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A comparison of five kinds of hydride generator/gas—liquid phase separator systems used in
dride generation in AAS is made. These systems are also compared with a newly designed
separator. Optimum working conditions were tested and basic characteristics were measurec
the types of systems. The basic criteria for comparison of the systems were the measuring ser
reproducibility and detection limit for the given system. Additional comparison criteria were the
lysis frequency achieved, applicability of the given separator for flow-injection measurement
economic criteria.
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To overcome difficulties in the determination of As and Se and later on also Ge, S
Te and Bi by AAS, the technique of generation of volatile hydrides was develop
the late 60’s and early 70’s for the determination of these elements. The main c
teristic of this technique is the formation of the gaseous hydride of the given ele
its separation from the sample matrix and thus achieving a higher concentration
given analyte in the absorption environment when compared with the flame AAS
nique.

The hydride generation technique can be divided into three phases. In the first
the acidified sample solution reacts with the reducing agent to form a covalent vc
hydride of the element contained in the analyte. In the second phase, this hyd
separated from the reaction mixture and transported by the carrier gas to the atc
In the last phase, the hydride is decomposed to the gaseous metal’atoms

In the technique of generation of volatile hydrides, the greatest attention is ps
the mechanism of hydride formation, the atomizing protegsstudy of interferences
both in the liquid phase (affecting the rate or efficiency of formation and release ¢
hydride from solution) and in the gas phase (transport and atomizing interference
also to the process of thorough separation of the gas phase formed.

The means of hydride generation and the principle of separation of the gas
from the liquid in the continuous generation technique may be different. In the fc
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case, the hydride is formed in the reaction coil and continuous separation of the
phase from the gas phase occurs in the phase separator. In the latter case, the ge
process and hydride separation occur simultaneously in a generator—separator jc
paratus.

The hydride is separated from the reaction mixture either by expulsion by an €
of generated hydrogen and carrier Y@G apparatus working with high acid conce
trations) or by a carrier gas flowing into the joint generator—separator through a p
frit”8 (systems working with low acid concentrations). Another method separate
gas phase on the basis of diffusion of the hydrides through the wall of a silicone
(membrane) or PTFE microporous membpaiie

In general, it can be concluded that the following conditions must be fulfilled fol
most efficient functioning of the system for continuous hydride generation:

a) most efficient hydride generation,

b) complete separation of the gaseous hydride from the reaction mixture, and

¢) continuous transport of the separated gas phase into the atomizer and con
drainage of the waste liquid from the system.

A number of authors have described the principle, construction changes and ¢
zation of working conditions for their hydride generator/gas—liquid phase separato
tems; however, they rarely make a comparison with other types of systems ol
conventional systems.

This work deals with the comparison of five selected systems used in the hy
generation technique in AAS and comparison of these apparatuses with a new
signed gas—liquid phase separator.

EXPERIMENTAL

Apparatus

The measurements were carried out using a Varian SpectrAA 300A spectrometer equipped
deuterium background correction system. The radiation source was an EDL lamp for As (ch
power 7 W). The measurements were carried out at 193.7 nm using a spectral interval of 0.5

Continuous generation of hydrides was achieved using the specially designed apparatus deg
Fig. 1.

An eight-channel peristaltic pump (Cole—Parmer Masterflex, Cat. No. 07550-62), eight-
pump head (Cole—Parmer Masterflex, Cat. No. 07623-10) with tygon tubing with inner diamet
2.06 mm, 1.42 mm and 0.89 mm (Cole—Parmer) was used for the reagent feed; polypropyler
nectors were used for connection. The carrier gas (nitrogen) flow rate was measured using «
Parmer (Cat. No. 03216-45) flow-meter. The reaction coil was a PTFE tube with an inner dic
of 1 mm. The appropriate reaction coil lengths are shown in Table I.

