Journal of Polymers and the Environment (2023) 31:2032-2054
https://doi.org/10.1007/510924-022-02705-w

ORIGINAL PAPER q

Check for
updates

Effective Bio-Sorbents for the Simultaneous Removal of Cadmium
and Mercury lons from Polluted Waters: Based on Ficus Panda Plant
Areal Roots Active Carbon, Nano Particle of SnO, and Al-Alginate
Beads

Miriyala Sudhakar’ - Vallela Siva Reddy' - Suneetha Mekala? - Kunta Ravindhranath'

Accepted: 21 November 2022 / Published online: 19 December 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

In the present investigation Ficus Panda areal roots powder (FPARP) and its active carbon (FPARAC) are identified to
adsorb Cd** and Hg**. The adsorptivities are increased further when the active carbon is doped with green synthesized
nSnO, (FPARAC.nSn0O,). To prevent ‘agglomeration’ of nanoparticles and make filtration easy, the composite of active
carbon and nSnO, are embedded in Al-alginate beads (FPARAC.nSnO,-Al.alg). The beads have shown cumulative sorp-
tion nature and the sorption capacities are as high as: 12.8 mg/g for Cd** and 10.0 mg/g for Hg?*. The nSnO, particles are
synthesized by new green methods adopting aloe-vera gel as capping agent. The extraction conditions are optimized and
noted that simultaneous removal of Cd** and Hg?" is possible at pH: 5 with FPARP and pH: 6 with rest of the adsorbents.
The adsorbents are characterized by employing XRD, FTIR and FESEM techniques. The thermodynamic studies have shown
that the adsorption process is ‘spontaneous’ and ‘endothermic’ in nature with all sorbents. The high values of AH® suggest
that the mechanism of adsorption is via surface complex formation and is well supported by FTIR investigations. The spent
adsorbents are regenerated by treatment with 0.1 N HCI and can be reused. These adsorbents are successfully applied to treat
real wastewater samples of industries contaminated with Cd®* and Hg”" ions. The novelty of the present investigation is that
highly efficient adsorbents are developed for the simultaneous removal of highly toxic Cd** and Hg** ions from polluted
water by evoking the cumulative sorption nature of nSnO,, Ficus Panda areal roots active carbon and Al-alginate beads.
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Introduction

The pollution of waterbodies with toxic ions is increasing
felt with the progress of industrialization, urbanization,
and development of human civilization. The large quanti-
ties of untreated wastewater released especially from vari-
ous industries into natural water bodies, is endangering the
human sustainability. Of the major pollutants, heavy metal
ions especially cadmium and mercury ions are highly toxic
even at low concentrations [1]. The maximum permissible
concentrations as per WHO are: 0.003 mg/L for Cd** and
0.001 mg/L for Hg?* ions [2]. They cause serious threat
to the aquatics, humans, and vegetation to a great extent
[3]. These ions are accumulated in food chains and cause
severe diseases such as ‘itai-itai’ due to cadmium toxicity in
humans and ‘minamata’ disease due to mercury poisoning
[4, 5]. Other ailments caused by these toxic ions are cancer,
damaging of CNS system, skin dermatitis, brain, liver, heart,
lungs, kidney dysfunction, retardation of growth and even
death [1, 3-6].

Cadmium and mercury ions enter water bodies through
two main sources: natural and anthropogenic activities. Nat-
ural sources are volcanic eruptions, weathering of rocks and
minerals and soil erosion. Anthropogenic sources include

mining operations, petroleum refining, nickel-cadmium bat-
teries, coal combustion, electroplating, alloying industry,
dental filling, amalgamation, tanneries, plastic stabilizers,
solders, rectifiers, catalysts, agricultural activities, Hg vapor
lamps, pharmaceuticals, fungicides etc. [2]. Hence, there is
dire necessity to treat cadmium and mercury contaminated
wastewater before discharging it into water bodies.

The water remediation methods for Cd>* and Hg** ions,
have been investigated based on the conventional methods
such as chemical precipitation, coagulation/flocculation,
solvent extraction, ion-exchange, oxidation, membrane
separation, electro dialysis, ultrafiltration etc. [7, 8]. How-
ever, these methods suffer from one or other dis-advantages
such as: expensive, hazardous by-products formation, low
efficiencies, difficulty in regeneration and incomplete metal
removal [9]. In this context, the adsorption methods espe-
cially based on employing bio-materials as adsorbents is
promising and generating the global interest because the
methods are simple, effective and economical [5, 10]. The
bio-computability of the bio-materials and their renewable
sources are the inherent merits of this aspect of water reme-
diation methods [10-12].

Various adsorbents such as marine macro alga, acti-
vated carbon, goethite, multi walled carbon nanotubes,
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sugar cane bagasse, poly(m-phenylene diamine) micro-
particles, peanut shells, saw dust bentonite, hydroxyapa-
tite, waste tea leaves, two dimensional metal carbides,
silica, hydroxyl apatite, rice husk, magnetic nanoparti-
cles, nano-silica soybean hulls, magnetic nano-adsorbent,
nano-alumina, urea-grafted alginate, Moringa species,
Alginate and Chitosan modifications etc. have been inves-
tigated for the removal of cadmium or mercury ions [1,
4-6, 8, 13—15]. Most of these methods are used to remove
either mercury or cadmium ions separately but not both
the ions simultaneously.

The major disadvantage of these bio-adsorbents is that
they suffer from low adsorptivities. But incorporating
nano materials in the matrix of bio-materials the adsorp-
tion capacity of the resultant mixed adsorbent may be
enhanced in some instances because of unique character-
istics of nano materials such as small particle size, large
surface area, large pore volume, high adsorption capacity
and fast rate of adsorption [5]. Though biomaterial (active
carbon) structure prevents ‘agglomeration’ of nano par-
ticles to some extent, it cannot be avoided completely.
Hence, investigations are being undertaken to incorporate
the composite of ‘nano particles and active carbon’ in
beads. As alginate beads and plant-based materials are
non-toxic, biodegradable, biocompatible, more abundant
and inexpensive, they are increasing used in wastewater
treatment [10, 14]. The present work is an attempt in this
direction.

Further, the nanoparticles synthesized from conven-
tional physical and chemical methods are not eco-friendly
because of the use of toxic reducing and stabilizing syn-
thetic reagents. Adoption of plant extracts as substitutes
for capping agents in the synthesis of nano particle is
another recent advance. In this investigation, we iden-
tified biomaterials of Ficus Panda areal roots have the
adsorptivity for both Cd** and Hg?* ions. The sorption
nature is increased further when the active carbon of
the said plant material is doped with green synthesized
nano SnO, In this investigation, Aloe-vera gel extract
is identified as capping agent for the synthesis of SnO,
nanoparticles of size: 31.3 nm. To prevent agglomeration
of nanoparticles and make filtration easy, the compos-
ite of ‘active carbon and nSnO,’ is doped in Al-alginate
beads (FPARAC.nSnO,-Al.alg). The beads have shown
high adsorptivity due to the cumulative sorption nature
of active carbon, nSnO, and Al-alginate beads for the
simultaneous removal of Cd** and Hg?* ions. This is the
novelty of the present work. Thus, the present article is a
comprehensive narration of synthesis of adsorbents, their
characterization, and their adoptability as adsorbents for
the simultaneous removal of Cd** and Hg?" ions from
polluted water.
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Experimental
Materials
Chemicals and Solutions

AR. grade chemicals and reagents were used throughout
in this research work. All the chemicals were purchased
from Merck. India Pvt. Ltd. and S.D. Chemicals, India.
The required solutions were prepared as described in the
literature [16]. The simulated stock solutions of cadmium
(20.0 mg/L) and mercury (15.0 mg/L) were prepared using
distilled water.

Preparation of Adsorbents
Ficus Panda Aerial Roots Powder

Ficus Panda aerial roots were cut from the plant, washed
with distilled water and dried at 105 °C for 1.0 h in a hot
air oven and crushed to powder. The powder was meshed
through 75 size. It was named as FPARP.

