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Abstract

Viscous fingering is a flow instability phenomenon that results in the destabilisation of the interface between two fluids of differing
viscosities. The destabilised interface results in a complex mixing of the two fluids in a pattern that resembles fingers. The conditions tha
enhance this type of flow instability can be found in coupled chromatographic separation systems, even when the solvents used in each of tt
separation stages have seemingly similar chemical and physical properties (other than viscosity). For example, the viscosities of acetonitril
and methanol are sufficiently different that instability at the interface between these two solvents can be established and viscous fingerin
results. In coupled chromatographic systems, the volume of solvent transported from one separation dimension to the second often exceeds:
injection volume by two or more orders of magnitude. As a consequence, viscous fingering may occur, when otherwise following the injection
of normal analytical size injection plugs viscous fingering would not occur. The findings in this study illustrate the onset of viscous fingering

in emulated coupled chromatographic systems and show the importance of correct solvent selection for optimum separation performance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ids are the mobile phase and a sample plug. When a high-
viscosity solute plug displaces a low-viscosity mobile phase,
Given the enormous number of chromatographic systemsas when a concentrated feed sample is injected in preparative
that are in operation, in everyday use for research, analyt-liquid chromatography, the interface remains sharp. How-
ical, and preparative separations we find it somewhat sur-ever, at the rear end of the injection plug, the mobile phase
prising that there are so few documented reports of the flow pushes the solute plug and the low-viscosity mobile phase
instability phenomenon referred to as viscous fingefijg penetrates into the high-viscosity plug in a complex pattern
The chromatographic literature contains only a few papers resembling fingers, hence the name of the effect. When it
describing experiments in which viscous fingering was en- takes place (e.g., in preparative size-exclusion chromatogra-
countered or even showing results that could be explained byphy), the impact of VF is very detrimental to chromatographic
this phenomenof2—7]. Viscous fingering (VF) occurs atthe  performance. The band shape is severely distorted and, in a
interface between two different fluids percolating through a worse case scenario, multiple bands are eluted when a single
porous bed, when the low-viscosity fluid pushes the high- solute component was injected.
viscosity fluid. In a chromatographic system, these two flu-  VF is unlikely to occur in analytical separations because
sample plugs are dilute, their volumes small, and their vis-
* Corresponding author. Tel.: +1 8659740733; fax: +1 8659742667, COSities almost identical to that of the mobile phase. How-
E-mail addressguiochon@utk.edu (G. Guiochon). ever, there are only a few reports of viscous fingering at the
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preparative scale. This might be because the overloaded bandifferent physical properties may also contribute to band
profiles observed in preparative chromatography tend to bebroadening and to a separation 1§$Z]. For example, the
Langmuiran in shape. Hence, the leading edge of the solutevery transfer of the peak(s) of interest from one separation
plug is highly concentrated and the viscosity contrast causesdimension to the other may adversely affect resolution. Chro-
the interface between the solute plug and the mobile phase tanatography being a dilution method, the transfer volumes
remain sharp. The trailing edge of the solute plug is dilute, in multidimensional systems may be up to two orders of
the viscosity gradient is shallow, and these conditions do not magnitude larger than conventional injection volumes. Flow
favor a VF effect. Yet, even in the unusual cases of an anti- instabilities can take place because, under these conditions,
Langmuiran isotherm, VF has rarely if ever been reported. the differences between the chemical and the physical prop-
More and more frequently, liquid chromatography is tack- erties of the mobile phases used in each separation dimension
ling more complex mixtures and there is a growing interest are quite significant. The experimental conditions are fa-
in multidimensional separatiofi®-12]. The development of  vorable for VF to take place, unless the two mobile phases
these sophisticated separation methods tends to create experirave nearly the same viscosity. Finally, the effects of VF are
mental conditions under which VF will be favored, even atthe known to increase faster than the volume of the injection plug
analytical scale. Multidimensional high-performance liquid [18].
chromatography (LC/LC) consists of separation processes The aim of this study is to illustrate the effects of flow
