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Automated colorimetric determination of trace silicic

acid in seawater by gas-segmented continuous flow
analysis with a liquid waveguide capillary cell

Fuminori HASHIHAMA™* and Jota KANDA

Abstract: We have developed a highly sensitive automated colorimetric system in which molyb-
denum blue reaction is used to determine nanomolar concentrations of silicic acid in seawater.
The analytical system consists of a gas-segmented continuous flow analyzer equipped with a 1-
m long-path liquid waveguide capillary cell. A detection limit of 11nM and a linear dynamic
range of >2000nM were achieved. The reproducibility at 100-nM standards had a coefficient of
variation of 2.2% (n=6). A sample time of 150s was sufficient to reach the maximum
absorbance output for a 100-nM solution. Field observations using this system revealed that
the concentration of silicic acid in the surface waters of the southwest Indian Ocean varied from
1460 to 1790nM. This analytical method has a detection limit that is considerably lower than
that of conventional analytical method. The fairly large dynamic range, high reproducibility,
and relatively rapid sample processing are suitable for the high-resolution measurement of
temporal and spatial variations in trace concentrations of silicic acid.
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1. Introduction

Marine silicon cycling through the processes
of biogenic silica production, dissolution, and
preservation has received considerable atten-
tion in recent biogeochemical studies
(RAGUENEAU et al., 2000). Biogenic silica pro-
duction generally takes place through the up-
take of silicic acid by planktonic organisms in
the surface waters of the ocean. Silicic acid is
an important nutrient for the growth of dia-
toms, and its availability has a major impact
on carbon cycling because diatoms are cur-
rently responsible for 40% of the primary pro-
duction in the ocean (NELSON et al., 1995;
FALKOWSKI et al., 2004).
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Water masses with low concentrations of
silicic acid are frequently found in many re-
gions of the world’s oceans. There are chroni-
cally low silicic acid concentrations of <1y M
in the surface waters of the subtropical Atlan-
tic throughout the annual cycle (BRZEZINSKI
and NELSON, 1995, 1996). Such low concentra-
tions were also observed in the surface waters
of the equatorial Pacific and the Southern
Ocean; these areas are termed as high-nutrient,
low-silicic acid, low-chlorophyll (or HNLSLC)
areas (DUGDALE et al., 1995; DUGDALE and
WILKERSON, 1998). In addition to these oceanic
regions, low concentrations have also been de-
tected in neritic waters during diatom blooms
(e.g., OFFICER and RYTHER, 1980; TSUNOGAI
and WATANABE, 1983; EGGE and AKSNES, 1992).
Silicic acid concentrations in these waters occa-
sionally fall to levels below the detection limit
of the conventional analytical method that uses
the molybdenum blue reaction (ca. 0.1 u M;
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STRICKLAND and PARSONS, 1972), and they are
frequently less than 0.5-1.5 ¢ M; this concen-
tration range has often been suggested as a
threshold concentration for net silicic acid up-
take by silicon-starved diatoms (PAASCHE,
1973).

An accurate determination of low silicic acid
concentration is critical to a thorough under-
standing of silicon cycling and its relationship
with diatom dynamics, especially in silicic acid-
depleted environments. However, highly sensi-
tive methods for measuring nanomolar
concentrations of silicic acid in seawater are
poorly established. Although a solvent extrac-
tion method (BRzEZINSKI and NELSON, 1986)
and magnesium-induced coprecipitation
(MAGIC) method (RIMMELIN-MAURY et al.,
2007) have been developed to measure
nanomolar silicic acid, these methods are not
automated and are unsuitable for rapid analy-
sis. Furthermore, highly sensitive automated
colorimetry using a gas-segmented continuous
flow analyzer with a liquid waveguide capillary
cell (LWCC) has been employed for the
nanomolar determination of nitrate and nitrite
(ZuANG, 2000), phosphate (ZHANG and CHI,
2002), and ammonium (L1 et al, 2005) ; but,
such as method has not yet been applied for
silicic acid determination. In the present study,
we develop a highly sensitive automated
colorimetric system for the nanomolar deter-
mination of silicic acid by incorporating an
LWCC into a gas-segmented continuous flow
analyzer.

2. Experiment
Automated analytical system

A gas-segmented continuous flow colori-
metric method was employed for the auto-
mated analysis of trace silicic acid in seawater.
The manifold configuration and a flow dia-
gram are shown in Fig. 1. We installed a 1-m
long-path LWCC (LWCC-2100, World Preci-
sion Instruments), a fiber optic light source
(FO-6000, World Precision Instruments), and
a miniature fiber optic spectrometer (USB2000,
Ocean Optics) in the detector position. The 1-m
long-path LWCC is composed of quartz tubing
with a 550- £ m inner diameter and 250- ¢« L in-
ternal sample volume, and its outer surface is

coated with a low refractive index cladding ma-
terial, Teflon-AF. The LWCC was connected via
fiber optic cables to a light source and spec-
trometer. The spectrometer was connected to a
computer via a universal serial bus, and it was
operated using SpectraSuite software (Ocean
Optics).

