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A new, highly sensitive and selective method for the spectrophotometric determination of iodate is developed
based on the in-vessel mode of headspace liquid phase microextraction (IV-HS-LPME). The approach
involves converting iodate to vapor iodine with excess of iodide and extracting it into a 50 uL of 1 % potassium
iodide, which exposed to the headspace in a specially designed vessel. The extraction proceeds from 8 mL
of aqueous solution containing 0.24 mmol L™ of iodide and 0.5 mol L of Na,SO, after injection of 2 mL
of 26% H,SO,. The complete equilibrium is established after the aqueous solution stirred at 1200 rpm for
20 minutes. After that, the triiodide complex formed in the acceptor phase is withdrawn with a microsyringe
and transferred to a 50 uL quartz micro cell with a 10 mm path length, where the absorbance is measured
at 288 or 350 nm. The calibration graph is linear (r* = 0.9998) in the range of 4 to 180 ug L (as 10,) with a
detection limit of 1.5 ug L. The developed method has a high precision of 0.5 — 1.4 %. It was successfully
applied to the determination of iodate in table salt, sea, and mineral water samples.
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PospobrieHuli Hosuli, 8UCOKOYymueul ma cesleKmueHUl mMemod Oris criekmpoghomomMempuyHO20
8U3Ha4yeHHs1 liolamy, sIKull rpyHmyemscsi Ha Memodi napoghasHol Mikpoekcmpakuii y peakmop. Llel
nioxio nepedbavae nepemeopeHHsi iodamy y napy (ody 3 HadnuuwKoMm odudy ma eKcmpakuito Lio2o
50 vk 1% kanit Godudy. AKuenmopHa ¢hasa 3akpinneHa y crieyjaribHO po3pobrieHoMy peakmopi Had
PO34YUHOM aHasimy y eepMemuy4HO 3akpumil giasi. Ekecmpakuito npoeodsimb 3 8 M1 600HO20 PO3YUHY,
wo micmums 0.24 monk/n tGodudy ma 0.5 monb/n Na,SO,, nicns esederHsi 2 mn 256% H,SO,. [NosHa
pigeHOBaza 8CmMaHO8IIEMbCS Micrs nepemiulygaHHs 800H020 posduHy npu 1200 o0b/xe npomsicom
20 xeunuH. licrisi yb020 PO34UH MPULOOUOHO20 KOMIIIEKCY, W0 YMEOPHEMbCS 8 aKUernmopHill ¢hasi,
8i0bupaembCs1 MIKPOWIMPUUOM i MepeHOCUMbCs 8 Keapuosy Mikpoktosemy o06’emom 50 MK 3 Q08KUHOH
wsaxy 10 mm, 0e sumiproembcsl Uo20 ceimrornoenuHaHHs npu 288 abo 350 Hm. [padyrosanbHull
gpadpik € niHidHum (r* = 0.9998) e dianasoHi 8id 4 0o 180 mka/n (ak 10,) 3 Mexel euseneHHs
1.5 mke /n. Po3pobrieHuli Memod mae 8ucoKy moyHicmb 0.5 — 1.4%. BiH bys ycrilwuHO 3acmocosaHuli 051
8U3Ha4YeHHs tlodamy y 3pa3Kkax KyXOHHOI cosli, MOPCbKOI ma MiHepasibHOI 800uU.

KnrouoBi cnoBa: napodasHa MiKpOEKCTpaKLisi Y peakTop, BUSHAYEHHSA rhogaTy, cnekTpodoTomeTpia

Liquid-liquid extraction is a well-known pretreatment
technique for separation and preconcentration of
organic and inorganic analytes. However, it has
a lot of disadvantages, including limitations in
preconcentration factor and the use of big volumes of
organic solvents, which makes liquid-liquid extraction
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costly, time-consuming, and not friendly to human and
environment [1]. These challenges can be avoided
using liquid phase microextraction (LPME). It utilizes
a small amount of organic solvent, inexpensive and
simple equipment, and provides high enrichment
factors [2, 3].
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Single-drop microextraction (SDME) is one of the
operating modes in LPME, which can be used for the
determination of various species in a large number
of matrices [4-6]. In this technique, a microdrop of an
organic solvent, suspended at the tip of a microsyringe
needle, is immersed into a sample solution (direct
immersion single drop microextraction, DI-SDME)
or placed in a headspace above the sample solution
(headspace single drop microextraction, HS-SDME).
Then the sample solution is stirred at a set temperature
for a fixed extraction time. When the extraction is
complete, the drop is ted into the needle and
transferred into theg for the analysis. Theis
et al. developed th (HS) mode of LPME
in 2001 as a new variant PME that combines the
benefits of both LPME a ventional head-space
sampling [7, 8].

