
Introduction

Deep seawater (DSW), located below ca. 200 m at the continental
shelf’s outer edge, has been characterized as having a constant
salinity and a limited number of viruses and planktons, which
can be used for various purposes.1,2 One of the most significant
effects of minerals in seawater is to accelerate and complete the
fermentation processes for foods and alcohol as well as many
other commodities.3–5 Since trace elements are significantly
related to the bioavailability or toxicity of seawater, it is
important to reveal the characteristics of seawater.  One of the
noteworthy elements is chromium, the degree of toxicity of
which significantly depends on its chemical form.
Chromium(III) is considered to be an essential trace element,
since it is able to coordinate several amino-acid ligands in the
human body.  The complete structure of the glucose tolerance
factor is still uncertain, as is the exact relationship between
chromium deficiencies, diabetes and cardiovascular diseases.6

On the other hand, chromium(VI) is known to be toxic to
humans, capable of permeating cell membranes, a powerful
mutagen for humans and a potential carcinogen.  Therefore, an
accurate evaluation of chromium requires individual
determinations of chromium species.  Since the average
concentration of total chromium in the world oceans is
significantly low, about 0.2 µg l–1, the analytical method for the
speciation of chromium requires a detection limit below sub ppb
level.7 Several methodologies for speciation in seawater were
previously reported, most of which are based on atomic
absorption spectrometry (AAS), and inductively coupled plasma
mass spectrometry/atomic emission spectrometry (ICP-
MS/AES) combined with a column for the collected species.
Hirata et al.8 reported a method that enabled a highly sensitive

determination of Cr(III) and total chromium (Cr(III) + Cr(VI))
at 0.02 µg l–1.

Recently, Motomizu et al.9 reported an on-line FI system
using anion- and cation-exchange resins coupled with ICP-AES.
These ion-exchange resins cannot be used to collect chromium
in seawater due to the high concentration of the seawater
matrix.  Therefore, in this study, an on-line preconcentration
system using dual columns containing iminodiacetate chelating
resin was proposed for the speciation of Cr(III) and Cr(VI) in
seawater.  In this system, Cr(III) was collected on the first
column.  Chromium in the effluent from the first column was
collected on the second column after passing through the
reduction-switching unit, in which a reducing agent was
introduced, or not, for the reduction of Cr(VI) to Cr(III).  Cr(VI)
was determined as the difference between the concentration of
all Cr(III) reduced and Cr(III) collected in the second column.
Hydroxyammonium chloride was used as a potential reducing
agent for the conversion of Cr(VI) to Cr(III).  The collected
species were sequentially eluted with 2 M nitric acid and
measured by ICP-AES.

Experimental

Reagents and materials
All of the chemicals used were of analytical reagent grade,

unless otherwise specified.  A 100 mg l–1 stock standard solution
of Cr(III) was prepared by dissolving chromium nitrate
nonahydrate (Wako) in a 0.01 mol l–1 nitric acid solution (Kanto
Chemical).  A 100 mg l–1 Cr(VI) stock standard solution was
prepared by dissolving sodium chromate tetrahydrate (Kanto
Chemical) in ultrapure water.  The standard solutions of Cr(III)
and Cr(VI) were prepared daily by accurate dilution of the stock
solutions.  The reducing agent was prepared by the accurate
dilution of a stock solution of 10 w/v% hydroxyammonium
chloride (Wako).
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Artificial water was comprised of sodium chloride (0.42 mol,
Wako), potassium chloride (0.01 mol, Aldrich), calcium
chloride (0.01 mol, Aldrich), magnesium chloride, (0.05 mol,
Aldrich) and sodium sulfate (0.02 mol, Aldrich) per liter of
water.

An iminodiacetate resin (Muromac A-1, 50 – 100 mesh:
Muromachi Technos) was used for collecting and
preconcentrating the Cr(III) species.  Solid-phase columns were
prepared by packing the resin into PTFE tubing (5 cm × 2 mm
i.d.) equipped with plugs of quartz wool at both ends of the
tubing to keep the resin inside the column.

Apparatus
The ICP-AES system (Vista Pro, Seiko Instrument, Japan)

was used to measure chromium.  The optimized operating
conditions of ICP-AES were as follows: RF power, 1.2 kW;
plasma gas 15 l Ar min–1, auxiliary gas 1.5 1 Ar min–1, nebulizer
gas 0.75 l Ar min–1; measurement mode, time-scan mode;
analytical line, 267.716 nm.  PTFE tubing (0.5 mm i.d.) was
used for assembling the flow lines in a flow injection
pretreatment system.

Procedure
Schematic diagrams for the on-line

separation/preconcentration of Cr(III) and Cr(VI) are shown in
Fig. 1.  The chromium in seawater samples (pH 3.3) was
collected in the resin column.  In acidic regions, Cr(III) exists as
cationic species, Cr(OH)n

(3–n)+, whereas Cr(VI) exists as anionic
species, CrO4

2–.  Therefore, in the first column, only Cr(III) was

collected, while unretained chromium passed through the first
column, and was subsequently reduced by hydroxylamine to
Cr(III), which was collected on the second column.  In this
system, the conversion of Cr(VI) to Cr(III) was about 73%.10

After the tube and columns were washed with pure water, the
collected chromium species were eluted with 2 M nitric acid.
The analytes zones eluted from the columns were introduced to
ICP-AES for their measurements.

