J Polym Res (2017) 24: 165
DOI 10.1007/s10965-017-1323-3

@ CrossMark

ORIGINAL PAPER

Synthesis, characterization and application of a novel
nanometer-sized chelating resin for removal of Cu(Il),
Co(II) and Ni(II) ions from aqueous solutions

A. F. Shaaban' - A. A. Khalil' - Mohamed Radwan? - Manal El Hefnawy? -

H. A. El Khawaga?

Received: 8 June 2017 / Accepted: 6 September 2017 /Published online: 17 September 2017

© Springer Science+Business Media B.V. 2017

Abstract A novel nanometer-sized chelating resin (NSCR)
was prepared via two steps, First step: copolymerization reac-
tion of N-methacryloxyphtalimide (NMP) with
methylenebisacrylamide (MBA) by suspension polymerization
method to give ultrafine poly (NMP-co-MBA). Second step:
reaction of triethylenetetramine (TETA) with poly (NMP-co-
MBA) to give NSCR. The prepared NSCR was characterized
by Fourier transform infrared spectroscopy (FT-IR), scanning
electron microscopy (SEM), Transmission electron microscopy
(TEM), Brunauer-Emmett-Taller (BET) and thermogravimetric
analysis (TGA). This study illustrated the capability of NSCR
for extraction of Cu(Il), Co(Il) and Ni(Il) from aquatic solu-
tions. The pH effect, metal ions concentration, temperature and
contact time were elaborated in batch experiments. The results
showed that high capacities were 1.3, 1.0 and 0.95 mmol/g
resin for Cu(Il), Ni(II) and Co(Il) ions, respectively. The exper-
imental data of adsorption isotherms were convenient for
Langmuir isotherm, and the kinetic data illustrated that the
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removal process was described by pseudo-second order kinetic
model. The parameters of Thermo dynamic illustrated that the
process of adsorption was endothermic and spontaneous reac-
tion. The prepared NSCR was regenerated and used repetitive-
ly for five times with small decrease in adsorption capacity.
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Introduction

The pollution of water resources by industrial effluents which
contain poisonous metal ions is a serious issue. High concen-
tration of copper in water may district creatures like fish and
molluscs [1]. Also, the exposure to copper for long time can
effect on our health causing irritation to your nose and throat.
When cobalt ions come in the atmosphere, they stabilize to the
earth and enter the food and water and cannot be destroyed.
When the body exposed to this metal, caused in oxidative
stress, DNA damage and serious degenerative sickness.
Now, patients with hip implants including cobalt are suffering
from tinnitus, deafness, vertigo and blindness [2].

Nickel is considered one of heavy metals that pollute envi-
ronment. Nickel exposure introduces free radicals which cause
oxidative damage and may also affect the kidneys and liver [3].
The effective treatments of these toxic metal ions from the
solution has received much attention owing to their toxicities
low concentration and tendency to bioaccumulation [4, 5].
Nowadays, many processes were attainable for heavy metal
extraction like liquid-liquid extraction, precipitation, electrolyt-
ic concentration, membrane filtration, ion exchange and ad-
sorption [6—8], the last is generally preferred because of its high
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qualification, ease of handling and availability of different or-
ganic sorbents involving chelating function groups [9-16].

In our previous work different chelating resins bearing
amidoxime, imminodiacetate and dithiocarbamate groups
were prepared for metal ions extraction from aquatic so-
lution with high performance [17-20]. Nanoparticles are
now being used as favorite adsorbent owing to their great
surface area which is a very significant characteristic for a
desired adsorbent. In the past decade, the improvement of
nanoparticles has been the subject of interest. Ge et al.
prepared novel Fe;O4 magnetic nanoparticles (MNPs) ad-
justed with 3-aminopropyltriethoxysilane (APS) and co-
polymers of acrylic acid (AA) and crotonic acid (CA)
and exposed the cabapility of the MNPs for extracting of
toxic metal ions Cd**, Zn**, Pb** and Cu®* from aquuatic
solution [21].

Nanoparticles of Polymer-supported hydrated iron(IIl) ox-
ide were used for the extraction of both arsenates and arsenites
[22]. A novel magnetic nano-adsorbent has been synthesized
by the covalent immobilization of thiosalicylhydrazide on
Fe;04 nanoparticles. The ability of the synthesized MNPs
for extracting heavy metals ions (Pb**, Cd**, Cu**, Zn*,
and Co®*) from industrial wastes was studied with large sorp-
tion capacities [23]. Wang et al. reported that all previous
nano-sized adsorbent for metal ions extraction based on three
kinds of nanomaterial’s including nanocarbon materials,
nanometal particles, and polymer-supported nanoparticles
for metal ions extraction [24].