HS-SDME suffers fr e disadvantages,
including the limited extrac*me that cannot
exceed 1-3 pL, drop dislo¥gentent, and solvent
volatility. The low interfacial contact grea between
sample and extraction solvent ¢
decrease in the extraction effici
drawbacks of this method can be pa
developing special tools for retaining
of extraction solvent or using new types
solvents, such as deep eutectic solvents
liquids [10].

Giventhesefeatures, combining spectroph
with HS-SDME is difficult. [11,12]. The use of mi
volume UV-vis spectrophotometers was prop
[11]. 1-2 pL of the extract is sufficient to meas
the absorbance but the optical path used is shor
~1 mm, the number of solvents, which can be used, is
limited, and the device is of high cost. It was proposed
by Zaruba et al. [13, 14] to hold an extraction phase
in the hole of the optical probe tip. The risk of losing
a microdrop is diminished, several operations, such
as extraction, transfer of the extractant to the cuvette,
absorbance measurement, are combined into one.
However, the droplet volume remains limited, and
the device itself is expensive and inaccessible, the
number of solvents that can be used is reduced due to
the requirement for their good adhesion to the material
of the optical probe.

lodine deficiency impairs thyroid hormone
development and has a variety of negative conse-
quences during a person’s life cycle, which is referred
to as iodine deficiency disorders (IDD) [15]. lodization
of salt is the standard method for treating iodine
deficiency conditions, and it is used in over 120
countries around the world. Because of salt iodization,
several countries across the world have successfully
eliminated or made significant strides in controlling
iodine deficiency disorders [16]. The amount of iodate
in salt and food samples varies with environmental
factors, mode of transport, packaging conditions,
and cooking methods, so determining iodate in these
samples is critical.

Many methods have been proposed for the
determination of iodate 7], including spectro-
photometry [18], flow injection analysis with
spectrophotometric detection [19-21], ion chroma-
tography [22], reversed-phase high-performance liquid
chromatography [23], and chemiluminescence [24].
However, we found only two articles in the literature
devoted to the spectrophotometric determination of
iodate combined with LPME methods [25, 26].

In this work, a new recently proposed headspace
microextraction technique called in-vessel headspace
liquid phase microextraction (IV-HS-LPME) [27] was
applied to develop highly sensitive and selective
spectrophotometric method for the determination
of iodate based on in situ iodine generation. It was
proposed to place the extraction phase not at the end
of the microsyringe, but in a specially designed vessel
in the headspace above the analyzed solution. Thus,
the main limitation of the previously existing approach
was removed, which consisted of the fact that it was
impossible to use volumes larger than 3-5 L. Since
virtually any volume of extraction solvent can be placed
in the vessel, this approach is fully compatible with
common accessories used in the spectrophotometric
analysis, including micro- and ultra-micro cuvettes
with a volume of 50-100 or 5-10 pL, respectively. The
developed method was successfully applied to the
determination of the iodate content in table salt and
natural waters.

Experimental part

‘,‘hemicals. All chemicals used were analytical
agent grade or higher and were not further purified.
le-distilled water was used throughout the study.
b sulfuric acid solution was obtained by diluting
of concentrated 96 % sulfuric acid (Sumy
, Sumy, Ukraine) to a volume in a 200 mL
lask. A stock iodide solution (10 g L") was
potassium iodide (Merck, Darmstadt,
d stored in a dark brown glass containers
to protect the solutions from light. 7.1 g of Na,SO,
was dissolv made up to volume with distilled
water in a volumetric flask to prepare a
2 mol L' sodi fate solution. The salting-out effect
was tested with owing salts: NaCl and Na,SO,
(Life Chemicals, W#v, aine).

