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Abstract

Large sample volume injections including both on-column analyte focusing and on-column matrix elimination techniques
were examined for semi-micro ion chromatography of trace iodide (1 ) in seawater. A semi-microcolumn (35X1 mm |.D.)
packed with styrene—divinylbenzene copolymer with high anion-exchange capacity and a mobile phase of 0.03 M
NaClO,+0.5 M NaCl+5 mM sodium phosphate buffer, pH 6.0, was used. lodide in seawater was effectively concentrated
on the column by both electrostatic and hydrophobic interactions and was eluted without peak broadening. CIO, (NaClO,)
in the mobile phase was effective for the elution of iodide and CI~ (NaCl) for both the concentration of iodide (1) with
hydrophobicity and the removal of interference by the major anions. An excess of major anions in seawater did not disturb
the detection of iodide at UV 226 nm. The relative standard deviations for successive injections of 5and 1 g/l 1~ (2 ml of
35%o artificial seawater) were 1.5 and 5.8% (n=5, each), respectively. The slope of calibration curve (by pesk areg) using the
semi-microcolumn was ~2.8-times higher than that for a conventional column with the same resin (150x4.6 mm I.D.) The
present method had a detection limit of 0.2 g/l 1~ for 2 ml of 35%o artificial seawater and was successfully applied to

seawater samples. [ 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

The scale down of ion chromatographic (IC)
systems has several advantages over IC using con-
ventional columns, These include increased ef-
ficiency in a shorter time due to the reduction of
sample dilution processes, lower mobile phase con-
sumption, and the use of smaller amounts of packing
materials. Thus, since the use of miniaturized IC by
Rokushika and co-workers [1,2], scaled-down ICs
have been examined using various packing materials
(anion- and cation-exchange resins [1-4] and ODS
coated with cetyltrimethylammonium [5], micellar
taurine-conjugated bile salt [6], zwitterionic bile salt
micelles [7,8] etc.) and detection systems (conduc-

tometric detection [1,4], and indirect and direct UV
detection [2,3,5-8]). Sjogren et a. [4] recently
demonstrated higher separation and detection ef-
ficiencies for inorganic and organic anions using a
capillary-scale column and suppressed conductomet-
ric detection system. The efficiencies were compar-
able with those by capillary electrophoresis.

The use of miniaturized columns naturally requires
the reduction of injection and detection volumes to
maintain higher separation and detection efficiencies,
which generally leads to a decrease in sensitivity. To
overcome the reduced sensitivity, the use of flow
cells with extended longitudinal path lengths for UV
detection, for example, serves as a useful technique
[9]. Larger sample volume injection might be a more
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efficient method for the increase in sensitivity if the
concentration of the analyte ions can be quantitative-
ly accomplished. However, larger sample volume
injection for scale-downed IC has been hardly ex-
amined. If samples contain an excess of ions, the
elimination of interference from this source is aso
necessary.

In this study, large sample volume injection was
examined for trace iodide analysis in seawater using
semi-micro 1C with UV detection. lodine is a micro-
nutrient for microorganisms and it exists mainly as
iodide and iodate in seawater [10-14]. The iodide
concentration in seawater is sensitive to surrounding
conditions such as hiological activities and redox
conditions. The iodide level varies from 30 ng/l in
seashore and ocean surface waters to below <1 g/l
in deep ocean seawater. Neutron activation analysis
[11], the use of automated electrochemical proce-
dures [12], and cathodic stripping sgare wave vol-
tammetry [13] have been used for the determination
of trace iodide in seawater. However, these methods
require special apparatus and/or time-consuming
procedures. lon chromatography is a simple method
for determination of iodide in seawater, but larger
sample volume injection with analyte focusing is
necessary for highly sensitive detection [14]. Fur-
thermore, as seawaters contain an excess of anions,
Cl~, SO, Br~ and HCO;, it is also necessary to
remove interference from coexisting anions. For
columns with low anion-exchange capacity, higher
NaCl was used for the elution of the analyteions, | ~
and SCN~ [15-19], NO, and NO, [20,21] in
various saline samples containing Cl sof;, Br-
etc. as matrix anions and was aso used for on-
column matrix elimination. However, resins with low
anion-exchange capacities were not effective for on-
column focusing of iodide in seawater. In this study,
both on-column iodide focusing and on-column
matrix elimination for large seawater sample in-
jection (2 ml) were examined using a semi-micro-
column (35X1 mm [|.D.) packed with the high-
capacity anion-exchange resin of styrene—di-
vinylbenzene copolymer. Two inorganic salts,
NaClO, and NaCl, were selected as components of
the mobile phases for on-column iodide focusing, its
elution, and on-column matrix elimination. Thus, the
feasibility of semi-micro ion chromatography is
demonstrated for trace iodide in seawater.

