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Zusammenfassung

Es wurde funf verschiedene, physikalisch-chemiddb&éhoden zur Charakterisierung
der Porenstruktur von Silica Monolithen angewanaltl ihre Ergebnisse kritisch evaluiert,
insbesondere im Hinblick auf die Trennleistung mihischer Saulen in der HPLC.

Es wurden drei verschiedenen Methoden fiir die Giteigierung der Porenstruktur
der Mesoporen von Silica Monolithen (mittlerer Ralerchmesser 2 < pd < 50 nm)
eingesetzt: a) Stickstoffsorptionsmessungen mitwanting nach die klassische Barrett,
Joyner und Halenda (BJH) Methode und Non-Lineardidgri-unctional Theory (NLDFT) —
Methode; b) Die Inverse GrofRenausschlul3-ChromapbggaISEC) mit implementierte zwei
Porenmodelle (Parallel Pore Model, PPM, sowie aes Retwork Models, PNM); ¢) und die
Quecksilber-Porosimetrie. Alle drei angewandtenidden ergaben niitzliche Informationen
mit den erwahnten Einschrankungen. Bevorzugt wdiddSEC, weil diese Methode sowohl
die Volumen- als auch die Anzahlverteilung der Rodeefert, sowie zusatzlich die
Porenkonnektivitat.

Es wurden zwei verschiedenen Methoden - die QuibekdPorosimetrie und die
Flussig-Penetrationsmethoden eingesetzt fur dieraRbexisierung der Porenstruktur der
DurchfluBporen (Makroporen mit pd >> 50 nm) vonicailMonolithen und ihre Ergebnisse
evaluiert. Die Ergebnisse beider genannten Methodlerden verglichen mit Ergebnissen
Image-Analyse mit Hilfe der Raster-Elektronenmilkmsie. Hierbei zeigte sich, dass ein
Vergleich bzw. eine Ubereinstimmung der Ergebngssdwe stark vom gewahlten Porenmodell
abhangt.

Im zweiten Teil der Arbeit wurde der Versuch untammen, Rickschliisse aus den
Ergebnissen der Porenstrukturuntersuchungen authd@natographische Trennleistung der
Monolithen zu gewinnen.

Zunachst deutete ein hohe Porenkonnenktivitat (EBEC-Messungen) und ein
geringes Entrapment (aus der Quecksilber-Porosmpetauf eine gute Kinetik des
Massentransports hin, die auch experimentell inomlatographischen Messungen durch
Ermittlung der Abhangigkeit der theoretischen Bdddre von der linearen
FlulRgeschwindigkeit verifiziert wurde.

Die Ergebnisse erlaubten weiterhin in erster Nafpreine Abschatzung der optimalen
Parameter der Porenstruktur von Monolithen beiFdaessigphasen-Trennung in der HPLC.
Ein Ergebnis war, dass der durchschnittliche Parsridnesser der Mesoporen aus der

Anzahlverteilung etwa eine Gréf3enordung grol3er seltie als der Molekulradius der zu



trennenden Komponenten. Das heil3t, dass fur dientreg von Peptiden und erst recht von
Proteinen entsprechend grol3e Mesoporen oder soglamopbren im Monolithen vorhanden
sein mussen.

Im Hinblick auf die Trennleistung von monolithischeSaulen ist nicht der
durchschnittliche DurchfluBporendurchmesser entdene, sondern das Oberflachen- zu
Volumenverhaltnis des Kiesegelgeristes, das dieopeen enthalt, sowie die Porositat der
Makroporen und Mesoporen entscheidend sind  Diennfegstung nimmt zu mit
abnehmendem Durchmesser der DurchfluBporen, abmelem®@orositat der Durchflul3poren
und mit zunehmender Gesamtporositdt des Monolit#dlerdings sind diese Aussagen
eingeschrankt bedingt durch die Heterogenitat dematithischen Saulen. Fir die maximale
Saulentrennleistung ist ein Durchmesser des Kiggadskeletts von ungefahr 0, 5 pm

erforderlich, weiterhin eine homogene Verteilung Barchflulporen.
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1. Introduction and objectives

High performance liquid chromatography (HPLC) is known to be the most versatile and
effective separation method, which is able to resolve complex mixtures being composed of a
variety of compounds and different structures. It is well established as a routine analytical
platform in pharmaceutical industry, chemical industry and research institutions.

Chromatography is a separation of molecules based on the differences in their structure
and/or composition. In general, chromatography involves moving a mixture of molecules to
be separated over a stationary phase. If the molecules in the mixture have different
interactions with the stationary phase, this would lead to resolution (separation). The first
separations were performed at late 19" century [1, 2]. In 1903 M. Tswett proposed the term
“Chromatography” for the isolation of chlorophyll constituents [3]. Soon it was recognized
that specific separations could be performed only on more reproducible and more selective
stationary phases [1, 4]. This improvement was possible via reduction of particle size and the
increase of specific surface area [S]. The optimization of stationary phases led to the
development of HPLC hardware, operating the separations at higher velocities and constant
flow rates. Despite of extensive research on adsorbent improvement and column development
it is a fact that the most common stationary phase is n-octadecyl bonded silica with an average
particle diameter between 3 and 5 um packed into stainless steel columns of a length between
50 to 250 mm and inner diameter of 4.0 or 4.6 mm applied in Reversed Phase HPLC.

Although a variety of other types of columns and separation modes are available other
then the n-octadecyl bonded porous silica mode, the major intrinsic disadvantage of the
porous particles is not yet solved — namely: How to overcome the slow diffusion of analytes
in the pores of the particles which slows down the kinetics of the separation process? This
becomes an even more stringed issue when high molecular mass samples, for example
biopolymers, are intended to be resolved. A solution might be monolithic columns with a
continuous bed that offer significant advantages over particle packed columns, namely, to
increase the speed of separation at a lower column pressure drop than particle packed columns.

