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Abstract

Nanoparticles of mixed n(Zr-Ce-Sm) oxide of crystalline size 11.7 nm are successfully synthesized by new green methods
adopting Aloe vera gel as capping agent and evoking the principles of classical methods of homogenous precipitations. An
active carbon is derived from stems of Artocarpus heterophyllus plant. The Artocarpus heterophyllus active carbon (AHAC),
active carbon loaded with nanoparticles ‘AHAC + n(Zr-Ce-Sm) oxide’ and iron alginate beads doped with their admixture,
‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’, are investigated for their effectiveness for the simultaneous removal of lead and cad-
mium ions from water. Different extraction conditions are optimized for the maximum efficiency of the three sorbents by
batch methods. The sorbents have shown good sorption nature for both the toxic ions at the pHs: 6.0 for active carbon, 6.5
for admixture and 7.0 for beads respectively at different equilibration times and dosages. The maximum adsorption capaci-
ties for Pb>*/Cd** ions are as follows: 15.0/20.0, 28.0/32.6, 34.0/44.3 mg/g for AHAC, admixture and beads respectively.
The sorbents are characterized for various physicochemical parameters and structural aspects using XRD, FTIR, EDX and
FESEM. The effects of co-ions on the simultaneous extraction are investigated. The mechanism of the adsorption process is
analysed based on thermodynamic data and applicability of isotherms and kinetic models. Based on these, the mechanism
of adsorption process involves the formation of a surface complex and/or ion-exchange between Pb>*/Cd>" with the surface
functional groups of adsorbents. The same is confirmed by IR investigations. The spent adsorbents can be regenerated and
reused. The adsorbents developed are successfully used to treat the industrial waste water samples. The merit of this investi-
gation is that the effective sorbents with high adsorption capacities are developed for the simultaneous remove of the highly
toxic lead and cadmium ions from industrial wastewater.

Keywords Simultaneous removal - Lead and cadmium ions - Adsorption - Artocarpus heterophyllus - Aloe vera gel -
Thermodynamic - Kinetic and isothermal studies - Applications

1 Introduction 32]. Lead and cadmium ions are the prominent heavy

metal ions present in the discharges from industries based

The contamination of natural water with heavy metal ions
is one of the major threats to the environment [8, 23]. The
basic source of contamination is the improperly treated
discharges of industrial wastes into the environments [24,
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on mining, paints, batteries, ceramics, galvanization, elec-
tro-plating, petrochemicals, lead piping and metallurgical
etc. [8, 32]. The said heavy metal ions once enter into the
water bodies, their concentration is amplified with times
as they are non-degradable and involve in many meta-
bolic processes of organisms and plants. These ions are
highly toxic even at low concentrations and are consid-
ered as carcinogenic heavy metals [32, 48]. As per WHO
[64, 65] recommendations, the permissible limits of lead
and cadmium are 0.01 mg/L and 0.003 mg/L respectively.
Hence, it is very essential that lead and cadmium should
be removed from contaminated water before discharging
into water bodies [64, 65].
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As such, intensive research throughout the globe is
being pursued in finding cost-effective methods to remove
these toxic contaminants from wastewater. Several meth-
ods such as membrane separation, ion exchange, chemical
precipitation, electro-kinetics, adsorption, electroplating
and chemical coagulation are employed for the removal
of toxic lead and cadmium ions form polluted water [26,
37]. Among them, the adsorption processes are considered
to be low-cost, simple, efficient and easily adoptable tech-
nique owing to the availability of various adsorbents with
high metal binding capacities [13, 57]. In recent years,
more attention is devoted in using the plant materials or
their derivatives as bio-sorbents for the removal of toxic
pollutants from waste water because of their easy avail-
ability, eco-friendliness, cost-effectiveness and renewable
nature [13, 19, 29, 30, 33, 47, 51, 54, 56-60]. But one of
the major disadvantages of these bio-sorbents is their low
adsorption capacities. To increase the capacity, the bio-
sorbents are loaded with nanoparticles. The nanoparticles
due to their larges surface area and other physicochemi-
cal properties inherited due to the nano-size enhance the
sorption nature of active carbons. The main hurdle of these
mixed materials using as adsorbents is that the nanoma-
terials undergo ‘agglomeration’ and filtration is slow. To
get rid of these limitations, the material is to be doped into
beads or plastic materials [12, 14, 50, 52, 53].

In the present investigation, various adsorbents were
investigated for their affinity for lead and cadmium ions
and identified that the active carbon synthesized from the
stems of Artocarpus heterophyllus plant was effective.
Furthermore, nanoparticles of (Zr-Ce-Sm) oxide were
successfully synthesized using new green routes adopt-
ing Aloe vera gel extract as ‘capping or stabilizing agent’
and evoking the principles of homogenous methods of
precipitation in preventing growth of the particle beyond
nano-size. These nanoparticles were admixed with the
active carbon and the resulting blend was doped in iron-
alginate beads with an aim to have the cumulative benefits
of the porous nature of active carbon, surface properties of
nanoparticles and sorption nature of iron-alginate beads
towards the lead and cadmium ions. Thus the active car-
bon, nanoparticle-loaded active carbon and the beads were
investigated for their effectiveness for the removal of lead
and cadmium ions from polluted water.

2 Materials and methods
2.1 Chemicals and solution

All chemicals and reagents used in this work were of ana-
lytical grade and purchased from Merck. India Pvt. Ltd.
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and S.D. Chemicals, India. Simulated stock solutions
of lead and cadmium ions of concentrations 20.0 mg/L
and 15.0 mg/L respectively were employed in this inves-
tigation. The solutions and reagents were prepared as
described in the literature [9].

2.2 Syntheses of adsorbents

Various bio-materials pertaining to different species of
plants were investigated for their adsorptivity for lead and
cadmium ions. It was observed that the active carbon gen-
erated from the stems of Artocarpus heterophyllus plant
had shown marked affinity towards both the lead and cad-
mium ions. Hence, the said active carbon was investigated.

2.2.1 Preparation of active carbon

The stem pieces of Artocarpus heterophyllus plant were
washed with distilled water, half-dried treated with suf-
ficient conc. H,SO, in a round bottom flask of sufficient
capacity and kept aside for overnight. Then the material in
the round bottom flask was heated under water condenser
set-up (after further addition of conc. H,SO, if needed)
until the material was completely carbonized. Thus car-
bonized material was filtered, washed for neutrality, dried
at 105 °C, cooled and preserved in a brown bottle. The
active-carbon obtained from the stems of Artocarpus het-
erophyllus plant was termed as AHAC.

2.2.2 Synthesis of composite, AHAC + n(Zr-Ce-Sm) oxide'

To improve the sorption nature of AHAC, various nanoparti-
cles of ZrO,, CeO, and Sm,0; and their combinations were
loaded onto AHAC and noted that the ternary nanometal
(Zr-Ce-Sm) oxide was found to be effective. We found a new
green route for the synthesis of the said mixed nanometal
oxide and it was described hereunder.

