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Abstract An online UV photolysis and UV/TiO,
photocatalysis reduction device (UV-UV/TiO, PCRD)
and an electrochemical vapor generation (ECVG) cell
have been used for the first time as an interface be-
tween  high-performance liquid chromatography
(HPLC) and atomic fluorescence spectrometry (AFS)
for selenium speciation. The newly designed ECVG
cell of approximately 115 uL. dead volume consists of
a carbon fiber cathode and a platinum loop anode; the
atomic hydrogen generated on the cathode was used
to reduce selenium to vapor species for AFS deter-
mination. The noise was greatly reduced compared
with that obtained by use of the UV-UV/TiO,
PCRD-KBH,—acid interface. The detection limits ob-
tained for seleno-pL-cystine (SeCys), selenite (Se'Y),
seleno-pL-methionine (SeMet), and selenate (Se"') were
2.1, 2.9, 43, and 3.5ng mL™', respectively. The
proposed method was successfully applied to the spe-
ciation of selenium in water-soluble extracts of garlic
shoots cultured with different selenium species. The
results obtained suggested that UV-UV/TiO, PCRD-
ECVG should be an effective interface between HPLC
and AFS for the speciation of elements amenable to
vapor generation, and is superior to methods involving
KBH,.
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Introduction

It is well recognized that the species in which an element
occurs determines its toxicity and bioavailability in a
biological system and in the environment [1, 2]. To meet
the need of studies in biological and environmental sci-
ences increasing concern has been focused on speciation
of the different chemical forms of selenium and not the
determination of total selenium concentration [3, 4].
Highly efficient separation techniques, such as high-
performance liquid chromatography (HPLC) [5] and
capillary electrophoresis (CE) [6], coupled with highly
sensitive detectors such as inductively coupled plasma
mass spectrometry (ICP-MS) [7-11], atomic absorption
spectrometry (AAS) [12] and atomic fluorescence spec-
trometry (AFS) [13], are often used as hyphenated
techniques [14] for speciation of trace selenium species in
biological and environmental samples.

Vapor generation (VG) as a highly efficient sample-
introduction technique has been widely used in atomic
spectrometry to achieve higher sample-introduction
efficiency, and thus lower detection limits (DL), com-
pared with those obtained with a conventional nebu-
lizer. Besides this, efficient matrix separation and
special selective reduction of different species are
simultaneously achieved [15]. Potassium tetrahydrob-
orate (KBHy)-acid as a highly efficient vapor-genera-
tion medium plays a very important role in the
determination of vapor-generable elements by atomic
spectrometry, and it has also been used as a sample-
introduction method in the elemental speciation [16].
On the other hand, however, some drawbacks of
KBH,4 used for VG are obvious; it is, e.g., unstable
and must be prepared daily in alkaline solution. KBH,4
is also a potential source of contamination, large
consumption of KBHy in a flow analytical system
greatly increases the cost of a determination, and the
susceptibility of the KBH,—acid system to interference
from transition metals means that masking reagents



such as thiourea and L-cysteine must be used. Fur-
thermore, the large amount of hydrogen generated in
KBHy-acid systems reduces the stability of the plasma
or even extinguishes the plasma when inductively
coupled plasmas (ICP), especially low-power micro-
wave induced plasmas (MIP) are used for determina-
tion. In order to overcome so many shortcomings of
the conventional KBHj—acid system, electrochemical
vapor generation (ECVG) was novelly developed by
Lin et al. [17] for use in FIA. Vapor species and
hydrogen were generated at the cathode in an elec-
trolytic flow-through cell, separated from the liquid
phase, then carried by carrier gas into the atomic
spectroscopic detector. In general, ECVG is carried
out by electrochemical reduction via atomic hydrogen
generated on the cathode and no extra reductants such
as unstable KBH4; and SnCl, are introduced; con-
tamination by reagents and the cost of determinations
are thus greatly reduced. Only a very small amount of
hydrogen gas is generated in the ECVG system, be-
cause of the high hydrogen overpotential on the
cathode materials [15, 18]. Thus, the ECVG system
was thought to be very suitable for ICP [19-21] and
MIP [22] AES/MS. Better tolerance of interference
from transition metals was also observed in ECVG
systems and the susceptibility to transition metals
greatly depends on the cathode materials [23, 24].
Results from Ding and Sturgeon [25] showed that SeV!
and AsY, which could not be generated efficiently in
the KBH4-acid system, were successfully generated
into vapor species when lead was used as cathode
material in an electrochemical reduction cell.

