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An analytical technique is described which combines
solvent extraction with gas chromatographic (GC) analysis
in a simple and inexpensive apparatus involving very little
solvent consumption. A small drop (8 µL) of a water-
immiscible organic solvent, containing an internal stan-
dard, is located at the end of a Teflon rod which is
immersed in a stirred aqueous sample solution. After the
solution has been stirred for a prescribed period of time,
the probe is withdrawn from the aqueous solution, and
the organic phase is sampled with a microsyringe and
injected into the GC for quantification. The observed rate
of solvent extraction is in good agreement with a convec-
tive-diffusive kinetic model. Analytically, the relative
standard deviation of the method is 1.7% for a 5.00-min
extraction of the analyte 4-methylacetophenone into n-
octane.

Conventional liquid-liquid extraction uses large amounts of
solvent and is often tedious and time-consuming to perform.
Techniques such as solvent extraction flow injection analysis,1-3

solid-phase extraction,4,5 and, more recently, solid-phase microex-
traction6 have been developed to overcome these disadvantages,
and their use is becoming widespread. The present study is
concerned with developing a complementary solvent microex-
traction technique using the principles of liquid-liquid extraction
applied to very small volumes.

The solvent microextraction apparatus consists of a 1-mL vial
which contains the aqueous sample and a rod-shaped Teflon probe
hollowed out at one end and held in place by a washer and cap.
The hollowed-out end of the Teflon probe is filled with 8 µL of
organic solvent (n-octane) and immersed in the aqueous sample.
A magnetic stirrer is used to stir the aqueous phase. Although
maximum sensitivity and precision are obtained by stirring until
equilibrium is reached, it is generally more convenient to stir for
a fixed, short time period (e.g., 5 min) at a constant stirring speed.
After this time, the Teflon probe is removed from the aqueous
sample, and a 1-µL aliquot of the organic phase is taken by
microsyringe and injected into a gas chromatograph (GC).

In addition to speed and convenience, there are some other
advantages of this system. First, unlike in conventional extraction,
neither phase is dispersed in the other, so no phase coalescence

is required after the extraction step. Second, the interfacial area
is known with reasonable accuracy, facilitating the development
of a theoretical model of mass transfer kinetics.

THEORY
Equilibrium Considerations. The limit of detection in the

system is ultimately that of the GC detector. Thus, the concentra-
tion of analyte in the organic phase after stirring must be above
this detection limit. The equilibrium concentration in the organic
phase is given by

where Caq,initial and Caq,eq are the initial and equilibrium aqueous-
phase concentrations, Vo and Vaq are the organic- and aqueous-
phase volumes, and κ is the distribution coefficient, defined by

Thus, κ and/or Caq,initial must be sufficiently large, and the phase
ratio, Vo/Vaq, must be reasonably small to avoid detection
problems. Also, in the interest of time, equilibrium may not be
reached in an analytical application, so the organic phase con-
centration may be somewhat lower than Co,eq.

Kinetic Considerations. The general rate equation for
liquid-liquid extraction can be written as7-13

where Co is the concentration of analyte in the organic phase at
time t, Ai is the interfacial area, âho is the overall mass transfer
coefficient with respect to the organic phase (in cm/s), and Caq

is the analyte concentration in the aqueous phase at time t.
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Assuming rapid transfer across the liquid-liquid interface, the
overall mass transfer coefficient can be expressed as

where âo and âaq are the individual mass transfer coefficients for
the organic and aqueous phases, respectively, defined by

The subscript i refers to concentrations immediately adjacent to
the interface, while Caq and Co refer to bulk concentrations. It is
assumed that equilibrium prevails at the interface at all times,8,13

so

Since Caq can be written in terms of Co from mass-balance
considerations,

eq 3 has the form of a reversible first-order reaction.
After substitution from eq 7, eq 3 is integrated to obtain the

time dependence of the concentration in the organic phase:

where k is the observed rate constant (s-1),

Equations 4 and 9 reveal the influence of the experimental
variables on analysis time. Thus, for rapid analysis, one must
maximize Ai, âo, and âaq and minimize Vaq. The effects of Vo and
κ on equilibration time depend on the magnitude of the capacity
factor, κVo/Vaq, relative to 1.