St. Hjerten was the first, who used the polymeric monoliths for the fast separation of
biopolymers [6.], though the usefullness of monoliths as supports was already recognized in
catalysis [7, 8] where their regular and open channels system provided a full access to the
inner surface and generated a low-pressure drop as compared to packed reactors. Hjerten’s

work in polymeric monoliths was followed by T.Tennikova and F. Svec [9], while N. Shoga



and K. Nakanishi were the first ones who developed a template-supported synthesis for silica
monoliths

[10-30]. These silica-based monoliths are composed of a single porous piece and exhibit two
types of pores: flow-through pores in the micrometer (um) size range (corresponding to the
interparticle void space in the particulate supports) and mesopores in the nanometer (nm) size
range (corresponding to the intraparticle pores in the particulate supports)(Fig.1). The ability
to control and adjust both pore size regimes permits to design columns with the adequate mass
transfer kinetics for defined analytes and allows controlling the hydrodynamic properties of
the monolithic silica column such as the column back pressure and the flow rate (see

publication I) giving an insight into the search for the analyte diffusion enhancement.

Flow-through pores
(Intraparticle void space)

Mesopores
(interpartide void space)

Figure 1. The structural differences of the monolithic and particulate stationary phase shown
by the cross section of a particle packed (right hand site) and monolithic (left hand side)
capillary column.

Though the basic idea of monolithic silica columns was to achieve a high resolution of
low molecular weight compounds at a short analysis time and at a low pressure drop [28] the
fundamental studies of this Ph.D. thesis is directed to the enhancement of the diffusion of the
high molecular analytes in monolithic silica columns. The selection of high molecular mass
analytes, namely peptides and proteins, is addressed to meet the challenges of postgenomic

life science research, development and enhanced processing.



The challenges of this Ph.D. thesis are to reliably characterize the pore structural
parameters of monoliths and to link these parameters with the hydrodynamic and kinetic
properties of the column, such as the column pressure drop, the column efficiency, the speed
of analysis and other target parameters through the control of the column morphology and the
variation of the pore structural parameters of silica monoliths providing a unique opportunity
to design columns for targeted applications with optimum hydrodynamic and mass transfer
kinetics.

The major objectives of this Ph.D. thesis are:

1) The critical examination and improvement of the existing pore structural
characterization methods and to assess reliable pore characterization values of the
monolithic silica samples;

2) The link of the assessed pore characterization values of monolithic silica samples with
the mass transfer and hydrodynamic properties of the monolithic silica columns for
high molecular weight compounds;

3) The prediction and test of the optimum regimes of the pore structural parameters for

the enhanced diffusion of high molecular weight analytes.



2.  The assessment of the pore structural parameters of the silica

monoliths

Though the application of HPLC has gained a substantial interest in solving daily
analytical problems, the knowledge about the complexity of this process is usually rather low.
The separation in the column is a very complex process, which depends on numerous
parameters, properties, and conditions. Minor changes of any of these often lead to drastic
changes of the results. One can distinguish five main key constituents of the chromatographic
system: the flow velocity, the axial dispersion coefficient, the mass transfer coefficient, the
adsorption capacity and the effective diffusion coefficient [31]. Each of these constituents is
influenced by various key parameters: analyte properties, mobile phase properties, adsorbent
properties and column properties. Each of the key parameter consists of further properties, for
example — adsorbent properties are: the internal porosity, the pore size, the surface area, the
type of support material, the surface chemistry, the external porosity and the flow resistance.

Such a complex process is hard to follow if it is viewed as the whole, but breaking into
separate parts gives an insight into understanding and possible influence. For example,
adsorbent parameter consists of the internal porosity, the pore size and the surface chemistry,
that influence the adsorption capacity of the column and the effective diffusion coefficient of
the analytes, while the external porosity and the flow resistance influence the flow velocity

parameter, the axial dispersion coefficient and the mass transfer coefficient (Fig. 2).
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Figure 2. Chromatographic system constituents associated to key parameters of monolithic
columns

The optimization process of such complex system is not trivial, but possible,

especially if optimization is performed step-wise. The mobile phase could be optimized by



changing its composition and the separation temperature, the analyte properties are case
dependent and usually are less influenced, while the influence of the stationary phase
properties could be elucidated if one has a degree of freedom to manufacture them with
desired properties. The monolithic silica columns enhance the level of freedom, enabling an
independent change of the pore size, internal porosity, transverse dimension, external porosity
and surface chemistry through the control of forming the structure during the templated sol-
gel synthesis. Particulate supports are, in this case, limiting since the external porosity and the
transverse dimension are dependent on the particle size.

This unique level of freedom of monolithic structures gives the possibility to optimize
support material properties for enhanced column performance. The first step includes a
critical examination and improvement of the existing pore structural characterization methods.

The methods of choice for the mesopore characterization were nitrogen sorption, the
Inverse Size Exclusion Chromatography (ISEC) and Mercury Porosimetr (MP) .These
methods provide information about the internal porosity, intra-particle (intra-skeleton) pore
volume, number distribution and connectivity. The flow-through pore values of external
porosity, pore size and distribution as well as connectivity were obtained via mercury
porosimetry, liquid penetration and image analysis.

Physisorption of nitrogen at 77 K was the first choice to study porous characteristics of
monoliths. The isotherm obtained from these measurements provides information on the
specific surface area, the specific pore volume and the mesopore size distribution in the range
between 0.5 — 200 nm [32-34].