In recent years ECVG has been used by our group for
the determination of trace elements such as arsenic,
antimony, mercury, and selenium, etc. However, there
are few studies on use of ECVG for organometal species
which play important roles in biological and environ-
mental systems. Ding and Sturgeon [25] and Pyell et al.
[26] showed the feasibility of ECVG for monomethy-
larsonic acid (MMA) and dimethylarsinic acid (DMA);
Schermer et al. [27] tried to use ECVG for seleno-DL-
methionine, but no selenium signal was observed.
ECVG as a VG interface between a flow separation and
an online specific detection has not yet been reported for
elemental speciation. This might be because of very low
efficiency of vapor-generation from the element species,
which occur in high oxidation states or as organic
complexes, not only by use of the KBH,—acid system but
also by ECVG. When the KBH —acid system was ap-
plied for selenium determination and speciation, chem-
ical reductants such as more than 6 mol L~' HCI [11,
28], HBr—KBrOj; [29], and HCI-HBr [30] must be used
to reduce Se¥' to Se'Y. Rubio and Vilané [13, 31, 32]
proposed direct UV irradiation for reduction of sele-
nium species to selenite; this resulted in cleaner and
simpler pre-reduction for vapor generation from sele-
nium species by KBH —acid. Guo et al. [33] developed a
novel direct VG technique for Se'¥ based on UV irra-
diation without use of KBHy. In our recent work [34],
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photocatalytic reduction of Se¥' based on a newly de-
signed UV/TiO, photocatalysis reduction device (UV/
TiO, PCRD) was successfully achieved; in this device
photogenerated electrons (e7) on the surface of nano
TiO, film were used as the reductant when formic acid
was used as a photogenerated hole (h ™) scavenger to
prohibit the recombination of e~ and h™. Se¥! such as
selenate could be efficiently converted into vapor species
by KBH4 via UV/TiO, PCRD pre-reduction.

The objective of this study was to achieve selenium
speciation by HPLC coupled with atomic fluorescence
spectrometry (AFS), in which online photolysis of
organic selenium species by UV-irradiation, pre-
reduction of selenium in high oxidation state by UV/
TiO, PCRD (UV-UV/TiO, PCRD), and a newly de-
signed electrochemical cell (115 uL) for selenium vapor
generation were novelly arranged in series as the
interface between HPLC and AFS. UV-UV/TiO,
PCRD has been used with both HPLC-KBH—acid—
AFS and HPLC-ECVG-AFS systems; results showed
that UV-UV/TiO, PCRD-ECVG should be a supe-
rior interface compared with UV-UV/TiO, PCRD-
KBHy4-acid for selenium speciation. Moreover, the
proposed analytical system was successfully applied to
the speciation of selenium in the water-soluble extracts
from garlic shoots cultured with different selenium
species.

Experimental
Instrumentation

A Shimadzu LC-2010A equipped with a quaternary
gradient pump, an ultraviolet detector (190-700 nm), an
autosampler (0.1-100 uL), and a column oven (277—
333 K) was controlled by a Shimadzu Class-VP 6.1
chromatography workstation. A Hamilton PRP X-100
anion-exchange column (150x4.6 mm; particle size,
3 um; Reno, NV, USA) was used to separate different
selenium species. A non-dispersive atomic fluorescence
spectrometer (ND-AFS) (Beijing Raileigh Analytical
Instrument Corporation) equipped with a high-perfor-
mance selenium hollow-cathode lamp (196.0 nm, Beijing
Institute of Vacuum Electronics Research, China) and a
sunlight-blinded photomultiplier tube (PMT, Hamama-
tsu, Japan) was used for the detection of selenium spe-
cies; signal acquisition and processing were done by
HWH software Version 1.0 [35]. A LEAD-1 peristaltic
pump (Baoding Longer Precision Pump Co., China) and
a Master C/L peristaltic pump (Cole-Parmer, USA)
were used to introduce reagents in the experiments.
Selenium species in a sample were separated by HPLC,
and directed into the UV photolysis unit, then reduced
by UV/TiO, PCRD. After vapor generation at the
cathode of the electrochemical flow-through cell and
separation from the catholyte, generated selenium vapor
species were carried by argon into a quartz furnace for
atomization by a stable Ar—H, flame and detected by
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AFS. A schematic diagram of the equipment is shown in
Fig. 1 and the optimum operating conditions are listed
in Table 1.

