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Abstract

A new spectrophotometric method based on a liquid waveguide capillary cell for an enhanced detection was
developed to measure nanomolar iodate concentrations. This method has a detection limit and precision of 1-
2 nmol/L, which is equivalent to 10% that of conventional methods, a recovery of 97.7%-104.0%, and a working
range of 10-120 nmol/L. Water samples were collected from three estuaries and one coastal ocean for testing, and
the proposed technique detected as low as 11 nmol/L and 18 nmol/L iodate in these samples. This newly
developed method is helpful in understanding the biogeochemical cycle of iodine in nature.
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1 Introduction

Inorganic dissolved iodine exists as iodide and iodate in sea-
water (Wong, 1991). Iodate is the major species and can be found
rather ubiquitously in the oceans (Cutter et al., 2018; Moriyasu et
al.,, 2020; Tian et al., 1996; Truesdale, 1994; Truesdale and Bailey,
2002; Tsunogai, 1971; Tsunogai and Henmi, 1971; Wong, 1976,
1991, 1995; Wong and Cheng, 2008; Wong and Zhang, 2003). The
concentrations of iodate in open ocean waters range mostly
between 200 nmol/L and 500 nmol/L. Low concentrations are
found in the surface mixed layer where iodate is slightly depleted
(Wong, 1991; Wong and Brewer, 1974; Wong et al., 1976).

Two conventional methods have been used extensively for
the direct determination of iodate in these waters. In one tech-
nique, iodate is reacted with excess iodide under acidic condi-
tions to form tri-iodide ion, which may then be quantified either
through titrimetry or spectrophotometry (Chapman and Liss,
1977; Dubrav¢i¢, 1955; Moriyasu et al., 2020). As an alternative,
iodate may be determined directly through differential pulse po-
larography (Herring and Liss, 1974).

The precision of both methods is approximately +5% or +10
nmol/L. Other techniques have also developed based on induct-
ively coupled plasma mass spectrometry coupled with gel elec-
trophoresis, headspace gas chromatography or reverse phase li-
quid chromatography (Briichert et al., 2007; Moriyasu et al., 2020;
Xie et al., 2019; Zhang et al., 2018); however, these approaches
are burdened by the associated high maintenance cost of this de-
tection system.

The precisions and detection limits of conventional methods
are quite adequate for determining iodate distribution in open
oceans. However, iodate concentration decreases in areas near
the coasts and can easily drop below 50 nmol/L, which is even
lower than the detection limits for inshore and estuarine waters

(Guo and Peng, 1989; Smith and Butler, 1979; Ullman et al.,
1988). For these cases, the existing methods become marginal to
inadequate. The dissolved iodine may also exist as dissolved or-
ganic iodine (DOI), which is especially plentiful in coastal waters
where the concentration of iodate is usually low (Schwehr and
Santschi, 2003; Wong and Cheng, 1998, 2001, 2008). To date, no
analytical method has been developed to directly measure DOI,
which is instead estimated as the difference in concentration
between total dissolved iodine and the sum of iodide and iodate.
Thus, the precision and detection limit in iodate determination
will be carried directly into the estimation of DOI concentration.
Given that DOI concentrations are mostly at or below 0.1 pmol/L,
amethod for iodate determination with a precision of lower than
+0.01 pmol/L and a detection limit below 0.01 pmol/L is urgently
needed.

The principle of iodate determination through spectrophoto-
metry is as follows:

107 + 51" + 6H" = 3L, + 3H,0. €))

L+1"=1I;. )

In acidic solution, iodate first reacts with iodide and, the pro-
duced I, can be further reacted with iodide to form tri-iodide. At
298 K, the reaction constant of reaction Eq. (2) is 725 L/mol, e.g.,
when iodide concentration is 16 mmol/L, I, accounts for only 4%,
and tri-iodide accounts for over 96% (Pai et al., 1993). When iod-
ide is dissolved in water, the absorption peaks of the molecular
iodine and tri-iodide are at 450 nm and 353 nm, respectively (Pai
etal., 1993).

According to Lambert-Beer’s law, the total absorbance con-
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sists of molecular iodine and tri-iodide as follows:
A = epbey, + &-be-, 3)

where A is the absorbance, ¢1, and & represent the molar ab-
sorptivity of I, and I3, respectively, unit is L/(mol-cm); b is the
path-length (cm); and c;, and ¢ are the concentrations of I, and
I3 (mol/L), respectively. When 353 nm is chosen, the absorbance
of molecular iodine can be neglected in an excess of iodide solution.

