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I. INTRODUCTION

Several research groups have been actively
designing flow systems for automatic or semiau-
tomatic liquid-liquid extraction, most of them us-
ing air-segmented flow systems. The first
application of liquid-liquid extraction in flow in-
jection analysis (FIA) was carried out simulta-
neously by Karlberg et al.! and Bergamin et al.?
in 1978. Since then, a large number of analytical
procedures have been devised in combination with
all common detection systems.>

Nowadays liquid-liquid extraction is the most
frequent used separation/preconcentration method
in FIA.?* Approximately 50% of all preconcen-
tration methods in FIA involve liquid-liquid ex-
traction. The advantages and difficulties of this
very useful method, together with some analyt-
ical applications, have been discussed in several
comprehensive reviews and monographs*¢ and
the feasibility of the method has been repeatedly
demonstrated.

Regardless of the way of performing liquid-
liquid extraction, by a manual batch procedure
or by use of some kind of mechanized or auto-
mated system, defined volumes of the immiscible

1040-8347/91/%.50
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organic and aqueous phases must first be brought
together. The phases must then be brought into
intensive contact with each other to facilitate the
extraction to take place, and finally physically
separated from each other after the extraction in
order to make the chemical separation meaningful.

In conventional FIA extraction (see manifold
flow chart in Figure 1) aqueous sample solutions
are, in the simplest version, usually introduced
continuously or in definite volumes (100 to 200
pl) into a continuous aqueous carrier stream,
serving both as reagent and carrier stream. The
aqueous sample solution can also be merged and
mixed with another aqueous stream containing
an analytical reagent. Appropriate chemical re-
actions as well as solution homogenization take
place in a reaction and mixing coil before enter-
ing the phase segmentor.

The continuous (ideally pulseless) streams of
the two immiscible solvents meet at the segmen-
tor. A more or less regular segmented flow re-
sults, containing independent segments of the two
phases. The extraction takes place mainly in the
extraction coil but to some extent also in the
segmentor and the phase separator. The segments
of aqueous and organic phase are separated in a
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FIGURE 1. Liquid-liquid extraction FIA manifold. C —
carrier stream, R — reagent stream, O - organic phase
stream, P - peristaltic pump, S - sample solution, V -
injection valve, M - mixing point, MC - reaction and
mixing coil, T - phase segmentor, EC - extraction coil,
PS - phase separator, RC - restriction coil, D - flow
through detector, W - waste.

phase separator into two or more streams, at least
one of them containing only one solvent. The
extractable component in at least one stream is
sensed by a flow through detection system. The
analytical signal is treated in a customary man-
ner, the concentration of analyte being calculated
from the peak height, the peak width or the peak
area. The other stream goes to waste through a
restrictor which also controls the separation ef-
ficiency of the phase separator.

These three principal operations of liquid-
liquid extraction also characterize the use of three
basic liquid-liquid extraction FIA units —(1) a
segmentor or confluence point for the organic and
aqueous phase streams providing alternate and
regular segments of the two immiscible solvents
into one uniform segmented flow in a single
channel, (2) an extraction coil, in which the sol-
ute is transferred from one phase to the other,
and (3) a phase separator, with the purpose of
continuously and quantitatively separating the
segmented stream into two or more parts, at least
one of them consisting of only one phase.

Each particular operation of liquid-liquid ex-
traction FIA is important for obtaining high sen-
sitivity of determination with the lowest possible
sample zone broadening. Each step has been
studied theoretically, including the segmenta-
tion,” separation of the phases by a phase sepa-
rator,%° peak height and peak area depression,'*-"
sample dispersion and peak broadening,'>'* and
the mechanism of the extraction process.'>'®
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Segmentation and separation of the two im-
miscible phases are of crucial importance for the
results obtained by liquid-liquid extraction of FIA.
The whole segmentation process can negatively
influence sample dispersion, extraction rate, and
phase separation.'*'® The possibilities to vary the
segment length are limited with the available seg-
mentors; the repeatability of segmentation is often
not satisfactory and the applicability of the seg-
mentors at the high flow rates and phase flow
rate ratios often sought in connection with sample
workup is limited.

Several segmentor types of varying effi-
ciency have been described in the literature. The
most common segmentor types are T-piece seg-
mentors made of glass,'** fluoroplastics,®2!
stainless steel,? or glass lined T-pieces of stain-
less steel and combinations of hydrophobic and
hydrophilic materials.?** Also, improved glass
AS8-T and A10-T fittings,’*5-*6 and T-pieces made
of fluoroplastics with inserts of fluoropolymer
tubing,”!"?! or with an enlarged inner diameter
of the outflow channel'’>-* have found wide use.
Different configurations of Y-*"-* or W-pieces®"
>* made of glass or fluoroplastics, and four-way
fittings®>-*¢ have also been recommended. Lately,
a coaxial (falling drop) segmentor has been
introduced®”*® in order to overcome some dis-
advantages of the other types.

The geometry of the inner capillary system
of the T-shape segmentor'®-°4° and the geometry
of the confluence chamber of the coaxial seg-
mentors have also been carefully investigated.3®
Flow systems without phase segmentation have
been used.**-¢4-% Sample introduction down-
stream from the segmentor has been suggested,*’
because extraction efficiency, extraction rate, and
sample dispersion (peak broadening) are all in-
fluenced by the segmentation pattern. A multi-
channel dropping segmentor has also been used
for homogenization and instantaneous introduc-
tion of sample and reagent aqueous solutions into
the continuous flow of the other immiscible
solvent?*® directly inside the segmentor. Conven-
tional 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* of an
immiscible solvent into the continuous flow of
the other phase.
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There is an increasing need to classify the
existing segmentors and to compare their char-
acteristics. In the end there is also an increasing
need for detailed fundamental studies of the seg-
mentation process with the aim to develop more
efficient phase segmentors and to explore the pos-
sibilities offered by improvements in segmenta-
tion repeatability. The accurate performance of
the segmentor is a key to successful development
of continuous liquid-liquid extraction. Repro-
ducible segmentation can improve the precision
of signal measurements and may frequently sim-
plify signal evolution. Finally, it may even be
possible to eliminate phase separation altogether
if the segmentation repeatability is good enough
to allow precise timing of the measurement
intervals.

Il. PHASE SEGMENTATION IN LIQUID-
LIQUID EXTRACTION

A. Principles of Segmentation

Segmentation may result from two different
mechanisms. First, droplets or plugs of one phase
may be formed in a continuous flow of the other
solvent, immiscible with the first. This takes place
in a small mixing chamber in the segmentor, at
the end of a single inlet tubing capillary or at the
junction of a multichannel inlet capillary system.
The second principle leading to segment for-
mation is the ‘‘ripple’’ process, resulting from
destruction of the thick layer of one of the sol-
vents, which is formed at high pumping rates on
the wall of the outlet tubing or on the walls of
the mixing chamber in the segmentor.

The first mechanism controls the segmenta-
tion in a mixing compartment made of hydro-
philic material (a glass T-piece or an A8-T fitting)
at moderate flow rates, the second 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 (fluoroplastics). Also, the walls
of the mixing compartment made of hydrophilic
material may be covered by a layer of lipophilic
impurities, thus changing their hydrophilic
character.

Although segmentation is very important for
every individual step of liquid-liquid extraction

FIA, no detailed study of the factors controlling
segment size and reproducibility of the segmen-
tation has been done so far. From experience,
some conclusions can be drawn about segmentors
of the gravity/density and hydrodynamic
types.7-38:40.50

There are two major variables to examine 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 ex-
traction systems. '*'® The maximum segment size
is determined by the interfacial tension of the
organic and aqueous phase, both between each
other and between a phase and the tubing ma-
terial, such that the segment size decreases with
decreasing value of vy,,. The choice of tubing
material, tubing dimensions and geometry of the
mixing chamber critically influence the final
results.

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 because of a varying
film thickness. Serious coalescence of segments
of different size is due to differences in the linear
velocity of the segment, resulting in different
geometries (due to differences in viscous drag of
the wetting phase). This means that the segmen-
tation pattern has to be under control and constant
during the entire analytical procedure. Thus, dur-
ing manifold optimization it is necessary to con-
sider kinetic efficiency, total extraction yield and
peak (sample zone) broadening.

The enrichment factor, which equals the ratio
between the flow of the aqueous phase containing
the sample and that of the organic phase, is in-
fluenced by the segmentation process. The en-
richment factor rarely exceeds 20 in commonly
used manifolds. The length of the organic and
the aqueous segments cannot be reduced indef-
initely; the lower limit of organic phase segments
has experimentally been estimated to be 1.5 times
the internal diameter of the extraction coil tube.'?
The extraction efficiency decreases drastically if
the droplets of organic phase become too small
to form a continuous film on the tubing wall.
Also, the segmentation may be unstable due to
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coalescence of very small segments during trans-
port through the extraction coil.

B. Continuous ‘‘Droplet-Form”
Segmentation

Several assumptions are necessary before a
quantitative description of segmentation in a
gravity/density segmentor becomes possible: (1)
four forces direct the droplet formation — grav-
ity, density (uplift), interfacial, and hydrody-
namic forces. The orientation of the forces will
determine the value of the resulting force vector
and the equivalence of the forces. (2) Perpen-
dicular and vertical’/horizontal orientation of in-
let/outlet flows is assumed for simplicity. (3) The
droplet volume grows linearly with time and
droplet forming phase flow rate (V = Q). (4)
The skewing process is fast enough to allow one
to neglect meantime processes. (5) It is assumed
that no contact exists between the wall surface
of the outflow capillary and the confluence cham-
ber wall (this is questionable in the case of a
narrow inner diameter chamber made of fluoro-
plastics). (6) The droplet and the profile of the
confluence chamber are spherical and circular,
respectively. (7) No phase losses due to film for-
mation are observed. (8) 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-
mentor (see Figure 2). The gravity and density
forces are oriented vertically and the resulting
gravity/density force Fgp, is vertical and parallel
to F; and F,, its value equaling®!

