CHEMISTRY & CHEMICAL TECHNOLOGY

Chem. Chem. Technol., 2021,
Vol. 15, No. 4, pp. 457—464

Chemistry

SUPERHIGH ADSORPTION OF CADMIUM(II)
IONS ONTO SURFACE MODIFIED NANO ZEROVALENT IRON
COMPOSITE (CNS-NZVI): CHARACTERIZATION, ADSORPTION
KINETICS AND ISOTHERM STUDIES
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Abstract. The efficiency of surface modified nanoscale
zerovalent iron (nZVI) composite by cashew nut shell
(CNS) was tested for the removal of cadmium ions from
the aqueous solutions. 2 g/l CNS-nZVI was efficient for
98% removal. The adsorption capacity was 35.58 mg/g.
The Freundlich isotherm (R* = 0.9769) and the pseudo-
second order adsorption kinetics data fitted well. This
proved CNS-nZVI has a high removal efficiency for
Cd(II) from aqueous solutions.

Keywords: nanocomposite, cashew nut shell, adsorption,
nZVI, isotherm, kinetics.

1. Introduction

Water is a valuable and accessible asset. Water
plays a noteworthy role in sanitation, industrialization, and
domestic purposes. Heavy metal contamination results
from rapid industrialization. The toxic pollutants, like
cadmium, nickel, lead, are discharged into the water
through various sources and cause threat to the environment
[1]. Among the toxic pollutants the major source of
cadmium originates from industries like metal, phosphate
fertilizers, electroplating, battery generation because of
industrialization and anthropogenic activities [2, 3].
Exposure of cadmium causes problems in testosterone
levels and also affects the organs like lungs, kidneys, liver
[4]. The permissible limit of cadmium in consumable
water proposed by WHO (2008) and EPA (2008) rules is
0.003 and 0.005 mg/l, respectively [5]. A few strategies,
for example, filtration by film, coagulant and flocculent
separation, reverse osmosis, solvent extraction, and
electrochemical advancements are used to decontaminate
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the polluted water [6]. However, these strategies are
excessively expensive and inadequate for expulsion of
heavy metals from defiled water [7]. Among all separation
methods, adsorption phenomenon has a great deal of focal
points like simple activity, exceptionally adaptable and
ensuring productive expulsion of metals [8]. Nanosorbents
have a tremendous potential towards wastewater
remediation [9]. Especially the nanoscale zerovalent iron
(nZVI) has been frequently applied in environmental
remediation due to the small size, high specific surface
area, and large surface activity. In addition, it also has
major advantages like ecofriendly nature, non-toxicity,
reusability and low prices [10, 11]. However, nZVI has
tendency to form aggregation due to the magnetic nature
and rapid oxidation to metallic form of iron. Due to this,
the reaction rate decreases, and surface sites are blocked
[12]. Therefore, immobilizing or supporting nZVI by an
inert material will be solution to the above-mentioned
problem. Cashew nut shell (CNS) has been predominantly
used for the preparation of activated carbon since it has
high carbon content and low organic content [13]. In our
previous study, cashew nut shell as support was found to
be more effective in terms of stability and reduction of the
aggregation for the treatment of heavy metals [14, 15].

The present study aims at expelling Cd(Il) ions by
promising cashew nut shell supported nano zerovalent
iron (CNS-nZVI) nanoparticles through simple liquid
phase reduction method. The effect of the newly
synthesized (CNS-nZVI) material was aimed to study the
process controlling parameters such as initial metal
concentration, pH, adsorbent dosage, and contact time. In
addition, adsorption kinetics, isotherms of Cd(II) ions on
CNS-nZVI were reported. The prepared adsorbent was
characterized by different technique such as Fourier
transform infrared spectroscopy (FTIR), transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), X-ray diffraction (XRD) and thermogravimetric
analysis (TGA).
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2. Experimental

2.1. Chemicals and Materials

Cadmium(II) sulfate octahydrate salt (3CdSO48H,0)
was purchased from E.Merck chemicals, Mumbai, India.
The solution pH was adjusted to the required value with
0.1IM NaOH or 0.IM HCI using pH meter (HI 98107;
Hanna Equipment, Mumbai, India). The concentration of
Cd(II) ions in the solution was determined by Atomic
Absorption Spectrometer (SL176 Model, Elico Limited,
Chennai, India). The mixing process was performed by
using temperature controlled shaking incubator (Royal
Testing Equipments, Chennai, India).