In conventional spectrophotometry, the upper limit of the
path length of the spectrophotometer cell is usually 10 cm. The li-
quid waveguide capillary cell (LWCC) with path lengths of up to
100 cm is now available. In theory, the detection limit of a spec-
trophotometric method may then be reduced by an order of
magnitude.

Air oxidation of iodide is a long-recognized interference in
iodometry (Carpenter, 1965), and the reaction rate is accelerated
by light (especially ultraviolet light, UV) in the reaction
(Fitzmaurice and Frei, 1991). The reaction equation is as follows:

41" + 0, + 4°HT 2 21, + 2H,0. 4

Equation (4) is an important problem in the determination of
iodate nanomolar quantities. The absorbance of tri-iodide
formed from iodate per unit concentration of iodate per unit path
length is estimated to be only ~7.0x10* L/(mol-cm) from the re-
ported molar absorptivity of tri-iodide in seawater. Air oxidation
may occur in the test solution under favorable acidic condition,
even rapidly when the test solution is exposed to the light source
in the spectrophotometer. Given that the absorbance is meas-
ured at 353 nm, the test solution is exposed to near-UV light. In
conventional spectrophotometry, the test solution is exposed to a
monochromatic light source at that wavelength, and the expos-
ure time when absorbance is read is short, usually in seconds.
Thus, the effect is minimal (e.g., the absorbance is stable for at
least 1 h, data not shown). When a LWCC is used, the incident
light from the deuterium lamp is not fractionated through a
monochrometer before passing through the test solution. As a
result, the test solution is exposed to the full UV spectrum, in-
cluding the energetic short wavelength UV light of the deuterium
lamp, and the exposure time is prolonged until the absorbance is
read for 1 min and averaged to minimize the effect of noise. In
addition, air oxidation may also occur in the KI solution even be-
fore being added to the test solution. This effect can be counter-
acted by measuring the reagent blank. KI air oxidation increases
the absorbance of the sample solution; hence, the iodate in the
sample will be overestimated. To reduce KI oxidation, the meth-
od must optimize the KI stock solution to maintain the condi-
tions of the sample, reaction solution, and measurement.

Two interferences must also be considered. One is chromo-
phoric dissolved organic matter (CDOM), also known as “gelb-
stoff” or yellow substances (Bricaud et al., 1981), which is re-
sponsible for UV and low wavelength visible light attenuation in a
wide range of natural waters (Guo et al., 2007). If CDOM is not
subtracted, then the solution absorbance will increase, and the
iodate concentration will be overestimated. As a solution, the
blank of a sample (B,) is measured and subtracted. Given that the
sample for a chemical reaction is acidified, the sample for B
measurement must also be acidified. Whether B, changes with
time must be examined. In addition, H,0, participates in the re-
action to oxidize KI, and the degree of overestimation decreases
with the reduction of H,0, concentration in the sample. Redu-
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cing the H,0, concentration of the sample is another challenge
that must be addressed.

Operational problems that are insignificant in conventional
spectrophotometry may become significant when a LWCC sys-
tem is used. Here, the problems associated with the convention-
al spectrophotometric method for iodate detection in marine wa-
ters were examined and circumvented to ensure that the pro-
posed technique can be adapted to a LWCC system for iodate de-
termination at the nanomolar level.

2 Experiments

2.1 Reagents and solutions

All solutions are prepared using analytical reagent-grade
chemicals and reagent-grade water. In brief, 2 mmol/L KIO,
stock solution is prepared by dissolving 0.042 8 g of potassium
iodate, which has been dried at a 110°C oven for 2 h in reagent
grade water and then diluted to 100 mL. Standard 0.5 pmol/L
KIO, solution is prepared by diluting the KIO, stock solution.

The mixed acid solution contains 0.1 mol/L sulfuric acid and
1% (w/w) sulfamic acid. Na,COj, stock solution of 0.1 mol/L is
prepared by dissolving 1.06 g of Na,CO, and diluting to a final
volume of 100 mL. Na,CO; solution of 10-® mol/L is prepared by
pipetting 10 mL of 0.1 mol/L Na,COj, stock solution then diluting
to a final volume of 1 L. Daily fresh reagent 10% (w/w) KI solu-
tion is prepared by dissolving 2 g of KI, which has been dried in
an 80°C oven for 2 h in 18 g of 10~ mol/L Na,CO, solution. The
intermediate of artificial seawater is prepared following the
method of Lyman and Fleming (1940).

2.2 Apparatus

The TIDAS system includes a 100 cm liquid waveguide capil-
lary cell (LWCC, WPI Inc., USA), a deuterium halogen light
source (DH-2000-BAL, Micropack, Germany), an Ocean Optics
TIDAS spectrophotometer, and a high precision multichannel
pump (ISMATEC, Switzerland) for sample introduction.

