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ABSTRACT

Chelating resin bearing iminodiacetate function was prepared through subsequent treatment
of poly(acrylamide-co-N,N"-methylenebisacrylamide) by ethylenediamine and sodium chlo-
roacetate, respectively. The prepared resins were characterized using Fourier transform infra-
red spectroscopy. The different factors affecting the metal ions adsorption of this chelating
resin such as solution pH, metal ions concentration, contact time, and adsorption tempera-
ture were studied in batch method. The prepared chelating resin showed a significant uptake
performance towards Pb(Il), Zn(I), Mn(II), and Cd(II) ions. Sorption capacities were found
to be 1.7, 1.5, 1.6, and 1.77 mmol/g resin for Pb(Il), Zn(II), Mn(II), and Cd(II), respectively.
Equilibrium data were analyzed using the Langmuir, Freundlich, and Temkin isotherms. The
results showed that the adsorption process was well described by Langmuir isotherm model.
The kinetic and thermodynamic parameters of the adsorption process were estimated. These
data indicated that the adsorption process is spontaneous and followed the pseudo-second-
order kinetics. Also, the removal of metal ions from aqueous solutions using iminodiacetate
chelating resin in fixed-bed column was studied. Regeneration of chelating resin loaded with
metal ions was successfully performed and the resin could be used repeatedly for five times
with a small decrease in adsorption capacity.
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1. Introduction

Heavy metal pollution problem gained lately much
concern because of its high persistence, headache, irri-
tability, abdominal pain, and various symptoms
related to the nervous system, caused by their accu-
mulation at certain levels. The most common metals
found in wastewater are copper, cadmium, nickel,
manganese, mercury, lead, and zinc which are toxic at
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high levels [1-3]. Many water treatment techniques
for toxic ions removal are available such as precipita-
tion, reverse osmosis, ion exchange, membrane sepa-
ration, and adsorption of metal ions with chelating
resins. Among these technologies, the adsorption tech-
nique showed an effective separation of the toxic
metal ions since chelating resins are easy-to-use, reus-
able, and have higher selectivity with high adsorption
capacity [4-6]. The use of chelating resins for removal
of heavy metals from wastewater or aqueous solutions
has been extensively studied [5-19]. Carboxylated
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resins with iminodiacetic acid functional group such
as Amberlite IRC 718, Lewatit TP 207, Chelex 100, and
Purolite S930 were mainly applied because of their
high selectivity and low manufacturing cost [20-26].
Dino and Dragan prepared chelating resins having
iminodiacetate groups derived from acrylonitrile-
divinylbenzene copolymers for heavy metal ions
removal from aqueous solutions [20]. In addition, che-
lating resins containing hydroxy and iminodiacetate
groups showed good adsorption selectivity for Cu(Il)
in the presence of Pb(Il) and Cd(I) [27].

In this study, new chelating resin bearing iminodi-
acetate groups was synthesized and used to remove
Pb(I), Zn(II), Mn(I), and Cd(II) metal ions from aque-
ous solution using batch and fixed-bed column meth-
ods. The different factors affecting the adsorption
behavior such as pH value, metal ion concentration,
contact time, and the effect of temperature were stud-
ied. Equilibrium data were analyzed using three mod-
els: Langmuir, Freundlich, and Temkin.
Thermodynamic and kinetic models of the removal
process were also clarified. Moreover, fixed-bed col-
umn method was used for removal of metal ions from
aqueous solution by synthesized chelating resin.

2. Materials and methods
2.1. Materials

Acrylamide (AAM) and N,N"-methylenebisacryla-
mide (MBA) were pure grade products of Merck Co.,
Germany and were used directly. Ammonium persul-
fate [(NH4),S,0s], ethylenediamine, chloroacetic acid,
sodium carbonate, and nitric acid were purchased
from Sigma-Aldrich Co., USA. Metal salts Pb(NO3),,
Zn(CH3COO)22H20, Mn (CH3COO)24H20, and
CdCl, were used as sources for Pb(I), Zn(II), Mn(I),
and Cd(II), respectively. All other reagents were used
as received.

