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A modification of the externally heated quartz tube atomizer, making possible in situ trapping of
bismuthine, is described. The very simple experimental set-up is thus capable of lossless collection
at a high preconcentration ratio. The collection/volatilization efficiency is 100 £+ 2.5%. For a
collection time of 300 s (sample volume of 20 ml), the preconcentration ratio and detection limit
(30), respectively, are 530 and 3.9 pg ml~'. The same approach is analytically useful also for

stibine but not for arsine.

Introduction

The generation of gaseous analytes offers a route for conve-
nient preconcentration. Besides the established technique of in
situ trapping in graphite furnaces,? analytical applications of
collecting volatile compounds in a bare quartz tube serving as
a trap, interfaced with a quartz tube atomizer, have been
reported.> Recently, we found that the commercially avail-
able externally heated quartz tube atomizer without any
interfaced trapping device can be employed for the in-atomizer
trapping of stibine under a stoichiometric excess of O, over H,
and the volatilization and atomization of trapped analyte can
be performed just by switching off the O, inlet. The precon-
centration efficiency, defined as the overall efficiency of trap-
ping and volatilization, was 100 =+ 2%.% However, this
approach did not work for other hydride forming elements.
This note describes a modification of the experimental ar-
rangement for in-atomizer trapping in the conventional quartz
tube atomizer, making possible lossless trapping and subse-
quent analyte atomization for Bi also.

Experimental
Reagents

All reagents were of analytical reagent grade or higher purity.
Deionized water was used to prepare solutions. Working Bi(1ir)
standards were prepared from 1 mg ml~! stock Bi solution
(BDH Laboratory Reagents) by dilution in 1.0 mol 17! HCL
The blank was 1.0 mol 1" HCI. The reductant was 0.5% (m/v)
solution of NaBH, (Sigma) in 0.4% (m/v) KOH (Merck)
prepared daily and filtered before use.

Instrumentation

The Varian Model SpectrAA300/400 atomic absorption spec-
trometer with Bi hollow cathode lamp (10 mA, 223.1 nm, 0.2
nm band pass) was employed without background correction.
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An in-house made, continuous flow hydride generation
system, similar to that described in refs. 6 and 7, was employed.
Two T-pieces were used to merge sample flow with the reduc-
tant flow and, downstream, to merge the reaction mixture flow
with the carrier argon flow. Either blank or standard solution
was introduced to the sample channel. The outlet from the
second T-piece was connected by a 510 mm long, 1 mm id,
polytetrafluoroethylene (PTFE) tube to a 3 ml inner volume gas
—liquid separator with a forced outlet. The third T-piece coupled
to a 3-way valve was inserted downstream of the gas-liquid
separator to introduce either auxiliary O, or H,. The gas outlet
from the third T-piece was connected to the inlet arm of the
atomizer by a 350 mm long PTFE tube.

Sample and reductant solutions were delivered and the waste
from the gas-liquid separator was removed by a peristaltic pump.
Sample and reductant flow rates were 4.0 ml min~' and 1.2 ml
min~!, respectively. The H, flow rate, derived from NaBH,4

decomposition, was calculated to be around 15 ml min".

Atomizer

The commercial PerkinElmer externally heated quartz tube
atomizer (Quartz Cell 2 for FI-MHS) without end windows
was used. It was actually a plain T-tube, having a horizontal
arm (aligned in the optical path of the spectrometer) with a
length of 160 mm, an id of 7 mm and od of 14 mm. The length
and id of the inlet arm were 90 mm and 2 mm, respectively.
The atomizer was externally heated to 900 °C by a heating unit
covering also the section of 15 mm of the inlet arm from the
atomizer T-tube junction.

There were two atomizer inlet arm configurations employed:
(i) atomizer with the bare inlet arm, and (ii) atomizer with
capillary centred in the inlet arm. The configuration (i) is the
normally used one: the third T-piece was connected to the bare
inlet arm. In configuration (i) a deactivated fused silica
capillary (Supelco, 0.53 mm id) was centred within the inlet
arm of the atomizer (sealed by a PTFE tube having an id of 0.7
mm and PTFE tape at the upstream end of the inlet arm) with
its tip aligned with the downstream end of the inlet arm in the
junction with the horizontal arm. The third T-piece was thus
connected, by the 350 mm long PTFE tubing, to the capillary
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Fig. 1 Scheme of the atomizer configuration (ii).

so that all the gases flew through the capillary. See Fig. 1 for a
scheme of configuration (ii).

Procedure

Measurements were performed either in the collection mode or
in the direct transfer mode.

The collection mode procedure consisted of the two follow-
ing steps:

Step I-trapping: a standard was introduced to the sample
channel for a given time, termed in the further text “sample
introduction time”. The standard was then replaced by the
blank for 30 s to flush the system. The total gas flow rate
introduced to the atomizer during Step 1 was 100 ml min~'
(75 ml min~! of carrier Ar, 10 ml min~! of auxiliary O, and
15 ml min~' of H, evolved from NaBHy). The pump was
stopped at the end of Step 1.

Step 2-volatilization: O, flow was replaced by the H, flow. If
not stated otherwise, the total gas flow rate introduced to the
atomizer was 175 ml min~! (75 ml min~" of carrier Ar and 100
ml min~" of auxiliary H,). After recording the signal of volati-
lized analyte (peak integration time 15 s), the O, flow and pump
were switched on and the procedure could be started again.

The direct transfer mode employs the direct transfer of
hydride generated to the atomizer without introduction of
O,. After establishing the base line for blank introduction to
the sample channel, an actual standard was introduced to the
sample channel for 30 s. Then, the standard was replaced by
the blank for 30 s. The signal obtained in the direct transfer
mode was integrated for 90 s.

Results and discussion

To find the accurate value of the preconcentration efficiency of
the collection mode procedure, the signals obtained were
related to those in the direct transfer mode under the same
conditions (gas flow rates, sample introduction time and
concentration, atomizer inlet arm configuration). An Ar flow
rate of 75 ml min~! was found to be optimum to achieve
maximum sensitivity in direct transfer mode. Increasing the H,
flow rate from 15 ml min~"' (evolved from NaBH,) to 100 ml
min~' (the total gas flow rate thus being increased from 90 to
175 ml min ") resulted in a 50% decrease in sensitivity.

For a good analytical performance of the collection mode
procedure, the preconcentration efficiency should be close to
100%. Our previous reports>® indicate that the only feasible
way of managing the collection mode measurements in the
conventional externally heated quartz tube atomizer (without
any trap or additional heating device) is to use a stoichiometric
excess of O, over H; in the trapping step and, subsequently, to
volatilize the trapped analyte in the excess of H; over O, in the
second step of the procedure. Employing a temperature dif-
ference between both steps, analogously as for the in situ
trapping in graphite furnaces, is not feasible because the
heating/cooling of the atomizer is very slow. Therefore, there
is no temperature gradient in time: however, the spatial
temperature distribution is not homogeneous, especially in
the inlet arm of the atomizer where the temperature rises from
ambient to 900 °C in the T-tube junction.

In the first step of the procedure, H, released from tetrahydro-
borate decomposition is completely burned in the flame formed in
the inlet arm of the atomizer upstream of the T-tube junction. The
0, flow rate of 10 ml min~! was chosen as the sufficient excess
over the flow rate of H, of 15 ml min~' formed in the generator.

For the actual heating unit and the given temperature, the
flame in the bare atomizer was not stable at an Ar flow rate of
75 ml min~": it oscillated within the inlet arm of the atomizer.
The flame stability was good at the Ar flow rate of 120 ml
min~', however, since the section of 15 mm of the inlet arm
from the atomizer T-tube junction was covered by the heating
unit, the flame was not seen and its exact position could not be
specified. In contrast to the previously reported observation for
Sb.° the overall efficiency of trapping and volatilization (pre-
concentration efficiency) was not satisfactory: depending on
the flow rates of argon in the trapping step (75 or 120 ml
min~") and H, (15 or 100 ml min~") in the volatilization step,
the preconcentration efficiency ranged between 50 and 70%.

In principle, the low efficiency can be due to low efficiency of
the trapping and/or of the volatilization. In the flame, the
analyte hydride is converted most probably to oxide species.
To achieve the required complete trapping, the formed analyte
oxide species must be fully retained at the quartz surface in the
vicinity and/or downstream of the flame. To achieve the
required 100% efficiency of the second step of the procedure,
retained analyte oxide species must be completely volatilized,
in the excess of Hj, at the temperature of the actual section of
the atomizer. The observed low preconcentration efficiency
could be caused by the less efficient volatilization of analyte
oxide species retained at the cooler regions of the atomizer
inlet arm. To prevent analyte retention at these cooler regions,
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the design of the atomizer was modified as detailed under
Experimental: all gases from the hydride generator were
introduced through the capillary axially centered in the inlet
arm. The flame, burning during the trapping step, was thus
fixed on the capillary tip aligned with the end of the inlet arm
in its junction with the horizontal arm. The flame was quite
stable in this arrangement, even at the Ar flow rate of 75 ml
min~', in contrast to the arrangement with the bare inlet arm.
However, the essential advantage of the arrangement with
capillary centred in the inlet arm is that the analyte oxide
species formed in the flame cannot be retained at the cooler
regions of the atomizer inlet arm. The preconcentration
efficiency was controlled by the flow rate of H, in the volati-
lization step: on increasing the flow rate from 15 ml min~"' the
efficiency increased from 70% to close to 100% at 100 ml
min~", remaining around the same at the flow rate up to 150
ml min~'. At a flow rate of 100 ml min~' the peak area
corrected to blanks was 0.473 4 0.008 s and 0.466 4+ 0.007 s,
for direct transfer and the collection mode, respectively, the
preconcentration efficiency was thus 98.5 4 2.3%. This proves
that (1) analyte species are fully retained at the quartz surface
of the atomizer horizontal arm downstream the flame, and (2)
the retained analyte species are fully volatilized and atomized
just by switching from the O to H, flow rate of 100 ml min~",
corresponding to 57% H, content in the gas. Therefore, the
arrangement with capillary centered in the inlet arm and the
H, flow rate of 100 ml min~' in the volatilization step was
employed for further measurements. Higher H, flow rates
were not used because of the negative influence on sensitivity.

The sample introduction time can be increased substan-
tially. For an introduction time of 300 s and standard con-
centration of 100 pg ml~! (i.e., for the same analyte mass of
2 ng—the same as above), the peak area corrected to blanks
was 0.470 + 0.020 s (n = 10), proving that the preconcentra-
tion efficiency was close to 100% (99.4 £+ 4.6%) even for the
extended sample introduction time. This suggests that there
are no losses of the retained analyte species in the trapping
step, i.e., under excess of O,.

According to our recent observation, Sb can be efficiently
trapped and volatilized by employing the atomizer configura-
tion with the bare inlet arm. An atomizer with the capillary
centred in the inlet arm works equally well. In contrast to Bi,
Sb oxide species retained in the first step of the collection
procedure can be fully volatilized in the second step of the
procedure at the H, flow rate of 15 ml min™"'.

The preconcentration efficiency of As was estimated
under the same experimental parameters as described above
for Bi. It was as low as around 1%, similar to that reported
recently for the bare inlet arm configuration.’ Even though
arsine must be decomposed in the flame the resulting As
species are probably not effectively trapped at the employed
temperature of 900 °C.

The typical Bi signal of the collection mode is narrow with no
tailing, with an FWHM (full width at half-maximum) of 0.6 +
0.1 s. Its shape is independent of the sample introduction time.
Signals in the direct transfer mode are dramatically broader
than in the collection mode—their FWHM can be considered
to be equal to the sample introduction time. The ratio of
FWHM in the direct transfer mode to that in the collection

mode can be taken as a measure of the preconcentration ratio.
Consequently, the preconcentration ratio is around 53 and 530,
respectively, for sample introduction times of 30 and 300 s.

The calibration function for peak area in the collection
mode was linear up to 2 ng of Bi (peak height absorbance
around 1.1). Peak height was linear up to absorbance around
0.5, corresponding to 0.6 ng Bi.

The precision of peak area measurements (n = 3-10),
expressed as RSD, was below 4.3% in the whole calibration
range for analyte mass between 0.2 and 2 ng and a sample
introduction time of 300 s. The peak height precision was
always slightly, but significantly, worse.

Owing to the lossless collection at high preconcentration
ratio, the described procedure offers a great potential to
achieve an extremely low concentration detection limit
(LOD, expressed as 3g). For a sample introduction time of
300 s (sample volume of 20 ml) the LOD of peak area mea-
surements was 3.9 pg ml~'. The actual LOD was controlled by
the analyte content in blanks—5 + 1 pg ml~'. There was no
attempt made to reduce contamination and, subsequently, to
achieve even lower LOD. Nevertheless, the LOD is compar-
able to the best one achieved for in situ trapping in commercial
graphite furnaces with subsequent AAS detection of 3.2 pg
ml~' reported by Sturgeon er al® LODs given by other
authors (see review” and refs. 9—11) are at least 6 times worse.

The repeatability of preconcentration efficiency for an ana-
lyte mass of 2 ng and a sample introduction time of 30 s,
calculated from 60 measurements made during 25 days, was
100 + 2.5% (£SD).

The data given above indicate that lossless preconcentration
can be achieved for bismuth and antimony based on in situ
trapping of respective hydrides in (only slightly modified)
externally heated quartz tube atomizers. Consequently, the
determination of bismuth and antimony at ultratrace levels is
feasible using very simple and cheap equipment.
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Abstract A novel quartz device has been designed to trap
arsine and selenium hydride and subsequently to volatilize
the collected analyte and atomize it for atomic-absorption
spectrometric detection. The device is actually the multiple
microflame quartz-tube atomizer (multiatomizer) with inlet
arm modified to serve as the trap and to accommodate the
oxygen-delivery capillary used to combust hydrogen during
the trapping step. The effect of relevant experimental
conditions (trap temperature during trapping and hydrogen
flow rate and trap temperature during volatilization) on
collection and volatilization efficiency was investigated.
Under the optimum conditions collection and volatilization
efficiency for arsenic and selenium were 50 and 70%,
respectively.

Keywords Arsenic and selenium hydrides -
Atomic-absorption spectrometry - Multiatomizer -
Hydride-trapping optimization - Quartz surface

Introduction

Determination of hydride-forming elements generally, and
As and Se in particular, at trace and ultratrace levels is
important for a variety of types of sample. The inherent
advantage of hydride generation for atomic-absorption
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spectrometry (AAS) is that the analyte can be easily
preconcentrated either in a special collection device
(usually by cryogenic trapping [1]) or, better, directly in
the atomizer. Until recently, the only approach widely used
for in-atomizer trapping was in-situ trapping in commercial
graphite furnaces [1, 2], although hydride trapping in a
tungsten tube atomizer [3] and on the surface of a tungsten
coil [4, 5] have also been reported.

Another approach to in-atomizer trapping is to collect
plumbane [6], stibine [7], or volatile Cd species [8] in a
bare quartz tube. Overall efficiency of trapping and
volatilization in these quartz-tube traps did not exceed
70%. We recently found that a commercially available
externally heated quartz-tube atomizer (conventional QTA)
without any interfaced trapping device can be used for
in-atomizer trapping of stibine under conditions of a
stoichiometric excess of oxygen over hydrogen, and that
volatilization and atomization of the trapped analyte can be
performed merely by switching off the oxygen. The overall
efficiency of trapping and volatilization was 100+£2% [9].
Slight modification of the conventional QTA, consisting in
introduction of all gases through a capillary axially centred
in the inlet arm, enabled loss-less trapping and subsequent
analyte atomization for Bi also [10]. Neither the unmodified
nor the slightly modified conventional QTA can be used for
in-atomizer trapping of hydrides of As, Se, or Te, however
[9, 10].

An analytically useful device for trapping and subse-
quent volatilization/atomization of the most important
hydride forming elements, As and Se, is described in this
communication. The device incorporates the multiple
microflame quartz tube atomizer (multiatomizer) [11, 12]
because, in comparison with conventional QTA, it furnishes
better control of the atomization process [7].

@ Springer
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Experimental
Reagents

All reagents were of analytical-reagent grade or higher
purity. Deionized water was used to prepare solutions.
Working standard solutions of As, Se, and Sb were
prepared from 1 mg mL ™" stock solutions (BDH Laboratory
Reagents) by dilution with 1.0 mol L' HCI. The blank was
1.0 mol L™" HCI. The reductant was a 0.5% (m/v) solution
of NaBH, (Sigma) in 0.4% (m/v) KOH (Merck) filtered
after preparation and stored frozen.

Instrumentation

The Varian model SpectrAA300/400 atomic-absorption
spectrometer equipped with hollow cathode lamps was
used without background correction (the operating con-
ditions used are listed in Table 1).

The flow rate of carrier gas, argon, was controlled by
means of a rotameter (Cole Parmer). Mass-flow controllers
(Cole Parmer) were used for all the other gases.

The continuous flow hydride generation system was made
in-house and was similar to that described elsewhere [9, 13].
Two T-pieces (polyether ether ketone, 0.8 mm inner bore)
were used to merge sample flow with the reductant flow and,
downstream, to merge the reaction mixture flow with the
carrier argon flow. Either blank or standard solution was
introduced to the sample channel. The outlet from the second
T-piece was connected by a 510-mm length of 1 mm i.d.
polytetrafluoroethylene (PTFE) tubing to a 3-mL internal
volume gas—liquid separator with a forced outlet (the gas-
liquid separator is described in detail elsewhere [13]).

