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A Survey of Separative Techniques

The accompanying articles describe
six areas of separation science in which
major advances have recently occurred.
These areas, however, are not the only
ones in which progress is taking place.
" The entire field of separation science is
evolving at a surprising rate, considering
that separation is the oldest and most
basic technique employed in the labora-
tory. The following sections discuss
some of the areas where this evolution—
if not revolution—is occurring most rap-
idly. These examples are meant to be
representative rather than exhaustive.

Liquid Chromatography

High-performance liquid chromatogra-
phy (HPLC), born only 20 years ago as
high-pressure liquid chromatography
(LC) is, with gas chromatography, one of
the two most commonly used separa-
tive techniques today. Despite the matu-
rity implied by such wide usage, it is still
a rapidly evolving area. Two important
current trends are the use of HPLC for
separation of macromolecules, particu-
larly those of biological origin, and the
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use of supercritical fluids as eluants.
These are reviewed elsewhere in this
issue. An equally important trend is a
reduction in column size and a concomi-
tant increase in analytical speed.
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using smaller particle sizes for packing
the column, and 3-pm particles are be-
coming more common. Analyses that
took 10 minutes 5 years ago can now
often be done in 1 minute or less.
Solvent use can be further reduced
and sensitivity increased by using col-
umns with smaller bores. A standard
HPLC column has a diameter of 4.6 mm.
New columns are now available with
diameters of 2, 1, or even 0.5 mm. A 2-
mm column cuts solvent use by 80 per-
cent, while microbore columns, those
with diameters of 1 mm or less, cut it by
at least 95 percent. The microbore col-
umns are no more selective than conven-
tional columns of equal length, and anal-
ysis times are equivalent. They can,

Summary. Separative science has recently undergone numerous advances. This
article discusses many developments and trends in liquid, ion, gas, and countercur-
rent chromatography, field-flow fractionation, and electrophoresis.

The first steps in this direction in-
volved the use of short columns, perhaps
3 to 5 cm long. These columns were
developed, in part, as a result of the use
of guard columns—short, inexpensive,
disposable columns fitted between the
injector and the analytical column to trap
extraneous materials that would foul the
expensive analytical column. Investiga-
tors observed that these short columns
could have as many as 5000 theoretical
plates, an efficiency that is adequate for
most uses. Short columns reduce analy-
sis times and cut down on the use of
expensive high-purity solvents, albeit at
the cost of selectivity. Some of that
selectivity can be restored, however, by

however, be fabricated at reasonable
costs in much longer lengths that pro-
duce very high efficiency. Their small
size also allows use of exotic, expensive
packing materials, such as diamond dust
or finely divided noble metals, and even
more expensive solvents: deuterated sol-
vents, for example, might be used when
it is necessary to analyze the collected
sample by nuclear magnetic resonance.
Some investigators are using columns
with diameters as small as 50 um, and it
seems likely that these will eventually be
commercially available. These ultrami-
crobore columns can, in some cases,

The author is a member of the Research News
staff of Science.
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provide exceptional concentration of the
sample, and eluted peaks can be fed
directly into a mass spectrometer or oth-
er instrument with low interference from
the solvent.

Microcolumn HPLC presents some in-
strumental problems. In particular, it re-
quires accurate pumps and small flow
cells for the detector so that column
performance is not degraded. In general,
this means that a dedicated chromato-
graph must be used with microcolumns,
although there are some commercial in-
struments that can handle a variety of
bore sizes.

Detection is a more substantial prob-
lem. New designs of flow cells and elec-
tronic refinements have increased detec-
tion sensitivity by an order of magnitude
during the past 2 to 3 years, but detection
remains the weakest link in LC. One
recent response to the need for faster
detection systems is the use of diode
array spectrometers that allow simulta-
neous analysis of the eluant at many
different wavelengths. Another new ap-
proach- is electrochemical detection,
such as oxidation of susceptible species,
to identify small samples. Work on other
detection techniques may prove to be
one of the most fruitful areas of research.

Pump technology is also improving.
Newer pumps are nearly pulse-free, im-
proving separation.and reliability. One
microprocessor-controlled pump, fur-
thermore, can now often replace the two
or three pumps that were previously
required for producing gradients or other
unusual elution patterns. The micropro-
cessor has also had a major role in auto-
mating the optimization of separations.
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Finding the correct solvent combinations
and gradients for separation of unknown
mixtures was previously a trial and error
process that could require days or
weeks. New software first introduced in
1982 by the DuPont Company and now
widely copied allows the microprocessor
to “‘learn’” from each of a series of trial
elutions and thereby optimize the sepa-
ration procedure literally overnight.
HPLC has progressed to the point, says
one investigator, where formerly difficult
problems are now easy and the impossi-
ble ones merely take a little longer.

