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F1 MANUAL SAMPLING PROCESS

Steps required to perform
a voltammetric analysis
using the conventional

manual sample handling
process.

Fill sample vessel

Place in electrode holder

]

Purge

]

Perform voltammetric scan

Remove sample vessel
Rinse electrodes

mQ

Dispose of sample
and Hg and clean cell
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Electrochemical techniques are versatile, selective, sensitive, and
economical. However, the sample handling process used with these
techniques has changed very little in the past 25 years, and productivity
has not kept the pace with the needs of analytical laboratories. With the
development of an efficient and fast on-line deoxygenator, it became
possible to automate this sample handling process using flow
technology and more than triple sample throughput. The use of on-line
deoxygenation, when combined with electrochemical flow detectors, has
broad applicability for automating polarography, voltammetry, and
stripping techniques. It also extends the availability of LCEC detectors
and FIA-EC detectors to the determination of reducible species.

Electrochemical techniques are
versdtile, selective, sensitive, and
economical. Their versatility is
hard to match with other techniques
because one can directly determine
organic compounds through reduc-
tion or oxidation of their functional
groups, organometallic compounds,
and inorganic species. They are also
versatile because they integrate eas-
ily with other analytical instru-
ments.

Electrochemical selectivity isa
strength because it can be custom-
ized by adjusting the applied volt-
age, choosing different electro-
chemical techniques (e.g., dc,
pulse, stripping voltammetry),
changing the working electrode
material, and changing the electro-
lyte composition (e.g., pH, solvent,
complexant addition).

The sensitivity of electro-
chemica techniques, for this dis-
cussion, is equivalent to their limit
of detection (LOD). The LOD of
pulse (e.g., normal, differential,
square wave) and stripping tech-
niques is excellent when compared
to other instrumental techniques
(T1).

The economic advantage that
goes along with versatility, selectiv-
ity, and sensitivity is becoming
even more important as laboratory
budgets continue to stagnate or de-
crease while work loads increase.
Electrochemical techniques are

among the least expensive to buy
and operate, yet their selectivity
and sensitivity are comparable to
instrumental techniques that cost 2-
5 times as much.

To take advantage of these
strengths, electrochemical tech-
nigques must overcome two draw-
backs: poor sample throughput,
which is a direct conseguence of
the manual sample handling proc-
ess used to do electroanalysis, and
the lengthy deoxygenation step re-
quired when reducible species are
determined. This article will dem-
onstrate how fast and efficient on-
line deoxygenation may be used to
automate sample handling and de-
oxygenation. The technology de-
scribed here requires that one re-
think the electrochemical sample
handling process. Instead of the
manual, step-wise procedure now
in use, voltammetry can be per-
formed in a flowing stream that si-
multaneously performs sample han-
dling and deoxygenation steps.

Rethinking the Sample
Handling and Deoxygenation
Process

Although voltammetric scan-
ning and data collection are highly
automated, sample handling and
deoxygenation processes have not
changed in the past 25 years. These
traditional sample handling steps
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F2

Schematic diagram of

the automated and sim-

pler FAST (Flow As-
sisted Sampling Tech-
nology).

Al - Valve

A2 - Sampling station

A3 - Autosampler

B - Peristaltic pump

C - On-line
deoxygenation

D - Voltammetric
flow cell

E - Waste

Continuous Flow Sample Handling

Al

A3

}

A2

areshown in F1. An analysisis be-
gun by filling a cdl with sample
(analyte and supporting electrolyte)
and placing it on the electrode as-
sembly. The sample is then purged
with an inert gas for 4-10 minutes
and the voltammetric scan is run.
The sample cell is then removed,
electrodes are rinsed, and the ana-
lyzed sample and Hg (if a Hg elec-
trode is used) are disposed. This
process is too time consuming and
manually intensive to use in today’s
analytical laboratory climate.
Autosamplers can be designed to
automate this manual processin se-
quential steps, but they are me-
chanically complex to build and
costly to produce. A faster, smpler,
and more economical process is
needed and was developed by re-
thinking how electrochemical sam-
ple handling may be done.

This reengineered process is
built using an on-line deoxygenator
to remove dissolved O, and flow
technology, closely related to FIA
(flow injection analysis), to collect,

T1

Typical limits of detec-

tion for selected voltam-

metric techniques.