Synthesis of ‘nano (Zr-Ce-Sm)-oxide’ Capping agent: Of
various plant extracts investigated, Aloe vera gel extract was
found to be effective. The gel was scrapped from the folded
leaves of the plant. The collected material was crushed and
subjected to intensive stirring for obtaining a nearly homoge-
neous solution. The solution was centrifuged at 10,000 rpm
and the filtrate was stored at 5.0 °C. This extract was effec-
tive as a capping and stabilizing agent in the formation of
nano-mixed metal oxide.

Synthesis of nano-mixed metal oxides: A total of 2.0 g
of ZrOCl,.8H,0, 1.5 g of (NH,),Ce(NO;)s and 1.0 g of
Sm,0; were added to 100.0 mL 1:1 HCI taken in a 250-
mL beaker. The solution was heated to 75 °C with constant
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stirring to get a clear solution. To the resulting solution,
needed amount of ethylene glycol was added to make the
solution 10% with respect to ethylene glycol content. Then,
5.0 g of Aloe vera gel extract and 5.0 g of urea were added.
The resulting solution was heated to raise the temperature
slowly while constantly stirring the solution. The urea got
hydrolysed to generate ammonia (precipitant), which in
turn increased the pH of the solution. The slow generating
of the precipitating agent, NH; and more viscosity of the
mother liquor prevent the conditions of super saturation at
local points of precipitation and thereby resulting in the slow
‘nucleation’ of the hydroxides of Zr, Ce and Sm. The mixed
oxides when they reached the nano-size, the capping agent,
Aloe vera gel extract, seems to prevent the further growth by
‘capping’ the surface of the particles.

The heating of the solution was continued until pH of
the solution had reached to pH: 9.0. The subjective heating
was stopped but stirring continued for 3.0 h. The solution
was centrifuged for nanoparticles, thoroughly washed with
distilled water and dried. The material was calcinated using
muffle furnace for 5.0 h at the temperature: at 550 °C. The
nanoparticles of ‘n(Zr-Ce-Sm) oxide’ were preserved in air-
tight brown-bottle.

Embedding nanoparticles in the matrix of the active car-
bon Successively, 1.0 g of (Zr-Ce-Sm) oxide and 4.0 g of
AHAC were added to 100 mL of distilled water in a beaker.
Then, the solution was heated at 60 °C for 3.0 h with con-
stant stirring. The obtained material was centrifuged and
particles were washed with distilled water. Then, the com-
posite was dried at 110 °C for 3.0 h. The obtained n(Zr-Ce-
Sm) oxide-loaded AHAC was named as ‘AHAC + n(Zr-Ce-
Sm) oxide’.

Fig. 1 Graphical presentation of
synthesis of various adsorbents

Artocarpus heterophyllus
tree stems

Hot water extract Urea

AHAC+n(Zr-Ce-Sm) oxide-Fe.Ali beads

Stem pieces digestion
with conc. H,SO,

Aloe vera gel

~

2.2.3 Iron alginate beads doped with active carbon
and nanoparticles* AHAC + n(Zr-Ce-Sm)oxide-Fe.Ali'

A total of 100 mL of distilled water was taken in a 250-mL
beaker. To this, 2.5 g of sodium alginate was added and
heated to 70 °C with constant stirring until a gel-like solution
was obtained. Then, 2.5 g of ‘AHAC + n(Zr-Ce-Sm) oxide’
was added and stirred until to get a homogeneous solution.
After cooling, this solution was added in drop-wise into a
previously cooled (10 °C) 3.0% ferric chloride solution.
Beads embedded with ‘AHAC + n(Zr-Ce-Sm) oxide’ were
formed. These beads were digested with its mother liquor
for overnight, filtered, washed and dried at 80 °C for 2.0 h.
Thus, synthesized beads were named as ‘AHAC + n(Zr-Ce-
Sm) oxide-Fe.Ali” beads. The various stages of preparation
of adsorbents are summarized in the Fig. 1.

2.3 Characterizations

Various physicochemical parameters such as ash (%) [44],
moisture (%) [16], iodine number (mg/g) [10], particle size
() [22], apparent density (g/mL) [16] and BET-surface area
(m%/g) [15] of the developed adsorbents in this study were
characterized as per the standard procedures in the literature.
The results are presented in the Table 1.

Furthermore, ‘before and after’ adsorption of lead and
cadmium ions, the surface morphology of the adsorbents
was characterized by adopting X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, field emis-
sion scanning electron microscopic (FESEM) and energy-
dispersive X-ray spectroscopy (EDX) techniques.

XRD patterns of the adsorbents were measured by using
PAN analytical X-ray diffract metre using CuKa source at
1.54 A°. BRUKER ALFA FTIR spectrophotometer (KBr
pellet method) was used to note FTIR spectra in the range
4000-500 cm™!. FESEM images and EDX spectra were

ZrOCL.8H,0 + (NH,),Ce(NO;)s+ Sm,03

| &
AHAC+n(Zr-Ce-Sm) oxide

-

Synthesis of
n(Zr-Ce-Sm) oxide

n(Zr-Ce-Sm) oxide

AHAC+n(Zr-Ce-Sm) oxide

AHAC+n(Zr-Ce-Sm) oxide
+ Sodium alginate solution

N Oozing of bad in FeCl, solution
-Fe.Alg. formation
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noted using the instrument FESEM, Zeiss, Sigma, Ger-
many, equipped with FESEMEDX at the optimum voltage
of 3.0 kV with ultra-high resolution. The results obtained
are presented in Figs. 2, 3,4 and 5.

2.4 Batch adsorption experiments

Batch mode of experiments was conducted for the removal
of lead and cadmium ions from water by using AHAC,
‘AHAC + n(Zr-Ce-Sm) oxide’ and ‘AHAC + n(Zr-Ce-Sm)
oxide-Fe.Ali’ beads as adsorbents. The experiments were
performed in 250-mL stoppered flasks which contain
100 mL each of Pb** (20 mg/L) and/or Cd** (15 mg/L) solu-
tions. Measured quantities of the adsorbents were added and
the initial pH of the solutions was adjusted within the range
of 2—12 using dil. HCl/dil. NaOH. Then, stoppered flasks
were shaken in an orbital-shaker at 350 rpm at the room
temp.: 30+ 1 °C for a given agitation time and then, the solu-
tions were filtered. The AAS method (240AAFS, Agilent,
USA) was adopted for the determination of un-extracted
amounts of Pb>* or Cd** in the filtrate as described in the
literature [51-53]. Using the following equations adsorption
capacity and percentage removal was assessed.