Flash chromatography. Another tech-
nique for rapid separations is termed
flash chromatography. It was first re-
ported in 1978 by W. C. Still of Columbia
University, but has only recently gained
acceptance. Flash chromatography is
best described as a hybrid of open-col-
umn and medium-pressure LC. The key
to its implementation is the use of rela-
tively large (40-um) sorbent particles
with a narrow distribution of sizes. The
sorbent is packed in a conventional
thick-walled glass column with a stop-
cock. After the sample is applied to the
top of the column, a special adaptor is
fitted that allows solvent flow and a
pressurization of 2 to 5 psi to give a
velocity of about 5 cm per minute. In this
fashion, 10 to 25 mg of sample can be
purified in just a few minutes much more
cheaply than is possible with preparative
HPLC. A 13-cm column typically has
sufficient efficiency to separate, say, an
intermediate in a chemical synthesis.
The technique has been used in organic
syntheses, in the pharmaceutical indus-
try, and for small biomolecules.

Preparative liquid chromatography.
While many investigators have been
working with smaller columns, a few
have been moving in the opposite direc-
tion. The sharp separations characteris-
tic of analytical HPLC also make it use-
ful for producing larger quantities of pure
materials. At least four companies now
manufacture preparative liquid chro-
matographs that are capable of produc-
ing as much as 10 g of sample at a time.
Nonetheless, this approach has its limi-
tations. The large columns are expensive
to purchase, and they require substantial
quantities of ultrapure solvents. They
are thus most suitable for products with
a high intrinsic value, such as polynucle-
otides, polypeptides, and the products of
genetic engineering.

A more substantial problem develops
at still larger sizes. There is a sharply
increased tendency for channeling of the
eluant so that it bypasses portions of the
sorbent bed. Perhaps the best approach
to this problem has been developed by
Waters Associates. After the column has
been filled, a constant radial compres-
sion is applied so that channels cannot
form. Waters Associates has developed
columns 13 to 22 ¢m in diameter and 53
cm long. These have flow rates of 3 to 20
liters per minute and can separate 1 to 10
kg of sample per hour. Two or more
columns can be connected in series if
greater separative power is required.

Typically, these columns use larger
sorbent particles than analytical col-
umns. This eases engineering problems
and reduces the pressure required, mak-
ing it possible to use less sophisticated,
more reliable pumps. Extensive solvent
recycling is necessary to reduce operat-
ing costs, but it may be possible to use
less pure solvents. One potential benefit
of process-scale chromatography is that
the large quantities of sorbent required
will make it economically feasible to
produce custom-tailored resins that
could improve certain types of separa-
tions.

Continuous chromatography. Even
large-bore liquid chromatographs require
batch processing, a procedure that is
generally not desirable from either an
economic or an engineering standpoint.
This problem can be overcome with con-
tinuous chromatography, which is now
used to a limited extent in industry. In
particular, UOP, Inc., has developed a
series of processes in which the adsorb-
ent bed moves in a direction opposite to
that of the solvent flow. In this manner,
samples can be continuously injected at
one point and products continuously re-
moved at other, fixed points. Such sys-
tems are used, for example, for recover-
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ing n-paraffins from light naphthas, p-
xylene from other Cg hydrocarbons, and
n-olefins from mixtures of n-olefins and
n-paraffins.

A somewhat different and potentially
more useful approach, known as contin-
uous annular chromatography, is being
developed by a team at Oak Ridge Na-
tional Laboratory. The sorbent, typically
an ion-exchange resin, is contained in a
ring or annulus that rotates slowly (Fig.
1). The feed mixture is introduced
through one or more fixed feed points, as
is the eluant. The pressurized downward
flow combines with rotation to force
each component of the sample into a
readily calculated helical path that culmi-
nates at a fixed product withdrawal loca-
tion. The investigators have separated a
synthetic mixture of copper, nickel, and
cobalt complexes that models the car-
bonate leach liquor of the Caron process
for recovering nickel and cobalt from
laterite ores.

They have also developed a continu-
ous process for separating zirconium and
hafnium, metals used in the nuclear in-
dustry. Zirconium ore contains about 3
percent hafnium, but the two are difficult
to separate; current technology uses a
complex series of liquid extractions. The
Oak Ridge group has used their proto-
type annular chromatograph to produce
zirconium containing less than 0.01 per-
cent hafnium and hafnium containing
less than 1 percent zirconium. They esti-
mate that a continuous annular chro-
matograph 450 mm in diameter and 1 m
long could produce 2000 kg of zirconium
per year at a competitive cost. They are
now applying the technique to the sepa-
ration of other materials, including bio-
molecules.