Sample and reductant solutions were delivered by
peristaltic pump, and the waste from the gas-liquid
separator was removed in the same way. In all experiments,
sample and reductant flow rates were 4.0 mL min ' and
1.2 mL min', respectively. The flow rate of H, evolved
from NaBH, decomposition was calculated to be approx-

imately 15 mL min'.

Atomizer with integrated trap

The T-shaped device used to trap hydride and to atomize
analyte (atomizer/trap device; Fig. 1) consisted of two
quartz arms, horizontal and inlet.

Table 1 Spectrometer operating conditions

Element Wavelength (nm) Band pass (nm) Current (mA)
As 193.7 0.5 10
Se 196.0 1 10
Sb 217.6 0.2 10

@ Springer

The horizontal arm (aligned in the optical path of the
spectrometer) was the same as that of the multiatomizer
described previously (model MM4 in Ref. [12]). It was
made of two concentric tubes. The inner (optical) tube
was evenly perforated with fourteen orifices. A flow of
gas (outer gas) was introduced from the sides into the
cavity between both tubes of the horizontal arm and then
passed through the orifices into the inner tube. If not
mentioned otherwise, air was employed as the outer gas
and flowed at 25 mL min ' continuously throughout the
procedure (see section Procedure). When explicitly
stated, hydrogen at a flow rate of 25 mL min ' was
introduced as the outer gas during the trapping step of the
whole procedure (see section Procedure). A three-way
valve was used to switch between air and hydrogen. The
commercial heating unit, with temperature control pro-
duced by RMI (Lazné Bohdane¢, Czech Republic) was
used to heat the horizontal arm to 900 °C. The 4-cm
section of the inlet arm from the T-junction is covered by
the heating unit.

The inlet arm served as the trap. It was a plain 8-cm
length of silica tube, 2 mm i.d. and 3 mm o.d. A 6-cm
length of heating coil made from 40 cm canthal wire
(4.17 Q@ m', 0.65 mm diameter) covered the downstream
part of the inlet arm. The mains voltage, 220 V, was
reduced to 80 V by use of an autotransformer. Another
autotransformer controlled the potential applied to the
heating coil and the current was monitored by means of
an ammeter. The gas phase temperature inside the inlet arm
heated by the applied current was determined by use of a
thermocouple (Cole Parmer). A current between 0 to 9 A
resulted in a temperature in the range 80-1100 °C.
Deactivated fused silica capillary tubing (Supelco,
0.53 mm i.d.) centred in the inlet arm served for the
oxygen delivery. The end of the capillary was 2.5 cm from
the upstream end of the inlet arm (Fig. 1), i.e. 5.5 cm from
the atomizer T-junction. The oxygen-delivery capillary was
interfaced to the inlet arm by means of a T-piece
(polypropylene, 1 mm i.d.) fitted to the inlet arm. The
upstream end of the oxygen-delivery capillary was fitted
into the 1 mm i.d. PTFE tubing connecting the oxygen
channel. All fittings were made with PTFE tape. The right
arm of the T-piece (Fig. 1) served to introduce gases from
the gas-liquid separator to the atomizer/trap device.

An additional T-piece (polypropylene, 1 mm i.d.) was
inserted into the gas line between the gas—liquid separator
and the right arm of the “oxygen channel” T-piece
(Fig. 1) to introduce hydrogen from a gas container.
PTFE tubing (I mm i.d.) was used to connect the
hydrogen channel to the additional T-piece. The same
tubing (20 mm) was used to connect both T-pieces and
200 mm of the tubing connected the gas liquid separator
with the additional T-piece.
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Fig. 1 Schematic diagram of
the arrangement downstream of

the gas—liquid separator

resistively
heated coil A

capillary

Procedure

Measurements were performed either in the collection
mode or in the direct-transfer mode. The flow of carrier
Ar (75 mL min ') was maintained throughout in both
modes of operation.

The collection mode procedure consisted of two
steps—trapping, in which analyte was trapped in the inlet
arm of the atomizer/trap device, and volatilization, in
which the trapped analyte was released and transferred
into the optical arm of the atomizer/trap device and
atomized there.

Trapping step

The inlet arm heating was set to the trapping temperature. It
took up to 60 s to heat the inlet arm from ambient
temperature. The peristaltic pump was then switched on to
start hydride generation and a standard was introduced to
the sample channel for 30 s. The standard was then
replaced by the blank for 30 s to flush the system. The
oxygen channel was opened simultaneously with switching
on the pump to deliver the flow rate of 10 mL min ' to the
capillary. Introduction of oxygen in stoichiometric excess
over 15 mL min ' hydrogen, evolved from NaBH,
decomposition, resulted in ignition of a flame burning at
the tip of the capillary. The pump was stopped at the end of
the trapping step. If explicitly stated, hydrogen at a flow
rate of 25 mL min ' was introduced as the outer gas
into the cavity between both tubes of the horizontal arm
during the trapping step and the signal of analyte breaking
through the trap and atomized in the optical tube was recorded.

covered by
heating unit [~ 2

-

gases from gas-liquid separator

The “breakthrough” signal integration was thus performed for
90 s beginning at the start of standard introduction.

Volatilization step

The inlet arm was heated to the volatilization temperature.
The steady-state temperature was reached after 60 s. To
volatilize collected analyte species the oxygen channel was
closed and after 5 s delay the hydrogen channel was
opened. Simultaneously with opening of the hydrogen
channel the signal of volatilized analyte atomized in the
optical tube was recorded and integrated for 15 s. The
hydrogen channel was then closed and inlet arm heating
was switched off. The volatilization step was concluded
after 60 s, when the inlet arm temperature had dropped to
ambient.

If explicitly stated, an additional volatilization step was
introduced. The oxygen channel was opened and the inlet
arm temperature was changed to 920 °C and 570 °C,
respectively, for determination of As and Se. After 60 s,
when the steady state temperature was reached, the
volatilization procedure described above was repeated—
the oxygen channel was closed, the hydrogen channel was
opened with the 5-s delay time, and the signal of
additionally volatilized analyte was recorded and integrated
for 15 s. The hydrogen channel was then closed and inlet
arm heating was switched off. The additional volatilization
step was concluded after 60 s when the inlet arm
temperature had dropped to ambient.

In the direct-transfer mode the inlet arm was unheated,
the oxygen channel was closed, the hydrogen channel was
open, the peristaltic pump was on, and the signal from
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analyte atomized in the optical tube was monitored
continuously. Air was always used as the outer gas. A
typical measurement consisted in establishing the baseline
for blank introduction to the sample channel. A standard
was then introduced to the sample channel for 30 s, when it
was replaced by the blank for 30 s. The signal obtained in
the direct-transfer mode was integrated for 90 s beginning
at the start of introduction of the standard.

Results and discussion
Preliminary observations

Previous unsuccessful attempts to use conventional QTA
for in-situ trapping of As and Se [9, 10] suggested that a
trap with separate temperature control, similar to that we
described previously [7] for SbH; trapping, should be used.
The arrangement used, consisting of the trap connected to
the quartz tube multiatomizer by used plastic tubing,
performed far from optimum, however [7].

Subsequent experiments performed with the same
arrangement as in Ref. [7] (not described above in the
Experimental section) indicated that a weak point of the
apparatus was the temperature minimum in the plastic tubing
between the trap and the atomizer—the temperature was
below 200 °C. Losses of analyte volatilized from the trap
had to be expected in this relatively cool section. Another
source of losses could be the surface of the plastic tubing. It
seemed, however, that the most serious reason for incom-
plete trapping and volatilization was losses of analyte in the
trapping step, which were unavoidable in the presence of
hydrogen developed in hydride generator. There was, for
example, no loss of analyte even after 5 min at the optimum
trap temperature of 680 °C in the absence of hydrogen, in
contrast with substantial loss after 20 s in the presence of
hydrogen, at a flow rate of 15 mL min ', from decompo-
sition of the tetrahydroborate in the hydride generator.

Design of the atomizer/trap device

The simplest way to remove hydrogen was to combust it
with a stoichiometric excess of oxygen. (This concept has
been successfully used for in-situ trapping of stibine and
bismuthine in conventional QTA [9, 10].) The other
requirements for the experimental trap and atomizer
arrangement was to remove the temperature minimum
between the heated trap and the atomizer and to enable
efficient atomization of analyte species in the optical path
of the atomic-absorption detector. The atomizer/trap device
(Experimental section) was designed to conform to all these
requirements:
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1. efficient atomization;
2. no temperature minimum; and
3. combustion of hydrogen.

The atomizer/trap device is actually the multi-
atomizer described previously [11, 12] with the inlet
arm modified to serve as the trap and to accommodate the
oxygen-delivery capillary used for combustion of the
hydrogen.

Hydrogen radicals were proved to atomize arsine and
selenium hydride at the relatively low temperatures typical
of conventional QTA [1] and used for the multiatomizer
[11]. Hydrogen radicals are formed at the beginning of the
heated portion of the conventional QTA atomizer by
reaction of hydrogen with traces of oxygen. In this way,
hydride atomization in conventional QTA is facilitated by
oxygen contamination of gases introduced into the atomizer
[1]. Traces of oxygen in a gas containing hydrogen are
removed by reaction with hydrogen at temperatures above
~500 °C, however. Consequently, the oxygen content of the
gas after passing through the heated trap introduced to the
conventional QTA could be too low to render the analyte
atomization possible. The inherent advantage of the multi-
atomizer for atomization of analyte volatilized in any
upstream trap is that it uses a separate supply of oxygen,
in the form of air, via the outer gas inlet (Experimental
section) to the atomization zone in the optical tube. The air
flow rate of 25 mL min ' was chosen as optimum [12]. To
summarize, production of hydrogen radicals in the optical
tube of the multiatomizer is controlled not by the oxygen
contamination of gases introduced to the atomizer but by
the supply of oxygen in the outer gas.

The other unique feature of the multiatomizer which is
useful when working with excess oxygen in the trap is that
hydrogen can be introduced as the outer gas to maintain
excess hydrogen in the optical tube. The reason is that at
temperatures typical of conventional QTA and multiatom-
izer (up to 1100 °C), arsine and selenium hydride cannot be
atomized under conditions of stoichiometric excess of
oxygen over hydrogen [1]. That free atoms are not observed
under conditions of oxygen excess can be attributed to the
lower production of hydrogen radicals [1] (the concentra-
tion of hydrogen radicals is thus insufficient for efficient
conversion of the analyte to free atoms) and to the
enhanced free analyte atom reaction with molecular oxygen
resulting in the formation of analyte oxides, which cannot
be converted to free analyte atoms, because the concentra-
tion of hydrogen radicals is insufficient.

Integrating the trap with the atomizer, i.e. using the inlet
arm of the atomizer as the trap, avoided the need to use
plastic tubing and reduced the temperature gradient. As
illustrated in Fig. 2 there is no temperature minimum
between the trap and the optical arm—in the central part of
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Fig. 2 Temperature in the inlet arm of the atomizer/trap device for the
unheated trap (empty circles) and when the trap is heated to 550 °C
(filled circles)

the trap there is 2.5-cm long temperature plateau. Temper-
ature was measured at an Ar flow rate of 75 mL min ' but
neither switching off the Ar flow nor replacing Ar with
hydrogen significantly affect the temperature profile shown
in Fig. 2. The regular decrease of temperature with
increasing distance from the optical tube should be
compared with the 200 °C minimum between the separated
trap and atomizer reported above [7].

The capillary arrangement of the atomizer/trap device
made possible to fix the H,/O, flame at the end of the
oxygen-delivery capillary during the trapping step. The
flame was ignited by opening the oxygen channel,
irrespective of whether or not the trap was heated; if the
trap temperature was low the flame was ignited in the hot
optical tube and immediately flashed back to burn stably at
the tip of the capillary. There was, consequently, a 5.2-cm
length of inlet arm between the flame and the optical tube
with a “hydrogen free” atmosphere. This inlet arm section
(its temperature profile is given in Fig. 2) thus served as an
efficient trap.

Direct-transfer mode

This mode is used for conventional measurements, i.e.
with direct transfer of hydride generated to the atomizer
[1], with the oxygen channel closed. In this mode, a carrier
Ar flow rate of 75 mL min ' was found to be optimum for
achieving maximum sensitivity. It was therefore used for
all the experiments reported below. Table 2 shows peak-
area sensitivity for individual analytes. There was no flow
from the hydrogen channel. The total gas flow rate to the
inlet arm of the atomizer/trap device, taking into account
also the flow rate of H, evolved from NaBH,; decompo-
sition, was thus 90 mL min '. Sensitivity decreased with
increasing hydrogen flow rate for all analytes. For
example, a hydrogen flow rate of 100 mL min~' reduced
As sensitivity to 30%. For Se, when the hydrogen flow

for 90 s beginning at the start of introduction of the
standard.

Direct-transfer mode was used as a reference signal for
estimation of the collection mode preconcentration efficien-
cy, defined as the overall efficiency of trapping and
volatilization, and to check the short and long-range signal
stability. Hydrogen flow rate was strictly kept the same in
direct-transfer mode as in the volatilization step of the
collection mode to enable estimation of the preconcentra-
tion efficiency by comparing respective peak areas.

Collection mode

The procedure consists of trapping and volatilization steps.
As discussed above, flow of oxygen at a rate sufficient to
maintain stoichiometric excess over hydrogen is required to
achieve complete analyte trapping in the first step. Because
the flow rate of hydrogen formed in the generator was
approximately 15 mL min ' (Experimental section) an
oxygen flow rate of 10 mL min ' was chosen. All the
hydrogen is thus burned in the flame located at the end of
the oxygen-delivery capillary. In the flame, the analyte
hydride is most probably converted to oxide species
efficiently retained on the quartz surface. The analyte
species can be rapidly volatilized only in excess hydrogen
and only at elevated temperatures. The excess hydrogen
required makes it possible to eliminate slow heating of the
trap—volatilization is initiated by the closing of the oxygen
channel and, after the 5-s delay time, by opening the
hydrogen channel, not before the trap reaches the selected
temperature. The delay time served to flush out the
atomizer/trap device to prevent non-specific absorption at
wavelengths of the As and Se lines used; this is observed
when traces of molecular oxygen are present in the inlet
arm of the device.

In summary, the conditions which must be optimized are
carrier Ar flow rate and trap temperature in the trapping
step, and carrier Ar flow rate, hydrogen flow rate, and trap
temperature in the volatilization step. For simplicity, the
carrier Ar flow rate of 75 mL min ' (the optimum for
maximum sensitivity in the direct-transfer mode) was also
chosen for both steps of the collection mode. Consequently,
only one condition, trap temperature, had to be optimized in
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the trapping step, in contrast with the volatilization step
which required optimization of both hydrogen flow rate and
trap temperature. Qualitatively, the efficiency and rate of
volatilization increases when both of these are increased;
hydrogen flow reduces sensitivity, however, and the
thermal durability of quartz limits the maximum trap
temperature to approximately 1150 °C. Univariate optimi-
zation searches were performed with the preconcentration
efficiency as the figure of merit. The effect on breakthrough
signals of trap temperature in the trapping step of collection
mode (Experimental section) was checked first to estimate
the optimum trapping temperature. The effect of volatiliza-
tion temperature (volatilization curve) was thus determined
at the optimum trapping temperature and for a hydrogen
flow rate close to that previously found for Sb [7]. The
signal of additional volatilized analyte (at the optimum
volatilization temperatures of 920 °C and 570 °C, respec-
tively, for determination of As and Se—Experimental
section) was monitored for individual volatilization temper-
atures. Hydrogen flow rate was then optimized at the
optimum trapping and volatilization temperatures. Finally,
the effect of trapping temperature at the optimum volatil-
ization temperature and the optimum hydrogen flow rate
was determined (trapping curve).

In the volatilization step, signals of regular shape were
observed; the full width of the peak at half maximum
(FWHM) was, typically, 0.8 s for As and 1.0 s for Se under
the optimized conditions.

Arsenic

No breakthrough signal was observed in the trap temper-
ature range between ambient and (the maximum checked)
950 °C. The volatilization curve and the effect of
volatilization temperature on the signal of additionally
volatilized analyte is presented in Fig. 3. Both signals are
expressed as fractions of the corresponding signal obtained
in the direct-transfer mode and, therefore, the respective
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Fig. 3 Volatilization curve (filled circles) and additional volatilization
step at 920 °C (empty circles) for As; trapping temperature 150 °C;
volatilization hydrogen flow rate 100 mL min "'
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signal areas are expressed in Fig. 3 as the preconcentration
efficiency (see above). The figure shows that a volatiliza-
tion temperature of approximately 650 to 800 °C is
optimum. It should be emphasized that the sum of peak
areas of the signal of volatilized analyte with the signal of
additionally volatilized analyte obtained for any individual
volatilization temperature is 44 to 47% for volatilization
temperatures between ambient and 800 °C. This shows the
analyte which can be trapped, volatilized, and atomized is
released from the trap in the volatilization step at temper-
atures of approximately 650 to 800 °C. At lower volatili-
zation temperatures some of the analyte is retained in the
trap and subsequently released and atomized in the
additional volatilization step. For a maximum volatilization
temperature of 950 °C, the “total efficiency” is slightly
lower—40+2%. This is probably because of losses of
analyte during the 5-s delay (see above reasons for the
delay) between switching off the oxygen channel and
opening the hydrogen channel, when the trap is heated to
the volatilization temperature. The optimum hydrogen flow
rate is >50 mL min ' (Fig. 4). Figure 5 shows there is a
broad plateau in the dependence of preconcentration
efficiency on trapping temperature between ambient and
approximately 800 °C. At the maximum trapping temper-
ature of 950 °C, the efficiency decreases slightly.