Foo =Fs+F,b=V-4p-g

i

4/3)-m-1i-Bp-g ()

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.

The interfacial force F; can be expressed by
the following form of the Tate! equation

FF=2w'r,-0 )
2.7 (d/2) - Yo - (1 — cos B)
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FIGURE 2. Schematic diagram of segmentation in a
coaxial (left) and noncoaxial (right) segmentor with hy-
drodynamic (F,), gravity/density (Fs,), and interfacial
(F,) force orientation (below).

- M

where o is the interfacial tension, v,, is the in-
terfacial tension between organic and aqueous
phase and O is the solid-liquid-liquid contact an-
gle (cos © = Ap-heg«(d/2)/2-y,,) related to the
height of the capillary rise h or to the droplet
shape on the surface of the appropriate solid ma-
terial, and d, and r; denote 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 2).
The hydrodynamic force Fy; may be written as
Fy = 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.>!

The pressure difference AP consists of two
terms arising from viscous drag on the flow of
the phase that does not form droplets (the ‘‘Po-
iseuille’’ term P,), and from changes of 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 Py). Both terms are linear and quadratic
functions 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
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Fyu = AP - A; = (P, + Pp) * A, 3)
=k, Qu + kg - Q7

where k; and ky are 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 confluence cham-
ber and droplet.

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

Fs(a)) + Fp(e)) + Fi(a,,a)
+ Fule,0) =0 (4)

where symbols a, and o; express the influence
of the force orientation in space or among
themselves.

One generalized model for the segmentation
process can be used to describe all different kinds
of continuous segmentors. The four differently
oriented forces (with respect to the vertical axis
and to the geometry of the inlet/outlet tubing
system) affect the skewing process. The forces
can be oriented axially (coaxial, falling drop,
gravity/density segmentors), perpendicularly (T-
type segmentors), and/or at different angles among
the inlet and outlet tubes (30, 45, 60, 120, 150°,
etc., for W or Y type segmentors). Several ex-
treme cases can be solved where the gravity/-
density Fp and hydrodynamic forces Fy are ori-
ented axially or perpendicularly to each other.

1. Single Channel Coaxial Segmentors

Singe channel coaxial segmentors consist of
two basic parts: a screw with an inlet capillary
channel for introduction of the droplet forming
phase, organic or aqueous; and a segmentor body
with inlet and outlet capillary channels for deliv-
ery of the other immiscible phase and drainage
of the segmented flow stream. When assembled,
the screw inlet capillary ends in the conical cham-

ber of the segmentor body. All resulting phase
streams are oriented axially among themselves,
and the segmentor main axis is vertical.

At low flow rates and a low flow rate ratio
(Q. and Q./Q, or Q, and Q/Q, — 0, respec-
tively), the gravity and density forces predomi-
nate in gravity/density coaxial segmentors. The
droplets are spherical. Their size depends pri-
marily on the inner diameter of the inlet capillary
d;, the interfacial tension o, 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) and time
t as the droplet is formed. The resulting total
droplet volume V can, under ideal conditions
(neglecting the influence of hydrodynamic forces
and assuming the equivalence of gravity/density
and interfacial forces Fgp, = F,), be expressed
by the following equation, valid at the moment
when the droplet is cut off, t, .,

V=Qd.tmax
=m-d -olg-Ap 5

The total droplet volume V and also the total
segment length L, (neglecting 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 ©O) term when the values of the
other parameters are kept constant.

V = Vuux " (1 — cos 0) (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.

Voax = (4/3) 113

=1-d,-alg- Ap
= d;* You/8 ' Ap g
Loax = Vo 7+ (d/2)? (8)

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

The normalized droplet volume V, = (V.
— V)/(V,ax — Vimin) and the normalized segment
lengthL, = (L .. — LY(L,., — 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 contact
angle O at the tubing end (see curve 4 in Figure
3 for different © values). Both values are com-
pletely independent of the flow rate Q, of the
phase not forming the droplet, and consequently
the dependence of V,, or L, on Q,, as an example
are depicted as straight lines (see curve 1 in Fig-
ure 3)forV, =L, = 1.

P
@
I 2 ”
E 10
©
] 3
Q
= 0.8
£
0.6]
()]
3 4
7]
o 0.41
3]
N
w© 0.2
E
O
zZ 0.00 T T v v S r

Flow rate (ml/min), angle

FIGURE 3. Normalized segment volume (V,) and
segment length (L) as functions of solid/liquid/liquid
contact angle © (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).

The actual droplet volume of any defined
two-phase, liquid-liquid extraction system can
thus be easily varied by careful choice of material
for the inlet tubing, as it changes the solid-liquid-
liquid angle ©, by choice of inner diameter for
the inlet tubing, and, to a small extent, by ad-
justing 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
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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.3®

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 at
a high flow rate ratio (Q,/Q, or Q./Q,). The rea-
son for this is changes in the confluence chamber
cross-section profile at the end of the inner inlet
capillary (see Figure 2). The ‘‘Bemoulli’”’ term
of the continuously flowing phase stream is more
important than the ‘‘Poiseuille’’ term, and the
volume of the droplet is influenced mainly by
the gravity/density force. To a smaller extent,
pressure differences across this profile will also
have an influence. The frontal and total area of
the droplet-facing flow of the phase not forming
droplets is very small, and consequently, the vis-
cosity (‘‘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 Fy is equal to Fy
= Fs;p *= Fy and is vertically oriented. As a
result, a graph depicting the dependence of V,
and L, on Q, (see Figure 3, curves 2 and 3)
exhibits a small curvature, depending on the ori-
entation of the hydrodynamic force with respect
to the axis of the flow of the organic phase form-
ing droplets (counter-current, upstream), because
of the quadratic term kz‘Q,? in Equations 3 and
4. The same conclusions are also valid for a seg-
mentor with the flow rates oriented in opposite
directions, with the aqueous phase forming the
droplets. The geometry of the inner capillary sys-
tem will thus also affect the influence of the flow
rate in both cases.

The segment length of the wetting phase not
forming droplets is regulated by its total flow rate
and the droplet time t_,, (V, = Q,'ty.,) or drop-
ping frequency f, = 1/t_,, = Q4V,. It grows
linearly with the flow rate because the influence
of the hydrodynamic forces can be omitted. A
small curvature of the dependence V, = f(Q,)
appears, and a power relationship better fits for
higher flow rates and flow rate ratios.
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2. Muitichannel Dropping Segmentor/
Injector+®

A multichannel dropping segmentor consists
of two basic parts, a fluoropolymer screw with
a multiple capillary inlet channel and a segmentor
body with a conical confluence chamber con-
taining inlet and outlet capillary channels for de-
livery of organic phase and drainage of the
segmented flow stream, respectively.

The multichanne] dropping segmentor can be
used for simultaneous introduction of aqueous
solutions of a sample and reagent(s), in the form
of droplets or small plugs, directly into a contin-
uous flow of an organic solvent, immiscible with
the aqueous phase. Each aqueous phase stream
containing sample, reagent(s), and other com-
ponents of the reaction mixture flows through a
separate capillary channel. Droplets of the re-
action mixture of precisely defined volume are
formed at the point where the inlet capillaries are
joined together. The droplet sides are in contact
with the side walls of the inlet capillary tubing
system at the junction of the mixing chamber of
the multichannel dropping segmentor (see Figure
4).

Several additional assumptions are needed in
order to make possible a quantitative description
of the multichannel dropping segmentor: (1) the
droplet volume is assumed to grow linearly with
time and total aqueous phase flow rate (V =
t-3(Q,), =tQ,). (2) The concentration of each
individual component of the reaction mixture is
assumed to depend on the flow rate ratio between
the stream of aqueous phase in question and the
total flow rate of the aqueous phase ¢;(Q,)/Q.,
or on the dosing time at a constant flow rate ratio.
(3) For simplicity, the inlet and outlet flows are
assumed to be vertical and horizontal,
respectively.

At low flow rates of the organic phase (as
preferred in this segmentor type) the gravity and
density forces predominate 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 junction of
the inlet capillary system d;, the interfacial ten-
sion o, the difference in density between the two
liquids Ap, and the value of the gravity accel-
eration g. During droplet formation, there is a
linear relationship between the total droplet vol-

EC

R S

FIGURE 4. Schematic diagram of the segmentation
process in multichannel coaxial segmentor. R — re-
agent stream, S — sample stream, O — organic phase,
D — droplet of the reaction mixture, C — conical com-
partment of the segmentor, EC — outflow channel to
an extraction coil.

ume V and the total aqueous phase flow rate Q,
= 2(Q,); and time t. The resulting total droplet
volume V can, under ideal conditions (neglecting
the influence of hydrodynamic force, and assum-
ing equivalence between the gravity/density and
interfacial forces F, = F)), be expressed by an
equation similar to Equation 5, valid at the mo-
ment when the droplet is cut off, t_,.:

\%

2(Qa)i * tmax
w-d,-o/g-Ap 9

= adi " Your (1 — cos ©)/g- Ap

The total segment volume V of the reaction
mixture in the aqueous medium as well as the
total segment length L, are independent of the
flow rate of the organic phase Q,, and influenced
only by the (1 — cos ©) term at constant values
of the other parameters. The maximum droplet
volume V., valid when the interfacial force is
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equal to the gravity force, the corresponding seg-
ment length L_,,, the actual droplet volume, and
the actual segment length are all governed by the
equations given for the single channel coaxial
segmentor.

