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ABSTRACT: An ICP-AES method using a new spherical
macroporous epoxy–polyamide chelating resin to enrich
and separate trace Ga(III), In(III), Bi(III), V(V), Cr(III), and
Ti(IV) ions from solution samples is established. The results
show that the analyzed ions can be enriched quantitatively
by 0.1 g of the resin at pH 4, with recoveries � 98%. The ions
can be desorbed quantitatively with 10 mL of 2M HCl from
the resin column with recoveries � 96%, and 100–1000-fold
excesses of Ca(II), Mg(II), Fe(III), Cu(II), Zn(II), Al(III), Ni(II),
and Mn(II) cause little interference in the determination of
these ions by ICP-AES. The chelating resin is reused for ten
times; the recoveries of these ions are still over 95%. The

relative standard deviations for enrichment and determina-
tion of 100 ng ml�1 Ga(III), In(III), and Bi(III), 10 ng ml�1

V(V), Cr(III), and Ti(IV) are in the range 0.6–2.3%. The
concentration of each ion found in the real wastewater sam-
ple and alloy sample is in good agreement with the values
provided by the plant. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 97: 2330–2334, 2005
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INTRODUCTION

The preconcentration and separation of trace elements
by using chelating resins1–6 or chelating fibers7–10

have been reported widely. However, the synthesis of
the resins or the fibers usually takes a long time and a
complex synthetic process. Accordingly, epoxy-urea,11

epoxy-imidazole,12 and epoxy-dicyandiamide13 che-
lating resin were synthesized rapidly by Chang et al.
and used for preconcentration and separation of trace
elements. In this article, a new spherical macroporous
epoxy–polyamide chelating resin is synthesized rap-
idly by one step reaction and applied to the enrich-
ment of trace metal ions in solution samples. The resin
shows better acid and alkali resistance and its synthe-
sis is more simple and rapid than that of the above
adsorbents.11–13 The structure of the chelating resin is
analyzed by using Fourier transform infrared spec-
troscopy (FT-IR). The properties of the macroporous
chelating resin for the preconcentration and separa-
tion of trace of Ga(III), In(III), Bi(III), V(V), Cr(III), and
Ti(IV) from solution samples, as measured by induc-
tively-coupled plasma atomic emission spectrometry
(ICP-AES), are studied in detail. The precision and the

accuracy of the proposed method are achieved by
analysis of a real wastewater sample and an alloy
solution sample with satisfactory results.

EXPERIMENTAL PROCEDURES

Instruments and apparatus

An ICP/6500 inductively coupled plasma atom emission
spectrometer (Perkin–Elmer), a Nicolet NEXUS 670 FTIR
(America), a Pore Sizer 9320 (Micromeritics Instrument
Corp.), an Analysensysteme GmbH VarioEL element
analyzer (Germany), and a PHs-10c digital pH meter
(Xiaoshan, China) are used. The adsorption column is a
glass tube (12 � 0.5 cm i.d.; 0.15cm i.d. at the lower end)
containing 0.1g of resin in high-purity water overnight. It
is held in place by cotton-wool.

Reagents and standards

Reagents of high or analytical purity are used for all
experiments. Stock solutions of 1mg ml�1 Ga(III),
In(III), Bi(III), V(V), Cr(III), and Ti(IV) are prepared by
dissolving spectroscopically pure Ga2O3, In2O3, Bi2O3,
V2O5, Cr(NO3)3, and TiO2, respectively, in dilute
HNO3. They are diluted and mixed to give stock stan-
dard solutions of 100 �g ml�1 of Ga, In, and Bi, and 10
�g ml �1 of V, Cr, and Ti in 1M HNO3, and the
standard solutions are used for all experiments.
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Synthesis and characterization of the chelating
resin

A 10 g amount of epoxy resin, 10 g of polyamide resin,
and 200 mL of distilled water were mixed in a three-
necked flask. After 30 min reaction with stirring at 85–
95°C, the cooled product was washed with distilled wa-
ter until it became neutral and dried under IR irradia-
tion. The resin was passed through a 35-mesh sieve, and
a spherical macroporous chelating resin of 35–55 mesh
(pores in�2) particle size is obtained with the possible
structure given in Scheme 1. Two measurements of the
nitrogen content of the resin gave 3.54% and 3.53%. The
porosity of the resin determined by the mercury intru-
sion method was: average pore diameter: 21.9 nm, total
pore area: 15.0 m2 g�1, median pore diameter: 17.5nm.
The resin was, therefore, macroporous.14

The IR spectrum of the macroporous epoxy–poly-
amide chelating resin is shown in Figure 1. According
to references,15,16 the peaks in Figure 1 can be assigned
as follow: 3335.80 cm�1 (� O-H and N-H), 2925.57 and
2854.96 cm�1 (� C-H of CH2 and CH), 1645.98 cm�1

(� C � O of

O
� P

OCONO), 1608.38 and 1509.24 cm�1 (� C
� C of Ar), 1460.45 cm�1 (�s CH2), 1380.43 and 1361.34
cm�1 (� CH3 of C(CH3)2), 1295.85 cm�1 (� C-N),
1246.85 cm�1 (�as C-O-C of O-Ar), 1181.76 and 1036.48
cm�1 (�as C-O of O-CH2), 828.87 cm�1 (� Ar of 1.4
substituted), 765.73 cm�1 (�p CH2). (�, stretching vi-
bration; �, bending vibration; �as, antisymmetric
stretching vibration; �s, scissor vibration; �p, rocking
vibration; Ar, benzene). Based on the above identified

Scheme 1 Possible structure of the resin.