Size Exclusion Chromatography (SEC) [35-38] is a robust chromatographic technique
used for the size and mass separation of polymers. Assuming a relationship between the pore
size and the molecular size of polymer standards, the porosity and mesopore size distribution
values of porous particles can be assessed by ISEC. ISEC is a particularly useful method for
the characterization of the porous adsorbent in the column, since the parameters are obtained
under liquid phase conditions.

MP as one of liquid intrusion techniques [39, 40] is an especially attractive method
due to the advanced textural analysis of the porous sample. This technique may provide not
only information about the surface area and pore size distribution from pm to nm size range,
but may be also used to investigate parameters such as the tortuosity, permeability, fractal
dimension and compressibility of porous materials. Therefore, this technique was especially

attractive for characterization of silica monoliths having a bimodal pore size distribution.



Liquid permeability could be employed to determine the flow through pore size
distribution of monolithic samples, though usually it is applied for the measurement of an
average particle size for the particulate supports. This method enables the assessment of
external porosity and flow resistance characteristics [41-43].

Microscopy is a valuable tool for the investigation of the flow-through pore diameter
and the skeleton diameter of monolithic silicas [44 - 46]. Recent development if the three-
dimentional (3D) images of the characterized structure from the magnetic resonance imaging
[47] and microscopic images enables one to transfer these data to the computer simulation
platform [48, 49]. These approaches enable to choose routes to improve the performance of
monolithic structures using the computational estimation of the plate height data [50], domain
size-induced heterogeneity effects [46, 51], optimal external porosity effects [52], and a
correlation of the column pressure drop [53].

Monolithic silica research samples were supplied by Merck KGaA, Darmstadt,
Germany. Their properties are displayed in Figure 3 based on the different functional groups
bonded to the surface and preliminary pore characterization results performed by Merck

KGaA.
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Figure 3. Preliminary pore characterization results and the length of bonded n-alkyl groups of
monolithic silica research samples, where A represents monolithic silica sample Tr2783/1, B
—Tr2786/1, C — TG36/1, D — Tr2783/2, E — Tr2786/2, F — TG36/2, G — Fr905, H — Fr911, I —
Fr917,J — Fr906, K — Fr917, L — Fr918, M — Fr1103, N — Fr1109, O — Fr1115, P — Fr1104, Q
—Fr1110, R —Fr1116, S - 787, T - 803, U - 842, V- 800, W — 811, X — 843, Y — KN349, Z -
KN341, AA —KN344, AB — KN253, AC — KN252, AD — KN255, AE — KN345.

The range of the chosen samples covered the flow through pore range from 0,7 pm to
6 um, the mesopore range from 10 - 25 nm and bonded surface functional groups from n-
butyl to n-octadecyl as well as unmodified (native) monolithic silica research samples. For
chromatographic applications monolithic silica columns were gladded with poly-ether-ether-
ketone (PEEK) by a propriety process of Merck KGaA, Darmstadt, Germany. PEEK is one of
the highest rated thermoplastic materials in terms of heat resistance, it has excellent chemical
resistance, high strength and good resistance to burning. To encase the silica sorbent in PEEK,
the PEEK plastic cover is shrink wrapped onto the silica rods to ensure that there is no void

space between the silica and the PEEK material.



The named characterization methods were applied to measure the pore structural data
of given monolithic silica samples, to enable a comparison and the validity of data and to

assess their impact on the mass transfer kinetics in the separation of peptides and proteins.



2.1  Monolith characterization via Inverse Size Exclusion Chromatography

ISEC is a method used to determine the intra-particle pore size distribution of a
column stationary phase based on measuring the residence times of solutes (polystyrenes,
dextrans, etc.) of varying molecular diameter under the conditions where solute adsorption,
intraparticle diffusion resistance, longitudinal (hydrodynamic) dispersion and other mass
transfer processes are minimized [54].

ISEC was introduced in 1978 by Halasz et. al. [55] who determined the pore size
distribution of porous materials, followed by Knox et. al. [56]. Gorbunov et al. [35] provided
a thorough review of ISEC and suggested an accurate method for determining the pore
volume distributions. Calculated values of the average pore size and width of the distribution
were based on the experimental partition coefficient of macromolecules chosen which is
explicitly defined so that the volume partitioning of solutes was considered only to occur in
the intraparticle pores (mesopores).

As a consequence, the described model was dependent on the morphology of the
porous adsorbent, and inapplicable for the characterization of stationary phases where the
volume partitioning of solutes is occuring in the intraparticle and interparticle pores. To
overcome such a drawback, a general model was developed based on the first moments of the
column response to a pulse injection making it independent of the morphology of the porous
material (see publication II).

A parallel pore model (PPM) and a pore network model (PNM) were applied to
provide the state-of-art methods for the calculation of various pore characteristics from the
ISEC experiments (see publication II). The PPM provides the state-of-art method for the
calculation of the mesopore and flow-through pore volume distribution from the
experimentally measured partition coefficients of a homologous set of polymer standards
based on the first moments of the column response to a pulse injection. The PNM allows to
obtain the pore connectivity factor, an indirect measure of mass transfer resistance in the
mesopores, and the mesopore number distribution. Since the PNM is an idealization that
assumes an infinite pore connectivity, it does not adequately represent the finite connected
porous network occurring in the real porous network. But it is used to provide an initial guess
for the non-linear regression of the experimental data that later is used in the PNM to obtain

the actual pore connectivity values.



In Figure 3, the experimentally measured ISEC curves for two silica monoliths (787

and 800) alongside with the theoretical predictions obtained by fitting the PPM and PNM are

presented.
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Figure 3. Experimentally measured exclusion curves by ISEC for silica monoliths 787 and
800 along with theoretical exclusion curves obtained from regressing the data with the parallel
pore model and the pore network model.