In the present work, it is worth mentioning here for the first
time nanometer-sized chelating resin (NSCR) was prepared
and characterized by different spectral techniques. The fea-
tures of the NSCR surface were inspected by scanning elec-
tron microscopy (SEM). The sorption capacity of the synthe-
sized NSCR towards Cu(II), Co(II) and Ni(II) ions was stud-
ied by batch technique. The factors affecting on the extraction
of Cu(Il), Co(II) and Ni(Il) from aquatic solutions were stud-
ied as a function in pH of the solution, concentration of metal
ions, contact time and temperature.

Experimental and characterization techniques
Materials

N-hydroxylphthalimide (NHP), methacrylic acid (MA)
and N,N’-dicyclohexylcarbodiimide (DDC) were obtained
from Merk Co., Germany. Methylenebisacrylamide
(MBA), benzoyl peroxide, triethylenetetramine (TETA)
and polyvinyl alcohol (PVA) were purchased from
Sigma-Aldrish Co., USA. All solvents used were of re-
agent grade and were purified prior use. All other
chemicals were used as received.
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Method
Preparation of N-methacryloxyphthalimide (NMP)

NMP was prepared according to our previous work [25, 26]. In
brief, NHP (32.6 g, 0.2 mol) and MA (41.2 g, 0.2 mol) were
dissolved in well stirred cooled dry methylene chloride (300 ml),
then N,N'-dicyclohexylcarbodiimide (DDC) (17.2 g, 0.2 mol)
was dissolved in 100 ml of dry methylene chloride in a separate
flask and was added drop wise to the reaction mixture. The
reaction mixture was stirred for 6 h. The precipitated
dicyclohexyl urea was then removed by filtration and the filtrate
vaporized to dryness under vacuum using rotary evaporator. The
residue obtained was recrystallized from benzene/petroleum
ether (40-60 °C) mixture (20:80).

Synthesis of poly (NMP-co-MBA)

Poly (NMP-co-MBA) was prepared using suspension polymer-
ization method. Copolymerization was conducted in a 250 mL
round bottom, three-neck flask, fitted with a mechanical stirrer,
nitrogen inlet and condenser. A mixture of 100 mL of 10%
aqueous NaCl solution containing 0.1 g PVA was first introduced
into the reactor, heated to the reaction temperature 90 °C, and
stirred at 300 rpm for 1 h. A mixture of the monomer ratios
NMP:MBA (4.5-3.0 g of NMP: 0.5-2.0 g of MBA) was dis-
solved in 15 ml ethyl acetate as a diluent, containing dibenzoyl
peroxide as initiator (0.05 g; 1.0 wt% in relation to the mono-
mers), was then added to the reactor under nitrogen atmosphere
and the reaction was allowed to proceed for 24 h at 90 °C. After
complete copolymerization, the ultrafine precipitate was collect-
ed using centrifuge and washed several times with distilled water,
ethanol and acetone to remove PVA, NaCl, ethyl acetate and
unreacted monomers and dried under vacuum at 60 °C. The
conversion of poly (NMP-co-MBA) after purification is 96%
(i.e. Almost all quantity of NMP (3 g, 0.013 mol) and MBA
(2 g, 0.013 mol) monomers in the feed composition was
copolymerized). Accordingly, the quantity of NMP and MBA
are the same and =2.6 mmol/g of resin.

Synthesis of nanometer-sized chelating resin (NSCR)

NSCR were prepared by adding 5.03 ml of TETA to a mixture
of 0.5 g of poly (NMP-co-MBA) and 10 ml toluene in a flask
provided with a mechanical stirrer and reflux condenser. The
reaction was stirred at 1200 rpm for 48 h at 100 °C. The ob-
tained ultrafine precipitate of NSCR was collected using cen-
trifuge and washed several times with ethanol and acetone to
remove liberated NHP, residue of TETA and toluene and dried
under vacuum at 60 °C to give 0.5649 g of NSCR after purifi-
cation (i.e. Almost all quantity of poly (NMP-co-MBA) (0.5 g)
was converted to NSCR). It means that the quantity of N,N-
triethylenetetramine-bis-methacylamide repeating units in
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Scheme 1 Schematic illustration
of preparation process of NSCR
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poly(N,N-triethylenetetramine-bis-methacylamide-co-MPA)
[NSCR] is 2.3 mmol/g of resin.