Figure 1 Infrared spectrum of the spherical macroporous epoxy–polyamide chelating resin.
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peaks, comparing the IR spectrum of chelating resin
with that of epoxy resin, the 750 cm�1 of the epoxy
group band disappears. These observations demon-
strate that the analytical functional groups have been
attached to the resin.

Analytical procedure

The mixed standard solutions of Ga, In, Bi, V, Cr, and
Ti or real sample solutions are pipetted into beakers
(100–500 mL). The solutions are adjusted to pH 4 with
aqueous ammonia and dilute HNO3 and pass through
the adsorbing columns at a flow rate of 3 mL min�1.
The analytes are desorbed from each column with 10
mL of 2M HCl solution at a flow rate of 1.0 mL min�1.
Subsequently, the ions in the 10 mL of eluate are
determined by the ICP spectrometer. The conditions
for analysis by ICP-AES are: forward power 1100 W,
viewing height 10 mm, argon plasma gas flow rate 14
L min�1, argon nebulizer gas flow rate 1.0 L min�1,
argon intermediate gas flow rate 0.6 L min�1; wave-
lengths: Ga 294.364 nm, In 230.606 nm, Bi 223.061nm,
V 292.402 nm, Cr 205.552 nm, Ti 334.941 nm.

RESULTS AND DISCUSSION

Effect of acidity on enrichment

Equal concentrations of mixed standards are diluted
to equal volumes and enriched through the columns
in the pH range 1–6 as described above. The results
(Table I) show that trace Bi at pH 2–6, Ga, V, and Ti at

pH 3–6, In and Cr at pH 4–6 can be enriched quan-
titatively by the resin with recoveries of 92–100%. To
determine these elements simultaneously, pH 4 is se-
lected as the enrichment pH. Meanwhile, at pH 1–6,
the chelating resin hardly enriched such metal ions as
K, Na, Ca, Mg, Zn(II), Co(II), Cd(II), Ni(II), Tl(I), Y(III),
La(III), Nd(III), Sm(III), Eu(III), Gd(III), Dy(III),
Ho(III), Er(III), and Tm(III), and enriched only slightly
Yb(III), Sc(III), Cu(II), and Pb(II).

Effect of flow rate on enrichment

When using the recommended procedure, the flow
rate for preconcentration of the analytes on the resin
columns at pH 4.0 is varied between 1.0 and 7.0 mL
min�1. The results, given in Table II, show that Ga, In,
Bi, V, Cr, and Ti ions can be enriched quantitatively at
flow rates below 4.0 mL min�1. A 3.0 mL min�1 flow
rate is selected for further study.

Influence of desorption acidity

After traces of Ga, In, Bi, V, Cr, and Ti ions are en-
riched on the resin columns following the above pro-
cedure, each column is eluted with 10 mL of 1–6M
HCl. The results in Table III show that these elements
can be quantitatively desorbed with 10 mL of 2M HCl
from the columns with recoveries of 96–100%.

TABLE I
Effect of pH on Enrichment Recovery

Element

Recovery %

1 2 3 4 5 6

Ga 0 10 92 100 99 97
In 0 0 56 98 100 100
Bi 41 94 100 100 99 100
V 17 45 100 100 100 100
Cr 0 0 57 99 100 100
Ti 38 72 95 100 100 97

TABLE II
Effect of Flow Rate (ml min�1) on Enrichment Recovery

Element

Recovery %

1.0 2.0 3.0 4.0 5.0 6.0 7.0

Ga 99 100 100 98 100 83 69
In 100 100 98 100 89 62 42
Bi 98 100 98 90 86 78 52
V 100 99 100 100 100 96 88
Cr 100 99 99 100 92 79 69
Ti 100 100 100 98 98 89 48

TABLE IV
Influence of Desorption Flow Rate (ml min�1)

on Recovery

Element

Recovery %

0.5 1.0 1.5 2.0 2.5 3.0

Ga 100 100 91 87 85 78
In 100 98 99 92 84 79
Bi 97 96 82 81 77 60
V 100 100 97 91 86 76
Cr 100 100 100 94 81 75
Ti 100 99 96 93 78 70

TABLE III
Influence of Desorption Acidity (10 ml HCl) on Recovery

Element

Recovery %

1M 2M 3M 4M 5M 6M

Ga 71 100 100 93 93 78
In 70 97 98 92 85 89
Bi 51 96 96 94 91 82
V 71 99 93 88 82 70
Cr 60 100 100 92 94 87
Ti 58 100 100 100 97 86
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Influence of desorption flow rate

Using the column procedure, the influence of the flow
rate (0.5–3.0 mL min�1) on desorption of the analytes
from the columns with 10 mL of 2M HCl is investi-
gated. Table IV shows that the analytes can be de-
sorbed quantitatively from the resin columns at 1.0
mL min�1 with recoveries � 96%.