whereby the sample components are partially separated ininstabilities that may be observed in multidimensional
one dimension, are transferred (all or in part) to a second, RP—RP-HPLC processes that employ miscible mobile phase
different and, if possible, orthogonal, separation dimension. mixtures. Our intent was not to separate any mixture but sim-
This coupling affords an amplified separation space. In the- ply to examine the peak shape resulting from the injection of
ory, the peak capacity for orthogonal systems is equal to thea pure solute when combining two solvents. In this work, we
product of the peak capacities in each dimension. However,emulate the transfer of a large solvent plug through its direct
while information theory and factor analy$is8—15]provide injection into what would ordinarily be the stream of another
a high value for the potential separation capacity, practical solvent, used in the second dimension of the separation
implementation requires the analyst to solve the many ob- process. In essence this emulates a heart cutting technique.
stacles that prevent a full realization of this potential. For The emulated 2D-system uses two binary aqueous/organic
example, the coupling of two orthogonal systems, such assolvent, isocratic mobile phases. First, the sample plug
normal-phase reversed-phase (NP-RP) HPLC, creates obviwas either methanol or acetonitrile. Subsequent studies
ous problems due to solvent immiscibility. Even the coupling employed binary aqueous mixtures of these two organic
of seemingly similar separation modes, such as that of two solvents.
reversed-phase systems, may cause problems, despite the mo- A number of solutes were selected, based on their differ-
bile phases used in each dimension being entirely miscible.ent functionalities, so as to determine whether the possible
In contrast to a one-dimensional system in which the sam- transfer problem was related to the chemical nature of the
ple solvent is selected to avoid a loss of performance due tosolute. A few aromatic compounds with a relatively high po-
an incompatibility with the mobile phase, multidimensional larity (p-cresol, methoxybenzene, and ethoxybenzene) and
systems often require the use of significantly different mobile a non-polar homologous series of alkyl benzenes were cho-
phases in each dimension in order to bring about an effectivesen. This group will serve to highlight whether solute/solvent
separation. The mobile phase component that is cut frominteractions at the solvent interface might be responsible
the first dimension and moved into the second behaves as iffor a diminished separation performance. Duplicate injec-
it were the sample solvent for the separation undertaken intions of each solute were performed with four binary mobile
the second dimension. While incorporating stationary phasesphase combinations, emulating as many ‘two-dimensional’
possessing different surface chemistries brings a high degreesystems.
of independence between the two separations, the choice of While the mobile phase combinations selected are by no
mobile phase combinations, and the sequence of employingmeans exhaustive, the process highlights the problems that
these mobile phases may be a determining factor in the over-may occur when attempting to mix any compatible misci-
all performance of a two-dimensional separation. This may ble solvents. It must be emphasized that viscous fingering
even be the case for those systems with similar stationaryis a chaotic phenomenon (like the weather). Although the
phase environments such as coupled reversed phase systenphenomenon itself is highly reproducible, the details of the
[10-12] viscous fingers formed under a given set of experimental
Acetonitrile and methanol are the most commonly used conditions are less so. In fact the degree of reproducibil-
reversed-phase solvents. They are miscible in all proportionsity of the fingers in successive experiments depends much
and have sufficiently different selectivities to be used in on the experimental conditions, particularly on the flow rate
two-dimensional (2D) reversed phase separatjafs The [19]. So little is known regarding the effects of VF on the
differences between these two solvents, combined with theshape of band profiles in chromatography that a system-
selection of appropriate stationary phases, can afford a highatic study of the influence of all the parameters would be
degree of orthogonality to the 2D system. However, their premature.
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2. Experimental enceq18,20,21] Post-column detection was recorded using
a GBC, LC1200UV/Vis detector set at 575 nm. Data was
2.1. Chemicals collected on a Lawsons lab A/D converter set at 2 Hz.

HPLC-grade acetonitrile and methanol were purchased
from Mallinckrodt Australia. Milli-Q water was obtained in-
house. These solvents and all the mobile phases were filtered
through a 0.2um filter. The sample solutes, toluene, ethyl-