Experimental values of Co versus time can be fit to equation 8
to obtain both Co,eq and k, which yield both equilibrium (κ) and
kinetic (âho) parameters. From eqs 2 and 7, at equilibrium, the
distribution coefficient, κ, can be calculated:

The overall mass transfer coefficient can then be estimated by
equation 9 since Ai can be estimated with reasonable accuracy.

Up to this point, the mass transfer coefficient has been treated
as an empirical parameter relating the mass flux to the concentra-
tion difference, which serves as the driving force. For a particular
combination of analyte and solvents, âho will be a constant, provided
that stirring rate and temperature are constant. The interpretation

of the mass transfer coefficient entails modeling the system by,
for example, Whitman two-film theory7,11,13 or Higbie’s penetration
theory.10,11,13 This will be discussed further in the Results and
Discussion section.

EXPERIMENTAL SECTION
Chemicals. Caffeine (Aldrich, Milwaukee, WI), 4-methylac-

etophenone (Kodak, Rochester, NY), n-octane (BDH, Poole,
England), n-dodecane (Aldrich), and toluene (BDH) were all
reagent grade and used as received. Water was purified by the
Nanopure system (Barnstead, Dubuque, IA).

Apparatus. The solvent microextraction apparatus is shown
diagrammatically in Figure 1. The 1.0-mL minivial and stir bar
were obtained from Alltech Associates (Deerfield, IL), stock no.
95010. The Teflon probe was fabricated in the Chemistry
Department Machine Shop. A 1/8-in. drill bit with a rounded tip
was used to machine out the hemispherical recess in one end of
a 2.0-cm-long × 0.40-cm-diameter Teflon rod, to contain the
organic solvent. The speed of the stir bar was measured with a
strobe lamp (Strobe 5K, Strobe Automation Ltd., England) and
adjusted to the appropriate value. Temperature was maintained
at 25 ( 0.02 °C by a circulating water bath (Lauda K-4/RD,
Brinkmann, Rexdale, ON, Canada). A 10-µL microsyringe (Model
701 N, Hamilton, Reno, NV) was used to introduce 8.0 µL of
organic phase into the probe and to sample and inject the organic
phase into the GC after extraction. A Hewlett-Packard HP5840A
gas chromatograph with packed column (Apiezon L stationary
phase) and flame ionization detector (FID) was used for quanti-
fication. Helium was used as carrier gas at a flow rate of 20 mL/
min, and column temperature was 200 °C.

For the determination of diffusion coefficients, the solvent was
degassed with helium and pumped via a constant-pressure pump14

through 446 cm of loosely coiled (9-cm coil diameter) stainless
steel tubing (0.02 in. i.d.), which was maintained at 25 ( 0.02 °C
in a water bath (Lauda K-2). Sample plugs were injected via a
six-port stainless steel injection valve (Valco HP series, Houston,
TX) with a 10-µL loop. The eluting peak was detected with a
Varian UV-50 flow cell detector at 254 nm, and the peak was
plotted on a strip chart recorder.

Extraction Studies. The model compound 4-methylacetophe-
none (4-MAP) was extracted from water into n-octane which
contained 2.2 mM n-dodecane as internal standard. An aqueous
0.221 mM solution of 4-MAP was used in the kinetic studies, while
several aqueous solutions of 4-MAP in the concentration range
0.109-0.543 mM were prepared for the analytical methodology
studies.

(14) Fossey, L.; Cantwell, F. F. Anal. Chem. 1982, 54, 1693-1697.

Figure 1. Side view illustration of the solvent microextraction system
(approximately to scale). Magnetic stirrer not shown.
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After the solution was stirred for a known time, the probe was
removed, and a 1-µL aliquot of the organic phase was taken with
the microsyringe and injected into the GC for quantification. For
the kinetic studies and isotherm measurement, the FID response
was calibrated by injecting standard solutions of 4-MAP. This is
not necessary, however, for routine analysis, as discussed later.
In all cases, the fixed concentration of n-dodecane was present in
the organic phase as an internal standard in order to correct both
for evaporation of n-octane and for variable injection volumes. The
analytical signal was taken as the peak area ratio of 4-MAP to
n-dodecane.

Diffusion Coefficient Determinations. The determination
of diffusion coefficients was based on the Taylor dispersion
method.15-19 The observed peaks were nearly symmetrical, with
an asymmetry factor of about 1.1 at 10% of peak height. Therefore,
peak width was measured by the “tangent” method.17 The
calculations require an accurate calibration of the tubing radius.
This was done by injecting compounds having known diffusion
coefficients. Caffeine in water, with D ) (6.3 ( 0.4) × 10-6 cm2/
s,20 and toluene in n-octane, with D ) (2.99 ( 0.06) × 10-5 cm2/
s,21 were employed. Both yielded similar results, with an average
radius and standard deviation of 0.0279 ( 0.0005 cm.