The concentration of a particular component
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 by
the actual concentration of the component in each
solution (c,);

Ci = 2[(co)i - (Qa)i/E(Qa)i
= 2[(co)i Al E(Vi)
= X[(c,) * ViII/V (10)

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

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 is
forced by the secondary flows occurring due to
the viscous drag of the organic phase flow on the
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
conical housing. Additional mixing takes place
in the conical outflow housing of the multichan-
nel dropping segmentor, and 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 consisting 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
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segments of aqueous phase. It is exposed to con-
tinuous mixing during passage through the re-
action/extraction coil due to an intensive
intrasegmental flow, forced by the velocity dis-
tribution in a laminar flow profile. Diffusion also
aids in distributing the analyte evenly within the
segment. The reaction takes place in each seg-
ment of aqueous phase, forming a closed reaction
system completely isolated from the other aqueous
segments by the film of organic phase which
prevents analyte carry over. An instantaneous ex-
traction of the solute follows the reaction, in-
creasing the reaction/extraction rate in many
cases.

As indicated earlier, the segment length of
the organic phase is regulated by its total flow
rate and droplet time t_,, (V, = Q. t,.,) or drop-
ping frequency fy = 1/t = QJ/V,; it grows
linearly with the flow rate because the influence
of the hydrodynamic forces becomes negligible.

3. Noncoaxial Segmentors

This type of a segmentor consists mostly of
a compact segmentor 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
perpendicularly to each other (T-type segmen-
tors) and/or at different angles among the inlet
and outlet tubes (30, 45, 60, 120, or 150° etc.,
for W or Y type segmentors), the immiscible
phase flows entering the segmentor horizontally,
vertically from the bottom or the top, and/or at
different angles to the main segmentor axis. Seg-
mentation processes of hydrodynamic and inter-
facial origin in T-shape segmentors have been
described in detail,” but overlooking the impor-
tant role played by a “‘ripple’’ segmentation pat-
tern in narrow bore fluoroplastics segmentors;
thus, only the basic conclusions are given here.

At very low flow rates and low flow rate
ratios (Q, and Q/Q,, or Q, and Q/Q,, respec-
tively) the gravity and density forces predominate
and the influence of the hydrodynamic force Fy
can be neglected when Fy and F; + F;, are per-
pendicular to each other (and also at any different
angles). The total segment volume and the seg-
ment length are governed by Equations 5 to 9.
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The resulting total droplet volume V can, under
ideal conditions (neglecting the influence of the
hydrodynamic force and assuming that the grav-
ity/density and interfacial forces are equal, Fgp
= F), be expressed by Equation 5 at the moment
t.a, When the droplet is cut off. The total droplet
volume V and the total segment length L, (ne-
glecting the film formation process or assuming
a stable film thickness) are practically independ-
ent of the flow rate Q, of the phase not forming
droplets, and consequently, the dependence of
V, or L, on Q, are depicted as straight lines
parallel to the x-axis (similar to curve 1 in Figure
3).

At low flow rates the gravity force still pre-
dominates, but the influence of the hydrodynamic
force Fy; cannot be neglected. The resulting force
vector can be calculated from the condition that
the forces acting on the droplet must be equal,
Fr = F;, where F; = (Fgp? + Fy)'2. The frontal
area A, and the total surface area A, of the droplet
can be expressed from the droplet volume, as-
suming a spherical shape (A, = w12 = 3-V/
4-r,). The normalized droplet volume V, and the
normalized segment length L, can be expressed
for several hydrodynamic/gravity force rates Q,
or F,/Fg, and several preselected cos O values
as functions of the flow rate Q, of the phase not
forming droplets, using Equations 1 to 5. The
resulting curves are nearly linear and parallel to
the X-axis, or at higher Q, are slightly deformed
towards lower V, values (similar to curve 2 in
Figure 3). This results from the decrease in drop-
let volume due to the hydrodynamic force acting
on the droplet.

At moderate flow rates Q, the influence of
the hydrodynamic force Fy is quite markedly ex-
pressed and is comparable with the influence of
the gravity and density forces. The resulting
curves are strictly nonlinear for different cos ©
values, the curvature depending mainly on the
Fu/Fgp ratio. At high F/Fg,, ratios the hydro-
dynamic force predominates and the curves are
distinctly nonlinear and close to parabolic. When
Fu/Fgp is close to unity both forces are approx-
imately equal, and the curves are slightly concave
or convex but may also be linear.

The hydrodynamic force predominates at very
high flow rates of the phase not forming droplets,
high flow rate ratios (Q, and Q,/Q, or Q, and Q,/

Q., respectively), and perpendicular orientation
of Fy and Fg,. The segmentation is regular at
the segmentor over a wide range of flow rates,
but it often becomes irregular at the measurement
point (as a result of several small segments join-
ing together to a bigger aggregate during trans-
port through the extraction coil). Shorter segments
are formed at higher flow rates and, at a given
flow rate, increasing interfacial tension v, re-
sults in longer segments. The influence of gravity
and density forces is negligible and the volume
of the droplet is influenced mainly by the con-
dition that Fy; and F, must be equal when the
droplet is cut off (Equation 4).

Depending on the total flow rate and the
droplet volume, the droplet shape becomes de-
formed spherical or ellipsoidal (see Figure 2).
The hydrodynamic force F;; grows with increas-
ing total droplet volume as the total droplet area
increases and the frontal area of the droplet de-
creases. Also, the deformation of the spherical
shape of the droplet increases at the same con-
ditions, depending on droplet deformability. The
frontal area of the droplet A; (expressed in terms
of droplet volume assuming an elliptical shape’)
and the ‘‘Bernoulli’’ term of Equation 3 are in-
fluenced both by the total droplet volume and by
the flow rate. As the volume increases, the de-
formation also increases and the frontal area de-
creases with time. The total 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, (see Figure 5) on the flow rate Q, of
the phase not forming droplets. The resulting
curves for different values of the constant ‘‘Ber-
noulli’’ and/or ‘‘Poiseuille’’ terms k, and k, are
clearly nonlinear and very similar to curves pre-
sented in literature.” The reproducibility of total
droplet volume measurements decreases sharply
with increasing flow rate at very low Q, values
due to the very strong dependence of the droplet
volume on the flow rate Q, of the phase that does
not form droplets (see Figure 5, curve on the left
for organic phase as a droplet forming solvent).

Quite similar curve shapes can be derived for
the Y or W continuous segmentor types because
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FIGURE 5. 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 resulting hydrodynamic force can be ex-
pressed in the same way. The resulting force
vector predominantly influences the droplet vol-
ume or the segment length. An exact mathemat-
ical treatment of the curves is difficult since the
change in the radial velocity profile is complex
in nonlinear 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. 1) or dropping frequency f; = 1/t.,, = Q4
V.. It grows nearly linearly with the flow rate
when the influence of the hydrodynamic forces
is negligible, and power relationship is valid for
higher flow rates and flow rate ratios.

C. The “Ripple” Segmentation Process

The following parameters influence the
skewing process and (usually) the segmentation
mode:

®  The ability of one of the phases to wet the
wall material

®  Possible contamination on the walls of the
segmentor chamber

® The distance between inlet/outlet tubes,
which should approach zero

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

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

®  The changes in the geometry of the inner
capillary system

Both phases flow continuously into the outlet
tube, forming two independent axial laminar
flows, one of them having higher affinity towards
the material, thus wetting the walls of the mixing
compartment of the segmentor and the outflow
tube. The walls are covered by a thin layer of
the solvent forming a more or less stationary film
of the wetting phase. The driving force for the
film formation is the 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, the flow
rate ratio, and the alternation frequency and seg-
ment length ratio L,,,/L.q- It can, for practical
purposes, be expressed by an exponential func-
tion in the form®!

df = k ) ro ) (u ) n/yo/a)a (11)

where, 1, is the inner diameter of the tubing, u
is the linear velocity of the flowing stream (in
cm s '), m and v,, are viscosity (in poise) and
surface tension (in dyn cm~!), and a and k are
constant terms which both are usually equal to
0.5 or to 0.67.

Once a thick film of wetting phase is formed
on the inner wall surface of the two cylindrical
parts of the segmentor, 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 ripple, lenses, and finally droplets or
plugs of the phases.

The film rearrangement process is forced by
many factors. The importance of each of them
will depend on the wall material, physical prop-
erties of the two solvents, total flow rate, and
the character of the flow and its velocity distri-



Downl oaded At: 14:27 17 January 2011

LLL

bution. It is also influenced by changes in the
flow rate, cross sectional area, etc. Yet another
property affecting film rearrangement is the Ray-
leigh instability of the film on the inner wall of
the tube.*?