2.2. Synthesis of poly(acrylamide-co-N,N -
methylenebisacrylamide) (I)

A cross-linked polyacrylamide (I) beads were syn-
thesized according to the method of Wang et al.
[28]—by suspension polymerization method, using a
2-L three-necked round-bottom flask equipped with a
condenser and an over-head stirrer. The predeter-
mined amounts of co-monomer mixtures of AAM
(98g, 1.38mol) and MBA (2g, 0.013mol) were mixed
with ammonium persulfate [(NH4)>S5,0g] (1 mol/
100 mol of comonomer mixture), and suspended into
a mixture of 100mL chlorobenzene and 100 mL tolu-
ene. The employed solution was de-aerated by Nitro-
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gen gas with flow rate 10mL/min. Suitable stirring
rate was adjusted (250rpm) and the polymerization
process performed at 80°C for 30 min. After complet-
ing the reaction, the mixture was allowed to cool for
about 3h. The resin was filtered off, washed with
water and then with methanol, air-dried, and sieved.
The 250—400 um fraction was used for the further syn-
thesis with a yield of 85%.

2.3. Synthesis of cross-linked polyacrylamide bearing amino
group via transamidation (1I)

Transamidation of cross-linking polyacrylamide (I)
was carried out according to the method of Mahdavi
et al. [29]. Ethylenediamine (70mL) was mixed with
5g of AAM-MBA copolymer (I) and the mixture was
stirred and heated at 100°C for 24 h. The reaction mix-
ture was poured into water (1,000mL) containing
crushed ice. The resin was filtered and washed with
NaCl solution (0.2M) until the filtrate was free from
ethylenediamine, as indicated by the absence of any
blue coloration with ninhydrin reagent. The resin was
washed with water (to remove NaCl) and then with
methanol, and finally, it was dried at 70°C.

2.4. Synthesis of chelating resin bearing iminodiacetate
groups (I1I)

A mixture of sodium monochloroacetate (30g) in
150mL of water and 3g of aminated cross-linked
polyacrylamide (II) was heated at 70°C for 48h. The
resin was filtered off, washed with water, acetone,
and finally air-dried. Fourier transform infrared spec-
tra (FTIR) of the prepared resins were recorded using
FTIR spectrometer (8201 PC Shimadzu) in the range
of 400-4,000cm .

2.5. Uptake of metal ions using batch method

The optimum pH for sorption of metal ions was
determined by batch method at 25°C. Briefly, 0.1g of
the prepared resin was placed in a series of glass
bottles containing 100mL of 5mmol/L of metal ion
solution during shaking for 4h. The pH of the med-
ium was adjusted with 0.1M HNO; and 0.1 M NaOH
solutions. The sorption of metal ions in basic medium
was avoided due to precipitation of metal hydrox-
ides. The concentration of the metal ions in the solu-
tion was measured using Hitachi atomic absorption
7-6100 polarized Zeeman spectrometer before and
after treatment to determine the adsorbed amounts of
metal ions. The adsorption capacity of the resin
(metal uptake) at equilibrium was calculated using
Eq. (D).
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(Co—Co)V

Q=" (1)

where Q is the equilibrium adsorption capacity of the
chelating resin in mmol/g resin, Cy is the initial con-
centration in mmol/L, and C, is the concentration at
equilibrium of metal ions in mmol/L, V is the volume
in L of metal ions solution, and W is the weight in g
of chelating resin. Metal ion evaluation was repeated
three times and the mean values were calculated and
reported.

Experiments of adsorption isotherms were carried
out at 25°C. A sample of 0.1g of chelating resin was
added to 100 mL metal ion solutions using different ini-
tial concentrations in the range of 1-25mmol/L and at
the optimum pH value. After 4h shaking of the mix-
ture, the resin was filtered and the residual metal ion
concentration in the aqueous phase was determined.