RESULTS AND DISCUSSION
Diffusion Coefficients. The treatment of observed extraction

rates with theoretical convective-diffusive mass transfer models
requires a knowledge of the diffusion coefficients of 4-MAP.
These were measured by the Taylor dispersion method to be Daq

) (7.0 ( 0.2) × 10-6 cm2/s in water and Do ) (2.3 ( 0.05) × 10-5

cm2/s in n-octane, at 25 °C, based on three replicate measure-
ments. However, measurement of diffusion coefficients is not
necessary in an analytical application where simple calibration
suffices.

Flow Pattern. In the apparatus shown in Figure 1, the
aqueous phase is well stirred. The flow patterns in both the
aqueous and organic phases were made visible to the eye by

suspending charcoal powder in each phase while stirring only the
aqueous phase. The circulatory flow in each phase consists of
both a horizontal-rotational component and a vertical-toroidal
component. The toroidal flow in each of the phases is shown
diagramatically in Figure 2. The origin of such flow in the stirred
aqueous phase is obvious. The reason for it in the organic phase
is as follows: As the aqueous phase sweeps radially inward in a
horizontal plane past the aqueous-organic interface, the frictional
drag on the organic layer induces a parallel motion in the organic
phase. When the flow streamlines in each phase converge at the
central axis of the vial, they change direction and move vertically
into their respective bulk phases. The situation is analogous to
that which prevails in a liquid drop that is falling or rising through
an immiscible liquid.7,22 Circulation in the organic phase will affect
the rate of solvent extraction only if 1/âo is not much smaller than
κ/âaq (eq 4); however, in any event, this circulation has the
desirable effect of homogenizing the organic phase prior to gas
chromatographic analysis.

Kinetics. Shown as data points in Figure 3 are plots of
concentration vs time for extraction of 4-MAP from 1.00 mL of a
2.21 × 10-4 mol/L, stirred aqueous solution into an 8.0-µL droplet
of n-octane. Four different stirring rates between 9.0 × 102 and
1.80 × 103 rpm were employed. Slower stirring rates could not
be measured with the strobe lamp, and faster stirring rates
resulted in dislodgement of the organic droplet from the rod. The
solid lines through the four sets of data points represent the fitting
of eq 8 to the data using a nonlinear least-squares program in the
software package KaleidaGraph.23 Values of the fitting parameters
Co,eq and k are presented in columns 2 and 3 of Table 1. Within
experimental error, the equilibrium concentration Co,eq is inde-
pendent of stirring rate, so κ, from eq 10, is also a constant,
independent of stirring rate (column 4 in Table 1). Evidently,
the rate constant k is constant at a fixed stirring rate, so âho, from
eq 9, is also constant (column 5 in Table 1). However, at higher
stirring rates, k and âho increase.
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Figure 2. Enlarged view of the end of the Teflon probe showing
the organic drop immersed in the aqueous phase. Fluid flow is
illustrated conceptually with arrows (neglecting the rotational com-
ponent for clarity), showing how circulation is induced in the organic
phase.

Figure 3. Plots of concentration of 4-methylacetophenone in
n-octane versus stirring time at various aqueous phase stirring rates.
Points indicate experimental data: (9) 900, ([) 1200, (2) 1500, and
(b) 1800 rpm. Solid lines represent the fit of eq 8 with the parameters
Co,eq and k given in Table 1. Dashed line represents extraction profile
for the case of no stirring as predicted by semiinfinite diffusion.10
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It has often been observed for solvent extraction systems that
âho is related to stirring rate S by an expression of the form7

For the data in Table 1, a plot of log âho vs log S is linear with a
slope of 0.74 ( 0.06, an intercept of -6.1 ( 0.2, and a correlation
coefficient R2 ) 0.988. The value of p ) 0.74 is intermediate
between the value of 1.0 that is often observed for the “Lewis
cell”, in which two immiscible liquids are stirred independently
without disturbing the interface,7,24 and the value of 0.5 predicted
by the Levich equation for a rotating disk and observed in the
Albery rotated extractor.25

The absolute values of âho obtained in the microextraction
system are somewhat larger than those observed in the Lewis
cell24 and in the so-called “rapid-stir cell”,26,27 in which droplets of
one phase are dispersed in the other phase. This is because Lewis
cells are stirred more slowly to avoid disturbing the interface,
while in rapid-stir cells the shearing forces between the droplets
and the continuous phase are limited because the dispersed
droplets tend to move along with the continuous phase. Although
âho in the microextraction system is relatively large, the small Ai/
Vo ratio (eq 3) limits the rate of extraction compared to the rapid-
stir cell.

