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Abstract

Release of cadmium, a non-essential and highly toxic heavy metal, into aquatic ecosystem through discharge of effluents from
various industries such as electroplating, photographic, steel/iron production and tanneries, is of considerable environmental
conern at global level. Hence, it is essential to develop economic methods to remove cadmium from industrial effluents before
their discharge into water bodies. The aim of present study was to explore the efficiency of Nitrilotriacetic acid (NTA) for the
surface modification of Dendrocalamus strictus charcoal powder (DCP) and application of both unmodified DCP and NTA
modified DCP (NTA-MDCP) as adsorbents to remove cadmium (II) ions from aqueous solution. Isotherms, thermodynamic and
kinetic studies were carried out to describe the adsorption behavior of both adsorbents for the removal of Cd(II) ions. Maximum
adsorption capacity calculated from Langmuir isotherm was found to be higher for NTA-MDCP (166.66 mg/g) as compared to
DCP (142.85 mg/g) which may be attributed to the complex formation (1:1 & 2:1) between NTA on the surface of adsorbent and
Cd(II) ions in the solution at optimum conditions: pH = 6, temperature = 25 °C, adsorbent dose =2 g/l and contact time =2 h.
Thermodynamic studies confirmed endothermic as well as spontaneous nature of adsorption process and kinetic investigation
revealed that the adsorption process followed pseudo second-order for both DCP and NTA-MDCP. Physical characterization of
both adsorbents before and after adsorption was studied using Scanning Electron Microscope, Brunauer-Emmett-Teller surface
analyzer, Energy Dispersion X-ray Spectrometer, CHNS analyzer and X-Ray diffractometer which confirmed the adsorption of
cadmium(Il) ions. Further, the desorption studies for regeneration of adsorbents were successfully carried out using two eluents
viz., 1 M sulfuric acid and 0.5% calcium chloride. The present study revealed that NTA-MDCP could be used as an effective
adsorbent for the removal of cadmium(II) ions from aqueous solution.
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Introduction released into aquatic ecosystem through mining activities and

discharge of effluents without treatment from various industries

Water pollution has become a serious problem throughout the
world for past few decades. Different heavy metals including
lead, cadmium, mercury, copper, chromium and zinc have been
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such as electroplating, photographic, steel/iron production and
tanneries [1]. Toxic heavy metals do not only contaminate sur-
face water bodies such as lake, sea and ponds but also contam-
inate ground water and ultimately posing threat to all forms of
life surviving on the mother earth. These non-biodegrable con-
taminants have a potential to accumulate in different soft tissues
of human body often entering through drinking water, food
chain or dermal contact. Among different heavy metals, cad-
mium is highly toxic in nature and exposure to it can lead to
“itai-Itai” disease, insomnia, hypertension, prostate cancer and
testicular disfunction etc. [2—6]. Cadmium also causes detri-
mental effects in the plants such as chlorosis, necrosis, leaf roll,
reduction of biomass and growth [7].

Due to its highly toxic nature, it is essential to remove
cadmium from industrial effluents before discharging them
into water bodies. In recent past, many technologies have been
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developed to remove various pollutants/heavy metals from
wastewater. Various technologies such as membrane filtration,
precipitation, coagulation, solvent extraction, ion-exchange,
neutralization, electro-dialysis, ultra filtration and reverse os-
mosis have been used for the removal of heavy metals from
aqueous solutions [8]. Although these technologies are effi-
cient but also suffer from certain limitations such as high op-
eration cost, heavy instrumentation and can operate well only
for small scale water treatments. Among various clean up
technologies, adsorption method has come up as an effective
technique for the removal of heavy metals from industrial
effluents as well as aquatic systems throughout the world.
Major reasons to adopt adsorption as water treatment tech-
nique are: it is economic, simple to operate and do not require
bulky instrumentation. Attention has been focused on appli-
cation of various low-cost materials as adsorbents which in-
clude chitosan, zeolites, clay, peat moss, fly ash, coal, indus-
trial waste and activated carbon [9]. For adsorption studies,
some researchers have emphasized on the use of non-
conventional adsorbents such as saw dust, bamboo plant ma-
terial, coconut material as well as their charcoal for removal of
heavy metals [10, 11]. The adsorption capacity of an adsor-
bent depends upon its pore size and chemical structure of
active sites available on the surface of adsorbent [12].
Bamboo, a member of ‘Poaceae’ family is considered as
the cheapest material and a renewable bioresource for ad-
sorption studies due to its short growth period. Bamboo in
the form of raw powder as well as charcoal powder has been
used as an adsorbent because of its porous nature and large
surface area [13—15]. Bamboo charcoal, although exhibits
good adsorptive properties but researchers attempted to ex-
plore different methods to increase its adsorptive properties.
In order to enhance the adsorption capacity of an adsorbent,
chemical surface modification processes have been docu-
mented and applied as an effective method for generation
of efficient adsorbent to remove different pollutants [16,
17]. For instance, different chelating agents have been
widely used for surface modification of adsorbents and ap-
plied in cleaning formulation, especially, to remove toxic
metals from contaminated aquatic systems due to their se-
questering effects. Different chelating agents present on the
surface of chemically modified adsorbents have capacity to
form complexes with different metal ions due to the pres-
ence of various functional groups viz., amino acid, ligno-
sulfonates, humic or fulvic acids, organic acids and proteins
[18]. However, affinity of chelating agents towards adsor-
bate metal ions is reported to be dependent upon its physico-
chemical characteristics viz., ionic radius, ionic charge and
its bonding with functional groups of ligands on the surface
ofadsorbent [19]. Following this direction, the present work
was planned to investigate the adsorptive behavior of DCP
as such and to enhance the adsorption capacity of adsorbent,
nitrilotriacetic acid (NTA), a chelating agent was used for its
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surface modification (NTA-MDCP). Equilibrium data so
obtained were further analyzed using isotherm, kinetic and
thermodynamic models. Scanning Electron Microscope
(SEM), Scanning Electron Microscope-Energy dispersive
X-ray spectroscope (SEM-EDX), CHNS analyzer, BET sur-
face and porosity analyzer and X-ray diffractometer (XRD)
were used to study the physical and chemical characteristics
of sorbents before and after adsorption.

