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ABSTRACT

The development of sub-2-um particlesye—shell particles, and monolithic columns liaprovec separation performance
in liquid chromatography (LC) over theas 20 years. However, a key limitation that spilevent LC columns from
reaching their full potential is tHeeterogeneit in the flow profile of solute bands as they tratebugt the chromatographic
packing material within the columrSolute: travel through the column in bowl-likenigratior profiles, and, as a
consequence, more separation powereisde to separate closely eluting solute bands. Tihigation can be overcome by
using a new type of column technologsferrec to as active flow technology (AFT). Theselumn: use a new type of
column end fitting that negates thmblem: associated with the bowl-like solute profiles eaibyheterogeneit in the fluid
flow through the column, which improvesficiency sensitivity, and therefore increases santpteughput This review will
provide a brief introduction to AFT with @articular focus on improvements in separapenformanc that can be achieved
when using these columns and coupli@with mass spectrometry (MS).
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1. Introduction

In liquid chromatographic (LC) separations the €hapthe
solute band has important implications for the aiter
performance of the separation. Solute bands shdehlly
resemble thin flat discs, but rarely do, and mof&ro
closely resemble partially filled bowls (1-3). Segteon of
closely eluting bowl-shaped bands requires great
separation power, because resolution is governedhéy
separation of the entire solute plug a thin flascd
resembles the leading edge of the bowl-like bareakP
tailing is therefore an important issue. Bowl-likands
arise from a radial variation in mobile-phase vélowithin
the stationary phase, which can be caused by a euaoib
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Active flow technology negates the effect of
heterogeneity thereby increasing separation
performance in the order of 100% in terms of N.
Threefold gains in sensitivity, in terms of peak
height, are also observed.

Active flow technology columns can be operated
so that a wide —bore columns present the same
volume load as a narrow —bore column whilst still
providing gains of up to 70% in N and up to 36%
in peak height. This permits fast analysis using —
limited detectors such as mass spectrometry.

er >

factors. Perhaps the earliest known cause was i@l rad Radial mobile phase velocity gradients also arigamf

variation in the density and permeability of thatistnary
phase (3-20). In fully-porous slurry packed pasticl
columns, the density of the stationary phase ikdsgnear
the wall, lower in the radial centre, and lowesedily next
to the wall (3). The inverse is true for the perbility of
the stationary phase bed. This density variaticabkss the
mobile phase to travel fastest at the wall, slowethe
radial centre, and slowest near the wall. The mredsothis
density/permeability variation lies within the pauk
process.

During packing, particles are suspended as slung a
pumped at high pressure into the cylindrical colum
housing; once inside, particles experience sheate$o
against other particles, with particles being pdstwevards
the wall. At the wall, friction prevents particléem sliding

viscous heating of the mobile phase, which occurenthe
mobile phase is pumped through a column at high
velocities. As the mobile-phase is pushed throubé t
stationary phase it experiences friction, and tloeecheat.
Because heat can dissipate from the wall regioth@fed
faster than the central region, the central redienomes
hotter than the wall region. This causes the visgad the
mobile phase to be higher in the radial centre @regb to
the wall region. Consequently a radial velocitydieat is
produced (23). The effect of viscous heating becmere
substantial as the particle size decreases, gakticularly
important for the sub-2-um particles used for tiigh-

n pressure liquid chromatography (UHPLC) applicatiofs
additional effect of radial temperature gradiestshat the
retention factor of the radial central portion bE&tsolute
band becomes smaller than that within the coolell wa

further causing the bed to pack denser near thd walregion, which further distorts the band shape (Z3)e
compared to the radial centre. However, at the walleffect of viscous heating on chromatographic edficy has

particles cannot align and close pack completehcesi
neither the wall nor the particles can bend to asoodate
the other, leaving voids at the wall. Thereforeraalial
density variation is produced (3, 21). The storaifittle
different for columns packed with core—shell paetc The
surface of these particles is rougher than théiy-fiorous
counterparts, which causes core-shell particles
experience more friction during the packing procégse
result is that core—shell particles move less wétbpect to
each other than fully-porous particles (22). Tieiduces the
radial packing density, and, in turn, velocity aion in
core—shell columns. Nevertheless, a packing densi
distribution still exists, especially at the waRadial mobile
phase velocity variations of 3% have been repofted
core—shell columns packed with 2.7-pm particles manad
to a variation of up to 5% in a column packed withy
porous 3-um particles (20). In terms of the numbér
theoretical platesN), this corresponded to a reduction
in N by 33% and 40% for the wall region of the coredishe
and fully porous columns, respectively, comparecthe
radial column centre, which is more chromatograglhjc
efficient [20].