Ion Chromatography

One of the fastest growing separative
techniques is ion chromatography (IC).
Since it was first reported in 1975 by
Hamish Small, Timothy S. Stevens, and
William C. Bauman of Dow Chemical,
IC has become one of the most common-
ly used techniques for analyzing inorgan-
ic ions. New refinements have greatly
expanded the number of ions, particular-
ly organic ions, that can be analyzed by
IC. }

Ion chromatography is actually a vari-
ant of conventional ion-exchange HPLC.
It was developed not because inorganic
ions are particularly difficult to separate
by conventional LC but because it is
difficult to detect them as they leave the
column, since most do not contain chro-
mophores. Small reasoned that they
21 OCTOBER 1983
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could be detected conductimetrically if
their conductivity could be separated
from the normally much larger conduc-
tivity of the eluant. He designed a sys-
tem with two columns to achieve this.

The separator column contains a pel-
licular sorbent that has only about 1
percent of the capacity of conventional
ion-exchange resins and no interior
pores. This permits elution of the sample
with a dilute solution of a weakly ionic
species. The separator column is fol-
lowed by a short suppressor device with
a polarity opposite that of the separator
resin (Fig. 2). Its most important func-
tion is conversion of the conductive elu-
ant to a less conductive form. If the
sample is eluted with sodium hydroxide
or sodium bicarbonate, for example, the
sodium cations are exchanged for pro-
tons in the suppressor device. This forms
a species, either water or carbonic acid,
with low conductance, so the conductiv-
ity of the sample can be readily mea-
sured.

Among the more common ions for
which IC is used are the halides, sulfate,
sulfite, nitrate, nitrite, and phosphate, as
well as more exotic species such as
azide, arsenate, thiosulfate, and phos-
phite. A recent study reported more than
60 ions that can be measured by IC. It
has been used to monitor ions in such
diverse environments as brine, soil,
milk, kraft black liquors, diesel exhaust,
nuclear fuel reprocessing streams, ambi-
ent aerosols, fertilizers, boiler waters,
air exhaust scrubbers, plating baths,
blood, urine, and foodstuffs.

The range and usefulness of the tech-
nique have been expanded by some new
developments. Perhaps the most impor-

tant of these is continuous regeneration
of the suppressor device. This is accom-
plished with hollow-fiber exchange
membranes. The eluant flows through
the cores of the fibers for suppression
while a strong electrolyte is pumped past
the exterior of the fibers to regenerate
them. Leakage of the regenerant ions
into the fiber cores is prevented by the
Donnan exclusion effect, which creates
an ionic barrier. Both anion and cation
suppressors can now be continuously
regenerated in this manner.

The range of samples has been ex-
panded with another new technique
called mobile-phase IC. This technique
is analogous to reversed-phase chroma-
tography in conventional HPLC and
makes it possible to use the differing
hydrophilicities of alkyl side chains to
increase the separation of such materials
as aliphatic amines, aliphatic and aro-
matic sulfonates and sulfates, quaternary
amines, and such hydrophobic inorganic
ions as fluoborate, thiocyanate, iodide,
and perchlorate.

Ion chromatography also has certain
limitations. One is the need for corrosive
reagents, particularly those used for re-
generating the suppressor. Another is
the potential peak broadening and dilu-
tion of the sample by the suppressor
column. Several companies, notably
Wescan Instruments, Inc., have attempt-
ed to get around these problems by elim-
inating the suppressor device. One way
to do this is by using ions of low intrinsic
conductance, such as phthalate ion,
combined with sophisticated electronics
that make it possible to detect conductiv-
ity changes as low as 1 part in .30,000.
Sensitivity by this technique is in the
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parts per million range (compared to
parts per billion for dual-column IC), but
can be improved by a concentrator col-
umn. Between 15 and 20 percent of IC is
now done by single-column techniques.

Other detection techniques are also
beginning to be used, some of which can
eliminate the need for the suppressor
device. Elution with phthalate ion makes
possible indirect photometric detection,
since elution of transparent ions causes a
decrease below the background absor-
bance. Refractive index is a universal
detection technique, but its sensitivity is
less than that of dual-column IC. Elec-
trochemical (primarily amperometric)
detection can be used with some easily
oxidized species such as cyanide and
sulfide. Electrochemical detection is
highly sensitive and extremely selective.
There are also now available new ultravi-
olet detectors that reach down to 200 nm
or less, making possible the spectromet-
ric detection of ions such as nitrate,
nitrite, bromide, iodide, bromate, iodate,
and thiosulfate that absorb in this region.