The hydrides were atomized using an absorption cell (conventional quartz T-tube with a len
170 mm and i.d. 12 mm, narrowed in the centre to an i.d. 4 mm, with 70-mm side arm of i.d. 1.
located along the optical axis of the AA spectrometer. The quartz atomizer was heated electric
a temperature of 958C (Varian Electrothermal Temperature Controller ETC-50).
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TaBLE |
Working conditions of all tested systems

Systend
Parameter
A B c D E F
wW(NaBHy), 9% 1.0 1.7 1.7 1.0 15 1.0
av(NaBHs), mli/min® 1.8 1.8 1.8 1.8 1.0 1.8
¢(HCI), mol/® 6.0 0.5 5.0 5.0 7.0 7.0
av(HCI), ml/mirP 1.8 1.8 1.8 1.8 1.0 1.8
av(sample), mi/mif 7.0 7.0 7.0 7.0 4.0 7.0
agv(carrier gas), ml/mih 40 138 138 25 0 40
[, mnP 3 000 - - - 2 000 2 000
T, och 45 _ - — 25 45

&w mass fractiong, volume flow rate,l reaction coil length;T temperature of reaction coil;
B¢ sample 10ug/l As(lll) in ® 1.0 m HCI, ©0.01m HCI.

Quartz atomizer

— Optical path

Peristaltic
pump
_________ Sample

1
|
Thermostated ! ! r
hydride generator/ : !
gas-liquid separator, | HCI
system : :
1 1 NaBH4
e ol

Flowmeter

< Fe. 1
Carrier gas Apparatus for continuous generation c
the hydrides

A Outlet to atomizer

Reaction coil
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- HCI

NaBH4

e
g Y gy e
Waste Fic. 2
VGA-76 separatorA)
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The connection between the exit from the given separator and the entrance into the absorpt
consisted of a 50-mm polyethylene tube (inner diameter 1.5 mm; dead volume minimization)
cases.

A water thermostat (type U-15, MLW, Medingen, Germany) was used to maintain constant
perature (mostly 28C) of the studied systems.

Hydride Generation Gas-Liquid Separator Systems

The following six hydride generator/gas—liquid phase separator systems were selected and
this work.

Commercial type of separator from the Varian VGA-76 appafgsystemA, Fig. 2) (U-shaped
gas—liquid phase separator); the separator was combined with the reaction coil of length of 3 000 mr

Combined generator/separator systéystemB, Fig. 3). This system is characterized by different me:
of generation and principle of separation of the gas phase. The reaction occurs inside the
through mixing of reagents at the ends of the inlet capillaries and the mixture drips onto the frif
generator—separator system was first used in the DCP-AES metbavas modified for this study

After acidification with HCI, the sample is fed under the surface of the reaction mixture thr
a narrow capillary (i.d. 0.5 mm) and a NaBsblution is fed to the immediate vicinity through
second capillary (i.d. 0.5 mm). The bottom of the separator consists of a microporous gla:
through which the carrier gas flows into the system. The separator is widened at the top t
passage of foam (formed at high carrier gas flow rates) into the quartz atomizer. After reactir
reaction mixture is continuously transferred by a peristaltic pump into the waste outlet through
opening in the separator and thus its volume is maintained at a constant level in the syste
volume of this reaction space can be changed by changing the liquid level in the separator; th
mum volume of the reaction space is 36 ml.

The combined generator/separator system with a fixed v8l(imernal volume 25 ml and reac
tion volume 3 ml) (systen€, Fig. 4) has a design similar to the previous type. It consists of a
nel-shaped inner vessel and external cylindrical glass jacket. The bottom of the funnel once
consists of a microporous frit. Aghs formed in the small funnel space, into which reagents
continuously added close to the frit surface. The carrier gas, similar to the previous case, flo
the apparatus through a frit and then flushes the gas phase formed into the atomizer. The wz
ution overflows over the edge of the funnel into the space of the external cylinder and then tt
a side arm connected to an open reservoir.

Sample NaBH4
§ HCI §
< " <[ N2
Outlet to atomizer 1 !