_ o (€, -C,)
Adsorption capacity : (¢,) = ————V
m

(G -C)

i

%removal(%R) = x 100

where C; is the initial Pb>*/Cd** concentration, C, is the
equilibrium Pb**/ Cd** concentration, and V is the simulated

solution volume (L); m is the sorbent mass (g) which were
evaluated.

In these investigations, the effect of various exper-
imental conditions on lead and cadmium removal
was assessed by varying pH, 2-12; agitation time,
15-150 min; adsorbent dosage, 0.25 to 3.0 g/L; initial
metal ion concentrations, 5-50 mg/L; and temperature,
303-333 K. During this study, the targeted parameter
only varied progressively and all other extraction con-
ditions were maintained at fixed optimum values. The
effect of co-ions was also investigated. Regeneration
studies on the spent adsorbents were performed with
various eluents.

The results of adsorption experiments were described and
analysed by four isotherm models: Freundlich, Langmuir,
Dubinin-Radushkevich (D-R) and Temkin; and four kinetic
models: pseudo first-order, pseudo second-order, Bhangam’s
pore diffusion and Elovich. The adsorption nature was ana-
lysed thermodynamically. The developed methodology was
used to treat real polluted water samples collected from the
effluents of industries. Findings are presented in Figs. 6, 7,
8,9,10and 11 and Tables 2, 3,4, 5, 6 and 7.

3 Results and discussions

3.1 Characterization studies

3.1.1 Physicochemical parameters

The physicochemical parameters of the adsor-
bents, AHAC, AHAC + n(Zr-Ce-Sm) oxide and

Table 1 Physicochemical
parameters

S.no. Parameter

Value Reference

AHAC AHAC+n(Zr-Ce- AHAC +n(Zr-Ce-Sm)

Sm) oxide oxide-Fe.Ali beads

1 Moisture content (%) 6.84 541 5.12 Bureau of
Indian
Stand-
ards [16]

2 Ash content (%) 4.53 3.85 3.54 Namasivayam
and Kadir-
velu [44]

3 Todine number (mg/g) 694 579 546 ASTM
D4607-94
[10]

4 Particle size (n) 7.7 4.5 11.9 El-Hendawy
etal. [22]

5 Apparent density (g/mL) 0.293 0.312 0.326 Bureau of
Indian
Standards
[16]

6 BET surface area (m2/g) Before: 264.3 367.8 398.5 Brunauer

After: 2015 1969 184.7 etal. [15]

@ Springer



Biomass Conversion and Biorefinery (2024) 14:10959-10978 10963
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AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads, were meas-
ured as per the standard procedures in the literature and
the values are presented in the Table 1. The decrease in
BET surface area indicates that the adsorption of lead
and cadmium ions are ‘on to’ the surface of adsorbents.

3.1.2 XRD analysis

XRD patterns of n(Zr-Ce-Sm) oxide, AHAC,
AHAC + n(Zr-Ce-Sm) oxide and AHAC + n(Zr-Ce-Sm)
oxide-Fe.Ali beads are presented in Fig. 2. The mixed
nanoparticles of (Zr-Ce-Sm) oxides (Fig. 2A) had shown
empathic peaks at 20: 29.1°, 33.8°, 37.2°, 44.5°, 47.2°,
48.6°, 58.1°, 65.1° and 79.1°. It resembles JCPDS Card
no 34-0394 [6]. Adopting Scherrer equation, L = B(i((;\se’
the average crystallite size of the mixed metal oxide was
evaluated as 11.7 nm [20] (Table S1).

The XRD spectrum of Artocarpus heterophyllus active
carbon (AHAC) had shown a wide peak at 20=22.6° and
it is a characteristic of non-graphite carbon. Another ‘sharp
peak’ at 20 =44.5° was noticed due to graphitic carbon
(Fig. 2B). The broadness is indicative of the prevalence of
more amorphous and structural irregularity regions.

26 (Degree)

It is interesting to note the changes occurred in the
XRD spectral characteristics of AHAC when loaded
with nano-mixed oxide on comparison with individual
active carbon (AHAC) and nanoparticles (Fig. 2C). The
AHAC + n(Zr-Ce-Sm) oxide had shown peaks at 26:
29.1°, 33.7°, 44.5°, 48.7°, 58.3° and 79.1° (Fig. 2C).
It is interesting to note that the broad peak at 22.6° in
the active carbon had turned to be sharp with the shift
of peak position. The peaks at 37.2° and 65.1 present
in the XRD spectrum of nano-mixed oxides are miss-
ing while the peaks at 47.2° have been shifted to 48.7°.
These changes in the characteristics of peaks with respect
to nature and position indicate that the nanometal oxide
particles have interacted with the various functional
groups present in the matrix of the active carbon.

The XRD spectrum of beads (AHAC + n(Zr-Ce-
Sm) oxide-Fe.Ali) (Fig. 2D) had shown further marked
variations in the spectral features at 20: 30.1°, 35.4°,
44.5°, 50.2°, 57.2° and 62.5°. Some of the peaks pre-
sent in the ‘AHAC + n(Zr-Ce-Sm) oxide’ are missing
and some are shifted with marked increase in the sharp-
ness of the peaks. These features are emphatic proof that
‘AHAC + n(Zr-Ce-Sm) oxide’ is firmly embedded in the
iron-alginate beads.
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Fig.3 FTIR spectra of A A) e AHAC before adsorption of Pb2 ' Ca’ "
AHAC, B AHAC +n(Zr-Ce- 2+ 2+
Sm) oxide and C AHAC+H(ZI‘- — AHAC after adsorption of Pb ,Cd
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3.1.3 FTIR analysis
FTIR spectra were taken ‘before and after’ adsorption

of lead and cadmium ions for the adsorbents, AHAC,
‘AHAC + n(Zr-Ce-Sm)oxide’ and ‘AHAC + n(Zr-Ce-Sm)
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1500 2000 2500 3000 3500 4000

Wave number (cm'l)

oxide-Fe.Ali’ beads and presented in Fig. 3. As it can be
seen from the figure, the spectra have several character-
istic bands and each band represents specific functional
groups present in the adsorbents.