Ficus Panda Aerial Roots Active Carbon

Required quantity of raw Ficus Panda aerial roots powder
was taken into a round bottom flask of required size and
needed quantity of conc. H,SO, was added and kept it a
side for over-night for digestion. Then the flask along with
material was connected to a water condenser and subjected
to heating under conductive distillation until all the mate-
rial was completely charred. Then the contents in the flask
were diluted with distilled water and filtered for the bio-char.
Thus produced bio-char was washed with distilled water for
neutrality, oven-dried at 110 °C for one hour and stored in a
brown bottle. It was named as FPARAC.

Ficus Panda Aerial Roots Active Carbon Loaded with nSn0O,

Synthesis of Nano-SnO, via New Green Routes In the pre-
sent investigation new green methods were investigated by
replacing toxic synthetic capping agents by eco-friendly
plant extracts and by evoking homogeneous methods of gen-
erating the precipitating agent in a viscous media composed
of water: ethylene glycol (80:20). The approach was adopted
with a view that slow generation of precipitating agent in
highly viscous medium coupled with the ‘capping and stabi-
lizing abilities’ of naturally existing compounds in the plant
extracts will prevent the growth of the particles beyond nano
size. We tried various plant extracts and noticed that Aloe-
vera gel has capping ability in controlling the size of the
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particles. Further, the precipitating agent was generated by
Urea hydrolysis in the viscous medium composed of ethyl-
ene glycol and water (20:80). Thus, we were successful in
‘tailor-making’ the size of SnO, to nano size.

The Aloe-Vera Gel Extract The gel was scrapped from the
folded leaves of the plant. 50 g of the gel was taken into a
250 mL round bottom flask and to it, 100 mL of distilled
water was added and connected to a water condenser. Then
the contents in the flask were heated for one hour under
water-condenser set up, collected and filtered. The filtrate
was collected and preserved in refrigerator at 5.0 °C.

Synthesis of nSn0, 5.0 g of AR. SnCl, was taken in a
250 mL beaker. 150 mL of water: glycerol (80:20) and
1.0 mL of conc. HCl were added and mixed well using
magnetic stirrer. When all the salt was dissolved, 25.0 mL
of aloe-vera gel and 5.0 g of Urea were added. While con-
tinuing the stirring, the contents in the beaker were slowly
heated until the temperature reached to 80 °C. As the tem-
perature was gradually increased, ammonia was liberated
increasingly due to the hydrolysis of Urea and as a result, pH
of the solution was increased. When the solution attained
pH: 9, the heating was stopped but stirring was continued
for 2.0 more hrs at 550 rpm. Thus obtained material was
centrifuged, washed with distilled water for neutrality and
oven-dried at 110 °C. The material was then calcinated at
500 °C for 4 h in Muffle furnace. Thus obtained material
was characterized.

Ficus Panda Aerial

FPARP
Roots

P

FPARAC.nSnO,-Al.alg

Fig. 1 Various stages of synthesis of adsorbents

SnCl, solution

HOT WATER gfffRACT l / Urea
-

Synthesis of
nSnO,

FPARAC.nSn0,-Al.alg. formation

Synthesis of FPARAC.nSnO, 5.0 g of FPARAC was taken in
100 mL of distilled water and stirred at 500 rpm using mag-
netic stirrer and while stirring 2.0 g of nSnO,was added and
continued the stirring for 1.0 h. Then the material was set
aside for over-night, filtered and dried at 110 °C for 2.0 h.
Thus nSnO, admixed or loaded FPARAC was termed as:
FPARAC.nSn0O,.

Synthesis of Al-Alginate Beads Embedded with FPARAC.
nSn0, 2.5% (w/v) Sodium alginate in water was subjected
to magnetic-stirring at 500 rpm while heating slowly to reach
a temperature of 70 °C, resulting a ‘gel-like’ solution. Then
5.0 g of ‘FPARAC.nSnO,’ was added and continued the
stirring for one hour to homogenize the solution. Then the
solution was cooled to room temperature and added in drop
wise to the cooled 3.0% acidic AlCl; solution (10 °C). The
moment the drops touches the solution, beads were formed
due to the cross-linking of Na-alginate with AI** ions and
in that formation, the ‘FPARAC.nSnO,” was trapped or
embedded. Thus formed beads, FPARAC.nSnO,-Al.alg,
were allowed to be digested for over-night with the mother
liquor for attaining the uniform size. Beads were filtered and
thoroughly washed for neutrality with distilled-water. Then
the beads were dried at 75 °C for 1.0 h in hot-air oven. The
various stages of preparation of these four adsorbents were
presented graphically in the Fig. 1.

o
FPARAC

 FPARP -digestion
with Conc. H,SO,

FPARAC.nSnO, +Na.Alg FPARAC.nSnO,
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Characterization and Methods
Characterization

The developed adsorbents in this study were characterized
for different physicochemical parameters such as moisture
(%) [17], apparent density (g/mL) [17], Iodine number
(mg/g) [18], ash (%) [19], particle size (p) [20] and BET-
surface area (mzlg) [21] as per standard procedures in the
literature. The results were presented in the Table 1.

X-ray diffraction (XRD) and Fourier Transform Infra-
red (FTIR) spectroscopy and Field Emission and Scanning
Electron Microscopic (FESEM) were adopted to know the
surface characteristics of the adsorbents, ‘before and after’
adsorption of cadmium and mercury ions.

PAN analytical X-ray diffract meter using Cu Ka source
at 1.54 A° was used to measure the XRD patterns of the
adsorbents. FTIR spectra was noted by BRUKER ALFA

FTIR spectrophotometer (KBr pellet method) in the range
4000-500 cm~'. FESEM images were noted using the
instrument FESEM, Zeiss, Sigma, Germany equipped with
FESEMEDX at the optimum voltage of 3.0 kV with ultra-
high resolution. The results obtained were presented in
Figs. 2, 3,4 and 5.

Batch Mode Adsorption Experiments

In the present study, the adsorption performance of the devel-
oped adsorbents towards cadmium and mercury ions was
assessed by adopting the batch mode of experiments. 100 mL
of each Cd** (20.0 mg/L) and/or Hg** (15.0 mg/L) solutions
were taken in stoppered flasks. Then, weighed quantities of
adsorbents were added and pH of the solutions was adjusted
in between 2 and 12 by using dil. HCI/dil. NaOH. Then, the
flasks were agitated in an orbital-shaker at 350 rpm for a
pre-determined period at a temperature of 30+ 1 °C. After

Table 1 The evaluated

) ) S. no. Parameter Value
physicochemical parameters
FPARP FPARAC FPARAC.nSnO, FPARAC.
nSnO,-Al
alg
1 Moisture content (%) 8.54 7.23 6.14 5.36
2 Apparent density (g/mL) 0.291 0.327 0.483 0.572
3 Iodine number (mg/g) 605 513 428 391
4 Ash content (%) 4.57 3.14 2.98 2.31
5 Particle size (p) 48.2 423 354 324
6 BET-surface area (mz/g)
Before: 368.7 465.4 486.5 498.1
After (Cd*): 314.2 291.3 273.6 247.9
After (Hg>*): 309.5 284.2 268.7 231.5
i =)
Fig.2 XRD pattern of SnO, 16000 =
14000
o—(
=
12000
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Fig.3 XRD Spectrum of 3500
A FPARP, B FPARAC, C
FPARAC.nSnO,-Al.alg 3000

(A): FPARP

2500
2000
1500

1000

Intensity (counts)

500

3500

(B): FPARAC
3000
2500

2000

Intensity (counts)
a
S
[—]

1000

500

600
500
400
300
200
100

Intensity (counts)

reaching equilibration time, the solutions were filtered. The
filtrates were analyzed for the concentrations of lead and
mercury by adopting AAS method as described in elsewhere
[22, 23]. Percentage removal and adsorption capacity were
assessed by using the following equations.