Peristaltic pump

Reaction —§ L
place Yol
Waste

Frit

Fe. 3

Combined generator-separat@®) ( Ne
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The tube hydride generator/separator systenbased on the diffusion of the gas through the tl
wall of a silicone tub®(systemD, Fig. 5). Into an external PE tube of a given length (i.d. 5 mm]
special separation silicone tube is fitted with the same length (i.d. 2 mm, wall thickness 0.3
This inner silicone tube is also the reaction coil into which the reagents are fed f(N&dBH
sample). The carrier gas feed is at the one end of the external tube, that is used for counter
(relative to the direction of flow of the reaction mixture) flushing of gases passing through the
of the silicone tube from the space between the two tubes. This type of equipment was ori
used for the determination of As, HgQ, Se, Sn and S by the ICP-AES metHod It was later
used to determine As through generation of AsHthe ICP-MS method.

In the hydride generator/membrane separator systésystemE, Fig. 6), the separation is base
on diffusion of the gas through a membrane consisting of a Teflon strip with a thickness of 0.07
(112 mm in width, 1um pore size, ZeFluor, Gelman Sciences). The separator consists of two &k
of poly(methyl methacrylate) with a groove in the middle of their largest sides. The reaction m
is fed through the first block using a groove of dimensions ofx130x 50 (90) mm. The hydride
formed and excess hydrogen are fed into the atomizer through the second block with a grc
dimensions of 3 3 x 50 (90) mm. A nylon grid with a thickness of 0.1 mm (20Q0 mm) is used
to fix the Teflon membrane. The two blocks are fitted tightly together and sealed with a thin r
seal fitted between the two blocks. The system using the gas-liquid membrane separator we
bined with the reaction coil length of 2 000 mm.
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I HCI ;
< A L <{n:
|

Outlet to atomizer | Outer cylinder
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Reaction ____ EQ
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The combined hydride generator/separator system (syStdfiy. 7) utilizes the advantages of th
classical separator (U-tubd) and the combined generator—separ&oihe reaction coil length was
chosen 2 000 mm.

Reagents

A standard As solution (1.0000 g/l) (Analytika, Prague) was used to prepare thg/I18s(Il1)
working solution. The working standard was prepared daily from the standard solution. The |
chloric acid used was Suprapugrade (Merck, Darmstadt).

Solution of sodium tetrahydroborate NaB¥erck, Darmstadt, content >96%) in 0.4 wt.% NaO
was always prepared fresh from the powdered substance.

Hydrofluoric acid (38—-40 wt.%, Analytika, Prague, semiconductor grade purity) was used to
the quartz atomizer.

Deionized water was prepared using the Milli Q+ deionizer from the Millipore Co., U.S.A.
carrier gas was 99.999% purity nitrogen.

Procedure

Working conditions for all the hydride generator/separator systems were tested qugd A8(II1)
sample prepared in &t HCI. The effect of the acid concentration (HCI) was studied on a sampl
10 pg/l As(lll) in 0.01m HCI.
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The absorbance values given in the graphs of the basic characteristics were always read
attaining a stationary state in the system and are the average of three recorded values with
gration time of 10 s.

The delay time was found for each system; this is defined as the time required for the sig
attain a steady value after a change in the analyte concentration.

For each system the characteristic concentration and the limit of detection were determin
latter being defined as8m wherem is the slope of the linear portion of the calibration graphsaisd
the standard deviation for ten identical measurements near the blank signal level.

RESULTS AND DISCUSSION

The following six hydride generator/gas—liquid separator systems were selecte
comparison of their characteristics in the hydrid generation technique in AAS.

As a basic system the commercial separator in VGA-76 apparaiusas chosen,
representing the classical separation method. In addition, two combined generato
rator with microporous glass frit8( C), two separators based on the principle of @
fusion of a gas through a membraie E) and the newly designed combined separa
(F) were tested.

Working Conditions for All the Tested Separators

First, working conditions were studied for all the tested hydride generator/gas—
separator systems. All the measurements were carried out using the apparatus c
in Fig. 1.

The concentration of the reducing agent, NgBtdncentration of hydrochloric acid
sample flow rate, carrier gas flow rate and, where pertinent, the length of the re
coil and its temperature were found for each system.

The dependences for each tested parameter obtained for all the systems are c
in a separate graphical plot for a better comparison of the results obtained. At the
time, these graphical dependences also give the values obtained by measur
newly designed separator. The working conditions are discussed separately for €
the separators. All the graphical dependences are plotted as the dependences of ab
vsthe given parameter; the criterium for the optimum working conditions is thus
absorbance value.