Apparatus. The ;
using an SF-46
(LOMO, St. Petersbu

pectra were measured
le spectrophotometer
ia) with glass cuvettes
with an optical path | of 40 mm. Micro-volume
quartz cuvettes (Starn Ltd., UK) with a path
length of 10 mm (50 pL) were used to measure the
absorbance. A magnetic stirrer (RIVA-03.2, UOSIab,
Ukraine) with heating and electronic speed control
was used to mix the solutions. Experiments were
performed in a 15 mL pharmacy vials equipped with
a rubber stopper. A 220 pL plastic vessel was fixed
with a wire in a rubber stopper to hold the acceptor
phase. A glass vessel was also used instead of a
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Fig. 1. Schematic representation of th
UV-Vis spectrophotometry: (A) In-vessel

t
of extracting phase to microcuvette, (C, *

plastic one. There was no significant differen
results. 100 pL microsyringe (Hamilton, Bonad
Switzerland) was used to deliver the solutions.
experimental setup is shown in Fig. 1.
Procedure for iodate determination. To a 15 m

L
glass pharmacy vial 5.0 mL of the sample containingé e [27].

from 0.02 to 1.0 pg of iodate, 0.2 mL of 0.1%
potassium iodide and 3 mL of 1.7 M sodium sulfate
solution are added. 50 pL of 1% KI are placed into
the vessel fixed in the headspace of the sample. The
vial is sealed and 2 mL of 25 % sulfuric acid are added
to the solution with syringe. The solution is stirred at
1200 rpm for 20 minutes. After finishing the extraction,
the acceptor phase is transferred with a microsyringe
to a 50 pL quartz micro cell with a 10 mm path length.
The absorbance is measured at 350 nm.

Results and discussion

The first stage of the preconcentration methods,
based on the headspace microextraction, is to convert
the analyte into volatile derivatives. When determining
any form of iodine for this purpose, the reaction
between iodate and iodide, which occurs in an acid
solution, is often used. It should be emphasized that
only weak reducing agents such as iodide can reduce
iodate to iodine.

In addition, this reaction offers good signal
enhancement through chemical amplification
(Eq.(1)). Several parameters were optimized for
the studied procedure, including the composition of
extracting solvent, the concentrations of iodide and

(A) X ()
|

(D)

steps for the iodate determination by IV-HS-LPME combined with
ace liquid phase microextraction, (B) transfer of the microvolume
uring the absorbance in a spectrophotometer.

sulfuric acid, and parameters that have an influence
on the extraction efficiency, such as volume of donor
or acceptor phases, stirring rate, and extraction time.

salting-out effect was studied, since it was shown
,revious studies that salts affect the evaporation of

-+ 5"+ 6H* — 3H,0 + 31, (1)

sing the nature and the composition of
ing phase. Several extracting solvents have
sed to extract iodine in previous HS-LPME
It was shown in one of our previous
, that, compared to the other extracting
phases, aquegus solution of 1% potassium iodide
yielded a hi sorbance. The triiodide complex
is formed w orbed iodine reacts with excess
iodide. It ha molar absorptivity coefficient
of 25 800 mol- t a wavelength of 350 nm
(Fig.2). The stabiMity tanj of this complex is small
and equal to 720 | ws the dependence of
the analytical signal o entration in the acceptor
phase. It can be see 1 % Kl concentration is
sufficient to complet equilibrium towards
the formation of triiodid®
Effect of iodide concentration in donor phase
on the evaporation of iodine. The concentration
of iodide required for the quantitative conversion
of iodate to iodine was studied in the range from
0.003 to 0.470 mmol L' (Fig.4A). The analytical
signal remains practically constant starting from
0.06 mmol L. For further experiments, an iodide
concentration of 0.24 mmol L-' was chosen as optimal.
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Effect of sulfuric acid concentration. Sulfuric acid
was chosen to acidify the reaction mixture according
to reaction (1). The effect of acid concentration on 1.27
iodine formation was studied by varying the H,SO,
concentration in the range from 0.06 to 1.8 mol L', when
all other conditions were kept fixed. Fig. 4B shows that
starting from H,SO, concentration of 0.4 mol L, the
dependence flattens out and the absorbance reaches
a maximum. The optimal concentration was assumed
to be 0.6 mol L' H,SO,.