The absolute values of âho obtained in the microextraction
system, while larger than those for stirred systems, are compa-
rable to those observed for falling and rising drops.22 For example,
at a stirring rate of 1500 rpm, the rotational velocity of water in
the vicinity of the probe tip was measured to be 12 cm/s by
observing the movement of a single charcoal particle with the
aid of a strobe lamp. For a drop of n-octane rising through water
with a terminal velocity, Ut, of 12 cm/s, theory predicts mass
transfer coefficients of âaq ) 8 × 10-3 cm/s and âo ) 16 × 10-3

cm/s. From eq 4, taking κ ) 40 L/L for 4-MAP, âho for the rising
drop system would therefore be 2× 10-4 cm/s. This is essentially
the same as the value 1.9 × 10-4 cm/s reported in Table 1 at the
appropriate 1500 rpm stirring rate.

The dashed line in Figure 3, shown for comparison, is the
concentration vs time profile predicted for the case in which there
is no stirring. This rate curve is based on a semiinfinite linear
diffusion model.10 After 30 min, the extent of extraction in such
a stagnant system would be only about 4% of the equilibrium value.
Clearly, stirring produces a dramatic increase in the extraction
rate compared to the stagnant case.

Mass Transfer Model. To gain some insight into the nature
of the extraction process, the mass transfer coefficient âho may be
interpreted in terms of a convective-diffusive mass transfer model.
The popular Whitman two-film theory,7,11,13 is employed.

Film theory postulates steady-state diffusion (after a short lag
time) across stagnant solvent layers of thickness δo and δaq

adjacent to the interface in the organic and aqueous phases,
respectively. In either the organic or the aqueous phase, the mass
transfer coefficient â ) D/δ, where D is the diffusion coefficient
of the solute and δ is the film thickness in the appropriate phase.
Thus, according to film theory, eq 4 can be written as

If the two terms on the right-hand side of eq 12 are comparable
in magnitude, then simultaneous evaluation of both film thick-
nesses is not possible from studies of only one solute (i.e., only
one κ). However, in the present case, κ is large, so the first term
on the right in eqs 4 and 12 can be neglected, and resistance to
mass transfer in the aqueous phase is the rate-determining step
for extraction. With this approximation, δaq can be evaluated since
Daq is independently known. Calculated values are presented in
the seventh column of Table 1.

Analytical Methodology. The equilibrium distribution iso-
therm was measured by the solvent microextraction technique
using five aqueous solution concentrations of 4-MAP in the range
0.109-0.543 mM. The aqueous phase was stirred at 1800 rpm
for 30 min, by which time the extraction was about 99% of the
way to equilibrium. The isotherm is linear in this concentration
range, with a slope of κ ) 38.5 ( 1.7 L/L, an intercept of zero
(0.06 ( 0.46 mmol/L), and a correlation coefficient (R2) of 0.994.
Equilibrium organic-phase concentrations were measured by GC,
and equilibrium aqueous-phase concentrations were calculated
with eq 7. At equilibrium, about 24% of the initial aqueous-phase
concentration has been extracted into the organic phase.

In an analysis, it is desired to evaluate Caq,initial for an aqueous
sample solution based upon the measured value of Co at some
stirring time, t. Combining eqs 1 and 8 gives the expression

The bracketed term will be a constant which can be evaluated by
extracting a standard solution of known Caq,initial, provided that the
concentrations are in the linear region of the distribution isotherm
for both sample and standard, and provided that the following
are the same for both sample and standard: Vo/Vaq, k (i.e., same
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Table 1. Equilibrium and Kinetic Parameters for Extraction of 4-MAP from Water into 8.0 µL of n-Octane at Four
Stirring Rates, Plus Diffusion Film Thickness in the Water Phase

stirring rate (rpm) Co,eq (mol/L) × 103 k (s-1) × 103 κ (L/L) âho
a (cm/s) × 104 t1/2

b (min) δaq (µm)