Key points:

been reported as a loss of 20% in termbl &dr a column
with isothermal efficiency of 15,000 plates, whelme t
column wall was kept at 295 K (23). The effects/istous
heating can be compensated somewhat by using ¢tmié—s
particle columns because the solid core incredsss ieat
conductivity (24), and by using narrow-bore columns
tc(25,26). However, narrow-bore columns suffer largeg-
range eddy diffusion, which reduces their perforagan
compared to wider-bore (4.6 mm i.d.) columns (28). 2
Furthermore, when using narrow-bore columns it is
important to minimize extra-column dead volunie.is
typossible to compensate for the loss of separatevepthat
bowl-like bands produce by using end-point detectibhe
difference between end-point detection and the bulk
detection modes commonly supplied with commercial
instrumentation is that end-point detection ocdlirsctly at
the end of the stationary phase bed, or at thénftite case
of particle-packed columns. To date, end-point ctaia
has been deployed in either electrochemical (16-€0)
optical (9,10) modes where the detector can beeplat
precisely defined radial locations. In fact, higfficeency
end column detection was introduced as early a8 ¥8&n
Baur and Wightman (17) used an electrochemicalctiate
to achieve up to 170,000 plates per metre. Thefthesfe

» The performance of LC columns is restricted by this type of detection mode is that detection cobk
the heterogeneity in the flow profile of the solute performed at the column radial centre (the mosgtiefit

bands.
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part of the column bed), but, unfortunately, tieishnique is
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not practical for routine analysis and end colunatedtors
are not commercially available.

Another technique that can compensate for radikcity
gradients is known as "infinite diameter chromaamdny"
(7). The underlying principle or goal of infiniteamneter
chromatography is that only the uniform radial cemf the
column bed is used for separation. To accompligh #n
injection needle is embedded within the top portdrthe
bed. This means that the sample is directly inpeatéo the
cross-sectional radial centre of the column inkatjusting
the mobile-phase flow rate, with respect to theuowoi
length, and the amount of the stationary phase irs¢ioe
radial central region of the column enables theitsoband
to migrate through the column without diffusingdnthe

wall region.Essentially, this would be a wall-less column,

hence the name of the technique. Unfortunatelyinitef

diameter chromatography is not practical for roaitin

analysis because the needle is embedded intoatienstry

phase bed and this is not compatible with commercia

instrumentation. Active flow technology (AFT) combs
the advantages of infinite diameter chromatography
end-point detection with the practicality of contienal
chromatography column formats through the use rod\eel
column end fitting. Unlike conventional column efitings
that have only one inlet or one outlet port, theTAdlumn
has multiple outlets and multiple inlet ports (Figul).
Housed inside the AFT fitting is an annular friatltonsists
of an inner circular frit separated from an outiecudar frit
by an impermeable ring. By combining this frit attte
multiport end fittings it is possible to separake tmore
chromatographically efficient radial central portiof the
solute band from the tailing wall region portion.

Porous stainiess steei frits
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and sensitivity that active flow technology canyde. The
way that AFT can significantly improve the combinatof

LC with mass spectrometry (MS) will also be disagss
For a more detailed review, the reader is directed
reference (29).

2. Enhancing Separation Performance Using

Active Flow Technology:

There are two column formats in AFT: Parallel segted

flow (PSF) and curtain flow (CF). PSF columns have
conventional column inlet fitting and an AFT fittjron the

outlet (Figure 1). In PSF, flow segmentation ontgurs at

the column outlet where the more efficient cenpait of

the solute band elutes from the central port wtiike less
efficient tailing part of the band elutes from theripheral

ports. In CF columns there are two AFT fittings:edom the

column inlet, the other on the outlet (Figure 2Jow

segmentation occurs at both the inlet and the birl¢he

CF mode. At the inlet of CF columns the autoinjectbthe

UHPLC or high perfomance liquid chromatography
(HPLC) system is connected to the central port avtiie
inlet peripheral ports are connected to another guaon
alternatively, the flow from a single pump can Ipéitgre-
injector, such that the appropriate portions ofwflare
delivered to the central inlet port of the colunwia the
injector, and the peripheral ports of the columyrphssing
the injector. Each mode of operation works equalsll,

but separate pumping devices provide a more "tefiabl
system.