All the graphs shown in Figs. 3 to 5 indicate that
although all the relevant experimental conditions were
optimized the preconcentration efficiency is approximately
50%. In principle, this could be because of:

1. 50% losses in the trapping step;

2. 50% atomization efficiency in the volatilization step; or

3. 50% of analyte which is not released from the trap even
at the maximum volatilization temperature.

The observation of no breakthrough signals would be
compatible with the first possibility only if it is assumed
that 50% of the arsenic oxide species (presumably formed
in the flame from arsine in the trapping step) are transported
through the optical tube of the atomizer/trap device without
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Fig. 4 Hydrogen flow optimization in the volatilization step for As;
trapping temperature 150 °C; volatilization temperature 800 °C
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Fig. 5 Trapping curve for As; volatilization temperature 800 °C;
volatilization hydrogen flow rate 100 mL min '

being atomized. Then third possibility can be discounted
because no evidence of accumulation of As in the inlet arm
was observed. The experimental data presented are not
sufficient to decide between the first two possibilities,
however.

Selenium

Although substantial breakthrough signals were observed
for trap temperatures above 400 °C, a significant fraction of
analyte breaks through the trap even in the “low temper-
ature region” between ambient and 330 °C (Fig. 6). The
optimum hydrogen flow rate was approximately 50 mL
min~'. Lower flow rates resulted in unacceptably broad
peaks (full width at half maximum approx. 10 s). Increasing
the flow rate to 100 mL min ' did not change the
preconcentration efficiency but the sensitivity decreased
(see above). The volatilization curve and the effect of
volatilization temperature on the signal of additionally
volatilized analyte is presented in Fig. 7. The optimum
volatilization temperature range was approximately 570—
650 °C. The sum of peak areas of the signal of the
volatilized analyte and the signal of additionally volatilized
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Fig. 6 Trapping curve (filled circles), breakthrough signal (empty
circles), and summed signal (crosses) for Se; volatilization tempera-
ture 570 °C; volatilization hydrogen flow rate 50 mL min ™"
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Fig. 7 Volatilization curve (filled circles) and additional volatilization
step at 570 °C (empty circles) for Se; trapping temperature 80 °C;
volatilization hydrogen flow rate 50 mL min "

analyte for any individual volatilization temperature was 65
to 70% for volatilization temperatures between ambient and
650 °C. This shows the analyte which can be trapped,
volatilized, and atomized is released from the trap in the
volatilization step at temperatures of approximately 570—
650 °C. At lower volatilization temperatures some of the
analyte is retained in the trap through the volatilization step
to be subsequently released and atomized in the additional
volatilization step. For volatilization temperatures above
650 °C the “total efficiency” decreases dramatically
(Fig. 7). The reason for this decrease is the same as that
discussed above for arsenic—analyte losses during the 5 s
delay between switching off the oxygen channel and
opening the hydrogen channel, when the trap is heated to
the volatilization temperature. Figure 6 shows that even the
slight trapping temperature increase, from ambient to 200 °C,
negatively affects the trapping efficiency. At a trapping
temperature of 650 °C, the efficiency falls below 10%.

The graphs in Figs. 6 and 7 show that the preconcentra-
tion efficiency is approximately 70% when all the relevant
experimental conditions are optimized (trapping tempera-
ture 80 °C, volatilization temperature 570 °C, hydrogen
flow rate 50 mL min ). Approximately one half of the
30% loss can be attributed to the analyte breaking through
the trap in the trapping step (Fig. 6). The rest of the analyte
(approx. 15%) is probably lost in the 5-s delay time serving
to flush the atomizer/trap device of oxygen when the trap
temperature is at the optimum volatilization temperature of
570 °C.

The sum of the relative peak areas of the signal of
volatilized analyte and the signal of breaking through
analyte obtained at trapping temperatures of 490 °C and
above, when preconcentration efficiency is low, is approx-
imately 100% (summed signals in Fig. 6). This suggests
that, in contrast with the arsine trapping and As atomization
discussed above, all analyte delivered to the trap is
eventually transported to the optical tube and all Se species
present are atomized there with efficiency approaching
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100%. The decrease to 85% of the summed signals for the
lower trapping temperature (Fig. 6) is because of the above
mentioned loss of analyte during the 5-s delay time. This
loss is not significant in the summed signals for higher
trapping temperatures, because the fraction of trapped
analyte is below 10% for temperatures above 600 °C when
almost all analyte breaks through the trap in the collection
step.

Conclusions

In the trapping step, with excess oxygen, the analyte
hydrides are converted to oxides which are retained at the
trap because of interaction with the quartz surface. In the
volatilization step, at the elevated surface temperature of
the quartz and under excess hydrogen, the interactions
between the analyte oxides and the quartz surface probably
become weaker and/or the analyte oxides are reduced by
hydrogen. Analyte species are thus volatilized and trans-
ported to the optical arm of the multiatomizer to be
atomized there.

The reasonably “flat” character, at least near the
optimum settings, in the graphs shown in Figs. 3 to 7
shows that the collection-mode procedures for As and Se
are fairly robust. This indicates the potential of this
approach for preconcentration of arsine and selenium
hydride in analytical practice. Under the optimized con-
ditions, rapid analyte volatilization is achieved, as is
apparent from the narrow peaks (FWHM 0.8 to 1.0 s—
see above) comparable with recently published values for
Sb and Bi (0.8 s [9] and 0.6 s [10], respectively). In
addition, as illustrated in Figs. 3 and 7, respectively,
carryover for arsenic and selenium is negligible under the
optimized conditions. The capacity of the trap estimated
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from the calibration plots is not lower than 4 ng analyte
which is sufficient for ultratrace analysis.

Experiments are in progress to find the explanation for
and, subsequently, to improve the 50% preconcentration
efficiency for As. For Se, the reasons for the 70%
preconcentration efficiency were found. The objective of
forthcoming experiments is to prevent losses in both the
trapping and volatilization steps.
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Kompaktni zatizeni pro prekoncentraci a atomizaci hydridotvornych prvki pro jejich
stanoveni atomovou absorp¢ni spektrometrii

Autofi
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Ustav analytické chemie AV CR, v.v.i., Videtiska 1083, 142 20 Praha 4

Oblast techniky

Vynélez se tyk4d nové, kompaktni, konstrukce zafizeni pro prekoncentraci prvkl tvoficich
tékavé hydridy a naslednou atomizaci analytu za Gc¢elem ultracitlivého stanoveni téchto prvka
atomovou absorpcni spektrometrii (AAS).

Dosavadni stav techniky

Atomova absorpcni spektrometrie s generovanim hydridd (HG-AAS) je dobrym
ptikladem rutinné pouzivané analytické metody, nebot’ je nenaro¢nd na pofizovaci a provozni
néaklady, avSak robustni, rychla, citlivd a selektivni. Tato technika je ptehledné zpracovéana
napt. v monografii [J. Dédina a D. L. Tsalev: Hydride Generation Atomic Absorption
Spectrometry, Wiley, Chichester, 1995]. Navic jsou prvky stanovitelné HG-AAS dilezité z
hlediska monitoringu slozek zivotniho prostfedi (As, Se, Sb, Bi).

K atomizaci hydridii se obvykle pouziva vyhiivaného atomizatoru vyrobeného obvykle
z kifemene. Konvenéni atomizator je tvofen piivodnim ramenem a optickou trubici, jejiz osa je
totozna s optickou osou spektrometru. Optickd trubice je dlouha 10 az 20 cm a jeji podstatna
cast je zvenci vyhfivana obvykle na teplotu 900 °C. Pfivodni rameno je trubice pfitavend k
optické trubici obvykle v jejim stfedu v pravém thlu. Atomizator ma pak tvar T-trubice, jejiz
pfivodni rameno slouzi k pfivodu hydridu undsSeného proudem nosného plynu do vodorovné
umisténé optické trubice. Konvencni atomizatory trpi zdvaznymi nedostatky, které¢ odstraiiuje
novy atomizator hydridd - kfemenny multiatomizator popsany v patentu [CZ Pat 287635.
Dédina, J. a Matousek, T.: ZplUsob atomizace tékavych sloucenin, zejména hydridi,
stanovovanych prvkll pro atomovou absorp¢ni spektrometrii a zatizeni k provadéni tohoto
zpasobu. 7.11. 2000] a v ¢lancich [Dédina, J., Matousek, T.: J. Anal. Atom. Spectrom., 15
301-304, 2000] a [Matousek, T., J. Dédina, A. Selecka: Spectrochim. Acta Part B, 57 451-
462, 2002]. Podstata multiatomizatoru spociva v tom, ze dovnitt optické trubice konvencniho
atomizatoru se mnohoc¢etnymi miniaturnimi proudy piivadi kontrolované mnozstvi kysliku.

V posledni dobé jsou pozadovana stanoveni ¢im dal nizSich koncentra¢nich hladin
analytu ve vzorcich. Detek¢ni limity soucasnych analytickych technik jiz nepostacuji. Proto je
zapotiebi zavést prekoncentracni proceduru, kterd by méla byt pro rutinni pouziti jednoducha
a Casoveé nendrocna. Inherentni vyhodou generovani hydridl je snadnost prekoncentrace: v
prvnim kroku, zachytu, prekoncentracni procedury zaloZzené na generovani hydrida je analyt
ve form¢ tékavého hydridu uvolnén z okyseleného kapalného vzorku reakei s roztokem
tetrahydroboratu (NaBH4). Generovany hydrid je spolu s vodikem, ktery je produktem
rozkladu NaBH4, veden proudem nosného plynu do prekoncentracniho zatizeni. V druhém
kroku prekoncentracni procedury, uvolnéni, po skonceni generovéani hydridu ze vzorku, je
analyt z prekoncentracniho zafizeni uvolnén a veden k atomizaci a detekci metodou AAS.

Jednim z historicky nejstarSich pfistupil k prekoncentraci hydridotvornych prvka bylo
vymrazovani v kiemenné U-trubici chlazené kapalnym dusikem. Tento zplsob trpi zavaznymi
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vyhradné grafitové atomizatory. Po desetileti je v analytické praxi Siroce vyuzivana
prekoncentrace hydridli v grafitovych atomizatorech. I v soucasnosti je to nejbéznéjsi zptisob
prekoncentrace pii stanoveni ultrastopovych koncentraci hydridotvornych prvkl. Avsak
pofizovaci i provozni naklady pfistroje s grafitovym atomizatorem jsou vysoké, proto jsou
hledany i alternativni pfistupy k prekoncentraci hydridi.

Velmi perspektivni je novy pfistup k prekoncentraci v atomizatoru: pouziti trubicky z
kifemenného skla (kfemenné pasti) jako prekoncentracniho zatizeni pro zachyt hydridd s
atomizaci analytu v kfemenném atomizatoru v druhém kroku prekoncentracni procedury. Byl
popsan zachyt plumbanu (PbH4) v trubicce z kiemenného skla s ndslednou atomizaci v
konvenénim kifemenném atomizatoru [D. Korkmaz, N. Ertas, O. Ataman, Spectrochim. Acta
Part B, 57 571-580, 2002]. Tento pfistup je ale nepouZzitelny pro prekoncentraci vétSiny
hydridotvornych prvki: arsen, antimon, selen, bismut, telur. Dtvodem je to, ze k uvolnéni
analytu z pasti je tfeba ji zahtat na teplotu, pfi které jsou stopy molekularniho kysliku v pasti
odstranény reakci s vodikem. AvSak atomizace tékavych forem vySe uvedenych prvki v
konvenénim kiemenném atomizatoru je bez stop molekularniho kysliku nemoznd [J. Dédina a
D. L. Tsalev: Hydride Generation Atomic Absorption Spectrometry, Wiley, Chichester, 1995].

Tento problém byl vyfeSen ndhradou konvenéniho kifemenného atomizatoru
multiatomizatorem [D. Korkmaz, J. Dédina, O. Ataman, J. Anal. Atom. Spectrom., 19 255-
259, 2004]. Multiatomizator byl spojeny s kiemennou pasti (trubickou z kiemenného skla)
plastikovou hadi¢kou. AvSak ucinnost prekoncentrace se pohybovala hluboko pod 100 %.
Dalsi studie provedené autory této patentové piihlaSky prokéazaly, ze vodik vznikajici
spontanné pii chemickém generovani hydridu zpiisobuje ztraty analytu pfi zachytu hydridu. Z
vysledkd naslednych studii provedenych autory vyplynulo, Ze k u¢innému zachytu hydridu a
tim 1 k prekoncentraci analytu v trubi¢ce z kiemenného skla dochdzi jen v nepfitomnosti
vodiku. Jedinym proveditelnym zplsobem jak toho dosdhnout je spaleni vodiku v
stechiometrickém nadbytku kysliku, v plaminku hoficim na zacatku té ¢asti aparatury (trubicky
z ktemenného skla) kde dochdzi k zachytu. Ke stabilnimu hofeni tohoto plaminku dochazi jen
pfi této teploté nad cca 400 °C. Hydrid analytu je za téchto podminek rozloZzen a jeho
rozkladné¢ produkty, patrné oxidy, interaguji s povrchem kifemenného skla, kde jsou
zachyceny. Po uplynuti prekoncentra¢ni doby je zachycend forma analytu z povrchu
kfemenného skla uvolnéna zménou sloZeni plynné faze (stechiometricky nadbytek vodiku vici
kysliku v plynné fazi), napt. zvySenim teploty kiemenné trubicky.

V piipadé antimonu a bismutu jsou rozkladné produkty rozkladu jejich hydridi
zachyceny na povrchu kifemenného skla se 100% ucinnosti i pfi teplot¢ nad 900°C. To
umoznilo provést zachyt piimo v konven¢nim kiemenném atomizatoru pii teploté 900°C. K
uvolnéni a atomizaci analytu v druhém kroku prekoncentracni procedury staci zménit sloZeni
plynné faze: vypnout piivod kysliku a zapnout ptivod vodiku. Za takovych podminek bylo
dosazeno 100% prekoncentracni Uc¢innosti hydridi antimonu [J. Kratzer, J. Dé&dina:
Spectrochim. Acta Part B, 60 859-864, 2005; J. Dédina, J. Kratzer: Zptsob prekoncentrace
antimonu pro jeho stanoveni metodami atomové spektrometrie, PV-2004-854] a bismutu [J.
Kratzer, J. Dédina: J. Anal. Atom. Spectrom., 21 208-210, 2006; J. Dédina, J. Kratzer:
Zpisob prekoncentrace bismutu pro jeho stanoveni metodou atomové absorpcni
spektrometrie, PV 2005 - 761].
prvki (arsen, selen, telur, cin), protoze produkty rozkladu jejich hydridi nejsou pfi teploté
kfemenného atomizatoru zachycené na povrchu kiemenného skla. K prekoncentraci téchto
hydridotvornych prvkl je proto nutné pouzit obdobné uspofadani jako to popsané ve vyse
citované praci [D. Korkmaz, J. Dédina, O. Ataman, J. Anal. Atom. Spectrom., 19 255-259,
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2004]: kfemennou past, oddélenou od multiatomizatoru, jejiz teplotu lze ovladat nezavisle na
teploté multiatomizatoru.

Podstata vynalezu

Experimentalni studie provedené autory prokézaly, ze produkty, vzniklé rozkladem
hydridi nékterych z nejdilezitéjsich hydridotvornych prvka (arsen, selen, telur, cin) v
plaminku, nejsou zachycené na povrchu kifemenného skla ani pfi teploté cca 400 °C. Toto
urcité plati v ptipade selenu. Predbézné experimenty nevyloucily, Ze by to mohl byt i ptipad
jinych vyse uvedenych hydridotvornych prvkl. Pro U¢inny zachyt analytu v kiemenné pasti v
prvnim kroku prekoncentracni procedury je proto tfeba zajistit i, kromé vySe zdiivodnéného

vwr

laboratorni teploté. Déle bylo prokazano, ze kvuli bezeztratovému transportu analytu v
druhém kroku prekoncentracni procedury je Zadouci, aby past byla co nejblize optické trubici
multiatomizadtoru a aby teplotni profil mezi pasti a vyhiivanou optickou trubici
multiatomizatoru nevykazoval minimum.

Pozadavky shrnuté v piedchozim odstavci jsou splnény konstrukei kompaktniho
zafizeni pro prekoncentraci a atomizaci, jehoz podstata spoc¢iva v tom, ze (1) jako pasti je
vyuZzito vstupni rameno multiatomizatoru a v tom, ze (2) kyslik, nutny pro spaleni vodiku v
prvnim kroku prekoncentracni procedury, je pfivadén na zacatek pasti kapilarou o vnitfnim
praméru 0,53 mm nebo méng¢.

Vyuziti vstupniho ramene multiatomizatoru jako pasti (a) zkracuje na minimum vzdélenost
mezi pasti a optickou trubici multiatomizdtoru a (b) odstrafiuje v druhém kroku
prekoncentrani procedury teplotni minimum mezi pasti a vyhfivanou optickou trubici
multiatomizatoru.

