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Zusammenfassung

Die vorliegende Habilitationsschrift beschéaftigt sich mit analytisch- und physikalisch-chemischen
experimentellen, aber auch theoretischen und numerischen Aspekten der Elektrokinetik in
pordsen Materialien. Im Hinblick auf diese Arbeit zahlen dazu insbesondere offene, einfachere
Kanalstrukturen (die z.B. als Sensoren oder Bauteile in Lab-on-a-Chip-Technologien Einsatz
finden), sowie kapillare Festbetten und Kapillarmonolithen fir Elektrochromatographie und auch
kapillare HPLC. Ergebnisse der Untersuchungen sind dariberhinaus fur elektrokinetische
Prozesse in deutlich gréBeren Saulen (z.B. mit dem Ziel praparativer Chromatographie) und
Membranen (z.B. fur Elektrodialyse oder potentialgesteuerte Reaktionsfiihrung) von Bedeutung.
Es wurde versucht, miteinander eng verknipfte Themen in einer durch stark zunehmende
Komplexitat gepragten Chronologie zu bearbeiten, um letztlich zu einem abgerundeten globalen
Verstandnis relevanter Stofftransportph&nomene in den untersuchten Materialien zu gelangen.
Dies beinhaltete die elektrokinetische Charakterisierung der involvierten Oberflachen, transiente
und stationare Dynamik des elektroosmotischen Flu3feldes, Kopplung der Adsorption von
geladenen Spezies mit der lokalen (quasi-)Gleichgewichtselektrostatik, Elektrophorese, axiale
und radiale Dispersion, Eigenschaften der Elektrolytldsung (insbesondere ihre lonenstarke) und
Analyten (Ladung, Adsorption, Diffusion), Struktur der Materialien (hierarchischer Aufbau,
Porendimensionen, Oberflachenheterogenitét), sowie entstehende Konzentrationspolarisation
und mdgliche Nichtgleichgewichtseffekte in starken elektrischen Feldern.

Ein Ziel dieser Arbeit ist es, moderne und im Hinblick auf die bearbeiteten Themen kaum oder
noch nicht genutzte experimentelle Methoden (chromatographische Verfahren und direkte
Bildgebungstechniken wie dynamische NMR-Mikroskopie und konfokale Lasermikroskopie) mit
einerseits anspruchsvollen, aber andererseits auch kompakten, sehr effizienten numerischen
Verfahren zu verknipfen, um auf mikroskopischen Strukturdetails und mesoskopischen
Zusammenhéngen aufbauend Elektrokinetik und den Stofftransport auf makroskopischer Ebene
besser zu analysieren, verstehen und optimieren.

Wie bereits erwahnt z&hlen zu den adaptierten und intensiv eingesetzten Bildgebungsmethoden
die Kernspintomographie und die konfokale Lasermikroskopie. Beide Mikroskopietechniken
erganzen sich in einzigartiger Weise. Wahrend mithilfe der dynamischen NMR-Mikroskopie die
FluRfelddynamik in einem sehr attraktiven ortlichen und zeitlichen Fenster direkt in dem pordsen
Material untersucht wird, kann durch die empfindlichere konfokale Lasermikroskopie der
Transport in geringer Konzentration vorliegender Tracermolekule erfal3t werden. Somit sind die
Dynamik der fluiden Phase, aber auch die Transportcharakteristik eines in ihr gelésten Analyten
mit (leicht zu realisierender) Adsorption und/oder Reaktion an der Oberflache komplementar
zuganglich. Mit diesen beiden Mikroskopietechniken konnte quantitative Information zum
Massentransport (Diffusion, Dispersion, Elektrophorese, Elektroosmose, Adsorption) in porésen
Materialien sowohl orts- (im unteren Mikrometer- bis in den Submikrometerbereich), als auch
zeitaufgeldst (im Millisekundenbereich) erhalten und der Ubergang zu makroskopischem
Verhalten dokumentiert werden. Damit stellen diese experimentellen Untersuchungsmethoden
eine sehr dringend benétigte Ergdnzung zu den vielféaltigen chromatographischen Verfahren
dar, die lediglich Informationen Gber 6rtlich und zeitlich gemitteltes (makroskopisches) Verhalten
geben kénnen.



Beziglich der Hydrodynamik von elektroosmotischem Flu3 und einhergehender Dispersion in
pordsen Materialien, sowie der erzielbaren Trenneffizienzen in der Flissigchromatographie wird
gewohnlich der Vergleich zu dem bereits ausgiebig charakterisierten und gut verstandenen
Transportverhalten fir hydraulischen Flul gewéhlt (und gewiinscht). Daher beginnt auch diese
Arbeit mit neuartigen Untersuchungen (sowohl Experiment, als auch Modellierung betreffend)
zur Hydrodynamik in Festbettstrukturen wie Kugelpackungen und Monolithen, die insbesondere
die Schlusselstellung stagnanter Zonen in den porésen Materialien fur die resultierenden
Dispersionseffekte verdeutlichen und unmittelbar auf das grof3e Potential elektrokinetischen
Transports zuarbeiten [1-3]. Mithilfe der dynamischen NMR-Mikroskopie gelang es, direkt in den
pordsen Materialien die in stagnanten Zonen verbleibende Flussigkeit (auf einer Zeitskala von
wenigen Millisekunden) zu visualisieren und die Massentransferkinetik zwischen der stagnanten
(diffusiven) und konvektiven fluiden Phase zu quantifizieren.

Dieser neue experimentelle Zugang zur Charakterisierung der Hydrodynamik hat es ermdglicht,
direkt in porésen Partikeln einer Kugelpackung Diffusionskoeffizienten unter statischen und
dynamischen Bedingungen zu bestimmen, fiir verschiedene chromatographische Materialien zu
vergleichen und bezuglich ihrer Porenmorphologie zu diskutieren [1]. Dartuberhinaus konnte der
unmittelbare EinfluR der stagnanten Zonen auf die transiente und asymptotische (axiale)
Dispersion in den Kugelpackungen verfolgt und im Vergleich zu nichtporésen Partikeln klar
herausgearbeitet werden. Diese experimentellen Ergebnisse wurden durch sehr anspruchsvolle
numerische Simulationen in recht guter Einstimmung komplementiert [2, 3]. Die Modellierung
der hydrodynamischen Dispersion erfolgte in dreidimensionalen Kugelschiittungen, die die reale
Packungsstruktur relativ gut abzubilden vermochten. Fir die Diskretisierung des FluRRfeldes
wurde der lattice-Boltzmann Formalismus verwendet, eine vielversprechende Alternative
(basierend auf einem von Natur aus parallelen Algorithmus) fir Modellierung rechenintensiver
Hydrodynamik, insbesondere in sehr komplexen Geometrien. In guter Ubereinstimmung zeigten
Experiment und Modellierung, dall pordse Partikel zwar eine deutlich gréRere und fir viele
Anwendungen in der Tat erforderliche (spezifische) Oberflache anbieten kdnnen als nichtportse
Partikel, daR aber dadurch mit hydraulischem Flul stagnante Zonen generiert werden, die zu
unerwinschten Dispersionseffekten fihren.

Einen vielversprechenden Ausweg aus diesem Engpald (hierarchischer Aufbau des Materials im
Hinblick auf spezifische Oberflache, Permeabilitdt und Dispersion) kénnte der Einsatz von
neuartigen Kieselmonolithen mit bimodaler Porenstruktur weisen. Ein direkter Vergleich aber mit
konventionellen Festbetten aus pordsen, partiell porésen oder nichtpordsen Partikeln erweist
sich durch grundsétzliche Unterschiede (kontinuierliche vs. diskontinuierliche Struktur) zunachst
als schwierig. Mithilfe eines recht einfach gehaltenen, aber verhéaltnismafig weitreichenden
phanomenologischen Ansatzes wurden die hydraulische Permeabilitat und hydrodynamische
Dispersion in monolithischen und partikularen Festbettstrukturen gemessen und durch
dimensionslose Skalierung der gewonnenen Daten universell analysierbar [4, 5]. Damit wurde
es maoglich, die fur Permeabilitat und Dispersion mafRgebliche Hydrodynamik in Monolithen
durch &quivalente Teilchendimensionen (in den Kugelpackungen) auszudriicken und die beiden
Typen von Festbettstrukturen in dieser Hinsicht zu vergleichen. Diese ausfuhrlichen Arbeiten
haben gezeigt [5], daR gerade die Kieselgelmonolithen aufgrund ihrer bimodalen Porenstruktur
und Gesamtporositat eine Kombination aus hydraulischer Permeabilitat, hydrodynamischer
Dispersion und Adsorptionskapazitéat realisieren, die mit den partikularen Festbetten nicht erzielt
werden kann.



Mit diesen einfiihrenden Arbeiten zur Hydrodynamik in porésen Materialien (z.B. partikulare und
monolithische Festbetten) sind bereits wesentliche Themen erkannt und behandelt worden
(stagnante Zonen, diffusionslimitierter Transport, axiale Dispersion), die bei der Untersuchung
der Elektrokinetik in diesen Strukturen wiederkehren und dann eine neue Bedeutung im Hinblick
auf die erreichbare Dimension des Stofftransports erlangen konnen.

Die Untersuchungen zur Elektrokinetik in pordsen Materialien beginnen mit elektroosmotischem
Flufd durch einfache Kanalstrukturen mit homogener Oberflache (z.B. zylindrisch geformte
Kapillaren) [6, 7], gewinnen aber schon bald an Komplexitat, indem allgemein Oberflachen mit
heterogener Verteilung ihres elektrokinetischen Potentials betrachtet werden, z.B. durch die
Adsorption geladener Analyten an der Oberflache wéhrend der Stofftrennung [8]. Es resultiert
ein komplexes Wechselspiel zwischen lésungsseitiger Dynamik (Flu3, Elektromigration,
Diffusion) und lokalen Grenzflacheneffekten (Adsorption, quasi-Gleichgewichtselektrostatik).
Wahrend fir ideale Bedingungen (z.B. homogene Oberflache und Elektrolytzusammensetzung)
mittels dynamischer NMR-Mikroskopie und einem eigens dafir gebauten NMR-MeRstand [6]
ein oft postuliertes, pfropfenférmiges (plug-flow) Fluprofil fir elektroosmotischen FluR3
tatsachlich auch gemessen werden konnte, sind aufgrund von Oberflachenheterogenitaten
(durch Adsorption oder fehlerhafte Fertigung) unter praxisndheren Bedingungen Abweichungen
von diesem FluBprofil zu erwarten, die wegen der Kontinuitat der fluiden Phase auf induzierte
Druckkomponenten zuriickzufiihren sind. Das verursacht hydrodynamische Dispersionsbeitrdge
ahnlich wie beim Poiseuille-Flu3profil [6-8].

Der allgemeine Fall heterogener Verteilung des elektrischen Oberflachenpotentials erfordert die
(in der Regel dreidimensionale) numerische Lésung der folgenden gekoppelten Gleichungen.
Navier-Stokes-Gleichung fiir Konvektion der fliissigen Phase (die Wechselwirkung des externen
elektrischen Feldes mit der I6sungsseitigen elektrischen Doppelschicht wird dabei durch einen
separaten Term fur die resultierende Volumenkraft berticksichtigt), Poisson-Gleichung fir
Verteilung des elektrischen Potentials, und Nernst-Planck-Gleichung fir die Verteilung ionischer
Spezies [7]. Das hydrodynamische Problem wurde durch Code-Parallelisierung mithilfe der
lattice-Boltzmann-Methode analysiert. Die Starke des prasentierten Modellierungsansatzes liegt
in seiner groRen Reichweite. Insbesondere die Fluiddynamik in noch komplexeren Materialien
wie partikuldaren und monolithischen Festbettstrukturen mit beliebiger Porenarchitektur und
Oberflachenpotentialverteilung lal3t sich damit sehr vorteilhaft numerisch-effektiv behandeln. Die
Ergebnisse verdeutlichen, dal? die elektrische Doppelschicht an (fest-fliissig-)Phasengrenzen
allgemein besser als Nichtgleichgewichtssystem behandelt wird. Zentrale Fragestellungen
beinhalten den Einflu physikalischer und chemischer Heterogenitat (Oberflachenrauhigkeit und
Fraktalitat, Kanalmorphologie, Inhomogenitat des Zeta-Potentials durch lokale Adsorption oder
uneinheitliche Oberflachenmodifizierung), sowie einsetzender Konvektion auf die lokale
Elektrostatik und resultierende Elektrokinetik. Deshalb miissen inherent gekoppelte Parameter
entflochten werden, um den dynamischen Einflu der Oberflachen und lokalen, wie globalen
Stofftransport in mikrofluidischen Systemen systematisch zu analysieren (und auch optimieren).

Aufbauend auf den bisherigen Arbeiten vollzieht sich der Ubergang zu elektroosmotischem FluR
und seiner (spatio-temporalen) Dynamik in Festbetten aus porésen Partikeln. Als ein erstes
Merkmal fallt der Einflu} der S&uleninnenwand auf das resultierende makroskopische Flu3profil
auf. Da die involvierten Oberflachen (Sauleninnenwand, Adsorbensoberfléache) allgemein
unterschiedliche physikalisch-chemische Eigenschaften aufweisen ist zu erwarten, dal3 lokal



generierter elektroosmotischer FlulR wegen verschiedener Oberflachenladungen unterschiedlich
stark ausfallt. Dies fuhrt, wie mithilfe dynamischer NMR-Mikroskopie deutlich gezeigt werden
konnte [9], zur Ausbildung makroskopischer FluBheterogenitat, die laterale Aquilibrierung tiber
den gesamten Saulenquerschnitt bendtigt. Abhé&ngig vom Unterschied elektrokinetischer
Potentiale (Wand-Partikel) und dem Verhéltnis Saulen-/Partikeldurchmesser kann das Flu3 profil
eine ansonsten gute Dispersionscharakteristik des elektroosmotischen FluBes in der Packung
vollig tberdecken [10]. Diese Arbeiten setzen damit bei Festbettstrukturen die bereits flr
Kanalstrukturen gemachten Anmerkungen und Untersuchungen zur allgemeinen Heterogenitat
des elektrokinetischen Potentials in porésen Materialien fort. Sie weisen auf einen wichtigen
Aspekt, dem bei Verstandnis und Optimierung der Elektrokinetik grolie Bedeutung zukommt, da
elektroosmotischer FluR lokal an der Oberflache generiert wird. Somit leistet die direkte
Charakterisierung von Grenzflacheneffekten, z.B. mit der Kernspintomographie oder konfokalen
Lasermikroskopie, auf (transienter und asymptotischer) hydrodynamischer Ebene eine fast
unentbehrliche Erganzung zu herkdbmmlichen chromatographischen Untersuchungsmethoden.

Von einer makroskopischen FluRheterogenitat iber den gesamten S&ulenquerschnitt kommend
steht dann als wesentlicher Schwerpunkt der vorliegenden Arbeit die elektroosmotische
Permeabilitéat von einzelnen pordsen Partikeln des Festbettes im Vordergrund. Die zentrale
Fragestellung in diesem Zusammenhang war, ob (und in welchem Ausmal) ein intrapartikularer
elektroosmotischer Flul3 existiert, wie er sich auf die globale Dispersionscharakteristik auswirkt
und gezielt in miniaturisierten Trennverfahren genutzt werden kann. Ein erstes Indiz fur die
elektroosmotische Perfusion war die Beobachtung, daf im Vergleich zu hydraulischem Fluf um
bis zu eine Dekade verbesserte hydrodynamische Dispersionskoeffizienten fir Elektroosmose
in einer (mit makropordsen kugelformigen Partikeln) gepackten Kapillarsdule gemessen werden
konnten [11]. Wahrend es nahe liegt, eine derartige Effizienzsteigerung auf signifikanten
intrapartikuléren elektroosmotischen Flu3 zurtickzufihren (im Hinblick auf die vorangegangenen
Arbeiten sei daran erinnert, daf intrapartikuldre Porenfliissigkeit bei hydraulischem FluR als
stagnante Region mit diffusionslimitiertem Massentransfer verbleibt), sind makroskopisch
effektive Dispersionskoeffizienten nur schwer beziglich einzelner Beitrage zu analysieren, die
auf intra- und interpartikularer Flissigkeit beruhen. Daher wurden mit der NMR-Mikroskopie
komplementéare (transiente) Messungen durchgefihrt, die es erlaubt haben, die intrapartikulare
Flissigkeit zu visualisieren und hinsichtlich der intrapartikularen Geschwindigkeiten zu
analysieren [10]. Mithilfe eines fur diese Untersuchungen konzipierten Setups konnte direkt
gemessen werden, dald intrapartikularer elektroosmotischer Flu3 von der angelegten Feldstarke
(auf die elektrische Doppelschicht wirkende Kraft) und lonenstarke der Elektrolytlésung (durch
die Dicke der elektrischen Doppelschicht beziiglich Porendurchmesser) abhéngt. Es war
gelungen, in pordsen Partikeln des Materials Geschwindigkeiten fur elektroosmotischen Flu3 zu
messen und den Beweis flr eine signifikante elektroosmotische Perfusion direkt zu erbringen.
Auf makroskopischer Ebene konnte dieses Verhalten (Abhangigkeit des intrapartikuléren
elektroosmotischen FlulRes von Porengrdf3e und lonenstérke) systematisch durch die Dynamik
des mittleren elektroosmotischen Flu3es in den kapillaren Festbetten (verglichen mit Festbetten
aus nichtporosen, d.h. nichtleitenden und impermeablen Partikeln) dokumentiert werden [12].
Weiterhin konnte der bei abnehmender elektrischer Doppelschichtwechselwirkung in den
pordsen Partikeln zunehmende intrapartikulare elektroosmotische Volumenstrom deutlich mit
einer parallel erfolgenden Steigerung der Trenneffizienzen fur neutrale Analytmolekile korreliert
werden [13], so dalR ein mikroskopisch und makroskopisch konsistentes Bild von Fluf3 und
Dispersion resultierte, das nachhaltig zum Verstandnis elektroosmotischer Perfusion beitragt.



Wahrend mit der dynamischen NMR-Mikroskopie und dem fiir die Untersuchungen in Kapillaren
entwickelten Setup bereits wesentliche Beitrage zur relevanten Hydrodynamik in pordsen
Materialien geleistet werden konnten, wurde an dieser Stelle die konfokale Lasermikroskopie
(wegen des im Vergleich grofieren rAumlichen Auflosungsvermdgens und der deutlich besseren
Empfindlichkeit) benutzt, um auf der Ebene eines einzelnen porésen Partikels in den Festbetten
Analytkonzentrationsprofile von fluoreszierenden Tracermolekiilen sowohl ortlich, als auch
zeitlich aufgel6st im Hinblick auf die elektrokinetischen Tansportphdnomene zu untersuchen
und analysieren (single bead analysis). Zwar erlaubt auch die NMR-Mikroskopie auf ihre eigene
elegante Weise die Visualisierung der intrapartikularen Flissigkeit, aber erreicht dies durch die
Bewegungskodierung (auf einer im Millisekundenbereich liegenden Zeitskala) samtlicher
Flissigkeitsmolekiile, die sich im aktiven Messvolumen befinden (welches selbst viele pordse
Partikel enthalt). Aufgrund schneller Bildaufnahme und Ortsauflésung im Submikrometerbereich
ist mit der konfokalen Lasermikroskopie hingegen die spatio-temporale Transportcharakteristik
eines Tracers in einem einzelnen Partikel zugénglich.

Um mit der konfokalen Lasermikroskopie quantitative Daten zu erhalten und in jeder Tiefe eines
pordsen Partikels die Analytkonzentration bestimmen zu kdnnen, wurde im ersten Schritt ein
mikrofluidischer Versuchsstand prapariert und der Brechungsindex der flissigen Phase dem der
pordsen festen Phase angeglichen um sphérische Abberation durch die kugelférmigen Partikel
zu minimieren [14]. Die im darauffolgenden unter wohldefinierten Bedingungen erhaltenen
Zeitserien fur intrapartikul&re Analytprofile haben eindrucksvoll (und komplementar zu den mit
NMR-Mikroskopie direkt gemessenen Geschwindigkeiten) den Einflul3 von intrapartikuldrem
FluR auf die Symmetrie dieser Profile und eine Einzelbead-Massentransferkinetik demonstriert.
Es konnte visualisiert werden, dal3 der gerichtete elektroosmotische Flu3 (im Vergleich zu
diffusionslimitiertem Transport) die intrapartikularen Analytprofile axial in Feldrichtung deformiert
[14, 15]. Das auf Partikelebene beobachtete Phanomen ist fir mehrere elektrische Feldstarken
herausgearbeitet und mit einem mathematischen Modell, das intrapartikulére Diffusion und
elektroosmotische Konvektion elektroneutraler Analyten bertcksichtigt, analysiert worden [15].
Diese Studie hat ergeben, daR bereits unter Bedingungen, die als moderat einzustufen sind
(hinsichtlich einer elektrischen Doppelschichtwechselwirkung im Partikel, bendtigter Feldstarken
und lonenstéarken im Elektrolyten, sowie thermischer Effekte), die realisierte Elektrokinetik den
intrapartikularen Transport in das konvektionsdominierte Regime verlagert, d.h. dal3 der
Massentransfer durch elektroosmotischen FluR bereits viel schneller erfolgt als durch Diffusion.
Damit wird das bereits zuvor sowohl in makroskopischen Dispersionskoeffizienten [11], als auch
in den NMR-mikroskopischen Untersuchungen [10] erkannte, enorme Ausmalf einer
elektroosmotischen Perfusion auf der Ebene eines einzelnen pordsen Partikels eindrucksvoll
bestétigt und die Untersuchung dieses Transportmechanismus abgerundet. Somit ist schlie3lich
erreicht, auf Basis mikroskopischer Strukturdetails (poréses Material) und mesoskopischer
Zusammenhange (Stofftransport) makroskopische Elektrokinetik und Hydrodynamik besser zu
analysieren, verstehen und optimieren.

Wahrend fur elektroneutrale Analytmolekiile im Hinblick auf hydrodynamischen Transport und
Dispersionseffekte die elektroosmotische Perfusion eine groRe Rolle spielt, kommt fir geladene
Spezies ein Aspekt hinzu, der ihre Transportcharakteristik noch weitaus komplexer gestaltet. Es
handelt sich dabei wiederum (wie schon bei der Perfusion) um den Einflu der gewohnlich
mesopordsen oder makropordsen Porenraume in den Partikeln oder dem Gertist (Skelett) eines
Monolithen. Die Dicke der elektrischen Doppelschicht ist gewohnlich sehr klein verglichen mit



Porendimensionen in Festbettstrukturen, welche auBerhalb der porésen Partikel selbst bzw. des
pordsen Monolithskeletts angetroffen werden. Deshalb kann die Elektrolytldsung in diesen
Porenrdumen als praktisch elektroneutral betrachtet werden. Anders sieht es in den kleineren
Poren der Partikel (bzw. des Monolithskeletts) aus. Die Dicke der elektrischen Doppelschicht ist
hier vergleichbar mit der Porengrof3e, so dal? die innere Oberflachenladung durch die den
Porenraum séttigende LAsung nicht vollstandig abgeschirmt werden kann. Es werden Koionen
aus diesem Porenraum ausgeschlossen und Gegenionen angereichert. Im (elektrochemischen)
Gleichgewicht kann diese Situation durch die Donnan-Potentiale beschrieben werden.

Wie mit quantitativer konfokaler Lasermikroskopie gezeigt und analysiert werden konnte, kommt
es bei Uberlagerung eines elektrischen Feldes zur Ausbildung von Konzentrationspolarisation
im angrenzenden Elektrolyten [16]. Die sich formierende Diffusionsgrenzschicht bedingt
I6sungsseitigen diffusionslimitierten Transport zwischen dem elektroneutralen (interpartikularen)
und intrapartikularen (lonen-permselektiven) Porenraum. Fir ideale Permselektivitat werden
Koionen komplett aus letzterem ausgeschlossen, wahrend Gegenionen durch gleichgerichtete
Elektrophorese und Elektroosmose beschleunigt transportiert werden. Mit zunehmender
Feldstarke wird schlie8lich intrapartikularer Transport der Gegenionen den (diffusionslimitierten)
Transport durch die Diffusionsgrenzschicht Giberschreiten und die porosen Partikel verlieren
deutlich an effektiver Adsorptionskapazitét (die Gegenionen betreffend) [16]. Zugleich kann es
in der Elektrolytldsung unter diesen Bedingungen (Konzentrationspolarisation in starken
elektrischen Feldern) zur Abweichung lokaler Elektroneutralitat kommen. Die dadurch induzierte
Raumladung wechselwirkt mit dem elektrischen Feld und generiert elektroosmotischen Fluf,
der in seiner Intensitat sehr stark sein kann und, da die Raumladung (im Gegensatz zu
permanent vorhandener Oberflachenladung der Partikel) induziert werden mul3, eine in erster
Néherung quadratische Abhangigkeit von der elektrischen Feldstarke zeigt. Dies steht im klaren
Gegensatz zur klassischen Elektroosmose, die linear von der Feldstarke abhangt. Ein weiteres
Merkmal ist, dal? die induzierte Elektroosmose entlang gekrimmter Oberflachen eine nicht
einheitliche Intensitat aufweist und die Ausbildung lokaler Druckkomponenten bedingt. Je nach
Geometrie und Intensitat konnen sich hydrodynamische Strukturen formieren, die zu verstarkter
lateraler Durchmischung in der Losung und reduzierter axialer Dispersion fuihren. Fir die
Entwicklung dieser Phanomene ist neben der Morphologie des Porenraums die Anwesenheit
geniigend starker elektrischer Felder entscheidend.

Diese aulerst komplexen Zusammenhange konnten in Festbetten aus porésen Partikeln und
Monolithen visualisiert, makroskopisch charakterisiert und konsistent analysiert werden [16, 17].
Da in der Praxis viele Analyten geladen sind (kleinere pharmazeutisch-relevante Molekiile,
grolRere in der Proteomforschung) besitzen die aufgezeigten Phdnomene und Folgen fir den
Transport, sowie Dispersionseffekte eine enorme Bedeutung. Obwohl die Ph&dnomene zunachst
kurios anmuten mdgen und z.B. in der Elektrochromatographie bisher nicht berticksichtigt
worden sind, haben sie andererseits in der Grenzflachenchemie und -Physik, insbesondere im
Zusammenhang mit Membrantransportprozessen wie Elektrodialyse und Uberschreiten von
Diffusionsgrenzstromen, Gber Jahrzehnte theoretische, verfeinerte numerische und zahlreiche
experimentelle Untersuchungen nach sich gezogen. Daher rundet diese komplexe Thematik die
vorliegende Arbeit nicht ab, sondern hat vielmehr den Charakter eines Ausblicks, indem sie auf
ein anspruchsvolles und gerade im Hinblick auf elektrokinetische Transportphdnomene in
(hierarchisch-strukturierten) porésen Materialien wenig untersuchtes Gebiet mit gundlegend
physikalisch-chemischem Hintergrund weist.



Die vorangegangene Beschreibung und Einschatzung der in die vorliegende Habilitationsschrift
einflieRenden Ergebnisse verdeutlicht, dal} ein substanzieller Beitrag zum Verstandnis von
elektrokinetischen Transportvorgangen in ausgewdahlten porésen Materialien geleistet werden
konnte, insbesondere im Hinblick auf miniaturisierte Trennverfahren. Die erhaltenen Ergebnisse
dokumentieren nicht nur den Weg zu bisher dafiir kaum eingesetzten numerischen und
experimentellen Anséatzen, sondern besitzen auch universellen Charakter im Hinblick auf die
zukUnftige Bearbeitung weitreichender Fragestellungen.
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Part 1:

Introduction



1 Why miniaturization in liquid chromatography?

The miniaturization in high performance liquid chromatography (HPLC) concerning the
column inner diameter (i.d.) and associated volumetric flow rates has been initiated more than
25 years ago [1-5]. It is an ongoing development, mainly because of the need for handling small
amount of complex samples. While the typical dimensions in analytical and narrow-bore HPLC
include 2.1-4.6 mm i.d. columns, bed lengths of less than 250 mm and random sphere packings
prepared with 3-10 um average diameter (d,) particles, further miniaturization towards nano-LC
(see Table 1) can offer significant advantages [6-11] including the

i) reduced consumption of adsorbent phase, solvents and chemicals, facilitating the
use of expensive stationary phases, exotic mobile phases and minute samples in
the environmental and biomedical sciences,

ii) increased mass sensitivity due to reduced chromatographic dilution,

iif) use of smaller, but still porous particles which leads to higher column efficiencies
by a significantly reduced contribution to the overall dispersion due to intraparticle
stagnant zones,

iv) compatibility with the flow rate requirements of nano-ESI (electrospray ionization)
interfaces in view of an on-line coupling to mass spectrometry, and

V) possible application of strong electrical fields for additional or exclusive transport
of bulk liquid and solute through porous media like sphere packings or monolithic
structures by electroosmosis and electrophoresis.

Table 1. Nomenclature for HPLC regimes [11].

Category (clf)glsl{rsner::tci‘:)arﬂrz\?‘:a) Vol. flow rates I-:-) ‘;’:ﬁ‘a;
Analytical HPLC 5.0-3.9 mm (20-12 mmz) 5-1.5 ml/min 2-10 mg
Narrow-bore HPLC 3.9-2.1 mm (12-3.5 mmz) 1.5-0.2 ml/min 0.5-2 mg
Micro HPLC 2.1-0.5 mm (3.5-0.2 mmz) 300-10 pl/min 50-500 ug
Capillary HPLC 0.5-0.15 mm (0.2-0.02 mmz) 15-1 pl/min 1-50 pg
Nano(scale) LC < 0.15 mm (< 0.02 mm?) < 1 pl/min <1lug

Related to the perspective of the last aspect, in general, the devised transport of mobile phase
and complex samples through (high and low surface area) materials being induced by externally
applied electrical fields plays a central role in many analytical, technological, and environmental
processes, including dewatering of waste sludges and soil remediation, capillary electrophoresis



or electrochromatographic separations in various particulate and monolithic fixed beds, as well
as on micro-chip devices [12-45]. The transport is primarily achieved via electromigration of ions
(background electrolyte), electrophoresis (charged analyte molecules), and electroosmosis (bulk
liquid) driven by the shear stress concentrated in the electrical double layer (EDL) at solid-liquid
interfaces [46]. Both a local and macroscopic transient behaviour, as well as long-time average
magnitude, stability, and uniformity of electroosmotic flow (EOF) in porous media are inherently
related to the physico-chemical nature of the surface and its dynamics, pore space morphology,
and properties of saturating liquid electrolyte [47-58]. The detailed analysis of these parameters
on the relevant spatio-temporal scales consequently has fundamental importance, as it critically
guides the performance and design strategies of a particular electrokinetic process with respect
to alternative diffusive-convective transport schemes. This becomes amplified by the significant
role of non-continuum effects, interfacial contributions and surface forces, as well as multi-scale
(and multi-physics) effects in the low-Reynolds number fluid dynamics on micro- and nanometer
dimensions [59-71].

In the present work we are concerned with the dynamics of EOF and solute transport in packed
bed capillary electrochromatography (CEC) and related systems, e.g., open-tubular geometries.
While column efficiency in HPLC may be increased by a reduction of the particle size this option
is limited via the maximum operating pressure with conventional instrumentation. A significantly
improved performance in view of the dispersion and permeability is achieved in CEC by utilizing
EOF the for transport of mobile phase.

2 Historical aspects of electrochromatography

CEC is a relatively new separation technique which is commonly carried out in capillary
columns packed with conventional HPLC adsorbent materials by utilizing an electroosmotically
driven mobile phase at high electrical field strength (50-100 kV/m) in an apparatus similar to that
used in capillary zone electrophoresis (CZE). Consequently, CEC combines the great variety of
retention mechanisms and stationary phase selectivities popular in HPLC with a miniaturization
potential of CZE. Tsuda [72] has described electrochromatography as basically electrophoretic
analysis where sorptive interactions with the stationary (retentive) phase of the support material
are a major contribution; the separation is achieved by the differential partitioning and migration.
Although origins of CEC trace back to 1974 when Pretorius et al. [73] have reported successful
electrokinetic transport of eluent through a comparatively large chromatographic column, it have
been Jorgenson and Lukacs [74] who demonstrated the feasibility of CEC for the separation of
neutral analytes by applying an electrical potential gradient along a packed column of capillary
dimension, before Knox and Grant [75-77] examined a number of fundamental aspects and the
advantages of CEC with respect to capillary HPLC, including the influence of mobile phase ionic
strength and thermal effects on separation efficiency.



3 Advantages of CEC compared to capillary HPLC

CEC is usually performed in a 50-150 pum i.d. fused-silica capillary column configuration
which is composed of a packed bed and open tubular segment, as well as a detection window
immediately behind the outlet frit of the fixed beds. Compared to pressure-driven flow a superior
performance of EOF through a single, straight and open capillary originates from the fact that in
the limit of a thin EDL the velocity apparently slips at the inner wall of the capillary and, thus, the
fluid moves as in plug-flow (assuming isothermal conditions) [78-81]. Further, for fixed pressure
and potential gradients, the ratio of volumetric EOF to hydraulic flow is inversely proportional to
the square of the capillary radius [46]. The flat pore-level velocity profile of EOF observed for the
single-pore geometry (as in CZE) [82, 83] and permeability criterion have important implications
for the fluid dynamics (and the improved dispersion behaviour, in particular) in CEC where many
pores are actually interconnected, as in a fixed particulate or monolithic bed, including the

i) use of micron- and submicron-sized particles as the packing material [84, 85] for
reduction of band spreading toward the diffusion-limited regime,

i) operation of relatively long packed columns (if needed) or, vice versa, the use of
very short chromatographic beds [86],

iii) further reduction of column diameter toward chip format [24, 40, 87-89],

iv) generation of substantial EOF in the porous particles (electroosmotic perfusion)
which strongly reduces the intraparticle mass transfer resistance and associated
holdup dispersion [90-95],

V) better separation efficiency due to the hydrodynamic dispersion characteristics in
the interstitial pore space of the sphere packings (between particles) over a wide
range of moderate experimental conditions [77], and

Vi) the enhancement of intraparticle transport of charged species by migration and
surface (electro)diffusion [96, 97].

Thus, CEC offers a potential for implementation into miniaturized systems, allowing high sample
throughput, resolution, speed and sensitivity. Compared to liquid chromatography CEC offers a
better permeability and efficiency, as well as selectivity (in the case of charged analytes), and
concerning CZE it operates in systems with far higher surface-to-volume ratio in view of sample
capacity and sensitivity against dynamic changes of surface properties. As in capillary HPLC the
actual flow rates are inherently compatible with a direct mass spectrometric detection. As shown
in Figure 1 for a representative case, the separation efficiency in CEC is twice as high as that in
HPLC when using particles with pore size (dpore = 10 nm) of about the EDL thickness of typically
1-10 nm. We see below how this improvement can still be substantially increased by optimizing
intraparticle EOF with macroporous particles (dpore > 30 Nm).
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Figure 1. Comparison of separation efficiencies at a similar mobile phase average velocity. a) Capillary
HPLC, packed bed of 150 mm length in a 100 um i.d. capillary (in-column detection at 215 nm). Analytes:
(1) thiourea, (2) methylbenzoate, (3) ethylbenzoate, (4) propylbenzoate, (5) butylbenzoate. b) CEC with a
325 mm long capillary setup (effective packed bed length: 240 mm) x 100 pm i.d., applied voltage: 20 kV.
Stationary phase: porous C18-silica particles (d, = 2.45 pm, dyore = 14 nmM). The mobile phase is a 5 mM
aqueous Tris (pH-8.3)/acetonitrile 20:80 (v/v) buffer solution and the separation efficiency realized in CEC

is about 2 x 10° N/m (plates per meter).

These considerations leave longitudinal molecular diffusion as the only limitation to performance
in CEC, like in CE, but in porous media with much higher surface-to-volume ratio. On the other
hand, returning to the benefits of a miniaturization in HPLC, the electrokinetic transport of liquid
and solutes through packed capillaries or monolithic structures increases separation efficiencies
and mass sensitivity further towards a new dimension. Despite these clear advantages CEC still
awaits comprehensive validation including the interfacial electrokinetics [98] and, in this respect,
especially the influence of samples on the matrix, and it is far from being an alternative to HPLC
and/or CE on routine basis. Among other problems, including a preparation of chromatographic
beds with sufficient long-term stability, the minimization of system dead-volumes and fast mixing
of small amounts of liquid for gradient elution, a very important issue in CEC and capillary HPLC
practice is related to needed improvement in generation and control of micro- and nanoliter flow

rates, thus, to the actual hardware development [11].



4 Background: EOF in a microfluidic channel

Before we analyze the relatively complex dynamics of EOF in random-close packings of
(non)porous, (im)permeable spherical particles, it is instructive to realize the simpler behaviour
of EOF in a single, open (unpacked) channel.

For this purpose, Figure 2 illustrates (at different length scales) basic aspects of electroosmosis
in microfluidic channels with a locally flat, smooth surface. When a dielectric solid (e.g., a fused-
silica capillary) is contacted with liquid electrolyte (e.g., a dilute agueous NaCl solution) an EDL
develops at the solid-liquid interface due to the ionizable groups of the material (dissociation of
silanol groups in the above example: =Si-OH + H,0 = =Si-O~ + H30") or by ions adsorbing on
its surface. The resulting negative charge density of the capillary (channel) inner wall affects the
distribution of the hydrated sodium counter-ions in the solution. In an immediate proximity to the
surface there exists a layer of ions which are relatively strongly fixed by electrostatic forces. It
forms the inner or compact part of the fluid-side domain of the EDL and its typical thickness is of
the order of only one ion diameter (about 0.5 nm). The outer Helmholtz plane (OHP, Figure 2c)
separates inner and diffusive layers which, together, constitute the EDL. While the ionic species
in the diffusive layer undergo Brownian motion they are also influenced by the local electrostatic
potential. At the equilibrium their accumulation in this region can be described by the Boltzmann
equation. The spatial dimension (thickness) of the developed diffuse layer is typically between a

few and hundred nanometers.

EOF sets in when an external electrical field (Eex) is applied which interacts with the EDL field to
create an electrokinetic body force on the liquid. Consequently, the bulk of liquid is driven by the
viscous drag via shear stresses concentrated in the relatively thin EDL (compared to a capillary
radius r. of micrometer dimension). The electrical potential () at the shear plane separating the
mobile and immaobile phases is the electrokinetic (¢) potential. For the situation considered here
(smooth surface, simple ions) ¢ must be close to, if not coincident with the diffusive double layer
potential Yopp (See Figure 2c). The fluid velocity rises from zero at the shear plane to a limiting
value vna beyond the EDL at the slipping plane where, from a macroscopic point of view, liquid
seems to slip past the surface (Figure 2b) [39]

_ _ EC
vmax - HeoEext = T &p%, ext ? (1)
f

where e, denotes the electroosmotic mobility and n¢ the dynamic viscosity of the fluid. &, is the
permittivity of vacuum and ¢, the relative permittivity of the electrolyte solution. The minus sign in

Eq. 1 means that vax and Ey point in the same direction when ( is negative. Without externally



applied pressure forces and uniform distribution of ¢ along the channel wall the liquid moves as
in plug-flow because the gradient in { beyond the EDL is negligible. The thickness of the EDL is
characterized by [39]

A :Mg , 2
EF zizici"”F

where R is the gas constant, T absolute temperature and F Faraday’s constant, z; is the valency
of ionic species i and ¢, its molar concentration in the (electroneutral) solution. Ap is the Debye

screening length and ca. 10 nm for 10° M 1:1 aqueous electrolyte. In this case the EDL is much
smaller than the radius of the micrometer channels (r./Ap > 100), and the volumetric EOF rate is

approximately given by Q = v, Where A is the cross-sectional area of the channel. However,
as the channel diameter approaches submicrometer dimension and/or as Ap increases the EDL

cannot be regarded as thin any longer (e.g., r//Ap = 10) and plug-like velocity profiles deteriorate
towards a parabola, as known for Poiseuille flow (r./Ap = 2), with an accompanying increase in

hydrodynamic dispersion evidenced by Figure 3 [78, 99].
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Figure 2.  Electrokinetic flow through a straight cylindrical capillary (¢ < 0). a) Device , b) the pore-scale

EOF velocity profile, c) distribution of electrical potential in the quasi-equilibrium EDL.



Figure 3. EOF velocity profiles with different

A =5 values of rJ/Ap in a straight and open cylindrical
rC/)\D =20
rc/)\D =50
r/A, =100 balance equation [99].

capillary obtained by solution of the momentum

The applied (external) electrical field strength is
5x 10* V/im, Z = -0.1 V, and ¢, = 80; the liquids

Velocity [mm/s]

density and viscosity at T = 298 K are 10° g/m
and 0.89 g/(m[8), respectively, while the Debye

screening length (Ap) is taken as 10 nm.

Stimulated by the enormous potential (and accompanying need for detailed characterization) of
electrokinetically driven mass transport in microfabricated devices, numerical simulation of EOF
in microfluidic channels has received increased attention over the past few years [100-114]. The
investigations have revealed that, in good agreement with the available experimental data, flow
and transport characteristics in these microchannels clearly depend on properties of the working
fluid and geometrical, as well as physico-chemical parameters of the surfaces. Severe deviation
from the ideal plug-flow picture in single microfluidic channels can develop by the introduction of
a heterogeneous surface charge distribution in porous media under more general conditions. In
fact, the spatial scale of locally varying electrical potential can be often significant with respect to
the EDL thickness (for a number of reasons). For example, it may be introduced by the inherent
material manufacturing process, specific aging, the storage conditions, chemical reaction, or the
eventually irreversible adsorption of molecular or colloidal species on surfaces, with concomitant
changes of local roughness and electrokinetic properties [99, 115-120]. As a consequence, the
favourable, i.e, plug-like EOF velocity profile becomes disturbed by induced pressure gradients
resulting from an axial variation of the surface charge at the inner walls of a microfluidic channel
[119-121] which leads to additional hydrodynamic dispersion. The problem is especially severe
for the transport of sample mixtures containing large biomolecules such as proteins, peptides or
DNA [122] which are charged and, thus, can interact strongly with the (in most cases) oppositely
charged surfaces by hydrophobic and electrostatic mechanisms. As their adsorption progresses
in time, it continues to cause unreproducible local, as well as average EOF velocities and a loss
of resolution by an increased axial dispersion coefficient and strong tailing in the residence-time
distributions. In general, local variations in electrical potential produce nonuniform electrokinetic
driving forces that require local positive or negative pore pressures for compensating associated
momentum in the fluid assumed incompressible [58, 119-121].