Gas Chromatography

Gas chromatography (GC) is a mature
technology in which one would expect to
see few major changes, if any. Nonethe-
less, in 1979 Ray D. Dandenau and E. M.
Zenner of the Hewlett-Packard Compa-
ny reported on the use of flexible fused-
silica capillary columns for GC. This
development has extended the use of GC
dramatically.

Actually, the capillary column for GC
was first described in 1957 by Marcel J.
E. Golay of the Perkin-Elmer Corpora-
tion. The unique characteristic of the
capillary was not that it had a small
internal diameter, but that the tube was
open rather than packed like large-bore
columns. The impedance to flow of the
mobile phase was thus very small. Short
columns could be operated at high mo-
bile-phase velocities to provide fast anal-
yses, or long columns could be operated
at their optimum velocities to provide
high efficiencies and, consequently, high
resolving power.

Capillary GC did not become popular,
however, because techniques for inject-
ing small quantities of sample were limit-
ed, techniques for detecting those small
samples were even less well developed,
and the columns themselves were unsat-
isfactory. Metal columns were difficult
to coat with certain stationary phases,
some samples adhered strongly to the
metals, and the metals frequently cata-
lyzed the rearrangement or degradation
of many sample components. Nylon
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tubes overcame many of these problems,
but they could not be used for tempera-
tures much above 120°C.

In 1960 D. H. Desty introduced a new
method to draw glass capillaries that
were considered almost ideal for GC.
Even these, however, had their draw-
backs. They had poor wettability, and,
since they were made in the form of rigid
coils, the ends had to be straightened
before they could be attached to the
chromatograph. Not only was this tech-
nique clumsy, but the heat required often
vaporized the stationary phase from the
ends of the column.

Dandenau and Zenner drew on tech-
nology developed in the optical fiber
industry to produce flexible fused-silica
columns by coating the exterior of the
freshly drawn capillaries with a film of
heat-resistant polyimide. This film pre-
vents the hydration of strained siloxy
bonds, the process that makes the nor-

“mally flexible glass turn brittle. Investi-

gators have since shown that this tech-
nique can be used on soft glass and
Pyrex capillaries. The fibers produced in
this manner are naturally straight, but
are sufficiently flexible that they can be
tied in a loose knot or formed into coils
that fit readily into the oven of the chro-
matograph.

The glass capillaries have proved to be
a very good support for a variety of
stationary phases. Perhaps the most im-
portant of these are the ‘‘bonded” or
‘“‘stabilized-liquid”’> phases. These sta-
tionary phases are analogous to the re-
versed-phase packings that have been
used in HPLC for many years, but they
have been applied in GC only within the
last 2 years. Unlike a conventional sta-
tionary phase for GC, in which a poly-
mer is used to coat the interior of the
capillary, the bonded phases are polym-
erized in place.

The bonded phases are very stable and
exceptionally resistant to solvents and
high temperatures. They can thus be
washed to remove adsorbed impurities
and programmed to higher temperatures
to aid elution. The resistance to solvents
also makes it possible to inject larger

sample volumes, extending the dynamic
range of GC for analysis of trace materi-
als. The use of larger samples is also
abetted by the recent thick-film bonded
coatings, which are about 5 pum thick
compared to 0.2 to 0.5 um for conven-
tional films. The increased thickness
makes it possible to use samples that are
five to ten times as large as normal. Such
columns should be especially useful for
GC-FTIR (Fourier transform infrared),
where a somewhat larger sample is re-
quired.

These changes, combined with micro-
processor control of the chromatograph,
have made GC far more reproducible,
opening the door to qualitative identifi-
cation of unknowns based on absolute
retentions and retention indices. A lot of
work on this use was performed 15 years
ago, but the chromatograms were simply
not reproducible enough. Now they are.
Furthermore, the columns and technolo-
gy are so much better than they were
even 5 years ago that much of the appli-
cation work may have to be repeated. In
flavor or pheromone chemistry, for ex-
ample, many of the polar trace compo-
nents of great potential importance (such
as fatty acids) were probably never elut-
ed from the older capillary columns.

Microprocessors have also had a sig-
nificant impact, especially in detection.
One problem with GC detection has been
a drifting baseline as the temperature is
increased, caused by bleeding of the
stationary phase. This was formerly
compensated for by using two columns,
one for reference. The microprocessor,
however, can be programmed to com-
pensate for the baseline drift of each
column, thereby making one-column op-
eration possible.

Microprocessor control is also a key
feature of the new mass detectors for
GC. These detectors are less expensive
($30,000 to $50,000) and potentially more
versatile than mass spectrometers. They
are particularly valuable because they
are all-purpose detectors that register
every component of the sample, they can
be used as selective detectors to identify
only specific classes of chemicals, and
they can be used for identification of
sample components by comparison to
spectral libraries.