Voltammetric Techniques

DC Polarography

Limit of Detection (M)

104 10° 10% 107 108 109 1010
X

Normal Pulse Polarography/Voltammetry X
Differential Pulse Polarography X
Square Wave Voltammetry X
AC Polarography X
Stripping Voltammetry X
T2
» Run# Cu (nA) Pb (nA) Cd (nA) Zn (nA)
Precision of peak
height measurements
using FAST. Square 1 236.1 439 66.7 114.2
wave voltammetric
measurements were 2 2439 445 67.8 115.2
o S g 3 242.1 44.0 673 1146
zZn?* at a SMDE in a
0.1 M ammonium cit- 4 240.7 43.6 67.5 113.9
rate buffer (pH 3).
5 240.0 43.6 67.1 1145
6 236.9 43.2 66.9 113.6
7 241.0 43.4 67.2 113.7
8 235.4 425 66.2 112.6
9 236.5 42.5 66.9 112.6
10 228.3 415 66.3 1115
Ave. 238.1 43.3 67.0 113.6
S. D. +45 +09 +05 +11
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transport, and dispose of samples.
This new process, Flow Assisted
Sampling Technology (FAST), is
shown schematically in F2. A sam-
ple, already mixed with electrolyte,
is chosen from sampling station
(F2A2) or autosampler (F2A3) us-
ing a selection valve (F2A1). The
sample is deoxygenated on-line
(F2C) and the voltammetric scan is
run on the sample as it flows
through the voltammetric flow cell
(F2D). The sample then exits to the
waste container (F2E). This new
approach to automating electro-
chemical sample handling was
made possible by NovaTech’s pat-
ented on-line deoxygenation tech-
nology (1) and can be integrated
with most voltammetric flow-
through cells, including one devel-
oped by NovaTech especially for
Hg electrodes (2,3).

On-Line Deoxygenation

Conventional deoxygenation,
which involves purging an inert gas
through the sample/electrolyte solu-
tion, isavery slow process. It often
alters the sample and/or supporting
electrolyte composition and is diffi-
cult to use in automated systems.
Techniques to improve the deoxy-
genation process have been re-
viewed by Wallace (4) and include
aspiration into a nitrogen atmos-
phere, coulometric reduction of dis-
solved O,, use of scrubber columns
to remove dissolved O,, voltammet-
ric discrimination, and diffusion
through a semipermeable mem-
brane. Of these, only semiperme-
able membrane deoxygenation has
wide applicability, high efficiency,
and no drawbacks.

The operating principle of a
semipermeable membrane deoxy-
genator, shown schematically in F3,
is based on the ability of gases (in
this case dissolved O,) to diffuse
through the membrane while lig-
uids and dissolved solids are not
able to pass through. The semiper-
meable membrane in this on-line
deoxygenator is tubular and diffu-
sion takes place while the solution

48



F3

Schematic representation
of NovaTech’s technology
to remove dissolved Oz
using on-line semiperme-
able membrane deoxy-
genation.
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flows through it. When optimized,
this process makes on-line deoxy-
genation fast and efficient and isthe
key technique needed to automate
electrochemical analysis.

The efficiency of semiperme-
able membrane deoxygenation de-
pends on the membrane material’s
permeability to O,, membrane wall
thickness, membrane tubing length,
and solution flow rate through the
membrane. Deoxygenation effi-
ciency (Eff) is measured using the
following equation, where C(O,) is
the concentration of dissolved O,.

Eff = {initial C(O,) - final
C(0,)} {initial C(O,)}

Eff exceeds 99.9% when four
conditions are met: (1) a membrane
is used with permesbility to O, of
at least 200 micromo-
les/(m*s*GPa), (2) membrane tub-
ing length is at least 250 cm, (3)
membrane wall thickness is less
than 0.024 cm, and (4) solution
flow rates are less than 3 mL/m-
inute.

The semipermeable membrane
used in this on-line deoxygenator
has another attribute, its ability to
reduce pump pulsations, which is
an important factor when high sen-
sitivity and precision is required.
The flexibility of the membrane
material is responsible for dampen-

ing pump pulsations in the flowing
stream.