. o (G -C,)
Adsorption capacity : (q,) = ———V

30 40 50 60 70 80 90 100

30 40 50 60 70 80 90 100
28

30 40 50 60 70 80 90 100

x 100

(G-c.)
o

% removal (% R) =

where C,=initial Cd**/Hg>* concentration; Ce = equilibrium
Cd**/Hg** concentration; and V =simulated solution vol-
ume (L); m=sorbent mass (g), were evaluated.
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Fig.4 A FTIR Spectra of FPARP-before and after adsorption of Cd>*
and Hg?* ions. B FTIR Spectra of FPARAC-before and after adsorp-
tion of Cd** and Hg?* ions. C FTIR Spectra of FPARAC.nSnO,-
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Fig.5 FESEM images of FPARAC.nSnO,-Al.alg: A before adsorption, B after adsorption of Cd** and Hg?* ions

During these experiments, the optimum extraction
conditions for the individual removal of cadmium and
mercury were established by varying targeted parameter

@ Springer

progressively and maintaining all other extraction con-
ditions at constant values. Interference of co-ions on
extraction and regeneration of spent adsorbents were
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Fig.6 Effect of: A pH; B pHzpc; C dosage; D time of equilibration; E initial concentration of Cd**/Hg?". F Sorption capacity vs initial concen-
tration of Cd**/Hg**

also investigated. The mechanism of the adsorption pro-
cess was analyzed by calculating adsorption isothermal,
kinetic and thermos-dynamical parameters. The optimum

extraction conditions for the simultaneous removal of cad-
mium and mercury were also investigated. The methodol-
ogy developed in this study was used to treat real polluted
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water samples. For all these experiments, the results were
presented in Figs. 6,7, 8,9, 10 and 11 and Tables 1 and 7.

@ Springer

Results and Discussion
Characterization Studies
Physicochemical Parameters

As per the standard procedures described in elsewhere [11,
24, 25], the values of different physicochemical parameters
of the adsorbents developed in this study were evaluated
and presented in Table 1.

As it can be seen from the Table 1, the values of various
physicochemical parameters confirmed that these biomate-
rials are good adsorbents. Further, the change in the BET-
surface area values of the adsorbents ‘before’ and ‘after’
adsorption of cadmium and mercury ions also confirmed
that these adsorbents have high adsorption capacities.

XRD Analysis

XRD spectra observed for nSnO,, FPARP, FPARAC,
FPARAC.nSnO,-Al.alg were presented in Figs. 2 and
3A-C. The XRD pattern of nSnO, consists of a number
of sharp peaks at 20 values: 26.63°, 33.9°, 37.98°, 51.82°,
54.81°,57.96° 61.91°, 64.75°, 65.99°, 71.37° and 78.76°,
which may arise due to diffractions at the planes: (110),
(101), (200), (211), (220), (002),(310), (112), (301), (202)
and (321) respectively. These patterns of peaks are as per
JCPDS Card No: 41-1445, indicating rutile tetragonal
crystalline phase of nSnO,.

The crystallite size was evaluated (Table 2) adopting
the Scherrer formula [26]:

.
BCOSO

where A =radiation wavelength; B =physical width of a
reflection (in 20); O =diffraction angle of a line maximum;
and K is a constant of value ~0.9). The SnO, crystallite size
was: 31.3 nm (average).

The XRD of ‘FPARP’ is characterized by a broad peak
between 14.04° and 29.62° with an apex at 23.0°. Further
on the hump of the broad peak some sharp shoots at 20
values: 20.53°, 23.19°, 26.67° and 27.72° were noticed.
The broadness of the peak is the characteristic of amor-
phous nature while the sharp shoots indicate some degree
of crystallinity. The Ficus Panda aerial roots are subjected
to aerial oxidation during their life time and hence, the
roots powder is endowed with some degree of crystallinity
besides dominant amorphous nature.

The XRD spectrum of FPARAC shows a characteris-
tic broad peak of amorphous carbon between 18.9° and
25.8° with small off shoots at 20.91° and 21.97°. A sharp
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Fig.9 Sorption Isotherm models: A Freundlich model; B Langmuir model; C Temkin model; D Dubinin—Radushkevich model

intensive peak at 26.55° and medium intensive peak at
27.98° are due to graphitic carbon [23]. The other sharp
peaks with varying intensities at 15.13°, 50.96°, 60.08°
and 68.37° are attributed to the crystallinity or order that
prevails in the active carbon [27]. It may be inferred that
a little degree of crystallinity acquired by the aerial roots
is further increased in their active carbon.

The XRD spectrum of ‘FPARC.SnO,-Al.alg’ is very
interesting as the spectrum is endowed with sharp bands
and broadness of band seen in the active carbons is almost
vanished. The XRD pattern shows: prominent peaks with

good intensities at: 27.34°, 34.59°, 52.59° and medium or
small peaks of varying intensities at: 38.63°, 55.56°, 62.62°,
65.61°, 66.67°, 79.51° and 84.66°. On comparison of the
XRD pattern of nSnO, with ‘FPARAC.SnO,-Al.alg’, most
of the peaks in the active carbon are altered or disappeared
and some new peaks of nSnO, are noticed. The presence of
many sharp peaks is an indicative of more crystallinity in
the beads doped with nSnO, (FPARAC.SnO,-Al.alg), than
with active carbon (FPARAC) and roots powder (FPARP).
In other words, the nSnO, and Al-alginate brought order in
the carbon chains in active carbon either through bandings
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Fig. 10 Adsorption kinetics: A Pseudo 1st order kinetics; B Pseudo 2nd order kinetics; C Elovich model; D Bangam’s pore diffusion models

or due to columbic interactions [27]. When the order is more
in the matrix of the adsorbent, more facile is the movement
of ions, which penetrate deeper from the adsorbent surface
to reach the hidden adsorption sites. This manifests in good
adsorptivity of the sorbent.

FTIR Analysis

Marked difference between the spectral features of the adsor-
bents taken ‘before’ and “after’ adsorption of Cd** and Hg?*
ions were observed. FTIR spectra showed the presence of
various functional groups such as, -OH, -COOH,-NH,
C=C, —-C=0 and > C-0 on the surface of adsorbents [13].
In the case of ‘FPARP’, Fig. 4A, the broad bands gener-
ally appear in natural materials pertaining to intermolecular
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hydrogen bond among ‘-~OH/-NH-" groups is absent. But
sharp peaks of varying intensities appeared at: 3693, 3621,
3619 and 3515 cm™!, indicating that the structures of Ficus
Panda aerial roots are accomplished with free functional
groups of —OH and —NH capable of bond formation with
proper metal ions [28]. These spectral features are drastically
reduced or disappeared and only a small peak at shifted fre-
quency, 3788 cm™! noted in the after-adsorption spectrum,
indicating bond formation between functional —-OH/-NH
groups and metal ions [29].

The emphatic intensive peaks pertaining to ‘conju-
gated system’ at 2327 cm™! and ‘~C-0’ at 1029 cm™! in
before-spectrum, are reduced to small peaks respectively at
2337 cm™! and 1018 cm™! after adsorption of Cd** and Hg**
[23]. Various peaks at 912, 779, 686 and 537 cm™! pertain
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Fig. 11 Regeneration study of B FPARP/Cd2+ BFPARP/Hg2+
adsorbents FPARAC/Cd2+ BFPARAC/Hg2+
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26.63 13315  0.232347 0973129 26525 26732  0.207  0.003612  41.19853
3391 16.955  0.295865  0.95655 33.808  34.042 0234  0.004083  37.07649
3798  18.99 0.331376  0.945596  37.89 38.125  0.235  0.004101  37.34642
51.82 2591 0.45213 0.899519  51.71 51.991  0.281  0.004903  32.83264
54.81  27.405  0.478217 0.887817  54.685 54975  0.29 0.00506 32.23302
5796  28.98 0.505701  0.874835  57.74 58.063  0.323  0.005636  29.3693
6191 30955 0.540165  0.857624  61.806  62.135  0.329  0.005741  29.41234
64.75 32375  0.564944  0.844619  64.652  65.012  0.36 0.006282  27.29349
6599 32995 0.575763  0.838777  65.867 66.242  0.375  0.006544  26.38423
7137 35685  0.622703  0.812305  71.17 71.57 0.4 0.00698 25.54132
7876 39.38 0.687181  0.773037  78.607  79.026  0.419  0.007312  25.62169
Average: 31.301 nm

to bending vibrations of various functional groups in before-
adsorption spectrum, are either disappeared or reduced in
their intensities with little shift in their positions, indicative
of sorption of metal ions [27]. New bands pertain to ester
formation (1601 and 1163 cm™}), ‘Cd-O’ and/or ‘Hg-O-’
(602, 449, 479 and 408 cm™!) have appeared in the after-
adsorption spectrum, indicating the interaction between the
‘functional groups’ of the adsorbent and Cd>* and Hg?" ions
[27].