The importance and complex interplay of parameters like the {-potential, adsorption isotherms,
surface-to-volume ratio, pH and electrolyte concentration with respect to an elution of adsorbing
charged analytes is demonstrated in Figure 4. It shows the results of a numerical simulation for
open-tubular capillary electrochromatography which takes into account the coupling of nonlinear
adsorption with the local electrokinetics, the continuity of volumetric incompressible flow, as well

as the continuity of charge transport [58].
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Figure 4. Elution of a sample plug which contains charged analyte molecules electrostatically attracted

by (and adsorbing at) the inner surface of a cylindrical capillary [58].

Figure 4a shows elution profiles after 30, 60, 90 and 120 s for an overloaded sample plug which
was injected for 4 s into a 100 um i.d. capillary. The sample contains positively charged analyte
molecules which are electrostatically attracted by the negatively charged surface. The nonlinear
adsorption of charged analyte molecules has significant consequences for the distribution of the
electrokinetic potential, hydrostatic pressure and electrical potential gradients, velocity, and pH
along the column. As the {-potential varies with the concentration of charged analyte the actual
profiles in Figure 4b are the natural result of the adsorption phenomenon. This inhomogeneous
distribution of { along a capillary axis, together with a local perturbation of the electrical potential
gradient, leads to an accompanying change in EOF velocities (Figure 4c, solid line). It requires a
compensating hydraulic flow component (Figure 4c, dashed line) in order to conserve volumetric
flow rates (Figure 4c, dash-dotted line). (N.B. No pressure differences between both ends of this

capillary are applied.)



The foregoing discussion and analysis could suggest that the observation and maintenance of a
plug-flow profile for EOF in a single cylindrical capillary represents a situation with special rather
than general appearance. It is a limiting (ideal) case which, however, has important implications
for ultimate gains in performance when comparing EOF to pressure-driven flow (PDF) in porous

media from a general point of view.

As shown by Figure 5 for EOF and PDF through a straight-cylindrical open capillary the carefully
conducted pulsed field gradient nuclear magnetic resonance (PFG-NMR) experiments operating
over discrete temporal and spatial domains indeed reveal averaged propagator distributions for
fluid molecules in EOF representative of plug-flow with a single, apparent EOF velocity (ve,) and
broadening only due to axial molecular diffusion resulting in a perfect Gaussian [83]. In contrast,
the measured displacement probability distribution for PDF basically shows box-car shape (with
its edges smoothed by diffusion over the observation time) as expected for a parabolic or nearly
so velocity profile under the laminar flow conditions. The consequences for axial dispersion due
to the underlying velocity distributions should be recalled which, for EOF, leave axial diffusion as
limitation to performance, while for PDF Taylor-Aris dispersion occurs.
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Figure 5.  Axial displacement probability distribution of the fluid molecules (H,O) for electroosmotic flow
and pressure-driven flow through a (0.65 m x 250 um i.d.) fused-silica capillary column. The mobile phase
is a 2 x 10”° M sodium tetraborate buffer solution at pH 9.0 (thus, r/Ap > 10%) and the observation time (A)
in the PFG-NMR measurements is 14.2 ms [83].



5 Background: Dispersion in chromatographic beds

We have mentioned earlier the significant hydrodynamic performance advantages of the
EOF in electrochromatography as compared to hydraulic flow in capillary HPLC. In this chapter
a brief introduction is given into the hydrodynamics encountered with hydraulic flow in a random
sphere packing consisting of porous spherical adsorbent particles. This is done in anticipation of
a strikingly different dynamics realized with EOF (in the same porous medium) and prepares for
the analysis of transport by perfusive electroosmosis.
A detailed understanding of the fluid flow field, diffusion-limited mass transfer and hydrodynamic
dispersion in porous media over intrinsic temporal and spatial domains is actually important in a
number of processes, including enhanced oil recovery, the subterranean transport of hazardous
waste, filtration, or the fixed-bed operations in catalysis and separation science [123, 124]. Most
natural and industrial porous media contain low-permeability and stagnant regions, where time
and length scales associated with exchange of fluid molecules moving in velocity extremes may
cover orders of magnitude depending on the material. For example, columns packed with totally
porous particles are used in liquid chromatography and many engineering applications. In these
cases the pore space consists of a (relatively discrete) bimodal distribution of the pore sizes due
to inter- and intraparticle sets of pores. One consequence is that solute transport also occurs on
different scales, the particle and flow field scale, and is governed by different mechanisms [125].
While the fluid phase driven with a pressure gradient actually flows between particles diffusion is
practically the only transport mechanism which operates inside particles because their pores are
usually too small compared to the interparticle channels to allow a significant intraparticle forced
convection. Indeed most fixed-bed operations employ porous particles with spherical shape and
narrow size distribution. Then, stagnant mobile phase mass transfer is characterized by the well
defined time and length scales corresponding to the particle radius and the effective intraparticle
diffusion coefficient.

Figure 6 shows how it is possible using PFG-NMR to resolve directly (and on quantitative basis)
the stagnant and flowing fluid molecules in packed beds of porous particles, and thus study their
exchange between the intra- and interparticle pore space [126]. This approach was successfully
implemented for a detailed study of topological effects like pore size and distributions, or particle
shape and size on the effective intraparticle diffusion coefficient and tortuosity factor, as well as
on diffusion-limited mass transfer and resulting hydrodynamic dispersion [127]. The relevance of
stagnant zones stems from their tremendous influence on dispersion. Fluid molecules entrained
in the deep diffusive pools of a particle cause substantial liquid holdup and affect the time scale
of (transient) dispersion and value of the (asymptotic) dispersion coefficient [127-130]. Thus, the
associated kinetics of mass transfer between fluid percolating through the medium and stagnant
fluid becomes rate-limiting in a number of dynamic processes including the separation efficiency
of chromatographic columns.
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Figure 6. Axial displacement probability distribution of water molecules in pressure-driven flow through
a bed of spherical porous particles (d, = 41 pm, A = 20 ms), and intraparticle mass transfer kinetics based
on the time-dependence of the stagnant fluid fraction around zero net displacement. From this kinetics an

intraparticle diffusion coefficient and tortuosity factor can be obtained [95, 126].

Hydrodynamic dispersion with single-phase incompressible fluid flow through a bed of spherical
porous particles has been studied over a range of mobile phase velocities and contrasted to the
fluid dynamics in a bed of nonporous, impermeable spheres (Figure 7). Experimental data were
acquired in the laminar flow regime with PFG-NMR and complemented by numerical simulations
employing a hierarchical transport model (in computer-generated sphere packings) with discrete
lattice-Boltzmann interparticle flow field [127, 131]. As demonstated by Figure 7, the intraparticle
liquid holdup contribution dominates axial dispersion at higher average velocities v,, (and Peclet
numbers, Pe = v,,d,/Dn) as convective times tc = v, t/d, significantly exceed the dimensionless
time for diffusion, tp = Dyt/d,” with d,, the average particle diameter and Dy,, molecular diffusivity
[125]. The behaviour is in sharp contrast with that of the nonporous and relatively monodisperse
particles (cf. Figure 7) [132] or also materials containing particles with a bimodal size distribution
and sintered beds [133, 134]. In these cases, the (long-time) axial dispersion coefficient may be
dominated by the boundary-layer contribution or medium and large-scale velocity fluctuations in
the flow fields, respectively, which depends on the actual disorder of a material and investigated
range of Peclet numbers.
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Figure 7. Dependence of the asymptotic axial dispersion coefficient normalized by molecular diffusivity
on the particle Peclet number in random-close packings of porous and nonporous, spherical-shaped silica
particles (with d, = 34 um and a column inner diameter, d;, of 4.6 mm). Liquid phase: water. Intraparticle

pores have a mean diameter of 12 nm.

One promising alternative to the use of discontinuous fixed beds of discrete particles concerning
hydraulic permeability, hydrodynamic dispersion and dynamic adsorption capacity are monoliths
with continuous solid skeletons. However, due to their complex (and often sponge-like) structure
it is difficult to define an appropriate constituent unit that characterizes the hydrodynamics in this
material, and to determine relevant shape and size distribution factors like for spherical particles
in fixed beds (Figure 8). Based on a phenomenological analysis of the friction factor — Reynolds
number relation and longitudinal dispersivity — Peclet number dependence for particulate beds it
was possible to derive characteristic lengths (i.e., "equivalent” particle dimensions) for monoliths
concerning hydraulic permeability and the dispersion originating in stagnant zones. Equivalence
to hydrodynamic behavior in sphere packings has been established via dimensionless scaling of
the respective data for monolithic structures [135]. This phenomenological approach, just based
on liquid flow and stagnation in a porous medium, successfully relates hydrodynamic properties
of the monolith to that of particulate beds. These comparative studies have shown that, e.g., the
bimodal pore size distribution of silica-based monoliths (with large macropores and a thin, highly
porous skeleton) is the basis for the unique combination of high bed permeability, short diffusion
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path lengths, and high adsorption capacity which cannot be achieved with a bed of any diffusive
particle type. While this material provides relatively large flow-through pores, it only needs short
diffusion lengths to combine high permeability with a large surface area [136]. Since, up to date,
only silica-based monoliths show a distinct bimodal pore size distribution, this material is clearly
favored for use in chromatographic applications, especially in those for which the combination of
a high bed permeability, short diffusion path lengths and high surface area is stringently needed
as in high-throughput routine analysis, process-scale chromatography based on, e.g., simulated
moving bed technology, and a sensitive determination of targets in complex samples (like library
screening) by liquid chromatography coupled on-line to mass spectrometry.
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Figure 8. Characteristic lengths for the hydraulic permeability and hydrodynamic dispersion in a bed of
spheres and monoliths [135]. While the particle diameter is useful to define a region impermeable for flow,
the thickness of its porous layer (up to the particle radius) may be useful to address dispersion originating
in stagnant zones of a random-close sphere packing.
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6 EOF in sphere packings: Electrokinetic wall effect

Typically, CEC is carried out in a cylindrical capillary column of d. < 150 pm packed with
d, = 3-10 um porous adsorbent particles. Electrical fields up to 100 kV/m are applied for moving
buffer solution and solute through the porous medium by electroosmaosis (and electrophoresis, if
analytes are charged) [19]. Thus, we usually have d./d, < 50, with aspect ratios between 20 and
30 being most common. Particularly in this range the presence of the confining column wall has
several implications for the EOF dynamics, as well as transport and hydrodynamic dispersion on
a macroscopic scale.
First, the radial porosity distribution is systematically influenced over a substantial volume of the
column. Concerning packing densities close to the wall it has been shown that radial distribution
of the voidage in a random sphere packing is inhomogeneous [137-140], and that the interstitial
porosity (€iner) begins with maximum value of unity at a column inner wall, then displays damped
oscillations with period close to d, over a distance of about 4-5 d, into the bulk of the bed before
reaching void fractions typical for bulk packing (giner = 0.38-0.4). This geometrical wall effect can
be explained by the decrease of packing order as the distance from the wall increases and may
have strong impact on the macroscopic flow heterogeneity, axial dispersion, and particle-to-fluid
heat and mass transfer, especially at an aspect ratio (d./dp) below 15 [141-146] when the critical
wall region occupies a substantial fraction of the column. Since any radial variations of transport
properties have a much more serious effect on column performance than axial ones the packing
aspect will be rather important for capillary HPLC, but it may have less impact on a macroscopic
velocity inequality of the flow pattern in CEC. In close relation, it has been demonstrated that (in
the thin EDL limit) average EOF velocity in a single pore is relatively independent of pore radius
[78] which, on a macroscopic scale, is complemented by observing that average EOF in packed
capillaries then is hardly influenced by the particle diameter [77].

Second, and rather than the radial porosity distributions, it is a radial distribution of electrokinetic
potential (¢) at solid-liquid interfaces which determines the EOF profile in a fixed bed. In addition

to EOF generated locally at a particles surface ({,) we also need to consider the capillary inner
wall as a further source for EOF ({,). In general, electrokinetic (and chromatographic) properties

of these surfaces can be very different. This fact introduces an electrokinetic wall effect which
depends on aspect ratio (d./d,) and actual potential mismatch ({w/(p), as shown in Figure 9. The

influence of the confining, charged capillary inner wall on the radial distribution of EOF velocities
may be estimated by [147, 148]

ﬂ:1+@tﬂ—1 IO(Br/dp) forO<r<r.—7Ap Ores, 3)
Vp Cp I0 Breff/dp
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where |y is the (zero-order modified) Bessel function of the first kind and re¢ an effective capillary
radius accounting for the no-slip condition at the column inner wall. B characterizes the overall

permeability of a bed [149]

o |01 8heq)
B_SWZT . (4)

The dimensionless parameter a depends on the drag forces provided by a particle and, thus, on
packing structure, particle shape and permeability. On the basis of Eq. 3, Figure 9 demonstrates
a strong effect of {./{, on resulting trans-column EOF profiles. The wall effect in CEC is limited
to a relatively narrow annulus at the wall that inreases in width with the magnitude of the excess

zeta-potential {ex = {w — (p.
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Figure 9.  Prediction of radial EOF distribution based on Eq. 3 (normalized by v,, the velocity generated
locally at a particle surface) in random sphere packings for different values of ,,/(, and aspect ratios, with
re =125 pm, Ap = 3.9 nm, and 3 = 1.65 [150]. a) d./d, = 15 and b) d./d, = 5.

Although the particles surface and capillary inner wall both often carry a negative charge density
the open fused-silica capillaries are known to give EOF velocities significantly higher than those
of the packing materials used in CEC [50, 151, 152]. Electrokinetic potentials at the inner wall of
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guartz capillaries up to =100 mV and even above are not unusual, although with the buffers and
mobile phase ionic strengths typically encountered in CEC the value presents an upper limit and
(w realistically ranges between —50 and —100 mV [153-155]. By contrast, {, of many commercial
(silica-based and cation exchange) particles is smaller than ,, of the bare fused-silica capillaries
[151] depending on the particles concrete surface chemistry and morphology. The electrokinetic
wall effect recently has been spatially resolved and also analyzed by dynamic NMR microscopy
with 40 um in-plane resolution in a study of flow through a 250 um i.d. fused-silica capillary that
was packed with cation exchange patrticles [150]. That work has demonstrated that significantly
higher velocities close to the inner wall than in the capillary center affect transient hydrodynamic
dispersion. They are causing a long-time disequilibrium in the fluid molecules axial displacement
probability distribution and the developing fronting behavior leads to broad averaged propagator
distributions as clearly demonstrated in Figure 10. The spatial dimension of a wall annulus is the
distance inward from the capillary inner surface over which the (local) fluid velocity is affected by
Cw (Figure 9). This macroscopic flow heterogeneity (Figure 10) needs trans-column equilibration
of the fluid molecules (i.e., their exchange via lateral dispersion over a complete capillary radius)
to approach a uniform Gaussian.
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Figure 10. Electrokinetic wall effect. Propagator distribution measured by pulsed magnetic-field gradient
nuclear magnetic resonance in a discrete time window. The massive fronting in this distribution is caused
by fluid molecules moving in a wall annulus which can be resolved on the transient observation time scale

of these measurements, here by encoding fluid motion (axial displacements) over 120 ms.
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To summarize the electrokinetic wall effect is too important to be neglected in CEC practice with
dc/d, < 30, unless { = {,. Thus, in dependence of (e = {w — {, and the actual column-to-particle
diameter ratio the resulting macroscopic flow heterogeneity will engender additional dispersion.
Problems encountered with particulate packings in capillary HPLC and CEC such as sintering of
frits, wall effects due to radial variation in porosity and {-potential or a preparation of stable beds
can be overcome by the use of monoliths, directly fabricated as a continuous porous solid in the
capillary [156-158]. Concerning electrokinetic wall effects, capillary inner surfaces can be coated
by a fluid-impervious annulus of the same material, reducing the excess {-potential between the

wall and monolith material.

7 Electroosmotic perfusion in sphere packings

With already basic understanding at hand of the EOF dynamics in a microfluidic channel
and the bottleneck impact of stagnant zones (holdup dispersion) in classical HPLC, we now turn
to one of the most attractive features of CEC in porous media concerning fluid transport and the
achievable separation efficiencies, namely electroosmotic perfusive flow which is operating on a
different dimension compared to hydraulic flow.

Perfusion chromatography in classical HPLC, i.e., a utilization of intraparticle forced-convection
to reduce mobile phase mass transfer resistance originating in the intraparticle stagnant regions
of packed beds has received significant attention over the last decade [159-172], although some
beneficial consequences of this phenomenon have been recognized earlier, as in size-exclusion
chromatography [173] and catalyst design [174, 175] or for nutrient transport in biological pellets
[176]. By using porous particles with tailored hydraulic permeability such that the pressure drops
typically encountered in packed columns act as decent driving force for intraparticle flow [177], a
non-zero velocity component can assist or even dominate, depending on the magnitude relative
to the time scale of analyte diffusion and adsorption-desorption processes the conventional, i.e.,
diffusion-limited intraparticle transport. It reduces the holdup dispersion due to stagnant regions,
a contribution that begins to dominate the axial dispersion in packed beds of porous particles at
Peclet numbers above ca. 25 (Figure 7) [127]. The result of these studies which have combined
advanced numerical and experimental methods (a high-resolution lattice-Boltzmann flow field in
computer-generated fixed beds and PFG-NMR, respectively) to differentiate between dispersion
mechanisms that originate in stagnant and flowing regions of random sphere packings suggests
that the holdup contribution to the dispersion is more important than it is often assumed [178]. In
contrast, the term perfusion chromatography refers to any separation process characterized by
a non-zero intraparticle velocity.

However, a mobile phase perfusion in beds of permeable, spherical-shaped particles is realized
with hydraulic flow to any significant amount only when relatively high column pressure drop and

particles with large pores are encountered. In turn, this limits the intraparticle surface-to-volume
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ratio in view of the mechanical strength or adsorption capacity of a particle. But even with large
pores, intraparticle fluid velocities remain small compared with velocities in the interparticle pore
space [126, 177] and intraparticle flow is relevant only for transport of slowly diffusing molecules
with a comparatively fast adsorption-desorption kinetics [169].

The electroosmotic perfusion through beds of porous particles proceeds with significantly higher
intraparticle electroosmotic permeability [93, 179, 180]. This is in striking contrast to the intensity
of efforts and prerequisites concerning an optimized particle technology, as well as the realized
magnitude of any perfusive, but hydraulic flow and (still) remaining velocity inequalities between
the inter- and intraparticle flow patterns. Indeed, a similar behaviour has been recognized earlier
by selective applications in the physical and life sciences including the electrokinetic dewatering
of waste sludge or efficient removal of contaminants from soil [46]. Concerning a permeability of
packed capillary columns the EOF has shown a superior dispersion characteristics compared to
pressure-driven flow which accompanies the reduction of velocity extremes in the mobile phase
flow patterns on almost any time and length scale [90-94, 181]. In particular, axial plate heights
and dispersion coefficients reduced by up to a decade with respect to those usually observed in
pressure-driven flow (capillary HPLC) have been reported, especially for weakly and unretained
solutes [90, 92, 93]. This is illustrated by Figure 11.
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Figure 11. Hydrodynamic axial dispersivities (Daxy/Dm) VS. Pe = v,,d,/Dy measured directly in the packing
by PFG-NMR [93, 126]. The mobile phase is water with 10 M borate buffer (pH 9.0).
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Figure 11 clearly demonstrates that a change from pressure-driven flow (PDF) to electroosmotic
flow (EOF) through the same capillary packed with porous particles can result in a tremendous
improvement in hydrodynamic dispersion, represented by dispersion coefficients that are almost
a decade smaller at similar Pe with EOF than for PDF (red circles). For the particles with smaller
pores (blue circles) the improvement is significantly less. As we see later, but can understand at
this point already intuitively, this observation is related to a stronger intraparticle EDL overlap for
particles with smaller pores (at a constant mobile phase ionic strength) and expectedly leads to
reduced intraparticle volumetric EOF. It becomes more evident when comparing with the results
shown in Figure 3 for EOF in a single capillary of radius r. depending on the EDL overlap (rc/Ap).
Thus, based on the data in Figure 11, the possible intraparticle EOF may significantly contribute
to a reduction of velocity extremes in the global flow field, improve hydrodynamic dispersion, but
it depends on intraparticle EDL interaction (rpore/Ap)-

As impressive as the results in Figure 11 (red circles) are, it is difficult to relate this improvement
guantitatively to an electroosmotic perfusion mechanism because the dispersion data (and plate
height data in CEC, in general) are inherently acquired over only a limited range of Pe. This fact
is related to small particle sizes and limitations in applied electrical field strengths which restrict
achievable values for Pe = v,d,/Dyn. Consequently, the available flow rate range is not sufficient
for adequate differentiation between dispersion processes originating in flowing and (remaining)
stagnant regions of a packed bed [132, 178, 182, 183]. It is well known that with pressure-driven
flow stochastic velocity fluctuations in the interparticle pore space cause mechanical dispersion
which grows linearly with Pe, while regions of zero velocity inside the particles and close to their
external surface give rise to nonmechanical contributions which grow as Pe? (holdup dispersion)
and Pe-In(Pe) (boundary layer dispersion), respectively [182]. How these contributions coexist in
CEC to determine the plate height dependence on Pe under a given set of conditions, including
the distribution of pore sizes and EDL thickness, pore geometry and interconnectivity, the fractal
nature and possible chemical heterogeneity of the surface, dissociation equilibria of the analytes
and surface groups, buffer type, analyte charge, retention mechanism or a coupling of nonlinear
adsorption with the local electrokinetics [58] is a yet unresolved, complex issue.

This situation underlines the need for experimental approaches which allow to measure (directly
and on quantitative basis) individual electrokinetic transport phenomena on the scale of a single
adsorbent particle in packed beds. A rather promising method concerning sensitivity and spatio-
temporal resolution is confocal laser scanning microscopy (CLSM). While this method has been
intensively used in biology over the last decades [184], it was only recently that its potential has
been explored and further utilized in chemistry and physics [185-195] particularly with respect to
the mass transfer characteristics in porous beads used for a variety of applications, including ion
exchange chromatography, solid phase synthesis, or controlled drug delivery [196-200]. On the
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other hand, the miniaturization demands for the electrokinetically-controlled transport in capillary
columns and also microfluidic devices are excellently suited for an implementation with confocal
microscopes. A key feature of these instruments is a pinhole (confocal aperture) in the detection
optics which excludes light from any, but that location in the focal plane where the laser beam is
focused (confocal spot) [201]. Two-dimensional images can then be generated by sweeping the
specimen, e.g., a single porous particle of the fixed bed with the light beam at the focal plane of
interest [202], as indicated in Figure 12 for the implemented device [203].

Glass capillary Fused-silica capillary
(quadratic cross-section ) (cylindrical cross-section)
OD: 450 pm Filter OD: 300 pm

ID: 300 pm (glass fibers) ID: 180 um

Porous glass bead Stainless steel capillary Shrinking tube
(dp =150-250 pm) (cylindrical cross-section) (PTEEE)

OD: 160 pm

ID: 60 pm

<< Porous spherical particle

<4—— Confocal xy-plane
(section scanning mode)

Figure 12. Inlet section of the packed capillary configuration used for quantitative study of electrokinetic
transport phenomena in (and around) beads by confocal laser scanning microscopy [203]. Stainless-steel
capillaries at both ends of the device are used as electrodes. Section scanning refers to image acquisition
in a plane perpendicular to the optical (but parallel to the column) axis.
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Because optical transparency of the porous medium is a prerequisite for analyzing quantitatively
at any depth inside patrticles the distribution profiles of (un)charged fluorescent molecules during
their uptake in or release from a single bead in view of the mass transfer mechanisms operating
under the influence of an external electrical field [204-209] we used a widely applicable dynamic
approach for matching the refractive index of a liquid to that of the solid skeleton of the particles
(glass or silica-based particles, cf. Figure 12). To eliminate artifacts due to abberation caused by
absorption and scattering of excitation and fluorescence light we selected dimethylsulphoxide, a
versatile dipolar aprotic solvent with refractive index of 1.479 and tuned its mole fraction in water
until the porous beads appeared optically transparent. A final refractive index mismatch over the
whole experimental setup then could be adjusted to below 0.5%, and it was less than only 0.1%
inside the beads [203]. With this setup and approach a series of experiments was conducted for
a variety of conditions concerning electrokinetic intraparticle transport. For this purpose a slug of
(un)charged fluorescent molecules was injected into the capillary and pressure-driven flow was
applied to achieve fast interparticle convection of mobile phase and uniform distribution of tracer
around a patrticle. Thus, the spherical glass beads were first loaded, saturated and then emptied
by the unretained fluorescent (charged or uncharged) tracers, depending on a carefully adjusted
combination of driving forces (additional electrical field), as illustrated in Figure 13.
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Figure 13. Intraparticle mass transfer kinetics (tracer uptake and release dynamics) during the elution of
fluorescent tracer molecules without (MD only) and in the presence of an externally applied electrical field
(neutral tracer: MD + EO, charged tracer: MD + EO + EP) [203].
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As indicated by Figure 13, the electroneutral fluorescent tracer molecules are transported inside
a particle by electroosmosis (EO) of the bulk mobile phase due to the external electrical field, in
addition to molecular diffusion (MD), while for charged molecules we also expect electrophoretic
migration (EP), in addition to EOF and a molecular diffusion along the concentration gradient. In
the absence of an external electrical field intraparticle transport remains diffusion-limited. Thus,
by a well-defined choice of the experimental conditions and adjusted properties of the saturating
liquid (ionic strength in view of EDL thickness), fluorescent tracer (diffusivity, charge, adsorption
behaviour) and involved surface (charge density, intraparticle pore size), the clean and stepwise
analysis of a complex interplay between the diffusive, electrophoretic and electroosmotic driving
forces is possible. The results (Figure 13) demonstrate that electrokinetic transport mechanisms
(electroosmosis, electrophoresis) can significantly accelerate intraparticle uptake and release by
target molecules. Compared to a purely-diffusive mass transfer these data indicate an existence
of substantial intraparticle velocities for EOF and the electrophoretic migration. Because a glass
beads surface has negative charge density, negatively charged (co-ionic) fluorescent molecules
experience electrophoretic migration in a direction opposite to that of forced EOF. As evidenced
by Figure 13 these different driving forces still result in a faster intraparticle mass transfer (MD +
EO + EP) compared to the diffusion-limited transport (MD), but the kinetics is slower than for the
EOF without electrophoresis (MD + EO).

Complementary to a mass transfer kinetics the intraparticle analyte profiles can be analyzed. As
seen in Figure 14, the effect of non-zero electroosmotic and electrophoretic velocity in a particle
leads to a clear deviation from spherical symmetry in transient analyte distribution profiles. Both
the charged and uncharged tracer molecules respond to an electrical field (unidirectional driving
force) by producing non-symmetric distribution profiles parallel to it, but in opposite directions. In
particular, for presence of intraparticle EOF (electroneutral tracer, Figure 14b) the concentration
minimum moves downstream compared to molecular diffusion alone (Figure 14a), resulting in a
higher concentration in the upstream half of the sphere than the downstream. This is caused by
the electroosmotic convection mechanism operating in the same direction as molecular diffusion
in the upstream part of the particle, but opposite to diffusion downstream. Results become more
instructive for a charged tracer when both the electroosmosis and electrophoresis are operating
(Figure 14c). In this case, because intraparticle electrophoretic velocity (vep) is sufficiently higher
than the EOF velocity (veo) and in the opposite direction, the sphere is effectively loaded from its
downstream side with accompanying shift of the concentration minimum into the opposite half of
a particle. Even under these conditions where the (fictitiously decoupled) electrokinetic transport
mechanisms lead to countercurrent mass transport tracer uptake and release kinetics are faster
than for the purely-diffusive case (Figure 13). Consequently, situations should be avoided where
opposing intraparticle transports (EOF vs. diffusion and EOF vs. electrophoresis) would become

of a similar magnitude.
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Figure 14. Single-bead CLSM analysis. Distribution of fluorescent tracers in a slice parallel to the axis of
the capillary and through the center of a porous particle. a) Neutral tracer; PDF only, diffusive intraparticle
transport. b) Neutral tracer; additional transport by EOF due to electrical field. ¢) Charged tracer (electrical
field as before); transport by electrophoresis (vep), electroosmosis (ve,) and diffusion (Dp).

This quantitative CLSM approach has been utilized to investigate both relevance and magnitude
of an electroosmotic perfusion mechanism in electrochromatography for the devised transport of
electroneutral, nonadsorbing tracer [210]. These studies have shown that even under conditions
of a significant EDL overlap in the pores of a particle the resulting intraparticle EOF produces, in
striking contrast to the symmetric, spherical distributions typical for the purely-diffusive transport
(cf. Figure 14) strongly asymmetric concentration profiles inside spherical particles as the locally
charged pore liquid begins to respond to the externally applied electrical field. However, profiles
retain an axisymmetric nature, i.e., rotational symmetry with respect to the field direction. These
data could be successfully interpreted and further analyzed with a compact mathematical model
accounting for intraparticle molecular diffusion in a direction of decreasing concentration and the
electroosmotic convection in the direction of the unidirectional d.c. electrical field for well-defined
and realistic assumptions and proper boundary-conditions [210]. As a result, intraparticle Peclet
numbers (P€inra = Vinradp/Dm) up to 150 have been realized in that work and found to significantly
enhance mass transport on particle-scale toward the convection-dominated regime with respect
to the diffusion-limited kinetics.
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Figure 15. Effect of mobile phase Tris concentration on the average EOF through (100 um i.d.) capillary
columns packed with nonporous and porous silica-based, spherical particles [211]. The average diameter
of the patrticles is about 2.5 um and the mean pore size of porous beads is 105 nm. For all measurements
the applied field strength was ca. 60 kV/m. Mobile phase: 80:20 acetonitrile/water (v/v). The ionic strength

corresponds to half of the actual Tris concentration.

Complementary to the resolved and analyzed intraparticle tracer profiles, mass transfer kinetics,
and calculated velocities based on the CLSM experiments and mathematical model the effect of
the intraparticle EOF is also seen in a mobile phase ionic strength dependence of average EOF
through columns packed with porous, as compared to those with nonporous particles [211]. The
results shown in Figure 15 for the nonporous (i.e., impermeable, nonconducting) particles reveal
normal electrokinetic behaviour in the sense that, as the ionic strength of the fluid increases, the
EDL is compressed which results in a reduced shear plane potential at the solid-liquid interface
and continuously decreasing values of average EOF velocity at an increasing Tris concentration
[212]. By contrast, the porous particles are permeable for EOF and conducting depending on an
intraparticle porosity and pore sizes. When originally solid dielectric spheres become permeable
and conducting the ratio of specific conductivities within now porous particles and bulk liquid will
increase from zero, bending the electrical field lines toward a particles interior which reduces the
tangential field component at the particles external surface. Consequently, this contribution from
the porosity reduces electroosmotic slip velocities at the external solid-liquid interface, and it can
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explain the decreased values of v,, with respect to nonporous particles at a lower ionic strength
(Figure 15, between 1 x 10 and about 2 x 10 M Tris) where a strong intraparticle EDL overlap
prevails. However, this contribution to v,, of the porous particles is more than compensated with
increasing buffer concentration by the perfusion effect due to intraparticle-forced EOF relative to
the solid skeleton of the particle. In contrast to the first effect this phenomenon strongly depends
on the buffer concentration, and it will begin to dominate v,, only when intraparticle EDL overlap
is substantially reduced enabling a significant amount of volumetric EOF through particles [211].
As evidenced by Figure 15 this perfusion effect becomes responsible for the increasing average
EOF velocities through the bed between 1 x 10 and 2 x 10° M Tris, and a maximum then is the
consequence of competitive contributions from intraparticle EOF and normal EDL behaviour at a
particles external surface. The latter effect which finally dominates and leads to the decrease of
Vay above 2 x 10 M Tris, although the EDL overlap continues to be further reduced, has already
been recognized as the origin of a continuous mobility decrease for the nonporous spheres. The
presence of the perfusive EOF nevertheless can explain the finally higher values of v, for these
porous compared to the nonporous particles (between 2 x 10 and 4 x 10% M Tris).

In general, the effect of EOF in porous particles, demonstrated by microscopic and macroscopic
measurements, is advantageous for dispersion because it reduces in a global sense the velocity
inequality of a flow pattern. Electroosmotic perfusion however becomes less effective compared
to intraparticle diffusion, it should be recalled that Pejnra = Vinradp/Dm, as the diameter of a porous
particle is reduced. On the other hand, the diffusivities (D) of typically relevant analytes span a
range from 10 to 10" m%s and, thus, they also determine inherently the relative importance of
the electroosmotic perfusion. Concerning the remaining parameter in Peinga (Vinra), the presented
CLSM results clearly demonstrate that the substantial EDL overlap presents no severe limitation
for already significantly increased intraparticle mass transfer, and that the resulting pore velocity
can be significant compared to a purely diffusive time scale even when rye/Ap approaches unity
and rpere is Only a few nanometers. Thus, CEC particle technology therefore should focus on the
minimum mean pore size of the particles which allows still significant intraparticle EOF at decent
mobile phase ionic strength, while keeping the surface-to-volume ratio high enough for complex
separations. Based on perfusive EOF electrochromatography may be easily realized in effective
nanoparticle dimensions leaving molecular diffusion as ultimate limitation to performance, but by
employing micrometer-sized porous beads [213]. Thus, perfusive EOF translates to even higher
separation efficiencies than actually achieved in CEC using narrow-pore supports or nonporous
particles, an increased mass sensitivity in on-line coupling schemes like nano-ESI-MS, and (due
to higher hydraulic permeability of beds of micron-sized particles) the possibility of implementing
pressure-assisted CEC in view of higher speed of analysis, flow stability and reproducibility, but
without significant increase in axial dispersion. Further, practical problems associated with direct
nanoparticle packing like clogging or instable beds are avoided.
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8 Concentration polarisation in electrical fields

Electrokinetic transport phenomena of charged species (simple ions, analyte molecules,
or globular particles) in porous media with hierarchically-structured pore space (like in packed or
monolithic chromatographic beds) are typically considered as occurring in a single macroporous
compartment saturated with bulk (neutral) electrolyte solution, confined by a charged solid-liquid
interface characterized by a thin, locally flat EDL. Any influence of (intraparticle or intraskeleton)
mesoporous domains on possible ion-permselective transport of a charged analyte is commonly
neglected. The general analysis of (hon-equilibrium) space charge being responsible for relative
motion of fluid with respect to the solid after application of an electrical field reduces to the small
spatial dimension of a primary EDL along this interface (cf. Figure 2c). Thus, electrolyte systems
are usually considered as quasi-equilibrium systems, and EOF velocity shows a linear dynamics
concerning its dependence on applied field strength [46].

While the characterization and adjustment of an electroosmotic perfusive flow field and optimum
particle dimensions in CEC have received much attention for improving the separation efficiency
of mainly electroneutral analytes [214], the transport complexity for a charged analyte increases
when in addition to the bulk electrolyte in the macroporous domain with locally balanced cationic
and anionic molar fluxes another interconnected spatial domain with different transport numbers
for one type of the ions is realized in the porous medium. For example, the fixed beds of porous
spherical particles or monoliths are frequently characterized by rather discrete bimodal pore size
distributions with macropores in the interparticle or the interskeleton pore space and mesopores
inside a particle or monolith [136]. The favored permeation of counter-ions is one main transport
characteristics of ion-exchange membranes, and ion-permselective mass transport constitutes a
basis for electrochemical and electrokinetic processes like electrode reactions or electrodialysis
[215, 216]. With respect to a permselective nature charged porous media containing mesopores
with mean sizes of the order of and even below the EDL thickness act as ion-exchange material
in which transport numbers for the counter-ion can approach unity (Figure 16). This behaviour is
supported by low mobile phase ionic strength due to the increased EDL thickness which causes
severe EDL overlap on a mesopore scale. Consequently, most of the particulate and monolithic
stationary phases employed in CEC contain ion-permselective spatial domains which exlude the
co-ions, but enrich the counter-ions (cf. Figure 16a) [217-219]. In addition to the EDL model, this
situation can be alternatively analyzed with the Donnan potential. At electrochemical equilibrium
in the electrolyte solution distributed between both compartments, the counter-ion concentration
is higher and the co-ion concentration lower in the mesopore than in the macropore space. The
Donnan potential balances the tendency of ions to level out existing concentration differences. It
pulls the cations back into the negatively charged mesoporous domain and anions back into the
positively charged macropore compartment. Thus, the ion-permselectivity in hierarchical porous
media appears to be a phenomenon with general, rather than special significance.
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Figure 16. Schematic view of concentration distribution and the transport properties of charged species
in an ion-permselective (mesoporous) region of a material and in the adjacent electrolyte. The normalized
centerline concentration profiles of the co- and counter-ion species reflect various stages of concentration
polarization. BGE: background electrolyte (electroneutral), DBL: diffusion boundary-layer (electroneutral),
SCL: space charge layer which develops under non-equilibrium conditions and contains excess of mobile
counter-ions. Eg is a critical field strength above which intraparticle electrokinetic counter-ion flux density
(Jinra) due to velocities of electrophoretic migration (vep) and electroosmosis (ve,) €xceeds maximum flux
density through the diffusion boundary-layer (Jpg ). Consequently, E.; marks the onset for local deviation

from electroneutrality.

As compared to the Donnan-equilibrium (Figure 16a) an increased complexity is observed in the
presence of superimposed (external) electrical fields for ion-distributions and the mass transport
of charged tracer (including the background electrolyte and buffer components) in the attempt to
satisfy mass continuity and local electroneutrality. Caused by the applied external electrical field
electrolyte concentration is induced to decrease where counter-ions enter the ion-permselective
domain from the bulk solution. Co-ions migrate in opposite direction away from the interface and
because this withdrawal cannot be compensated by supply coming from the mesopores, the co-
ion concentration decreases. The interplay of ion-permselectivity, electromigration, and diffusive
flux leads to the formation of a diffusion boundary-layer which presents significant mass transfer
resistance. At the opposite (i.e., downstream) side of the mesopore domain boundaries a region
with increased ion concentrations develops. The electrolyte solution has become polarized, and
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this phenomenon due to formation of concentration gradients in the electrolyte solution adjacent
to ion-permselective (charge-selective) interfaces upon the passage of electrical current normal
the interface is called concentration polarization (CP), illustrated in Figure 16b for the upstream
CP zone with reduced ionic concentrations. In strong fields which can force the concentration of
co-ions in the CP zone towards zero close to the interface while that of the counter-ions remains
finite, a space charge can be induced in the fluid-side of the macropore compartment [220, 221]
(Figure 16¢). The induced space charge represents a nonequilibrium charge layer (or secondary
double layer) which can interact with the tangential component of the electrical field to generate
electroosmosis of the second kind along curved interfaces, including the skeletons of a monolith
or spherical particle. The conditions and consequences of strong CP become quite important for
the spatio-temporal dynamics of EOF in many materials with ion-permselective properties. It is a
topic that has received significant attention in the past, both from a theoretical and experimental
point of view [222-228]. The CP zone reaching towards the primary (quasi-equilibrium) EDL may
be pictured as covering i) an induced space charge region where concentration of counter-ions
significantly exceeds that of the co-ions, absent at lower voltage with an established equilibrium
CP, and ii) the diffusion boundary-layer with a linear variation of the ion concentrations and local
electroneutrality in the sense that ¢* — ¢” « ¢* + ¢~ (Figure 16c).

It should be mentioned that, in contrast to classical electroosmosis of the first kind (EO-1), which
results from the interaction between the tangential electrical field and space charge of the usual,
guasi-equilibrium (primary) EDL, electroosmosis of the second kind (EO-2) developing in strong
electrical fields is caused by a force of the tangential field component on the induced, extended
space charge of the non-equilibrium (secondary) double layer [227]. While the EOF velocity in a
sphere packing responds linearly to the applied field strength concerning EO-1, it is expected to
show a nonlinear dependence for EO-2 [147]. Electrokinetic phenomena of the second kind and
especially EO-2 have hardly been investigated in the context of CEC although potential benefits
of this phenomenon (EO-2) can be anticipated [147]. First, it provides a unique scheme towards
increased EOF velocities compared to current CEC practice (dominated by the EO-1 dynamics).
Second, electroosmotic whirlwinds (microvortex) associated with EO-2 around an isolated single
spherical particle [222, 228] have implications for accelerated (primarily lateral) mixing in sphere
packings, reducing the time scale for transverse equilibration of analyte. In the remaining figures
effects of CP in sphere packings and monoliths with ion-permselective regions are illustrated. In
particular, Figure 17 indicates the influence of diffusion boundary-layer mass transfer resistance
on the intraparticle counter-ion transport and loading capacity. Figure 18 reveals an existence of
irregular flow patterns in the macroporous compartment and their beneficial effect on separation
efficiency (by enhanced lateral mixing) with charged analytes. Finally, Figure 19 demonstrates a
systematic development of nonlinear EOF velocities in capillary monoliths depending on applied
electrical field and mobile phase ionic strengths.
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Figure 17. Representative CLSM images and corresponding normalized tracer concentration profiles for
steady-state centerline distributions of strongly adsorbed counter-ion Rhodamine 6G. These profiles were
acquired in a direction of applied (hydrodynamic and electrical) driving forces and normalized with respect

to the maximum concentration observed for diffusive mass transfer [229].

