This article was downloaded by:

On: 17 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

|| Grisial Reviewsin... | Critical Reviews in Analytical Chemistry

Ana I I ica l Publication details, including instructions for authors and subscription information:

Chemistry

http://www.informaworld.com/smpp/title~content=t713400837

Liquid-Liquid Extraction Flow Injection Analysis
Vlastimil Kuba®
* Department of Analytical Chemistry, Masaryk University, Brno, Czechoslovakia

C.H. Lechmiller
Editar-in-Ghisf

Valwme 35 1 fowe 2/ 2005 () T hineen

To cite this Article Kub4, Vlastimil(1991) 'Liquid-Liquid Extraction Flow Injection Analysis', Critical Reviews in Analytical
Chemistry, 22: 6, 477 — 557

To link to this Article: DOI: 10.1080/10408349108051643
URL: http://dx.doi.org/10.1080/10408349108051643

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408349108051643
http://www.informaworld.com/terms-and-conditions-of-access.pdf

14:17 17 January 2011

Downl oaded At:

Critical Reviews in Analytical Chemistry, 22(6).477-557 (1991)

Liquid-Liquid Extraction Flow Injection

Analysis

Viastimil Kubari

Department of Analytical Chemistry, Masaryk University, CS-61137 Brno, Czechoslovakia

KEY WORDS: liquid-liquid extraction, flow injection analysis, continuous flow analysis, instrumentation,

theory, application in chemical analysis.

|. INTRODUCTION

In spite of the great improvement in selec-
tivity and sensitivity of modern analytical instru-
mentation, the classical preconcentration and
separation techniques, such as liquid-liquid ex-
traction, ion-exchange chromatography, precip-
itation, etc., are still widely used to improve an-
alytical measurements, especially in connection
with trace and ultratrace analysis. Liquid-liquid
extraction is among the most frequently used con-
ventional methods for sample pretreatment pre-
ceding measurements of the analyte concentra-
tion. It offers a potential for selectivity and
sensitivity improvement in a large number of
determinations.

By use of partitioning between an organic
and an aqueous phase, an analyte can be sepa-
rated from an interfering matrix, or interfering
matrix components can be removed from the
sample in order to increase the selectivity of the
determination of the analyte. Furthermore, an an-
alyte can be concentrated by extracting it from a
large volume of an aqueous sample into a small
volume of an organic phase, thus improving the
detection limits.

Manual liquid-liquid extraction procedures
are usually very tedious, involving a large con-
sumption of solvents and chemicals, and are sub-
ject to potential contaminants from the atmos-
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phere and chemical glassware. In addition, the
conventional liquid-liquid extraction process re-
quires manipulation with significant volumes of
hazardous and/or toxic organic solvents. The
handling of a large number of samples and the
introduction of bias and errors associated with
the various requisite manipulations must be also
taken into account.

The culmination of these factors is that sam-
ple preparation, particularly for a very complex
matrix, is often the time-limiting step for the
determination. Hence, there is an increasing need
for mechanized or automated sample preparation
by either direct or indirect coupling of a liquid-
liquid extraction system to the analytical instru-
ment since this seems to be the best way to over-
come the aforementioned disadvantages.

The rapid development of automated liquid-
liquid extraction is perhaps due to the broad use
and importance of the liquid-liquid extraction
process. One of the most effective ways to shorten
the duration of this process has been the con-
struction of dynamic ‘‘on-line’’ liquid-liquid ex-
traction systems applying the principles of con-
tinuous flow analysis. A centrifugal and air-
segmented flow analyzer first incorporated lig-
uid-liquid extraction concepts to automate the
separation technique as a logical step. Subse-
quently, equipment for flow injection analysis
(FIA) also has been used to modify this separa-
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tion technique since liquid-liquid extraction in
FIA is rapid, with little interference from emul-
sions, and since the absence of air bubbles in FIA
facilitates separation of the two immiscible phases
used in the extraction process.

Liquid-liquid extraction has been semiauto-
mated or automated by several workers, princi-
pally using air-segmented flow systems. The ear-
lier studies of the utility of liquid-liquid extraction
in FIA were simultaneously carried out by Karl-
berg and Bergamin and their co-workers'” in
1978. Since then, a large number of analytical
procedures have been devised, in combination
with many common detection systems.*'*’ Cur-
rently, approximately 30% of all preconcentra-
tion methods in FIA employ liquid-liquid ex-
traction procedures. The advantages and
difficulties of this very progressive methodol-
ogy, including some analytical applications, have
been discussed in several monographs®é!13.125.126
and a number of comprehensive reviews,”->14.21.
26,38,59,61,63,68-71,76,82,87,95,98-100,118,141-143 Hence, the
feasibility of the methodology has been demon-
strated many times.

Il. PRINCIPLES OF LIQUID-LIQUID
EXTRACTION FIA

Regardless of the way in which the liquid-
liquid extraction step is performed — via a man-
ual batch procedure or by use of some kind of
mechanized or automated system — three basic
operations are usually necessary: (1) the organic
and aqueous immiscible phases must be dispersed
in defined volumes; (2) the phases must be brought
into intensive contact with each other for the ex-
traction to take place; and (3) the phases must be
physically separated from each other after the
extraction event in order to make the chemical
separation meaningful.

In classical FIA adaptation (see Figure 1),
aqueous sample solutions are usually introduced
continuously or in definitive volumes (<100 to
200 pl) into a continuous aqueous stream. This
stream serves as both a reagent and a carrier
stream in the simplest single-line FIA version.
The aqueous sample solution can also be merged
and mixed with another, separate aqueous stream
containing an organic analytical reagent, spectral
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FIGURE 1. Liquid-liquid extraction FIA manifoid. C:
carrier stream, R: reagent stream, org: organic phase,
aq: aqueous phase, P: peristaltic pump, S: sample so-
lution, V: injection valve, MRC: mixing and reaction coil,
TS: phase segmenter, EC: extraction coil, PS: phase
separator, RC: restriction coil, D: flow through detector,
DB: displacement bottle, w (aq), w (org), and w (aq,org):
waste for aqueous, organic, and nonseparated seg-
mented flow with possible emulsion.

buffer, etc. In this way, appropriate chemical
reactions as well as solution homogenization take
place in a reaction-and-mixing coil before enter-
ing a phase segmenter.

The resultant aqueous stream (ideally pulse-
less) of an extractable component is then seg-
mented with an organic immiscible solvent stream
at the segmenter mixing point, where more or
less reproducible droplets of one phase in the
other are formed. The size of the droplets is reg-
ulated by a combination of gravity, density, and
interfacial and hydrodynamic forces. The ge-
ometry of the inner capillary system of the seg-
menter and the quality of the surface also play a
role.

The droplets move into the outflow channel
after having been formed and tend to minimize
their interfacial area with the other phase and to
maximize the contact surface area with the wall
material of the outflow tubing, thereby wetting
it. This process results in the formation of in-
dependent, more or less regular segments of both
phases in a single moving stream which then
enters the extraction coil.

Depending on the outflow channel material
and on the material of the extraction capillary
coil, the solvent that has the greater affinity for
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the tubing material coats the tubing walls with a
very thin film, representing a relatively stationary
phase. The film of one solvent surrounds the
deformed spherical, ellipsoidal, or tubular seg-
ments of the other solvent. A film of the organic
phase surrounds the aqueous segments in the
PTFE capillaries, while the segments of organic
phase are surrounded by the aqueous phase film
in the glass or metal tubing. The former case is
more frequently used in liquid-liquid extraction
FIA; the latter plays an important role in the
reextraction step of two-step liquid-liquid ex-
traction FIA.

The extraction process occurs principally in
the extraction coil, and to a lesser extent in the
segmenter and the phase separator. During ex-
traction the extractable sample components are
transported from a relatively homogeneous
aqueous solution of higher analyte concentration
into segments of the immiscible organic phase
through the segment interface. The interfacial area
available for the extraction consists of menisci
between the two phases and a film surrounding
the segments. An analyte diffuses to the interface
between the two phases, and extraction equilib-
rium is reached, the attainment of which depends
on a number of factors which are discussed later.

Naturally, the degree of extraction is a func-
tion of the residence time of the analyte in the
extraction coil, which is affected by the coil length
and the flow rate. Extraction efficiency in the
extraction coil is usually high and often virtually
complete in several seconds.

The influence of the flow rate and system
manifold parameters on the extraction efficiency
depends on the kinetics of the extraction process
and the mass transport processes involved. The
extraction rate increases with decreasing segment
size and decreasing inner diameter of the extrac-
tion tube; hence, the use of a narrower extraction
tube and small/short segments enhances extrac-
tion. The choice of the material used for the ex-
traction coil indirectly influences the extraction
efficiency; the efficiency is high for stripping an
analyte from the aqueous to the organic phase
for PTFE coils, while it is very low for glass
coils. In contrast, the efficiency of analyte strip-
ping from organic to aqueous phase is higher for
glass coils than for PTFE coils.

The segments of the aqueous and organic
phases are subsequently separated in a phase sep-
arator into individual streams. The extractable
analyte in the receiving phase is determined using
a flow-through detection system. The analytical
signals are treated in a conventional manner, with
the analyte concentration calculated from the peak
height, the peak width, or the peak area. In prin-
ciple, the other separated phase is directed to
waste through a restriction coil (which also con-
trols the separation efficiency of the phase
separator).

The principal operations of liquid-liquid ex-
traction FIA also characterize the three basic
components of liquid-liquid extraction FIA sys-
tems (see Figure 1): (1) a segmenter (or conflu-
ence point) for mixing the organic and aqueous
phase streams, providing alternate, regular seg-
ments of both immiscible solvents in a uniform
segmented flow in a single channel; (2) an ex-
traction coil, in which the solute is transferred
from one phase to the other; and (3) a phase
separator, the mission of which is to continuously
and quantitatively separate the segmented outlet
stream of the phases.

A wide variety of principles applicable to
liquid-liquid extraction exist, such as that per-
formed in liquid-liquid extraction FIA. Conse-
quently, various types of system manifold ar-
rangements of different complexity are described
in the literature. These arrangements or opera-
tional modes include:

1.  Without phase separation: this is the sim-
plest mode, the aqueous solution of the
sample being injected into a single-channel
manifold together with the organic phase
stream (or an extractable substance in the
organic phase injected into the organic or
aqueous phase stream)

2. Single extraction: the segmentation system
is located prior to or following the injection
valve

3. Multiple extraction: in which the separation
process is repeated several times by using
the same or a different extractant in suc-
cessive steps

4. Back extraction: a multistage extraction
mode in which the aqueous sample is first
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extracted into an organic medium and then
back-extracted into another aqueous phase,
where measurements are performed

5.  Special techniques: such as closed-loop sys-
tems, systems with nonsegmented stream,
systems without a phase separation unit, or
systems with liquid separation membranes

Manifolds of different complexity have been
described for common or special liquid-liquid ex-
traction FIA methods, most of which are depicted
in Figures 2 to 11. The simplest manifold type
is the single-line manifold without phase sepa-
ration, in which the sample solution, present in
an aliquot of the aqueous or organic phase, is
injected into the continuous flow of the organic
phase.*'¢%° An aqueous phase carrier stream is
seldom used for transport of the sample in the
organic phase. Usually, no chemical reaction oc-
curs (Figure 2A), or it can occur only in the
aqueous segment (Figure 2B), or it can occur in
a separate step.*® Flame atomic absorption spec-
trometry (AAS), fluorimetry, or fast scanning
‘‘on-tube’’ spectrophotometry are generally used
as the most suitable detection systems.

L) (Urg)
P (BQ)HRC
i
(org) .
C{(R) (] w (aq,org)
w T D | a.org
EC
El
]
P S HMRC
Bk TS

C(R) (aq) v (aq,org)
EC
org

FIGURE 2. FIE manifold with injection of the sample
in aqueous or organic phase into the organic (aqueous)
phase carrier stream without phase separation and
without (A) or with the phase segmenter and chemical
reaction (B).

A simple version of an unsegmented system
(Figure 3A) is one in which a liquid membrane
separator or ‘‘dialysis module’’ allows mass trans-
fer through a hydrophobic, porous membrane from
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FIGURE 3. FIE manifolds with unsegmented streams
and the “dialysis-form” membrane separation units
(MSU) with a continuously wetted liquid (A} membrane
{m), a microporous or nonporous membrane (B), and
with an open liquid/liquid interface (C).

aqueous sample solution, continuously passing
the module, into the organic (or aqueous) recip-
ient phase (stagnant or flowing) stream.%:"+"” The
membrane can be untreated or pretreated with an
organic solvent or with an organic analytical re-
agent dissolved in the suitable organic phase (Fig-
ures 3A and 3B). A silicone rubber nonporous
membrane has also been used for the transfer of
organic analytes into a suitable organic solvent
(e.g., hexane, methanol).'*®

In the original manifold of Karlberg' and
Bergamin?® (Figure 4A), a defined volume of the
sample is injected into a carrier or reagent stream
which is then segmented with an immiscible sol-
vent. Analyte extraction occurs in an extraction
coil of narrow-bore PTFE tubing. After separa-
tion, the organic (or aqueous) phase passes
through a detector (usually photometric) system.
A manifold with the segmentation system prior
to the injection valve (Figure 4B) minimizes sec-
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FIGURE 4. Classical FIE manifolds with an injection
prior to (A) or after the phase segmenter (B).

ondary sample dispersion during its transport
through the reaction and mixing coil and through
the segmenter.'* This system could be used with
or without phase separation.

An off-line system (Figure 5) also is often
used in which the extractable component is col-
lected in plastic containers or in a graduated ves-
sel and subsequently diluted to a known volume.
An aliquot of the diluted (or undiluted) sample
is then injected into another system (e.g., a liquid
chromatograph, an AAS [electrothermal or with
flame), etc.). The sample collection procedure is
believed to average any fluctuation in
concentration.*

MRC RC

C{R) w (ag.org)

C(aq)

B U]DB s
1088 — 3]~ weoro

FIGURE 5. A FIE manifold with the collection of the
sample zones by a fraction collector (FC) and with the
subsequent off-line determination by AAS, GC, HPLC,
etc.

The manifold with two phase separators in
series has been used in which one phase separator
directs the separated organic phase into the de-
tector flow-through cell, while the aqueous phase

with the traces of the organic phase passes the
second phase separator (having a hydrophilic
membrane). The separated aqueous stream flows
through the second detector flow cell (Figure 6A)
to detect water-soluble analyte species. Single or
double detector systems can be used for the si-
multaneous monitoring of both phases.??3!

A
P 5
N 0 w (0q)
C(R) ag,org
EC
C(nq) ore PS w (ag,org)
L TS
!1_‘1 Ps D w (org)
B
P
C(R) w (00)
Claa w (aq,org)
w (org)

FIGURE 6. FIE manifolds for the simuitaneous mon-
itoring of both phases separated by two membrane
phase separators in series (A) or a single dual-phase
separator with lipophilic and hydrophilic membranes (B)
and two independent optical detectors. aq, org: partly
separated segmented stream.

A similar manifold utilizes a dual membrane
separator®’ that allows partitioning of the seg-
mented flow into three individual channels, two
of which are sensed. Simultaneous detection of
extractable and nonextractable species in the
aqueous and organic phases is performed using
a single dual-wavelength detector or two parallel
detectors, respectively (Figure 6B).

The use of two autonomous systems (Figure
7) is very popular with flame AAS, where widely
different flow rates are required for extraction
and nebulizing. The liquid-liquid extraction FIA
system is operated at normal flow rates, and the
organic phase is separated and a portion is pe-
riodically injected into an independent carrier
stream which is continuously pumped into the
spectrometer acting as the detector. Advantages
of this system are that it is closed, so that at-
mospheric contamination is excluded during most
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w (aq,org)

C(rR)

C(eaq) nj org

C(aq) ]
P

injection filling

FIGURE 7. An autonomous FIE and a measuring
system with common injection valve (IV) after the phase
separator; filling and injecting positions of the injection
valve (IV) are depicted in the bottom.

of the procedure, fewer surfaces need cleaning,
and the method can be automated.?

Currently, the phase separator can be placed
in either its original position, or prior to the sec-
ond injection system, in such a manner that the
separation process results in a continuous stream
of the organic phase containing the analyte, which
fills the loop of the injection valve.

The system for the study of chemical
equilibria’? in two phase systems and of the ex-
perimental conditions for analytical procedure
using a continual titration technique is useful when
a great deal of information on the experimental
condition is needed (Figure 8A).

Solvent segmentation was also introduced into
liquid chromatography to prevent dispersion in
postcolumn derivatization, with or without ex-
traction involved (see Figure 8B), or the same
manifold can be used for preseparation or pre-
concentration of ionic species on the ion ex-
change column. The reaction time between the
separated constituents in the sample and the added
reagents could then be increased without signif-
icant band broadening if the effluent stream was
segmented with an organic solvent.

The classical air-segmented extraction sys-
tem approach, using glass as the material for the
extraction coil, is shown in Figure 9. If a narrow
PTFE tube is used, a counter pressure is easily
built up because of the compressibility of the air
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FIGURE 8. FIE manifolds for continuous monitoring
of the chemical equilibria or processes (A) and a
postcolumn segmented reactor (B) for HPLC or IC with
simultaneous addition of the derivatizing reagent (R)
and organic phase for segmentation of an effluent from
a chromatographic column or from a packed-reaction
column (extraction can or cannot take place).

P
air RC
5 ] MRC w (aq,org)
C(R) org L w (air)
C(aq)
aq ] Tﬂ TS N w (org)
DB

PS

FIGURE 9. An air-segmented FIE manifold with a
debubbler prior to the flow-through detector. w(air): an
outflow channel from the debubbiler.

segments. The secondary reagent addition after
phase separation is also possible.!48-15

A double-step extraction (back-extraction) is
preferable for the work with ETA AAS because
the final extract is an aqueous solution (Figure
10A). A high enrichment factor can be achieved
because of the low solubility of organic solvents
in water.>* The first extraction takes place in
a Teflon tube wound in a coil with a diameter of
several centimeters.

The organic phase containing metal chelates
is separated in the phase separator and continues
to the second segmenter where it is interspaced
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FIGURE 10. FIE manifolds for liquid-liquid extraction
and back-extraction (A) from aqueous into organic phase
(in a Teflon extraction coil) and vice versa (in a glass
capillary, aqueous phase is used for sensing) and for
multiple extraction (B) with the same cleanup proce-
dure (first step) and subsequent extraction with the
same or different solvents and resampling the aqueous
phase (second step) and organic phase used for
sensing.

with an aqueous solution containing striping re-
agent (forming stronger complexes with chelat-
ing reagent and displacing analyte from chelates).
The back-extraction takes place in the second
extraction coil (usually a glass or metal capillary)
but now goes into the aqueous phase. The organic
phase is discarded while the aqueous is collected
in plastic cups for subsequent measurement in
ETA AAS. The steady-state method of the con-
tinuous pumping of the analyte into the system
is more convenient and reliable and it is actually
faster than the injection technique because of the
added dispersion in the sample loop with the lat-
ter technique. A system similar to this can also
be used for sequential multistep separation
process®®? with identical or different solvents
(Figure 10B).

The sample collection procedure averages any
fluctuation in concentration if an off-line config-
uration is used. Tailing occurs mainly when high
concentrations of analyte are present due to the
adsorption of the species on the tube walls. The
second extraction step adds little to the enrich-
ment but simplifies the ETA AAS measurements
significantly.*-12¢

The extraction FIA system with closed loop
(Figure 11) is based on the continuous circulation
of the organic phase in the closed loop connected
to the fresh aqueous stream, which continuously
enters the extraction coil by a four-way segmenter
and exits to the waste stream after separation in
the membrane separator. A higher enrichment
factor depends on the residence time of the or-
ganic solvent in the closed loop.*>'®

C(aq)
S
w %
(R)
C(aq)
S S
S A
{R) (R)
sampling position washing

FIGURE 11. A closed-loop FIE system with a four-
channel segmenter for continuous introducing a makeup
flow of the organic phase (top line} and continuous
introduction of the fresh sample solution. An on-loop
photometric detector is used for continuous monitoring
of the analyte concentration after the phase separator.
Sampling and washing positions of the two valves are
depicted in the bottom.

lll. INSTRUMENTATION

Several fundamental considerations must be
taken into account when designing a liquid-liquid
extraction FIA system. These are connected to
reproducible segmentation of the two immiscible
phases; optimization of the geometry of the com-
plete liquid-liquid extraction system; the selec-
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tion of proper construction materials for all in-
dividual system components; and a highly efficient
and fast separation of the phases after reaching
the separation equilibria.

All of the individual steps are important for
obtaining high sensitivity in sample analysis with
the lowest possible sample zone broadening. Sep-
aration and segmentation of the two immiscible
phases are the most important steps, but also are
the most difficult procedures of this technique;
consequently, they are also the most frequently
discussed in the literature.

Most components of liquid-liquid extraction
FIA systems are commonly used in a classical
one-phase FIA. The exceptions are the segmen-
ter, the extraction coil, the phase separator, and
several special components (e.g., the transport
unit, the restriction coil, etc.). Comprehensive
reviews of the basic components of the one-phase
FIA system are reported elsewhere;®*!13.125.126
therefore, only the components exclusive to lig-
uid-liquid extraction systems are described herein.
Special modifications of detection systems and
appropriate interfaces are also mentioned.

All components used in liquid-liquid extrac-
tion FIA should be selected with particular con-
sideration to the aggressive properties of the or-
ganic solvents used in the extraction process since
some solvents may attack materials ordinarily used
in FIA. Therefore, special components, all con-
nectors, and all tubing should be composed of
chemically inert materials, such as fluoroplastics,
glass, platinum, titanium, or stainless steel. Other
components, such as the injector and the reaction
and mixing coils, can be the same as those used
in classical one-phase FIA systems®*113.125.126 gipce
their function is exactly the same as in one-phase
manifolds.

The selection of suitable detection systems
is limited by the presence of trace concentrations
of one of the solvent phases in the other, as the
solubility of solvents is usually quite low (but
measurable). Optical detector systems are pre-
ferred to electrochemical detectors, with the in-
fluence of the organic phase being less important
for the former.

484

A. Transport Units

An aqueous stream can be created using a
standard peristaltic pump with ordinary PVC tub-
ing, or by several other techniques.®:!!3:125:126 Ip
contrast to this, a flow of the organic solvent is
usually created by use of:

1. A peristaltic pump with pumping tubes
comprised of inert material (such as mod-
ified PVC [Tygon], silicone rubber, flexible
polyurethane [Tygotane], or fluoroplastics
[Acidflex, Viton, etc.]) since the flexible
tubes commonly used in FIA are useless

2. A liquid chromatographic pump (piston or
syringe) with pulse dampers and pressure
indicators

3. Adisplacement technique, involving pump-
ing an aqueous stream into a closed con-
tainer (usually a thick-walled bottle) by us-
ing a peristaltic pump with ordinary pumping
tubes; the container is completely filled with
an organic solvent, which is replaced at a
constant aqueous flow rate and forced into
the FIA system (see Figure 12)

4. A constant gas overpressure (using pres-
surized inert gas), forcing the organic phase
through the FIA system from a closed
container

A B

org (out) aq (in)

aq (in) __|
gaziing j

deareation

orq (out)

FIGURE 12. Two possible applications of the liquid/
liquid displacement technique for an organic solvent
being heavier (A) or lighter (B) than water and for the
constant air pressure displacement technique (A). De-
aereation channel can or cannot be used in a bottle
cup (A, B).



14:17 17 January 2011

Downl oaded At:

A stable pumping system is usually required
in liquid-liquid extraction FIA. Rigorous control
of the flow rate is not always possible with per-
istaltic pumps since nonpolar solvents attack nor-
mal, inexpensive pump tubing material; and even
some more expensive commercial solvent-resist-
ant tubings (Viton, Acidflex) tend to deteriorate
with time.5* Small particles flaking from the in-
side wall of the tubes tend to clog the porous
membrane of the phase separator, further aggra-
vating the problem of flow rate maintenance.

In principle, the flow should start and stop
instantaneously for precise control of stream
movement, especially for intermittent pumping
functions. A small inner holdup volume is de-
sirable to permit rapid startup and short washout
periods. The biggest drawback of reciprocal
pumps is the generation of pulses in the stream.
The flow rate changes rather significantly during
the starting period of the peristaltic pump, so that
some conditioning of the pump tubing is required
in order to obtain a constant flow. 413125126

A reasonably constant flow rate of the or-
ganic phase can be easily and effectively deliv-
ered by a peristaltic pump using Tygotane tubes
(a flexible polyurethane). This is the only ma-
terial capable of tolerating MIBK and methanolic
solutions during long operating periods (10 h);
the only limitations are that small-diameter Ty-
gotane tubing is not commercially available and
it increases the dead volume of the unsegmented
part of the extraction FIA system.'®

HPLC pumps are an expensive but effective
solution to the problem, especially when several
independent solvent flows are to be used; how-
ever, they cannot be used with a low-pressure
system flowing stream without introducing an
additional column to produce a necessary over-
pressure for their proper function. Syringe pumps
are very expensive. However, a well-defined seg-
mentation pattern can be created through the use
of alternately operated stepper-motor-driven mi-
crosyringe pumps.'*® Chemically inert circulat-
ing pump with a small dead volume is not as yet
commercially available.

Displacement techniques, using either
aqueous phase pumping or constant gas pres-
sure,”” can in many cases offer less expensive
and better alternatives. Membranes (made of
chemically inert materials or a thin layer of an

insoluble substance) can be used to prevent or
minimize the solubility of the gas or water in the
organic solvent. It is sometimes difficult to obtain
a constant flow rate through an extraction FIA
system using constant gas pressure since small
irregularities in the flow rate may result in tube
clogging or pressure variations in one of the
containers.

B. Segmenters

Phase segmentation involves dividing the
continuous flows of the organic and the aqueous
phase into one uniform stream with alternating
segments. The immiscible phases are brought to-
gether in a narrow tube in a controlled manner
so that defined segments of each phase are formed.
Segmentation and separation of the two immis-
cible phases are of crucial importance to the qual-
ity of the results obtained. Detailed studies of
factors controlling segment size and the repro-
ducibility of segmentation have focused on seg-
menters of the gravity/density and hydrodynamic
tprS.BS'”a'”s'BZ'BS

There are two major variables to consider in
connection with segmentation: segmentation re-
producibility and segment size. While segment
size may not affect the extraction efficiency of a
fast extraction process or when large sample vol-
umes are introduced into the system, it could
theoretically affect the efficiency of slower sys-
tems.?# The maximum segment size is deter-
mined by the interfacial tension of the organic
and aqueous phases, both between each other and
between a phase and the tubing material, such
that the maximum segment size decreases with
decreasing values of interfacial tension vy,,. The
choice of tubing material, tubing dimensions, and
geometry of the mixing chamber also is critically
important. The possibilities to vary segment
length, however, are limited with most available
segmenters.

Accurate performance of the segmenter is
key to the successful development of continuous
liquid-liquid extraction. To be sure, the overall
segmentation process can negatively influence
sample dispersion, extraction rate, and phase sep-
aration.?-#5 Reproducibility of segmentation is
often not satisfactory, and the operation of seg-
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menters at the high flow rates and phase flow
rate ratios often sought in connection with sample
workup is limited. Reproducible segmentation can
improve the precision of signal measurements,
and may frequently simplify signal evaluation.
Finally, it may even be possible to eliminate phase
separation altogether if the segmentation repro-
ducibility is sufficient to allow precise timing of
the measurement intervals.

Several segmenter types of varying effi-
ciency have been described in the literature. The
most common segmenter types are T-piece seg-
menters made of glass,%!* fluoroplastics,!?2278
stainless steel®” or glass-lined T-pieces of stain-
less steel, and combinations of hydrophobic and
hydrophilic materials.**** Improved glass A8-T
and A10-T fittings'-10:19:65.103.197 apd T-pieces made
of fluoroplastics with inserts of fluoropolymer
tubing*47-5478 or with an enlarged inner diameter
of the outflow channel’*#!:%> have found wide
use. Different configurations of Y-#0-51:57.99.118 or
W-pieces?*2>-38:108.118 made of glass or fluoro-
plastics and four-way fittings®'°* have also been
recommended. More recently, a coaxial (falling
drop) segmenter has been introduced!?-133.144-147
in an attempt to overcome some of the disad-
vantages of the other segmenter types.

The geometry of the inner capillary system
of the T-shape segmenter®*-'3? and the geometry
of the confluence chamber of the coaxial seg-
menters have also been carefully investigated. '3
Flow systems without phase segmenta-
tion*16.18.48.65.74.77 and the use of sample intro-
duction downstream from the segmenter have
been suggested'® since extraction efficiency, ex-
traction rate, and sample dispersion (peak broad-
ening) are all influenced by the segmentation pat-
tern. Furthermore, a multichannel dropping
segmenter has been used for homogenization and
the instantaneous introduction of sample and re-
agent aqueous solutions into the continuous flow
of the other immiscible solvent!“-14° directly in-
side the segmenter. Other studies showed that
conventional loop injectors operated by a cycling
motor with adjustable filling/draining times and
a brief intermittent period can be used at low
flow rates or for introducing very long
segments'**-14* of an immiscible solvent into the
continuous flow of the other phase.

Existing segmenters can thus be divided into
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two general groups, depending on their principle
of segmentation (postsegmenter introduction of
the sample being a special case):

® Continuous flow segmenters (including
those which operate on the basis of differ-
ences in gravity or density)

®  Mechanical types of segmenters

Comparison of several parameters of the var-
ious types of segmenters indicates that the best
segmentation pattern and the best segmentation
reproducibility are produced by the coaxial seg-
menter, the modified A8-T fitting, and the con-
ventional loop injector (see Table 1).

1. Continuous Flow (Gravity/Density;
Hydrodynamic) Segmenters

The segmentation process is based on the
principle that droplets or small plugs of one im-
miscible phase are formed in the continuous flow
of the other solvent in a small mixing chamber
of the segmenter. Another principle leading to
segment formation is the ‘‘ripple’’-forming pro-
cess connected with the destruction of the thick
layer of one solvent in the other one formed on
the inner tube walls. The former principle op-
erates in a hydrophilic compartment of the seg-
menter (glass or metallic tee piece, or modified
Technicon A8-fitting), while the latter occurs in
segmenters made from a lipophilic material (such
as fluoroplastic) or in cases where the walls of
the compartment are contaminated by lipophilic
impurities. The latter principle also controls seg-
mentation at very high flow rates, flow rate ratios
(Q./Qy), or when a very high overpressure is
applied.'*

The continuous (ideally pulseless) streams of
two immiscible solvents meet at the segmenter
mixing point. More or less reproducible droplets
or plugs of one phase are obtained. The size of
the droplets is governed by the equivalence of
the gravity, density, interfacial tension, and
mainly hydrodynamic forces as the droplet grows
in size, until the interfacial force is greater than
the sum of the gravity, density, and hydrody-
namic forces. The droplet size also depends on
the material of the inner wall of the segmenter
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TABLE 1

Comparison of the Basic Parameters of Different Types of

Segmenters'®

T-

Parameters A8-T glass glass
Q.(mi min—?) <4 <4
Q,(ml min-") <1.5 <1.6
Q./Q, <15 <15
L (org) <38 <45
s{5)° 2,12¢ 9, 12¢
s (10)® 7, 25° 33

Loop magn inj.

T- valve

PVDF Coaxial

<3 <8-10 >8 2.5

<1.5 <0.8, 3 2
1.5°

<3-5 <40 — 2

<8 <50 >> >1

12 4, 4° — 6°

— 7, 12° — —

* Freon-113; see text for other sol\)ents, 1.2 ml min-" for Freon-113,128.12¢
® Relative standard deviation at Q, = 0.5 ml min-* and at Q/Q, 5 and 10,

respectively.
< "Ripple” forming principle.

4 0.35 and 0.25 mm inlet glass tubing.

« AtQ, = Q, = 0.5 ml min-', 19% at Q,/Q, = 0.5/1.5 ml min-".

and, to a great extent, on the geometry of the
inner capillary system of the segmenter.

Space-oriented forces affect the skewing pro-
cess of the droplets in continuous segmenters,
the degree of influence of each depending pri-
marily on the flow rate of the carrier stream, the
mass of the droplet, and the orientation of the
capillary system in space or its orientation among
the capillaries.

The droplets subsequently move on into the
outflow channel and tend to minimize their outer
surface area toward the other phase and/or to
maximize the contact surface area with the wall
material by wetting it. A more or less regular
segmented flow with independent segments of
both phases is obtained.