Materials and methods
Chemicals used

All chemicals used were of analytical reagnt (AR) grade. AR
grade chemicals such as nitrilotriacetic acid (Laboratory
Rasayan, India), sulfuric acid (Sigma Aldrich), calcium chlo-
ride (Spectrochem, India) were used as received. Double dis-
tilled water was used for the preparation of all solutions.

Preparation of solutions

Stock solution of 1000 ppm Cd(ll): 2.744 g of cadmium nitrate
(Cd(NOs),.4H,0) was dissolved in 1000 ml of double dis-
tilled water to prepare the stock solution of 1000 mg/l of
cadmium (II).

NTA solution: 1 g of nitrilotriacetic acid (CsHoNOg) was dis-
solved in 100 ml of double distilled water to prepare 1% NTA
solution.

Adsorbent preparation

Culms of Dendrocalamus strictus (Bamboo) were collected
from Botanical Garden of Guru Nanak Dev University,
Anmritsar, Punjab (India) to prepare its charcoal powder. Pre-
weighed Dendrocalamus strictus culms were cut into small
pieces, washed thoroughly with tap water to remove dust,
rinsed with distilled water and dried at 60 °C in oven for
preparation of charcoal powder. For preparation of charcoal
of Dendrocalamus strictus, washed and dried culms were car-
bonized in Muffle furnace at 450 °C for 2 h and then allowed
to cool to room temperature. Charcoal was crushed to fine
powder using grinder and was then passed through sieve with
mesh size of 150 um. One part of bamboo charcoal powder
was stored at room temperature for further adsorption exper-
iments and was considered as unmodified charcoal powder
(DCP) while second part was treated with 1% NTA and con-
sidered as NTA-modified Dendrocalamus strictus charcoal
powder (NTA-MDCP). The schematic presentation of prepa-
ration of adsorbents is shown in Fig. 1.
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Fig. 1 Schematic representation
for preparation of DCP and NTA-
MDCP

Bamboo Plant
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furnace at 450 °C

Treatment of bamboo charcoal Unmodified bamboo
with 1% NTA solution charcoal (DCP)

NTA-modified bamboo
Filtration charcoal (NTA-MDCP)

Surface modification of adsorbent

For surface modification, 10 g of DCP was added to 500 ml of
1% NTA solution and shaken at 25+2 °C, 120 rpm for 24 h.
The contents were then filtered through Whatman filter paper
No. 1. The residue was rinsed 3—4 times with double distilled
water and oven dried at 60 +2 °C for 24 h. NTA treated res-
idue so obtained was considered as NTA-modified
Dendrocalamus strictus charcoal powder (NTA-MDCP) and
was used for adsorption studies (Fig. 1).

Batch experiment

Batch adsorption experiments were systematically performed
using various conditions such as pH (1, 2, 3, 4, 5, 6, 7), ad-
sorbent dose (1, 2, 3, 4 g/l) and contact time (0.5, 1, 2, 4 h) at
temperatures (15, 25, 35, 45 °C) and different initial metal
ions concentrations (1, 10, 25, 50, 100, 200, 300, 400,
500 mg/l), at 120 rpm using shaker in 250 ml flasks. The
contents were then filtered through Whatman filter paper
No. 1 and filtrates were analyzed for remaining cadmium con-
tent using atomic absorption spectrophotometer at wave
length of 326.1 nm (Model: AA240 FS, Make: Agilent). All
the experiments were conducted in triplicates.

Calculation of percentage removal and adsorption
capacity

Percentage removal of cadmium was calculated as follows:

C—Cy

1

x 100

Percentage removal (%) =

Adsorption capacity (qe., mg/g) of adsorbents at equilibri-
um was calculated as:

(C—Cp) V

qe = W

C; (mg/l) initial concentration of cadmium (II) ions
Cr(mg/l) final concentration of cadmium (II) ions
A volume of the solution

W (g mass of adsorbent

Adsorbent characterization

Surface morphology and elemental composition of DCP and
NTA-MDCP, before and after sorption, was investigated using
Scanning Electron Microscope-Energy dispersion X-ray spec-
troscopy (SEM-EDX). CHNS analyzer was used to determine
the carbon, hydrogen, nitrogen and sulfur contents in both
adsorbents before and after the adsorption process. XRD spec-
tra of both sorbents were recorded with Cu Ko (1.540) radi-
ation, 40 kV and 30 mA, over a wide range from 10° to 80° at
room temperature using X-ray diffraction (XRD). Surface pa-
rameters of adsorbents were examined using BET surface area
and porosity analyzer before and after adsorption process.

Desorption process

Desorption process allow the recovery of adsorbent for its
reapplication. Desorption experiments were carried out to re-
generate both DCP and NTA-MDCP using two eluents viz.,
1 M sulfuric acid and 0.5% calcium chloride solution. 0.1 g of
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metal loaded DCP (or NTA-MDCP) was added to 250 ml
flask containing 50 ml of eluent and contents were shaked
for different contact times viz., 2, 4 and 6 h at 120 rpm and
25 °C. After that, the contents were filtered through Whatman
filter paper No. 1 and residues were further analyzed for cad-
mium (I) ions content using digestion method. For that, 0.1 g
of residues was weighed and digested with 2 ml of aqua regia
(3:1::HCI:HNO3). After digestion, digested residue was
mixed with 2 ml of double distilled water, cooled; filtered
and final volume was made up to 20 ml. Further, the samples
were analyzed for cadmium concentration using atomic ab-
sorption spectrophotometer. Both regenerated adsorbents
were reused and investigated for the adsorption behavior for
2 or 3 cycles of applications.