The values for the flow-through pore void fraction, &, (0,5 for column 787 and 0,48 for
column 800) and the average mesopore size based on volume distribution (16,3 nm for
column 787 with a distribution of 4,92 nm, and 36,4 nm for column 800 with a distribution of
11,3 respectively) were obtained from regression of the parallel pore model to the
experimental data.

The values for pore connectivity ny were greater then 10 for both columns, the
parameters of the average pore size and distribution based on the number distribution (average
pore size based 11,0 nm for column 787 and 23,3 for column 800, and pore size distribution
was 4,82 nm for column 787 and 11,1 for column 800) and parameters for the average pore
size and distribution based on volume distribution (average pore size was 15,8 nm for column
787 and 34,8 for column 800, and pore size distribution was 4,15 nm for column 787 and 9,14
for column 800) were obtained from the regression of the pore network model to the
experimental data.

Mesopore structural characterization results obtained from the pore network model

indicated that the values of the pore connectivity, nr, for all the monoliths studied were 10 or
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greater. This is an indication that the mesopore topology within the silica skeleton could be
considered to be almost infinitely connected with the respect to the volume-partitioning
phenomenon and not hindering the mass transfer kinetics.
Conclusion

Due to the fact that the experimental exclusion curves of silica monoliths had two
inflection points, the existing model of Gorbunov et al. [35] could not provide a satisfactory
fit to the data obtained for monolithic silica columns. The developed parallel pore model and
pore network model provided a satisfactory fit to the experimental data allowing to obtain not
only the average pore size and distribution based on the volume distribution, but also the
average pore size and distribution based on the number distribution and the pore connectivity

values.

2.2 Monolith characterization via Nitrogen sorption

Nitrogen sorption is commonly used method for the characterization of the pore
properties of porous substances. It is based on the measuring the nitrogen adsorption and
desorption isotherms. The volume of adsorbed nitrogen as a function of the partial
equilibrium pressure represents the adsorption branch of the isotherm, and the volume of
desorbed nitrogen as a function of the partial equilibrium pressure represents the desorption
branch of the isotherm. Brunauer et al. [57] proposed five types of characteristic isotherms,
which were later completed by adding the sixth one [58].

The assessment of pore structure via nitrogen sorption measurements is based on the
application of the Kelvin equation using the method of Barrett-Joyner-Halenda (BJH) [59] to
evaluate the data from the isotherm adsorption and desorption branch. The extracted data are
used to obtain the specific surface area according to the Brunauer-Emmet-Teller (BET) [60]
method, the specific pore volume according to the Gutwitsch (G) method [61] and the pore
volume distribution according to the method of Barrett-Joyner-Halenda (BJH) [59].

11
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Figure 5. Nitrogen sorption at 77.4 K on the native silica monolith Tr2783/1.

Nitrogen adsorption/desorption data obtained at 77.4 K on the native silica monolith
Tr2783/1 are displayed in Figure 5. The type IV isotherm [48] reveals a hysteresis loop
indicative of pore condensation. The hysteresis loop can be classified as to between type H1
and H2. This would indicate that in the addition to the intrinsic reasons for the hysteresis, (i.e.
the delay in condensation is caused by the metastable pore fluid) and the pore
blocking/percolation effects are present which lead to the delay in the position of the
desorption branch. The calculated specific surface area (BET method) was 298 m?/g for the
monolithic silica sample Tr2783/1, the specific pore volume (G method) — 0, 88 cm?/g, and
the average pore size according to the volume distribution (BJH method) was 10.9 nm (see
publication III).

Due to the fact that the BJH method fails to describe correctly the adsorption and the
phase behaviour of fluids in small mesopores, it leads to a significant underestimation of the
pore size (for the pore widths which are smaller than. 20 nm). Theoretical approaches such as
the Non Local Density Functional Theory (NLDFT) [63, 64] are able to describe the
configuration of the adsorbed phase on a molecular level, and therefore allow obtaining an
accurate pore size distribution. In addition, the application of the NLDFT correctly predicts
that the adsorption branch of a hysteretic adsorption isotherm is not at the thermodynamic
equilibrium, i.e. the pore condensation occurs with a delay due to the metastable pore fluid.
Hence, in case hysteresis is only caused by the metastable pore fluid and no networking
effects are present, the desorption branch of the hysteresis loop reflects the thermodynamic
equilibrium transition and the pore size distribution calculated from the desorption branch by

applying the NLDFT equilibrium method and from the adsorption branch by applying the so-

12



called NLDFT metastable adsorption branch kernel (which takes into account the delay in
condensation) should agree. Data comparison of applying these two kernels on the adsorption
and desorption branches of the nitrogen isotherm are in chapter 2.6 alongside with the results
of the results of MP and ISEC.

Conclusion

Since BJH method used for nitrogen sorption data interpretation leads to a significant
underestimation of the pore size for the pore widths that are smaller then 20 nm, we applied
NLDEFT equilibrium method. The chosen NLDFT method is more accurate due to the ability
to describe the configuration of the adsorbed phase on a molecular level and assumption that
the adsorption branch of a hysteretic adsorption isotherm is not at the thermodynamic

equilibrium.

2.3 Monolith characterization via Mercury Porosimetry (MP)

The assessment of the pore structure via mercury intrusion is based on the application
of pressure to force mercury into the pores. Thus, a progressive increase in the hydrostatic
pressure is applied to enable the mercury to enter the pores with decreasing order of width.
Accordingly, there is an inverse relationship between the applied pressure and the pore
diameter which in the simplest case of the cylindrical pores is given by the Washburn
equation [62].