Characterization techniques
FT-IR analysis

The synthesized NMP, poly (NMP-co-MBA) and NSCR were
identified by FTIR using Shimadzu 8201 PC in the range of
400-4000 cm ' in KBr phase.

Thermal analysis

TGA of the synthesized NSCR was determined using SDT
Q600 V20.9 Build 20, USA. This experiment was performed
from room temperature to 1000 °C in a dynamic atmosphere
of nitrogen at nitrogen flow rate of 20 ml/min.

| \
H,C=C—COOH -+ y
c
[
0

o
H2C=(|J
Ti
C DCCI ?
N—OH —————>» N
-H,0 0 0
NHP
NMP
CH
fre-bie
Cc=CH H2C—$H ] C—(IEH v
é—o ¢=0 ¢=0
- I HN
L, Copotymeriat b |
5 polymerization [ CH,
[ — N |
IIIH o) (0] TIIH
C=0 C=0

poly (NMP-co-MBA )

MBA
+ H,N—R—NH,
Jemdm ] [ 2]
J— C —_
o H,C (l: " C_Y
| c=0 =0
“ N )
N—OH +
/ | CH,
c R [
I | NH
0 NH |
| c=0
NHP c= |
I C—C
”{‘*C—CV}V H H,
| H,
CH,4

Surface area

Porous structure parameters of NSCR were described by
Brunauer—Emmett—Teller (BET) and BJH methods
through N, adsorption—desorption methods to inspect
the porous properties of the NSCR using nitrogen as
the adsorbent at 77.35 K. The measurements were
excuted using a model NOVA 3200 automated gas sorp-
tion system (Quantachrome, USA).

Surface morphology of NSCR
Surface morphology of the synthesized NSCR and its metal
complexes were determined by using QUANTA FEG scan-

ning electron microscopy (SEM) at 40000 magnification and
at 20 KV accelerating voltage.
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Fig.1 FT-IR spectra of (a) NMP, (b) poly (NMP-co-MBA) and (¢) NSCR

Transmission electron microscopy (TEM)

Morphology and particle size of NSCR was determined using
transmission electron microscopy (TEM) (JEOL [JEM-1230
electron microscopy]). The sample was obtained as follows:
ultrafine powder of sample was dispersed in water under ultra-
sonication, and then one drop of the suspension was
suspended and evaporated on a carbon coated copper grid
and placed in the Phillips (CM/TEM).

Adsorption of metal ions
Uptake of metal ions using batch method

All experiments were carried out using 0.1 g of NSCR in 250 ml
conical flask containing 100 ml of single-metal ion solution and

Table 1  Porous structure parameters of NSCR

Parameters NSCR
BET surface area (mz/g) 365
BJH desorption average pore diameter (nm) 2.981
BJH desorption cumulative volume of pores (cm>/g) 0.1500

these experiments performed in a controlled shaker at 250 rpm.
Also, all experiments were executed at 25 °C except the exper-
iments of temperature. The pH was adjusted by adding few drops
of HCI and/or NaOH solutions. Separation of NSCR from metal
ions solution after adsorption experiments was carried out using
centrifuge and the metal ion concentration in the supernatant
solution was determined by Hitachi atomic absorption Z-6100
polarized Zeeman. Experiments were carried out in triplicate.
The capacity of adsorption (q.) in the equilibrium (mmol/g)
was calculated by the next equation:

(Co—Ce)V

q=""" (1)

where C, and C, are the initial and final concentration of metal
ion solutions (mmol/l), V is the volume of metal ions solution
(L), and W is the weight of dry resin (g).

Results and discussion
Synthesis of NSCR

NSCR were prepared via three steps presented in Scheme 1. In
first step NMP monomer was prepared by the reaction of NHP
with MA in the existence of DCC as dehydrating agent accord-
ing to our previous work [25, 26]. The poly (NMP-co-MBA)
was synthesized via copolymerization reaction of NMP
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Fig. 3 SEM images of (a) NSCR, (b) NSCR-Cu, (¢) NSCR-Co and (d) NSCR-Ni with magnification 40,000x

monomer with MBA as a cross-linking agent using suspension
polymerization method. Finally NSCR was obtained by reac-
tion of ultrafine precipitate of poly (NMP-co-MBA) with
triethelenetetramine (TETA). Particle size of the prepared che-
lating resins depends on the quantity of cross-linked agent
(MBA) in oil phase. In the range of MBA from 10 to 30% in
relation to the monomer mixtures, the micrometer-sized chelat-
ing resins were obtained. On contrary in case of 40% MBA
nanometer-sized chelating resin was obtained with diameter
ranging from 72 to 87 nm.