2.3. Chromatographic separations

The seven sample solutes used to test the simulated two-
b b butvlb | anisol q dimensional system were each dissolved separately in 100%
enzene, propylbenzene, buty ENZEREESO0l, anisole, an methanol or acetonitrile, at appropriate concentrations so as
phenetole, were purchased from Ald”Ch. (Mllwaukee, Wi, to maintain a constant sample load of 1 mg/mL, irrespective
USA)' All mOb'lle. phz_ses were slparged V]Y'th hellurfr_m For_ €X ofthe sample injection volume. Separations were conducted
periments involving direct visualization of viscous fingering, using 20/80 water/methanol or 30/70 water/acetonitrile mo-
HPLC grade dichloromethane, and toluepe were obtamedb"e phases. These solvent combinations have approximately
from LabScap (Rutumwan, Bangko!(, Thalland). Cycllohex— the same solvent strength. All flow rates were 1.0 mL/min
anol (Refractwe index 1'465. at 2@’ Unilab grade, Ajax unless stated otherwise. All injections were performed in du-
Chemicals, Sydney, Australia). Oil Red O dye was used plicate and the results averaged. Injections were performed

to visualise the viscous fingering and was purchased fromf h of . :
. . . the foll I [ le ph -
Sigma (St. Louis, MO, USA). The stationary phase used b?;;ggns(_) e following sample solvent/mobile phase com

was Nucleosil C18 silica (Alltech Associates, Deerfield, IL,
USA). The particles of this packing material are spherical, System Sample solvent Mobile phase

with an average particle size of §n. The mobile phase A 100% Methanol 20/80 Water/methanol
flow rate was 2mL/min for the experiments reported in B 100% Acetonitrile 20/80 Water/methanol
Fias. 6 and 7 C 100% Acetonitrile 30/70 Water/acetonitrile
gs. D 100% Methanol 30/70 Water/acetonitrile
2.2. Equipment The soluteg-cresol and butyl benzene were further in-

jected as solutions in a variety of mobile phase compositions,

All chromatographic experiments were conducted us- as noted in the appropriate sections of the text.
ing a Varian LC system (Walnut Creek, CA, USA), em-
ploying a 9012 pumping system, a 9050 UV detector (set
at 254nm), and a Valco injection valve (VICI model 3. Results and discussion
EHMA). Data acquisition was achieved using a Lawson
Labs model 203 serially interfaced 20-bit data acquisi- The samples were dissolved in either methanol or acetoni-
tion system with a custom:1V gain range operated at trile and injected into streams of either water/methanol or
10Hz (Lawson Labs, Malvern, PA, USA). Two Value- water/acetonitrile. A selection of band profiles recorded with
pak C18 (250 mnx 4.6 mm) 5um Py columns were em-  these four solvent combinations is showrkig. 1 Note that
ployed for studies on the analytical scale development of the peak heights were normalized and the peak maximum
viscous fingering in the emulated coupled systems. For aligned for visual clarityFig. 1(a) shows bands of ethylben-
the visualization of VF in glass columns, a Waters model zene, representative of the homologous alkylbenzene series
600 multisolvent delivery system (Milford, MA, USA) was selected for this study. Ethylbenzene always gives sharp and
used to deliver the dichloromethane/toluene/cyclohexanol narrow peaks, except when its solution in acetonitrile is in-
mobile phase. A Valco VICI EHMA 6-port, 2-position jected into a water/methanol stream. The peak shape was
switching valve allowed sample introduction into a glass significantly broader in this last case than in the other three
tube (100 mmx 17 mm) packed with Nucleosil C18 sil- and it exhibited a modest degree of fronting. The best peak
ica (Alltech Associates). This column was submersed in a shape was obtained when the methanol solution was injected
dichloromethane reservoir in order to remove the cylindrical into a water/methanol stream. The two other combinations
lens effect caused by the curvature of the glass column. Thegave bands only slightly broader with no determinable dif-
viscous fingering was recorded ‘on-column’ using a Pentax ference between them. Similar behavior was observed for
ZXM SLR 35 mm camera fitted with a Tamaron 90 mmmacro all the alkylbenzenes, irrespective of their retention factor.
lens. Kodak Professional (PORTA, 160 VC) (160 ASA) film The results obtained with the other substituted aromatic com-
was used throughout. The photographic images were digi- pounds were similar, except that the degree of band fronting
tized using a Nikon CoolScan Il (Nikon Inc. Melville, New  of p-cresol is so large that its band exhibited a series of three
York, NY, USA) film scanner. All images were acquired partially resolved peaks when its solution in pure acetonitrile
at the maximum resolution of the scanner (2700 dots per was injected into a methanol/water stredfig( 1b). In gen-
inch). Adobe Photoshop 5.0 (Adobe Systems, San Jose, CAgral the band shape of more strongly retained species was less
USA) was used to perform image manipulation. Further de- affected while the less retained solutes exhibited more severe
tails of the visualization experiments can be found in refer- band distortions. A significant increase of the width of the