A detailed investigation of the steady-state counter-ion concentration distributions of fluorescent
tracer in ion-permselective particles by CLSM at different applied field strength revealed a rather
unusual behaviour (Figure 17) [229]. This analysis proved an existence of extended intraparticle
zones of depleted counter-ion concentrations arising from the anodic (counter-ionic) side or pole
of a particle. These zones cover significant fractions of the particles cross-sectional area until, at
a sufficiently strong field, they extend over the complete particle which then remains (effectively)
emptied by the strongly adsorbing counter-ion tracer. Analysis of the external and internal molar
flux densities for positively charged Rhodamine 6G allowed to calculate the critical field strength
at which intraparticle transport begins to exceed transport through the diffusion-boundary layer
[229]. Because inside the particle more counter-ions are removed at its frontal upstream surface
than are actually supplied from bulk solution through the diffusion boundary-layer deviation from
local electroneutrality can occur and space charge regions can develop outside a sphere (space
charge of mobile counter-ions; Figure 16c) and inside it (space charge of fixed co-ions, which is
actually charge due to surface groups; Figure 16c and depleted zones in Figure 17).
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Basically because electrokinetically-induced intraparticle flux densities (EO and EP in Figure 16)
exceed mass transfer toward the surface through the diffusion boundary-layer particles begin to
remain empty. In other words, intraparticle ionic fluxes cannot be balanced any longer by supply
from bulk solution and zones of depleted counter-ion concentrations develop inside particles. As
evidenced by the CLSM data (in Figure 17) the area of these regions increases and, vice versa,
the particle-averaged loading capacity decreases with the electrical field strength until the beads
practically remain completely empty [229].
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Figure 18. Representative CLSM images and corresponding centerline concentration profiles through a
single (ion-permselective) glass bead and the adjacent solution for a) counter-ionic, b) electroneutral, and

C) co-ionic tracer under conditions of strong concentration polarization [229].

The local deviation from electroneutrality in the bulk fluid-side induced by the normal component
of the electrical field under conditions of nonequilibrium CP close to a curved, ion-permselective
interface has unique consequences. First, and in contrast to a linear EOF dynamics known from
EO-1, the resulting EO-2 naturally shows a nonlinear behaviour because it depends on both the
normal and tangential components of the applied field via creation of a space charge (induction
step) and force exerted on the mobile part of this secondary EDL (interaction step), respectively.
Further, because normal and tangential field components vary locally along the curved surfaces
in monoliths or sphere packings, also the intensity of nonequilibrium CP and EO-2 velocities are
expected to change accordingly. Then, local back pressures must generate based on continuity,
and complex coupling between the electrostatics and hydrodynamics may lead to a formation of
micro-vortices. Although resulting patterns certainly depend on the pore space morphology, any
potential operation of this phenomenon in porous media having technical or analytical relevance
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is a challenging task. For example, to which extent can large recirculation zones that have been
visualized for a spherical, isolated particle [222, 228] develop in random-close packings of these
particles or in monolithic structures? If vortices develop locally, can they interact cooperatively to
create even lateral mixing bands? — Accelerated column cross-sectional equilibration of analyte
(here caused by an electrokinetic chaotic mixing) would be very beneficial as it may reduce axial
dispersion further by orders of magnitude. This is demonstrated in Figure 18, again for the glass
bead system and by CLSM studies. Bulk flow behaviour under strong non-equilibrium conditions
is illustrated by snapshots of distributions of electroneutral and ionic tracer in the interstitial pore
space. The local concentration of electroneutral tracer in bulk solution is constant, even a strong
electrokinetic lateral mixing cannot affect its steady-state profiles. By contrast, because the ionic
concentration due to CP varies significantly with geometrical position in the beds it is possible to
detect strongly fluctuating areas with different ionic concentration indicating pronounced velocity
streamlines around the bead and the existence of chaotic pattern in the flow field for sufficiently
high electrical field strength (electrokinetic chaotic mixing, Figure 18a and 18c). This aggravated
radial convective transport in the interparticle pore space (macropore compartment) has already
indicated significant improvement in the extraparticle fluid-side variances of elution signals [229]
because, as expected, the increasing lateral mixing with respect to diffusion-limited equilibration
will cause axial spreading of a sample zone to decrease [230, 231].

Figures 16 to 18 have shown that in porous media with hierarchically-structured pore space like
a bed of porous particles, and ion-permselective transport properties in at least one domain, the
ion concentration distributions in bulk fluid cannot be treated as homogeneous any longer when
an electrical field is applied. This induces regions of reduced and increased ionic concentrations
in the solution close to a phase boundary to the ion-permselective domains, e.g., a mesoporous
bead. The CP results in inhomogeneous (steady-state) ion distributions over the whole medium.
While transport and the distributions of electroneutral tracer are little affected by CP, it becomes
important for charged tracers. The region of depleted ion concentration close to the surface of a
particle presents substantial electrokinetically-induced mass transfer resistance for counter-ions,
and compared to intraparticle electrokinetic flux transport through the diffusion boundary-layer is
expected to depend only little on applied field. Thus, there is a critical field strength above which
intraparticle transport cannot be satisfied from bulk solution through the diffusion boundary-layer
any longer, and regions of electrokinetically-induced local space charge, both inside and outside
the ion-permselective particle can develop (Figure 16). The former results in extending zones of
depleted counter-ion concentrations in a bead, so that the particle-averaged adsorption capacity
is reduced until the particles remain completely emptied by strongly adsorbing counter-ions. The
latter, i.e., mobile non-equilibrium space charge gives rise to strong tangential electroconvection

around the patrticles (electroosmosis of the second kind). Drastic consequences of these effects,
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in particular, arise for the elution efficiency in pulse injections. Since lateral dispersion increases
and intraparticle mass transfer resistance decreases, also the overall separation efficiencies are
expected to improve accordingly. In this context electrokinetic processes such as CEC involving
fixed particulate or monolithic beds of ion-permselective media require more detailed analysis in
view of CP and possible deviation from local electroneutrality due to nonequilibrium effects, both
in the mesoporous (ion-permselective) domain and the macroporous compartment. It is an issue

with a fundamental physico-chemical relevance.

After having analyzed and discussed potential benefits of CP in porous media for primarily mass
transport and dispersion, Figure 19 rounds off this thematical issue by revealing the dynamics of
nonlinear electroosmosis in (silica-based) capillary monoliths with bimodal pore size distribution.
These monoliths are hierarchically-structured with (intraskeleton) mesopores and (interskeleton)
macropores. While a linear dependence of average EOF velocities on the applied field strength
could be observed with 5 x 10° M Tris (turning slightly nonlinear at higher concentrations due to
thermal effects), this dependence becomes systematically nonlinear as the Tris concentration is
reduced towards 10 M. Velocities increased by more than 50% with respect to those expected
from a linear behaviour are realized at 10° V/m [232]. As shown in the inset EOF velocities even
approaching 1 cm/s are observed when directly measured in a simple device by CLSM at higher
electrical field strengths than available with the commercial instrumentation (HP*°CE) employed
for conventional use. A local deviation from electroneutrality in the bulk fluid-side induced by the
normal component of the electrical field under conditions of nonequilibrium CP close to a curved
ion-permselective interface has unique consequences also for the macroscopic hydrodynamics
[147]. In sharp contrast to a linear EOF dynamics known from EO-1, the resulting EO-2 naturally
shows nonlinear behaviour because it depends on both components (the normal and tangential)
of the applied field via creation of space charge (induction step) and force exerted on the mobile
part of this secondary EDL (interaction step), respectively. In view of the conditions favoring CP,
the decreasing concentration of Tris buffer adjusts the mesopore space of the monolith skeleton
(Figure 19) towards ideal ion-permselectivity. Its permeability for the co-ions decreases, and the
critical field strength above which the nonequilibrium CP may start to contribute significantly to a
global electrokinetics in the monolith also decreases, i.e. the lower the co-ion permeability of the
mesopore domain the easier it becomes for an electrical field to decrease co-ion concentrations
in the CP zone towards nonequilibrium conditions. We then observe a systematically developing
nonlinear EOF dynamics in a certain range of decreasing ionic strength by increasing relevance
of EO-2 in the macropore space of the monolith, in this case being most pronounced between 1
and 0.1 mM Tris (Figure 19) [232]. One of the goals is to characterize and taylor these effects in
hierarchical porous media concerning ion-permselectivity, macropore space morphology, mobile
phase composition, and applied field strength.
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Figure 19. Average EOF velocity in the capillary monolith vs. applied electrical field strength for different
mobile phase Tris concentrations as indicated [232]. Second-order polynomial and linear fits for 0.1 and 5
mM Tris, respectively, are a guide to the eye. While with the commercial equipment (here a HP* CE from
Agilent Technologies, Waldbronn) field strength over the monolithic column is limited to a maximum value
of around 10° V/m, significantly higher values could be realized with a homebuilt device (shorter columns)
used for CLSM measurements to demonstrate better the developing nonlinearity of EOF velocities (cf. red
solid line) at decreasing ionic strength. The SEM image shows a silica-based monolith with bimodal pore
size distribution due to interskeleton macopores and intraskeleton mesopores.
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Compared to the electroosmotic perfusion mechanism [90-95], electrokinetic phenomena based
on a nonequilibrium EDL develop in a different operational domain. While substantially perfusive
EOF in particulate or monolithic beds requires a quasi-equilibrium EDL thickness (much) smaller
than typical macro- and mesopore sizes, the nonequilibrium CP underlying EO-2 requires strong
ion-permselectivity within a porous medium, meaning that the EDL dimension is large compared
to pore sizes in the ion-permselective regions. Further, while electroosmotic perfusion effectively
removes stagnant zones, which dramatically reduces velocity extremes in the mobile phase flow
pattern in view of improved dispersion and increased average velocities, the conditions for EO-2
develop ion-permselectivity to leave these zones practically stagnant. In this case the mesopore
space is used for indirect manipulation of EOF velocities in the macropore space where possible
lateral mixing associated with the hydrodynamic pattern of EO-2 reduces axial dispersion. Thus,
via the EDL interaction both phenomena (the perfusive electroosmosis and EO-2) may be tuned
towards high-speed, high-efficiency electrokinetic transport mechanisms in porous media simply
by adjusting the mobile phase ionic strength.
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Hydraulic flow in porous media:

Diffusive mass transfer and dispersion in sphere packings

U. Tallarek, F. J. Vergeldt, and H. Van As

Stagnant mobile phase mass transfer in chromatographic media: Intraparticle
diffusion and exchange kinetics.

Journal of Physical Chemistry B 1999, 103, 7654-7664.

Pulsed field gradient nuclear magnetic resonance (PFG-NMR) is used to resolve directly in the packing of
chromatographic columns intraparticle stagnant fluid and record the associated mass transfer kinetics for
the fluid phase percolating through the porous medium. These data are well analysed by the diffusion
equation for purely-diffusive intraparticle transport. Different particles are compared in view of the derived
effective intraparticle diffusion coefficient and tortuosity factor. Further, the influence of the particle size
distributions and interparticle (hydrodynamic) boundary-layer mass transfer resistance on the intraparticle
transport dynamics is revealed and discussed. The results point out the importance of the particle
morphology on stagnant mobile phase mass transfer and dispersion. The approach appears unique for
separate studies of intraparticle diffusion and interparticle convection.

D. Kandhai, U. Tallarek, D. Hlushkou, A. G. Hoekstra, P. M. A. Sloot, and H. Van As
Numerical simulation and measurement of liquid holdup in biporous media
containing discrete stagnant zones.

Philosophical Transactions of the Royal Society of London A 2002, 360, 521-534.

Complements the direct PFG-NMR measurements of transient axial averaged propagator (displacement
probability) distributions in random sphere packings by a numerical simulation of the hydrodynamics in
computer-generated fixed beds. The numerical approach is based on a hierarchical transport model using
a discrete lattice-Boltzmann interparticle flow field. Simulated propagator distributions agree well with the
experimental data and correctly reproduce the dynamics of the intraparticle diffusive and interparticle
convective fluid. Further, finite-size effects in the simulations associated with a spatial discretization of the
particles and boundaries of a bed are addressed and minimized.

D. Kandhai, D. Hlushkou, A. G. Hoekstra, P. M. A. Sloot, H. Van As, and U. Tallarek
Influence of stagnant zones on transient and asymptotic dispersion in
macroscopically homogeneous porous media.

Physical Review Letters 2002, 88, 234501-1 — 234501-4.

Continues and rounds off the earlier work concerning complementary studies (PFG-NMR and numerical
simulations) of the role of stagnant zones for hydrodynamic dispersion in liquid flow through a fixed bed of
spherical, permeable particles. The numerical simulations in a bulk random-close sphere packing show
good agreement with the experimental results on diffusion-limited mass transfer, transient and asymptotic
axial dispersion. The data are compared to results for nonporous, impermeable particles and clearly
demonstrate that intraparticle liquid holdup in (macroscopically homogeneous) porous media dominates
over contributions arising from the flow field heterogeneity (mechanical dispersion) and the hydrodynamic
boundary-layer mass transfer.



Hydraulic flow in porous media:

Permeability, dispersion and adsorption capacity in monolithic structures

U. Tallarek, F. C. Leinweber, and A. Seidel-Morgenstern

Fluid dynamics in monolithic adsorbents: Phenomenological approach to
equivalent particle dimensions.

Chemical Engineering and Technology 2002, 25, 1177-1181.

Discusses the general problems of understanding fluid dynamics in monoliths with respect to the one in
particulate beds. It presents a phenomenological analysis of the friction factor — Reynolds number relation
and the axial dispersivity — Peclet number dependence for random sphere packings in order to derive
characteristic lengths (equivalent particle dimensions) for monoliths concerning the hydraulic permeability
and dispersion originating in stagnant zones. This phenomenological approach, simply based on liquid
flow and stagnation in porous media, can successfully relate the hydrodynamic properties of a monolith to
that of particulate beds from a very general point of view.

F. C. Leinweber, D. Lubda, K. Cabrera, and U. Tallarek
Characterization of silica-based monoliths with bimodal pore size distribution.
Analytical Chemistry 2002, 74, 2470-2477.

Investigates chromatographic band dispersion in analytical (silica-based) monoliths with bimodal pore
size distribution. This work reveals diffusion-limited mass transfer in the mesoporous silica skeleton which
was used to calculate an equivalent dispersion particle diameter (in relation to sphere packings) with the
C-term parameter of the van Deemter plate height equation. The macroporous interskeleton network
responsible for the hydraulic permeability of these monoliths was translated to the interparticle pore space
of sphere packings, and an equivalent permeability particle diameter was obtained by scaling based on
the Kozeny-Carman equation.

F. C. Leinweber and U. Tallarek

Chromatographic performance of monolithic and particulate stationary phases:
Hydrodynamics and adsorption capacity.

Journal of Chromatography A 2003, 1006, 207-228.

Presents in more detail than before a simple, widely applicable, phenomenological approach for analysing
single-phase incompressible flow through monolithic structures. It relies on a determination of equivalent
particle (usually sphere) dimensions which characterize the corresponding behaviour in particulate,
discontinuous beds. The equivalence is obtained by dimensionless scaling of the macroscopic behaviour
(hydraulic permeability and hydrodynamic dispersion) in both types of materials, without need for direct
geometrical translation of their constituent units. The differences in adsorption capacity for particulate and
monolithic stationary phases show that silica-based monoliths with bimodal pore size distribution can
provide comparable maximum loading capacities (with respect to beds of completely porous spheres) due
to the high (total) porosity of this material. It is demonstrated that their pore structure provides the basis
for unique combination of high bed permeability, short diffusion path lengths and high adsorption capacity
which cannot be achieved with a fixed bed of adsorbent particles.



F. C. Leinweber, D. G. Schmid, D. Lubda, K.-H. Wiesmdiiller, G. Jung, and U. Tallarek
Silica-based monoliths for rapid peptide screening by capillary liquid
chromatography hyphenated with ESI-FTICR-MS.

Rapid Communications in Mass Spectrometry 2003, 17, 1180-1188.

Demonstrates a superior performance (as was analysed in much detail in the earlier articles) of monoliths
compared to sphere packings (i.e., a better combination of bed permeability, hydrodynamic dispersion
and adsorption capacity) for the fast and efficient screening of complex libraries by electrospray-ionization
Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICR-MS). Electrospraying was
performed sheathless from an open-tubular transfer capillary into the ESl-interface. Libraries with more
than 1000 different peptides could be screened in less than 20 min.

F. C. Leinweber, D. G. Schmid, D. Lubda, B. Sontheimer, G. Jung, and U. Tallarek
Sheathless electrospray ionization directly from a capillary monolith for fast liquid
chromatography coupled to FT-ICR mass spectrometry.

Journal of Mass Spectrometry 2004, 39, 223-225.

Continues the earlier mass spectrometric work in that the electrospraying here is directly performed from
the capillary monolith into the ESl-interface, i.e., the LC-MS configuration incorporates monolithic capillary
columns over the complete distance from the injection module to the sheathless electrospray interface.
The main advantage of this modification is a simple removal of adverse effects on chromatographic
performance resulting from conventional spray capillaries, including post-column dispersion or significant
back-pressure (if either large- or small-diameter open capillaries are used). Monoliths with continuous
solid phase are ideally suited for that purpose compared to sphere packings with sintered frit because the
latter may become instable and break easily, limiting the robustness of this realisation.



Electroosmotic flow in porous media:

Experimental realisation and general transport characteristics

E. Rapp and U. Tallarek

Liquid flow in capillary (electro)chromatography: Generation and control of micro-
and nanoliter volumes.

Journal of Separation Science 2003, 26, 453-470.

Describes and discusses instrumental developments in capillary (electro)chromatography relevant for
generating and controlling required volumetric flow rates in the micro- and nanoliter range through packed
capillaries. Isocratic and gradient elution is considered. For capillary HPLC it inlvolves only commercial
instrumentation, but also realizes the innovative concept of a high-pressure electrokinetic pump. Systems
that have been used to generate electroosmotic flow in chromatographic beds are presented under the
aspects of basically commercial capillary electrophoresis instruments adapted for electrochromatography,
home-built configurations, and commercial capillary electrochromatography systems. An emphasis is
given on feasibility, automation, as well as system-inherent delay times and dead-volumes.

G. Chen, M. Pac¢es, M. Marek, Y. Zhang, A. Seidel-Morgenstern, and U. Tallarek
Dynamics of capillary electrochromatography: Experimental characterization of
flow and transport in particulate beds.

Chemical Engineering and Technology 2004, 27, 417-428.

Has partly the character of a review article by presenting general aspects of electroosmotic flow in porous
media, but with original research results concerning electroosmotic perfusion. The chromatographic
performance with respect to the flow behaviour and axial dispersion in packed beds of nonporous and
macroporous particles was studied in capillary HPLC and electrochromatography. The existence of
substantial electroosmotic intraparticle pore flow in columns packed with the macroporous particles was
found to result in significant improvement of column efficiency compared to capillary HPLC. Based on
these data an optimum chromatographic performance in view of speed and efficiency can be achieved by
adjustment of the particle and (intraparticle) pore sizes, as well as electrolyte concentration.



Electroosmotic flow in porous media:

Velocity profiles in open channels and sphere packings

U. Tallarek, E. Rapp, T. Scheenen, E. Bayer, and H. Van As

Electroosmotic and pressure-driven flow in open and packed capillaries: Velocity
distributions and fluid dispersion.

Analytical Chemistry 2000, 72, 2292-2301.

In this work the flow field dynamics in (open and packed) segments of a capillary column was studied with
PFG-NMR using direct motion-encoding of fluid molecules. The method operates in a time window that
allows a quantitative discrimination of electroosmotic against pressure-driven flow behavior. In contrast to
the parabolic velocity profile and its impact on axial dispersion characterizing hydraulic flow through a
cylindrical open capillary, a plug-like velocity distribution is revealed for electroosmotic flow. In the latter
case, the variances of (radially averaged) axial displacement probability distributions can be quantitatively
explained by molecular diffusion at the actual buffer temperature, while for Poiseuille flow classical
Taylor-Aris dispersion and its preasymptotic regime could be resolved.

U. Tallarek, T. W. J. Scheenen, P. A. de Jager, and H. Van As

Using NMR displacement imaging to characterize electroosmotic flow in porous
media.

Magnetic Resonance Imaging 2001, 19, 453-456.

PFG-NMR and NMR imaging were used to study temporal and spatial domains of electrokinetically-driven
transport in porous media with a homebuilt NMR setup. Characteristics like the velocity distribution and
dispersion were contrasted to viscous flow behavior. To characterize dispersion of electrokinetically
driven mobile phase through the pore space of open and packed capillaries the access by PFG-NMR was
utilized to a temporal domain covering the range from a few milliseconds up to seconds. By combining
this technique with NMR imaging it was possible to study the microscopic fluid dynamics with a sufficient
spatial resolution to address factors that influence dispersion on macroscopic scale.

U. Tallarek, T. W. J. Scheenen, and H. Van As

Macroscopic heterogeneities in electroosmotic and pressure-driven flow through
fixed beds at low column-to-particle diameter ratio.

Journal of Physical Chemistry B 2001, 105, 8591-8599.

This work demonstrates by using dynamic NMR microscopy with 40 um spatial resolution the existence of
specific wall effects for electroosmotic and pressure-driven flow in fixed beds at low column-to-particle
diameter ratio. While the geometrical wall effect with pressure-driven flow in the sphere packings is due to
radial distribution of interstitial porosity, an electrokinetic wall effect is promoted by different values of the
zeta-potential associated with the inner surface of a capillary and that of the particles. The wall effects
cause a persistent disequilibrium in the axial dispersion dynamics, and correlation lengths in the flow field
may cover the complete radius of the packed capillary. Characteristic times of these macroscopic flow
heterogeneities exceed by far those for stagnant mobile phase mass transfer in the bed as was shown by
complementary pulsed field gradient NMR measurements.



M. Paces, J. Kosek, M. Marek, U. Tallarek, and A. Seidel-Morgenstern
Mathematical modelling of adsorption and transport processes in capillary
electrochromatography: Open-tubular geometry.

Electrophoresis 2003, 24, 380-389.

Presents a compact mathematical modelling approach to open-tubular capillary electrochromatography.
The model accounts for the coupling of (non)linear adsorption of charged analyte molecules (at a charged
surface) with a local equilibrium electrokinetics, mobile phase transport by electroosmosis and hydraulic
flow, as well as species transport by electrophoresis and diffusion. Thus, the local zeta-potential and
electroosmotic mobility then become a function of the concentration of the charged analyte. The resulting
inhomogeneity of electroosmotic flow through the capillary produces a compensating pore pressure as
requirement for incompressible flow. These results are further discussed in view of the surface-to-volume
ratio of a capillary, analyte concentration in combination with a Langmuir isotherm for the adsorption
process, and buffer effects.

D. Hlushkou, D. Kandhai, and U. Tallarek

Coupled lattice-Boltzmann and finite-difference simulation of electroosmosis in
microfluidic channels.

International Journal for Numerical Methods in Fluids 2004, 46, 507-532.

This article is concerned with an extension of the lattice-Boltzmann method for the numerical simulation of
three-dimensional electroosmotic flow problems in porous media. The approach is evaluated for simple
geometries as encountered in open-channel structures of microfluidic devices. The general case of
nonuniform zeta-potential distributions requires a three-dimensional solution of the coupled Navier-Stokes
equation for liquid flow, Poisson equation for electrical potential distribution, and Nernst-Planck equation
for distribution of ionic species. The hydrodynamic problem has been treated with a high efficiency by
code parallelization via the lattice-Boltzmann method. For their validation, velocity fields were simulated in
several microcapillary systems and good agreement with results predicted either theoretically or obtained
by alternative numerical methods could be established. The approach is particularly useful for more
complex structures with arbitrary pore space morphologies (e.g., sphere packings or monoliths) and an
arbitrary distribution of electrokinetic potential at the solid-liquid interface.



Electroosmotic flow in porous media:

Electroosmotic perfusion in beds of porous particles

U. Tallarek, E. Rapp, H. Van As, and E. Bayer

Electrokinetics in fixed beds: Experimental demonstration of electroosmotic
perfusion.

Angewandte Chemie Intemational Edition 2001, 40, 1684-1687.

This communication provides clear evidence for the existence (and impact) of an electroosmotic perfusion
mechanism in porous media. Using pulsed field gradient nuclear magnetic resonance (PFG-NMR) as a
noninvasive motion-encoding technique which operates directly on the nuclear spin of the fluid molecules
(e.g., 'H,0) the dynamics of pressure-driven and electroosmotic flow was studied in a bed of charged
porous particles. Starting with an analysis of axial dispersion as a function of the Peclet number (for either
mode of fluid flow) these data are complemented by the selectively measured dynamics of intraparticle
mass transfer. Also the influence of thermal effects is addressed. The results are finally discussed in view
of the hierarchical design of porous particles and important correlation of pore interconnectivity in a
bidisperse pore network.

U. Tallarek, E. Rapp, A. Seidel-Morgenstern, and H. Van As

Electroosmotic flow phenomena in packed capillaries: From the interstitial
velocities to intraparticle and boundary-layer mass transfer.

Journal of Physical Chemistry B 2002, 106, 12709-12721.

Detailed PFG-NMR studies of (intra- and interparticle) electrokinetic flow through a fused-silica capillary
packed with spherical porous particles. Measurements reveal that (compared to only pressure driven flow
through the porous medium) the intraparticle mass transfer rate constant significantly increases by the
influence of a superimposed electrical potential gradient. This increase also depends clearly on the buffer
concentration via electrical double layer overlap. The data show that fluid molecules in the porous
particles remain diffusion-limited in the presence of a pressure gradient over the packed bed. By contrast,
intraparticle Peclet numbers above unity (i.e., nonzero velocities) have been measured in electroosmotic
flow and were found to increase with the applied voltage. Further, interparticle resistance to mass transfer
appears to vanish on pore scale when the electrical double layer thickness is small compared to the
relevant pore dimensions.

G. Chen and U. Tallarek

Effect of intraparticle porosity and double-layer overlap on electrokinetic mobility
in multiparticle systems.

Langmuir 2003, 79, 10901-10908.

Experimental study of electrokinetic mobility (depending on mobile phase ionic strength) for different
porous and nonporous silica-based spherical microparticles. Effects of intraparticle electrical double layer
overlap and porosity on the electrophoretic mobility in dilute suspensions and electroosmotic mobility in
fixed beds of the (non)porous particles were investigated. The electrokinetically consistent results
demonstrate substantially different behaviour for the porous particles with respect to nonporous spheres.



It can be related to a porous particles dipole coefficient via the intraparticle void volume and, strongly
depending on mobile phase ionic strength, to the actual magnitude of electroosmotic flow jetted through a
particles interior. In contrast to the normal electrical double layer behaviour observed for solid spheres
(continuous decrease of mobility with ionic strength) the competitive contributions give rise to pronounced
maxima in the mobility curves for porous spheres. These studies resolve perfusive electroosmosis from
the standpoint of average velocity as compared to its effect on dispersion.

U. Tallarek, E. Rapp, H. Sann, U. Reichl, and A. Seidel-Morgenstern

Quantitative study of electrokinetic transport in porous media by confocal laser
scanning microscopy.

Langmuir 2003, 19, 4527-4531.

Based on the refractive index matching of liquid and solid phase in a bed of porous spherical glass beads
confocal laser scanning microscopy allowed a quantitative study of intraparticle electrokinetic transport
phenomena. By recording (transient) single-bead profiles for fluorescent, charged and uncharged tracer it
was visualized that electrokinetic species transport produces, in contrast to the symmetric-spherical
distributions observed with diffusion-limited operations, pronounced asymmetric concentration profiles in
a particle. This behaviour is caused by the unidirectional character of electroosmosis and electrophoresis.
It forms the basis for a significantly faster intraparticle mass transfer compared to the diffusion-limited
kinetics. Further, quantitative image analysis permitted the direct determination of velocities underlying an
intraparticle-forced electroosmotic convection and electrophoretic migration.

U. Tallarek, M. Paées, and E. Rapp

Perfusive flow and intraparticle distribution of a neutral analyte in capillary
electrochromatography.

Electrophoresis 2003, 24, 4241-4253.

Extends the earlier work with more detail. Systematic study of electroosmotic perfusion for transport of an
electroneutral, nonadsorbing tracer. Quantitative analysis in real-time of spatio-temporal distribution of
fluorescent tracer molecules during their uptake by and release from porous particles with confocal laser
scanning microscopy. Results of measurements could be successfully interpreted and further analyzed by
a compact mathematical model. Intraparticle Peclet numbers of up to 150 were realized and found to
significantly enhance mass transport on a particle-scale towards the convection-dominated regime when
compared to the conventional, diffusion-limited kinetics.



Electroosmotic flow in porous media:

Concentration polarisation and nonequilibrium effects

F. C. Leinweber and U. Tallarek
Nonequilibrium electrokinetic effects in beds of ion-permselective particles.
Langmuir 2004, 20, 11637-11648.

Electrokinetically-driven transport of neutral and charged analytes in porous glass beads was investigated
by confocal laser scanning microscopy using a microfluidic setup. Investigations were carried out at low
ionic strength leading to ion-permselective transport through a bead. Concentration polarisation was
induced by external electrical fields resulting in a diffusion boundary-layer with reduced ion concentrations
in the solution adjacent to a bead surface. It comprises extraparticle fluid-side mass transfer resistance.
At increasing field strengths internal flux densities finally exceed extraparticle transport from bulk solution
toward the surface and a nonequilibrium space charge develops, both inside the ion-permselective
particles and in the adjacent electrolyte solution outside. As a consequence, the effective adsorption area
of the intraparticle surface is reduced and beads ultimately remain unloaded for counter-ionic tracer. The
induced diffuse space charge outside the particles gives rise to tangential electroosmotic convection
stimulating electrokinetic chaotic mixing. Tracer pulse injections show that the overall signal variance can
be improved by more than two orders of magnitude adjusting non-equilibrium electrokinetic conditions.

I. Nischang and U. Tallarek
Nonlinear electroosmosis in hierarchical monolithic structures.
Electrophoresis 2004, 25, 2935-2945.

Examines electrochromatographic separation efficiencies with electroneutral analytes and the dynamic
behaviour of EOF in C18-silica capillary monoliths with bimodal pore size distribution over a wide range of
mobile phase Tris concentration. The dependence of plate height and fluid dynamics on the applied
electrical field and mobile phase ionic strengths is discussed in view of electroosmosis of the second kind,
indicating a unique and yet unexplored potential of this electrokinetic transport mechanism in separation
science. In particular, the onset of a nonlinear electroosmotic flow behaviour in the hierarchical monolithic
structure and concomitant, significantly reduced dispersion were analyzed in view of concentration
polarisation and possible nonequilibrium electrokinetic effects which may develop in porous media with
ion-permselective regions due to the presence of strong electrical fields.
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Stagnant Mobile Phase Mass Transfer in Chromatographic Media: Intraparticle Diffusion
and Exchange Kinetics

Ulrich Tallarek,* Frank J. Vergeldt, and Henk Van As

Laboratory of Molecular Physics and Wageningen NMR Centre, Department of Biomolecular Sciences,
Wageningen Agricultural Unersity, Dreijenlaan 3, 6703 HA Wageningen, The Netherlands

Receied: March 9, 1999

Pulsed field gradient nuclear magnetic resonance has been successfully applied to a direct and detailed
experimental study of topological and dynamic aspects involved in the exchange of small, nonsorbed fluid
molecules between the intraparticle pore network and the interparticle void space in chromatographic columns
packed with spherical-shaped, porous particles. The approach provides quantitative data about the effective,
intraparticle diffusion coefficients (and tortuosity factors) and about the associated, diffusion-limited mass
transfer kinetics, including stagnant boundary layer contributions. In view of the recorded exchange kinetics,
an analytical description for solute diffusion into/out of spherical particles is offered and addresses the influence
of the particle size distribution and particle shape on the observed mass transfer rates and calculated diffusivities.
The combined analyses of the steady-state intraparticle pore diffusion data and the associated exchange kinetics
with Peclet numbers up to 500 reveals the existence of external stagnant fluid where all the interparticle
fluid-side resistance to diffusion is localized. It is represented by a thin stagnant boundary layer around the
particles and can be accounted for by the introduction of a hydrodynamically effective particle diameter
which is found to depend on the Peclet number. The approach appears to be promising for a selective, detailed
study of the boundary layer dynamics. Concerning the investigation of different chromatographic media and
intraparticle morphologies, we demonstrate that the actual correlation (or randomness) of interconnection
between intraparticle pores of different size has a profound effect on the observed tortuosity factors and the
diffusion-limited stagnant mobile phase mass transfer kinetics. Compared to intraparticle pore networks with
a random assignment of different pore sizes, hierarchically structured bidisperse porous particles offer a superior
network topology, which can form the basis for an increased chromatographic performance.

Introduction a larger particle radius, this diffusion-limited mass transfer
The packed and consolidated bed of a chromatographicWithin the particles may dramatically limit the overall kinetfcs.
column obtained with spherical-shaped, porous, rigid particles Advances in the design and preparation of adsorbents have

intrinsically bears a complex fluid dynamics. It is difficult to ~ included the use of small nonpordt$® and micropellicular
analyze exactly, due not least to the number of different particles!® continuous polymer phas®sand monolithic struc-
mechanisms that actually contribute to the dispersion of a soluteture$* as an alternative to packed beds, as well as the
band as it passes through the column and to the Comp|exd_evelopment of_hlerarc_hlcally structured, macropofdasd
geometries of the intraparticle pore network and the interparticle 9igaporous particles (itblodd, > 107%).2324In the case of
void space involved in this tortuous journ&y Under typical the latter, intraparticle fluid forced convection has been proposed
conditions, solute transport occurs mainly by interparticle 0 be operative under certain conditions, to assist and even
convection and intraparticle diffusion, and chromatographic dominate over the diffusive transport in the larger, particle-
separations are generally achieved by a differential adsorptiontransecting (*flow-through”) pores of the bidisperse pore
of the solutes on the large inner surface area of the packingetwork inside these particlés.® Because of the higher mass
materials. The adsorption process requires that solute first movedransfer rates columns packed with these gigaporous media have
through a film of fluid at the outer surface of the adsorbent Shown significant performance advantages over columns ob-
particles (most often assumed to be stagnant), where diffusiont@ined with conventional, purely diffusive adsorbent particles,
normal to the surface is at least the dominating transport €Specially in high-speed separations and purifications of slowly
mechanisnt; 7 and then diffuses through the pools of stagnant diffusing (bioymacromolecules.

fluid entrained in the intraparticle pore netwdrk? In most Central to the understanding of a diffusion-controlled mass
practical cases, the adsorptiedesorption process is fast and transfer kinetics in porous particles and to the prediction of the
the equilibrium kinetics are controlled by the mass transfer chromatographic performance of a material is the effective
resistances. In this respect, the stagnant mobile phase mas§iffusivity (Der) of and in the stagnant fluid entrained in the
transfer, i.e., the diffusion of solute molecules into and out of intraparticle pore network. This parameter inherently contains
the fine pores of the particles, has been identified as the majora wealth of information and in the general case is related to the
source of band dispersion in liquid chromatograpf 16 bulk diffusivity in free solution D) by?°3°

Especially with smaller partition coefficients of the solute and
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with €inga, the internal porosity of the particles angia, the Based on the averaged propagator formalism for nuclear spin
tortuosity (more correctly! the tortuosity factor) of the intra-  (hence, molecular) displacements, pulsed field gradient nuclear
particle pore network. The enhanced drag coeffici&at,?, is magnetic resonance (PFG-NMR) is currently attracting increased

a factor accounting for additional hydrodynamic hindrance interest-by choice acting as a contrast mechanism in an NMR
within the pore when solute and pore size are of comparable imaging approachin the experimental characterization of fluid
magnitudesKp is the partition coefficient and characterizes the flow and dispersion within a number of porous model
ratio of solute concentration inside the pores to the concentrationsystems'®-56 This includes specific packed-bed applications in
outside the pores in bulk solution at equilibrium. This entropy- high performance liquid chromatography and heterogeneous
controlled, geometric exclusion effect is intimately related to catalysis, such as the study of axial and transverse plate height
the basic retention mechanism in gel permeation chromatog-relations in analytical columf&or the performance of prepara-
raphy32:33 The restrictive factor F= Kp/Ky is a function tive-scale, radially compressed cartrid§esnd effective dif-
dependent oii, the ratio of the critical molecular diameter to  fusivity measurements in porous catalyst pelféts. particular,
the pore diameter, and ranges between 0 afftl 1. it has been demonstrated most recently that this approach allows
For diffusion-limited mass transfer kinetics and small values to observe directly, separately and quantitatively the purely
of A (F, ~ 1) the effective diffusivity remains the ultimate diffusive, intraparticle and the diffusive-convective interparticle
transport parameter relatirngommonly expressed by a single fluid molecules in chromatographic columns packed with porous
tortuosity factor (and the respective network porostigiffusive adsorbent particle®.
flux into and out of the particles pores to the intrinsic system  In this article we report about an extended, detailed PFG-
morphology (geometry and topology) and range of inhomoge- NMR investigation of the stagnant mobile phase mass transfer
neities. It includes surface characteristics (e.g., chemical modi- kinetics and intraparticle diffusivities of several single-fluid
fication and roughness), the pore size and its distribution(s), phases in selected chromatographic media. Special attention is
pore shape, and pore interconnectivity. For a network made of given to the influence of structural parameters, such as the
cylindrical pore segments the effective diffusivity may be particle size and (intraparticle) pore size distributions, and to

expressed b3 the actual correlation of interconnectivity between, e.g., large
and small pores on the observed intraparticle fluid transport

Deft = 1 ﬁ D(r)*€;o(F) dr 2) characteristigs, such as the t.ortuosi.ty factor anq the rates of fluid

Tintral exchange with the interparticle void space. It is demonstrated

) ) _ that this potential PFG-NMR approach provides important, in
whereeinra(r)dr stands for the porosity of pores having aradius  tact complementary data of both steady-state and transient nature
in the interval f, r + dr], and €inva(r) is the porosity density  concerning intraparticle diffusion and the associated, diffusion-
function which may account for the length and size distribution |imjted mass transfer kinetics. The combined use of these series
of the (cylindrical) pores® Unfortunately, this equation does  of gata allows an unambiguous determination of intraparticle
not contain much information about the actual correlation of yiffysjvities and tortuosity factors and of the contribution to
the interconnection between pores of different size that con- the ohserved mass transfer characteristics at a given Peclet
tribute toein(r), an effect that certainly has a strong influence ,ymper of stagnant regions in the interstitial space of packed
on the network permeability and value Gfia. The tortuosity  peqs j.e., of those between and around the fine particles. The
factor is a very sensitive indicator for the presence of dead-end gptained results are compared to dimensional considerations

pores which adversely affect stagnant mobile phase_mass tranSfeEoncerning the stagnant boundary layer and its hydrodynamics
rate$638 and may cause excessive bandbroadening and peakyilable from literature data.

tailing 3949 At a given porosity and pore size distribution the
tortuosity is lower for pore networks with higher coordination
numbers'42

Closely related to the effective diffusivity is the intraparticle The 4.6x 150 mm poly(arylether-ether-ketone) columns were
diffusivity Dinyas but compared td@es it is based on the pore-  professionally packed and consolidated using the slurry tech-
level solute concentration and consequently does not accountnique (Grom Analytik+ HPLC GmbH, Herrenberg, Ger-
for the porosity factor and the equilibrium partition coeffic®nt  many)%%62following the detailed instructions of the respective

manufacturer. The PEEK material allows the columns to be
& 1 3 packed and operated at pressures up to 350 bar and also shows
Tiwa Kig ©) an excellent magnetic susceptibility characteristicdd PFG-
NMR measurements were made at28.5°C on a 0.5 T NMR

Thus, the problem now is to predict the values of the intraparticle spectrometer. A more detailed description of the NMR hardware
tortuosity factor,zinya (for Ky=t ~ 1). Finally, although with configuration and the liquid chromatography implementation
silica it is reasonable to assume that no mass transfer can takean be found in a previous articiéSolvents were of LiChrosolv
place through the walls between pores, this is not necessarilyquality (Merck, Darmstadt, Germany) and degassed with helium
true for all the resins used as packing matertélgor this before use.
diffusion in and through the polymer matrix itself, the diffusion Some characteristics of the packing materials used in this
coefficient would be unusually small, causing low intraparticle work are listed in Table 1. Particle characterization (mean
sorption rate$>46 Although estimation procedures are available, diameter and standard deviation of particle size distribution)
it still remains very complicated to make accurate predictions was performed by laser light scattering on a Coulter LS 130
of the diffusivities and tortuosities needed for liquid chroma- particle size analyzer (Beckman Coulter, Inc., Fullerton, CA).
tography and bioreactor modeling, including diffusion and Two of these supports are based on a polystyrene (PS) matrix
reaction in porous catalyst$. Despite its importance and cross-linked with divinylboenzene (DVB). One is a so-called
historical backgroun#?the direct and quantitative measurement perfusive support with a rather bimodal intraparticle pore
of the classical stagnant (i.e., diffusion-limited) mobile phase network, which in this case is due to the hierarchical design of
mass transfer kinetics also has been extremely difficult. these particles (POROS 50 R2 from PerSeptive Biosystems,

Experimental and Procedural Section
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TABLE 1: Some Characteristics of the Spherical-Shaped, Rigid Porous Particles

properties: material YMC ODS-A S50 POROS 50 R2 SOURCE 30Q

mean diametend, [«m] 50.2 49.6 30.7

standard deviatiorum] 10.6 9.5 0.7 €0.03dy)

matrix C18-bonded silica, cross-linked PS-DVB, cross-linked PS-DVB,
fully endcapped hierarchically structured guaternary ammonium

internal porosity ~0.5

average pore sizes [A] 126 15, unimodal 6000-8000, 506-1500; 200-10000, unimodal
distribution bimodal distribution distribution

a According to the information provided by the respective manufacturer.

Wiesbaden, Germany$:5 The second consists of extremely at different observation timeaA («, varied) were generally
monodisperse spheres, which is due to the salient features ofperformed with a constant gradient pulse duratidr=(2.5 ms
the Ugelstad meth&8on which the particles are based, with a and 6 < A) but incremented gradient amplitude, taking 64
comparatively broad, unimodal intraparticle pore size distribu- g-steps in the range otgmax and up to 48 phase-alternated
tion (SOURCE 30Q from Amersham Pharmacia Biotech, signal averages at each value @fBy keepingx; fixed, the
Freiburg, Germany). These monosized beads are substituted wittcontribution of transverse relaxation in eq 5 is also constant.
guaternary ammonium groups which are attached to the matrix Echoes were acquired on-resonance and were phased individu-
via long, hydrophilic spacer arms (strong anion exchanger). In ally to extract the net amplitude modulationf|,A) at a given
addition to the two PS-DVB supports we used conventional flow rate and observation time. For the calculatiorDgf . and
reversed-phase particles based on a porous silica matrixAinra(A) individual measurements were repeated at least three
(YMCeGEL ODS-A S50 from YMC Europe, Schermbeck, times, withr?2 > 0.9996 for the best fit of the raw data to eq 5
Germany). and a reproducibility of the results within 5%.