The FTIR spectrum of FPARAC, Fig. 4B, has the peaks
at 3496-3095 cm™! (broad, —OH, indicative of ‘~O---H:--O’
bonding); twin peaks at 2989 and 2916 cm™! (strong, sym-
metric and asymmetric stretching of -CH,) [30]; 2338 cm ™!
(intensive, conjugated system), 1600 cm™! (ester); 1441,
1407 and 1389 (small, aromatic nature), 938, 671, 597 and
498 cm™! (varying intensities, bending vibrations) [28,
29]. After adsorption of Cd** and Hg?", there are marked
variations, Fig. 4B: broad band of ‘~OH’ stretching has

disappeared; the twin bands of —CH, almost disappeared;
and emphatic peak of conjugated system and peak of ‘~O-C’
have been reduced. Further, new peaks of varying intensities
due to defamations of metal (Cd/Hg)—O-are appeared at:
606, 598, 497, 458, 408 and 401 cm™' [27]. These features
indicate the formation of surface complex between Cd**/
Hg* with various functional groups present in FPARAC.
When nSnO, is loaded on active carbon, FPARAC.
nSnO,, the active carbon spectrum, has been drastically
changed, Fig. 4C. “Metal-O” stretchings generally appear
below 1000 cm™! [28]. In the present instance, a broad
emphatic peak extending from 752 to 477 cm™! with sharp
shoot outs at: 611, 507 and 477 cm™!, have appeared and
further, some other new peaks appeared at 489, 434 and
425 cm~!. These change in feature between FPARAC
and FPARAC.nSnO, are indicative of surface modifica-
tions caused by nSnO, on FPARAC. After adsorption of
Cd** and Hg”* ions on FPARAC.nSnO,, there are marked
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changes in the spectral features: multiple small sharp peaks
of ‘-“NH/-OH’ have changed to sharp multiple peaks (clear
peak at 3745 cm™") with shift in their positions; twin peaks
of —CH, stretchings at 2984 and 2891 cm™~! have almost
disappeared [30]; 2340 cm™! peak of ‘conjugate system’
has been reduced to small peaks with two shoots at: 2357
and 2330 cm™! [28]; the ester peak at 1597 cm™~! has been
changed to 1517 cm™" with the reduction of intensity [29];
clear changes are observed in aromatic peaks (1448, 1407
and 1309 cm_l); new peaks appeared at 609, 609, 605, 503,
477 and 404 cm™! and they may be attributed to stretching of
‘Cd/Hg—O’ and/or ‘—“O-Cd/Hg—O-" [27]. These changes in
spectral characteristic indicate the adsorption of Cd**/Hg?"
on to the surface of FPARAC.nSnO.,.

On comparison of spectral characteristics of FPARAC.
nSnO,, Fig. 4C, with FPARAC.nSnO,-Al.alg, Fig. 4D,
marked difference can be observed, which are attributed to
modification done by Al-alginate beads on the surface nature
of FPARAC.nSnO,-Al.alg. The clear changes observed
are: a wide peak from 3605 to 3096 cm™! (due to involve-
ment ‘“OH/-NH-" groups in the hydrogen bond formation)
[28]; strong peak of conjugate system at: 2353 cm™! [28];
small peaks at: 1710, 1691 and 1585 cm™! of carbonyl and
ester [28]; various peaks of “Metal (Sn/Al)-O-" of dif-
ferent intensities at 854, 668, 572, 497, 448, 420, 404 and
401 cm™ [27].

The spectrum of FPARAC.nSnO,-Al.alg, Fig. 4D, after
adsorption of Cd** and Hg?*, has shown marked differences:
the broad peak of ‘~“OH/-NH-" has changed to a sharp peak
at: 3509 cm™! [23]; CH,-peaks almost disappeared; peak
pertaining to ‘conjugate system’ reduced (2327 cm™") [23];
small peaks of carbonyl and ester groups are reduced to a
clear single peak at: 1588 cm™' [23]; 1155 and 1024 peaks
of ‘~C-0O-/-O-C-O- ° are reduced to a single peak at
1044 cm™' [23]; many vibrational frequencies of ‘Metal (Sn/
Al/Cd/Hg)-O-" are changed or disappeared. These changes
in the spectral features indicate the formation of surface
complex between Cd*>*/Hg?* ions and various functional
groups of the beads.

FESEM Analysis

Of the adsorbents investigated, FPARAC.nSnO,-Al.alg
beads were found to be highly effective in simultaneously
removing Cd** and Hg?" ions from contaminated water.
Hence, FESEM images of FPARAC.nSnO,-Al.alg beads
were noted before and after adsorption of Cd** and Hg**
ions and presented in Fig. SA and B. In the before-adsorp-
tion image, Fig. 5SA, many voids, sharp edges, and corners
were noticed. In the after-adsorption image, Fig. 5B, there
are emphatic morphological changes: some voids are miss-
ing or reduced, reduction in corers and edges.
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Relatively homogenous features are appeared on the sur-
face morphology of the image taken after adsorption. These
changes in the morphological features are attributed to the
adsorption of Cd>* and Hg?*.

Adsorption Parameters

Adsorption experiments were conducted by the batch
adsorption process by varying different parameters including
pH, adsorbent dosage, contact time and initial concentration
of adsorbate ions to find optimum conditions for the simulta-
neous removal of cadmium and mercury ions from aqueous
solutions with the adsorbents namely: FPARP, FPARAC,
FPARAC.nSnO, and FPARAC.nSnO,-Al.alg.

Effect of Initial pH

The effect of initial pH of the solution on the adsorption of
cadmium and mercury ions were investigated by varying the
pH from 1 to 10 and the results were shown in Fig. 6A. The
maximum percentage removal was observed at pH: 6 for
FPARP, pH: 5 for FPARAC, FPARAC.nSnO, and FPARAC.
nSnO,-Al.alg for both the metal ions, cadmium and mer-
cury. The pHzpc values for the adsorbents were evaluated
as per the standard methods described elsewhere and were
presented in Fig. 6B [24]. The values were 5.5 for FPARP;
4.5 for FPARAC, FPARAC.nSnO, and for FPARAC.nSnO,-
Al.alg. At these pHypc values, the surfaces of the adsorbents
are neutral.

When the solution pH < pHpzc, the surface functional
groups of the adsorbents were readily protonated, result-
ing electrostatic repulsion with metal cations in the solution
and decreases the adsorption. At low pH values, H* ions
compete with Cd**/Hg?" ions, leading to low adsorption
of Cd**/Hg?" ions ‘onto’ the active sites of the adsorbent.

When the solution pH > pHzpc, the surface functional
groups of the adsorbents were deprotonated, and the surface
is charged negatively. At pH values above 6.5, the predomi-
nant species of cadmium and mercury ions are: Hg (OH),
or HgCli_; [Cd(OH),]™ [21, 31]. Hence, at high pHs, the
negatively charged surface of the adsorbents repels the cad-
mium and mercury species, resulting decrease in adsorption
[5, 32].