Results and discussions
Adsorbent characterization
Morphological and elemental analysis

Surface morphology of adsorbents was studied using
Scanning Electron Microscopy. SEM micrographs of both
adsorbents (DCP and NTA-MDCP) before and after adsorp-
tion of Cd(Il) ions are shown in Fig. 2. SEM imaging con-
firmed the porous and heterogeneous surface of both unmod-
ified (DCP) and NTA modified adsorbents (NTA-MDCP) be-
fore the adsorption process. After adsorption, surface of both
adsorbents was found to be less porous as most of pores were
fully loaded with Cd(1I) ions.

From SEM-EDX studies, it was observed that the percent-
age weight of cadmium in DCP and NTA-MDCP were ob-
served to be 2.18% and 24.84%, respectively after adsorption
process which confirmed significantly better adsorption of
Cd(I) ions using NTA-MDCP. This may be attributed the
presence of NTA molecules on the surface of adsorbent which
is responsible for enhanced adsorption capacity of NTA-
MDCP towards Cd(II) ions.

CHNS analysis

Contents of nitrogen, carbon and hydrogen in DCP were
found to be 11.20%, 52.10% and 8.04%, respectively before
adsorption process which was reduced to 7.89%, 34.79% and
5.34%, respectively after cadmium adsorption. Similarly, in
case of NTA-MDCP, the contents of nitrogen, carbon and
hydrogen were found to be 16.02%, 72.11% and 8.66%, re-
spectively before adsorption while the contents of nitrogen
and carbon were found to be 11.27% and 54.15%, respective-
ly after cadmium adsorption (Fig. 3). The hydrogen content
was observed to be negligible in NTA-MDCP after adsorption
of Cd(Il) ions. The contents of nitrogen, carbon and hydrogen
were observed to be decreased after adsorption process due to
adsorption of Cd(II) ions on the surface of DCP and NTA-
MDCP.

BET surface analysis

Surface area parameters such as single point surface area,
BET surface area, Langmuir surface area, t-plot micropore
area and t-plot external surface area of DCP were found to

Element Weight Atomic Element Weight Atomic
(%) (%) (%) (%)

CK 70.87 80.90 CK 67.46 76.42
oK 17.03 14.59 oK 24.65 20.96

MgK 0.39 0.22
MgK 0.39 0.22

SiK 2.14 1.04
SiK 0.63 0.31

KK 275 0.96
CIK 2.63 1.02 CaK 043 014
KK 8.44 2.96 CcdL 218 026
Totals 100.00 Totals 100.00

DCP before adsorption DCP after adsorption of

Cd(IT) ions

Element Weight Atomic Element Weight Atomic
%) %) %) )

CK 70.93 77.62

0K 2529 2078 CK 20.93 32.14

MgK 0.80 043 NK 11.15 14.67

Sik 082 038 OK 41.97 4837

PK 0.18 0.08

SK 026 0.11 AIK 0.29 0.20

CIK 0.69 0.26 SiK 0.82 0.54

KK 0.85 0.28

ok e 005 CdL 24.84 4.07

Totals 100.00 Totals 100.00

NTA-MDCP before adsorption NTA-MDCP after adsorption of

Cd(II) ions

Fig. 2 SEM-EDX analysis of DCP and NTA-MDCP before and after adsorption of Cd(II) ions
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be 27.81 m*/g, 27.15 m%/g, 46.65 m?/g, 29.14 m*/g and
4.53 m?/g, respectively before surface modification which
were observed to be increased as 153.09 m?/g, 156.52 m?/g,
212.90 m?/g, 102.81 m*/g and 53.71 m*/g, respectively af-
ter surface modification with NTA (Table 1). The isotherm
plots of DCP and NTA-MDCP found to be Type I isotherm
according to IUPAC classification that represent behavior
of microporous solids and uptake of adsorbate being man-
aged by the accessible micropore volume of adsorbent [20,
21]. Similar results were observed for bamboo charcoal and
cobalt coated bamboo charcoal by Wang et al. [22]. BET
surface area of bamboo charcoal and cobalt coated bamboo
were found to be increased from 15 to 265 m>/g and total
pore volume from 0.14 to 0.27 cm*/g due to activation of the

Sorbents >

bamboo charcoal with Co(NO3), and HNO; during the py-
rolysis process.

Surface parameters such as single point surface area,
BET surface area, Langmuir surface area, t-plot micropore
area and t-plot external surface area of cadmium loaded
DCP were found to be decreased as 25.93 m2/g, 24.54 m?/
g, 45.70 m*/g, 25.07 m*/g and 1.99 m?/g, respectively.
Similarly, single point surface area, BET surface area,
Langmuir surface area, t-plot micropore area and t-plot ex-
ternal surface area of cadmium loaded NTA-MDCP were
observed to be decreased as 66.77 mz/g, 68.39 mz/g,
92.26 m*/g, 42.88 m?/g, and 25.51 m?/g, respectively
(Table 1). This decrease in surface parameters confirmed
the adsorption of Cd(II) ions. Similarly, pore volume of both