Stability, reuse, and capacity of resin

After the chelating resin is treated with strong acids or
concentrated bases, the resin is washed to neutrality
with distilled water and used for enrichment of ana-
lyte ions. The results show that the recoveries of trace
Ga, In, Bi, V, Cr, and Ti are � 96%. There is no obvious
swelling effect on the resin.

When the resin is used repeatedly (up to 10 times)
as described for enrichment and determination of Ga,
In, Bi, V, Cr, and Ti ions (after these ions are desorbed
from the resin each time with 2M HCl, the resin col-
umn is washed to neutrality with distilled water), the
adsorption efficiency is still � 95%

A 0.05 g portion of the resin is placed in each of the
six conical flasks. A stock solution of Ga, In, Bi, V, Cr,
and Ti is added to each flask and diluted to an equal
volume. The acidity of each solution is adjusted to pH
4, and the vessels are shaken in a mechanical vibrator.
The concentrations of the above ions in solution are
measured by ICP-AES until equilibrium is reached.
Thus, the saturated adsorption capacity of the resin is
calculated to be 233 mg g�1 for Ga, 134 mg g�1 for In,
266 mg g�1 for Bi, 110 mg g�1 for V, 114 mg g�1 for Cr,
and 35 mg g�1 for Ti.

Interference

Different potential interfering ions are added to dilute
analytes standards. The analytes are preconcentrated
and determined as described above. The results, sum-
marized in Table V, show that hundred-fold or thou-
sand-fold excesses of these other ions caused little
interference on the recoveries of Ga, In, Bi, V, Cr, and
Ti ions.

TABLE VI
Analytical Results for Two Samples from a Metal Smelter

Sample

Concentration (ng ml�1) Recovery
% ErrorGiven Found � S.D. Added Sum � S.D.

Wastewater
Ga 7.2 7.0 � 0.3 100 103.3 � 0.5 96.3 2.8
In 42.6 42.1 � 0.6 100 142.1 � 0.4 100 1.2
Bi 196.7 193.9 � 1.0 100 292.4 � 1.2 98.5 1.4
V 13.5 13.4 � 0.1 10 23.4 � 0.4 100 0.7
Cr — — 10 9.9 � 0.2 99 —
Ti — — 10 10 � 0.1 100 —

Alloy solution
Ga 65.0 62.4 � 0.7 100 158.2 � 0.6 95.8 4.0
In 53.4 52.8 � 0.8 100 151.0 � 0.9 98.2 1.1
Bi 52.0 51.0 � 0.9 100 147.7 � 1.6 96.7 1.9
V 30.5 30.5 � 0.2 10 40.5 � 0.4 100 0
Cr 4.8 4.7 � 0.1 10 14.7 � 0.3 100 2.1
Ti 3.6 3.5 � 0.1 10 13.4 � 0.1 99.0 2.7

TABLE V
Interference of Other Ions on Analyte Recoveries

Interfering ions
conc (�g ml�1)

Ca(II)
10

Mg (II)
10

Fe (III)
10

Cu (II)
10

Ni (II)
10

Al(III)a

10
Zn(II)

0
Mn(II)

10

Recoveryb %

Ga 100 96 100 100 92 96 95 100
In 100 100 100 100 93 95 100 97
Bi 99 100 96 92 93 94 94 97
V 100 100 97 100 100 99 100 100
Cr 100 98 100 100 94 98 92 95
Ti 97 99 95 98 97 97 100 100

a Al is masked with 0.1g citric acid.
b The concentration of Ga, In, and Bi is 100 ng ml�1 each. The concentration of V, Cr, and Ti is 10 ng ml�1 each.
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Analytical precision and accuracy

Under the select conditions, the recoveries of 100 ng
ml�1 of Ga, In, and Bi, and 10 ng ml�1 of V, Cr, and Ti
ions in 500 mL of solutions, enriched and determined
simultaneously seven times, are in the range of 96–
100%. The relative standard deviation (RSD) is be-
tween 0.6% and 2.3%.

The accuracy of the proposed method is checked by
analyzing 500 mL of real wastewater (from a metal
smelter) and real solution samples (dissolving alloy
sample from a metal smelter), using the standard ad-
dition method. The results, listed in Table VI, show
� 95.8% recoveries for trace Ga, In, Bi, V, Cr, and Ti
ions and are in agreement with the analytical values
provided by the smelter operator with an average
error � 4.0%. So, the proposed method is reliable,
feasible, and accurate.

CONCLUSIONS

The proposed method is quick, convenient, precise,
and accurate, and its application is reliable and satis-
factory. The synthesis of the spherical macroporous
resin is simpler, quicker, and more economic than that
of those already available.1–13
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