For an ideal PFG-NMR experiméfitand in the absence of All calculations were performed using IDL (Interactive Data
any spatial localization gradients the normalized echo amplitude, Language, Research Systems Inc., Boulder, CO). To account
E(q,A), bears a direct Fourier relation with the Lagrangian for the contribution of intraparticle Iongltudmal relaxation over

averaged propagator(R,A), of the fluid molecule®—6° time (k2 — k1) = (A — k1) to the slope of theAnwa(A) Vs A
S( curve (cf. Equation 5), combinedy/T, H relaxation time

q.A measurements were made with a standard inversiecovery

B@.A) = S0, A) AP(R Aexp(2ra-R)dR - (4) technique T1), incorporating a proper echo-traif,j. These

_ measurements did not reveal the existence of disclgete
The displacement probability distribution(RRA) gives the distributions for the intraparticle and the interparticle fluid
probability for any fluid molecule in the sample to travel a net molecules. Although the surface-to-volume ratios of the respec-
displacementR, over timeA in the direction of the applied tive pore spaces are different, it suggests that surface relaxation
pulsed magnetic field gradients of amplitufig and duration is not strong enough to impart a significant difference in
0.82 This gradient area defines the vectpr= (27) 1ydg in longitudinal relaxation behavior. It is probably caused by the
g-space, which is the space reciprocal to the dynamic displace-low-field NMR measurement$il 20.35 MHz), combined with
mentR.”®-72 Thus, RR,A) can be reconstructed directly from  the extremely low amount of paramagnetic impurities present
the PFG-NMR signal by Fourier transform &fqg,A) with in these chromatographic media and the respective chemical
respect tog. When on the observational time scale both the modification of the particles (internal and external) surfaces.
intraparticle diffusion and the convection-driven interparticle In the case of the porous silica particles (the only inorganic
dispersion processes of the fluid molecules are Gaussian inoxide-based particles used in this work), for example, tHe Fe
nature3* the net amplitude attenuation Bfq,A) as a function contamination of the parent silica is well below 10 ppm. From
of g is modulated, as long as the exchange between stagnana chromatographic point of view, surface trace metal impurities
intraparticle and moving interparticle fluid is still incomplete  would give strong Lewis acid adsorption sites which adversely
over time A, by the respective two (also Gaussian) decay affect performancé’ Further, the originally polar, silanolic
envelopes representing the intraparticle diffusiiy, and the surface has been chemically derivatized by a bonded alkyl layer
apparent axial dispersion coefficieDy » Including in general (high coverage of g chains), including a €endcapping of
the possibility of differences in the longitudinallyj and residual silanols. It is a classical chromatographic support used
transverse ) relaxation time characteristics of the fluid for many reversed-phase separations, most applicable for polar
molecules in the intra- and interparticle pore space environ- to moderately nonpolar samples. Thus, returning to the NMR
ments?®4we then obtain fol§(q,A)%® standpoint, surface (and bulk) trace metal activity is very small,
54.4) and the respective sites become sterically almost inaccessible.

q, =

2 (ky =) 2 Results and Discussion

A (A)ex —4n2q2Dn(A - —) — 1 5

3 Ty T, With respect to the actual fluid dynamics encountered in the

experiments, Figure 1a shows a representative single-fluid phase

Here, k1 and k, denote the time of the (nonselective) second averaged propagator distribution(RPA), recorded in the axial
and third 90 r.f. pulse in the pulsed field gradient stimulated (flow) direction, at a volumetric flow rate/) of 8.0 mL/min
echo sequence used in this wétK®On the basis of the dynamic  and an observation timeAj of 25 ms. This quantitative
displacement®& over timeA, the A,(A) in this case represent  displacement probability distribution illustrates both the potential
the number of fluid molecules which have remained in stagnant steady-state character (regarding intraparticle diffusion) and
regions of the packed bed or which have (at least once) transient nature (with respect to the stagnant mobile phase mass
participated in the interparticle flow, respectively. Experiments transfer kinetics) of these PFG-NMR measurements. For

n=
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Figure 2. Intraparticle self-diffusion coefficient of water in two of
the chromatographic media as a function of the observation (diffusion)
time; F, = 8.0 mL/min.

0.006

0.005

stagnant fluid molecules are much larger than the range of
typical inhomogeneities in either intraparticle pore network. In
this respect, the experiment then provides a steady-state pore
diffusion measurement which allows to extract an effective
intraparticle diffusion coefficienDinra. Furthermore, these data
necessarily have to be consistent with the characteristic decay
rates of the aforementioned, diffusion-limited exchange kinetics.
These two series of data in fact provide us with complementary
information, not only in view of the stagnant (diffusion-
controlled) boundary layer existing at the particles external
surface under laminar flow conditioRsConsequently, the
obtained results are now discussed separately under the light
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Figure 1. Axial displacement probability distributions of the fluid

molecules (water) in a packed bed of porous particles (YMC ODS-A
S50). 4.6x 150 mm PEEK column; volumetric flow rate, of 8.0
mL/min. The stagnant, purely diffusive fluid is found centered at zero
net displacement. Observation timés= 25 ms andA = 420 ms.

of these aspects.

Intraparticle, Effective Self-Diffusion Coefficients. The
single fluid phases used in this study consist of water, aceto-

nitrile, methanol, 2-propanol, and methylene chloride. These

example, under the experimental conditions (Figure 1a), we find "Pnsorbed molecules are rather small compared to the pore
24.6% of the water molecules in the packed bed being left constrictions en.co'unte.red |n'3|.de the porous particles. Thus,
unexchanged in the deep stagnant pools inside the porous Cl@ydrodynamlc friction |s.negI|g.|bIe and the directly measured
silica particles. By a systematic variation of the observation time, Intraparticle rms translational displacements (&) at long
this actually transient character of the measurement allows to €N0Ugh times approach the values given by the topology, i.e.,

record the stagnant mobile phase mass transfer kinetics toward"€ interggnnectiveness of the pore network, by means of eq 3
a complete exchange between stagnant and moving fluid in the(With Ku™ ~ 1). Because only single-fluid phases are used,

A = Tintra
e 2

D with

R2

intra

On the basis of tortuosity factor, the average size and spherical Because of different mean pore sizes, pore size distributions,

have to travel a net distance df/2 (from the spheres center to  networks are expected to be characterized by different correla-
the measurement®)inr, in fact is found independent of this

We will see how this dimensional consideration matches the either case (i.e., such th@uy = DS = Dy/Tina). Other-

particle fluid molecules (as long a& < A, cf. Figure 1a) diffusion, together with its verification here by the data shown
contribute to the intraparticle porosity, the pore network becomes

(= (2 DintraA)l/2

For the particle dimensions of the chromatographic media, asymptotic (tortuosity limited) diffusion regime is reached, the

packed bed? As is demonstrated in Figure 1b, At= 420 ms the calculated_vgluessdiimra represent the corresponding self-
only less than 0.5% of the stagnant water remains unexchangeddiffusion coefficients’
shape of the particles it should be finished after some charac-and pore interconnectivities in the particles (Table 1), the
teristic exchange timeAe, assuming that the fluid molecules associated transport heterogeneities in the respective pore
its external surface) to leave the porous particles completely tion times and length scales. Figure 2, however, demonstrates
412 g that, within the range of observation timasencountered in
P J R =P ; o . .
[2] (V Rinid A=A, 2 ®) parameter and in the tortuosity-limited regime of the respective
pore network, corresponding to a steady-state pore diffusion in
experimental data. On the other hand, the root-mean-squaredwise, Dinya Would depend om\ and still decrease toward the
(rms) translational displacement of the yet unexchanged intra- tortuosity asymptote. The attainment of a steady-state pore
probed in the direction of the applied magnetic field gradient in Figure 2 is also important with respect to the average particle
is given by diameters (Table 1). For example, when larger pores start to
) inhomogeneous on an increasing scale that may approach the
size of the whole particle. On the other hand, as long as the
mobile phase diffusivities and observation times selected for tortuosity factor of a network consisting of 100% small pores
this study, the corresponding diffusive displacements of the is the same as with 100% large pofés.
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TABLE 2: Intraparticle Tortuosity Factors, inra = Dm/Dintra

fluid: material YMC ODS-A S50 POROS 50 R2 SOURCE 30Q Dm [1075 cn?/s]
water 2.24 1.47 2.08 2.15
acetonitrile 2.29 1.56 2.16 3.83
methanol 2.23 151 2.11 2.23
2-propanol 2.15 1.43 2.03 0.58
methylenechloride 2.21 1.53 2.09 3.07

The intraparticle tortuosities measured by PFG-NMR are -Igggkl_irllzg& Cubic Lattices of Identical Spheres at Dense

summarized in Table 2, and the discussion necessarily focuses

on the topology of the three pore networks. The most striking S coordination interstitial tortuosity
feature of these data is the tortuosity factor of the gigaporous __cuPic lattice number porosity factor
particles (POROS 50 R2) which, for all the mobile phases SC 6 0.476 1.38
considered in this work, is significantly lower than that of the BCC 8 0.320 1.47
FCC 12 0.259 1.62

other two supports. In contrast to conventional media, these
POROS beads have two discrete classes of pores interconnected . . .
in a well-correlated manné? The bidisperse particles are made suggest a tortuosity factor of 3 for a particle network consisting

by inter-adhering PS-DVB microspheres which are fused into of fa”dom'y 0”9'?“30" nonintersecting cylindrical pores where
the final, continuous particle structure by using several steps each straight capillary covers the length of the whole pariitle.

of clustering. This process creates a first set of 668000 A _With respect to the remarkably lower value ofi the
pores which transect the whole particle (throughpores) and g hierarchical bidisperse particles can be viewed as consisting of
second, more abundant set of smaller pores with-SED0 A loosely packed agglomerates being responsible for the several

in diameter. Because of the hierarchical design of these particles [yPes of pores finally present in the matfThus, the actual
the spacing between throughpores is seldom greater tham 1 network within a single support partlcle resemples itself, to some
thereby reducing diffusion path lengths in the interconnecting degree at least, the ovgrall (intra- and mterpartlculate) pore space
smaller pores to below that distar@Thus, the actual cor- typlcal_ly _en(_:ountered in packed beds of porous par_tlcles. Using
relation of interconnectivity between the large and small pores this similarity for a moment, Table 3 summarizes some
creates a gigapore netwoli/d, > 10-2) that spans the whole properties of cubic, i.e., rggular lattices of identical, |mpenetrabl_e
particle and minimizes diffusion distances in the macroporous SPheres at dense packing so that the hard spheres are just
domain €hore > 500 A). On the basis of the lower network touching each othe¥:88 An increase in the distance between
tortuosities, the stagnant mobile phase mass transfer rates withif'€ighboring spheres (or corresponding decrease, while spheres
such hierarchical bidisperse networks will be superior compared Start to overlap) causes also an increase (decrease) in the
to bidisperse structures in which the pore sizes are assigned ainterstitial porosity and |n_the e_ffectlve, trans_latlonal diffusivity
random’®80 The transport behavior of such nonrandom bidis- of small molecgles entraw_u_ad in th_e- respective pore n_et\%rk.
perse pore networks in fact is expected to be closer to that of Further, any kind of positional disorder mtrqduced into the
the individual giga- and macropore (or macro- and mesopore) Particle arrangement (at a constant porosity) leads to an
networks arrayed in parallel rather than to the behavior of the increased lengthscale of heterogeneities and a higher tortuosity
corresponding random network with bimodal pore size distribu- factor.
tion 81 Although the correlation of interconnectivity is now well- Given the fact that a conservative estimate for the intraparticle
recognized as being of prime importance in the design of porosity of the hierarchically structured particles (POROS 50
(bidisperse) porous particlé%; s surprisingly little experimental ~ R2) is 0.5 comparison with Table 3 and the tortuosity factors
data (like Dinys) are available which directly characterize the given in Table 2 suggests that neither regular (cubic) lattice at
topology of these hierarchically structured pore networks dense packing is appropriate to describe well this pore network.
compared to less correlated ones. On the basis of a pure value identification, the simple cubic
In contrast to the 5@m PS-DVB particles (POROS 50 R2), arrangement comes closest. Not surprisingly, it is the one with
the pore network of the 30m beads (SOURCE 30Q) is the smallest coordination number. These observations are in
characterized by a relatively broad, unimodal pore size distribu- agreement with recent findings that the pore structure of these
tion, with the interconnection of the larger and smaller pores particles rather behaves like an inhomogeneous assemblage of
being rather uncorrelated, i.e., comparatively random. Thus, theloosely packed microspher&This situation is quite different
large and small pores do not form interconnected, distinct pore from the one typically encountered in random close-packed beds
networks, and the tortuosity factor then increases due to theof chromatographic columns. Here, the interparticle porosity is
shielding of large pores by small ones (Tablé2Finally, the usually found to vary between 0.36 and 0.4. More extreme
yet slightly higher intraparticle tortuosity factors found for the values are possible, depending on packing and operational
mesoporous silica-based particles (YMC ODS-A S-50) could procedures, as well as on particle characteristics.
be caused by the presence of a larger number of dead-end pores. Remarkably low intraparticle tortuosity factors have also been
However, the exact topological differences of the latter two pore postulated for hierarchically structured, spherical, porous zir-
networks are hardly known with sufficient accuracy to allow conia particles using PFG-NMR metho#$3Even though the
such small distinctions to be made meaningfully. Nevertheless authors did not report the net effective, intraparticle diffusion
and as a more general trend in view of the arguments followed coefficients, the trend in their diffusivity data at least indicates
in this work, the tortuosity factors observed for the nonhierar- values ofri,y, between 1.5 and 2 (i.e., below the isotropic porous
chical intraparticle pore networks are significantly higher than medium value). This behavior has been attributed to the very
those found for the hierarchical bidisperse particles; however, open packing of the colloids within the partici&sHigher
the values are still close to 2. This value has been predicted fortortuosity factors, yet close to 2, have been reported for protein
an isotropic porous mediuft recalling the basic arguments of  diffusion within macroporous size-exclusion chromatographic
Carmasf®in context of the parallel-pore model. Other arguments media?3%* By restricting the diffusing species to individual
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particles using excluding solvent in the interparticle void space, 18—y —— : .
intraparticle labeled-protein (tracer) diffusion could be studied .,
selectively by fluorine PFG-NMR. 18] Dipra = 146 x 107 cms _
All these data seem to indicate a general trend for the actual u] E l noB o ooogfn
hierarchy in pore structure and the associated tortuosity factor. @ *4- 08 = O & o oo o
However, they also call for further studies demonstrating §
: . . . 12l Dira = 1.03 x 10°° cm?/s i
systematically its dependence on the processing conditions and 7
thereby achieved correlation (or randomness) of interconnection =
between differently sized pores. These experimental datawill ¢ °Fr 8 ® o ~ 06 .0 8 o088
) . . . £ 0 8 6) o] O [e] 81_
help in the refinement of chromatographic separaffoasd in a o T o
the development of a numerical approach (and model validation °er Dinya = 96 X 108 cm?s A
in general) for predicting the interrelationship of structure and '
transport in porous adsorbent particlés. R T S N 2 B
Another aspect closely related to the intraparticle diffusivity Volumetric Flow Rate, F, [ml/min]

of the hierarchically structured particles (POROS 50 R2) merits
attention. On the basis of dimensional considerations and
morphological observations concerning the gigaporous (through-
pore) network, it has been proposed that these hierarchically
bidisperse particles can be operated under perfusion conditions,
i.e., in such a mode that both intraparticle forced-convection
and diffusion contribute to the fluid transport in the gigapores,
while only diffusion is active in the smaller macropofés.
According to Liapis and McCo¥’ the term “perfusion chro-
matography” refers to any chromatographic system in which
the intraparticle fluid velocity is nonzero. The effect of
intraparticle convection is an enhancement of the overall rate I
of mass transfer in the particle, thereby improving the efficiency o . T :
of diffusion-limited chromatographic operations. It has been Volumetric Flow Rate, F, [mi/min]
pointed out conceptually that its contribution can be well- Y
represented by a convection-augmented effective, intraparticleFigure 3. Intraparticle self-diffusion coefficients of water in (a) the
diffusivity.2398 The first experimental direct confirmation of net chromatographlc media and (b) column pressure drop as a function of
flow through gigaporous particles has been reported recentlythe volumetric flow rate/A = 60 ms.
in a test apparatus that isolates single parti¥deBSigure 3a
however shows that within the range of hydrodynamic condi-
tions encountered in our current worR;ny4 in all the chro-
matographic media remains constant in the purely diffusive
tortuosity-limited regime Dingra < Dm and tinga > 1). As can
be concluded from Figure 3b which records the accompanying
pressure drop over the 4% 150 mm columns and also from
a comparison with the results reported by Pfeiffer e?%ihe e
actual pressure gradient across individual particles in the packed,
bed is probably too small to act as a driving force for any
measurable intraparticle forced-convection assisting or even
dominating fluid transport. Thus, compared to the other two
supports, the low tortuosity factor recorded for the hierarchically
bidisperse particle structure resembles diffusion control in a yet
superior pore network, without the need to postulate, at this
stage at least, the operation of a perfusive mechanism. 9C 5 A[azc 204C
intr

T T T T T T T 1 T T T
181 O POROS 50 R2
® SOURCE 30Q
YMC ODS-A S50

Column Pressure Drop [atm]

]
;

within (increased) timeA will no longer contribute to the

ensemble of purely diffusive fluid molecules which is found

centered at zero net displacement. At long enough observation
' times the stagnant fluid fraction has disappeared and exchange
is complete (cf. Figure 1). Consequently, this situation resembles
the general case of an unsteady-state diffusion of a solute into/
out of spherical, porous particles in which the spheres are
mptied or, vice versa, filled by diffusion, and it can be treated
nalytically in the same manner. Thus, when we then consider
the case in which the diffusion (no chemical reaction yet) from
the bulk of the particle of radius, to its surface is radial, i.e.,
the initial and surface conditions are such that the concentration
C of a solute only depends onand timeA, the diffusion
equation for a constant diffusion coefficient takes the ®rm

Next, we turn to the stagnant mobile phase mass transfer B_A_ (8)
kinetics which is associated with the exchange of fluid molecules
between the investigated purely diffusive intraparticle pore
network (already with a preknowledge of the respective values
of Dintra) @and the diffusive-convective interparticle void space,

how we can acquire and analytically describe it, and to the
complementary information it provides. au 20U

Nonsteady-State Diffusion into/out of Spherical Particles. ~ = Diwa— for O=r=<r, 9

? ror

With the substitutionu = Cr and assuming an initial
concentrationCi(r) in the sphere and surface concentration
Cs(A), the equations for u becofife

On the basis of the net (dynamic) displacements of the fluid 9A or’

molecules over time\, the propagator formalism provides a .

guantitative characterization of the stagnant and moving fluid with

in the packed bed using the PFG-NMR technique. Averaged U=0 when =0 and A>0

propagator distributions recorded at increasing observation times
thus directly monitor the progressive diffusion out of the u=CyA)r, when r=r, and A>0
spherical particle®® Those fluid molecules which leave the

spheres and participate in the interparticle forced convection U= C(r)-r when O=r<r, and A=0
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These are the equations for diffusion in a slab of thickmigss o7 —
with its ends atr = 0 andr = rp kept at zero andC(A)rp I
respectively, and with the initial distributio@i(r)r. Thus, the oo O POROS 50 R2 .
problem of radial diffusion in (uniform) spheres can be deduced o5l ® SOURCE30Q
from the solution of the corresponding linear problem. Equation & YMC ODS-A $50
9 is of the same form as the analogous differential equation £ o4 .
characterizing heat transfer for unsteady-state heat conduction <
in plane sheets (and spheres). For that case, Carslaw and 3 oo 1
Jaeg€e®have derived an analytical solution which is the product [ ]
of a trigonometric and an exponential series. In terms of the < ]
differential equation (eq 9) and the boundary conditions that 01 b i
the sphere initially is at a uniform concentratio@i(f) =
constant= Co) and that the concentration at the surface of the 0801 ‘ 0.1 ' 4
sphere is maintained steady at ze@(Q) = constant= 0), Observation Time, A [s]
which causes the sphere to be emptied by diffusion, the average
amount of diffusing substance still remaining in the sphere at T T T —— T
any time,Ainra(A), is given by O POROS 50 R2
RCE 30
Andd) 6 = 1 5 o Dintrad ; 332 (;:DS-AQSSO
=— ) —exp—nw (10) s
Aintra(o) .7172 n= n2 I’s \T_E 01 F ]
<
The corresponding solution for small exchange times (and 3 A
small values of the dimensionless paraméter (DinwaA)/r ) g L
is <
001 | ) ) ]
Aintra(A) DintraA 12 ‘?’DintratA — Fau N,
=1-6 + - 0.00 005 B0 o015 020 025 080 0%
Anra(0) ms I’é Observation Time, A [s]
Dinea |12 © nr, ¢ 112 Figure 4. (a) Unsteady-state diffusion and total intraparticle fluid
Zierfc— =1-6/—| +3C (11) fraction unremoved as a function of the observation time. Mobile phase,
ré n= D, A T pure waterF, = 4.8 mL/min (30um particles) and 8.0 mL/min (50

um particles). (b) The effect of the finite particle size distribution

. . becomes evident, best fit of the data to eqs 10 and 14.
At large observation (exchange) tim&son the other hand,

eq 10 approximates to a simple exponential decay function 4). In view of the fact that the monodisperse polymer particles

(SOURCE 30 Q) have a remarkably narrower particle size
Anra(A) — Eexp[— JTZC] (12) distribution than the other two supports (cf. Tablé5ithe effect
Ans0)  7° was investigated further. In passing we note that the influence
of the particle shape is not addressed separately and that a perfect
Figure 4a shows the dependence on the observation time ofspherical shape of the particles is assumed, a fairly reasonable
the amount of stagnant water entrained in the respective particleassumption for these modern supports as can be shown by
packings. At first glance, all the mass transfer data are well- electron microscopy of the media.
described by eq 10 and values of the consBnt Dinya?/rp? Introducing a particle size distribution functidrp), where
obtained from the best fit of the data to this equation are f(ry)drp is the fraction of particles having a radius in the range
summarized in Table 4, together with the corresponding values (rp + drp), the appropriate expression for describing diffusion
obtained by use of egs 11 and 12 at short and long times, out of the spherical particles is
respectively. Evidently, the experimental approach followed in
this work using single-fluid phases, while monitoring a (ficti- Ay (A) 6 = 1 intral
tious) diffusional emptying of the porous particles (Figure 4a), — = — Z— f . f(rp) exd —n272 drp (13)
avoids problems that could arise due to a nonconstant (i.e., Ana0) #2&E1n2" "™ f,ZJ
concentration-dependent) diffusion coefficient during transient

DE ; o , . o
diffusion experimentst , The particle size distributions of the supports have been
A closer look at the data however reveals slight, but measured and particle sizes were found to be normally (Gauss-

characteristic deviations from the best fit to eq 10 which 1) gistributed. Whem anda, respectively, denote the mean
inherently assumes, apart from a constant diffusion coefficient, 5,4 standard deviation of the particle radius, eq 13 then
a uniform diameter of the spherical particles. In this respect, yocome? '

both the particle shape and a size distribution will have a
pronounced effect on the experimental mass transfer cii$¥es. A oD -
Compared to the predictions of eq 10, smaller-than-average_ ™7 _ 6 i f°° %

particles will cause a higher initial rate, while the larger-than- A...(0) 2\/— nZ‘ 2 ry=0

average particles will be responsible for lower decay rates at " 0N 21

long times, especially wheAira(A)/ Ainra(0) becomes smaller o — u\? Dintrad
than about 0.2. This is exactly what we observed for the supports ex
with the larger particle size distribution (Figure 4b and Table a«/E o
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TABLE 4: Exchange Kinetics B = Diyya?/rp? and Dinya for Water

material
parameter YMC ODS-A S50 POROS 50 R2 SOURCE 30Q
B (eq 10) 11.51 19.11 35.48
B (eq 11} 11.94 19.54 e
B (eq 12} 8.62 16.47 35.53
Dina [1075 cn?/s], eq 10 0.73 1.21 0.81
Dintra [LO™° c¥/s], € 14 0.80 1.30 0.83

2 For Antra(A)/Ainra(0) > 0.45.° For 0 < Anra(A)/Aintra(0) < 0.15.¢ Based on the mean particle radius aloh®sing the mean particle radius and
its standard deviation (cf. Table )The initial part of the mass transfer data is missing due to the smaller particle size and the lower limit of the
observation times.

TABLE 5: Dinra from Exchange Kinetics and Steady-State Pore Diffusion

YMC ODS-A S5@ POROS 50 R2 SOURCE 300
parameter ROP CH,CNP H,OP CHCNP H,0P CH3CNP
Dinra [10°5 cn¥/s), eq 14 0.80 1.45 1.30 2.18 0.83 1.48
Dinva [LO~5 cn?/s], Table 2 0.96 1.67 1.46 2.46 1.03 1.77
Ofiim [um] 2.2 1.9 1.7 1.7 1.6 1.4
Ofim/dy 0.044 0.038 0.034 0.034 0.052 0.046
Pe 491 275 491 275 177 99

a Material.® Fluid. ¢ Pe = particle Peclet number 4F,dy/(€inetd?Dm), With €ineer, the interparticle porosity (assumed 0.38) alydthe column
diameter (0.46 cm).

With the information abouy and o, obtained by means of here directly measured (cf. Figure 1 and eq 7). Thus, the latter
independent measurements, eq 14 was evaluated numericallyalues ofDj4 represent the time-weighted average of the fluid
and an indeed excellent agreement with the experimental datamolecules in stagnant regions of the packed bed. On the other
could be established (Figure 4b). The value®gf, obtained hand, the values @, extracted from the mass transfer curves
by this procedure (eq 14) are also given in Table 4. are based on the predetermination of the stagnant fluid fractions

Thus, by taking proper account of the supports particle size over timesA, which represent the volume-weighted average of
distribution (and the shape), a very satisfactory quantitative fluid molecules in (any) stagnant regions of the packed bed,
description of the experimental mass transfer data may beandDin, is then obtained from the decay rate of these curves
obtained from the diffusion equation, and for the moderate (using eq 10 or 14). Included in these dagua(A)/Aintra(0) Vs
particle size distributions encountered in this work, already eq A (Figure 4), is the contribution of the stagnant boundary layer
10 provides a good working definition of the intraparticle which exists under laminar flow conditions at the particles
diffusivity. With the monodisperse particles hardly any error is external surface!® When the fluid molecules diffuse out of
introduced in the determination B, by assuming a uniform  the particles and reach the spheres boundaries they first move
particle size (eq 10). For the other two supports, the effect of through this stagnant film, where the transport normal to the
the broader size distribution leads to an upward correction of surface is dominated by diffusidnhpefore they enter the flow
Dintra Of the order of 8%. These particle size distributions are streamlines. The effect of the boundary layer, an idealized
still representative for today’s high-performance packings where stagnant, spherically symmetric film, is to slightly enlarge each
the distributions tend to be no wider than about 25% around particle?
the mearf! The results are in agreement with theoretical Considering the effect of the stagnant boundary layer on the
analyses on this top#®3-1%which indicate that the particle size  time-weighted average value Bk, any influence is due to
distribution has a significant influence on chromatographic the higher value of the diffusivity within this filmQm ~ Dm)
performance only for much broader or asymmetric distributions. compared to the situation in the intraparticle pore spéged{

The same series of measurements and calculations reported= Dy/7intrs). Following a fluid molecule from the center of the
for water (Figure 4 and Table 4) were also made using spherical particle to its external surface, a characteristic time
acetonitrile as the mobile phase, with similar results. These Ainra Of 325 ms is calculated based on eq 6 for travelling this
values ofDina for water and acetonitrile (eq 14), together with  net distance of, (using water and the porous C18 silica particles
the corresponding data obtained from the steady-state poreas an examplel, = 50 um andtina = 2.24). Assuming a film
diffusion measurements (Table 2) are summarized in Table 5. thickness of 2.Qum (0.04dp), the timeAfn it takes the fluid
It is now instructive to compare the agreement between thesemolecules to pass this stagnant boundary layer (moving normal
two sets ofDinra Values because they necessarily have to be to the particle surface) is less than 1 nis,(= 2.15 x 1075
consistent in terms of the inherently associated fluid dynamics, cm?/s). When each stagnant fluid molecule has enough time to
network topology and particle dimensions. sample both the intraparticle pore space and the film region,

Comparison between Steady-State and Transient Mea-  the time-weighted average of the diffusion coefficieDtggof
surements.There exists a fair qualitative agreement between the stagnant fluid can be expressed as
these two approaches, but it becomes evident that the intrapar-
ticle diffusivities based on the exchange kinetics are systemati- ZDnAn (DiraMinra) + sin A
cally smaller (between 10 and 20%), even though these datay _ " _ . IntraThntr fim™AIm) &, (15)
have been corrected for the effects of the particle size distribu- > z A Ainra T Atim -

n
n

tion. In turn, the particles shape or size distribution does not
influence the values obiya Which are calculated from the
steady-state pore diffusion measurement, because the rms Using for D, and A, the values calculated in the above
translational displacement of the stagnant fluid over titnis example, we findDstag = 1.003®inya. Unfortunately, this
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situation corresponds to observation times where the stagnant 1 —— T
mobile phase mass transfer becomes already complete, because
in terms of probability, fluid molecules originally located at the
center of the particle must also be able to reach the stagnant
boundary layer so that eq 15 can be applied (A~ Ainra =

A, €q 6). But even at the shorter observation times, where the
effective, intraparticle self-diffusion coefficients are typically
measured (cf. Figure 2), a similar dimensional consideration
shows thaDstag”~ Dintra to within 1.5%. Thus, the influence of

the slightly different diffusivity experienced by the fluid
molecules in the stagnant film enveloping the spheres on the
determined values of the steady-state intraparticle diffusivities
(given in Table 2 in form of the respective tortuosity factors) 0.00 002 P E—v ot X0
can be neglected.

The situation is different for the reported transient measure- _ L
ments. The volumerc efect of e sagnant boundary layer {6 % Leres e fou e o0 e b mies serance
mapifests itself in an additional (diffusional) mass transfer C18 silica particlpes (YMF(): ODS-A SSO).lBest fit ofpthe data to gq 14
resistance external to the spheres. Thus, the actually stagnanfsojig line).
interstitial fluid in the packed bed at a given Peclet number

dictates an effective interparticle porosity available for flow. with eqs 10 and 14 are summarized in Table 6. As may be seen

On the other hand, the mean particle radius enters in egs 10ia flow rate probably has an effect and the valueDgfa
and 14 as a squared “constant”. From an intraparticle viewpoint, apparently increases steadily when the mean particle radius is

thiﬁ imfrrneo_liately s_ulggesJ_s the ir|1trdo_ductki]onf_|of ah_h;ll(drodynami- maintained strictly constant at its value obtained from the

cally effective particle radius (including the film thicknesn) particle size distribution measurement.

to account for its contribution to the recorded mass transfer Th kind of ob tion h readv b de by Bovd

kinetics. It certainly represents an oversimplified picture of the ; l;a'satrtr]le' ml oro lservak|on tﬂs all('reat.y e]?.” ma ehy oy

(considerably streamlined) stagnant fluid at the free surface of €t &l In their classical work on the KINelics of 1on exchange
adsorption processes in a shallow-bed apparatus. For their

the particles and in the cusp regions around their contact points,d_ff ion-limited bile ph for kineti

but nevertheless provides a tractable starting point within this r: u5|on-r|]m|tef staagnar;t m% ne pdase masshtra;lns er melzlcs

study to cover the average effect. t ese aut" ors found a clear dependence on the flow rate of the
constant”B = Dinga?/rp? in eq 10. They concluded that the

For the calculation of the data reported in Tables 4 and 5, . . : .
the mean particle radius was used as determined from the'c_"'irt_'de_S were made effectively s_llghtly larger pyasurroundmg
liquid film which should be an inverse function of the flow

particle size distribution measurement. Now, the accurate values .
of the steady-state pore diffusivities act as a boarder line for VEIOCItY-

Dinra @nd the systematically lower diffusivities obtained from  Thus, by keeping now in our calculations the acetonitrile
the exchange kinetics are adjusted to these numbers by definingntraparticle diffusivity constant at its value known from the
the hydrodynamically effective particle radiugt = rp + fim, steady-state pore diffusion measuremé@ie = 1.67 x 1075

i.e., the steady-state diffusivities (Table 2) are used as input cn¥/s), the increase in Peclet number is accompanied by a steady
parameters in eq 14 and the (“effective”) mean particle radius, decrease of the film thickness from 3.1 to L@ (r,* from

with 4 = rp*, is fitted. The values ofsm obtained by this 28.2 to 27.0um, Table 6). Due to the dimensions inherently
procedure are listed in Table 5. The measurements were madénvolved (50 and 3Qum particles), the absolute effects are

at a volumetric flow ratef,, of 8.0 mL/min in case of the 50  expectedly small. We now seek for dimensional estimates of
um particles and at one of 4.8 mL/min with the smaller.30 the boundary layer and its dependence on the hydrodynamics
particles due to a higher column pressure drop in this case. Theavailable from literature data.

corresponding (particle) Peclet numbers of each experiment are In an attempt to describe the interplay of convective and
also given in Table 5. Depending on the actual hydrodynamic diffusional mixing of unsorbed solutes in the interstitial space
conditions, we find a film thickness for the different fluid phases of packed beds, Hoftla and Lirt% argued that eddy dispersion
and support particles ranging between 1.4 andu2n(i.e., up  occurs only outside the stagnant film, i.e., in the liquid which
to 0.0%l,). These data are now inspected in view of their is actually moving between the particles. To evaluate the
dimension, but they are too limited to allow conclusions about thickness of this film they came up with the “free surface model”
the dependence of the stagnant boundary layer thickness orof Pfeffer and Happé?®-197who developed it in their analytical
molecular diffusivity (HO and CHCN) and Peclet number.  study of heat and mass transfer to a bed of spherical particles
Compared to the 5am particles, the results obtained for the at low Reynolds numbers. These authors found that at high
30 um spheres (Table Sim/dy), however, indicate that the  peclet (Pe) numbers the Sherwood (Sh) number depends on Pe

® F, =1.6mimin’

O F,=8.0mimin’

Ainlra (A) / Aintra (0)

01t

Observation Time, A [s]

boundary layer is thicker at lower Peclet numbers. by
The flow rate dependence (above Re0) of its thickness
is an important criterion for the existence of a stagnant boundary K dl
at the interface. To confirm this observation, we conducted Sh= -2 opg® (16)
experiments at different flow rates and carefully recorded the D

complete mass transfer kinetics with purely diffusive particles.

This ensures that the intraparticle diffusivity itself will be Here, kaqm is the fluid film mass transfer coefficient and the
independent of Pe (cf. Figure 3a) and any significant differences value ofQ is a function of the interstitial porosity only, changing

in the observed exchange kinetics may then be traced back tofrom 3.6 to 3.2 whenejyer varies from 0.36 to 0.42. Fair

a change in the hydrodynamically effective particle diameter. agreement with this dependence has been obtained by Wilson
Figure 5 shows the results for acetonitrile in the column packed and Geankopli€® on the basis of their electrochemical mea-
with the 50um C18 silica particles. The parameters obtained surements (for 0.0016& Re < 55).
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TABLE 6: Flow Rate Dependence of Mass Transfer Kineticg

Fy [ml/min] Pe Dintra [1075 cr?/s]° Ie* = rp+ Ofim [um]° Ofim/dp Bd Ofim [um]®
1.6 55 1.34 28.2 0.062 19.2 3.7
4.1 141 1.42 27.3 0.044 20.9 2.7
8.0 275 1.45 27.0 0.038 21.3 2.2

2 Mobile phase: acetonitrile. Packing material: &t C18 silica (YMC ODS-A S50)° Calculated with eq 14, assuming a constant mean
particle radiusr, = 25.1um (Table 1).c Obtained from eq 14, using a constant diffusiviara = 1.67 x 1075 cn¥/s (Table 2)4 B = Dinya?/r 2,
eq 10.Based on eq 17, witl2 = 3.6.

0.2 | N

07 o T . ———————y single decay curve characteristic of Fickian diffusion. It
L O H,0 demonstrates that in this case simple geometrical aspects
oL  ® 2> | porossorz | ) . ; < N
('} B CHCN (particle shape, mean diameter, particle size distribution, and
05| % J the tortuosity factor) are the only important parameters which
g . ® H0 ] ymc ops-asso | characterize the stagnant mobile phase mass transfer resistance.
& CH,CN ; PR ; ;
£ 04r % o Chy . In this respect, the results indicate again the importance of the
< o3 ] actual correlation (or randomness) of pore interconnectivity in
= [ the particles.
£

O H0 Conclusions

0.1 ] SOURCE 30Q fe
1T @ CHON I 7
' ] I — : 1

The PFG-NMR approach followed in this work allows to
record two series of data with complementary character regard-
ATAL=2D AT (T D) ing the diffusion and exchange kinetics in chromatographic
Figure 6. Total fraction of the stagnant fluid remaining unexchanged med"’%‘- The steady-state pc_)re d_|ffu5|on _m_easurement_ gives an
in the packed beds as a function of the observation time, normalized €ff€ctive, intraparticle self-diffusion coefficient from which the
by the characteristic exchange tim&g(. Mobile phases, water and ~ respective tortuosity factor can be calculated. The results
acetonitrile.F, = 4.8 mL/min (30um particles) and 8.0 mL/min (50  demonstrate the profound effect of the actual correlation of
pm particles). interconnectivity between different pore sizes and thereby
. . . L achieved hierarchy in pore structure on the associated transport
The film thickness was then obtained by relating it to the panavior. It has a strong impact on the chromatographic

mass transfer coefficient via the Nernst diffusion I&fer performance of the support. These data are independent of the

0.0 N
0.1

D d actual packing quality of particles in the column, their shape or
O =—0—_ P 17 size distribution, and external contributions due to the stagnant
film /3 ( )
Kim QPé€ boundary layer.

The observational time scale of the PFG-NMR method can

of eq 17 (strictly applicable for Pe 50) is given in Table 6 transfer kinetics in the packed bed of porous particles. These

e e o oot mecaunsments e s epgelea a nfuenced by the respectve parile shape and iz
from the calculated ones by up to 20%, they still fall into a distribution, and by the hydrodynamics of the stagnant boundary

: o layer (consequently, also by the packing density), which presents
reas_on_able order of magnitude an(_j follow quahtatwc_aly the diffusional mass transfer resistance external to the patrticles. The
predictions of eq 17. It should be pointed out that at this stage

and with the available data such a comparison should hel toeffec’[S of the particle shape and size distribution can be
S . o pariso N€P 10 5 ccounted for by independent measurements and the diffusion
gain dimensional insight, rather than providing quantitative

descrintion or agreement equation provides an excellent quantitative description of the
Thug byintrogucing afiow rate dependent, effective particle exchange kinetics including this information. Slight corrections

radius Which is similar to the definition of an éﬁective (velocity (<lO%) of the_ |ntra_part|_cle_d|ff_usw|ty are four!d_for moderate

depen,dent) interparticle porosity, the PFG-NMR approach Gaussian particle size distributions. The remaining effect of the

appears promising to study the (relative) hydrodynamic behavior stfagnﬁn;bo(;mdary Ia{ler an 2.6 accoutnth (fjc_)r by Ehe IﬂtLQdﬁC_thl’l
of the interstitial stagnant fluid volume in packed beds of porous 0 ad%/ :jo ynadm|capy el fc |vebpar icle diameter, which IS
particles. (N.B. For the sake of completeness, it has been pointeoIoun 0 depend on Fecle num_ er. . .
out correctly that the film mass transfer coefficient used by  The approach shows potential to study and differentiate
Horvéah and Lirt% was originally derived under conditions of ~ Petween the mechanisms that may contribute to the mass transfer
a concentration boundary layer profié. The correct film N porous particles. This points toward enhanced surface
thickness thus would be the concentration boundary layer diffusion and intraparticle-forced convection, which both may
thickness which will be less than the Nernst diffusion layer D€ responsible for higher effective, intraparticle diffusivities than
thickness.) those within the tortuosity limited regime (i.®inya < Dm and
Finally, we close by returning to the topological aspect of Zinwa > 1) encountered in this work. Further, the kinetics of
the intraparticle pore network. All mass transfer data recorded @dsorption/desorption could be derived more accurately if we
for the three packing materials are plotted in Figure 6 against orrect properly for the intraparticle diffusivity contribution.
the observation time which now has been normalized by the Thus, it will be extremely useful to carry out similar determina-
characteristic exchange time defined by eq 6. In the calculation tions on a variety of other relevant chromatographic and ion
for Ae the intraparticle tortuosity factors obtained from the €xchange media.
steady-state pore diffusion measurement (Table 2) have been
used. The exchange kinetics obtained for the small, nonsorbed Acknowledgment. One of the authors (U. T.) gratefully
fluid molecules in the different pore networks collapse onto a acknowledges the award of a Marie Curie Fellowship under
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We have studied hydrodynamic dispersion in single-phase incompressible liquid flow
through a fixed bed made of spherical, permeable (porous) particles. The observed
behaviour was contrasted with the corresponding fluid dynamics in a random pack-
ing of impermeable (non-porous) spheres with an interparticle void fraction of 0.37.
Experimental data were obtained in the laminar flow regime by pulsed field gradi-
ent nuclear magnetic resonance and were complemented by numerical simulations
employing a hierarchical transport model with a discrete (lattice Boltzmann) inter-
particle flow field. Finite-size effects in the simulation associated with the spatial
discretization of support particles or dimension and boundaries of the bed were min-
imized and the simulation results are in reasonable agreement with experiment.