Privadéni kysliku kapilarou na zacatek pasti v prvnim kroku prekoncentraéni procedury vede k
tomu, Ze na vyusténi této kapilary hoti kysliko-vodikovy plaminek. Pro teploty pasti nizsi nez
400-500 °C dojde v optické trubici multiatomizatoru, kterd je stabiln€ vyhfivana na atomizacni
teplotu 900 °C, ke vzniceni smési vodiku a kysliku a plaminek proskoci na vyusténi kfemenné
kapilary. Plaminek nutny pro rozloZeni hydridu analytu a pro spéleni vodiku zde hofi stabiln¢ a
pfi jakékoliv teploté pasti, i v piipadé, Ze past neni zvenku vyhiivana. Usek vstupniho ramene
multiatomizatoru mezi plaminkem a optickou trubici multiatomizatoru pak slouzi jako velice
ucinnd past, jejiz teplota miize byt regulovdana a to i v prvnim kroku prekoncentracni
procedury, kdy na zacatku pasti hoti plaminek, v Sirokych mezich: od laboratorni teploty az po
1000 °C.

Vyhodou popsané¢ho kompaktniho zatizeni pro prekoncentraci a atomizaci je flexibilita
a univerzalnost. Flexibilita spoc¢iva v moznosti ovladat teplotu pasti v Sirokych mezich v obou
krocich prekoncentracni procedury a to pii zachovani nutné podminky pro ucinny zachyt v
prvnim kroku: spaleni vodiku. Univerzalnost spoc¢iva v tom, Ze na rozdil od vySe citovanych
postupl a zafizeni, které jsou vhodné pro prekoncentraci jen nékterych hydridotvornych
prvkl, kompaktniho zafizeni pro prekoncentraci a atomizaci lze v principu pouzit pro
prekoncentraci vSech hydridotvornych prvka. Piedbézné experimenty prokazaly, pouZzitelnost
této aparatury pro As, Se, Sb a Bi.

Oproti bézn¢ pouzivané prekoncentraci hydridi v grafitovém atomizatoru je metoda
prekoncentrace v aparatufe podle vynalezu jednodussi a pofizovaci i provozni ndklady jsou
desetkrat az stokrat nizsi a ocekavané detekeni limity vyrazné lepsi.

Piiklady provedeni vynalezu
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Priklad provedeni vyndlezu je blize osvétlen pomoci vykresu, na kterém je schematicky
zndzornéno kompaktni zafizeni pro prekoncentraci a atomizaci. Konstrukce zatizeni podle
vynélezu je zaloZena na multiatomizatoru s modifikovanym vstupnim ramenem. Modifikované
vstupni rameno slouzi jako past pro zachyt hydrida v prvnim kroku prekoncentracni procedury
a pro uvolnéni analytu v druhém kroku. Zatizeni je vyrobeno z kiemenného skla a sestava se z
ptivodniho ramene (1), do n¢hoz je vlozena kiemenna kapilara (2) a z optické trubice (3), jejiz
osa je totozna s optickou osou spektrometru.

Centralni cast (4) optické trubice (3), dlouhd 150 mm, je tvofena dvéma
koncentrickymi trubicemi, vnitini (5) (vnitini primer 6 mm, délka 150 mm) a vné&jsi (6) (vnéjsi
pramér 14 mm, délka 185 mm). Vnitini koncentricka trubice (5) ma na svém obvodu sedm
part protilehlych otvort (7) o priméru 0,5 mm uspotadanych jak zobrazeno na vykresu.
Vzdélenost mezi jednotlivymi pary je 15 mm. Mezi obéma koncentrickymi trubicemi (5,6) je
dutina (8), do které vedou ptivody (9). Okrajové ¢asti (10) optické trubice (vnitini pramér 17
mm, délka 17 mm) maji jednoduchou sténu. Pfivody (9) slouzi pro davkovani vzduchu do
mezikruzi mezi vnéjsi a vnitini optickou trubici. Vzduch pak vstupuje otvory ve vnitini optické
trubici do jeji vnitini ¢asti, kterou prochazi zafeni ze zdroje AAS spektrometru. Centralni ¢ast
optické trubice multiatomizatoru je vyhiivana elektrickou odporovou pickou na atomizacni
teplotu 900 °C.

Ptivodni rameno multiatomizatoru (1) o svétlosti 2 mm, vnéj$Sim praméru 4 mm a délce
80 mm je pfitaveno k optické trubici (3) v jejim stiedu v pravém thlu. Cast piivodniho ramene
v délce 60 mm od jeho spojeni s optickou trubici je kryta spirdlkou z odporového dratu (11)
(kanthal, délka ca 400 mm, 4,17 Q m™', pramér dratu 0,65 mm). Volbou napéti 0-80 V je v
ptivodnim rameni dosazena teplota v intervalu 25-1100 °C. Do podélné osy piivodniho
ramene (1) atomizatoru je vlozena kiemenna kapilara (2) o svétlosti 0,5 mm, jejiz konec je
vzdalen 55 mm od spojeni ptivodniho ramene a optické trubice, tj. Cast konce kapilary v délce
5 mm je jiz kryta odporové vyhiivanou spiralou (11). Tato kiemenna kapilara (2) je
vycentrovana v piivodnim rameni (1) pomoci polypropylenové T- spojky (12). Kapilara (2) je
pfipojena k pfivodu kysliku z tlakové lahve (13). Pfivodni kanal (14) pfipojeny pomoci T-
spojky (12) slouzi bud’ k zavadéni plynli z generatoru hydrid v kroku zachytu
prekoncentracni procedury, nebo k pfivodu vodiku z tlakové lahve v druhém kroku
(uvolnéni).

Funkce zatizeni:

V kroku zachytu je nejprve nastavena teplota pfivodniho ramene zvolena pro zachyt. Nejdéle
za 60 s se teplota ustali na zvolené hodnoté. Pak je spusténo kontinuédlni generovani hydridu a
soucasné je do kapilary (2) piivadén kyslik z tlakové lahve (13) o pritoku 10 mlmin™,
Generovany hydrid analytu v proudu argonu (75 mlmin') s piimési vodiku (z rozkladu
tetrahydroboratu, cca 15 mlmin™) je veden z generatoru kandlem (14). Stechiometrickému
poméru kysliku odpovida 7,5 ml.min”, zvoleny pritok kysliku 10 mlmin" tedy bezpeénd
zaruCuje stechiometricky nadbytek kysliku vic¢i vodiku v ptivodnim rameni (1). Za téchto
podminek hoti plaminek na konci kapilary (2) pro jakoukoli zvolenou teplotu pifivodniho
ramene (25-1100 °C). Pfi teplotach piivodniho ramene (1) 25-400 °C dojde k zazehnuti
plaminku v optické trubici vyhfivané na 900 °C a k jeho okamzitému proskoceni na konec
kapilary (2) ptfivadéjici kyslik a jeho stabilnimu hofeni na tomto misté. Krok zachytu je
ukoncen vypnutim generovani hydridu. Tim je ukoncen i proud vodiku a plaminek zhasne.

V druhém kroku prekoncentra¢ni procedury je nastavena teplota piivodniho ramene pro
uvolnéni analytu. Nejdéle za 60 s se teplota ustali na zvolené hodnoté. Zachyceny analyt je z
ptivodniho ramene uvolnén uzavienim ptivodu kysliku (13) a néslednym otevienim piivodu
vodiku kandlem (14). Tim je analyt zachyceny v pfivodnim rameni (1) najednou uvolnén a
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transportovan do vnitini optické trubice (5), kde je atomizovan. Idedlni atomizacni podminky
jsou zajistény ptivodem 25 ml.min” vzduchu do piivodi (9).

Popsané¢ kompaktni prekoncentratni a atomizacni zafizeni bylo pouzito k
prekoncentraci prvkd, které nelze prekoncentrovat v konvenénim kiemenném atomizatoru, t.j.
arsenu a selenu. Pro arsen byly nalezeny tyto optimalni podminky: teplota zachytu 80-700 °C,
teplota uvolnéni 650-800 °C, priitok vodiku v kroku uvolnéni 100 ml.min"'. V piipadé selenu
byly nalezeny tyto optimalni podminky: teplota zachytu 80-300 °C, teplota uvolnéni 550-650
°C, pritok vodiku v kroku uvolnéni 50 ml.min"'. Prekoncentradni wi¢innost se pohybovala
kolem 50 % pro As a 70 % pro Se. Popsané kompaktni prekoncentracni a atomizacni zatizeni
- past integrovana s multiatomizatorem lze pouzit i pro prekoncentraci antimonu a bismutu.
Pro antimon byly nalezeny tyto optimalni podminky: teplota zachytu 600-1100 °C, teplota
uvoln&ni 900-1100 °C, pritok vodiku v kroku uvolnéni 15 mlmin". V piipadé bismutu byly
optimalni tyto podminky: teplota zachytu 700 -1000 °C, teplota uvolnéni rovnéz 700-1000
°C, pratok vodiku v kroku uvolnéni 100 mlmin'. V obou piipadech byla w&innost
prekoncentrace 100%.

Primyslova vyuzitelnost

Kompaktni zafizeni pro prekoncentraci a atomizaci podle vynalezu lze pouzit pro
ultracitlivé AAS stanoveni prvka tvoficich t€kavé hydridy, zejména As, Sb, Se, Sn, Pb, Te a Bi
ve vSech typech vzorkl, napt. klinickych, potravinarskych, zivotniho prostiedi a
pramyslovych.




PATENTOVE NAROKY

Zatizeni pro prekoncentraci a atomizaci hydridotvornych prvkl za ucelem jejich stanoveni
atomovou absorp¢ni spektrometrii na principu multiatomizatoru vyznacujici se tim, Ze past
pro zachyt hydridi a uvolnéni analytu je tvofena vstupnim ramenem (1) multiatomizatoru, do
né¢hoz je v podélné ose vlozena kifemenna kapilara (2) pro piivod kysliku, pficemz vyusténi
kapilary je ve vzdalenosti 50 az 100 mm od optické trubice (3) multiatomizatoru.



Anotace

Kompaktni zatizeni pro prekoncentraci a atomizaci hydridotvornych prvki pro jejich
stanoveni atomovou absorp¢ni spektrometrii

Zatizeni pro prekoncentraci a atomizaci hydridotvornych prvkl za ucelem jejich stanoveni
atomovou absorpcni spektrometrii. Konstrukce zafizeni je zalozena na multiatomizatoru s
modifikovanym vstupnim ramenem do néhoz je vloZzena kiemennd kapilara. Na vyusténi
kapilary hoti v prvnim kroku prekoncentracni procedury plaminek spalujici vodik v ptebytku
kysliku. Usek vstupniho ramene za plaminkem slouzi jako velice U¢inna past pro zachyt
rozkladnych produktii hydridi, jejiz teplota mize byt regulovdna v Sirokych mezich od
laboratorni teploty vySe. V druhém kroku prekoncentracni procedury je zachyceny analyt
bezeztratoveé uvolnén a transportovan do ¢asti zatizeni slouzici pro atomizaci.

Autofi
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The compact trap-and-atomizer device was employed to trap stibine and bismuthine, and subsequently to
volatilize collected analyte and atomize it for atomic absorption spectrometric detection. The device is actually the
multiple microflame quartz tube atomizer (multiatomizer) with inlet arm modified to serve as the trap and to
accommodate the oxygen delivery capillary employed for burning out hydrogen during the trapping step. The
optimization of Sb and Bi collection in the device is presented based on a study of the influence of relevant
experimental parameters on preconcentration efficiency of both analytes. The parameters studied were: (1) trap
temperature during trapping and (2) hydrogen flow rate and (3) trap temperature during volatilization and (4) the
stability of the trapped analyte species. Under optimized conditions, the preconcentration efficiency was 100% for
both analytes. The trap-and-atomizer device can be replaced by the simple conventional externally heated quartz
tube atomizer without any trap as demonstrated on the ultratrace antimony determination in groundwater
reference material and mineral water samples. The interference of other hydride forming elements on Bi in-situ

collection in the conventional externally heated quartz tube atomizer was investigated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydride generation coupled to atomic absorption detector (HG-AAS)
[1] is due to its simplicity, selectivity and sensitivity a powerful and
favorite analytical technique for the trace determination of many
important analytes such as As, Se, Sb, Bi, Pb, Sn, etc. Analyte conversion
to the gaseous hydride has two advantages — firstly, analyte is separated
from the matrix and secondly, analyte can be preconcentrated from the
gaseous phase. Employing the preconcentration step, the HG-AAS
detection limit can be pushed down to meet the requirements of the
ultratrace analysis being often inevitably requested for hydride forming
elements either by law regulations or by the customers.

The analyte hydride can be easily preconcentrated either in a special
collection device (usually by cryogenic trapping) or directly in the
atomizer. Cryogenic trapping is time consuming and considerable effort
is involved [1]. In contrast, in-atomizer trapping of hydrides is the most
convenient way of analyte collection. It can take place on the surface of
the atomizer segment that is aligned in the optical path of the
instrument. Then the terminology “in-situ” collection, suggested in
one of the first papers on in-atomizer collection in graphite furnaces [2],

¥ This paper was presented at the Colloquium Spectroscopicum Internationale XXXV,
held in Xiamen, China, 23-27 September 2007 and is published in the special issue of
Spectrochimica Acta Part B, dedicated to that conference.
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0584-8547/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.sab.2008.03.011

accurately reflects the nature of the process. Until recently, the only
widely used approach to in-atomizer collection was in-situ collection in
graphite furnaces [3] but then procedures based on collection on metal
[4-7] and quartz [8-11] surfaces emerged.

An analytically useful compact quartz trap-and-atomizer device for
hydride trapping and subsequent analyte volatilization/atomization of
two important analytes — As and Se has been described recently [12]. The
device is actually the multiple microflame quartz tube atomizer (multi-
atomizer) [13,14] with its inlet arm modified to serve as the trap and to
accommodate the oxygen delivery capillary employed for burning out
hydrogen during the trapping step. Since the trapping zone (inlet arm) is
not in the optical arm of the instrument but it is an integral part of the
atomizer, the process should be termed “in-atomizer collection”. The aim
of the current contribution was (1) to find the optimum collection
parameters for Sb and Bi in the trap-and-atomizer device and to compare
the parameters with those found previously for As and Se in the same
setup, (2) to employ the optimum parameters for Sb and Bi hydride
trapping in conventional quartz tube atomizers (QTA) for routine
analytical applications; the reason is better availability of QTA compared
to the trap-and-atomizer device.

2. Experimental
2.1. Reagents

All reagents were of analytical reagent grade or higher purity.
Deionized water (Ultrapure, Watrex, USA) was used to prepare solutions.
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Fig. 1. Schematic diagram of the apparatus.

Working 2 ng ml™! Sb and 1.5 ng ml™! Bi standards were prepared from
1 mg ml~! stock solutions (BDH Laboratory Reagents) by dilution in
1.0 mol I" HCl (Merck). The blank was 1.0 mol I" ! HCl. The reductant was
0.5% (m/v) solution of NaBH, (Sigma) in 0.4% (m/v) KOH (Merck) filtered
after preparation and stored frozen.

For interference studies, the As(III), Se(IV), Te(IV), Sb(III), Sn(II), Pb(II)
and Ge(IV) 1 mg ml™! stock solutions (BDH Laboratory Reagents) were
used to prepare the working solutions in 1 mol 1! HCl and containing
always 1 ng ml™! Bi as analyte and from 10 to 10000 ng ml~! of the
interferent.

Groundwater reference material (trace elements/metals) Grumo-K
(Eurofins, Denmark) with certified content 0f0.54+0.19 ng ml~ ! Sb and
mineral water were used as testing materials. The standard and sample
were prepared in 1 mol I"! HCl and pre-reduced 30 min before the
analysis by adding solid KI (p.a., Lachema Brno, Czech Republic) and

ascorbic acid (p.a., Farmakon Olomouc, Czech Republic) to reach their
final 8% and 0.5% (m/v), respectively, content in the sample solution.

2.2. Spectrometer and hydride generator

The Varian model SpectrAA300/400 atomic absorption spectro-
meter equipped with hollow cathode lamps was employed without
background correction. An in-house made, continuous flow hydride
generation system similar as described in ref. [15] was employed (see
Fig. 1 for the schema of the hydride generator). A 3 ml inner volume
gas-liquid separator with a forced outlet (see ref. [15] for detailed
description) was used. Flow rate of carrier argon was controlled by a
rotameter (Cole Parmer). Mass flow controllers (Cole Parmer) were
used for all the other gases (see Table 1 for spectrometer, pump and
gas controllers operation parameters).

Table 1
Operation parameters
Spectrometer Pump flow rates (ml min™")
Band pass (nm) 0.2 Sample 4.0
Lamp current (mA) 10 Reductant 1.2
Wavelength (nm) Sb 217.6 Waste 6.0
Bi 2231
Gas flow rates (ml min Temperature program (optimum, °C)
Carrier Ar in both steps 75 Trapping step 870
Outer gas (air or H,) in the trapping step 25 Volatilization step 870
Outer gas (air) in the volatilization step 25 Additional volatilization step 870
0, in the trapping step (capillary) 10
H, in the volatilization step for Sb 75
for Bi 100
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Either the blank or the standard solution was introduced to the
sample channel. The flow rate of H, evolved from NaBH, decomposi-
tion was calculated to be around 15 ml min'. The flow rate of the Ar
carrier was kept constant at 75 ml min~! in all experiments.