The colorimetric analysis involved a conven-
tional molybdenum blue reaction. The reaction
path in the manifold (Fig. 1) was similar to
that described by HANSEN and KOROLEFF
(1999). First, silicic acid in a seawater sample
reacts with molybdate in an acidic solution to
form a yellow silicomolybdate complex. The
complex is then reduced by ascorbic acid into
silicomolybdenum  blue to increase its
spectrophotometric sensitivity. Oxalic acid is
added to prevent the reduction of the excess
molybdate and to diminish the influence of the
phosphate present in the sample. The
absorbance of the blue silicomolybdate complex
was measured at 660nm, and the silicic acid
concentration was quantified from the peak
height calibrated against that of the standard
solution. The measurement at 810nm generally
yields the maximum absorbance (HANSEN and
KOROLEFF, 1999), but we selected the wave-
length of 660nm because of the effective detec-
tion of the 1-m long-path LWCC in the range
from 230 to 730nm. Flow rates were controlled
by Tygon pumping tubes and the peristaltic
pump of a Technicon AutoAnalyzer II. The
tubes, mixing coils, and fittings of the
AutoAnalyzer II were used to construct the
manifold. Polyethylene filters with pore size of
20 y m were fitted to the suction lines of the
sample and the analytical reagent to remove
large particles, which could potentially clog the
quartz tubing of the LWCC.

Analytical reagents and standards

All reagents used were of Wako analytical
reagent grade. The pure water used in prepar-
ing the analytical reagents and stock standard
was purified by a reverse osmosis and deioniz-
ation system (Auto Pure WEX3 and WR600A,
Millipore) that produces water with a resis-
tance of 18.2M Q. The preparation of the ana-
lytical reagents was based on those used for a
flow analysis described by HANSEN and
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Fig. 1. Manifold configuration and flow diagram of the gas-segmented continuous flow analysis of silicic acid

with an LWCC.

KOROLEFF (1999), except for an ascorbic acid
solution. The molybdate regent was prepared
by dissolving 7g of sodium molybdate dehy-
drate (Na;MoO, » 2H.0) and 21mL of 4.5-M
H.SO: in 1L of pure water. The oxalic acid solu-
tion was prepared by dissolving 6g of oxalic
acid dehydrate ((COOH). * 2H,O) in 1L of pure
water. The ascorbic acid solution was prepared
by dissolving 16g of ascorbic acid (CsHiOs) in
1L of pure water, and then adding 10mL of 15%
(w/v) sodium dodecyl sulfate (CH; (CH:).
OSO;Na) solution as a surfactant. The pre-
pared reagents were stored in polyethylene bot-
tles, which were first rinsed with 0.3-M HCI
and pure water.

Disodium hexafluorosilicate (Na,SiFs) dried
at 110°C was used to prepare a 10-mM stock
standard solution of silicic acid (HANSEN and
KOROLEFF, 1999). The dried salt was dissolved
with pure water in a plastic measuring flask

using ultrasonication (Oku, 2002). The stock
solution was stored in an acid-cleaned polyeth-
ylene bottle and placed in a refrigerator. Work-
ing standard solutions were prepared by the
serial dilution of the stock solution with silicic
acid-free seawater. The silicic acid-free sea-
water was also used as blanks and wash solu-
tions. The silicic acid-free seawater was
prepared by removing silicic acid from
seawater collected from the surface of the west-
ern North Pacific (30° N, 138° E). The addition
of 1-M NaOH to the seawater at a 1:40 ratio
(v/v) produced a Mg (OH), precipitate that ef-
fectively scavenged the silicic acid (RIMMELIN-
MAURY et al., 2007). The supernatant was then
used as silicic acid-free seawater.

Cleaning
The reaction path in the manifold was
cleaned by the sequential injection of 10% (v/v)
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Merck Extran MA 03 and 1-M HCI with injec-
tions of pure water before and after each clean-
ing solution. As for the LWCC, the sequential
injection of 2-M NaOH, 2-M HCI, methanol,
and acetone, along with the pure water injec-
tion, proved effective. A 0.2- x m DISMIC—25cs
syringe filter (Advantec) and 0.2- x m Anotop
25 syringe filter (Whatman) were used for the
injections of 2-M NaOH and 2-M HCI, respec-
tively. Pure water, methanol, and acetone were
injected through a 0.2- £ m Millex syringe filter
(Millipore).