Depending on the material of the outflow
channel and the extraction coil, the solvent hav-
ing the greater affinity toward the tubing walls
covers them with a thin film that surrounds the
deformed spherical, tubular, or ellipsoidal seg-
ments of the other phase. In PTFE tubing, the
film of the organic phase will surround the
aqueous segments, whereas in glass or metal tub-
ing the segments of the organic phase will be
surrounded by a film of aqueous phase.

The size of the contact area between the
phases is influenced mainly by the segment length
in the extraction coil. Hence, the segmentation

pattern must be controllable and constant during
the entire analytical procedure. It is necessary
during manifold optimization to consider kinetic
efficiency, total extraction yield, and peak (sam-
ple zone) broadening.

a. Noncoaxial Segmenters: Classical T-, Y-,
and W-Pieces

The classical T-, Y-, and W-pieces made of
homogeneous materials (e.g., fluoroplastics,
stainless steel or glass, glass-lined T-pieces made
of stainless steel, or metal capillaries with a fluo-
ropolymer coating [in T-shaped segmenters]) are
the most widely used segmenter types. Capillary
tubes made of glass, stainless steel, and other
materials in various geometrical configurations
and combinations of materials have also been
used for phase segmentation. The segmenters are
commonly used with the aqueous phase entering
through a horizontal inlet capillary which is ax-
ially oriented to the main segmenter axis, and
the organic entering through the upper or lower
capillary (depending on the density difference
between the two solvents). However, other ori-
entations also are often used (see Figure 13).

The T-shaped glass segmenters function by
the wetting and skewing principle at low or mod-

487



14:17 17 January 2011

Downl oaded At:

A

B C
I
D g E org q F org

q

G H | oro

FIGURE 13. Classical T-pieces (A, B, C), Y-pieces
(D, E, F), W-pieces (G, H), and four-way (I) segmenters
with the most often used orientation of the aqueous,
organic, and segmented flows, but also other orienta-
tions are possible.

erate flow rates. The segment volume is con-
trolled by the position and orientation of the input
and output channels, and by the inner diameter
of the input channel (and to a great extent, that
of the output channel). The resulting force vector
(controlling the segment size) is influenced by
the angle between the two inlet tubes and by the
orientation of the outlet tube. The maximum
droplet size is limited by the resulting force vec-
tor and by the volume of the compartment at the
junction of the T-piece.

An improved glass T-piece segmenter may
be realized by inserting one or more concentric
fluoropolymer tubes into the outlet (and some-
times also into the inlet) tubing of a conventional
glass T-piece (see Figure 14A). The inner di-
ameter of the fluoropolymer tubes as well as their
distance from the position of the inlet tubing po-
sitively influence'3? the reproducibility of the seg-
mentation process. The maximum droplet size is
limited by the volume of the compartment formed
by introducing fluoropolymer tube inserts into all
branches of the glass T-piece. The volume of the
droplets is, in this case, influenced by the wetting
ability of the organic solvent at the moment when
the surface of the distorted droplet contacts the
end of the fluoropolymer tubing.

This type of segmenter yields reproducible
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FIGURE 14. An improved glass T-piece with fluoro-
polymer tubing inserts (A), a fluoropolymer T-shape
segmenter with an enlarged outflow channel (B), and
an improved Y-piece with an outflow channe! made of
a fluoropolymer screw (C).

segmentation over a wide range of flow rates at
a constant organic phase flow rate. The length
of the organic segments is reduced with increas-
ing flow rate of the aqueous phase and reaches
a limiting value at higher aqueous phase flow
rates. The aqueous segment length increases at
low Q, and at high total flow rates. The organic
segment length increases nearly linearly with in-
creasing organic phase flow rate. Both decrease
with increasing total flow rate at a constant flow
rate ratio.'3?

The organic segment length shows a nearly
linear dependence on the distance of the end of
the fluoropolymer tubing from the joint of the
T-piece (from 3 to 15 mm). At shorter distances,
the segment lengths of both phases, and seg-
mentation reproducibility, are drastically or
markedly decreased, respectively, as a result of
ripple segmentation. Segmentation reproducibil-
ity is satisfactory at moderate flow rates, and
decreases at higher flow rates due to the for-
mation of very small droplets at the end of the
fluoropolymer tubing insert.

The T-shaped segmenters made of fluoro-
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plastics are in many cases able to produce small
and reproducible segments, assuming optimum
geometry of the inner capillary system. They work
best at low flow rates and at phase flow rate ratios
Q./Q, close to unity. At higher flow rates and
flow rate ratios, the reproducibility is not
satisfactory.

An ordinary T-piece gives segments of a re-
producible size.'*''° The mutual positions of the
inlet and outlet tubes can influence the efficiency
of the segmentation process. One type (Type B)
(see Figure 13B) was found to be best,* but its
benefits were not marked and could not be con-
firmed at all at higher flow rates.55-'*?> Other com-
binations of organic and aqueous phase inlet ori-
entations gave an uneven flow. The relative
segment length changes only negligibly with the
angle between the vertical axis and the axis of
the organic phase inlet channel, and the repro-
ducibility of segment formation decreases when
the angle is increased.

With Q,/Q, near unity, the length of the
aqueous and organic segments are approximately
equal when segmentation is regular. The segment
lengths depend on the total flow rate Q, (within
a limited range), and decrease with increasing
Q.. Above some limiting value, Q). the seg-
mentation pattern is usually regular at the seg-
menter but irregular in the extraction coil as a
result of ripple segmentation or combination of
segments during passage through the extraction
coil.3>133 At a given Q,, longer segments are
obtained, depending on the interfacial tension
Yoo and the viscosity ratio m/m, of both solvents.

Increasing the inner diameter of the outflow
channel (0.3 to 0.7 mm ID for inlet and 0.5 to
2 mm ID for outlet tubes; Figure 14B) results in
longer segments with this kind of segmenter, a
prerequisite being that the organic phase forms
a very thick film on the walls of the compartment
or that it can fill the whole diameter of the channel
before the organic segment is skewed off by the
aqueous flow. At high phase flow rate ratios, this
phenomenon cannot occur and the segments are
actually formed in the extraction coil. A signif-
icant decrease in the flow rate in this part of the
system also occurs.

The length of the segments is determined by
the inner diameter of the outlet tubing so that the
T-piece in its original shape gives shorter seg-

ments; however, the segment length is about four
times longer when the outlet is twice enlarged.®
Refined versions of this design are commercially
available (e.g., the Tecator design), where the
outlet channel volume can be varied by exchang-
ing fittings. In this way, segment lengths between
2 and 15 mm can be obtained. Neither of these
segmenter types use materials displaying differ-
ent wetting characteristics. Thus, segment size
control is limited in comparison with the A8-T
fitting.

The relative segment length changes with the
angle between the vertical axis and the axis of
the organic phase inlet channel and reaches a
maximum between 135° and 180°. The repro-
ducibility of segment formation decreases when
the angle is increased. The maximum relative
segment length is usually achieved when the
aqueous phase flows through the T-segmenter
from the bottom to the top along the longer axis
while the organic phase flows horizontally. The
minimum segment length was achieved in the
reverse position. The difference in segment length
between the vertical organic flow stream inlets
(see segmenters A and B, respectively, in Figure
13) was less evident with the aqueous phase flow-
ing horizontally along the main segmenter axis.

Irregular segmentation due to breakup of some
of the segments, as a result of irregularities in
the walls of the drilled channels, has also been
observed. In fact, smoothness of the walls is as
important for obtaining even segments as is
avoidance of impurities or precipitates causing
deposits. The geometry of the segmentation point
was found to be critical; both the size of the
mixing cavity and its proximity to turbulent points
(i.e., points at which the flow direction changes
abruptly) must be optimized so that segments of
uniform size result.%

In the absence of fluoropolymer tubing in-
serts, an irregular segmentation pattern can de-
velop in a Kel-F tee-piece (commercially avail-
able), usually displaying both long and short
segments. This was observed to be due to creep-
ing of the organic phase along the walls into the
aqueous inlet capillary of the T-piece, where it
formed an adherent droplet located approxi-
mately 1 or 2 mm into the branch.” The droplet
grew in size until it formed a constriction large
enough to occasionally cause breakage of the
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aqueous stream at the junction of the branches
where it normally occurs. Installing short, flared
pieces of fluoropolymer tubing into all three cap-
illary branches of the narrow bore cylindrical
chamber eliminated the problem over a wide range
of Q..

The ability of the organic solvent to wet the
wall material of the segmenter is important in
segmenters made of fluoroplastics, where the rip-
ple segmentation mechanism predominates.'®
The segments are formed in the extraction coil
after the segmenter, and segmentation is facili-
tated by a somewhat pulsating flow. The pulsat-
ing flow might cause the segmentation pattern to
be in phase with pulsation. However, excessive
pulsation or irregular flow gives rise to uneven
segmentation for both classical and modified T-
shape segmenters.

The optimum design for stainless steel phase
segmenters'®! was found to consist of three 0.18
mm ID capillaries joined as close as possible in
a stainless steel block (0.25 mm ID bore) at 30/
30° angles among them, with the aqueous phase
entering through the upper capillary, the organic
through the center capillary, and the segmented
flow exiting through the lower capillary (Figure
13G). Here, the smallest segment possible is ap-
proximately 20 pl. Using larger capillaries (0.25
and 0.30 mm ID), other geometries (45°, 90°,
and 120°), and a larger bore (0.7 mm ID) in the
steel block, produced two- to threefold increases
in segment size.

The W-piece segmenters made of Teflon or
PVDF (polyvinyldifluoride) with 45° angles be-
tween the inlet and outlet channels?*->*1% and Y-
type segmenters have also been used with very
good results****¢ and give reproducible segmen-
tation (Figure 13D to H). In the modified Y-
piece,*® the organic segments form on the hy-
drophobic surface of a Teflon screw which is
screwed into a Perspex block containing connec-
tors for the aqueous and organic solvent lines
(see Figure 14C). The segmentation is regular at
the high ratios of aqueous to organic phase flows
which are needed in some applications, and is
not changed when the segmenter is rotated by
180°. Adsorbed solids may, however, cause ir-
regularities in the segment formation and make
the segmentation position dependent.

A model having a continuously adjustable
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length of forming chamber has also been used,
and at certain settings it produced segments of
widely different sizes. When the flow rate was
increased at such a setting, the forming chamber
tended to switch to modes yielding segments of
one half or one third of the previous size. A large
hysteresis was observed when the flow rate was
decreased due to the change in the segmentation
mode.*#142-147 The dimensions of the forming
chamber may be critical, and the optimum may
be different for different solvents.

The major advantages of the fluoropolymer
segmenters are that they are inexpensive and
readily available. These segmenters offer rela-
tively consistent segmentation, but the segments
are fixed in size. The size is large compared to
the smallest segments obtainable with an A8-T
fitting. Also, a disadvantage of these segmenters
is that they are not good at directing the flow,
i.e., too high an overpressure applied to the outlet
of the segmenter may result in the direction of
the flow being reversed in one of the solvent
delivery channels. The choice of channel material
is most important (particularly important are the
wetting properties of the organic solvents used
in liquid-liquid extraction FIA). Teflon is not
ideal because changes in the segmentation mode
often cause irregularities in the segmentation.'3?

b. Noncoaxial Segmenters: The A8-T
Fitting

A standard A8-T glass Technicon connector,
with glass and platinum inlet capillaries and glass
outlet tubing with two concentric pieces of fluo-
ropolymer tubing inserted into the outflow chan-
nel, has often been used as a segmenter. The
working principle is based on the formation of a
droplet of the organic phase in the aqueous phase
stream when the organic stream is led into the
platinum capillary at right angles to the aqueous
stream (which enters the glass capillary) (Figure
15).

The droplet grows in size until it comes into
contact with the fluoropolymer tubes or until it
reaches its maximal volume (V,,,), 1.€., when
the distance between the platinum and fluoro-
polymer capillaries is sufficiently long to prevent
any contact with fluoropolymer. The droplet is
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FIGURE 15. Improved A8-T fittings with the glass and
platinum inlet capillaries and two fluoropolymer tubing
inserts in an outflow channel (with two possible posi-
tions A, B) and the A8-T fitting in reverse position (C).

then dislodged to form a segment since it does
not wet the glass surface. The volume of the
droplet (and the segment length) are therefore
determined by:

®  The volume of the glass compartment be-
tween the platinum capillary and the edges
of the two concentric fluoropolymer tubes
The inner diameter of the platinum capillary
The flow rate ratio

The viscosities of the fluids

The interfacial tension, vg,

The gravity force

The hydrodynamic force of the flow of
aqueous phase

In such a case, the segment size can easily
be adjusted by changing the position of the edge
of the inner tube when using a particular solvent
system. Appropriate positioning is necessary in
order to obtain a regular segmentation pattern.
Adjusting the mutual positions of both tubes will
also change the segment length.%'?> The maxi-
mum size of the segments is determined by the
interfacial tension between the organic and
aqueous phases. Regular segment lengths of up

to 50 mm, from 10 to 20 mm, and about 2 to 3
mm can be produced using an A8-T fitting in the
chloroform/water, the pentanol/water, and n-bu-
tanol/water system, depending on v, value.

Increasing the flow rate Q, of the aqueous
stream at constant flow rate Q, of the organic
phase using a very long distance between the
platinum and fluoropolymer capillaries results in
a decrease of the organic segment length (the
distance preventing any influence of the wetting
properties of the lipophilic capillaries on the seg-
ment formation process).'*? In contrast, the length
of the aqueous segments increases rapidly and
varies exponentially, or nearly linearly, with the
flow rate of the aqueous phase at low and high
total flow rates, respectively. In addition, the sum
of the lengths of the organic and aqueous seg-
ments increases at higher aqueous flow rates.

The segment length in the organic phase is
practically not influenced by the flow rate Q, of
the organic phase. The length of the aqueous
segments decreases with increasing organic flow
rate Q,, and reaches a limiting value at a very
high Q, (which depends principally on the glass
compartment size). The influence of the total flow
rate is usually negligible over a wide range. The
reproducibility of segmentation is satisfactory over
a relatively wide range of the flow rate Q, of the
aqueous phase and flow rate ratio Q,/Q,; how-
ever, it decreases at very low and very high flow
rates and flow rate ratios. The best reproducibility
is achieved in the flow rate ratio interval, Q,/Q,
=1-5.

Small changes in spatial orientation do not
influence the segment length or the reproduc-
ibility of segmentation, especially not at a high
flow rate Q, of the aqueous phase. Turning the
axis of the inlet/outlet glass capillary around the
horizontal axis of the platinum capillary increases
the segment length. The segment length reaches
its maximum value after 180° orientation due to
the decreased influence of the gravity/density
force.

Lipophilic impurities on the glass wall sur-
face, other changes of the hydrophilic properties
of the walls, a short (<2 mm) distance between
the platinum and fluoropolymer capillary ends,
or use of very high total flow rates or flow rate
ratios cause a change from regular droplet for-
mation segmentation to ‘‘ripple’’ segmenta-
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tion.'*? In such cases, the glass surface is covered
by organic phase or a small droplet adheres to
the end of the platinum capillary, and a short
bridge of a hydrophobic interface results. Also,
relatively large droplets of organic phase can cling
to the entrance and cause undue dispersion.*’ The
stream of organic phase then flows continuously
into the fluoropolymer capillary without regular
droplet formation inside the glass compartment.

Segmentation takes place inside the extrac-
tion coil at some distance from the edge of the
capillary, which depends on the orientation of
the main segmenter axis, the coiling of the out-
flow capillary, its position, etc. The segment
length is decreased drastically, the segmentation
pattern becomes irregular, and the segmentation
reproducibility decreases to 20 to 50%. The seg-
ment lengths of the organic and aqueous phases
remain unchanged or decrease with increasing
total flow rate. This is in contrast to the regular
segmentation mode, where the segment lengths
remain constant or increase with increasing total
flow rate.

Any changes in the laminar character of the
flow due to changes in the inner diameter of the
tube, fluctuations in the flow rate, insertion of
sharp edges, etc. destroy the organic layer formed
on the fluoropolymer tube walls in a laminar flow
of both phases. Instead, small droplets or plugs
are formed. This ‘‘ripple’’ process of droplet for-
mation is more sensitive to any irregularities in
the experimental conditions than the classical
droplet formation process and results in impaired
segment formation reproducibility. The ‘‘ripple’’
process can be partially overcome by insertion
of a second fluoropolymer tube.

This phenomenon rarely occurs at low
aqueous flow rates, but frequently occurs at very
high Q,/Q, or at very high back pressures. The
perpendicular flow of aqueous phase will then
deform the droplet shape and slide it along the
surface of the walls of the glass compartment.
The stream of organic phase can finally bridge
over this hydrophilic surface, forming a contin-
uous film of organic phase that changes the mode
of segmentation.

The spreading of the organic droplet along
the walls of the glass compartment is very im-
portant at higher Q,. The droplet bends somewhat
with the stream and becomes distorted to some
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extent at all flow rates. At very high flow rates
this, together with the gravity force, will control
the droplet size. This phenomenon becomes ex-
pressed more for a fluoropolymer compartment
in the common T-segmenter than for the glass
compartment of the A8-T segmenter.'*

The modified A8-T segmenter cannot be used
with standard tubing connectors of the low-pres-
sure HPLC type, which is a drawback in routine
work. Serious leakage often occurs at high total
flow rates or at high overpressure (due to the
phase separator or the restrictor coil) since this
type of segmenter was designed for low-pressure
segmented continuous flow analyzer systems. It
can be readily used with a T-shape phase sepa-
rator or in systems without phase separation, but
difficulties are encountered in systems employing
phase separators of the membrane type.

The segment size is influenced by surface-
active substances, such as anionic surfactants.®
The segment length is constant with no surfactant
present; however, with increasing surfactant con-
centration, the segment length decreases signif-
icantly, and peak height decreases more rapidly
for shorter segments than for longer ones. This
phenomenon depends on the amount of surfactant
at the interface between the phases, changing the
interfacial tension. The segment length increases
with increasing methanol content, and peak tail-
ing is reduced as a result of increases in extraction
efficiency and rate, via a reduction of the lipo-
philic nature of the fluoropolymer tubing walls
causing adsorption of ion associates from the
aqueous stream. The reproducibility also de-
creases with increasing methanol content in the
reagent stream.

The modified A8-T fitting has the advantage
of using variable segment lengths over a wide
range and of being very good at maintaining the
direction of flow. This type of fitting can tolerate
even high back pressures if it is tightly fitted to
the extraction system; however, the separation
between segments is sometimes not consistent.?

The dead volume at the confluence point is
too large for organic flow rates that are much
smaller than the aqueous flow rate. When seg-
mentation is controlled by droplet formation, seg-
ment length can be easily varied by the Q,/Q,
flow rate ratio, or (better) by the distance of the
fluoropolymer tubes from the platinum capillary
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end. Segmentation was found to become irregular
at higher phase flow rate ratios, and, even with
careful adjustment, occasional droplets of larger
size can be dislodged.

Fluctuations in solvent flow rate or solvent
flow rate ratio caused by segmentation has the
adverse effect of forcing some of the phase in-
tended for resampling out to waste at the phase
separator. Hence, uneven segmentation leads to
a decrease in sample recovery.” Segmentation
in the back-extraction step is not as critical since
the organic and aqueous phase segments are often
about the same size.*'28.12%:132 However, irreg-
ular segmentation increases pulsation.

¢. Noncoaxial Segmenters: The Four-Way
Fitting®2193

A four-way fitting has also been used as a
segmenter, allowing a small ‘‘make-up’’ stream
of the organic phase to be continuously intro-
duced into the segmented stream as a constant
fraction of the total flow (Figures 9 and 13I).
This additional stream is introduced to compen-
sate for the finite loss of MIBK through the phase
separator and for the solubility of the organic
phase in the aqueous phase.'® However, to pre-
vent dilution, only a very low flow rate of the
““make-up’’ stream is used.

d. Coaxial (Gravity/Density)
Segmenter G126,132,133,142-147

The coaxial segmenter (falling drop) consists
of two basic components (see Figure 16): a PVDF
screw with a single or multiple capillary inlet
channel, and a segmenter body with inlet and
outlet capillary channels for delivery of aqueous
(organic) phase and drainage of the segmented
flow stream, respectively. A glass capillary inlet
tube is pressed into a PVDF screw (Figure 16A)
for introduction of organic phase,'?:'** while a
single'*¢ or multiple'*-'47 capillary channel sys-
tem is drilled inside the PVDF screw (Figure 16B
and C) for introduction of the aqueous phase.'*
When assembled, the inlet capillary system ends
in the conical housing of the compact segmenter
body, made of Perspex or PVDF (Figure 16A).

FIGURE 16. Coaxial segmenters of different geo-
metries made of PVDF or Perspex (A), PVDF body with
a thick wall glass confluence chamber and PVDF con-
ical compartment with reverse-oriented phase flows and
a PVDF screw with a single- (B) or a multiple-channel
inlet system (C) for continuous introduction of aqueous
stream(s), an all-glass segmenter (D}, and a glass seg-
menter with the two different geometries of the PVDF
conical compartment (E, F).

The confluence chamber, made of a thick wall
glass tube and a conical PVDF insert, and an
outlet channel of fluoropolymer capillary at the
bottom of the conical chamber also has been used
(Figure 16B and C). An all-glass coaxial seg-
menter having an integral conical confluence
chamber (Figure 16D), and a glass segmenter
having a PVDF conical insert in the straight glass
tube (Figure 16E and F), have been compared
with the above-mentioned segmenters.

The working principle of the single or mul-
tichannel segmenters is the formation of small
droplets (usually in the order of units to tens of
microliters) of one solvent in a continuous flow
of another fluid, immiscible with the first. Each
component in the aqueous reaction mixture is
transported through one of the capillary channels
in the screw, converging at the common conflu-
ence point at the junction of the inlet tubing cap-
illary system when using the muitichannel seg-
mentor (see Figure 16C). The organic (or aqueous)
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phase flows through the glass (fluoroplastics) in-
let capillary when organic (or aqueous) phase is
used as a droplet-forming phase in a single-chan-
nel segmenter.

Droplet size depends predominantly on grav-
ity/density forces since the influence of hydro-
dynamic forces is negligible. The droplets, of
defined volume, either descend or ascend (de-
pending on the density difference Ap,,,), through
a small conical chamber filled with flowing phase
which does not form droplets. Its flow has a
negligible influence on droplet size due to the
formation of a whirl, depending on the inner/
outer diameter of the end of the screw.

The droplet is then transported through the
outlet channel, where the segment develops. For
a reaction system, droplets of the homogeneous
reaction mixture are then transported through the
fluoropolymer capillary system of the analyzer
in the form of separate segments of aqueous phase
(forming a closed reaction system) which are
completely isolated from each other by a film of
organic phase that prevents analyte carryover.

The segmenters'*® function effectively over
a wide range of flow rates of both phases, and
over a range of flow rate ratios from 2 to 35—
40. The segment length of the droplet-forming
phase increases linearly, with the inner diameter
of the inlet capillary at constant flow rates of
both phases. It is not changed with the flow rate
of the droplet-forming phase at a constant flow
rate of the other phase, up to the limiting value
at which the jet effect appears, depending on the
inner capillary diameter and character of the sol-
vent. Segment length is only slightly influenced
over the whole range of its own flow rate. Op-
timum segmentation reproducibility is achieved
for inlet capillaries with ID from 0.1 to 0.3 mm
for all tested organic solvents and water, and it
decreases in the case of other IDs.

The length of the segments of the phase not
forming droplets increases nearly linearly with
the flow rate of the other phase and with the total
flow rate (i.e., slopes of segment length vs. flow
rate are close to unity), and decreases rapidly
with increasing flow rate of the other phase, ac-
cording to changes in the dropping frequency of
the droplet-forming phase.

Segmentation reproducibility for organic
phases decreases in the order Freon-113 > chlo-

494

roform > MIBK > carbon tetrachloride. Uneven
segmentation has rarely been noted with MIBK,
and only exceptionally with carbon tetrachloride
at low organic flow rates where small droplets
of the organic solvent were cut off at the end of
the segments. Values for appropriate flow rates
and the flow rate ratios must be established for
each solvent at a given inlet capillary ID and
defined experimental conditions. Improved seg-
mentation reproducibility is usually achieved at
a medium total flow rate and a flow rate ratio
between 5 and 15, when the flow rate of the
droplet-forming phase is in its optimal range. The
best diameter of the organic phase inlet tubing
varies between 0.10 and 0.35 mm ID, depending
on the character of the solvent and its flow rate,
but generally 0.25 *= 0.05 mm ID can be used
for most organic solvents.

For all tested solvents, an uneven segmen-
tation pattern is obtained at a very low flow rate
of the droplet-forming phase and a constant mod-
erate flow rate of the other phase. The segmen-
tation reproducibility decreases from units up to
tenths of a percent. At higher organic phase flow
rates, a jet effect appears, depending on the sol-
vent character, and the segmentation reproduc-
ibility decreases sharply. Segmentation breaks
down completely as a result of this effect.

Changing the orientation of the main axis of
the coaxial segmenter from the horizontal posi-
tion has a negligible effect on the segment length,
but over 10°, the segment length decreases by
between 25 and 50% for both phases. No sig-
nificant difference between the lengths of the or-
ganic segments in straight and coiled fluoropo-
lymer tubing (30 mm coil diameter) was found
at moderate flow rates, but the segmentation re-
producibility was better for coiled than for straight
tubing.

Up to a 5% content of inorganic salt (such
as NaCl) in the aqueous phase increases the length
of the organic segments by 4% due to the increase
in density of the aqueous phase. In this case, the
segmentation reproducibility remains constant or
increases only slightly. Using a methanol content
of up to 15%, or content of a nonionic surfactant
of up to 1%, causes a decrease in segment length
by <10%. The segmentation pattern and seg-
mentation reproducibility are strongly impaired
by a higher content of either of these additives,



14:17 17 January 2011

Downl oaded At:

and segmentation breaks down completely at a
methanol concentration above 30% or a surfac-
tant concentration above 1.2% due to the change
in surface tension.

Larger segments are produced by the coaxial
segmenter than by classical segmenters. This seg-
menter works better than those at high phase flow
rates and phase flow rate ratios. At very high
flow rates and phase flow rate ratios, there is a
tendency for small organic segments to decrease
in size and for larger organic segments to grow
as they pass through a fluoropolymer extraction
coil propelled by a peristaltic pump. In order for
the segments to survive, it is necessary that they
have a certain minimum volume, which may be
attained using a 0.25 to 0.50 mm ID glass cap-
illary.”® To prevent the influence of aqueous flow
stream pulsation and formation of a whirl, the
inner glass capillary can be screened by thin wall
tubing.

A coaxial segmenter seems to be very con-
venient in many applications, generally offering
comparable segmentation reproducibility to the
loop injector over a wide range of flow rates of
the two solvents. The use of coaxial segmenters
does not introduce any additional moving parts
into the liquid-liquid extraction FIA system. The
results thus far indicate that a considerable im-
provement in performance can be obtained with
this new segmenter design. Apart from providing
a two- to threefold increase in segmentation re-
producibility, a coaxial segmenter can be oper-
ated over a wide range of flow rates and phase
flow rate ratios than previous segmenter designs.
An additional advantage is that this segmenter
behaves according to a simple and well-estab-
lished theory, making it possible to calculate, a
priori, the parameters of the segmentation pattern.

In this case, the segment lengths of the two
immiscible phases can be varied over a relatively
wide range, from units to tens of millimeters
(from 3 to 50 mm for the organic phase, and
from 10 to 300 mm for aqueous phase), simply
by changing the inner diameter of the inlet cap-
illary and by changing the flow rates of the two
solvents. The segment length of the droplet-form-
ing phase can easily be predicted and is inde-
pendent of the majority of factors influencing
segmentation in other segmenter types (e.g., flow

rates of the two solvents, the flow rate ratio,
etc.).'®

The segmentation reproducibility depends on
the cleanliness of the walls of the mixing com-
partment and the flat end of the inlet capillary.
The segmentation pattern can be changed by the
accumulation of lipophilic substances on the walls
of the confluence compartment. Periodically, the
walls of the conical housing become coated with
a thin film of organic phase due to irregularities
in segmentation by the small droplet formation
at the end of the regular segment or to variability
in the volume of the organic solvent clinging to
the surface of the conical portion of the outlet
channel. Segmentation reproducibility may be
decreased by as much as several tenths of a per-
cent. Careful washing of these surfaces with
ethanol and periodic grinding of the capillary end
can enhance segmentation reproducibility, es-
pecially after long, dry storage of the system. Air
bubbles must also be removed from the segmen-
ter, especially in the space between the glass
capillary and the mixing compartment walls.
However, this is less critical for coaxial seg-
menters than for most other types of segmenters.

The relatively large dead volume of the con-
ical chamber (ca. 0.1 ml) tends to increase sam-
ple and reagent consumption and presents the risk
of contamination of the samples by sample/re-
agent carryover. These factors are less serious at
high aqueous flow rates and high flow rate ratios
used in certain applications (such as with AAS,
and when high enrichment factors are desira-
ble).'2812° The dead volume can be minimized
by miniaturization of the confluence compart-
ment. Furthermore, the distance of the inlet glass
capillary from the conical housing and the inner
and outer cross-sectional diameters of the con-
fluence chamber must be optimized for the de-
sired droplet size since they also greatly influence
the cutoff process. The nominal volume of the
conical chamber must be greater than the actual
droplet volume to avoid contaminating the walls
of the confluence compartment with organic
phase.

The compact PVDF body segmenter has the
disadvantage of being opaque, and consequently,
visual checking of the segmentation process is
not possible. Clearly, visual checks are important
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for detecting when the walls of the confluence
chamber become coated by lipophilic substances.
Perspex, however, is attacked by most common
organic solvents, and the conical compartment
thereby is difficult to machine to the desirable
wall smoothness. Compact body segmenters and
those with a confluence chamber made of a thick
wall glass tube tightly pressed into a compact
FP4 fluoropolymer body (Figure 16C) are less
sensitive to leakage at higher back overpressure
and thus are more suitable for systems with mem-
brane phase separators.

Coaxial segmenters generally function better
at moderate or high, than at low flow rates since
the phase droplets are often destroyed on the walls
of the conical chamber, resulting in a decreased
segmentation reproducibility. A hydrophilic con-
struction material (e.g., glass) is recommended
for use in the confluence chamber (particularly
in the conical part of the chamber).

The geometry of the confluence chamber (and
especially of the conical part) should be optim-
ized to decrease the dead volume of the segmen-
ter and to increase the segmentation reproduc-
ibility. It should be noted that the use of a narrow
angle in the conical part of the confluence cham-
ber increases the risk that droplets may split off
small particles that can adhere to the walls of the
compartment or the conical housing. This phe-
nomenon occurs more frequently in conical
chambers made of Perspex, probably because they
are difficult to machine to a desired wall smooth-
ness and because the wetting ability of water is
less on Perspex than on glass. The phenomenon
was rarely observed in the PVDF conical housing
and has not been seen in integral conical com-
partments made of glass.

The analytical signal obtained using a mul-
tichannel dropping segmenter is comparable to
that obtained by steady-state measurements in
which aqueous solutions of extractable reaction
product are introduced directly into the flow of
organic phase. Instantaneous extraction of a re-
action product speeds up the reaction rate when
an extractable product is formed from nonex-
tractable reaction components. No significant
lengthening of the extraction/reaction coil is
needed when a dropping segmenter is used for
instantaneous preparation of a reaction mixture
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or for the direct introduction of a pre-prepared
extractable product solution into the system.

Direct “‘in-segmenter’’ introduction of the
sample and organic analytical reagent using a
multichannel segmenter can eliminate the reac-
tion/mixing coil, and thus most problems con-
nected with its use. The use of a multichannel
dropping segmenter in liquid-liquid extraction FIA
can also eliminate the need for a phase separator
and a sample injector, thus significantly simpli-
fying the manifold. -

Thus, several separate inlet capillaries meet-
ing at a common confluence point of very small
diameter'¥” can be used for such applications as
dilution (changing Q,/Q, for sample and water),
reagent introduction, titration (changing Q,/Q,
for sample and titrand), calibration (changing
concentration or Q,/Q,), gradient formation (two
pumps for gradient or gradient pump), and kinetic
measurements (different Q, or Lgc).