Characterization of the synthesized resin
FT-IR of the prepared resin

FT-IR spectra of the prepared monomer and their resins were
illustrated in Fig. la—c. IR spectrum of NMP monomer (Fig.
la) showed band at 3102 cm ™" corresponding to C-H aromatic,
a strong band at 2925 cm ' of C-H aliphatic, a strong band at
1746 cm™" related to C = O stretching frequency of phthalimide
and C = O stretching of carboxylate carbonyl group. Also the IR
spectrum showed band at 1627 cm ™' corresponding to the

stretching frequency of the vinyldene group (C = CH,), a strong
band at 696 cm ™" corresponding to the four adjacent hydrogen
atoms of the benzene ring and band at 930 cm ™' characteristic for
N-O. IR spectrum of poly(NMP-co-MBA) (Fig. 1b) showed
band at 3423 cm " due to N-H of amide group, two strong bands
at 1742 and 1655 cm™' characteristic for C = O of imide and
amide groups, respectively, band at 696 cm ' characteristic for
the four adjacent hydrogen atoms of the benzene ring and band at
930 cm™! characteristic for N-O. IR spectrum of NSCR (Fig. 1c)
showed two bands at 3424 and 1638 cm ™" for N-H and C = O of
amide group, respectively and disappearance the bands of aro-
matic (the four adjacent hydrogen atoms of the benzene ring at
696 cm ') and N-O group (930 cm™'). It means that all
phthaloxime moieties in NMP repeating units were disappeared
(i.e. conversion/or exchange % is 100% for replacing
phthaloxime groups by TETA moieties).

Thermal analysis
TGA was used to define the thermal stability of the NSCR.

The TGA and DTA curves (Fig. 2) illustrated that the resin
was degraded in four stages. The first stage from 32 to 282 °C

@ Springer
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Fig. 4 EDX images of (a) NSCR, (b) NSCR-Cu, (¢) NSCR-Co and (d) NSCR-Ni

with partial weight loss of 33.3% attributable to loss of water
vapor and volatile materials which is present in external sur-
face and internal pores or cavities of the resin. NSCR repre-
sents a novel class of hydrophilic hyper cross-linked polymers
with mesoporous structure (2.981 nm) and higher surface area
(365 m*/g) that favor the adsorption of water vapor, volatile

@ Springer

organic compounds (VOCs) [27] and polar compounds from
water samples [28]. Therefore the sorption behavior of NSCR
towards water vapor, VOCs and polar compounds such as
residual acetone and ethanol that used in purification step of
NSCR may be explained why the 20% weight loss of NSCR
below 100 °C is notes in TGA curve. The second stage from
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Fig. 5 TEM image of NSCR

282 to 356 °C with partial weight loss of 26.6% which
assigned to degradation of grafted functional groups. The third
stage from 356 to 445 °C with partial weight loss of 20.4%.
The fourth stage from 445 to 960 °C with partial weight loss of
15.1%.Two latter weight losses can be attributed to decompo-
sition of modifying, crosslinking agents and polymer chain.

Surface area

The BET surface area, BJH pore volume and average pore
diameter for NSCR were determined (Table 1) by Brunauer—
Emmett-Teller (BET) and BJH methods through N, adsorp-
tion—desorption methods at 77.35 K. These data illustrated
that the NSCR had pore diameter 2.981 nm and pore vol-
ume 0.15 (cm?/g) which to be considered mesoporous
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g
22 0.8 )/-—'
g
0.6-
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Fig. 6 Effect of pH on the uptake of metal ions; 25 °C, shaking time 3 h
and initial metal ion concentration 5.0 mmol/l
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Scheme 2 Schematic illustration of chelation process of NSCR with
metal ions based on TETA moieties

structure [29] and lead to efficient transfer the metal ions
to the internal adsorption sites.