Shipboard observation

The automated analytical system was ap-
plied to shipboard measurements in the south-
west Indian Ocean during the RT/V Umitaka-
maru 2008/2009 cruise. Silicic acid concentra-
tions in the ship’s intake water, which was
pumped from a depth of ca. bm were deter-
mined continuously from 34.76° S, 46.17° E to
35.72° S, 45.43° E on 19 December 2008, along
with temperature and salinity measurements.
Data for the silicic acid concentration, tempera-
ture, and salinity were taken at 1-min inter-
vals.

3. Results and discussion

A typical output signal of trace silicic acid
was derived from analysis using the gas-
segmented continuous flow analyzer equipped
with the LWCC (Fig. 2). The absorbance of
pure water was not significantly different from
that of silicic acid-free seawater (P > 0.05, n=
10; Fig. 2a), suggesting that the silicic acid in
the surface water of the western North Pacific
was completely removed by the alkaline treat-
ment. However, a ghost peak was observed in
the transition from pure water to silicic acid-
free seawater. Such a ghost peak was not ob-
served in the transition from western North
Pacific water to silicic acid-free seawater. This
peak may be attributed to an increase in the re-
fractive index caused by the mixing between
the pure water and silicic acid-free seawater in-
side the quartz tubing of the LWCC. Since this
peak hampers accurate measurement, the con-
sistent usage of silicic acid-free seawater as
blanks and wash solutions, and in the prepara-
tion of working standards, was essential for

completely eliminating this peak.

The molybdenum blue reaction in the silicic
acid determination is vulnerable to interference
by high concentrations of phosphate, hydrogen
sulphide, fluoride, and transition metals such
as Fe, Cu, Co, and Ni; however, such interfer-
ence is generally negligible for the concentra-
tions commonly present in the oligotrophic
open ocean (HANSEN and KOROLEFF, 1999). In
the present study, the effect due to the interfer-
ence by phosphate was examined by using our
analytical system. A sample of 5000-nM phos-
phate dissolved in silicic acid-free seawater was
injected into the analytical system; its meas-
ured absorbance was not significantly different
from that of silicic acid-free seawater (P >
0.05, n=4; Fig. 2b). Since the phosphate con-
centration in this sample was much higher
than that in oligotrophic subtropical surface
waters (<300nM; Wu et al., 2000; KARL et al.,
2001; MOUTIN et al., 2008; HASHIHAMA et al.,
2009), the phosphate interference in the deter-
mination of low silicic acid concentration was
almost completely negligible. Furthermore, we
measured the absorbance of 500-nM silicic acid
in the silicic acid-free seawater and in natural
seawater, because the alkaline treatment to
produce the silicic acid-free seawater removed
not just silicic acid, but also magnesium hy-
droxide and other compounds, which could po-
tentially interfere in the determination of
silicic acid. However, no significant difference
was observed between them (P > 0.05, n=3;
Fig. 2b), indicating that the compounds re-
moved by the alkaline treatment did not affect
the molybdenum blue reaction in the present
analytical method.

A calibration curve was established from a
duplicate measurement of six different concen-
trations of working standards (Fig. 3). A lin-
ear absorbance response to silicic acid
concentrations above 2000nM was obtained
with a significant correlation (#*=0.9989). The
linear dynamic range was greater than the
ranges afforded by the solvent extraction
method (<750nM; BRzEzINSKI and NELSON,
1986) and the MAGIC method for silicic acid
(<500nM; RIMMELIN-MAURY et al., 2007).
BRZEZINSKI et al. (1998) reported that surface
silicic acid concentrations in the subtropical
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Output signal of silicic acid derived from the gas-segmented continuous flow analyzer equipped with an
LWCC. (a) Pure water was injected for the first 20min, then various concentrations of silicic acid stan-
dards (50-2000nM) and western North Pacific water (WNPW) were sequentially measured every 7min
with injections of silicic acid-free seawater (SAFS) between them. The arrow indicates a ghost peak be-
tween pure water and SAFS. (b) A sample of 5000-nM phosphate dissolved in SAFS was measured at
Tmin between the SAFS injections, and then sequential samples of 500-nM silicic acid in SAFS, WNPW,
WNPW with 500-nM silicic acid, and SAFS were measured every 7min. Dashed lines indicate the bounda-
ries between the 5000-nM phosphate solution and SAFS. Asterisks denote the absorbance of 500-nM
silicic acid in SAFS and in natural water.
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Fig. 3. Linearity of the determination of silicic acid
concentration by gas-segmented continuous
flow analysis with an LWCC.