The high degree of segmentation reproduc-
ibility attainable with this kind of segmenter can
improve the precision of signal measurement and
can often simplify signal treatment. Finally, it
may even be possible to eliminate the phase sep-
aration process altogether since the segmentation
reproducibility is sufficient to allow precise tim-
ing of measurement periods.

2. Mechanical Segmenters
a. Loop Injector-Type Segmenters

All the above-mentioned segmenters work
relatively well over a wide range of organic phase
flow rates and phase flow rate ratios, but the total
volume of the droplets and the phase segment
length are strongly influenced by the aqueous
phase flow rate or by surface active substances,
such as surfactants.

In some studies (especially when it is pref-
erable not to use a phase separator), very precise
and reproducible segments are needed. In such
cases, it is crucially important that the segment
length be unaffected by experimental factors.'4*
Segmentation can then be implemented using a
pneumatic or motor-driven loop injector (Figure
17). Very precise and reproducible volumes of
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FIGURE 17. A rotary loop injector (A} and a six-port
rotary valve (B).

one phase can be introduced into a continuous
flow of the other phase, with the segment length
being controlled only by the preselected volume
of the injector loop.'*

Segmentation reproducibility decreases with
increasing length of the extraction capillary (Lzc)
and with increasing flow rate (Q,). Inadequate
segmentation reproducibility most often occurs
at very low flow rates. Small droplets of organic
or aqueous phase are, in these cases, formed at
either end of the segments as a result of incom-
plete ‘‘washing out’’ of the sample loop at low
flow rates. The same phenomenon can be ob-
served at high flow rates, when the narrow (rel-
ative to their length) aqueous segments split off
small droplets. Alternatively, the thick film of
organic solvent formed on the fluoropolymer tub-
ing wall at high flow rates may split off droplets
by the ‘“‘ripple’’ process.

Segmentation, however, is quite regular over
a wide range and total length of the extraction
coil. A mechanical segmenter, allowing precise
timing of alternating segments of organic and
aqueous segments, may make it possible to elim-
inate phase separation altogether. Conventional
loop injectors operated by a cycling motor op-
erated with adjustable fill/drain times and a brief
intermittent period can be used at low flow rate
ratios, or for producing long segments. Phase
separation may be eliminated by the use of a
specially designed mechanical segmenter, mak-
ing possible precise timing of the segmented
stream passing through the detector cell.

b. Intermittent Pumping

The introduction of reproducible volumes of
one phase into a continuous flow of the other can
also be realized by the intermittent pumping prin-
ciple.®'"* In this case, two microcomputer-con-
trolled peristaltic pumps equipped with stepper
motors can produce a reproducible segmentation
with a variable segment volume ratio, provided
that large segment volumes are acceptable. Un-
like classical liquid-liquid extraction FIA in which
the immiscible phases are segmented by contin-
uous segmenters leading to the formation of seg-
ments with random size, a well-defined segmen-
tation pattern can be generated by the use of
alternately operated stepper-motor driven micro-
syringe pumps.'* A resulting uniform segmented
flow (with approximately 14-pl volume seg-
ments) allowed subsequent computer-controlled
digital ‘‘phase separation’’.

¢. Magnetic Valves

A magnetic valve system (Figure 18) con-
trolled by a cycle timer can also be used to seg-
ment two immiscible solvents. The segment length
is controlled by the flow rate and by the cycling
frequency, and it can be easily varied over a wide
range (from millimeters to tens of millimeters)
by changing these parameters.'**'*

ag org

FIGURE 18. Three-port magnetic valves with elec-
tromagnet(s) (M) and a magnetic valve (V).
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Such systems work reproducibly at moderate
flow rates and in a narrow interval of flow rate
ratios close to unity. The best reproducibility is
usually achieved at a cycling frequency ranging
from units to tens of cycles per minute. At higher
flow rates or higher flow rate ratios (especially
when solvents of different viscosity and inter-
facial tension are used), serious pulsation occurs,
and the segmentation reproducibility decreases
rapidly (up to tens of percent, compared to the
original reproducibility of units of percent found
at Q,/Q, = 1). Serious pulsation can also occur
if the magnetic valve is operated at a slow cycling
frequency.

3. Postsegmenter Sample Injection'%

A relatively large dispersion occurs in all
conventional liquid-liquid extraction FIA sys-
tems in which samples are introduced into an
aqueous phase carrier stream. The dispersion is
lower when samples are introduced into a seg-
mented (rather than unsegmented) flow stream
(see Figure 4A and B) since dispersion of the
sample during its transport through the reaction
tube and phase segmenter is eliminated. Analyt-
ically, the sensitivity, calibration graph linearity,
and sampling frequency are higher than that ob-
tained using conventional techniques due to the
sharper and higher peaks. The peak shapes are
also more symmetrical, illustrating that disper-
sions of sample components, both before reach-
ing and within the segmenter, represent major
contributions to peak broadening.

C. Extraction Coils

There are two principal considerations to be
made when choosing an extraction coil: the ma-
terial the coil is made of and the coil dimensions.
With respect to the former, the question is whether
to use hydrophilic (glass or metal capillary) or
lipophilic (fluoroplastics) material. The choice of
which coil material to use depends on whether
the sample will be extracted from the aqueous
into the organic phase or vice versa. The former
case is mainly used in classical liquid-liquid ex-
traction systems, whereas the latter is typically
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used in two-stage extraction systems; however,
both types of materials have been used. The choice
of coil material can indirectly influence the ex-
traction efficiency and the sample dispersion,
changing the film thickness.

The second consideration, concerning the coil
dimensions, can affect sample dispersion and ex-
traction efficiency, as related to kinetic effi-
ciency, total extraction yield, and peak broad-
ening. The liquid-liquid extraction process
requires that the segmented phases remain in con-
tact while the analyte approaches a state of ther-
modynamic equilibrium in partitioning between
the two phases. The extraction coil can be made
sufficiently long that transfer kinetics do not rep-
resent a limiting factor in the extraction effi-
ciency. Any increase in coil length beyond this
point results in increased sample dispersion with-
out any concomitant increase in sample recovery,
and is therefore undesirable.

The extraction coil is usually a relatively nar-
row bore Teflon tube (0.2 to 1.5 mm), several
decimeters to several meters long. The coil ge-
ometry, the inner wall surface quality, and the
spatial orientation influence the extraction rate,
the extraction efficiency, and the yield of the
extraction process. To the extent possible, the
coil should be free of any sharp changes of inner
diameter and sharp bends and edges. Its inner
surface should be smooth and completely free of
deposits that can change the hydrophobic char-
acter of the tube material.

Extraction coils have been used in various
configurations of flexible Teflon tubing, but the
simplest and the most frequently used coils have
a symmetric or helical shape, with a coil diameter
ranging from units to tens of centimeters. The
horizontal position of the main axis of the coil
forces the mixing process, and introduces a sec-
ondary flow rate perpendicularly oriented to the
axial, which increases mass transport.

The secondary flow patterns are established
in response to centrifugal force in coiled extrac-
tion capillary. They bisect the capillary profile,
reducing the diffusion distance by one half. The
radial secondary flow causes effective mass
transport, interchanging material in a slower
moving streamline with material in a faster one.!"
Hence, mass transport is forced by intrasegmen-
tal movement due to the viscous drag of the two
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immiscible fluids. Curved and coiled extraction
coils should, therefore, give better internal radial
mixing in the segments and result in a more ef-
fective extraction.

The secondary flow in a coiled tube is dis-
rupted when its coiling radius or its position are
changed, and as a consequence, the mechanical
forces acting on sample dispersion become al-
tered. It should be noted that a coil diameter of
up to 60 or 80 mm does not adversely affect the
analytical signal.”®'® The intense secondary flow
can sometimes negatively influence the extrac-
tion efficiency.

Coils containing small diameter glass or Te-
flon beds or glass wool plugs, or which are sub-
jected to high frequency agitation have been
shown to promote contact between the two phases
in flow analysis systems. Auxiliary methods (e.g.,

immersion of the coil in a thermostatic bath main- -

tained at an elevated temperature, or subjecting
the coil to an ultrasonic field) have also been
used to improve mass transfer efficiency. The
use of knitted (or even knotted) open tubular
waves (which effectively reduce axial dispersion
in homogeneous systems) have been found to
reduce band broadening for some single phase
FIA applications.®*!'* Convoluted coil configu-
rations with small turn radii (as in a serpentine
reactor) severely disrupt laminar flow and can be
potentially more efficient than a simple coil.**'"?
However, liquid-liquid extraction in a coiled tube
is as effective in reducing band broadening as a
knitted open tube of the same internal diameter
since average peak area variances show no sta-
tistical difference.

At very short {or zero) residence times, the
relative peak area was always less in a straight
tube than in coiled or knitted tubes since some
finite time is necessary for equilibrium to be es-
tablished between the two phases. There was no
obvious difference between coiled and knitted
tubes, suggesting no real difference in extraction
efficiency. Furthermore, there was no reduction
of band broadening noted. The coiled tube is
simpler to use and has a lower back pressure than
other, more complicated configurations. A
straight tubing also is the simplest and most fre-
quently used configuration when a very short res-
idence time is preferred. In some cases, seg-
mentation reproducibility and analytical signal

parameters are better for straight tubing than for
coils.'*

The viscosity difference between the two im-
miscible solvents manifests itself in the extraction
process as an inhibitor of diffusion. With in-
creasing viscosity, the rate of mass transfer de-
creases, thereby decreasing radial mixing and in-
creasing the residence time of the sample
component(s).

Segment length of the extraction coil is the
principal parameter controlling the magnitude of
the contact area between the two phases. An ir-
regular segmentation pattern results in losses of
the solvent by the wetting process because of a
varying interfacial film thickness. Serious coa-
lescence of segments of different sizes is due to
differences in the linear velocity of segments hav-
ing different geometries because of the differ-
ences in the viscous drag of the wetting phase.
This implies that the segmentation pattern must
be under control and constant during the entire
analytical procedure.

The enrichment factor (the ratio between the
flows of aqueous phase containing the sample
and the organic phase) is influenced by the seg-
mentation process. The enrichment factor rarely
exceeds 20 in commonly used manifolds. The
length of the organic (and the aqueous) segments
cannot be reduced indefinitely; the lower limit of
organic phase segments has experimentally been
estimated to be about 1.5 times the internal di-
ameter of the extraction coil tube.*' The extrac-
tion efficiency decreases markedly if the organic
phase droplets become too small to form a con-
tinuous film on the tubing wall. Also, the seg-
mentation may be unstable due to coalescence of
very small segments during transport through the
extraction coil.

The degree of the extraction is a function of
the residence time in the extraction coil, which
can be varied by flow rate or by the extraction
coil length. As noted above, the liquid-liquid ex-
traction process requires that the segmented phases
remain in contact while the sample analyte ap-
proaches a state of thermodynamic equilibrium
via its partitioning between the two phases. Ex-
traction is relatively fast in the extraction coil,
and generally attains completeness in several sec-
onds due to the high efficiency of the liquid-
liquid extraction FIA system.
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The influence of the flow rate and manifold
parameters on the extraction efficiency naturally
depends on the kinetics of the extraction process
related to the mass transport process. The ex-
traction rate increases with decreasing segment
length and inner diameter of the extraction tube
and residence time, so that narrower tubes and
short segments provide more effective extraction.
The choice of the material of the extraction coil
indirectly influences the extraction efficiency
since it is higher for the stripping of an analyte
from an aqueous phase to an organic one for
PTFE, and is very low for glass. On the other
hand, the analyte stripping efficiency from an
organic phase to an aqueous is better for glass,
while for PTFE it begins to drop off at low Qy/
Q, ratios.

In general, the extraction efficiency is influ-
enced by extraction coil length, inner diameter,
coil material, and, principally, the interfacial area
between the two phases. Efficiency is increased
with increasing interfacial area, decreasing seg-
ment length, and decreasing inner diameter of
the coil tubing. Very small segments complicate
the separation and extraction process. Longer ex-
traction coils and slower flow rates (a longer res-
idence time, t) produce a higher extraction ef-
ficiency, but in the case of some reactions, a low
extraction efficiency is found due to the slowness
of the extraction kinetics.'® It is sometimes better
to use the residence time than the extraction coil
length L. to evaluate the influence of liquid-
liquid extraction FIA systemn parameters.

At higher total flow rates, the analyte ex-
traction efficiency decreases due to a decreased
contact time between the two phases. The ana-
lytical signal increases with decreasing organic
phase flow rate Q, for surfactants, using a mem-
brane phase separator. The decrease of flow rate
of organic phase is limited by the partial solu-
bility of the organic solvents in the aqueous
phase'® and by having to establish a stable film
of the organic solvent on the tubing wall.'3'%
The extraction efficiency starts to decrease at some
limiting residence time, t, (around 10 s for sur-
factants, using a membrane phase separator) in
extraction coils for different total flow rates, and
the Q,/Q, ratio is limited to 10 to 12. Higher flow
rates Q, decrease the extraction efficiency,
whereas very low flow rates of the organic phase
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result in a higher relative analytical standard de-
viation s_; hence, a compromise is usually made.

The greater the difference between the flow
rate of the organic phase and the flow rate of the
aqueous phase, the poorer the mixing of the two
phases (and, hence, the poorer the extraction ef-
ficiency). For example, in chloroform-aqueous
systems, as the chloroform total flow rate in-
creases, the analyte peak concentration de-
creases. The limiting flow rate of organic phase
(0.6 ml min~!', in this case) gives more repro-
ducible peaks.

Peak height increases with total flow rate at
Q./Q, = 2, upto 1 ml min~', and then remains
constant. The peak width and the peak width at
half-height H_, ,, decreases gradually. The peak
height and extraction efficiency E(%) gradually
increase with the total flow rate Q,, while the
peak height abruptly increases with the Q,/Q,
ratio.

Maximum peak height is obtained for a Q,/
Q, ratio close to unity. Above this value, the
sensitivity drastically drops, probably due to the
high total flow through the separator. The resi-
dence time in the separator, then, is shorter. The
pressure in the system naturally is increased with
an increase in the total flow rate; this may induce
turbulence in the individual segments, and thus
influence extraction efficiency. It was observed
that the flow rate must be decreased in tubes
having low smaller inner diameters (ID <0.5
mm) since the pressure becomes excessive to the
system.

At total flow rates higher than some limiting
value (around 1 ml min~!), the baseline is unst-
able.'® At very high total flow rates (Q, >1 ml
min~', Q/Q, = 3), the baseline is noisy and
separation of analytes was poor. At very low total
flow rates, the time for each sample is very long
and sampling frequency is necessarily decreased.

An increase in the recovery of organic phase
decreases the analyte peak area. For reaction sys-
tems, when Q,/Q, is constant and close to 2, the
peak area A, and the extraction efficiency E(%)
increase with a decrease in total flow rate (since
the yield of the reaction in slow processes in-
creases with an increase in reaction time). When
the total flow rate is constant, the extraction ef-
ficiency E(%) also remains constant as the flow
rate of aqueous phase or flow rate of organic
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phase changes. The analyte peak height H; in-
creases with a decrease in the Q,/Q, ratio, which
results in a great improvement in the sensitivity
of the determination of the analyte. Peak height
increases with sample volume, V, while peak
width becomes broader and the slope of the cal-
ibration graph shows an upward convexity.'"'

In a study of anionic surfactants in waste-
water, the analyte peak height increased with in-
creasing extraction coil length (Lgc <250 cm),
reaching a maximum at some limited length in-
terval (250 to 500 cm), and then decreasing
slightly with the length of the extraction coil due
to the sample dispersion at Ly >500 cm.” At
very high extraction coil lengths Lg. and longer
residence times (t, >16 s), analyte peak height
is not affected by the other parameters. At some
limiting extraction coil length (Lzc >360 cm), a
variation in coil tube inner diameter from 0.35
to 0.70 mm had no effect on analytical signal
when an extraction coil volume Vg = 700 pl
was held constant.'®

At different extraction coil lengths, the ex-
traction rate differs for different analytes (e.g.,
for sodium extraction, the rate is slower than for
potassium'®! due to the extraction kinetics of their
ion pairs with a crown-ether and an appropriate
cationic dye). However, the slow extractability
of anionic surfactants is well known and the ion
associates extraction in continuous flow analysis
requires a longer mixing coil to increase the
extractability .

The use of a longer extraction coil tube (sev-
eral meters, compared to 1 and 2 m) gives the
better reproducibility of anionic surfactant peak
height and stability of the baseline than obtained
using a shorter coil.'® With increased extraction
coil length L., peak height increases, but re-
producibility of the peak height decreases.®

The analytical signal increases with sample
volume V, (up to some limit), and then is con-
stant. Furthermore, peak height increases with
sample volume V| injected into the liquid-liquid
extraction FIA system and reaches a constant
value (corresponding to a steady state) while the
peak width becomes broader. The steady-state
method using continuous pumping of the analyte
into the system is more convenient and reliable,
and it is actually faster than the injection tech-

nique (due to the added dispersion in the sample
loop with the latter technique).

The peak area did not increase linearly in
some cases due to dispersion of the sample during
its transport through the system. However, there
was good linearity between sample volume and
peak area, such that the use of peak area for
constructing calibration graphs was usually su-
perior to the use of peak height when large sample
volumes were injected.

D. Phase Separators

The phase separation process involves a par-
titioning of the segmented phases after the ex-
traction has been completed in the extraction coil,
in such a manner that the unwanted phase is di-
rected to waste while the other phase(s) is resam-
pled or pumped through the detection system. In
most practical separators, the two-phase system
cannot be desegmented totally into two pure in-
dividual phases. Typically, phase separation ef-
ficiency is 80 to 100%.

The phase separator is one of the most im-
portant components of a liquid-liquid extraction
FIA system. The correct performance of the phase
separator is one of the keys to successful devel-
opment of the separation process, wherein the
aqueous and organic phase flow rates must be
very precisely controlled. The ideal phase sep-
arator should provide complete separation of the
phases with very little waste of the resampled
solvents.

The phase separator is designed to handle
small volume segments of the two immiscible
phases, received from the extraction coil in the
form of a segmented flow stream. The objectives
of the phase separator are to:

1. Continuously separate the phases carrying
the extracted analyte and to continuously
split them into two or three individual
streams in such a manner that one or two
of them may be used for determination of
the analyte concentration

2. Work properly over a wide range of flow
rate ratio Q,/Q, and total flow rate Q,
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3. Recover as much as possible of the desired
phase (approaching 100%)

4. Maintain the concentration profile of the
analyte and prevent deterioration of the
original concentration gradient of the sample

5. Prevent any further sample dispersion and
dilution during the separation process (band
broadening)

6. Handle the very small segment volumes of
both phases (usually 1 to 30 ul)

7. Handle different types of organic solvents

The phase separator must also be made of
materials that are chemically inert (glass, stain-
less steel, fluoroplastics, etc.) to attack by sol-
vents and chemicals. The long-term stability of
the phase separator should be good, and it should
be easy to operate. Preferably, no adsorption
should occur, and the volume of the cavities or
grooves in the separator should be kept as small
as possible.

It is also necessary to adjust the phase sep-
arator so that one (or two) streams contain one
phase only, while the waste stream contains the
other phase (as well as small amounts of the first
phase, including possible emulsions). The phase
separator also requires special care to avoid con-
tamination of the detector flow cell with the
aqueous phase; however, it frequently suffers from
contamination at the beginning of the separation
process. Hence, correct operation of the phase
separator is critical to good signal baseline sta-
bility and S/N ratio in the detector.

Consequently, the phase separator has been
an object of considerable study concerning its
design, construction,!?:24:32:49.74.91.106 and opera-
tional theory.*®' Several models have been de-
signed with the aim of improving phase separator
characteristics, and currently, almost as many
phase separators as applications exist.

The design of phase separators with respect
to internal volume is important; a relatively large
analyte dispersion can occur when the extracted
sample passes through most types of phase sep-
arators, influencing the analyte band-broadening
process, peak width, time of the analysis, and
the sensitivity, selectivity, and precision of the
analytical method.

The magnitude of the preconcentration (en-
richment) factor in continuous liquid-liquid ex-
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traction flow injection analysis is directly pro-
portional to the flow rate ratio Q,/Q,, and is limited
by the moderate aqueous to organic phase flow
ratio that can be handled by the phase separator.
Aqueous-to-organic phase flow ratios of not more
than 5 to 20 generally must be used to obtain
reproducible measurements.

Typical organic solvents (e.g., chloroform,
Freon-113, MIBK) separate exceptionally well
from water, do not readily produce stable emul-
sions, and easily pass through the porous Teflon
membrane if an overpressure is applied in the
waste channel. Therefore, total separation of the
organic and aqueous phases should be possible
using these solvents over a relatively wide range
of the flow rate ratio Q,/Q, and total flow rate
Q, (not true for solvents such as 1-octanol and
|-propanol).

Current phase separators for liquid-liquid ex-
traction flow injection analysis systems can be
divided into three groups:

1. Density (chamber) separators, working on
the principle of the density difference be-
tween the two phases

2. Affinity (heterogeneous material) separa-
tors that are constructed from a lipophilic
(usually PTFE) and a hydrophilic (e.g.,
glass, stainless steel, etc.) material, work-
ing on the principle of the affinity difference
between the phases and the separator ma-
terials (as well as the density difference be-
tween the two phases)

3.  Membrane phase separators that use a li-
pophilic (and/or a hydrophilic) membrane
to exclude one or both phases from the seg-
mented stream

In most cases, the species of interest are ex-
tracted from the aqueous segments into the or-
ganic segments, and a portion of the organic phase
is separated from the segmented two-phase con-
tinuous stream. It also is possible to separate the
aqueous phase from the segmented stream using
a hydrophilic membrane in a multistage or back
extraction procedure.

Simuitaneous monitoring of both phases has
attracted interest recently. This has been used for
the simultaneous determination of extractable and
nonextractable species using two separators con-
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nected in series®' or a single dual-membrane sep-
arator.'-’® Systems without phase separation us-
ing fast reading photometric or fluor-

metric detectors also have been stud-
ied 18,102,130,132,133,142-147

1. Gravity/Density Separators

Density phase separators made of Perspex or
PTFE and having an inner volume of the sepa-
ration chamber of approximately 100 wl utilize
the density difference between the solvents to
separate the segmented flow stream into two in-
dividual streams. Such separators can be used
with organic solvents which are heavier or lighter
than water by proper choice of an outlet tube (see
Figure 19A) to connect the separator to the de-
tector. The geometry of the separator internal
separation chamber and capillary system and also
the magnitude of the internal volume (tens or
hundreds of microliters) of the separator are im-
portant to successful separations. The pressure in
the detector line should be slightly less than the
pressure in the waste line in order to avoid con-
taminating the flow cell with droplets of the dis-
carded phase.?
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FIGURE 19. Gravity/density phase separators with a
conical chamber (A), a separating funnel-type phase
separator (B) and an improved phase separator (C).
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Improved density phase separators for sur-
factant analytes were made of glass or fluoro-
plastics (see Figure 19B and C), from which the
heavier organic phase passes to the detector and
the aqueous phase (containing traces of organic
phase) passes to the waste through two outlet
channels (2 mm ID). This type of separator was
constructed®*%” to overcome the changes in
permeability of the membrane which occur in the
presence of surfactants.®’” The lower portion of
the phase separator resembles and functions like
a separatory funnel. A difference in the internal
volume of the separation chamber ranging from
250 to 350 wl does not influence the phase sep-
aration and has little effect on the dilution of the
extracted analytes. This improved density phase
separator increases the phase separation effi-
ciency and magnifies the problem of the changing
permeability of membranes caused by complex
matrices containing surface-active substances such
as surfactants. It is more efficient than the ‘‘tee”’
segmenter in terms of the quantity of reaction
product being separated.%’

Degassed and chilled solvents are preferably
used to prevent vaporization of the organic phase,
causing formation of bubbles of organic vapor.
Particular care is required to avoid the inflow of
aqueous phase into the flow cell, which fre-
quently occurs at the beginning of the operation.
Successful separations are also impaired by high
contents of methanol or other polar solvents in
the extraction system (¢ >10%).

The utility of a two-phase separator system,
consisting of T-piece and membrane separators
(used by Kawase et al.® for the analysis of anionic
surfactants) and having a suppression coil behind
the flow cell, prevents evaporation in the flow
stream. However, its practical utility for complex
samples is questionable since a high content of
a polar solvent such as methanol results in base-
line drift and noise due to the formation of a
cloudy solution in the flow cell.

2. Affinity Phase Separators

This separation device consists of a glass A4
T-connector (Technicon, Tarrytown, NY), with
Teflon fibers twisted together into a thread,' or
the use of Teflon filaments or strips®® inserted
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into the bend from the inlet into the outlet tube
intended to transport the organic phase to the
detector. This type of lipophilic insert is used to
direct the organic segments into the outlet chan-
nel where they are rejoined to a continuous stream.
A glass-lined stainless steel T-piece® and a com-
bined glass/Teflon capillary T-piece®®¢ have also
been used (see Figure 20).
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FIGURE 20. Affinity separators with a Teflon fiber
bundie (A), Tefion strip (B) and with the hydrophilic and
lipophilic paper disks for additional separation of the
phases (C).

By the use of differential pumping or by ap-
plying a small overpressure produced by a re-
striction coil or a needle valve, the aqueous phase
and excessive organic phase are forced into the
second outflow channel of the fitting, and out to
waste. In this manner, the aqueous phase is pre-
vented from contaminating the flow cell. Special
care must be taken to avoid contamination of the
Teflon insert with the aqueous phase, and clean-
ing by rinsing is a tedious but necessary opera-
tion. The Teflon insert should be placed rather
close to the wall of the inlet tube and be allowed
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to bend smoothly and in parallel with the walls
of the inlet and outlet channels.

The separation process is facilitated by a sig-
nificant difference between the densities and in-
terfacial tensions of the two phases. The affinity
phase separator works well with organic solvents
such as chloroform, MIBK, or Freon-113, but it
cannot be used for the separation of organic phases
having a low interfacial tension and small density
difference with respect to water, such as pentanol
and n-butanol. High levels of polar solvents such
as methanol (¢ >10%) also impair the separa-
tion. It also is very difficult to achieve successful
separations using the density or affinity phase
separator in complicated extraction systems such
as water/methanol/chloroform.

The density difference between the two phases
also is used to advantage by letting the heavier
and lighter phase out in a downward or upward
direction, respectively. Appropriate vertical po-
sitioning of the main axis of the phase separator
and horizontal positioning of the inlet tube must
be arranged for the separation to work properly.

The relatively large volume of the separation
chamber causes band broadening. The total flow
rate can exceed 5 ml min~', but the optimum is
about 4 ml min~"'. Air bubbles do not influence
the performance of the T-shaped phase separa-
tor.” The separation efficiency of the T-shaped
phase separator was found to be 85% that of the
membrane phase separator.'%

To overcome the problems caused with the
contamination of the flow cell with droplets of
water in the organic phase, a T-shape separator
with hydrophilic and lipophilic paper disks was
constructed.? The separator consists of a Daiflon
body with three perpendicularly oriented chan-
nels, working on the difference in density of the
two phases and employing two phase-separating
filter papers to complete the separation of the
phases (see Figure 20C). The aqueous phase
passes to waste through the hydrophilic paper
(cellulose) disk pressed between two washers.
The organic phase was directed into the flow cell
after passing through a lipophilic phase-separat-
ing, silicone-treated paper disk, also held be-
tween two washers. Both paper disks had a du-
rability of at least 1.5 h, after which they had to
be changed. This requirement unfortunately lim-
its the practical applicability of this system.
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3. Membrane Phase Separators

Kawase et al.5'* were the first to develop a
phase separator with a PTFE porous membrane
that is permeable to organic solvents, but not to
aqueous phase. This is because of its high surface
tension to the aqueous phase. The membrane
phase separator is (currently) usually preferred to
the older separator concepts utilizing differences
in affinity or density (which, however, can prove
superior with very complicated matrices®”-'%® or
technological processes). In practice, membrane
phase separators are superior to affinity/density
phase separators, but they have the disadvantage
of requiring frequent membrane replacement.

In order to design an efficient membrane
phase separator, the following factors should be
considered:

®  The membrane material

®  The area of the membrane exposed to sol-
vent transfer

®  The volume of the cavities or grooves of
the phase separator

®  The impinging angle of the segmented flow
on the membrane

®  The long-term stability of the separator

®  Ease of operation

The selection of a suitable membrane ma-
terial for the flow system depends on many fac-
tors that may vary during experiments. These
include the flow rate, the ratio between the flow
rates, the physical and chemical properties of the
solvents, chemicals and reagents, the mechanical
properties of the material, the number of samples,
and the separator design.

Fluoroplastic porous membranes of different
pore size (0.5, 0.8, I, 10 wm [typically, 0.7 to
0.9 pwm])) and thickness from different suppliers
(e.g., Sumitomo Electric Ind. Co., Japan; Mil-
lipore, USA; Norton Chemplast, USA; Enka,
Wuppertal, Germany), hydrophobized cellulose
acetate or nitrate (Millipore, USA or Whatman,
Germany), and hydrophobized paper 1 PS (What-
man) have been used'32.96.I01.|03.l19,121

Fluoroplastic porous membranes are more
durable, more hydrophobic, and commercially
available in a wide choice of pore sizes, thick-
nesses, total diameters, and backings. Cellulose

acetate or nitrate membranes are much less hy-
drophobic than PTFE membranes, and they also
easily adsorb water on their porous surface when
dry. Before starting the separation, it is necessary
to wet each membrane of the phase separator with
appropriate organic solvent to prevent leakage
and breakthrough of the solvents through the
membrane. This is more important for hydro-
phobized cellulose membranes than for Teflon
membranes. They are also less durable than PTFE
membranes.

The silicone-treated, phase-separating filter
is less expensive and does not expand or contract
with change in pressure. It gives a similar sep-
aration efficiency and can be used for separation
of the systems with a simple matrix, but its life-
time is significantly shorter than for other
types.32:119-121

Membrane phase separator designs can be
used with a wider variety of water-immiscible
solvents, compared to density or affinity phase
separators since a density or affinity difference
between the two solvents is not strictly required,
At low flow rates of both polar and nonpolar
solvents, they can be used without any observed
contamination (see Table 2). They also can be
used when one phase is a mixture of polar sol-
vents (e.g., 50% aqueous methanol).

The membrane phase separator is compatible
with high flow rates and flow rate ratios, which
can reduce the time of the analysis. As the flow
rate ratio Qy/Q, is decreased, the ‘‘breakthrough”’
of the aqueous phase occurs at some limiting
value? at Q, = 0.7 ml min~', depending on the
total flow rate Q,.

Membrane phase separators can handle only
a limited range of flow rate ratios (Q,/Q, <20 to
30), partly because small differences in pumping
rate can cause the aqueous phase to penetrate the
membrane to the organic phase stream. No dif-
ference in performance was observed for 0.5-pm
pore polypropylene packed Gore-Tex membranes
in comparison with 0.2-pm pore Gore-Tex Te-
flon plumbing tape at slow flow rates. However,
unpacked membranes ruptured at a total flow rate
of Q, >8 mi min~', but polypropylene packed
membranes could be used at higher flow rates.*?

Membranes having pore sizes >1 pm or
<0.45 wm were not suitable (see Table 3). The
organic phase could easily pass through large
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TABLE 2

Some Phase Systems Usable for PTFE Membrane 1 pm
(polyethylene backing)™ in Sandwich Membrane Phase

Separator®

Phase mixture

ml min—?
Q, Q, Q

n-Butanol/15 mM nitric acid 0.7 0.6 0.6
n-Pentanol/15 mM nitric acid 0.9 1.0 1.0
n-Octanol/15 mM nitric acid 1.0 1.0 0.7
Isooctane/water 0.9 1.1 1.0
Chloroform/water + methanol (1 + 1)° 0.9 1.1 0.7
Toluene/water® 0.9 1.0 0.8
Cyclohexane + n-pentanol (8 + 2)/water 1.1 1.1 0.9
Cyclohexane/ethylene glycol 0.9 1.0 0.8

Note: Maximum tolerable flow rates of aqueous Q,, organic Q,, and
separated Q, organic phases in ml min-".

= 35 x 2 x 0.3 mm grooves, Perspex bodies.
®* 35 x 1.5 x 0.5 mm grooves, Teflon bodies.

