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ABSTRACT: The resin (PsSO2ASA) was synthesized by the reaction of chlorosulfonated polystyrene (Ps-SO2Cl) with
4-aminosalicylic acid (ASA) and characterized by elemental analysis, SEM, EDS, and FT-IR spectral studies and thermal analysis.
Its metallopolymer complexes with Co(II), Ni(II), and Cu(II) ions were examined with respect to various experimental parameters.
The spectral (FT-IR, electronic, and ESR) studies confirmed that the octahedral complexes formed and the resin bonded to the
metal ion through the carboxylato- and phenolato-O atoms. The metal sorption by the resin from aqueous solutions at different
conditions was investigated by batch and column methods utilizing ICP�AES. Kinetic studies showed that the adsorption of metal
ions onto the resin proceeds according to the pseudosecond order model, and the equilibrium data was best interpreted by the
Langmuir isotherm. The sorption capacity was observed in the order of Cu(II) > Co(II) > Ni(II). The calculated thermodynamic
parameters indicated an endothermic spontaneous sorption accompanied by deprotonation of the resin and liberation of water of
hydration of themetal ions and that adsorbed by the free resin. The degrees of freedom increased at the solid�liquid interface during
the sorption of the metal ions onto the resin. The lower detected concentration by the method was found to be (10 to 20) ng mL�1.
The method was successfully applied to the analysis of natural water samples.

1. INTRODUCTION

Contamination by heavy metals is recognized as a priority
issue in environmental protection. Metal ions such as copper,
lead, mercury, cadmium, cobalt, iron, and so on represent an
environmental concern when present in uncontrolled or high
concentrations. For example, elevated copper concentrations are
frequently associated with leaching from antifouling paints and
pressure-treated dick pilings, discharge from power and desalina-
tion plants and runoff from land-based sources.1�5 Also copper,
nickel, cobalt, lead, iron, and other heavy elements are present in
the acidic manganese chloride solution resulting from the pre-
paration of battery grade MnO2 directly frommanganese ore.6�8

Due to their persistence in the environment and their relatively
rapid uptake and accumulation in living organisms, heavy metal
ions are polluting water sources and posing a long-term risk to
both humans and the eco-system. Therefore, the determination
of trace concentrations of metal ions in man made and natural
water sources is essential in order to keep a check on the various
eco-systems. Hence, this requires frequent analysis of trace metal
ions in environmental as well as biofluid samples in order to
sustain and preserve the eco-systems.

The determination process is not simple because the metal
ions are surrounded and encapsulated by a variety of complex
matrix species.9 The direct determination of metal ions in
effluents or in saline matrices (e.g., seawater) by atomic spectro-
photometry as flame or plasma techniques is difficult due the
high background, transport, and chemical interferences which
result in a decrease in precision and sensitivity. Therefore,
separation and preconcentration methods have played a funda-
mental role in solving these problems. Accordingly, there is
a need for an extraction technique which could selectively
extract the analytes of interest. This has paved the way for the

development of solid phase extraction (SPE) techniques. The
SPE provides several major advantages over the classical liquid
extraction technique: (i) fast, simple and direct sample applica-
tion in very small quantities (microliter volume) without any sample
loss, (ii) no waste generation as derived in liquid extraction
technique, (iii) SPE can be interfaced with major chromato-
graphic techniques either in online or off-line mode, and (iv)
time and cost efficiency.9�11

Chelating polymeric matrices, termed polychelatogens
(PC),10 have been used in the SPE technique. It has several
highlighting features such as a high degree of selectivity, versa-
tility, durability, and good metal loading capacity and enhanced
hydrophilicity.11,12 The donor atoms involved in forming che-
lates usually include oxygen, nitrogen, phosphorus, and sulfur
atoms present in phenol, carbonyl, carboxylic, hydroxyl, ether,
phosporyl, amine, nitro, nitroso, azo, hydrazo, diazo, nitrile,
amide, thiol, thioether, thiocarbamate, and bisulphite com-
pounds.10 The selectivity of the surface with the immobilized
functional groups toward metal ions depend on the size of the
modifier,9 the activity of the loaded group13 and the character-
istics of the hard�soft acid�base.13,14

Several chelating supports have been used in the past15�31 of
which the use of polystyrene-divinylbenzene (Ps-DVB) resin has
been found to be fruitful. These can be easily functionalized as
well as loaded with a variety of organic ligands with different
functional groups.11,21�31 The Ps-DVB resin beads are commer-
cially available as the Amberlite XAD series, which differ in their
degree of cross-linking, bead size, pore diameter, etc. which
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directly influence the rate and the degree of metal sorption.
Several papers on Amberlite XAD and its chloromethylated
derivatives have referred to the preparation of different chelating
resins for studying their metal uptake capacity, selectivity, and
preconcentration.15�31 Moreover, it is found that the use of a
hydrophilic chlorosulfonyl group as the anchoring linkage for the
synthesis of various supported ligands gives significant advantage
over the more widely used chloromethyl group with emphasis on
high capacity and decreased toxicity in the selective studies of
predisposed, polymer pendant ligands.13�32

As a part of our continuing effort to design new and effective
chelating resins of highmetal uptake and selectivity, we aim to (i)
synthesize and characterize the chemically modified chlorosulfo-
nated polystyrene with aminosalicylic acid chelating resin
(PsSO2ASA) and its Cu(II), Ni(II), and Co(II) complexes;
(ii) determine the factors affecting the Cu(II), Ni(II), and Co(II)
sorption from aqueous solutions and study the sorption kinetics
and equilibria by the batch and column methods; (iii) apply the
recommended method for the analysis of Kuwaiti tap water and
Arabian Gulf water. Inductively coupled plasma atomic emission
spectrometry (ICP�AES) has been used to determine the metal
uptake and the concentration of Cu(II), Ni(II), and Co(II).