Spectral features before adsorption are as follows:
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Fig.4 FESEM images of
AHAC: A before, B after;
AHAC + n(Zr-Ce-Sm) oxide: C
before, D after; AHAC + n(Zr-
Ce-Sm) oxide-Fe.Ali beads: E
before, F after adsorption of
Pb** and Cd>* ions

Fig.5 EDX images of 2000
AHAC: A before, B after;

AHAC +n(Zr-Ce-Sm) oxide: C 1600
before, D after; AHAC + n(Zr-

Ce-Sm) oxide-Fe.Ali beads: E 1200
before, F after adsorption of

2 2t ;
Pb**/Cd** ions 200 ]

400 4

00|
300
200

100 4

300 -

200

100
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Fig. 6 Effect of A pH, B pHzpc, 100 1
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e AHAC (Fig. 3A): (a) broad peak for symmetric stretch- intensive peaks related to defamation vibrations of
ing in the range 3000-3500 cm™! indicative of strong nanoparticles appeared below 850 cm™': ('a) 590 and
hydrogen bonding between the surface hydroxyl groups; 513 cm™! of “Zr-O/ Zr-OH’, (b) 525 and 528 cm™! of
(b) a strong peak at 1613 cm™' symmetric stretching of *-Sm—0/-Sm-OH’ and (c); 500 and 480 cm™! — of
-0-C=0 (ester); (c) a peak at 1403 cm™' — -C=C" — ‘Ce=0’ and/or ‘O-Ce =0’; and in addition small but
symmetric stretching; (d) a peak at 1121 cm™' — “-N-H’ emphatic peaks also observed at 469, 458, 441 432 and
symmetric tracings; (e) peaks at 1085 and 1029 cm™' — 418 cm™! pertaining to the meal oxides interactions
“-C-0-’ stretching; (f) peaks at 947 cm~!, 883 cm™! and with various functional groups.

615 cm™! — C—C- and ~C-H- — deformations and/or e AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads (Fig. 30):

di-substituted aromatic moiety of graphite carbon.

e AHAC + n(Zr-Ce-Sm) oxide (Fig. 3B): when the
nano-mixed metal oxide is loaded on AHAC, there
are marked changes in the spectral features: the broad
peak pertains to -OH has been drastically reduced; new
small peak at 2348 and 1761 cm™' of stretching fre-
quencies of ‘-O-Sm =0/ O-Zr=0’ appeared [18],and
the peaks at 1238 and 1043 cm™! pertaining to ‘C-O-’
stretching with reduced intensities. Furthermore, the

@ Springer

when the active carbon loaded with mixed nano-
metal oxide was embedded in iron-alginate beads,
the prominent peaks observed are as follows: (a) a
sharp and intensive peak at 3381 cm™! and a small
but clear peak at 3220 cm™! (in contrast to the spec-
trum AHAC + n(Zr-Ce-Sm) oxide) — indicative of
breaking of hydrogen bonding in the surface hydroxyl
groups due to modification done by iron-alginate
beading; (b) 2981 cm™' — symmetric stretch of CH,
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group in alginate moiety; (c) 1756, 1725, 1709 and
1692 cm™! — due to stretching vibrations of carbonyl
and/or ester groups in the alginate moiety and also
metal (Zr/Fe/Ce) carbonyls; (d) 1243 and 1052 cm™!
— pertains to symmetric stretching vibrations of ‘-C-
O-’ and/or ‘-Fe-O-’ (e) frequencies below 700 cm™!,
namely, 457, 449, 439, 428, 419 and 411 cm™!, pertain

to the defamation vibrations of ‘-Fe/Zr//Sm/Ce-O-’.

T

There are marked changes in the spectral features after
adsorption of Pb>" and Cd** ions above said three adsor-
bents as detailed hereunder:

AHAC: (a) changes in the broadness of -OH peak; (b)
three peaks pertaining to ‘-C-O’ and -N-H stretching
yield to a single peak 1127 cm™' with increasing inten-
sity; (c) additional sharp peaks of different intensities
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at 883, 820, 777, 736 and 720 cm™! pertain to -Cd—O-/
Cd=0/-Cd-OH defamation stretching and (e) further-
more, additional sharp bands of varying intensities at
677, 664, 653 and 646 cm™! pertaining -Pb—O-/-Pb—O-H/
Pb =0 defamation stretching.

e AHAC+n(Zr-Ce-Sm) oxide: (a) a sharp band appeared
at 3160 cm™! with decrease in broadness of the stretch-
ing frequencies related to hydroxyl groups, indicating
the collapse of inter hydrogen bonding (b) emphatic
peaks appeared at 2348 and 1761 pertaining to stretch-
ing vibrations of O =Pb(Cd)-O-/0O =Pb(Cd)-O-H cm™!
(c) additional peaks 590 and 513 cm™! pertaining to the
defamation vibrations of ‘-O-Pb/Cd=0’.

e AHAC +n(Zr-Ce-Sm) oxide-Fe.Ali beads: (a) a strong
-OH peak at 3456 cm~! with marked variations in the
features; (b) strong peaks at 2352 and 1761, indicative
of metal carbonyl groups; strong peaks at 1174 and
1035 cm™!, indicating the interaction of -C-O- groups
with Pb** and Cd**; additional strong peaks at 621 and
592 cm™! pertaining to ‘-O-Pb/Cd =0’ deformation
vibrations along with the 495, 485, 456, 438, 430 and
421 cm™! peaks pertaining to the deformation peaks
of (Zr/Ce/Sm)-C =0 or H-O(Zr/Ce/Sm)-C-O-H.

These variations in spectral characteristics observed
‘before and after’ adsorption of Pb>* and Cd** amply

@ Springer
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indicate the interaction of Pb** and Cd** with the func-
tional groups of the adsorbents and forming a kind of sur-
face complex.

3.1.4 FESEM analysis

FESEM images of the adsorbents, AHAC, ‘AHAC + n(Zr-
Ce-Sm)oxide” and ‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’
beads, were taken before and after adsorption of Pb2+/
Cd** ions and presented in Fig. 4. Empathic changes are
observed when contrasting the features of images taken
‘before and after’ adsorption of Pb** and Cd**. AHAC
image is endowed with voids, many boundaries and
large edges but these features are reduced to some extent
to turn the surface smooth after Pb>*/Cd** sorption
(Fig. 4A and B). Note-worthy changes can be observed
in the surface features of images of ‘AHAC + n(Zr-Ce-
Sm) oxide’ taken before and after Pb>*/Cd** adsorption
(Fig. 4C and D). Voids, edges, clear embedded nanopar-
ticles and rough surface observed in before image are
drastically reduced to increase in smoothness of the sur-
face in the after adsorption image.