Scanning electron microscopy-EDX

The SEM images at 40000 magnifications for prepared NSCR
and its metal complexes were presented in Fig. 3a—d. Fig. 3a
showed the morphology of the resin before the adsorption of
metal ions, which showed the particle size of the synthesized

Scheme 3 Schematic illustration of chelation process of NSCR with
metal ions based on MBA moieties

@ Springer
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Fig. 7 Effect of initial metal ions concentration on the adsorption
capacity of Cu(Il), Co(Il) and Ni(Il); 25 °C, shaking time 3 h and at
optimum pH value

resin in nano-scale with diameter ranging from 72 to 87 nm.
After the adsorption of metal ions the particle size of the syn-

thesized resin still in nano-scale as illustrated in Fig. 3b,c and
d. The particles of NSCR before and after adsorption seem not
isolated particles due to their agglomeration. However, very
high surface area of these nanoscale particles offers favorable
sorption process [30].

Fig. 4 showed EDX spectra for NSCR and its metal com-
plexes. The presence of copper, cobalt and nickel with synthe-
sized NSCR was confirmed from Energy dispersive X-ray spec-
troscopy (EDX) measurements. The NSCR with Cu(Il), Co(II)
and Ni(II) ions shows distinct signals at 0.9&8.0&8.9, 7.0&7.6
and 0.9&7.5&7.5 keV corresponding to Cu(Il), Co(Il) and
Ni(Il), respectively. The objective of this analysis was to map
elemental Cu(II), Co(Il) and Ni(II) qualitatively (not quantitative-
ly) on the composite surface. However, the level of the Cu, Co
and Ni signal observed was sufficient for providing a qualitative
idea of the homogeneous distribution of Cu, Co and Ni element
at the surface of the sorbent: the percentage (in mass) of Cu, Co
and Ni was 17.3%, 9.74% and 2.61%, respectively.

Table 2  Comparison of maximum adsorption capacity of NSCR with those of some other chelating resins reported in literature for the adsorption of

Cu(lI), Co(II) and Ni(II)

Adsorbents Metal ions Sorption capacity Conditions Ref.
(mmol/g)
Magnetic beads with amino groups Cu(II) and Ni(II) 0.814 and 0.845 pH=3-5 [32]
25°C
Amidoximated grafted cellulose Cu(Il) and Ni(II) 1.6 and 0.84 pH=5.5 [33]
30 °C
Amidoximated (AN/MA) Cu(Il) and Ni(IT) 2.1 and 0.06 pH=3 [34]
25 °C
PMHS-g-PyPzAllyl polymer & Cu(IN,Ni (II) and Co(I) 1.48, 0.79 and 0.24 & pH=5 [35]
PMHS-g-PyPz(OEt),Allyl polymer 1.06, 0.58 and 0.57 25+1°C
Polyamine chelating resin (NDC-984) Ni(II) and Co(II) 0.982 and 0.741 pH=5 [36]
30 °C
Grafted poly(ethylene terephthalate) fiber Cu(II),Ni (IT) and Co(1I) 0.49, 0.74 and 0.46 pH=5 [37]
25°C
Chitosan-grafted-poly(2-amino-4,5- pentamethylene- Cu(II),Ni (IT) and Co(II) 2.36,0.9 and 2.15 pH=6 [38]
thiophene-3-carboxylic acid N -acryloyl-hydrazide)) 30°C
(chitosan-g-ATAH) chelating resin
Cross-linked magnetic chitosan—diacetylmonoxime Cu(II), Co(II) and Ni(II) 1.5,1.02 and 0.8 pH=5 [39]
Schiff’s base resin (CSMO) 28 °C
2-minomethylpyridine molecule onto grafted silica gel (SIAMP) Cu(I), Co(II) and Ni(IT) 0.84, 0.67 and 0.40 25+1°C [40]
Cross-linked magnetic chitosan-isatin Schiff’s base Cu(II), Co(II) and Ni(II) 1.62, 0.91, and 0.68 pH=5 [41]
resin (CSIS) 28 °C
NSCR Cu(I), Co (1) and Ni(Il) 1.3,0.95 and 1 pH=5.1,6.1and 64 This work
25°C
Table 3 Parameters of
Langmuir, Freundlich and Metal ion Langmuir isotherm Freundlich isotherm Temkin isotherm
Temkin isotherms for adsorption 2 2 2
of metal ions on NSCR Qumax K23 R N Ky R Kr B R
Cu(Il) 1.360 2.277 0.9987 0.138 0.9598 0.9515 697.280 0.148 0.9460
Co(II) 1.058 0.876 0.9961 0.298 0.4998 0.9611 13.623 0.197 0.9646
Ni(II) 1.182 0.542 0.9863 0.456 0.3580 0.9852 7.307 0.233 0.9609

@ Springer
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Transmission electron microscopy

The TEM image at 200 nm for the prepared NSCR was pre-
sented in Fig. 5, which showed the particle size of the prepared
resin in nano-scale with average diameter 81.3 nm.