2. EXPERIMENTAL SECTION

2.1. Reagents and Solutions. All chemicals used in this work
were of analytical grade from Merck (Germany). Commercially,
available Amberlite XAD-16 (specific area 800 m2 g�1 and bead
size (3.4 to 10.2) mm was obtained from Aldrich and it was
thoroughly washed with 4.0mol L�1 HNO3, 1.0 mol L�1 NaOH,
and double distilled water successively and well dried before use.
4-aminosalicylic acid and chlorosulfonic acid were purchased
from Aldrich and used as received. Cu(NO3)2 3 2.5H2O, Ni-
(NO3)2 3 6H2O, and Co(NO3)2 3 6H2O were purchased from
Aldrich and used without further purification. Working metal ion
solutions (0.1 mol L�1) of Cu(II), Ni(II), and Co(II) were
prepared by dissolving Cu(NO3)2 3 2.5H2O, Ni(NO3)2 3 6H2O,
and Co(NO3)2 3 6H2O in acidified double distilled water. The
glassware used were soaked in 10% HNO3 overnight before use
and cleaned repeatedly with double distilled water.
2.2. Elemental Analysis and Instrumentation. CHN anal-

ysis was performed on a LECO CHNS-932 elemental analyzer.
The concentration of the metal ions was determined by
ICP�AES. The wavelengths used for the analysis of Cu(II),
Ni(II), and Co(II) were (324, 231, and 238) nm, respectively. A
digital Orion pH/ISE meter- model 710 A, was used for the pH
measurements. The pH values of the solutions were adjusted
with monochloroacetic acid/acetate buffer in the pH range 2.5 to
4.0, acetate buffer in the pH range 4 to 7. Hydrochloric acid was
used to adjust the pH below 2.5. Fourier Transform Infrared
(FT-IR) spectra of the chelating resins and their complexes as
KBr discs were recorded with a Schimadzu 2000 FT-IR spectro-
photometer. Electronic spectra of the chelating resin and its
complexes were recorded with a Varian Cary 5 UV/vis/NIR
spectrophotometer. Thermal analyses were carried out on a
Shimadzu Thermal system 50 consisting of TGA-50 and DTA-
50 in the temperature range of ambient temperature up to
1000 �C under dinitrogen atmosphere with a heating rate of
10 �C/min. For the batch method, the samples were shaken
utilizing the InnovaTM 3100 digital water bath shaker thermo-
statted at (250 to 450) rpm. The surface area of the polymer
support and its metallopolymer complexes were characterized

using the automatic physisorption analyzer Micromeritics
ASAP 2010, by the BET (Brunauer, Emmett-Teller) and
BJH(Barrett�Joyner�Halenda)methods throughN2 adsorption�
desorption. The metal ion dispersion and morphology of
the chelating polymer and its complexes were recorded by
scanning electron microscopy (SEM) using a JSM � 6300
(JEOL Co., Tokyo, Japan) electron microscope, operating at
20 kV with energy dispersive spectroscopy (EDS) X-ray
spectrometry (BRUKER AXS, Microanalysis GMBH, Berlin,
Germany).
2.3. Synthesis of the Resin and Its Complexes. 2.3.1.

Synthesis of Chlorosulphonated Polystyrene, PsSO2Cl. PsSO2Cl
was synthesized following the method reported by Fish et al.33

but after modification. Amberlite XAD-16 (5 g) in CHCl3
(50 mL) was allowed to swell for 2 h then stirred with a mixture
of chlorosulfonic acid (ClSO3H; 50 mL) and chloroform
(CHCl3; 50 mL) for 24 h at room temperature, filtered off,
washed thoroughly with dry dichloromethane (CH2Cl2), and
dried in a vacuum at 60 �C for 72 h. The obtained polymer beads
were refluxed in 50mLCHCl3 solution containing 25mL thionyl
chloride (SOCl2) for 12 h to reduce �SO3H groups linked to
polystyrene as a result of the hydrolysis of�SO2Cl when water is
generated as a byproduct. The beads were filtered, washed and
dried in the same fashion.
2.3.2. Synthesis of the Chelating Resin PsSO2ASA. The

chelating resin PsSO2ASA was synthesized by the reaction given
in Scheme 1. The dry PS-SO2Cl (5.0 g) was treated with
4-aminosalicylic acid (3.347 g) in acetone (20 mL). The reaction
mixture was refluxed for 48 h and the product was filtered off,
washed with acetone (3� 15mL) and diethyl ether (3� 15mL)
and then dried under vacuum at 60 �C for 24 h.
2.3.3. Synthesis of the Metal Complexes. The pH of the

solution of Cu(NO3)2 3 2.5H2O, Ni(NO3)2 3 6H2O, or Co-
(NO3)2 3 6H2O; (0.1 mol L�1) in double distilled water
(100 mL) was adjusted to the pH range of 5.0 to 6.0 by adding
the suitable buffer. The solid resin, PsSO2ASA (100 mg) was
added and the reaction mixture was shaken for 8 h, filtered off,
washed several times by ethanol (EtOH) and diethyl ether
(Et2O), and dried under vacuum at 60 �C for 48 h.

Scheme 1. PsSO2ASA
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2.4. Recommended Methods for Preconcentration and
Determination of the Metal Ions. 2.4.1. Column Method.
A glass column C10/10 (Pharmacia, 10 cm� 10 mm) was used
for the present work. 500mg of the dry PsSO2ASAwas immersed
in double distilled water and allowed to swell for 24 h by loading
between frits, using the method recommended by the manufac-
turer. The column was treated with 30 mL of 2.0 mol L�1 HNO3

solution and then rinsed with doubly distilled water until acid
free. A suitable aliquot of the sample solution containing (10 to
50) mg L�1 of Cu(II), Ni(II), or Co(II) was passed through the
column after adjusting its pH to the optimum value between 2.00
and 9.00 for Cu(II), Ni(II), and Co(II) at a flow rate (1.0 to 6.0)
min�1 which was controlled by a peristaltic pump. The column
was washed with distilled water to remove the free metal ions.
The adsorbed metal ions were stripped from the column with 2.0
mol L�1 HNO3 [(20 to 30) mL] passed at a flow rate of (1.0 to
6.0) mLmin�1. The concentration of the metal ions in the eluent
was determined by ICP-AES.
2.4.2. Batch Method
2.4.2.1. Dosage of the Chelating Resin. The effect of

PsSO2ASA amount (in the range of (100 to 700) mg was in-
vestigated for the uptake of Cu(II), Ni(II), and Co(II) ions by
using an initial metal ion concentration (C0) in the range of
(50 to 300)mg L�1. The percentage sorption was increased up to
500mg of the resin after which it declined with increasingmass of
chelating resin. Thus 500 mg of the chelating resin was used for
the studies.
2.4.2.2. Effect of Shaking Time. The metal capacity was

determined in triplicate by the batch method at pH 5.1 for
Cu(II) and 6.0 for Ni(II) and Co(II) ions. To a 500 mL solution
of the metal ion with initial concentration C0 = 150 mg L�1 in a
1000mL stoppered glass bottle was added 500 mg of PsSO2ASA.
The mixture was shaken at a constant shaking rate of 200 rpm at
298 K. The aqueous samples were taken at preset time intervals
[(2 to 90) min] and the concentrations of metal ions were
similarly measured by ICP-AES. The amount of adsorption at
time t, (qt, mg g

�1), was calculated from eq 1

qt ¼ ðC0 � CtÞV=m ð1Þ
where qt is the amount of adsorbed metal ion at time t, C0 and Ct