Peripheral ports

Figure 2: lllustration of the curtain flow chromatography
column concept: The column has an AFT fitting om ithlet
and the outlet of the column. The inlet central tpisr
connected to the autosampler while another pumgpbr

Figure 1: lllustration of an active flow technology column flow configuration sends mobile phase through thieti

outlet fitting showing the three peripheral exittsoand the
single central exit port. The annular frit is exdad and
inserts into a cap located within the outlet cap.

The central outlet port on the AFT fitting that extts the
chromatographically most efficient flow from thelwmn

peripheral ports. At the outlet, tubing is used apply
backpressure to adjust the outlet segmentationo.rati

Combined, these flow segmentations create a wall of

curtain flow that prevents the solute band (in yrisgm
diffusing into the wall region.

can be connected to a typical commercially avadlabl Regardless of the pumping arrangement used, thelsam
detector, and in this mode of operation, an en#ipoi can pe loaded into the radial centre of the colemd the

detector is emulated without sacrificing practigalin this
article a brief review will be given of AFT chronogtraphy,

curtain flow of mobile phase that enters the coluhmugh
the peripheral port(s) confines the sample to thstral

covering basic information such as how to operat@&T

¢ 10w 2 region of the column. For example, in preparative C
column, as well as details on the gains in separgiower

columns no solute was observed to elute from the

International Journal of Chemistry and Pharmaceutical Sciences 1625
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peripheral exit ports of the column when 45% of tabile
phase was extracted from the outlet central exit (fogure
3) (30). It follows that the ratio of flow elutinffom the
radial central port relative to the peripheral pestan
important parameter when operating these columhgs T
ratio is referred to as the segmentation ratioiargpically
reported as the percentage of flow eluting fromdhatral
port relative to the total flow eluting from thelamn.

0.04=
0.034

0.024

Absorbance (Au)

0.014

Q.00

2 3 4 5 &
Time (min)

Figure 3: Chromatograms of the eluent from the central
port (solid line) compared to the peripheral pddashed
line) for the preparative scale separation of tolye
propylbenzene, and butylbenzene (listed
elution). The inlet segmentation ratio was 22% tigto the
centre. At the outlet a segmentation ratio of 4%#ough
the centre was used.

The segmentation ratio can be changed by contgotlie
relative pressure drop across the central and lpendp exit
ports; in this instance, by using different lengtbs
diameters of tubing post-detector. For both PSF @krd
columns, efficiency in terms &, sensitivity, and peak
height are related to the segmentation ratio. TptEmum
segmentation ratio depends on the analytical abgstand
cannot be simply stated as a number value. For geam
the requirements of a mass spectral detector Heratit to
those of a light attenuating detector, hence thare
different optimal segmentation ratios. However, wogn
state that the sensitivity when using a UV detetioated
at the radial central exit port where the segmeéniattio is
15% (85% of the flow does not go through the deidds
the same as the sensitivity obtained on a conwegitio
column when 100% of the flow passes through thedet;
thus the significance of removing the tailing pomtiof the
solute band. The efficiency of the PSF column isoal
dependent on the segmentation ratio and on thatiate
factor of the solute. This is in part dependent tbe
management of the post column extra-column deashwel
Generally, the optimal segmentation ratios, witbpet to

in order of

ISSN: 2321-3132

around 40% on particle-packed columns, but thitess
restrictive on monoliths (31-33). It has been r&gubrthat
using segmentation ratios of this order for a 4/® ind.
column, on well-managed UHPLC systems operatedgat h
flow rates (4 mL/min) under isocratic elution catimhs,
gains in the intrinsic efficiency between 90-10086 &0—
90% (depending on retention factor) for CF and PSF,
respectively (34). The improved efficiency of AF®lemns
lies in their ability to reduce the effects of tsagplumn
eddy diffusion within particle-packed columns. Ihost
columns (30 x 4.6 mm) packed with 3-um fully-porous
particles, trans-column eddy diffusion can accdont85%

of the height equivalent to a theoretical plate TR
When AFT columns are used, trans-column eddy ddfus
can be reduced by approximately twofold [35].