2. Experimental
2.1. Apparatus

The ion chromatographic system was composed of
a computer-controlled pump (CCPM: Tosoh, Tokyo,
Japan), a Rheodyne 7125 injector equipped with
sample loop of 0.5 or 2 ml (Cotati, CA, USA), a
UV-Vis detector (L-4200: Hitachi, Tokyo, Japan),
and a chromato-processor (SC-8010: Tosoh). TSKgel
SAX (Tosoh; styrene—divinylbenzene copolymer
with ~3.7 mequiv./g of anion-exchange capacity;
functional group, benzyltrimethylammonium type;
particle size 5 wm) was used as packing material for
the semi-micro column (35X1 mm [|.D) and a
conventional column (150X4.6 mm |.D.). The resin
which was dispersed in 0.5% sodium acetate solution
was packed by the slurry packing technique at flow-
rates of 0.6 and 2.0 ml/min, respectively. A mini-
column packed with ODS (10x4 mm 1.D., Capcel-
Ipak C,g, Shiseido, Tokyo, Japan) was set up before
a semi-micro column and was used as a prefilter.

2.2. Reagent, mobile phase, sample

All inorganic sodium salts of reagent grade were
used for preparation of standard anionic solutions
and mobile phases. Standard anion solutions were
prepared by mixing and diluting stock solutions of
each anion (10 g/l). Stock solutions of 0.3 M
NaClO,, 2 M NaCl, and 0.5 M sodium phosphate
buffer (0.15 M Na,HPO,+0.35 M NaH,PO,) were
used for mobile phase preparation. The mobile
phases prepared were passed through a membrane
filter (pore size, 0.1 pm) before use. Artificia
seawaters were prepared according to the Lyman-
Fleming formula [22]. For example, 35%. artificial
seawater contains four major anions, 19 300 mg/kg
Cl~, 2700 mg/kg SO>~, 65 mg/kg Br~, and 142
mg/kg HCO, . Two seawater samples (200 m deep)
were collected near Japan.

3. Results and discussion
3.1. Semi-microcolumn system for iodide

Fig. 1 shows anion separations on a semi-micro-
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Fig. 1. lon chromatograms of inorganic anions. Conditions: (a)
semi-microcolumn (TSKgel SAX resin, 35X1 mm |.D.); mobile
phase, 0.03 M NaClO,+0.5 M NaCl+5 mM sodium phosphate
buffer, pH 6.0; flow-rate, 0.3 ml/min. (b) Conventional column
(TSKgel SAX resin, 150X4.6 mm 1.D.); mobile phase, 0.35 M
NaClO,+10 mM sodium phosphate buffer, pH 6.1; flow-rate, 1
ml/min. Sample volume, 2 ml; 1, 10, -1 (0.1 mg/l); 2, NO, (0.05
mg/1); 3, NO, (0.05mg/l); 4, Br (1 mg/l); 5,1 (0.1 mg/l); 6,
SCN~ (0.1 mg/l). Detection, UV absorbance at 226 nm.

column (35X1.0 mm 1.D.) and a conventional col-
umn (150x4.6 mm [.D.). The solid and dotted
chromatograms represent separate runs. Anion peaks
were sharp for both column systems in spite of large
sample loop injection (2 ml). This shows that on-
column focusing of anions was effectively accom-
plished due to the use of the high-capacity anion-
exchange styrene—divinylbenzene copolymer resin.
The reasons for the mobile phase selection are given

in Section 3.2. The peak heights of |~ and SCN™
with hydrophobicity on a semi-microcolumn were
=~2.9 and 2.7 times higher, respectively, than those
on conventional columns with sample loop (Fig. 1b)
and a concentrator column (10x4 mm |.D., same
resin) [14]. This suggests the strong affinity of |~
and SCN ™ to the resin and also the reduction of the
sample dilution on a semi-microcolumn. Similar
results were obtained for NO; and Br, but the
effect was small for 10, and NO, due to weak
retention.