Table 1 Surface parameters of

DCP and NTA-MDCP before and S.No.  Surface parameters Unmodified NTA-modified
after adsorption of Cd(II) ions Dendrocalamus strictus Dendrocalamus strictus
DCP Cd-DCP NTA-MDCP  Cd-NTA-MDCP
Surface area
1 Single Point surface area (mz/g) 27.81 25.93 153.09 66.77
2 BET surface area (mz/g) 27.15 24.54 156.52 68.39
3. Langmuir surface area (m*/g) 46.65 45.70 212.90 92.26
4 t-plot micropore area (m”/g) 29.14 25.07 102.81 42.88
5 t-plot external surface area (mz/g) 4.53 1.99 53.71 25.51
Pore volume
6. Single point adsorption total pore 0.010 0.006 0.077 0.025
volume (cm®/ Q)
7. Single point desorption total pore 0.006 0.004 0.077 0.025
volume (cm?/ Q)
8. t-plot micropore volume (cm®/g) 0.017 0.015 0.052 0.022
Pore size
9. Adsorption average pore width (A) 17 15 20 15
10. Desorption average pore width (A) 17 9 20 15
11. Average particle size (A) 2210 2445 383 877
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DCP and NTA-MDCP were found to be decreased after the
adsorption of Cd(II) ions. Nitrogen adsorption isotherm
plots of Cd (II) loaded MDCP and NTA-MDCP obtained
after adsorption process were found to be Type IV which
may be attributed to monolayer-multilayer adsorption.

On the other hand, particle size of cadmium loaded NTA-
MDCP was observed to be increased due to accumulation of
Cd(I) ions onto the surface. The significant changes on the
surface parameter, pore volume and particle size confirmed
the adsorption of Cd(II) ions on the surface of both adsorbent.
Further, it is also clearly visible that the changes are more
significant for NTA-MDCP in comparison to DCP.

XRD analysis

Crystalline structure of different sorbents was characterized by
X-ray diffraction. XRD patterns of DCP and NTA-MDCP,
before and after adsorption of Cd(II) ions are shown in
Fig. 4. Diffraction peaks on XRD spectrum of DCP were
identified as: (a) 4-Nitro-4'-amino-chaltone (PDF: 492482,
20: 12.842, 21.817, 26.018, 33.918, 36.455, 43.657,
53.361); (b) 3-keto-5-methyl-2-(4’methylphenyl hydrazine)
pent4-enolactone (PDF: 451562; 26: 31.700, 39.020,
61.160, 62.880); (c) D-Serine (PDF; 26: 58.330). After sur-
face modification with NTA, XRD spectrum of NTA-MDCP
revealed the presence of: (a) 4-Nitro-4'-amino-chaltone (PDF:
492482; 260: 20.035, 24.597, 28.710, 29.740, 33.918, 36.455,
44.348); (b) Thymine (PDF: 391850; 26: 37.683, 45.128); (¢)
3-keto-5-methyl-2-(4’methylphenyl hydrazine) pent4-
enolactone (PDF: 451562; 20: 53.00, 62.283) and (d) potassi-
um carbonate (PDF: 700292; 26: 64.249, 77.685).

Diffractions peaks of cadmium loaded DCP exhibited
typical crystalline peaks corresponding to: (a) cadmium ac-
etate acetamide (PDF: 331610; 20: 12.431, 26.289); (b)
(Hydrazinecarboxylato-N’,0) cadmium (PDF: 721758; 26:
13.731, 19.459, 61.759, 63.608); (c) cadmium L-glutamate
dihydrate (PDF: 492016; 26: 17.285); (d) cadmium hydrate
hydrazine carbonate (PDF: 771418; 26: 24.026, 30.354,
33.417, 38.359, 64.445, 77.516). Cadmium loaded NTA-
MDCP have shown crystalline peaks which corresponding
to: (a) cadmium acetate acetamide (PDF: 331610; 26:
12.431); (b) (Hydrazinecarboxylato-N’,0) cadmium (PDF:
721758; 260: 13.731, 42.018); (¢) cadmium L-glutamate
dihydrate (PDF: 492016; 20: 17.285, 37.799, 43.290); (d)
cadmium diethylenetriamine nitrate (PDF: 461869; 20:
19.817) and (e) cadmium hydrate hydrazine carbonate
(PDF: 771418; 26: 24.026, 28.871, 29.564, 30.354,
33.417,38.359,45.035,45.851, 50.082). It can be conclud-
ed that the crystalline nature of DCP was retained after
surface modification with NTA as well as after adsorption
of Cd(II) ions with introduction of new chemical species on
the surface.
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pH

pH is one of the most key factors for removal of Cd(II)
ions from aqueous solution using DCP and NTA-MDCP.
Effects of pH on the adsorption of Cd(Il) ions using DCP
and NTA-MDCP are presented in Fig. 5a. Percentage re-
moval of Cd(II) ions was observed to be increased from
32.43 to 85.59% with increase in pH from 1 to 6 and then
slightly deceased up to 84.60% at pH (7) using DCP as an
adsorbent. While the percentage removal of Cd(II) ions
was found to be increased from 58.17 to 91.47% with
increase in pH from 1 to 6 using NTA-MDCP. No further
noteworthy improvement was observed at pH 7. Decrease
in percentage removal at pH <6 could be probably due to
the competition between protons and Cd(II) ions present
in solution for vacant active sites on the surface of adsor-
bent. At pH >7, precipitation occurred in the cadmium
solution. Hence, no experiments were carried out beyond
pH 7. Similar observations were made by many authors
[23-25]. For example, Meena et al. [26] reported that the
maximum percentage removal of mercury, copper, lead
and chromium (VI) was found at pH (6) using NaOH
and H,SO, treated sawdust of Acacia arabica. In another
report by Jiang et al. [24], the maximum percentage re-
moval of copper was observed at pH 6 using
amidoximated bagasse. From the results so obtained, it
was concluded that maximum removal of Cd(II) was ob-
served at pH 6 for both adsorbents, DCP and NTA-MDCP
and Ph 6 was selected as an optimum pH for further ad-
sorption studies.