MP enables to determine the average pore diameter in the range between 40 um and 4
nm, the porosity of these pores and their specific surface area. Furthermore, the technique can
provide useful information with respect to the pore shape, network effects, the skeleton and
bulk density [39, 40, 65, 66] (see publication III). Therefore we used this technique for the

characterization of the monolithic silica samples.
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Figure 6. Mercury intrusion curves of investigated silica monoliths: o — “787” monolithic
silica rod grafted with n-octadecyl chains, m — “800” monolithic silica rod grafted with n-
octadecyl chains, ¢ - “803” monolithic silica rod grafted with n-octadecyl chains, A — “811”
monolithic silica rod grafted with n-octadecyl chains, o — “842” monolithic silica rod grafted
with n-octadecyl chains, ® — “843” monolithic silica rod grafted with n-octadecyl chains.

The mercury intrusion curves (Fig. 6) indicate that the pore structure is bimodal
having pores located in the silica skeleton (mesopores) and the flow-through pores. The
plateau region at pressures of 1,000 psi in the mercury intrusion curves clearly separates the
two pore size regimes and allows one to calculate the corresponding surface area and porosity
values of the two types of pores.

Therefore MP could be used to assess not only the mesopore size and distribution but
also provides a possibility for comprehensive structural characterization of bimodal silica
monoliths, namely the flow-through pores as well (see publication III). Furthermore, a
significant feature of mercury porosimetry curves is the occurrence of hysteresis between the
intrusion and extrusion branch. In addition, entrapment is often observed, i.e. mercury
remains contained in the porous network after extrusion.

The importance of understanding the hysteresis and entrapment phenomena has been
recognized since a long time [67-69] because it is most important to be able to obtain an
unambiguous pore size analysis [70-72]. Though different mechanisms have been proposed to

explain intrusion/extrusion hysteresis [71, 73-77], it is now generally accepted that pore

blocking effects are associated with the rupture of mercury bridges in pore constrictions
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during extrusion leading to mercury entrapment in ink-bottle pores. The fragmentation slows
down the rate of mass transfer of fluid from the porous material. The decrease of mass
transfer rate causes a significant reduction in separation efficiency in HPLC.

The striking feature of the intrusion/extrusion behaviour into native silica monoliths
and n-octadecyl grafted silica monolith samples is the fact that they do not show any
appreciable amount of entrapment. This also indicates that the flow-through porous
framework of some samples (for example TG36/2) that showed moderate amount of
entrapment appears to be much more heterogeneous/disordered as compared to the silica
monoliths samples which do not show entrapment. As displayed in Figure 6, no entrapment
occurs for monoliths Tr2783/1 and Tr2783/2 which have almost an identical flow-through
pore system with regard to porosity and pore size distribution, but mercury entrapment is
observed in TG36-2 monolith, which exhibits higher flow-through pore sizes and a more

disordered framework.

Tr2783/1 Silica Monolith
i Tr2783/2 Silica Monolith
—— TG36-2 Silica Monolith
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Figure 7. Hystereses curves between mercury intrusion and extrusion branch for
some selected native silica monoliths

The results of a systematic study of the mercury intrusion/extrusion behavior into
native silica monoliths and monoliths with bonded n-alkyl groups reveals that the flow-
through pore (or through pore) structure, which controls the mass transfer to and from the
mesopores, mainly controls the entrapment behavior. It appears that entrapment is more likely
to occur when the flow-through pore system is heterogeneous and disordered (which would

restrict mass transfer) as indicated by a wide pore size distribution coupled with relatively low
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porosity. Vice versa, the lack of entrapment after extrusion from the monolith mesopore
system indicates enhanced transport properties which is in accord with an ordered, highly
porous flow-through pore system.
Conclusion

Mercury porosimetry (intrusion/extrusion) does not only allow to obtain a complete
pore structure analysis over the complete range of macro- and mesopores, but might serve as
tool to estimate the mass transport properties of silica monoliths employed in liquid phase
separation processes.
The examination of silica monolith flow-through pore system via mercury porosimetry led to
the significant improvement in understanding the relationship between the flow-through pore
structure and mass transfer resistance in the mesopores. The obtained results could be directly

linked with the column performance of peptidic analytes and proteins in HPLC.

2.4 Monolith characterization via Liquid Permeability (LP)

Liquid permeability (LP) has been applied to a lesser extent then the mercury
porosimetry although it bears a high potential of information. The liquid permeability (the
flow resistance) is dependant on the external surface area to volume ratio of the porous
material. Pioneering work in this field has been done by Washburn [41], who studied the
dynamic invasion of a fluid into capillaries and by Carman [42], who used the concept of
hydraulic radius to define equilibrium positions of fluid-fluid interfaces in tubes of different
cross section. The flow of a liquid through a porous material was described by the Hagen-
Poiseuille and by the Kozeny-Carman [43] equations.

According to the Poiseuille equation for cylindrical capillaries, the steady state volume
flux (the rate of volume flow across the cross section A.) J, can be obtained from the average
fluid velocity and the pressure drop [78, 79]. The Kozeny-Carman equation is then employed
for the calculation of the effective diameter of the equivalent pores in the porous bed from the
permeability and porosity data [80]. The Hagen-Poiseuille approach was based on the
assumption of cylindrical pores whereas the Kozeny-Carman approach assumed pores as
voids between closely packed spheres of equal size.

Various papers have been published dealing with the Kozeny-Carman approach at the
characterization of silica based monoliths. The most fundamental work was done by

Minakushi [81], Leinweber [30, 82], and Vervoort [83, 84] resulting in various interpretations
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of the flow resistance values. The same relative particle diameters were obtained, but certain
specific approximations were applied for the calculation of the flow-through pore sizes. A
notable progress was made by introducing the term of domain size being the sum of the
skeleton diameter and the diameter of the flow-through pore [85]. Though this assumption did
not reflect the real silica based monolithic support, it enabled to use the liquid permeability
data to characterize the monolith regardless of its format and chemistry.