2.2. Preparation of the CNS-nZVI
Composite

The synthesis of cashew nut shell - nano zerovalent
iron (CNS-nZVI) adsorbent was prepared by aqueous
liquid-phase reduction process [16]. CNS was washed
with deionized water to remove the dust particles and then
washed shells were allowed to dry at the room
temperature to remove moisture. By using a ball mill the
dried agro waste material was made into fine powder.
About 1.0 g of CNS material was washed with water and
then soaked in saturated FeSO4-7H,O solution along with
concentrated H,SO4 for 30 min. After that, the dissolved
CNS with the saturated FeSO47H,0 solution was taken
for sonication using an ultrasonic bath (SONICS Vibra
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Cell, 750 Watts) for another 30 min. Sonication results in
the breaking of the CNS particle into the small pieces.
After sonication completed 0.1M NaBH,; was slowly
added. The CNS along with the particles was exposed to
double distilled water followed by a methanol wash to
control the rust formation. Finally, the prepared adsorbent
was kept in dryer and stored in an oxygen free nitrogen
environment [17]. The prepared adsorbent was termed as
surface modified nano zerovalent iron (Fig. 1).

2.3. Characterization of CNS-nZVI

The characterization study of CNS-nZVI was done
by different techniques using Fourier transform infrared
spectrometer (FTIR, Perkin Elmer FTIR C100566),
scanning electron microscope (SEM-EDAX, Quanta 200
FEG), transmission electron microscope (TEM, Zeiss EM
900 with accelerating voltage of 80kV), X-ray
diffractometer (XRD, X’Pert Powder XRD System), and
thermogravimetric analysis (TA Instruments QS5000IR
analyzer, USA).

2.4. Preparation of Stock and Standard
Solutions

A stock solution of cadmium ions (100 mg/l) was
prepared by dissolving the measured amount of
cadmium(Il) sulfate octahydrate salt (3CdSO48H,0) in
ultrapure water. Working and standard solutions were
prepared from serial dilutions of the stock solutions. All
chemicals used were of analytical grade (AR).

SURFACE MODIFIED
CNS-nZVI

CNS +FeX* +2BH* — CNS-Fe' +2B*+H>

Fig. 1. Schematic representation of CNS-nZVTI preparation

2.5. Batch Adsorption Experiments

Adsorption experiments were carried out batch
wise to find the optimized process parameters, such as pH,
adsorbent dose, contact time, metal ions concentration for
the maximum removal of Cd(II) ions from aqueous
solution using CNS-nZVI. In order to perform batch
adsorption studies, 100 ml of cadmium ions solution with
different initial Cd(II) concentrations (20—-100 mg/l), pH
(2.0-8.0), and adsorbent dosage (0.5-3.0 g/l) were placed

in 100 ml Erlenmeyer flasks and then agitated in an
incubation shaker. At definite time intervals (0—60 min)
samples were taken for analysis to measure concentration
of metals. Isotherm, kinetics and mechanism studies were
performed. After the experiments, the used adsorbents
were isolated by centrifugation and the clear liquid was
measured by using AAS. The data obtained from the AAS
analysis was used to calculate the Cd(II) ions removal
percentage by the following equation:
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where Cp and C, are the initial and equilibrium
concentrations of Cd(II) ions solution, respectively, mg/I.

2.6. Adsorption Isotherm Studies

Adsorption isotherm experiments were carried out
by the addition of 0.2 g of adsorbent material (CNS-nZVI)
to 100ml of the solution with the Cd(II) ion
concentrations ranged from 20 to 100 mg/l. After that the
adsorption mixtures were kept in incubation shaker to
reach its equilibrium time. Once the equilibrium time was
reached, the flasks were taken from the incubation shaker
and finally, the CNS-nZVI used was separated from the
mixtures by centrifugation operation and the concentration
of Cd(II) ion in the supernatant was analyzed by using
atomic absorption spectroscopy (AAS, SL176 Model,
Elico Limited, Chennai, India). Two adsorption isotherm
models such as Langmuir and Freundlich models were
used to explain the adsorption of Cd(II) ions. Finally, the
correlation coefficient (R®) was compared for both
models. Langmuir isotherm model and the equilibrium
parameter are given by Egs. (2) and (3):