A relatively smooth and very thick film of
organic phase is formed at the experimental con-
ditions discussed previously. The film thickness
is relatively uniform at the beginning of the fluo-
ropolymer compartment or the outlet tube (see
Figure 6). The film will, however, rapidly rear-
range (partly inside the mixing chamber) into
waves of different amplitudes and will finally

FIGURE 6. The “ripple” segmentation mechanism in
a T-shaped segmentor.

break down into droplets or plugs. The instability
with time for the most rapidly growing pertur-
bations of the film thickness can be expressed®?
by the equation

In[(3)/ (o] = (Yora * d7 - 1)/(12 - m - d)  (12)

where (8)/(d,), is the growth of the film waves
in time t,m is the viscosity of the organic phase,
d; is the film thickness (8,), and (8;), are the am-
plitudes of the wave at times zero and t, respec-
tively. According to this theory,’> when the film
is subjected to an infinitesimally small pertur-
bation, a standing wave of the length A =
2-m-d*V'2 will start to grow in amplitude until
droplets are formed.

Another important aspect of the film rear-
rangement and of the segment formation is its
centricity. Under influence of the gravity and
density 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 orientation of the inlet/outlet tube axis.
The asymmetry in centricity does force 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 segmentor compartment strongly influence
the “‘ripple’’ formation during the segmentation
process. Coiling the outlet tube will change the
parabolic flow velocity distribution across the
tubing profile into an asymmetrical one, which
is deflected towards the outer wall.?

The changes of the inner diameter of the out-
flow branch of the segmentor mixing chamber,
together with the short fluoropolymer tubing in-
serts inside the outflow channel of the segmentor,
also change the crossectional area of the outflow
tube. As a result, the flow of both phases will
be speeded up and oriented into the center of the
tube. A secondary flow, perpendicular oriented
to the main axial laminar flow, is thus introduced.
The secondary flow inflicts changes in the flow
velocity distribution across the tubing profile,
forces the formation of ripple on the film, and
increases the radial mass transport in the outflow
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tube. It also increases the influence of the ‘‘Po-
iseuille’” and ‘‘Bernoulli’’ forces.

All these factors introduce secondary forces
which speed up the ripple formation process.
When the segmentor is in a horizontal position,
segments are formed in the segmentor 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 segmentor. 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 to the segmentor
outflow channel, has a positive effect on segment
formation and its reproducibility.

Il. SEGMENTORS

The existing segmentors can be divided into
two general groups depending on the principle
of segmentation, (post-segmentor introduction of
the sample being a special case):

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

®  Mechanical types of segmentors

A. Continuous Flow (Gravity/Density,
Hydrodynamic) Segmentors

1. Noncoaxial Segmentors

a. Classical T, Y, and W Segmentors

T, Y, and W pieces made of homogeneous
materials such as fluoroplastics, stainless steel or
glass, glass-lined T-pieces made of stainless steel,
or metal capillaries with fluoropolymer coating
(in T-shaped segmentors) are the most widely
used segmentor types. Capillary tubes made of
glass, stainless steel and other materials in var-
ious geometrical configurations and combina-
tions of materials have also been used for phase
segmentation. The segmentors are commonly used
with the aqueous phase entering through a hor-
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izontal inlet capillary axially oriented to the main
segmentor axis, and the organic through the up-
per or lower capillary, depending on the density
difference between the two solvents; however,
other orientations also are often used (Figure 7).

3—|-——2
3———-l—2
4 1
A B
1
1
’ _4
3 2
3
D
C
1 1
3 3
2 2
E F

FIGURE 7. Classical T-piece (A, B, C), Y-piece (D,
E), and W-piece (F) segmentors with the most often
used orientation of the aqueous (1), organic (2), and
segmented flows (3), but also other orientations are
possible.

Segmentors made of hydrophilic material
work by the wetting and skewing principle at low
or moderate flow rates. The segment volume is
controlled by the position and orientation of the
input and output channels and by the inner di-
ameter of the input channels, and, to a great
extent, the output channel (at constant inner di-
ameter of the input channels, 0.3 to 1.0 mmi.d.).
The resulting force vector, controlling the seg-
ment size, is influenced by the angle between the
two inlet tubes and also by the orientation of the
outlet tube. The maximum droplet size is limited
by the resulting force vector and by the volume
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of the compartment at the junction of the glass
T-piece.

With Q./Q, near to unity, the lengths of the
organic and aqueous phase segments are approx-
imately equal when segmentation is regular. The
segment lengths depend on the total flow rate Q,
over a limited range and decrease with increasing
Q.. Above some limiting value Q;,,, the seg-
mentation pattern is usually regular at the seg-
mentor but irregular in the extraction coil (as a
result of ripple segmentation or combination of
segments during passage through the extraction
coil*®). At a given Q,, longer segments are ob-
tained for the MIBK (methylisobutyl ketone)/
water system than for the chloroform/water sys-
tem, depending on the aqueous interfacial tension
Yoa and the viscosity ratio m/m, for both organic
solvents.

The T-shaped segmentors made of fluoro-
plastics are in many cases able to produce small
and reproducible segments, assuming optimum
geometry of the inner capillary system (0.3 to
1.0 mm i.d.). 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 re-
peatability is not satisfactory. An ordinary com-
mercial T-piece made of Kel-F gives segments
of a repeatable size.” The simple Teflon T-shaped
segmentor at Q, = Q, = 0.3 ml min~"' gives 1
nl organic phase segments.*

The mutual positions of the inlet and outlet
tubes can influence the efficiency of the seg-
mentation process. Type B (see Table 1) was

TABLE 1

Comparison of Segmentation Efficiency
for Different Types of Segmentors and
Different Inlet Flow Orientations®®

Type B B* B F E

H, 16.03 1630 1570 16.60 14.75
w, 55.0 56.2 55.8 55.5 54.8

Note: The peaks widths, W, are measured at 1%
of the maximum peak height, H,.

* Orientation 2, 3, and 1 (aqueous phase, seg-
mented flow, and organic phase).

Orientation 2, 1, and 3 (aqueous and organic
phases, and segmented flow).

found to be best*® but the influence was not very
marked and could, at some higher flow rates, not
be confirmed at all.?®*® Other combinations of
organic and aqueous phase inlet orientations 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. However, the repeatability of the
segment formation decreases when the angle is
increased.

Several geometries and dimensions were in-
vestigated for stainless steel phase segmentors>*
with the smallest segment possible being ap-
proximately 20 pl. The optimum design was
found to consist of three 0.18 mm i.d. capillaries
joined as close as possible in a stainless steel
block (0.25 mm i.d. 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 one. Using larger capillaries (0.25 and
0.30 mm i.d.), other geometries (45, 90, and
120°), and larger bore (0.7 mm i.d.) of the steel
block produced 2- to 3-fold increases in segment
size.

The W-piece Teflon segmentor with 45° an-
gles between the inlet and outlet channels has
also been shown®' to be able to give repeatable
segmentation.'® A W-piece segmentor made of
PVDF (polyvinyldifluoride) with channels of 0.7
mm i.d.,** and an Y-type segmentor at Q, = 1
ml min~! and Q, = 0.75 ml min™!, have also
been used with very good results.?8-2°

b. Modified T-Segmentor

This type of segmentor is realized by insert-
ing one or more concentric fluoropolymer tubes
into the outlet (and sometimes also into the inlet)
tubing of a conventional glass T-piece. The inner
diameter of the fluoropolymer tubes as well as
their distance from the position of the inlet tubing
positively influence® the repeatability 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
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the distorted droplet surface contacts the end of
the fluoropolymer tubing. In this case, irreprod-
ucible droplet formation can be partly eliminated
in a similar way as for the modified A8-T fitting.

The glass T-segmentor (2 mm i.d.) with fluo-
ropolymer tubing inserted into the outflow chan-
nel at 3 to 15 mm distance from the T-joint yields
repeatable segmentation over a wide range of
flow rates (up to 6 ml min ', s, < 10%) at organic
phase flow rates down to 1 ml min~'. The length
of the organic segments is reduced with increas-
ing flow rate of the aqueous phase (up to 30%),
and reaches a limiting value at higher aqueous
phase flow rates (Q, > 4 ml min~"'). The aqueous
segment length increases at low Q, and at high
total flow rates. The organic segment length in-
creases nearly linearly with increasing organic
phase flow rate. Both decrease with increasing
total flow rate at a constant flow rate ratio.*

The organic segment length shows a nearly
linear dependence on the distance of the fluo-
ropolymer tubing end from the joint of the T-
piece at constant total flow rate in the interval
from 3 to 15 mm. At shorter distances, the seg-
ment lengths of both phases and the segmentation
repeatability are drastically or markedly de-
creased, respectively, as a result of ripple
segmentation.

The segmentation repeatability is satisfactory
in the Q, interval from 1 to 5 ml min~! with Q,
equaling 0.5 or 1 ml min—', and in the Q, interval
from 0.2 to 1.5 ml min~' with Q, equaling 1.5
or 3 ml min~'. The best repeatability is achieved
for Q,-values between 1 and 2 ml min~"! or Q,-
values ranging from 0.25 to 1.2 ml min~' at
phase flow ratios Q,/Q, from 0.7 to 4. However,
values of Q,/Q, < 6 can be used. The segmen-
tation repeatability is rapidly decreased at higher
flow rates due to the formation of very small
droplets at the end of the fluoropolymer tubing
insert.

