of desorption solution (L), g4. (mg g™")
is the desorbed amount of heavy metals, C; (mg L") is the
metal ion concentration of the desorption supernatant, and W,
is the mass of the adsorbent. The results revealed that sulfuric
acid and hydrochloric acids have greater desorption efficiencies
as compared to nitric acid and sodium hydroxide (Figure 17a).

Further adsorption—desorption experiments were performed
with H,SO, based on its efficient desorption potential.
Desorbed ILPS was used for the second-batch adsorption
process and showed significant adsorption efficiency even for
the third-batch adsorption (Figure 17b).

On the other hand, the eco- and cost effectiveness of this
process lies in the reusability of regenerated IL. Regenerated IL
can be used for treatment of fresh PS three times without
significant efficiency loss (Figure 17c).

4. CONCLUSIONS

The positive effect of ionic liquid on adsorption efliciency of
peanut biomass is described in this report. The PS and shells
were treated with IL and then applied to adsorb cadmium(II)
from aqueous media. Among all the adsorbents, the PS came
up with the best adsorption potential after treatment with IL.
All physical factors affecting the process were optimized. A
total of 40 mg of adsorbent was enough for the adsorption of
Cd(II) from its 20 ppm solution just in 30 min at 120 rpm.
The adsorbent is efficient at 308 K temperature and near-
neutral pH. Experimental data were also interpreted by kinetic,
isothermal, and thermodynamic models. According to kinetic
studies, the adsorption over the ILPS is a chemisorption
process. Isothermal studies suggest that there are a fixed
number of homogeneously distributed active sites onto the
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ILPS that have the same aflinity for adsorption of a monolayer
having no mutual interactions. Thermodynamic studies suggest
the non-spontaneity of the process. The ionic liquid and ionic
liquid-treated adsorbent both have high recycling ability, as
obvious by desorption and recycling experiments.

5. MATERIALS AND METHODS

1-Methylimidazole (Sigma-Aldrich), 1-chlorobutane (Fisher
Scientific), and cadmium chloride (Riedel-de Haén) were of
analytical grade and used as such. Solvents such as n-hexane
and ethyl acetate were purchased and used after distillation.
PH was collected from the local market, peeled off to collect
the PS, and thoroughly washed with tap water to remove any
adhesive insoluble materials, dirt, and dust. It was then washed
with deionized water to make it free from any ions due to
regular water that may cause result variations, if present. It was
then air-dried for about 48 h followed by 12 h of oven drying
at 45 °C to remove any moisture residing in the PS. Once
dried, the PS was crushed and ground.

5.1. Synthesis of 1-Butyl-3-methylimidazolium Chlor-
ide [C,C,IMICI. 1-Butyl-3-methylimidazolium chloride
[C,C,IM]CI was synthesized according to the literature with
a slight modification.*” In a 100 mL round-bottom flask, 1
equiv of 1-methylimidazole and 1-chlorobutane (1.1 equiv)
were added, and the flask was fitted to a reflux condenser. The
temperature of the reaction was set to 110 °C. The progress of
synthesis of the IL was supervised via thin-layer chromatog-
raphy using ethyl acetate: n-hexane system. After completion of
reaction, washing of the product was done with ethyl acetate to
remove any unreacted base.

FTIR (cm™): 3398 (stretching vibration peaks of n-butyl
hydrogen), 1570, 1465 (imidazole ring skeleton vibration),
1166 (methyl hydrogen’s deformation), 1166 (inner bending
vibration of CH). "HNMR (600 MHz, D,0): 5 (ppm): 8.63
(1H,s, CH), 7.39 (1H, d, ] = 2.4 Hz, CH), 7.35 (1H, d, ] = 2.4
Hz, CH), 4.10 (2H, t, ] = 7.2 Hz, CH,), 3.81 (3H, s, CH;),
1.74 (2H, m, CH,), 1.20 (2H, m, CH,), 0.83 (3H, t, ] = 7.2
Hz, CH,;).

5.2. Chemical Treatment of Peanut Biomass. The fine
powdered PS, peanut shell, and PH were functionalized by
treating with IL 1-butyl-3-methylimidazolium chloride
[C,C,IM]CL. The oven-dried IL was taken in a vial, and 10
wt % peanut biomass was loaded into it. It was heated at 100
°C with continuous stirring at 90 rpm for an hour. After that,
20—30 mL of distilled water was added to regenerate biomass
from the IL followed by filtration and excessive washing with
deionized water. The IL was regenerated by water evaporation,
while the modified adsorbent was dried and stored in an oven-
dried vial.

5.3. Characterization of the Chemically Modified
Adsorbent. The PS modified with the IL (ILPS) was
characterized by FTIR, TGA, SEM, and XRD. FTIR analysis
was done via the Agilent Cary 630 FTIR instrument having a
4000—400 cm™' scanning range. TGA was done with Leco’s
TGA 701 from ambient to 800 °C with a heating rate of 10
°C/min in 3.5 L/m (low) flowing nitrogen gas. SEM was done
via the Vega Tescon with variable pressure. Samples were
made conductive by gold sputtering, and images were taken at
different magnifications. XRD analysis was done using the
Rigaku Tabletop XRD instrument using Cu Ka radiation (4 =
1.54 A) with a scanning rate of 0.01°/s and scan speed of 1°/
min in a 26 range of 10—80°.

5.4. Batch Adsorption Studies. Stock solution (1000
ppm) of CdCl,-H,O was prepared in deionized water.
Different initial concentration solutions of metal ions were
prepared by dilution of stock solution. The pH values of
solutions were attuned using 0.1 M NaOH and HCL

Equilibrium isothermal studies were carried out in the batch
method. Metal ion solutions (10—40 mg L™'; 30 mL volume)
were shaken for different times (0—60 min) with a constant
amount of adsorbents (10—S0 mg). After suitable time,
solutions were filtered, and concentrations of the un-adsorbed
metal ions in aqueous solutions were determined using a flame
atomic absorption spectrometer (AAS) (PerkinElmer instru-
ments, Analyst 100). The extent of adsorbed metal and
percentage removal of metals by the modified PS was
calculated by the following equations

C —
percentage removal = — € % 100
G (12)
. ) (C,-C)V
adsorption capacity q = ————
¢ m (13)

where C, and C, are initial and final concentrations (at
equilibrium) of the metal ions in solution (mg g™'), V is the
volume of solution, and m is the adsorbent mass (mg).

All the batch extraction experiments were performed in
triplicates, and results are reported as their mean values
calculated using Microsoft Excel 2010. Graphs are plotted
using the same software tools. Regression values (R?) were
analyzed to validate all the studied models.

5.5. Desorption Experiment. Adsorption experiments
can be made economical when joined with desorption ones to
recover the metal and reuse the adsorbent for further loading
and unloading cycles. In order to study the desorption, a 30
mL solution of 20 ppm metal ions was equilibrated with 40 mg
of ILPS and shaken in a rotary shaker for 30 min at a speed of
120 rpm. The solutions were filtered after adsorption, and
metal concentration in the filtrate was analyzed. Then, the
loaded ILPS was shaken with 30 mL of 0.1 M solutions of
H,SO,, HNO;, HC], and NaOH for 30 min at a speed of 120
rpm in order to provide the same conditions to adsorption and
desorption cycles. Solutions were filtered after desorption,
metal concentration in the filtrate was analyzed, and the
remaining adsorbent was reused for the second-batch
adsorption. This adsorption—desorption course was repeated
three times.
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