The image of ‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali
beads’ taken before sorption is endowed with circular
shaped entities with many boundaries, some voids and
many corners (Fig. 4E). These features are vanished
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or partly reduced yielding a highly contrasting surface  3.1.5 EDX spectral analysis

features after the sorption of Pb>*/Cd? (Fig. 4F). These

surface morphological changes in the surface char-  The spectra observed for the three adsorbents (AHAC,
acteristics are indicative of adsorption of Pb* and/or ‘AHAC + n(Zr-Ce-Sm) oxide’ and ‘AHAC + n(Zr-Ce-Sm)
Cd** ions by AHAC, ‘AHAC + n(Zr-Ce-Sm) oxide’ and oxide-Fe.Ali’ beads) before and after adsorption of Pb>*
‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads’. and Cd** are presented in Fig. 5.
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Table 2 Simultaneous removal

L Samples
lead and cadmium ions*

Concentration of mixture
lead + cadmium (mg/L)

After adsorption % Removal

mg/L

A: AHAC: optimum conditions: pH: 6.0; dosage of activated carbon: 1.5 g/L; contact time: 120 min;

rpm: 350; Temp.: 30+ 1 °C)
Pb2+

1 52

2 5.8

3 6.9

4 7.4

5 8.1

C d2+ Pb2+ C c12+ Pb2+ C d2+
24 0.0 0.0 100 100
2.7 0.0 0.0 100 100
33 0.0 0.0 100 100
39 0.0 0.0 100 100
4.5 0.0 0.0 100 100

B: AHAC +n(Zr-Ce-Sm) oxide: optimum conditions: pH: 6.5; dosage of composite: 1.25 g/L; contact
time: 60 min; rpm: 350; Temp.: 30+ 1 °C)

1 52
2 5.8
3 6.9
4 7.4
5 8.1

2.4 0.0 0.0 100 100
2.7 0.0 0.0 100 100
33 0.0 0.0 100 100
39 0.0 0.0 100 100
4.5 0.0 0.0 100 100

C: AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads: optimum conditions: pH:7.0; dosage of composite: 1.5 g/L;
contact time: 90 min; rpm: 350; Temp.: 30+ 1 °C)

1 52
2 5.8
3 6.9
4 74
5 8.1

2.4 0.0 0.0 100 100
2.7 0.0 0.0 100 100
33 0.0 0.0 100 100
39 0.0 0.0 100 100
4.5 0.0 0.0 100 100

“The values are average of five estimations; SD +0.18

Table 3 Thermodynamic Adsorbent AHO (KI/mol)  AS° (J/mol)  AG (kJ/mol) R
parameters
303K 313K 323K 333K
AHAC 18.64 23223 ~5172 5405 —5637 —58.69 0.993
AHAC +n(Zr-Ce-Sm) oxide  34.58 292.16 ~53.92 —56.86 —59.78 —627 0.99
AHAC +n(Zr-Ce-Sm) 53.79 357.12 —5441 —5798 —61.55 —65.12 0.983

oxide-Fe.Ali beads

As it can be seen from the Fig. 5, peaks pertaining to Pb**
and Cd** were present in the EDX spectra of the adsorbents
after adsorption of Pb** and Cd** ions. Whereas, these peaks
were absent in the EDX spectra of the adsorbents before adsorp-
tion. Hence, the results of EDX spectra confirmed the adsorp-
tion of Pb** and Cd** ions onto AHAC, ‘AHAC +n(Zr-Ce-Sm)
oxide’ and ‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’ beads.

3.2 Extraction parameters

Different experimental conditions such as pH, adsorbent
dosage, agitation time, initial metal ion concentrations and
temperature were varied to investigate the maximum extrac-
tion of lead and cadmium ions by the adsorbents, AHAC,
‘AHAC + n(Zr-Ce-Sm) oxide’ and AHAC + n(Zr-Ce-Sm)
oxide-Fe.Ali beads.

@ Springer

3.2.1 Effect of initial pH

The adsorption process was influenced by the pH of the
solution. The effect of initial pH of the solution is as
shown in Fig. 6A. The pHzpc values of the adsorbents
were established as per the standard methods in the liter-
ature [14] and are presented in Fig. 6B. The pH,p values
were 6.0, 6.5 and 7.0 for AHAC, ‘AHAC + n(Zr-Ce-Sm)
oxide’ and ‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads’,
towards lead and cadmium respectively.

When the solution pH was equal to pHypc, the surface
of the adsorbents was neutral. Below these pHzpc val-
ues, the surface was surrounded by mostly H* ions and
so imparting positive charge to the surface. Above these
values, deprotonation of surface functional groups occurs,
imparting negative charge to the surface [14].
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Table 4 Evaluated adsorption isothermal parameters
Adsorbate Parameter Freundlich isotherm Langmuir isotherm  Temkin isotherm  Dubinin-
Radushkevich
isotherm
AHAC/Pb** Slope 0.262 0.062 2.548 -1.52
Intercept 1.9431 0.078 7.439 2.65
R? 0.8714 0.986 0.9382 0.9209
1/n=0.262 R, =0.05 B=2.548 E=1.06 kJ/mol
AHAC/Cd** Slope 0.334 0.036 3.873 -1.74
Intercept 1.9258 0.163 6.972 2.81
R? 0.9500 0.9750 0.9463 0.7723
1/n=0.334 R,=0.23 B=3.873 E=1.2 kJ/mol
AHAC + n(Zr-Ce-Sm)oxide/Pb>* Slope 0.3576 0.026 6.497 —-1.99
Intercept 2.386 0.1105 11.914 3.35
R? 0.958 0.8317 0.8475 0.8289
1/n=0.357 R,=0.17 B=6.497 E=1.4kJ/mol
AHAC + n(Zr-Ce-Sm)oxide/Cd>* Slope 0.387 0.019 7.4390 -2.06
Intercept 2.3867 0.065 11.281 3.39
R? 0.975 0.8522 0.9189 0.7986
1/n=0.387 R, =0.63 B=17.439 E=1.48 kJ/mol
AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads/Pb>* Slope 0.377 0.030 5.417 —-2.08
Intercept 2.1124 0.163 9.081 3.12
R? 0.969 0.7764 0.8540 0.8206
1/n=0.377 R,=0.83 B=5.417 E=1.47 kJ/mol
AHAC +n(Zr-Ce-Sm) oxide-Fe.Ali beads/Cd>* Slope 0.358 0.036 4.909 —-2.01
Intercept 2.1134 0.176 9.177 3.08
R? 0.956 0.8091 0.8271 0.8327
1/n=0.358 R, =0.25 B=4.909 E=1.42 kJ/mol
Table 5 Evaluated adsorption kinetical models
Adsorbents Parameters Pseudo-first Pseudo-second  Elovich model Bangham’s pore
order model order model diffusion model
AHAC/Pb** Slope 0.009 0.028 20.789 2.367
Intercept 1.536 1.359 63.915 4.297
R? 0.8774 0.9123 0.7932 0.9495
AHAC/Cd* Slope 0.015 0.064 6.527 1.235
Intercept 1.239 3.977 17.076 2.741
R? 0.8017 0.9842 0.9498 0.9498
AHAC 4+ n(Zr-Ce-Sm) oxide/Pb>* Slope 0.033 0.0342 12.83 1.517
Intercept 1.751 0.754 27.88 2.658
R? 0.8895 0.9730 0.8885 0.9106
AHAC 4+ n(Zr-Ce-Sm) oxide/Cd** Slope 0.035 0.045 9.461 1.093
Intercept 1.673 0.898 19.878 2212
R? 0.8164 0.9754 0.8733 0.8567
AHAC 4 n(Zr-Ce-Sm) oxide-Fe.Ali beads/Pb** Slope 0.016 0.03 14.143 2415
Intercept 1.530 2.667 39.627 4.221
R? 0.8855 0.9878 0.9324 0.9495
AHAC 4 n(Zr-Ce-Sm) oxide-Fe.Ali beads/Cd** Slope 0.0162 0.041 9.974 1.905
Intercept 1.368 1.151 21.75 3.196
R? 0.9163 0.9868 0.9542 0.9698
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Table 6 Applications