This type of phase segmentor has also been
made by drilling out the narrow bore cylindrical
chamber of a commercially available Kel-F tee-
piece to 1/16 in. i.d. and inserting 2 mm long
flared pieces of 0.8 mm i.d. X 1/16 in. o.d.
fluoropolymer tubing into all three branches. In
the absence of tubing, an irregular segmentation
pattern sometimes developed, usually displaying
both long and short segments. This was observed
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to be due to creeping of the organic phase along
the walls into the aqueous inlet capillary of the
T-piece, where it formed an adherent droplet lo-
cated approximately 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 aqueous stream at the junction
of the branches where it normally occurs. In-
stalling the fluoropolymer tubing inserts into the
capillaries eliminated the problem over a wide
range of Q,. At given Q,, longer segments are
obtained for the MIBK/water system than for the
chloroform/water system, depending on the
aqueous interfacial tension v,,, and the viscosity
ratio m,/m, of the two organic solvents.’

The ability of the organic solvent to wet the
wall material of the segmentor is important in
the case of segmentors made of fluoroplastics,
where the ripple segmentation mechanism is the
predominating one. The segments are formed in
the extraction coil after the segmentor, and seg-
mentation is facilitated by a somewhat pulsating
flow. A pulsating flow might cause the segmen-
tation pattern to be in phase with pulsation. Ex-
cessive pulsation or irregular flow give rise to
uneven segmentation for both classical and mod-
ified T shape segmentors.

Increasing the inner diameter of the outflow
channel (0.3 to 0.7 mm i.d. for inlet and 0.5 to
2 mm i.d. for outlet tubes) result in longer seg-
ments with this kind of segmentor, a prerequisite
being that the organic phase can form 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 phe-
nomenon can not occur and the segments are
actually formed in the extraction coil (see Figure
8).

The length of the segments is determined by
the inner diameter of the outlet tubing so that,
for the chloroform/water system, an 0.8 mm i.d.
T-piece in its original shape gives approximately
2 mm long segments in 2 0.7 mm i.d. tube,
whereas the segment length is around 7 mm when
the outlet is enlarged to 1.2 mm. A suitable size
for practical purposes was found to be around 4
mm at the flow rate ratio Q,/Q, = 2.5, and the
sizes corresponding to the outlet tube diameters
0.5, 0.7, 1.0, and 1.2 mm were 1, 3-5, 5-10,
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FIGURE 8. Improved fluoropolymer T-shape seg-
mentor with an enlarged outflow channel.

and 6-14 mm, respectively, for 0.5 mm i.d. inlet
tubes and the chloroform/water system.?

Refined versions of this design are commer-
cially available, e.g., the Tecator design, where
the outlet channel volume can be varied by ex-
changing fittings. In this way segment lengths
between 2 and 15 mm can be obtained. Neither
of these segmentor types use materials displaying
different 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° for both T-seg-
mentors used, in combination with 1.2 or 2 mm
i.d. outlet tubes and 0.7 mm i.d. inlet channels.
The repeatability of the segment formation de-
creases when the angle is increased.

The maximum relative segment length was
achieved when the aqueous phase was flowing
through the T-segmentor from the bottom to the
top along the longer axis, while the organic phase
was flowing horizontally. The minimum segment
length was achieved in the reverse position. The
difference in segment length between the vertical
organic flow stream inlets (segmentors A and B
in Figure 7, respectively) was less evident (only
from 2 to 8%) with the aqueous phase flowing
horizontally along the main segmentor 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 ob-
served. In fact, smoothness of the walls was as
important for obtaining even segments as was
avoidance of impurities or precipitates causing
deposits. The geometry of the segmentation point
was found to be critical with respect to the size
of the mixing cavity and its proximity to turbulent
points: i.e., points at which the flow direction
changes abruptly had to be optimized so that seg-
ments of uniform size resulted.?”

c. A8-T Modified Fitting

A modified standard A8-T glass Technicon
connector having glass and platinum inlet cap-
illaries and glass outlet tubing with two concen-
tric pieces of fluoropolymer tubing inserted into
the outflow channel has often been used as a
segmentor. 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 cap-
illary (Figure 9).

The droplet grows in size until it comes into
contact with the fluoropolymer tubes or until it
reaches the maximal volume V_, (when the dis-
tance between the platinum and fluoropolymer
capillaries is long enough to prevent any contact
with fluoropolymer). The droplet is then dis-
lodged 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 vy,

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
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FIGURE 9. Improved A8-T fitting with the glass and

platinum inlet capillaries and two fluoropolymer tubing
inserts in an outflow channel.

of the inner tube when using a certain solvent
system. Appropriate positioning is necessary in
order to obtain a regular segmentation pattern.
Adjusting the mutual positions of both tubes will
change the segment length.** The segment length
can be thus varied from 3 up to 40 or 50 mm for
chloroform.

The maximum size of the segments is deter-
mined by the interfacial tension between the or-
ganic and aqueous phases in such a way that a
low v,, makes it difficult to form larger seg-
ments. For example, regular segment lengths up
to 50 mm can be produced using an A8-T fitting
in the chloroform/water system. In the pentanol/
water system having a lower v,,, only 10 to 20
mm segments are formed, and going to the even
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lower v,,, value for the n-butanol/water system,
the maximum segment size is 2 to 3 mm.®

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 (1 to 10
mm) results in a decrease of the organic segment
length, the distance preventing any influence of
the wetting properties of the lipophilic capillaries
on the segment formation process.*® The segment
length reaches some limiting value at higher
aqueous flow rates, Q, > 4 ml min~". This value
depends mainly on the inner diameter of the tub-
ing and on the aqueous phase flow rate Q,, as
droplet deformation increases with increasing Q,.

In contrast to this, the length of the aqueous
segments increases rapidly, and varies exponen-
tially or nearly linearly with the flow rate of the
aqueous phase at low and high total flow rates,
respectively. Also, the sum of the lengths of the
organic and aqueous segments 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 up to 1.6 ml min ' at a constant
aqueous flow rate Q,, or is only slightly increased
at shorter distances between the platinum and
fluoropolymer capillaries (1 to 3 or S mm). 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 negligible in
the interval Q, = 0.8 to 7.5 ml min~L.

The repeatability of segmentation is satisfac-
tory (s, < 10%) over a relatively wide Q, range
(0.3 to 10 ml min™!) and Q,/Q, range (0.3 to
12.5). It decreases at very low and very high
flow rates and flow rate ratios. The best repeat-
ability (s, 1 to 3%) is achieved in the flow rate
ratio interval Q,/Q, = 1to 5.

Small changes in spatial orientation do not
influence the segment length or the repeatability
of segmentation, especially not at 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 seg-
ment length, which will reach its maximum value
after 180°. The segment length will then be 10
to 20% longer compared to the 0° orientation,
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due to a decreased influence of the gravity/den-
sity force. The irreproducibility is decreased from
5 to 10%.

Lipophilic impurities on the glass wall sur-
face or other changes of the hydrophilic prop-
erties of the walls, a short (< 2 mm) distance
between the platinum and fluoropolymer capil-
lary ends, and a very high total flow rate (Q, >
5 ml min 1) or flow rate ratio (Q,/Q, > 10) cause
a change from the regular droplet formation seg-
mentation to a ‘‘ripple’’ segmentation using the
AS8-T segmentor. 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, it was reported that relatively large Freon-
113 droplets can cling to the entrance and cause
undue dispersion.?” The stream of organic phase
then flows continuously into the fluoropolymer
capillary without the regular droplet formation
inside the glass compartment.

Segmentation takes place inside the extrac-
tion coil at some distance from the edge of the
capillary (from O to 20 cm for vertical orienta-
tion). This distance depends on the orientation
of the main segmentor axis, the coiling of the
outflow capillary, its position, etc. The segment
length is decreased to one half or less of the
ordinary segment length and the segmentation
pattern becomes irregular. The segment lengths
of the organic and aqueous phases remain un-
changed or decrease with increasing total flow
rate. This is in contrast to the regular segmen-
tation mode, where the segment lengths remain
constant or increase with increasing total flow
rate. The segmentation repeatability decreases to
20 to 50%.

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., destroys the organic layer
formed on the fluoropolymer tube walls in a lam-
inar flow of both phases. Instead, small droplets
or plugs are formed. This ‘‘ripple’’ process of
droplet formation is quite sensitive to any irreg-
ularities in the experimental conditions than is
the classical droplet formation process, and re-
sults in impaired segment formation repeatabil-
ity. The process can be partly 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-
wous film of organic phase which 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
extent at all flow rates. At very high flow rates,
this, together with the gravity force, will control
the droplet size. This phenomenon becomes more
expressed for a fluoropolymer compartment in
the common T-segmentor than for the glass com-
partment of the A8-T segmentor.*

The modified A8-T segmentor 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 segmentior 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, but with increasing surfactant concen-
tration the segment length decreases significantly
and peak height decreases more rapidly for shorter
segments than for longer ones. This phenomenon
is probably depending on the amount of surfac-
tant at the interface between the phases, changing
the interfacial tension.

In aqueous reagent systems using methanol,
the segment length increases with increasing
methanol content and peak tailing is reduced as
a result of increases in extraction efficiency and
rate, and due to a reduction of the lipophilic na-
ture of the fluoropolymer tubing walls, causing
adsorption of ion associates from the aqueous
stream. The repeatability also decreases with in-
creasing methanol content in the reagent stream.