The first application of on-line
deoxygenation technology was to
extend the use of LCEC detectors
to large cathodic voltages where re-
ducible species are detected (5). In
this application, minimizing band
spreading of separated peaks is
critical to preserve peak resolution.
Thisis done by “knitting” the tubu-
lar membrane. In one chemical
R&D laboratory, several reductive
LCEC instruments using this on-
line deoxygenation technology
have been in use for almost 10
years. The success of on-line de-
oxygenation for HPLC was a major
consideration when developing
FAST.

Hg Electrode Flow Cell

Low-noise and |ow-dead-vol-
ume flow cells are necessary to do
L CEC detection or voltammety in a
continuously flowing stream. Flow
cells for solid electrodes have been
available for years, but this is not
true for Hg electrodes. NovaTech
had to develop its own flow cell for
Hg electrodes because none were
available with: (1) acell with alow
dead volume, (2) a reliable mecha-
nism to reject dislodged Hg drops,
(3) no drop-related noise, (4) sim-
plified operation and maintenance,
and (5) minima IR losses. The flow
cell design, which addresses dl of
these problemsis shown in F4.

In this design, sample/electro-
lyte exits from deoxygenator
(F4C), flows through tubing imper-
meable to ar (F4D1), and enters
the cell via the flow inlet assembly
(F4D2). The flow inlet is angled
and has a mesh frit to reject dis-
lodged Hg drops, prevent these
drops from blocking the flow path,
and direct flow around the Hg drop.
The cell isfilled with a highly con-
ductive electrolyte, which need not
be the same as the sample electro-
lyte. Excess flow is removed as it
exits from this cell through outlet
(F4D3). Not shown in this sche-
matic is a simple lift mechanism
that alows the Hg electrode capil-
lary (or solid electrode) to be easily
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Square wave voltammo-

CURRENT X 10INA

gram for Cu”’, Pb”", 7-FEB-90 CELL #0
Cd2 and z?t ata SAMPLE SWV
static Hg drop electrode
in 0{1 M ammonium cit- SAMPLE # 15
rate (pH 3) buffer. Each 4 g - INITIAL E 0.150V
metal ion is at 100 ) FINAL E -1.300V
ng/mL.
PEAK
1U -0.074V
30 8.410E0 NA
’ 2U -0.470V
2.436E0 NA
3U -0.642V
4.570E0 NA
20 4U -1.078V
: 7.200E0 NA 4U
1.0
0.0 \ \ \ \ \ \ \
0.0 -0.2 -04 -0.6 -0.8 -1.0 -1.2
Fo 3000
Calibration curve for Calibration Curve Using FAST
c#, P?*, ¢, and
Zn?* using the experi-
mental conditions in F5. L ¢ C
Note that the data for 2500 U
Zn?* has been multi- = Pb
plied by a factor of 1.5 A Cd
so that its curve can be
distinguished from Cu?*. 2000 — e Zn*15
< 1500 —
c
1000 — /
e
?
4

6 8 lO 12 14
ng / mL

16

18 20

F7

A time line comparing
length of time required
to analyze a sample us-

Flow-Assisted Sampling

ing flow-assisted sam-

pling versus traditional

manual sampling.
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Traditional Manual Sampling

[[] Sample handling steps
[ ] Deoxygenation step
[l Voltammetric scan step
4+—+ Time line in 1.0 minute divisions

and repeatedly positioned so that
the sample/electrolyte flow com-
pletely bathes the electrode and iso-
lates it from the cell electrolyte so-
lution. Continuous flow is neces-
sary to this technology to prevent
the cell electrolyte and reference
electrode filling solution from inter-
fering with the working electrode
reaction. The flow, in effect, has the
same properties as a salt bridge but
without increasing the cell imped-
ance.

Experimental

In the previous two sectionsthe
concept of FAST and the technol-
ogy behind it were introduced. This
section will describe the results of
experiments that demonstrate the
advantages of FAST over manua
sample handling and the other com-
plex automated systems:

* Faster sample throughput be-
cause FAST reduces deoxygena-
tion time to under 30 seconds
and simplifies sample handling.

» Improved deoxygenation tech-
nology that removes dissolved
O2 without changing the compo-
sition of the sample solution.

 Eliminates contamination
sources such as reference elec-
trode leakage, counter electrode
reaction products and trace con-
tamination from voltammetric
cells.