The effect of the concentration of NaBKFig. 8), concentration of HCI (Fig. 9)
flow rate (Fig. 10), the carrier gas flow rate (Fig. 11) and the length of the reactiot
(Fig. 12) at 25 and 4%C are illustrated for systenfs—+F.

Table | gives the working conditions for all the separators.

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



Hydride Generator/Gas-Liquid Phase Separator Systems 171

SystemA

It follows from Fig. 8 that the measuring sensitivity is highly dependent on the Né
concentration required for conversion of the analyte to the hydride. A Ne@t¢en-
tration of 1.0% was found to be optimum for separ&tdfor a reaction coil tempera:
ture of 45°C). The decrease in the absorbance beyond the maximum is appa
caused by dilution of the hydride by excess generated hydrogen. It was found tt
temperature of the system has a significant impact on the process of generatiog o
and thus on the sensitivity of measurement. It was also verified that the opti
NaBH, concentration is dependent on the temperature of the system (reaction mi
At a temperature of 28C, the optimum NaBJloncentration is 1.7 wt.%, whereas for’ds
a value of 1.0% was obtained (with a simultaneous increase in the signal by about O

Figure 9 yielded an optimum concentration of added HCI of 6 mol/l at a flow ral
1.8 ml/min (the concentration of HCI in the reaction mixture is then 1.2 mol/l for a
rate of 7.0 ml/min and HCI concentration in the sample of 0.01 mol/l, and 2.0 mol
a flow rate of 7.0 ml/min and HCI concentration in the sample of 1.0 mol/l).

Figure 10 depicts the effect of the flow rate of the sample on the measured sic
flow rate of 7.0 ml/min was chosen as an optimum. Figure 11 depicts the depen
of the absorbance signal on the carrier gas flow rate into the separator. It is ap
from the dependence that a certain carrier gas flow #di® fil/min) is necessary for ¢
maximum separation of the hydride formed; the excess hydrogen formed is insuff
and flushes most of the hydride away from the separator. However, higher carri
flow rates decrease the noise in the measured signal.

Figure 12 depicts the effect of the reaction coil length at@%and for the selectec
optimum temperature of 4%. It can be seen that even a very long reaction coil cat

0.5 T T
A
0.4

0.3

0.2

0.1

0.0 1 | 1
0.0 1.0 2.0 w(NaBH,), % 3.0

Fic. 8
Dependence of absorbande £ 193.7 nm) on NaBjicontent. Systemi A, 2C, 3D, 4E, 5F
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172 Krenzelok, Rychlovsky:

have such a strong impact on the measurement sensitivity as an increase in the t¢
ture of the reaction coil. The higher sensitivity at higher temperatures is also caus
a rapid decrease in the solubility of AsiH water with increasing temperature (tf
solubility of AsH; in water at 25 and 10%C is 28 and 0 ml per 100 ml, respectivel
the solubility of hydrogen in water at 25 and 8D is 1.91 and 1.89 ml per 100 m
respectively, and the solubility of nitrogen at 25 and@@s 1.52 and 1.42 ml per 100 m
respectively}®. At reaction coil lengths greater than 350 cm, a strong pulsation o
reaction mixture occurs, producing oscillations in the measured signal. Lengthen
the reaction coil leads both to a significant increase in noise levels and also to inc
delay times and thus increased sample consumption.

0.0 2.0 4.0 6.0 8.0 10.0
c(HCI), mmol/l

Fic. 9
Dependence of absorbande £ 193.7 nm) on HCI concentration. SysteinA, 2B, 3D, 4E, 5F

. 24
gy, mi/min

Fic. 10
Dependence of absorban@e< 193.7 nm) on sample flow rate. SystetmA, 2B, 3C, 4D, 5E, 6 F
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As it was found that the temperature of the reaction coil has a marked effect ¢
generation of Ask this dependence was measured in detail. It can be seen from F
that the effect of the temperature increases to approximatel€ ;58 higher tempera-
tures, the noise level in the measured signal increases considerably.