Uptake of metal ions using batch method
Optimum pH of metal ions uptake

The optimum pH for sorption of Cu(Il), Co(Il) and Ni(II) ions
was determined by shaking 0.1 g of resin with 100 ml of metal
ion solution (5 mmol/l) for 3 h at 25 °C in pH ranging from 1
to 6.4. The results of this study were illustrated in Fig. 6. From
these results, it was cleared that the sorption capacity of metal
ions increased as pH increased, this is owing to the surface
charge of nano particle becomes more negative at larger pH
and hence the electrostatic attraction was increased between
the resin and metal ion. The optimum pH for Cu(Il), Co(II)
and Ni(Il) was 5.1, 6.1 and 6.4, respectively. After the opti-
mum pH there is no high adsorption efficiency owing to the

1.4
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/:/-—-—-

0.8
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0.4

==—Cu
== Co
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Ni

0.2

0
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Fig. 9 Effect of shaking time on the adsorption capacity of Cu(Il), Co(II)
and Ni(Il)

precipitation for all metal ions as metal(II) hydroxide.

M* +20H —M(OH),]|

The possible chelation models of NSCR with metal ions
based on TETA and MBA moieties is presented in Schemes 2
and 3, respectively. It means that MBA repeating unit involved
also in chelation with metal ions due to the presence of oxygen
and nitrogen atoms in two amide groups of MBA repeating units.
It means that MBA repeating units offer excellent opportunities
conducive to increase adsorption of metal ions.

Effect of the initial concentration and equilibrium isotherm
models

The effect of initial concentration of metal ions concentration
was elaborated by shaking 0.1 g of NSCR with 100 ml of
metal ion solution in a concentration ranging from 1 to 13
(mmol/l) at optimum pH and at 25 °C for 3 h, after that the
resin was centrifuge and the concentration of the remaining
metal ions solution was estimated from supernatant solution.
The results were presented in Fig. 7. From these results, it was
cleared that as the initial concentration of metal ions increased,
the quantity of metal ion sorbed onto the resin increased. The
optimum concentration of metal ions for Cu(Il), Co(Il) and
Ni(Il) were 9.1, 8.55 and 9.55 (mmol/l), respectively. Also,
it was found that from Fig.7, the most adsorption of metal ion
was in order of Cu(Il) > Ni(II) > Co(I). These differences in
metal ions uptake are possibly related to the difference in ionic
radius of these ions. The ionic radius of these metal ions is the
order of Co(II) (0.74 A) > Ni(Il) (0.72 A) > Cu(ll) (0.69 A)
This means that the smaller the ionic radius, the higher the
quantity of metal ions adsorbed [31]. Cu(Il) was adsorbed
more than Ni(Il) and Co(Il) by NSCR (Fig. 7) because of its
smaller ionic radius since it is easily taking place in the pores
of chelating resin (average pore diameter of NSCR equal to
2.981 nm). A comparison of the present NSCR with those of
various types of adsorbents in other reported literatures is
listed in Table 2.

The adsorption isotherm studies were used to determine the
sorption capacity of metal ions. There are three commonly
used isotherm models i.e. Langmuir, Freundlich, and
Temkin isotherm. The Langmuir isotherm model equation is
represented as [42]:

C._ Ce 1
KQmax

4 Quu

where C. is the equilibrium concentration of metal ions
(mmol/l), q is the equilibrium adsorption capacity (mmol/g),
Qmax (mmol/g) is the maximum adsorption capacity and K
(/mmol) is the Langmuir constant concerned to the affinity

(2)
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Table 4 First-order, second-

order and intra particle diffusion Metal ion  Pseudo-first order kinetics Pseudo-second-order kinetics ~ Intra particle diffusion
rate constants
q (mmol/g) Ky (I/min)  R? Q K, R? Kiq R?
Cu(I) 0.476 0.01796 0971 1345 0.082 0.999 0.0265 0.8861
Co(ID) 0.387 0.01500 0.992  0.991 0.088 0.999 0.0242 0.9089
Ni(II) 0.583 0.01500 0.977  1.076 0.047 0.999 0.0369 0.8979

of binding sites. The results of Langmuir equation were illus-
trated in Table 3.