Effect of stirring rate and extraction time.
Previous works have s that when a microsyringe 0.0 J J Y T J "
was used as a mic r, an extraction time of 300 400 500 600
more than 7 minute crease in absorbance Wavelength (nm)

[30]. The depressive e observed with longer

mlcrogxtractlon t,'me wa ted to an erease i Fig.2. Spectrum of triiodide complex formed in the
the microdrop size as a of water absorption, acceptor phase. Donor phase — 5 mL containing
which, in turn, caused the analyte to dilute. 4.6 uM of iodate, 1.2x10“M iodide, and 0.6 M H.SO
This behavior is one of the CONSEqUeNces ;o antor phase,— 100 uL of 0.1% Kil=1em -
inherent to the classic SD approach. However, ’

the behavior of the studied reaction is @ore common.

Fig. 5A shows that 25 minutes is suffi
the extraction process, after
remains constant over time. It shou
that with a decrease in the volume o
phase from 100 to 50 L, the time of e
reduced to 20 minutes.

The sample solution must be agitated to
mass transfer in the aqueous phase an
the convection in the headspace. To achieve
maximum analytical signal, the stirring s 0.11
should be about 1000 rpm. A further increase in ‘
mixing speed, as seen in Fig.5B, leads to a hold ir’ 0.0 1 - . . .
the growth of absorbance. The fact that a constant 0 1 7 3 4
maximum absorbance was achieved for all performed
optimizations indicates that complete equilibrium

is establishgd in the system under study, and the Fi ct of the KI concentration in the acceptor
total extraction rate depends only on the processes oh "HS-LPME of 2 pmol L' of iodate.
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Fig.4. Effect of iodide (A) and sulfuric acid (B) concentration in donor phase on absorbance of the acceptor
phase.
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Salting-out effect. The effect g
NaCl on iodine evaporation was s
Fig. 6, the addition of 0.5 mol L
analyte solution leads to a significan
analytical signal by about 50%. For g
tested (NaCl), absorbance decreases
trations above 0.7 mol L.

a,SO, and
shown in
O, to the
dc in the
er salt

Absorbance

0.4 0.8 1.2
Salt concentration (mol L")
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Fig.6. Influence of salting-out effect on IV-HS-LPME
of iodine.

Influence of volumes of donor, headspace,
and acceptor phases on extraction efficiency.
The volume of the extracting solvent has a significant
impact on the preconcentration factor and extraction
efficiency. The influence of the acceptor phase volume
was studied in the range from 50 to 200 uL considering
that minimum capacity of the microcuvettes used
was 50 uL (Fig.7). The maximum absorbance was
obtained for the volume of the acceptor phase 50 L,
which was chosen as optimal.

In the studied three-phase system, the two
equilibria are established between the donor phase
and the headspace (Eq.(2)), as well as between the

0.5 1

Absorbance
o o o
(¥ () ~
(98]

=
—

OO = L T T T T
0 400 800 1200
Stirring rate (rpm)

1600

ring speed (B) on the IV-HS-LPME of iodine for 10 (a) and 5 (b) mL of donor
) 50 pL (a), 100 uL (b); (B) 100 uL. Concentration of iodate: (A) 0.5 pmol L™

headspace and the acceptor phase (Eq.(3)). The
corresponding distribution ratios were calculated by
the nonlinear least-squares method. Sum of squares
of the residuals between experimentally observed
values of absorbance and its predicted values
calculated using Eq. (4) was minimized.

eq
17 - /CDeq (2)

eq
D = A / CGeq (3)

he amount of analyte absorbed by the acceptor
, n=C,*?V, can be expressed as [31]:

CO\/A\/DD1D2 (4)

7D2VA - D2VG - VD

In quations, C,is the initial concentration of
the analyte in the donor solution; C*, C*? and C,*
are the equig concentrations of the analyte in
the headspace, and the acceptor
\ V., V,, and V, are the volumes
dspace, and acceptor phase,
respectively.