(mg L�1) are the initial concentration and the metal ion
concentration remaining in aqueous solution at time t, respec-
tively,V is the volume of the solution (L), andm is themass of the
chelating resin (g).
2.4.2.3. Effect of Initial Metal Ion Concentration and

Temperature on the Metal Capacity. In order to evaluate the
equilibrium isotherm model for the adsorption of Cu(II), Ni(II),
and Co(II) ions, the experiments were conducted by placing 500
mg of the resin to 500 mL solutions in initial concentrations [(10
to 300) mgL�1] of Cu(II), Ni(II), and Co(II) which were
adjusted to pH 5.1 for Cu(II) and 6.0 for Co(II) and Ni(II) in
a stoppered glass bottle (250 mL). The mixture was shaken for
120 min at 25 �C using an electrical shaker with a shaking rate of
200 rpm to reach equilibrium. A similar procedure was followed
for another two sets of stoppered glass bottles under the same
conditions but at (35 and 45) �C for thermodynamic studies.
The resin was filtered off and washed several times with double
distilled water. The filtrate and washings were collected in
250 mL, the solution was made up to the mark with double
distilled water, and the residual metal ion concentration in the
aqueous solution in each case was determined by using ICP-AES.

The amount of Cu(II), Ni(II), or Co(II) uptake at equilibrium qe
(mg g�1 resin) was calculated using eq 1.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Chelating Resin and Its Com-
plexes. 3.1.1. Elemental Analysis and Surface Studies. PsSO2Cl
was synthesized as reported by Fish et al.33 and enhanced by our
group.23 Elemental analysis results of PsSO2Cl showed C =
47.39 %, H = 5.44 %, and S = 13.15 %. Calculated results for
C10H9SO2Cl.H2O are C = 48.68 %, H = 4.46 %, and S = 12.98 %
showing 98 % sulfonyl chloride (4.66 mmol/g) and residual
sulfonic acid (0.07 mmol/g). The PsSO2ASA was synthesized
according to the reaction given in Scheme 1. The CHNS
analyses, SEM (Figure 1) and EDS (Figure 2) of the resin have
been compared to the free Amberlite XAD-16 and chlorosulfo-
nated Amberlite XAD-16 indicating the formation of PsSO2ASA.
Elemental analysis showed C = 44.19 %, H = 5.08 %, N = 3.86 %,
and S = 8.19 %. Calculated results for C15H13NSO5 3 3.5H2O are
C = 47.12 %, H = 5.23 %, N = 3.66 %, and S = 8.37 %. The
calculated % conversion of the chlorosulfonated polystyrene to
the desired adsorbent of 98 % and the amount of chelating ligand
incorporated (2.48 mmol g�1, based on the nitrogen content)
resin are also taken as evidence for the formation of PsSO2ASA.
This result also corresponds to the data similarly reported for the
N-sulfonylethylenebis-(dithiocarbamate) ligand anchored on
macroporous polystyrene-divinyl benzene beads33 and N-sulfo-
nylpolyamine chelating resins anchored on polystyrene-divinyl
benzene beads.24

Figure 1. SEM micrographs of (A) Ps, (B) PsSO2Cl, (C) PsSO2ASA,
(D) Cu-PsSO2ASA 3 nH2O, (E) Co-PsSO2ASA 3 nH2O, and (F) Ni-
PsSO2ASA 3 nH2O.
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The determined BET surface area (m2 g�1), BJH cumulative
pore volume (cm3 g�1) and average pore diameter (4 V/A by
BET), of the chelating resin have been found to be (99.593,
0.172, and 6.207) nm, respectively, less than those of the
chlorosulfonated and free Amberlite XAD-16 which indicates
the incorporation of the 4-aminosalicylic acid to chlorosulfo-
nated Amberlite XAD-16. This may be attributed to formation of
intra- and intermolecular hydrogen bonding. This incorporation
is also proved from the EDS measurements (Figure 2). Further-
more, the EDS exhibits peaks characteristic of Cu, Ni, and Co
supporting their absorption by the resin.
3.1.2. Infrared Spectral Studies. The FT-IR spectrum of the

free PsSO2ASA 3 3.5H2O, exhibits a very strong broad band at
3434 cm�1 and a medium one at 3019 cm�1 due to ν(OH) of
adsorbed water and the salicylic moiety. The bands at (1662,
1384, and 1328) cm�1, are assigned to ν(COO)asym, ν(COO)sym,
and ν(C�O)phenolic,

34 respectively. These in addition to a strong
one at 1620 cm�1 which could be assigned to ν(CdC). The
FT-IR spectra of all complexes, exhibit a downward shift with a
reduction in the intensities of the bands at (1662 and 1384) cm�1

with Δν = (269, 276, and 275) cm�134 for Cu(II), Ni(II), and

Co(II) complexes, respectively, suggesting a monodentate bond-
ing of the carboxylato-O atom to the metal ion. Furthermore, the
band at 1328 cm�1 characteristic ν(C�O)phenolic shifted to lower
wave numbers suggesting the bonding of the phenolato-O atom
to the metal ion. Accordingly, IR data in addition to the EDS
confirm that the metal sorption by the chelating resin is due to
the formation of metal complexes through coordination to the
carboxylato-O and phenolato-O atoms as shown in Figure 3.
3.1.3. Thermogravimetric Analysis. Results of thermogravi-

metric analyses (TG and DTG) of PsSO2ASA and its metal
complexes are shown in Figure 4 and the data given in Table 2.
This data showed that the free chelating resin, PsSO2ASA,
(Figure 4a) exhibits an endothermic peak at 99.38 �C corre-
sponding to the loss of 3.5H2O of hydration. The dry resin is then
completely decomposed between (222.56 to 450.00) �C in three
stages without leaving solid residue.
The thermal stability data for metallopolymer complexes is

important to confirm the presence of metal ions, either as
inclusion complexes or as adsorbed species. Metal ions present
as inclusion complexes are expected to have greater effects on the
thermal properties of the chelating resins.35�37 Furthermore, the

Figure 2. EDS analysis for (A) PsSO2ASA 3 3.5H2O, (B) Cu-PsSO2ASA 3 nH2O, (C) Co-PsSO2ASA 3 nH2O, and (D) Ni-PsSO2ASA 3 nH2O.
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thermal stability of the metallopolymer complexes depends
on the structure of the resin, mode of complexation and the

structure of the metallopolymer complex35�37 which may in-
crease or decrease the thermal stability of the resin.
Accordingly, TG and DTG of the metal-PsSO2ASA, Figure

(4b-d) have been compared with the thermal behavior of the free
chelating resin PsSO2ASA, (Figure 4a). In all complexes the first
peak due to the loss of physically adsorbed water appeared below
100 �C (Table 1). The thermal degradation obtained can be
summarized in the following points: (i) The data given in Table 2
and shown in Figure (4a�d) indicated that in all cases the
formation of metallopolymer complexes increased the thermal
stability of the resin. This also suggests complex formation due to
the formation of additional chemical bonds and interaction
between the metal ions and the ligand group through the
interpolymer chain. (ii) The thermal stability is seen in the
order of: Co-PsSO2ASA 3 nH2O > Ni-PsSO2ASA 3 nH2O > Cu-
PsSO2ASA 3 nH2O > PsSO2ASA 3 nH2O. (iii) The resin decompo-
ses in a single step in Co-PsSO2ASA 3 nH2O and Cu-PsSO2ASA 3
nH2O while it decomposes in two separate steps in the case of
Ni-PsSO2ASA 3 nH2O. (iv) The lowest thermal stability of the
copper metallopolymer complex may refer to the highest com-
plexing ability of the resin for Cu(II) as compared to the other
two metal ions in accordance with the kinetic and equilibrium
data.
3.1.4. Electronic and ESR Spectral Studies of the Complexes.