TABLE 3
Characteristics of Some Membrane Materials™
Pore Max. tolerable parameters Pore Max. tolerable parameters
size size
Membrane {um) Q; Q,/Qq Q, Membrane (nm) Q, Q/Qp Q,
PTFE/u 0.02 NB NB NB FPA 3 16 3.2 1.8
FP/u 0.2 4.3 8.6 4.0 Mitex/u 5 0.8 17 1.1
FP/I 0.2 33 6.6 4.0 Mitex/u 10 08 1.7 1.0
FP/ 0.5 2.3 5.2 4.0 Cellulose® 1 0.9 11 0.8
FP/u 0.5 21 4.2 4.0 Cellulose® 08 09 1.1 0.8
FP/u 0.5 0.9 1.1 0.8 Cellulose® 5 0.9 1.0 0.6
FP/ 1.0 23 4.8 4.0 PTFE tape® 08 1.0 0.7
FP/1® 1.0 09 1.1 0.8 FP/u® 5 0.4 04 0.3

Note:  FP: fluoropore; NB: no breakthrough, cellulose acetate and/or nitrate; I: laminated; u: unlaminated.

*  Maximum tolerable flow rates of aqueous Q,, organic Q,, and separated Q, organic phases in ml min~'; Q;: total flow rate at Q,/Q; = 1.

pore size membranes, with a separation effi-
ciency close to 100%; however, after a few hours,
the aqueous phase would also pass through the
membrane of the smaller pore size.'®* Mem-
branes having pore sizes in excess of 3 pm show
instantaneous leakage of the separated solutions.”
Small pore size membranes had a lower ef-
ficiency (ca. 50% with 0.45 pm). Membranes of
intermediate pore size exhibited 100% separation
efficiency, with easy adjustment of the back-
pressure via a needle valve. A constant separation
efficiency was found for the 0.2- to 0.5-m pore
size.'®® The influence of the backing of the Flu-
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oropore membranes on the mass transport rate
was found to be negligible.””

For the membrane phase separator, analyte
peak broadening was found to be inversely de-
pendent upon the fraction of the aqueous phase
removed from the segmented stream.' An almost
linear relationship between the peak height and
the fraction of the organic phase separated was
found. The use of small internal volumes reduced
band broadening.

The membrane phase separator causes a lower
dispersion than the density or affinity phase sep-
arator, especially at higher ratios between the
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phase flow rates. A similar dependence of the
separation efficiency on flow rate was found for
the membrane phase separator and the T-shaped
affinity separator. The separation efficiency of
the membrane separator was higher — that of
the T separator being only 85%'%* or 79%™ of
the corresponding membrane phase separator ef-
ficiency. Most parameters were identical for the
two types; however, the flow rate range was wider
(Q, of 2.6 to 4.6 ml min~') for the membrane
phase separator (compared to 2.8 to 3.6 ml min~*
for A4-T at Q, = 0.4 ml min—").'®

The analyte peak shape depends on the frac-
tion of organic phase (recovery) that passes
through the membrane. The peak height de-
creases and peak width increases with a decrease
in the recovery of the organic phase. When two
FALP 04700 membranes were wetted with MIBK
prior to use according to the manufacturer’s in-
structions,” the analytical signal increased with
increasing Q,/Q, (up to 10) at Q, constant’® and
rapidly decreased at higher values for the mem-
brane and A4-T phase separators. The signal also
increased with decreasing organic phase flow rate
Q, at constant Q,, with the decrease limited by
the dissolution of MIBK in the aqueous phase.

The complex matrix of some samples ad-
versely changes the permeability of the initially
hydrophobic membrane (especially samples con-
taining surface-active substances such as anionic
surfactants), causing large changes in the sepa-
ration efficiency and in the sensitivity of the
method. It is difficult to achieve successful sep-
arations by a membrane phase separator in such
complicated systems. Surfactants may be preex-
tracted in the form of ion pairs, surface-active
reagents can be introduced as extractants by the
merging zone, or intermittent sample pumping
techniques can be used to reduce or eliminate this
influence. A significant sorption of surfactants
on the membrane filter surface can be ob-
served,'?! causing a longer tailing of the peak.

. This was more evident using silicone-treated phase

separating paper filter 1 PS (Whatman).
Wastewaters containing protein substances
adversely affect the separation process because
the organic phase is unable to pass the membrane
of the circular phase segmenter (38/5 wl for a
segmented stream and organic phase chambers,
GVHP 0.22 pm from PVDF or FALP 1 pm from

PTFE membranes, Millipore) when neutral buf-
fered solutions of Methylene Blue are employed.
An improved efficiency is obtained at pH 2 (pro-
tein-containing substances adsorb on the mem-
brane) since the clogging process is minimized
at lower pH by a change in the electrical prop-
erties of proteins. The membrane-clogging pro-
cess decreases the separation efficiency, and ad-
ditional variations in the back-pressure result in
low reproducibility. The membranes are also sus-
ceptible to fouling by microparticulate matter
present in samples, thus greatly affecting their
lifetime and performance.

Air bubbles greatly affect the regular per-
formance of the membrane phase separator since
air bubbles will pass through the membrane and
occupy dead volumes in the joint and recipient
portion of the separator (and also in some parts
of a detection system), which results in irreprod-
ucible measurements. Complete removal of bub-
bles from the system is a somewhat tedious but
necessary operation that results in a decreased
sampling rate.” Introduction of air bubbles into
the extraction system markedly affects the ex-
traction efficiency of the membrane phase
separator. '%?

A small overpressure in the waste channel
improves the separation by forcing the organic
phase to pass through the Teflon membrane (the
pressure necessary to force a liquid through a
semiporous membrane barrier is directly propor-
tional to the wettability of the membrane material
by the passing liquid). This overpressure is usu-
ally adjusted by variation of the geometry of the
restriction column or coil, or by a needle valve.
With sufficient overpressure, the separation be-
comes complete and no aqueous phase can be
found in the organic phase flow. Porous PTFE
membranes are preferred to Teflon tape because
of their greater mechanical strength and because
they require less overpressure. Total separation
efficiency (100%) can be achieved by adjusting
the overpressure across the membrane by using
the needle valve.!%

Large irregularities in the segmentation pat-
tern may, however, result in occasional organic
droplets in the aqueous phase. The separation
efficiency is also influenced by the density and
the affinity of the organic phase toward the mem-
brane material. In such cases, the spatial orien-
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tation (the vertical position®?) of the membrane
phase separator will influence the separation pro-
cess. Higher differences facilitate the separation
process. Interconnection of both flows after sep-
aration and detection to the common waste out-
let,®7 or removing the phases from the separator
at a constant flow rate using an additional per-
istaltic pump, is sometimes necessary to balance
the pressure and to diminish the risk of solvent
evaporation in the separator. Better reproduc-
ibility and lower baseline noise result from this
arrangement.

Membranes with backing are more durable
than membranes without backing. The total life-
time of the porous Teflon membranes was such
that the aging of the material interrupted the con-
tinuous liquid-liquid extraction process, and the
membrane had to be changed.” The lifetime of
two 1.0-pm pore size Fluoropore membranes
(total lifetime, 2 to 3 h) was greater than that of
two 0.5-pm membranes (ca. 1 h) or that of a
single membrane of either pore size (1 h and
20 min, respectively). The polyethylene backing
membrane provides a working time of several
days and can be used at higher total flow
rates. 103,107

Unlaminated membranes performed better
than the corresponding laminated membranes of
the same pore size. Laminated membranes were
also more difficult to seat properly in the phase
separator; it was necessary to over-tighten the
separator halves to prevent leaking, placing un-
usual stress on the Kel-F body. The smaller the
pore size, the greater the range of useful flow
rates. The 0.2-pm unlaminated membrane gave
the best results; a flow rate of 0.5 ml min~"' of
chloroform in combination with an aqueous flow
of 4.3 ml min~' of water was possible.!2

A large membrane area is beneficial for im-
proving the separation efficiency, but sample dis-
persion usually increases and the lifetime of the
membrane decreases with membrane size. The
lifetime of circular membranes can be improved
by using support screens of different materials
(metal, Teflon net, perforated Teflon,? borosil-
icate microfilter glass disks, etc.), or by using
polyethylene-backed membranes.

To prevent mechanical destruction of rectan-
gular membranes, different porous support ma-
terials are used as a filling material inside the
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grooves of the sandwich membrane separator
(powders or fibers of Teflon, PTFE nets, PTFE
or glass supports, or stainless steel nets coated
with PTFE). The lifetime is increased several-
fold. The area available for mass transport is
decreased in both cases.

A phase separator with straight grooves
(2 X 40 x 0.8 mm) filled with porous polyeth-
ylene material™ in its lower part (organic phase
inlet) and unfilled upper part (2 X 40 X 0.4 mm
groove) also prolonged the lifetime of the
membranes.

The lifetime of a single membrane is longer
at lower Q, and in the absence of disturbances
caused by injection in the segmented flow sys-
tem.'® Membranes of GVHP have longer en-
durance and lifetime (8 h), but problems with the
analysis of highly polluted water samples occur;
hence, PTFE membranes with a PTFE-coated fil-
ter support are preferable in the case of samples
with very complicated matrices.

The working principles of the groove cavity
type separator and the cylindrical cavity type phase
separator differ.'?' In the cylindrical cavity, a
thick layer of the organic phase always covers
the surface in contrast to the alternating seg-
mented stream flowing along the membrane of
the groove type separator, continuously wetted
by thin film. The cylindrical type does not work
effectively with two-phase systems of low den-
sity differences, but works well with systems such
as water/chloroform. In the groove type, the den-
sity difference does not significantly affect the
separation process.

a. Sandwich Phase Separator

The sandwich phase separator consists of two
pieces of chemically inert material (e.g., Per-
spex, Teflon, stainless steel, titanium, etc.), each
having a groove facing the membrane (see Figure
21). The two identical grooves, measuring a few
centimeters in length, are separated by a strip of
Teflon or hydrophobized acetylcellulose mem-
brane which allows the organic phase to pass
from one groove to the other. The grooves can
have a constant cross-sectional area or (better) a
linearly increasing area in the outlet portion and
a linearly decreasing area in the segmented por-
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FIGURE 21. Sandwich separators with constant (A,
C, D) and linearly increased/decreased (B, E, F) grooves
and inlet channel situated at the ends (A, B, D, E, F)
or in the center (C) of a donor groove; the separators
with the conical acceptor groove and outlet channel
situated in the bottom of the groove (E, F); the different
possible shapes of the grooves are depicted below (G,
H).

tion of the phase separator body, respectively.
Sloped grooves (usually 2 mm maximal depth,
2 mm width) provide a better separation effi-
ciency.'%-195.119 Straight, meandering®® or con-
centric spiral grooves’ have also been used to
increase the active surface area available for mass
transport. The meandering groove provides
greater analyte peak heights.?1%

The assembly is bolted together using me-
tallic plates and screws. A gasket of suitable ma-
terial (neoprene,*® Teflon) or having a mirror-
polished surface is sometimes used to prevent
leakage of the two phases.

The inlet and outlet tubes are oriented per-
pendicularly or at some angle to the phase sep-
arator main axis. The inlet tube and the outlet to
waste are situated on one side, and the outlet
taking the appropriate phase to the detector is on
the other side of the phase separator body. The
tubes are usually located at the ends of the
grooves, or the inlet tube can be centrally situ-

ated.*® The separator is positioned to facilitate
the separation process based on the density dif-
ference between the phases.

The volume and geometry of the phase sep-
arator grooves are fundamental parameters for the
separation process. The volume should be at least
four to five times larger than the volume of an
individual segment of the aqueous phase because
the groove must not at any time be filled only
by the aqueous phase. If this condition is not
fulfilled, the aqueous phase will penetrate through
the membrane and also damage the membrane.
Since a typical segment volume is about 1 to 10
pl, the minimum volume of the inlet groove
should be 5 to 50 ul.

The relatively large groove volumes (0.3 ml
on each side) of the phase separator and pumping
off the organic phase from the separator through
the pump provides a high phase separation effi-
ciency and makes it possible to tolerate small
irregularities in the phase segmentation. Adding
another organic flow into the system compensates
for the loss of organic phase resulting from the
partial solubility of the organic phase in water
and eliminates organic solvent evaporation. This
prevents subsequent formation of small bubbles
of organic vapors and formation of aqueous drop-
lets after the segment plug, both penetrating
through the membrane.®?

Increasing the membrane area, which can be
achieved either by making the grooves shallower
and wider, or by making the grooves longer (or
both), increases the separation efficiency. The
volume of the phase separator must, however,
be kept as small as possible since dispersion in-
creases correspondingly.

The extraction rate and the extraction effi-
ciency depend on the groove geometry (length,
depth, width, slope), the membrane material, the
physical properties of the immiscible liquid phases
(their densities, interfacial tension, viscosities,
etc.), and on the overpressure across the mem-
brane profile. This type of phase separator
(20-pI internal volume) can separate up to 70 or
95% of the organic phase from a segmented flow
stream over a wide range of total flow rates
(95%'** and 99% for benzene''?). The efficiency
can be increased by the application of a slight
overpressure, but a high overpressure will cause
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leakage of the phases or mechanical damage to
the membrane.

Several kinds of phase separators employing
a porous PTFE membrane (0.8-pwm pore size,
Sumitomo) were tested by Motomizu and
Oshima® in order to improve the efficiency and
stability of the phase separation. The phase sep-
arator bodies were made of poly-
(chlorotrifluoroethylene) (CTFE) and the mem-
brane chambers inside were made as small as
possible. Phase separators having rectangular
membranes were found to be more efficient (ca.
100% recovery) than separators having circular
membranes (85 or 72%), and the best, smoothest,
and most efficient phase separation over a long
period of time was obtained with the shaped
groove phase separator of type 1A. Segmenters
with a cylindrical cavity give a higher sensitivity
than that of a groove cavity.

Separators with cylindrical cavities in a
‘““segmented’’ part and conical cavities in an ‘‘un-
segmented’’ part of the main body of a different
depth (0.3 to 3.1 mm) and different diameters
(0.7 to 5 mm) give an organic phase recovery in
excess of 99%, except those with a cylindrical
cavity depth under 1 mm, by adjusting the ov-
erpressure with a needle valve.''*'2""'?> Varying
the membrane support ring diameter and the di-
mensions of the conical cavity, the same recovery
is achieved and the sensitivity increases with a
diameter increase of up to 4 mm. The organic
phase recovery decreases to 40% when the mem-
brane filter comes into contact with the conical
cavity walls. The duration of the signal is ap-
proximately the same for PTFE membranes of
0.5- and 0.8-um pore size and for phase-sepa-
rating paper filter 1 PS (Whatman).

A design using a relatively small membrane
area (18 mm?) without any support screen ensures
a high effective area.'® To ensure a high sepa-
ration efficiency, the entry to the membrane
groove was slanted at an angle, so that the seg-
mented flow was directed toward the membrane
surface. A sharp slant with a large angle will
improve the impact of the flow on the membrane,
but if the groove area is kept constant, the volume
will increase accordingly, and this will inevitably
lead to increased dispersion. The depth of the 10-
mm long groove was made 2 mm at one end and
1 mm at the other, the cavity volume thus being
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only 27 ul. The resulting slope was sufficient to
ensure efficient transfer of the organic phase (ef-
ficiency 97%; single layer of membrane lifetime,
20 h; flow rate ratio MIBK/water, 22). A groove
inlet configuration seems preferable to the cham-
ber inlet configuration.”

b. Circular Membrane Phase Separators

In comparison to the rectangular phase sep-
arator, a phase separator using a circular mem-
brane has the advantages of commercial mem-
brane availability and ease of manipulation. A
typical example is a phase separator having a
small circular cavity of 10 mm ID in which the
segmented flow is impinging at an angle toward
the membrane (see Figure 22). The polyethylene-
backed membrane is supported by a Teflon-coated
filter screen to improve its durability and long-
term stability under the high pressures created by
high flow rates. The separation efficiency of one
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FIGURE 22. Circular membrane separators with con-
ical chambers (A, B) and different orientation of the
outflow channel, circular membrane separators with cy-
lindrical donor and conical acceptor chambers (E) with
magnetic stirrer (C) or conical Teflon road (D) inside
the chamber, eventually, positioning a membrane and
a support inside the conical cavity (E), a view of the
lower part of the conical chamber (F), and a view of
one of several possible forms of an acceptor cavity.
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such design® was 99%. A membrane phase sep-
arator with a rigid support having two cylindrical
cavities of a volume of 2.8 pl each was also
used.?s

Supports (perforated Teflon, etc.) are nec-
essary to prevent mechanical damage because the
active membrane area is usually larger than in
the sandwich phase separator. Positioning the
membrane horizontally increases the lifetime of
the membrane, as the separation process is forced
by gravity.?? The separation efficiency is usually
near 100%.

The total active area of the membrane usually
decreases with decreasing total inner volume of
the cavities. The remaining area contributes to
dead volume, which increases dispersion of the
sample. An improved ratio of active/dead area
was achieved by using a concentric spiral groove™
or a special design of the lower portion of the
donor chamber (see Figure 22F and G), which
has a function similar to that of the multichannel
straight groove separator. The segmented flow
enters the chamber through a central capillary and
passes along the lipophilic membrane to the out-
flow channels inside the outer part of the cham-
ber. Organic phase penetrates to the acceptor
groove, and aqueous phase (with a portion of
nonseparated organic phase) is collected inside
the “‘ringlike’’ orifice and drained off through
the outlet channel.

Another phase separator® system (Hitachi
HPLC gradient mixing chamber, Model 635)
consists of two blocks with a gradient mixing
chamber (body, joints, ring, and stirring bar are
of PTFE), utilizing a porous PTFE membrane
which is pressed into the inside flat surfaces of
the PTFE ring to make intimate contact with the
ring. The stream of segmented phases enters the
mixing chamber (9 mm ID, 2 mm depth), and
the phases are separated by the PTFE membrane.
The stirring bar is rotated during passage through
the system (Figure 22C). With an increase in the
inner volume of the separation system, sample
dispersion increases as the exchange of chloro-
form on the PTFE membrane surface slows; how-
ever, considering the separating capability, the
surface area of the membrane should be as large
as possible. A stirring bar was introduced into
the cavity in order to decrease the inner volume.
Improved efficiency and higher and sharper an-

alyte peaks were achieved when the stirring bar
was rotated. This was said to be due to the forced
exchange of organic phase on the surface of the
membrane. It was first used by Kawase et al.6 in
combination with a ‘‘tee’’ separator.

Ogata et al.** compared the groove-type phase
separator having a more compact design with a
circular membrane in which the segmented stream
was directed onto the slanted surface at the end
of a 3-mm diameter Teflon rod fixed in a circular
chamber (Figure 22D). The flow direction was
thus toward the membrane where the separation
occurred. The CTFE body consisted of an inlet
(0.8 mm ID), two outlet channels (0.8 mm for
organic phase or 1 mm ID for aqueous phase),
and a separating compartment, all made from
CTFE. A small piece of cylindrical PTFE rod (r)
with the top cut at a 45° angle was fitted to the
bottom of the separating compartment, and a
polyethylene-backed porous Teflon membrane
(FALP Millipore) was sandwiched between the
CTFE plug and the orifice. The cut surface was
adjusted to point at an angle toward the inlet,
allowing the organic phase to be directed to the
membrane surface. The organic phase being
sucked through the membrane was led to the flow
cell through the outlet tube (o) atop the membrane
phase separator. The aqueous phase and the ex-
cess organic phase are discarded through the out-
let after taking a circuitous route around the PTFE
rod.

This design causes less dispersion than the
classical sandwich membrane phase separator,
especially when large volume fractions are passed
through the Teflon membrane. A significant de-
crease of dispersion actually occurs when the vol-
ume (0.25 to 0.65 to 0.35 to 1) of the separated
fraction increases (35 or 40% peak width of BCG
or caffeine). This compares to a decrease of 22
or 20% for the sandwich separator, which is also
inferior to the new design with respect to dis-
persion because of the large surface area and the
longer surface of the membrane in the sandwich
separator (7 mm?*70 mm? for 2 X 35 mm
membrane).

An engraved phase separator having a mem-
brane supported by a Teflon-coated steel grid
prevents the membrane from expanding into the
acceptor chamber used for the organic phase
(Figure 22F to H). The segmented stream enters
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the phase separator from below at the center of
a circular membrane via a perpendicularly drilled
channel, and travels through an engraved coiled
channel in contact with the membrane before
leaving the membrane area at the periphery. The
volume of the receptor chamber for the organic
stream is 10 pl.

The coiled groove and straight groove sep-
arators had similar properties with respect to sam-
ple dispersion (see Table 4). The disadvantage
of the straight groove separator is that it is in-
convenient to operate. Also, circular membranes
are more easily applied than oblong membranes.™

A simple phase separator with a cylindrical
cavity (4.2 mm diameter, 2.3 mm deep) and con-
ical cavity (5 mm/1.7 mm) can be effectively
used for phase separation of solvents having dif-
ferent densities from those of water using fluo-
roplastic porous membrane filter or less expen-
sive phase separating paper filter, without
significant loss of the separation efficiency.'*'

¢. Dual Membrane Phase Separators®"”®
The dual-membrane phase separator consists

of two different types of membranes: a hydro-
phobic membrane of Teflon (10 to 20 wm pore

size, Zitex E 249-122, Norton Chemplast), and
a hydrophilic membrane consisting of two layers
of Whatman No. 5 filter paper. The membranes
are placed in two wells on either side of a
Kel-F central body piece and are then sandwiched
in position by two Kel-F outer body pieces (see
Figure 23). The surfaces of the outer pieces lying
just behind the membranes are textured in a spoke-
like pattern to facilitate uniform flow through the
membranes. All three Kel-F bodies are pressed
together by stainless steel end plates held with
SCTEWS.

The organic phase is passed through the Te-
flon membrane and the aqueous phase simulta-
neously passes through the paper membrane. The
organic and the aqueous phases exiting from the
separation chamber (and also the combined
aqueous/organic unseparated phase exiting from
the top of the phase separator) pass through an
adjustable peristaltic pump in order to provide
accurate flow control.

When immiscible solvents such as cyclo-
hexane/water are used and when the flow rates
are carefully adjusted, breakthrough of the wrong
solvent is virtually never encountered, neither
with the paper nor with the porous Teflon mem-
branes. It is necessary to wet each membrane
with the appropriate solvent before pumping is

TABLE 4
Basic Characteristics of Different Types of Membrane Phase Separators’+°?

R H.e w, A’ w,
Type Groove* (%) (%) (%) Type* (%) (%)
21B 2/2 100 100 56.7 CGe 89 21
218 11 94 100 54.9 CG 98 19
21A 0.5/2 100 100 58.5 GT 30 42
21A 0.5/1 88 96 57.9 SG 100 19
21E 11, 0.5N1 100 99 56.7 CP 53 30
22C* 1/4.2, 1.6/4.2 100 102 55.8
21F 1/4, 2/4 85 94 61.5
22E 1/3, 2.5/3 72 100 61.5
a Maximum depth/width or diameter of the membrane chamber in millimeters R (%) recovery of

the organic phase through a membrane filter.

b Peak height or peak area ratio relative to 1A and to SG, respectively; W, (%) peak width at 1%

of the maximum peak height.

° Separator (CG: coiled groove, GT: glass T-tube, SG: straight groove, CP: conical/peripheral)

used with engraved segmenter.
d T-piece segmenter used.

e Without a magnetic stirrer, with a conical acceptor chamber.
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FIGURE 23. A dual membrane phase separator with
lipophilic and hydrophilic membranes for simultaneous
separation of aqueous and organic phases.

started in order to prevent leakage and break-
through of the solvents through the membrane.
Two single membrane phase separators in series
have been shown to work just as well.!

d. “Tube-in-Shell” Tubular Membrane
Phase Separators

The tubular microporous membrane phase
separator, a ‘‘tube-in-shell’’ device (see Figure
24) was made from hydrophobic microporous Te-
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FIGURE 24. A “tube-in-shell” tubular
membrane phase separators for separa-
tion of the aqueous (A) and organic (B)
phases from the segmented flow.

flon tubing (2-pm pore size) with a Teflon tubing
inserted at the termini. The segmented stream
flows in the central microporous tube rather than
through the annular space to prevent potential
sample dispersion. The organic phase, wetting
the wall of the device, passes through the pores
to the annular space. The sample in the aqueous
phase passes through the central portion into the
detector flow cell. Semipermeable tubing was
inserted into a larger diameter Teflon tubing, the
active length being several centimeters. The de-
vice is suitable for separation of the organic phase
from the segmented stream in the second stage
of the back extraction procedure, or when the
organic phase is used as a carrier only.

A similar design of phase separator was also
used for the separation of aqueous phase from
segmented flow, the organic phase being moni-
tored, but proper function of the device is ques-
tionable. An infrared detector was used for a
study of the extraction process of benzyl alcohol
from water to carbon tetrachloride. >’

4. Water-Absorbing Column
Separators'*®

A liquid-liquid extraction FIA system with a
disposable, resin-filled water-absorbing column
using, e.g., Sumicagel base gel SP-520 and the
inner fibers in a disposable diaper, Sumitimo-
kagaku and ‘‘Merries’’ Kayo, Tokyo) that selec-
tively absorbs the aqueous phase has also been
explored. Such absorption materials can be packed
(280 or 300 mg) into a glass microcolumn
(8 X 10 mm) and conditioned by pumping a
4 + 1 v/v chloroform/methanol mixture for 15
min.

The aqueous phase is injected into a stream
of an organic-immiscible solvent, and extraction
of the analyte takes place during the transport
through the extraction column, followed by the
selective absorption of the aqueous phase.'?° Only
the organic phase containing the analyte flows
into the spectrophotometric detector. The water-
absorbing column acts as a phase separator as
well as a segmentation remover. The chief ad-
vantage of the apparatus (see Figure 25) is its
simplicity since no reaction tube or complex phase
separator is needed and the extraction efficiency
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FIGURE 25. A microcolumn phase separator with
water absorbing fibers.

is very high. A disadvantage is that a higher
column overpressure is sometimes observed and
the column may need frequent replacement.

E. Capillary Systems

Reaction and mixing coil geometry is deter-
mined by the same rules as in the classical one-
phase FIA systems, taking into account minim-
ization of sample dispersion and maximization
of the reaction yield.%*13.125.126 The dispersion
process, acting on the sample zone in an aqueous
portion of the system, is easily controllable!'? and
is not discussed further here.

The dispersion of the sample in the extraction
FIA system occurs mainly at the actual injection
site and during the movement of the aqueous
stream from the point of injection to the phase
segmenter. There is also some dispersion in the
segmented portion of the extraction FIA system,
from separator and segmenter and from connec-
tion capillary up to the flow detector. The overall
dispersion in two-phase systems must be re-
garded as an apparent dispersion since the solute
concentration in the organic phase also depends
on the extraction process in the extraction coil.

The length of the reaction coil Ly is not
critical for shorter reaction times.'* In general,
analyte peak height decreases with increasing re-
action coil length because of the dispersion of
the analyte in the flowing system.’* A shorter
reaction coil is desirable for reducing solute dis-
persion. Tube length between the mixing point
and the segmenter did not affect peak height at
Lrc <50 cm of 0.5 mm ID,!% or at 40 cm and
0.35 or 0.7 mm ID,”™ when a fast reaction was
used.

A shorter connection tube between the sam-
ple injection and mixing point gives better re-
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sults, and affects less the analyte peak area than
the peak height by interfering ions in the liquid-
liquid extraction FIA determination of ion as-
sociates. The formation of ion associates between
voluminous anionic species and metal ions is more
significant for poly- than monovalent ions. The
higher the charge of a cation and the higher con-
centration, the more ion associates are formed.
The metal ions have to be ejected, which results
in the use of longer tubing.'*®

The long reaction time of anionic surfactants
with cationic counter ions is well known, how-
ever, and efficient extraction of the ion associates
in a continuous flow analysis system requires a
longer mixing coil to increase the reaction yield.®
With a higher concentration of foreign cations,
peak shape was affected by the length of the
connection tube from the reaction coil, so a shorter
reaction coil is better due to kinetic factors of
side reactions.'® When a sample is injected into
a segmented flow stream, the additional disper-
sion of the reaction coil tube is eliminated.'%

A variation in the tube length of the reaction
coil from 5 to 40 cm did not affect peak height
when a direct determination of metal ions was
performed by injecting aqueous sample solutions
directly into an organic phase stream acting as a
transport medium,'® or when introducing an
aqueous sample and extracting reagent solution
directly into an organic extractant stream inside
the phase segmenter.'* The sample was not dis-
persed and diluted since the film of the organic
phase on the walls prevents transfer of the ana-
lyte. Peak height in this two-phase system was
1.4 times higher than in a one-phase aqueous/
aqueous system. When methanol or water were
used as a carrier stream, an extraction coil length
over 5 cm changed the signal.'®

A sample solution in an organic phase in-
jected into a connection tube between an injector
and a nebulizer of a flame AAS autonomy system
increases the analytical signal with increasing
sample volume up to 90 ul, and it is then constant
up to 300 wl.'® The peak area and peak width
increase with sample volume V_ up to some limit,
and then are constant. No linear relationship ex-
isted between the sample volume V, and the peak
height H,, but there was good linearity between
V, (or number of moles of the analyte injected
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into the system) and the peak area (or number of
moles extracted into organic phase).

Restriction columns, or restriction coils of
different geometry, or needle valves are usually
used for regulation of the overpressure across the
membrane filter of the phase separator. These
also remove the unseparated part of the organic
solvent, together with the aqueous phase, into
the waste. The length and the inner diameter of
the restriction coil effectively regulate the frac-
tion of the organic phase flowing into the flow
cell.

The restrictor coil produces a slight back-
pressure and, hence, forces the organic phase
through the porous membrane. Removing the or-
ganic phase flow-through membrane phase sep-
arator at a constant flow rate using an additional
peristaltic pump or by connecting both flow outlet
channels into a single channel’* improves the re-
producibility of the measurements by better than
2%. Membrane clogging and variations in the
back-pressure in the restriction coil result in low
reproducibility.

F. Detectors and Interfacing

A good flow-through detector should have
the following attributes: small volume, low noise
level, fast linear response over a wide concen-
tration range, and high sensitivity. Other impor-
tant features include the detection limit and the
detector contribution to the peak width. The se-
lection of suitable detection systems is limited
by the presence of trace amounts of one of the
immiscible solvents in the other phase since the
solubility of solvents is usually very low, but not
negligible. Besides the use of classical detection
systems which have excellent precision, special
types of detection systems were introduced into
liquid-liquid extraction FIA to take into account
the special tasks of this technique. Optical de-
tector systems are preferred to other types since
the influence of the organic phase is less impor-
tant for such systems. Electrochemical detectors
are usually not used, due to the interference of
trace concentrations of organic solvents in the
aqueous phase.

Since most liquid-liquid extraction proce-
dures (especially those using liquid-liquid ex-

traction of metal chelates with organic analytical
reagents) are nonselective, liquid-liquid extrac-
tion is often combined with more or less selective
detection systems. AAS, atomic emission spec-
trometry (AES), inductively coupled plasma op-
tical emission spectrometry, fluorimetry, chem-
iluminescence, and, especially, molecular
absorption spectrophotometry are the most pop-
ular. These methods can be used to advantage
because it is very simple to interconnect the ex-
traction FIA system to a flow-through detector.

A detection system with two®' independent
detectors was used for the simultaneous moni-
toring of both immiscible phases (see Figure 6B)
after their separation using two membrane sep-
arators (lipophilic and hydrophilic) connected in
series, or with the aid of a dual membrane sep-
arator in which the organic phase passed through
a Teflon membrane and the aqueous phase passed
through a filter paper membrane. Simultane-
ously, the phases are directed to the detectors,
and the analytical signals are fed into digital in-
tegrators. Such a system was used for the si-
multaneous determination of diphenhydramine
and 8-chlorotheophilline in pharmaceutical
preparations®' after their separation into cyclo-
hexane and water at pH 10, and for the simul-
taneous determination of acidity constants.*'

To decrease the complexity of such systems,
both phases were monitored by a single detector
(see Figure 26) in which the organic phase flows

“through the sample flow cell and the aqueous

phase stream flows through the reference flow
cell.”® A single photometric double-beam detec-
tor was modified to allow electronic switching
of the sample/reference designation of both flow

P S
— 1 MRC
C(R) EC w (aq,org)
TS Dg f—+ w (aq)
C{(aq) PS4 Dg |+ w (org)
| | m org
DB

FIGURE 26. A FIE manifold with a dual phase sep-
arator and a single detector for simultaneous monitor-
ing of both phases passing sample (D,) and reference
(Dg) flow-cells.
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cells by use of a double-pole, double-throw relay.
The setting of this relay (either for normal or
reversed-flow cell designation) was controlled
with an electronic timer after a preselected time
delay, to measure both phases as positive signals.