quLCe
=dm>Lle 2
=11 k,C @
1
R =—— 3
" 1+K,C, @)

where ¢, is the equilibrium adsorption amount of metal
ions adsorbed onto CNS-nZVI, mg/g; g,, is the maximum
monolayer amount of metal ions adsorbed onto CNS-
nZVI, mg/g; K; is the Langmuir constant related to the
affinity of the metal ions to the adsorbent, I/mg.
Freundlich isotherm model is given by Eq. (4):

i
q.=K.C" “)
where ¢, is the equilibrium adsorption amount of metal
ions adsorbed onto CNS-nZVI, mg/g; Ky is the constant
related to the adsorption capacity of the adsorbent,
(mg/g)(l/mg)(l/ ™); n is the constant related to the intensity

of the adsorption, g/l; C, is the equilibrium concentration
of metal ions solution, mg/I1.

2.7. Adsorption Kinetic Studies

0.2 g of CNS-nZVI was added to 100 ml of the
solution with the Cd(II) ion concentrations ranged from 20
to 100 mg/l. The conical flasks were kept for agitation
using an incubation shaker and the samples were taken at
definite time intervals (10—60 min). After centrifugation
process, the Cd(II) ions concentration was found in the
supernatant that was measured using AAS. The quantity
of Cd(II) ions adsorbed by CNS-nZVI at time ¢, (mg/g),
was calculated by Eq. (5):
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m
where Cy and C; are the concentrations of initial Cd(II)
ions and ions in the solution at time ¢, respectively, mg/I;
V is the volume of metal ions solution, 1; m is the mass of
the CNS-nZVI, g. The adsorption kinetic data were tested
with the adsorption kinetic models such as pseudo-first
order and pseudo-second order kinetic models to explain
the adsorption process. The kinetic models were used to
test the adsorption data such as pseudo-first order and
pseudo-second order kinetic models to explain the
adsorption process.
Pseudo-first order kinetic model:

k
lo —-q)=logg ———t¢ 6
g(q, —q,)=logg, 2303 (6)
Pseudo-second order kinetic model:
LIS N )
qt kzqe qe

where ¢, is the equilibrium adsorption capacity, mg/g; ¢,
is the adsorption capacity at any time ¢, mg/g; k; is the
pseudo-first order kinetic rate constant, min’l; t is the time,
min; k, is the pseudo-second order kinetic rate constant,
g/mg'min; kyq,” = h, is the initial adsorption rate,
mg/g-min.

3. Results and Discussion

3.1. Particles Characterization

The surface morphology of the prepared composite
CNS-nZVI was studied using SEM analysis (Fig. 2a).
SEM image clearly shows that CNS-nZVI composite
exhibits rough, irregular and porous surface. The nano
adsorbents are spherical in shape with the diameter of 50—
100 nm. The chemical composition of the prepared
adsorbent was found by using EDX analysis (Fig. 2b).
The major elements present in the CNS-nZVI are: C
(30.5 %), O (82.3 %), S (26.2 %), and Fe (40.1 %). The
percentage of carbon and iron present in the adsorbent
proved the presence of CNS and nZVI on the surface
modified nano adsorbent [18].

TEM image of CNS-nZVI is shown in Fig. 3. It
shows two layers: the core layer consists of dark granules
Fe and the outer layer is carbon from cashew nut shell. The
results of XRD analysis are given in Fig. 4. XRD shows the
crystalline nature of the prepared CNS-nZVI. The pattern
shows a weak and broad peak at about 20 = 44.5°, which
were indexed to the (110) planes and are consistent with the
XRD standard data (JCPDS no.06-0696) [19]. The
presence of iron oxide with weak intensities in the XRD
pattern of CNS-nZVI particles (20 = 54°, 63.5 °) was the
result of surface oxidation of nZVI.
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Fig. 3. TEM image of CNS-nZVI
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Fig. 2. SEM (a) and EDX (b) images of CNS-nZVI
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Fig. 4. XRD image of CNS-nZVI
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Fig. 5. FTIR spectra of CNS-nZVI
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Fig. 6. TGA curves of the CNS-nZVI
samples synthesized in this study