The nujol mull electronic spectrum of the Cu(II) complex
displays a broad band at 16150 cm�1 with low intensity. The
band position and shape is consistent with a d-d transition in a
tetragonally distorted Cu(II) complex. The room temperature
ESR spectrum of the polycrystalline Cu(II) complex is shown in
Figure 5. The spectrum consists of three signals characteristic of a
rhombic system which gives three g-values of 2.38, 2.08, and 2.06
for gz, gy, and gx, respectively. This, in addition to a weak signal at
1626 G (half field region, g = 4.25) due toΔMs =( 2, forbidden
transition characteristic of polymeric Cu(II) complexes. The very
low intensity of this signal indicates that the Cu�Cu separation
distance is more than 5 Å and the zero field splitting is very small.
The value of gz (g11) = 2.38 indicates the ionic nature of the Cu-
ligand bond and confirms that the dx2�y2 is most popular in the
ground state.23 Taking g^ = 1/2[gy þ gx] = 2.07, the value of the

Figure 3. Assumed structure of the metallopolymer complexes.

Figure 4. TGA andDTG of (A) PsSO2ASA 3 3.5H2O, (B) Cu-PsSO2A-
SA 3 nH2O, (C) Co-PsSO2ASA 3 nH2O, and (D) Ni-PsSO2ASA 3 nH2O.
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exchange interaction parameter, G = g11 � 2/g^ � 2 = 5.43 can
be calculated. This value indicates that the exchange interaction
between the copper centers in the solid state could be neglected.
The hyperfine line splitting factor A ) of 176G G is obtained

from the spectrum indicating the planarity of the complex. In
general, the empirical factor f = g )/A ) is an index of the tetragonal
distortion or the distortion toward the tetrahedral, and is
calculated to be 135 cm�1. The value is less than 150 cm�1,
the higher limit of the planar complexes and rather indicates a
planar structure, may be due to the inflexible structure of the
polymeric molecule. In general the distortion from planarity
toward tetragonally distorted octahedral toward the tetragonally
distorted octahedral or tetrahedral structure results in a decrease
in A ) and increase in g ) as shown in a number of Cu(II)
complexes. As shown, A ) is of moderate value and in line with
that of dominantly planar complexes especially. The value of the

in-planar π bonding parameter R2 can be estimated from the
expression

R2 ¼ A )=0:036þ ðg )� 2:0023Þ þ 3=7ðg^ � 2:0023Þ þ 0:04

and is found to be 0.96 which is consistent with mainly ionic
copper-in-plane-ligand bonding which is also in agreement with
results obtained for the value of g ) > 2.30.
The nujol mull electronic spectrum of the Ni(II) complex

exhibits a broad band at 16 350 cm�1 in addition to a weak one at
10 900 cm�1, characteristic of a tetragonally distorted octahedral
ligand field. These bands could be assigned to 3A2 g(F) f
3T2 g(F), ν3,

3A2 g(F)f
3T1 g(F), ν2, transitions. The transition

due to 3A2 g(F)f
3T1 g (P), ν1, may be obscured by the intense

band due to charge transfer.23

The spectrum of the Co(II) complex displays bands at (17 100
and 19 050) cm�1 consistent with an octahedral ligand field
around the cobalt(II). These two bands could be assigned to
4T1 gf

4T2 g and
4T1 g f

4T1 g (P) transitions, and the absence
of a band below 10 000 cm�1 may be due to its very low
intensity.23 The electronic and ESR spectral data are further
evidence for complex formation rather than a physical adsorption
mechanism. Based on the spectral data, and the nature of the
resin, structure in Figure 3A could be assumed to be the most
probable for the complexes.
3.2. Analytical and kinetic studies. The optimum experi-

mental parameters for quantitative metal ion sorption and
desorption are listed in Table 3. The effect of concentration of
HCl and HNO3 on the preconcentration of the metal ions was
studied under these optimum conditions. The results in Table 4
show that the most suitable eluent is 2.0 mol L�1 HNO3.
Each experiment was performed in triplicate under the same
conditions.
3.2.1. Effect of Initial pH on the Metal Capacity. The effect of

initial pH on the sorption capacity of the chelating resin
PsSO2ASA, toward Cu(II), Ni(II), and Co(II) with initial
concentrations C0 = 150 mg L�1, has been studied. The data
show that the maximum adsorption for thesemetal ions occurred
at pH 5.08 for Cu(II) and 6.0 for both Co(II) and Ni(II) with an
adsorption amount of (28.643, 15.312, and 19.155) mg g�1,
respectively. The higher maximum adsorption capacity value of
the resin for Cu(II) ions indicated that the complexation ability
of Cu(II) with the chelating resin was higher as compared to both
Co(II) and Ni(II). Furthermore, the difference in the maximum
capacity indicates the ease of separation of copper ions from a
mixture of Cu(II), Ni(II), and Co(II) ions. The acidity of the
medium can affect the metal ion uptake by the resin because of

Table 2. Thermoanalytical Results of PsSO2ASA and Its
Metal Complexes

TG DTG weight loss

compound Trange/�C Tmax/�C % % residue

PsSO2ASA 3 3.5H2O 42.12�151.33 99.38 16.003

162.25�297.97 227.3 45.16

358.81�429.02 409.57 92.79

438.00�495.00 460.1 100.00 0. 00

Cu- PsSO2ASA 3 nH2O 40.56�121.69 70.44 18.042

218.41�316.69 261.28 93.68 6.32

Ni- PsSO2ASA 3 nH2O 39.02�117.01 61.75 11.90

296.41�374.42 355.35 59.91

382.22�494.54 459.8 94.91 5.09

Co- PsSO2ASA 3 nH2O 43.68�102.96 60.02 17.61

316.69�388.46 359.7 91.33

390.02�463.34 422.9 94.72 5.28

Figure 5. Room temperature X-band ESR spectrum of a polycrystalline
Cu-PsSO2ASA 3 nH2O.