Keywords: fixed beds; stagnant zones; diffusion-limited mass transfer; lattice
Boltzmann flow field; pulsed magnetic-field gradient NMR

1. Introduction

An understanding of transport phenomena in porous media is important for many
technological and environmental processes such as enhanced oil recovery, paper man-
ufacturing, subterranean transport of hazardous wastes, filtration, or fixed-bed oper-
ations in catalysis and separation science (see, for example, Bear 1988; Dullien 1992;
Sahimi 1995). In the past, several approaches have been developed to study trans-
port phenomena in porous media and numerical simulations, in particular, were

1 Present address: Lehrstuhl fiir Chemische Verfahrenstechnik, Otto-von-Guericke Universitat Magde-
burg, Universitatsplatz 2, 39106 Magdeburg, Germany (ulrich.tallarek@vst.uni-magdeburg.de).
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often employed to connect theoretical analysis with experimental measurements. The
extremely complex geometry inherent to porous media, however, has always been one
of the major difficulties in these studies. Several simplifications in pore structure or
transport mechanisms have been introduced to allow more efficient computer sim-
ulations. In the last decade, lattice-gas and lattice Boltzmann simulations (see, for
example, Rothman & Zaleski 1997; Chen & Doolen 1998; Chopard & Droz 1998)
have proven to be versatile tools in simulating a wide variety of applications related
to transport in porous media. Examples of such applications are diffusion and flow,
including multi-component or multi-phase flows in several models of porous media
such as spherical bead packings (Maier et al. 2000), fibrous media (Koponen et al.
1998; Clague et al. 2000) and even digitized samples of real porous media (Ferréol
& Rothman 1995).

In this contribution we are interested in the hydrodynamic dispersion in porous
media, i.e. transport of tracer particles in a solvent by flow and molecular diffusion
within a complex pore network. This problem, also known as pore-scale dispersion,
has been the subject of many studies (see, for example, Gunn & Price 1969; Han
et al. 1985; Koch & Brady 1985, 1987; Gunn 1987; Salles et al. 1993; Lebon et al.
1996; Lowe & Frenkel 1996; Stapf et al. 1998; Tallarek et al. 1998b, 1999; Manz et
al. 1999; Maier et al. 1998, 2000). In these studies a wide variety of techniques have
been applied to probe the motion of tracer particles in a porous medium. Significant
progress has been obtained by using theoretical methods, experimental measurements
based on pulsed field gradient nuclear magnetic resonance (PFG NMR) and numer-
ical simulations based on traditional finite-difference schemes and lattice Boltzmann
algorithms in combination with Monte Carlo methods.

To the best of our knowledge all the numerical modelling efforts conducted so far
has focused on porous media composed of impermeable spherical beads. Therefore,
transport is solely restricted to the void space between the bead particles or the
so-called interparticle transport. Here we consider porous materials with additional
purely diffusive stagnant regions inside the beads, thus allowing for intraparticle mass
transport. Our model porous medium is composed of permeable spherical beads with
a rather complex tortuous network. These extra stagnant zones have a substantial
influence on dispersion, since fluid molecules entrained in the deep diffusive pools
of the particles give rise to a hold-up contribution and affect both the time-scale of
(transient) dispersion and the value of the asymptotic dispersion coefficient (Koch
& Brady 1987; Salles et al. 1993; Hulin 1994).

From a computational point of view, the main difference between our system and
those studied previously is that characteristic time- and length-scales associated with
an exchange of fluid molecules moving in velocity extremes of the flow field may dif-
fer by several orders of magnitude. Therefore, a direct numerical simulation that
resolves transport processes including geometrical details of the tortuous pore net-
work inside the permeable beads is not feasible, even with current state-of-the-art
high-performance computer systems. Instead we followed a hierarchical and semi-
empirical modelling approach. The flow field in a computer-generated model of the
interparticle pore space was computed by means of a lattice Boltzmann algorithm.
A particle tracking method was then used to record tracer dispersion in the entire
interconnected (interparticle and intraparticle) pore network. The actual morphology
of the intraparticle pore space is lumped into the model by an effective intraparti-
cle diffusion coefficient Dj,ipq, itself obtained from the PFG NMR measurements.
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Figure 1. Illustration of different spatio-temporal scales concerning possible velocity extremes
in the mobile phase (and associated mass transfer phenomena based on molecular diffusion or
lateral dispersion) in a packed bed.

Mass transfer through the interparticle-intraparticle interface is accounted for by a
stochastic approach.

2. Simulation methods

It has already been indicated in the Introduction that fluid transport through the
packed bed involves a hierarchy of time- and length-scales. In the measurements, for
example, we used spherical, totally porous particles with average diameter 50 um
packed into a 4.6 mm internal diameter (d.) cylindrical column. Pores inside the
particles have a mean diameter (djoye) of only 12 nm. The size of interparticle voids
is ca. 25-40% of the particle size (Dullien 1992) and exceeds the intraparticle pore size
by a factor of more than 103. Mainly due to this variety of spatial and corresponding
temporal scales with respect to the flow heterogeneity and mass transfer (see figure 1),
we did not attempt a model which simultaneously resolves details at all scales, but
exploited a hierarchical approach.
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(a) Interparticle transport

Fluid transport in the voids between bead particles is due to a combination of
pressure-driven convection and molecular diffusion. Similar to the detailed work
reported by Maier et al. (2000) we used a lattice Boltzmann (LB) algorithm for
the computation of the fluid flow field and a particle-tracking method to calculate
tracer motion in the LB velocities. In LB methods local streaming and collision
rules define a mesoscopic world from which the correct hydrodynamic behaviour in
certain flow regimes emerges at a macroscopic level (Chopard & Droz 1998; Chen
& Doolen 1998). In this paper we use the D3Q19 lattice Bhatnagar—Gross—Krook
(BGK) model, where the collision operator is based on a single-time relaxation to the
local equilibrium distribution (Qian et al. 1992; Chopard & Droz 1998). To define
the displacement probability distributions or averaged propagators P,, (R, A), a large
number of tracer molecules has been distributed in the computational domain. Since
interparticle transport is driven by flow and diffusion, the position of each tracer
particle during an elementary time-step dt is determined by convective and diffusive
contributions and its time evolution can be described by (Maier et al. 2000)

r(t+0t) = r(t) +u(r(t))st + orP. (2.1)

u(r) is the local velocity at r approximated with the computed flow field by a linear
interpolation of velocities at neighbouring lattice nodes. 67 is the displacement due
to molecular diffusion and can be modelled by a random-walk process:

6P = €\/6D 6, (2.2)

where Dy, is the free molecular diffusion coefficient (D, = 2.15 x 1079 m? s7! for
water at 25 °C) and £ is the unit vector with a random orientation in space. P,, (R, A)
is then determined by calculating the number of particles with a net displacement R
after time A. The total number of tracer particles is chosen such that statistical fluc-
tuations in P,, (R, A) are small, and the time-step in these simulations is constrained
by the maximum net displacement and the lattice spacing (Maier et al. 2000).

(b) Intraparticle transport

Transport inside the bead is purely diffusive because the mean velocity through
a network of interconnected pores increases with the square of the pore diameter
(Bear 1988). Thus, intraparticle pores (assuming that they are well interconnected
like interparticle pores in a bed of uniform hard spheres—and even this is not guar-
anteed) restrain fluid motion to a velocity approximately a factor of 10° less than the
interparticle average. Intraparticle diffusion is incorporated in the simulation semi-
empirically, i.e. we use Diptra = 7.3 X 1075 cm? s™1 obtained experimentally for this
packing material by PFG NMR (Tallarek et al. 1999). The motion of tracer particles
is modelled by equation (2.1), neglecting the convective term.

(¢) Mass transfer between intraparticle and interparticle pore space

Close to the particle’s external surface, in the thin hydrodynamic boundary layer,
transport normal to the solid-liquid interface is dominated by diffusion. In the case
of porous beads, molecules can enter or leave the deep pools of stagnant fluid only
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through pores that lead from the particles interior to the external surface. Initially,
tracer molecules are distributed uniformly in the interconnected pore space. In deal-
ing with the geometrical restrictions for the tracer flux through the sphere’s external
surface we follow a probabilistic approach. Close to this interface fluid transport is
diffusive in both the inner (Di.,) and outer (ca. Dy,) pore space. Corresponding
differences in diffusive displacements within the interparticle and intraparticle pore
space become apparent in different probabilities for entering or leaving a sphere. By
using mass-balance arguments the following relation can be derived for the entrance
and exit probabilities penter and Peyit:

- Dintracintra - Dintra Nintra€inter 23
Penter = D Pexit = D 1 Pexit - ( . )
mCinter m ninter( - Einter)

Here g;,10, 18 the porosity of the interparticle pore space and nj,ier and nipepq are the
number of particles in the interparticle and intraparticle pore space, respectively.
Cintra = Mintra/ (1 — Einter)V and Cinter = Ninter/Einter V. are the intraparticle and inter-
particle tracer concentrations, and V is the total volume of the porous medium.

In the simulations, we assume that the probability for leaving a particle is 1. This
choice is optional because the important aspect is the ratio of entrance and exit
probabilities.

3. Experimental set-up and measurements
(a) Packed column

A 4.6 mm internal diameter x 150 mm? long cylindrical poly(arylether-ether-ketone)
column was packed and consolidated using the slurry technique (see, for example,
Neue 1997). We used conventional silica-based particles as packing material. These
spherical particles have a relatively narrow and Gaussian size distribution, which
has been measured on a Coulter LS 130 particle size analyser (Beckman Coulter,
Fullerton, CA). Particles are porous (by 50%) and intraparticle pores have an average
size of 120 & 15 A. The mean particle diameter (d,) is 50.2 pm, with a standard
deviation of 10.6 pm. In general, the interparticle porosity &jyier in columns packed
by using slurry technology (as in our case) ranges between 0.38 and 0.4 (Stanley et
al. 1997), but can be smaller (ca.0.35) when compression techniques like hydraulic
axial or radial compression are applied (Neue 1997; Stanley et al. 1996).

(b) Displacement probability distributions by PFG NMR

In an ideal PFG NMR experiment (Stejskal & Tanner 1965) without spatial local-
ization gradients, the complex signal, E(q, A), bears a direct Fourier relation with
the Lagrangian averaged propagator, P,, (R, A), of the fluid molecules (Stejskal 1965;
Kérger & Heink 1983; Callaghan 1993):

S(g, A :
E(q,A) = ﬁ = /Pav(R,A) exp(i2mq - R) dR. (3.1)
P, (R, A) gives the average probability for any particle to travel a dynamic (net)
displacement R over time A in the direction of the pulsed magnetic field gradi-
ents of amplitude g and duration § (Kérger & Heink 1983). This gradient area
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defines a wavevector q = (2m)~1vdg in g-space, which is space reciprocal to the
dynamic displacement R (Callaghan et al. 1991; Cotts 1991). Thus P,,(R,A) can
be reconstructed from the PEFG NMR signal by Fourier transformation of E(q, A)
with respect to g. Due to the inherent time-scale (including values for A from a few
milliseconds up to a few seconds), it is possible to recover convective and stagnant
fluid in P, (R, A) and study the associated mass transfer kinetics if, in general,
A K lSQtag /2Dgtg, Where Iy, is a characteristic dimension of the stagnant zone and
Dy is the diffusion coefficient. In this way PFG NMR has been used to measure the
intraparticle effective diffusion coefficient D;,.o that we subsequently employ in the
simulation to account for the actual morphology of the intraparticle pore space (Tal-
larek et al. 1998a, 1999). Experiments were performed with a constant gradient pulse
duration (6 = 2.5 ms), but gradient amplitude was incremented using the stimulated
echo sequence (Karger et al. 1988), taking 64 g-steps in the range of +q, .« and 56
phase-alternated signal averages at each value of q. Details of the NMR hardware
configuration can be found in an earlier publication (Tallarek et al. 1998a).

4. Results and discussion
(a) Porous medium

Prior to a presentation of the actual results concerning the inherent dispersion process
we briefly discuss some important aspects of our model porous medium. The packed
bed used in the NMR experiments is characterized by a column-to-particle diameter
(aspect) ratio, ¥ = d./d,, of the order of 100. For the simulations, however, we
needed to restrict ourselves to a much smaller system (1) = 10 and a length of 40d,,)
because of computational limitations. In this respect it is well known that for beds
of identical spheres the interstitial porosity (€inter) Starts with a maximum value of
unity at the column wall and displays damped oscillations with a period close to d,,
over a distance of up to 5d,, into the bulk until the void fraction reaches values which
are typical for random packings (€ipter = 0.38-0.40) (Bey & Eigenberger 1997; Giese
et al. 1998). Tt is caused by a decrease of packing order as the distance from the wall
increases.

The consequences of this geometrical wall effect for macroscopic flow heterogeneity
on a column scale (see figure 1), axial dispersion, and particle-to-fluid heat and mass
transfer are particularly severe at aspect ratios below 15 where the critical ‘wall annu-
lus’ occupies a substantial fraction of the bed’s cross-section (Hsiang & Haynes 1977;
Martin 1978; Carbonell 1980; Ahn et al. 1986). For systems with a larger 1, however,
these effects become smaller and it was found that, for example, the dispersion in
beds of spheres is then independent of ¢ (Gunn & Price 1969). To represent closer
the column cross-sectional average of fluid transport in the PFG NMR measurements
(1 & 100) we considered periodic packings in the simulations (¢ = 10).

There exist a number of algorithms which may be used to generate a random
packing of spheres even though the expression of actual randomness in such a system
still poses challenges (Torquato et al. 2000). In particular, Monte Carlo schemes
(Tobochnik & Chapin 1988) and drop-and-roll methods (Visscher & Bolsterli 1972;
Lebon et al. 1996) have been used. To obtain an adequate representation of our
porous medium, a random packing of identical hard spheres has been simulated using
the Jodrey—Tory algorithm (Jodrey & Tory 1985). This method was chosen because
of its efficiency and the dense bed that we actually required (€inper = 0.37). Since
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Figure 2. Pair-correlation function for a sphere packing of dimension 10D x 10D x 10D.

we have reproduced this algorithm with only slight differences we will not discuss it.
One of the most widely known tools for investigating ‘randomness’ of a bed structure
is an analysis of the pair-correlation function g(r). g(r)d3r is proportional to the
probability of finding a sphere with its centre in a volume df;r at distance r from a
given point. It is normalized to unity when r goes to infinity. We checked whether
g(r) of the bed exhibits features well known for random structures (Gusak 1987).
In particular, a double-peak characteristic for close packing appears in the range
1.7-2.0, and oscillations decay to unity at larger r (figure 2).

(b) Finite-size effects

LB methods have proven to be versatile tools in the simulation of fluid flow through
porous media (Chen & Doolen 1998; Koponen et al. 1998; Clague et al. 2000), mainly
due to their flexibility in dealing with arbitrary and complex geometries. Further, the
inherent spatial and temporal locality of the simulation algorithm makes it ideal for
parallel processing, facilitating large-scale simulations (Kandhai et al. 1998). Com-
monly, the no-slip condition at the solid-liquid interface is implemented by a simple
bounce-back formalism. However, it has been pointed out that problems related to
this bounce-back boundary condition may lead to a significant error in the flow field
(see, for example, Kandhai et al. 1999). In practice, a sufficiently large computa-
tional grid is often required to reduce these effects. To gain more insight into this
artefact we performed preliminary simulations for flow in a periodic box of dimension
10D x 10D x 10D (with D equal to the diameter of the beads in lattice units) and
Einter = 0.37. The BGK relaxation parameter is unity and viscous flow is driven by
a constant body force. From the flow field we computed the hydraulic permeability,
K, using sphere diameters of 10, 15, 20, 25 and 30 lattice points. K is often used to
characterize flow through porous media and expresses the flow resistance by the solid
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Figure 3. Finite-size effects. (a) Dimensionless bed permeability (k = K/r7) versus the spatial
discretization of a particle. (b) Velocity autocorrelation function Ct.(t)/Ct(0) versus dimension-
less convective time in random sphere packings of different length, einter = 0.37.

phase (Bear 1988). Figure 3a shows computed values of dimensionless permeability
k=K/ 7"12) for a different sphere discretization. It is obvious that as the resolution is
increased k approaches a constant value and the difference between results obtained
with a diameter of 20 lattice points is less than 11% compared with 25 lattice points.
A further increase does not significantly improve the results.

Besides numerical errors associated with the boundary conditions, recorrelation
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effects due to the periodic boundaries may also influence dispersion. These effects
were studied in detail by Maier et al. (2000) and can be analysed to some extent
via the velocity autocorrelation function (VACF) for a simulation box and Peclet
number while changing dimensions. The VACF measures the decay of the velocity
autocovariance from its initial value. The longitudinal velocity autocovariance C1,(t)

is defined as
N

Cu(t) = D (uit) = ttay) (5(0) = ua ) (4.1)

i=1

with u; (t) the velocity of tracer particle 7 at time ¢, u,, is the mean velocity of tracers,
and the VACF is given by C1,(¢)/CL(0). Figure 3b compares the behaviour of systems
with dimension 10D x 10D x 10D and 40D x 10D x 10D. It is clear that stronger
recorrelation effects are present in the smaller system. They tend to slow down the
decay of the VACF, thereby increasing the longitudinal dispersion coefficient by an
artificial contribution (Maier et al. 2000). Based on these observations we used the
system with 40D x 10D x 10D, D = 20 lattice points, and, thus, a grid size of
800 x 200 x 200 in our final simulations.

(¢) Propagator distributions

Figure 4 begins with a comparison of simulated propagator distributions for the
random packings of non-porous (impermeable) and porous (permeable) uniform
spheres. The characteristic differences in propagator position and shape for the oth-
erwise identical sphere packings originate in the existence of a pronounced intra-
particle stagnant zone in the case of porous particles. The volumetric flow rate
(Fy) is the same in both cases, but it results in different averaged linear veloci-
ties through the bed (u,, = Fy/erA with A the column’s free cross-sectional area)
according to the total porosity et of the respective pore space: e = einter = 0.37 for
non-porous spheres and et = €ipger + (1 — Einter)€intra = 0.68 for porous spheres
(Cintra = 0.5Viphere). Consequently, at observation times A < 7“12)/2Dint1,a (rp is
the particle radius) we observe a stagnant, i.e. diffusion-limited, fluid fraction in
P, (R, A) very close to zero net displacement (figure 4).

It contains molecules that have remained only inside the particles over time A (dif-
fusive ensemble), while those molecules leaving or entering the sphere gain a net dis-
placement due to interparticle flow. By contrast, P,, (R, A) for the random packing
of non-porous spheres does not reveal any diffusion-limited fluid, i.e. molecules which
temporarily experience the no-slip condition at the solid-liquid interface exchange
rapidly with downstream velocities in the interparticle channels of only a few micro-
metres in dimension. Thus, boundary-layer mass transfer is already in a steady state
(achieved by diffusion normal to the interface) at the shortest observation time real-
ized in our study (A = 15 ms). Intraparticle motion of tracer molecules is computed
via equations (2.1) and (2.2) with zero velocity field and by using the experimental
Dintra = 7.3 x 1075 cm? 57! for water inside these particles (Tallarek et al. 1999)
instead of D, to represent tortuosity-limited effective diffusion. When comparing
simulated bimodal propagator distributions obtained for porous particles with the
results of our PFG NMR measurements we observe a reasonable agreement regard-
ing the reproduction and scaling with time of interparticle convective—diffusive and
intraparticle stagnant fluid (cf. figure 5).
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Figure 4. Simulated displacement probability distributions for pressure-driven flow of water

through a random packing of spheres. The system size is 40D X 10D x 10D with D = 20 lattice
points. (a) A =25ms, (b) A =90 ms.

5. Conclusion and outlook

Compared with non-porous (impermeable) spheres, a fixed bed of porous (permeable)
particles contains an additional contribution to the dispersion which arises from lig-
uid hold-up (diffusion-limited mass transfer) in the particles. Both PEFG NMR mea-
surements and numerical simulations characterizing diffusion and convection on a
time-scale short enough to capture the disequilibrium of intraparticle fluid trans-
port indicate, in an encouraging agreement, that liquid hold-up strongly affects
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Figure 5. Comparison of the simulated and measured displacement probability distributions for
liquid flow through a bed of porous particles (d, = 50 pm, er = 0.68). Pe = uavd, /Dn = 274,
Re = uavd, /v = 0.66, kinematic viscosity v = 8.9 x 10~ cm® s~ at 25 °C. (a) A = 45 ms,
(b) A =90 ms.

longitudinal dispersion. Thus, the hierarchical simulation approach presented and
validated in our work enables us to study in more detail the associated (diffusion-
limited) mass-transfer kinetics and influence of stagnant zones on both transient and
asymptotic longitudinal and transverse dispersion. This, in turn, will allow us to
discriminate directly between dispersion mechanisms that originate in flowing and
stagnant regions of the medium and helps to determine whether an inequality of the
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macroscopic flow pattern or mobile phase stagnation contributes most persistently
to transient dispersion at given Peclet and Reynolds numbers. This topic is of fun-
damental importance in many areas ranging from reservoir engineering to separation
science.
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The role of stagnant zones in hydrodynamic dispersion is studied for creeping flow through a fixed
bed of spherical permeable particles, covering several orders of characteristic time and length scales
associated with fluid transport. Numerical simulations employ a hierarchical model to cope with the dif-
ferent temporal and spatial scales, showing good agreement with our experimental results on diffusion-
limited mass transfer, transient, and asymptotic longitudinal dispersion. These data demonstrate that
intraparticle liquid holdup in macroscopically homogeneous porous media clearly dominates over con-
tributions caused by the intrinsic flow field heterogeneity and boundary-layer mass transfer.
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A detailed understanding of transport in porous media
over the intrinsic temporal and spatial scales is important
in many technological and environmental processes [1].
For example, natural and industrial materials such as soil,
rock, filter cakes, or catalyst pellets often contain low-
permeability zones with respect to hydraulic flow of liquid
through the medium or even stagnant regions which then
remain purely diffusive. The relevance of stagnant zones
stems from their influence on dispersion: Fluid molecules
entrained in the deep diffusive pools cause a substantial
holdup contribution and thereby affect the time scale of
transient dispersion, as well as the value of the asymptotic
dispersion coefficient (if the asymptotic long-time limit
can be reached at all) [2—4]. Consequently, the associated
kinetics of mass transfer between fluid percolating through
the medium and stagnant fluid becomes rate limiting in
a number of dynamic processes, including the separation
and reaction efficiency of chromatographic columns and
reactors, or economic oil recovery from a reservoir.

In this respect, transport phenomena observed in model
systems such as random packings of spheres may help to
characterize materials with a higher disorder [5—7]. For
random packings of nonporous (impermeable) particles,
for example, the long-time longitudinal dispersion coef-
ficient is dominated by the boundary-layer contribution
(due to the no-slip condition at the solid-liquid interface)
or by medium and large-scale velocity fluctuations in the
flow field depending on the actual disorder of the medium
and the Peclet number, Pe = % (with ug,,, the aver-
age velocity; d,, particle diameter; and D,,, the molecular
diffusivity) [6,8]. This behavior contrasts with random
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packings of porous (permeable) particles. In that case,
liquid holdup associated with stagnant zones inside the
particles may dominate dispersion when convective times

Ugpl

tc = ~g- significantly exceed the dimensionless time for
o D o
diffusion, t; = d":’t [9]. In many situations, however, both
14

a macroscopic flow heterogeneity and solute trapping in
stagnant zones contribute to transient and asymptotic dis-
persion [3,7,9].

Despite numerous theoretical, experimental, and nu-
merical studies (e.g., [1,7,8,10—12]), the transient and
asymptotic behavior of dispersion in porous media is not
completely understood [13]. In particular, the influence of
stagnant zones with respect to the actual mesoscopic and
macroscopic flow field heterogeneity of the medium has
found little attention in theory and experiment, and fur-
thermore, the additional length and time scale associated
with transport in stagnant regions complicates numerical
simulations. Therefore it leaves the controversy about the
dominating contribution to dispersion and the origin of
long-time tails in residence-time distributions unresolved
[3,7,14], let alone the question whether hydrodynamic
dispersion coefficients exist at all [13]. In this Letter,
we are able to resolve this issue experimentally and
numerically for a macroscopically homogeneous medium
by considering transient and asymptotic dispersion in a
random packing of porous spheres, i.e., in a medium with
bimodal porosity and associated length scales that differ
by orders of magnitude. The results are contrasted to the
behavior observed in packed beds of nonporous spheres.

In the experiments we used pulsed field gradient nuclear
magnetic resonance (PFG-NMR) [15] to measure over

© 2002 The American Physical Society 234501-1
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discrete temporal and spatial domain longitudinal nuclear
spin (hence, molecular) displacement probability distribu-
tions of the fluid molecules in single-phase incompressible
flow through beds of porous particles with average diame-
ter (d,) of 50 and 34 um packed into a 4.6 mm internal
diameter (d.) cylindrical column. Pores inside the par-
ticles have a mean diameter (djore) of only 12 nm. In this
hierarchical pore network the size of interparticle voids is
about 25%—-40% of the particle size and exceeds the intra-
particle pore size by a factor of more than 10°. One of the
consequences is that transport of solutes also occurs on
separate scales and is governed by different mechanisms
[7,9], i.e., while the forced convection dominates transport
between particles, diffusion is the only effective mecha-
nism—based on pore space permeability [1]—that oper-
ates inside the particles.

Mainly due to this large variety of spatial and tempo-
ral domains we did not attempt a model which simultane-
ously resolves the fluid dynamics on column, particle, and
pore scale, but exploited a hierarchical approach in the nu-
merical simulations: A lattice-Boltzmann (LB) algorithm
[16,17] was implemented for computing the flow field in
computer-generated models of the interparticle pore space,
and a particle tracking method was then used to record
tracer dispersion in the total interconnected pore network
(between and inside particles) [12]. The influence of pore
space morphology in a single particle on the effective in-
traparticle diffusivity (Dinera) is not modeled explicitly, but
is lumped into the model by using Dina Obtained from the
PFG-NMR measurements. In dealing with the geometri-
cal restrictions for tracer flux through the spheres exter-
nal surface, we followed a probabilistic approach. Close
to this interface fluid transport is diffusive in the inner
(Dintra) and outer (Diper = D,,) pore space. Correspond-
ing differences in diffusive displacements become apparent
in different probabilities for entering (p.) or leaving (p;)
particles and can be shown by using mass balance argu-
ments to follow the relation

Pe Dintra X €intra
=5 ey

, i Dy
with €y, the porosity of the intraparticle pore space. In
the final flow simulations a periodic packing with dimen-
sion 800 X 200 X 200 (with bead particles of diameter 20
lattice points) was used, and the particle tracking calcula-
tions were performed by using 500 000 particles and a time
step of 0.14 (with A the lattice spacing). A more detailed
description of the numerical methods and generated porous
media including finite-size effects can be found elsewhere
[18]. It should be noted that this numerical approach in-
volves only a single free parameter, Dingra -

Figure 1 compares simulated displacement probability
distributions (propagators) P, (R,A) in random packings
of nonporous and porous spheres where R is the net
displacement of the tracer over time A. Characteristic
differences in propagator position and shape for the oth-
erwise identical sphere packings originate in the existence
of an intraparticle stagnant zone in the case of porous
particles. While the volumetric flow rate is identical
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FIG. 1. Simulated and measured displacement probability dis-

tributions for liquid flow through a fixed bed of spheres after
A = 25 ms (porosity of the inter- and intraparticle pore space,
€mnter = 0.37 and €y = 045, Dipya = 7.3 X 107% cm?s™!,

d, = 50 um, Pe = “2% = 274 and Re = “2 = 0.66 with
kinematic viscosity: » = 8.9 X 1072 cm®s™!). Liquid phase:

degassed water.

in both cases, it results in different averaged velocities
through the bed according to the total porosity of the
respective pore space. Consequently, at observation times

A< ﬁ (7, is the particle radius) we expect a stagnant,
i.e., diffusion-limited fluid fraction in P,,(R,A) very
close to zero net displacement containing molecules that
have remained inside the particles over time A (diffusive
ensemble). Fluid molecules leaving (or entering) the
sphere gain (have gained) a net displacement due to
interparticle convection. By contrast, P,,(R,A) for the
random packing of nonporous spheres does not reveal
diffusion-limited fluid molecules. Those which temporar-
ily experience the no-slip condition at the solid-liquid
interface exchange rapidly with downstream velocities
in channels of only a few micrometers in dimension.
As also seen in Fig. 1 the simulated bimodal propagator
distributions obtained for porous particles are in good
agreement with the results of PFG-NMR measurements.
By recording the amount of stagnant fluid molecules at
increasing A that remain unexchanged with interparticle
velocities, Ainra(A), we can monitor a (fictitious) empty-
ing of the spherical particles characterized by the classical
mass transfer rate constant Bi,ya = WZD%%‘”‘ [19]

Aintra(A) 6 Ll 1 2

Aintra (0) 772 nZ:l n2 exp( " BmtraA) ’ (2)
Figure 2 demonstrates that the experimental and simulated
intraparticle mass transfer kinetics match satisfactorily
(within 3%) using Dipga = 7.3 X 10°° cm?s™! and
r, =25 X 1075 m in both cases. As mentioned, this
value for Dinya is obtained from the experimental data
(Binra = 11.52 s71) [19] and then used in the simula-
tions to reconstruct diffusion-limited mass transfer. The
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FIG. 2. Intraparticle stagnant mobile phase mass transfer ki-

netics (d, = 50 um, Pe = 274).

results in Fig. 2 demonstrate that the semiempirical simu-
lation procedure followed in this Letter works well, as
does Eq. (2) in describing both data sets.

Thus, mass transfer in these spatially discrete stagnant
zones (uniform spheres) has been adequately accounted for
and allows us to focus now on its influence on longitudinal
dispersion which we analyze by [12]

Du(t) = fo Cu(t)dr', 3)

where CL(I) = Zi’vzl[ui(t) - uav][ui(o) - uav] is the
velocity autocovariance [N is the number of tracer
particles and u;(¢) is the longitudinal velocity of particle
i at time t]. Figure 3 compares transient behavior at
constant Pe (d, = 34 um, d. = 4.6 mm). In both ex-
periment and simulation Dy () for the nonporous particles
reaches its asymptotic value (D;) in a much shorter time
(after approximately 50 ms) than with the porous particles
(ca. 160 ms). While we observe a good agreement
between simulation and experiment concerning this time
scale, D; itself is underestimated by the simulation in
either case (by up to 25%). This effect seems to be
systematic as it appears for packings of porous and non-
porous particles and is probably caused by inaccuracies
in the LB flow field (notice that the relative error in the
hydraulic permeability, a measure of the flow resistance
by the solid phase, is around 11%) [18]. Other possible
explanations are related to the influence of the column
wall confining the sphere packing [20], bead particles
not being perfectly monodisperse (as evident from Fig. 2,
cf. [19]), and the fact that the nonporous particles actually
have small (micro)pores at the surface which contribute to
a finite but small particle holdup. With the independently
measured Dinea and known r,, intraparticle diffusion can
be identified as the most persistent contribution to transient
dispersion in the random packing of porous spheres, i.e.,
the holdup dispersion mechanism reaches its long-time
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FIG. 3. Time-dependent longitudinal dispersion for flow

through random packings of porous and nonporous spheres. In
both cases d, = 34 um, €jyer = 0.37, Pe = 54 and Re = 0.13.

behavior after t, = ﬁ [19]. For nonporous particles,
on the other hand, we find a qualitative agreement be-
tween the corresponding time scale (about 50 ms, Fig. 3)
and characteristic time for boundary-layer dispersion
(tp = 40 ms) based on the nonlocal dispersion theory of
Koch and Brady [2]. This transient behavior may be also
due to mechanical dispersion [12,18]. Further work is
needed to resolve these contributions in macroscopically
homogeneous beds of nonporous particles.

Figure 4 compares the velocity dependence of asymp-
totic dispersion coefficients for random packings of porous
and nonporous spheres in the range 0.1 < Pe < 100.
While the simulated data again underestimate experimen-
tal values of D; (cf. Fig. 3) the effect of intraparticle
liquid holdup on a significantly increased dispersion is
evident. Already Aris [21] showed that this contribution
scales with Pe?, a result that was rediscovered later by
Koch and Brady [8]. When analyzing the dependence of
Dj on Pe we have to account for longitudinal diffusion,
mechanical dispersion (0,,), boundary layer mass transfer
(©3) and, of course, the intraparticle holdup (0;) [7,8]

*k

D
D—L =71 4+ 0,Pe + O,Pcln(Pe) + O,P>. (4

m
For Pe — 0 g: approaches the packed beds tortuosity

factor (7) which represents the long-time diffusion coeffi-
cient in the interconnected pore space. This value has been
measured independently by PFG-NMR (without flow) and
is subsequently used in the analysis. We then fitted the
experimental data, D} vs Pe (Fig. 4), to Eq. (4) and the
values of the parameters (7,0,,,®,, 0;) thus obtained
are (0.51,0.153 = 9 X 1073,0.080 + 5 X 107%,1.65 X
1073 +£2X 1074 and (0.74,0.144 = 0.016,0.101 =
0.011,0.020 += 6 X 10™*#) for the packings of nonporous
and porous spheres, respectively. The most striking
feature of this analysis is the substantial difference in ®,
characterizing holdup dispersion. Further, mechanical

234501-3



VOLUME 88, NUMBER 23

PHYSICAL REVIEW LETTERS

10 JunE 2002

350
1 o Experiment
300 Ap . Porous Particles
® Simulation 0@
250 Experiment o®
] pennlmen J Nonporous Particles o8
Simulation 00
200 ~
- &
-~ 1504 O.(Q
*
@
a7 §
100 90
& Lo @0
50— Be g ® .
o o Yy
1 .DO n O oW "
0wt @0 .
I T 1 1 1
0 2 40 60 80 100 120
Pe

FIG. 4. Dependence of asymptotic longitudinal dispersion on
Peclet number in fixed beds of porous and nonporous particles
(d, = 34 um, d. = 4.6 mm). Liquid phase: water. The ex-
perimental data in Figs. 3 and 4 were obtained with an accuracy
of better than 5%.

dispersion is very similar in both columns which were
packed and consolidated by the same procedure. Values
for ©®,, (0.153 and 0.144) are actually of the same
order as ®,, = 0.25 reported by Maier et al. [12] for
their simulation of dispersion in random packings of
nonporous spheres, in the range 1 < Pe < 5000 and
with €jyer = 0.44. As has already been pointed out by
these authors, values for ®;, found in our work (0.08 and
0.101), together with their own value (0.03) suggest that
boundary layer dispersion is much lower than predicted by
the theory of Koch and Brady [8]. A possible explanation
for this discrepancy may be found in the significantly
different porosities considered in that theory, on one hand,
and the simulations and experiment on the other. Even the
relatively small difference in particle volume fractions of
the systems used by Maier et al. [12] (€iner = 0.44) and
in this work (€inter = 0.37) may contribute significantly
to the observed differences in ®,, and ©,.

To conclude, the present work combines experimental
and numerical elements to differentiate between dispersion
mechanisms that originate in stagnant and flowing regions
of a macroscopically homogeneous porous medium. The
numerical simulations employ a semiempirical hierarchi-
cal model with a single free parameter to cope with the
large variety of temporal and spatial scales. The results are
in good agreement with our experimental data and clearly
demonstrate the dominating contribution of liquid holdup
to transient (Fig. 3) and asymptotic (Fig. 4) longitudinal
dispersion in a random packing of porous spheres with
column-to-particle diameter ratio above 100. Persistent
effects due to flow field nonuniformities were not identi-
fied which suggests that characteristic times for mechanical
dispersion are short compared to the diffusive time of this

234501-4

nonmechanical contribution. These findings suggest that
holdup dispersion in porous media may be more important
than assumed in many cases [3,7,14]. One of the remain-
ing challenges is to characterize the relative importance
of mechanical and nonmechanical dispersion mechanisms
when the heterogeneity length scale is increased, e.g., in a
confined random sphere packing with smaller column-to-
particle diameter ratio. Then, the macroscopic flow profile
may start to dominate dispersion and prevent an observa-
tion of Gaussian residence-time distributions [20,22].
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Fluid Dynamics in Monolithic Adsorbents: Phenomenological
Approach to Equivalent Particle Dimensions

By Ulrich Tallarek, Felix C. Leinweber, and Andreas Seidel-Morgenstern*

Due to the complex, often sponge-like structure of monolithic adsorbents it is difficult to define appropriate constituent units
that characterize the hydrodynamics of the material, or to determine relevant shape and size distribution factors comparable to
those for spherical particles in (particulate) fixed beds. Based on a phenomenological analysis of the friction factor (Reynolds
number relation and the longitudinal dispersivity — Peclet number dependence for random sphere packings) we derive
characteristic lengths (i.e., equivalent particle dimensions) for a monolith with regard to its hydraulic permeability and
dispersion originating in stagnant zones. Equivalence to the hydrodynamic behavior in “reference” sphere packings is
established by dimensionless scaling of the respective data for the monolithic structure. This phenomenological approach, which
is simply based on liquid flow and stagnation in a porous medium, can successfully relate hydrodynamic properties of the

monolith to that of particulate beds.

1 Introduction

The recent development of rigid monolithic support
structures has contributed to many technological and envi-
ronmental processes, including selective high surface area
materials (e.g., microcellular foams, nanostructured films,
hierarchically-ordered composites, molded polymers) for
emission control of industrial and automobile gases, high
throughput catalysis and (bio)medical screening, chromato-
graphic separations, or as an important component in super-
capacitors and sensors [1-10]. By controlling chemical
composition, pore and surface structure, as well as physical
properties down to the nanometer scale it is possible to
produce materials with tailored optical, mechanical, electrical
or hydrodynamic properties and increased selectivity for
adsorption/reaction and catalytic processes. The introduction
of hierarchical order in the interconnected pore network and
independent manipulation of the contributing sets of pores
[11] allows the design of highly permeable media and
optimization of solute transport to and from the active surface
sites. Compared to conventional particulate fixed-bed adsor-
bers monolithic materials combine high selectivity and
capacity, mobile phase velocity and mass transfer efficiency
in a unique manner [4,6,12].

2 Problem Formulation

While the solid phase in random sphere packings is
discontinuous, monoliths have a continuous rigid skeleton.
Although differences between monolithic and particulate
stationary phases are obvious with regard to morphology, the

[¥] Dr. rer. nat. U. Tallarek (author to whom correspondence should be
addressed), Dipl.-Chem. F. C. Leinweber, Prof. Dr.-Ing. A. Seidel-
Morgenstern, Lehrstuhl fir Chemische Verfahrenstechnik, Institut
fiir Verfahrenstechnik der Otto-von-Guericke-Universitit Magdeburg,
Universititsplatz 2, D-39106 Magdeburg, Germany (E-mail: ulrich.
tallarek@vst.uni-magdeburg.de).
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major principles underlying the advanced processing of a high
surface area into appropriate structures, (i.e. suitable perme-
ability, heterogeneity and associated mass transfer resis-
tances) remain identical, for example the physical mecha-
nisms responsible for dispersion. These involve molecular
diffusion in the interconnected pore network, a mechanical
contribution due to velocity fluctuations in the flow field
induced by the randomly distributed solid phase, nonmecha-
nical dispersion associated with the no-slip condition at the
solid-liquid interface (in general), and the particular access to
intraparticle or intraskeleton stagnant zones in which diffu-
sion remains the dominating transport mechanism [13]. While
equivalence between different geometries concerning the
convection, diffusion and reaction is well recognized for
particulate systems [14], a direct comparison with monolithic
structures is less obvious due, not least, to the complex shape
of the skeleton domain. Although monoliths are considered as
a new generation of adsorbents, appropriate characteristic
lengths that competitively relate their hydrodynamic proper-
ties (i.e. flow and stagnation of the mobile phase) to those of
particulate fixed beds are not readily available (Fig. 1).

3 Materials and Methods

Particulate beds were prepared with either nonporous or
completely porous spherical Cl18-silica particles, the latter
having mesopores of 30 nm average diameter. These packings
were compared to a C18-silica monolith with bimodal pore
size distribution (Fig. 2) purchased from Merck KGaA
(Darmstadt, Germany). Relevant column, particle and pack-
ing characteristics are summarized in Tab. 1. The mobile phase
in all experiments was a water/acetonitrile (50:50 v/v) mixture
containing 0.1 % trifluoroacetic acid. Thus, following tracer
pulse injection, the elution of analytes (acetone, angiotensin IT
and insulin) occured under nonretained conditions. The
longitudinal dispersion coefficients were determined by
analysis of residence time distributions with an exponentially
modified Gaussian function [15].

0930-7516/02/1212-1177 $ 17.50+.50/0 1177
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Figure 1. Characteristic lengths for hydraulic permeability and hydrodynamic
dispersion in a bed of spheres and monoliths. While the particle diameter is
useful to define a region impermeable for flow, the thickness of its porous layer
may be used to address dispersion originating in stagnant zones of a sphere
packing. Apparently, Zfow and g, are different.
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Figure 2. Morphology of the silica-based monolith. a) SEM picture showing the
macroporous interskeleton pore space with dmacro = 1.9 um, and b) the
mesoporous skeleton, dyeso =25 nm. ¢) Discrete bimodal pore size distribution.

4 Results and Discussion

In this communication we use a simple, general, phenom-
enological approach for analyzing single-phase incompressi-
ble flow through porous media with a continuous solid phase.
It relies on equivalent particle (sphere) dimensions which
characterize the corresponding behaviour in a particulate bed.
Equivalence is obtained by the dimensionless scaling of
macroscopic flow behaviour (pore space permeability and
longitudinal dispersion) for both types of media, without the
need for a direct geometrical translation of their constituent
units. In this approach, the Reynolds number Re = ugZfow/v
(defined with respect to the superficial velocity, ug) is used to
analyse the resistance of the porous medium to liquid flow, and
the Peclet number Pe = u,,%,,/Dm (defined with respect to
the average velocity of an analyte through the bed, u,,) is used
in the analysis of longitudinal dispersion. Dy, is the diffusivity
of the analyte in the mobile phase and v its (kinematic)
viscosity. Most important in the present context, Zfo. and
Zsag are appropriate lengths of the medium characterizing
flow permeability and dispersion originating in stagnant
zones, respectively (cf. Fig. 1)V

4.1 Hydraulic Permeability

Based on a general phenomenological analysis, the resis-
tance of (incompressible) random close packings of spherical
particles to liquid flow can be expressed by the following
relationship between dimensionless variables (with, as usual,
the mean sphere diameter d, for Zoy) [16]

- u.d
—— P — 7= f(Re:%78intcr7qi7wi> (1)

where AP/L is pressure drop over length Z of the bed (in the
macroscopic flow direction), p is the density of the liquid, and
q; and 1; are parameters for particle shape and size
distribution. Eq. (1) may be much simplified when the
deviation from a uniform spherical shape and differences in
particle size distribution, surface roughness, interparticle
porosity (€neer) and bed structure for different sphere
packings may be considered insignificant. Eq. (1) then reduces
to a simple unique relation between friction factor # and Re
[16,17].