To carry out the kinetic studies of the adsorption
process, 0.1g of chelating resin was added to a glass
bottle containing 100 mL of optimum concentration of
aqueous metal ion solutions during shaking at 25°C
and optimum pH value. The bottles containing the
mixtures were withdrawn at suitable time intervals to
determine the metal ion concentration and the time of
equilibrium.
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The adsorption of metal ion by the chelating resin
as a function of temperature was studied in the tem-
perature range of 298-318K. A quantity of 0.1g of
chelating resin was shaken with 100mL of aqueous
solutions (1.0mmol/L) containing metal ion at the
optimum pH value. After adsorption, the solution was
filtered and the residual concentration of the metal
ions was determined.

2.6. Uptake of metal ions using column method

A quantity of 1.0g of chelating resin was placed
in glass column of 1.0cm diameter and 10cm
height. Solutions of metal ions Pb(I), Zn(I), Mn(D),
and Cd(II) having an initial concentration of 7.5, 5,
8, and 6.4mmol/L at optimum pH value and 25°C
were allowed to flow gradually through the column
at the flow rate of 1.0mL/min until the metal ions
completely leaked through the column into the
effluent.

Elution and regeneration of the resin was carried
out using 0.2M HNO; after which, the resin was care-
fully washed with water, 0.2M NaOH solution, and
finally with distilled water to become ready for reuse.
The sorption-desorption cycle of metal ions was
repeated five times.
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Fig. 1. Schematic illustration of preparation process of iminodiacetate chelating resin.
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3. Results and discussion

3.1. Synthesis and characterization of chelating resin
containing iminodiacetate groups (III)

Chelating resin (II) was synthesized from the
grain size of 250400 pm cross-linked polyacrylamide
copolymer beads (I) through the steps shown in
Fig. 1. Cross-linked polyacrylamide (I) with 2%wt
MBA was synthesized by suspension polymerization
[28]. In transamidation reaction of cross-linked poly-
acrylamide (I), ethylenediamine itself was used as a
solvent as well as transamidation reagent [29]. The
reaction was carried out at 100°C. The amino func-
tions were detected using the semi quantitative ninhy-
drin  reaction [29]. Chelating resin bearing
iminodiacetate group (III) was prepared by the reac-
tion of aminated cross-linked polyacrylamide (II) with
sodium salt of chloroacetic acid. The FTIR spectrum of
the cross-linked polyacrylamide (I) showed the charac-
teristic absorptions of amide (N-H) and amide
carbonyl (C=0) at 3,395 and 1,669 cam™}, respectively.
In iminodiacetic acid resin, the carboxylate groups
absorb strongly near 1,672cm ™. Also, the new bands
at 1,455 and 1,397 cm ™, assigned to carboxylic groups,
were observed in the FTIR spectra of the iminodiacetic
acid resin [30].

3.2. Uptake of metal ions by batch technique:
3.2.1. Optimum pH of metal ions uptake:

The effect of the pH of the metal ion on the metal
adsorption was studied by batch technique at 25°C in
the pH range of 1.0-6.2 and the results are shown in
Fig. 2. At low pH value, H" reacts with carboxylate
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Fig. 2. Effect of pH on the uptake of metal ions; 25°C,
shaking time 4h and initial metal ion concentration of
5.0 mmol/L.
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Fig. 3. Effect of initial metal ions concentration on the
adsorption capacity of Pb(Il), Zn(II), Mn(I), and Cd(ID);
25°C, shaking time 4 h and at optimum pH value.

ions (COO™) and tertiary amine (_ITT_). The H" ions

compete with the metal ions for the adsorption sites
and therefore, the resin will have low adsorption
capacity. Moreover, no adsorption of metal ion was
observed at pH=1.0 because, at this pH level, H" con-
centration was greater than metal ion concentration;
and for this reason, the adsorption capacity of metal
ion being zero should be acceptable. Similar results
were also obtained in previous studies [20,31]. By
increasing pH value, the adsorption capacity increases
until it was maximum (optimum) at natural pH of 5.6,
6.2, 6, and 6 for Pb(Il), Zn(Ill), Mn(I), and Cd(I),
respectively. Above the natural pH for all metal ions,
metal (II) hydroxide precipitate is formed
(M** +20H~ — M(OH),|) and adsorption data cannot
be measured.