Advances are also being made at the
end of the column where the sample is
loaded. Two of the more important new
techniques are cold, on-column injection
and programmed-temperature injection.
In the former, small quantities of sample
are injected directly into the capillary, so
the head is not heated. This process is
gentle on the sample, and is particularly
good for thermally labile and other sensi-
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tive compounds, including free acids,
amines, mercaptans, and drugs.

In programmed-temperature injection,
the sample is injected into a special head
as a liquid so that syringe discrimination,
a problem with gaseous samples, is elim-
inated. The sample is then heated rapidly
and the desired portion split off into the
column. Programmed-temperature injec-
tion is good for the same types of sam-
ples as cold, on-line injection, but is also
good for dirty samples, such as biomedi-
cal specimens, where the undesirable
components can be shunted away from
the column. It also has the advantage
that it can be easily automated for han-

- dling multiple samples.

A distant cousin of programmed-tem-
perature injection is an older technique
called, variously, headspace chromatog-
raphy, dynamic headspace chromatogra-
phy, or purge and trap chromatography.
The technique is widely used for moni-

toring trace concentrations of volatile -

materials in a liquid sample. The sample
is placed in a special head and purged
with an inert gas to expel volatile com-
pounds, which are trapped and concen-
trated by an adsorbent. The trap is then
heated and backflushed to release the
sample to the column. The technique is
used to monitor trace organics in water,
alcohol in blood, and flavors and fra-
grances in perfumes, food, and bever-
ages.

In the past, most headspace analyses
have been performed on dedicated chro-
matographs. Recently, however, it has
become possible to purchase accessories
to perform headspace analysis on a con-
ventional gas chromatograph. Another
development is the use of higher tem-
peratures, up to 200°C, in the purge
process. Robert G. Westendorf of the
Tekmar Company reported earlier this
year that high-temperature purging is es-
pecially valuable for measuring residual
solvents and monomers in plastics, as
well as for studying decomposition prod-
ucts. It is also useful for analyzing com-
pounds that produce off-odors and tastes
in foods, particularly those that are oil-
based, and for studying tobacco and tex-
tiles.

Countercurrent Chromatography

The classical liquid-liquid partition de-
vice, the separatory funnel, is a good
way to separate components of a mixture
into immiscible fluids—if the compo-
nents have markedly different physical
properties. As the nature of the solutes
becomes more similar, however, a mul-
tistep extraction is required. In 1944 L.
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C. Craig developed a device for discon-
tinuous countercurrent distribution in
which as many as 1000 extractions could
be performed. This device still has many
applications for large-scale separations
of polar compounds, particularly natural
products, polypeptides, and macromol-
ecules, but is little used in the research
laboratory because of the complexity of
the apparatus, the formation of emul-
sions that are sometimes hard to break,
the frequent need for excessively large
volumes of solvent, and the long separa-
tion times.

Most of these problems can be over-
come with a family of techniques known
collectively as countercurrent chroma-
tography (CCC). These techniques have
been developed and refined primarily by
Yoichiro Ito and his colleagues at the
National Heart, Lung, and Blood Insti-
tute, and several types of equipment
have recently become available commer-
cially. CCC yields highly efficient sepa-
rations (comparable to those achieved
with LC), while retaining the good sam-
ple recovery rate, the high purity of
collected samples, the reproducibility,
and the predictability of countercurrent
distribution. Equally important, CCC
avoids such undesirable complications
as loss and denaturation of samples, con-
tamination, and tailing of solute peaks—
all of which are caused by the presence
of the adsorbent in LC. Its chief limita-
tion is the long time often required for
separations, but some newer techniques
are becoming available to speed the
process.

There are three basic types of CCC,
each based on the passage of a mobile
phase through an immiscible stationary
phase. Perhaps the simplest, at least
conceptually, is droplet CCC, in which
the stationary phase is retained in a
cluster of vertical tubes connected in
series. If the mobile phase is lighter, it is
pumped into the bottom of the first tube,
where droplets form and rise to the sur-
face. A connecting tube carries the mo-

Hydrodynamic equilibrium system

bile phase from the top of the first tube to
the bottom of the second, where droplets
are again formed. This process can be
repeated through as many tubes as is
necessary to effect the desired separa-
tion. At the end, the eluant is collected
and monitored as in conventional LC.
Droplet CCC can also be performed in a
mode in which the mobile phase is heavi-
er and is introduced at the top of each
vertical tube. A major restriction in ei-
ther case is that the mobile phase must
be capable of forming droplets in the
stationary phase.