FTIR spectrum of CNS-nZVI (Fig. 5) shows that
Fe nanoparticles are supported with cashew nut shell. The
distinct bands in the spectrum are as follows: a broad and
strong peak at 3350 cm™ (O—H stretch); a weak band at
2910 cm’ (C-H stretch); middle region shows strong
bands at 1600 and 1450 cm™ corresponding to asymmetric
and symmetric C—O—-O stretch), and 1003 cm” (C-O
stretch). These findings help to understand the interactions
between the components and the carboxyl groups in the
active sites of the nano adsorbent. Fig. 6 shows the TGA
plot of the CNS-nZVI under N, atmosphere. Upon
increasing the temperature, the first weight loss of 44.9 %
was mainly due to the water loss in the sample. The
second weight loss of 16.84% was due to the
dehydroxylation of OH groups. This indicates that the
thermal stability of CNS-nZVI is mainly driven by the
cashew nut shell.

3.2. Factors Affecting the Removal
of Cd(II)

3.2.1. Effect of pH

The pH of the solution is one of the most important
factors for the adsorption of Cd(II) ions onto CNS-nZVI.
The effect of solution pH on the adsorption of Cd(II) ions
is shown in Fig. 7. The adsorption experiments were
carried out in the initial pH range of 2.0-8.0. At low pH,
the removal and equilibrium adsorption capacity (q.)
values are as low as the number of available hydronium
ions is high in the solution and the Cd(II) ions compete
with them for the adsorption sites. Point of zero charge is
the pH at which the adsorbent surface is neutral. At
pH > pH,,., the negative charges on the adsorbent surfaces
was increased hence the cation adsorption capacity gets
increased. In the present adsorption system, pH,,. of the
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adsorbent was found to be greater than 6.0 and it was
indicated that at pH > 6 Cd(II) ions precipitated as metal
hydroxide. These results are in good agreement with those
of previous studies for several sorbents. Under alkaline
conditions, however, adsorption efficiency decreases due
to the formation of metal hydroxides and concentration of
Cd(II), as reported in the literature [20]. So, the pH 6.0
was considered to be an optimum pH for the present
adsorption system.

3.2.2. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption of
Cd(Il) ions onto CNS-nZVI is shown in Fig. 8. The
removal of Cd(II) ions was increased with the increase in
CNS-nZVI dosage but the equilibrium adsorption capacity
(g.) was decreased. This may be due to the increase in the
number of available active sites with the increase in the
CNS-nZVI dosage. The results show that 2.0 g/l has
enough exchangeable sites for the removal of Cd(II) ions.
Further increase in the adsorbent dosage does not lead to
the significant changes in the Cd(II) ions removal. This
indicated that after a certain dosage of CNS-nZVI, the
maximum removal of Cd(II) ions was observed and hence
the amount of Cd(II) ions adsorbed onto the CNS-nZVI
and the amount of free Cd(Il) ions remains constant even
with further addition of CNS-nZVI, as observed by other
researchers [21, 22]. The optimum dosage of CNS-nZVI
was found to be 2 g/l for the present adsorption system.

3.2.3. Effect of Cd(II) ions concentration

As shown in Fig. 9, the equilibrium adsorption
capacity ¢, was increased with the increase in the initial
Cd(I) ions concentration, however, the percentage
removal of Cd(I) ions was decreased. The ¢, values
increased from 12.473 to 65.686 mg/g, while the
percentage removal decreased from 99.785 to 87.582 %
with the increase in initial Cd(II) ions concentration from
20 to 100 mg/l. At higher initial cadmium ion
concentration, the number of moles of cadmium ions
available to the surface area was high, so the functional
adsorption depends on the initial cadmium ions con-
centration. This proves that the effect of initial cadmium ion
concentration depends on the adsorbent surface saturation.
This initial cadmium ions concentration provides the
driving force to overcome all mass transfer resistance of
cadmium ions between the aqueous solution and solid
adsorbent [23, 24]. At lower cadmium ions con-
centration, the ratio of surface active sites to the
cadmium ions in the aqueous solution might be high and
hence all the cadmium ions may interact with the solid
adsorbent and the cadmium ions were removed from the
aqueous solution [25].
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Fig. 7. Effect of solution pH for the adsorption of cadmium
ions onto CNS-nZVI (cadmium ions concentration is 20 mg/I,
adsorbent dose is 2 g/l, sample volume is 100 ml, equilibrium
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Fig. 8. Effect of adsorbent dose for the adsorption of cadmium
ions onto CNS-nZVI (cadmium ions concentration is 20 mg/I,
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Fig. 11. Pseudo-first order adsorption kinetics plots for the
removal of cadmium ions by CNS-nZVI (cadmium ion
concentration is 20—-100 mg/1, sample volume is 100 ml,