K.J. Mayfield et al. / 3. Chromatogr. A 1080 (2005) 124-131 127
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Fig. 2. Duplicate injection profiles following the injection pfcresol dis-
solved in 100% acetonitrile into a stream of water/methanol (20/80). Injec-
tion volume 20QuL.

of peak fronting in this experiment. The results are shown in
Fig. 3. The peak maximums are aligned and the data normal-
ized, to enable an easy comparison. (Note: the difference in
the general nature of the band distortions compared to those
observed irFigs. 1 and 2s explained by the results fétig. 3
being acquired on a different Value-Pak column). The extent
of peak distortion increases with increasing water content and
therefore with decreasing solubility in the sample solvent and

Normalised Peak Height

0.0 | 1 1 ]

00 05 1.0 15 2.0 increasing viscosity contrast between the two solvents, which

(b) Normalised Retention Time would explain an increasing degree of viscous fingering. It
might seem that, in actual 2D separations, since its retention
Fig. 1. Band profiles of (a) ethylbenzene andiiigresol injected into sol-  gn the stationary phase increases with decreasing solubility,

ventinjection pl_ug and mobile phase combine_t'tions of: (i) solvent plug 100% the solute would spend less time in the solvent, the volume
methanol, mobile phase (water/methanol), (ii) solvent plug 100% acetoni- . . .
trile, mobile phase (water/methanol), (jii) solvent plug 100% acetonitrile, of the transfer plug would increase and the fingering eﬁeCt
mobile phase (water/acetonitrile) and (iv) solvent plug 100% methanol, mo- Should decrease. However, the results of chromatographic ex-
bile phase (water/acetonitrile). Injection volume 200 periments carried out in glass columns (to be discussed later)
show that the viscous fingering process begins as soon as the
p-cresol band is apparent when its solution in pure methanol Sample plug enters the column. Consequently, if the exper-
is injected in the stream of water/acetonitrile. imental conditions allow viscous fingering to take place, it
The reproducibility of the two irregular profiles kig. 1b
was poor. The peak fronting observed with alkylbenzene
(Fig. 1a) was reproducible in the duplicate test whereas the
reproducibility of the band fronting observed for the polar
solutes was poor. As an exampleig. 2 shows duplicate
profiles recorded upon successive injections of the solution § , .|
of p-cresol in acetonitrile into a stream of water/methanol.
While the reproducibility of the peak front was poor, the re-
producibility of the peak maximum and of the band tail was

04r \
.’[ ‘.\, 4
excellent. 0] A \\\__._____,,_
0.2 Hij) \\

Normalised Peak Height

In order to understand better the process causing band dis- (i) — 757 __./ N
tortion, we changed the composition of the stream, increasing 5, ‘ : l
its water content from 20 to 50%. This has several simulta- 0 1 2 3 4
neous effects. First, it increases the retention of the solute, Normalised Retention Time
driving the solute from the solvent plug (acetonitrile) to the
stream of the second mobile phase (Water/methanol). Sec_Fig. 3. Diagram illustrating the change in elution band shapp-ofesol

. - ; . as the ratio of water/methanol is changed in the mobile phase. Sample
Ondly’ it increases the viscosity of the second mobile phase plug 100% acetonitrile, injection volume 2pQ; (i) 50/50 water/methanol,

[22] p-Cresol was selected becagse it has a short reter"tic’n(ii) 40/60 water/methanol, (jii) 30/70 water/methanol and (iv) 20/80 wa-
time and was the compound that displayed the greatest degre@r/methanol.