In locular CCC, the stationary phase is
segmented in small cells or locules sepa-
rated by narrow passages (Fig. 3). Typi-
cally, the tube or cylinder holding the
locules sits at an angle of about 45° so
that the stationary phase is retained in
the cells. The locular column may re-
main stationary, but better separation is
usually achieved if it is rotated about its
central axis.

In the most common and most useful
forms of CCC a horizontal or near-hori-
zontal coiled tube is used. The tube is
filled with the stationary phase and the
mobile phase is pumped through (Fig. 4).
Part of the stationary phase is forced out
until the system reaches a hydrostatic
equilibrium in which part of the station-
ary phase is retained in each coil. Fur-
ther pumping then causes only mixing
and elution of the mobile phase. Better
mixing and more efficient separation can
be achieved by rotating the coil about its
central axis, producing a hydrodynamic
equilibrium in which the mobile phase is
broken into much smaller droplets. Still
better resolution can be obtained by im-
parting a further rotation to the column
about one or more additional axes.

Unlike many other separation meth-
ods, says Ito, CCC handles a broad
spectrum of samples, ranging from small
ions and molecules to macromolecules
and particles. The choice of solvent sys-
tems is almost limitless, and it is nearly
always possible to find a suitable sol-
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vent. The maximum capacity of most
existing systems is about 1 g of sample,
but larger systems are under develop-
ment. Stepwise and gradient elutions are
possible with CCC, and ion-exchange
CCC can be accomplished with suitable
liquid ion exchangers. CCC performs
foam separations with extremely high
efficiency. The slowness of the tech-
nique, however, generally makes it un-
suitable for repetitive analyses.

Like countercurrent distribution, CCC
is very good for purification of natural
products and polypeptides. Ito and his
colleagues have worked extensively, for
example, with deoxyribonucleoprotein
amino acids and oligopeptides. Some of
the natural products on which CCC has
been used include glycosides of sapo-
nins, xanthones and flavonoids, diter-
penoids, sugars, alkaloids, peptides, and
lipids. It has also been used to separate
prostaglandins, catecholamine metabo-
lites, and most types of plant hormones.
It is good for isolating impurities from
commercial pesticide samples. Other
materials that have been separated in-
clude glycosaminoglycans, polynucleo-
tides, cells, and blood samples.

Field-Flow Fractionation

A family of techniques that show great
potential, particularly for the separation
of high molecular weight materials, is
known by the collective name of field-
flow fractionation (FFF). The techniques
were conceived in the mid-1960°’s by J.
Calvin Giddings of the University of
Utah and have been developed and re-
fined since then largely by Giddirigs,
Marcus N. Myers, and Karin D. Cald-
well. Instruments to performi FFF are
not yet available commercially, but in
most cases they can be constructed rela-
tively easily. The variety of potential
applications suggests that FFF will be
used much more often in the future.

Field-flow fractionation takes advan-
tage of the fact that fluid flowing through
a thin, ribbon-shaped conduit does not
have a uniform velocity. Its velocity
approaches zero, for example, near the
walls of the conduit because of viscous
drag; it reaches a maximum near the
center of the conduit (Fig. 5). Giddings
reasoned that if it were possible to place
different kinds of molecules in regions
with different flow velocities, separation
would result from their differential mi-
gration through the conduit.

Placement in the different flow regions
is achieved by application of an external
field or gradient perpendicular to the
direction of flow (Fig. 6). In most cases,
the species of interest is forced close to

the wall so that its elution is retarded.
The techniques have been used to sepa-
rate ionic and nonionic species in aque-
ous and nonaqueous media. Separations
have been achieved over a 10'’-fold
mass range—from polymers with a mass
as low as 1000 daltons to particles 100
pm in diameter.

Experimentally, FFF operates much
like chromatography. A small sample is
injected at the head of the separation
channel and separation occurs as the
components are carried along at different
velocities. At the end of the channel the
components of the sample are detected
and collected by conventional means. A
graph of detector response versus time,
called a fractogram, looks like a chro-
matogram. Strictly speaking, however,
FFF is not chromatography: by defini-
tion, chromatography requires that sepa-
ration be accomplished by distribution of
the sample between two phases. FFF
has only one phase. Nonetheless, the
technique has been called one-phase
chromatography or polarization chroma-
tography.

The length L of the channel is general-
ly much greater than the thickness w
over which the applied field is acting.
Typically, L varies from 30 cm to more
than 1 m, w ranges from 0.1 to 0.5 mm,
and L/w is at least 10°. A long L allows
multiplication of a weak, field-induced
enrichment effect into a complete sepa-
ration; this multiplication is much like
that which occurs in LC or GC. The flow
is unidirectional, so that carrier proper-
ties (such as density and pH) can be
changed continuously to generate pro-
grammed carrier systems to enhance
separation characteristics. Perhaps most
important, FFF is based on physical
rather than chemical properties. It is
therefore often easy to apply theory and
predict when a given molecule will be
eluted. Conversely, molecular weight
and other properties can be calculated in
a straightforward manner from retention
time. Hence the techniques can be used
for characterization as well as separa-
tion.