Contact time

Contact time of adsorbent is also one of the important
parameters for successful adsorption process. In the pres-
ent study, percentage removal of cadmium was observed
to be increased from 44.44 to 54.10% for DCP and
73.43% to 90.37% for NTA-MDCP with increase in con-
tact time from 0.5 to 2 h initially and then remained con-
stant with increase in contact time up to 4 h (Fig. 5b). The
apparent reason could be the availability of large number
of active sites for adsorption at initial stages of adsorption
course, after 2 h the maximum number of adsorption sites
get occupied Cd(IT) ions which leads to creation of a re-
pulsive force between the adsorbate, Cd(II) ions adsorbed
on the adsorbent surface and in bulk phase [27-32].
Sometimes, even the vacant active site do not get occu-
pied by metal ions during adsorption process which re-
sults in delayed contact time due to decreased concentra-
tion gradient between adsorbent and adsorbate. Meena
et al. [26] reported an optimum contact time of 48 h for
the removal of mercury, chromium (VI), lead and 72 h for
copper using NaOH and H,SO,4 modified sawdust (Acacia
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Fig. 4 XRD spectra of DCP and NTA-MDCP before and after adsorption of Cd(Il) ions

arabica). In the present work, the maximum percentage of  aqueous solutions (Fig. 5c). It was observed that percentage
cadmium removal i.e. 54.10% and 90.37% for DCP and  removal of cadmium increased rapidly from 1 to 2 g/l of
NTA-MDCP, respectively was found at contact time of  dose followed by very negligible increase up to 4 g/l dose
2 h. Therefore, contact time of 2 h was considered as of both adsorbents. At higher dose, Cd(Il) ions interacted
optimum contact time for the adsorption of Cd(II) ions  with more number of active sites available on the surface of

using DCP and NTA-MDCP. adsorbent resulting in the maximum percentage removal of
Cd(II) ions from aqueous solutions. Koduru et al. [33] re-
Dose ported the maximum percentage removal of cobalt using
2 g/l dose of Morus alba fruit peel treated with iron. Jiang
Another factor affecting the percentage removal of cadmi- et al. [24] observed the optimum dose of 2.5 g/l of

um is the adsorbent dose. In order to optimize the dose of =~ amidoximated bagasse for removal of copper ions from
adsorbent, different doses viz., 1,2, 3 and 4 g/l of DCP and  aqueous solution. Therefore, 2 g/l dose of DCP and NTA-
NTA-MDCP were used for adsorption of cadmium from  MDCP was chosen as optimum dose for adsorbent.
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Fig. 5 Adsorption of Cd(Il) ions using DCP and NTA-MDCP under different conditions

Initial concentration

The effect of initial Cd(IT) ion concentration was investigated
by taking various concentrations of Cd(II) solution ranging
from 1 to 500 mg/L at pH 6, optimum dose of 2 g/L. and
contact time of 2 h. Effects of initial concentration of Cd(II)
ions on the adsorption phenomenon is shown in Fig. 5d.
Percentage removals were observed to be 98.33, 95.33,
88.47, 81.17, 68.17, 55.92, 55.28, 50.21 and 48.67% using
DCP and 99.33, 98.83, 92.53, 89.06, 88.37, 77.30, 66.85,
62.42 and 58.69% using NTA-MDCP at 1, 10, 25, 50, 100,
200, 300, 400 and 500 mg/l initial concentrations of Cd(II)
ions, respectively. Maximum percentage removals of Cd(II)
were found to be 98.33% and 99.33% using DCP and NTA-
MDCEP, respectively at the lowest initial Cd(II) concentration
of 1 mg/l. Decrease in percentage removal of Cd(Il) at higher
initial concentrations was due to greater driving force gradient

@ Springer

between Cd(II) concentration in solution and Cd(II) concen-
tration on surface of the adsorbent. Similar observations were
made in different studies for removal of different heavy metals
such as cobalt using iron oxide impregnated Morus alba fruits
[33]; mercury, chromium, lead using NaOH and H,SO,4 mod-
ified sawdust of Acacia arabica [26] and copper using
amidoximated bagasse [24].

Adsorption studies

Isotherm models

Different isotherm models viz., Langmuir, Freundlich and
Temkin were used to analyze the adsorption equilibrium be-

havior of DCP and NTA-MDCP for the removal of cadmium
(IT) ions. The study depicted direct relationship between
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adsorbed cadmium (II) ions and their concentration in solution
at equilibrium.

Langmuir isotherm

Langmuir isotherm indicates the adsorption process to be a
monolayer type over a homogenous surface of any adsorbent
[3, 34-37]. The linear form of the Langmuir isotherm is
expressed as:

C. 1 C.

9. 9.0 q,

C. (mg/
)

qe (mg/  amount of Cd(II) ions adsorbed per gram of
g) adsorbent (DCP or NTA-MDCP)

equilibrium concentration of Cd(I)] ions

Jo (mg/ maximum adsorption capacity of adsorbent

g)

b Langmuir constant related with rate of adsorption
(Vmg)

Langmuir [37] stated dimensionless constant separation
factor or equilibrium parameter (Ry) as an important parame-
ter of Langmuir isotherm which is expressed as:

R —

RS Ye
b Langmuir constant related with rate of adsorption
C; (mg/l) initial concentrations of Cd(II) ions

The values (R > 1) indicates unfavorable adsorption pro-
cess, (Rp, < 1) indicates favorable adsorption process and Ry =
1 indicates a linear adsorption. The values (Ry =0) confirms
the irreversible adsorption process [38—40].