2.3. Trap-and-atomizer device

The trap-and-atomizer device was the modified T-shaped multi-
atomizer (see Fig. 1 for the schema of the device and hydride
generator). The horizontal arm of the device was made of two
concentric tubes: the inner (optical) one was evenly perforated with
14 holes. A flow of gas (outer gas) was introduced from the sides into
the cavity between the two tubes of the horizontal arm and then
passed through the holes into the optical tube. If not mentioned
otherwise 25 ml min™! air was employed as the outer gas flowing
continuously throughout the whole procedure (see Section 2.4
Procedure). When explicitly stated, 25 ml min~! of hydrogen was
introduced as the outer gas during the trapping step of the whole
procedure (see Section 2.4). The commercial heating unit with
temperature control produced by RMI (Lizné Bohdaneé, Czech
Republic) was used for heating the horizontal arm to 900 °C.

The inlet arm of the device, resistively heated independently of the
horizontal arm and allowing to reach temperature inside the inlet arm
from 80 to 1100 °C, served as the trap. A deactivated fused silica
capillary (Supelco, 0.53 mm i.d.) centered within the inlet arm served
for the oxygen delivery in the first (trapping) step of the collection
procedure (see Section 2.4). For more detailed description of the
apparatus see Ref. [12].

The trap temperature was measured when the oxygen channel
(Fig. 1) was closed, i.e. in the absence of the microflame, by a
thermocouple approximately 5 cm from the T-junction, close to the tip
of the oxygen delivery capillary. The influence of the carrier gas
composition and flow rate in the employed range on the trap
temperature was negligible. The microflame burning in the trap
during the trapping step (see below) did not influence the tempera-
ture considerably as illustrated by the (outer) surface temperature of
the trap being well below 100 °C for trap externally unheated and
microflame burning.

2.4. Procedure

Measurements were performed either in the collection mode or in
the direct transfer mode. The exact description of the both procedure
modes can be found in Ref. [12].

The collection mode procedure consisted of two steps: trapping -
analyte is trapped in the inlet arm of the trap-and-atomizer device;
volatilization - trapped analyte is released and transferred into the
optical arm of the trap-and-atomizer device and atomized there.

Trapping step:

The inlet arm heating was set to the actual trapping temperature. It
took up to 60 s to heat the inlet arm up from the ambient temperature.
10 ml min™' O, was delivered through the oxygen channel to the
capillary in the inlet arm. A standard was introduced to the sample
channel of the hydride generator for 30 s then it was replaced by the
blank for 30 s to flush the system. The reason for 30 s flushing of the
hydride generator by the blank was to ensure all the analyte from the
apparatus was delivered into the trap. The introduction of oxygen in
the stoichiometric excess over 15 ml min™! hydrogen, evolved from
NaBH, decomposition, resulted in an ignition of a flame burning at
the tip of the capillary. The pump was stopped at the end of trapping
step. If explicitly stated, hydrogen at the flow rate of 25 ml min™! was
introduced as the outer gas into the cavity between both tubes of the
horizontal arm during the trapping step and the signal of analyte

breaking through the trap and atomized in the optical tube was
recorded. Although there is the oxygen excess over hydrogen in the
inlet arm, employing hydrogen as the outer gas enables to reach
hydrogen excess over oxygen in the optical arm. This is necessary to
detect the “breakthrough” signal by AAS. The “breakthrough” signal
integration was thus performed for 90 s beginning at the start of the
standard introduction.

Volatilization step:

The inlet arm heating was changed to the actual volatilization
temperature. After 60 s the steady state temperature was reached.
To volatilize collected analyte species, the oxygen channel was
closed and the hydrogen channel was opened immediately.
Simultaneously with opening the hydrogen channel, the signal of
volatilized analyte atomized in the optical tube was recorded and
integrated for 15 s. There was no change in the flow rate of outer
gas.

If explicitly stated, an additional volatilization step was introduced:
The oxygen channel was opened and the inlet arm temperature
was changed to 870 °C. After 60 s when the steady state
temperature was reached, the volatilization procedure described
above was repeated and the signal of additionally volatilized
analyte was recorded and integrated for 15 s. It took up to 60 s to
cool down the inlet arm to the ambient temperature.

In the direct transfer mode, the inlet arm was unheated, the oxygen
channel was closed, the hydrogen channel was open, the peristaltic
pump was on and the signal of analyte atomized in the optical tube
was continuously monitored. Air was employed as the outer gas.
Direct transfer mode was used as a reference signal for estimation of
the preconcentration efficiency of the collection mode. Standard
solution concentration, sample introduction time as well as the
hydrogen flow rate were strictly kept the same in both, the direct
transfer mode and volatilization step of the collection mode to enable
estimation of the preconcentration efficiency by comparing respective
peak areas. The preconcentration efficiency (efficiency) E, defined as
the overall efficiency of trapping, volatilization and atomization, is
calculated as the ratio of the peak area obtained in the volatilization
step of the collection mode to the peak area obtained in the direct
transfer mode.

Analogously, the “breakthrough” signal can be quantified employing
the direct transfer mode. The inlet arm was heated to the actual trapping
temperature, the oxygen channel was open, the hydrogen channel was
closed, the peristaltic pump was on and the signal of analyte atomized in
the optical tube was continuously monitored. 25 ml min™' H, was
employed as the outer gas. The “breakthrough” efficiency B is calculated
as the ratio of peak areas obtained under the same gas flows in the
trapping step of the collection procedure to the peak area obtained in the
direct transfer mode with hydrogen as outer gas and inlet arm unheated.
Assuming the lossless volatilization, following equation holds: E+B=1.

2.5. Routine applications in conventional externally heated quartz atomizer

The commercial quartz tube atomizer without any trap (Perkin
Elmer Quartz Cell 2 for FI-MHS) operated without end windows was
used to demonstrate routine application of the proposed approach.
See Refs. [16,17] for detailed atomizer description. The hydride
generator was the same as described in Section 2.2 and spectrometer
parameters employed as that summarized in Table 1.

To determine the total Sb content in groundwater reference
material and mineral water samples, the samples were pre-reduced
by Kl/ascorbic acid 30 min before the analysis. The sample introduc-
tion time was 30 s followed by 30 s introduction of the blank. Gas
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composition in the trapping step was: 120 ml min~! carrier Ar+15 ml
min~! H, evolved from hydride generator+10 ml min™! O, through
the auxiliary gas channel to burn the hydrogen in the trapping step.
The analyte was trapped in-situ in the optical arm of the atomizer
heated to 900 °C. Subsequently, the oxygen flow was switched off and
the trapped analyte species were volatilized, atomized and detected
by adding 75 ml min~! H, to 75 ml min~! carrier Ar. See Ref. [16] for
detailed description of the procedure.

To investigate interferences of other hydride forming elements on
Bi in-situ collection the atomizer was modified as follows: a
deactivated fused silica capillary (Supelco, 0.53 mm id) was centered
within the inlet arm of the atomizer. The tip of the capillary was
aligned with the downstream end of the inlet arm in the junction with
the optical arm. The sample introduction time was 30 s followed by
30 s introduction of the blank. The sample in 1.0 mol I"! HCI contained
always 1 ng ml™! Bi as analyte and from 10 to 10000 ng ml™' of the
interferent. Gas composition in the trapping step was: 75 ml min™!
carrier Ar+15 ml min~! H, evolved from hydride generator+10 ml
min~! of auxiliary O, added through the capillary to burn out the
hydrogen in the trapping step. The analyte was trapped in-situ in the
optical arm of the atomizer heated to 900 °C. Subsequently, in the
volatilization step, the oxygen flow was switched off and the trapped
analyte species were volatilized, atomized and detected by adding
100 ml min~! H, through the auxiliary gas channel to 75 ml min~! of
carrier Ar. See Ref. [17] for detailed description of the apparatus and
procedure.

3. Results and discussion
3.1. Antimony

There was no breakthrough signal observed in the whole trap
temperature range studied (between 220 °C and 950 °C) using the
hydrogen as outer gas. Fig. 2 shows the dependence of preconcentra-
tion efficiency on the trapping temperature between 220 and 950 °C.
This is very much different from the trapping curve reported in Ref.[9]
for stibine trapping in a similar quartz trap but without burning out
hydrogen during the trapping step. The very sharp maximum at
around 650 °C in the curve, corresponding to efficiency of 65% [9],
should be accounted mainly to hydrogen-induced analyte losses rising
with temperature of the trapping step [12]. The present broad plateau
corresponding to efficiency of around 100% clearly demonstrates
excellent function of the present trap-and-atomizer device.

There are significant (around 10%) analyte losses below trap
temperature of 400 °C. As shown below, there are no analyte losses
either in the period between the trapping and volatilization step or in
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volatilization hydrogen flow rate 75 ml min™". Uncertainty expressed as SD (n=3).

the volatilization step (if optimum volatilization temperature 870 °C is
used). Thus, loss of analyte in the trapping step is the most probable
explanation in spite of the above reported absence of the break-
through signal. However, the missing 10% of analyte transported to the
optical arm during the whole 30 s trapping step corresponds to the
flow of analyte continuously generated from a sample of 0.2 ng ml™!
Sbh. Corresponding signal is near the detection capability of the
multiatomizer with hydrogen as outer gas (around 0.1 ng ml™! Sb) so
that it would be hardly detectable.

The volatilization curve and the influence of volatilization
temperature on the signal of additionally volatilized analyte are
presented in Fig. 3. Moreover, also the “sum of volatilized analyte” is
displayed in Fig. 3 as the sum of the analyte volatilized in the
volatilization step at the examined volatilization temperature and the
analyte volatilized in the additional volatilization step always done at
870 °C. The fact that the total efficiency of the volatilization and
additional volatilization step fluctuates around 100% (see Fig. 3)
proves that all the trapped analyte species were released either in the
volatilization or in the additional volatilization step after it.

Fig. 3 shows that all the trapped antimony is released and atomized
at volatilization temperature of 870 °C and above. The temperature of
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temperature 870 °C, volatilization temperature 870 °C. Uncertainty expressed as SD
(n=3).

Please cite this article as: J. Kratzer, ]. Dédina, Stibine and bismuthine trapping in quartz tube atomizers for atomic absorption spectrometry —
Method optimization and analytical applications, Spectrochim. Acta Part B (2008), doi:10.1016/j.sab.2008.03.011



http://dx.doi.org/10.1016/j.sab.2008.03.011

J. Kratzer, J. Dédina / Spectrochimica Acta Part B xxx (2008) xXx-xxx 5

110

Efficiency, %
=)
o

HH[
|
I
1
I
:
1
I
i
1
1
i
He—
|
1
1
1
1
1
1
1
1
1
1
1
;
}—&—l

[{=]
(=]
T

80

70

60 -

50 1 L 1 i n
0 20 40 60 80 100 120

Delay, s

Fig. 5. Trapped Sb species stability (trapped analyte amount 4 ng) — effect of the time
delay between the trapping and volatilization step (O, flow switched off immediately
after the trapping step); trapping temperature 870 °C, volatilization temperature 870 °C,
volatilization hydrogen flow rate 75 ml min™ . Uncertainty expressed as SD (n=3).

870 °C was chosen as optimum. For volatilization temperature lower
than 800 °C, a fraction of analyte is retained in the trap to be
subsequently released and atomized in the additional volatilization
step. Around 90% of the trapped analyte is retained in the trap if the
volatilization temperature is below 500 °C. When increasing the
volatilization temperature from 500 to 750 °C, the retained analyte
fraction rapidly decreases from 90 to 15%.

75 ml min~! H, was chosen as the optimum hydrogen flow rate for
the volatilization (see Fig. 4). However, the maximum is very flat and
H, flow rate as low as only 30 ml min~' results in 93% efficiency.
Hydrogen flow rate appears to be dependent on the actual apparatus
design since 15 ml min~! H, was sufficient for 100% release of trapped
antimony species in the conventional externally heated quartz tube
atomizer [16].

A stability study of the trapped analyte species in the presence of
oxygen and in its absence was carried out for Sb and Bi. The trapping step
was done under oxygen excess over hydrogen as described (see Section
2.4 Procedure) employing the optimum trapping temperature 870 °C.
Then in the first set of experiments (I) the oxygen flow was switched off
immediately after the trapping step. The trapped analyte was volatilized
after the delay of 0-120 s by adding the 75 and 100 ml min™ ! H, through
the auxiliary gas channel, respectively, for Sb and Bi. In the second set of
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Fig. 6. Trapping curve for Bi (trapped analyte amount 3 ng); volatilization temperature
870 °C, volatilization hydrogen flow rate 100 ml min~". Uncertainty expressed as SD
(n=3).
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experiments (II), the oxygen flow was kept on after the trapping step till
the volatilization step was accomplished after the time delay of 0-120 s.
The volatilization step was again realized by adding the 75 and 100 ml
min~! H, through the auxiliary gas channel, respectively for Sb and Bi. In
both sets of experiments (I1and II) 75 ml min™! carrier Arand 25 ml min™!
outer air was used during the whole procedure. Thus, the only difference
between the sets (I) and (II) is the absence or presence of the oxygen flow,
respectively, during the delay time between the trapping and volatiliza-
tion step. Results for the first set of experiments (I) and antimony are
depicted in Fig. 5. No analyte losses were observed even for the delay of
120 s. It means that the trapped Sb species are stable at the quartz surface
even at 870 °C and in the absence of oxygen. Similar results, without any
losses, were obtained for the second set of experiments (II) in the
presence of oxygen.

3.2. Bismuth

Employing hydrogen as outer gas (see Section 2.4 Procedure), no
breakthrough signal was observed during the trapping step in the whole
studied temperature range (between 220 and 950 °C). In accordance
with this observation, the trapping efficiency was around 100% in the
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Fig. 8. Trapped Bi species stability (trapped analyte amount 3 ng) — effect of the time
delay between the trapping and volatilization step (O, flow switched off immediately
after the trapping step); trapping temperature 870 °C, volatilization temperature 870 °C,
volatilization hydrogen flow rate 100 ml min™ . Uncertainty expressed as SD (n=3).
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whole temperature range (see Fig. 6). It can be concluded, that Bi
behaves likewise Sb in the trapping step (compare Figs. 2 and 6).

The influence of volatilization temperature on the signal obtained in
additional volatilization step, and the “sum of volatilized analyte” is
presented in Fig. 7. As explained above, the fluctuation of the
preconcentration efficiency after volatilization and additional volatiliza-
tion step around 100% (see Fig. 7) proves that all the trapped analyte
species were released either in the volatilization step or after it — in the
additional volatilization step.

Fig. 7 shows that volatilization is complete above 800 °C, 90%
volatilization efficiency is reached at 750 °C. Comparing the results
obtained for Sb and Bi it is obvious that the trapped Bi species are
more easily volatilized (compare Figs. 3 and 7). Whereas 90%
antimony fraction is retained in the quartz inlet arm serving as a
trap employing the volatilization temperature of 500 °C, the non-
volatilized fraction for bismuth and 500 °C is only 26%. It should be
pointed out that the decrease of the retained analyte fraction at the
quartz surface with increasing volatilization step is not so steep for
bismuth as it is for antimony.

The optimum hydrogen flow rate is above 100 ml min™' (Fig. 4).
Using the lower hydrogen flow rate for volatilization results in
significant decrease in the efficiency.

The stability of trapped Bi species was verified analogously as
described above for antimony (see Section 3.1). The results for the first
set of experiments (I) are depicted in Fig. 8. No analyte losses were
observed for both sets of experiments (I and II) indicating the stability
of the Bi species trapped at the quartz surface at 870 °C.

The stability of trapped analyte is crucial for prolonging the
trapping step to reduce the detection limit. 5 min preconcentration
period was tested for both, Sb and Bi and no losses were observed.

3.3. Comparison of collection of As, Sb, Bi and Se in the trap-and-atomizer
device

To date four analytes have been investigated in the trap-and-
atomizer device, besides Sb and Bi (see above), As and Se were treated
in ref. [12]. The analytes fall into two groups: (1) As and Se and (2) Sb
and Bi. Analytes of the first group are more volatile as illustrated by
losses at trapping temperatures above 800 °C and 300 °C, respectively,
for As and Se [12]. This should be compared to the above reported
(Figs. 2 and 6) lossless trapping of Sb and Bi hydrides up to the
maximum feasible temperature of 950 °C. Volatilization shows the
same trend. Optimum volatilization temperature ranges between
600-800 °C and 550-650 °C, respectively, for As and Se [12]. On the
contrary, optimum volatilization temperature for both Sb and Bi is
above 800 °C (Figs. 3 and 7). Even more marked illustration of
volatility of As and Se is that they are partially lost within the 60 s
period at elevated temperatures (As at 800 °C and Se at 570 °C) even
under stoichiometric excess of oxygen over hydrogen [12]. This
contrasts with negligible Sb and Bi losses after 120 s even at 870 °C
and in absence of oxygen (see Sections 3.1 and 3.2 and Figs. 5 and 8).