1
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will and, regardless of whether or not the solute is retained,

its peak shape will be distorted. The driving force for vis-  '°[
cous fingering is the viscosity contrast. It is independent of »= 08 _
the interactions of the solute with the mobile and stationary -2 |
phases. ~ o6l
The converse effect was investigated with the most re- &

g 1
tained solute, butyl benzene. Reducing the water content of T o4}

the mobile phase decreased its retention. The band shape <
(not shown) was less distorted when the plug was transferred £ o2
into the stronger solvent, with which the retention is lower 2
and the viscosity contrast also lower. The important differ- 0.0F
ence between the viscosity of the solute plug (100% ace- 4
tonitrile, n=0.37 cP) and of the mobile phase stream (20/80
water/methanol = 1.25 cH22]) provides conditions that are
favorable for viscous fingering and cause significant band dis-

Retention Time (min)

tortion. In contrast, band profiles remain conventional when 1.0+
the viscosity difference between the solute plug and the mo- _
bile phase is small. 08}
To further test the hypothesis that viscous fingering ex- T ot
plains the band distortion observedHiys. 1-3 we prepared § 06
solute plugs from mixtures of water and acetonitrile in three 5 |
compositions, all having a viscosity near that of the mobile 3 o4r
phaseFig. 4a illustrates the band profiles pfcresol solu- ‘§ 02l
tions in sample solvents of different compositions, injected £ |
into a stream of 40/60 water/methanol. The band profile im- .|
proves when the viscosity of the sample injection plug ap- S T
proached that of the mobile phase. A very irregular band 0 ! 2 8 4 5
profile was observed upon the injection of pure acetonitrile  ©) Retention Time (min)

(less viscous than water/methanol, 40/60) into the mobile _ . . .

. L Fig. 4. lllustration of band profiles as a function of the sample solvent com-
phase. The proflle Improves S'Q”Ff'cam'y when the Sample position: (a)p-cresol, mobile phase 40/60 water/methanol and (b) butyl ben-
solvent was 20/80 water/acetonitrile and an almost Gaussianzene, mobile phase 20/80 water/methanol. Sample solvent composition: (i)
band with only a small hump at its leading edge was observed100% acetonitrile, (i) 20/80 water/acetonitrile, and (jii) 40/60 water ace-
when the sample solvent was 40/60 water/acetonitrile. Simi- tonitrile. Injection volumes 200L.
lar results were observed for butyl benzehiag( 4b).

Band distortion resumng from viscous fingering is exac- reversed proves that VF is involved in this band diSperSion.
erbated with an increase in the injection volujh@]. Thein- ~ TheVF processis poorly reproducible, if atall, at high mobile
fluence of the injection volume was investigated for the same Phase velocities but it is very reproducible at low velocities
two solutes as studied earlier. As an example, the changel19]. However, even a small degree of irreproducibility of
in band distortion is illustrated ifrig. 5 for p-cresol. The

band distortion increased with increasing injection volume.
Virtually no band distortion was apparent for ai80 injec- b i
tion volume, a distinct peak fronting becomes obvious fora _ |
100u.L injection and strong band distortion is apparent for & 0'8_-
a 200p.L injection. Typical cut volumes in two-dimensional T sl
LC, using conventional analytical scale columns, may be in § '
the order of 1 mL[10,11}, hence the practical importance of % ,,L
this result. ks
In contrast to what is normally expected for a VF effectin =~ € ¢2|
a chromatographic system, the band irregularities take place g et
this time at the peak front, not at the rear boundary. This | e =

change in VF location is simply explained because, in this S ' : ; : ' : ' : '
case, the large injection plug that emulates a heart-cut solvent
is less viscous than the mobile phase. The VF effect always
takes place when the less V'SCOL_‘S ﬂ“"?' pushes th? more V'S'Fig. 5. lllustration of the change in band profile as a function of sample
cous one, only then. Thus, the inversion of the side of the jnjection volume: (i) 20qL, (ii) 100 wL and (jii) 30p.L. Samplep-cresol
band on which VF takes place when the viscosity contrast is prepared in 100% acetonitrile, mobile phase 40/60 water/methanol.

Retention Time (min)
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the VF pattern causes most different elution profiles on con- (a) Viscous (b) Non Viscous
ventional chromatograms. In a previous study where VF was fingering band fingering band
visualised ‘on-column[18], the profiles of bands exhibiting

VF on column were recorded post-column. The replicates of
these profiles were, for the most part, irreproducible as ob-
served in the current study. This supports the occurrence of
VF.