During the present study, adsorption of cadmium was ob-
served to be of monolayer type on the surface of DCP and
NTA-MDCP. Ry values for Cd(Il) adsorption were found to
be in the range of 0.309-0.659 and 0.444-0.616 for DCP and
NTA-MDCEP, respectively. Ry values were less than land in-
dicated favorable adsorption process (Table 2). Adsorption
capacity of NTA-MDCP (166 mg/g) was found to be higher
for removal of Cd(Il) ions than DCP (142 mg/g) at 45 °C
which can be attributed to presence of NTA on the surface
of NTA-MDCP. NTA being a chelating agent, has greater
capacity to bind with heavy metal ions by forming either 1:1
or 2:1 complex [41, 42]. In 1:1 complex, NTA forms a four-
coordinate complex with metal ion while in 2:1 complex, two
molecules of NTA on the surface of NTA-MDCP form a hexa-
coordinate complex with metal ion (Fig. 6). Adsorption ca-
pacity of adsorbent was documented to be enhanced after

chemical modifications [33]. Ho et al. [43] reported that ad-
sorption of metal ions was dependent on the functional groups
present on the surface of adsorbent, nature and size of metal
ions. Some of the authors reported the introduction of new
adsorption effective functional groups on the surface of adsor-
bent after the modification of adsorbent with different chem-
ical agents [44]. In the present work, it was observed that
adsorption capacity of NTA-MDCP was higher than DCP
due to presence of carboxylate functional groups of NTA on
the surface of surface modified adsorbent, NTA-MDCP.

Freundlich isotherm

Freundlich isotherm model indicates two types of adsorption
processes viz., monolayer and multilayer types onto the het-
erogeneous surface of adsorbent [34-36]. The linear form of
the Freundlich isotherm model is described as:

1
logq, = logK r + ZlogCe

C. (mg/ equilibrium concentration of Cd(Il) ions
)
qe (mg/  amount of Cd(II) ions adsorbed per unit mass of

g) adsorbent (DCP or NTA-MDCP)

Kr (mg/ Freundlich isotherm constant related to adsorption
g) capacity
I/n Freundlich isotherm constant related to adsorption

intensity

The value of 1/n less than 1 indicates a normal adsorption
and more than 1 represents the cooperative adsorption [3, 34,
36]. Smaller the value of 1/n, greater is the probability of
heterogeneity on the surface of adsorbent. All values of ad-
sorption intensity obtained from Cd(II) adsorption using DCP
and NTA-MDCP were found to be <1 which indicated that the
adsorption processes were normal and of monolayer type on
heterogeneous surfaces of both adsorbents, DCP and NTA-
MDCP.

Temkin isotherm

Temkin isotherm assumes that heat of adsorption of all the
molecules in a layer would decrease linearly during chemi-
sorptions or physiosorption of an adsorbate on the surface of
adsorbent [39]. The linear isotherm equation is expressed as:

q, = BlogKr + BlogC,
_RT

b

C. (mg/l) equilibrium concentration of Cd(II) ions
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Table 2 Adsorption parameters for different isotherms for adsorption of Cd(Il) ions using DCP and NTA-MDCP
Adsorbent Temperature (°C) Langmuir Isotherm Freundlich Isotherm Temkin Isotherm
b (I/mg) Qmax (Mg/g) r Ry Im Ky (mg/g) r B (J/mol) Ky (I/mg) B (l/g) r

Unmodified 15 °C 0.012 111.11 0.993 0.630 0.635 2.824 0.984 33.02 1.148 72.514 0.981
25 °C 0.028 111.11 0.993 0413 0510 5.807 0.984 26.21 9.395 104.231 0.985
35°C 0.044 111.11 0.994 0309 0.548 4.688 0.983 26.70 1.435 95.906 0974
45 °C 0.010 142.85 0.991 0.659 0.510 5.662 0.900 36.90 1.265 71.649 0978

NTA-modified 15 °C 0.012 125 0.994 0.616 0.651 3.013 0.986 35.84 1.524 66.808 0.989
25 °C 0.023 166.66 0.993 0.460 0.602 5.807 0.983 45.53 1.412 54416 0.985
35°C 0.025 166.66 0986 0444 0.584 5.956 0.990 46.03 1.722 55.631 0.980
45 °C 0.023 166.66 0.989 0.460 0.603 10.209  0.991 39.88 2.506 66.295 0.984

qe (mg/g) adsorption capacity of adsorbent (DCP or adsorption of cadmium was well described by Langmuir

NTA-MDCP) followed by Freundlich and Temkin isotherms. The isotherm

Bandb Temkin constants related with heat of studies indicated the monolayer and physical adsorption of

(J/mol) adsorption Cd(Il) ions on the heterogeneous surface of both DCP and

R (J/mol/ universal gas constant NTA-MDCP.

K)

T (Kelvin)  absolute temperature

Kt (I/mg)  equilibrium binding constant corresponding to Kinetic studies

the maximum binding energy
Adsorption kinetics is of paramount importance as it provides

The heat of adsorption (B) less than 40 kJ/mol indicates a
physical adsorption and its value more than 40 kJ/mol repre-
sents the chemical adsorption. In present work, the values of
heat of adsorption of Cd(II) ions using both adsorbents (DCP
and NTA-MDCP) were found to be less than 40 kJ/mol indi-
cating physical adsorption.