Although the exact mechanisms of the trapping and volatilization
remain unknown, the above described observations correspond well
with the physical-chemical properties of the studied analytes [18].
The analytes from the first group show significantly lower boiling
points compared to the second group. Whereas the boiling points of

Table 2

Determination of antimony in water samples (a calibration curve technique used),
sample introduction time 30 s, trapping temperature 870 °C, volatilization temperature
870 °C, volatilization hydrogen flow rate 75 ml min~"

Sample Sb (ng ml™") Certified Sb (ng ml™")
Grumo-K 0.39+0.01* 0.54+£0.19
Mineral water 0.28+0.02* =

* Standard deviations from 5 measurements.

Table 3
Interference extent *

Interferent Signal suppression (%) due to given concentration of interferent”
goncentiatby As Se Te Sb sn Pb Ge
(ng ml™")

0.01 0 0 0 2 0 0 0
0.1 0 0 0 21 0 0 0
1 0 8 = 36 1 0 0
10 3 13 3 52 11 0 2

2 Sample introduction time 30 s, standard concentration 1.5 ng ml™".
> Uncertainty (expressed as SD calculated from five measurements) was 3% or lower.

As and Se are 613 °C and 685 °C, respectively, Sb has boiling point
1750 °C and Bi 1560 °C. The same trend holds for their oxides. The
boiling points for As,03 and SeO, are 460 °C and 350 °C (sublimation),
respectively; much higher values are reported for Sb,03 (1550 °C) and
Bi»03 (1890 °C).

The nature of the trapped and volatilized species as well as the
description of the interaction of analyte species with the quartz
surface remains unclear. It is only reasonable to assume that in the
trapping step the analyte hydride is converted to oxide form(s) and
stabilized by an interaction with the quartz surface.

3.4. Analytical applications

The above reported results show very high temperature stability of
antimony and bismuth species trapped at the quartz surface in oxygen
or argon atmosphere. In the volatilization step, all trapped analyte is
rapidly volatilized under excess of hydrogen. Furthermore, 100%
preconcentration efficiency, i.e. lossless trapping and volatilization,
can be achieved without changing trap temperature between trapping
and volatilization steps: for trap temperature above 800 °C and 870 °C,
respectively, in the case of Sb and Bi. Than the only difference between
both steps is that oxygen flow which is on in the trapping step is
switched to hydrogen flow in the volatilization step. This means that
there is no need for a trap. This is the explanation for recently
published observations on in-situ collection of Sb [16] and Bi [17] in the
optical tube of conventional externally heated quartz tube atomizers.

Using the trap-and-atomizer device the peak area characteristic
mass (mg) for Sb and Bi was, 25 and 22 pg, respectively. my of 9 pg
found for Sb in multiatomizer recently [12] — is in reasonable
agreement with the present results since much lower hydrogen flow
rate (15 ml min™ ') was employed in Ref. [12]. Using the same gas flow
rate and composition and employing the conventional QTA, mg of
19 pg Bi was found recently [17]. This corresponds well with the mq of
22 pg Bi found in the trap-and-atomizer device in this work.

The detection limits (LODs) for the sample introduction time of
30 s in the trap-and-atomizer device were 13 and 11 pg ml ™},
respectively, for Sb and Bi. Taking into account that analyte content in
blanks was below LOD, substantial improvement in LODs should be
expected for longer sample introduction time — similar as observed
for the sample introduction time of 300 s in the conventional QTA (2.8
[16] and 3.9 pg ml™! [17], respectively, for Sb and Bi. Additional
measurements were performed to demonstrate the routine applica-
tion of the optimized Sb and Bi collection in the simple conventional
externally heated quartz tube atomizers.

The antimony determination in a reference material and mineral
water with 30 s sample introduction time is summarized in Table 2.

To test the resistance of the collection mode procedure to
interferences the influence of concentration of other hydride forming
elements in the sample on the observed Bi signal (standard 1.0 ng ml ™!
Bi, corresponding to trapped analyte mass of 2 ng Bi) was determined
(see Table 3). Antimony is the strongest interferent — 0.1 ug ml™! Sb
corresponding to co-trapped interferent mass of 0.2 ug Sb causes the
20% suppression of Bi signal. 10 pg ml™! Sn or Se (corresponding to co-
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trapped interferent mass of 20 pg) caused ca 10% Bi signal suppression.
The resistance of bismuth to the interference of other hydride forming
elements in the collection mode can be compared with previously
published [16] resistance of antimony (standard 1.0 ng ml™! Sb,
corresponding to trapped analyte mass of 2 ng Sb) to the interference
of other hydride forming elements. Bi and Sn were found as the
strongest interferents to antimony. Their 1.0 pg ml™! concentration in
solution caused 77% and 18% signal suppression of the Sb signal. 20 pg
of co-trapped As, Ge, Se or Pb resulted in 10-20% suppression of
antimony signal.

To summarize, Sb is the strongest interferent to Bi determination in
the collection mode and vice versa. Literature data [1] suggest that
interferences during hydride generation and transport are negligible
and that the observed signal suppressions are due to interferences in
the atomizer during the collection, volatilization or atomization step.
Sb and Bi are, undoubtedly, co-trapped in the trapping step and also
volatilized together because of their very similar preconcentration
conditions. Thus, atomization interferences may arise. Fortunately, the
interference extent is not serious considering concentrations of the
interferents in real samples.

4. Conclusions

The collection of Sb and Bi in quartz atomizers is a very promising
technique for ultratrace analysis. This approach requires only simple
and cheap equipment and also the operation costs are low. The
inherent advantages of the trap-and-atomizer device should be
highlighted: besides allowing an independent control of trapping
and atomization temperatures, it enables to monitor the breakthrough
signal and to control the atomization conditions (in terms of sufficient
airfoxygen supply). Thus, it is ideally suited for optimization and/or
mechanistic studies. These studies make possible to find the simplest
possible setup for routine applications.

The flat character of the trapping curves in the trap-and-atomizer
device for both, Sb and Bi, shows the robustness of the trapping step. The
stability of trapped analyte species under excess of oxygen at
temperature up to 900 °C indicates a strong interaction between analyte
forms and quartz surface. In contrast, under excess of hydrogen and at
surface temperature around 900 °C, the trapped analyte species are
completely and fast released from the quartz surface. As a result,
apparatus for routine use can be simplified employing the in-situ
trapping of Sb and Bi directly in the optical arm of the conventional QTA.

The observation that the conventional QTA is fully sufficient for in-
atomizer trapping of Sb and Bi may attract more routine laboratories
to use this challenging hydride trapping approach in analytical praxis.
The detection limits for hydride trapping are comparable in both, the
conventional QTA and trap-and-atomizer design. Higher tolerance
limits for interferents in the trap-and-atomizer device compared to
the conventional QTA should be expected, however, the tolerance
limits found in the conventional QTA are good enough for ultratrace
analysis of typical environmental samples.
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Abstract

An evaluation of an extremely simple method for antimony preconcentration based on the novel experimental approach, in situ trapping
of stibine in externally heated quartz tube atomizers, is presented. The only difference to the set-up employed for the conventional operation
mode is that a flow of oxygen (at stoichiometric excess over hydrogen) is introduced just upstream of the atomizer in the trapping step of the
procedure. The volatilization of the trapped analyte can be performed just by switching off the oxygen inlet. The collection/volatilization
efficiency (£S.D.) is 100£2%. For the collection time of 300 s (sample volume of 20 ml), the preconcentration ratio and detection limit (30),
respectively, is 400 and 2.8 pg ml~'. A possible way of further improvement of the detection limit is suggested. The same approach can be
analytically useful also for bismuthine (efficiency 55+2%) but not for arsine, selenium hydride and tellurium hydride.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The fact that hydrides can be easily preconcentrated makes
hydride generation an extremely valuable tool for the trace and
ultratrace analysis. The most convenient way of hydride
preconcentration is in-atomizer trapping. Until recently, the
only widely used approach to that was in situ trapping in
graphite furnaces [ 1,2]. There is another, very recent, approach
to in-atomizer trapping—to collect plumbane [3], stibine [4] or
volatile Cd species [5] in a bare quartz tube. The limitation of
the present quartz-tube traps is that they require an additional
heating device with temperature control of the trapping step
and the volatilization step. Moreover, the trapping was
incomplete; published efficiencies did not exceed 70% which
made the sensitivity and, mainly, repeatability worse.

The aim of this work was to extend our investigation of
stibine trapping in quartz tube traps [4] to stibine collection
(and subsequent analyte atomization) in conventional quartz
tube atomizers. The intention was to employ the simplest
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E-mail address: dedina@biomed.cas.cz (J. Dédina).

0584-8547/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.sab.2005.04.004

possible experimental arrangement: just the commercially
available externally heated quartz tube atomizer without any
trap or additional heating device.

2. Experimental
2.1. Reagents

All reagents were of analytical reagent grade or higher
purity. Deionized water was used to prepare solutions.
Working standards were prepared by dilution of the
respective stock standard solutions in 1.0 mol 1~ HCL. The
blank was 1.0 mol I~ ' HCI. The reductant was 0.5% (m/v)
solution of NaBH, (Sigma) in 0.4% (m/v) KOH (Merck)
prepared daily and filtered before use.

2.2. Atomic absorption spectrometer
The Varian SpectrAA300/400 model with Sb hollow

cathode lamp (10 mA, 217.6 nm, 0.2 nm band pass) was
employed without background correction.
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2.3. Hydride generator

An in-house made, continuous-flow hydride generation
system similar as described in Ref. [6] was employed (see
Fig. 1). Two T-pieces (PEEK-polyether ether ketone, 0.8
mm inner bore) were used to merge sample flow with the
reductant flow and downstream to merge the reaction
mixture flow with the carrier argon flow. Either blank or
standard solution was introduced to the sample channel. The
outlet from the second T-piece was connected by a 510-mm-
long, 1-mm-i.d. polytetrafluoroethylene (PTFE) tubing to a
3-ml inner volume gas—liquid separator with a forced outlet
(see Ref. [6] for a detailed description of the gas—liquid
separator). Another PEEK, 0.8-mm inner bore T-piece was
inserted downstream of the gas—liquid separator to intro-
duce auxiliary O, (see below). The gas outlet from the gas—
liquid separator was connected to the inlet arm of the
atomizer (see below) by a 350-mm-long PTFE tubing. If not
explicitly stated otherwise, PTFE tubings (1.0 mm i.d. for
gases and 0.5 mm i.d. for liquids) and Rheodyne 1/16-in.
flangeless fittings were used for the hydride generator and
also to connect the atomizer.

Sample and reductant solutions were delivered and the
waste from the gas—liquid separator was removed by a
peristaltic pump. In all experiments, sample and reductant
flow rates were 4.0 ml min~ ! and 1.2 ml min ',
respectively. The flow rate of H, that evolved from NaBH,

decomposition was calculated to be around 15 ml min~'.

2.4. Atomizer

It was a Perkin Elmer electrically heated quartz (plain) T-
tube with the horizontal arm length of 160mm and i.d. of
7mm. The length and i.d. of the inlet arm was 90 mm and 2
mm, respectively.

2.5. Procedure

Measurements were performed either in the collection
mode or in the direct transfer mode.

The collection mode procedure consisted of the follow-
ing two steps:

Step 1 Trapping: At the start of Step 1, a standard was
introduced to the sample channel for a given time,
termed in the further text as “sample introduction
time.” The standard was then replaced by the blank
for 30 s to flush the system. The total gas flow rate
introduced to the inlet arm of the atomizer during
Step 1 was 145 ml min~ ' (120 ml min~ ' of carrier
Ar, 10 ml min~ ' of auxiliary oxygen, around 15 ml
min~ ' of H, evolved from NaBH, decomposition).

Step 2 Volatilization: The carrier Ar flow rate was decreased
to 75 ml min~ ' (to reach maximum sensitivity, see
below). To volatilize the collected analyte species,
the oxygen flow was switched off. The total gas flow
rate introduced to the inlet arm of the atomizer was
90 ml min~ ' (75 ml min~ ' of carrier Ar and 15 ml
min~ ! of H, evolved from NaBH, decomposition).
After recording the signal of volatilized analyte (peak
integration time 15 s), the oxygen flow was switched
on and the procedure could be started again.

The pump was still on during the whole collection mode
procedure.

In the direct transfer mode, the gas flow rates introduced to
the inlet arm of the atomizer were the same as in the vola-
tilization step of the collection mode. After establishing the
baseline for blank introduction to the sample channel, an actual
standard was introduced to the sample channel for 30 s. Then
the standard was replaced by the blank for 30 s. The signal
obtained in the direct transfer mode was integrated for 90 s.

3. Results and discussion
3.1. Preliminary observations

In our recent study of SbHj trapping in a quartz tube
interfaced by a plastic tubing to a quartz tube multiatomizer,

atomizer

I\/\/\J g/1 separator

j_Ar
sample +j
reductant +—|
to waste -
pump

Fig. 1. Schema of the hydride generator.
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we found a preconcentration efficiency, defined as the
overall efficiency of trapping and volatilization, of around
60% [4]. Our subsequent experiments indicated that the
incomplete trapping/volatilization was due to trapping
losses which were unavoidable in the presence of hydrogen
developed in the hydride generator. It appeared that the
solution was to burn hydrogen out in a stoichiometric excess
of oxygen. Thus, the antimony species could be efficiently
collected in a quartz tube trap even at temperatures typical
for hydride atomization (800—1000 °C). Such a temperature
is sufficient to release the collected antimony species in the
absence of oxygen. This suggested that conventional
externally heated quartz tube atomizers, without any trap,
could be employed for stibine collection and subsequent
analyte atomization.

3.2. Direct transfer mode

This mode is used for conventional measurements, i.e.,
with direct transfer of hydride generated to the atomizer
without introduction of oxygen [1]. In this mode, Ar flow
rate of 75 ml min~' was found to be optimum to achieve
maximum sensitivity. Atomizer temperature of 900 °C,
recommended by the atomizer manufacturer, was employed.
The typical signal is shown in Fig. 2. For Ar flow rate of
120 ml min~', sensitivity decreased by around 35%.

3.3. Collection mode

The procedure consists of trapping and volatilization
steps. To achieve the complete analyte trapping in the first
step, the flow of oxygen securing stoichiometric excess over
hydrogen is required. Since the flow rate of hydrogen
formed in the generator is around 15 ml min~' (see
Experimental), the oxygen flow rate of 10 ml min~' was
chosen. All hydrogen released from tetrahydroborate
decomposition is thus burned in the flame formed upstream
of the horizontal arm of the atomizer. The position, as well
as the stability, of the flame is obviously controlled by the
gas flow rates and by the inner profile of the apparatus
downstream the oxygen inlet and by the temperature
distribution there. In the flame, the analyte hydride is

0.04

Absorbance

wb\ IR £ A
0.02 ] ‘

0.00 |V

-0.02

10 30 50 70 90
Time,s

Fig. 2. The typical signal shape observed in direct transfer mode; standard
concentration 1 ng ml~".

converted most probably to oxide species efficiently
retained at the quartz surface. The analyte species can be
volatilized only in the excess of hydrogen and only at
elevated temperatures. It is therefore essential to keep the
flame stable in the section of the atomizer inlet arm which is
heated to sufficiently high temperature. In the employed
atomizer and heating unit, the flame was not stable with Ar
flow rate of 75 ml min~ '; however, it was stable at Ar flow
rate of 120 ml min~'. Since the section of 15 mm of the
inlet arm from the atomizer T-tube junction is covered by
the heating unit, the flame is not seen and its exact position
cannot be specified.

In principle, optimum settings Ar flow rate, atomizer
temperature and hydrogen flow rate in the volatilization step
may differ from those in the trapping step. Since the
imperative of the present work was to make the operation as
simple as possible, the atomizer temperature was kept the
same (900 °C) in both steps and the flow of hydrogen
required for a reasonably fast analyte volatilization in the
second step was provided from tetrahydroborate decom-
position (15 ml min~"). It made possible to work without
additional channel for hydrogen introduction. The volatili-
zation of trapped analyte was performed just by switching
off the flow of oxygen. The carrier Ar flow rate was
decreased to 75 ml min~ ' (which is optimum to achieve the
maximum sensitivity). When accepting around 35% lower
sensitivity at the argon flow rate of 120 ml min~ ' (see
above), the volatilization of trapped analyte could be
performed just by switching off the flow of oxygen.

3.4. Preconcentration efficiency and ratio

The signal obtained in the collection mode (Fig. 3)
should be compared with that for the direct transfer mode
under the same analyte concentration (1 ng ml™') and the
same sample introduction time of 30 s (Fig. 2). Areas of
both signals do not differ significantly, demonstrating
complete trapping and volatilization: the average (+S.D.)
for 10 measurements were 0.970+£0.018 s and 0.973+0.025
s, respectively, for the collection and direct transfer mode. In
contrast, widths of both signals (Figs. 2 and 3) differ
dramatically: FWHM (full width at half-maximum) are 0.8 s
and 32 s, respectively, in the collection and direct transfer
mode. The ratio of FWHM (around 40) can be taken as a
measure of the preconcentration ratio.

The sample introduction time can be increased substan-
tially. For a time of 300 s and standard concentration of 0.1
ng ml™! (i.e., for the same analyte mass of 2 ng as in Figs. 2
and 3), the peak area corrected to blanks was 0.963+0.021 s
(+S.D., n=10), proving that the preconcentration efficiency
was around 100% even for the extended sample introduction
time. It should be emphasized that signal FWHM in the
collection mode is independent of the sample introduction
time. Since the signal FWHM in the direct transfer mode is
roughly equal to the sample introduction time, the pre-
concentration ratio can be enhanced proportionally to the
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Fig. 3. The signal observed for the collection mode; sample introduction
time 30 s, standard concentration 1 ng ml~".

sample introduction time reaching a value around 400 for
300 s.