The modified A8-T fitting has the advantage
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of providing a variable segment length over a
wide range and of being very good at maintaining
the direction of flow. It can tolerate even high
back pressures if tightly fitted to the extraction
system. However, the separation between seg-
ments 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
end. The segmentation was shown to become
irregular at higher phase flow rate ratios, and,
even with careful adjustment, occasional droplets
of larger size would 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.'® The segmen-
tation in the back extraction step is not as critical
because the organic and aqueous phase segments
are often about the same size.?”*” Irregular seg-
mentation increases pulsation.

d. Modified Y-Piece*”

Most of the segmentors mentioned above are
not well suited to cope with the high ratios of
aqueous to organic phase flow rate ratios which
are needed in some applications. In the modified
Y-piece (see Figure 10), the organic segments
are formed on the hydrophobic surface of a fluo-
ropolymer piece, which is screwed into a Perspex
block containing connectors for the aqueous and
organic solvent lines. The segmentation is regular
and does not change when the segmentor is turned
by 180°. Adsorbed solids may, however, cause
irregularities in the segment formation and make
the segmentation position dependent.

A model having a continuously adjustable
length of the confluence chamber was also used
and could, at certain settings, produce 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
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FIGURE 10. Improved Y-piece with the
outflow channel made of a fluoropoly-
mer screw.

one half to one third of the previous size. A large
hysteresis was observed when the flow rate was
decreased. The dimensions of the forming cham-
ber may be critical, and the optimum may pos-
sibly be different for different solvents.

e. A Four-Way Fitting®>-%¢

A four-way fitting has also been used as a
segmentor, allowing a small ‘‘makeup’’ stream
of the organic phase to be continuously intro-
duced into the segmented stream as a constant
fraction of the total flow. In the MIBK/water
system, this additional stream was essential to
compensate for the loss of MIBK in the phase
separator and for the solubility of the organic
phase in the aqueous phase.*® In order to prevent
dilution in a ‘“closed-loop’’ liquid-liquid extrac-
tion FIA system, a very low flow rate of the
‘‘makeup’’ stream was used.
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3. The Coaxial (Gravity/Density)
Segmentor

a. Single Channel Segmentor

The coaxial segmentor (falling drop) consists
of two basic parts (see Figure 11): a glass cap-
illary inlet channel for introduction of organic
phase; and a segmentor body with inlet and outlet
capillary channels for delivery of aqueous phase
and drainage of the segmented flow stream. The
glass capillary inlet tube of an inner diameter
ranging between 0.1 and 0.35 mm is pressed into
a PVDF screw. When assembled, the capillary
ends in the conical housing of the compact seg-
mentor body, made of Perspex or PVDF. The
outflow capillary channel is drilled at the bottom
of the conical segmentation chamber (Figure 11A,
B).

An improved PVDF segmentor body with 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, was also used (Figure
11C). The all-glass coaxial segmentor with in-
tegral conical confluence chamber (Figure 11D)
and the glass segmentor having a PVDF conical
insert in the straight glass tube (Figure 11E, F)
were compared with the above mentioned
segmentors.

The organic phase flows though the glass
capillary, forming small droplets at its end. The
droplet size depends predominantly on the 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
aqueous phase. The aqueous flow has a negligible
influence on the droplet size due to the formation
of a whirl, depending on the inner/outer diameter
of the glass capillary. The droplet is then trans-
ported by the aqueous stream through the outlet
channel, where the segment develops, and is
passed into the extraction coil.

The glass segmentor®® with an integral glass
conical housing works properly (s, < 10%) over
a wide range of flow rates of the two phases (Q,
=< 1.6 ml min~! of Freon-113 and chloroform,
Q. = 10 ml min~") and over a range of flow rate
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FIGURE 11. Coaxial segmentors of different geo-
metries made of PVDF or Perspex (A, B), PVDF body
with a thick wall glass confluence chamber and PVDF
conical compartment (C), an all-glass segmentor, (D)
and a glass segmentor with the two different geome-
tries of the PVDF conical compartment (E, F).

ratios (from 2 to 35 to 40). Similar segmentation
repeatabilities were obtained for the compact
PVDF segmentor and for the PVDF/glass seg-
mentor with a PVDF conical insert inside the
glass confluence compartment (s, < 15% at Q,
down 10, 8, 6, and 5 ml min~! for Freon 113,
chloroform, CCl, and MIBK, respectively). Less
repeatable segmentation (s, < 15%) of Freon-
113 was achieved for the Perspex compact seg-
mentor body.

The organic segment length increases line-
arly with the inner diameter of the glass inlet
capillary at constant flow rates of both phases Q,
= 3.0 and Q, =< 0.5 ml min~’'. The best seg-
mentation repeatability (s, < 5%) is mainly
achieved for glass capillaries of inner diameter
from 0.1 to 0.3 mm for all tested organic sol-
vents, and it decreases for other inner diameters.

The length of the organic segments is only
slightly influenced over a wide range of aqueous
phase flow rate Q, (up to 10:0 ml min~') at the
constant organic flow rate Q, = 0.6 ml min—".
It is not changed with the organic phase flow rate
Q, at constant aqueous phase flow rate up to the
limiting value Q. at which the jet effect ap-
pears, depending on the inner capillary diameter
and character of the solvent. When the flow rate
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ratio Q,/Q, is varied, the length of the organic
segments decreases slightly, to 95% of the orig-
inal value.

The length of the aqueous segments increases
nearly linearly with the flow rate Q, of the aqueous
phase and with the total flow rate Q, (slopes of
segment length vs. flow rate of aqueous phase
are close to unity), and decreases rapidly with
increasing flow rate of the organic phase Q,, at
all the above-mentioned experimental conditions,
according to the changes in the dropping fre-
quency of the organic phase.

The segmentation repeatability of the com-
pact PVDF segmentor is acceptable over a rel-
atively wide range of Q, up to 8 or 10 ml min~!
for an inner diameter of the inlet tube of 0.25
and 0.35 mm, respectively, using Freon-113 and
chloroform as organic solvents. The segmenta-
tion repeatability decreases in the order Freon-
113, chloroform, MIBK, and carbon tetrachlo-
ride. Uneven segmentation rarely occurred with
MIBK and only exceptionally with carbon tet-
rachloride at low organic flow rates where small
droplets of the organic solvent were cut off at
the end of the segments.

The values of the flow rate and the flow rate
ratio have to be established for each solvent at a
given inlet capillary inner diameter and defined
experimental conditions. Better segmentation re-
peatability is usually achieved at a medium total
flow rate and a flow rate ratio between 5 and 15,
when the flow rate of the organic phase Q, is in
its optimal range between 0.3 and 0.7 m]l min™'
for all solvents tested. The best diameter of the
organic phase inlet tubing varies between 0.10
and 0.35 mm i.d., depending on the character of
the solvent and its flow rate, but generally, 0.25
* 0.05 mm i.d. can be used for most organic
solvents.

For all tested solvents, an uneven segmen-
tation pattern is obtained at a very low organic
flow rate, Q, < 0.2 ml min~!, and a constant
aqueous flow rate Q, in the range from 1 to 3 ml
min~'. The segmentation repeatability decreases
from units up to tens of percent. At higher organic
phase flow rates, a jet effect appears, depending
on the solvent character, and the segmentation
repeatability decreases sharply, giving s, > 50%.
Segmentation breaks down completely as a result
of this.
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Changing the orientation of the main axis of
the coaxial segmentor from the horizontal posi-
tion has a negligible effect on the segment length
(d(L;) < 4%) up to an inclination of 10°, but
over 10° the segment length decreases by between
25 and 50% for both phases. No significant dif-
ference between the lengths of the organic seg-
ments in straight and coiled fluoropolymer tubing
(30 mm coil diameter) was found at moderate
flow rates, but the segmentation repeatability was
better for coiled than for straight tubing.

Up to a 5% content of inorganic salts such
as NaCl in the aqueous phase increases the length
of the organic segments by 4%, due to the in-
crease in density of the aqueous phase. The seg-
mentation repeatability remains constant or
increases slightly. The presence of a methanol
content between 0 and 15%, or content of a non-
ionic surfactant up to 1%, cause a decrease in
segment length by less than 10%. The segmen
tation pattern and segmentation repeatability are
strongly impaired by a higher content of either
of these substances, and segmentation breaks
down completely at a methanol concentration over
30% or a surfactant concentration over 1.2% due
to the change in surface tension.

Larger segments are produced by the coaxial
segmentor than by classical segmentors. It works
better than these at high phase flow rates and
phase flow rate ratios (best at Q,/Q, > 1 and Q,
< 1.2 ml min~?). 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 for them to have a certain
minimum volume, which may be ascertained by
using a 0.25 to 0.50 mm i.d. glass capillary.®®
To prevent the influence of aqueous flow stream
pulsation and formation of a whirl, the inner glass
capillary can be screened by a thin wall tubing.

b. Multichannel Segmentor/Injector*®

The multichannel dropping segmentor con-
sists of two basic parts: a PVDF screw with a
multiple capillary inlet channel; and a segmentor
body with a conical confluence chamber con-
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taining inlet and outlet capillary channels for the
organic phase delivery and drainage of the seg-
mented flow stream, respectively.

The working principle of this segmentor is
the formation of small droplets (usually from units
to tens of microlitres) of an aqueous reaction
mixture in a continuous flow of another fluid,
immiscible with water. Droplets of the homo-
geneous reaction mixture are transported through
the fluoropolymer capillary system of the ana-
lyzer in the form of separate segments of aqueous
phase, forming a closed reaction system, com-
pletely isolated from each other by a film of or-
ganic phase which prevents analyte carry over.
An analytical signal can be measured on the
aqueous, organic or both segments by an ‘‘on-
tube’’ fast reading detector and treated mathe-
matically or by the classical procedure, after sep-
aration of the phases.