ForD,and D, t
obtained, respectiv
D, between the acce

1.0£0.1 and 152 were
tribution ratio of iodine,
donor phases can be
calculated as the progalc Doand D, [31], and it is
equal to 15. The relati ue of the distribution
ratio D for the extraction of iodine in the system under
study shows that the extraction efficiency should
greatly deteriorate with a decrease in the volume of
the acceptor solution. This has indeed been observed
experimentally. The extraction percentage was almost
constant in the range from 50 to 100 pL and then
increased, and what is important, in strict accordance
with the values calculated by Eq. (4). The effect of the
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volume of the donor phase on the absorbance of the
acceptor phase was studied in the range from 2.5
to 10 mL using the vial with a total volume of 15 mL
(Fig.8). The extraction percentage was directly
proportional to the volume of the donor phase and
was in good agreement with the values calculated by
the Eq.(4). 10 mL were chosen as the optimal total
volume of the donor phase.

The enrichment factor usually depends on both the
volumes of the donor and acceptor phases. However,
in the system under study, the volume of the headspace
also plays an importa . According to Eq.(4), a
change in the he ume has a significant
impact on the anal . Due to the relatively
high values of D, and volime of the headspace, the
second term in the den r of Eq.(4) becomes
comparable with other t flecting the increase

in the contribution of the ce volume. Fig.8
shows that an increase in t e of the donor
phase causes an increase in"the absorbance of the

acceptor phase. At least part of this ingrease can be
attributed to a decrease in the hea volume. In
the previous work [27], it was s
proportional decrease in absorbanc
the studied system with a decrease |
of headspace at constant volumes of t
acceptor phases. This emphasizes the impo
vial selection as well as the volume of the h
in headspace microextraction.

[p*]
(=]
J

r 2.0

iy
(4]
L

Extraction percentage (%)
o
20UBQIOSqY

10 7
r 1.0
5 1
r 0.5
0 r : .
50 100 150 200

Volume of acceptor phase (uL)

Fig.7. Effect of acceptor phase volume on experi-
mentally obtained (a) and calculated using Eq.(4)
(b) extraction percentage of iodine or absorbance of
acceptor phase (c) for extraction of 1 uM of iodate
from 10 mL of donor phase.

Calibration curve and detection limits for
iodate determination. Two calibration graphs were
constructed using the measurements of absorbance at
288 and 350 nm. The following regression equations
were calculated: A = (0.00700 + 0.00006) x C for 350
nm (r? = 0.9999) and A = (0.01057 + 0.00023) x C for

288 nm (r2 = 0.9998) (where A is the absorbance and
C is the concentration of 10,” in ug L™"). Under the
optimized experimental conditions, both calibration
graph for iodate determination were linear in the
range from 4 to 180 pg L™ (as 10;’) (Fig.9). The limit
of detection of the method was 1.5 ug L™". The relative
standard deviation values were in the range from 0.5
to 1.4%. The preconcentration factor was calculated
as the ratio between triiodide concentration in the
acceptor phase and iodate concentration in the donor
phase. In the conditions of the proposed method, it
was 52.

o
5 |=+¢

Absorbance

0.0 2.5 5.0 7.5 10.0 12.5
Volume of donor phase (mL)

Fig.8. Effect of donor phase volume on absorbance
of acceptor phase for extraction of 2 pg iodate into
1@ pL of acceptor phase in a vial with total volume
5 mL. Numbers above points indicate volume of
headspace. Curve b represents the simulated
bance values calculated using Eq. (4).

i

Absorbance

0.0 4

40 120 160
lodat on (ug L)

Fig.9. Calibration curve for the spectrophotometric
determination of iodate combined with IV-HS-LPME.
Volumes of donor phase — 10 mL, headspace —
5 mL, acceptor phase — 50 yL of 1% KI. Composition
of donor phase: C(H,SO,) = 0.6 mol L', C(KI) =
0.24 mmol L', C(Na,SO,) = 0.5 mol L, stirring rate
1200 rpm, extraction time = 20 minutes, A = 350 nm,
I=1cm.
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The developed method has higher analytical
characteristics in comparison with the existing
methods for the determination of iodate with spectro-
photometric detection (Table 1). It has a much higher
sensitivity than spectrophotometric methods based on
the formation of a complex of iodine with starch [32] or
the interaction of iodine with variamine blue [33]. Flow
injection methods based on a similar chemistry have
one to two orders of magnitude lower detection limits
than the proposed one [19-21].