The combination of two spectrophotometric
detectors was also used for direct, automated ex-
traction ratio measurements. The organic and
aqueous phases were detected by two independ-
ent diode-array detectors controlled by com-
puters. The full set of data was treated, and the
composition (2:2:1) and a rate constant of the
reaction of uranium(VI) with (4-benzoyl-2,4-di-
hydro-5-methyl-2-phenyl-3H-pyrazol-3-thione)-
trioctylphosphine were determined. '

In-line spectrophotometric detectors situated
on a closed-loop system have been used for con-
tinuous monitoring of the analytical signal.??'®
In the first arrangement, the accumulation of the
extracted species is monitored directly, and a de-
rivative can be formed inside the loop by addition
of a suitable reagent (see Figure 11). The other
arrangement involves measurement of the analyte
after a preselected delay time, resulting in a tran-
sient signal typical of FIA analysis.

A waveguide long capillary cell made of
Pyrex glass (1.0 mm ID, 4 mm OD, 1 m long,
covered with black polyethylene tube to shield
from stray light and to increase the mechanical
strength) wrapped with light refractive material
and filled with the sample solution®* was applied
as a spectrophotometric detector for the extrac-
tion FIA determination of iodide.

An improvement in the system®’ was made
when a solvent (such as carbon disulfide) was
used which has a refractive index exceeding that
of the tube material totally reflects the light inside
the tube and propagates it through the capillary
with a loss in intensity (apart from absorption by
the solution) and applies it to liquid-liquid ex-
traction FIA for extremely sensitive determina-
tions of copper with diethyldithiocarbamate into
CS,. A simple homemade arrangement of a de-
tector based on a tungsten lamp (300 W), an
interference filter, and a capillary flow cell (0.53
mm ID, 20, 46, and 200 cm length) connected
to the light source, provided a detection system
(photocounter and strip chart recorder) and lig-
uid-liquid extraction FIA system, using stainless
steel T-joints, which was more useful.
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Solid state, flow-through photometric detec-
tors incorporating light-emitting diodes (LEDs)
as sources of visible (red, yellow, blue, and green
with peak emission wavelengths of 480, 550,
563, 570, 580, 600, 630, 638, 660, 685, and
800 nm are presently available from different
suppliers) and UV radiation, and photodiodes or
phototransistors as a detector provide a simple,
reliable, and low-cost alternative to commer-
cially available spectrophotometers. The LEDs
and photodiodes or phototransistors are relatively
inexpensive, compact, and commercially avail-
able components of ‘‘on-tube’’ detectors, the ap-
plication of which minimizes sample dispersion
within the detection system (Figure 27).

In one of the simplest designs, the LED and
phototransistor are glued directly into a nontran-
sparent detector body and the flowing stream
comes into direct contact with the plastic surfaces
of the solid state components, or both demount-
able active components are located behind small

LED

transparent
tube

PT LED
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FIGURE 27. Flow through photometric detectors with
a light-emitting diode (LED) and phototransistor (PT)
in Z- (A) and on-tube (B) configurations.
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glass focusing lenses. An alternative ‘‘on-tube’’
design uses nonintrusive solid-state components,
and has the advantage of negligible sample dis-
persion within the flow cell which is realized by
use of a perpendicularly oriented (semi)transparent
Teflon or quartz tube (Figure 27B). The design
can incorporate a beam splitter for compensation
of temperature changes and aging of the LED,
and therefore reduces long-term drift. A double-
beam arrangement uses separate LED-photo-
diode pairs to monitor the reference and the sam-
ple streams.

A fast-reading ‘‘on-tube’’ photometric de-
tection system (approximately 3-ms time reso-
lution) controlled by a computer'32133.142-147 g
very suitable for some applications in separator-
less liquid-liquid extraction FIA (Figure 28). The
segment length produced by phase segmenters of
different geometries, and the behavior of a thin
film of an organic solvent formed on the walls
of the extraction coil tubing in a continuous lig-
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FIGURE 28. A FIE manifold with a dual-channel
coaxial segmenter (MS) and an on-tube fast reading
photometric detector controlled by a computer (PC) for
liquid-liquid extraction without phase separation (A) and
a view of an on-tube flow-through cell with transparent
fluoropolymer, glass, or quartz capillary. P1, P2, LC:
peristaitic and liquid chromatographic pumps, respec-
tively, MT: a measuring transparent FEP tube, sf. seg-
mented flow.

uid-liquid extraction flow system, were studied
using this sophisticated system.

The resulting segmented flow passed through
the extraction/measuring tube (Figure 28B). The
analytical signal was measured by a detector
reading signal values across the transparent FEP
capillary tubing. The analog signal was fed into
a personal computer via a high-speed data ac-
quisition module using software drivers language
support subroutine libraries with the BASIC lan-
guage interface. Computer programs written in
BASIC were used for communication between
computer and detector and for data treatment. An
integration time of several milliseconds was used
to increase the precision of the measurements at
the slower reading frequency. All measured val-
ues were stored in computer memory, €ither for
post-run mathematical treatment or the data were
treated immediately during the experiment.
Graphic ‘‘on-screen’’ presentation of the stored
data followed, if required.

A similar detection system with a special glass
capillary flow cell with optical fibers oriented
perpendicularly to the main axis of the flow cell
was used for computer ‘‘phase separation’’ in
liquid-liquid extraction FIA and applied for the
determination of pesticides in wastewaters. A so-
phisticated ‘‘sorting’’ computer program allows
the separation of analytical signals measured di-
rectly on the aqueous and the organic segments,
and subsequent determination of extractable
species.'*®

A single on-line fluorimetric detector situated
on the Teflon tube was used for monitoring flu-
orescent species in a single-line, liquid-liquid ex-
traction FIA arrangement without any phase sep-
aration, when a very small volume of an aqueous
sample (10 pl) was injected rapidly in the form
of small droplets into the continuously flowing
stream of the organic phase.*

A laser excitation ‘‘on-tube’’ fluorimetric de-
tector with a time resolution of 2 ms (in which
the laser beam of a CW argon ion laser, at 488
nm, was tightly focused to the center of the Te-
flon tube to eliminate the light scattering from
the surface of the tube) was used to study tran-
sient phenomena in the flowing system and che-
late formation between gallium(III) and lumo-
gallion. Fluorescence was focused by a lens onto
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the entrance slit of a double monochromator and
detected by a photomultiplier connected to a
picoammeter.

Chemiluminescence® has an approximately
50-fold higher sensitivity than that of fluores-
cence, but the precision is lower. The relative
chemiluminescence intensities of steroid sulfates
depend on their molecular structure (mostly on
the presence of hydrophobic functional groups
such as oxo and hydroxy groups). It could be
used in such cases when no characteristic spec-
troscopic groups in molecular form are present,*
using a simple homemade detection system
equipped with a 250-p.] spiral flow cell in front
of a photomultiplier.

Flame AAS detectors are used more fre-
quently for the direct or indirect determination
of analytes than graphite-furnace AAS instru-
ments because of their simpler interconnection to
the liquid-liquid extraction FIA manifold. Intro-
ducing the controlled flow into a flame AAS de-
tection system by peristaltic pumping the appro-
priate phase stream improves the nebulizer
performance, compared with aspiration con-
trolled by the oxidant flow rate im the
nebulizer.'6-°%119

An AAS detector with electrothermal atom-
ization was connected with an extraction FIA
apparatus through an electronically controlled
system of valves, and used for the determination
of heavy metals,'?%'?° but the complexity of the
system limits its practical use.

IV. SPECIAL TECHNIQUES
A. Unsegmented Systems®s

An unsegmented system for liquid-liquid ex-
traction in FIA can be used for the separation of
the analyte from aqueous sample solutions of the
high analyte concentration into the continuously
flowing organic phase stream. This system is
based on the use of a short connection time of
the aqueous and organic phases in a special ex-
traction module with a porous Teflon membrane.

The extraction module is very similar to that
used in a dialysis technique (see Figure 3A and
B).%#113 Tt consists of two halves made from
PVDF, each having one inlet and one outlet chan-
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nel and symmetrically situated grooves of 0.4 and
0.8 mm depth for the organic and aqueous phase
streams, respectively. The groove for the recip-
ient stream is filled with support material of a
porous polyethylene. A gasket made of Teflon
tape with a rectangular cut was adapted to the
grooves. The module uses a hydrophobic mem-
brane of PTFE (1 wm porosity) for both immis-
cible phases, sandwiched between both grooves.

The aqueous sample solution (continuously
pumped or injected into the aqueous phase stream
at volumes of 40 to 400 pl) is led into an ex-
traction module, together with an organic recip-
ient stream, each to only one side of the mem-
brane. The extracted analyte transfers from the
aqueous phase stream across the membrane
(which is saturated with the organic solvent) into
the organic phase, flowing directly into the de-
tector flow cell. Thus, the segmentation as well
as the separation units of the conventional liquid-
liquid extraction FIA system are eliminated.

Because of the restricted area and short (but
controllable) contact time, only a low extraction
efficiency (8 to 18% recovery) is achieved. The
extraction efficiency differs for different com-
pounds and is a function of their molecular struc-
ture and diffusion coefficients. Extraction effi-
ciency is also influenced by the flow rate ratio
of the donor and acceptor streams. Reproduc-
ibility and accuracy of the determination de-
creases with decreasing total flow rate within some
limit because small variations in the flow rate
produce large variations of the extraction effi-
ciency. The extraction efficiency increases with
increasing groove depth by a factor of almost 2
at 0.4 and 0.8 mm. The proposed procedure al-
lows miscible solvent to be used without a sig-
nificant change in the proportion of the solvents
in both phases. Liquid-liquid extraction can be
carried out with small sample and organic phase
volumes of 40 to 200 pl and 1 ml per sample,
respectively.

A microconduit system based on this unseg-
mented technique’ has been used since it has a
very short startup time (3 to 5 min), typically
requires low maintenance, and has reduced re-
agent, solvent, and sample consumption due to
its very small internal volume.

A self-contained module contains engraved
integrated conduits for the reaction and mixing
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coil, a segmenter, a detachable extraction coil,
a membrane phase separator, and a rinsing sys-
tem for the flow cell. The circular membrane
phase separator with a centrally coiled entrance
channel and a Teflon-coated stainless steel grid
has a 10-u! volume recipient (organic phase)
chamber. The separation efficiency is at least
85% for several organic solvents, and drops to
ca. 60% in the presence of polar solvents such
as methanol.

A similar system with an integral vapor per-
meation unit of an ‘‘tube-in-shell’” design was
developed to separate volatile organic substances
from aqueous samples and preconcentrate them
in a stationary (or slowly flowing) stream of or-
ganic solvent (methanol, hexane) closed inside a
nonporous silicone rubber sample loop. Organic
compounds (e.g., alkylated and halogenated ar-
omatic hydrocarbons and phenols) present in the
injected sample zone permeate a tubular silicone
membrane and are detected by spectro-
photometry. '8

B. Unsegmented System with Liquid
Membranes”

An unsegmented liquid-liquid extraction FIA
system for aqueous/aqueous extraction process
with a liquid membrane separation unit (Figure
3A and B) was used for sample cleanup and pre-
concentration of amines. The separation unit of
the liquid-liquid extraction FIA system is similar
to that used in the previous unsegmented system
and has a function similar to a membrane phase
separator. The liquid membrane is sandwiched
between two blocks made of Teflon for the ac-
ceptor side and made of titan for donor side, in
a ‘‘dialysis module’’ with two U-shaped grooves
(0.25 mm deep, 1.5 mm wide, and 150 mm long).

An alkaline aqueous sample stream contin-
uously passes a porous hydrophobic Teflon liquid
membrane pretreated with an organic solvent (by
immersion into it for 15 min). Solvents immo-
bilized in the membrane pores (such as isooctane,
n-hexadecane, n-undecane, and 1-decanol) must
be quite insoluble in water since a thin film of a
large area comes in contact with large volumes
of aqueous solution. The membrane facilitates
mass transport between two aqueous solutions

(donor and acceptor) by dissolving the extract-
able analyte in organic solvent immobilized in-
side the membrane pores.

Porous hydrophobic fluoroplast membranes
(Fluoropore FG, FH, FA, FS, Mitex LS and LC,
Durapore GV) of different pore sizes (0.2 to
10 pm) were used as solvent supports. The back-
ing of the membranes had negligible influence
on the mass transfer rate, but prolonged their
lifetime. Membranes with a pore size of over 3
pm showed instantaneous leakage of the two sep-
arated aqueous solutions.

The liquid membrane permits analyte transfer
from the alkaline donor stream to the aqueous
stagnant (or flowing) acidic solution on the ac-
ceptor side. The analyte distribution is based on
the pH difference, but also on the concentration
gradient of an organic analytical reagent. The
extractable compounds pass the membrane and
a defined fraction is stripped in a small volume
of the acceptor groove. The resulting plug of
analyte in the aqueous medium is swept from the
membrane separator to the detector. Thus, a pre-
concentration can be achieved if the acceptor
stream is closed (arrested) while the sample flow
stream is continuously flowing through the donor
portion.

The analyte concentration can be determined
directly, or after subsequent separation, on an
HPLC column. The extraction process is thus
simplified since there is neither a segmentation
nor a phase separation unit. The mass transport,
separation efficiency, enrichment factor, and se-
lectivity of the separation process are influenced
by sample volume, support matrix, type of im-
mobilized organic solvent, composition of the
donor and acceptor streams, and partition coef-
ficients of analytes between the donor and ac-
ceptor stream and the membrane phase. The re-
sults obtained agreed with theoretical
assumptions.

Solvent extraction was also performed with
a hydrophobic microporous membrane wetted by
the organic solvent, with the pressure of the
aqueous phase maintained at any pressure greater
than that of the solvent. Acetic acid was extracted
from water into hexane using a Celgard 2400
film. Due to the absence of dispersion and coa-
lescence, this technique produced reasonable ex-
traction rates. When considered in the context of
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a hollow microporous hydrophobic fiber extrac-
tor, the volumetric extraction rate is likely to be
significantly larger than that encountered with
conventional extractors.

C. Systems without Phase Separation

A segmented liquid-liquid extraction FIA
system was described without phase separation
(see Figure 2A) which was based on a rapid in-
jection of microliter volumes (10 wl) of an aqueous
sample solution containing an analyte into a con-
tinuously flowing stream of an extracting reagent
in a suitable organic solvent (dibenzo-18-crown-
6 in 1,2-dichloroethane), and applied to the de-
termination of potassium with fluorimetry detec-
tion. Although the flow stream was turbid,
single, sharp peaks were obtained with good
reproducibility.*

Systems with a fast-reading ‘‘on-tube’’ pho-
tometric detector were used for the determina-
tion of pesticides in wastewaters,'*° for the de-
termination of the extractable chelate of Cu(Il)
with ammonium pyrrolidinedithiocarbamate
(APDC),'* for the determination of nonextract-
able species,'¥’” for the simultaneous determina-
tion of both extractable and nonextractable spe-
cies, ' and for studies of phase segmentation by
segmenters of different geometries. '3%:133.142-147

D. Postsegmenter Sample Injection'®

A relatively large dispersion occurs in all
conventional liquid-liquid extraction FIA sys-
tems in which samples are introduced into an
aqueous phase carrier stream. The dispersion is
lower when samples are introduced into the seg-
mented rather than the unsegmented flow stream
(see Figure 4A and B) because dispersion of the
sample during its transport through the reaction
tube and phase segmenter is negligible. The sen-
sitivity, slightly wider range of calibration graph
linearity (O to 10 resp, 0 to 7 pg ml~' of Ni(Il)
in 20 pl), and sampling frequency (80 U/h) are
higher than that obtained by conventional tech-
niques (60 U/h) due to the sharper, higher peaks.
The shape of peaks also is more symmetric than
that obtained by conventional techniques, ensur-
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ing that dispersion both before reaching and within
the segmenter is a major contributor to peak
broadening.

E. Closed-Loop Systems?%103

A novel approach for the on-line preconcen-
tration of analytes from an aqueous solution is
by continuous extraction into an organic solvent
which is repeatedly circulating in a closed loop.
This approach permits the automated preconcen-
tration and purification of analytes. The method
is based on continuous circulation of the organic
phase in a loop connected with a fresh aqueous
stream, which continuously enters the extraction
coil via a four-way segmenter and leaves it (to
waste) after separation in the membrane phase
separator.

The apparatus (see Figure 11) consists of a
four-way segmenter, an extraction coil, a mem-
brane phase separator, switching valves, and an
on-tube photometric detector. The segmenter
merges an aqueous stream (containing sample or
blank solutions) and ordinary and secondary
‘‘make-up’’ streams of the organic phase into the
single segmented flow stream entering the closed
loop system.

This system has a segmented portion (ex-
traction coil), in which alternate segments of the
aqueous and organic phases are equilibrated, and
an unsegmented portion, in which a membrane
phase separator, a detector, and a circulating per-
istaltic pump are located.

The separated organic phase is repeatedly di-
rected back into the closed loop system or sent
to waste by means of the four-way switching
valve. This arrangement allows the organic phase
to be kept in the loop while the aqueous phase
flowing through the extraction coil can be di-
rected to waste. Thus, the analyte is continuously
extracted from a large volume of fresh aqueous
phase into a relatively small volume of the or-
ganic phase circulating in the closed loop system.
The analytical signal is continuously monitored
using an in-line detector.

The enrichment factor depends on the loaded
sample volume (3 to 20 min of loading time),
the extraction efficiency, the phase ratio, the loop
volume, and the phase separator volume.
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Dimensions of the phase separator (0.3 ml
on each side), pumping of the organic phase from
the separator, and delivery of the secondary low
flow rate organic phase stream, increase the re-
producibility of the separation process, provide
high phase separation efficiency, and allow for
handling of any irregularities in the phase seg-
mentation. Secondary ‘‘make-up’’ flow of the
organic solvent compensates for the loss of the
organic solvent in the system due to the formation
of small bubbles of organic vapors, formation of
small droplets of aqueous phase, and solubility
of the organic solvent in the aqueous phase.

F. Iterative Reversal Systems'"’

A liquid-liquid extraction process without a
characteristic separation unit is performed by in-
sertion of a single plug of the organic phase,
closed in the loop of the injection valve, into the
carrier stream of the aqueous phase containing
the analyte. Two liquid-liquid interfaces (men-
isci) are created and a thin film of the organic
phase is formed on the inner wall surface of the
injection loop (Figure 29A and B). The aqueous

A B

on-tube detector
meniscus
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FIGURE 29. An iterative reversal system with the or-
ganic phase plug in extremely positions (A, B) inside
the sample loop, and in filling position (C); the reversal
motion of the peristaltic pump (P) during the measure-
ment cycle is depicted (A, B).

phase stream is subjected to an iterative reversal
procedure in the closed loop. The gradual en-
richment of the organic phase plug with the ex-
tractable analyte (due to mass transfer through
the interface boundary) is continuously moni-
tored using an on-loop situated photometric
detector.

A Gilson Minipuls 2 peristaltic pump con-
trolled by an electronic timer allows the direction
and rate of drum rotation, the start of the reversal
cycles, the number of cycles, and the cycle du-
ration to be programmed. The aqueous sample
merges with the reagent solution to form a re-
action mixture in a reaction coil. The closed loop
is filled with the organic phase in the filling po-
sition. The on-loop detector divides the loop into
two uniform subloops (Figure 29C).

The organic phase plug is reverse-transported
by the aqueous carrier stream until one of the
liquid-liquid interfaces reaches the flow cell. At
that moment, the electronic unit reverses the flow
direction until the other interface again reaches
the flow cell. This reversal process is repeated
until a suitable enrichment factor is obtained by
mass transport through the interfacial surface.
The electronic timer controls the plug movement;
thus, at no time do any of the interfaces pass
through the flow cell to produce parasitic signals
(due to changes in the refractive index or vis-
cosity produced by the two phases). The length
of cycle duration also can prevent the aqueous
phase from reaching the detector at any moment
during the measurements.

Continuous monitoring of the analytical sig-
nal allows one to obtain much information from
a single measurement, similar to multidetection,
allowing a continuous study of the solute transfer
between both phases and its dispersion in the
organic phase. Continuous monitoring also per-
mits conventional reaction rate measurements for
theoretical and practical purposes.

The system is simpler with respect to hydro-
dynamic and instrumental factors since the seg-
mentation and separation units are eliminated.
Preconcentration and dilution of the sample can
be used to vary the sensitivity of the determi-
nation. The only shortcoming is the use of an
electronic component to obtain programmable and
reproducible cycles. The proposed method rep-
resents an important change in the conventional
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approach and in those based on the use of un-
segmented systems.%”” Its applications are still
limited to processes that do not require any chem-
ical reactions after extraction.

G. Zone Sampling Technique's?

In order to overcome some problems con-
nected with phase separation, the zone sampling
technique was used for the isolation of individual
segments of organic or aqueous phases (Figure
30). A six-port valve is provided with conduc-
tivity probes inserted in the load and waste ports.
The extractant segment (aqueous or organic phase)
is isolated from the segmented stream by an elec-
tronically actuated valve. The valve is switched
to the injection position at the moment when the
sample loop is completely full of the desired
phase. At that time, the conductivity across the
probes changes markedly. This change in con-
ductivity is used to actuate the valve to the inject
mode and to hold it in that position for a pre-
selected period to complete the injection (Figure
30). The content of the loop is injected into a
miscible carrier flowing to the detector. This
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FIGURE 30. FIE manifolds with an intelligent zone
sampling for isolation of the organic phase segment
(nonconductive) from continuous flow of the aqueous
phase (A) and vice versa (B), and isolation and filling
positions of the conductivity controlled six-port valve
(CV). LV: a timer-operated three-port magnetic Lee valve
is used as a segmenter.
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method provides the advantage of performing
further chemistry on the analyte prior to its de-
tection. The system was used for the determi-
nation of alkylbenzenesulfonane by ion-pair ex-
traction with the cationic dye, methylene blue,
and for the determination of tetrabutylammonium
using methylthymol blue.

In some cases, instead of the wetted film
bridge phenomenon, adsorption is the primary
process in which there is a stationary film along
the walls of the extraction coil, or the tubing
material itself acts as the adsorption site. In either
case, the analyte, as it flows through the tubing,
is adsorbed on the walls. Therefore, as the in-
jection time interval increases, more ion-pair
molecules accumulate on the material, waiting to
be extracted as soon as the incoming organic
segment can collect them. Thus, an increase in
sensitivity is observed. It has been reported that
small radii configurations, such as in a serpentine
reactor (effecting sharper turns and flow rever-
sal), have proven to give better mixing. Study
has shown the efficiency to be fairly close to the
values obtained for coil and straight extraction
coils of the same length. In any case, frequent
segment breakage in knotted configurations ac-
tually make them impractical.

V. SOME THEORETICAL ASPECTS OF
LIQUID-LIQUID EXTRACTION FIA

A. Segmentation

Segmentation of two immiscible phases is of
crucial importance to the results obtained by lig-
uid-liquid extraction FIA. The whole segmen-
tation process can negatively influence sample
dispersion, extraction rate, and phase separa-
tion.'** Segmentation may result from two dif-
ferent mechanisms. First, droplets or plugs of one
phase may be formed in a continuous flow of the
other, which is immiscible with the first. This
takes place in a small mixing chamber in the
segmenter, at the end of a single inlet tubing
capillary, or at the junction of a multichannel
inlet capillary system. The mechanism also con-
trols the segmentation in a mixing compartment
made of hydrophilic material (a glass T-piece or
an A8-T fitting) at moderate flow rates.
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The second principle leading to segment for-
mation is the ‘‘ripple’’ process, resulting from
the destruction of the thick layer of one of the
solvents, which is formed at high pumping rates
on the wall of the outlet tubing or on the walls
of the mixing chamber in the segmenter. This
process dominates at very high flow rates of both
phases Q, and Q, or at very high flow rate ratios,
or when the walls of the mixing compartment are
constructed from lipophilic material (fluoropo-
lymer). Also, the walls of a mixing compartment
made of hydrophilic material may be covered by
a layer of lipophilic impurities, thus changing
their hydrophilic character..

Detailed descriptions and studies of the seg-
mentation process and factors controlling seg-
ment size and reproducibility of segmentation
aimed at developing more efficient phase seg-
menters and exploring the advantages of im-
provements in segmentation reproducibility''>-'4*
were given in previous papers;'®!'>13214 thus,
only basic information is given here.

There are two major variables to examine in
connection with the segmentation process: seg-
mentation reproducibility and segment size. While
segment size may not affect the extraction effi-
ciency of a fast extraction process or when large
sample volumes are introduced into the system,
it could theoretically affect the efficiency of slower
systems.'>?3 The maximum segment size is de-
termined by the interfacial tension of the organic
and aqueous phase, both between each other and
between each phase and the tubing material, such
that the segment size decreases with decreasing
values of yg,,.

The segment length in the extraction coil is
the principal parameter controlling the size of the
contact area between the phases. An irregular
segmentation pattern results in losses of the sol-
vent by the wetting process due to a varying film
thickness. Serious coalescence of segments of
different size is due to differences in linear ve-
locity of the segment having different geome-
tries, due to differences in viscous drag of the
wetting phase. This means that the segmentation
pattern must be under control and constant during
the entire analytical procedure. Thus, during
manifold optimization, it is necessary to consider
kinetic efficiency, total extraction yield, and peak
(sample zone) broadening.

1. Continuous ‘“‘Droplet-Form”
Segmentation

Several assumptions are necessary before a
quantitative description of segmentation in a
gravity/density segmenter becomes possible:

®  Four forces direct droplet formation: grav-
ity, density (uplift), interfacial, and hydro-
dynamic forces, the orientation of which
should determine the value of the resulting
force vector and the equivalence of the
forces.

®  Perpendicular and vertical/horizontal ori-
entations of inlet/outlet flows are assumed
for simplicity.

®  The droplet volume grows linearly with time
and the droplet-forming phase flow rate (V
= Q4.0

®  The skewing process is fast enough to allow
one to neglect mean-time processes.

®  No contact exists between the wall surface
of the outflow capillary and the confluence
chamber wall (actually questionable in the
case of a narrow inner diameter chamber
made of fluoropolymer).

® The droplet and the profile of the conflu-
ence chamber are spherical and circular,
respectively.

® No phase losses due to film formation are
observed.

®  No jet effect occurs at the droplet forming
phase flow rate used.

The droplet-forming solvent flows into the
stream of the other immiscible phase in the form
of droplets or small plugs. Their sides are in
contact with the side walls of the inlet tubing at
the junction of the mixing chamber of the seg-
menter (Figure 31). The gravity and density forces
are oriented vertically, and the resulting gravity/
density force Fgp, is vertical and parallel to Fg
and Fy,, with a value equaling

Foo = Fg + Fy = V-Ap-g (1)
where V is the droplet volume, Ap is the density

difference between the two solvents, r, is the
droplet radius, and g is the gravitational constant.
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FIGURE 31. Schematic diagram of segmentation in
a coaxial (A) and noncoaxial (B, C) segmenter made
of glass (B) or fluoropolymer (C) with an enlarged out-
flow channel; hydrodynamic (F,)), gravity/density (Fo)
and interfacial (F,) force orientations are given below.

The interfacial force F, can be expressed by
the following form of the Tate equation'>®

Fi=2 m(d/2) " You* (1 — cos 0) (2)

where v, is the interfacial tension between the
organic and aqueous phases and 6 is the solid-
liquid-liquid contact angle (cos & = Ap + h.g. (d/
2)/2 * ¥,,,) related to the height of the capillary
rise h or to the droplet shape on the surface of
the appropriate solid material, and d; and r; de-
note, respectively, the inner diameter and radius
of the inlet capillary tubing.

The spherical shape of the droplet is de-
formed to the resulting distorted spherical or el-
liptical form by a hydrodynamic force Fy, active
on the drop area facing the other immiscible phase
flow, as a result of the continuous flow Q, of the
phase that does not form droplets (see Figure 31).
The hydrodynamic force F,; may be written as
F, = AP - A;, where A is the front area of the
droplet facing the flow of the other phase and
AP = P, — P, is the pressure difference across
the profile of the confluence chamber, which is
due to the continuous phase flow.'s?

The pressure difference AP consists of two
terms arising from viscous drag on the flow of
the phase that does not form droplets (the
Poiseuille term Pp) and changes in the kinetic
energy of the same phase as it flows through the
narrowing profile of the tubing beneath the drop
of the droplet-forming phase (the Bernoulli term
Pg). Both terms are linear and quadratic functions
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of the total flow rate Q, of the phase not forming
droplets. The value of AP (assuming a circular
chamber cross-section and a spherical droplet
profile) is given by the expression

F, = AP- A, = (P, + Py) - A,
k, Q. + kg QF (3)

where k, and kg are, respectively, the constant
Poiseuille and Bernoulli terms consisting of the
viscosity and density of the phase not forming
the droplet and the geometry factors of the con-
fluence chamber and droplet.

This force tends to dislodge (skew off) the
droplet from the end of the inlet tubing at the
moment when the sum (Fg) of the forces pushing
it (Fy, Fg, and Fy) is equal to the interfacial force
F, holding the droplet onto the end of the seg-
menter inlet capillary surface. The resulting force
vector must equal zero at the moment when the
droplet is cut off. This equilibrium of forces can
be expressed by

Fo(a,) + Fp(a,) + Fi(a,, o) + Fu(a,,0) =0 (4)

where symbols o, and o; express the influence
of the force orientation in space or among them-
selves, respectively. :

One generalized model for the segmentation
process can be used to describe all different kinds
of continuous segmenters. The four differently
oriented forces (with respect to the vertical axis
and to the geometry of the inlet/outlet tubing
system, respectively) affect the skewing process.
The forces can be oriented axially (coaxial, fall-
ing drop, gravity/density segmenters), perpen-
dicularly (T-type segmenters), and/or at different
angles among the inlet and outlet tubes (30°, 45°,
60°, 120°, or 150°, etc. for W- or Y-type seg-
menters). Several extreme cases can be solved
where the gravity/density force Fgp and hydro-
dynamic forces F, are oriented axially or per-
pendicularly to each other.

a. Coaxial (Dropping) Segmenters

All resulting phase streams are oriented ax-
ially among themselves, and the coaxial seg-
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menter main axis is vertical (Figures 31A and
32). At low flow rates and low flow rate ratio
(Q, and Q,/Q, or Q, and QyQ, — 0, respec-
tively), as preferred in this segmenter type, the
gravity and density forces predominate in gravity/
density coaxial segmenters and the influence of
the hydrodynamic force can be neglected. The
droplets are spherical. Their size depends pri-
marily on the inner diameter of the inlet capillary
d;, the interfacial tension vy, the density difference
between the two liquids Ap, and the value of the
gravitational acceleration g. The total droplet vol-
ume V grows linearly with the droplet-forming
phase flow rate Q, (organic or aqueous) or the
total aqueous phase flow rate Q, = 2(Q,); and
time t, when using the multichannel inlet capil-
lary system, as the droplet is formed. The re-
sulting total droplet volume V can, under ideal
conditions (neglecting the influence of hydro-
dynamic forces and assuming the equivalence of
gravity/density and interfacial forces Fop, = F),
be expressed by the following equations, valid
at the moment when the droplet is cut off, t__.:

VvV = Qd.tmax = E (Q2)i'tmax
= m-d;-y/g- Ap
= m-d Yoo (1 — cos B)/g-Ap (5)

The total droplet volume V, the total segment
volume V of the reaction mixture in the aqueous
medium, and the total segment length L, (ne-
glecting the film formation process or assuming
a stable film thickness), are independent of the
flow rate Q, of the phase that does not form
droplets. They are influenced only by the (1 —
cos 6) term when the values of the-other para-
meters are kept constant.

V =V_. ( = cos8) 6)

The maximum droplet volume V_,, (at equal
interfacial and gravity forces) and the corre-
sponding segment length L _,, are given by the
following expressions

Vmax :(4/3).’".[-2 = Tr.di"YO/a/g.Ap (7)
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FIGURE 32. Schematic diagram of the segmentation
process in a multichannel coaxial segmenter.