The pH meter model is Thermo Scientific Model Orion 3-star
pH meter mounted with an 8102B electrode.

The detector is controlled through a personal computer run-
ning SPECTRAL 2.0 (Ocean Optics, USA) software.

2.3 Procedure

A calibration curve is constructed by iodate standard solution
in the range of 0.01-0.1 pmol/L and then diluted to 50 mL in sep-
arate 50 mL volumetric flasks. These mixtures are treated as the
samples. For natural samples, an aliquot of 50 mL of the sample
is also transferred into a 50 mL volumetric flask, followed by the
addition of 1 mL of mixed acid solution. The mixture is allowed to
stand for 10 min with intermittent swirling to ensure that any ni-
trite present may be destroyed by the added sulfamic acid. An ali-
quot of 2 mL of 10% (w/w) Kl is then added, and the mixture is al-
lowed to stand for another 5 min before being pumped into the
TIDAS system for absorbance measurement.

Before the sample’s absorbance is measured, the sample is
pumped and flowed through the system for 0.5 min to flush any
residue and then measured at 353 nm for another 1 min at a
sampling frequency of 1 datum/s. Each sample needs an addi-
tional 1.5 min to finish measuring its absorbance, thus prolong-
ing the next sample’s waiting time. In addition, the side reaction
will increase their absorbance. As a solution, a time delay of 1.5 min
for the next sample is set to eliminate the side reaction effect.

The concentration of iodate in the sample is then calculated
from the following Eq. (5):
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Cs = (A— B, — By)/S, ©)

where C is iodate concentration in the sample, A is the absorb-
ance of the sample, B, is the sample blank due to the CDOM, B, is
the reagent blank, and Sis the slope of the working curve.

3 Results and discussion

3.1 Optimizations to reduce KI air oxidation

Physical parameters such as pump speed, reaction time, and
chemical parameters such as reagent concentrations were invest-
igated to optimize the system. The univariate method was used,
i.e., only one parameter varied while the other reaction condi-
tions are similar.

Sodium carbonate does not disturb the reaction or the meas-
urement of tri-iodide and hence can be used to adjust the pH of
the KI stock solution to prevent KI air oxidation. Figure 1 shows
that the pH of KI (10%, w/w) stock solution was 10.68, 9.33, and
7.06, stocked in 10-3, 104, and 0 mol/L sodium carbonate solu-
tion, respectively. When the pH was 10.68, the absorbance was 0.068+
0.003 (n=8) for eight measurements within 12 h. Given the small
standard deviation, the absorbance almost did not change with-
in 12 h. This condition is ideal because the samples are typically
measured within 30 min of KI addition. On the contrary, the ab-
sorbance increasing rate was 0.008 3 h-! (1.2 nmol/L iodate per
hour) in pH 9.33 solution and exhibited an accelerated trend in
pH 7.06. In general, the rate followed the equation of A = 4x10-43 -
3.9x1073£2 + 2x1072t + 5.27x1072, R2=0.994 2 (A is absorbance; t is
the preserving time, h).

In Eqgs (1) and (2), 0.2 pmol/L iodate was added to ensure that
KI concentration was sufficient for real sample measurement.
This amount is larger than the method’s upper limit (0.1
pmol/L). Hence, any KI concentration that has been tested here
is sufficient for the natural sample measurement.

The KI concentration optimization test (Fig. 2) shows that
when KI concentration was larger than 24 mmol/L, the absorb-
ance reached its climax and remained constant. At this point, the
effect of increasing the KI concentration will be null. Hence, KI
concentration of 24 mmol/L was chosen.

Acidity test shows that when pH was less than 3.5, the acidity
was sufficient to start the main reaction (Fig. 2b). The KI contact
time test shows that the main reaction was completed after 2.5 min
and did not change for at least the next 30 min. A 5 min reaction
time was chosen to ensure the consistency of the reaction.

Pump speed is relevant to the residence time of the sample.

0.6

0.5

0.4 —

0.3+

Absorbance

0.2+

0.1+

Time/h

Fig. 1. Relationship between the stock time and the extent of the
air oxidation (absorbance) of the stock solution kept in various of
pH [10% (w/w) ].
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Fig. 2. Relationship between extent of KI air oxidation (absorb-
ance) and KI concentration ([10; ]=0.2 pmol/L, 10 cm cell, pH=3,
KI contact time is 5 min) (a), pH ([I0; ]=0.2 pmol/L, 10 cm cell,
[KI]=24 mmol/L, KI contact time is 5 min) (b), and KI contact
time ([I05 ]=0.2 pmol/L, 10 cm cell, pH=3, [KI]=24 mmol/L) (c) in
iodate reduced reaction.