The dimensionless constant separation factor (Ry) [43],
which reflects the essential characteristic of the Langmuir
model, can be determined according to the next equation:

1

R = ——
LT T HKG

(3)

where k is the Langmuir constant and C, is the initial concen-
tration of metal ion (mmol/l). The value of Ry which is calcu-
lated recommends the shape of the isotherm to be unfavorable
(Ry > 1), linear (RL = 1), favorable (0 < Ry < 1), or irrevers-
ible (Ry, = 0) [44, 45]. Plotting Ry versus Co is illustrated in
Fig. 8. The calculated values of R were between zero and one
for all metal ions detected that the adsorption of metal ions
onto NSCR is favorable.

Another model which is used in this research is Freundlich
model which described a heterogeneous adsorption system
and illustrated by the next eq. [46]:

logg = NlogC. + logK ¢ (4)

where q is the equilibrium adsorption capacity (mmol/l),
C, is the equilibrium concentration of metal ions
(mmol/l), K and N are Freundlich constants that give

1.4
1.24
— 1-
oD _,/I‘—-—-
SN
S 081 —
£ ./-/
é 0.6 1 == CU
T 0.4- == Co
Ni
0.2 4
0 T T T !
0 5 10 15 20
t %5 (min)

Fig. 10 Plot of Weber-Morris intra particle diffusion model for the ad-
sorption of metal ions on nano-chelating resin

@ Springer

information about heterogenecity degree of the surface
sites. These constants calculated from the slope and the
intercept of the plot from log q. versus log c. and were
collected in Table 2. The amount of N in Freundlich iso-
therm described the nature of isotherm, N >1 is unfavor-
able, 0< N > 1 is favorable or irreversible when N = 0. In
this reserch the quantity of N for all metal ions between 0
and 1 referred that the metal ions adsorption on the resin
was favorable.

The Temkin model isotherm is illustrated from the
next eq. [47]:

q=BLnkr+BLnC, (5)

where B is Temkin constant which represents the heat of
adsorption and Kr is the equilibrium binding constant. The
quantities of these constants were presented in Table 3.
The parameters for Langmuir, Freundlich, Temkin iso-
therm and their correlation coefficients values were locat-
ed in Table 3. As shown in Table 3, the experimental data
were more favorable with Langmuir, Freundlich, and
Temkin isotherm models and high correlation coefficient
(R?) obtained for these plots indicates the validity of these
models to NSCR for these metals ions. But Langmuir
model illustrates better results than Freundlich and
Temkin models owing to larger correlation coefficient for
these metal ions.

2 -
1.8 1
1.6 1
1.4 1
1.2 1
2]
=
- 0.8 - ¢Cu
0.6 mCo
0.4 4 Ni
0.2 - 'N#
0 r r : r 2 ,
2.95 3 3.05 3.1 3.15 3.2 3.25

1/T x 103 (K?)
Fig. 11 Plot of Inky vs 1/T for adsorption of metal ions on NSCR
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Table 5 Thermodynamic

parameters for the adsorption of Metal ion -AG,45 (KJ/mol) AH®,45 (KJ/mol) AS°,4s (J/mol) R?
metal ions onto chelating resin
328K 318K 308 K
Cu(I) 4.68 4.12 3.280 18.15 68.897 0.976
Co(II) 0.67 0.430 0.14 7.93 25.870 0.994
Ni(II) 0.896 0.49 0.12 11.73 37.910 1.000

Adsorption kinetics

To study the effect of contact time between NSCR and aque-
ous solution of metal ions adsorption, variations of adsorption
capacity (q.) vs time were shown in Fig. 9. It was found that,
the adsorption of metal ions from aquatic solution using the
adsorbent is continuously increased with time increase until
attaining equilibrium between two phases after 3 h. Therefore,
this optimum equilibrium time was selected for the next ad-
sorption experiment. The adsorption results were used to in-
spect the kinetic mechanism which controls the adsorption
process. The most widely used models of Lagergren’s
pseudo-first order; pseudo-second order and intra particle dif-
fusion were used to examine the kinetic process [48—50]. The
linear form of the first order rate equation by Lagergren and
Svenska [48] is illustrated in Eq. (6):

ku A
log(¢—q,) = logq— (2 3‘83>t (6)