3.2.2. Effect of initial concentration and equilibrium
isotherm models

The effect of the initial concentrations of metal ions
on adsorption capacities is presented in Fig. 3. The
data shown in Fig. 3 shows that the adsorption capac-
ity increases with increasing initial metal concentration
until reaching the saturation value. After saturation
level, the change of the initial concentration no longer
affects the capacity of metal ion adsorption. The load-
ing capacity (mmol/g) was determined at optimum
pH of each metal ion and at 25°C, Table 1. The
optimum concentration of metal ions for Pb(Il), Zn(ID),
Mn(I), and Cd{I) are 22, 14, 10, and 15 mmol/L,
respectively. It is noteworthy to mention that, the
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Table 1
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Comparison of maximum adsorption capacity and kinetic model of iminodiacetate resin with those of some other
chelating resins reported in literature for the adsorption of Pb(Il), Zn(II), Mn(II), and Cd(I)

Chelating resin Metal ions Sorption capacity Kinetic ~ Conditions Ref.
(mmol/g) model
AAM/MBA iminodiacetate Pb(I), Zn(I), Mn 1.7,15,16,and Second- pH=56,6.2,6,  This
(II), and Cd{I) 1.77 order and 6, 25°C work
GMA /DVB iminodiacetate Pb(I), Zn(II), and 1.0,1.1,and 1.3 - pH=6, 6.5, and [32]
Cddan 6.6, 28°C
(Iminodiacetic acid) (NJC-702) Pb(I) and CdI) 1.3 and 0.65 Second- pH=5,40°C [33]
order
(Iminodiacetic acid) (NDC-702) Pb(I) and Cd(II) 1.28 and 0.82 Second- pH=5,30°C [34]
order
(Iminodiacetic acid) (IRC748) Pb(I) and Cd(I) 1.18 and 0.8 Second- pH=5,30°C [34]
order
(Iminodiacetic acid) (IDA) Pb(I) and Cd(II) 1.27 and 0.65 Second- pH=5,30°C [35]
order
Salicylic acid type chelate adsorbent Pb(I), Zn(II), and 0.31, 0.35, and - pH=5,35C [36]
Cd(Irn) 0.4
Fe304@APS@AA-co-CA MNPs Pb(I), Zn(II), and 0.8, 0.66, and 0.4 Second- pH=5.5,25°C [37]
Cd(I order
Cross-linked magnetic chitosan- Zn(I) and CdI) 0.79 and 1.07 Second- pH=5,30°C [38]
phenylthiourea CSTU order
Bis[2-(2-benzothiazolylthioethyl)sulfoxide =~ Pb(I), Zn(II), Mn 0.37,0.11,0, and - pH=6,30C [39]
(II), and Cd(II) 0.36
Poly(triethylenetetramine bis Zn(I), Mn(I), and  0.26, 0.19, and - pH=5, [40]
(methylenephosphonic acid) SG-CI-T-P  Cd(II) 0.35 25°C
saturation level of sorption of metal ions was in the Ce  Ce " 1 @)
order of Cd(Il) > Pbl) > Mn(Il) > Zn(I). A compari- g  Omax K Qmax

son of the present (AAM/MBA iminodiacetate) chelat-
ing resin with those of different types of chelating
resins in recent references is shown in Table 1. The
data presented in Table 1 reveals that, generally, the
prepared chelating resin in this work has a good
advantage in metal ion adsorption more than the pre-
viously reported resins. The capacity of the present
chelating resin is 13.6, 8.4, 5.6, and 5 times more than
Bis (2-2-benzothiazolylthioethyl sulfoxide) [39], SG-CI-
T-P [40], Salicylic acid type chelate adsorbent [36] and
SG-CI-T-P [40] with respect to Zn(I), Mn(Il), Pb(ID),
and Cd(II), respectively.