Lmax = vmax/Tr . (de/z)z (8)

Here, r, is the droplet radius and d, is the
inner diameter of the outflow measuring or ex-
traction capillary. The actual droplet volume and
segment length vary from V_,, or L, to V_.
= L., = 0forcos 8 = 0 or 1, respectively.

The normalized droplet volume V, = (V.
—~ V)Y (Viax — Vo) and the normalized segment
length L, = (L., — LY(L,.x — L) vary from
0 to 1 independently of the other solvent prop-
erties, as can be shown from the dependence of
V, or L, against the (s) — (1) — (1) interface con-
tact angle 6 at the tubing end (see curve 4 in
Figure 33 for different 8 values). Both values are
completely independent of the flow rate Q, of
the phase not forming the droplet, and conse-
quently the dependence of V, or L, on Q,, as an
example, is depicted as straight lines (see curve
1 in Figure 33) for V, = L, = 1.

The actual droplet volume of any defined
two-phase liquid-liquid extraction system can thus

max
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normalized parameters

flow rate, angle

FIGURE 33. Normalized segment volume (V,) and
segment fength (L,) as functions of solid/liquid/liquid
contact angle O (curve 4), and of the flow rate for F,,
= 0 (curve 1) or assuming negligible influence of the
hydrodynamic force in downstream or upstream ori-
entation (curves 3 and 2).

be easily varied by a careful choice of material
for the inlet tubing (as it changes the solid-liquid-
liquid angle 6,), by a choice of inner diameter
for the inlet tubing, and, to a small extent, by
adjusting the flow rates of the two solvents. The
droplet volume is also affected by the change in
surface tension and by the change in density dif-
ference between the two solvents. This can be
demonstrated by the changes in segment length
resulting from the presence of inorganic salts,
surfactants, or methanol. The resultant force vec-
tor and the segment volume are affected by the
spatial orientation of the end surface of the
tubing. '

The influence of the hydrodynamic force
cannot be neglected at high flow rate of the phase
that does not form droplets (Q, or Q,) and/or high
flow rate ratios (Q,/Q, or Qy/Q,). The reason for
this is due to changes in the confluence chamber
cross-section profile at the end of the inner inlet
capillary (Figure 31). The Bernoulli term of the
continuously flowing phase stream is more im-
portant than the Poiseuille term, and the volume
of the droplet is influenced mainly by the gravity/
density force. To a smaller extent, pressure dif-
ferences across this profile will also have some
influence. The frontal and total area of the droplet
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facing the flow of the phase not forming droplets
is very small, and consequently, the viscosity
(Poiseuille) term is less important (or even
negligible).

The volume of the resulting droplet is influ-
enced by the flow rate Q, of the phase that does
not form droplets, the flow rate ratio between the
phases, and by the construction of the inner cap-
illary system. The force vector Fj, is equal to Fy
= Fgp *= F, and is vertically oriented. As a
result, a graph depicting the dependence of V,
and L, on Q, (see Figure 33, curves 2 and 3)
exhibits a small curvature, depending on the ori-
entation of the hydrodynamic force with respect
to the axis of the organic phase flow forming
droplets (countercurrent, upstream) because of
the quadratic term kg - Q,? in Equations 3 and 4.
The geometry of the inner capillary system will
thus also affect the influence of the flow rate in
both cases.

The same conclusions are also valid for sin-
gle and multichannel segmenters with the flow
rates oriented in opposite directions (see Figure
16B and C), with the aqueous phase forming the
droplets. The concentration of a particular com-
ponent in the aqueous reaction mixture, c;, is
governed by the flow rate ratio between the
aqueous stream in question and the sum of the
flow rates of all streams of aqueous phase, (Q,)/
2.(Q.);, and the actual concentration of the com-
ponent in each solution (c,),, where

¢ = 3 o) - Q) / Q)
= 3 [(co) - VIV )

and c, is independent of the total segment volume
V. It can also be varied by changing the dosing
time at a constant flow rate ratio of the aqueous
phase component streams since the partial vol-
ume of each solution in a particular segment, V,,
depends on its flow rate and dosing time (V, =
t; -(Qu)).

The reaction mixture is homogenized during
the droplet formation period due to the very in-
tensive mixing pattern produced by the flows of
aqueous phase meeting at the end of the inlet
capillary system. The homogenization process 1s
forced by the secondary flows occurring due to
the viscous drag of the organic phase flow on the
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front area of the droplet of aqueous phase. Thus,
a practically homogeneous reaction mixture is
usually obtained before the droplet is cut off from
the capillary system.

The droplets move into the outflow channel
after cutting off, together with the continuous
flow of the organic phase which is continuously
wetting the walls of the mixing compartment and
the conical housing. Additional mixing takes place
in the conical outflow housing of the multichan-
nel dropping segmenter, while the spherical shape
of the droplet is being transformed into a distorted
spherical or cylindrical shape inside the reaction
coil. A more or less regular segmented flow con-
sisting of independent segments of the two phases
is obtained.

The homogeneous reaction mixture is trans-
ported through the fluoropolymer capillary sys-
tem of the FIA analyzer in the form of individual
segments of aqueous phase. It is exposed to con-
tinuous mixing during passage through the re-
action/extraction coil due to an intensive intra-
segmental flow, forced by the velocity distribution
in a laminar flow profile. Diffusion also aids in
distributing the analyte evenly within the seg-
ment. The reaction takes place in each segment
of aqueous phase, forming a closed reaction sys-
tem completely isolated from the other aqueous
segments by the film of organic phase which
prevents analyte carryover. An instantaneous ex-
traction of the solute follows the reaction, in-
creasing the reaction/extraction rate in many
cases.

The segment length of the wetting phase not
forming droplets and the phase-forming droplets
are regulated by their total flow rates and the
droplet time t,,,, (V) = Q, * t; O Vi = Qy * oy
respectively) or dropping frequency, f, = 1/t ,,
= Qy/V,orf, = 1/t = Q4V,, respectively.!*?
It grows linearly with the flow rate since the
influence of the hydrodynamic forces are trivial.
A small curvature of the dependence of V, =
f(Q,) appears, and a power relationship fits better
for higher flow rates and flow rate ratios.

b. Noncoaxial Segmenters

This type of a segmenter consists mostly of
a compact segmenter body made of hydrophilic,

lipophilic, or combined hydrophilic and lipo-
philic materials, with an inner triple channel cap-
illary system. The channels can be oriented per-
pendicularly to each other (T-type segmenters,
Figure 31B and C), and/or at different angles
among the inlet and outlet tubes (30°, 45°, 60°,
120°, or 150°, etc. for W- or Y-type segmenters),
with the immiscible phase flow entering the seg-
menter horizontally, vertically from the bottom
or from the top, and/or at different angles to the
main segmenter axis (see Figure 13). Segmen-
tation processes of hydrodynamic and interfacial
origin in T-shape segmenters have been described
in detail,*¢-''* the important role played by a *‘rip-
ple’’ segmentation pattern in narrow bore fluo-
ropolymer segmenters was overlooked;'** thus,
only the basic conclusions are given here.

At very low flow rates and low flow rate
ratios, the gravity and density forces predomi-
nate, and the influence of the hydrodynamic force
can be neglected when Fy and F; + Fj, are per-
pendicular to each other (also at different angles).
The resulting total droplet volume, the total seg-
ment volume, and the segment length are gov-
emed by Equations 5 to 8. They are practically
independent of the flow rate Q, of the phase not
forming droplets, and consequently, the depen-
dence of V, or L, on Q, are depicted as straight
lines parallel to the x-axis (similar to curve 1 in
Figure 33).

At low flow rates, the gravity force still pre-
dominates, but the influence of the hydrodynamic
force cannot be neglected. The resulting force
vector can be calculated from the condition that
the forces acting on the droplet must be equal.
The frontal area and the total surface area of the
droplet can be expressed from the droplet vol-
ume, assuming a spherical droplet shape. The
resulting curves are nearly linear and parallel to
the X-axis, or, at higher Q,, slightly deformed
toward lower V, values (similar to curve 2 in
Figure 33). This results from the decrease in
droplet volume due to the hydrodynamic force
acting on the droplet.

At moderate flow rates, the influence of the
hydrodynamic force is quite markedly expressed
and is comparable with the influence of the grav-
ity and density forces. The resulting curves are
strictly nonlinear for different cos 6 values, the
curvature depending mainly on the F/Fg, ratio.
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At high Fy/Fgp, ratios, the hydrodynamic force
predominates, and the curves are distinctly non-
linear and close to parabolic (Figure 34, curves
on right). When F/Fg, is close to unity, both
forces are approximately equal and the curves are
slightly concave or convex (but may also be
linear).

grment length
H
O)
o

flow rate

FIGURE 34. The dependence of the segment length
on the flow rate of the phase that does not form droplets
for different values of F;/F,, ratio.

The hydrodynamic force predominates at very
high flow rates of the phase not forming droplets
and at high flow rate ratios. The influence of
gravity and density forces is negligible and the
volume of the droplet is influenced mainly by
the equivalence of hydrodynamic and interfacial
forces (Equation 3). The hydrodynamic force Fy
grows with increasing total droplet volume as the
total droplet area increases and the frontal area
of the droplet decreases. Also, the deformation
of the spherical shape of the droplet increases
under the same conditions, depending on droplet
deformability. The frontal area of the droplet,
expressed in terms of droplet volume assuming
an elliptical shape,!3-46:143 and the Bernoulli term
of Equation 3 are influenced both by the total
droplet volume and by the flow rate. As the vol-
ume increases, the deformation also increases and
the frontal area decreases with time. The total
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surface area increases when the segment shape
becomes increasingly ellipsoidal.

The influence of the two terms in Equation
3, combining all the above-mentioned equations,
can be expressed as a dependence of the total
volume of the droplet V or the total segment
length L, on the flow rate Q, of the phase not
forming droplets. The resulting curves for dif-
ferent values of the constant Bernoulli and/or Po-
iseuille terms ky and k; are clearly nonlinear*s-'43
(Figure 34, curves on left).

Quite similar curve shapes can be derived for
the Y or W continuous segmenter types since the
resulting hydrodynamic force can be expressed
in the same way. The resulting force vector pre-
dominantly influences the droplet volume or the
segment length. However, an exact mathematical
treatment of the curves is difficult since the change
in the radial velocity profile is complex in non-
linear tubing.

The segment length of the wetting phase (the
phase that does not form droplets) is regulated
by its total flow rate and droplet time t,,, (V, =
Q. * tmay) Or dropping frequency fy = 1/t,,, =
Q4/V.,. It grows nearly linearly with the flow rate
when the influence of the hydrodynamic forces
is negligible, and a power relationship is valid
for higher flow rates and flow rate ratios.

2. “Ripple-Form”’ Segmentation Process

The following parameters influence the
skewing process (and usually also the segmen-
tation mode):

1. The ability of one of the phases to wet the
wall material

2. Possible contamination on the walls of the
segmenter chamber

3.  The distance between the inlet/outlet tubes
(which should approach zero)

4. The flow rate of the phase not forming the
droplet and the flow rate ratio (Q, and Q,/
Q, or Q, and QyQ,, respectively), which
should both be high

5. The viscosity ratio m,/m, and interfacial ten-
sion v,,, of both phases

6. Changes in the geometry of the inner cap-
illary system
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Both phases flow continuously into the outlet
tube, forming two independent axial laminar
flows, one of them having a higher affinity to-
ward the material, thus wetting the walls of the
mixing compartment of the segmenter and the
outflow tube. The walls are covered by a thin
layer of the solvent, forming a more or less sta-
tionary film of wetting phase. The driving force
for film formation is minimization of the inter-
facial energy at the solid/liquid interface, which
is determined by the relative magnitudes of the
surface tension of the inner wall surface of the
tubing to the liquids (wetting ability), and the
interfacial tension of the liquids. The thickness
of the film depends on the flow rate, flow rate
ratio, and the alternation frequency and segment
length ratio L,,,/L.q- It can, for practical pur-
poses, be expressed by an exponential function
in the form'+'*3

di = k15" (U n/v)° (10)

where 1, is the inner diameter of the tubing, u is
the linear velocity of the flowing stream (in cm
s™1); m and ,, are viscosity (in poise) and sur-
face tension (in dyn cm™'); and a and k are con-
stant terms which are usually equal to 0.5 or to
0.67.

Once a thick film of wetting phase 1s formed
on the inner wall surface of the two cylindrical
parts of the segmenter, it is not stable with time.
This is quite independent of the wettability, and
any film of a fluid deposited on the inner surface
of a narrow cylindrical tube is inherently unsta-
ble. It will rearrange so as to decrease the inter-
facial energy at the liquid/liquid interface (i.e.,
to reduce the interfacial area), and will eventually
produce a ripple, lenses, and finally droplets or
plugs of the phases.

The film rearrangement process is forced by
many factors. The importance of each of these
will depend on the wall material, physical prop-
erties of the two solvents, total flow rate, char-
acter of the flow, and its velocity distribution.
Film rearrangement is also influenced by changes
in the flow rate, cross-sectional area, etc. Yet
another property affecting film rearrangement is
the Rayleigh instability of the film on the inner
wall of the tube. 43153

A relatively smooth and very thick film of
organic phase is formed under the experimental

conditions discussed above. The film thickness
is relatively uniform at the beginning of the fluo-
ropolymer compartment or the outlet tube. The
film will, however, rapidly rearrange (partly in-
side the mixing chamber) into waves of different
amplitudes and will finally break down into drop-
lets or plugs (see Figure 35). The instability with
time for the most rapidly growing perturbations
of the film thickness can be expressed!** by

In[(30)/(Beo] = (Yoo * @7 * 1)/(12 - m-d) (1)

where (8,)/(5¢), is the growth of the film waves
in time t; 7 is the viscosity of the organic phase;
d. is the inner diameter of the extraction capillary
or outflow tube; d; is the film thickness; and (3;),
and (3;), are the amplitudes of the wave at times
zero and t, respectively. According to this the-
ory,'”* when the film is subjected to an infini-
tesimally small perturbation, a standing wave of
length A = 2 -« - d, - V2 will start to grow in
amplitude until droplets are formed.

Another important aspect of film rearrange-
ment and of the segment formation is its cen-
tricity. Under the influence of gravity and density

organic

\/\/\—/ aqueous

PYDF T-piece

organic

W aqueous

I proyed erganic

FYDF T-p lip/\/_\_lj——l

SN~ aqueous
u

glass T-piece

FIGURE 35. The “ripple” segmentation mechanism
in a glass (B) and fluoropolymer T-shaped segmenters
with a constant (A) and an enlarged (C) outflow channel.
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forces, together with the hydrodynamic force, the
organic flow tends to wet preferably the bottom
or top part of the tube (depending on the direction
of the resulting force vector and the spatial ori-
entation of the inlet/outlet tube axis). The asym-
metry in centricity forces ripple formation and
results in rapid droplet formation, especially in
horizontally positioned outlet tubes. Horizontal
or vertical orientation of the axis of the outflow
channel and/or the axis of the main axial flow
influences the resultant force vector, which
impedes or forces droplet formation.

The geometrical shapes of the outlet tube and
the segmenter compartment strongly influence
“‘ripple’’ formation during the segmentation pro-
cess. Coiling the outlet tube will change the par-
abolic flow velocity distribution across the tubing
profile into an asymmetrical velocity distribu-
tion, which is deflected toward the outer wall.!'?

Changes in the inner diameter of the outflow
branch of the segmenter mixing chamber (to-
gether with the short fluoropolymer tubing inserts
inside the outflow channel of the segmenter) also
change the cross-sectional area of the outflow
tube. As a result, the flow of both phases will
be speeded up and oriented toward the center of
the tube. A secondary flow, perpendicularly ori-
ented to the main axial laminar flow, is thus
introduced. The secondary flow produces changes
in the flow velocity distribution across the tubing
profile, forces the formation of ripple on the film,
and increases radial mass transport in the outflow
tube. It also increases the influence of the
Poiseuille and Bernoulli forces.

All these factors introduce secondary forces
which speed up the ripple formation process.
When the segmenter is in a horizontal position,
segments are formed in the segmenter mixing
chamber or immediately after reaching the be-
ginning of the fluoropolymer outflow tube,
whereas in a vertical position with the outflow
axis oriented from the top to the bottom of the
chamber, segments are formed approximately 1
to 20 cm from the segmenter. Thus, the ripple
segmentation mode is faster and less reproducible
with a horizontal outflow axis than with a vertical
outflow from top to bottom. Also, coiling the
outflow tube, especially near the segmenter out-
flow channel, has a positive effect on segment
formation and its reproducibility.
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B. Film Formation

The high extraction efficiency in the extrac-
tion coil is explained by the mechanism of liquid-
liquid extraction FIA in narrow capillary tubes,
which is mainly due to the formation of a very
thin film of one solvent on the inner wall of the
capillary system*!-'!-144.145 surrounding segments
of the other phase. This can be directly observed
for glass and thin wall fluoropolymer tubings,
and indirectly for steel.

If one of the phases in a liquid-liquid seg-
mented system forms a film on the tubing wall,
surrounding the other segments, the film-forming
phase will consist of a continuum throughout the
extraction coil (see Figure 36C and F). All seg-
ments of the film-forming phase are in the contact
with each other since the film more or less com-
pletely covers the walls of the extraction coil.
The existence of a bridging film between adjacent

]

FIGURE 36. The shape of the segments of aqueous
(empty) and organic (filled) phases in a glass (A to C)
or fluoropolymer (D to F) tubing inside a sample loop
of the loop injector (A, D) and at zero (B, E) and very
high (C, F) total flow rates Q,.
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segments of one of the phases actually stabilizes
the entire segmented stream.*!+*2!143 On the other
hand, transfer of solute from one segment to the
adjacent segment of the same phase may also be
observed in the extraction coil. Consequently,
during passage through the extraction coil, the
sample in the film-forming phase is spread to
more segments than into which it was originally
introduced and dispersion occurs. This is due to
mass transfer ‘‘backwards’’ from one organic
segment into subsequent organic segments via the
wetting film. The film is thus important to the
peak broadening process (i.e., for the dispersion
and dilution of the sample). The thicker the film,
the greater the peak broadening.

The investigation of segmented flow in thin-
walled Teflon tubes through a microscope with
10 X magnification (using an attached SLR cam-
era and a flashlight producing short duration
flashes) shows*! that there is no film when the
segment train is still. The organic phase does not
wet the tubing wall and the contact angle is greater
for a chloroform/water system. When a flow ve-
locity is applied, the contact angle approaches
zero and a thin film appears. On increasing the
flow rate, the film gradually becomes thicker.
Hence, film thickness is a function of the flow
velocity. When the flow is stopped again, the
film disappears and breaks up into small lenses
(or for the case of very thin films and short seg-
ments, it is just taken up by the main segments).

The behavior of a thin film of an organic
solvent formed on the walls of the extraction coil
tubing in a continuous liquid-liquid extraction
flow system was also studied using a fast reading
‘“‘on-tube’’ photometric detection system (ap-
proximately 3-ms time resolution), controlled by
a computer. '+

A marked increase in segment length of the
aqueous phase with increasing total flow rate was
found during studies of the segmentation process
in liquid-liquid extraction FIA.'** A loop injector
was used for introducing distinct, reproducible
volumes of one phase into the continuous flow
of the other one as a segment volume standard.
The segments of very precisely defined volumes
of one immiscible phase in a continuously flow-
ing stream of the other phase were used for de-
termining the wetting film thickness, by mea-
suring the lengthening of the aqueous segments

in a continuous flow of an organic solvent.'4s
The film thickness d; was calculated from the
segment lengthening at different chloroform flow
rates, and was found to depend polynomially on
the linear flow velocity d; = (u?).'4*

A plot of the analytical signal against time
measured for the segments of the organic phase
in the continuous flow stream of the aqueous
phase (or for the aqueous segments in the con-
tinuous flow of the organic phase at very low
flow rates and low flow rate ratios) shows a char-
acteristic, nearly rectangular shape, which is de-
formed at the higher flow rates (see Figure 37).

signal
\
™\,
\
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analytical
Y
——
.
——
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FIGURE 37. A segment shape of the aqueous phase
in fluoropolymer tubing at moderate flow rate Q, and
appropriate signal shape with the typical spikes and
deeps at the ends of the “trapezoidal” form (organic
phase used for baseline establishment).

The slopes of the nearly horizontal parts of
the curves are close to zero for very long seg-
ments of either phase or for very low flow rates.
They are mainly positive for shorter organic phase
segments or higher flow rates, which also tend
to move the position of the plateau toward slightly
higher values (especially at very high flow rates
and high frequencies of segment alternation). The
film formation process results in an increase in
both baseline noise and baseline signal. A more
or less clear deformation of the horizontal parts
of the curves was evident, and may be attributed
to film formation or film destruction, as well as
to a fluctuation of the film thickness with time.

At high flow rate of the organic phase Q,,
the aqueous segments have a nearly rect-
angular wave shape, with spikes of varying
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amplitude at the ends of the segment pla-
teau*!:102:115,130.133.144-147 55 3 result of the sharper
concave ends of the segments. The abrupt changes
in the optical parameters on surfaces of the me-
nisci result, in some cases, in the formation of
negative ‘‘deeps’’ on the baseline at the begin-
nings or at the ends of the aqueous segments
(Figure 37).

The typical shapes of the organic segments
in the aqueous phase flow stream (or of the
aqueous segments in the organic phase stream),
seen at different flow rates, express the length-
ening of ascending and descending parts of the
curves for both segments. More convex or con-
cave forms of the ascending and descending parts
of the curves at the higher flow rates are due to
deformation of the strictly cylindrical shape that
the segments have in the injection loop, to their
distorted cylindrical or semi-ellipsoidal shape in-
side the extraction coil. The characteristic para-
boloid form of the leading and trailing ends of
the segments is brought about by film formation
at the ends of the segments and by deformation
of the segments due to the action of hydrody-
namic forces.

The length of the aqueous segments is mark-
edly increased with increasing flow rate of the
organic phase stream. This influence is stronger
for the shorter segments than for longer ones over
the entire range of the flow rates of the organic
phase Q,. The relative changes in segment length
depend polynomially on the flow rate, with some
evidence of a plateau at higher flow rates of the
two solvents. The ratio between analytical signal
area and signal duration increases for the aqueous
segments with the flow rate Q,, and then remains
practically constant at higher flow rates.

Segmentation reproducibility is impaired by
increasing the length Lgc of the extraction cap-
illary and the total flow rate Q,, with a minimum
occurring at moderate flow rates. The segmen-
tation pattern is very regular over a very wide
range of Q,, Q,, and L.

Better segmentation reproducibility is
achieved by injecting the aqueous phase into the
flowing organic phase than by injecting the or-
ganic phase into the aqueous phase stream since
in the former case a stable film of organic phase
already exists on the tubing walls prior to injec-
tion. The lower wetting ability of water on the

532

Teflon tubing material of the loop capillary is
also important, especially for the rinsing process.
The segmentation reproducibility is better for
longer than for shorter segment lengths, but it is
satisfactory in most cases. -

Small droplets of the organic or aqueous phase
are formed at the leading or trailing ends of the
segments as a result of incomplete rinsing of the
sample loop at the low -flow rates. The same
phenomenon has also been observed at very high
flow rates (Q, >8 ml min '), probably as a result
of destruction of the very narrow cylindrical seg-
ments, or destruction of the very thick film of
organic solvent formed on the Teflon tubing walls
at high flow rates when the interfacial forces are
lower than the Poiseuille forces.'** This results
in a less reproducible segmentation pattern.

These processes were observed during the
earlier research studies and have been the subject
of very detailed investigation, including peak
height and peak area depression,**!'> sample dis-
persion and peak broadening,®*!-5*!15 and kinet-
ics of the extraction process.?>'!412! Considering
the extent of very good work on the various par-
ametric effects, there is an increasing need for a
detailed fundamental description of the wetting
film behavior.

1. Film Formation Theory

When a plug of a very precisely defined vol-
ume of one immiscible solvent is introduced into
a continuously flowing stream of the other sol-
vent, the original cylindrical shape of the solvent
plug inside the loop injector changes to a spher-
ical, an ellipsoidal, or a deformed tubular seg-
ment shape inside the reaction/extraction tubing
(see Figure 36). The resulting segment shape de-
pends primarily on the ratio between the segment
volume and the inner radius of the tube, the total
flow rate, the interfacial tension of the solvents,
the surface tension of the solvents, the tubing
material, and other factors.

Depending on the material of the extraction
capillary coil, the solvent displaying greater af-
finity to the tubing material will cover its inner
walls with a very thin film of relatively stationary
nature. The film of organic solvent will surround
the deformed spherical, ellipsoidal, or tubular
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aqueous segments in fluoropolymer tubing,
whereas the segments of organic phase will be
surrounded by an aqueous film in glass or metal
tubing.

As cited earlier, the driving force for the film
formation is the minimization of the interfacial
energy at the solid/liquid interface, which is de-
termined by the relative magnitudes of the surface
tension of the inner wall surface of the tubing to
the liquids (wetting ability) and the interfacial
tension of the liquids. The film thickness is re-
lated to the nature of the film-forming phase in
such a way that higher viscosity and/or lower
interfacial tension result in a thicker film. The
influence of the properties of the film-forming
phase depends on the (1/v,,,)* factor. For a flow
velocityu = 11 cm s, a pentanol film is about
eight times thicker than a chloroform film.*' This
difference offers an explanation for the great dif-
ference in dispersion between FIA systems that
are similar except with respect to the type of
organic solvent.

In this case, the velocity, surface tension,
and viscosity are important parameters. The quo-
tient (n/y,,)* fora = 11is 58, fora = %, is 15,
and for a = '/, is 8 times greater for pentanol
than for chloroform. Using the d; relationship
with k = a = %/, the calculated values of d, for
pentanol and chloroform are between 3 and 6
times higher than that obtained experimentally,
but the quotient seems to be useful for predicting
the relative influence of the phase forming a film.*

Another factor influencing the formation of
the wetting film are the hydrodynamic forces con-
nected with the mass transport due to the velocity
distribution of the laminar flow across the tube
profile, as the segment of nonwetting solvent
forms a compressible bolus flowing through the
stream of the other solvent. Besides other factors
influencing the segment shape, the mean value
of the film thickness (or the geometrical param-
eters of the ‘‘ringlike’’ orifice between the seg-
ment and the tubing walls) of one liquid behind
a single plug of another (immiscible) liquid mov-
ing through a capillary (when one phase prefer-
entially wets the capillary surface), evidently de-
pends on the linear velocity u of flowing stream
(or its total flow rate Q,).

The linear velocities in FIA are generally
low, and the prevailing flow pattern is laminar.

Consequently, the flow velocity near the tubing
wall is zero, while in the center of the tube it is
twice the mean value taken along a radius. The
film forms part of a relatively stationary phase
along the wall, forcing a secondary internal flow
to circulate within each segment.

There is no exact theory for film formation
in liquid-liquid extraction FIA systems. How-
ever, several equations describing the film for-
mation in gas/liquid systems'*%-'“* have been de-
rived and also applied to liquid/liquid
system.”*":14* These equations have the form

di = k15" (u*n/vp)* (12)

where 1, is the inner radius of the tubing, u is
the linear velocity of the flowing stream (in cm
s™'), m and y,,, denote viscosity (in poise) and
surface tension (in dyn cm™'), and a and k are
constants which are usually equal'**'>* to !/, or
to 5.

The film formed by one phase on the tubing
walls as a result of a linear velocity distribution
across the tubing diameter or due to the wetting
properties of the solvent, causes changes in the
segment geometry.*!'!>145 Assuming a constant
volume V, of the segments of one immiscible
phase (in this case aqueous) in the continuous
flow stream of the other phase, we can predict
the lengthening of the aqueous phase segment
caused by the wall film (or by changes of the
nearly cylindrical shape of the segment at zero
flow rate to some ellipsoidal or deformed cylin-
drical shape; see Figure 36), the ends of the seg-
ments displaying a more or less characteristic
convex (concave) shape at higher flow
rates.4l'“5'l45

The segment length L, can be expressed as
a function of the segment volume V and the outer
radius of the cylindrical segment r,, which de-
pends on the inner radius of the tubing 1, and the
mean value of the film thickness d; (r, = 1, —
dy), in the form:

L,=V/w-12=V/m- (@, — d)*> (13)
Here, the segment length L, is inversely propor-
tional to the second power of the outer radius of

the segment r,. With increasing film thickness
d;, L, will increase as a result of the decreasing
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outer radius of the segment at higher flow rate
or linear velocity. The relative segment length-
ening decreases with increasing tube inner radius.

Assuming that the (m/vy,,)* term is constant
during the experiments (and by inserting the film
thickness value d; from Equation 12 into Equation
13, the segment length can be expressed as a
function of the linear velocity u as

L, = VJ/m (1 — k,* 15 0%
= Lo/(1 — k- u®)? (14)

or as a function of the total flow rate Q, (Q, in
our case) in the form

Ly = VJ/m- (1, — kq'ro'Qf)z
= Lo/(1 — k; - Q¥)? (15)

Using different values for a and the k,, k.,
k,, or k; constants (a = 0.1to 2,k = k' = 0.1
to 1), we can calculate the theoretical influence
of the linear velocity u (or the total flow rate Q,)
on the segment length L, (or on its relative length-
ening (L, — Ly)/L,). The resulting curves are
strictly nonlinear, their shape depending on both
constants. The intercept with the L, or (L, — L)/
L, axis corresponds to the original segment length
L, at zero linear velocity [or total flow rate (u
— 0, Q,— 0)], or it is equal to zero, respectively.
The segment length L, can also be calculated
from the originally injected volume V, of the
appropriate immiscible solventas L, = V/m - 1,2

The length of the aqueous segments is in-
creased in all cases as a result of the formation
of a regular film of the organic phase on tubing
walls made of lipophilic material, and of the con-
vex form of both ends of the segments. Shorter
segments are more strongly affected by film for-
mation, and the film is completely destroyed when
very long aqueous segments alternate with rela-
tively very short organic segments. The analyt-
ical signal measured on the aqueous segments
decreases with decreasing alternation frequency
of the aqueous segments, or when a single seg-
ment of organic phase is introduced into a con-
tinuous stream of water. This is in agreement
with visual observations*!'!'>'%> and with some
experimental results.'5?

As noted, the thickness of the film depends

534

on the flow rate and flow rate ratio, as well as
on the alternation frequency and segment length
1atio Lyqe/Liaq- All experimental evidence points
to power relationships with a <1; the L, values
reaching a more or less evident plateau at higher
flow rates Q, or linear velocities u as a result of
a polynomial dependence of the film thickness
d; on the two parameters.'*> A study of this equa-
tion implies that the quotient n/y could be useful
in estimating and comparing film-forming prop-
erties for different solvents. The coil material also
influences film formation and its parameters.
Tubing materials such as PE, PTFE, etc. allow
the organic phase to form a film that improves
the conditions for efficient extraction.*®

Using m = 0.0058 P and {,, = 32.8 dyn
cm™~! for chloroform, the values of the constant
a can be calculated, ranging from 0.4 to 0.7,
depending on the segment length'*® (values rang-
ing from 0.34 to 0.5 have been found for shorter
or longer water segments in an air-segmented
continuous flow analysis SCFA; see References
154 and 155). This value is probably inversely
proportional to the segment length, as the Po-
iseuille force increases with the length of tube
distortion.

The thickness of the film is generally ex-
pected to be linearly dependent on flow rate or
the linear velocity, with the value of the constant
a equal to 1. These conclusions are due to an
erroneous interpretation of the experimentally
found dependence of the film thickness (in mi-
crons) as a function of the linear velocity u (in
centimeters per second) for pentanol/water or
chloroform/water systems, assuming a linear de-
pendence of the film thickness (a = 1) on the
linear velocity u or total flow rate*' Q,.

The experimentally found film thickness val-
ues (d; = 7 and 14 pm for u = 11 and 23 cm
min~' and d; = 14.6 pm foru = 3.5 cm min~"
are given in References 41 and 115, respectively
with d; and the u. d; c. - 30 wm estimated for
pentanol in a pentanol/aqueous system for u =
Scm s7'in 0.7 mm PTFE tube*') are usually
lower than those theoretically calculated. This
may be due to partial destruction of the film by
altering segments of the other immiscible sol-
vent, and overlooking the influence of the leading
and trailing end shapes on the mean value of the
film thickness.
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Film thickness was also calculated using
Bretherton’s equation'*® for 0.0058 P, 32.8 dyn
cm™',u = 3.5cms™'as 14.8 um.''* The shape
of the segment ends was also measured directly
from photographs of the segments flowing through
the extraction coil at 3.5 cm s~'. The ends were
semi-ellipsoids with a major axis of 1.5 mm (ra-
dius of the tube) and a minor axis of 0.97 +
0.06 mm (0.15/0.09), independent of the seg-
ment length.