The pseudo-second order kinetic model of Ho [49] can be
presented as follow:

t 1 1
—=—+ ||t (7)
4 kg’ (Q>
where q and q;, the quantity of metal ion adsorbed (mmol/g) at
equilibrium and at time t (min), respectively, K,qs is lagergren
rate constant (min ') of the adsorption and K, is the pseudo-
second order rate constant. The intra particle diffusion is pro-

posed by Weber and Morris [50] was obtained by the next
equation:

q, = Kigt*? (8)

where ki is the intra particle diffusion rate constant (mmolg '/
min®? ). The constants of first order, second order and intra
particle diffusion model were listed in Table 4. The kinetic
data described that the sorption process for all metal ions
was described by pseudo-second order kinetic model. When
the plot q, against t°> gives straight line, this means that the
intra particle diffusion represented as the only rate limiting
step, but when the plot gives multi-linearity indicates two or
more stages for the metal ions adsorption [51]. In Fig. 10, the

adsorption process involves three steps, (a) external film dif-
fusion: diffusion of metals ion to the surface of nano-chelating
resin, (b) intra particle diffusion: metal ions transfer from the
external surface of the resin to the internal pores of the resin
through intra particle diffusion; and (¢) interaction between
metal ions and the active sites of the resin which is the final
equilibrium step.

Adsorption thermodynamics

The adsorption experiments were carried out at three different
temperatures (35, 45 and 55 °C) to calculate parameters of
thermo dynamic. In these experiments, metal ion solution
(100 ml of 1 mmol/l) with 0.1 g of NSCR was used at opti-
mum pH.

Equilibrium distribution coefficient for adsorption process,
kg, was calculated by the next eq. [52].
Ky = —(COCECE) X % (9)
where ¢, and ¢, are the initial and equilibrium concentration of
metal ion (mmol/l), V is the total volume of solution in (L)
and, W the weight of the NSCR in (g).

Free energy change of the adsorption (AG®,4,) was studied
using the next equation:

AG’,4s = —RT Inkg (10)

The standard enthalpy change (AH®,4s) and entropy change
(AS®,qs) of the adsorption were estimated by plotting InKy
versus 1/T (Fig. 11) according to Eq. (11).

_ AS%ds  AH’ads

Inkg
R RT

(11)

where R is gas constant (8.314 J/mol k). The amounts of
AH® 4, and AS®, 4, were obtained from the slope and the inter-
cept, respectively.

The parameters of thermodynamic of AG®,qs, AH®.4s
and AS°,4 were displayed in Table 5. The positive
quantities of AH®,q4s refer that metal ion adsorption were
an endothermic process [53, 54]. The positive quantities
of AS® ,4s may be concerned to the release of water of
hydration through the process of adsorption which
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causing an increase in the randomness of the system
[53, 54]; while the negative values of AG®,4 indicate
that the sorption process was spontaneous. The increase
in negative values of AG®, with temperature refer to
the adsorption was more favorable at high temperature.

The regeneration of loaded NSCR with Cu(Il), Co(II)
and Ni(Il) was studied using 0.2 M HNO; at 25 °C. To
check the reusability of NSCR, five successive
adsorption- desorption cycles were performed. The re-
sults reffered that the adsorption capacity decreased
from 100% to 98, 97, 96, 94 and 92% respectively over
five cycles.

Conclusion

In this study, new nanometer-sized chelating resin was
prepared and characterized. The morphology of the syn-
thesized chelating resin was characterized using scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM), which showed the particle size of resin
in nano-size scale. This resin showed good adsorption
capacity toward Cu(Il), Co(Il) and Ni(II) from their aque-
ous solutions. Batch experiments were carried out to
study the influences of pH, initial concentration, adsorp-
tion time and temperature. The nano-chelating resin
showed high adsorption capacity for metals correspond-
ing to the next order Cu(Il) > Ni(II) > Co(Il). From the
results, it was illustrated that Langmuir isotherm model is
more favorable for adsorption isotherm of these metal
ions. The kinetic data described well by the bseudo-
second order model. The thermo dynamic parameters
AG®,45, AH,qs and A S°,4s were studied. The quantities
of AG® and AH° indicate the process of adsorption is
endothermic and spontaneous in nature. The resin was
regained by using 0.2 M HNO; and the resin could be
used for 5 times.
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