Samples

Initial conc. of ions, C; (mg/L) Conc. of ions after treatment, % Removal
C, (mg/L)
Lead Cadmium Lead Cadmium Lead Cadmium

A: AHAC as adsorbent: optimum conditions: pH:

120 min; rpm: 350; Temp.: 30e + 1 °C)

1 1.8
2 3.15
3 44
4 59
5 6.5

5.7
9.2
11.3
17.2
19.4

6.0; dosage of active carbon: 1.0 g/L; contact time:

0 0 100 100
0 0 100 100
0 0 100 100
0 0.087 100 99.7
0.014 0.355 99.8 98.7

B: AHAC + n(Zr-Ce-Sm) oxide as adsorbent: Optimum conditions: pH: 6.5; dosage of composite:
0.75 g/L; contact time: 60 min; rpm: 350; Temp.: 30+ 1 °C)

1 1.8
2 3.15
3 44
4 59
5 6.5

5.7

9.2

11.3
17.2
19.4

0 0 100 100
0 0 100 100
0 0 100 100
0 0.096 100 99.8
0.017 0.358 99.9 98.8

C: AHAC +n(Zr-Ce-Sm) oxide-Fe.Ali beads as adsorbent: Optimum conditions: pH: 7.0; dosage of
composite: 1.0 g/L; contact time: 90 min; rpm: 350; Temp.: 30+ 1 °C)

1 1.8 5.7 0 0 100 100
2 3.15 9.2 0 0 100 100
3 4.4 11.3 0 0 100 100
4 5.9 17.2 0 0 100 100
5 6.5 19.4 0 0 100 100
“Mean of six estimations; SD +0.19
Table 7 Comparison of adsorbents
S. no. Sorbent pH Contact time  Pollutant Adsorption capacity ~ Reference
(min) (mg/g)
1 Polyphenolic bioactive Indian curry leaf (Murraya koengii) powder 4.5 50 Lead 13.62 Mukherjee et al. [41]
2 HNO;-treated lignite-activated carbon (NAC) 72 Cadmium 22.8 Sun et al. [55]
3 Activated polyacrylonitrile 5.0 60 Lead 12.7 Amin et al. [7]
4 Activated carbon prepared from African palm fruit 8.0 60 Cadmium 1.82 Abdulrazak et al. [1]
5 Lignite, Drama, northern Greece 4.5 720 Cadmium 25.5 Pentari and Vamvouka [46]
6 Stem powders of Calophyllum inophyllum (CISP) 6.5 75 Lead 14.9 Sneha Latha et al. [51]
7.0 75 Cadmium 16.2
7 Activated carbon of Calophyllum inophyllum (CISAC) 6.5 120 Lead 17.0
7.0 120 Cadmium 18.5
8 L. leucocephala-extracted polyphenols (LLEPs) 5.1 120 Lead 21.552 Mukul et al. [42]
120 Cadmium 16.807
9 Activated carbon from black cumin seeds 9.0 60 Lead 17.98 Thabede et al. [63]
10 Gelatin sponge 6.0 Cadmium 9.35 Lietal. [37]
Lead 9.75
11 Microwaved olive stone-activated carbon activated 5.0 180 Cadmium 11.7 Alslaibi et al. [5]
12 AHAC 6.0 120 Lead 15.0 Present work
6.0 120 Cadmium 20.0
13 AHAC + n(Zr-Ce-Sm) oxide 6.5 60 Lead 28.0
6.5 60 Cadmium 32.6
14 AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads 7.0 90 Lead 34.0
7.0 90 Cadmium 44.3
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The optimum pH values for the maximum extraction
of lead and cadmium ions were 6.0; 6.5 and 7.0 with the
adsorbents, AHAC; ‘AHAC + n(Zr-Ce-Sm) oxide’ and
‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali beads’ respectively.
As these values were equal to the pHzpc values, the sur-
faces of the adsorbents were neutral. At these pH val-
ues, lead exists as Pb>*/PbOH™ while major species of
cadmium as Cd>* (with traces of CdOH™). Hence, the
mechanism of the adsorption process was not due to the
simple electrostatic interactions between the metal ions
and the adsorbent surface. But may be due to the forma-
tion of surface complex and/or ion-exchange mechanism
between Pb2*/Cd>* with the surface functional groups
of adsorbents [51]. The high values of AH® supported
the interaction between adsorbent surface and metal ions
were under ion exchange process [8].

At low pH values, the decrease in % removal was due
to repulsive interaction between the protonated positively
charged adsorbents surface and Pb?*/Cd>* cations [23].
The decrease in % removal at higher pH values was due
to the negative charge of adsorbents surface by deproto-
nation and the presence of negatively charged lead and
cadmium ions in the solution: Pb(OH);", Pb(OH)42_,
(CA(OH);), (CA(OH),)*" [8, 49].

3.2.2 Effect of sorbents dosage

The effect of adsorbent dosage on the extraction of lead
and cadmium ions is presented in Fig. 6C. It was inter-
esting to note that the % removal of lead and cadmium
ions was increased almost linearly as the dosage of the
adsorbents was increased up to a certain dosage and after
that, there was no marked extraction, i.e. a steady state
was reached. Thus, the optimum dosages for the maxi-
mum extraction of lead and cadmium ions were fund to
be 1.0 g/L in the case of AHAC and beads and 0.75 g/L
with ‘AHAC + n(Zr-Ce-Sm)oxide’. At these optimum
concentrations, the maximum Pb?*/Cd>* extractions were
as follows: 65.2/70.5% with AHAC, 90.0/92.0% with
‘AHAC + n(Zr-Ce-Sm) oxide’ and 96.0/97.5% with beads.

The progressive increase of extraction with increase in
the dosage of the adsorbents was due to the availability
of more active sites at higher doses of the adsorbents
[33]. This seems to be correct up to certain optimum dos-
ages. But after that, there was a non-significant increase
in percent removal. This suggested the possibility of par-
ticle aggregation, closings and/or restricting of pathways
for the adsorbate ions to reach to the active sites, which
lead to the decrease in surface area of the adsorbents and
hence, steady states were resulted [33].

3.2.3 Effect of contact time

The removal of lead and cadmium ions from water by the
batch adsorption process was evidently a time-dependent
process and the results are presented in Fig. 6D. The maxi-
mum Pb/Cd extractions were attained at 120 min for AHAC,
60 min for nanocomposite with AHAC and 90 min for beads.
Hence, these times were considered to be as optimum equi-
libration times. As is evident from the figures, the rate of
metal ions removal was very rapid at the beginning of the
adsorption process because of the availability of more sur-
face area for the adsorption of metal ions [52, 59]. But with
progress of time, the active sites were increasingly used-up
and hence, the rate of sorption was mellowed. As the dosage
of adsorbents was fixed, steady states were observed when
all the active sites were spent out [52, 59].