* Improved stripping voltam-
metry because hydrodynamic
flow is very reproducible and
the medium exchange technique
is simplified.

* Increased versatility and sensi-
tivity when used as a detector
for LC and FIA. On-line deoxy-
genation makes the entire
cathodic voltage range accessible
and use of gradients possible.
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Differential pulse polaro-
gram for 14 mg/L of acet-
aldehyde in 0.1 M LiOH.
Curve A was obtained us-
ing FAST. Curve B was
obtained using conven-
tional sample handling
with a 4-minute inert gas
purge.

CURRENT X 102NA

26-JAN-90 CELL #0
SAMPLE DPP
SAMPLE # 20
INITIAL E -1.600V
FINAL E -2.100V
PEAK
1U -1.920V
5.170E2 NA
8 -
61 A
4+
B
2 -
0.0 | \
-1.7 -1.9

F9

Differential pulse polaro-
gram of 0.1 M LiOH.
Curve A was obtained us-
ing a cell with a conven-
tional saturated KCI-
Ag/AgCl reference elec-
trode (no salt bridge) af-
ter a 4-minute purge with
an inert gas. Curve B
was obtained using FAST
and the same saturated
KCI-Ag/AgCl reference
electrode.

51

CURRENT X 103NA

16-SEP-88 CELL #0
SAMPLE DPP
SAMPLE # 9
INITIAL E -1.750 V
FINAL E -2.200V
PEAK
1U -1.986V
2.300E3 NA
A

» Safer operation results because
smaller sample volumes are
used and operators do not have
to handle samples during any
voltammetric analysis step.

Before comparing sample
throughput of FAST versus manual
sample handling, a square wave
voltammogram (SWV) for four
metal ions in an ammonium citrate
buffer (pH 3) will be examined
(F5). This voltammogram shows
that the on-line deoxygenator is
very efficient and that one can per-
form voltammetric scansin a flow-
ing stream without adverse effects
on peak shape, peak resolution, pre-
cision and calibration curve linear-
ity.

If this on-line deoxygenator
was hot efficient in removing trace
concentrations of dissolved O,,
peaks would appear near to and
possibly interfere with reduction of
Pb2* and Zn?*. The absence of in-
terfering peaks in these voltage re-
gions is one confirmation that on-
line deoxygenation eliminates more
than 99.9% of the sample's dis-
solved O,. Absence of baseline
noise isafurther indication that dis-
solved O, has been eliminated and
pump pulsations have been damp-
ened. The precision of peak height
measurements and the linearity of
calibration curves are shown in T2
and F6 respectively. Both are equal
to or better than that which would
be obtained in quiescent solutions.

The most important reason to
use FAST, however, is the increased
sample throughput that is attainable
but cannot be seen from figures and
tables. A time line, such as the one
in F7, can help demonstrate how
FAST increases sample throughput.
With FAST, the analysistime is the
time that a sample flows before
switching (F2A1) to analyze the
next sample. About 2.5 minutes, at
a flow rate of 1.0 mL/min.,, is re-
quired to sweep out the last sample
and achieve the maximum analyte
concentration at the working elec-
trode for the next sample. The SW
scan is initiated at the 2.5 minute

mark and is completed 0.5 minutes
later. The advantage of FAST isthat
one can switch to the next sample
WHILE finishing the analysis of
the current sample. Manual sample
handling reguires about one minute
to fill the voltammetric cell and
place it in the electrode holder. De-
oxygenation takes 5 minutes and
the SW voltammetric scan 0.5 min-
utes. The clean up steps take an-
other one minute for a total of 7.5
minutes compared to 2.5 minutes
for a FAST analysis. The reduced
analysis time of FAST is attained
because sample transport, deoxy-
genation and cell cleanup occur si-
multaneously, but at different
places along the sample’'s flow
path. The low dead volume of this
flow system, <0.9 mL, ensures that
the rapid sampling rate can be
maintained without carry over from
one sample to the next. For tech-
niques with short scan times, such
as SWV, the analysistimeis afunc-
tion of the flow rate and system
dead volume. For techniques with
long scan times, such as DPP, the
analysis time will depend, to a
greater extent, on the length of the
scan time.