To illustrate more conclusively the VF effects, we under-
took a series of experiments in glass columns. When the re-
fractive indices of the mobile and the stationary phase match
exactly, the otherwise opaque stationary phase becomes invis-
ible to the eye. Under such conditions, VF is clearly observed
when a colored plug of a solvent having a viscosity that is suf-
ficiently different from that of the mobile phase is injected
into the column. More extensive details of this experiment
are found in previous studi¢8—21] A solvent system con-
sisting of dichloromethane, toluene and cyclohexanol in the
correct proportions has the exact refractive index as the C18
silica. The viscosity can be varied by increasing the concen-
tration of cyclohexanol (which has exactly the same refractive
index as the C18 silica used) and then adjusting the ratio of
dichloromethane and toluene to maintain the refractive index
match. A dye marker incorporated into the sample solvent
can be used to observe the fingering process.

Fig. G illustrates the VF effect observed when a plug of
sample solvent less viscous than the mobile phase is injected
into the column. The viscosity difference is in the order of
0.48cP. That is, the sample solvent viscosity was 0.38 cP
and the mobile phase was 0.86 cP. The sample solvent beFig. 6. Photographs illustrating the magnitude of the band distortion as the
ing less viscous than the mobile phase, fingers form at thesample migrates along the chromatographic column following: (a) viscous
leading edge of the sample band. These fingers are high|yfinggring pa_nd profile, (b) non viscousfingeri_ng band profile observed when

. . . . the viscosities of the sample solvent and mobile phase match exactly. Column
prominent and become more so as the viscosity difference, ... i diameter 17 mm.
increasedrig. 6o illustrates the band profile that would ordi-
narily be observed when the viscosities of the sample solvent  \we repeated these ‘on-column’ visualisation experiments

and the mobile phase match exactly. No fingering is apparent.on, 3 number of different columns and also using a wide va-
The post-column chromatograms recorded for the bands pho+jety of mobile phases by variation in the cyclohexanol com-

tographed irFig. 6are shown irfFig. 7. Quite clearly, viscous  position. We carried out also similar experiments using pure
fingering distorts the profiles, most significantly their lead-

ing edge, increases the band width, and reduces their height.
In this instance the difference in viscosity between the mo-
bile phase and the sample solvent is not as large as in our
studies on stainless steel columns where it was almost 1cP 200
instead of 0.48 cP. This is a reason why the band profiles
on the stainless steel columns were more severely distorted.
Another explanation is simply that the analytical column is
more efficient than the larger glass ‘home-made’ column. As
a consequence, axial dispersion being lower on the analytical
column, the fingering pattern is more readily detected. Yet an-
other reason for the difference in the post-column detection
chromatograms is that we do not know what is the effect of
the column diameter on the fingering pattern. The analytical
column had an internal diameter of 4.6 mm, while the internal
diameter on our glass column was 17 mm. As we have not
been able to undertake visualization experiments in narrow
diameter glass columns, we have no way of comparing the rig. 7. post column detector elution profiles corresponding to the pho-
fingering patterns. tographs illustrated iffig. 6. Detection 575 nm, flow rate 2 mL/min.

4+—r

17 mm

2500

(b) Non viscous
fingering band

ki

W

o

o
T

(a) Viscous
1000 fingering band
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500 -

1 L 1 L 1 L 1 L L n |
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Retention Time (min)
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carbon tetrachloride. Whether or not a mobile phase is a purelocal eluite concentration). In our experiments, the concentra-
solvent, a binary or a ternary mixture, VF was always ob- tion of methanol or acetonitrile in the mobile phase was kept
served if the viscosity contrast between the injection plug constant but it varies during the elution of a peak. During the
and the sample solvent was appropriate. In fact, VF effects elution of a peak of pure methanol by a 20/80 methanol/water
become apparent in a very mild form when the viscosity dif- mobile phase or during the elution of a peak of pure ace-
ference between the sample solvent plyg 0.38cP) and  tonitrile by a 30/60 water/acetonitrile solution, we do have
the mobile phase)(=0.47 cP) is less than 0.1 cP. This is sub- formation of a monotonic fluid. However, the elution of a
stantially less than the difference observed for the systemswater zone by a 20/80 methanol/water mobile phase leads
reported earlier in this work. However, at such small viscos- to a nonmonotonic fluid. The situation might be more com-
ity differences, post-column chromatograms do not exhibit plex during the elution of peaks of pure methanol by a 30/60
VF effects, primarily, we believe because band dispersion water/acetonitrile solution or of pure acetonitrile by a 20/80
over-rides it. Details of these studies are not included in this methanol/water since we do not know the viscosity of the
work for the sake of brevity. ternary solutions.