North Pacific varied horizontally from 900 to
3000nM. Thus, the relatively wide dynamic
range of our analytical method is appropriate
for shipboard observations in oligotrophic sub-
tropical surface waters.

A detection limit of 11nM was estimated as
being three times the standard deviation of the
measurement blanks (n=6), and the reproduci-
bility at 100-nM standards had a coefficient of
variation of 2.2% (n=6). The detection limit is
clearly lower than that of the conventional
analytical method (ca. 0.1 £ M; STRICKLAND
and PARSONS, 1972), and is similar to the detec-
tion limits afforded by the solvent extraction
method (ca. 3nM; BRzEZINSKI and NELSON,
1986) and the MAGIC method for silicic acid
(3nM; RIMMELIN-MAURY et al., 2007).

Air bubble injections significantly reduce
carryover and sample dispersion in the gas-
segmented continuous flow analysis. In an ex-
periment, where a sample line was switched
from blank to 100-nM standards, a sample suc-
tion of 150s was sufficient for reaching maxi-
mum absorbance (Fig. 4). Since the peak
shapes were almost symmetric (Fig. 2a), sam-
ple or wash time of >150s is considered to be
effective for eliminating the influence of car-
ryover and sample dispersion.

The shipboard observation using this ana-
lytical method detected a spatial variation of
silicic acid concentration in the surface waters
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Fig. 4. Output signal of 100-nM silicic acid standards

as a function of the duration of sample suc-

tion. Error bars indicate standard deviations
(n=3).

of the southwest Indian Ocean (Fig. 5). The
time period of 150s mentioned above corre-
sponds to a traversed distance of 1.16km, as-
suming a cruising speed of 15 knots (27.8km
h Y. Hence, the horizontal spatial resolution of
this method was approximately 1lkm. Silicic
acid concentrations on a ship transect varied
from 1460 to 1790nM with an increase or de-
crease in the small horizontal scale of several
tens of kilometers. This spatial variation
showed no clear correspondence with the varia-
tions in temperature and salinity over the
transect except for the region from 34.8 to 35.0°
S where a regional inverse relationship between
the silicic acid concentration and temperature
was observed. A sporadic occurrence of diatom
Rhizosolenia was recently found in the surface
waters of the southwest Indian Ocean
(PouLTON et al., 2009). Thus, the small-scale
variations in the low silicic acid concentration
could be ascribed to the uptake by diatoms.

As described above, a highly sensitive auto-
mated colorimetric system for the detection of
silicic acid was developed by incorporating an
LWCC into a gas-segmented continuous flow
analyzer. This system offers the advantages of
having a wide dynamic range, low detection
limit, and high reproducibility. Furthermore,
since this method is automated, it can be used
for rapid analysis; it is also appropriate for
shipboard measurements. This method permits
high-resolution measurement of temporal and
spatial variations in low concentrations of
silicic acid. Recently, nanomolar concentra-



Automated determination of trace silicic acid 125

20°8

25

30

35 /
40 L
30°E 35 40 45 50
21.5 — : ' ' 35.8
........ -35.7 o
Temperature 21.0 | ; 35.6 Salinity
[0] e ._35'5 [x]
(°C) 2054 0 rowmy g, o '
-35.4
20.0 - — : ; : 35.3
2000 +— ' ' .
1800 oo, —N s
. o™ am -~ LA
Silicic acid 1600 { s e e T
(nM) 1400 - -
1200 -
1000 - — . : . .
34.8 35.0 35.2 354 35.6

Latitude (°S)
Fig. 5. Temperature, salinity, and silicic acid concentration as measured on a transect in the surface waters of
the southwest Indian Ocean. The transect is denoted on the map by a black line. The silicic acid concen-
tration on the transect between 34.99 and 35.07° S was not available.

tions of nitrate, nitrite, and phosphate in
oligotrophic waters have been intensively
measured to understand nutrient dynamics at
low concentration levels (e.g., GARSIDE, 1985;
EppLEY and RENGER, 1988; Wu et al., 2000;
KARL et al., 2001; KaNDA et al., 2007; MOUTIN et
al., 2008; HasHIHAMA et al., 2009). However, ac-
curate silicic acid measurements have not been
conducted. HASHTHAMA et al. (2009, 2010) re-
vealed basin-scale and meso-scale distributions
of nitrate + nitrite and phosphate in the tropi-
cal and subtropical Pacific using highly

sensitive automated colorimetric system using
the LWCC. By combining the new silicic acid
analytical system with these nitrate + nitrite
and phosphate systems, we can perform simul-
taneous measurements of three nutrients, and
gain a better understanding of nutrient dy-
namics in oligotrophic waters.
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