UV/TiO, photocatalysis reduction device (UV/TiO,
PCRD) and UV photolysis unit

UV/TiO, PCRD consists of a 40-W low-pressure mer-
cury lamp (Xinyuan Appliance Lighting Co., China)
130 mm in length and 25 mm in diameter, glass fibers
130 mm in length and 0.30 mm in diameter with a five-
layer nano TiO, film which were centrally fixed into
quartz capillaries (150 mm length, 0.8 mm inner diam-
eter, and 1.6 mm outer diameter) and arranged in par-
allel around the UV lamp at a distance of 10 mm. The
dead volume of the designed UV/TiO, PCRD is 447 uL
[34]. Another UV irradiation device used for photolysis

of SeCys and SeMet was the same as that used for UV/
TiO,-PCRD except that no glass fiber was fixed into the
quartz capillaries.

ECVG cell

The ECVG cell consisted of two PTFE blocks
(110x30x10 mm); a straight chamber (602x2 mm,
240 uL) was made in the center of each block to hold
electrode materials. Carbon fibers (diameter, 7-8 um;
density, 1.76-1.78 g cm >, Nantong Senyou Carbon
Fibre Co., China) were used as cathode material, and a
Pt loop (1.5 mm diameter, 60 mm in length) was used as
anode material. Carbon fiber and Pt loop were all fixed
and connected to the power supply with Pt wire. The
two blocks were separated by a 3361BW cation ex-
change membrane (115x 35x0.42 mm, Shanghai
Shanghua Water Treatment Material Co., China); the
dead volume of this ECVG cell was approximately
115 uL. The longitudinal view of the ECVG cell is

Fig. 1 Schematic diagre f HPLC—~(UV-UV/TiO, PCRD- . . .
E%VG)fA;nsm e duagtam o ( [TiO; shown in Fig. 2. The two blocks were fixed by eight
sample injection
—_
l uv —— | uvrmio2 — GIL —
— e — — —
HPLC Irradiation PCRD 1 I Separator AFS
HPLC Column
II
\ ECVG Cell > Waste
Peristaltic
Pump
Catholyte
Anolyte
Table 1 Optimum operating conditions
HPLC conditions ECVG conditions AFS conditions
Column Hamilton PRP-X100, Dead volume 115 ulL Resonance 196.0 nm
1504.6 mm, of cathode wavelength
3 um particle size
Column oven 298+1 K Cathode material Carbon fiber HCI Current 100 mA
temperature (diameter, 7-8 um;
density,
1.76-1.78 g cm™3)
Mobile phase 40 mmol L~ Anode material Pt loop (purity >99.99%; Voltage of PMT =320V
Phosphate buffer, 60 mm in length,
pH 7.0 1.5 mm diameter)
Flow rate 1.0 mL min~" Catholyte 0.9 mol L™! Argon flow rate 300 mL min~’
H,SO0,+ 1.5 mol L™!
formic acid
Injected volume 100 pL Anolyte 0.9 mol L™! H,SO, Hydrogen flow rate 100 mL min~"
Flow rate of catholyte 2 mL min™ Height of atomizer 8§ mm
Flow rate of anolyte 2 mL min~" Read out mode Peak height
Electrolytic current 3A KBH4 2%, containing
0.2% NaOH
Electrolytic voltage 11.7V HCl 3.6 mol L™
KBH, flow rate 2 mL min~!
HCI flow rate 2 mL min~"




Fig. 2 Longitudinal view of the

ECVG cell l Catholyte
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specially designed poly(vinyl chloride) (PVC) clips which
were tightened by stainless-steel screws. The ECVG cell
was powered by a direct current (DC) power supply
(TPR3005D, Atten Electronics Co., China).

Chemical reagents

All the chemicals were of analytical-reagent grade and
purchased from Shanghai Chemicals unless otherwise
related; 18 MQ Milli-Q water (Millipore, USA) was
used throughout this study. Phosphate buffer
(40 mmol L', pH 7.0) was prepared by dissolving
appropriate amounts of KH,PO, and Na,HPO, in
water and filtered through a 0.22-um membrane.
KBH, solution (2%) containing 0.2% NaOH was
prepared daily by dissolving KBH, in alkaline solu-
tion. A solution containing 3.6 mol L~' HCI and
1.5 mol L' formic acid was used in the KBH,~HCI
system. The anolyte solution was 0.9 mol L™! H,SOy;
a solution of 0.9 mol L' H,SO, and 1.5 mol L™!
formic acid was used as the catholyte in the ECVG
system. To protect the cation-exchange membrane,
both the catholyte and anolyte were cooled in ice
water bath to avoid overheating in the ECVG process.
Argon (299.99%) was used as carrier gas; hydrogen
gas (299%) was used to maintain a stable Ar—H,
flame. Stock solutions (1 mg mL~') of Se!¥ and Se¥!
were prepared by dissolving appropriate amounts of
Na,SeO; and Na,SeQy, respectively, in water. Seleno-
pL-cystine (SeCys) and seleno-pL-methionine (SeMet)
were purchased from Sigma Chemicals; their stock
solutions (100 pg mL~' expressed as selenium) were
also prepared by water. All stock solutions were
stored in polyethylene bottles which were wrapped
with aluminium foil and stored at 277 K [36]. Further
dilutions were performed daily before use.