Alternatively, we developed an approach for monolithic silica flow-through pore
characterization (see details in article 1V) via the liquid permeability method, which was
based not on the Kozeny-Carman approach but on the Hagen-Poiseuille equation. The
assumption of cylindrical pores fits best to the flow-through pore morphology of the silica
monolith. No approximations are necessary to link the particle size with the flow-through

pore diameter.

Table 1: Flow-through pore characteristics of silica monoliths assessed by the
permeability of a liquid.

o Minakuchi Skudas
Monolithic
. ) ) Average flow- Average flow-
silica Equivalent particle Average skeleton
) through pore through pore )
sample diameter, Dperm (HM) ) ] diameter, Dg (um)
diameter Dy (um) diameter D¢ (um)

787 8.352 10.51* 5.563 7.013* 1.934 2.436* 1.685 2.123%

800 7.161 8.99* 4.771 5.990* 1.871 2.363* 1.569 1.990*

803 8.475 8.36* 5.652 5.571* 3.524 3.475%* 2.466 2.433%*

811 14.771 16.84* 9.851 11.234* 3.874 4411% 3.243 3.692%*

842 20.484 19.96* 13.662 13.302* 6.133 5.974* 4.891 4.761%

843 20.542 19.48* 13.691 12,993* 6.424 6.093* 5.043 4.783*
KN 253 1.908 1.94* 1.272 1.290%* 1.181 1.201* 0.687 0.696*
KN 341 1.817 1.81* 1.211 1.209* 0.959 0.957* 0.603 0.601*
KN 255 2.673 2.77* 1.782 1.849% 1.574 1.635% 0.938 0.974*
KN 349 1.642 1.64* 1.095 1.092* 0.666 0.665* 0.471 0.474*
KN 345 5.518 6,03* 3.679 4.021* 2.488 2.719% 1.681 1.837*
KN 344 2.398 2.43* 1.599 1.623* 0.921 0.934* 0.666 0.676*
KN 252 2.249 2.32% 1.499 1.545% 1.333 1.374% 0.791 0.816*

Values with * were obtained using methanol as a solvent.

The results in Table 1 first clearly reveal major differences between the Kozeny —

Carman (as indicated by Minakuchi) and the Hagen-Poiseuille approach (as indicated by
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Skudas). Second they reveal that the permeability method could be used not only to obtain
flow-through pore values but also skeleton diameters (for details see article IV). Moreover,
surface area of the skeletons and volume of the skeleton ratios were calculated.
Conclusion

The critical examination of liquid permeability let to the development of alternative
experimental data, which characterizes monolithic structures. It was found that not the flow-
through pore size influences the mobile phase flow through the monolithic column resistance
values, but the ratio between the external surface area to volume of the monolithic material.
To obtain this data, Hagen-Poiseuille theoretical approach of flow resistance in the cylinders
was used to exclude numerous approximations and limitations of usually applied Kozeny-

Carman theoretical approach of flow resistance in the packed beds.

2.5  Monolith characterization via Scanning Electron Microscopy (SEM)

SEM is a method of imaging the sample surface by scanning it with a high-energy
beam of electrons in a raster scan pattern. The electrons interact with the atoms that make up
the sample producing signals that contain information about the sample’s surface topography,
composition and other properties such as electrical conductivity.

The first SEM image was obtained by Knoll, who in 1935 obtained an image of silicon
steel showing electron channeling contrast [86]. Further pioneering work on the physical
principles of the SEM and beam specimen interactions was performed by von Ardenne in
1937 [87, 88] who produced a British patent [89] but never made a practical instrument. The
SEM was further developed by Prof. C. Oatley and his postgraduate student Stewart and was
the first marketed in 1965 by the Cambridge Instrument Company as the “Stereoscan”.

SEM was used to give a direct image of the flow-through pore system of monolithic
silica samples (Figure 8). Two methods were applied to assess the average flow-through pore
diameter and skeleton diameter: direct scale measurement and the “Pixcavator” program. The
direct measurement was performed via segmenting each image into relative areas and
measuring the characteristic parameters via given scale. The average values were withdrawn
from all measured values. The values estimated by the “Pixcavator” program were based on
the area estimation via integrating the number of pixels in that area. The area was defined by
the colour. Since the flow-through pores were in most cases black, the estimation of all the
pixels in the area was performed by calculation of their number and multiplying by the area of

one pixel. The obtained relative area of a single flow-through pore was then assumed to be
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equal to the area of circle (meaning a round shaped pore) and the diameter of this circle was

taken as the diameter of the flow-through pore.

o towce B Sl

Figure 8. The electron scanning micrographs of monolithic research silica samples:

(2) KN 253, (b) KN 341, (c) KN 255, (d) KN 349, (¢) KN 345, () KN 344, (g) KN 252.
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The detailed image analysis revealed not only cylindrical silica structure skeletons, but
also various forms by which these skeletons are connected. This causes a wide distribution of
skeleton diameter values as well (see details in article IV). As a consequence, the external
surface area of such monolithic structure is smaller if compared to the ideal cylindrical
morphology when the volume and the average structural diameters are equal. This leads to
smaller flow-resistance and enhanced mass transfer values.