The particular applications of FFF de-
pend on the nature of the perpendicular
field or force. Sedimentation FFF, for
example, puts the channel inside a cen-
trifuge that creates a gravitational field.
The Utah group has worked with fields
up to about 1700 gravities. J. J. Kirkland
and W. W. Yau of DuPont have used a
somewhat different design that is capable
of sustained operation at 50,000 gravi-
ties. Sedimentation FFF has been used
to separate, among other things, viruses
and polymers. It is particularly useful for
determining the droplet size distribution
of emulsions. In terms of molecular

weight, the resolution ranges from about
10 (at 50,000 gravities) up to the onset of
steric effects, which generally occur for
particle sizes around 1 pm. Steric effects
occur when the specimen is so large that
it protrudes from the slowest streamlines
near the wall into ones that move faster.
Steric effects can themselves be used to
effect separations. In that case, howev-
er, the order of elution is reversed and
the largest particles are eluted first. Ste-
ric effects have been used, for example,
to separate silica particles of different
sizes and polystyrene latex beads. The
technique has also been used, in a field
of 3.6 gravities, to separate viable HeLa
cells from red blood cells. ‘

In thermal FFF a temperature gradient
of as much as 70°C is established be-
tween the walls of the channel. It is well
known that a strong temperature gradi-
ent will cause many components in a
mixture, particularly polymers, to mi-
grate along the gradient. Thermal FFF
has thus been used to characterize syn-
thetic polymers such as polyethylene,
polymethyl methacrylate, polyisoprene,
and especially polystyrene.

In flow FFF a hydraulic pressure gra-
dient perpendicular to the eluant flow is
established with semipermeable mem-
branes. Membrane permeability sets a
lower limit of about 1000 on the molecu-
lar weight of compounds that can be
separated by this technique. Flow FFF is
similar, and complementary, to sedimen-
tation FFF, but in this case it is diffusivi-
ty that is the controlling factor. The
technique has been used to separate pro-
teins and, in nonaqueous solvents, poly-
styrene. )

Electrical FFF is conducted with elec-
trodes placed outside semipermeable
membranes. The electrical field causes
differential migration of charged sam-
ples. Because the electrodes are kept
outside the membranes, any products
produced by electrolysis are kept outside
the channel also. The electrodes are
about 1 cm apart, which produces strong
fields with only modest heating. Electri-
cal FFF has also been used for the
separation of proteins, but Giddings ar-
gues that its full potential has yet to be
tapped.

Electrophoresis

Electrophoresis and its variants are
the most commonly used techniques for
separating and characterizing macromol-
ecules, particularly proteins. The pri-
mary form, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis
(SDS-PAGE), uses an electrical field to
force the charged macromolecules



through a gel that separates them by
size. It is especially useful for determin-
ing approximate molecular weights. Also
commonly used is a technique called
isoelectric focusing, which is performed
much like SDS-PAGE with the excep-
tion that a family of ampholytes are
electrophoresed first to establish a pH
gradient. The macromolecules migrate
until they reach their isoelectric point—
the pH at which the positive and nega-
tive charges balance. They are thus sepa-
rated on the basis of composition rather
than size.

Many separations are now performed
by two-dimensional electrophoresis, in
which these two techniques are com-
bined. Two-dimensional electrophoresis
was first reported in 1976, but has caught
on only in the past 3 years. In it, isoelec-
tric focusing is performed on a thin gel to
separate the macromolecules by their
isoelectric point. This gel is then placed
on top of another gel and conventional
SDS-PAGE is performed perpendicular
to the original separation to further sepa-
rate the sample by molecular weight.

Two-dimensional electrophoresis has
found increasing use because it can sepa-
rate large numbers of proteins. Perhaps
the best example of its application is the
work of Norman G. Anderson and N.
Leigh Anderson of Argonne National
Laboratory, who are using it to establish
maps of the 50,000 proteins in a human
cell. Such maps could be used for both
the diagnosis and understanding of dis-
eases by identifying the presence of ab-
normal proteins and the absence of nor-
mal ones.

A newer two-dimensional technique is
called electrophoretic titration curve
analysis. In this case, a pH gradient from
3 to9is established in a horizontal slab; a
trough is then cut into the slab at a right
angle to the gradient. The sample is
applied to the trough and conventional
electrophoresis is performed, again per-
pendicular to the gradient. This produces
a classical titration curve that provides
certain useful information about the pro-
tein, including its stability and the bind-
ing of ligands. Perhaps most important,
the curve can be used to predict the
behavior of the protein in ion-exchange
chromatography.