SystenB

An optimum concentration of the acid feed of about 0.5 mol/l was found from F
(corresponding to an analytical concentration of HCI of about 0.1 mol/l in the rea

0.4 r

0.2 r

iR S

0.0
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Fic. 11
Dependence of absorbande £ 193.7 nm) on carrier flow rate. SystethA, 2B, 3D, 4E, 5F
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mixture). Thus the acidity of the sample is sufficient for the measurement and the
feed channel need not be used. The dependence of the signal on the acid conce
exhibits a sharp increase up to a value of aboumOHEC| (maximum hydride genera
tion occurs practically at the stoichiometric ratio of the NaBIE| concentrations);
the signal value then remains nearly constant and finally decreases slightly at aci
centrations above 5 mol/l. The requirement of low sample acidity for the generatio
be explained by the relatively large reaction volume (of the order of several tens
an amount of 10.5 ml, maximum 35 ml was used) compared with the volume c
reaction coil é.g, 1.96 ml for systerd\). The second reason is the design of this s
tem with a frit through which the carrier gas flows, which efficiently stirs the reac
mixture and also forms a large liquid—gas interface for the fastest possible pass
the hydride into the gas phase. At low acidities, the bubbles of the gas phase forn
very small and produce a practically homogeneous liquid—gas mixture, so that th
tact time of the two phases is greatly prolonged.

The dependence of the absorbance on the sample flow rate for this system (F
curve 2) is linear up to a flow rate of 11 ml/min. Even at higher flow rates, the los
efficiency of hydride formation is not as great as for the previous system, once
because of the large reaction volume of the system (a volume of 10.5 ml used), ar
the sufficiently long reaction time. The reaction time here is determined by the
during which the given amount of liquid remains in the reaction space (equal to 72
flow rates of 7.0 ml/min for sample, 1.8 ml/min for Napithd reaction volume of 10.5 ml
this time decreases to 28 s for a higher sample flow rate of 21 ml/min being still a
an order of magnitude greater than in sysfemith a sample flow rate of 7.0 ml/min)

The dependence of the absorbance on the nitrogen flow rate through the frit is
in Fig. 11, curve2. The relatively broad plateau is apparently a result of two oppc

0.2 1 L 1

Fic. 13
Dependence of absorbande £ 193.7 nm) on temperature of reaction coil. Systémk, 2 F
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tendencies: the first is the dilution of the hydride with increasing flow rate (decre
sensitivity); the second is the more efficient stirring of the reaction mixture and f
passage of the hydride into the gas phase with increasing nitrogen flow rate (the mq
ment sensitivity increases); the former tendency begins to predominate above |
rate of about 100 ml/min of nitrogen. As the nitrogen flow rate increases, the
level of the measured signal decreases. This is also one of the reasons for the ct
the higher nitrogen flow rate of 138 ml/min accompanied by a slight decrease in :
tivity (the highest sensitivity of measurement was achieved at 50 ml/min of nitro
The higher flow rate was also chosen because of a relatively large dead volume
system €.g, for a flow rate of 24 ml/min, the delay time is 120 s; this time equals
at the flow rate used here). The inlet of the carrier gas through the frit was only u:
the system. Nitrogen feed through the second inlet (for a given nitrogen flow rate |
the frit) only led to decreased sensitivity caused by dilution of the hydride. Simil
the same nitrogen flow rate only through the second inlet led to a small response
pared with the inlet only through the frit.

SystenC

The system does not provide a sufficiently large reaction volume for the reacti
occur efficiently in such weakly acidic medium like in the previous system, anc
quires a separate inlet channel for the HCI solution. It is apparent from the comp
of all the measured dependences of the absorbance on the HCI concentration t
dependence has the slowest increase towards the maximum sensitivity (absor
value for the smallest reaction volume (reaction coil). In contrast, the dependen
creases rapidly to this absorbance value for the largest reaction volume (generat
variable reaction volume of 10.5 ml). The dependence for syStéas between these
two curves.