Film formation also has an influence on the
baseline value, as was observed for segment
shapes at different flow rates of the aqueous phase
at constant organic phase flow rate. The length
of the aqueous segments increases with increas-
ing total flow rate Q,, and the film is destroyed
at a certain defined value of the ratio of the lengths
of the aqueous and organic segments. Above that
value, the baseline is identical to that of water
flow. At very high flow rates, and when the
aqueous and organic segments alternate with a
very high frequency, the role of the film for-
mation is very important. The film thickness be-
comes high and the baseline increases rapidly
with increasing flow rate. At a very high organic
flow rate with short water segments, the baseline
signal cannot be compensated, and segment length
measurement is not possible.'33.143-147

At a very high total flow rate Q,, it is im-
possible to visually observe deviations in the flow
pattern in the extraction coil, but there is a def-
inite risk that the small organic phase segments
are disrupted so that an irregular segmentation
pattern results. This might lead to an inferior
contact between the two phases and a decrease
in the extraction efficiency. The typical physical
disruption of organic phase segments was not
assured experimentally; nevertheless, it might be
the cause of the observed deviations.

The ability of a segment to resist disruption
should depend on its segment length. The force
that tends to disrupt the segment is proportional
to the linear flow velocity u. Both the segment
length and u are inversely proportional to the
cross-sectional area of the tube. This means that
the conditions for segment disruption will depend
principally on the total flow rate and the flow
rate ratio, and not on the tube diameter. This
might explain simultaneously appearing maxi-
mum values for different coil ID values; thus,

the concentration ratio cannot be increased in-
definitely just by increasing sample flow rate and
flow rate ratio, Q,/Q, (furthermore, at a very high
total flow rate Q,, the efficiency begins to
decrease'’). Reproducibility decreases at Q, <0.3
ml/min~!, Q, ca. 4 ml/min~"! (10 to 2% at 0.15
with respect to 0.30). The baseline was found to
be unstable and noisy for benzene/
chlorobenzene'™ and benzene/dichlorobenzene'®!
mixtures (1 + 3 and 1 + 1 v/v, respectively) at
Qp and Q, >0.9 ml min~!; thus, 0.8 ml min~!
was used for the reagent, the carrier, and the
organic phase flow rates.'”!

C. Extraction

Liquid-liquid extraction in FIA is efficiently
performed, despite having relatively large or-
ganic (and especially aqueous) phase segments.
This can be attributed to the formation of a very
thin, relatively stationary film of one solvent on
the inner wall of the capillary tube system, pro-
duced by the solvent having the greater affinity
for the capillary coil material.

The extractable analytes are transferred from
the relatively homogeneous solution of the higher
analyte concentration in one immiscible solvent
into segments of the other phase via the segment
interface. The analyte is transported to the seg-
ment interface by diffusion and by the internal
flow within the segment. The interfacial area
available for the extraction consists of menisci
between the segments and the film of organic
phase surrounding the aqueous phase segments
in Teflon tubing (or the film of the aqueous phase
surrounding the organic phase segments in the
glass or metallic tubing). Since the contact arca
becomes very large relative to the segment vol-
umes, the solute transfer is very efficient. The
extraction equilibrium is reached after some nec-
essary time delay, which depends on the extrac-
tion rate, extraction efficiency, and other factors.

Two basic mass transport mechanisms must
be distinguished — transport through the vertical
interfaces (menisci) between the two phases (ax-
ial extraction), and transport through the hori-
zontal interfaces (the wetting film) on the tubing
wall (radial extraction). Which of these mecha-
nisms will predominate is determined by the ratio
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between the interfacial area and volume, as well
as by other factors.*!-104.105.133.143 The gjze of the
interfacial contact area is influenced mainly by
the segment length in the extraction coil, requir-
ing that the segmentation pattern is controllable
and constant during the entire analytical
procedure.

The first of these two mechanisms plays an
important role in ordinary liquid-liquid extraction
FIA using relatively short segments of both
phases. When efficient segmentation is not pos-
sible or when long segments of one immiscible
phase are introduced into the continuous flow of
the other phase, the second (film) mechanism
plays an important role in effecting the extrac-
tion. However, because the extraction process
was found to be relatively poor using a long
aqueous sample zone and no regular segmenta-
tion, the first mechanism would play the more
important role in liquid-liquid extraction FIA.!%
Most probably, an integrated model of the liquid-
liquid extraction will overcome the existing prob-
lems connected with these two extreme situations.

The model of liquid-liquid extraction that
must be considered involves the aqueous segment
running through a sheath of organic solvent on
the inner surface of PTFE tube. Extraction takes
place instantly and the analyte concentration
changes gradually due to dispersion.!'” It is as-
sumed that, in a straight tube solvent extraction
setup, laminar flow occurs. The cross-sectional
profile is parabolic, with the linear velocity being
zero at the walls, while the flow in the center of
the tubing is twice the mean value of the linear
velocity. The difference between the local flow
velocities drives the liquid in the segments into
a circulating toroidal flow. Small eddies are also
formed within the segments, improving the mix-
ing. The model®® involves a species X being ex-
tracted from an aqueous segment to the organic
phase, with the organic phase forming the film
on the walls (Figure 38). It is assumed that there
is an even distribution of the analyte within the
aqueous segment at the start of the extraction
process.

Eventually, diffusion zones (defined to be the
regions in both aqueous and organic segments
adjacent to the liquid-liquid junction where the
transport of species X takes place) are formed.
Their thickness is affected by the amount of con-
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FIGURE 38. Schematic diagram of the transport phe-
nomena in liquid-liquid extraction FIA systems, k, to k,
are diffusive mass transfer constants, B are mass trans-
fer coefficients (see text for more details).

vective mixing in the segments. In the aqueous
segment, species X is more concentrated in the
bulk region (Figure 38, marked off by broken
lines) than in the diffusion zone. The opposite
holds true for the organic segments, where the
concentration of X is greater in the diffusion zone
than in the bulk region. In order to describe the
actual extraction process, one should take into
consideration the mass transport of species X from
the bulk to the interface in the aqueous segment
and its transport from the interface to the bulk of
the organic segment.

From a kinetic standpoint, the extraction pro-
cess is assumed to be first order. The diffuse mass
transfer constants of X to and from the diffusion
zones for the aqueous and organic phases (see
Figure 38) are represented by k; and k,, respec-
tively. Both are defined as D/dZ, where D is the
relevant diffusion coefficient and dZ is the thick-
ness of the diffusion layer. Consequently, the
greater the convection, the smaller the dZ value
and the greater the k, and k, values. The rate
constant for the transfer of X from the aqueous
diffusion zone across the liquid junction to the
organic diffusion zone is k,. The rate constant
for backward transfer is k;.

The concentration of the analyte in the bulk
regions of the aqueous and the organic phase are
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represented by [X],, and [X],,, respectively,
while the analyte concentration in the interface
is symbolized by [X],,; and [X],,;. The interface
area/volume ratio is S/V. The flux across the
individual interfaces can be described by Q, =
k, ([X]aq - [X]aqi)’ Q =k, [X]aqi - ks[X]orgi,
and Q; = Kk, ([Xlog — [Xlorg)-

At steady-state conditions, Q, = Q, = Q,
= (V/S) d[X],,/dt. Working through the equa-
tions will eliminate [X],,, [X],;, and [X],,;. For
the case in which V., = V., (where the volume
of both phases is equal), this gives

1= (1 + UKp)[Xl/C

= exp{— LS/ V)kkilk, + k)/(kky + ki, + ik} (16)

The distribution constant K, is equal to ky/k,.
Residence time in the extraction conduit from
phase segmentation to phase separation is rep-
resented by t_, while C is the initial concentration
in the aqueous phase. When mass transport to
the interface (k, and k,) is fast enough, compared
to the transport across the interface, several terms
can be eliminated, and

1= (1 + VKp)[Xloyg/C
= exp{—t(S/V)k, + k))} (17)

Although this simplified model does not take into
account all possible kinetic aspects of an extrac-
tion, it can be concluded that the ratio between
the interface area and the phase volume (S/V) is
very important.

When applied to an experimental flow sys-
tem, the following significant points are made:

®  The extraction rate is greatly improved by
increasing the (S/V) ratio; by decreasing the
inner tubing diameter, a maximum surface
contact between phases can be achieved,
thereby increasing the probability of the an-
alyte to cross.

®  Mass transfer to and from the interface in-
creases with flow rate (directly related to
flow velocity), likely due to an increase in
the convective constituent of intrasegmental
mixing.

®  The extraction rate is also increased by de-
creasing the segment length, not so much

because of an increase in the boundary areas,
but rather largely attributed to eddies formed
at points on the tubing wall; the number of
eddy points increases with the number of
segments per unit extraction conduit length.

In coiled tubes, however, the role of a sec-
ondary flow is taken into consideration. Centrif-
ugal force is developed as a result of the helical
geometry of a coil. It acts most strongly on the
fastest moving regions of the flow at the tube
center. This portion of the fluid is transported
radially outward and is replaced by fluid flowing
tangentially along the wall. This secondary flow
makes intrasegmental mixing in coiled tubes more
efficient, such that mass transfer is increased.
This process can be correlated with the dimen-
sionless velocity parameter De?Sc, where De?Sc
= [(d>u?)/(m - D))(1/d,), in which De and Sc
are the dimensionless Dean and Schmidt num-
bers, d, is the inner diameter of the tubing, u is
the average linear velocity of the fluid, 7 is the
kinematic viscosity, D is the diffusion coefficient
of the solute, and d_ is the coil diameter measured
at the tube axis.

Like the previous model for straight tubes,
extraction in coiled tubes is treated as a first-
order process and is assumed to be governed by
mass transfer to and from the aqueous/organic
interface.!'” The integrated form of the extraction
rate expression is In[A., /A.q0 — Auo)] = Ko,
where A, and A, are either the steady-state
analyte absorbances or peak areas, due to the
analyte in the organic phase at equilibrium and
at time t. The observed extraction rate constant
K., is a function of both the mass transfer within
the individual segments and the interface area
(S). It is related to S/V (where V represents the
volume of the segment) and its ratio as K_,, =
(S/V) - B (where B is the overall log mean mass
transfer coefficient and has the unit of velocity),
and its reciprocal is often viewed as the resistance
to mass transfer.

This coefficient is related to individual mass
transfer coefficients by the expression B = {(1/
Baq) + (I/BorgKD) + (I/Bi)}—l’ Where Baq and
B refer to mass transfer coefficients to the in-
terface through the aqueous phase, and away from
the interface through the organic phase, respec-
tively. K, is the distribution coefficient of the
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solute, and B, refers to the transfer coefficient
across the interface itself (see Figure 38). In the
absence of surface-active solutes, the 1/f3; term
can be neglected. In liquid-liquid extraction FIA
systems, K, is usually large, such that B, Ky is
much larger than B,, and the organic phase acts
like a ‘“sink’’ for the solute. Thus, the extraction
rate is governed by mass transfer within the
aqueous phase only where B = B,,.

Since the solute leaves the aqueous phase
through both ends and sides of the aqueous seg-
ments, B,, can be treated as the sum of the prod-
ucts of aqueous phase mass transfer coefficients,
one for axial mass transfer to the ends, one for
radial mass transfer to the sides of the aqueous
segment, as

Baq = Baq. axial(sends/sseg)
+ Baq, radial(sside/sseg) (18)

From experimental data, some general trends are
observed:

1. The extraction rate is enhanced by a high
S/V ratio, best achieved with a small tubing
diameter.

2.  The extraction rate increases with decreas-
ing segment length. Similar to the earlier
model, the increase in S accompanying a
decrease in segment length accounts for only
a small fraction of the increase in K. This
phenomenon can be explained in terms of
Ba- When the segment is sufficiently re-
duced that the ends of the segment are on
the order of a tube diameter apart, they in-
teract hydrodynamically to increase the ra-
dial velocity component of the circulation
within the segment. In effect, B,, increases
as convective intrasegmental mixing
increases.

3. Increasing the flow rate increases the ex-
traction rate with respect to time, brought
about by the increase in intrasegmental mix-
ing. Although a corresponding increase in
the thickness of the stationary film is also
expected, the mass transfer rate is not af-
fected since the rate-determining mass
transfer process occurs in the nonfilm-form-
ing aqueous phase.
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4. Based on Equation 18, a tighter coil (smaller
d.) increases the secondary flow and even-
tually increases mass transfer. This effect
is more pronounced for long segments than
for short segments due to the smaller ve-
locity differential of short segments in a
coiled tube. Unlike long segments, the axial
flow profile in short segments is less than
parabolic; hence, the centrifugal forces are
more uniformly distributed across the tube.

As can be seen from the above models, they
have a number of common aspects. They cover
two extreme situations existing in liquid-liquid
extraction FIA systems, associated with the use
of tubes of different inner diameters and segments
of different geometry. It is clear that there is an
increasing need to formulate more general models
which also cover intermediate situations of FIA.
Such models will probably describe all of the
possible segment geometries, fast to slow chem-
ical reactions that occur, and differences in the
extraction rates. It should be noted that the main
part of the extraction process occurs in the ex-
traction coil. However, some portion of the ex-
traction occurs in the segmenter and phase sep-
arator, where relatively intense mixing of both
phases occurs due to various factors (differences
in manifold geometry, flow rates, changes in
character of the flow through the phase separator
and segmenter, and changes in the space orien-
tation of the flows).

The enrichment factor (the ratio between the
flow rates of aqueous phase containing the sam-
ple and the organic phase) is influenced by the
segmentation process. The enrichment factor
rarely exceeds 20 in commonly used manifolds.
The length of the organic (and aqueous) segments
cannot be reduced indefinitely. The lower limit
of organic phase segment length has been ex-
perimentally estimated to be 1.5 times the inter-
nal diameter of the extraction coil tube.*’ The
extraction efficiency decreases drastically if the
droplets of organic phase become too small to
form and maintain a continuous film on the tub-
ing wall. Segmentation may be unstable due to
coalescence of very small segments during their
transport through the extraction coil.

The efficiency of the reaction or extraction
can be expressed in the following form:**
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t2
m==QJNm0f C, * dt
t
=chmﬁJZA*M (19)

where m is the number of moles extracted, C, is
the molar concentration of the sample component
extracted into the organic phase; Q, is the flow
rate of the organic phase passing through the
membrane (milliliters per minute) and flow cell;
t, and t, are the times when a peak is initiated
and finished, respectively; and A is the absorb-
ance (when C, is calculated from the measured
absorbance A, path length €, and molar absorp-
tivity €, where C, = A/{ - €). The peak area is
defined as

A, =A *H, *W, (20)

where A, is the absorbance corresponding to 1
cm of the peak height H,, and W, is the peak
width. The apparent extraction efficiency E(%)
can be expressed as E(%) = 100 m/C, * V,

where E(%) is the percent of analyte extraction,
C, is the concentration of the analyte in the sam-
ple solution (moles per liter), and V| is the vol-
ume of sample injected. The extraction efficiency
and peak height obtained using narrow tubing
were better than those obtained with larger bore
tubing.”

In some cases, the segmentation can break
down at higher flow rates and flow ratios (e.g.,
pentanol at 23 cm s~ ; n-butanol 5 cm s~ !; MIBK
at 7 ml min~!). The liquid-liquid extraction ef-
ficiency decreases dramatically in the MIBK/
aqueous system if the aqueous flow rate is above
7 ml min~' and the phase volume ratio is si-
multaneously increased above 15. For pentanol/
water in PTFE tubing, partial breakdown of the
segmentation has been observed at a flow veloc-
ity of 23 cm s~ and a phase ratio of unity. In a
butanol/aqueous system**-%° segmentation has been
observed to breakdown at a flow velocity as low
as 5 cm s7! (1.e., 0.7 ml min~!). This is also
true for chloroform/aqueous methanol (1 + 1)
breakdown.** Segmentation breakdown is more
likely for phases apt to form thick films than for

those forming thin films. The thicker film de-
pletes the segments of organic phase, making
them shorter and more likely to be disrupted.

The detector signal increases up to Q, = 6.5
ml min~! and Q,/Q, 15 at tube ID values of 0.7,
1.0, and 2 mm; thus, total Q, seems to be the
cause of the decline in extraction efficiency rather
than the coil volume, inner diameter, and coil
length. The signal is greatest for a flow rate ratio
of 5:2 (MIBK), which corresponds to a Q, of 2.2
ml min~! at Q, = 0.42 ml min~'. The peak
height increases as the Q,/Q, increases, upto 5.2,
and rapidly decreases above this value. This sub-
sequent decrease can be attributed to the observ-
able irregular segmentation between the two
phases in the extraction coil. At Q, >2.2
ml min~!, the peak height of the organic phase
has a maximum at 0.4 to 0.73 ml min~! for Q,;
at Q, > or Q, <<, the liquid-liquid extraction
efficiency decreases since segmentation and sep-
aration of the phases are incomplete.*

D. Dispersion

An injected aqueous analyte is not only pres-
ent in originally injected segment and in an ad-
jacent segment of organic phase, but, to some
extent, also downstream (and partly upstream)
from the injected aqueous segment. Hence, lig-
uid-liquid extraction occurs other than only at the
boundary between the organic/aqueous phases
containing the sample. The segments of an im-
miscible fluid and of an aqueous sample injected
into a segmented flow do not remove the dis-
persion since intersegmental transfer and mixing
occurs.

It is well established that for FIA liquid-lig-
uid extraction systems, when one uses different
organic phases and tubing materials the disper-
sion can vary greatly. In some cases (for ex-
ample, chloroform and water in Teflon tubing),
using low to medium flow rates, no dispersion
of the sample can be detected, although long
extraction coils have been tested; however, for
pentanol and water in the same tubing, a large
dispersion occurs.*' One should also be aware of
other causes for analyte dispersion, such as ad-
sorption on the tubing walls.'?
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Each part of the liquid-liquid extraction sys-
tem contributes to the total dispersion. The con-
cept of dispersion has to be applied to all com-
ponents and operations which cause changes in
the concentration profile of the sample. The total
dispersion consists of a combination of partial
terms connected with the components, which ul-
timately is multiplicative.

When, however, the analyte appears only in
the organic phase, and the objective is to trans-
port it over some distance with minimum dis-
persion, segmentation of the organic phase with
water is recommended when using glass or metal
tubes. The aqueous phase will then form a film,
thereby encapsulating the organic phase seg-
ments so that no intersegment mass transfer oc-
curs.®143147 In liquid-liquid extraction FIA, it
was found that the movement through the ex-
traction coil of a solute dissolved in the film-
forming phase is retarted by this film so that some
solute is transferred to subsequent segments, re-
sulting in a band broadening of the peak.*' How-
ever, if the solute is in the nonfilm-forming lig-
uid, minimal peak dispersion is observed.

Tubing made of PTFE is preferentially wet-
ted by organic phase, making this the film-form-
ing phase. As can be seen from several studies,
the drug pheniramine, which spends most of its
time in the organic phase, undergoes significant
broadening in the extraction coil; however, phen-
ylephirine, which remains in the aqueous phase,
undergoes no measurable broadening. These con-
siderations suggest placing the organic phase sep-
arator between the extraction coil and a delay
coil, and placing an aqueous phase separator after
the delay coil to reduce the dispersion, rather than
vice versa.’®80

The dispersion process is less significant for
thinner films, thus the dispersion decreases with
decreasing flow rate*!-%®-*5 as the peak width is
decreased. The coil material also influences the
dispersion process since PTFE or PE tubing al-
lows the organic phase to form a thick film which
improves the extraction efficiency.

It also is important to increase the exchange
between the stationary layer and the bulk of the
segments since this will reduce the dispersion.
To promote this, the tubing diameter of the ex-
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traction coil should be small, thus giving a short
diffusion distance between the stationary layer
and the bulk of segment.

Therefore, physical evidence of the existence
of a film, studies of the conditions under which
it occurs, and useful approaches for measuring
the film thickness are of crucial importance to
furthering the understanding of the dispersion
phenomena in segmented liquid-liquid extraction
systems.

Within the extraction coil, two different
modes of mass transfer from one segment to the
adjacent segment of the same phase may be dis-
tinguished. A solute in the phase forming a thin
film on the tube walls can thus be dispersed dur-
ing its transport through the extraction coil by
intersegmental mixing. The amount of solute
transported by the film determines the magnitude
of dispersion, and consequently, the film thick-
ness is a major factor.

The extraction process can be very rapid so
that the species originally present in a segment
at a high concentration moves across the inter-
posed segment of the other phase into the next
segment of the same phase,* resulting in band
broadening. The film plays an important role in
the analyte peak-broadening process, i.e., in the
dispersion and dilution process of the sample.
The thicker the film, the greater the peak
broadening.

When an extraction is performed in a FIA
system so designed that the extraction coil is just
long enough to achieve equilibrium, the extrac-
tant will spend roughly half of its time in both
phases. This means that for a fixed organic phase
the tubing material should be chosen in such a
way that the phase forming the thinnest film
“‘wets’’ the tubing surface. For example, the
comparison between pentanol and chloroform
shows the influence of viscosity and surface ten-
sion.*! When the organic phase is fixed, the sur-
face tension also is fixed, suggesting that the
tubing material should be chosen so that the phase
with the lowest viscosity wets the tubing walls.%!

The most critical component with respect to
overall dispersion is the phase separator. An al-
most linear relationship between analyte peak
height and fraction of organic phase transported
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through the flow-through detector was found.®
This observation emphasizes the importance of
an efficient phase separator.

Hence, when the fraction of the organic phase
flowing into the flow cell is decreased, the an-
alyte peak height will also decrease. Simulta-
neously, the fraction of the sample reaching the
detector cell is decreased (similar to one-phase
FIA). If analyte concentration is being measured,
a decrease in the fraction of organic phase does
not necessarily lead to a decrease in sensitivity
if the dimensions and dispersion of the detection
system is decreased accordingly.

The volume of the separator probably cannot
be made smaller than twice that of the sample
volume V, (5 pl gives L, = 8 mm in 0.7-mm
ID tube at 30 p!s~*'). In a manifold when liquid-
liquid extraction is allowed to reach equilibrium,
fluctuations in L, are unlikely to change the an-
alytical precision. Conversely, in a manifold
where the extraction coil is short so that extrac-
tion is incomplete, the precision of the method
can be influenced® by fluctuations in L.

For shorter tubes, the use of 0.5-mm tubing
produces a stronger signal than obtained with
tubing of 0.8 mm. This can be explained by the
greater efficiency of the liquid-liquid extraction
process with lower ID tubing, which is due to
both convective flow patterns and the organic
phase film on the walls of the tubing.20!25-19

A segmented liquid-liquid extraction FIA
system without phase separation based on rapid
injection of microliter volumes (ca. 10 ul) of an
aqueous sample solution containing potassium
ions into a continuously flowing stream of an
extracting agent in a suitable organic solvent (di-
benzo-18-crown-6 in 1,2-dichloroethane) was
used for the fluorimetric determination of potas-
sium. Although the flow stream was turbid, sin-
gle, sharp peaks were obtained with good repro-
ducibility. Applications of FIA without phase
separation also were found to be very useful.

VI. APPLICATIONS OF LIQUID-LIQUID
EXTRACTION FIA

It might be assumed that the development of
a new liquid-liquid extraction FIA method for the
determination of an analyte would be a straight-
forward adaptation of an existing manual pro-

cedure to the liquid-liquid extraction FIA system.
However, most all the literature represent equi-
librium data obtained under equilibrium condi-
tions. Also, whenever masking of interferents is
necessary, manual procedures add masking re-
agents to the sample solution well in advance of
analyte extraction, allowing complexation suf-
ficient time to occur. In flow systems, all reac-
tions take place nearly simultaneously, in less
than tens of seconds.

Hence, liquid-liquid extraction in continuous
flow analysis differs from that in manual batch
analysis as equilibrium is seldom achieved due
to the limited sample residence time, the inter-
facial area between both phases, and the kinetics
of the liquid-liquid extraction process. Thus, ki-
netic factors play a very important role.

However, available equilibrium data can serve
as a good basis for the selection of the FIA ex-
perimental conditions, with the final choice made
from experiments performed under exactly the
same dynamic conditions as those used for the
analytical procedure.

A. Inorganic Analytes
1. Metals

Alkali metals (Li, Na, K) in different types
of water samples are determined by spectropho-
tometric or fluorimetric methods (see Table 5)
based on the liquid-liquid extraction of an ion
associate since no suitable chelating reagent ex-
ists. Colored electroneutral ion associates formed
between the metal ion, crown-ether derivatives,
and anionic chromophoric species (mostly azo-
or triphenylmethane dye) are usually extracted
from alkaline solution of pH around 10 into a
benzene/chlorobenzene (mono- or dichloroben-
Zene) mixture.

Picrate anion, polynactin, anionic aminona-
phthalene sulfonate (magnesium salt), Tropeolin
00, tetrabromophenolphthalein ethyl ester anion
(TBPE~ H"*), and four analogous 4-(4-dial-
kylaminophenyl! )azo-2,5-dichlorobenzenesulfonate
azo dyes (Ethyl Orange derivatives) as counter
anions and three analogs of 18-crown-6 ethers
were examined as suitable agents for the deter-
mination of sodium and/or potassium.*'0!-105
Methods with TBPE~ H* and mono- or dibenzo-
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TABLE 5

FIE Determination of Metal lons

fon

Li

Na, K

Ca
Cu

Zn

Cd, Pb
Cd

Pb

Fe, Cd, Ag

Ni

Ga
Mo

T1, Au
Rh

HM

Matrix

Water
Standard

River water
River water
River, tap
water
River water

Water

Standard,
water

Water NPS

Standard

Standard

Biological,
environment

Iron

Water

Sail

Water

Urine

Water, plant
Urine
Soil

Water
Ore leachates

Nuclear waste
Water
Water

Plant

Water
Blood serum
Water
Water

Water
Soil
Polluted soil

Conditions

Dichloromethane

Chloroform/crown
ethers

1,2-Dichloroethane

b/Clb, A
b/Clb, B, Si-column

b/Clb, A

MIBK, APDC
Dioxotetramine
Chloroform, DDC-Zn
CS,, DDC, of

MIBK, APDC
Chloroform, APDC
Chioroform, APDC

MIBK, SCN

MIBK, SCN

Dithizone )

CCl,, dithizone, ec

Chloroform, dithizone,
PS

MIBK, APDC
MIBK, I~

(phen),P~
Chloroform, FDD
Heptane, TBP,
BrPADAP
MIBK, BrPADAP
Basic study
Isoamylalcohol,
Lumogallion

Isoamylalcohol, CNS +

Fe
Rhodamine G
Crownethers, Brilliant
Green
MIBK, n-butylacetate
MIBK, APDC

Freon 113

Freon 113, APDC,
DDDC, be

CCl,, dithizone

Method

MAS
MAS, ISE

FL

MAS
MAS
MAS

MAS
FAAS
ICP
FAAS
MAS

FAAS
MAS
MAS
FAAS

MAS
FAAS
MAS
MAS
MAS

MAS
FAAS
MAS
AAS
MAS
MAS
MAS

MAS
MAS
FL

MAS

MAS
MAS

FAAS
FAAS
Ice
GAAS
AAS

FAAS
iICP

Ref.

45
112

75
105
101

135
17
90
92
97

119
136
144

30

47
52
55
12
32

27

79
100
33
122
106

35

103
110
18

137
127

16
28
37
36
40

69
86
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TABLE 5 (continued)
FIE Determination of Metal lons

lon Matrix Conditions Method Ref.
Water Freon 113, APDC GAAS 109
Seawater Freon 113, APDC GAAS 128
Water Freon 113, APDC GAAS 129

Note: HM: heavy metals, DDC: diethyldithiocarbamate, B: benzo-18-crown-6 + tet-
rabromophanoiphthelein ethyl ether (105), A: benzo-18-crown-6 + 4-(4-di-
alkylaminophanylazo-2,5-dichlorobenzenesulfonate (101), DDDC: diethylam-
monium-N, N-dithiocarbamate, APDC: ammoniumpyrrolidindithiocarbamate,
FDD: furan-2,5-dione-dioxime, NAS: spectrophotometry, FAAS: flame atomic
absorption spectrometry, GAAS: AAS with an electrothermal atomization, ISE:
potentiometry with ion-selective electrodes, ICP: inductively coupled plasma
atomic emission spectrometry, FL: fluorometry, ec: extraction constants, be:
back extraction, b/Clb: benzene/chlorobenzene (1 + 1 v/v), of: optical fiber
flow cell, PS: introduction of a new phase separator.

18-crown-6 ether derivatives are more selective
and sensitive, but inferior to that obtained with
Tropeoline 00 or Ethyl Orange dichloro deriva-
tives. Sodium and potassium ions were deter-
mined spectrophotometrically as the ion associate
after separation on an ‘‘on-line’’ column packed
with silica gel. A segmented liquid-liquid ex-
traction FIA system without a phase separator
was used for fluorescence measurement of po-
tassium with dibenzo-18-crown-6 ether and ami-
nonaphthalene sulfonate after rapid injection of
aqueous sample solutions into the continuous
stream of the solution of the reagents in the or-
ganic phase.*

Tetrabromophenolphthalein ethyl ester anion
(TBPE~ H*) and six analogous 4-(4-dialkylam-
inophenyl)azo-2,5-dichlorobenzenesulfonate azo
dyes (Tropeolin 00, Methyl, Propyl and Ethyl
Orange and its halo-derivatives) as counter an-
ions and dicyclohexano-24-crown-8 and 18-
crown-6 ether and its mono- and dibenzo-analogs
were also examined as a suitable agents for the
determination of calcium. Propyl Orange and 24-
crown-ether were used for the spectrophotome-
tric determination of calcium in river water.'*

Heavy metal ions are usually separated and
preconcentrated in the form of suitable electro-
neutral metal chelates formed with organic or
inorganic analytical reagents (e.g., carbamates,
dithizonates). They can also be extracted in the
form of ion associates formed between the metal
ion, an organic analytical reagent (such as 18-
crown-6 cther derivatives), and a coloring re-
agent, or between a charged metal chelate and a
voluminous counterion (e.g., surfactants, or-

ganic dyes, etc.), as nonspecific reagents.!®!?’
Metal ions are determined using AAS and emis-
sion spectrometric or less selective spectropho-
tometric methods after more or less selective lig-
uid-liquid extraction (see Table 5). Fluorimetric
and other optical methods play a less important
role.

Lead and cadmium in the form of dithizon-
ates were extracted from citrate (pH 8) and phos-
phate (pH 9) buffer solutions into carbon tetra-
chloride, and determined using a spectro-
photometric procedure.'? A method of determi-
nation of the extraction constant was also devel-
oped, with continuous monitoring of chelate con-
centration by injecting small volumes of the
aqueous phase into the organic phase stream. Lead
was determined in glaze and petrol samples in
the concentration range of 0.2 to 1 mg 1-! after
the elimination of zinc interference with
ferrocyanate.

Lead and copper can be determined with dith-
izone after liquid-liquid extraction into carbon
tetrachloride or MIBK, respectively, and injec-
tion of a sample in the organic phase, into the
aqueous carrier stream. The improvements in the
detection limit and overall sensitivity (enrich-
ment factor, ca. 1.5) are mainly due to the fa-
vorable extraction volume ratio (50:1) that can
be achieved with the single line arrangement.>?
Similar results were obtained for the preconcen-
tration of copper(ll) ions from ammonium citrate
buffer of pH 4 into chloroform. The method is
based on the replacement of Zn(Il) ions by cop-
per(I) to form more stable metal chelate,
Cu(DDC),. Copper in the form of carbamates can
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be determined via either a molecular spectro-
metric'*¢ or AAS''"® method.

Lead was determined'® in soil extracts after
‘‘on-line’’ extraction with iodide into MIBK. A
60-fold enhancement in sensitivity compared to
direct aspiration of the aqueous samples was
achieved. The lead content in urine of exposed
and unexposed adults was determined by flame
AAS in an acetylene-air flame after ‘‘off-line’’
liquid-liquid extraction as a lead chelate with
APDC from a slightly acidic solution, into
MIBK.”