Improved Deoxygenation
Technology

An advantage of on-line de-
oxygenation is illustrated in F8,
which shows an overlay of two dif-
ferential pulse polarograms for ac-
etaldehyde (14 mg/L) using the on-
line deoxygenator (F8A) and inert
gas purging (F8B) to remove dis-
solved O,. With on-line deoxygena-
tion, dissolved O, selectively
passes through the walls of the
semipermeable membrane tubing
and prevents the loss of volatile
analytes, such as acetaldehyde, that
occurs when inert gas purging is
used. Inert gas purging requires at
least 4-minutes and causes a 50%
loss of acetaldehyde which makes
this technique unsuitable for vola-
tile analytes.
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Differential pulse an-

CURRENT X 10INA

run in 0.1 M LiOH using a satu-
rated KCl Ag/AgCl reference elec-

posawi e éOAIK]/lpl\D’}l_Ié9 ? CDIEDLSL 7o trode and no salt bridge (F9). Peak
Cd? and Pb*” using SAMPLE # 6 A is caused by K* from the refer-
Z?r?eT}nDletyiofilf\’/ooZg?? ::'\Illl\lTAI\AL\LEE :8:;88¥ ence electrode filling solution that
0.8 V. vs Ag/AgCI and PEAK has leaked into the sample solution
ing 1o 01 M ammonium 10 083y during the inert gas purging step.
citrate (pH 3) buffer, us- 2U -0.360V When FAST is used to run the DP
ing & diferential pulse 8.390E0 NA polarogram, no peak for K* is ob-
served (F9). Because of the unique
1 design of the flow cell and flow in-
let adapter, the flowing solution en-
velopes the electrode and prevents
20+ contaminants from the reference
electrode, counter electrode and/or
cell electrolyte from diffusing back
1501 to the working electrode and inter-
2U fering. In effect, the flow inlet
adapter and solution flow act as a
“salt bridge” without the IR loss
1.0 normally associated with these
bridges.
Improved Stripping Voltammetry
05 Stripping voltammetry is a
two-step analysis comprised of a
hydrodynamically enhanced
(stirred) preconcentration step and
0.0 Lu \ a stripping step under quiescent
06 04 conditions. Deposition and strip-
Fi1
Three standard calibra-
tion curves for cd* 40 i
and Pb** using DPASV
with medium exchange
under the conditions in + Cd
F10. 30 = Pb
<
20
/.
- //
10 o S
= //
0 ;/ -
0 2 4 6 8 10 12 14 16 18 20
ng / mL

Elimination of Contamination
Sources.

FAST has the ability to elimi-
nate several sources of contamina-
tion that can cause loss of precision
and accuracy. One such source of
contamination is caused by refer-
ence electrode filling solution leak-
ing into the sample solution. To il-
lustrate this, a DP polarogram was
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ping are done in avoltammetric cell
with mechanical stirring, which has
two disadvantages. First, it is very
difficult to perform medium ex-
change, in which deposition occurs
in one electrolyte and stripping in a
second electrolyte, with conven-
tiona batch sample handling. Me-
dium exchange is very advanta-
geous because one rarely encoun-

ters a sample matrix or electrolyte
for which deposition and stripping
are optimal. Second, hydrodynamic
flow to the working electrode is dif-
ficult to control using mechanical
stirring devices (e.g., magnetic stir-
ring bars) in voltammetric cells and
this causes poor precision. The
benefit of doing stripping voltam-
metry in a flowing stream, using
flow injection technology, is known
for solid electrodes (6,7), but is not
aswell known for Hg electrodes be-
cause it is more difficult to produce
flow cells for them.

To demonstrate that FAST
solves these two disadvantages, dif-
ferential pulse anodic stripping vol-
tammetry (DPASV) was run on so-
lutions containing Cd?* and Pb2*
using a hanging Hg drop electrode.
The standards and samples were
prepared in 1% HNO; and depos-
ited from this matrix. Stripping was
performed in 0.1 M ammonium cit-
rate (pH 3) buffer. A stripping vol-
tammogram with medium exchange
is shown in F10 and was obtained
with a 100-second deposition at -
0.8 V. vs Ag/AgCl followed by a
DP stripping scan. This DPAS vol-
tammogram is no different than one
that would be obtained without me-
dium exchange using conventional
sample handling until one looks at
the quantitative data summarized in
T3. A three-standard calibration
curve (5, 10, 20 ng/mL of each met-
a ion in 1% HNO3) was run and
the standard curve is shown in F11.
This standard curve was used to
analyze tap water spiked with four
concentrations of Cd?* and Pb?*
and the calculated results are com-
pared to the spiked concentrations
in T3. The precision of stripping
voltammetry using FAST is good
enough to use standard curve cali-
brations which would be impossible
with mechanical stirring techniques
in conventional cells.