The adsorption isotherms provide information
about the distribution of the adsorbate molecules
between the liquid phase and solid phase, when the
adsorption process reaches an equilibrium state. Iso-
therm models of Langmuir, Freundlich, and Temkin
were used to describe the equilibrium characteristics
of adsorption.

Langmuir adsorption isotherm is based on the
monolayer adsorption of metal ions on the surface of
the resin. The Langmuir isotherm is expressed as [41]:

where C. is the equilibrium concentration of metal
ions in solution (mmol/L), g is the amount adsorbed
at equilibrium concentration (mmol/g), Qmax is the
maximum adsorption capacity (mmol/g), and K is
Langmuir constant, which is related to the energy of
adsorption (L/mmol). The values of Langmuir
equation parameters are reported in Table 2.

Langmuir model was expressed by Weber and
Chakravot [42] in terms of a dimensionless constant,
known as separation factor (R;) which is calculated
by the following equation:

1

RL:1+KCO

©)

where K is the Langmuir constant (L/mmol) and Cj is
the initial concentration (mmol/L). The value of Ry
indicates the nature of the isotherm to be unfavorable
(R.>1), linear (Ry.=1), favorable (0<Ry<1), or irre-
versible (R;.=0) [43,44]. The variation of Ry with con-
centration of metal ion is shown in Fig. 4. Ry, values
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Table 2
Parameters of Langmuir, Freundlich, and Temkin isotherms for ion exchange of metals on the chelating resin
Metal ion Langmuir isotherm Freundlich isotherm Temkin isotherm

Ormax K R? N K R? Kr B R?

Pb(II) 1.79 0.66 0.991 0.21 0.93 0.989 45.36 0.24 0.980
Zn(ID) 1.60 1.02 0.998 0.25 0.81 0.966 26.27 0.26 0.980
Mn(II) 1.72 1.03 0.994 0.23 0.93 0.982 44.70 0.23 0.963
Cddan 2.01 0.47 0.983 0.34 0.74 0.980 7.79 0.37 0.970

were found to be between zero and one for all the
concentrations of Pb(I), Zn(I), Mn(I), and Cd(I)
which indicates that the ion exchange of Pb(Il), Zn(ID),
Mn(II), and Cd(I) is favorable. It is observed that the
Ry values decreased with the increase of metal ion
concentration which implies that the ion exchange
process is more favorable for the higher concentration
of metal ion than for the lower ones.

Freundlich isotherm is based on multilayer adsorp-
tion and adsorption on heterogeneous surfaces. The
Freundlich isotherm model is expressed as [45]:

logg = Nlog C. + log K¢ (4)

where g is the amount of metal ions adsorbed, C. is
the metal ion concentration at equilibrium, and Kg is
the Freundlich constant, which indicates to the
amount of metal ion per gram of resin at the equilib-
rium concentration; N is a measurement of the nature
and strength of the adsorption process and of the dis-
tribution of active sites. The values of Freundlich
equation parameters are given in Table 2. Similar to
Ry values of Langmuir isotherm, the values of N
parameter in the Freundlich model indicate the type
of isotherm as follows: irreversible (N=0), favorable
(0<N<1) or unfavorable (N>1). The Freundlich con-
stants (N values) shown in Table 2 were smaller than
1.0 for all the metal ions indicating the facile adsorp-
tion process on the employed resin.

The Temkin isotherm model is expressed in linear-
ized form as follows [46]:

g=BInKr+ BInC, (5)

where Kt is the Temkin constant which is related with
adsorbent/adsorbate interactions and B is another
constant related to the heat of adsorption. The values
of Temkin equation parameters are given in Table 2.
The Langmuir, Freundlich, and Temkin adsorption
constants calculated by using isotherms and their corre-
lation coefficients are presented in Table 2. The correla-
tion coefficients values indicate that adsorption of Pb(Il),

Zn(I), Mn(I), and Cd(II) onto iminodiacetate chelating
resin is fitted better by the Langmuir model (R* = 0.983—
0.998) than the Freundlich and Temkin models
(R?*=0.966-0.989) and (R*=0.963-0.980), respectively.