Thus, good adsorption for both the ions are observed
only when the solution pH values are around pHzpc. With
increase or decrease in pH of the solution (than the value
of pHzpc), the adsorption is decreased. At these pH values
i.e. between 5 and 6, cadmium exists as Cd** (with traces of
CdOH™) while mercury as Hg>* or Hg(OH)* and there is a
least competition with H* with the cations of cadmium and
mercury [21, 31]. The good adsorption at pH: 6.0/5.0, indi-
cates the formation of surface complex and/or ion-exchange
between Cd**/Hg** with the functional groups of sorbents.
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The same is supported by the thermodynamic data with high
AH? values and FTIR investigations.

Effect of Adsorbent Dosage

The effect of adsorbent dosage on the extraction of cad-
mium and mercury by FPARP, FPARAC, FPARAC.nSnO,
and FPARAC.nSnO,-Al.alg was investigated and the results
were shown in Fig. 6C. Adsorbents dose was varied from
0.25 to 3.25 g/L and equilibrated for: 120 min with FPARP/
Cd**/Hg>*; 90 min with FPARAC/Cd**/Hg**; 60 min with
FPARAC.nSnO,/Cd**/Hg** and 75 min with FPARAC.
nSn0,-Al.alg/Cd**/Hg?", at an initial concentration of
Cd**: 20.0 mg/L and Hg?*: 15.0 mg/L at a temperature of
30x1°C.

With increasing the adsorbents dosage, the concentration
of the Cd**, Hg?* ions in the solution decreases. In other
words, increasing the adsorbents dose significantly increased
the Cd**, Hg?* ions adsorptivity. On further increasing the
adsorbents dose, a steady state was attained at 2.0 g/L for
FPARP/Cd**/Hg*; 1.75 g/L for FPARAC/Cd**/Hg** and
1.5 g/L for both FPARAC.nSnO,/ Cd**/Hg** and FPARAC.
nSn0,-Al.alg/Cd**/Hg**.

As already reported in literature, the increase in percent
removal of adsorbate with increasing adsorbent dose could
be attributed to the availability of more fresh active sites on
the adsorbent surface for adsorption [24, 25, 33]. Increasing
in adsorbents dose leads to increase in active sites of metal
binding which means more metal ions are adsorbed. Hence,
the percent removal increases till a steady state (saturation)
is reached. On further addition of the adsorbents beyond
the above said amounts, there is no significant change in the
percent removal of metal ions. This can be attributed to the
fact that the adsorbent gets aggregated and hence less effec-
tive surface area available for metal ions adsorption. The
similar results were noticed in the previous works reported
in the literature [23].

Effect of Contact Time

In the adsorption process, contact time is one of the impor-
tant parameters. The effect of contact time on percent
removal was investigated at various contact times in between
10 and 180 min, while maintaining all other parameters at
optimum conditions. The results were shown in Fig. 6D.

The adsorption efficiency of the FPARP, FPARAC,
FPARAC.nSnO, and FPARAC.nSnO,-Al.alg towards Cd**
and Hg?* ions was very rapid in the initial stage of adsorp-
tion and slow down with time and attained a ‘stead state’
after certain equilibration time.

Initially, the surface of the adsorbents is endowed with
more number of ‘free active sites/ion’, so the adsorption
speed is fast at the beginning. With progress of equilibration

time, the availability of active sited is decreed progressively
in view of the fact that the dosage of adsorbent is fixed and
consequently, only a fixed number of active sites are avail-
able. After certain equilibration time all the active sites are
used-up, resulting a steady state: after 120 min with FPARP/
Cd?*/Hg*; 90 min with FPARAC/Cd**/Hg**; 60 min with
FPARAC.nSnO,/Cd**/Hg** and 75 min with FPARAC.
nSn0,-Al.alg/Cd**/Hg? * [32, 34].

Effect of Initial Cd** and Hg?* Concentrations

Different concentrations of Cd** and Hg?>" solutions in
between 5.0 to 50.0 mg/L. were examined to determine the
efficiency of cadmium and mercury adsorption onto FPARP,
FPARAC, FPARAC.nSnO, and FPARAC.nSnO,-Al.alg.
The other experimental parameters were maintained at opti-
mum conditions. The results were shown in Fig. 6E and F.

As it can be seen from the Fig. 6E, the percent removal
of Cd>* and Hg?" ions were decreased with increasing in
the initial concentrations of the solutions. This might be due
to the larger number of metal ions in the solution than the
number of surface-active groups on the adsorbent. Hence,
the fixed amounts of adsorbents will not continue to adsorb
at the higher concentrations [23, 24, 31, 32].

As it can be seen from the Fig. 6F, the adsorption capaci-
ties of the adsorbents, ge, were increased with increasing
in the initial concentrations of Hg?* and Cd** solutions. At
low concentrations, the ratio of the metal ions concentration
to the surface area of the adsorbent was low while at higher
concentrations, the active sites were completely occupied
by the metal ions. Hence, due to increased diffusion of the
metal ions into the boundary layer leading to higher adsorp-
tion capacity [31, 32].

Interference of Co-ions

The interference of co-ions on the extraction of cadmium
and mercury by FPARP, FPARAC, FPARAC.nSnO, and
FPARAC.nSnO,-Al.alg was studied. In this investigation,
the common ions namely Ca**, Mg?*, AI**, Zn**, Fe?*,
Cu?*, fluoride, chloride, sulphate, nitrate, phosphate, and
bicarbonate were added in twofold excess than the cadmium
and mercury ions due to their common existence in natural
waters as well as wastewater from industrial sources. The
results were presented in Fig. 7A and B.

As it can be seen from the Fig., presence of the common
co-ions shows marginal effect on the extraction of cadmium
and mercury ions. The extent of influence on the extraction
depends on various factors such as electro negativity, charge,
size, polarizability, repulsive forces between the ions, etc.
[35].
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Table 3 Thermodynamic parameters

Adsorbent AH° (kJ/mol) AS° (J/mol) AG® (kJ/mol) R?
303 313 323 333

FPARP/Cd? 7.99 26.49 —8.02 —8.28 — 8.55 —8.81 0.9980
FPARP/Hg?* 8.34 28.35 —8.58 — 8.87 —-9.15 —943 0.9977
FPARAC/Cd? 12.44 43.49 - 13.17 — 13.60 — 14.04 — 1447 0.9514
FPARAC/Hg** 31.87 107.79 —32.63 —33.71 —34.79 —35.87 0.9718
FPARAC.nSnOZ/Cd2+ 50.03 175.66 —53.17 — 5493 —56.69 —58.44 0.9900
FPARAC.nSnOZ/Hg2 50.14 178.93 —54.16 —55.95 —57.74 —59.53 0.9881
FPARAC.nSnOz-Al.alg/Cd2+ 65.29 229.23 —69.39 —71.68 —-73.97 —76.27 0.9491
FPARAC.nSnOz—Al.alg/ngJr 59.79 212.46 —64.31 — 66.44 —68.56 —70.69 0.9262

Effect of Temperature and Thermodynamics
of Adsorption

The effect of temperature on the extraction of Cd>* and Hg**
ions by FPARP, FPARAC, FPARAC.nSnO, and FPARAC.
nSnO,-Al.alg was investigated by using temperature range
303 to 333 K at other optimum conditions. The results were
presented in Fig. 8A.

As seen in Fig., with increase in temperature the adsorp-
tion of the metal ions onto the adsorbents also increased.
This indicates that the interaction of metal ions with the
surface-active sites of the adsorbents is an endothermic pro-
cess. At high temperature, the movement of the metal ions
increases due to increase in energy of the system. More dif-
fusion of the metal ions towards the adsorbents surface and
more adsorption sites are created to enable the metal ions
to penetrate more into the matrix of adsorbents and thereby,
acquiring access to the inner-layered active sites, resulting
more adsorption [30, 36].

Thermodynamic parameters of adsorption such as change
in standard Gibbs free energy (AG®), change in standard
enthalpy (AH®) and change in standard entropy (AS°) were
calculated from the following equations [25, 30]:

AG°® = —RT InK,
InK,; = AS°/R - AH°/RT
Ky = q./C, and

AG° = AH° —T AS°

where K =distribution coefficient; qe = adsorbed amount
of Cd**/Hg**; Ce =equilibrium Cd**/Hg>*concentration;
T =temperature (K), R =gas constant. The van’t Hof plot,
InK, versus 1/T, was as shown in Fig. 8B and the results
were presented in Table 3.