A mini-column packed with ODS (10X4 mm I.D.)
was examined as a prefilter before a semi-micro-
column. It did not affect the peak shapes of |~ and
SCN , athough the peaks of 10, and NO, became
broad due to sample dilution. The mini-column was
thereafter used for iodide in seawater.

3.2. Effects of NaClO, and NaCl in mobile phases

Fig. 2 shows anion separation on a semi-micro-
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Fig. 2. Dependence of anion separation on NaCl concentration in
mobile phases, 0.03 M NaClO,+x M NaCl+5 mM sodium
phosphate buffer. Sample, 5~10 mg/l of each anion (sample
volume, 30 pl). Other conditions as in Fig. la
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column by the mobile phases, 0.03 M NaClO,+x(0~
0.5) M NaCl+5 mM sodium phosphate buffer. The
sample volume was 30 pl. As iodide is retained
strongly on the column by electrostatic and hydro-
phobic interactions, CIO, with hydrophobicity is
effective in displacing iodide with hydrophobicity
[14]. The addition of NaCl to mobile phases resulted
in a decrease in anion retention. However, as the
eluting power of NaCl is not generaly strong, the
rate of decrease was small and the order of the anion
retention did not change. For example, the addition
of 0.5 M NaCl decreased the retention times from
1.54, 3.92 and 6.80 min to 1.11, 3.07 and 5.33 min
for Br, 1, and SCN ", respectively.

The effect of NaCl in the samples was different to
that of NaCl in the mobile phase. Fig. 3 shows the
dependence of retention times of |~ (20 ng/l) and
Br~ (67 mg/l) on Cl~ concentration in 0.5 ml of
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Fig. 3. Dependence of iodide and bromide separation on Cl~
concentration in samples. , for mobile phase, 0.03 M
NaClO,+5 mM sodium phosphate buffer and - - -, for 0.03 M
NaClO,+0.5 M NaCl+5 mM sodium phosphate buffer. Sample,
20 pg/l 17 and 67 mg/l Br~ containing various Cl~ con-
centrations (sample volume, 0.5 ml). Other conditions as in Fig.
la

sample. Retention times of |~ increased with Cl™
concentration for both eluent systems, 0.03 M
NaClO, and 0.03 M NaClO,+0.5 M NaCl. On the
other hand, retention volumes of Br~ increased with
Cl~ for 0.03 M NaClO, but decreased with increase
in CI~ for 0.03 M NaCIO,+0.5 M NaCl. Br™ at
Cl =20000 mg/l was not detected because the
peak was hidden in the big peak of the matrix
anions. SO;~ in samples had a similar effect to Cl~
for both mobile phases.

These results can be explained as follows. excess
Cl in samples converted the CIO, -form of a semi-
microcolumn to partly the Cl ™~ -form for both eluent
systems. For example, 17.7% of Cl~ in 35%0 artifi-
cial seawater (sample volume, 2 ml) were trapped in
the column in the CIO, -form (10x4 mm |.D.) [14].
The conversion resulted in the stronger affinity of
iodide to the column, owing to the large difference in
selectivity between |~ and CI~ compared with that
between 1~ and CIO,. Whereas, CI~ which was
generated in the recovery process to the ClO, -form
was weak in eluting power for iodide. For example,
retention time of |~ for mobile phase of 1.4 M NaCl
was 24.2 min. This leads to the delay of iodide
elution. The difference in retention times of |~
between both mobile phases is attributed to the
eluting power of 0.5 M NaCl.

The delay in the Br— elution with 0.03 M NaClO,
was attributed to the longer time needed for recovery
to the ClO, -form, irrespective of stronger eluting
power of Cl~ for Br~ (retention volume of Br~ was
for example 8.02, 5.28, 2.83 min for mobile phases
of 0.2, 0.3 and 0.6 M NaCl only, respectively). On
the other hand, with 0.03 M NaClO,+0.5 M NaCl,
the retention time of Br~ decreased with salinity in
sample, because of faster recovery to original anion-
forms and also of stronger eluting power by Cl . A
faster recovery is possibly due to the lower conver-
sion rate from CIO, to Cl~ in the process of sample
injection. Thus, Cl~ in sample exerted effectively for
Br— elution but not for |~ elution.