solution pH is 6.0, adsorbent dose is 2 g/l)

3.2.4. Effect of contact time and adsorption
kinetics

The effect of contact time on the adsorption of
Cd(II) ions onto CNS-nZVI was studied using aqueous
solutions with the Cd(I) ion concentration of 20 mg/l,
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Fig. 10. Effect of contact time for the adsorption of cadmium
ions onto CNS-nZVI (cadmium ions concentration is 20 mg/I,
solution pH is 6.0, sample volume is 100 ml)
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Fig. 12. Pseudo-second order adsorption kinetics plots for the
removal of cadmium ions by CNS-nZVI (cadmium ion
concentration is 20—-100 mg/1, sample volume is 100 ml, solution
pH is 6.0, adsorbent dose is 2 g/I)

pH = 6.0, adsorbent dose = 2 g/l at the temperature of
303 K for different contact time ranging from 10 to
60 min; the results are shown in Fig. 10. It is observed that
from 10 to 30 min the removal of Cd(II) ions was quite
high. Initially, the percentage removal and adsorption
capacity ¢, values were high, which may be due to a



Superhigh Adsorption of Cadmium(II) Ions onto Surface Modified Nano Zerovalent Iron Composite...

larger surface area of the adsorbent being available for the
removal of cadmium ions [26]. Further increase in contact
time did not show any increase in percentage removal due
to the saturation of adsorption sites and weakening of
driving force.

The adsorption kinetics data were used to predict
the adsorption rate and adsorption mechanism between the
cadmium ions and CNS-nZVI. From the tabulation report,
the pseudo-second order kinetic model and the
experimental data converged very well with the excellent
R? (> 0.98). The pseudo-second order constants k»,  and
qeca Were estimated from the slope and intercept of the
t/q, vs t plot (Figs. 11, 12) and given in Table 1. The
results show that the g, ., values from the pseudo-second
order kinetic model are in a good agreement with the g, ex,
values, which confirms the applicability of this model for
the present adsorption system. Finally, the present
adsorption system follows the pseudo-second order
kinetic model [27, 28].
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3.3. Adsorption Isotherm

Adsorption isotherm plays an important role in
describing the relationship between the adsorbate on the
adsorbent and adsorbate in the liquid solution at equilibrium
condition [29]. In the present study, the models (Figs. 13
and 14) were used to calculate the adsorption equilibrium
between the cadmium ions and CNS-nZVI. The calculated
values of adsorption isotherm parameters (¢, K;, Kr, n)
along with the coefficient of determination (R*) and error
values (SSE and RMSE) were summarized in Table 2.
Based on the R and error values from the Table, the
adsorption equilibrium data can be well described by the
Freundlich adsorption isotherm model. Freundlich isotherm
model yields a best fit to the experimental data than the
Langmuir models, which indicates that adsorption of Cd(II)
ions onto CNS-nZVI is multilayer adsorption and
heterogeneous in nature. The maximum monolayer
adsorption capacity was found to be 35.58 mg/g.