3.2.3. Adsorption kinetics

Kinetic experiments were carried out using the opti-
mum pH and optimum initial concentration of adsorp-
tion for each metal ion at 25°C and the results are
shown in Fig. 5. As shown in Fig. 5, equilibrium was
attained within 25 min for Cd(II), Zn(II) ions and 35 min
for each of Mn(II) and Pb(Il) ions. The sorption capacity
after shaking the solution for 10 min was 67, 63, 53, and
50% for Cd(II), Zn(II), Mn(II), and Pb(l), respectively.
The high initial rate suggests that the adsorption occurs
mainly on the surface of chelating resin [47].

It is known that adsorption kinetics is dependent
on various factors like mass transfer, diffusion control,
chemical reactions, and particle diffusion. In order to
clarify the kinetic characteristics of the adsorption of
metal ions, three types of sorption kinetic models
namely Lagergren’s pseudo-first-order kinetic model,
pseudo-second-order kinetic model and intraparticle
diffusion model were applied.

The linearized form of the first-order rate equation
by Lagergren and Svenska [48] is given as:

Kads
log(q — ) =logq - (2_383)t (6)

where g and g; are the amounts of the adsorbed metal
ions (mmol/g) at equilibrium and at time ¢ (min),
respectively. K,qs is the first-order rate constant
(min~") of the adsorption. Lagergren’s constants are
given in Table 3.

The experimental data were also analyzed accord-
ing to pseudo-second-order kinetic model [49] as in
the following relation.

t 1 1
m_&%+@y 7)
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Fig. 4. Variation of adsorption intensity (Ry) with initial
metal ion concentration (Cp).

where K, (gmmol 'min') is the rate constant of
pseudo-second-order adsorption reaction. The con-
stants of the second-order kinetic model plots are
given in Table 3. As it can be seen from the results
given in Table 3, correlation coefficients are higher
than the results obtained from the first-order kinetics.
So, it is possible to suggest that the sorption of Pb(Il),
Zn(II), Mn(Il), and Cd(II) onto chelating resin obeys
the second-order kinetics. This is in agreement with
the data obtained from other previous reports as
shown in Table 1.

With respect to Weber and Morris intraparticle dif-
fusion, the adsorbate molecules can be transferred
from the solution phase over an adsorbent in three
consecutive steps [50] as: (a) external film diffusion;
(b) intraparticle diffusion and (c) Adsorption of the
adsorbate molecules on the interior surface of the
adsorbent. Intraparticle diffusion was explored by
Weber and Morris using the following expression [51]:

qr = Kiat® (8)

where Kiq is the intraparticle diffusion rate constant
(mmolg~'/min®°). The intraparticle diffusion rate
(K;q) and correlation coefficient was determined from
the plots of g, against t*°. The constants of these plots
are given in Table 3. According to Eq. (8), if the plot
gives a straight line, the adsorption will be controlled
only by the intraparticle diffusion, but a multilinear
plot is formed which represents two or more steps
involved in the adsorption process [52].

As can be seen from Fig. 6, the adsorption process
was controlled by three stages: (1) Fast external sur-
face adsorption; (2) gradual adsorption where
intraparticle diffusion is a rate-controlled step; and (3)
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Fig. 5. Effect of shaking time on the adsorption capacity of
Pb(I), Zn(I), Mn(II), and Cd(II) at optimum pH, optimum
concentration and at 25°C.

final equilibrium stage due to reduction of metal ions
concentration in solution in addition to less number of
adsorption sites are available.

From foregoing results, it is concluded that the
intraparticle diffusion is not the only rate-limiting
step. Thus, the adsorption process may be a complex
nature and consists of both surface adsorption and
intraparticle diffusion. Hence, it is suggested that the
adsorption of heavy metal ions on chelating resin may
be controlled by external mass transfer followed by
intraparticle diffusion.