SystenD

Figure 8 (curve3) depicts the effect of the amount of NaBirbm which an optimum
value of 0.7% was obtained. However, a value of 1.0% was chosen for the me
ment because the gas production is so low and uneven at lower,NaBt¢¢ntrations
that the mixture in the inner silicone tube pulsates. At an NaBHcentration greatel
than 3%, the reaction mixture again begins to pulsate and the walls of the silicon
are deformed. The efficiency of the separation of the hydride in this system g
depends on both the magnitude of overpressure of the gas phase as well as
period of contact of the gas with the silicone membrane. In contrast to the pre
system, this interface forms considerable resistance to the separated gas pha
time of contact with the separation interface is determined not only by the flow re
the reagents and the sample, but also by the NaBhtentration (the amount of hy
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drogen released and thus the velocity of the passage of the gas phase through
cone tube). Thus, the sensitivity is decreased at NaRldcentrations greater tha
1.0%, combined with dilution of the gaseous hydride by excess hydrogen.

A sample flow rate of 7.0 ml/min was found to be an optimum. In this system
flow rate of the reaction mixture has a certain critical level above which the flow o
mixture in the tube begins to pulsate. This flow rate can be affected primarily b
concentration of the NaBj$olution used and also by the sample flow rate. At NaE
concentration of 1.0%, a stable signal is obtained at flow rates of at least 7.0 ml/

The nitrogen carrier gas acts only as a transport medium in this system. The ¢
has a relatively large dead volume and the amount of gas phase passing throt
membrane is much smaller than for all the systems studied previously. It can be
from the graph that, at zero flow rate of the carrier gas, the hydride is not flushe
the atomizer at all (nor is the excess hydrogen formed). Even a very small flow r
the carrier gas transports the hydride from the system into the atomizer, which
flected in a sharp increase in the signal. (Among other things, this dependence cc
that the amount of gas phase passing through the membrane is very small.) The
tion efficiency in this system can be affected primarily by the choice of the memt
wall thickness (a wall thickness of 0.3 mm was used in the system). However, .
cone tube with a thinner wall (0.25 mm) cannot be used because of complete de
tion of the silicone tube — membrane. The response to a change in the a
concentration is very slow and decreases further with a decrease in the carrier g:
rate. However, an increase in the nitrogen flow rate leads to a considerable decr
the sensitivity (dilution of the hydride by the carrier gas). No change in the magn
of the noise in the signal was observed after a change in the flow rate. Similarl
direction of flow of the carrier gas has no effect on the measured signal. The len
the system has a considerable effect on the separation of the hydride as it dete
the contact time of the reaction mixture with the membrane and thus the amo
hydride passing through the membrane. The magnitude of the signal increases
linearly with increasing length of the system up to a value of about 550 cm; a s
length of 660 cm was chosen for the measurements. Reliable measurements ca
carried out with a system longer than 660 cm as a further increase in the tube
leads to an ever-increasing resistance to pumping of the reagents and the n
begins to pulsate strongly in the system. Increasing the length also increases th
time; this value increases to 500 s for a tube length of 660 cm.

SystenkE

The reaction site in this system is once again the reaction coil and this separator
only to separate the gas phase. The dependence of the absorbance signal on jhe
concentration (Fig. 8, curvé) exhibits a sharp maximum around 1.5% NaBHMhe

rapid decrease in the sensitivity beyond this value is not only a result of dilution ¢
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analyte hydride by an ever-increasing amount of hydrogen, as found for all the :
ation systems without a membrane, but rather of the increase in the overall flow r
the reaction mixture. This leads to a decrease in the contact time of the reaction n
with the membrane. In contrast to the previous separator with an active separatic
face of about 414 ch{length 660 cm), this system has an active separation surfa
only 1.5 cn? (groove length 50 mm) or 2.7 énfgroove length 90 mm). At NaBH
concentrations higher than 2.5%, the flow rate of the reaction mixture through the
tem becomes very fast and its functioning can be permanently disturbed (a great
ure of the reaction mixture on the membrane leads to passage of a certain am
liquid; as soon as the liquid enters the space between the membrane and the Nyl
the surface tension of the liquid leads to blockage of the grid openings and the
surface of the separator decreases).