The results reported earlier reflect the occurrence of  Finally, the work of Homsy on VF instability in non-
VF and, for the most part, can be explained by this phe- monotonic fluids[23,24] may provide an answer to the
nomenon. However, there remain some ambiguities. An im- question of why VF does not plague preparative HPLC.
portant anomaly is that VF does not seem to take place A high-concentration band profile generally constitutes a
when a plug of methanol is injected into a stream of wa- nonmonotonic fluid, with a maximum viscosity at the band
ter/methanol, even at relatively high water concentration for apex. In most cases, the stable region is downstream. Un-
which the viscosity difference is significant. In contrast, a der such conditions, the band propagation is stable ini-
strong VF effect takes place when the same plug is injectedtially and instability will arise too late to cause serious
into a water/acetonitrile solutiorF{g. 1b). It might be that troubles.
methanol dilutes very fast into the methanol/water solution,
or that the viscosity difference is not as great as between
acetonitrile and the same water/methanol stream, or that the4. Conclusion
effects that we observed and report in this manuscript are
more complex than simple VF. Solvation effects may be  Multidimensional reversed-phase/reversed-phase HPLC
an underlying factor that could exacerbate the band distor- will eventually become an effective, flexible approach for
tions observed in this study. It is important to note, how- the rapid and concise separation of complex samples. How-
ever, that this last case was the only instance in which bandever, flow instabilities arising from the transfer-injection of a
distortions occurred at both the leading edge and the rearfraction of the eluent from the stream of products separated
boundary of the band. This may indicate the difference be- in the first dimension into the stream of mobile phase used in
tween VF and solvation effects. Or perhaps to further compli- the second dimension may only serve to decrease the perfor-
cate the viscous fingering process the disturbance at the reamance of the 2D system and render it less efficient and less
boundary may be an effect that is observed in the presenceviable.
of nonmonotonic viscosity profiles, such as those observed The phase systems studied here are not inclusive of those
by Manickam and Homsf23]. Manickam and Homsy have that may be encountered in the various possible implementa-
studied the nonlinear evolution of VF instabilities in miscible tions of RPLCx RPLC. They are particularly simple, fully
displacements with nonmonotonic viscosity prof{23,24]. miscible, and have very similar physico-chemical properties.
In this situation, the fluid that is pushed has a concentra- So, they illustrate well that flow instabilities do occur, even
tion gradient away from the interface. Aqueous solutions of in the simplest cases. The effect of these flow instabilities
1- and 2-propanol that were taken as cases in point in themay be complicated by interference with solvation. What-
simulationg[23], or of methano[22], have a nonmonotonic  ever their origin, however, effects that decrease the resolution
viscosity. The viscosity of these solutions is maximum for of the sample components must be avoided or, if that is not
concentrations of alcohol around 60% (nearly the same for possible, alleviated by suitable means to minimize the per-
all three alcohols). They have showed that while an unfa- formance loss. Suitable mixing chambers may be needed. We
vorable viscosity contrast always leads to VF instability for found also that one particular solvent combination resulted in
monotonic fluids, this is not true for nonmonotonic fluids. severely distorted peak behavior but that merely reversing the
Under certain conditions, and for a certain time, a stable sequence of the two separations may be all that was required
displacement can take place when the viscosity contrast isto dramatically improve peak resolution. In cases in which se-
unfavorable and conversely, VF instabilities may eventually vere VF effects are harmful, the adjustment of the viscosities
develop with an initially favorable viscosity contrast. This of both mobile phases by the addition of a proper concen-
is due to the effects of diffusion (and the faster dispersion tration of water may bring about improved peak shape. Of
in HPLC) that slowly affects the viscosity profile. The con- course, the trade-off between selectivity and resolution will
dition for instability in a nonmonotonic viscosity profile is  determine which system is better and what sequence should
((d:/dC)c =0+ (d:/dC)c=1) <0 (with :, local viscosity and, be selected.
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