3.3. lodide in seawater

Fig. 4 shows the separation of 20 wg/l iodide in
artificial seawater (salinity 35%o; sample volume, 0.5
ml). Using the mobile phase 0.03 M NaClO,, iodide
coduted with 65 mg/kg bromide (Fig. 4d), as
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Fig. 4. Dependence of iodide separation on NaCl concentration in mobile phases, 0.03 M NaClO,+x M NaCl+5 mM sodium phosphate
buffer. (8 0 M NaCl, (b) 0.1 M NaCl, (c) 0.3 M NaCl and (d) 0.5 M NaCl. Sample, 20 g/l iodide in 35%. artificial seawater (sample

volume, 0.5 ml). Other conditions as in Fig. la

expected from Fig. 3. On the other hand, the addition
of NaCl to the mobile phase was effective for faster
elution of bromide and aso for elimination of
interference by salinity. A sharp iodide peak with a
flat baseline was obtained using the mobile phase
containing 0.5 M NaCl (Fig. 4d). These results
indicate that both on-column iodide focusing and
on-column matrix elimination were effectively
achieved, indicating the effectiveness of high-capaci-
ty anion-exchange resin of styrene—divinylbenzene
copolymer and the mobile phase containing NaCl.
The effect of more NaCl in the mobile phaseson |~
elution was, however, small and the retention times
of |~ decreased a little (from 6.67 to 6.05 min) with
addition of 0.5 M NaCl, indicating that the elution of
|~ was mainly accomplished by ClO, . These results
are different from those of the columns with low
anion-exchange capacities: NaCl brought about both
elution of the analyte ions, |~ and SCN ™~ [15-19],
NO, and NO, [20,21] and aso the elimination of
interference by matrix anions such as CI ~ and SO3”.
For the column with increasing anion-exchange
capacity, it was possible to increase the separation

efficiency of NO, and NO, in samples containing
an excess of anions [20,21].

The performance of semi-micro ion chromatog-
raphy for iodide in seawater was thus examined
using 0.03 M NaClO,+0.5 M NaCl+5 mM sodium
phosphate buffer. Peak areas of iodide decreased
with increased salinities of samples although the rate
was relatively small: y=157.0—0.489x, R* (correla-
tion coefficient)=0.849; vy, peak area (5 pg/l |, 2
ml); x, salinity (x=0~40%c). On the other hand,
retention volumes increased gradually from 9.90 min
(0%0) to 12.50 min (40%o). Theoretical plates per
column for |~ increased with salinities in samples at
first from 4700 (0%.) to 20 600 (5%.) and 38 000
(15%0) but then decreased with an increase in
salinity, 34 400 (25%o), 23 700 (35%0) and 21 000
(40%0). These results indicate that salinity in 2 ml of
sample exerted both iodide focusing on a semi-
microcolumn and partly its elution. The calibration
curve of |~ by the peak area method was y=36.5+
28.2x (x=0~10 ng/l, 2 ml of 35% sample) R*=
0.999. The sope was ~2.8 times higher than those
with conventiona columns (150x4.6 mm 1.D.) with
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both sample loop and concentrator column systems
[14]. The ghost peak of |~ for 35%. artificial
seawater (I =0 pg/l) was obtained due to the
strong affinity of |~ to the column and the peak area
increased with salinity. However, as the |~ peak
areas a 0 pg/l 1~ were amost constant for the
samples with same sdlinity, it did not affect the
iodide determination. The relative standard devia-
tions (R.S.D.g) for successive injections of 5 and 1
pg/l 17 (2 ml of 35%. sample) were 1.5 and 5.8%

(n=5 each), respectively. The detection limit by a
semi-microcolumn system (3Xstandard deviation of
peak areaat O wg/l 1) was 0.2 wg/l |~ for 2 ml of
35%0 artificial seawater.

Fig. 5 shows the separation of iodide in seawater
samples. A sharp iodide peak was obtained without
any interferences. the concentrations were 1.3 and
6.5 ng/l (Fig. 5aand b), respectively, and recoveries
were 98.4 and 97.0% for addition of 2 and 5 w.g/I

|, respectively.
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In conclusion, larger sample volume injection
method will be a useful technique for increasing

sensitivity if scale-downed IC conditions can be
optimized.
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