The negative AG® values at all temperatures indicate that
the adsorption of Cd** and Hg?* ions by FPARP, FPARAC,
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FPARAC.nSnO, and FPARAC.nSnO,-Al.alg was a spon-
taneous process. The positive values for the change in
enthalpy, AH®, indicate the endothermic nature of adsorp-
tion of cadmium and mercury. Further, the high values of
AH° suggest the mechanism of adsorption is ‘ion-exchange
and/or complex formation’ between metal ions and adsor-
bents functional groups, as supported by FTIR-data. The
positive AS® values show the good affinity of the adsorbents
for the metal ions. This results in increase in the metal ions
concentration at the solid—liquid interface i.e. randomness
in the system increases [15]. This is a favourable condition
for metal ions to cross the interface barrier, resulting good
sorption [37, 38]. The similar results were observed in the
simultaneous extraction of lead and cadmium from contami-
nated water [23].

Adsorption Isotherms

In order to describe the interaction between the adsorbents
and adsorbate ions at equilibrium, and to estimate the
adsorption capacity, adsorption isotherms have been stud-
ied. The most common four different isotherms, Freundlich,
Langmuir, Temkin and Dubinin—Radushkevich (D-R) were
used to analyze the adsorption data [39-42]. Freundlich iso-
therm describes the multilayer adsorption of adsorbate ions
on the heterogeneous surface of sorbents [15]. Langmuir
adsorption isotherm is based on monolayer adsorption of
metal ions on the homogeneous surface of adsorbents [15].
The separation factor, Ry, is a dimensionless parameter and
specifies the feasibility of the adsorption process. As per
Hall et al. the process is either unfavorable (R; > 1), linear
(R =1), favorable (0 <R < 1) or irreversible (R; =0) [43].
The D-R isotherm is used to explain the heterogeneity of
the adsorbent surface. Adsorption energy, E, is calculated
based on D-R isotherm. Temkin isotherm studied the heat
of adsorption and the adsorbent-adsorbate interaction of
surfaces. Furthermore, the isotherms assume that the heat
of adsorption, B, of all molecules in the layer decreased
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;rsaolﬁlee?m]jlvggiﬁgt:;i:orp tion Adsorbent/adsorbate Parameter  Freundlich Langmuir Temkin D-R isotherm
FPARP Slope 0.3158 0.1757 1.1634 — 6.979E-7
Cd%+ removal Intercept 0.7765 0.1353 2.1490 1.7283
R? 0.6945 0.9629 0.6866 0.8952
1/n=0.3158 R; =0.0371 B=1.1634 E=0.8464 kJ/mol
FPARP Slope 0.2739 0.1988 0.9492 — 5.1567E-7
Intercept 0.8021 0.0328 2.2678 2.2030
Hg?* removal R? 0.6731 0.9636 0.6342 0.8369
1/n=0.2739 R =0.0101 B=0.9495 E=0.9847 kJ/mol
FPARAC Slope 0.3356 0.0986 2.0325 — 1.9942E-7
Intercept 1.3447 0.0947 4.0821 2.2030
R? 0.8542 0.9636 0.8483 0.7925
Cd>* removal 1/n=0.3356 R; =0.0458 B=2.0325 E=1.5834kJ/mol
FPARAC Slope 0.2903 0.1008 1.7301 — 1.2976E-7
Intercept 1.4469 0.0804 4.6772 2.1845
Hg?* removal R? 0.8586 0.9904 0.8790 0.8184
1/n=0.2903 R; =0.0505 B=1.7301 R;_1.9629 kJ/mol
FPARAC.nSnO, Slope 0.2199 0.0492 3.1554 — 1.0329E-7
Intercept 2.3639 0.0426 10.5245 2.8414
Cd>* removal R? 0.9931 0.9910 0.9824 0.6980
1/m=0.2199 R =0.0415 B=3.1554 E=2.2001 kJ/mol
FPARAC.nSnO, Slope 0.1431 0.0567 1.9147 —3.5031E-8
Hg?* removal Intercept 2.4225 0.0336 11.4002 2.7430
R? 0.9677 0.9960 0.9435 0.5817
1/n=0.1431 R; =0.0380 B=19147 E=3.7779 kJ/mol
FPARAC.nSnO,-Al.alg Slope 0.1074 0.0562 1.6879 — 8.4796E—-8
Intercept 2.6242 6.8009 13.8470 2.8833
Cd** removal R? 0.7091 0.9932 0.6847 0.7453
1/n=0.1074 R =0.8582 B=1.6879 E=2.4283 kJ/mol
FPARAC.nSnO,-Al.alg Slope 0.2028 0.050 3.2259 — 2.8960E—7
Intercept 2.4038 0.0337 10.3727 2.8960
Hg?" removal R? 0.9925 0.9902 0.9860 0.6998

1/n=0.2028 R =0.0430 B=3.5529 E=1.3139 kJ/mol

linearly by increasing the coverage during adsorption pro-
cess [4, 25, 36, 44].

The plots of these isotherms and the evaluated factors
were depicted in Fig. 9A-D and Table 4. The correlation
coefficient (R?) values were used to select a best adsorption
model that fits the experimental data. The R? values close
to unity denotes that the model fits the data well [22, 36].

As it can be seen from the Table, higher R? values
(close to 1) for the Langmuir plots compared with other
models showed better fit to the experimental data. Accord-
ing to the Langmuir, the simultaneous adsorption of Cd**
and Hg?* ions ‘onto’ the adsorbents occurs in homogene-
ous surface sites. Further, the positive values of the separa-
tion factors (R;) were within the range of 0 to 1 indicate
that the adsorption process is favorable ‘onto’ adsorbents.

While on the other hand, R? values of FPARAC.nSnO,/
Cd** and FPARAC.nSnOz—Al.alg/Hg2+, were higher (close
to 1) for the Freundlich plot than the Langmuir plot. Fur-
thermore, the values of 1/n were > 1 for these adsorbents,
which reveals that the cadmium and mercury adsorption
onto FPARAC.nSnO, and FPARAC.nSnO,-Al.alg, respec-
tively, is favorable and heterogeneous. The heat of adsorp-
tion (B) and the adsorption energy, E, values were calcu-
lated using Temkin and Dubinin—Radushkevich equations.

Adsorption Kinetics
Adsorption kinetics describes time required for the

adsorption process and the adsorption rate of adsorb-
ate by the adsorbent. In the present study, four kinetic
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Table 5 Evaluated adsorption

o= Adsorbent/adsorbate Parameter Pseudo-first order Pseudo- Elovich model Bangham’s
kinetical parameters second pore diffusion
order
FPARP Slope -0.011 0.0967 1.836 0.8390
Cd** removal Intercept 0.8211 1.592 —4.28 —2.3266
R? 0.9801 0.9875 0.9783 0.9502
FPARP Slope —-0.013 0.1578 1.42 0.7921
Hg?* removal Intercept 0.7941 13.88 —3.148 —-2.1771
R? 0.8993 0.9383 0.9697 0.9440
FPARAC Slope —0.087 0.1034 2.268 0.6546
Cd?* removal Intercept 3.536 4.0541 —3.523 -1.7079
R? 0.6570 0.9802 0.9398 0.9016
FPARAC Slope —0.084 0.1164 2.0264 0.7416
Hg?* removal Intercept 3.3682 5.224 —-3.416 —-1.779
R? 0.6700 0.9789 0.9499 0.9300
FPARAC.nSnO, Slope —-0.031 0.0737 2.98 0.6957
Cd?* removal Intercept 1.4295 1.701 —2.669 —1.499
R? 0.9057 0.9680 0.7637 0.7650
FPARAC.nSnO, Slope —-0.036 0.0987 2.135 0.6657
Hg?* removal Intercept 1.4068 1.778 —-1.222 —1.388
R? 0.8820 0.9722 0.7058 0.7105
FPARAC.nSnO,—Al.alg  Slope -0.022 0.0724 2.877 0.6812
Cd%+ removal Intercept 1.2463 1.347 —1.667 —1.4025
R? 0.9745 0.9860 0.8175 0.8395
FPARAC.nSnO,-Al.alg  Slope -0.023 0.0967 2.092 0.6688
Hg?* removal Intercept 1.1011 1.592 —-0.7970 —1.3507
R? 0.9930 0.9875 0.7921 0.8242