Because of the very small dead volume of this separator (0.45 ml for a groove 5
long and 0.81 ml for a groove 90 mm long), the system has a very fast signal res
The hydride is transported sufficiently rapidly to the atomizer by the excess hydi
formed in the reaction of NaBhvith HCI (the amount of hydrogen formed under the
optimum working conditions corresponds to a flow rate of about 71 ml/min under
conditions). This is also reflected in the dependence of the absorbance signal
carrier gas flow rate given in Fig. 11 (curde Thus, a carrier gas was not used for t
system. No change was observed in the noise signal level while changing the ni
flow rate.

Changes in the temperature have various effects on the generation and separ:
the gas phase and on the overall functioning of this system. Increasing temperatt
a favorable effect on the generation and separation of the gas phase, reflecte
increase in the sensitivity up to a value of abouf@5However, increasing tempere
ture has a detrimental effect on the separator lifetime (the PTFE membrane). The
the temperature of the reaction mixture, the shorter the lifetime of the separato
time decreses to only a few minutes around@@nd only a few seconds at 50 (the
values strongly depend on the kind of membrane used). The change in the sep
efficiency is irreversible. When the separator is used for longer periods of time at ¢
ted temperatures, the signal values become irreproducible and the measured valt
ually decreases at a rate dependent on the experimental temperature. Thus the ¢
the absorbance signedthe temperature of the reaction mixture (Fig. 13, clvis of
no significance for practical measurements as the signal of the analyte cannot be
duced at higher temperatures. Thus, in practical measurements using this systerr
given PTFE membrane, it is necessary to work at laboratory temperature.

The efficiency of separation in this system can be changed to a certain extent o
changing the size of the active surface area of the PTFE membrane. Howev
membrane surface area must not be too large to avoid a detrimental increase in tl
volume of the separator and also to avoid mechanical deformation of the mem
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Thus, the groove cannot be broader, but can be lengthened. In these measurer
separator with a groove length of 50 or 90 mm was employed. Under optimum c
tions (sample flow rate 4 ml/min, 1.5% NaBé&hd 1 ml/min of W HCI), a separation
length of 50 mm is not sufficient for complete separation. However, a separation |
of 90 mm is adequate.

Systent

This next test system has not yet been studied (Fig. 7). It was prepared on the
the knowledge obtained from the study of the previous apparatus for the generati
separation of the gas phase as described in this work. The design of this apj
includes the favorable features of the previous equipment.

It can be seen from Fig. 9, curgethat the variation of the absorbance signal w
increasing HCI acid concentration has similar features for both systems (duanels?,
respectively), from which their advantages were taken. The sharp increase in the
tivity for concentrations up to 0.8 HCI is a result, similar to separat8; of the
existence of a larger reaction volume (5.6 ml used) in the separator (in addition
reaction volume of 1.57 ml in the reaction coil), in which the chemical reactiol
hydride formation can be finished at low acid concentrations (effect of acidity or
kinetics of hydride formation). The nitrogen flowing through the porous frit, simil
to systemB, thoroughly stirs the reaction mixture and forms a large liquid—gas p
interface for easier passage of the analyte hydride into the gas phase. Howeve
this rapid increase, the signal attains a maximum value (as for sitas the low
flow rate of nitrogen through the frit is not sufficiently intense for the reaction at
the frit to occur with maximum efficiency. As the acidity of the reaction mixture
creases, the formation of the gas phase is accelerated and occurs practically onl
reaction coil at high acidities. The dissolved hydride is then only released in the s
tor space.

Figure 12 (curveld) gives the variation of the absorbance siganl with the increa
reaction coil length at a reaction mixture temperature of@b5Iin this system, with
nitrogen bubbling through the reaction mixture, there is a certain correction for
in efficiency of conversion of the analyte to the hydride (caused by the insuffici
long reaction coil) due to the possibility of completion of the reaction in the sepa
space (in contrast to systeh).

Comparison of the Separation Systems

For all the test systems, in addition to determination of the optimum working condi
the calibration curve was constructed and the detection limits and the measur
sensitivity were determined. In addition, the measurement reproducibility was four
each system (using a sample of id)l As); the necessary delay times were measu
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and the sampling rates were found from these values. The results are summar
Table II.