3.2.4. Adsorption thermodynamics

Thermodynamic parameters of the metal ion
adsorption on the chelating resin were evaluated by
carrying out the adsorption experiments at different
temperatures (298, 308, and 318K). 100mL of
1.0mmol/L metal ion solution were allowed to equili-
brate with 0.1g of resin at optimum pH value.

The distribution coefficient for the adsorption pro-
cess, K4, was calculated by Eq. (9) [53].

&:%ng% ©)
where Cy and C, are the initial and equilibrium concen-
tration of the metal ions in aqueous phase (mmol/L), V
is the total volume of the solution in (L), and W is the
weight of the chelating resin used in grams.

To calculate the free energy of the adsorption
(AGY,,), Eq. (10) was employed:

ads

AGY, = —RTInKq (10)
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Table 3
First-order, second-order, and intraparticle diffusion rate constants
Equations Parameters Pb(I) Zn(I) Mn(II) Cddn
Pseudo-first-order kinetic equation g (mmol/g) 2.466 1.549 1.923 2.138
Kags (1/min) 0.115 0.106 0.089 0.115
R? 0.945 0.926 0.914 0.978
Pseudo-second-order kinetics g (mmol/g) 2.188 1.776 2.118 2.044
K> (gmmol ' min ") 0.038 0.077 0.034 0.079
R? 0.981 0.989 0.978 0.994
Intraparticle diffusion equation Kig (mmolg 'min~"/?) 0.227 0.169 0.220 0.186
R? 0.903 0.834 0.941 0.823
20 25
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Fig. 6. Plot of Weber-Morris intraparticle diffusion model
for the adsorption of metal ions on chelating resin.

The standard enthalpy (AH?,.) and entropy (AS?,.)
of the adsorption were calculated by plotting In Ky vs.
1/T in Eq. (11).

AS° AH?
InkK; = ads ads 11
PMTTROTRT (1)

where R is the universal gas constant (8.314]/mol K).
The values of the slope (—AH?, /R) and the intercept
(ASY,./R) (Fig. 7) give AH?, and ASY, , respectively.
The values of AGY,, AHY,, and ASY,, for the adsorp-
tion of the metal ions on the chelating resin were col-
lected in Table 4. The positive values of AHY;
indicate that the metal adsorption is an endothermic
process [54,55]. Moreover, the positive values of ASgdS
may be related to the increased randomness due to
the liberation of water of hydration drying the adsorp-
tion of metal ions [54,55]. Finally, the thermodynamic
parameters pointed to the spontaneity of the adsorp-
tion process which is indicated by negative values of
Angs'

Fig. 7. Plot of InKy as a function of reciprocal of
temperature (1/T) for the adsorption of metal ions on
chelating resin.

3.3. Uptake of metal ions using column techniques

Iminodiacetate chelating resin (III) was also found
effective in column method for the removal of Pb(I),
Zn(Il), Mn(ll), and Cd(II). The break-through curves
are presented in Fig. 8. The solution was allowed to
flow downward through the column at 25°C with a
flow rate of 1.0mL/min. The obtained break-through
curves indicate that using 1.0mL/min flow rate of
metal ions, solutions start to break-through at 70, 90,
110, and 80mL of effluent for Pb(Il), Zn(II), Mn(II),
and Cd(I), respectively. Sorption capacities of the
metal ions were calculated and illustrated in Table 5.

3.3.1. Elution and regeneration cycles

The used resin samples containing metal ions were
subjected to elution using 0.2M HNO; solution at
25 C. It was previously mentioned that, the adsorption
capacities of the metal ions were zero or close to zero
at pH <1. This indicates that 0.1M H" could prevent
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Table 4
Thermodynamic parameters for the adsorption of metal ions onto chelating resin
Metal ion —AGY, (K]/mol) AHY,. (kJ/mol) AS%,. (J/mol) R?
298K 308K 318K

Pb(II) 2.72 3.88 5.27 35.17 127.03 0.996
Zn(1I) 1.00 1.93 2.90 27.29 94.94 0.999
Mn(ID) 2.34 3.24 4.19 25.25 92.53 0.999
Cddan 0.29 0.83 1.29 14.55 49.88 0.998
Table 5
The adsorption capacities (%) of the resin after repeated adsorption—desorption operations
Metal ion Capacity (mmol of M2/ g resin) %