models namely, pseudo-first and second order equations,
Elovich model and Bangham’s pore diffusion model
were employed [45-48]. The pseudo first-order model is
used to describe the adsorption of liquid adsorbate ions
‘onto’ the solid adsorbent at different time intervals. The
pseudo-second order model is based on the assumption
that the adsorption involving valence forces through shar-
ing of electrons between adsorbate and adsorbent. Elovich
kinetic model is applied for the adsorption of solutes from
a liquid solution. Bangham’s pore diffusion model is used
to describe pore diffusion during adsorption process. The
correlation coefficient (R?) values were used to confirm
the favoured adsorption kinetic model. Higher the cor-
relation coefficient (R?) values (close to 1), greater will
be the linearity. This confirmed the best fit kinetic model
to the experimental data. The plots of these kinetics and
the evaluated factors were depicted in Fig. 10A-D and
Table 5.

As it can be seen from the Table, the R? values for
the adsorption kinetics of the metal ions were higher
(close to 1) for the pseudo-second order model compared

@ Springer

to other models. Hence, the pseudo-second order model
is a best model fitting the kinetics of the adsorption of
the metal ions, cadmium and mercury. Thus, the rate
determining step may be the chemisorption process
and it requires the interchange or involvement of elec-
trons. While on the other hand, the adsorption kinetics
of Hg?* ions by FPARAC were best fitted with Elovich
model (R*=0.9697) and Hg>* ions by FPARAC.nSnO,-
Al.alg was best fitted with pseudo-first order model
(R?>=0.9930).

Simultaneous Extraction of Cadmium and Mercury
lons

The optimum extraction conditions for the maximum
removal of individual cadmium and mercury ions by
FPARP, FPARAC, FPARAC.nSnO, and FPARAC.nSnO,-
Al.alg at an initial concentration of Cd** (20.0 mg/L) and
Hg?* (15.0 mg/L) are: pH: 6.0, equilibration time: 120 min,
adsorbent dosage: 2.0 g/L for FPARP/Cd**/Hg>*; pH: 5.0,
equilibration time: 90 min, adsorbent dosage: 1.75 g/L for
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Table 6 Simultaneous removal

. . Samples Concentration of mixture mer- After adsorption mg/L % Removal
of cadmium and mercury ions cury + cadmium (mg/L)
cd*t Hg2+ cd*t Hg2+ cd*t Hg2+

A: FPARP: Optimum conditions: pH: 6.0; dosage: 2.50 g/L; contact time: 130 min; rpm: 350; Temp.:
30x1°C
1 2.0 1.0 0 0 100 100
2 2.5 1.5 0 0 100 100
3 3.0 2.0 0 0 100 100
4 35 25 0 0 100 100
5 4.0 3.0 0 0 100 100

B: FPARAC: Optimum conditions: pH: 5.0; dosage: 2.0 g/L; contact time: 100 min; rpm: 350; Temp.:
30+1°C
1 2.0 1.0 0 0 100 100
2 25 1.5 0 0 100 100
3 3.0 2.0 0 0 100 100
4 35 25 0 0 100 100
5 4.0 3.0 0 0 100 100

C: FPARAC.nSnO,: Optimum conditions: pH: 5.0; dosage: 1.75 g/L; contact time: 70 min; rpm: 350;

Temp.: 30+ 1 °C

1 2.0
2 2.5
3 3.0
4 3.5
5 4.0

1.0 0 0 100 100
1.5 0 0 100 100
2.0 0 0 100 100
2.5 0 0 100 100
3.0 0 0 100 100

D: FPARAC.nSnO,-Al.alg: Optimum conditions: pH: 5.0; dosage: 1.75 g/L; contact time: 80 min; rpm:

350; Temp.: 30+1 °C

1 2.1
2 29
3 34
4 4.1
5 4.8

42 0 0 100 100
5.1 0 0 100 100
6.5 0 0 100 100
7.8 0 0 100 100
8.6 0 0 100 100

The values are average of five estimations; S.D.: +0.18

FPARAC/Cd**/Hg?*; pH: 5.0, equilibration time: 60 min,
adsorbent dosage: 1.5 g/L for FPARAC.nSnO,/Cd**/Hg**
and pH: 5.0, equilibration time: 75 min, adsorbent dosage:
1.5 g/L for FPARAC.nSnO,-Al.alg/Cd**/Hg*" at a tempera-
ture of 30+ 1 °C.

Hence, the simultaneous extraction of both the metal
ions, cadmium, and mercury, was also investigated at the
above said pH values with the adsorbents. Results were
noted in Table 6. The results revealed that except two
extraction parameters, dosages of adsorbents and equilibra-
tion times, both the metal ions were effectively removed at
the established extraction conditions. All other parameters
were remained constant except these two parameters. There
was a small increase in dosages of adsorbents and equili-
bration times. The adsorbent dosage and equilibration time
respectively needed were found to be 2.50 g/L, 130 min for
FPARP/Cd**/Hg**; 2.0 g/L, 100 min for FPARAC/Cd**/
Hg”* and 1.75 g/L; 70 min for FPARAC.nSnO,/Cd**/Hg**
and 1.75 g/L, 80 min for FPARAC.nSnO,-Al.alg/Cd**/Hg*".

Regeneration and Reuse of Spent Adsorbents

Regeneration and reusability of the spent adsorbents are
important considerations from the economic point of
view. To investigate the recycling ability of the adsorbents,
FPARP, FPARAC, FPARAC.nSnO, and FPARAC.nSnO,-
Al.alg, the regeneration studies were conducted with the
metal ions solution having 20.0 mg/L of Cd** and 15.0 mg/L
of Hg?*. Various solutions comprising of acids, bases and
salts and their blends at different concentrations, were tried
to regenerate the spent sorbents. 0.1 N HCI was effective in
regenerating the spent adsorbents [25].

Overnight incubation of the Cd**/Hg*" loaded adsor-
bents into 0.01 N HCI solution followed by filtering and
dried at 105 °C were done to complete the regeneration pro-
cess. Now, the adsorbents were re-used for the extraction of
Cd** and Hg?* ions. Results were presented in Fig. 11. The
results revealed that no significant changes in the percent
removal up to 5-cycles for FPARAC.nSnO, and FPARAC.
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nSnO,-Al.alg, up to 3-cycles for FPARAC and up to 2-cycles
of adsorption—desorption for FPARP. Marginally declined
removal efficiencies could be observed.

The decrease in adsorption with the increases in number
of cycles of regeneration-cum-reuse, may be due to loss and/
or non-generation of active sites on the adsorbent’s surface.
Some of the active sites may be destroyed during the treat-
ment process [25].

Hence, the cost-effective synthesis, higher adsorption
capacity and good regeneration efficiency of the adsor-
bents, FPARP, FPARAC, FPARAC.nSnO, and FPARAC.
nSnO,-Al.alg, makes them as good sorbents in wastewater
treatment.