It follows from the table that the lowest limits of detection were obtained for sys
of typesk andF. Similarly, the highest measurement sensitivities were found for tt
systems. The sensitivities for these systems increase in the Brd&rD, A andE.

All the systems exhibit approximately the same linear calibration ranges witl
exception of systerB. The high dynamic concentration range of sysBeis associated
with the large reaction volume in the separator.

Similarly, all the systems exhibit the same reproducibility. The noise level in sys
using a reaction coil is affected primarily by fluctuations in the flow rate of the reac
mixture inside the reaction coil, caused by uneven production of bubbles of th
phase (system&, E andF). Similarly, the noise level for the systems using porous f
(B, C) is caused by uneven separation of the gas phase from solution. The val
typical measurement delay times are, however, variable. A very different value |
tained for systenD, because of its great length which is, however, also necessar
attaining at least a comparable measurement sensitivity. On the other hand, the s
value is attained for membrane separd&orThe highest analyzing frequency is al
obtained for this system. Because of its small dead volume and thus short delay
systemE and proposed systefare very useful for the flow-injection mode.

SystemE has the fastest signal response to a change in the analyte concent
The relatively small overall flow rate of the gas phase in sy&ewhich is the lowest
of all the test systems, permits the use of small-diameter (1 mm) connecting tub
passage of the gas phase from the separator into the atomizer. This further decre:
dead volume of the apparatus and thus also the time response. This tube diamete

TasLE Il
Comparison of characteristics of the studied systems

System
Parameter

A B C D E F
Limit of detection,ug/I? 0.060 0.060 0.075 0.093 0.050 0.05C
Sensitivity of measurementulg 0.042 0.017 0.018 0.024 0.048 0.05C
Linearity of the calibration grapiug/| 0-5 0-20 0-10 0-10 0-10 0-10
Reproducibility, % 0.5 1.3 1.4 1.9 0.9 0.8
Typical delay time, s 40 70 60 500 25 35
Sampling rate, sh 65 36 40 7 90 72

& 3 s/m(m is slope of the linear portion of the calibration graph ansl an estimation of standarc
deviation of 10 replicate measurements near the blank I&iatggration time 3< 10 s was used for
measurement of one sample.
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not be used for the other test systems because of the elevated overpressure in tl
rator, which led in the narrow tube to greater resistance to the flow of the gas ph

In general, it can be expected that the hydride generation can reach 100% for
brane systemB andE; however, the separation is less efficient here because ther:
greater resistance to the gas phase passage across the membrane. In contrast,
expected for the systems without membranes that the efficiency of separation of t
phase is the same as the generation efficiency. However, the gas generation ni
attain a maximum efficiency (especially for systém It is thus assumed for thes
systems that all the gas phase produced enters the atomizer. This is certainly not
the membrane separation. It clearly follows from the experiments that the most eff
generation of the gaseous hydride is achieved for combination of prior location ¢
reaction coil with a frit separatoF). The use of a reaction coil for the chemical re:
tion is the most efficient means of generation. The use of the reaction coil g
improves the measurement response time (the small internal volume of the ¢
flushed very rapidly and the signal stabilizes in a short time). The frit feed of the ¢
gas in systenfr ensures completion of the reaction in the reaction mixture (espec
at higher analyte concentrations). At the same time, the carrier gas fed into the s
tor frit located at the bottonF] clearly facilitates the second step — separation of
hydride from the reaction solution. The fine stream of bubbles of the carrier gas p:
through the reaction mixture probably also assists in even stirring of the carrie
with the released hydride. This appears as even transport of a completely homog
gas mixture into the atomizer leading to a lower noise and lower detection limit.
use of a reaction coil also permits the use of higher temperatures for the red
reaction.

Both the systems with a porous frit without a reaction &ilQ) have the disadvant-
age of the high carrier gas flow rate (necessary for efficient reaction), which gt
dilutes the generated gaseous hydride and thus decreases the sensitivity of the c
nation.
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