A new technique of preparative elec-
trophoresis is recycling isoelectric focus-
ing (RIEF), developed by Milan Bier and
his colleagues at the University of Arizo-
na (Fig. 7). The key to this technique, in
which a gel is not used, is the recycling
of the solution to be fractionated through
a focusing cell and heat-exchange reser-
voirs. The focusing cell comprises a se-
ries of parallel flow chambers separated
by monofilament nylon screen elements.

These streamline the flow of liquid
through the apparatus, avoid loss of res-
olution due to convection, and allow
proteins to migrate from chamber to
chamber under the influence of the field.
Each chamber is connected to a separate
glass channel in the heat-exchange reser-
voir.

The capacity of the apparatus is deter-
mined by the volume of the heat ex-
changer and the cross-sectional area of
the focusing chambers. Usually, only ten
compartments are used, but this can be
varied at will. Due to the modular de-
sign, it is easy to scale up to larger

Fig. S. Field-flow fractionation
principle. Solvent close to the
walls of the narrow channel
moves slowly because of vis- x
cous drag, while solvent in the </"
center of the channel has the kHee
fastest velocity. [Courtesy of

J. C. Giddings]
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F_ig. 6. Schematic
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Fig. 7. Schematic diagram of
the recycling isoelectric focus-
ing apparatus. [Courtesy of M.
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Bier and his colleagues have used the
technique to process milligram quantities
of antibodies to single band purity in 4
hours. He says that it is also useful for
proteins and other materials produced by
genetic engineering techniques; it has, in
fact, already been used on a trial basis in
scaling up for the commercial production
of interferon. RIEF can resolve proteins
whose isoelectric points differ by as little
as 0.05 pH unit.
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resis toward the use of thinner gels;
these gels, for example, give better re-
tention of nucleotides for DNA sequenc-
ing and, because of more efficient cool-
ing, allow higher voltages to be used for
faster separations. In the past, gels have
typically been 2 mm thick; today, they
are often less than 0.5 mm thick. This
has been made possible primarily by
refinements in preparing the gels. Many
more investigators are also now using
agarose gels, which are less toxic than
polyacrylamide. And finally, it has be-
come possible within the past year to
prepare gels with immobilized pH gradi-
ents.

Detection and analysis of the samples
have also improved markedly. Laser
densitometry and computer analysis of
specimens, in particular, have made
analysis of product distributions a more
exact science. New electroblotting tech-
niques have also helped to preserve
specimens and make analysis easier. Itis
often difficult to derivatize samples left
in the gel; moreover, with time they
diffuse through the gel, diluting the sam-
ple and blurring resolution.

In 1978 E. O. Southern reported that
the distribution pattern of DNA in the
final gel can be preserved by placing
nitrocellulose paper on the surface and
“blotting’” up the nucleotides. At first,
the DNA was covalently bound to the

paper, but subsequent investigators have
concluded that simple adsorption is suit-
able for most purposes. The sample can
then readily be derivatized for precise
identification, and the distribution pat-
tern preserved for comparison with fu-
ture gels. The eponymous Southern blot
was followed soon after by the Northern
blot for RNA and, more recently, by the
Western blot for proteins.
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Electrophoresis has developed into a
powerful technique for the separation
and analysis of charged substances, es-
pecially biopolymers. In large part, the
success of modern electrophoresis rests
on the effective utilization of stabilizing
media such as polymer gels. These gels
stabilize the separation medium against
convection and flow, which would other-
wise disrupt separations. A large part of
the science of modern electrophoresis is
devoted to understanding and controlling
the formation of these gels (/, 2). Still,
electrophoresis as commonly practiced
would not be considered an instrumental
method of analysis. True instrumental
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sive methodology.
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are particularly notable. These tech-
niques, although novel and quite power-
ful, have failed to come into routine
usage due to their complexity. Capillary
isotachophoresis is probably the only
instrumental version of electrophoresis
to see extensive application, although
here, too, acceptance has been slow.
The unconventional format of data out-
put in isotachophoresis, coupled with the
fact that it appears better suited for sepa-
rations of relatively small molecules, is
the probable reason for its slow accept-
ance (5).

In the course of considerations of
causes for zone broadening in zone elec-
trophoresis, it occurred to us that an
“‘open’’ capillary tube—that is, one con-
taining buffer without stabilizer—offered
a unique and simple situation in which to
study electrophoresis. In such a system
electrophoresis could be studied with
minimal interferences, and at the same
time causes of zone broadening could be
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