Applications

The simultaneous removal of Cd** and Hg?* ions was
also investigated at an environmental level to treat real
industrial wastewater samples collected from battery and
electroplating industries in Madras and Hyderabad, India.
The adsorbents developed in the present study, FPARP,
FPARAC, FPARAC.nSnO, and FPARAC.nSnO,-Al.
alg, were used to treat industrial effluents. The samples
were treated at the optimum conditions of extraction
investigated in the present study: pH: 6.0, equilibration
time: 130 min, adsorbent dosage: 2.5 g/L for FPARP/
Cd**/Hg?*; pH: 5.0, equilibration time: 100 min, adsor-
bent dosage: 2.0 g/L for FPARAC/Cd**/Hg**; pH: 5.0,

Table 7 Applications (Optimum conditions: FPARP-pH: 6.0, equili-
bration time: 130 min, adsorbent dosage: 2.5 g/L; FPARAC-pH: 5.0,
equilibration time: 100 min, adsorbent dosage: 2.0 g/L; FPARAC.

equilibration time: 70 min, adsorbent dosage: 1.75 g/L
for FPARAC.nSn0,/Cd**/Hg** and pH: 5.0, equilibration
time: 80 min, adsorbent dosage: 1.75 g/L for FPARAC.
nSn0,-Al.alg/Cd**/Hg*" at a temperature of 30 + 1 °C.
The results were presented in Table 7.

The results show the complete removal efficiency of
Cd** and Hg?*ions onto adsorbents at the said extraction
conditions. Hence, these adsorbents could remove effec-
tively both Cd>* and Hg?* ions from industrial effluents
simultaneously.

Comparison with Other Reported Adsorbents

The adsorption performances of developed adsorbents in
this investigation, FPARP, FPARAC, FPARAC.nSnO, and
FPARAC.nSnO,-Al.alg, were compared with those of pre-
viously reported adsorbents. The results were presented in
Table 8. These previous reports pertain to the removal of
individual Cd** and Hg** from water. The main merit of
the present sorbents is that they are effective in removing
simultaneously the cadmium and mercury ions from con-
taminated waters.

As is evident from the Table 8, all the adsorbents have
good sorption capacities for cadmium and mercury ions. The
results show the adsorbents have better adsorption capac-
ity than the many other reported adsorbents. Hence, these
adsorbents have high potential for the simultaneous removal
of Cd** and Hg** ions from wastewater.

nSnO,-pH: 5.0, equilibration time: 70 min, adsorbent dosage:
1.75 g/L and FPARAC.nSnO,-Al.alg-pH: 5.0, equilibration time:
80 min, adsorbent dosage: 1.75 g/L at a temperature of 30+ 1 °C)

Sample C& inmg/L.  Cd* and Hg?" ions removal
Cd2+: Hg2+
FPARP FPARAC FPARAC.nSnO, FPARAC.nSnO,-Al.alg
Ce*mg/L % extraction  Ce*mg/L % extraction Ce®mg/L % extraction Ce®mg/L % extraction
A: Effluents of battery industries
1 22:15 0 100 0 100 0 100 0 100
2 26:23 0 100 0 100 0 100 0 100
3 37:21 0 100 0 100 0 100 0 100
4 41:22 0 100 0 100 0 100 0 100
5 48:27 0 100 0 100 0 100 0 100
B: Effluents of electro plating industry
1 18:10 O 100 0 100 0 100 0 100
2 21:13 0 100 0 100 0 100 0 100
3 28:1.7 0 100 0 100 0 100 0 100
4 34:20 0 100 0 100 0 100 0 100
5 39:24 0 100 0 100 0 100 0 100

Ci initial Cd**/Hg?** concentrations in the effluents samples collected in the battery and electroplating industries, Ce equilibrium Cd**/Hg?* con-
centrations after treating with FPARP, FPARAC, FPARAC.nSnO, and FPARAC.nSnO,-Al.alg

2Mean of five determinations; SD: +0.23
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Table 8 Comparison of S.no. Sorbent pH pollutant  Adsorbent References
adsorbents capacity
(mg/g)

1 Modified Fe oxide Mercury 0.59 [49]

2 Fe-Sn—-MnOx . Mercury 3.75 [50]

3 Green coconut shell 5.0 Cadmium 11.96 [51]

4 Succinic anhydride modified apple pomace 4.0 Cadmium 4.45 [52]

5 Activated carbon prepared from African palm fruit 8.0 Cadmium  1.82 [53]

6 palm oil fuel ash 7.0 Mercury 0.99 [54]

7 SBZ-Chemical activation using ZnCl, 6.0 Mercury 11.5 [22]

8 Brewed tea waste 4.0 Cadmium 2.468 [55]

9 Hickory chips biochar 6.0 Mercury 5.0 [56]

10 Coconut activated carbon 7.0 Mercury 52 [57]

11 Microwaved olive stone activated carbon 5.0 Cadmium 11.7 [58]

12 Soybean stalk 7.0 Mercury 0.67 [59]

13 Natural biosorbent and activated carbon 4.0 Cadmium 0.08 [60]

14 Phragmites karka 7.0 Mercury 2.3 [61]

15 Granular activated carbon and activated clay 6.0 Cadmium 9.65 [62]

16 Corn straw 6.0 Mercury 5.1 [63]

17 Garlic (Allium sativum L.) ... Mercury 0.6 [64]

18 S-MWCNT4060 7.0 Mercury 0.7 [65]

19 New low-cost adsorbent bamboo charcoal 8.0 Cadmium 12.08 [66]

20 FPARP 6.0 Cadmium 5.25 Present work

21 FPARP 6.0 Mercury 4.9

22 FPARAC 5.0 Cadmium 8.74

23 FPARAC 5.0 Mercury 7.98

24 FPARAC.nSnO, 5.0 Cadmium 14.18

25 FPARAC.nSnO, 5.0 Mercury 9.8

26 FPARAC.nSnO,-Al.alg 5.0 Cadmium 12.8

27 FPARAC.nSnO,-Al.alg 5.0 Mercury 10.0
Conclusions capacities as high as: 12.8 mg/g for Cd** and 10.0 mg/g

Ficus Panda areal roots powder (FPARP) and its active
carbon (FPARAC) are identified to have affinity for Cd**
and Hg*". Nano SnO, particles of average size: 31.3 nm
are successfully synthesized by new green methods adopt-
ing aloe-vera gel as capping agent. By doping these green
synthesized nSnO, in the matrix of the active carbon
(FPARAC.nSnQO,), the adsorption nature towards the said
cations is further increased. To prevent ‘agglomeration’
of nanoparticles and make filtration easy, the composite
of ‘active carbon and nSnO,’ are embedded in Al-alginate
beads (FPARAC.nSnO,-Al.alg). Thus, FPARP, FPARAC,
‘FPARAC+nSnO,’ and ‘FPARAC.nSn0O,-Al.alg’, are inves-
tigated as adsorbents for the removal of Cd** and Hg?" ions.

The adsorbents are characterized by various methods
including XRD, FTIR and FESEM analysis. Various extrac-
tion conditions are optimized for the simultaneous extraction
of cadmium and mercury ions from wastewater adopting
batch methods. The beads have exhibited good sorption

for Hg?* at pH: 5 and equilibration time of 80 min. The
effects of co-ions on the adsorptivities are also investigated.
The regeneration and reuse of spent adsorbents are investi-
gated and observed that no significant changes in the percent
removal up to 5-cycles for ‘FPARAC.nSnO,’ and ‘FPARAC.
nSnO,-Al.alg’, 3-cycles for ‘FPARAC’ and 2-cycles for
‘FPARP”.

The adsorption nature is analyzed by adopting various
isotherm and kinetic models. Different thermodynamic
parameters are evaluated and noted that the adsorption
process is ‘spontaneous’ and ‘endothermic’ in nature.
Thermodynamic studies and FTIR investigations sug-
gest that the mechanism of adsorption is ‘ion-exchange
and/or complex formation’ between metal ions and sur-
face functional groups of the adsorbents. The developed
methodologies are applied to treat real wastewater sam-
ples of industries. Thus, the inherent merits of active car-
bon of Ficus Panda areal roots, green synthesized nSnO,
and Al-alginate beads are successfully explored for their
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cumulative adsorption nature for the simultaneous removal
of Cd** and Hg** ions. The striking merit of this investiga-
tion is that robust and eco-friendly adsorbents with high
sorption capacities are developed for the extraction of both
Cd** and Hg?" ions from wastewater at nearly neutral pH
conditions.
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