Table 1. Main IR Bands (v, cm�1) of the Chelating Resin
(PsSO2ASA) and Its Metal Complexes with Their Tentative
Assignments

compound

ν(NH) and

ν(OH)

ν(COO)-

asym

ν(COO)-

sym

ν(C�O)-

phenolic

PsSO2ASA 3 3.5H2O 3434.3019 1662 1384 1328

Cu- PsSO2ASA 3 nH2O 3445.3148 1634 1365 1269

Ni- PsSO2ASA 3 nH2O 3380.3255 1647 1371 1278

Co- PsSO2ASA 3 nH2O 3368.3220 1649 1374 1278

Table 3. OptimumExperimental Parameters for the Sorption
and Desorption of the Analytes

parameter Cu(II) Ni(II) Co(II)

pH range 5.0�6.0 6.0�7.0 6.0�7.0

flow rate/(mL min�1) 2.0�4.0 2.0�4.0 1.5�5.0

HNO3 desorption 2 mol L�1 2 mol L�1 2 mol L�1

metal sorption capacity/(mg g�1) 28.643 15.312 19.155

lower limit detection/(ng mL�1) 20 10 10

breakthrough volume/(mL) 2000 1500 2000

final volume/(mL) 5 5 6

preconcentration factor

(2.0 mol L�1 HNO3)

400 300 333.3
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the competition of the high concentration of hydrogen ion at low
pH with the metal ion for bonding to the active sites on the
surface of the adsorbent, since the active sites on the chelating
resin are the carboxylic and phenolic OH groups. At pH values
higher than 7.00, the three metal ions may precipitate out as
metal hydroxides which leads to an increase inmetal uptake.38�41

3.2.2. Sorption Kinetics. The effect of shaking time on the
sorption of Cu(II), Co(II), andNi(II), (C0 = 150mg L�1), at pH
5.08, 6.00 and 6.00, by PsSO2-ASA (500mg), respectively, at 298
K has been studied by the batch method. Complete saturation is
reached after 30 min for Cu(II) and 40 min for Ni(II) and
Co(II). The metal uptake capacity of the chelating resin has been
found to be in the order: Cu(II) > Co(II) > Ni(II).
The kinetic models that were used to examine the controlling

mechanisms of the sorption process based on the experimental
data are:
(i) Pseudofirst order model (eq 2) given by Lagergren41,42

logðqe� qtÞ ¼ log qe � k1=2:303t ð2Þ

(ii) Pseudosecond order model (eq 3)42,43

t=qt ¼ 1=k2qe
2 þ t=qe ð3Þ

and
(iii) Intraparticle diffusion model (eq 4) given by Weber and

Morris43,44 which is a common diffusion model that
describes that metal ion uptake varies almost proportion-
ally with t0.5, rather than the contact time t

qt ¼ Cþ kintt
0:5 ð4Þ

where qe and q are the amounts of the metal ions
absorbed (mg g�1) at equilibrium and at time t (min),
respectively, k1 (min�1), k2 (g mg�1 min�1), and kint
(mg g�1 min�1/2) are the first, second, and intraparticle
diffusion rate constants, respectively, and C is the inter-
cept of the straight line which is proportional to the
boundary layer thickness.44

The kinetic parameters (Table 5) for the pseudofirst order and
pseudosecond order models are obtained from linear plots of
log(qe � q) vs t (Figure 6A), t/q vs t (Figure 6B), and q vs t0.5

(Figure 6C), respectively. The experimental qe values for Cu(II),
Ni(II), and Co(II) are in agreement with the calculated values

(Table 5) using the pseudosecond order and pseudofirst order
kinetic models. Based on the values of the coefficients of
determination, R2 and the values of qe (Table 5), the pseudose-
cond order equation is the model that best fits the experimental
kinetic data, suggesting chemical sorption as the rate determining
step. A similar phenomenon has been observed in the adsorption
of many trace metal ions by different chelating resins.45�51

Accordingly, the adsorption of Cu(II), Ni(II), and Co(II) ions
by PsSO2ASA is considered to consist of two processes with initial
adsorption rates (h) of (5.737, 6.510, and 5.707) mg g�1 min�1

for Cu(II), Ni(II), and Co(II), respectively, which have been
calculated by using eq 5.

h ¼ k2qe
2 ð5Þ

The carboxylic and hydroxyl groups on the surface of PsSO2A-
SA are responsible for metal ion binding through a coordination
mechanism as proved from the solid complex studies. Physical
adsorption plays a negligible role in the interaction mechanism
between PsSO2ASA and themetal ion because the chelating resin
has a small surface area of 99.593 m2 g�1. This data is very similar
to that reported for several chelating resins with a small surface
area as thiourea-modified magnetic chitosan micropores,49,50

macromolecular complexes with polystyrene and acrylic acid51

and polystyrene-N,N0-di(carboxymethyl)dithiocarbamate che-
lating resin.51

The intraparticle diffusion model has also been utilized to
determine the rate limiting step of the adsorption process.
Therefore, the sorbed concentration at time t (qt) was plotted
against t0.5 to test the Morris-Weber equation (eq 4). The plot

Table 4. Type of Eluent Solution and % Recovery (R.S.D.) of
the Metal Ions, 10 mL Sample Volume with 0.5 mg mL�1 of
Cu(II), Ni(II), or Co(II) and n = 3

eluent Cu(II) Ni(II) Co(II)

0.1 mol L�1 HCl 28.0(3.8) 49.0(3.0) 27.0(2.1)

0.5 mol L�1 HCl 49.0(2.1) 54.0(1.9) 38.0(1.8)

1.0 mol L�1 HCl 74.0(3.9) 78.0(1.9) 65.0(1.7)

2.0 mol L�1 HCl 88.0(3.0) 83.0(2.3) 89.0(1.2)

3.0 mol L�1 HCl 96.0(2.1) 97.0(1.7) 98.0(2.2)

0.1 mol L�1 HNO3 48.0(4.4) 52.0(2.7) 51.0(1.9)

0.5 mol L�1 HNO3 61.0(4.3) 70.0(3.1) 72.0(3.9)

1.0 mol L�1 HNO3 88.0(1.8) 80.0(2.5) 82.0(4.9)

1.5 mol L�1 HNO3 90.0(3.8) 91.0(4.7) 93.0(2.2)

2.0 mol L�1 HNO3 99.0(2.4) 99.0(2.8) 98.0 (3.4)

3.0 mol L�1 HNO3 96.0 (2.7) 98.0(2.3) 95.0(2.5)