1)  List of symbols at the end of the paper.

Table 1. Characteristic dimensions and parameters of the porous media. d., is the column diameter and Z denotes the bed length. €al, €inter and €inera are the total,
interparticle (interskeleton) and intraparticle (intraskeleton) porosities of the porous medium, respectively [12]. Agpe. is the specific and A, the volume-weighted

surface area.

Fixed bed L [mm] deol [mm] | dj, [um] Etotal Einter Eintra Agpec [m2 g’l] Al [m2 cm’s] Zhow [Um] | Ziag [um]
Spheres (nonporous) 53 4.6 3.0 0.36 0.36 - 0.6 0.7 3.0 -

Spheres (porous) 55 2.0 6.4 0.75 0.37 0.60 76 65 6.4 32
Monolithic structure 100 4.6 - 0.92 0.72 0.70 147 39 9.5 1.0
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Fig. 3 demonstrates, as then expected, a superposition of
these data for different sphere packings having similar €;,¢er, qi
and ;. The linear dependence of &7 on Re represents the
validity of Darcy’s law. An equivalent permeability length
(Zhiow) for the monolithic structure, i.e., a particle diameter d,
for a fictitious bed (with similar &, qi, Vj, and structure as
the other two sphere packings) is obtained by dimensionless
scaling of the pressure drop — flow rate dependence for
monoliths to the &7 — Re relation characterizing particulate
beds (Fig. 3). It is achieved by adjusting d,, which gives Zjow =
9.5 um in the present case. The fact that the data for porous
and nonporous sphere packings coincide by means of their
mean d, shows that the intraparticle pore network of these
porous particles does not contribute measurably to macro-
scopic flow. The actual macro-to-mesopore diameter ratio in
the sphere packing (and monolith) is of the order of 100, thus,
hydraulic permeability of the intraparticle (and intraskeleton)
mesopore space is some 10* times lower than that of the
interparticle (and interskeleton) macroporous network, and
the assumption that the former constitutes a stagnant zone
seems to be justified.

10’
] o
1 [
1 o
)
10° 0%
» .
5 _| [ ]
10 3 >
@ Non-porous particles
® Porous particles
104 O Silica-based monolith
10" 10° 10* 10"

Re

Figure 3. Friction factor vs. Reynolds number for the liquid in beds of
(non)porous spheres, with d,, as Z,, in Re (Fig. 1). Dimensionless scaling for
the monolith gives Zow = 9.5 um. Re = 0.1 corresponds to a pressure drop AP
over the monolith (L = 100 mm) of about 15 MPa.

4.2 Hydrodynamic Dispersion

The spatial dimension of stagnant zones is often used as
characteristic length for hydrodynamic dispersion in macro-
scopically homogeneous, microscopically disordered media
like random packings of porous spheres because liquid
holdup, i.e., diffusion-limited mass transfer in these regions,
dominates dispersion for Pe >> 1 [13]. Similar to Eq. (1) we
may write for the longitudinal dispersion coefficient Dy

Dl _g- f<Pe _ Vav Ly + Einer> 9 Wy —Ds‘ag) 2)
Dm Dm inter > i i Dm

Chem. Eng. Technol. 25 (2002) 12,
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which, in contrast to Eq. (1), includes features of both the
convection-dominated interparticle and diffusion-limited
intraparticle pore space. Eq. (2) can also be simplified for
packed beds with comparable &, q;, P; and structure,
resulting in a relationship between the dispersivity & and Pe
almost as simple as that between ©# and Re. The remaining
difficulty in Eq. (2) is associated with an evaluation of the
analyte diffusivity in stagnant zones (Dy,,), as in general it
depends on the morphology of the intraparticle pore space.
However, when Dy, is similar the dispersion data for
different particulate beds and monoliths are expected to
collapse on a unique curve by means of the characteristic
dimension Z,,. This is demonstrated by the data in Tab. 2 and
Fig. 4 which show Dy;,, is very similar for the porous particles
and monolith used in this work. For completely porous
spheres Z,, = 1, is easily measured (cf. Fig. 1), and has been
used to calculate Pe in Fig. 4.

As with the permeability data (Fig. 3), the next step consists
of dimensionless scaling, this time of the monoliths dispersion
data to those obtained with the fixed bed of porous spheres,
giving Zg,, = 1.0 pm (Fig. 4). The equivalence in this case
states that dispersion in the monolith associated with liquid
holdup in the intraskeleton pore space resembles the
contribution from stagnant zones (characterized by the same
Dyiag) in a bed of spherical particles with porous layer of
thickness Z,,. It is important to note that, if liquid holdup
exists in a monolith and dominates dispersion, nonporous
spheres are not appropriate for evaluating an equivalence
based on this particular (nonmechanical) contribution.

4
10 m  Acetone “A‘
] ® Angiotensin Il | Porous particles
L] A Insulin ,
10" O Acetone 4
O Angiotensin Il | Monolith .~
A Insulin s
10°
S
10' E
0
10 ""[jD"lE]‘l’Efn‘""'"“"“_",',““, """""
Tortuosity-limited regime
10" i m - .
10" 10° 10' 10° 10°

Pe

Figure 4. Longitudinal dispersivity vs. Peclet number for nonretained analytes in
a bed of porous spheres, with rj, as Z,, in Pe (Fig. 1). Dimensionless scaling for
the monolith gives Z,s = 1.0 pm.

5 Conclusions

It is possible to phenomenologically translate the macro-
scopic hydraulic permeability and longitudinal dispersion
characteristics (dominated by the holdup contribution) of a
monolith with bimodal pore size distribution and hierarchi-
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Table 2. Physical properties of the analytes. R is the radius of gyration and Dy, denotes the effective diffusion coefficient of analyte molecules in the (intraparticle
or intraskeleton) stagnant zone. Dyag = &intraKpDm/Tintra Where Tingra = &ingra + 1.5 (1 — &inira) is the tortuosity factor [18] and K, characterizes hindered pore diffusion
depending on the molecule size [19].

Dy [1070 m? 57
Analyte M [g mol™] Rg [nm] Din [107 m* 571 Porous particle Monolith skeleton
Acetone 58.1 n.a. 12.8 6.6 8.1
Angiotensin IT 1046 <02 3.1 1.5 1.9
Insulin 5807 0.54 1.4 0.7 0.8

cally-structured pore network into distinct particle dimen-
sions of what is most conventionally understood by a
“random-close” sphere packing. The actual ratio of equivalent
lengths, Ry, = ZLhiow! Zsiag» May be used as a parameter
characterizing the hydrodynamic performance (hp) of a
monolith. While this material provides relatively large flow-
through pores (Zow = 9.5 um), it only needs a comparatively
short diffusion length (Z4., = 1.0 um) to combine the high
permeability with a large surface area. With regard to Ry, the
monolithic column resembles a fixed bed of (solid core-porous
shell) spheres with dj, = Zfj,, and a porous layer of thickness
Ztag (cf. Fig. 1). Thus, the volume-weighted surface area for a
monolith can much larger than for a bed of core-shell spheres
with the same Py, and may be the origin of the superior
performance displayed by the monolith in many applications.
Vice versa, completely porous particles provide a higher
surface area than the core-shell particles, which is still of the
same order as that of the monolith, but in this case Ry, = 2
(while Ry, = 10 for the monolith). Thus, due to the high
porosity (&a1 > 0.9) and its unique, rigid structure that can
withstand high pressure, this type of monolith offers sub-
stantial adsorption capacity (see Agpec and A, in Table 1) for
fast and efficient liquid phase separations.
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Symbols used

A [mF column cross-sectional area

A [m*m7 relative surface area of particulate bed
(monolith)

Agpec  [m* kg'] specific surface area

deot  [m] column diameter

DL [m?s?] longitudinal dispersion oefficient

Dn  [m?s] analytes free molecular diffusion

coefficient in mobile phase

g [-] reduced dispersivity, & = Dy /Dy,
1180 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

F, [ml min!]
Re ]

Pe [

d, [m]

Kp [_]

7
Zstag [m]
Ziow [m]

i (-]

R hp [_]

Vcol [m’i]
Vimer [mi]
Vinlra [mS]
Vsolia [m}]
Greek symbols
€inter [_]
€intra [_]
Etotal [7]

P; (-]

v [m? s7]
Tintra [_]

p [kg m™]
References

effective diffusion coefficient in
stagnant zone, Dgag = €intraKpDm/Tintra
superficial mobile phase velocity,

Ust = Fo/Acol

average analyte velocity through the
bed, u,y = Us/Eiotal

volumetric flow rate

Reynolds number

Peclet number

mean diameter of spherical particles
hindrance factor concerning pore-level
diffusion

friction factor

characteristic length for liquid holdup
in porous medium

characteristic length for hydraulic
permeability

parameter(s) of particle size
distribution

hydrodynamic performance factor,
;%)fhp = jﬁow/zslag

column volume

interparticle (interskeleton) pore
volume

intraparticle (intraskeleton) pore
volume

volume of particle (skeleton) solid

interparticle (interskeleton) porosity,
€inter = Vinter/Vcol

intraparticle (intraskeleton) porosity,
€intra = Vintra/(vintra + Vsulid)

total porosity

particle shape parameter

kinematic viscosity of mobile phase
intraparticle (intraskeleton) tortuosity
factor, Tintra = €intra + 1.5 (1 - 8intra)
density of mobile phase
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Characterization of Silica-Based Monoliths with
Bimodal Pore Size Distribution

Felix C. Leinweber,’ Dieter Lubda,* Karin Cabrera,* and Ulrich Tallarek*"

Lehrstuhl ftir Chemische Verfahrenstechnik, Otto-von-Guericke Universitédt Magdeburg, Universitétsplatz 2,
39106 Magdeburg, Germany, and R&D Biochemistry and Separation, Merck KGaA, Frankfurter Strasse 250,

64293 Darmstadt, Germany

Band dispersion was studied and the retention thermo-
dynamics addressed for insulin and angiotensin Il on C18
silica monoliths with a bimodal pore size distribution,
covering linear mobile-phase velocities up to 1 cm/s and
different temperatures. These data suggest that the influ-
ence of average column pressure on retention (between
0 and 10 MPa) is not negligible. Plate height curves were
interpreted with the van Deemter equation by assuming
an independent contribution from mechanical and non-
mechanical dispersion mechanisms. This analysis re-
vealed diffusion-limited mass transfer in the mesoporous
silica skeleton which, in turn, allowed us to calculate an
equivalent dispersion particle diameter (dgisp = 3 pm)
using the C-term parameter of the van Deemter equation.
The resulting superposition of reduced plate height curves
for monolithic and particulate beds confirmed that this
view presents an adequate analogy. The macroporous
interskeleton network responsible for the hydraulic per-
meability of a monolith was translated to the interparticle
pore space of particulate beds, and an equivalent perme-
ability particle diameter (dperm = 15 gm) was obtained by
scaling based on the Kozeny—Carman equation.

Monolithic structures, as compared to particulate chromato-
graphic beds, have a continuous solid phase.'™*? In this respect,
at least, they resemble consolidated natural porous media which,
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on the other hand, are often characterized by a low average
porosity and large-scale permeability heterogeneity.!? Skeleton and
domain sizes of monoliths, by contrast, can be small and repeated
uniformly, resulting in microscopically disordered, but macro-
scopically homogeneous materials.’4~%¢ Again compared to par-
ticulate beds where the packing procedure and actual column-to-
particle diameter ratio strongly influence a velocity correlation of
the flow field on mesoscopic and macroscopic scale,}”~2 it is
largely the manufacturing process of monolithic beds that deter-
mines the existence and amplitude of velocity extremes in the
mobile phase on any time and length scale and, in turn, the
mechanical contribution to transient and asymptotic dispersion.
A particular flow regime is described by Peclet and Reynolds
numbers defined with respect to a characteristic dimension of the
medium, e.g., the average diameter of spherical particles in a
particulate bed. By analogy, the domain size may be used as
equivalent dimension in the case of monoliths.* However, the
individual skeleton units are not randomly close packed as
particles in a fixed bed but, rather, (in combination with the
relatively large interskeleton flow channels) build a monolith
domain of much higher porosity. Further, because the skeleton
itself (like particles) may cover the range from totally porous to
nonporous or, more correctly, contains (un)accessible pores
depending on experimental conditions, we also need, in general,
two lengths for permeability and diffusion-limited mass transfer
when comparing different monoliths or relating these materials
to particulate beds.

In this work, we are concerned with silica-based monoliths that
possess a rather discrete bimodal pore size distribution and a high
correlation of interconnectivity between these two sets of pores.810
The larger macropores form a flow-channel network outside the
monolith skeleton that rapidly transports solute molecules by

(13) Sahimi, M. Flow and Transport in Porous Media and Fractured Rock; VCH:
Weinheim, 1995.

(14) Minakuchi, H.; Nakanishi, K.; Soga, N.; Ishizuka, N.; Tanaka, N. J.
Chromatogr., A 1997, 762, 135—146.

(15) Peters, E. C.; Svec, F.; Fréchet, J. M. J. Chem. Mater. 1997, 9, 1898—1902.

(16) Minakuchi, H.; Nakanishi, K.; Soga, N.; Ishizuka, N.; Tanaka, N. J.
Chromatogr., A 1998, 797, 121—-131.

(17) Knox, J. H.; Laird, G. R.; Raven, P. A. J. Chromatogr. 1976, 122, 129—145.

(18) Tsotsas, E.; Schltinder, E. U. Chem. Eng. Process. 1988, 24, 15—31.

(19) Guiochon, G.; Farkas, T.; Guan-Sajonz, H.; Koh, J.-H.; Sarker, M.; Stanley,
B. J;; Yun, T. J. Chromatogr., A 1997, 762, 83—88.

(20) Giese, M.; Schidfer, K.; Vortmeyer, D. AIChE J. 1998, 44, 484—490.

(21) Shalliker, R. A.; Broyles, B. S.; Guiochon, G. J. Chromatogr., A 2000, 888,
1-12.

10.1021/ac0111630 CCC: $22.00 © 2002 American Chemical Society
Published on Web 04/26/2002



40
3,54
3,0 A B
2,54

2,0 4

0,5 |

0,0 ——

Cumulative Pore Volume [cm® g™]
P

-0,5 T T T T
1 10 100 1000 10000 100000

Pore Diameter [nm]

Figure 1. Cumulative specific pore volume for silica-based mono-
liths with 1.9-um macrocopres and 12.5- (A) or 20-nm (B) mesopores.

convection down the column and to the smaller mesopores inside
the silica matrix. The porous skeleton provides a relatively large
surface area compared to the interskeleton pore space but, at the
same time, needs only very short diffusion lengths and does not
contain micropores to any significant amount. It has been shown
that the macropore size can be varied independently from the
skeleton size.* Thus, a careful control of the macropore perme-
ability (transport dominated by convection) relative to mesopore
residence times (diffusion-limited mass transfer) can be used to
optimize the performance of this monolithic support in terms of
throughput, dispersion, and capacity. For particulate structures,
by contrast, a similar (independent) adjustment of permeability
and dispersion length scales includes the transition from totally
porous via pellicular to nonporous particles (or vice versa), with
a concomitant drastic decrease in surface area (or increase of
intraparticle residence times). In this study, we first address
retention thermodynamics as column pressure drop spans more
than 2 orders of magnitude, then characterize band dispersion,
and finally determine equivalent sphere dimensions to interpret
the observed behavior in view of particulate structures.

EXPERIMENTAL SECTION
Chemicals and Apparatus. Thiourea, trifluoroacetic acid

(TFA), and acetonitrile (gradient grade) were obtained from
Merck (Darmstadt, Germany). Deionized, purified water was
prepared with a MilliQ water purification system. Angiotensin Il
(M,, = 1180) and insulin (M,, = 5807) were purchased from Sigma.
All experiments were run on a Merck/Hitachi LaChrom HPLC
system including quaternary low-pressure gradient pump, au-
tosampler, column oven, and UV detector. The configuration was
controlled by Merck/Hitachi HSM software.

Measurements were made with Chromolith Performance
RP18e columns (100 x 4.6 mm) having interskeleton macropores
of 1.9 um and 12.5 or 20 nm intraskeleton mesopores, as can be
seen in Figure 1. Pore size distributions were measured by
nitrogen adsorption and mercury porosimetry at Merck. LiChro-
spher RP18 columns (100 x 4.6 mm) packed with spherical
particles having 10-nm mesopores were also obtained from Merck,
including their particle size distributions. Plate nhumbers were
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Figure 2. Dependence of the separation factor on average column
pressure at 24 °C using the silica-based monolith with 12.5-nm
average mesopore diameter.

determined by a computer algorithm based on an exponentially
modified Gaussian (EMG). Relative errors made by using an EMG
are within 1.5% for peaks with asymmetry factors between 1 and
2.76, while statistical moment analysis leads to similar accuracy.?
Peak shapes of angiotensin Il and insulin had asymmetry factors
smaller than 1.5 and, thus, remained in the range for adequate
use of an EMG.

Separation Conditions. The premixed eluent for insulin
separation was prepared from 1500 mL of deionized (DI) water,
643 mL of acetonitrile, and 2.143 mL of TFA, which translates to
70:30 (W/CH3CN) eluent mixed by the gradient delivery system.
For angiotensin |1, the eluent consisted of 2000 mL of DI water,
440 mL of acetonitrile, and 2.440 mL of TFA corresponding to a
82:18 (W/CH3CN) eluent. The pump was operated at volumetric
flow rates between 0.1 and 9.0 mL/min (5% accuracy). Angiotensin
Il and insulin were dissolved at 20 and 100 xg/mL, respectively,
in the eluent to avoid concentration effects due to different elution
strengths. The injection volume was 10 uL with thiourea (4 ug/
mL) as the t, marker, and detection was carried out at 215 nm
(16-uL detection cell volume). Plate height curves were measured
at increasing flow rate. After reaching the maximum bed velocities
(~1 cm/s), this sequence was repeated to minimize systematic
errors. Data emerge as mean values of two independent runs; all
temperatures are given as oven temperature.

RESULTS AND DISCUSSION
Retention Thermodynamics. One of the main advantages

of bimodal silica-based monoliths is their increased hydraulic
permeability compared to random close packings of porous
spheres with similar dispersion characteristics. It allows compara-
tively high mobile-phase velocities. When under isocratic condi-
tions, the volumetric flow rate is increased from 1 to 2 mL/min
in particulate packings to 5 to 10 mL/min through monolithic
structures, the actual influence of pressure drop on retention, peak
capacity, and selectivity may not be negligible any longer. This
becomes particularly important for larger molecules. As shown
in Figure 2, the separation factor of both angiotensin Il and insulin

(22) Foley, J. P.; Dorsey, J. G. Anal. Chem. 1983, 55, 730—737.
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Table 1. Parameters Considered in the Band Dispersion Analysis

eddy dispersion36 A
longitudinal diffusion3® B/Uay
mass transfer*? ClUay
effective diffusivity*3 Dett
retention parameter4 m
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clearly depends on the average column pressure. Possible
thermodynamic explanations have been discussed for many
years.2373L In contrast to Martire and Boehm,% who presented a
unified theory of chromatography using statistical thermodynam-
ics, other authors obtained equivalent results from macroscopic
solution thermodynamics. The isothermal change in Gibbs free
energy with pressure equals the change of the analyte’s standard
partial molar volume (AV°ssoc) fOr its association process with a
stationary phase. By relating Gibbs free energy to the chemical
equilibrium constant expressed by the phase ratio @ and separa-
tion factor k' we obtain eq 1. It describes the dependence of k'on

(3 Ian k') - _ AVF:_anoc )
p T

pressure if the influence of the latter on ® and an isothermal
change in molar concentration due to mobile-phase compressibility
are negligible.?730 Since retention of polyelectrolytes such as
peptides and polypeptides depends on their ionization, shifts in
ionization equilibrium strongly affect the separation factor, espe-
cially at pH values close to the pl. In our studies, the pH was
adjusted to 2.1. Under these conditions, angiotensin 1l and insulin
are fully protonated and changes of the pK, and pH with pressure
have a negligible effect. An analysis of the data in Figure 2 by
use of eq 1 revealed changes of the standard partial molar volume
of —63 and —109 mL/mol for angiotensin Il and insulin, respec-
tively. These differences are consistent with earlier observations
for peptides and polypeptides.?83t We obtained similar results for
monoliths with 20-nm average mesopore diameter suggesting that
the C18 end-capped surface modification is comparable on each
column. Our data indicate that for peptides and proteins the
molecular size becomes important in retention thermodynamics.
For example, the Stokes’ radius of insulin is ~1.1 nm.%2 Thus,
changes in pressure drop may not be negligible any longer as
normally assumed for small, uncharged solutes.3?
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Band Dispersion. Although from a general point of view the
solid phase in monoliths is continuous (while it is discontinuous
in a bed of spheres), the inherent physical mechanisms leading
to axial spreading of a solute band in particulate packings also
prevail in monolithic structures: (a) molecular diffusion, (b) a
mechanical contribution due to the stochastic velocity field
(outside the spherical particles or solid monolith skeleton) induced
by the randomly distributed pore boundaries, and (c) nonme-
chanical effects associated with liquid holdup inside the particles
or (in the present case mesoporous) monolith skeleton and no-
slip condition at the solid—liquid interface.!33 This very last effect
still exists in a monolith with nonporous skeleton as in a bed of
nonporous spheres. Further, it is known that the dispersion in
consolidated and unconsolidated media is similar concerning
individual contributions, but characteristic time and length scales
may differ significantly.® By considering these processes as
independent, their rate constants add inversely, and in view of a
typical chromatographic analysis performed in our present study,
we return to the familiar van Deemter equation® for characterizing
axial dispersion also in monolithic structures (parameters are
listed in Table 1).

Plate height curves at different temperatures were measured
for angiotensin Il and insulin using silica monoliths with 12.5- or
20-nm mesopores (Figures 3 and 4). The contribution of axial
diffusion (B-term) resulting from the relatively low solute diffu-
sivities remains small. Due to the very few data points (usually)
acquired in that region of the curves where the B-term dominates,
fitting procedures did not result in reliable parameters. Thus, prior
to our data analysis, in view of the van Deemter equation, diffusion
coefficients of the analytes were calculated by the Young—
Carroad—Bell method.%3 Although originally developed for large
globular proteins, this approach only requires the molecular mass
and also recognizes the influence of temperature and viscosity.
Diffusion coefficients in Table 2 were then used to calculate the
B-term parameter (cf. Table 1), and results of our subsequent plate
height analysis are summarized in Table 3. We compared the
regression coefficients obtained on the basis of the van Deemter
model (A-term independent of velocity) to an analogous procedure
by using the Knox equation with u,,/? dependence of the eddy
dispersion term.® In all cases, the regression analysis favored the
van Deemter equation, which may be due to the fact that we
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Figure 3. Plate height curves for angiotensin Il with C18e silica
monoliths: (a) 16, (b) 24, and (c) 32 °C oven temperature; average
macropore diameter, 1.9 um.

worked in a relatively narrow range (of only two decades) and at
low values (below 10%) of Peclet numbers; for the calculation of
Peclet numbers, we refer to our forthcoming discussion. This
observation, however, is not surprising when diffusion-limited
mass transfer of stagnant fluid entrained in the monolith skeleton
dominates the band spreading at higher flow rates (it should be
remembered that we also work under retained conditions). Then,
plate height curves are expected to taper off only slightly, if at
all, due to that particular dispersion contribution arising from the
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Figure 4. Temperature dependence of the plate height curves for
insulin on C18e silica monoliths with different mesopore diameters:
(a) 12.5 and (b) 20 nm, macropore diameter, 1.9 um.

Table 2. Calculated Mobile-Phase Viscosity and
Solute Diffusivities

angiotensin Il insulin
temp Nmp Dm Nmp Dm
(°C) (103Pas) (10%cm?2s71) (102%Pas) (10°6cm?s™l)
16 1.10 21 0.94 14
24 0.85 2.8 0.79 1.8
32 0.75 3.2 0.68 21

stochastic flow field outside the monolith skeleton coupled with
lateral dispersion.®

Another question arising in relation to high linear flow rates
and column pressure drops is whether a perfusion mechanism is
operative in the bimodal silica monoliths. It refers to the particular
situation in which the intraskeleton velocity in the hierarchic
network of interconnected (interskeleton) macropores and (in-
traskeleton) mesopores becomes nonzero. Then, mass transfer
in the porous skeleton is enhanced by convection and the effective
pore diffusivity increases. This phenomenon has been studied in
much detail for particulate beds.*'=%¢ In the laminar flow regime

(40) Giddings, J. C. Dynamics of Chromatography. Part I: Principles and Theory;
Marcel Dekker: New York, 1965.

(41) Afeyan, N. B.; Gordon, N. F.; Mazsaroff, |.; Varady, L.; Fulton, S. P.; Yang,
Y. B.; Regnier, F. E. J. Chromatogr. 1990, 519, 1—29.

(42) Liapis, A. 1.; McCoy, M. A. J. Chromatogr. 1992, 599, 87—104.
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Table 3.

van Deemter Parameters for Angiotensin Il and Insulin (cf. Table 1)

angiotensin Il insulin
A Bealc C A Bealc C
(10-5m) (109m?s7) (1035s) (10-5m) (109m?s71) (1035s)
temp 12.5 20 12.5 20 125 20 125 20 12.5 20 125 20
(°C) nm nm nm nm nm nm nm nm nm nm nm nm
16 12.35 16.75 0.25 0.25 3.05 3.34 32.87 23.94 0.17 0.17 10.85 6.98
24 8.30 13.59 0.33 0.33 3.12 2.98 22.03 20.66 0.21 0.21 10.28 6.61
32 7.23 14.33 0.39 0.39 3.17 2.40 17.30 13.29 0.25 0.25 9.00 6.39

and with equivalent particulate material, perfusive flow may be
approximated by a linear relationship between the intraparticle
and bed superficial velocities, i.e., Unra = aoUs.”> However, an
analysis of our plate height curves using the C-term parameter
that incorporates the influence of intraparticle (or intraskeleton)
convection through a convection-augmented diffusivity (cf. Table
1) gives values for a, statistically indistinguishable from zero.
Thus, inside the monoliths mesopores, which provide most of the
effective surface area, the mobile phase is stagnant and associated
mass transfer remains diffusion-limited. Possible reasons are (i)
the pore network connectivity of the silica skeleton is unfavor-
able,* (ii) the solute diffusivity is too large compared to a small
intraskeleton velocity component,*’#8 and (iii) mesopores are too
small compared to macropores (factor 102) so that the typical
pressure drop is not sufficient to create a significant intraparticle
(or intraskeleton) flow.*® Our results suggest that these bimodal
silica monoliths inherently show diffusion-limited mass transfer
similar to conventional particulate beds of spheres having 12.5-
nm (or 20-nm) intraparticle pores.

The fact that the term perfusion has been associated recently
with monolithic columns in which the intraskeleton pores were
largely unaccessible for solute molecules is misleading.®%5! In
these cases, the tracer only samples dedicated flow pores of an
(effectively) monomodal interskeleton pore network where con-
vection naturally exists. This situation simply translates to liquid
chromatography with a packed bed of nonporous particles for
which the plate height data are well known to taper off at
increasing flow rate because a classical holdup contribution is not
present. It does not resemble the case in which a subnetwork of
pores, e.g., in a hierarchically structured medium having bimodal
(or higher order) pore size distribution like a bed of porous
particles, is permeated by any significant amount of convection
(in addition to diffusion and, of course, in addition to convection
in the primary set of pores).

The data in Table 3 (and corresponding Figures 3 and 4)
indicate a strong influence of temperature on band spreading by
eddy dispersion; i.e., the A-term parameter is reduced by almost

(43) Rodrigues, A. E.; Lopes, J. C.; Lu, Z. P.; Loureiro, J. M.; Dias, M. M. J.
Chromatogr. 1992, 590, 93—100.

(44) Carta, G.; Gregory, M. E.; Kirwan, D. J.; Massaldi, H. A. Sep. Technol. 1992,
2, 62—72.

(45) Frey, D. D.; Schweinheim, E.; Horvath, Cs. Biotechnol. Prog. 1993, 9, 273—
284.

(46) Davis, R. H.; Stone, H. A. Chem. Eng. Sci. 1993, 48, 3993—4005.

(47) Meyers, J. J.; Liapis, A. I. J. Chromatogr., A 1999, 852, 3—23.

(48) McCoy, M.; Kalghatgi, K.; Regnier, F. E.; Afeyan, N. J. Chromatogr., A 1996,
743, 221—-229.

(49) Pfeiffer, J. F.; Chen, J. C.; Hsu, J. T. AIChE J. 1996, 42, 932—939.

(50) Hahn, R.; Jungbauer, A. Anal. Chem. 2000, 72, 4853—4858.

(51) Ghose, S.; Cramer, S. M. J. Chromatogr., A 2001, 928, 13—23.
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half as temperature increases from 16 to 32 °C. Elevated temper-
ature increases molecular diffusion and, thus, enhances lateral
mass transfer (more correctly, lateral dispersion), which equili-
brates between molecules residing temporarily in velocity ex-
tremes of the mobile phase.® Similarly, concerning stagnant zones
in the monolith, intraskeleton mass-transfer resistance (as indi-
cated by the C-term parameter in Table 3) is decreased by
increasing diffusion. Further, when addressing different behavior
of the solutes, hindered pore diffusion needs attention: angio-
tensin Il is about one-fifth of the molecular mass of insulin and
gives much smaller C-term parameters, a fact that is certainly
influenced by its higher pore diffusivity.”? The only general
conclusion concerning these still complex data with contributions
from (stagnant and flowing) mobile and stationary phase is that
an elevated temperature favors separation efficiency over the range
studied.

Equivalent Sphere Dimensions. The foregoing analysis
indicates that it could be beneficial (and not only tempting from
an intuitive or historical point of view) to introduce equivalent
particle dimensions for hydraulic permeability and the dispersion
characteristics of monoliths. This may be particularly important
and helpful when compiling these data for a dimensionless analysis
or scaling purposes using particulate and monolithic beds.%
Nonporous, pellicular, and totally porous, but spherical particles
are most widely used in liquid chromatography today. Thus, we
focus on equivalent sphere dimensions when considering a
particular hydrodynamic property of monoliths, but could also
extend our view to, for example, slab-shaped particles.®

Silica-based monoliths with bimodal pore size distribution can
offer high bed permeability, low dispersion, and relatively high
surface area at the same time, so they cannot be described by
just one characteristic length. Rather, equivalent particle (sphere)
dimensions must be attributed to the following factors influencing
the overall performance: band dispersion, bed permeability, and
column surface-to-volume ratio. As a characteristic dimension for
band dispersion, we consider the spatial domain of diffusion-
limited mass transfer in the monolith and calculate the diameter
of an equivalent, totally porous spherical particle by using the
C-term value obtained in our previous van Deemter analysis of
plate height data (Table 3). Before rearranging the expression
for the C-term (Table 1) in view of an equivalent dispersion particle
diameter (dgisp), parameters in this equation have to be addressed
by measuring pore volume of the monolithic structure. Together
with the total porosity (ewta) Obtained by dividing the elution
volume of an inert tracer by the total column volume, the pore
volume ratio ® = Vpacro/ Vimeso forms the basis for calculating

(52) Brenner, H.; Gaydos, L. J. J. Colloid Interface Sci. 1977, 58, 312—356.



Table 4. Physical Properties of the Monolithic
Structures (cf. List of Symbols)

dmaCrO deSO

(um) (nm) Etotal €b € P T
19 12.5 0.862 0.597 0.658 0.160 1171
1.9 20 0.915 0.676 0.738 0.093 1.131

skeleton porosity €, (which translates to the intraparticle porosity
of a spherical particle)

Vmeso _ €total

Vskeleton Bl 1+ ®(1 - etotal)

)

€. =

and bed porosity €, characterizing the pore space outside the
monolith skeleton (which translates to the interparticle porosity
in a packed bed of spheres)

Vv

macro __ €total

T 1+1/6 ®)

column

Physical properties of the monoliths are summarized in Table 4.
Both bed and skeleton porosities (thus, the total porosity) of these
bimodal monolithic structures are significantly increased com-
pared to random close packings of spherical, porous particles.>
For example, LiChrospher RP18 (5-um particle diameter and 10-
nm pore diameter) has a total porosity of 0.69, i.e., a pore porosity
(ep) of 0.50 combined with a bed porosity (ep) of typically 0.38. In
addition to these parameters, the effective pore diffusion coefficient
(Desr) of the solute, the experimental C-term parameter in Table
3, and corresponding retention parameter m (Table 1) are needed
for calculating dgisp. This quantity can be regarded as an equivalent
length scale that solute molecules travel in stagnant zones of the
porous medium. Thus, the monolith is viewed as an ensemble
(but not a close packing; see e, in Table 4!) of spheres with
diameter dgs, and, of course, the identical intraparticle pore
network morphology (including €, Table 4).

[ep + €,(1 — e)mI’|?

ep2(1 - eb)m2

dyisp = |30DC 4

In view of fixed beds based on random close packings of spheres
with €, of 0.37—0.4, a porous medium consisting of spherical
particles located (fixed) in space such that the resulting interpar-
ticle porosity of this geometry gives a permeability approaching
that of the monoliths, although satisfying the dispersion criterion
by the size (dgisp) @and porosity (e,) of the particles, can only result
in a fictitious equivalent as it requires ¢, > 0.37—0.4. It is more
realistic to introduce a second (and larger) equivalent particle
diameter based on hydraulic permeability (dperm) and combine it
with dgisp to a pellicular particle that satisfies both dispersion and
permeability of a monolith. For this purpose, we rearrange the
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Figure 5. (a) Scaling of hydraulic permeability data originating from
particulate and monolithic beds according to the Kozeny—Carman
equation, based on d, for particles and leading to dperm for monoliths.
(b) Reduced plate height curves for particulate and monolithic
structures (based on dgisp = 2.5 um and dp), with angiotensin Il as
the solute.

Kozeny—Carman equation®

Ug & Ap
2 2 L ®)
d 1807 mp(1 — €p)

perm

Figure 5a demonstrates how dyerm for monoliths is determined
by using particulate packings as a reference. The bed’s superficial
velocity, normalized by the respective (well-characterized) average
particle diameter, is plotted against column pressure drop for both
monolithic and particulate material. This scaling procedure gives
an equivalent permeability particle diameter of slightly more than
15 um for the silica-based monoliths.

Table 5 summarizes equivalent permeability and dispersion
particle dimensions calculated with eqgs 4 and 5. Based on this
result, Figure 5b presents reduced plate height curves for
angiotensin |1l obtained with monoliths and beds of porous
particles under similar conditions. An equivalent particle Peclet
number (Pe) is defined via the dimensionless times for diffusion
(to = Dmt/dgisp?) and convection (tc = Uat/disp), Pe = tc/tp =

(53) Neue, U. D. HPLC Columns: Theory, Technology, and Practice; Wiley-VCH:
New York, 1997.

(54) Bear, J. Dynamics of Fluids in Porous Media; Dover Publications: New York,
1988.
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Table 5. Equivalent Sphere Dimensions for
Silica-Based Monoliths with Bimodal Pore Size
Distribution

pore diameter equivalent sphere diameter

macropore mesopore dperm disp,ang. 11 Odisp,insulin~ relative surface

(um) (nm) (um) (um) (um) area (%)
1.9 12.5 15.6 25 3.9 79
1.9 20 15.2 25 34 73

Uadaisp/ Dm and characterizes the relative importance of these
contributions at a given flow rate. It should be noted that our
values for dgis, between 2.5 and 3.9 um (Table 5) are very close
to the monoliths’ domain size, which has been used as an effective
particle dimension in earlier work by Minakuchi et al.}*16 This
domain includes the macropore size and thickness of the silica
skeleton at the narrower (saddle) portions. Thus, our approach
for estimating dgisp based on a characteristic dimension of diffusion-
limited mass transfer and, in turn, the morphological approach
lead to conservative estimates. Then, under most ideal conditions
and as clearly seen in Figure 5b, the monolithic and particulate
axial dispersion data collapse on a single universal reduced plate
height curve. Deviations from that behavior are expected, e.g.,
when a particulate column (or monolith) is irreproducibly packed
(more irregularly manufactured) and flow field heterogeneities
of that particular structure become more important relative to
stagnant mobile-phase mass transfer.

Because the silica monoliths show a relatively high bed
porosity €, of about two-thirds (Table 4), which forms the basis
for their substantial permeability (dperm ~ 15 #m), the question
naturally arises whether this material can still provide a significant
intraskeleton surface. In fact, these monoliths also have a highly
porous backbone as indicated by the mesopore porosity (ep) in
Table 4. Compiled data from Merck KGaA (Darmstadt, Germany)
on the specific surface area and density of totally porous, spherical
particles confirm that the effective surface of a column does not
depend on the particle diameter, but rather on intraparticle pore
size (at constant ep), illustrated in Figure 6. The silica-based
monoliths with bimodal pore size distribution show an only slightly
smaller surface area with respect to beds of totally porous particles
(cf. Table 5).

CONCLUSIONS
There exists no diffusive particle type that offers all of the three

main advantages of silica-based monoliths with bimodal pore size
distribution: high separation efficiency, low pressure drop, and a
large effective, specific surface area for high adsorption/reaction
capacity. Intraskeleton mass transfer is diffusion-limited as in
porous particles with identical pore network morphology, but it
is characterized by only short diffusion path lengths. While for
beds of totally porous spheres, efficiency and permeability are
usually analyzed by using the same mean particle diameter, the
monoliths with bimodal pore size distribution can be described
by pellicular particles with an overall diameter dperm (15 um),
having a diffusive porous layer of dgs/2 (1.5 um). We express
characteristic lengths for dispersion in stagnant zones of the
monolith and its hydraulic permeability by two independent
equivalent particle diameters and, thus, account for an also
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Figure 6. Absolute surface area of a 4.6 mmi.d. x 100 mm column
depending on the (intraparticle or intraskeleton) mesopore diameter
of particulate beds and monoliths.

independent variation of the macropore and skeleton size.
Consequently, the associated fluid dynamics in the monolith is
comparable (equivalent) to that in random close packings of the
resulting pellicular particles. The benefit of this monolithic
structure is, however, that due to its porous skeleton it can offer
a much higher surface area than these pellicular particles.

Monoliths with a nonporous skeleton or an unaccessible
intraskeleton pore network resemble beds of nonporous spheres
(dy = dperm). In this case, the characteristic diffusion length is
expectedly small as it is associated with the no-slip condition at
the skeletons external surface, giving rise to a velocity boundary
layer that needs transchannel equilibration only. By introducing
different characteristic (permeability and dispersion) lengths,
monoliths can combine short diffusion paths (high separation
efficiency), large specific surface (loading capacity), and high bed
permeability (mobile-phase velocity) for a superior performance
compared to fixed beds of particulate, diffusive adsorbents. They
may also be an alternative to perfusive particulate media that
develop their potential, i.e., a dynamically reduced intraparticle
diffusion length at increasing superficial flow rates only for slowly
diffusing molecules and relatively large intraparticle pores, which
either reduces the surface-to-volume ratio of a particle or the
amount of intraparticle flow.

GLOSSARY
A, B, C  parameters in van Deemter equation,® Table 1
Dest effective pore diffusivity (m?/s)
Dn molecular free diffusion coefficient” (m2/s)
Det convection-augmented diffusivity (m?2/s), Table 1
dp particle diameter (um)
daisprperm  €QUivalent particle diameter for monoliths («m), egs

4 and 5
HETP height equivalent to one theoretical plate («m)
k' separation factor

ko obstruction parameter (taken as 0.6)
Ko hindrance parameter for pore-level diffusion®?
m retention parameter, Table 1



(<
AV assoc

Vmacro
Vmeso

Vskeleton
[

(€]
€p

€p

average column pressure (MPa)

column pressure drop (MPa)

universal gas constant (J mol=! K1)

average linear velocity through the bed (mm/s)
mobile-phase superficial velocity (mm/s)

difference in standard partial molar volume (cm3/mol)
macropore volume (cm?®)

volume of mesopores (cm?)

volume of silica skeleton (including mesopores) (cm?)
phase ratio: (1 — €p) (1 — en)/(en + € (1 — €p))
pore volume ratio: Vmacro/Vimeso

pore porosity (inside spheres or intraskeleton), eq 2
bed porosity (between spheres/interskeleton), eq 3

€total total column porosity

y eddy-diffusivity parameter

Nmp dynamic viscosity of mobile phase (Pa s)

A intraparticle (or intraskeleton) Peclet number

T intraskeleton tortuosity factor: €, + 1.5 (1 — ¢y)
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Abstract

Monolithic chromatographic support structures offer, as compared to the conventional particulate materials, a unique
combination of high bed permeability, optimized solute transport to and from the active surface sites and a high loading
capacity by the introduction of hierarchical order in the interconnected pore network and the possibility to independently
manipulate the contributing sets of pores. While basic principles governing flow resistance, axial dispersion and adsorption
capacity are remaining identical, and a similarity to particulate systems can be well recognized on that basis, a direct
comparison of sphere geometry with monolithic structures is less obvious due, not least, to the complex shape of the skeleton
domain. We present here a simple, widely applicable, phenomenological approach for treating single-phase incompressible
flow through structures having a continuous, rigid solid phase. It relies on the determination of equivalent particle (sphere)
dimensions which characterize the corresponding behaviour in a particulate, i.e. discontinuous bed. Equivalence is then
obtained by dimensionless scaling of macroscopic fluid dynamical behaviour, hydraulic permeability and hydrodynamic
dispersion in both types of materials, without needing a direct geometrical translation of their constituent units. Differences
in adsorption capacity between particulate and monolithic stationary phases show that the silica-based monoliths with a
bimodal pore size distribution provide, due to the high total porosity of the material of more than 90%, comparable
maximum loading capacities with respect to random-close packings of completely porous spheres.

0 2003 Elsevier B.V. All rights reserved.