Sample preparation
Bulbs of garlic were cultured in water, in 10 pg mL™"

Se' as Na,SeOs, and in 10 ug mL~! SeV! as Na,SeO,,
in sand, for 30 days. Every 3 days, 100 mL water,

© Lo,

Na,SeO; and Na,SeQy, respectively, were added to the
cultured garlic. The garlic shoots were collected and
stored at 253 K. After harvest, 1 g of the garlic shoots
was frozen with liquid nitrogen and ground in a
ceramic mortar, dissolved with 20 mL water, with
sonication for 15 min, and continually shaken in dark
at 150 rpm for 12 h at 298 K. After these procedures
the mixture was centrifuged at 12,000 rpm for 30 min
and the supernatant solution was decanted and filtered
through a 0.22 pm membrane to furnish a water-sol-
uble extract of the garlic shoots. It was stored in a
polyethylene bottle at 277 K before use.

Results and discussion
Electrochemical vapor generation cell

Several types of electrochemical vapor-generation cell
have been designed by Lin et al. [17], Brockmann
et al. [37], Denkhaus et al. [18], and Sima et al. [38].
Because of the high hydrogen overpotential and the
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Fig. 3 Plot of fluorescent intensity against the concentration of
formic acid with (UV-UV/TiO, PCRD-ECVG)-AFS
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Fig. 4 Chromatogram for selenium species obtained with HPLC—
(UV-UV/TiO, PCRD-ECVG)-AFS

large specific surface area of carbon fiber, it was
chosen as cathode material; platinum was used as
anode material in this study. The structure of the
ECVG cell designed is shown in Fig. 2. During the
generation of selenium vapor in the ECVG cell,
atomic hydrogen generated on the cathode plays a
very important role and was very dependent on the
electrolytic current of the cell. Selenite solution
(100 uL) containing 50 ng mL~' expressed as sele-
nium was tested. The fluorescent intensity of generated
selenium vapor species increased from 25.2 to 65.0
when the current was increased from 1 to 3 A.
Increasing the current further caused noise to increase
and shortened the lifetime of the ion-exchange mem-
brane. An electrolytic current of 3 A was chosen in
this study.
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Fig. 5 Four selenium species in garlic shoots by HPLC—-(UV-UV/
TiO, PCRD-ECVG)-AFS

Online UV-photolysis and pre-reduction of selenium
species by UV-UV/TiO, PCRD

When SeCys, SeMet, and selenate passed through the
ECVG cell under the optimum condition for selenite
vapor generation, almost no signal was detected by AFS
for selenate and SeMet and for SeCys the fluorescent
intensity was also very low. These phenomena implied
that the ECVG cell was not effective for vapor genera-
tion from selenate, SeMet, and SeCys. For this reason
online UV-photolysis was employed to break the bond
between selenium and carbon in SeCys and SeMet. UV/
TiO, PCRD was arranged in sequence for online pre-
reduction of selenate; in this formic acid was used as an
effective h™ scavenger to maintain e~ for reduction of
selenate [34]. The effect of online UV-photolysis and

Table 2 Linearity of HPLC-(UV-UV/TiO, PCRD-ECVG)-AFS and HPLC-(UV-UV/TiO, PCRD-KBH -acid)-AFS

HPLC—-(UV-UV/TiO, PCRD-ECVG)-AFS

HPLC-(UV-UV/TiO, PCRD- KBH,~HCI)-AFS

Linearity R 2 (50 to 5,000 ng mL™) Linearity R 2(50 to 1,000 ng mL™})
SeCys y=2.01x-75.4 0.996 $=9.52x—389 0.999
Se! y=1.86x—160.7 0.998 y=7.95x—369 0.997
SeMet y=0.773x—24.5 0.999 y=2.46x—36.1 0.999
SeV! »=1.00x—97.9 0.998 y=3.18x—-96.5 0.994