Conclusion

The application of SEM for the characterization of monolithic silicas led not only to
the estimation of the flow-through pore size and silica skeleton size, but revealed that the
external surface area of the studied monoliths is smaller than compared to the ideal cylindrical

morphology.
2.6 Comparison of the mesopore characterization data

The mesopore size distribution obtained from MP, ISEC, and nitrogen sorption are

compared in Figure 9.
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Figure 9. Comparison of mesopore size distribution curves for the native silica
monolith Tr2783/1 obtained from nitrogen sorption by applying NLDFT and the BJH method,
ISEC andMP.
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A good agreement was obtained between the pore size distribution (psd) curves by
applying the BJH method [59] using the desorption branch of nitrogen sorption method with
the psd curves obtained from MP by applying the Washburn equation and a contact angle of
145°. Applying the NLDFT-metastable adsorption branch kernel and the NLDFT-equilibrium
kernel methods on the nitrogen isotherm of sample Tr2783/1 reveals that the mode pore
diameters (most frequent pore diameters, or maximum of the psd curve) agree well, but the
mode pore diameter obtained from the desorption branch is slightly shifted to the smaller
values. Furthermore, the psd curve is much narrower as compared to the psd obtained from
the adsorption branch of the nitrogen isotherm indicating the presence of some network/pore
blocking effects.

The data presented in Figure 9 also indicate that (as to be expected) the BJH method
(nitrogen sorption) and mercury intrusion method applying 145° contact angle significantly
underestimate the pore size compared to the NLDFT pore size method (nitrogen sorption).
Interestingly, the width of the pore size distribution curve obtained by ISEC agrees reasonably
well with the psd curve obtained from the NLDFT adsorption branch.

Concluding remarks

The results indicate that all the investigated methods are useful for the mesopore

characterization with the respect to the pore size distribution by volume, but special care

should be chosen for the correct data interpretation.

2.7  Comparison of the flow-through pore characterization data

For the comparison of the flow-through pore size values the Pearson correlation
coefficient, rp, was calculated (see Table 2). The best correlation coefficient values were
obtained for mercury intrusion and image analysis using the “Pixcavator” program, rp = 0.998;
mercury intrusion and permeability of water using Gusev’s model [90] gave rp = 0.998 and

the Skudas model [92], rp = 0.998.

Table 2. Pearson correlation coefficient (rp), calculated for the flow-through pore diameters
obtained by mercury intrusion, image analysis and liquid permeability for monolithic research
silica columns

Image analysis Permeability of a liquid
Characterization methods Mercury - . . . .
intrusion Direct “Pixc."” Gusev Gusev | Minakuchi | Minakuchi | Skudas | Skudas
analysis ) (H20) |(CH;0H) (H20) (CH30H) (H20) |(CH;0H)
Mercury intrusion 0.991 0.998 0.998 0.985 0.958 0.918 0.998 0.986
_ [Pirect analysis 0.991 0.986 0991 | 0.985 0.971 0.939 0992 | 0.987
Image Analysis

""Pixcavator" 0.998 0.986 0.997 0.987 0.957 0.919 0.996 0.986
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Image analysis Permeability of a liquid
Characterization methods Mercury - - - - .
intrusion Direct "Pixc." Gusev Gusev | Minakuchi | Minakuchi | Skudas | Skudas
analysis ’ (H.0) [(CH;0H) (H.0) (CH3;0H) (H.0) [(CH;0H)
Gusev (H,0) 0.998 0.991 0.997 0.989 0.968 0.930 1.000 0.990
Gusev (CH;0H) 0.985 0.985 0.987 0.989 0.983 0.965 0.990 1.000
Perme_abi_lity of| Minakuchi (H,0) 0.958 0.971 0.957 0.968 0.983 0.989 0.970 0.983
a liquid Minakuchi
(CH;0H) 0.918 0.939 0.919 0.930 0.965 0.989 0.933 0.965
Skudas (H,0) 0.998 0.992 0.996 1.000 0.990 0.970 0.933 0.991
Skudas (CH3;0H) 0.986 0.987 0.986 0.990 1.000 0.983 0.965 0.991

As mentioned before, the Kozeny-Carman theory does not fit to the calculation of pore

characteristic values of silica monoliths. The obtained Pearson’s correlation coefficients

obtained were < 0.95.

When one compares the flow-through pore diameters by liquid permeability

approaches, and mercury intrusion, one notices slight differences (Fig. 9).

Flow-through pore size (um)

MTEYT Maoo

MS03  M3n

Ma42

B Mercury porosimetry
BN Liguid permeability (Gusev)
B | iquid permeability (Skudas)

Silica monolith sample name

M 843 KN253 KMN3I41 KNZSS KN349 KN34D KN3I44 KNZSZ

Figure 10. Average flow-through pore diameters and standard deviation of silica
monoliths obtained by mercury porosimetry, liquid permeability method according to Gusev
[58], and liquid permeability method according to Skudas (see article IV).
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These might be due to the fact, that not all the pores were permeable at the same
extent. The larger pores (explicitly columns 842 and 843) have a higher permeability than the
others (which) since the flow rate is proportional to the pore diameter to the fourth. Therefore
the estimated flow-through pore diameter values are larger as well (see details in article IV). It
could be concluded that obviously not all of the surface area has access to the liquid at the
same ratio.

Concluding remarks

MP, imaging and image analysis and liquid permeability could be used to distinguish

reliably the flow-through pore diameters for the monolithic silica columns, but special care

should be taken about the chosen theoretical model.
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3. Relationship between the pore structure of silica monoliths and their

column efficiency in HPLC

3.1. Modelling parameters, approaches and results

In general there are three major criteria in characterizing a HPLC column:

(a) The hydrodynamic properties (expressed by the dependency of the column back
pressure on the flow-rate of the eluent) provide an insight into the flow behaviour.
From these data the column permeability can be calculated and compared with the
expected value based on the average particle diameter and the column dimensions;

(b) The kinetic properties of the column expressing the mass transfer kinetics of analytes
are the measure of the peak dispersion of a column. The peak dispersion is
characterized by the theoretical plate height (H) and the number of theoretical plates
(N). A more detailed diagnosis of the kinetic performance is based on the dependency
of the plate height (H) as the function of the linear velocity (U) of the eluent;

(¢c) The thermodynamic properties are expressed by the retention coefficients and the

selectivity coefficient of test solutes under constant conditions.