900 6.67 ( 0.07 1.61 ( 0.04 39.8 ( 0.6 1.24 ( 0.04 7.2 14.3
1200 6.69 ( 0.05 2.10 ( 0.05 39.9 ( 0.4 1.61 ( 0.04 5.5 11.0
1500 6.74 ( 0.03 2.42 ( 0.03 40.3 ( 0.2 1.85 ( 0.03 4.8 9.4
1800 6.77 ( 0.05 2.70 ( 0.05 40.6 ( 0.4 2.06 ( 0.04 4.3 8.4

a âho is from eq 9 with Ai ) 0.079 cm2, Vaq ) 1.00 × 10-3 L, and Vo ) 8.00 × 10-6 L. b Half-time calculated as t1/2 ) ln 2/k.

1

âho

)
δo

Do

+
κδaq

Daq

(12)

Caq,initial ) Co[1 + κVo/Vaq

κ(1 - e-kt) ] (13)

log âho ) log M + p log S (11)
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stirring rate), and stirring time, t. Equation 13 shows that it is
not necessary to stir until equilibrium is reached, provided that
the stirring conditions and time are reproduced, though, of course,
the closer the system is brought to equilibrium, the less critical
are the stirring conditions and time.

From eq 13, it may be inferred that, since the GC signal
(employing internal standard) is proportional to Co, then a plot of
GC signal vs Caq,initial for a series of standard concentrations should
yield a linear calibration curve. The same five aqueous 4-MAP
solutions which were employed in measuring the distribution
isotherm were each subjected to 5.00 min of stirring in the
microextraction apparatus, and the measured GC signals were
plotted vs initial aqueous concentration of 4-MAP. This calibration
curve was linear, with a slope of 4.88 ( 0.13 L/mmol, an intercept
of zero (-0.001 ( 0.05), and a correlation coefficient (R2) of 0.998.
After 5 min of stirring, the extraction is only slightly more than
half way to equilibrium, and yet good precision is obtained for
the calibration curve. The precision was further tested by
performing 5-min extractions and GC analysis on 10 replicate, 1.00-
mL aliquots of the aqueous solution of Caq,initial ) 1.77 × 10-4 mol/
L. The relative standard deviation was 1.7%, which is quite
acceptable for a solvent extraction GC method.

In cases where the aqueous sample is plentiful, it would be
possible to expose the organic drop to a flowing stream of sample
rather than to a stirred, fixed volume of sample. An advantage of
the flowing aqueous sample is that the organic drop continuously
would be in contact with fresh aqueous sample having the initial
analyte concentration. Such a situation is equivalent to setting
Vaq equal to infinity in eqs 1, 7, 9, 10, and 13, and as a consequence,
the organic-phase analyte concentration would be approaching an
equilibrium value of κCaq,initial. The fluid dynamic effect of linear
flow on the mass transfer coefficient would have to be character-
ized.

Comparison of the proposed solvent microextraction technique
with the technique of solid-phase microextraction (SPME) into a
polymer film coated on a fused silica fiber6 reveals that the two
techniques are comparable in terms of precision, sensitivity, and
analysis time. SPME has the advantage that there is no solvent
peak in the GC. However, this advantage is offset by the cost of
a more elaborate and expensive apparatus than is employed in
solvent microextraction and by the fact that analyte desorption
from the polymer in the GC injector is slower than conventional
solvent evaporation and leads to analyte peaks showing greater
tailing. Recent modifications of SPME accelerate the desorption
rate but at the cost of an even more complex SPME injection
system,28 while recent experiments in this laboratory demonstrate
that solvent microextraction can be performed very successfully
with the simplest of devices, a 1-µL droplet suspended in the
aqueous solution from the tip of a conventional microsyringe.29

Automation of this microsyringe system with a conventional
autosampler is an obvious possibility. Such automation has been
demonstrated for SPME.30

A second advantage of the SPME system is its ready adapt-
ability to “head-space” analysis. No attempt has yet been made
to adapt the solvent microextraction system to head-space analysis,
though recently a liquid droplet has been reported for sampling
of gas streams.31-33

Current and future experiments in this laboratory involve the
use of the 1-µL droplet device and are directed at two goals: first,
the relative merits of film and penetration theories are being
investigated, and second, solvent microextraction is being applied
to “real-world” samples.
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