Synthetic samples containing 2% Fe and var-
ious concentrations of Zn were analyzed by lig-
uid-liquid extraction of Zn in the form of
Zn(SCN), into MIBK, after reduction of Fe(III)
to Fe(II) with ascorbic acid. In this way, Fe(Il)
remains unextracted and the results obtained for
Zn are essentially free of iron spectral
interferences.>’

A waveguide capillary cell®*®” as a spectro-
photometric detector allows the determination of
copper in water samples after liquid-liquid ex-
traction of its metal chelate with DDDC into car-
bon disulfide®” from citrate buffer of pH 9. Sam-
ple zones were sandwiched between zones of the
color-developing agent in an aqueous solution,
and segmented by CS,.

Several metal ions (Cu, Ni, Pb, and Cd) were
determined in aqueous samples® as metal che-
lates with APDC in MIBK using an ‘‘in-line’’
automated system with flame AAS.'” The organic
extract was led into the loop of an injector and
directed into the AAS nebulizer by an aqueous
carrier stream. An increase in sensitivity of 15
to 20 was achieved, in comparison with the direct
aspiration of the aqueous samples. Neither back
extraction nor dispersion of the organic plug
occurred.

Various trace elements (Zn, Cd, Co, Ni, Mn,
Pb, Fe, Cu, Cr, Na, and K) were determined via
simple injection of the aqueous sample solution
into a continuous stream of MIBK or n-butyla-
cetate passing to an air-acetylene flame for AAS.
Sensitivity enhancement factors of 1 to 4.8 (1.4,
typically) relative to values obtained in the
aqueous stream were obtained for all metals, ex-
cept for chromium(Ill) and chromium(VI) when
using MIBK and #-butylacetate (but not for meth-
anol, probably because of excessive dilution
effects).>”
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Trace amounts of metal ions (Cd, Cu, Pb,
Co, and Ni or Cd, Cu, Fe, Pb, Ni, and Zn,
respectively) in distilled, saline, lake, and sea-
water samples were extracted?®s-4%128:12° from
aqueous solution (acetate buffer of pH 6 or 5.5)
as their carbamate chelates (APDC and DDDC)
into Freon-113, and back-extracted into an acidic
aqueous solution containing mercury(Il) in 0.5
M nitric acid as a stripping reagent. The aqueous
solution was collected in plastic cups after sep-
aration of the Freon-113 and analyzed by ‘‘off-
line’’ graphite-furnace AAS. An enrichment fac-
tor for the extraction/stripping method on the or-
der of 15 to 30 was achieved, and recoveries were
90 to 100%, except for copper (80 to 95%).

Uranium(VI) was determined spectro-
photometrically using an ethanolic solu-
tion of 2-(5-bromo)-2-(pyridylazo)-5-diethylam-
inophenol (BrPADAP) in the presence of
benzyldimethyltetradecylammonium chloride
(Zephiramine), or with the same reagent in
methanol and pyridine (10% v/v) in the form
of the metal chelate. Uranium was extracted
with a solution of tributylphosphate in heptane
and aluminum nitrate in ammoniacal buffer as
a salting-out solution,*® or from slightly acidic
nitrate medium as a solvated molecular species
of the composition UO,(NO;), - n MIBK - m
H,0 using MIBK in the presence of ammonium
nitrate and large amounts of ammonia as a salt-
ing-out solution.'®® The selectivity was im-
proved by the complexing solution. The distri-
bution ratio D of uranium(VI) with TOPO
(trioctylphosphine oxide) and HBMPPT (4-ben-
zoyl-2,4-dihydro-5-methyl-2-phenyl-3H-pyra-
zol-3-thione) and the stoichiometry of the che-
late UO,(BMPPT),(TOPO) were determined in
0.01 M LiClO, media by simultaneous detection
of the separated phases using diode array
detection.''®

Gallium was determined with lumogallion
(4-chloro-6-(2,4-dihydroxyphenylazo) 1 -hydrox-
ybenzene-2-sulfonic acid) after extraction into
isoamylalcohol from acetate buffer medium of
pH 3.3, using an ‘‘on tube’’ laser-excited fluor-
imetric measurement. Mg(II), Co(ll), Zn(Il),
Ni(Il), and Fe(Il) scarcely affect the determina-
tion. Negative errors caused by AI(III), Fe(IID),
Cu(Il), and Cr(VI) are totally reduced by the
liquid-liquid extraction FIA procedure and by
masking Fe(IIl) and Cu(Il) ions with ascorbic
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acid and thiourea, respectively, up to a tenfold
molar excess of these ions.'®

Molybdenum in plant material was deter-
mined spectrophotometrically using the thiocy-
anate method after extraction from 3 M HCl into
isoamylalcohol.? Interference by Fe(IIl) ions was
eliminated by Sn(IT) reduction in acid solution
(3 M HCD).

Cobalt(Il) ion was determined spectropho-
tometrically as an ion associate of tetrathiocyan-
atocobaltate with ethylene-bis(triphenylphos-
phonium) bromide from a neutral medium of pH
6 (citrate, dihydrogenphosphate, borate, and di-
ethylbarbiturate  buffer solution) into
chloroform.'*

2. Inorganic Anions

Voluminous inorganic anions, such as per-
chlorate, permanganate, nitrate, etc., can be de-
termined by direct spectrophotometric or indirect
AAS method after their liquid-liquid extraction
into organic solvents in the form of ion associates
with cationic organic dyes of the triphenylme-
thane group, or with metal chelates of organic
analytical reagents (see Table 6).

Direct determination of phosphorus in water
as orthophosphate is based on the continuous lig-
uid-liquid extraction of the ion associate formed
between molybdophosphate and Malachite Green
in a strongly acidic medium of 0.8 M sulfuric
acid, into benzene-MIBK mixture (1 + 2 v/v).
The use of a relatively high sulfuric acid con-
centration prevents silicate interference.?>%?

Phosphorus in the form of 12-molybdophos-
phate was determined after on-line liquid-liquid
extraction into n-butylacetate.? The resulting or-
ganic phase was injected into an aqueous carrier
stream in a single-line FIA system, with detection
by flame AAS. The observed baseline noise arises
from small droplets of the aqueous phase con-
taining an excess of molybdate reagent suspended
in the organic phase, rather than from co-ex-
tracted isopolymolybdate.

Perchlorate was determined spectrophoto-
metrically after extraction of its ion associate with
Brilliant Green from a neutral medium of pH 6
into benzene.!'® The determination was carried
out in chlorate samples after selective destruction

and removal of bromides, iodides, nitrates, and
thiocyanates.

An indirect AAS method*® for perchlorate
determination in biological fluids is based on the
continuous extraction of a copper(Il)/6-methyl-
picolinealdehyde azide ion associate with perch-
lorate ion into MIBK. The method is selective,
as iodide, bromide, nitrate, and tungstate can be
tolerated at weight ratios of 10, 1000, 200, and
10, respectively. The lesser interference from hy-
pochloride, chlorate, and chloride permits the de-
termination of perchlorate in several mixtures of
chloro anions. Only EDTA and thiocyanate in-
terfere seriously at ratios of more than 2 or 1,
respectively.

Permanganate and dichromate ions were de-
termined spectrophotometrically''”'** as ion as-
sociates with ethylene-bis(triphenylphosphonium)
bromide by extraction from a neutral medium of
pH 6 (citrate, dihydrogenphosphate, borate, and
diethylbarbiturate buffer solution) and 10% NH,F
(w/v) solution, into chloroform.

Nitrates or nitrites (0.13 to 2.2 mg 17') in
water samples were determined in the form of
their ion associates with neocuproine (bis-(2,9-
dimethyl-1,10-phenanthroline) copper(I) che-
late, after extraction into MIBK.% Using the same
extraction principle, the sequential determination
of both anions in meat samples is possible.® To-
tal nitrate was determined after oxidizing nitrite
to nitrate by cerium(IV) sulfate, with an apparent
increase in sensitivity (since the sensitivity of the
nitrite method is 10 times lower), and/or the re-
duction of nitrite to nitrogen by sulfamic acid.
The nitrite was determined by the difference. Very
high concentration of anions can be tolerated.®
All interferents increase the signal because of
additive interference, except for oxalate, which
causes a decrease of the peak height. The most
serious interference from chloride can be con-
trolled by precipitation with silver sulfate or with
an ion-exchange resin in the Ag form. Chloride
ion, in addition, was determined with a detection
limit of 4.6 mg 1! by using chromotropic acid.

Todide®? can be detected, based on iodine self-
absorption at 540 nm. Iodide ions were oxidized
to iodine under acidic condition using sodium
nitrate (2% m/v) in 1% acetic acid, and the so-
lution was injected into a carbon disulfide flow
stream and detected using an automated spectro-
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TABLE 6

FIE Determination of Voluminous Inorganic Anions

Anion Matrix

Perchiorate Urine,
serum

Perchlorate Std.
Nitrate/nitrite Water
Nitrate/nitrite Meat
Orthophosphate Biological
Phosphate Water
Orthophosphate Water
Permanganate Std.
lodide Water
Anions
Silicate
Dichromate Std.
Fluoride Water

Conditions Method Ref.
MIBK, A AAS, i 50
Benzene, D MAS 116
MIBK, B AAS, i 64
MIBK, B AAS, i 66
F MAS 25
G, off D FAAS 51
Benzene/MIBK, C MAS 93
Chioroform, E MAS 117
CS,, nitrate 62

34

42

Chioroform, H 123
ICP 139

Note: A: [(6-methylpicolinealdehyde azine)-copper(i},], (CIO,),; B: bis-[2,9-di-
methyl-1,10-phenanthrolinato)copper(l)], neocuproine; C: molybdophos-
phate + Malachite Green; D: Brilliant Green; E: ethylene-bis-(triphen-
ylphosphonium) bromide; F: ?; G: n-butylacetate/molybdate; H:
tetramethylene-bis-(triphenylphosphonium) bromide, i: indirect AAS de-
termination; off D: off-line detection; std.: standard solution analysis.

photometric detection system with a 5-m hollow
fiberoptical cell.52°7

B. Organic Analytes
1. Surfactants

Direct spectrophotometric methods for the
determination of ionic surfactants are based on
the formation of the stoichiometric, electroneu-
tral ion associate of the composition (T~ - R*),
(T* -R7), etc., between a charged surfactant
anion T~ or cation T* and a cationic or anionic
organic analytical reagent R* or R~, respec-
tively, or with a suitable cationic metal chelate.
The ion associates are sparingly soluble in water
but easily extractable into nonpolar organic sol-
vents such as chloroform, benzene and its chloro-
or alkyl-derivatives, or MIBK (see Table 7).

The sensitivity of the determination is gov-
emned by the molar absorptivity of the chromo-
phore (usually organic dye or metal chelate). Tri-
phenylmethane, thiazine, and azo dyes are the
most frequently used cationic dyes. The extract-
ability of the ion associate of the cationic dyes
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decreases in the order: Ethyl Violet, Brilliant
Green, Hoffmann’s Violet, Crystal Violet,
Malachite Green, New Fuchsin, Methylene Blue,
and Pararosaniline, and the extraction efficiency
of the solvents decreases in the order: MIBK,
1,2-dichloroethane, chloroform, dichloroben-
zene, monochlorobenzene, benzene, and
toluene.6'15'29'48'74’83'104']08’138

The most suitable (and also most frequently
used) are pairs of Crystal Violet with a chloro-
form and toluene mixture (1 + 1), Azure B with
chloroform, and mainly Methylene Blue with
chloroform or dichlorobenzene, because of their
high molar absorptivity and less interference from
diverse compounds. Only voluminous anions such
as perchlorate, nitrate and thiocyanate cause
greater interferences. Inhibition of the liquid-lig-
uid extraction of the anionic surfactant in the
presence of a nonionic surfactant is mostly due
to kinetic factors!® or to the formation of a stable
ion associate between the ionic surfactants.

The blue ion associates of the Methylene Blue
with anionic surfactants are extracted from acidic
or neutral media into chloroform?®%5-74.1% or dich-
lorobenzene.'** The presence of salting-out sub-
stances such as sodium'* or potassium sulfate!®®
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TABLE 7
FIE Determination of Surfactants

Type Matrix Conditions Method Ref.
Anionic Water Chloroform, MB MAS 6
River water Dichlorobenzene, MB MAS 8

River water Dichlorobenzene, MB MAS 29

Sewage water Toluene, EV MAS, ns 48

Water Chloroform, MB MAS, ns 65

Wastewaters MIBK, A AAS, i 73

Water Chloroform, MB MAS, m¢ 74

River water Chloroform, B MAS 83

River water Chloroform, MB MAS 104

River water Dichlorobenzene, MB MAS 104

Water Chioroform, MB MAS 108

Water Chioroform, MB MAS, ip 111

Water Chloroform, Q MAS 124

Cationic Water, std. Chloroform, Ol MAS 15
Water MIBK, C AAS, i 107

Nonionic Water, std. CIEt, TBPEK MAS 67

Note: MB: Methylene Blue; EV: Ethyl Violet; Oli: Orange I; A: Cu(l)-phenanthroline; B: 1-alkyl-4-(4-
diethylaminophenylazo)pyridinium chloride (6 x 1041 mol-* cm~-'); C: tetrathiocyanatocobaltate(ll);
TBPEK: tetrabromophenolphthalein ethyi ester, potassium salt, liquid-liquid extraction as [T° - K+]*
- TBPE-; Q: 4-(4-N,N-dimethylaminophenylazo)-2-methylquinoline; i: indirect determination; CIEt:
1,2-dichloroethane; ns: nonsegmented, mc: microconduit; ip: iterative procedure.

favors the extraction process and minimizes base-
line noise and analytical signal of the blank so-
lution. Pre-extraction of red or reddish-blue deg-
radation products of the Methylene Blue from
alkaline solution (pH >8) has a similar effect.

The relative molar extractability are partially
influenced by the extraction rate, which depends
on the surfactant structure and its alkyl chain
length and molecular mass. Alcohols such as
methanol, ethanol, or n-propanol are often used
to reduce this influence, and to enhance the ex-
traction process, as they act both as ion-pack
solvating and dissolving agents.

The methods are very sensitive and selective
since the effect of most of the interferents is de-
pressed in strongly acidic media (pH 2), in con-
trast to neutral media. Applying an amplification
method'!! to the analysis of trace concentrations
of anionic surfactants, the sensitivity can be var-
ied from 0.01 to 1.16 pug ml~'. The determi-
nation of anionic surfactants in the concentration
range of ¢(T) = 0.04 — 4 pg ml~' with an
s, <3%, is possible.

Indirect methods of anionic surfactant
determination” are based on the ion-associated

liquid-liquid extraction of anionic surfactants with
cationic metal chelates of the organic analytical
reagents [such as ethylenediamine-copper(Il),
1,10-phenanthroline-copper(Il), and thiourea-
copper(Il)] into a suitable organic solvent (MIBK,
Freon, etc.). The overall concentration of anionic
surfactant is determined by indirectly measuring
the metal content present in the organic phase by
flame AAS. Indirect methods are usually more
sensitive than spectrophotometric procedures and
are free from interferences of both ionic and non-
ionic surfactants and other potential interferents.

Ionizable organic compounds (glutamic acid,
succinic acid, phenol, etc.) forming ion associ-
ates with 1,10-phananthrolino-copper(ll) che-
late, inorganic cations [such as Co(II), Ni(ll),
Znf1l), and Fe(1lI)] which can replace copper(1l)
in the chelate, voluminous inorganic anions
(perchlorate, iodide, nitrate, etc.) that can pro-
duce a positive interference by forming an ion
associate with the chelate, and certain anions (such
as oxalate, thiosulfate, etc.) which can destroy
the chelate by forming soluble copper(Il) com-
plexes, can be tolerated at higher concentration
(1 mg ml~1). The exceptions are Zn(II), Fe(Ill),
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iodide, and perchlorate, which cause serious in-
terferences (tolerance ratio to anionic surfactant
is 25). Chloride ion does not affect the liquid-
liquid extraction efficiency.

A direct spectrophotometric method for ca-
tionic surfactant determination®-'¢ is based on the
liquid-liquid extraction of ion associates (formed
between cationic surfactants such as tetra-
alkylammonium or alkylpyridinium cations and
anionic voluminous Orange II dye)'¢ into chlo-
roform. An indirect AAS method may be used,
based on measurement of the cobalt concentra-
tion in the organic phase (MIBK), present in the
form of tetrathiocyanatocobaltate(Il)/cationic
surfactant ion associate, after its liquid-liquid ex-
traction from acetate buffer media of pH 4.8.
The method is very sensitive, precise, and mainly
very selective and free of the interferences from
nonionic and anionic surfactants, inorganic an-
ions (carbonates, sulfides, cyanides, etc.) form-
ing precipitates with cobalt ions, inorganic cat-
ions displacing Co(II) from the chelate, ionizable
organic compounds (glycol, urea, etc.) forming
ion associates with chelates, or cationic surfac-
tants and ions commonly accompanying cationic
surfactants in water samples (chloride, magne-
sium, calcium) since they can be tolerated at rel-
atively high concentrations. Only copper(Il) is an
exception, with a maximum tolerable ratio of
about 4.

The determination of nonionic surfactant®’ of
the general type RO(CH,CH,0) H (where R is
an alkylphenyl group and n is the number of
moles of oxyethylene group) is based on extrac-
tion of the colored ion associates (formed be-
tween the cationic coordination product of the
alkylphenyl chain with potassium ion and an an-
ionic chromophore, such as the potassium salt of
tetrabromophenolphthalein ethyl ester) from bor-
ate buffer of pH 9.3 into 1,2-dichloroethane. Each
nonionic surfactant varies in its response to the

reagent since the reaction is predominantly de-

pendent on the number of oxyethylene groups
present in the molecule, the molecular mass, and
the structure of the side chains of the nonionic
surfactant. Triton® X-100 (n = 10) gave the
greatest response, compared to Antarox CO-430
n (n = 4), which gave the least.
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2. Drugs

Spectrophotometric methods for the deter-
mination of drugs in pharmaceutical prepara-
tions, tablets, sprays, etc. (see Table 8) are based
on the principle of direct extraction of self-ab-
sorbing nonionic compounds. Drugs can also be
determined after liquid-liquid extraction of a col-
ored ion-associates formed between ionic drug
species and suitable ionic coloring reagent (such
as picrate and organic dyes containing a triphen-
ylmethane group). Chloroform is usually used as
an extracting agent, but 1,2-dichloroethane, cy-
clohexane, and isooctanol also play an important
role. Fluorimetry and chemiluminescence are
useful in the liquid-liquid extraction FIA deter-
mination of drugs.

Spectrophotometric determinations of
caffeine! in coffee, tea, and Coca Cola and of
acetylsalicylic acid preparations containing so-
dium dodecy! sulfate (SDS), potato starch, cal-
cium carbonate, and citric acid were performed
using a single-line extraction FIA manifold after
selective extraction into chloroform from 0.16 M
sodium hydroxide. The acetylsalicylic acid re-
mains in the aqueous phase because of its ioni-
zation, while caffeine is readily extracted under
these experimental conditions. SDS interference
was eliminated by addition of tetrapropylam-
monium bromide to the organic phase to form
easily extractable ion associates.

Codeine® in the same matrix was extracted
as its yellow-orange picrate ion associate into
chloroform from an aqueous carrier stream buf-
fered at pH 6.5 (phosphate buffer). The deter-
mination of codeine in the presence of acetyl-
salicylic acid HA (which is also distributed into
chloroform from acidic solutions) is based on a
suitable pH choice of 6.5, at which the amounts
of both picric acid and salicylic acid extracted
into chloroform are low enough, while the per-
centage of the codeine present as the ion associate
with picrate anion is sufficiently high.

Enalapril (1.5 to 60 pg ml~'), an important
secondary amine (1-(N-(S)-1-carboxy-3-phenyl-
propyl-L-proline-1 ethyl ester maleate) used to
control hypertension based on its inhibition of
angiotensin-converting enzyme, is extracted into
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TABLE 8

FIE Determination of Drugs and Other Types of Organic Substances

Compound(s) Matrix
Caffeine Pharm. tabl.
Coffee, tea, Coca
Cola
Aq
Codeine Pharm., tabl.
Thiamin (B,,) Pharm.
Procyclidine HCI Pharm., tabl.

Diphenyldramine +
8-chlorotheophyline

Dramamine tabl.

3,5-Dimethylphenol + pK,, detn.
p-toluidinium ion

Steroid sulfate + bile Biol. mat.
acids

Terodiline Blood serum

Enalapril Pharm.

Phenylephirine HC! + Nasal spray
phenyramine

Drugs Biol.

Berberine + Drugs
benzethonium

Quaternary ammonium Std.

PAH Shale oil

Free fatty acids

Vegetable oils

Halocarbons Seawater
Amines
Bittering comp. Beer
Pesticides

Std.
Partition coeff. Std.

Std.

Conditions Method Ref.
Chloroform MAS, ec 1
Chloroform MAS
Chloroform MAS 65

75

Chloroform MAS 5
Chloroform MAS, FL 10
11

Chloroform MAS, ec 22
Cyclohexane MAS, bp 31
MAS 51

CIEt, BTB FL, CL 53
n-Heptane 57
CIEt, LG MAS 58
Chloroform MAS 78
? MAS 64
TBPEK MAS 140
Chloroform MAS 152
DMSO/pent.  FL/HPLC 20
DMSO/aq FL/HPLC 23
DMSO/aq FUHPLC 39
Toluene 19
88

GC/MAS 72

Ag/aq MAS/HPLC 77
Isooctane MAS 81
n-Heptane MAS-UV/HPLC 96
Chloroform MAS 130
1-Octanol MAS 102
1-Octanol MAS 146

Note: PAH: polycyclic aromatic compounds; DMSO: dimethylsulfoxide, liquid membranes;
CIEt: 1,2-dichloroethane; DMSO/aq: dimethylsulfoxide with water; DMSO/cyclo-
hexane: water in DMSO/cyclohexane; DMSO/pent.: DMSO pentane; BTB: Bromo-
thymol Blue; LG: lucigenin (N,N'-dimethyl-9,9'-biacridinium dinitrate) and H,0,;
TBPEK: tetrabromophenolphthalein ethyl ester, potassium salt; ec: determination of
extraction constants; CL: chemiluminescence; bp: simultaneous monitoring of both

phases.

dichloromethane and chloroform from acetate
buffer solution of pH 3 to 4 (pH 3.2 was used)
as its yellow ion associated with Bromothymol
Blue, without interferences of any degradation
products of Enalapril (diacid and diketopipera-
zine derivatives are major products) or excipients
(sugars, cellulose, and magnesium stearate) in

the pharmaceutical dosage form.3® Procyclidine
hydrochloride, a synthetic antispasmodic drug
used in the treatment of Parkinsonism, was
determined?® in tablets as an ion associated with
picrate by extraction into chloroform from
aqueous samples at pH 2.

Diphenhydramine and 8-chlorotheophylline
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were determined in Dramamine tablets by si-
multaneous monitoring of both phases after their
separation by a dual membrane separator®' of
Teflon and paper membranes, using two detec-
tion systems. At pH 10 (ammonia buffer), the
former is quantitatively extracted into cyclo-
hexane and the latter remains in the aqueous
phase. Solvent pH was chosen to be above the
acid/base dissociation constant pK, of 8-chlo-
rotheophylline, and below the pK, of the di-
phenhydraminium ion; thus, both components can
be ionized and determined.

Simultaneous determination of phenyleph-
rine hydrochloride and pheniramine maleate in
nasal spray’® after quantitative extraction of the
former into chloroform at pH 13 in the form of
the neutral free base (while the latter remains in
the aqueous phase as an anionic phenolate) was
performed using two porous membrane phase-
separators and a single photometric detector. In-
terfering species such as thimerosal, maleate, and
benzalkonium, present in the spray, were re-
moved from the injected aqueous sample solution
using miniature on-line ion exchange microcol-
umns packed with Amberlyst A 26 and Amber-
lyst 15 macroporous anion and cation exchange
resin, respectively.

Terodiline (N-tert-butyl-1-methyl-3,3-di-
phenylpropylamine), a drug with anticholinergic
and calcium antagonistic properties used in the
treatment of urinary incontinence, was deter-
mined in human serum using capillary gas chro-
matography in an “‘off-line’’ configuration. The
samples were injected into an organic stream,
alkalized, segmented with organic phase, and ex-
tracted into heptane.

Chemiluminescence and fluorescence detec-
tors were used™ for the determination of steroid
sulfates, steroid glucuronides, bile acid 3-O-sul-
fates, and free glucine- and taurine-conjugated
bile acids, using lucigenin (N,N’-dimethy!-9,9’-
biacridinium dinitrate) as an extracting and chem-
iluminescent reagent. The extracted ion associate
of steroid sulfate-lucigenin (whose chemilumi-
nescence properties are produced by the addition
of either hydrogen peroxide or an organic reduc-
ing compound) was mixed with alkaline hydro-
gen peroxide solution, and the resulting analyt-
ical signal was monitored. The polarity of the
solvents affects both the efficiency of the ex-
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traction and the fluorescence intensity. Nonpolar
solvents drastically decrease the fluorescence in-
tensity to zero (e.g., hexane, carbon tetrachlo-
ride, or 10% 1,2-dichloroethane).

3. Other Organic Substances

Nontonic species can be separated and pre-
concentrated by direct extraction into nonpolar
solvents using segmented or unsegmented liquid-
liquid extraction FIA systems. Such substances
are determined as a sum of the extractable com-
pound; preconcentrated and partly separated by
a multiple liquid-liquid extraction method in-
cluding more than one extraction step realized
by one or several organic solvents); or are selec-
tively determined by successive liquid chromat-
ographic separation after a nonselective precon-
centration and separation step. Voluminous
organic ions are determined after extraction of
the ion associate formed between the ionic ana-
lyte species and a suitable organic or inorganic
coloring reagent (with organic dyes belonging to
the most useful species). Spectrophotometric or
fluorimetric detection is generally preferred (see
Table 8).

Organophosphorus pesticides, fenthion and
azinphos methyl, were determined using a con-
tinuous liquid-liquid extraction FIA system cou-
pled on-line using liquid chromatography with
UV detection after their extraction from aqueous
samples with n-heptane. Diazinon was not ex-
tracted significantly. Other pesticides and related
compounds did not interfere.”® A fast reading
‘“‘on-tube’’ spectrophotometric detector operated
by a computer was also used for pesticide deter-
minations, with a sophisticated computer ‘‘phase
separation’’.!*

Bitterning compounds were extracted from
degassed beer (after acidification with 0.1 M HCl)
into isooctane (1 + 2 v/v), and determined by
measuring the absorbance of the separated or-
ganic phase at 275 nm against pure isooctane.®'
Amines were separated from complex matrices
of the alkaline aqueous sample solutions into an
aqueous recipient stream using a liquid mem-
brane phase separator and spectrophotometric or
chromatographic quantitation.”

Three single step liquid-liquid extraction pro-
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cedures were connected together by multichannel
pumping and resampling for the isolation and
speciation of polycyclic aromatic hydrocarbon
(PAH) compounds from complicated sample
matrices. The individual PAHs were determined
in shale oil utilizing video fluorimetry, combined
with liquid chromatographic separation after a
liquid-liquid extraction FIA preconcentration step.
The separation and preconcentration of hal-
ocarbons such as chloroform, bromodichloro-
methane, dibromochloromethane, bromoform,
trichloroethylene, tetrachloroethylene, carbon
tetrachloride, and 1,1, 1-trichloroethane were
performed in a liquid-liquid extraction FIA sys-
tem in a coated glass coil, internally into pentane,
and the phases were separated with the aid of a
membrane phase separator. The organic phase
was collected in the sample loop of the injector
valve of a gas chromatograph. The individual
halocarbons were then separated and quantified”
by capillary gas chromatography equipped with
a *Ni electron capture detector kept at 275°C.

VIl. CONCLUSIONS

Liquid-liquid extraction flow injection anal-
ysis represents one of the most progressive tech-
niques of analytical flow systems since it is very
applicable to important problems related to se-
lectivity and sensitivity improvement in many
branches of analytical chemistry. Since Karl-
berg’s and Bergamin’s pioneering works a sub-
stantial number of papers have been published,
the rate of which continues to be high (see Figure
39).

Liquid-liquid extraction FIA has contributed
to the solution of analytical problems in a great
variety of areas, especially in clinical biochem-
istry, pharmaceutical chemistry, and environ-
mental chemistry, which require the separation
and preconcentration of analytes from very com-
plex matrices. Despite the use of toxic organic
solvents and recent developments in other sep-
aration and preconcentration techniques such as
membrane or microcolumn techniques, the role
of liquid-liquid extraction FIA in some areas re-
mains indisputable.

The method is also suitable to resolving non-
analytical problems connected with the calcula-
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FIGURE 39. Number of publications and the years in
which they were published.

tion of the extracted solute fraction,**-''° peak
area,> peak height* as a function of the total
flow rate Q,, and other parameters. Broad ex-
amples include calculation of the acidity and ex-
traction constants based on the use of a single or
dual membrane phase separator,® the determi-
nation of l-octanol/water partition coeffi-
cients,'%146 the evaluation of reaction mecha-
nisms and kinetics,®>''* and studies of various
aspects of the extraction process®* with the aid
of laser-excited fluorescence,® fast scanning de-
tectors,?® or multiextraction systems.?0-23%

The possibility of performing extractions on
very small volumes of samples (only tens of mi-
croliters are needed) is extremely valuable in many
cases (e.g., in the field of clinical chemistry,
where this parameter is often the limitation in the
application of many analytical techniques). Over-
all volumes involved in liquid-liquid extraction
FIA may be reduced further to a few microliters
since organic solvents, reagents, and samples are
expensive. Disposal problems and exposure risks
for the technicians are also limited because of
the consumption of much smaller amounts of re-
agents and solvents than required by manual
methods.

Requirements on the safety of the working
area due to contamination are less using the to-
tally closed FIA system, and the combination of
high sampling rate, short starting-up time, low
maintenance level, reproducible behavior over
several days, and on inherently small sample di-
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lution and good reproducibility are the real fea-
tures of this methodology.

The liquid-liquid extraction FIA method is
usually simpler, easier to handle, and more rapid
and accurate than batch procedures. Neverthe-
less, the sensitivity of the method is generally
lower than that of batch analysis, unless it is
employed as a preconcentration technique. Ki-
netics plays the decisive role in the continual
separation process, as the equilibrium is excep-
tionally related to residence time. Sample dis-
persion and a low flow rate ratio acceptable to
most components of the liquid-liquid extraction
system are other important factors. Kinetic as-
pects, on the other hand, can improve selectivity
by considering the kinetic discrimination of some
chemical reactions.

The time required for sample preparation,
calibration, and measurement is short, and the
sampling frequency is sufficiently high (30 to 60
samples per hour, typically) for most practical
applications. The method can be easily adapted
to a wide range of concentrations by simply mod-
ifying the detection system, the sample volume,
or the flow rate ratio of the sample to the organic
phase stream. The method can also be fully
automated.

Recent improvements in phase segmenters
and the development of the systems without phase
separation via mathematical treatments of data
measured on both phases opens up a whole new
area of possibility where studies of liquid-liquid
extraction can be performed directly on each in-
dividual segment of the organic and aqueous
phase, thereby avoiding problems connected with
phase separation, sorption of extractable species
on tubing walls, etc. Finally, it may even be

possible to eliminate the phase segmentation and/

or phase separation processes altogether if an ap-
propriate unsegmented system is used, or the re-
producibility of segmentation is sufficient to al-
low precise timing of the measurement periods.

These sophisticated systems can also be very
useful in segmented postcolumn derivatization in
liquid and ion chromatography, especially when
using the multichannel coaxial segmenter for di-
rect introduction of an effluent and a derivati-
zating reagent directly into the organic phase
stream. The use of fast-reading ‘‘on-tube’’ de-
tectors simplify postdetector derivatization
requirements.
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The merits of these combined instruments
can be expressed in terms of their increase in
sampling frequency, their decrease in sample size,
their reduced solvent and chemical consumption,
the possibility of measuring samples containing
high salt concentrations, the decrease in inter-
ference effects from the matrix, the use of new
calibration techniques, the reduction of hazards
associated with the use of inflammable solvents,
the reduction of solvent evaporation into the lab-
oratory atmosphere using a closed system envi-
ronmental, and mainly, the indisputable selectiv-
ity and sensitivity increase due to the
preconcentration and separation process of this
methodology.
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