Table 1
Adsorption kinetics parameters for the removal of Cd(II) ions by CNS-nZVI
. Concentration of cadmium ions solution, mg/1
Adsorption models Parameters 20 20 0 30 100
L ky, min”’ 0.1013 0.1082 0.1175 0.1244 0.1313
Pse“do'grf;a‘ggg" Kinetic Geeas M2 5.636 19.815 20.785 38.019 84.722
d R’ 0.760 0.883 0.862 0.857 0.876
k,, g/mg-min 0.0107 0.0043 0.0032 0.0019 0.0012
’ . Ge.ca, ME/E 14.286 28.571 38.46 52.632 71.429
Pseudo See""l‘;fﬁ‘(’)‘fe" kinetic %, mg/g-min 2.188 3.500 4739 5.128 5988
q e, ME/Z 12.521 24.503 35.495 46.152 65.996
R’ 0.988 0.987 0.983 0.976 0.956
y=0.012x+0.029 1; /
R?=0.945, 1.4
g S VT
E. * 2 0.8
g n 0.6
0.4
0.2
1 2 3 4 5 6 7 - 0.5 ; o 0.5 1 1.5

1IC, (Limg)
Fig. 13. Langmuir adsorption isotherm for Cd(II) adsorption
onto CNS-nZVI

log C,

Fig. 13. Freundlich adsorption isotherm for Cd(IT) adsorption

onto CNS-nZV1

Table 2
Adsorption isotherm parameters for the removal of Cd(II) ions by the CNS-nZVI
Adsorption isotherm model Parameters Values R’

qm ME/g 35.58
. K;,1/mg 0.795

Langmuir SSE 1092 0.9452
RMSE 597
K5 (mg/g)(/mg)"™ 21.67
. n, g/l 1.98

Freundlich SSE 23 56 0.9769
RMSE 2.987
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4, Conclusions

In summary, the environmental friendly nano-
composite CNS-nZVI showed good removal efficiency
for Cd(Il) removal by surface modified nZVI
nanoparticles via borohydride reduction method. The
prepared nanocomposite CNS-nZVI was characterized by
TEM, SEM, XRD, FT-IR, and TGA analyses. The
morphological characterization was analyzed by SEM,
which showed that CNS-nZVI has large porous in
structure. The presence of carbon and iron were proved by
EDX. The study showed that CNS-nZVI could be used as
an adsorbent for Cd(Il), and the optimum conditions were
found (pH 6, adsorbent mass 2 g/l, initial concentration
20 mg/l, and contact time 60 min).The adsorption process
was greatly influenced by the operating parameters such as
solution pH, adsorbent dose, initial Cd(II) ions concentration,
contact time. The adsorption of Cd(Il) ions onto the CNS-
nZVI was well explained by the Freundlich adsorption
isotherm model, whereas the kinetic study corresponds to a
pseudo-second order kinetic equation. Finally, our results
indicated that the CNS-nZVI materials can be prepared at
low cost and they are environmentally friendly for the
removal of Cd(Il) ions. For future work, these
nanocomposites should be evaluated for regeneration
potential in fixed bed columns.
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AJICOPBLIISI HOHIB KAJMIIO(II)
MOJUPIKOBAHUM KOMITIO3UTOM
3 HAHOYACTUHKAMH HYJIb-BAJIEHTHOT' O
3AJII3A (CNS-nZVI): XAPAKTEPUCTHKA,
KIHETHUKA AJICOPBIIIi TA I3OTEPMIYHI
TOCJIKEHHS

Anomauin. JJocriodicero eghekmusHicms nogepxHeso mMoou-
@iKOBAHO2O KOMNO3UMY HAHOPO3MIDHE HYb-8ANleHmHe  3ai30/
wikapryna eopixa kew 1o (CNS-nZVI) ons eunyuenns tionie Kaomiio
y 800HUX po3uunax. Bemanogneno, wyo CNS-nZVI y kinvkocmi 2 2/1
€ epexmusnum Ons euoanennss 98 % xaomiro. Busnaueno, wo
aocopbyitina 30amuicme cmanoguia 35,58 me/e. ITlokaszano, wo
izomepma @peiinonixa (R2 = 0,9769) ma Oawi npo Kinemuxy
aocopbyii ncegdo-0py2020 nopsoky 0obpe y3eo0icyiomocs. Llum
niomeepodiceno, wo CNS-nZVI mac 6ucoxky egexmugHicmo
suoaneniss Cd(Il) 3 600HuUx po3uuHis.

Knrwuosi cnosa: nanoxomnosum, wkapanyna 2opixa Keut'ro,
aocopbyis, nZVI, isomepma, Kinemuxka.