On the one hand, a low residence time can reduce UV exposure
time. On the other hand, a low residence time is correlated to a
high pump speed and a high flow rate. Under these conditions,
exquisite turbulence will be generated inside, and the absorb-
ance will be unstable.

Figure 3 shows the relationship among pump speed, resid-
ence time, and absorbance of 0.05 pmol/L KIO, reaction solu-
tion. When the pump speed ranged from 10 r/min to 30 r/min,
the sample residence time was reduced drastically from ~9 s to
~5s.In addition, the absorbance of a 0.05 pumol/L KIO, solution
(0.15 pmol/L I3’) decreased by ~0.2. From 30 r/min to 100 r/min,
the residence time decreased slowly from ~5 s to ~4 s. The reduc-
tion in residence time became insignificant when the pump
speed was larger than 60 r/min. The variation of absorbance due
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Fig. 3. Relationship among pump speed, residence time, and ab-
sorbance in LWCG; [10; ] is 0.05 pmol/L.

to the increase in pump speed can be neglected, and the turbu-
lence was increased due to the high flow rate. Therefore, the op-
timized pump speed (30-40 r/min) was selected.

3.2 Interferences of sample blank and H,0,

The relationship between time and sample absorbance was
analyzed (Fig. 4). The blank values of a sample (B,) were reduced
by subtracting the absorbance of each sample after the sample
was acidified. The B, of the solution slightly decreased after acidi-
fication, and the blank remained stable at least for 1 h.

The relationship of the oxidation ability of H,0, with KI, pH,
and reaction time was also examined (Fig. 5). The results show a
positive relationship between absorbance and KI concentration
or reaction time but a negative relationship between absorbance
and pH. When the KI concentration increased from 1 mmol/L to
36 mmol/L, the absorbance increased by 0.1 only. When pH in-
creased from 2.5 to 6.0, the absorbance decreased only by ~0.01.
By contrast, when reaction time increased from 1 min to 30 min,
the absorbance increased sharply. Hence, the reaction time is the
main controlling factor for the increasing absorbance. Decreas-
ing the contact time is the most effective way to diminish H,0,
interference.

Without the catalyst, approximately 2%-4% of H,0, can parti-
cipate in the reaction and produce I, :

HgOZ -+ 217 + 2H+ = 2H202 + Ig. (6)

Tor bt
5 S TR

Absorbence

0.12 o without acid
e with acid
0.10 1 T T
0 20 40 60 80

Time/min

Fig. 4. Relationship between absorbance and time with/without
acid of a sample blank.
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Fig. 5. Relationship between the absorbance and KI concentra-
tion (a), pH (b) and reaction time (c); the H,0O, concentration in
the solution is 0.5 pmol/L.

The hydrogen peroxide concentration in shelf sea and estu-
ary varies from 0.05 pmol/L to 5 pmol/L (Kieber and Helz, 1992;
Wau et al., 2015) and increases when approaching near the shore.
Concomitantly, iodate concentration decreases, and the interfer-
ence increases toward the shore. According to Eq. (6), hydrogen
peroxide interference should not be neglected in the low iodate
zone.

A time series experiment was conducted to test the decreas-
ing rate of H,0, in the sample. The results show that [H,0,] de-
creased from 0.14 pmol/L to 0.02 umol/L within 4 d (Fig. 6). A
simple calculation shows that 0.02 pmol/L [H,0,] can produce
absorbance that is equal to 1-2 nmol/L iodate. Therefore, if the
sample is stored for 4 d, then the hydrogen peroxide influence
becomes negligible.

3.3 Analytical performance

The analytical performance of this method was investigated
under optimal conditions. The calibration curve of iodate stand-
ard was examined within the concentration range of 0.01-0.12
pumol/L in the mediate of artificial seawater. The corresponding
calibration curve is shown in Fig. 7, y=(6.89+0.08)x+(0.272+
0.005), R2=0.999 7, £=(22 958+285) L/(mol-cm). The molar ab-

0.20

L0154

g [ ]

3 [ ]

K

£ 010 .

g

§ [ )

g

S 0.05

Q

= b4 .
0.00 T T T T T

0 1 2 3 4 5 6
Time/d

Fig. 6. Relationship between the stock time and H,O, concentra-
tion.
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Fig. 7. Relationship between iodate concentration and absorb-
ance measured by LWCC in artificial seawater.

sorptivity of the above standard curve was (22 958+285) L/(mol-cm),
which is comparable with that of the conventional method.