Moreover, correlation-coefficient (r) for all Isotherms were
found to be highly correlated suggesting best fit of regression
line to data obtained for the adsorption of Cd(II) ions using
DCP and NTA-MDCP. These results confirmed that the

Fig. 6 Proposed mechanism for

valuable insights into reaction pathway and mechanism of
adsorption processes [32, 33, 35]. Adsorption behavior of
DCP and NTA-MDCP towards Cd(I) ions was analyzed
using pseudo-first order and pseudo-second order kinetics.
Pseudo-first order confirms that the rate of occupation of ad-
sorption sites is directly proportional to the number of unoc-
cupied sites. The linear form of pseudo-first order model is
expressed as:

ki
log (q,~q,) = log 9 5305"

adsorption of Cd(II) ions on the CH,COOH "O0CH,C CH,COO"
surface of NTA-MDCP
*  N—CH,COOH —— - . — -
) Physical OOCH,C NN CH,COO
CH,COOH  adsorption ‘O0CH,C CH,COO
Surface modification of Bamboo NTA —modified bamboo
charcoal with NTA charcoal powder cdz
H CH,C00 OOCH,C ﬁ ﬁ
: S ey B
4 ——CH,C00- - -Cd%™----00CH,C— Or Ted. N Cdaeig
= N L NG N \
: o A D
= o . Y 5 2 H, '-\‘\\
g CH,CO0 0OCH,C 7 N me O o
S J \

Hexa-coordinate complex (2:1)
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qe (mg/g)  adsorption capacity at equilibrium

q: (mg/g)  adsorption capacity at time (t)

k; (min ') rate constant of first order adsorption
t (h) time

Pseudo-second order represents chemisorption which takes
into account the chemical interaction between functional
groups present on the adsorbent sites and metal ions in aque-
ous solution and linearly expressed as:

1 t
9 kq; 4.
qe (mg/g) adsorption capacity at equilibrium
q; (mg/g) adsorption capacity at time (t)
k> (g/mg/min) rate constant of second order adsorption
t (h) time

The parameters associated with pseudo-first order and sec-
ond order for adsorption of Cd(Il) ions so obtained are sum-
marized in Table 3. Adsorption kinetics described the relation-
ship between adsorbent and adsorbate as well as rate of ad-
sorption with respect to time. On the basis of significant agree-
ment between experimental adsorption capacity and calculat-
ed adsorption capacity, it can be concluded that the adsorption
of Cd(II) ions using DCP and NTA-MDCP followed pseudo-
second order kinetic model at all temperature (15, 25, 35 and
45 °C). Moreover, correlation-coefficients (r) for second order
kinetic orders were found to be highly correlated than pseudo-
first order kinetic model for adsorption of Cd(Il) ions using
DCP and NTA-MDCP.

Thermodynamic studies

Thermodynamic model for adsorption of metal ions is another
important parameter to study the effect of temperature on
adsorbent-adsorbate interactions and energy changes during
adsorption process [39]. Thermodynamic parameters such as

change in free energy (AG, kJ/mol), enthalpy (AH, kJ/mol)
and entropy (AS, kJ/mol.K) associated with adsorption pro-
cess were obtained from slope and intercept of linear plots of
Inqg./c. versus 1/T.

mde _ -AH AS
"e.” RT "R
AG = AH-TAS

C. (mg/) equilibrium concentration of Cd(Il) ions
R (J/mol/ universal gas constant
K)
qe (mg/g) adsorption capacities at equilibrium
AG (kJ/ change in free energy associated with
mol) adsorption process
AH (kJ/ change in enthalpy associated with adsorption
mol) process
AS (kJ/ change in entropy associated with adsorption
mol.K) process

Negative values of AG indicate spontancous nature
whereas positive values confirm non-spontaneous nature
of adsorption. The positive values of AH indicate that
adsorption process is endothermic while negative values
indicate exothermic nature. The positive values of AS
indicate an increase in randomness during adsorbent and
adsorbate interactions while negative values indicate less
disorder and randomness between adsorbent and adsor-
bate during adsorption [33, 39]. In the present study, neg-
ative value of AG confirmed feasible and spontaneous
nature of adsorption process using DCP and NTA-
MDCP (Table 4). Positive value of AH for cadmium ad-
sorption indicated endothermic nature of adsorption where
as positive value of AS reflected the increased random-
ness during adsorption of Cd(II) with both adsorbents
(DCP and NTA-MDCP). Similar observation were report-
ed for the adsorption of mercury using anionic surfactant

Table 3  Kinetics parameters for adsorption of Cd(II) ions using DCP and NTA-MDCP
Adsorbent Temperature  Experimental value ~ Pseudo-first order kinetic model Pseudo-second order kinetic model
qe, (mg g ) Qe ca (Mg g )k (min)) Qe ca (Mg g )  ky(mgg' min) r

Unmodified 15 °C 4.666 2.624 6.199 0.989 4.673 1.205 0.999
25 °C 4.601 7.095 2.795 0.983 4.255 13.80 0.990
35°C 4.923 7.481 2.851 0.986 5.307 0.686 0.991
45 °C 4.950 0.052 1.047 0.990 4.524 1.953 0.999

NTA-modified 15 °C 4.670 4.769 2.664 0.980 4.850 1.212 0.998
25°C 4.950 8.933 2.929 0.973 5.150 1.107 0.998
35°C 4.950 24717 1.656 0.927 5.180 1.129 0.998
45 °C 4.950 1.510 1.589 0.990 5.290 1.488 0.999
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Table 4 Thermodynamic

parameters for adsorption of Adsorbent Contact  Enthalpy Entropy (AS)  Gibb’s free energy AG (kJ mol )
Cd(1l) ions using DCP and NTA- time (AH) (kJ mol ™' K)
MDCP (kJ mol ") 15°C 25°C 35°C 45 °C
Unmodified 0.5 4.389 192.801 —-15.137 -17.065 —18.993 20421
1 7.090 95.112 —20.302 —21.553 22204 —23.155
2 16.777 136.266 —22.267 -23.630 24992 —26.355
4 15.197 135.850 —23.927 25285 —26.644 —28.002
NTA-modified 0.5 19.912 132.109 —18.135 —-19.456 —20.777 —22.098
1 20.261 137.347 —19.294  -20.668 —22.041 —23.415
2 41.752 216.995 —20.261 -22911 -25.081 —27.251
4 25.740 170.437 —-23.345 -25.050 —26.754 —28.458

SDS and non-ionic surfactant Triton X-10 modified bam-
boo leaf powder and iron oxide impregnated Morus alba
fruit peel in various studies [33].