Each component in the reaction mixture is
transported through one of the capillary channels
in the body of the dropping segmentor, and they
meet at the common confluence point at the junc-
tion of the inlet tubing capillary system (see Fig-
ure 4). The droplet formation process takes place
in a coaxial mixing compartment made of hy-
drophilic (glass) or lipophilic material (fluoro-
plastics) at a moderate flow rate. More or less
reproducible droplets of aqueous phase are ob-
tained, with their size controlled by the equiva-
lence of the gravity, density, interfacial tension,
and mainly hydrodynamic forces. The droplet
size also depends on the material of the inner part
of the compartment and on the geometry of the
inner capillary system of the dropping segmentor.

The best repeatability of the signal parame-
ters was obtained using the PVDF compact body
device (s, < 4.5%) and the PVDF body device,
with the confluence compartment made of glass
tube with a conical PVDF insert (s, < 3%) when
measuring at a moderate flow rates. Slightly bet-
ter results were obtained for Freon-113 than for
chloroform. Also, the baseline noise was worse
by one order of magnitude than when the carrier
fluid was Freon-113.

Both PVDF body devices produced their most
repeatable segmentation at a moderate flow rate
of aqueous phase (Q, between 0.4 and 3.2 ml
min~"') and a rather low flow rate of the organic
phase (Q, < 1 ml~!'). The repeatability of the

segment length decreased toward lower flow rate
ratios Q,/Q, and higher flow rates of the organic
phase (Q, < 1 ml min~'). Serious pulsation of
the segmented phase stream appeared when the
flow rate of the organic phase exceeded 5 ml
min~', and the results were not satisfactory. The
reason for this was a serious pulsation of the
segmented stream due to differences in viscous
drag of the two solvents moving into the conical
housing and outlet capillary.

The relatively large volume of the aqueous
phase droplet (ca. 50 wl) is important in this
context, because it has a relatively long residence
time in the mouth of the conical housing and
outflow fluoropolymer capillary. The segmen-
tation repeatability obtained using peristaltic
pumping of the droplet forming phase is generally
worse than that obtained using liquid chromat-
ographic pumps, as the dislodging process is neg-
atively influenced by pulsating flow. This is in
agreement with results obtained earlier with drop-
lets formed by the organic phase.®

The repeatability of the segmentation was
improved by using a narrower measuring tube,
because longer segments were then obtained. The
PVDF device with a confluence compartment
made of glass and a conical PVDF housing is
preferable because it allows visual checking of
the droplet forming process and the homogeni-
zation process of the reaction mixture. Finally,
it also produces higher measurement precision
and sensitivity.

B. Mechanical Segmentors

1. Loop Injector

In some experiments (especially when it is
preferable not to use a phase separator) very pre-
cise and repeatable segments are needed. In such
cases it is crucially important that the segment
length remains unaffected by experimental fac-
tors.*®*4° Segmentation can then be implemented
using a pneumatic or motor-driven loop injector
(Figure 12). Very precise and repeatable volumes
of one phase can be introduced into a continuous
flow of the other phase, the segment length being
controlled by the preselected volume of the in-
jector loop only.*®
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loop magnetic

FIGURE 12. A loop injector with a stator (S), a rotor
(R) and a capillary loop (L), and a magnetic valve with
two electromagnets (M) and a magnetic valve (V).

The segmentation repeatability decreases with
increasing length of the extraction capillary (Lgc)
and increasing flow rate (Q,). Inadequate seg-
mentation repeatibility often results at very low
flow rates, below 0.15 ml min~'. Small droplets
of organic or aqueous phase are in these cases
formed at either end of the segments as a result
of incomplete washing out of the sample loop at
the low flow rates. The same phenomenon may
be observed at high flow rates, when the narrow
(relative to their length) aqueous segments split
off small droplets. Alternatively, the thick film
of organic solvent formed on the fluoropolymer
tubing wall at high flow rates may split off drop-
lets by the “‘ripple’’ process.

The segmentation is quite regular (s, < 10%)
over a wide range of Q, < 6 ml min~', Q/Q,
< 30, and total length of the extraction coil. A
mechanical segmentor, allowing precise timing
of alternating segments of organic and aqueous
segments, may make it possible to eliminate phase
separation altogether.

2. Intermittent Pumping

The introduction of repeatable volumes of
one phase into a continuous flow of the other can
also be realized by the intermittent pumping prin-
ciple.> In that case, two microcomputer con-
trolled peristaltic pumps equipped with stepper
motors can produce a repeatable segmentation
with a variable segment volume ratio, provided
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that large segment volumes are acceptable. Un-
like classical liquid-liquid extraction FIA in which
the immiscible phases are segmented by contin-
uous segmentors, leading to the formation of seg-
ments with random size, a well-defined
segmentation pattern was generated through the
use of alternately operated stepper-motor driven
micro syringe pumps.*® The resuiting uniform
segmented flow with approximately 14 ul vol-
ume segments allowed subsequent digital ‘‘phase
separation’’ using a computer.

3. Magnetic Valve

A magnetic valve system (Figure 12) 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.

The system works repeatable at moderate flow
rates up to 2.5 ml min~', and in a narrow interval
of flow rate ratios close to unity (up to Q,/Q, <
2). The best repeatability (s, < 10%) is usually
achieved in the flow rate range Q, = Q, = 0.2
to 0.5 ml min~"' at a cycling frequency ranging
from units to tens per minute. At higher flow
rates or higher flow rate ratios, especially when
solvents of different viscosity and interfacial ten-
sion are used, serious pulsation occurs and the
segmentation repeatability decreases rapidly up
to tens of percent, compared to a repeatability of
units of percent found at Q,/Q, = 1. Serious
pulsation may also occur when the magnetic valve
is cycled at a slow cycling frequency.

C. Postsegmentor Introduction of the
Sample

A relatively high dispersion occurs in all con-
ventional liquid-liquid extraction FIA systems
where samples are introduced into an aqueous
carrier stream. Lower dispersion results when
samples are introduced into the segmented rather
than the unsegmented flow, because the disper-
sion to which the sample is subjected during
transport throught the reaction tube and phase
segmentor is eliminated.*’” The sensitivity is bet-
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ter and the sampling frequency higher than when
samples are introduced prior to segmentation.
Also, the calibration graphs are linear over a
slightly wider range because the peaks are sharper
and higher. The peak shape is also sharper than
that obtained in the conventional way, ensuring
that dispersion both before reaching the segmen-
tor and in it is one of the major contributors to
peak broadening.

IV. CONCLUSIONS

Comparison of several parameters of the
tested segmentors shows that the best segmen-
tation pattern and the best segmentation repeat-
ability are produced by the coaxial segmentor,
the modified A8-T fitting, and the conventional
loop injector (see Table 2).

The T-shape segmentors made of hydrophilic
material work according to the wetting and skew-
ing principle at low or moderate flow rates. The
length of the segments is governed by the position
and orientation of the input and output channels,
and by the inner diameter of the input channels
and, mainly, of the output channel (at constant
inner diameter of the input channels). When fluo-
ropolymer tube inserts are introduced into all
branches of the T-piece, the maximum droplet
size is limited by the volume of the compartment
formed. With Q,/Q, near to unity, the length of

TABLE 2

the aqueous and organic segments are approxi-
mately equal when segmentation is regular. The
segment lengths depend on the total flow rate Q,
(within a limited range), and decrease with in-
creasing Q,.

The T-shaped segmentors made of fluoro-
plastics are in many cases able to produce small
and reproducible segments, assuming optimum
geometry of the inner capillary system. The length
of the segments is determined by the inner di-
ameter of the inlet and outlet tubing. An increase
of the inner diameter of the outflow channel re-
sults in longer segments with these kinds of seg-
mentors, a prerequisite being that the organic
phase can fill the entire diameter of the channel
before the organic segment is skewed off by the
aqueous flow. At high phase flow rate ratios this
is not the case, and the segments are actually
formed in the extraction coil by ‘‘ripple’’
segmentation.

T-segmentors work best at low flow rates and
at flow ratios Q,/Q, close to unity. At higher flow
rate ratios the repeatability is inadequate. The
ability of the organic solvent to wet the wall
material of the segmentor is important in the case
of fluoropolymer segmentors in which *‘ripple”’
segmentation predominates. The segments are
formed in the extraction coil downstream from
the segmentor, and segmentation is facilitated by
a somewhat pulsating flow.

The major advantages of the fluoropolymer

Comparison of the Basic Parameters of Different Types of Segmentors

Parameters A8-T glass T-glass
Q,(mi min-1) <4 <4
Q,(ml min-1) <1.5 <1.6
Q./Q, <15 <15
L,(org) <38 <45
s,(5)° 2.02,11.95° 9.05,12.44°
s(10) 7.21,24.57¢ 7, 33.1¢

Loop  Magnetic

T-PVDF Coaxial injector valve
<8—10 >8 2.5
<15 <0.8,1.5° 3 2
<3—5 <40 — 2
<50 > >1
12.4 3.88,3.84° — 6°
7.46,12.19¢ — —

* Freon-113, see text for other solvents, 1.2 ml min—* for Freon-113 (Ref.

37).

b Relative standard deviation at Q, = 0.5 ml min-* and at Q,/Q, 5 and 10,

respectively.
¢ “Ripple” forming principle.
¢ 0.35 and 0.25 mm inlet glass tubing.