3.5. Signal characteristics and limit of detection

The peak shape for the collection mode was not
significantly influenced by sample introduction time in the
tested range between 30 and 300 s. The peak area was given
only by the total analyte mass. The calibration functions for
peak area as well as peak height were linear up to 1.5 ng Sb
(Sb concentration of 75 pg ml~' for the standard solution
introduction time 300 s).

Precision of peak area and height measurements did not
differ markedly: e.g., for analyte mass between 0.5 and 2 ng,
R.S.D. (n=3) was below 2.5% and 3.1%, respectively, for
sample introduction time 30 and 300 s.

Reproducibility of preconcentration efficiency for ana-
lyte mass of 2 ng and sample introduction time 30 s,
calculated from 75 measurements made during 20 days was
100£2% (£S.D.).

Due to the lossless collection at high preconcentration
ratio, the described procedure offers a great potential to
achieve extremely low concentration detection limit (LOD,
always expressed as 3 o) by employing either peak area or
peak height measurements.

For a sample introduction time of 300 s (sample
consumption 20 ml), the LOD achieved for peak area
measurements was 2.8 pg ml~'. The actual LOD was
controlled by the analyte content in blanks — 11+1 pgml™".
There was no attempt made to reduce contamination and,
subsequently, to achieve even lower LOD. Even so, the
LOD is the same as the best ones achieved for in situ
trapping in commercial graphite furnaces with subsequent
AAS detection: 2.9 and 3 pg ml~ ', respectively, reported by
Sturgeon et al. [7] and by Kalahne et al. [8]. LODs given by
other authors [9—11] are three to seven times worse.

3.6. Interferences in the atomizer in the collection mode

To test the resistance of the collection mode procedure to
interferences, the influence of concentration of other
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hydride-forming elements in the sample on the observed
signal was determined (see Table 1). In analogy to mutual
interferences of other hydride-forming elements [1,12—14],
it can be assumed that interferences during hydride
generation and transport are negligible and that the
observed signal suppressions are due to interferences in
the atomizer. The observed interference extent can be
compared with the literature data on interferences to Sb
determination using the direct transfer mode and externally
heated quartz tube atomizers [8,15—22]. The most pro-
nounced interferents observed in this work are Sn and Bi
(Table 1). Their interference extent corresponds to that
reported in the literature [15,16,18,20,21]. However,
interference magnitude of As, Se, Te, Pb and Ge is
typically at least one order of magnitude lower compared
to the literature data [8,15-22].

In principle, interferences due to other hydride-forming
elements can take place either in the trapping step
(reduction of a trapping capacity of the atomizer surface)
or in the volatilization one. Because of the high surface
area of the employed atomizer, the observed interferences
probably originate in the volatilization step—due to
interferents trapped together with the analyte. Interferences
in the volatilization step have to be the same as atom-
ization interferences in the direct transfer mode in
externally heated quartz tube atomizers—their mechanism
was extensively studied and understood [1,12]. Their
extent is one to two orders of magnitude less pronounced
in the new-generation hydride quartz tube atomizer—
multiatomizer [13,14]. Consequently, the extent of
observed interferences should be substantially reduced
when replacing the employed externally heated quartz tube
atomizer by the multiatomizer.

3.7. Other figures of merit

Reproducibility was tested as a peak area of 1 ng ml™'
standard for sample introduction time of 30 s. Within 30
days, all values obtained fell within the range 0.72—1.0 s.
The average, expressed as the peak area characteristic mass,
was 10.2 pg. Sample throughput: 10 samples per hour for a
sample introduction time of 300 s.

Table 1
Interference extent®

Interferent Signal suppression (%) due to given concentration of
concentration interferent
~1
(ng ml™ ") As Se Te Bi Sn Pb  Ge
0.01 0 0 0 0 0 0 0
0.1 0 0 4 0 0 0 0
1 7 0 — 77 18 4 1
10 27+3 12 8 - 44 12 22+4

 Sample introduction time 30 s, standard concentration 1 ng ml~ .
® Uncertainty (expressed as S.D. calculated from five measurements) was,
if not given otherwise, 2% or lower.
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3.8. Applicability to other hydride-forming elements

Preconcentration efficiency of As, Bi, Se and Te was
estimated under the same experimental parameters as
described above for Sb. Bi can be preconcentrated with
the efficiency of 55+2%, efficiency for As was as low as
around 1%. No significant preconcentration of Se and Te
was observed. It appears that even though hydrides of the
other elements must be decomposed in the flame, the
resulting analyte species are not efficiently either trapped or
volatilized/atomized. Changing gas flow rates in the
trapping step and temperature of the atomizer did not yield
significant improvement.

4. Conclusions

There is no doubt that other designs of externally heated
quartz tube atomizers are suited for in situ trapping of
stibine and bismuthine with the same efficiency as described
above for the employed atomizer design. The only critical
requirement to be fulfilled is to keep the flame stable in the
section of the atomizer inlet arm which is heated to
sufficiently high temperature. The experimental parameters
(namely, gas flow rate and atomizer temperature) must be
thus chosen to conform with this requirement. The
disadvantage of this solution is that hydride generation with
blank introduced to the sample channel of the hydride
generator must be on also in the volatilization step of the
procedure. This presents a contribution to the noise
observed and can negatively influence the resulting LOD.

The data given above indicate the potential of this novel
experimental approach, in situ trapping of hydrides in
externally heated quartz tube atomizers, for determination of
Sb and perhaps also Bi. Obviously, to make the full use of
the potential, i.e., to reach even lower LOD than the
achieved 2.8 pg ml~ ' (which compares well with the best
values reported for in situ trapping in commercial graphite
furnaces; see above), analyte concentration in the blank
must be kept as low as possible. There is an additional
option to improve LOD—by changing the experimental
procedure in the volatilization step: instead of providing the
flow of hydrogen (required for reasonably fast analyte
volatilization) from tetrahydroborate decomposition, an
additional channel for hydrogen introduction from the gas
container can be incorporated. This would reduce the
observed blank noise, but the procedure (as well as the
experimental set-up) would be slightly more complicated.

Also, other figures of merit, besides LOD, compare
favorably with those either for direct transfer of hydride
generated to the externally heated quartz tube atomizer [1]
or for the in situ trapping of hydride in a commercial
graphite furnace [1,2]. It should be emphasized that all the
promising results, mainly the fundamental attribute of the
procedure (100% collection/volatilization efficiency), were
obtained with the very simple and cheap equipment.
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Zpisob prekoncentrace antimonu pro jeho stanoveni metodami atomové spektrometrie

Oblast techniky

Vynélez se tykd metody prekoncentace antimonu v kfemenné trubici za ucelem stanoveni
jeho stopovych a ultrastopovych koncentraci nékterou z metod analytické atomove

spektrometrie.

Dosavadni stav techniky

Stopové a ultrastopové koncentrace antimonu lze ve vzorcich stanovovat riznymi
instrumentalnimi metodami, nejlast&ji spektrometrickymi. Detekéni limit lze dale sniZit
prediazenim prekoncentraéniho kroku. K prekoncentraci se nejlépe hodi generovéni.hydridﬁ.
Tato technika je pfehledn& zpracovana napf. v monografii [J. Dédina a D. L. Tsalev: Hydride
Generation Atomic Absorption Spectrometry, Wiley, Chichester, 1995]. Analyt je ve formé
t&kavého hydridu uvolnén z kapalného vzorku reakci s roztokem tetrahydroboratu v kyselém
prostiedi. Generovany hydfid je veden do prekoncentratniho zafizeni. Po skonceni
generovani hydridu ze vzorku je analyt z prekoncentraéniho zafizeni uvolnén a veden k
atomizaci a detekci nékterou z metod arialytické atomové spektrometrie - nejcastji atomovou
absorpéni spektrometrii (AAS), nebo atomovou fluorescenéni spektrometrii, nebo metodou
atomové emisni spektrometrie s induk&n& vazanou plazmou (ICP-AES), pfipadn€ metodou
hmotnostni spektrometrie s induk&né vazanou plazmou (ICP-MS). _

K prekoncentraci se miize pouZit kfemenné U-trubice chlazené kapalnym dusikem, v které je
zachjcén génerové.n)'r hydrid. Ten je po skondeni generovéni uvolnén zahfatim U-trubice.
Tento zplsob prekoncentrace trpi zavaZznymi nedostatky - je Casové naroény a jeho
automatizace je prakticky neproveditelna.

Vyhodn&jii je provadst prekoncentraci hydridu piimo v atomizatoru. Donedavna k tomu byly
pouZivany vyhradng grafitové atomizatory. Generovany hydrid je zachycen v atomizatoru,
ktery je vyh¥ivan na 200 - 600 °C. Povrch grafitového atomizétoru je kryty modifikétorem. Po
skonteni generovani hydridu ze vzorku je atomizator zahfat na teplotu kolem 2500 °C, &imz
je veskery zachyceny analyt atomizovan a detekovan, obvykle AAS. K detekci l1ze vSak
pouZit i jiné metody analytické atomové spektrometrie. Nevyhodami prekoncentrace v
grafitovém atomizatoru jsou vysoké pofizovaci i provozni naklady grafitového atomizatoru.

Nicmén& tento zplisob prekoncentrace je v soulasnosti v analytické praxi velice Siroce
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vyuZivan a patfi k nejobvyklej§im piistupim ke stanoveni stopovych a ultrastopovych
koncentraci hydridotvornych prvkd. V literatufe publikované detekEni limity pro
prekoncentraci antimonu v grafitovém atomizatoru s naslednym stanovenim AAS se pohybuji
fadové v jednotkach az desitkach pg ml™”. Nejlep¥i publikovany detekéni limit je 3 pg.ml™.

V literatufe byla nedavno popsana prekoncentrace stibanu ve specialnim prekoncentraénim
zafizeni - vyhfivané kiemenné pasti, kterd byla piediazena pfed vyhiivany kfemenny
atomizator. Analyt byl zachycen v atmosféfe argonu s obsahem jednotek % obj. vodiku.
K uvolnéni zachyceného analytu doSlo zvySenim teploty pasti a davkovanim argonu s
obsahem desitek % obj. vodiku do pasti. [Korkmaz, D. K.; D&dina, J.; Ataman, O. Y: Anal.
Atom. Spectrom.19:2, 255-259 (2004)]. Vyhodou tohoto zpiisobu prekoncentrace je
jednoduchost konstrukce i provozu kiemenné pasti a z toho vyplyvajici minimélni pofizovaci
i provozni naklady. Zasadnim nedostatkem takto provadéné prekoncentrace je nedostateCna
udinnost celého procesu zachyceni a uvoln€ni analytu (ztraty se pohybuji v desitkach procent)

a s tim souvisejici neuspokojiva reprodukovatelnost analytickych signald.

Podstata vynalezu

Experimentalni studie provedené autory prokézaly, Ze vySe zminéna nedostateCna Gcinnost
celého procesu zachyceni hydridu a uvolnéni analytu pfi prdvédéni prekoncentrace ve
vyhiivané kiemenné pasti doposud zndmym zplisobem je zpﬁsobena tim, Ze stabilita analytu v
pasti pfi zachytu zavisi kromg teploty pasti pfedeviim na sloZeni plynné faze, konkrétn€ na
obsahu vodiku v plynné fazi. Vzhledem k tomu, Ze vodik je produktem rozkladu
tetrahydroboratu, je jeho piitomnost v pasti pfi zichytu neodvratna. Podstatou vynalezu je
spalovani molekularniho vodiku v pasti pii zachytu pfidanim stechiometrického prebytku
kysliku.

Metoda vychazi z b&ného zplisobu generovani hydrid [ﬁédina, J.; Tsalev, D. L.: Hydride
Generation Atomic Absorption Spectrometry, Wiley, Chichester, 1995], ktery je modifikovan
tak, Ze je rozdélen do dvou krokd: (1) zachyt a (2) uvolnéni:

(1) Do nosného plynu obsahujiciho generovany hydrid a vodik vznikly rozkladem
tetrahydroboratu je pomocnym kanalem pfidan kyslik v nadstechiometrickém mnoZstvi vici
pritomnému vodiku. V kfemenné pasti, tvofené tenkosténnou trubikou o vnitfnim priméru
nékolik milimetr&i zevné ohfivanou na teplotu mezi 500 a 1100 °C, hofi plaminek, ve kterém
je spalovan molekulérni vodik ve stechiometrickém pfebytku kysliku. Hydrid je v pasti

rozloZen a analyt zachycen. Priitok nosného plynu aparaturou je tfeba optimalizovat tak, aby
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plaminek vznikajici hofenim vodiku v stechiometrickém nadbytku kysliku hofel stacionarng
na zacatku pasti.

(2) Po skonCeni generovani hydridu ze vzorku je nutné udrZet obsah vodiku proudiciho v
plynné fézi ’.paéti ﬁa rovni odpovidajici pritoku minimalng jednotkdm ml.min™. Pak je
prostym uzavienim pfivodu kysliku analyt z pasti najednou uvolnén a proudem nosného
argonu transportovan k atomizaci a detekci. Teplotu pasti neni potieba ménit. Odstran&nim
(spalenim) vodiku v stechiometrickém nadbytku kysliku v kroku zichytu se doséhne Gplného
zachytu, Uginnost uvolndni analytu je také 100%. To vede k vyborné reprodukovatelnosti
analytickych signald. Je neZadouci, aby Usek aparatury mezi pasti a atomizatorem/detektorem
byl vyrazné chiadnéj§i nez 600°C, jinak dochéazi ke sniZeni Glinnosti prekoncentraéni

procedury a ke zhor$eni reprodukovatelnosti.

Piiklady provedeni vynalezu

Pokud je pro stanoveni Sb prekoncentrovaného metodou podle vynilezu zvolena AAS, lze
pro zachyt i atomizaci analytu vyuZit konvendni vyhfivany kiemenny atomizitor bez
jakékoliv Gpravy. Viz napt. monografii [J. Dédina a D. L. Tsalev: Hydride Generation Atomic
Absdrption Spectrometry, Wiley, Chichester, 1995] pro podrobn)’r popis jednotlivych typd
konvencnich vyhfivanych kiemennych atomizatorg.

Pfiklad provedeni vynalezu pro stanoveni Sb metodou AAS je bliZe osvétlen pomoci vykresu,
na kterém je schematicky zndzorn€n jeden z typl konvendnich vyhfivanych kfemennych
atomizatorQ. Atomizator je vyroben z kiemene a sestava se z privodniho ramene P a z optické
trubice O o svétlosti 7 mm a délce 160 mm, jejiZ osa je totozna s optickou osou spektrometru.
Ptivodni rameno P o svétlosti 2 mm a délce 90 mm je piitaveno k optické trubici O v jejim
sttedu v pravém Ghlu. Centralni ast C optické trubice O, dlouhd 125 mm, je vyhfivana
elektrickou odporovou pickou na teplotu 900°C. ‘

V kroku zachytu je do piivodniho ramene P pfivadén generovany stiban v proudu argonu s
pfimési vodiku (z rozkladu tetrahydroboratu) a kysliku v nadstechiometrickém mnoZstvi vigi
pfitomnému, vodiku (kyslik pfidavan pomocnym kanalem). Generovani probiha v
kontinualnim reZimu, kdy jsou do generatoru hydridii pfivadény kontinualni pritoky vzorku v
1 M HCI (priitok 4,3 ml.min) a roztoku tetrahydroboratu (pritok 1,1 ml.min). Za t&chto
podminek se z tetrahydroboratu uvoliiuje 15 mlmin™ vodiku. Stechiometrickému poméru
kysliku odpovida 7,5 ml.min, byl zvolen priitok kysliku 10 ml.min”. PH pritocich Ar pod

100 ml.min™" dochézi, podle aktualniho pritoku Ar, bud’ k "zpétnym razum" plaminku aZ do
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mista, kde je proud kysliku pfipojen k proudu argonu s vodikem a generovanym stibanem,
nebo k nestaciondrni reakci v pfivodnim rameni P atomizatoru. Proto byl zvolen priitok
nosného Ar 120 ml.min™. Za téchto podminek hofi plaminek klidné ve spojnici piivodniho
ramene P s optickou trubici O. Stfed optické trubice slouZi v tomto uspofadani v kroku
zachytu jako past pro zéchyt analytu. Po skonSeni generovani hydridu ze vzorku je proud
vzorku do generatoru nahrazen proudem 1 M HCl o stejném pritoku.

V kroku uvolnéni je, beze zmény teploty atomizétoru, jen uzavien piivod kysliku. Tim je
analyt zachyceny ve stfedu optické trubice najednou uvoln€n a atomizovan. Za ulelem
zvySeni citlivosti m&feni 1ze v kroku uvolnéni pfed uzavienim piivodu kysliku sniZit pratok
nosného Ar (ze 120 ml.min nutnych ke stabilizaci plaminku v kroku zchytu na 50 az 100
ml.min" Ar).