Regeneration of adsorbents using desorption studies

Regeneration of adsorbent after one time application is one of
the main requirements to establish good adsorbent in order to
achieve economical and eco-friendly adsorbent with high re-
covery. Desorption process enable one to recover the adsor-
bent for reapplication. For recovery of DCP and NTA-MDCP
form cadmium loaded DCP and NTA-MDCP, 1 M sulfuric
acid and the 0.5% calcium chloride solution, respectively were
applied as eluents. Percentage removals of cadmium loaded
DCP and NTA-MDCP were found to be 99.84% and 99.99%
respectively, after 6 h (Table 5).

Similarly, Lalhruaitluanga et al. [45] observed desorp-
tion of 77% and 63% of lead from lead loaded
M. baccifera activated charcoal (MBAC) and M. baccifera
raw charcoal (MBRA), respectively after 6 h using 0.1 M
HCI. In the present study, it was observed that H,SO,4 and
CacCl, could serve as effective eluents for desorption of cad-
mium ions from cadmium loaded DCP and NTA-MDCP,
respectively and allow regeneration of adsorbent for further
reuse.

Regenerated adsorbents were further applied for 2 cy-
cles of adsorption studies with at pH 6, contact time of

Table5 Percentage removal observed in desorption of Cd(II) ions from
cadmium loaded adsorbents using different eluents

Time Percentage removal of cadmium (II) ions during desorption
DCP NTA-MDCP
Sulfuric acid (H,SOy) Calcium chloride (CaCl,)
2h 28.40 11.23
4h 77.33 59.55
6h 99.84 99.99

@ Springer

2 h, adsorbent dose of 2 g/l and 50 mg/l concentration of
Cd(I) ions. Percentage removals of Cd(I) were observed
to be 75% and 65.40% in cycle 1 and cycle 2 respectively,
using regenerated DCP. Similarly, percentage removals
Cd(II) were observed to be 89% and 82.20% in cycle 1
and cycle 2 respectively, using regenerated NTA-MDCP.
Although the efficiency of regenerated adsorbents was
found to be less effective in comparison to their first ap-
plication, yet the reutilization of adsorbent not only re-
duces the burden on resource exploitation but also reduce
environmental pollution.

Comparative studies

A comparison of adsorption capacities of present adsorbent
(NTA-MDCP) and other adsorbents already reported in liter-
ature for the removal of Cd(II) ions is summarized in Table 6.
It can be concluded that the maximum adsorption capacity of
NTA-MDCP for cadmium was superior than most of other
chemically modified adsorbent materials investigated in earli-
er studies [46-50].

Conclusion

NTA was applied successfully as a surface modifying
agent and found to enhance the adsorptive properties of
DCP towards Cd(II) ions. SEM-EDX, XRD, CHNS and
BET analysis confirmed the adsorption of Cd(II) on both
adsorbents, DCP and NTA-MDCP. Maximum adsorption
capacity calculated from Langmuir isotherm was found to
be higher for NTA-MDCP (166.66 mg/g) as compared to
DCP (142.85 mg/g) which may be attributed to the com-
plex formation (1:1 & 2:1) between NTA on the surface of
adsorbent and Cd(II) ions in the solution at pH 6, temper-
ature 25 °C, adsorbent dose of 2 g/l and contact time of
2 h. Equilibrium data were best fitted in Langmuir iso-
therm followed by Freundlich and Temkin isotherm. The
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Table.6 Comparison of adsorption capacity of NTA-MDCP with other adsorbents for Cd(Il) ions

S. Material used
No.

Surface modifying
agent

Conditions

Isotherm

Adsorption
capacity

Reference

1. Corn stalk

2. Bagasse Fly Ash

3. Bambusa arundinacea (Bamboo)

4. Bamboo Biochar

5. Marine green alga Biomass
Marine green alga Ash

6 Dendrocalamus strictus charcoal
powder

Acrylonitrile

HCl
HNO,
EDTA

NaOH

Calcium sulphate

NaOH

Nitrilotriacetic acid
(NTA)

Particle size =24 mm
Temp =20 °C
pH=7
Dose=0.5 g/50 ml
Contact time = 350 mins
Particle size =40 mesh
Temp =25 °C
pH=5
Dose=0.04 g/25 ml
Contact time = 30 mins
Particle size =80 pwm
Temp=25+2 °C
pH=6.5
Dose=1 g/l
Contact time=4 h
Particle size =38.67 um
Temp =25 °C
pH=38
Dose=1: 1.6 g/l
Contact time=0.6 h
Particle

size=1.0-1.5 mm
Temp =25 °C
pH=5
Dose=8 g/l
Contact time =30 min
Particle size= 150 um
Temp =25 °C
pH=6
Dose=2 g/l
Contact time=2 h

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

12.73 mg/g

47.60 mg/g
25.10 mg/g
11.19 mg/g

19.71 mg/g

12.82 mg/g

41.80 mg/g
48.00 mg/g

166 mg/g

Zheng et al. [46]

El-Sherif and Fathy [47]

Pandey et al. [48]

Alamin and Kaewsichan

[49]

Harja et al. [50]

Present work

pseudo second-order kinetic model accurately described
the adsorption kinetics. Thermodynamic analysis con-
firmed the endothermic and spontaneous nature of adsorp-
tion processes. For desorbing Cd(Il) ions from used ad-
sorbents to regenerate adsorbent, both H,SO, and CaCl,
were found to be equally effective. It can be concluded
that NTA-MDCP could be used as a promising adsorbent
for the removal of Cd(II) ions from aqueous solution in
comparison to DCP and could be further applied for re-
moval of other heavy metals from wastewater.
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