° AtQ, = Q, = 0.5 mmin—*, 19% at Q/Q, = 0.5/1.5 ml min-".
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T-piece segmentor are that it is inexpensive and
readily available. These segmentors 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. A disadvantage of this segmentor is that
it does not direct the flow well; i.e., too high an
overpressure applied to the outlet of the segmen-
tor may result in the direction of the flow being
reversed in one of the solvent delivery channels.
The choice of material is most important (partic-
ularly important are the wetting properties of the
organic solvents used in liquid-liquid extraction
FIA). Teflon is not ideal because changes of the
segmentation mode often cause irregularities in
the segmentation.®

Although the modified A8-T segmentor works
very well it cannot be used with standard tubing
connectors of the low pressure HPLC type, which
is a drawback in routine work. Leakage often
occurs at high total flow rates or at high over-
pressure caused by the phase separator or a re-
strictor coil, since this segmentor type was
designed for low pressure segmented continuous
flow analyzer systems. The segmentor can con-
veniently be used with a T-separator or in a sep-
aratorless system, but problems are encountered
in systems equipped with membrane phase
separators.

The dead volume at the confluence point may
be excessive when the organic flow is much
smaller than the aqueous flow. The segmentation
pattern becomes irregular at high phase flow rate
ratios, and, even with careful adjustment, oc-
casional droplets of larger size would be dis-
lodged. Also, relatively large droplets of the
organic phase would cling to the entrance and
cause undue dispersion.

The modified A8-T fitting has the advantage
of producing a variable segment length over a
wide range, and of maintaining the flow direction
very well. The problems are that the separation
between consecutive segments is sometimes not
consistent. The segment length can be easily var-
ied by the Q,/Q, flow rate ratio, or (better and
simpler) by the distance of the fluoropolymer
tubes from the end of the platinum capillary,
when segmentation is controlled by droplet
formation.

All the above-mentioned segmentor types
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work relatively well at a wide range of flow rates
and phase flow rate ratios, but the total volume
of the droplets and the segment length are strongly
influenced by the flow rate of the aqueous phase.
The segment size is also influenced by surface
active substances such as anionic surfactants. In
some experiments (especially when a phase sep-
arator is not desirable), very precise and repeat-
able segmentation is needed. In such cases it is
very important that the segment length remains
unaffected by experimental factors.

Segmentation may be achieved by using a
loop injector, driven pneumatically or by a mo-
tor. With such a device, very precise and re-
peatable volumes of one phase can be introduced
into a continuous flow of the other phase. The
volume and the length of the segments are, in
principle, controlled by the preselected volume
of the injector loop only. Conventional loop in-
jectors operated by a cycling motor with adjust-
able filling/draining 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 segmentor, making possible precise
timing of the segmented stream passing through
the detector cell.

A coaxial segmentor seems to be more con-
venient in these applications, offering, in gen-
eral, comparable segmentation repeatability to the
loop injector over a wide range of flow rates of
the two solvents. The use of such a segmentor
does not introduce any additional moving parts
into the liquid-liquid extraction FIA system. The
results so far show that a considerable improve-
ment in performance can be obtained with this
new design. Apart from giving a two- to threefold
rise in the segmentation repeatability, a coaxial
segmentor can be operated over a wider range of
flow rates and phase flow rate ratios than pre-
vious segmentor designs. A further advantage is
that it behaves according to a simple and well
established theory, making it possible to calculate
in, beforehand, the parameters of the segmen-
tation pattern.

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
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inner diameter of the inlet glass capillary and by
changing the flow rates of the two solvents. The
segment length of the organic phase can easily
be predicted, and is independent of the majority
of the factors influencing segmentation in the
other segmentor types, such as the flow rates of
the two solvents, the flow rate ratio, etc.®

The segmentation repeatability depends on
how clean the walls of the mixing compartment
and the flat end of the inlet capillary are. The
segmentation pattern is changed by lipophilic
substances present on the walls of the confluence
compartment. From time to time the walls of the
conical housing become covered by a thin film
of organic phase, due to irregularities of the seg-
mentation produced by small droplet formation
at the end of the regular segment, or to the un-
repeatable volume of the organic solvent clinging
on the surface of the conical part of the outlet
channel. Segmentation repeatability may be de-
creased by as much as several tens of a percent,
relative to the usual repeatability s, Careful
washing of these parts with ethanol and grinding
the capillary end from time to time are important
for obtaining regular segmentation, especially
after a long dry storage period. Also, air bubbles
must be removed from all parts of the segmentor,
especially from the space between the glass cap-
illary and the mixing compartment walls.

The relatively large dead volume of the con-
ical chamber (around 0.1 ml) increases sample
and reagent consumption, and the risk of con-
tamination of the samples by carry over. These
factors are less serious at high aqueous flow rates
and high flow rate ratios, preferable in some prac-
tical applications such as AAS and when high
enrichment factors are desirable.?” The dead vol-
ume can obviously be minimized by miniaturi-
zation of the confluence compartment. The
distance of the inlet glass capillary from the con-
ical housing and the inner and outer cross sec-
tional diameters of the confluence chamber have
to be optimized for the desired droplet size, as
they also greatly influence the cutoff process. The
nominal volume of the conical part has to be
greater than the actual droplet volume in order
to avoid contaminating the walls of the conflu-
ence compartment with organic phase.

The compact PVDF body segmentor has the
disadvantage of being opaque, and, conse-

quently, visual checking of the segmentation pro-
cess is impossible. Such checks are important
when the walls of the confluence chamber can
become covered by lipophilic substances. Per-
spex is attacked by most common organic sol-
vents and the conical compartment is difficult to
machine to the desirable wall smoothness. Both
compact body segmentors are less sensitive to
leakage at higher back overpressure, and thus are
more suitable for systems with membrane phase
separators.

Coaxial segmentors usually work better at
moderate or high than at low flow rates, because
the droplets are often destroyed on the walls of
the conical chamber, resulting in decreased seg-
mentation repeatability. A hydrophilic construc-
tion material such as glass can be recommended
for the confluence chamber (particularly the con-
ical part of the chamber).

The geometry of the confluence chamber and
especially of the conical part should be optimized
to decrease the dead volume of the segmentor
and to increase the segmentation repeatability. A
narrow angle in the conical part of the confluence
chamber increases the risk that the droplet may
split off small particles, which may then cling
on the walls of the compartment or the conical
housing. This phenomenon occurs more fre-
quently in conical chambers made of Perspex,
probably because they are difficult to machine to
the desirable wall smoothness of the conical part,
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 never in the integral conical compartment
made of glass.

The use of the multichannel dropping seg-
mentor in liquid-liquid extraction FIA does not
introduce any additional moving part into the
completely closed FIA system. The segmentation
repeatability and segment volumes are mostly
comparable with the repeatability of the liquid
sample introduction using a loop injector. The
segmentor works reliably over a wide range of
flow rates and flow rate ratios of both phases,
and is easy to handle.

The analytical signal obtained using the mul-
tichannel dropping segmentor is comparable with
those obtained by steady state measurements in
which aqueous solutions of extractable reaction

515



14: 27 17 January 2011

Downl oaded At:

product are introduced directly into the flow of
organic phase. An instantaneous extraction of the
reaction product speeds up the reaction rate when
an extractable product is formed from nonex-
tractable reaction components. No serious
lengthening of the extraction/reaction coil is
needed when a dropping segmentor is used for
the instantaneous preparation of the reaction mix-
ture and for the direct introduction of the pre-
prepared extractable product solution into the
system.

Direct ‘‘in-segmentor’’ introduction of the
sample and organic analytical reagent by a mul-
tichannel segmentor can eliminate the reaction/
mixing coil, and thus most problems connected
with its use. The application of the multichannel
dropping segmentor in liquid-liquid extraction
FIA can also eliminate a phase separator and a
sample injector, and thus significantly simplify
the manifold.

Several separate inlet capillaries meeting at
a common confluence point of very small di-
ameter can thus be used for dilution (changing
the Q,/Q, for sample and water), reagent intro-
duction, titration (changing the Q,/Q, for sample
and titrand), calibration (changing the concen-
tration or the Q,/Q,), gradient formation (using
two pumps for gradient, or a gradient pump),
kinetic measurements (different Q, or Lz¢), etc.

The high degree of reproducibility of the seg-
mentation obtainable with this kind of segmentor
can improve the precision of signal measurement,
and may frequently simplify signal treatment.

Recent improvements in phase segmentors
open a whole new set of possibilities where stud-
ies of liquid-liquid extraction systems can be per-
formed directly on each individual segment of
the organic and aqueous phase, thus avoiding the
problems connected with phase separation. Fi-
nally, it may even be possible to eliminate the
phase separation process altogether if the seg-
mentation reproducibility is sufficient to allow
precise timing of the measurement periods.

V. SUMMARY

The paper gives an overview of the theory
and praxis of phase segmentation and phase seg-
mentors used to segment two immiscible liquid

516

phases in continuous flow analysis. Two different
segmentation mechanisms have been used de-
pending on the experimental conditions, the seg-
mentor geometry, and the material of the inner
capillary system of the segmentor. Segmentors
of T-shape made of fluoroplastics and glass (A4-
T fitting), a modified glass A8-T fitting, W- and
Y-pieces of a different geometry, a four way
fitting, and a recently introduced coaxial (drop-
ping) segmentor of different geometries are dis-
cussed. A single loop injector, stepper-motor
driven syringe pumps, a magnetic valve and mul-
tichannel coaxial segmentor have also been sug-
gested as devices for introducing definite volumes
of one phase into the continuous flow of the other
one. The segment length can be varied over a
wide range from units to tens of millimeters using
different segmentors.
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