Spectrometric methods are influenced by the salinity effect,
i.e., the molar absorptivity decreases with the increase in salinity.
Therefore, the salinity of the standard curves must be adjusted
similarly to that of the samples. However, establishing standard
curves with numerous, small salinity intervals is difficult. Hence,
examining how the salinity difference between the standard
curve and the samples results in acceptable errors is necessary.
The results show that the difference between salinity 35 and 0
was approximately 6% (Fig. 8). Therefore, the salinity difference
between the standard curves and the samples must be within 5 to
offset the salinity effect and minimize the resulting error to with-
in 1%, which is lower than the method’s precision.

Table 1 lists the precision of iodate measurements in differ-
ent intermediates (artificial seawater or natural estuarine water).
Within-run precision of repeatability was determined by analyz-
ing five samples. The results show that in artificial seawater, 0.01
pmol/L, 0.02 pmol/L, 0.06 umol/L, and 0.08 pmol/L iodate were
detected, with standard deviations (SD) of 0.002 pmol/L, relative
standard deviation (RSD) of 7.3%, and recovery ratio of 97.6%-

Fig. 8. Relationship between the molar absorptivity of the stand-
ard curves and the salinity in a LWCC system, ¢=—39.1salinity+
23 770.

103.7%. In natural waters, when iodate was 0.011 pmol/L, the
RSD was 15%, which is higher than in the artificial seawater.
When the iodate concentration was higher than 0.03 pmol/L, the
two intermediates showed no difference, i.e., the method can be
applied to natural waters.

The SD, RSD, and recovery of several levels of iodate solution
are listed in Table 1; detection limit is ~2 nmol/L, and quantifica-
tion limit is 9 nmol/L.

3.4 Sample analysis

The developed method was applied to several estuarine and
coastal water samples (Table 2). The salinity difference between a
sample and the standard curve was 5 on average. All samples
were measured using conventional spectrophotmetry and LWCC
for comparison. The coastal waters and part of estuarine water
samples measured by LWCC were diluted to the measuring range
when needed. The results show that the concentrations meas-
ured by LWCC and conventional spectrophotometer were within
7%. Given the established efficacy of the conventional spectro-
photometric method, this finding proves that the spectrometric

Table 1. Precision and recovery ratio of spectrophotometric method to measure iodate with LWCC

Sample I(/)(dnarf O?ic,lf)d lodate me;a(srlllrr;: c()ili(irll)centranon / (ﬁ‘rﬁ;i%i) /(nn?(l))l-Lfl) RSD/% Recovery/%

Artificial seawater 0 2.1,0.6, 1.0 1.2 1.1 - -

10 9.8,10.9,104 10.4 0.6 5.3 104.0

20 20.4,18.6,19.6 19.5 0.9 4.6 97.7

40 38.8,42.6, 36.9 39.4 2.9 7.4 98.5

80 80.8, 82.8, 82.1 82.0 1.0 2.1 102.5
Danshui Estuary 1 - 9,12 11 2.1 15.0 -
Danshui Estuary 2 - 31, 29, 30 30 1.0 3.0 -

Note: SD represents standard deviation; RSD, relative standard deviation; the intermediate is artificial seawater; —, no data.

Table 2. Comparison of the results of spectrometric methods to measure iodate with LWCC or conventional spectrophotometer

Site Latitude Longitude Salinity Mea/sglnr If;ﬁ)?}]:_l;\)NCC Measured b}’(fl?:llgf Efll()mal method
Danshui Estuary 25.169 5°N 121.439 0°E 14.84 6242 0.06+0.01
15.54 6712 0.07+0.01
Changjiang Estuary 31.241 3°N 122.020 5°E 1.73 0+2 0+0.01
31.178 1°N 122.188 2°E 7.57 0+2 0+0.01
31.140 7°N 122.244 1°E 11.40 18+2 0£0.01
31.121 2°N 122.305 6°E 13.64 62+2 0.06+0.01
Jiulong Estuary 24.401 3°N 117.961 3°E 6.30 112 0+0.01
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method based on LWCC is dependable. In addition, its measure-
ment values for trace iodate in water samples from Jiulong Estu-
ary (11 nmol/L) and Changjiang Estuary (18 nmol/L) were au-
thentic.

4 Conclusions

A new method based on LWCC is developed to measure
nanomolar iodate concentration in environmental samples. This
novel technique promoted the sensitivity of determination with a
low detection limit and presented good spiked recoveries are
good. The promoted and conventional methods were applied in
water samples from several estuaries and coastal ocean.
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