Table 5. Kinetic Parameters of the Sorption of Cu(II), Ni(II),
and Co(II)

qe

mg g�1 k1

pseudofirst

order exp calc min�1 R2

Cu(II) 28.643 28.262 0.0304 0.9661

Ni(II) 15.312 15.265 0.0316 0.9412

Co(II) 19.155 19.295 0.0279 0.9140

qe

mg g�1 k2 h

pseudosecond

order exp calc

g mg�1

min�1 mg g�1 min�1 R2

Cu(II) 28.643 28.662 0.0030 5.737 0.9984

Ni(II) 15.312 15.365 0.0038 5.708 0.9986

Co(II) 19.155 19.195 0.0063 6.510 0.9979

kid C

intraparticle

diffusion

mg g�1

min�0.5 mg g�1 R2

Cu(II) 13.243 3.617 0.9336

Ni(II) 13.243 3.694 0.8543

Co(II) 12.289 2.626 0.8717
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(Figure 6C) showed three portions; the first of which is sharper
and obtained between (30 to 39) min, in which eq 5 held with
regression coefficients of 0.9694�0.9954 and values of kint of
(13.243, 13.241, and 12.241) mg/g min0.5 for Cu(II) Ni(II), and
Co(II), respectively, were obtained from the slope of each plot.
This portion represents the diffusion of themetal ion through the
solution to the external surface of adsorbent or boundary layer
diffusion of solute ions. The second portion represents the
gradual adsorption stage where intraparticle diffusion is rate
limiting. The third portion is the final equilibrium stage where
intraparticle diffusion starts to slow down due to the extremely
lowmetal ion concentrations left in solution. It has been reported
that if intraparticle diffusion occurs, qt versus t

0.5 will be linear and
if the plot passes through the origin, then the rate limiting step is
only due to intraparticle diffusion.49 Other mechanisms in
addition to the intraparticle model have been tried. Therefore,
in this study, the intraparticle diffusion is applied but is not the
only rate limiting step in the adsorption process. Furthermore,
the values of C of (3.617, 3.694, and 2.626) mg/g and kint of
(13.243, 13.243, and 12.289) mg/gmin0.5 for Cu(II), Ni(II), and
Co(II), respectively, support the boundary layer diffusion effect.
3.2.3. Adsorption Isotherms. The equilibrium isotherm rela-

tionship between the amount of metal exchanged qe and the
remaining metal ion concentration in the aqueous phase (Ce) for
the interaction between PsSO2ASA and Cu(II), Ni(II), and
Co(II) ions are shown in Figure.7. It is shown that the sorption

capacity increases with the equilibrium concentration of the
metal ion in solution, progressively saturating the adsorbent.
Also, it is shown that the metal sorption is more sensitive at low
metal ion concentrations up to 25 mg L�1. Therefore, this
electrostatic interaction plays an important role in the coordina-
tion between the metal ions and the coordinating groups
(�COOH and �OH). On the other hand, at higher concentra-
tions, the sorption becomes relatively insensitive, although the
resin displays high affinity toward the metal ion indicating that
the sorption is mainly due to chelating interactions.
The effect of temperature on the metal uptake (Figure 7)

shows that the metal sorption increases with increasing tempera-
ture indicating that the sorption is an endothermic process.
Furthermore, this behavior can be attributed to (i) the number of
coordinating sites on the resin surface which are increased due to
partial dehydration, (ii) dehydration of the metal ions, and (iii)
the possibility of enlargement of pores with increasing tempera-
ture which leads to an increase in diffusion of the metal ion
toward the active sites in these pores.
To evaluate the sorption capacity of PsSO2ASA for removal of

Cu(II), Ni(II), and Co(II), the Langmuir53 and Freundlich54

isotherm models have been used.
The Langmuir model could be presented as eq 6

Ce=qe ¼ 1=ðKLqmÞ þ Ce=qm ð6Þ
where qe (mg g�1) is the amount of the metal ion adsorbed per
unit mass of adsorbent and Ce (mg L�1) is the equilibrium metal

Figure 6. (A) Pseudo first order sorption kinetics of Cu(II), Ni(II), and
Co(II) at pH (5.08, 6.00, and 6.00), respectively by the chelating resin
PsSO2ASA, T = 298 K, m = 500 mg. (B) Pseudo second order sorption
kinetics of Cu(II), Ni(II), and Co(II) at pH (5.08, 6.00, and 6.00),
respectively by the chelating resin PsSO2ASA, T = 298K, m = 500 mg.
(C) Uptake of Cu(II), Ni(II), and Co(II) ions by PsSO2ASA as a
function of t1/2.

Figure 7. (A) Equilibrium adsorption isotherm of Cu(II) withC0 = (50,
100, 150, 200, 250, and 300) mg/L, T = (298, 308, and 318) K,m = 500
mg resin, shaking rate = 200 rpm, shaking time = 120 min, and pH value
of 5.08. (B) Equilibrium adsorption isotherm of Co(II) with C0 = (50,
100, 150, 200, 250, and 300) mg/L,T= (298, 308, and 318) K,m = 500mg
resin, shaking rate = 200 rpm, shaking time = 90min, and pH value of 6.00.
(C) Equilibrium adsorption isotherm of Ni(II) with C0 = (50, 100, 150,
200, 250, and 300) mg/L, T = (298, 308, and 318) K, m = 500 mg resin,
shaking rate = 200 rpm, shaking time = 90 min, and pH value of 6.00.
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ion concentration in aqueous solution. KL (L g�1) is the
Langmuir constant which is related to the energy of sorption
and qm (mg g�1) is the maximum adsorption capacity for the
monolayer formation on the absorbent. A plot of ce/qe against Ce

at different temperatures for each metal ion gives straight lines
(Figure 8) from which the values of KL and qm have been
estimated (Table 6).
The values of correlation coefficient and qm obtained from the

Langmuir plots at 298 K (room temperature) are comparable to
those experimentally obtained, indicating that the sorption
process is mainly a monolayer. Furthermore, the values of qm
at different temperatures are in the order Cu(II) > Co(II) >
Ni(II) which is in agreement with the order observed in the
kinetic studies.
The degree of suitability of the chelating resin toward the

metal ion is estimated from the value of the separation factor RL
which describes the possibility of the adsorption process to
proceed and has been determined by using eq 7

RL ¼ 1=ð1þ KLC0Þ ð7Þ

where KL is the Langmuir constant and C0 is the initial
concentration of the metal ion (mg L�1).55 In general, RL >1.0
indicates the unsuitability of the resin: RL = 1 means a reversible
process, RL = 0 indicates an irreversible process, and 1 > RL > 0
indicates the suitability of the resin for sorption processes. The
values of RL for Cu(II), Ni(II), and Co(II) at different tempera-
tures are in the range of 0.02�0.25, indicating the suitability of
PsSO2ASA for the sorption of the studied metal ions from
aqueous solutions.
The experimental data also fit the Freundlich expression52 eq 8

log qe ¼ log KF þ ð1=nÞ log Ce ð8Þ

where KF is the Freundlich constant (mg g�1) and (L/mg)1/n,
where 1/n is the heterogeneity factor, are related to the energy or
intensity of sorption. Plots of log qe versus log Ce at different
temperatures for each metal ion are shown in Figure 9. From the
straight lines obtained, the values of KF and n are estimated and
are given in Table 6. The values of R2 indicate that Langmuir
model is more suitable than the Freundlich expression.