Two existing spectrophotometric methods for
the determination of i with preliminary liquid-
phase microextractj proximately the same
sensitivity as that p s. However, it should
be borne in mind that th€ VALLME method, based
on direct contact betwe queous and organic
phases, has an extracti ncy close to 100%

[25]. It suffers from the infl a dirty or complex
matrix and the presence particles in the
sample. The extraction time isShort, but the total time

for all operations such as centrifugationy is more than
12 minutes. In addition, the metho loped by us
belongs to the methods of “Gr istry” and
does not use organic solvents.
The second existing method is base space
mode of SDME and therefore takes fu
of the complete separation of the sample
matrix. However, as mentioned above, it su
limitations in extractant volume, drop dislo
and solvent volatility. Despite the large differenc
the volumes of the used acceptor phase (50 uL ag
2.5 yL in [26]) the obtained sensitivity was at the sa
level. This can be explained by the higher extractio
efficiency achieved in the developed technique. In
the proposed method, you can use any stirring rate
and wait as long as necessary without fear that the
microdrop may fall. Therefore, a state of equilibrium
and the highest possible analytical signal are always
achieved. In addition, the small optical path used in
the micro-volume spectrophotometer contributes to a
decrease in sensitivity.

Table 2. Determination of iodate (10,") content in real samples (P = 0.

Study of interference in the iodate
determination. The interfering effect of some typical
ions present in natural waters on iodate determination
was studied. The concentration of iodate in aqueous
sample was kept constant at 10® molL", while the
amount of interfering ion was varied. It was found
that when K*, Na*, Mg*, Ca*, HCO,, SO, CI are
present at least 1000-fold excess they did not interfere
with the determination of iodate. The obtained results
indicate that 0.06 g L' concentration of iodide did not
cause any influence on the analytical signal. NaCl
concentrations of 0.8 and 1.2 mol L' had a strong
depressing effect on iodate determination (20 and
60 %, respectively). The most serious interference in
the determination of iodate cause bromates. To reduce
bromate interference, pre-reduction was required
while iodate remained unchanged. Bromate was
reduced by Fe(ll) in 20 minutes at room temperature
[26]. Bromide concentrations may be as high as
100 mg L, that is higher than typically found in natural
waters. Nitrite concentrations up to 0.05 mg L' were
allowed. 50 mg L' of Fe(lll) did not cause any influence
on the analytical signal.

Determination of iodate in iodized salt and
water samples. The proposed method was applied to
the determination of the iodate content in table salt and
natural waters. Analytical results are shown in Table 2.
lodate levels in the three water samples analyzed (tap
water, bottled water, and seawater) were found to be
below the quantification limit. To assess the effect of
the matrix, a recovery study was conducted. Table 2
s that recoveries ranged from 99.9 to 101.6 %.
ate was determined in table iodized salt without pre-
ent. A 50 mg sample of table salt was dissolved
L of distilled water and directly analyzed. The
obtained are in the range indicated by the
turer and are in good agreement with the
ined by an independent method based
ctrophotometric determination after the
ine and interaction with variamine blue.

)-

lodate added lodate found
Sample S Recovery (%
g (hg L) (hg L) : Sl
Tap water - <LOQ*
87.5 87.4+0.2 99.9
Bottled water - <LOQ*
87.5 87.6+0.3 0, 100.1
Seawater - <LOQ*
(Sea of Azov) 87.5 87.8+0.4 0.038 101.3
lodized salt - 49.8 + 2.1 mg kg™ 0.052
(Artyomsalt)** - 50.4 £ 1.4 mg kg™ *** 0.035
43.5 mg kg 90.9 + 4.8 mg kg™ 0.074 105.8
*LOQ =4 ug L

** Content specified by the manufacturer 40 + 15 mg kg™ (as I)

*** Determined by method described in [33]
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Conclusions

In this work, a new, highly sensitive and selective
spectrophotometric method for the determination of
iodate with previous preconcentration was developed,
based on a new microextraction technique termed
in-vessel headspace liquid phase microextraction
((IV-HS-LPME)). The proposed procedure is based
on the conversion of iodate into volatile iodine with an
excess of iodide, its transfer first into the headspace
and, finally, the absorption by 1% KI solution with the
formation of triiodide ion. The absorbance of triiodide
is measured in a micrg with a volume of 50 pL.

The most of dis inherent to the previous
approach, includin volume of extracting
phase or danger of mi op dislodgement, are
completely eliminated proposed method.
Thus, the IV-HS-LPME is fully compatible
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