1

= FTrRETT
e T

Figure 4. lllustration of the concept of a 4.6 mm i.d. AFT
column acting as a virtual 2.1 mm i.d. column.

Sensitivity is also improved with AFT: Gains in séivity

of almost threefold have been demonstrated for @énens
compared to conventional columns of the same leagth
diameter (32—-34). Performance of AFT diminisheshwit
increasing column length, with the optimal colunemdth
being near 150 mm (36). AFT has also been shown to
improve the separation performance of first-genenat
silica monolithic columns. These columns also suffe
detrimental effects of radial mobile phase velocity
variations. However, unlike particle-packed colupninst-
generation monolithic columns have a faster mophlase
velocity near the wall, which is more permeabled an
slower velocity in the radial centre of the bedisTias been
attributed as a consequence of the sol-gel progsssg to
synthesize these columns (19). When equipped in PSF
mode, gains of up to 115% in efficiency and 15% in
sensitivity were observed compared to conventional
monolithic columns of the same length and diamé&).
Permeability was a big advantage of the first-gatien
monoliths for high flow rate applications such as
multidimensional liquid chromatography. By combigin

maximizingN, lies in the range between 30% to 45% of the first generation monoliths with AFT, it is now pdsle to

flow through the column centre, but this dependstloan
column internal diameter. For example, on narrowebo
columns (2.1 mm i.d.) much higher efficiency is abed
with a segmentation ratio of 20% rather than 43%igdhot
yet published). The inlet segmentation ratio is enor
restrictive: ldeally flow-through the central inlgort is

International Journal of Chemistry and Pharmaceutical Sciences

unite the advantage of high permeability with immd
separation performance.

Using Virtual Columnsto Improve the Combination of
Liquid Chromatography with M ass Spectrometry

1626
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In the previous section, AFT columns were operatettheir
optimum segmentation ratio to obtain maximum sejara
efficiency. However, the segmentation ratio cansbe so
that the wider bore (4.6 mm i.d.) AFT column mimigs
narrow-bore column (2.1 mm i.d.). That is, the fh i.d.
AFT column can act as a virtual 2.1 mm i.d. columoused
within a 4.6 mm i.d. column (Figure 4). Using AFT
columns as virtual
advantages. Firstly, gains éby up to 70% and 42% were
seen when an AFT 4.6 mm i.d. column was operatea as
virtual 2.1 mm i.d. and 3.0 mm i.d. column, respesy,
compared to equivalent conventional columns withspdal
internal diameters the same as the virtual diaredgtégure

5) (38). Secondly, when compared to conventionhlroas

of equivalent diameter, sensitivity in terms of pdeight
increased by up to 36% and 19% for the virtualrér i.d.
and 3.0 mm i.d. columns, respectively (Figure 68)(3

ISSN: 2321-3132

because it relies on the nebulization and evaporatif
solvent to produce ions in the ion source. It fatothat
reducing the solvent load to the mass spectronigtalso
important when highly aqueous mobile phases arel.use
However, separation performance is lost when natyore
columns are used. By operating AFT columns as alirtu
narrow-bore columns, the extra-column dead volume

narrow-bore columns has severatolerance and improved performance of the wideebor

column format is achieved whilst keeping the solvead

to the mass spectrometer low (38). Recently Ketial
(39) coupled a CF column acting as a virtual 2.1 imin
column with MS detection. This allowed chromatodniap
separations to take place at 5 mL/min without
compromising the MS, providing high through-put and
greater loadability compared to the narrow-boreicol. In
fact, sensitivity, in terms of signal-to-noise, imped by
66-fold for some of the amino acids tested compéoeitie

These improvements partly arise from the wider boreconventional column.
columns having a greater tolerance for extra-column

volume and they are generally more efficiently pabk
since the wall surface to column cross-sectionafasa

area is smaller on the analytical-scale column cragb to

the narrow bore scale. This was shown by evaluatieg
efficiency of columns with various internal diammstehat

were packed with the same stationary phase; 4.6i.hm
columns were more efficient (up to 42%) than 2.1 imin

columns, even when the extra-column volume of fstesn

was minimized (28). This was attributed to the demal
trans-column eddy diffusion in 4.6 mm i.d. compate@.1

mm i.d. columns (28).