Popsané metoda byla vyuZita pro stanoveni obsahu antimonu v pitné vod€. V kroku zichytu
byl pfivadén kontinualni pritok vzorku po dobu 5 min. Pak byl nahrazen pritokem 1 M HCL
V kroku uvoln&ni byl nejprve sniZen pritok nosného Ar na 75 ml.min™ a pak byl jen uzavien
ptivod kysliku.. Tim byl analyt zachyceny ve stfedu optické trubice uvolnén a atomizovan.
Obsah antimonu ve vzorku byl zmé&fen timto postupem jak metodou kalibratni kfivky, tak
technikou standardniho p¥idavku. Vysledky ziskané ob&ma metodami se od sebe statisticky
vyznamné neligily. Kalibra&ni kfivka pro stanoveni antimonu s prekoncentra&ni dobou 5 min

je linearni v oblasti 0 - 75 pg.ml™ Sb. Mez detekce (podle definice IUPAC) byla 3 pg.ml™ Sb.

Primyslova vyuZitelnost

Metodu lze pouZit pro prekoncentraci antimonu pfed jeho stanovenim n&kterou z metod
analytické atomové spektrometrie, zejména AAS, atomovou fluorescenni spektrometrii, ICP-
AES, nebo ICP-MS.

Oproti v literatufe neddvno popsané prekoncentraci stibanu ve vyhfivané kfemenné pasti (viz
odstavec Dosavadni stav techniky) je metoda prekoncentrace podle vynalezu jednodussi,
proto¥e neni tfeba ménit teplotu pasti a hlavnd tato metoda vede k podstatné lepsi
reprodukovatelnosti analytickych signald.

Oproti b&#n& pouZivané prekoncentraci hydridu v grafitovém atomizatoru (viz odstavec
Dosavadni stav techniky) je metoda prekoncentrace podle vynalezu jedhodu§§i a pofizovaci i

provozni naklady jsou desetkrat az stokrat niz§i, Detekdni limit prekoncentrace podle

vynalezu s naslednym stanovenim AAS je na urovni v literatufe uvedeného nejlepsiho
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detekéniho limitu pro zachyt v grafitovém atomizatoru s naslednym stanovenim AAS (viz
vyse).




(XX X J
et
L]

L]

6 e oo oo L X4 ee

PATENTOVE NAROKY

1. Zpisob prekoncentrace analytu pro stanoveni stopovych a ultrastopovych koncentraci
antimonu metodami analytické atomové spektrometrie vyznalujici se tim, Ze zachyt
se provadi v kifemenné trubiCce ve které je spalovan molekularni vodik ve
stechiometrickém piebytku kysliku, zevn& ohfivané na teplotu mezi 500 a 1100°C a
pfi obsahu vodiku v plynné fazi proudici kiemennou trubitkou odpovidajicim priitoku
minimalng jednotkdm mlmin™, se provede uvolnéni zachyceného analytu pouhym

uzavienim piivodu kysliku.

2. Zplsob podle naroku 1. vyznadujici se tim, Ze detekce se provadi pomoci atomové
absorp¢ni spektrometrie a zachyt se provadi pomoci konvenéniho kiemenného

atomizatoru vyhiivaného na teplotu 900 °C.
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Zpiisob prekoncentrace bismutu je zaloten na generovani
bismutanu, jeho zichytu v konvenénim vyhfivaném
kfemenném atomizitoru, modifikovaném vloZenim kiemenné
kapilary do pfivodniho ramene atomizétoru, jejiZ konec
dosahuje aZ na zatdtek optické trubice atomizatoru, jeho
atomizaci a detekei metodou AAS. V kroku zichytu je do
nosného plynu obsahujiciho generovany hydrid a vodik
(vanikly rozkladem tetrahydroboratu) pridén kyslik v
nadstechiometrickém mnoZstvi vi&i pfitomnému vodiku. Na
konci kfemenné kapilry hot{ plaminek, ve kterém je vodik
spalen v pfebytku kysliku. Hydrid je v plaminku rozloZen a
analyt zachycen. Po skon&eni generovani hydridu je
uzavfenim piivodu kysliku a spudtinim proudu vodiku analyt
najednou uvolnén a atomizovan, Atomizitor pro provéadéni
tohoto zplsobu je modifikovan tak, Ze v podélné ose
privodniho ramene (1) atomizitoru je umisténa kfemenna
kapilara (4} o vnitinim priméru od 0,3 do 0,7 mm dosahujici
na zadatek optické trubice (2) atomizitoru,
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Zpisob prekomcentrace bismutu pro jeho stanoveni metodou atomové absorpéni

spektrometrie

QOblast techniky

Vynélez se tj’fka metody prekoncentace bismutu v ‘modifikovaném konven¢nim zvngjiku
vyhfivaném kfemenném atomizatoru za tcelem stanoven jeho stopovych a ultrastopovych

koncentrac{ metodou atomové absorpéni spektrometrie (AAS). .

Dosavadni stav techniky

Stopove a ultrastopove koncentrace bismutu Ize ve vzorcnch ‘stanovovat riznymi
o O T ST A O Ay

" instrumentalnimi metodami, nejcastep spektrometr1ckym1 Detekéni limit lze déle snizit
predtazenim prekoncentragniho kroku. K prekoncentraci se nejlépe hodi generovam hydridu.
Tato technika je prehledne zpracovana napf. v monografii [J. Dédina a D. L. Tsalev: Hydrlde
Generation Atomic Absorption Spectrometry, Wiley, Chichester, 1995]. V prvnim kroku
prekoncentralni procedury je analyt ve form& t&kavého hydridu uvolnén z okyseleného
kapalného vzorku reakci s_rdztokem tetrahydroboratu. Generovany hydrid je spolu s vodikem,.
kterf je produktem rozkladu tetrahydroboratu, veden do prekoncentragniho zatizeni, V
druhém kroku prekoncentratni procedury, po skondeni generovani hydridu ze vzorku, je
analyt z prekoncentraéniho zafizeni uvoinén a veden k atomi;zaci a detekei nékterou z metod
analytické atomové spektrometrie - nejéastji AAS. | |

K prekoncentraci se miZe pouZit kiemenné U-trubice chlazené kapalnym dusikem, ve které je
generovany Hydrid zachycen. Ten je po skondeni generovani uvolnén zahiatim U-trubice.
Tento zplsob prekoncentrace trpi zavainymi nedostatky - je asové naroény a jeho
automatizace je prakticky neproveditelna.

Vyhodnéjsi je provadsét prekoncentraci hydridu ptimo v atomizatoru. Doneddvna k tomu byly

pouZivany vyhradné grafitové atomizatory. Generovany hydrid je v prvnim kroku pfocedury

zachycen v atomizatoru, ktery je vyhfivan na 200 - 600 °C. V druhém kroku prekoncentradni
procedury, po skoneni generovani hydr1du ze vzorku, je atomizator zahfat na teplotu kolem
2500 °C, dimz je veskery zachyceny analyt atomizovan a detekovén, obvykle AAS. K detekei
lze v8ak pouzit i jiné metody analytické atomové spektrometrie. Nevyhodami prekoncentrace

v grafitovém atomizatoru jsou vysoks pofizovaci i provozni naklady grafitového atomizatoru.
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Nicméné tento zplsob prekoncentrace je v souasnosti v analytické praxi velice Siroce
vyuiivén a patfi k nejobvyklejsim pristupim ke stanoveni stopovych a ultrastopovych
koncentraci hydridotvornych prvki. V literatufe publikované detekéni limity pro
prekoncentraci bismutu v grafitovém atomizétoru s naslednym stanovenim AAS se pohybuji
| fadové v jednotkach a7 desitkach pg ml'. Nejlepsi publikovany detekéni limit je 4 pg ml™”,
Nedévnol byla. podana patentova ‘pfihléﬁka na zplisob prekoncentrace antimonu
zaloZeny na zichytu stibanu v kfemenné pasti a ndsledném uvoln&ni zachyceného analytu,
| jeho atomizaci a detekei nékterou z metod analytické atomové spektrometrie (Jifi Dédina, Jan
Kratzer: Zplsob prekoncentrace antimonu pro jeho stanoveni metodami atomové
spektrometrie, PV-2004-854), | |

Pro zichyt i atomizaci analytu lze vyuZit konvenéni vyhtivany kfemenny atomizator bez

Jakékoli upravy. Tento atomizator se obvykle sestévé z optické trubice o svétlosti kolem 5 az
w e 2= =~ - 10 mm,.jejiZ osa.je totoZnd's optickou: osou’ spektrometm a z'privodniho ramene 0 svetlost1 T
minimalné 2 mm pfitaveného k optické trubici v jejim stfedu v pravém hlu. Centralni &4st
optické trubice je zevné vyhrxvana na teplotu 900 °C. Analyticka procedura prekoncentrace

antimonu je rozdglena do dvou krokd: (1) zachyt a (2) uvolnéni:

(1) Do nosného plynu (argonu) obsahujnclho generovany hydrid a vodik vzmkly rozkladem
tetrahydroboratu je pfidavan kyslik v nadstechiometrickém mnoZstvi" vidi piitomnému
vodiku. Veskeré plyny (argon, hydrid, vodik a kyslik) jsou pfivadény do pnvodniho ramene
atomizatoru. Na jeho konei hoti plaminek, ve kterém je spalovan rnolekularm vodik ve
stechiometrickém prebytku kyslika. Hydrid je v tomto plaminku rozloZen a analyt
kvantitativng zachycen. Pritok nosného plynu aparaturou Je tfeba optimalizovat tak, aby |
plaminek VZl’llka_]lCI horemm vodiku v stechxometrlckem nadbytku kysliku hofel stacionarné
na konc1 pfivodniho ramene. i‘

(2) Po skongeni generovéni hydridu ze vzorku je nutné v plynne fazi proudici pastl udrZet
obsah vodiku odpov1dapc1 pritoku miniméalné jednotkam ml min™!. Pak i Je prostym uzavienim
pivodu kysliku analyt najednou kvantitativng uvolnén a atomizovan.

Zasadnim nedostatkem takto provadéné prekoncentrace je jeji nepouzitelnost pro
prekoncentraci bismutu. Jak bylo uvedeno nedivno v literatufe (Jan Kratzer, Jitf Dédina:
-Spectrochim. Acta Part B, 60 859- 864, 2005), divodem je nedostateénd G&innost uvolnéni

blsmutu 55%, a s tim souvisejici neuspokojiva reprodukovatelnost analytickych sign4ld.
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Podstata vynalezu

Experimentalni studie provedené autory prokazaly, ¥e vy$e zminéna nedostatetnd Géinnost
uvolnéni bismutu pii provadéni prekoncentrace v konvenénim vyhffvaném kfemenném
atomizatoru zplisobem pouZivanym pro prekoncentraci antimonu je zplsobena tim, Ze &ast
analytu je zachycena v mistech pfivodniho ramene atomizétoru, kde je povrchova teplota
vyznamné niz§i nezli 900 °C. V druhém kroku procedury tato teplota nestai k O¢innému
uvolnéni analytu. |

Uvedeny nedostatek odstrafiuje zptisob prekoncentrace bismutu pro jeho stanoveni metodou
AAS, jehoz podstata spociva v tom, ¢ do piivodniho ramene konven¢niho k¥emenného
atomizatoru, zevné vyhfivaného na teplotu 900 °C, je v podélné ose piivodniho ramene
vloZena kfemennd kapilara, jejiz konec dosahuje az na zacatek optické trubice atomizatoru,
V prvnim kroku analytické procedury prekoncentrace bismutu, tj. pti zachytu, je do nosného

plynu (argonu) obsahujiciho generovany hydrid a vodik vznikly rozkladem tetrahydroboratu

- pfidavan kyslik v nadstechiometrickém mnoZstvi vidi ptitomnému vodiku. Veskeré plyny

(argon, hydrid, vodik a kyslik) jsou pfivadeny do vloZené kiemenné kapilary. Na jejim konci

‘hoti plaminek, ve kterém je spalovin molekularni vodik ve stechiometrickém pfebytku

kysliku. Hydrid je v tomto plaminku rozlozen a analyt je kvantitativné zachycen na povrchu

atomizatoru.

Po skoneni generovani hydridu, v druhém kroku procedury, tj. pfi uvoln&ni, je uzavienim
piivodu kysliku analyt najednou uvolnén proudem vodiku a atomizovan. Uginnost uvolnéni
analytu je 100%. To vede k vyborné reprodukovatelnosti analytickych signal(,

Oproti bézné pouZivané prekoncentraci hydridu v grafitovém atomizitoru je metoda
prekoncentrace podle vynalezu jednodussi a pofizovaci i provozni naklady jsou desetkrat az
stokrét nizsi. Detekéni limit prekoncentrace podle vynalezu s néslednym stanovenim AAS je
na Grovni v literatufe uvedeného nejlepsiho detekéniho limitu pro zachyt v grafitovém

atomizatoru s naslednym stanovenim AAS .

Piiklady provedeni vvnalezu

Pro stanoveni Bi prekoncentrovaného metodou podle vynalezu lze vyuzit Sirokou 3kalu
konvengnich vyhfivanych kfemennych atomizatord, viz napf, monografii [J. Dédina a D. L.

Tsalev: Hydride Generation Atomic Absorption Spectrometry, Wiley, Chichester, 1995] pro




L
L3
L]
.

4

podrobny popis jednotlivych typd konvenénich vyhiivanych kfemennych atomizatort.
~ Jedinou nutnou upravou je vloZeni kfemenné kapilary o svétlosti 0,5 mm do p¥ivodniho
ramene atomizatoru. _

Priklad provedeni vynalezu pro stanoveni Bi je blize osvétlen pomoci vykresu, na kterém je
schematicky znazorn€n jeden z typd konvenénich vyhfivanych kiemennych atomizatord.
Atomizator je vyroben z kiemene a sestava se z ptivodniho ramene 1 a z optické trubice 2 o
svétlosti 7 mm a délce 160 mm, jejiZ osa je totozna s optickou osou spektrometru. PEivodni
rameno 1 o svétlosti 2 mm a délce 90 mm je piitaveno k optické trubici 2 v jéjim stfedu v
pravém ihlu. Centralni Cast 3 optické trubice 2, dlouha 125 mm, je vyhfivana elektrickou
odporovou pickou na teplotu 900 °C. Do podélné osy ptivodniho ramene 1 atomiztoru je
vloZena kfemennd kapilara (Supelco) 4 o svétlosti 0,5 mm, jejiz konec dosahuje aZ na

zacatek opt:cke trub:ce 2 Kapllara 4 je v phvodnim rameni 1 utésnéna tésnénim 5

N

sestavajlclm z teflonové hadlcky o svétlosti 0,7 mm a z teflonové pasky.

V kroku zichytu je do kapilary 4 pfivadén generovany bismutan v proudu argonu (75 ml.min’
") s ptimési vodiku (z rozkladu tetrahydroboratu, cca 15 ml.min™) a kysliku (10 ml.min™)
piiddvaného pomocnym kandlem v nadstechiometrickém poméru viici vodiku). Generovéani
_probihd v kontinualnim reZimu, kdy jsou do generatoru hydridd pfivadény kontinualni
pritoky vzorku v 1 M HCI (pritok 4,3 ml.min) a roztoku tetrahydroboratu (priitok
1, mlmin™). Za t&chto podminek se z tetrahydroboratu uvoliiuje 15 mlmin™ vodiku.
Stechiometrickému pomé&ru kysliku odpovida 7,5 ml.min™, byl zvolen priitok kysliku
10 ml.min'l. Za téchto podminek hofi plaminek na konci kapilary 4. Stfed optické trubice
slouzi v tomto uspofadani v kroku zichytu jako past pro zachyt analytu Po skonéeni
generovani hydridu ze vzorku je proud vzorku do generatoru nahrazen proudem 1 M HCl o
stejném priitoku.

V kroku uvolnéni je, beze zm&ny teploty atomizatory, uzavien piivod kysliku a pomocnym
kanalem pfiveden proud vodiku o pritoku 100 ml.min™", Tim ; je ana]yt zachyceny ve stfedu

optické trubice najednou uvolnén a atomizovan.

Primyslové vyuZitelnost

Metodu lze pouZit pro prekoncentraci bismutu pted jeho stanovenim AAS.




PATENTOVE NAROKY

1. Zptisob prekoncentrace analytu pro stanoveni stopovych a ultrastopovych koncentraci
bismutu metodou atomové absorpéni spektrometrie, kdy se do nosného plynu obsahujiciho
analyt ve formé hydridu a vodik pfidava kyslik v nadstechiometrickém mnoZstvi viiéi
pfitomnému vodiku a molekularni vodik se spaluje ve stechiometrickém prebytku kysliku a
uvolnéni zachyceného analytu se provede uzavienim pitvodu kyshku vyznacujici se tim, ze
plyny se pfivadi do kiemenné kapilary vloZené do piivodniho ramene atomizatoru, ktery je
zevné vyhtivan na atomizaéni teplotu, tj. na teplotu mezi 700 °C a 1000°C, molekularni vodik

se spaluje ve stechiometrickém prebytku kysliku v plameni hoficim na konci této kapilary,

nacez se zachyceny analyt uvolni uzavienim pivodu kysliku a spudténim proudu vodiku,

L L

.......

=2.-Atomizator pro prekonceritraci-bistutu stavajici s€ z optické Trubice a ‘pfivodniho T ramene
VyleaCllJICI se tim, Ze vpodélné ose piivodniho ramene (1) atomizitoru je umist¥na
kiemenna kapilara(4) o vniténim priméru od 0,3 do 0,7 mm dosahu11c1 na zaCatek optické

trublce (2) atomizatoru.
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