Increased Versatility When Using
LCEC.

The last example shows how
on-line deoxygenation can expand
the use of LCEC. F12A and F12B
were obtained using a BAS Hg-
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Fi12

Reductive LCEC detec-
tion of nitroaromatic com-
pounds after gradient
separation on a polymeric
5 micron LC column. Gra-
dient conditions: 50% ace-
tonitrile - 70% acetonitrile
both containing 0.1 M Na-
ClO4/0.01 M H3PO4. EC
detector was a BAS thin-
film Hg-plated Au elec-
trode held at -0.90 V. vs
Ag/AgCI. Curve A was ob-
tained without an on-line
deoxygenator. Curve B
was obtained with an on-
line deoxygenator. Ni-
troaromatic compounds in-
Jected (30 - 80 ng) were
p-nitrobenzoic acid, o-ni-
troaniline, p-nitroaniline,
me-nitroaniline, p-nitrophe-
nol, o-nitrophenol, m-dini-
trobenzene, 4-Cl-2-ni-
troaniline, 2,6-dinitrotolu-
ene, o-nitrotoluene and 1-
ClI-3-nitrobenzene.

1.6

32 48

6.4

\
8.0

96 112 128 144 16.0

Minutes

1.6

3.2 48

6.4

\
8.0

96 112 128 144 16.0

Minutes

T3

Precision of stripping vol-
tammetry with medium ex-
change. cd®* and Pb**
were spiked into simu-
lated, acidified tap water
(1% HNO3) at 2, 5, 10
and 20 ng/mL of each
metal ion. A three-point
calibration curve was
used to do the quantita-
tion. Deposition was done
at -0.8 V. vs Ag/AgCl in
1% HNO3 and stripping
with a DP scan using 0.1
M amonium citrate (pH 3)
buffer.
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Cdlibration Data

Cd

Pb

Slope

2.078

0.81

I ntercept

-0.14

0.96

R2

0.99978

0.99958

Concentration in ng/mL

Conc.
Spiked

Cd
Found

Pb
Found

10.0

9.9

10.3

5.0

51

4.2

2.0

21

17

20.0

199

204

10.0

9.6

9.1

10.0

10.1

10.5

plated Au working electrode and a
BAS LC-4A Amperometric Detec-
tor to detect eleven nitroaromatic
compounds after gradient separa-
tion on a polymeric 5 micron col-
umn. The Hg-plated Au €electrode
was held at -0.9 V vs Ag/AgCl.
Without the on-line deoxygenator
(F12A), the peak caused by dis-
solved O, in the sample interferes
with the detection of severa nitro
compounds and traces of dissolved
O, remaining in the eluent causes
severe baseline noise. Both of these
interferences disappear when an
on-line deoxygenator is placed be-
tween the LC column and EC de-
tector (F12B).

Safer Operation

The use of flow technology
(FAST) provides safer operation of
voltammetry, especially when de-
oxygenation and Hg electrodes are
used. With conventional purging,
the inert gas bubbles through the
sample solution, releasing volatile
speciesinto the laboratory air. With
FAST, the inert gas and sample so-
lution are separated by a semiper-
meable membrane which keeps
volatile species from being re-
leased. The Hg electrode flow cell
used to obtain these data separates
used Hg drops from the liquid por-
tion of the waste stream, facilitating
recovery of waste Hg for recycling.

Summary

The purpose of this work is to
describe how flow technology can
be used to automate voltammetry
and demonstrate its benefits. The
use of semipermeable on-line de-
oxygenation is introduced and its
benefits shown. LCEC detection,
polarography, voltammetry and
stripping voltammetry examples are
utilized to illustrate that FAST —
Flow Assisted Sampling Technol-
ogy — makes electroanalytical
techniques even more versatile, se-
lective, sensitive, and economical.
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