3.2.4 Effect of initial Pb>*/Cd** concentrations

The effect of initial concentration of lead and cadmium on
% removal was investigated with the adsorbents, AHAC,
‘AHAC + n(Zr-Ce-Sm)oxide’ and ‘AHAC + n(Zr-Ce-
Sm) oxide-Fe.Ali’ beads and the results are presented in
Fig. 6E and F.

From these plots, it was observed that the percent removal
decreases with increase in initial concentrations of metal
ions, while the amounts of metal ions uptake (adsorption
capacities, q,) by the adsorbents were increased [53, 60].

As the doses of the adsorbents were fixed, the available
binding sites on the surface of the adsorbents were also fixed.
Due to this, at lower concentrations, metal ions had needed
number of active sites for interactions and facilitated high
adsorption, while at higher concentrations, more metal ions
were left unadsorbed because of the unavailability of the
binding sites and thus decreased in percent removal [53, 60].

The increase in adsorption capacities as the metal ion
concentration raises, may be accounted from the fact that
the metal ion concentration on the surface of the adsorbents
differ from the bulk of the solution. This concentration gradi-
ent will be more with increase in metal ion concentrations,
and this causes a kind of driving force for metal ions moving
faster towards the surface of adsorbents and hence higher
adsorptivities at higher metal ion concentrations [31, 49, 56].

3.2.5 Interference of co-ions

Interference of co-ions was investigated on the extraction of
lead and cadmium ions with fourfold excess of common ions
and the results are presented in Fig. 7A and B.

As it can be seen from the figure, in presence of com-
mon cations and anions, the extractions of lead and
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cadmium ions were effected marginally [51]. Some fac-
tors such as size, charge, electro negativity, polarizability,
and forces between the ions may describe the extent of
interference on the extraction of Pb** and Cd>* ions [45].

3.3 Simultaneous removal of lead and cadmium
ions

The optimum conditions for the maximum extraction
of lead and cadmium ions were established with initial
concentration of metal ion solutions: Pb** (20.0 mg/L)
and Cd** (15.0 mg/L) at pH: 6.0, 6.5 and 7.0; sorbent
dosage: 1.0, 0.75 and 1.0 g/L; agitation time: 120, 60
and 90 min for AHAC, ‘AHAC + n(Zr-Ce-Sm) oxide’ and
‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’ beads respectively
at a temperature of 30 °C. To assess whether these opti-
mum conditions were also good enough to the simul-
taneous removal of lead and cadmium ions at the said
pH values, experiments were conducted with simulated
solutions of the admixtures of lead and cadmium ions.

The observations revealed that adsorbent dosage was
to be increased while all other parameters were remained
constant. Therefore, both the metal ions were effectively
extracted simultaneously at the established extrac-
tion conditions, except dosage. The required adsorbent
dosage in simultaneous removal of lead and cadmium
ions was found to be 1.5, 1.25 and 1.5 g/L for AHAC,
‘AHAC + n(Zr-Ce-Sm) oxide’ and ‘AHAC + n(Zr-Ce-Sm)
oxide-Fe.Ali’ beads respectively. The results are noted
in Table 2.

3.4 Thermodynamic parameters

The effect of solution temperature on extraction process was
studied and the results are presented in Fig. 8A.

As shown in the figure, the extraction of lead and cad-
mium ions was increased with increase in temperature.
This was due to the increase in diffusion of metal ions
towards the adsorbent surface and thus, more ions were
penetrated into the matrix of adsorbent and hence high
adsorption [47].

The values of thermodynamic parameters such as, AGY,
AH? and AS® were determined from the following equations
[38, 47]:

AG° = —RTInK,
InK, = AS°/R — AH°/RT

Kd = qe/ce

@ Springer

AG® = AH® — TAS°

where K is the distribution coefficient; g, is the sorbed
amount of Pb**/Cd**; C, is the equilibrium Pb>*/
Cd**concentration; T is the temp (K); R is the gas constant.
The results are presented in Fig. 8B and Table 3.

From the table, it was observed that the AGP values were
negative while AH” and AS° values were positive. The nega-
tive AG® values confirmed the spontaneous nature of adsorp-
tion of metal ions onto the adsorbents [12]. The enhanced
adsorption attained at higher temperature was confirmed by
the higher negative values of AG® at high temperatures [43].

The positive values of AH® confirmed the overall adsorp-
tion of lead and cadmium ions was endothermic and the high
values of AH® supported the formation of surface complex
and/or ion-exchange mechanism between Pb**/Cd>* ions
with the surface functional groups of adsorbents due to
strong interactions between them [8, 51].

The positive and high values of AS® indicated the
increased randomness at adsorbent-adsorbate interfaces dur-
ing the adsorption process and also confirmed the favour-
ability of the adsorbents towards lead and cadmium ions and
thus resulted in high adsorption [8]. The similar observa-
tions were reported in the removal of toxic ions from pol-
luted water [13, 51, 58].

3.5 Adsorptionisotherms

To describe the adsorption behaviour of metal ions on the
surface of the adsorbents, AHAC, ‘AHAC + n(Zr-Ce-Sm)
oxide’ and ‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’ beads, iso-
thermal study was carried out. The equilibrium adsorption
data was analysed with Freundlich [25], Langmuir [35],
Temkin and Pyzhev [62] and Dubinin-Radushkevich [21]
models. The values of various parameters of the models
were calculated. The results are presented in Fig. 9 and
Table 4.

The correlation coefficient (R?) values close to unity con-
firmed the best fit model to the adsorption data [11, 39]. In
the case of AHAC, as R? values of Langmuir plot were close
to unity than other models and so, the adsorption data was
fitted well to the Langmuir isotherm model. This supported
the uniform and monolayer adsorption of lead and cadmium
ions onto the adsorbent surface. The similar results were
observed in the removal of toxic ions from waste water [13,
51, 58]. Furthermore, the separation factor (R ) values were
in between ‘zero’ to 1.0 and as per Hall et al. [27], the Lang-
muir isotherm sorption was favoured.

In the case of adsorbents, ‘AHAC + n(Zr-Ce-Sm) oxide’
and ‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’ beads, the R? val-
ues of Freundlich plots were close to unity than other models
This indicated that the adsorption data was fitted well to
the Freundlich isotherm model. This model supported the
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non-uniform and multilayer adsorption of lead and cadmium
ions onto the heterogeneous surface of the adsorbents [2].
Temkin and Dubinin—Radushkevich equations were used to
calculate B and E values respectively and the results are
presented in Table 4.