12000

Paralell Segmnted

110004
Flow Column

3830 B 3. —
o 2 & a8

]

or

10000
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9000
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80007 conventional

7000 i
2.1 mm
conventional
6000 :

5000 T T T T : T T T T T 1
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% volumetric flow through column canter

Figure 5: Comparison in N values obtained with a 4.6 mm
i.d. PSF column, a 4.6 mm i.d. conventional columr3.0
mm i.d. conventional column, and a 2.1 mm i.d.
conventional column. Test solutes: Toluene (sqiares
propylbenzene (circles), and butylbenzene (diampnds
Note the data obtained on the 2.1 mm and 3.0 mm id
columns are centred on the 21% and 43% volumdoig f
positions to correspond to the equivalent flow tigio the
4.6 mm i.d. column at that specific segmentatidiora

Despite the advantages of analytical-scale colums;
MS users prefer to use narrow-bore columns beoaiutte
reduced solvent load to the mass spectrometer. iBhis
important because at flow rates above 1 mL/min Mffess
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Figure 6: Comparison in sensitivity relative to the 4.6 mm
i.d. column. Sensitivity tested on the 4.6 mm cdlumn,
the 4.6 mm parallel segmented flow column at vaiou
segmentation ratios, the 3.0 mm i.d. conventiomdliran,
and the 2.1 mm i.d. conventional column. Test &slut
Toluene  (squares), propylbenzene (circles), and
butylbenzene (diamonds). Note the data obtainetth@2.1
mm and 3.0 mm i.d. columns are centred on the 24é6 a
43% volumetric flow positions to correspond to the
equivalent flow through the 4.6 mm i.d. column hatt
spt;:ocific segmentation ratio.
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35
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25
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Figure 7: Separation of proline, arginine, cystine, valine,
methionine, tyrosine, leucine, phenylalanine, and
tryptophan (listed in order of elution). Solid linBarallel
segmented flow (40% through column centre) at 0.5
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mL/min total flow through column. Dashed line: PRost
column split (40% to MS) at 0.5 mL/min through cwiio.

A common alternative to using narrow-bore columrithw
MS is to employ a post-column split with a convenl
analytical scale column. Intuitively one may thitkat
using a post-column split would achieve similarutesto
PSF since both processes split the flow prior &oMIS. The
performance of a post-column split of 40% was comga
to a PSF column with a segmentation ratio of 40%aio
LC-MS analysis of 11 amino acids (40).
segmentation ratio, the PSF column would have déoeis
similar to a 3.0 mm i.d. virtual column. The resut
chromatograms shown in Figure 7 (40) clearly shbe t

3. Conclusion
The term active flow technology refers to a newugref

LC columns and techniques that enhance the separati

power of LC and improves the coupling of LC to wokr
limited detectors such as MS. The source of thesefits
is the result of a new design of column end fittimdnich
consists of an annular frit and a multiport headene
purpose of this end fitting is to separate the neffigient,

At this

ISSN: 2321-3132

improved performance of the PSF column comparetig¢o
conventional column with a post-column split. UsiR§F

improved both the sensitivity and the resolution tbé

separation. This is a direct result of the advasgagf the
design of the AFT fitting. In PSF, the most concatad

part of the solute profile is sent to the detectdile the

more diffuse wall region part of the profile is radtected,
therefore  increasing  sensitivity.  However,
segmentation using the post-column split samplesttiire
band, including the dilute tailing portion. The sequence
of this is dilution of the solute as the more coricated and
least concentrated parts of the solute band arebio@th
prior to splitting.

chromatographic efficiency, sensitivity, and resioln. This
brief review focused on two AFT column formats: gkl
segmented flow and curtain flow. Not discussed lezee
the two spin-off advantages of parallel segmenied bne
allows for multiplexed detection, and the other ldaa
highly efficient post-column derivatizations knowas
reaction flow chromatography. Readers interestethése

flow

central part of the solute band from the less ieffit; tailing techniques are referred to references (41-44) for
part of the solute band, thereby increasing themultiplexed detection and (45) for reaction flow.
4. Abbreviations
AFT - Active Flow Technology LC - Liquid Chromatography
PSF - Parallel Segmented Flow UPLC - Ultra Performance Liquid Chromatography
CF - Curtain Flow HETP - Height Equivalent To A Theoretical Plate
MS - Mass Spectrometer
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