Keywords: Monolithic columns; Stationary phases, LC; Hydrodynamic; Adsorption; Packed columns; Permeability;
Dispersion

1. Introduction phase catalysis (especially as automotive exhaust gas
catalysts and in industrial gas purification), as con-
Monolithic high surface area materials have found densators, and in liquid chromatodgitaptjyDue
a number of applications in industrial and environ- to the reduced dynamic viscosity of gases at elevated
mental technologies, e.g. as ceramic supports for temperatures, solid-phase catalysts for gas reactions
high-temperature heterogeneous solid-phase—gas usually are highly ordered microporous media with a

monomodal pore size distribution. Stationary phases

- for liquid chromatography, however, preferably have
*Corresponding author. Tel.:-49-391-611-0465; fax:+49-

391-671-2028. a hlerarch|(_:ally-structured pore space with macro-
E-mail address: ulrich.tallarek@vst.uni-magdeburg.qe. Tal- pores dedicated for convective mass transport
larek). through the column and mesopores inside the (itself
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porous) support material. This offers a large surface
area accessible via diffusion-limited mass transfer.
Such bimodal pore size distributions can be realized
by packing micrometre-sized mesoporous particles
into the desired column geometry. A reduced axial
dispersion, one of the goals in high-performance
liquid chromatography, is accomplished when the
large and irregularly shaped particles first used in
(low-pressure) liquid chromatography are replaced
by spheres of only a few micrometres in diameter
with a narrow size distribution Hig. 1), because

dispersion associated with the liquid hold-up (in-

traparticle stagnant mobile phase mass transfer resist-

ance) can be then significantly reduced due to a
decreased characteristic diffusion path length in the
stagnant zong8]. Additionally, mechanical disper-
sion may be reduced by an increased packing
homogeneity due to a uniform particle shaf$.
Although hydrodynamic dispersion analysis suggests

the use of spheres as small as possible, any further

reduction of particle size to the submicrometre range

by problems in getting the submicron spheres settled
reasonably into a “fixed[hHd

Another aspect concerning the hydrodynamics in a
random-close packing of completely porous spheres
is that the mean interparticle macropore diameter
(affecting the hydraulic permeability) and particle or
domain size (influencing axial dispersion) cannot be
manipulated independently as both parameters are
ultimately coupled with the mean particle diameter.
Pellic{d&] and nonporous particldd 3,14] may

be an alternative but lack a large effective surface
area. In order to overcome these limitations for a

fixed bed of spheres with its particulate (and, there-
fore, discontinuous) solid-phase, monolithic struc-
tures can be a solution because, in their continuous

solid-phase, the macropore diameter and domain size

can be adjusted independently over the complete

length of the bed. Monolithic media for liquid

chromatography can be distributed into two main
categories based on their manufacturing material:
organic polyh%er20] and silica-based monoliths

is of only limited value because the resulting beds [21-26]. The macroscopic differences in bed mor-
create an unacceptably high back presgafd and,
further, slurry packing of these columns is impeded

phology are revealed by SEM pictures of some of the

commercially available monolithic stationary phases

Fig. 1. Scanning electron microscopy pictures of different types of porous chromatographic materials. (a) Irregularly-shaped silica particles,
(b) spherical silica patrticles, (c) organic polymer monolith A (UNO S), (d) organic polymer monolith B (CIM Disk), and (e) silica-based
monolith (Chromolith).
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(Fig. 1). Since the bed structure of organic polymer
monoliths more or less resembles that of a loose
packing of spherical or nearly so particles (microg-
lobules) with a broad size distribution, the silica
monoliths show a more fractal morphology with
large interskeleton pore space. Differences in macro-
scopic stationary phase structures are intensified by

209

first step (this determines domain size and macropore
diameter), followed by a solvent exchange as the
second one, leaching out the silica skeleton to create
the intraskeleton mesopore §p&e82]. Conse-
quently, the resulting pore space shows a bimodal
pore size distrij@tignUp to date, only the use
of silica as the basis material for monoliths in

the pore size distribution measurementsig( 2,
although these measurements do not contain infor-
mation about the actual pore interconnectivity) and
these can be, by referring to the original literature,
directly related to the respective preparation process: are in the purification (downstreaming) process of
the organic polymer monoliths are synthesized by a biomacromolecules like proteins and plasmid-DNA
thermally initiated one-step radical polymerization [33—35], while the silica-based monoliths as station-
process in the presence of a mixture of porogens that ary phase material in partitioning chromatography
induces phase separation and creates the inter- are mainly used for low- and medium molecular
skeleton macroporefb]. The reaction temperature mass substarj8és 38].

and composition of the porogenic mixture determine Polymeric continuous stationary phases for liquid
the macropore, as well as the microglobule diameter, chromatography offer, in comparison with the par-
but both also influence the development of micro- ticulate fixed beds, the possibility to be easily
pores in the microglobules, hence in the stationary prepared in any dimension desired, in normal tube
phase, so that reaction conditions are normally [15] and in disk format[19], and in radial flow
adjusted to lead to a nearly nonporous skeleton and, geoni@dyor on microfluidic deviceg40,41],

for sufficiently large molecules, to an effectively whereas for silica-based materials the column geom-
monomodal pore size distributio27]. Silica-based etry has to be fitted to the stationary phase due to the
monoliths, in contrast, are prepared through a two- syneresis of the siliga1g8R]. One main restric-

step process involving a sol-gel mechanism over- tion for both polymeric and silica-based monolithic
lapped by a spinodal phase transition process as the structures is, since the stationary phase cannot b
packed under a high pressure into the confining
column geometry, the proper attachment of the
stationary phases to the column wall. This results in

a maximum operating pressure (recommendation)
ranging from 1 to 5 MPa for the organic polymers

chromatography allows to create a hierarchically-
structured pore space with independent adjustment of
all skeleton parameters. Based on preparation as-
pects, most of the applications for polymer monoliths

4 ---- Silica monolith

— — - Polymer monolith A

Polymer monolith B

—— Unconsolidated bed of spheres

3 '-,' and up to 20 MPa for the silica monoliths. Another
"""""""""" problem concerning highly permeable monolithic
2 \ structures or those in an extraordinary geometry like

a disk or radial flow type is the proper (radial)
sample introduction. In comparison to packed beds
of small particles in narrow-diameter columns, there
exists no sufficiently high back pressure to create a
more homogeneous radial flow distributidd?2].
Further, polymeric monolithic stationary phases are,
like the conventional polymer beads, restricted to an
eluent composition prohibiting the use of strong
organic solvents due to swelling of the skele{ih

In any confining geometry the description of the
respective flow regime via Reynolds and Peclet
numbers relies on the definition of some characteris-

Cumulative Pore Volume [cm®g™]

T T T T T T T
100 1000 10000

Pore Diameter [nm]

1 10

Fig. 2. Cumulative pore volume data for the monolithic and
particulate fixed beds indicating monomodal pore size distribu-
tions in the case of the polymer monoliths and bimodal pore size
distributions for both the silica-based monolith and the bed of
porous silica beads.



210 F.C. Leinweber, U. Tallarek / J. Chromatogr. A 1006 (2003) 207-228

tic and, over the length of the bed, constant dimen- on the macropore diameter and the pore (inter)con-
sion & of the respective mediurfil0,43]. In open- nectivity. The consideration of permeability func-
tubular geometry this dimension is the inner column tions similar to those established for random-close
diameter, while for a fixed bed of (completely) packings of sphddds-46] may actually fail be-
porous spheres the mean particle diameter is a good cause pore space morphology of each monolith
measure for the determination of Reynolds and offers unique geometrical properties and the differ-
Peclet numbersHig. 3). In the monolithic structures ences between monoliths cannot, in contrast to that
there also exists a continuously repeating geometrical for fixed beds of nearly spherical particles, be easily
unit, for the silica monoliths it is the average domain reduced to only a few macroscopically relevant bed
size [22,26], or for polymer monoliths the mean parameters. To obtain insight into the hydrodynamic
microglobule diameter[27]. However, monolithic behaviour of the various monolithic stationary phases
resins are not closely packed and they rather provide it is, thus, favourable not to try to set up a model for
a large interskeleton porosity impeding the direct use a particular monolithic system, but to rather scale
of some characteristic geometrical skeleton units to their hydrodynamic behaviour to that of the (well
determine a particular flow regime. The hydraulic established) systems of particulate fixed beds via
permeability is certainly a function of interstitial introduction of “equivalent sphere dimensions” for
porosity, macropore diameter, and domain size (as permeability and dispersion in monoliths, in general
well as of their distribution functions). Axial disper-  [47,48]. By defining%y,,,, and< g, (Fig. 3 [48)) for
sion depends on the size and porosity of the domain, hydrodynamics in different monoliths their behaviour
RANDOM SPHERE PACKING MONOLITHIC STRUCTURE
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Fig. 3. Characteristic length-scales for hydraulic permeability and hydrodynamic dispersion in a bed of spheres and in monoliths. While the
particle diameter is useful to define a region impermeable for flow, the actual thickness of the porous layer may be used to address the
dispersion originating in stagnant zones of a sphere packing. Appar#ntly and & are different. Adapted with permission from
Tallarek et al.[48].

flow
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is translated into the diameter and porosity of a
spherical particle in a fixed bed of such spheres
which shows an identical macroscopic flow resist-
ance and/or the identical longitudinal dispersion
characteristics.

The purpose of our current investigation is to
analyze the hydrodynamics of monolithic stationary
phase materials in comparison to some particulate
reference materials. The general (and widely applic-
able) phenomenological approach of dimension anal-
ysis allows the scaling of permeability and dis-
persivity data from particulate media and from both
polymer and silica-based monoliths. The hydro-
dynamic analysis is complemented by adsorption
capacity studies for the silica-based materials cover-
ing RP4e, RP8e and RP18e surface modification.
The monolithic and particulate chromatographic
media are quantitatively compared via three main
chromatographically relevant parameters: pressure
drop, efficiency and adsorption capacity.

211

integration of each population distribution led to the
mean surface-averaged particle didmgtétqly-
mer-based monoliths CIM Disk SO and UNO S
Polishing Kit were purchased from BiaSeparation
(Lubljana, Slovenia) and from Bio-Rad (Munich,

Germany). The pore size distributions and specific
surface area data of all porous materials were
determined by mercury intrusion and nitrogen ad-
sorption at Merck. Scanning electron microscopy
pictures were taken at the Mikrostrukturzentrum of
the Otto-von-Guericke-Universitat Magdeburg. A
comprehensive overview of the properties of differ-
ent fixed beds used in the permeability and disper-
sion analysis is givéable 1.

Chromolith Performance monolithic columns
K496 mm) with an RP4e, RP8e and RP18e
surface modification containing 12.5 nm mesopores
and macropores ofum9were obtained from
Merck. PurospherSTAR RP18e in a particulate refer-
ence column X8® mm) for the adsorption

capacity studies (3um particle diameter and 12 nm

mesopore diameter) was also obtained from Merck.
2. Experimental

2.3. Apparatus

2.1. Chemicals

Acetone, caffeine, trifluoroacetic acid (TFA), and
acetonitrile (gradient grade) were purchased from
Merck (Darmstadt, Germany). Purified water was
prepared on a Milli-Q water purification system.
Angiotensin Il, insulin and bovine serum albumin
(BSA) were purchased from Sigma.

2.2. Columns

Silica-based monoliths (Chromolith Performance
RP18e) with mean intraskeleton mesopores of
25 nm, as well as a column of LiChrospher WP300
RP18e spheres having 30 nm mesopores were ob-
tained from Merck. A Zorbax SB300.¢ column
was obtained from Agilent Technologies (Wald-
bronn, Germany), a Micra NPS column packed with
nonporous particles was purchased from Bischoff
Analysentechnik (Leonberg, Germany). The particle
size distribution functions of all particulate porous
media were measured after the completion of experi-
ments on a CILAS 968 laser light diffraction and
diffusion system (CILAS, Marcoussis, France). An

All measurements on hydraulic permeability, van
Deemter curves and adsorption capacity were con-
ducted on a Merck—Hitachi HPLC system. Each
column material was first thoroughly wetted with
pure acetonitrile (except organic polymer monoliths)
and, thereafter, the total pressure drop was recorded
with purified, degassed water until the maximum

possible flow-rate was reached. Correction by the
system back pressure gave the column pressure drop.
All dispersion experiments were conducted on an

Agilent 1100 capillary HPLC system including a
binary low-pressure gradient pump, an autosampler,
and UV detector. The microlitre flow control sensor
was bypassed and the eluent was directly delivered
in isocratic mode in the range from 100 to 2500

pl/min by the pump. The volumetric flow-rate

through each column was determined by measuring
elution volume over time behind the detection cell.
The actual flow-rate deviated within 2% of the
system value. All connecting tubes were replaced by
oo 1.D. capillary tubing from Agilent with a
maximum length of 10 cm between injection valve
and column, both to avoid a high system pressure-



Table 1

Characteristic dimensions and parameters of porous media used in this study

Fixed bed Lbed (mm) d col (mm) VexlrJV bez a pé""m) d macg"‘m) P bétg/ml) total € inter € intra T intra @ A smz lg) A (ﬂélz/”“)
Nonporous spheres 53 4.6 0.02 3.2 - 1.20 0.36 0.36 - - 1.78 1 1
Porous spheres A 50 21 0.10 43 - 0.87 0.65 0.37 0.44 1.28 0.54 51 44
Porous spheres B 55 2.0 0.10 7.2 - 0.85 0.75 0.37 0.60 1.20 0.33 76 65
Silica monolith 100 4.6 0.01 - 19 0.26 0.92 0.72 0.70 1.15 0.09 147 39
Polymer monolith A 10 46 0.10 - 11 0.76 0.70 0.70 - - 0.43 44 33
Polymer monolith B 3 12 0.42 - 11 1.06 0.47 0.47 - - 1.13 3.6 3.8

#Nonporous spheres, Micra NPS; porous sphere packing A, Agilent Zorbax SB300-C ; porous sphere packing B, Merck LiChrospher WP300 RP18e;iili¢dermino

Chromolith; polymer monolith A, BioRad UNO S Polishing Kit; polymer monolith B, BiaSeparations CIM Disk SO .

b
Vexlra

=17 pl, except with polymer monolith B for whick,

extra

=142 pl (resulting from the disk housing).

[4%4

8zz-/02 (€002) 9007V “iBorewolyd ¢ / dere|el ‘N ‘eeemur O’
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drop at maximum flow-rates and to minimize extra-
column volume. The column was directly connected
to a 5ul semi-micro detection cell. Data acquisition
rate was increased up to 50 Hz at highest volumetric
flow-rates to prevent artificial band broadening due
to an insufficient detector response time.

2.4. Elution conditions

Dispersion analysis under non-retained elution
conditions was achieved for all tracers by the use of
premixed eluents consisting of a water—acetontrile
(50:50) mixture, adjusted to acidic conditions for
reversed-phase materials by addition of 0.1% (v/v)
trifluoroacetic acid and to basic conditions for the
strong cation-exchange polymer monoliths with
10 mM sodium phosphate buffer (pH 11). Prior to
use, the eluents were filtered with 0.48n mem-
brane filters and degassed with helium. The injection
volume ranged between 1 and8 (depending on
the bed volume) with sample concentrations of 0.5%
(v/v) for acetone, 2Qug/ml for angiotensin Il and
50 pg/ml for insulin and BSA. Each sample was
dissolved in the mobile phase to avoid concentration
effects due to different elution strengths. Detection
was carried out at 215 nm (ref.: 250 nm) with 10 nm
bandwidth, except for acetone (254 nm, ref.: 330
nm). Elution was made at controlled room tempera-
ture (21°C).

Van Deemter curves for caffeine were recorded at
increasing flow-rate in two independent runs. The
retention factor was adjusted k6= 5 for all station-
ary phase materials yielding in eluent compositions
of water—acetonitrile of 92:8, 94:6, 94.5:5.5 and 95:5
for the RP18e particles, the RP18e, RP8e and RP4e
silica monolith, respectively. All eluents were pre-
mixed, thoroughly degassed with helium and filtered
with membrane filters prior to their use. The in-
jection volume ranged between 2 and 10depend-
ing on column volume. The detection wavelength
was 254 nm and all experiments were carried out at
controlled room temperature (2C).

2.5. Analysis of dispersion data

Signal response obtained under nonretained con-
ditions is usually characterized by asymmetric peak

shapes whereas the asymmetry mainly depends on
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the tracer residence times in the column. It is, thus,

necessary to deconvolute the detector signal into two
functions: (i) a Gaussian function describing the
signal variance caused by extra- and intracolumn
band broadening, and (ii) a first order exponential
decay function resulting in a time constant for first
order dilution effects. The latter one accounts only
for peak tailing due to incomplete axial equilibrium
and increases as tracer residence times decrease. In
order to distinguish between these complementary
effects a convenient approach consists of using an
exponentially modified Gaussian function (EMG)

[49-51]:
o o 327 -
X {1‘ e”[%(%‘%)] } (1)

wheret,, o> and h, represent mean residence time,
variance and area of the Gaussian function and

the time constant of the first order decay function. As
the extracolumn system geometry and, hence, ex-
tracolumn band broadening remained identical for
each column during the whole experiment, and by
taking into account only the Gaussian part of the
deconvoluted elution profile, it allows to suppress the
influence of an incomplete axial equilibration and
offers the possibility of comparing axial dispersion in
different column geometries. Chromatographic data
were therefore exported from ChemsStation software
and imported into Origin 6.0 (Microcal, Northham-
pton, USA) in order to fit each signal response by an
EMG. A transformation of the Einstein diffusion
equation yields the apparent axial dispersion coeffi-
cient D,, describing the sum of the intra- and
extracolumn dispersion effects as derived from the
detector output:

_or_uyo!

Dax=2at = 2ty

(2)

A time-scale-based signal response variance, how-
ever, has to be transferred into a length-scale-based
variance by multiplication with the square of the
average mobile phase velocity.

2.6. Analysis of adsorption data

Adsorption isotherms of caffeine on particulate
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and monolithic RP18e material were determined via

) K
frontal analysis at room temperature. Eluent com- ug = —?Vp

position was the same as with the van Deemter
analysis and the retention factor was keptkat 5

for all materials. Step gradients were run by the
gradient pump at constant superficial velocity of
1 mm s ' with pure mobile phase in the first and
caffeine solution (20 mg/ml in the eluent) in the
second channel. The accuracy of the step gradient
was confirmed a priori with an acetone solution
(0.5%, v/v), confirming a deviation below 1% for all
steps. To avoid exceeding the detector's dynamic
range the detection wavelength was 300 nm. The
inflection point of each step was determined by
fitting a Boltzmann function through the corre-
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(3)

This linear relationship is valid for the case of
laminar flow and that both the Newtonian fluid and
porous medium remain incompressible.

The hydraulic permeability data for (porous and
nonporous) particulate and monolithic resins are
showigira.These data indeed confirm a linear
increase of pressure drop (per metre) over the whole
velocity range which reproduces nothing else than
Darcy’s law. For each material the flow regime
remains in the laminar regime and both the bed and

sponding breakthrough curve. The calculation of 400 a) O Non-porous spheres (d, , = 3.2 ym)
adsorption isotherms was carried out as described in .' 5, o porous :z:z::g Egz;‘;g ﬂ:;
the literature[52]. 300 a® o A Sheamonith "

= 20 o = Poymermonditn

& 200 "o 4 :
3. Results and discussion = . A

- v 4 A

£ 1004 jo A ° At *
3.1. Hydraulic permeability A A A

Foat
Unconsolidated porous media (either particulate or 01 “

monolithic) usually exhibit a macroscopically coher- 0 2 4 6 8 10
ent pore network system as evidenced by the average u, [mms’]
macropore diameters seen in the pore size distribu- ’
tions (Fig. 2), together with an inspection of scan- 10" R
ning electron microscopy (SEM) picture&ig. 1) " b)
which reveal irregular, but geometrically congruent LI
media. Even though these systems are macro- 106‘; '}b,%
scopically homogeneous (i.e. time and length scales ] o,
on which transport processes occur are much smaller N o] PN
than the scales of variations in the velocity field © 103 A‘A%
experienced by the analyte) all porous media are 1 0 Porrema e Ty
characterized by a more or less broad distribution of A Porousspheres B (d.,=7.2m) )
diameter, characteristic lengths and shape (thus, 107 & Sieabasedmenaiin (-, =1%0um
morphology) of their respective interparticle (or = Polymer monolith B (., = 2.7 um)
interskeleton) macropore system, resulting in micro- o T T e
scopically disordered structures. The general phys- Re

ical law governing flow resistance to a Newtonian

fluid through such a fixed bed (particulate or mono- Fig. 4. Hydraulic permeability (using water as a liquid) of
IithiC) is Darcy’s law (Eq. (3)) which presents a particulate and monolithic beds. (a) Flow resistance against

l |ati hio betw ti | dsuperfi(:ial velocity, (b) dimensionless Darcy—Weil3bach friction
Inear relationship between cross-sectional average factor—Reynolds number relation (witd,, as ¥, for the

superficial velocity and pressure gradient over the particulate media, leading t8, ., for the monoliths via scaling of
length of the bed43]: their datay).

flow
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fluid can be regarded as being incompressible.
Besides the fact that particulate media show different
slopes according to their different particle dimen-
sions this figure, in general, reveals quite strong
differences in hydraulic permeability, especially
between organic polymer and silica-based monoliths.
The silica monolith offers the highest permeability of
the systems investigated, while both polymer mono-
liths show a permeability less than that of a random-
close packing of the smallest particles, i.e. the
nonporous beads with an average diameter of 3.2
pm. Although these curves already indicate some
trends, for a quantitative treatment of hydraulic
permeability accounting for different interstitial
porosities and particle diameters (as indicated by
ZLaow IN Fig. 3) a transformation of the absolute data
into a dimensionless form has to be performed and
first properly applied to the particulate beds. Then, a
direct comparison of the monolith’s hydraulic per-
meability to those of particulate beds can be carried
out by defining an appropriate characteristic length
(Z410w) for which both types of curves (monoliths,
particulate beds) coincide.

Due to the fact that the specific permeabiltycan
be determined exactly from Darcy's law but, vice
versa, an exact prediction of the actual bed per-
meability from its characterizing macroscopic prop-
erties like porosity or average pore diameter fails,
simplified geometrical models of the pore network
(especially for particulate fixed beds) were developed
to allow an estimation of the bed’s permeability by
knowing macroscopic properties like the interstitial
porosity, mean particle shape or diamefit—46].

For example, the Kozeny—Carman equatfis8] is
based on the assumption that an irregular distribution
of pore dimensions in a fixed bed of particles can be
replaced by a bundle of twisted, nonintersecting
channels with a similar diameter in which flow
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much higher than that of a random-close sphere
packing is physically not consistent and will there-
fore lack accuracy. Despite such restrictions the
Kozeny—Carman equation gives reasonable results
when permeability data based on similar column and
particle dimensions are congiiredo avoid
limitations and allow for a comparison of chromato-
graphic media with very different porosities we here
adopt the approach of the dimension analysis. This
phenomenological approach was used by Rumpf and
Glgts5] in their study of liquid flow through
porous media covering a wide range of porosities
(for 16 Re=10%, using sphere packings pre-
pared by a special procedure, with interparticle
porosities between 0.35 and 0.68). In dimension
analysis all the experimentally available system
parameters are first defined and then calculated
against each other, leading to a dimensionless num-
ber which specifically characterizes the system under
investigation.

In the case of laminar flow of a Newtonian fluid
through a fixed bed (fluid and bed are considered
incompressible and, therefore, Darcy’s law is valid)

the general approach of dimension analysis for
hydraulic permeability can be represenigd]:as

Ap _

2
pusf

UgX L ,

f RezT, < Ginten 0, ¥, packing structur} (4)

System parameters affecting flow resistance are:
(i) total pressure dropAp over the fixed bed, (ii)
cross-sectionally averaged superficial velocity;,
and (iii) volumetric density of the liquicp. Their
ratio (see left-hand side of Eq. (4)) is a function of
several also dimensionless variables characterizing
liquid flow, packing material and structure: (i)

resistance is governed by the Hagen—Poiseuille law Reynolds number, (i) interstitial porosity,,,.,. (iii)

for laminar flow in open tubes. If the permeability
data shall be normalized through this approach also
the limitations of this model have to be considered:
the equation is based on empirical data that were
acquired for random-close packings of nearly spheri-
cal particles, having narrow patrticle size distribution
and an interstitial porosity of about 0/3]. An
extension of the porosity function obtained for this
model to porous media with an interstitial porosity

particle shape and size distribution factagsgndq,)

and (iv) the ratio of bed length divided by a mean
characteristic lengtix of the porous medium ortho-
gonal to the flow direction which governs the flow
resistance, defined d$,,,, for both the particulate
and monolithic media. In a random-close packing for
which L strongly exceedsf,,,, all factors affecting
the axial flow resistance can be considered as
constant over the bed length, leading to a linear
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relationship betweedp/(nuZ) andL, /£ 4., SUM-
marized in the Darcy—Weil3bach friction factsr:

T — Ap xlow
puﬁf Lbed

_ _ usf”%low
=flRe= v » Einter qii (A

The (dimensionless) Darcy—Weil3bach friction fac-
tor itself is a function of several dimensionless
parameters but if spherical particles with a narrow
particle size distribution are used, deviations in the
interstitial porosity, particle shape and size distribu-
tions have a negligible influence, reducidg to a
function of only one dimensionless variable, the
Reynolds number. Taking;,,,, as the mean surface-
averaged particle diameter, the friction factor—
Reynolds number relation for the different sphere

)
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more difficult to explain by only their mean in-
dividual bed properties. For example, based on
macropore diameters (and by considering the
Hagen—Poiseuille law) the expected permeability
ratio concerning the silica and polymer monoliths
should be about 4, but it actually ranges between 12
and 16. Certainly the porosities also need to be
considered here, but because the monoliths span a
quite substantial range of porosities, the resulting
difficulty lies in the estimation of an accurate
porosity function which is able to cover the total
range. Already an extrapolation based on the
Kozeny—Carman equation for sphere packings with
higher interstitial porosity than the typical 0.4 be-
comes inaccurate. For example, as shown by Rumpf
and Gupte the porosity function @e,..)>/ &5
after Blake, Kozeny and Carman should be better
replaced bys >° or by the still more meaningful

packings leads to a coincidation of these data onto afunction 4(1— &,..)&me. [55].

linear master curve (open symbols iRig. 4D,

Hence, there seems to exist no clear relationship

justifying the assumption that the phenomenological between bed structure properties like porosity or
approach of dimension analysis is well suited for macropore diameter and permeability according to
comparing different sphere packings, porous and Darcy's law (cf. &, and Table 1. It points

nonporous, and that also the resulting packing prop- towards the usefulness of a pragmatic approach, to
erties in view of g,,.,, G, and ¢ are sufficiently relate hydrodynamic properties of monoliths to those
similar. (Because the viscous drag on a spherical of the well-defined and understood system comprised
particle in laminar flow is proportional to the surface by a fixed bed of spheres via the phenomenological

area orthogonal to the flow directiofilO], it is

approach of dimension analysis, taking into account

physically meaningful to use the mean surface-aver- only directly measurable macroscopic system prop-

aged particle diametedt, , for characterizing? .
Also other authors dealing with the flow resistance in
porous media have uset , [46,55])

erties.
Absolute permeability data for various organic
polymer-based monoliths adapted from the literature

The close correlation of hydraulic permeability were subsequently scaled to obtdf,,, with the
data for porous and nonporous beads suggests arhelp of particulate reference materials and with water
extension of this phenomenological approach to the as the liquid. The resulting equivalent sphere dimen-
monolithic resins in order to relate their specific sions are listed ifTable 2.Data for the commercially
permeability data to those of particulate beds simply available polymer monoliths A and B adapted from
by scaling them with an appropriaté#,,,, to the different authors reveal that the permeabilities of
particles’ master curve (closed symbols for the these monoliths result in aff;,, of similar mag-
monoliths, Fig. 4b. The data for both silica-based nitude as in this study. Polymer-based monolithic
and polymer monoliths fit well into the master curve, resins offer an individual permeability characteristic
suggesting the usefulness of this approach. The depending on preparation conditions. Therefore, no
equivalent sphere dimensions for permeability general relationship between the nature of these
(Z4ow) are 3.0um and 2.7um for the polymer monolithic stationary phases (organic polymer or
monoliths A and B, respectively, whereas the per- inorganic silica skeleton) and permeability can be
meability of the silica monolith equals that for a drawn.
fixed bed of 11.0um spheresd, ,). Differences in A phenomenological approach relying on the
flow resistances between the monolithic resins are Darcy—Wei3bach friction factor—Reynolds number
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relation, which is not based on any confining model
and which takes into account only directly mea-
sureable system parameters, is shown to be a suffi-
cient, yet extremely practical tool for the dimension-
less scaling of permeability data for porous media
with a quite different porosity and structure. By
introducing the radial length scalé;, (an equiva-
lent sphere diameter for hydraulic permeability), it is
possible to attribute to each monolithic bed a single
value which describes its macroscopic permeability
in terms of the average particle diameter of spheres
in the equivalent sphere packing and, thus, allows a
convenient and straightforward comparison of mono-
lithic and particulate chromatographic beds, at least
under this point of view.

3.2. Hydrodynamic dispersion

For a quantitative comparison of the axial disper-
sion coefficients of the solute a method has to be

F.C. Leinweber, U. Tallarek / J. Chromatogr. A 1006 (2003) 207-228

functionPgj in order to use the Van Deemter
equation. Reduced plate height plots originating from
the dispersion data for particulate and monolithic
beds then may coincide by appropriate dimensionless
scaling.
To verify this simple approach with uncharged
analyte molecules on reversed-phase materials, Van
Deemter curves for monolithic columns with differ-
ent surface modification (RP4e, RP8e and RP18e), as
well as for guB0Oparticulate RP18e “reference”
material are showig.irb. They were obtained
with caffeine under strong retention conklitiens (
5). Regression data for bofaténe andC-term
parameters are (for all the reversed-phase monolithic
media) very similar to those for the random-close

packing of these 3.Qum spheres (cfTable 3. Thus,
the monoliths equivalent particle diameter for axial
dispersion representing that in a bed of completely

porous spherespoh $this dimension is obtained
here without the need for concrete calculation of the

devised which also allows to evaluate the apparently C-term parameter, but just—accidentally—by optical

diverging data for the various media in a dimension-

inspection) is consistent with our previous findings

less form. Prerequisite is a constant and sufficiently [47]. One advantage of the Van Deemter analysis is a

small extracolumn contribution to the band broaden-
ing. Then, a possible approach consists of applying
the Van Deemter model for band dispersion in
chromatographic medig62] which uses the theoret-
ical plate heightKl), an already reduced parameter,
for indicating the effectiveness of a column via the
first derivative of the axial variances of the detector
response signals with respect to the column length
(i.e. H=do?/dL). The introduction of three param-
eters for mechanical (eddy) dispersion, axial molecu-
lar diffusion and nonmechanical dispersion (stagnant
mobile phase mass transfer) results in the well-
known Van Deemter equation in which all processes
are considered to occur independently and, therefore,
their offered resistances add in series. Then, the
dispersion data for silica-based monoliths with a
bimodal pore size distribution can be scaled on the
basis of a lumped mass transfer kineti€s-térm
parameter) to those observed for fixed beds of porous
spheres (also with a bimodal pore size distribution cf.
Fig. 2) by introduction of an equivalent sphere
dimension concerning axial dispersigti7]. For this

purpose, the mass transfer in the stagnant part of the

convenient direct derivation based on readily obtain-
able plate height curves of equivalent sphere dimen-
sions for axial dispersion under conditions of re-

tained elution. These conditions guarantee relatively
long tracer residence times in the column, resulting
in accurate experimental data concerngetime

30+
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Fig. 5. Van Deemter curves for caffeine on silica-based mono-

mobile phase, here the intraskeleton or intraparticle jihic and particulate stationary phases obtained under conditions
pore space, has to remain diffusion-limited (as a of strong retentionk =5).
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Table 3
Van Deemter parameters for caffeine elution
Stationary phase A (um) B... (107° m’/s} C(10°%s)
Silica monolith RP4e 1040.5 0.7 1.4-0.1
Silica monolith RP8e 10:60.4 0.7 1.6-0.1
Silica monolith RP18e 97%0.2 0.7 1.60.1
Fixed bed of spheres RP18e 90.6 0.7 1.50.2

chaIc
(significant slope in the plate height curves) which
then clearly dominates the overall dispersion. But, at
the same time, the use of retained conditions is also
one of the major drawbacks of this approach. Com-
parisons of dispersion behaviour will then be compli-
cated by the surface-specific adsorption kinetics, in
addition to the differences in diffusion path lengths
in the particulate and monolithic materials. Thus, the
main focus of this work (the hydrodynamic disper-
sion) will be, at least partly, obscured by thermo-
dynamic effects. To circumvent these difficulties
elution under nonretained conditions is favored

because dominating mass transfer resistances in the
mobile phase then arise from diffusive processes that
itself originates in stagnant zones characterized by a

= 2k,D,, with k, being the obstruction factor (0.7), ami,_=0.5x10"° m*/s[62].

reasonable spherigitydepends on the Peclet
number, on intraparticle porosity and reduced pore
diffusity, (/D ), where D g, is the effective
diffusion coefficient of analyte molecules in the
stagnant zone. However, in order to scale the disper-
sion data for porous and nonporous spheres via
dimension analysis in a similar way as for the
permeability data, we have to introduce a common
(appropriate) length sialg, for the consistent
determination of the dispersive flow regime (cf. Eq.
(6)).
For studying the axial disperQivitfya neutral,
nonreacting solute in incompressible liquid flow
through a random sphere packing as a fuRetion of
we have to take into account the bed’s tortuosity

different spatial dimension (and pore space morphol- 7., & mechanical dispersion contribution (coeffi-

ogy), depending on the material under consideration.
But, as a consequence, tlieterm parameter is then

reduced to a magnitude which represents the actual

ciéhd) and two nonmechanical mechanisms,
namely boundary-layer mass tranélgr gnd the
liquid hold-up in the intraparticle stagnar@ézone (

experimental error in its determination and this, in [63]:

turn, prohibits a meaningful data evaluation.
Therefore, the plate heigh is first replaced by
the dispersivity%®, the dimensionless ratio of the
effective axial dispersion coefficient to the analytes
molecular diffusivity. By applying dimension analy-
sis to axial dispersion in fixed beds of porous spheres
we can formulate Eq. (6), describifigy as a function

=1,.4+ O Pe+ OPeln (Pe) + O Pe’ (7)

Apparently, the liquid hold-up contribution is not

of several (also dimensionless) fact¢48]: present with nonporous particles (unless some of the

particles crush and lead to an appreciable amount of

—ax dead-end blockage, or the “nonporous” particles

m have micropores to a finite extent). The relevant flow
Uav-Laisp D stag regime for mechanical dispersion and boundary layer

= f<Pe= D e G s S T > (6)  mass transfer can be characterizedy,, because

" " both contributions are physically related to the

(velocity and shear stress at/close to the) particles

The same parameters as for the permeability data

are used to characterize interstitial porosity, particle
shape and size distribution, and they can be neg-
lected for a random close packing of spheres with
relatively narrow particle size distribution and

external surface. By contrast, the liquid hold-up in
beds of porous spheres is inherently caipled to
(Efg. 3), the effective intraparticle diffusion

pathlength that we determine, in this study, for
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completely porous spherical particles from their
mean surface-averaged particle diametgy.f.

In beds of nonporous spheres, i.e. in the absence

of liquid hold-up, £, is determined uniquely by
< but for the porous particles botf; , and

¥ s1ag @re important. Apparently, they are not identi-
cal (Fig. 3). The intraparticle liquid hold-up contri-

bution begins to dominate axial dispersion when

flow?

completely porous spheres are used and Peclet
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Fig. 6. Dimensionless dispersivity versus the Peclet number for
random packings of totally porous and nonporous spheres. (a)
Data obtained with PFG-NMR measurements and numerical
simulations, reprinted with permission from Kandhai et[&H].
Regression analysis results in the following values 4gy, 6@,

6,, and6,: 0.74, 0.144, 0.101 and 0.020 in the case of the porous
particles, and 0.51, 0.153, 0.080 and 0.0016 for the nonporous
spheres. (b) Data obtained by tracer elution experiments under
unretained conditions. For all curves (porous or nonporous
particles)Pe has been calculated, as is usually done, on the basis
of the mean particle diameter.
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numb@es sufficiently exceeding unity are en-
countered Re> 20; it is, thus, most relevant in

liquid chromatography practice). This has been re-

evaluated and demonstrated recently by the com-
plementary pulsed field gradient NMR measure-
ments, combined with a numerical simulation (using
high-resolution flow fields) of axial dispersion co-

efficients in packings of porous and nonporous

spherical parkie$d [64], an aspect to which
we will return to below.

Axial dispersion in random-close packings of
totally porous and completely nonporous spheres
represents two limiting cases for which the flow
regime can be conveniently characterized by a single
length scale £;5,) which is £, in the former and
ZLaow N the latter situation. The actual flow regime
for pellicular particles (cf.Fig. 3), however, needs
two different length scales and the dimensionless
dispersivity is not expressed easily in a reduced
form. Because liquid hold-up in these particles is
strongly reduced (this is one of the main purposes of
the pellicular particles), it may not be the dominating
contribution to band dispersion any longer, yet not
be negligible, and?, cannot be replaced simply
by £, Without introducing an ambiguity.

Before we continue with a demonstration of the
importance of liquid hold-up in stagnant zones for a
determination of an equivalent dispersion length for
monoliths compared with that in particulate beds, it
should be pointed out that Eq. (7) apparently con-
tains a coupling (via the boundary-layer contribution)
between mechanical dispersion and mass transfer
resistances arising in the mobile phase. This is in
contrast to the Van Deemter modd-{erm indepen-
dent of velocity) and it is still incomplete compared
to the Giddings coupling theorjB]. Giddings has
addressed the important role played by lateral diffu-
sion (or, more correctly, by lateral dispersion, al-
though it is only a very weak function dfe) in the
relaxation of radial concentration gradients. For this
purpose, he has identified several velocity
inequalities of the flow pattern in a packed bed,
covering length scales from the radius of an in-
dividual interparticle pore (transchannel contribu-
tion), via short and long range interchannel effects
(including a few particle diameters), up to the whole
diameter of the column (transcolumn contribution)
[65]. For the sake of completeness, Eq. (7) expresses
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coupling only between the pore-scale velocity dispersion in the bed of porous spheres at Peclet
inequality arising due to the no-slip condition at the numbers exceeding about 20. Thus, liquid hold-up as
solid—liquid interface and diffusion normal to that a particular dispersion mechanism is also suited to
surface. This pore-level Taylor dispersion translates study and compare the band broadening in mono-
to the Giddings transchannel effect. Velocity lithic and particulate beds, as long as this contribu-
inequalities on a higher length-scale (like short and tion is sufficiently present in a material and disper-
long range interchannel, or even transcolumn effects) sion data are acquired over a sufficiently wide range
are not considerefb3]. Thus, “coupling” between ofPe.

mechanical and nonmechanical effects in Eq. (7) Compared to these results based on the direct
represents a situation between the Van Deemter measurement and simulation of axial dispersive
model and the comprehensive Giddings equajjn processes in packed beds, the classical chromato-
Nevertheless, the importance of intraparticle liquid graphic tracer dispersion data derived from an exter-
hold-up, irrespective of the foregoing discussion, nal detector response are strongly affected by the
stems from the fact that this contribution (propor- respective extracolumn volumes and, therefore, are
tional to @,Pe®, cf. Eq. (7))—as there is no flow usually more scattered.(60. Dispersion data for

inside the particles and, thus, no coupling with porous particles A and BTédfle 1) in Fig. 6b

mobile phase velocities—starts to dominate overall have a different dependerige oof Pe, caused
dispersion at higher values Bt. But how high must mainly by differences in the intraparticle porosity

Pe get to clearly distinguish between mechanical and and different reduced pore diffusitjgsD ,
nonmechanical effects? The answer is provided by Table 4, as both quantities contribute to the

Fig. 6a. coefficient 6, characterizing the liquid hold-up.

By having used well-defined computer-generated, Consequently, these paramgteen@D.,,/D )
as well as physical sphere packings of porous and also directly influence the slope of dispersivity
nonporous particles, lattice-Boltzmann flow field curves in a regime where the hold-up contribution
simulations and pulsed field gradient NMR measure- dominates the overall dispgi8jon
ments have revealedrig. 63, in excellent agree- The direct comparison of axial dispersion in
ment, that for both types of particles (porous and monolithic and particulate media having a bimodal
nonporous) the parameters for mechanical dispersion pore size distribution (one set of pores for convec-
and boundary-layer mass transfer are indeed very tion-dominated transport, the other set of pores for
similar (most probably because surface chemistries, achieving a large surface area, but with diffusion-
particle shape and size, as well as their distribution limited mass transfer) can be accomplished, in
parameters were comparable), but that the coefficient analogy to the permeability data, by defifilng an
for liquid hold-up shows an increase by more than a for the monolithic structures so that their dispersion
decade with the porous particl@&4]. It should also data collapse onto the dispersivity curve for the
be mentioned that both columns (porous vs. nonpor- particulate media. This dimensionless scaling
ous particles) were packed and consolidated by the strategy will work perfectly when both axial disper-
same procedure. As clearly demonstrated-ig. 6a sion curves (i.e. for the monolithic and particulate
the liquid hold-up contribution starts to dominate beds) are characterized by a similar slope, meaning
Table 4
Physical properties of the tracer molecules used in dispersion analysis
Tracer Molecular Rs D, D adD m Ref.

mass (g/mol) (hm) (10° f /s) Porous spheres A Porous spheres B Silica monolith

Acetone 58.1 n.a. 12.8 0.35 0.50 0.64 [66]
Angiotensin Il 1046 <0.2 31 0.20 0.37 0.36 [67]
Insulin 5807 0.54 1.4 0.14 0.29 0.25 [68,69]

BSA 67 000 3.06 0.6 0.05 Size exclusion Size exclusioffi70]
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that the reduced effective pore diffusivities (€able 10']
4 and the list of symbols) become similar. Otherwise, § ® Acstone ] s
. .. . . . ] ® Angiotensin Il | Porous spheres B

the dispersivity plots will not coincide exactly, a ] A insuin / a)
behaviour that is well known from the reduced plate S Qﬁ;&nfnsE Siicamonolin  yo®°
height curves for different particulate media in liquid 167 4 Insulin
chromatography.