Figure 8. (A) Langmuir isotherm plot for adsorption of Cu(II) at T =
(298, 308, and 318) K. (B) Langmuir isotherm plot for adsorption of
Co(II) at T = (298, 308, and 318) K. (C) Langmuir isotherm plot for
adsorption of Ni(II) at T = (298, 308, and 318) K.

Table 6. Freundlich and Langmuir Parameters of the Sorption of Cu(II), Ni(II), and Co(II)

Cu(II) Co (II) Ni(II)

isotherm parameters 298 K 308 K 318 K 298 K 308 K 318 K 298 K 308 K 318 K

Freundlich 1/n 0.175 0.172 0.174 0.211 0.192 0.186 0.279 0.235 0.226

n 5.717 5.810 5.753 4.748 5.200 5.380 3.573 4.253 4.418

kF/(mgg�1) (Lmg�1) 1/n 14.457 16.815 17.466 11.318 13.536 14.501 6.658 9.255 10.911

R2 0.955 0.953 0.945 0.995 0.969 0.978 0.924 0.932 0.944

Langmuir qmax/(mgg
�1) 38.167 39.682 41.152 34.013 36.363 37.878 27.855 29.761 32.894

KL/(L/g) 0.119 0.259 0.279 0.099 0.122 0.124 0.083 0.136 0.160

R2 0.983 0.995 0.995 0.992 0.981 0.982 0.992 0.993 0.995

Figure 9. (A) Freundlich isotherm plot for adsorption of Cu(II) at T =
(298, 308, and 318) K. (B) Freundlich isotherm plot for adsorption of
Co(II) at T = (298, 308, and 318) K. (C) Freundlich isotherm plot for
adsorption of Ni(II) at T = (298, 308, and 318) K.
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3.2.4. Thermodynamics of Sorption. The effect of tempera-
ture on the sorption of Cu(II), Ni(II), and Co(II) ion onto the
chelating resin, PsSO2ASA has been studied over the tempera-
ture range of (298 to 318) K under optimum conditions. A linear
plot has been obtained by plotting logKd (distribution coefficient =
qe/ce,) against 1/T (Figure 10). The plot indicates that the
values of Kd increase with increasing temperature which is a
further indication of the endothermic sorption process. The
values of the thermodynamic parameters such as Gibbs energy

(ΔG), enthalpy (ΔH), and entropy (ΔS) are estimated using the
relations 9�11

ΔG ¼ � RT ln Kd ð9Þ

ΔG ¼ ΔH � TΔS ð10Þ

log Kd ¼ ðΔS=2:303RÞ � ðΔH=2:303RTÞ ð11Þ
where Kd is the distribution coefficient and R is the universal gas
constant (8.314 J mol�1 K�1) and T is the absolute temperature
(K). Plotting log Kd against 1/T (Figure 10) gives a straight line
with slope = �ΔH/2.303R and intercept = ΔS/2.303R from
which the values of ΔH and ΔS have been calculated and are
given in Table 7. The positive values of ΔH indicate an
endothermic chemical sorption of Cu(II), Ni(II), and Co(II).18

The negative values of ΔG for the three metal ions indicate that
the metal sorption was spontaneous and thermodynamically
favorable. More negative ΔG implies a greater driving force of
adsorption, resulting in higher sorption capacity. The data
(Table 7) showed that (i) the values of ΔG become more
negative with increasing temperature indicating that the sorption
processes become more favorable and easier at higher tempera-
tures and (ii) the values of ΔG are more negative in the order:
Cu(II) > Co(II) > Ni(II) in all temperature ranges implying that
the sorption is spontaneous and easier in the same sequence. The
positive values of ΔS are also attributed to the liberation of

Figure 10. (A) Van’t Hoff plots for sorption of Cu(II) ions with initial
concentrations (50, 100, 150, 200, 250, and 300)mg L�1. (B) Van’t Hoff
plots for sorption of Co(II) ions with initial concentrations (50, 100,
150, 200, 250, and 300) mg L�1. (C) Van’t Hoff plots for sorption of
Ni(II) ions with initial concentrations (50, 100, 150, 200, 250, and 300)
mg L�1.

Table 7. Thermodynamic Parameters for Sorption of Cu(II), Co(II), and Ni(II) at C0 = 50 and 100 mg/La

C0 Cu(II) Ni(II) Co(II)

mg L�1 ΔH0 ΔS0 �ΔG0 R2 ΔH0 ΔS0 �ΔG0 R2 ΔH0 ΔS0 �ΔG0 R2

50 20.89 97.99 8.308 0.90 42.43 160.0 5.25 0.992 58.88 201.86 1.275 0.999

9.289 6.86 3.290

10.26 8.46 5.310

100 52.22 184.3 2.72 0.91 34.08 117.4 0.92 0.889 23.18 72.72 1.513

4.56 2.09 0.786

10.26 3.27 0.058 0.999
aΔH0/(kJ mol�1); ΔS0/(J mol�1 K�1); ΔG0/(kJ mol�1).

Table 8. Enrichment Factors and Enrichment Limits of the Metal Ions

total volume lower concentration recovery final volume recovery

metal ion mL ng mL�1 ngmL�1 (R.S.D.) mL % preconcentration factor

Cu(II) 2000 20.0 19.90(2.1) 5 99.5 400.0

Ni(II) 1500 10.0 9.61(1.2) 5 96.1 300.0

Co(II) 2000 10.0 9.81(0.8) 6 98.4 333.3

Table 9. Determination of Cu(II), Ni(II), and Co(II) in
μg L�1, (R.S.A.) in Tap Water Samples Using PsSO2ASA

a

sample method Cu(II) Ni(II) Co(II)

Kuwaiti tap water direct 14.8(0.6) 6.8(1.2) 13.8(1.0)

S.A. 115.0(1.0) 107.1(1.1) 114.0(0.9)

gulf water direct 154.0(1.4) 105.6(2.8) 98.5(2.6)

S.A. 254.7(1.2) 206.0(1.0) 198.9(1.1)
a SA = standard addition method (spikled with 100 μg L�1 solution of
analyte).
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hydrogen ions from the chelating resin, water of hydration of the
metal ions and adsorbed water by the chelating resins and/or the
degree of freedom increased at the solid�liquid interface during
the sorption of the metal ions onto PsSO2ASA.
3.2.5. Resin Stability and Reusability. The stability of the Ps-

SO2ASA chelating resin has been studied in (1.0 to 6.0) mol L�1

HCl or HNO3. The chelating resin has been shaken in an acid
solution of varying concentrations for 6 h at 25 �C and filtered.
The resin was washed with distilled water until it was acid free
and dried under vacuum at 60 �C for 24 h. The sorption capacity
of the acid treated resin is found to be similar to the untreated one
but with a variation of (2 to 3) %. This indicates that Ps-SO2ASA
can be stable in acid medium up to 6.0 mol L�1. Furthermore,
it is shown that this resin can be reused for 25 cycles of
sorption�desorption with a (2.0 to 3.0) % change in the sorption
capacity.
3.2.6. Preconcentration and Recovery of the Metal Ions.