3.6 Adsorption kinetics

In this study, different kinetic models such as pseudo-1st
and 2nd order and Elovich and Bangham’s pore diffusion
[4, 17, 28, 34] were used to analyse the experimental data
to find the best fit model of adsorption of lead and cad-
mium ions using AHAC, ‘AHAC + n(Zr-Ce-Sm) oxide’ and
‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’ beads as adsorbents.
The experimentally investigated results are presented in
Fig. 10 and Table 5.

The correlation coefficient (R?) values reveal the best fit-
ting kinetic model [11]. As it can be seen from the table,
the correlation co-efficient (R?) values of pseudo-second
order kinetics were close to unity for the adsorption of lead
and cadmium ions by the adsorbents, ‘AHAC + n(Zr-Ce-
Sm) oxide’ (Pb: 0.9730, Cd: 0.9754) and ‘AHAC + n(Zr-
Ce-Sm) oxide-Fe.Ali” beads (Pb: 0.9878. Cd: 0.9868). The
adsorption of cadmium ions with the adsorbent AHAC (Cd:
0.9842) also fitted with pseudo-second order kinetics. But
in the case of adsorption of lead ions by AHAC, the adsorp-
tion process was fitted with Bangham’s pore diffusion model
(Pb: 0.9495). Thus, the pseudo-second order model was the
best fitted model compared to the other kinetic models in
all adsorption process except the adsorption of lead ions by
AHAC. The adsorption process that follows pseudo-second
order kinetics indicating that the rate determining step may
be the chemisorption process and it requires the interchange
or involvement of electrons. The similar results were noticed
in the previous works reported in the literature [3, 29, 30].

3.7 Regeneration of spent adsorbents

Solutions of different concentrations of acids, bases, salts
and their blends were examined for the regeneration of used
adsorbents. A 0.1 N HCI was found to be an effective des-
orbing agent in the regeneration of lead/cadmium ion-loaded
adsorbents. The hydrochloric acid is used as a most efficient
desorbing agent in the regeneration of various heavy metal
ion-loaded adsorbents [36, 40, 61].

In this experiment, separately, the spent adsorbents
were transferred to a flask containing 100 mL of desorbing
agent, 0.1 N HCl and soaked for overnight. After that, the
adsorbents were filtered, washed thoroughly with distilled
water, dried at 105 °C and then re-used as adsorbents for the
adsorption of Pb>*/Cd** ions. This procedure was repeated
by four consecutive adsorption—desorption cycles. Results
are presented in Fig. 11.

The results revealed that the removal capacity of the
adsorbents was decreased with increasing number of regen-
erated cycles. Substantial removal efficiency was observed
even after fourth regenerated cycle. This indicates that these
adsorbents are stable and cost-effective.

3.8 Applications

The concentrations of lead and cadmium ions present in the
industrial waste water collected at Hyderabad, India, were
calculated before and after treatment with the adsorbents
synthesized in the present study, AHAC, ‘AHAC + n(Zr-
Ce-Sm)oxide’ and ‘AHAC + b(Zr-Ce-Sm) oxide-Fe.Ali’
beads. The results pertaining to the removal efficiency of
the developed adsorbents and their experimental conditions
are presented in Table 6.

As it can be seen from the table, the developed method-
ologies with the synthesized adsorbents in the present study
were successfully remove the toxic lead and cadmium ions
from industrial effluents at the extraction conditions estab-
lished in this investigation.

3.9 Comparison

The adsorption capacities, for lead and cadmium ions, of
the synthesized adsorbents in the present study, AHAC,
‘AHAC + n(Zr-Ce-Sm) oxide’ and ‘AHAC + n(Zr-Ce-Sm)
oxide-Fe.Ali’ beads were compared with other adsorbents
reported in the literature. These previous reports are related
to the removal of either individual Pb** or Cd** ions from
water but not both at a time. The present work reveals the
simultaneous extraction of lead and cadmium ions at neutral
or near neutral pHs. The results are presented in the Table 7.

The comparison of adsorption capacities of developed
adsorbents with other adsorbents evidently confirmed that
these adsorbents, AHAC, ‘AHAC + n(Zr-Ce-Sm) oxide’,
‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’ beads, could be con-
sidered as good sorbents for the removal of lead and cad-
mium ions form wastewater.

4 Conclusions

In this investigation, eco-friendly and cost-effective adsor-
bents based on active carbon and nano-mixed metal oxides
are developed for the simultaneous removal of lead and cad-
mium ions from waste water. Active carbon derived from the
stems of Artocarpus heterophyllus plant is identified to have
affinity for lead and cadmium ions. The adsorption capacity
is increased by doping the active carbon with nanometal
(Zr-Ce-Sm) oxide synthesized by adopting new green routes.
To prevent agglomeration, the composite of ‘active carbon
and mixed nanometal oxide’ is embedded into iron-alginate
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beads. Thus, the active carbon, AHAC, active carbon loaded
with nanoparticles, ‘AHAC + n(Zr-Ce-Sm) oxide’ and iron
alginate beads doped with their admixture, ‘AHAC +n(Zr-
Ce-Sm) oxide-Fe.Ali’, are investigated as adsorbents. These
adsorbents are characterized by various methods including
XRD, FTIR, EDX and FESEM.

Different extractions conditions are investigated and opti-
mized for the simultaneous removal of lead and cadmium
ion and they are as follows: pH: 6.0, 6.5 and 7.0; adsorbent
dosage: 1.0, 0.75 and 1.0 g/L and agitation time: 120, 60
and 90 min for AHAC, ‘AHAC + n(Zr-Ce-Sm) oxide’ and
‘AHAC + n(Zr-Ce-Sm) oxide-Fe.Ali’ beads respectively.
The effect of co-ions on the simultaneous extraction is also
investigated.

The experimental data for the simultaneous adsorption
process of Pb>" and Cd** ions is well analysed by various
adsorption isotherms and kinetic models. Thermodynamic
parameters are also explored to explain the mechanism of
the adsorption process. Based on thermodynamic study and
FTIR investigations, the mechanism of adsorption process
involves the formation of a surface complex and/or ion-
exchange between Pb**/Cd** with the surface functional
groups of adsorbents. The maximum adsorption capacities
of AHAC, ‘AHAC + n(Zr-Ce-Sm) oxide’ and ‘AHAC +n(Zr-
Ce-Sm)oxide-Fe.Ali’ beads for Pb?* and Cd** ions
respectively are as follows: 15.0 and 20.0 mg/g; 28.0 and
32.6 mg/g; 34.0 and 44.3 mg/g. The spent adsorbents are
regenerated with the eluent 0.1 N HCl and can be reused.

The adsorbents developed are efficient and convenient at
neutral or nearly neutral pHs for the simultaneous removal
of lead and cadmium ions. These adsorbents are successfully
applied to treat real waste water samples of industries.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-022-03063-2.
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