The elution under nonretained conditions allows to 10']
derive the effective total porosity experienced by
each analyte from its _reS|de_nce time _dlstr_lbunon 1004 — 5 o
(Table 5. Acetone, angiotensin Il and insulin are ] Tortuosity-limited regime
able to enter the intraparticle or intraskeleton pore 10" Lrrrrrr - . o
space of all silica-based chromatographic materials. 10" 10° 10' 107 10°
Further, liquid hold-up dominates dispersion at Pe
Pe> 1 in these hierarchically-structured porous .
materials (with intraparticle or intraskeleton meso- 10 . At
pores and interparticle or interskeleton macropores). . Aﬁzigtneensin I Non- N &:ﬁ

o s | A Insulin porous spheres
For the porous spheres B and the silica-based 07§ Bea y b)
monolith the dispersion data for all analytes demon- 1 BSA-Porous spheres B
strate a unique behaviour when defining 4, for 1024 & BSA-Stlieamondin
the monolith of 1.0um (Fig. 79. This actually
means that dispersion in this monolithic structure S 10"
corresponds to (is equivalent to) that in a random ]
close packing of porous spheres with an average ol .J!:'_ ____________________
particle diameter of 2.Qum having similar stagnant v Tortuosity-limited regime
zone pore space morphology as the porous spheres B
10-1 T T T LA | T

(which were used as a “reference” in this analysis).
In contrast to the above-mentioned analytes, effec-
tive porosity data for BSA elutionTable 5 indicate
that this molecule is size-excluded from the Fig. 7. Dimensionless scaling of tracer dispersion data for the
mesoporous intraparticle pore space of the porous silica-based monolith. (a) Axial dispersivity in the monolithic
structure and in the random packing of porous particles B, with
Sphergs B and E_ilSO from the mesoporous skeleton Ofthe analyte experiencing liquid hold-up in the stagnant part of the
the silica monolith (see alsbable 1. Because BSA mobile phase (intraparticle or intraskeleton pore space). The data
does not experience a substantial liquid hold-up (if are plotted and scaled versBe calculated based on the thickness
any at all—boundary layer mass transfer resistance is of the porous layer of completely porous particles whickljs/2
still present and it is certainly diffusion-limited close ~(¢f: Fig- 3. This procedure leads to df,, for the monolith of

: . . .. 1.0 um. Reprinted with permission from Tallarek et {8]. (b) @
to the surface, normal to it, but its characteristic vs. Pe for the nonporous spheres, together with the BSA elution

|_en9th'sca|e is small "_ind it does not constitute @ gata for porous spheres B and the monalith (size exclusion). In all
liquid hold-up mechanism) and undergoes convec- casespPe is now calculated based d#

Pe

flow *

Table 5
Effective tracer porosities in the different porous media
Tracer Sphere packings Monoliths
Nonporous Porous spheres A Porous spheres B Silica-based Organic polymer A Organic polymer B
Acetone 0.36 0.65 0.75 0.92 0.70 0.47
Angiotensin Il 0.36 0.55 0.68 0.84 0.60 0.35
Insulin 0.36 0.51 0.63 0.80 0.58 0.34
BSA 0.36 0.37 0.36 0.70 0.55 0.32
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tion-dominated dispersion in the interparticle or

interskeleton pore space, these dispersion data re-

semble more those for beds of nonporous spheres.
Then, the best measure fft,, in this limiting case
appears to be¥,,, like d,, for the nonporous
particles, as pointed out earlier. By representing the
BSA dispersion data with atf;,, of 11.0 um for

the silica monolith (obtained from the permeability
analysis) and 7.2um for the porous spheres B and
by comparing these data to those for the packing of
nonporous spheres, we arrive at a unique scaling and
finally obtain an equivalence for the axial dispersion
behaviour in the interstitial (interparticle or inter-
skeleton) pore space of these medtg( 7b.

The axial dispersion data for both polymer mono-
liths could not be scaled in a meaningful way to the
behaviour observed in the reference beds of porous
or nonporous particles. While the pore size measure-
ment by mercury intrusion and a surface area
determination by nitrogen adsorption could not prove
any significant amount of micro- and/or mesopores,
the effective porosity data iffable 5indicate that
these two monoliths are not completely nonporous
concerning liquid hold-up meaning that their pore
size distribution Fig. 2) remains not necessarily
monomodal for all of the analytes. Moreover, the
data for polymer monolith B cannot be further
differentiated because of the relatively high extra-
column volume engendered by the disk housing
system (cf.Table 1.

3.3. Adsorption capacity

In preparative chromatography the sample amount
loaded on a column is increased to a stage in which
the surface concentrations of adsorbed analyte mole-
cules cannot be treated independent from the already
adsorbed molecules any longer and the adsorption
isotherm begins to show a nonlinear behavior
[52,71,72]. In view of high-throughput processes,
stationary phase materials have to be designed for
nonlinear chromatography which offer large specific
surface areafr3]. This aspect clearly favours com-
pletely porous support structures over nonporous
ones (able 1. Differences in the maximum loading
capacity for different stationary phases can be de-
rived from the determination of the adsorption
isotherms under identical retention conditions, pref-
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erably for molecules obeying a Langmuir isotherm
[AA}ebecause the monolayer saturation capacity,
in contrast to the nitrogen adsorption data, inherently
contains the influence of the respective pore space
morphology, e.g. it accounts for differences in
accessible pore space for larger analytes.
All adsorption isotherms in this study were de-
termined by frontal anall&ls-78] under strong
retention conditioks=(5) for RP18e porous
spheres and the silica monoliths with RP4e, RP8e
and RP18e surface modification. Caffeine was
chosen as analyte because it adsorbs reversibly on
reversed-phase materials and shows Langmuir be-
haviour (as has been determined a priori). Further, its
high solubility in water (of more than 20'g | )
allows to realize sufficiently high surface concen-
trations so that the monolayer saturation capacity can
be approached. Adsorption studies were not carried
out for polymer monoliths because both are fabri-
cated from different monomers and, therefore, they
show different SCX surface characteristics. More-
over, a suitable (polymer-based) particulate reference
material was not available. In addition, an extensive
capacity study for proteins on polymer monolith B
has already been publi$dgd
For complementary information about the specific
adsorption behaviour of caffeine, its adsorption
isotherms were plotted with respect to the following
paramekegs §): volumetric solid-phase concen-
tration (mass of caffeine per stationary phase vol-
ume), surface concentration (mass of caffeine per
BET surface area of the solid-phase), and the relative
column volume-weighted concentration (mass of
caffeine per column volume). Differences in phase
ratio between the two columns (particulate and
monolithic bed) indicate that the volume-weighted
adsorption isotherm, although useful for modelling
chromatograms with a single stationafyljhesse
not suited for describing variations in adsorption
capacity for different materials because adsorption
occurs on the surface of the solid, but not within its
volume. Therefore, the adsorption is better repre-
sented by the surface-weighted isotherm, indicating
that the monolith’s loading capacity (per squared
metre of the BET surface area) is increased com-
pared to sphere packings with a similar surface
modification. But also this illustration allows only
limited conclusions about adsorption behaviour on
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different porous media, because the area determi-
a) nation was carried out by using nitrogen, a molecule

g © assumed to enter the whole meso- and micropore
300 o space. However, the BET analysis does not describe
the effective surface area for caffeine. Possible
= o v explanation for differences in surface loading capaci-
=2 o v ties may be found in a reduced accessibility of parts
o of the pore network, (i) in reversed-phase modi-
1007 a ® e o o fications with longer chain lengths (RP18e) com-
pared to materials with a shorter carbon chain (RP4e
0- and RP8e) and (ii) in the silica spheres compared to
, , , , monoliths due to the higher solid-phase content of
0 5 10 15 20 the particles (cf. phase ratio ifiable 1).

Crog [9717] Quantitative information about adsorption capacity
in different chromatographic beds is obtained by
illustrating the adsorption isotherm with respect to
034 b) the column volume-weighted concentratidfig. 89,

o 9 because this representation includes the materials-
specific adsorption and solid-phase content in the
actual column. Adsorption data were fitted to the
o o Langmuir isotherm and resulted in a maximum
® column volume-weighted loadability for the porous
ﬁ ° spheres of 40.4 mg/ml and one of 25.7, 33.1 and

400+

Aarea
o
1
o
e [XoO
e DJO
>
o
e DJ
° > <
> <
>

34.9 mg/ml for the silica monoliths with RP18e,
RP8e and RP4e surface modification, respectively. In
all cases, regression coefficients were better than
I I 0.999. Reduction of chain length from RP18e to
§ RP8e and RP4e leads to a significant increase in the

Creeq [O1'] maximum adsorption capacity for the monolithic

columns. A possible explanation may be found by a
better accessibility of the mesopore space (combined
with a larger effective surface area) when shorter
chain lengths are used. In general, however, the
silica-based monoliths offer a lower adsorption
. capacity than particulate beds, e.g. the monolayer
v oa saturation capacity for caffeine on the RP18e silica
. monolith is about 64% of that for the corresponding
ikca monolith (RP4e) RP18e modified fixed bed of porous spheres. This

Silica monolith (RP8e) difference is mainly caused by the actual amount of
Silica monolith (RP18e)

0,0+

30

20+ i

ﬁ Fixed bed of spheres (RP18€) solid-phase in each column. In the particulate chro-
0 ' ‘ matographic beds the total mass of solid is about

o 5 10 15 20 three times higher than for the highly porous silica
Couny [917] monolith. But the significantly higher intraskeleton
porosity, possibly also providing better accessible
_ _ - *“ intraskeleton pore space, compensates partly the
stationary phase materials under conditions of strong retention. lid-bh fi fth terials of v 0.34" th
Reference parameter: (@) the solid-phase concentratig, (b) Soll 'P aseratio o . e_SE materiais of only U. : €
solid-phase surface concentratiom, (), and (c) the column resulting surface ratio is 0.58 and the actual ratio of
volume-weighted concentratiorgy,). maximum loading capacities amounts to 0.64. Thus,

a,, [mgcm?]
> <0 e
> <0 e
> <0 e
<o
<0

><e

e >0

Fig. 8. Adsorption of caffeine on monolithic and particulate
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compared to conventional particulate stationary
phase materials the silica-based monoliths with
bimodal pore size distribution provide a still compar-

able and only slightly decreased dynamic adsorption
capacity.

4, Conclusions

The phenomenological approach of dimension
analysis, suitable for scaling the hydrodynamics in
different fixed beds of (porous and nonporous)
spheres via their mean particle diameter, also allows
to relate hydraulic permeability and axial dispersion
data for monolithic chromatographic supports to the
behaviour of well characterized random-close pack-
ings of spheres. It is achieved by the introduction of
equivalent sphere dimensions for the monolithic
structures. Although the continuous solid-phase of
monoliths leads to a different bed morphology, this
approach provides an excellent competitive analysis
concerning the hydraulic permeability of all mono-
liths (organic polymer, silica-based) and the axial
dispersion behaviour of, at least, the porous silica
monoliths. The hydrodynamics in these monoliths
can now be characterized in terms of particle dimen-
sions via single values d¥,,,, and %,

In general, the hydrodynamic properties of a
porous medium can be described by the ratio of the
aforementioned dimensions for axial dispersion and

hydraulic flow resistance:
gdisp

<

flow

P = (8)

It characterizes the hydrodynamic performance of
stationary phases[48]. For completely porous
spheres this ratio is 0.5-{g. 3), meaning that the
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ing contribution to the axial dispersion), as well as to
a packing with equivalent sphere diameter for hy-
draulic permeability and dispersion in the macro-
porous interskeleton pore sgégs, 6f11.0 um.
The hydrodynamic performance ratio for analytes
experiencing liquid hold-up thus is reducedg,, =
0.09. To realize this ratio in sphere geometry,
pellicular particles have to be applied with a total
diameter of 11um (as¥,,, ). and with a thickness
of the porous layer (in the first approximation) of
¥ s1ag However, a geometrical analysis of this diffu-
sive layer suggests that its thickness can be treated as
small in comparison with the total radius of the
resulting solid core—porous shell sphere. This allows
to apply the one-dimensional diffusion equation
(Fick’s second law) for infinite plane shedi&9,80]
(i.e. for slab geometry) in the case of the pellicular
particle. The corresponding thickness of the porous
layer leading to a similar dispersion as the (com-
pletely porous) sphere with a radid,,, is derived
by solving the diffusion equation in slab and sphere
geometries for transient diffusion and assuming
equivalent mean residence times of the analyte
molecules in both medi§31,82]. Rodrigues et al.
[83,84] have solved this problem and have obtained
a value of 185 for the ratio of the slabs half
thickness to the sphere radius, assuming purely
diffusive mass transport. Pellicular particles having
an overalld,=11 um to account for permeability,
with similar hydrodynamic performance ratio as the
silica-based monoliths (i.e2=0.09), then have a
porous layer that is only 0.4pm thick. For such a
pellicular particle, the resulting nonporous core
contains more than 77% of the spheres volume so
that the effective surface area and the adsorption
capacity per column are strongly reduced compared
to both the completely porous spheres and silica
monoliths Table §. In this respect, these pellicular

mean sphere diameter, respectively the mean radius,particles provide no alternative to the silica-based

can determine the flow regime for permeability and
dispersion.

The hydrodynamic properties of the silica-based
monoliths with a bimodal pore size distribution
correspond to those of a bed of totally porous
spheres with a radius df,,,=1.0 um concerning
dispersion originating in the monoliths mesopore
space (under nonretained elution condition and with
liquid hold-up in the mesopore space as the dominat-

monoliths with a bimodal pore size distribution.

The bimodal pore size distribution of silica-based
monoliths with large macropores and a thin, highly
porous (but pressure-stable) skeleton, is the basis for
the unique combination of high bed permeability,
short diffusion path lengths and high adsorption
capacity which cannot be achieved in a fixed bed of
any diffusive particle type. Since, up to date, only
silica-based monoliths show a distinct bimodal pore
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Table 6
Hydrodynamic and adsorption properties of selected porous media

Fixed bed P o () FLorag (WM) PRy A, (m*/g) A o (m*/mi) 4 mar(mg/mi)
liquid hold-up

Silica monolith 11.0 1.0 0.09 39 25.7

Pellicular particle 11.0 0.45 0.09 14 9.1

Porous spheres B 7.2 3.6 0.5 161 65 40.4

size distribution as a result of their two-step manu- A
facturing process, these columns are clearly favored
for use in chromatographic applications especially in Cqqqq
those for which the combination of a high bed d
permeability, short diffusion pathlengths and high
surface area is stringently needed like in high- d,
throughput routine analysis, process-scale chroma-%
tography using, e.g., simulated moving bed technolo- D,,
gy, and for determination of compounds in complex
mixtures by liquid chromatography on-line coupled D,
to mass spectrometry. D
On the other hand, organic polymer monoliths
which are characterized by monomodal pore size
distributions due to their one-step polymerization d,,
process, have been designed for purification pro-
cesses of biomacromolecules by gradient elution. &
Since the monomodal pore size distribution provides, H
for sufficiently large molecules, almost exclusively K
flow-through pores leaving diffusion-limited mass K,
transfer on transchannel length-scale, the transport of
these molecules in polymer monoliths can be consid- &
ered as being convection-dominated in the pore
space available for the analyte. This certainly results &
in a reduced axial dispersion compared to the high &
surface area monoliths like the bimodal silica struc-
tures. Thus, the hydrodynamic behavior in organic L, 4
polymer monoliths more resembles that in beds of AP
nonporous spheres. However, the slight, but yet finite Pe
porosity of the skeleton, as seen from porosity data g,
and the broad pore size distribution (dfig. 2) Uarea
suggests that organic polymer monoliths are not
completely nonporous and that their skeleton pro- g,
vides, even for molecules of BSA size, accessible

macro

stag

stag

disp

flow

pores with a stagnant mobile phase. Ueol
qsp
5. Nomenclature Re
. %HP
Agpec specific surface area of the porous

medium (nf /g) Re

column volume-weighted surface area of
porous medidm (m /ml)
feed concentratiof52] (g/1)
macro or flow-through pore diameter
p)
average particle diametep.in)
dimensionless dispersivity, Eq. (6)
effective axial dispersion coefficient
%(m /s)
molecular diffusion coefficient (fn /s)
effective diffusion coefficient in stagnant
mObiIe phamtag: 8intr4< ;p n(Tintra
2 (m /s)
surface area-averaged particle diameter,
d,,=2 dnin/2dgn; (um)
Darcy—Weil3bach friction factor
theoretical plate height (m)
bed permeability (h )
hindrance parameter for pore level diffu-
[86h
characteristic length for liquid hold-up in
porous medium
characteristic length for axial dispersion
characteristic length for hydraulic per-
meability
length of packed bed (m)
pressure drop along column (Pa)
Peclet number
parameter(s) of particle size distribution
stationary phase surface concentration
(mg/m )
maximum  (monolayer)
capacity (mg/ml)
column volume-weighted concentration
(mg/ml)
solid-phase concentration (g/l)
Reynolds number
hydrodynamic performance ratio, Eg.
(8)

radius of gyration (nm)

adsorption
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to tracer residence time on column (s)

U, average linear velocity of solute band,
Us = Ugi/Eoqr; (M/S)

u,, average mobile phase velocity,, =
usf/‘gtotal (m/s)

U, mobile phase superficial velocity (volu-
metric flow-rate divided by the column
cross sectional area) (m/s)

e fixed bed volume ()

V. iira extra-column volume (th )

Vaii elution volume of solute (th )

\Y; volumetric flow-rate of the mobile phase
(m®/s)

X characteristic radial length scale (m)

o’ length-scale based variance of a solute
band (nf )

o’ time-scale based variance of solute band
(detector signal) (5 )

p volumetric density of the mobile phase
(kg/m®)

Poed volumetric density of fixed bed (kg/f )

Eotal total porosity of fixed bed (mobile phase
volume divided by the column volume)

Einter interstitial porosity (interstitial void vol-

ume—interparticle or interskeleton—di-
vided by column volume)47]

Eintra porosity of support structure (intraparti-
cle or intraskeleton mobile phase volume
divided by the particle or skeleton vol-
ume) [47]

ot effective bed porosity for analyte(col-
umn residence time divided by the col-
umn volume)

Tintra intraparticle or intraskeleton tortuosity
factor, Tintra = Eintra T 15(1_ gintra) [85]

Thed bed tortuosity[8,64]

D phase ratio (solid-phase volume divided
by the liquid phase volume)p = (1 —
gtotal) /atotal

n dynamic viscosity of the mobile phase
(Pa s)

v kinematic mobile phase viscosity {m /s)

s particle shape distribution parameter(s)

O bn coefficients for mechanical, boundary-

layer and hold-up dispersidi®3]
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Capillary liquid chromatography based on particulate and monolithic stationary phases was used
to screen complex peptide libraries by fast gradient elution coupled on-line to electrospray ioniza-
tion Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICRMS). A slightly mod-
ified commercial electrospray interface consisting of a fused-silica transfer capillary and low dead
volume stainless steel union at which the electrospray voltage was grounded enabled the effluent
of all the capillary columns to be directly sprayed into the mass spectrometer. Stable electrospray
conditions were generated over a wide range of mobile phase compositions, alleviating the need for
a tapered end of the spray capillary, pneumatic assistance or preheated nebulizer gas. Since the
identification of complex samples containing numerous isobaric substances is facilitated by chro-
matographic separation prior to mass spectrometry, stationary phase materials have been employed
which offer a fast, efficient elution and, due to the complexity of samples, a high loading capacity.
Silica-based monolithic capillary columns combine these three characteristics in a unique manner
due to a tailored adjustment of both macro- and mesopore sizes in the highly porous silica struc-
ture. As we demonstrate by a comparative study of the silica-based monolithic and packed capil-
laries for LC/MS analysis of complex peptide libraries, silica monoliths show superior performance
over packed beds of small-diameter particles with respect to analysis time and separation effi-
ciency. Libraries with more than 1000 different peptides could be screened in less than 20 min.

Copyright © 2003 John Wiley & Sons, Ltd.

High-resolution mass spectrometry in combination with
electrospray ionization presents one of the most powerful
systems in use for the analysis of complex biological samples
encountered, for example, in proteomics and drug discov-
ery.'* Fourier transform ion cyclotron resonance mass spec-
trometry (FTICRMS) with superconducting magnets up to
25 Tesla provides a mass resolving power exceeding
m/ Amsge, = 10° for the analysis of single peptides, allowing
anidentification of individual analytes directly by their mole-
cular mass without needing time-consuming in-cell dissocia-
tion.>® Especially with complex mixtures the extremely high
signal capacity in FTICRMS provides a basis for the simulta-
neous analysis of numerous compounds, as was demon-
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D-39106 Magdeburg, Germany.

E-mail: ulrich.tallarek@vst.uni-magdeburg.de

"These authors contributed equally to this work.

strated for a broad range of different samples.” ' The
possibility of a direct identification via the molecular mass
significantly reduces analysis time for samples in which the
molecular mass of all components is known or can be calcu-
lated in advance, e.g., for tryptic digests of proteomes
expressed by sequenced genomes and, of course, synthetic
libraries. However, two major drawbacks arise for a direct,
accurate mass spectrometric identification: in complex mix-
tures a signal suppression becomes possible due to the differ-
ent efficiencies of ionization within the ESI process,'" an effect
that is also observed in ESI-FTICRMS."? The second problem
is that isobaric components, e.g., those containing structural
isomeric amino acids leucine and iso-leucine, are hardly dis-
tinguishable and usually have to be identified by further
high-energy fragmentation, although there have been
attempts to overcome this limitation."?

Capillary separation techniques based on liquid chromato-
graphy which are applied prior to mass spectrometric

Copyright © 2003 John Wiley & Sons, Ltd.



detection, and coupled on-line through an ESI interface,
provide a suitable means for meeting the requirements for a
fast identification of samples containing isobaric compounds
because, after efficient chromatographic separation, analytes
enter the mass spectrometer in concentrated elution bands
with only a few or, in the case of baseline separation, without
any further components that would decrease the sensitivity
and resolution of the MS detection. Its low sample consump-
tion (injection volumes are of the order of some tens of
nanoliters) and volumetric flow rates of about 1 pL./min make
the capillary separation techniques well suited to the
optimum operation conditions of ESI interfaces.'* To date,
chromatographic capillary columns conventionally consist of
a random-close packing of small-diameter spherical particles
packed under high pressure into fused-silica capillaries. The
use of small spheres (1.5-3 um) significantly enhances the
separation efficiency15 under the limitation, however, of a
drastically increased column back-pressure.'® The capillaries
packed with these particles (either porous or non-porous) are
capable of providing high separation efficiency in reasonably
short elution times only if they are operated as very short beds
or with expensive ultra-high pressure LC equipment enabling
system pressure drops between 700 and 1100 bar.”

To circumvent limitations of packed and therefore dis-
continuous stationary phases (in these beds the interstitial
pore diameter and particle size are inherently coupled),
monolithic stationary phases, based on either silica®>* or on
organic polymers,**™> can provide useful alternatives
because the morphology of their continuous solid phase
can be tailored by an independent manipulation of both the
macropore diameter and skeleton domain size via appro-
priate reaction conditions. Since the manufacturing process
of the silica-based monoliths involves solvent exchange as the
second step, the internal porosity of their skeleton may be
varied in addition to and independently from the other
skeleton parameters,® a feature that can hardly be realized
for polymer monoliths due to their one-step polymerization
manufacturing process.?’ The silica-based monoliths conse-
quently show a distinct bimodal pore size distribution with
relatively large macropore diameters (providing a favorable
hydraulic permeability to the porous medium), small
skeleton domain sizes (resulting in short diffusion path
lengths) and large mesopore space which guarantees high
adsorption capacity (Fig. 1).

The hydrodynamic behavior of silica-based monoliths
(and monoliths in general) can be expressed in terms of
‘equivalent particle (sphere) dimensions’ for the permeabil-
ity (dperm) and band broadening (ddisp).30’31 Due to the unique
manipulation of their skeleton morphology, silica-based

Silica-based monoliths for rapid peptide screening 1181

Monolithic silica skeleton

Fused-silica capillary

Figure 1. Scanning electron microscopy picture of the
(silica-based) monolithic capillary column showing a bimodal
pore size distribution with large flow-through pores (1.9 um),
small skeleton domains and a high internal skeleton porosity
(12.5nm mesopores).

monoliths are characterized by quite different values for
dperm (10 pm) and dgjsp (2 um). This means that these silica
monoliths offer the separation efficiency of a packed bed of
2 pm porous spheres, but with only the back-pressure that a
bed of 10um spheres will generate, while keeping the
adsorption capacity similar to that of a bed of porous spheres
(Table 1).%°!

Silica-based capillary columns have already been success-
fully used for highly efficient separations of neutral and
charged analytes under isocratic elution conditions (as
in pLC and CEC).?**? In this communication we demonstrate
the use of silica-based capillary monoliths with internal
diameter of 100um for a fast and efficient gradient-LC
elution, directly coupled with FTICRMS detection in view of
synthetic library screening. Due to the combination of a high
permeability, separation efficiency and their large surface
area, there was no need to use ultra-high pressure equipment
with these monoliths. Rather, a standard high-pressure chro-
matographic system with maximum pressure drop of about
350 bar was well sufficient to realize short elution times.

To demonstrate the differences between particulate and
monolithic stationary phases, three different capillary col-
umns of identical dimension and similar reversed-phase
surface modification were employed; these were either
packed with two different porous particulate materials or
contained the silica-based monolith. These materials were

Table 1. Characteristic physical properties of the different capillary columns

Fixed bed Stationary phase Hp [pm] Pbed [g cm™ Etotal Einter €intra Agpec [m?/ gl
Small porous spheres  discontinuous, 6.1 0.85

(nominal 5 pm) silica-based 0.65 0.37 0.44

Large porous spheres  discontinuous, 10.7 0.87 about 300
(nominal 10 pm) silica-based

Silica monolith continuous, — 0.29 0.92 0.72 0.70

silica-based

Hp: mean particle diameter; ppeq: chromatographic bed density; €iotar: total bed porosity; €inter: interstitial porosity; €inera: intraparticle or intraske-

leton porosity; Agpec: specific surface area (for further details see ref. 30).

Copyright © 2003 John Wiley & Sons, Ltd.
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compared in the context of achieving a fast and efficient
analysis of complex synthetic peptide libraries.

EXPERIMENTAL

Chemicals

Acetonitrile (ACN), purified water (both HPLC grade) and
formic acid were purchased from VWR International (Darm-
stadt, Germany). The synthetic peptide library VSXLY
(X =all 20 proteinogenic amino acids) was donated by the
Institute of Organic Chemistry, University of Tiibingen
(Germany), and library CWXXXG (X =10 different amino
acidsE,N,R,F,P,S,W,Y, L, and H) came from EMC Micro-
collections GmbH (Tiibingen, Germany).”®

Capillary columns

Three different capillary columns of 100 pmi.d. (365 pum o.d.),
50 cm length and with a similar reversed-phase RP18 surface
modification, were used in this study. Two of these capillaries
were packed with 5 um or 10 pm porous silica spheres (Puro-
spherSTAR, Merck KGaA, with mesopore diameter of
12nm), and the third one contained a monolithic chromato-
graphic bed (Chromolith™, Merck KGaA; 1.9 Um as mean
macropore diameter and mesopore diameter of 12.5nm).
Packed capillaries were prepared by the following proce-
dure: briefly, fused-silica capillaries were cut to the desired
length and first both ends were ground (grid 4000 sand
paper) to ensure rectangular cuts. A glass fibre filter was
then pre-cut and placed into a 1/16” stainless steel coupling
union (Upchurch, Oak Harbor, USA; 25 nL dead volume). On
this side of the union the fused-silica capillary was inserted to
ensure proper direct contact with the glass fibre filter. Tubing
sleeves and PEEK finger-tight ferrules (Upchurch) sealed the
capillary properly in the union. The glass fibre filter now
functions as a low dead-volume in-line retaining frit for the
stationary phase material (Fig. 2). The packing of capillary

Monolithic separation capillary

Transfer capillary

Electrical
contact area

columns was achieved by preparing a slurry of 10% (w/v)
of the respective stationary phase material in methanol, ultra-
sonicating for about 5min and packing with a methanol/
water mixture (1:4) for about 3 h at 550 bar. Afterwards, the
flushing liquid was changed to pure water and a small inlet
frit was burned with a laser splicing machine at a distance of
50 cm from the middle of the stainless steel union. The capil-
lary then was directly cut at this frit and the pressure released
very slowly. All packed capillaries were inspected under the
microscope for homogeneity prior to their use.

Nano-LC system and gradient elution
Solvent delivery was achieved by an Eldex MicroPro dual syr-
inge pumping system (SunChrom, Friedrichsdorf, Germany)
at a constant volumetric flow rate of 20 pL/min which was
then split in a graduated micro-splitting device from
Upchurch. The splitting device was adjusted individually
for each column to reach the maximum possible volumetric
flow rate (as indicated by system pressure drops of about
320 bar). Injection (20 nL) was performed with a micro-injec-
tion valve and the separation capillary was directly connected
to this valve in order to avoid pre-column band broadening.
Gradient elution for the two synthetic peptide libraries was
conducted with 0.1% (v/v) formic acid in both water and
acetonitrile serving as eluents A and B, respectively. For all
separations of peptide library VSXLY alinear gradient of 10%
to 30% B in 10 min was applied; for the large peptide library
CWXXXG, the gradient increased linearly from 15% to 50% B
in 20 min, and for the tryptic BSA digest from 10% to 55% B in
15 min. In all analyses the final percentage of organic modifier
was held at its maximum value until the end of data
acquisition.

Nano-ESI interface
The built-in, conventional stainless steel transfer capillary
(192 mm long, 100 pm i.d., 1500 nL dead volume) of the ESI

Packed separation capillary

A ol

Glass fibre filter

Figure 2. Schematic representation of a liquid junction between the capillary
column and spray capillary of the electrospray interface (using a stainless steel
union). While for packed capillaries an in-line glass fibre filter has to be used to retain
the chromatographic beds, monolithic columns can be directly connected to the
union. Note that the glass fibre filter is enlarged; after fingertight-fitting, it is only a few

micrometers thick.

Copyright © 2003 John Wiley & Sons, Ltd.
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interface (Analytica of Branford, Branford, USA) was
replaced by a fused-silica capillary having a similar length,
but with 25pm i.d. and 160 pm o.d., which possesses only
92 nL dead volume. The spraying end was ground to provide
a flat surface, and the polyimide coating was carefully
removed at this end of the capillary. The electrospray voltage
(—4300V) was grounded via the acidic mobile phase at the
stainless steel coupling union. If necessary the electrical con-
tact area between ground and solvent may be increased by
the use of stainless steel filter disks for retaining the column
packing.*® However, a stable electrospray was obtained with
all eluent compositions, and neither pneumatic assistance
nor sheath liquid or heated nebulizer gas had to be used.
Spraying was done at 60° off-axis.

FTICRMS conditions

ESI-FTICRMS was performed with a passively shielded
4.7 Tesla APEXII-ESI/MALDI-FTICR mass spectrometer
(Bruker Daltonik, Bremen, Germany). The software XMASS
version 5.0.10 (Bruker Daltonik), running on a Silicon Gra-
phics O2 workstation, was used for data acquisition and pro-
cessing. Mass calculation was performed with the standard
elemental mass compilation of Audi and Wapstra.®* A
cylindrical “infinity” cell is integrated in the superconducting
magnet,” and is primarily used to avoid ion ejection in the
z-direction during the excitation by simulating an rf field of
an infinitely long cell. Instead of pulsed cooling gas, the ‘side-
kick’ cell component of the ‘infinity” cell was used to trap ions.
Vacuum with a base pressure of 2.5 x 107" mbar at the cell
side was provided by turbomolecular pumps (Edwards, Sus-
sex, UK). In general, 512 k data points were acquired. For the
monitoring of HPLC peaks, 256 sequential experiments were
used and four spectra per experiment accumulated. A vol-
tage of 1.0V was applied to the trapping plates within the
analyzer cell. An external four-point calibration was made
by using compounds with an m/z of 364, 922, 1522 and 2122.
The mass ranges were m/z 200-2000 for the peptide library
VSXLY, and m/z 300-3000 for the peptide library CWXXXG
and the tryptic BSA digest, resulting in data acquisition times
of 22 and 28 min, respectively.

RESULTS AND DISCUSSION

Nano-electrospray interface

A nano-electrospray interface which is mainly based on com-
mercial equipment has been designed for coupling capillary
liquid chromatography with FTICR mass spectrometry. It
allows a convenient exchange of capillary columns and con-
tains a robust spray needle that guarantees constant (long-
term) electrospray conditions and only negligible post-
column dead volume. In order to meet these requirements,
the built-in stainless steel transfer capillary was replaced by
a 25pm i.d. fused-silica capillary, and the built-in coupling
union was replaced by one with a lower dead volume. Other-
wise, the commercial interface remained unchanged for the
analytical LC/MS coupling. Although the transfer capillary
was not equipped with a tapered end, stable electrospray
conditions could be achieved for eluent compositions
between 0 and 50% acetonitrile (with 0.1% formic acid added
to both the aqueous and the organic phases) while spraying

Copyright © 2003 John Wiley & Sons, Ltd.
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directly out of the transfer capillary at 60° off-axis to prevent
contamination of the ESI interface. With this setup, post-
column dead volume is reduced to approximately 120 nL for
the union and transfer capillary, which amounts to less than
2% of the volume of mobile phase in the different separation
capillaries. Since this setup successfully meets the prerequi-
sites for strongly reduced post-column band broadening, all
the capillary columns were directly connected to the interface
asindicated in Fig. 2. Due toits continuous stationary phase, a
monolith could be simply connected to the union by appro-
priate fittings, but for the capillaries containing particulate
beds a precut glass fibre filter had to be placed between capil-
lary and union to retain the discontinuous stationary phase
(cf. Fig. 2, note that the thickness of the glass fibre filter is
exaggerated). In order to virtually remove all post-column
dead volume the monolith may be cut in two pieces of appro-
priate length that can be placed on both sides of the union.
Spraying is then performed directly out of the monolith.

Comparative gradient LC elution

Gradient elution usually starts with mobile phase composi-
tions of weak elution strength, so most of the analytes are first
(relatively) strongly adsorbed on the stationary phase mate-
rial and thereafter, at increasing elution strength, continu-
ously desorbed in different chromatographic bands
according to their intensity of interaction. This technique
inherently incorporates a chromatographic focusing (zone
sharpening) step resulting in narrow bands also for the late-
eluting compounds, especially if a steep gradient is run.'>*
To demonstrate the suitability of the three different stationary
phase materials for a fast, efficient gradient elution of com-
plex samples, a preliminary comparative study was con-
ducted using the smaller peptide library VSXLY. A linear
gradient with 10-30% organic modifier in 10 min was
applied to all capillaries, and the micro-splitting device was
adjusted to set maximum flow rate through each separation
column as indicated by a maximum system pressure drop of
320 bar (close to the pressure limit for standard PEEK fittings
of ca. 350 bar). Since all pre-injection system capillaries had at
least 100 um i.d., the total back-pressure recorded at the
pump mainly originated from the separation and the transfer
capillary. By using the results of a previous study on the
hydraulic flow resistance of particulate and monolithic
resins, the observed pressure drop could be translated to a
volumetric flow rate of about 250 nL./min for the (nominal)
5 um material and to about 1000 nL/min for the 10 pm parti-
cles and the silica monolith (all capillaries with a 100 pm i.d.
and 50 cm length).***! An LC/MS analysis of peptide library
VSXLY with these three stationary phases indicates signifi-
cant differences between monolithic and particulate media
with respect to elution time and peak width under otherwise
similar elution conditions and column dimensions (the gradi-
ent LC/MS contour plots are shown in Fig. 3).

From these contour plots two main conclusions concerning
the separation characteristics of the particulate media can be
drawn. First, the zone sharpening effect in gradient elution
reduces strong differences in separation efficiency normally
observed in isocratic elution mode for the 5 and 10 um
spheres.?3! Both materials now lead to almost identical peak
broadening. Second, the hydraulic permeability has the most

Rapid Commun. Mass Spectrom. 2003; 17: 1180-1188
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Figure 3. Contour plots of a gradient LC/MS analysis (at the

highest attainable linear velocity) of synthetic peptide library

VSXLY with both particulate and monolithic chromatography

stationary phases. Capillary columns: (a) the silica-based

monolith (Chromolith™ from Merck KGaA, Darmstadt,

Germany) with a bimodal pore size distribution, (b) and (c)

capillaries packed with the 10 and 5um porous spheres,

respectively.

pronounced influence on separation time. Despite a constant
pre-split volumetric flow rate of 20 uL/min resulting in a
constant gradient delay time of less than 1 min for each
capillary column, the reduced volumetric flow rate (and,
concomitantly, the reduced linear mobile phase velocity)
through the 5 um sphere packing causes a strongly increased
elution time, and therefore the total analysis time for this
small peptide library takes more than 40min. A further

Copyright © 2003 John Wiley & Sons, Ltd.

reduction of particle diameter would even more drastically
decrease the speed of separation since column pressure drop
is inversely related to the squared particle diameter.'® Thus,
packed beds of particles smaller than 5 pm are less suitable for
a fast screening of complex mixtures with standard high-
pressure equipment and were, for this reason, not a subject of
this study on rapid peptide screening.

The main critical issue for high-throughput separations of
complex mixtures (which usually require large column
adsorption capacity to avoid overloading effects) is, there-
fore, the highest linear mobile phase velocity through the
chromatographicbed that is attainable on a routine basis. One
possibility for overcoming the limitation of decently high
linear flow velocities through a packing would be the use of
an ultra-high pressure system, but this is quite expensive and
needs special operating precautions. An alternative is the use
of much shorter columns; however, this approach has the
limitation of a reduced loading capacity, especially when the
particles are only superficially porous or even completely
non-porous. A still more convenient alternative is the
implementation of monolithic adsorption columns having a
distinct bimodal pore size distribution which, to date, are
available only as silica-based materials. As mentioned
above®®?! these columns combine the advantages of a large
hydraulic permeability (dperm =10 pm) and high separation
efficiency (daisp=2pm), while keeping the adsorption
capacity comparable to that of particulate beds consisting of
completely porous spherical particles (Table 1). When using
the capillary monolith for gradient elution of the peptide
library VSXLY a highly efficient separation in short elution
times can be realized (Fig. 3). Peak width and overall elution
time are significantly reduced compared with those achieved
using both particulate ““reference’”” materials.

Data for the elution order according to relative hydro-
phobicity of the various peptides, as well as for the accuracy of
the mass determination by an on-line MS analysis, are listed in
Table 2. With an external four-point mass calibration in the
range m/z 200-2000 a mean relative mass error of 4.9 ppm was
obtained, a value that can be further decreased by injection of
less concentrated samples to avoid undesired space charge
effects due to ion/ion interaction. Mass spectra for the co-
eluting basic peptides in the elution window from 3.8 to
4.2min (with the silica monolith) demonstrate the unambig-
uous identification by high-resolution FTICRMS (Fig. 4).

LC/MS analysis of complex samples

In order to demonstrate the need in high-throughput LC/MS
analysis of complex samples for both a high permeability and
high separation efficiency, as well as a large surface area, the
silica monolith and a column packed with 10 pm porous
spheres were used to screen the synthetic peptide library
CWXXXG, with X varied among ten different amino acids.
This library contains 1000 different peptides in total, and
the LC/MS contour plots for both capillaries are shown in
Fig. 5. An efficient chromatographic elution with the silica
monolith permits the identification also of doubly and triply
charged peptides. This characteristic is hardly distinguish-
able with the packed capillary due to the broadened
(and therefore diluted) peaks. The elution data for this large
peptide library indicate that this new type of monolithic
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Table 2. Mass accuracy of the MS detection of peptide
library VSXLY after gradient elution on the silica monolith

Peptide Orderof exp.m/z  theo.m/z
VSXLY elution M+H]" [M+H]" Am)z 8 [ppm]
X=G 9 538.28870 538.28714 0.00156 2.9
A 12 552.30563 552.30279 0.00284 5.1
S 7 568.30068 568.29770 0.00298 5.2
P 13 578.31800 578.31844 —0.00044 -0.8
\% 15 580.33667 580.33409 0.00258 4.4
T 10 582.31614 582.31335 0.00279 4.8
C 14 584.27632 584.27486 0.00146 2.5
L 18 594.35234  594.34974 0.00260 44
I 19 594.35234 594.34974 0.00260 4.4
N 4 594.35174 594.34974 0.00200 34
D 5 595.30839 595.30860 —0.00021 -0.4
Q 6 596.29814 596.29262 0.00552 9.3
K 2 609.32589  609.32425 0.00164 2.7
E 11 609.36235  609.36064 0.00171 2.8
M 17 610.31085 610.30827 0.00258 42
H 1 612.31035 612.30616 0.00419 6.8
Moy 8 618.32993  618.32459 0.00534 8.6
F 20 628.30763 628.30108 0.00655 10.4
R 3 628.33809 628.33409 0.00400 6.4
Y 16 637.37198  637.36679 0.00519 8.1
W 21 644.33137  644.32901 0.00236 3.7
Mean 49
Std. dev. 29

capillary column is capable of resolving complex libraries in
very short analysis times due to its bimodal pore size distri-
bution characterized by dperm=10um and dgjsp =2 pm: it
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provides rapid access to a large surface area at a high volu-
metric flow rate. The zoomed insert in Fig. 5(a) reveals two
well-separated peaks which represent the isobaric com-
pounds CWSSEG, CWESSG or CWSESG (m/z=668.23,
peak width 0.15 min), whereas with the particulate material
the two peptides could not be chromatographically separated
(cf. Fig. 5(b), peak width 0.5min). The detailed sequence of
each peptide can, of course, be further elucidated by MS/
MS studies. For the particulate capillary column packed
with 10um porous particles intraparticle diffusion path
lengths are strongly increased and, as demonstrated in
Fig.5,lead to a significant band broadening and retarded gra-
dient elution profiles. This becomes evident by an elution
window of about 22 min (to be compared with only 11 min