In the next step, a similar procedure was performed without
delivering the reducing agent.  Therefore, Cr(III) was obtained
from the first column and Cr(VI) was determined as the
difference with or without a reducing agent from the second
column.  The procedure for the determination of Cr(VI) is a
little complicated because a small amount of Cr(III) was
suspected to have passed through the first column, which was
collected on the second column.

Results and Discussion

Effect of the pH on the collection of chromium species in seawater
The effects of the pH on the collection of chromium with the

iminodiacetate resin were examined by using a batch column
procedure.  As shown in Fig. 2, the chromium(III) was
quantitatively collected at about pH 3.3, whereas the anionic
species of chromium(VI) was slightly retained on the resin.
This result was also similar to a previously reported result for
the speciation of chromium in fresh water.10

In this dual column system, Cr(VI) was reduced to Cr(III) and
collected on the second column.  Hydroxyammonium chloride
was used as a reducing agent for the conversion of Cr(VI) to
Cr(III).  Because the recovery of Cr(III) in the first column was
not 100%, a small amount of Cr(III) may be collected in the
second column.  Therefore, the reduction-switching unit was
installed between the first and second columns.  In the switch-
on position, the Cr(VI) was reduced to Cr(III), which was
collected on the second column together with residual Cr(III)
from the first column.  In the switch-off position, only the
residual Cr(III) was collected in the second column.  Then,
Cr(VI) was determined by subtracting the amounts of chromium
obtained with and without the introduction of a reducing agent
in the second column.

Effect of coexisting ions
The interference due to the coexisting ions on the

determination of 2 µg l–1 of Cr(III) or Cr(VI) was studied.  The
single matrix of each 1000 mg l–1 of Na, K, Ca and Mg gave
serious interferences, which resulted in the recoveries of Cr(III)
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Fig. 1 Flow diagram of the on-line dual-column coupled with ICP-
AES system.  P1 and P2, peristaltic pump; C1 and C2, column, PTFE
tubing 5 cm × 2 mm i.d. packed with iminodiacetate chelating resin
(Muromac A-1); S, sample, pH 3.3, flow rate of 1.0 ml min–1; E, eluent,
2 M HNO3, flow rate of 1.0 ml min–1; R, reducing agent, 100 mM
hydroxyammonium chloride; RS, reduction-switching unit, flow rate
of 0.2 ml min–1; RC, reaction coil, PTFE tubing 5 m × 0.5 mm i.d.

Fig. 2 Effect of the pH on the collection of Cr in seawater.  A: Cr(III),
a: Cr(VI).  Sample solution, 100 µg l–1 Cr(III) or Cr(VI) in seawater;
column procedure, batch; column containing iminodiacetate resin,
Muromac A-1 (30 mm × 7 mm); eluent, 2 M HNO3.

Fig. 3 Flow signals of the Cr species (a) in pure water and (b) in
artificial seawater.  Peaks: 1, Cr(III); 2, Cr(VI).  Concentration of
each Cr species, 2 µg l–1; sample volume, 10 ml.  The flow signal of
(b) was shifted so that the peaks can be easily viewed.
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of 105% (Na), 103% (K), 400% (Ca), and 310% (Mg),
respectively.  Figure 3 shows the changes in the flow signals of
chromium species in pure water and artificial seawater
containing 2 µg l–1 of both Cr(III) and Cr(VI).  It was found that
the Cr(III) and Cr(VI) peaks increased compared with that of
the chromium signals prepared in pure water.  This means that
the matrix element causes the increase in background signals.11

Therefore, in this work, the matrix-match calibration method, in
which the artificial seawater was contained in the standard
solution, was used to calculate the Cr(III) and Cr(VI)
concentrations in seawater.  The calibration graphs showed a
good linearity in the concentration range of 0.2 – 2.0 µg l–1.  The
detection limits using 10 ml of the sample solutions, which
correspond to three-times the standard deviation of the blank
solution, were 0.04 and 0.09 µg l–1 for Cr(III) and Cr(VI),
respectively.

Determination of chromium in the standard reference material
and recovery in spike seawater samples

The on-line dual-columns system was validated through the
determination of chromium in the standard reference material of
seawater, CASS-4 (National Research Council of Canada).  The
recovery test of spiked samples of Muroto surface seawater was
also examined.  By using the proposed method, satisfactory
results were obtained as shown in Tables 1 and 2, which were
indicated by almost 100% recoveries of the chromium species.