Recycle 0 Recycle 1 Recycle 2 Recycle 3 Recycle 4 Recycle 5
Pb(ID) 100° 97 97 87 86 85
Zn(ID) 100° 100 90 86 90 83
Mn(ID) 100¢ 99 91 87 91 81
Cd(n 1004 100 98 92 90 91

“Pb(II); sorption capacity of the original chelating resin was 1.31 mmol/g resin.
PZn(II); sorption capacity of the original chelating resin was 1.01 mmol/g resin.
“Mn(II); sorption capacity of the original chelating resin was 1.33 mmol/g resin.
dcdn; sorption capacity of the original chelating resin was 1.20 mmol/g resin.

the adsorptions of the metal ions. Thus, to improve the
desorption efficiency 0.2M H" was used. In order to
inspect the reusability of iminodiacetate chelating
resin, consecutive adsorption—desorption cycles were

Pb( II)

Zn(1I)

_
2
S
= 1
£
E° 0
Z o 100 200 300 0 400
=
)
= 10 7
B
S Mn( II) 6] Cd(II)
8
S
g 5
S
6 4
4 3
. 2
2
b 1
0 - 0 )
(] 100 200 300 0 100 200 300 400
Effluent (ml)

Fig. 8. Break-through curves for Pb(II), Zn(II), Mn(II), and
Cd(II); initial concentration is 7.5, 5.0, 8.0, and 6.4 mmol/L,
respectively, flow rate is 1.0mL/min at optimum pH and
at 25°C.

repeated five times. From the adsorption-desorption
process, it is clear that the adsorption capacities
showed a little decrease after five regeneration cycles.
The sorption capacity decreased to 85, 83, 81, and 91%
for Pb(Il), Zn(I), Mn(I), and Cd(II), respectively after
five regeneration cycles. Consequently, it is concluded
that iminodiacetate chelating resin is a durable sorbent
in removal of the metal ions under study from their
single-metal ion solutions. After passing HNO; solu-
tion through the column to release metal ions from
resin—metal ion complexes, H* could replace the metal
ions adsorbed by (-COONa) groups within the chelat-
ing resin to form carboxylic acids (<COOH) and qua-
(-NH"-)
|
resin was used to adsorb metal ions in the previous
adsorption conditions, only 30-40% of initial uptake
value would be observed. Whereas, when the resin
was neutralized with NaOH solution to form carboxyl-
(-N-)
|
adsorption capacities could attain 81-91% of the first
adsorption step (Table 5).

ternary ammonium salts , respectively. If this

ate salt ((COONa) and tertiary amine , the re-

4. Conclusions

Based on the present work, it can be concluded
that chelating resin bearing iminodiacetate groups
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based on cross-linked polyacrylamide is an effective
for removal of Pb(II), Zn(II), Mn(II), and Cd(I) from
their aqueous solution. In batch-mode adsorption
studies, the optimum adsorption pH of metal ions
was in the range of 5.6-6.2 depending on the metal
ion used. The adsorption of metal ions increases with
increasing the initial concentration of metal ions. Equi-
librium isotherm data were fitted using three different
parameter models. Among these models, Langmuir
model is the best fitting model with the experimental
data with high R value. Kinetic study showed that
the pseudo-second-order model is appropriate to
describe the adsorption process. The adsorption
dependence of Pb(Il), Zn(Il), Mn(ll), and Cd{I) on
temperature was investigated and the thermodynamic
parameters AG?, AH?, and AS° were calculated. The
results show a feasible, spontaneous, and endothermic
adsorption process. Iminodiacetate chelating resin was
highly efficient for the adsorption of metal ions by
batch and column methods. Metal ions are easily
eluted with 0.2M HNO; and the resin could be used
repeatedly for five times with more than 80% of initial
adsorption capacities.
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