Enrichment factors for the column method have been deter-
mined by increasing the dilution of metal ion solution while
keeping the total amount of loaded metal ion fixed at (10 to 20)
ngmL�1 in the standard and applying the recommended column
procedure. The recoveries and enrichment factors achieved at the
lowest concentration (lower limit of detection) below which
recoveries became nonquantitative are given in Table 8. The data
shows that (i) the enrichment factors are very high and ordered
as Cu(II) > Co(II) > Ni(II) and (ii) the minimum elution volume
of (5, 5, and 6) mL of 2.0 mol L�1 HNO3 is sufficient for the
recovery of (99.5, 96.1, and 98.4) % of Cu(II), Ni(II), and
Co(II), respectively.
3.2.7. Application the Recommended Method for Determi-

nation of Metal Ions in Water Samples. PsSO2ASA has been
used to detect/adsorb preconcentrated Cu(II), Ni(II), and Co(II)
in water samples collected from the Arabian Gulf at Kuwait
Beach and tap water in Kuwait followed by their determination
with ICP-AES. The estimation of the three metal ions has been
made without (direct determination) and with standard addition
(S.A.) to test its reliability and accuracy by subjecting 2000 mL of
the water sample (tap or Gulf) to determine Cu(II) or Co(II)
ions and 1500 mL for determination of Ni(II) (in the case of S.A.

the samples were spiked with 100 μg of the appropriate metal
ion). The data (Table 8) shows the closeness of the direct and
S.A., method indicating the reliability of the present method for
the metal analysis in water samples.
3.2.8. Comparison with Other Preconcentrating Chelating

Resins. The metal capacities and preconcentration factors of
PsSO2ASA have been compared to those of Amberlite XAD-16
supporting resins with different spacers other than the �SO2�
such as Amberlite XAD-16:Gallic acid,55 Amberlite XAD-16:
2-{[1-(3,4-dihydroxyphenyl)methylidene]amino}benzoic acid,21

Amberlite XAD-16: 4-{[2-hydroxyphenyl)iminomethyl}-1,2-
benzenediol,56 Anberlite XAD-16: 1,3-dimethyl-3-aminopro-
pan-1-ol4, Anberlite XAD-16: 1-(2-pyridylazo)2-naphthol57

and Anberlite XAD-16: calyx[4] resorcinarene58 and the data
are given in Table 10. The data showed that (a) the sorption
capacity of Amberlite XAD-16: 4-aminosalicylic acid toward
Cu(II) and Co(II) are found to be higher than those of all other
chelating resins, while toward Ni(II) is less than the value given
for Amberlite XAD-16: 1,3-dimethyl-3-aminopropan-1-ol but
higher than the values of all other resins; (b) the preconcentra-
tion factor of PsSO2ASA in case of Cu(II) and Co(II) values are
equal to the values of AmberliteXAD-16:Gallic acid and Anber-
liteXAD-16: 1,3-dimethyl-3-aminopropan-1-ol but more than
the preconcentration factors of the others; and (ii) the precon-
centration factor of PsSO2ASA in case of Ni(II) is more than the
values found for all resins given in Table 10.

4. CONCLUSION

The novel chelating resin, PsSO2ASA, was synthesized by
anchoring 4-aminosalicylic acid to Amberlite XAD-16 through a
spacer containing �SO2� appears promising for the separation
of Cu(II), Ni(II), and Co(II) from aqueous media in synthesized
and real samples. The chelating resin shows high tendency to
form octahedral complexes with these ions through the bonding
via the carboxylato and phenolato oxygen atoms. Metal sorption
capacities of (601, 473, and 580) μmol g�1 and the preconcen-
tration factors of (400, 300 and 333) for Cu(II), Ni(II), and
Co(II), respectively, show that PsSO2ASA is an effective

Table 10. Comparison of Sorption Capacity of PsSO2ASA and Other Chelating Resins

matrix: chelating resin Cu(II) Ni(II) Co(II) ref

1. Sorption Capacities/(μ mol g-1)

AnberliteXAD-16: gallic acid 344 250 281 54

Amberlite XAD-16: 2-{[1-(3,4-dihydroxyphenyl)methylidene]amino}benzoic acid 468 269 221 21

AnberliteXAD-16: 4-{[2-hydroxyphenyl)iminomethyl}-1,2-benzenediol 415 225 245 55

AnberliteXAD-16: 1,3-dimethyl-3-aminopropan-1-ol 460 550 270 4

AnberliteXAD-16: 1-(2-pyridylazo)2-naphthol 78 - 79 56

AnberliteXAD-16: calyx[4] resorcinarene 97.4 97.6 95.6 57

AnberliteXAD-16: 4-aminosalicylic acid (this work) 601 473 580

2. Preconcentration Factors

AnberliteXAD-16: gallic acid 400 300 285.7 54

Amberlite XAD-16: 2-{[1-(3,4-dihydroxyphenyl)methylidene]amino}benzoic acid 300 100 167 21

AnberliteXAD-16: 4-{[2-hydroxyphenyl)iminomethyl}-1,2-benzenediol 250 250 300 55

AnberliteXAD-16: 1,3-dimethyl-3-aminopropan-1-ol 400 300 300 4

AnberliteXAD-16: 1-(2-pyridylazo)2-naphthol 200 200 56

AnberliteXAD-16: calyx[4] resorcinarene 208 208 208 57

AnberliteXAD-16: 4-aminosalicylic acid (this work) 400 300 333
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chelating resin for the separation and preconcentration of the
Cu(II), Ni(II), and Co(II) ions in water samples. The resin and
the recommended method is also successful in determining
metal ions down to the limit of ng mL�1. Furthermore, the data
shows that this new chelating resin could be considered very
promising and competent as compared to most of the resins
reported for determination and preconcentration of the investi-
gated metal ions.
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