Seasonal variations of chromium species in Muroto deep
seawater (DSW) and surface seawater (SSW)

The on-line dual columns system was applied to the
determination of Cr(III) and Cr(VI) in Muroto seawater.  The
samples were collected from Kochi Prefectural Deep Seawater
Laboratory located at Muroto coastal east, Kochi prefecture,
Japan.  In this laboratory, the seawater was pumped up through
polyethylene pipelines from two sampling sites: a deep-sea site
at a depth of 320 m and away from the coast by approximately 2
km (33˚17.63′N, 134˚13.12′E), and a surface-sea site at a depth
of 0.5 m and near the coast, within approximately 10 m.

DSW and SSW samples were collected in polypropylene
bottles on a four-season basis from October 2003 to July 2004.
The sample solutions were filtered through a 0.45 µm
membrane filter of nitrocellulose ester, and stored in a
refrigerator (4˚C) before analysis.  The seasonal variations of

the concentration of Cr(III) and Cr(VI), and the ratios of Cr(III)
to the total chromium are presented in Fig. 4.  The concentration
of Cr(III) in DSW was lower than those in SSW, while the
concentration of Cr(VI) in DSW was generally higher than that
in surface water.  The depth-dependency in Muroto seawater
was similar to those in other ocean areas.12 Probably, in SSW,
the uptake of Cr(VI) by microorganisms is predominantly
performed and Cr(VI) is subsequently reduced to Cr(III),
whereas less biological activity occurrs in DSW, and therefore,
Cr(VI) is regenerated due to biogenous matter degradation or
coprecipitated particulates with hydrated metal oxides.13

Therefore, the ratios of Cr(III) to the total chromium in DSW
were relatively low and constant in the range from 18.1 to
28.7%.  On the other hand, those in SSW were from 24.2 to
45.1%.

Conclusion

The on-line dual columns system is convenient and effective for
the determination of chromium species in seawater samples.  It
was successfully applied to the speciation of Cr(III) and Cr(VI)
in deep and surface seawater samples.
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Table 1 Determination of chromium species in the standard 
reference material for near-shore seawater, CASS-4 (National 
Research Council of Canada)

< D.L. 0.15 ± 0.03 0.14 ± 0.03

Found (n = 3)/µg l–1 Certified value/µg l–1

Cr(III) Cr(VI) Total Cr

Table 2 Recovery of a spiked seawater sample, Muroto SSW

0 0 0.05 ± 0.01 0.10 ± 0.02 — —
0.21 0 0.26 ± 0.01 0.12 ± 0.02   98 —
0 0.19 0.07 ± 0.00 0.31 ± 0.02 — 107
0.21 0.19 0.26 ± 0.01 0.32 ± 0.01 104 110

Added/µg l–1 Found (n = 3)/µg l–1 Recovery, %

Cr(III)Cr(III) Cr(III) Cr(VI)Cr(VI)Cr(VI)

Fig. 4 Seasonal variations of chromium species in Muroto SSW
and DSW.  (A) Cr(III), (B) Cr(VI), and (C) ratio of Cr(III) to total
chromium in Muroto SSW and DSW.  A: SSW, f: DSW.  The
values were given as the average of 3-times measurements.

(A)

(B)

(C)



Acknowledgements

The authors would like to thank Dr. Hiroaki Tao and Dr.
Tetsuya Nakazato of National Institute of Advanced Industrial
Science and Technology (AIST) for their grateful suggestions
about the measurement techniques and an iminodiacetate resin.

References

1. T. Sumida, E. Tamura, and H. Kawakita, Bull. Soc.
Seawater Sci. Jpn., 2001, 55, 158.

2. T. Sumida, M. Watanabe, S. Doi, M. Taniguchi, and S.
Tanabe, Deep Ocean Water Res., 2002, 3, 65.

3. M. M. Takahashi, Bull. Soc. Seawater Sci. Jpn., 2005,
59,195.

4. M. Hisatake, Gekkan-Kaiyo, 2000, special 22, 139.
5. M. Sami, H. Sugiyama, H. Uwagami, M. Nakao, R. Katoh,

and H. Uehigashi, Deep Ocean Wat. Res., 2004, 5, 7.
6. T. P. Rao, S. Karthikeyan, B. Vijayalekshmy, and C. S. P.

Iyer, Anal. Chim. Acta, 1998, 369, 69.
7. Y. Nozaki, Bull. Soc. Seawater Sci. Jpn., 1997, 51, 302.
8. S. Hirata, K. Honda, O. Shikino, N. Maekawa, and M.

Aihara, Spectrochim. Acta, Part B, 2000, 55, 1089.
9. S. Motomizu, K. Jitmanee, and M. Oshima, Anal. Chim.

Acta, 2003, 499, 149.
10. T. Sumida, T. Ikenoue, K. Hamada, A. Sabarudin, M.

Oshima, and S. Motomizu, Talanta, 2005, 68, 388.
11. G. F. Larson and V. A. Fassel, Appl. Spectrosc., 1979, 33,

592.
12. Y. Nozaki, EOS trans. AGU, 1997, 78, 221.
13. K. Isshiki, Gekkan-Kaiyo, 2005, special 39, 69.

164 ANALYTICAL SCIENCES   JANUARY 2006, VOL. 22