Table 3 Precision and detection limit (36) of HPLC-(UV-UV/TiO, PCRD-ECVG)-AFS and HPLC-(UV-UV/TiO, PCRD-KBH,4-

acid)-AFS
HPLC—(UV-UV/TiO, PCRD-ECVG)-AFS HPLC—~(UV-UV/TiO, PCRD-KBH-acid)-AFS
RSD (%) (n=11) DL (ng mL™Y) (30) RSD (%) (n=11) DL (ng mL™") (30)
SeCys 3.4 2.1 6.2 5.4
Se! 3.0 2.9 3.4 6.7
SeMet 4.6 43 438 25.9
SeV! 2.9 3.5 3.3 10.3
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Table 4 Selenium species in water-soluble extracts of the garlic shoots determined by HPLC-(UV-UV/TiO, PCRD-ECVG)-AFS and

HPLC-(UV-UV/TiO, PCRD-KBH,-HCI)-AFS (ng g ')

HPLC-(UV-UV/TiO, PCRD-ECVG)-AFS

HPLC-(UV-UV/TiO, PCRD-KBH, -HCI)-AFS

1 2 3 1 2 3
Found Recovery Found Recovery Found Recovery Found Recovery Found Recovery Found Recovery
(%) (%) (%) (%) (%) (%)
SeCys  2.50 95.3 1.96 98.2 ND 96.0 2.20 95.9 1.52 97.0 ND 90.0
Se! 42.2 97.5 20.3 104 ND 95.8 41.9 92.1 20.7 96.2 ND 95.0
SeMet 10.1 90.1 6.92 91.6 1.98 89.7 9.61 92.7 7.15 93.6 1.73 90.5
SeV! 15.1 92.6 10.2 97.3 ND 91.5 14.3 94.0 9.62 92.7 ND 96.8

ND not detected, 1 garlic shoots cultured with Na,SeOs, 2 garlic shoots cultured with Na,SeO,, 3 garlic shoots cultured with water

UV/TiO, PCRD on vapor generation from SeCys, Se-
Met, and selenate by the ECVG cell was remarkable; a
plot of the fluorescent intensity of the selenium species
against the concentration of formic acid used is shown in
Fig. 3. The fluorescent intensities for SeCys, SeMet, and
selenate of 50 ng mL ™! each were respectively improved
from 9, 0, and 0 without UV-UV/TiO, PCRD to 51, 35,
and 49 (after subtracting the blank value) under the
conditions current 3 A and 1.5 mol L' formic acid
containing 0.9 mol L' H,SO, as the catholyte and
0.9 mol L' H,SO, as the anolyte.

Performance of the HPLC—-(UV-UV/TiO,
PCRD-ECVG)-AFS system

Phosphate buffer, 40 mmol L', pH 7.0 [13], was used
as mobile phase at 1 mL min~' to separate the four
selenium species. The optimum conditions for HPLC—
(UV-UV/TiO, PCRD-ECVG)-AFS are listed in
Table 1. A typical chromatogram obtained from
selenium speciation is shown in Fig. 4. The linearity and
precision of the HPLC-(UV-UV/TiO, PCRD-ECVGQG)-
AFS system, listed in Tables 2 and 3, are similar to those
obtained by use of the HPLC-(UV-UV/TiO, PCRD-
KBH,—acid)-AFS system. The blank value (fluorescent
intensity about 75) of ECVG was almost a factor of two
lower than that of the KBHy—acid system (130) and
resulted in detection limits for the selenium species in
ECVG more than twice as good as those obtained by use
of the KBHy—acid system (Table 3). These results indi-
cate that the method proposed in this study should be a
superior choice for selenium speciation.

Sample analysis

Selenium species in water-soluble extracts of cultured
garlic shoots were analyzed by HPLC-(UV-UV/TiO,
PCRD-ECVG)-AFS; typical chromatograms are
shown in Fig. 5. The results obtained are in agreement
with those obtained by HPLC(UV-UV/TiO, PCRD-
KBH,HCI)-AFS, and are listed in Table 4. The RSD
(n=3) was lower than 5% for all the species deter-

mined; recovery was measured by spiking four selenium
species of 100 ng mL ™! each. All four selenium species
were present at higher concentrations in the water-
soluble extract of garlic shoots cultured in Na,SeO;
than in those cultured with Na,SeO,4. These results
indicate that selenite is more easily absorbed by garlic.
However, a more intensive biological investigation of
the metabolic mechanism of the phenomenon should be
carried out.
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