The hydrodynamic properties were already investigated in the liquid permeability part,
where we combined the column pressure vs. flow dependency with the parameter of the
external surface area to the volume ratio of the silica monoliths. We found that this ratio
should be as small as possible to assure the smallest flow resistance (for details see article V).

The first researchers who systematically studied peak dispersion phenomena were Martin
et al. [92], Van Deemter et al. [93] and Giddings [94, 95]. The treatment of the mass transfer
processes and the distribution equilibrium between the mobile and stationary phase in a
column lead to equations which link the theoretical plate height as the decisive column
performance parameter to properties such as linear velocity of eluent, diffusion coefficient of
analyte, retention coefficient of analyte, column porosity, etc.

Van Deemter proposed an equation, which described the column performance as a
function of the linear velocity for a packed column in gas chromatography coated with a
stationary liquid layer. Similar equations, however, with other terms were derived for LC by
numerous researchers (see review article III). It became common practice to refer to all H vs.u
plots collectively as Van Deemter plots. A minimum in the plate height vs. linear velocity

curve is observed where the column performance is the highest. Knox suggested a three-term
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equation to describe the dependency of the theoretical plate height H of a column as a

function of the linear velocity of the eluent:

H:A+E+Cu 1

The A-term stands for the eddy diffusion and corresponds to the convective
dispersion by flow through the tortuous column bed, the B-term stands for the longitudinal
molecular diffusion and expresses the dispersion due to longitudinal molecular diffusion and
the C-term stands for the mass transfer resistance and is a measure of the equilibration of the
analyte between the stationary and mobile phase in a column. While using different linear
velocity values, the H value of chosen analyte is measured and the H. vs u curve is obtained.
The H vs u curve is dominated at the left hand side by the minimum of the longitudianl
molecular diffusion term and at the right hand side by the mass transfer resistance term at
higher linear velocities.

Since the given Knox equation is suited for particle packed columns and not the
monolithic ones, we had to develop an equation which links the plate height of monolithic
columns with the common mass transfer kinetics of an analyte and the properties of the

monolithic columns (see article I1):

H = KbDL + 2L( KbDL jz(e(_uL)/(KbDL)_l) n gb(l—gb) (ngp + Keq)2 ﬁ U+
2u uL [gbe+(l—8b)(8pr+ Keq)]2 Ky

{ (-2 (e,K, + K, )’ R }u
4 ls,K, + (1-2,) (5,K, + K ) &,K,D,

In the equation H stands for the height equivalent of a theoretical plate (HETP), or
plate height, u is the linear flow velocity of the eluent, R, denotes the radius of the silica
skeletons, g, is the void fraction of the flow-through pores void space in the column, the Ky
represents the volume partition coefficient of the finite sized molecule in the flow-through
porous void space of the monolithic column, €, is the void fraction of the monolithic skeleton,
K, represents the volume partition coefficient of the finite sized molecule in the mesoporous
void space of the skeleton, D, denotes the effective diffusion coefficient of the analyte in the

confined mesoporous space of the skeleton, K¢q represents the equilibrium adsorption constant
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of the linear adsorption isotherm, ki denotes the film mass transfer coefficient of the analyte,
Dy represents the axial dispersion coefficient of the solute in the mobile phase, L is the length
of the column.

Applying this equation, we were able to link the structural parameters of silica
monoliths with their chromatographic efficiency. For example, Figure 11 demonstrates the
dependency of the column back pressure on the number of the theoretical plates for a solute of
one nanometre (nm) molecular diameter. The graph indicates no significant changes in plate
numbers when the flow-through pore diameter is varied at constant surface area to volume
ratio of the skeletons and the external porosity (). The lines represent results from modelling
where the curves of flow-through pore diameters between 1 pm and 10 um do not scatter. The
column efficiency is not dependent on the flow-through pore diameter. The surface area to

volume ratio of the skeletons as well as external porosity are decisive.
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Figure 11. The plate number of monolithic silica columns as a function of column back-
pressure for different flow-through pore diameters. The analyte radius (r) was 0.50 nm; K¢q —
10; & — 0.800; &, — 0.500; &, — 0.600; Py mes— 10 nm were kept constant. Dy was changed in the
range from I pmto 10 um (-o- 1 pm, -e - 4 um, ,- m - 10 pm).

In order to measure the influence of the silica monoliths properties on the column
efficiency, the following parameters were taken into account: the specific surface area, the
specific pore volume and the external porosity, as well as the internal porosity, the mesopore
average size, the mesopore distribution and the connectivity values. The power of each
characteristic parameter could be evaluated to the overall separation performance.
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3.2  Impact of the mesopore parameters on the column efficiency

The impact of the mesopore structural characteristics of n-octadecyl bonded silica
monoliths on the column performance for peptide and protein probes in RPLC were
quantitatively determined. Monolithic silica columns of various mesopore sizes were
evaluated via HETP curves for lysozyme and cytochrome C (see article V for details).

In Figure 12, the influence of the mesopore diameter (~10 and ~25 nm) of the
monolithic silica columns on column efficiency of lysozyme and cytochrome C separation
was investigated. Based on the value of the minimum plate height and the slope of the mass
transfer dominated portion of the HETP curves, the efficiency of each column was related to
the value of the mesopore diameter. As indicated in Fig. 12, the measured minimum plate
height values for lysozyme and cytochrome C were similar (49-53um) for monolithic silica
columns having mesopores of ~10.9 and ~25 nm but the average linear velocity (U,y) where
the minimum plate height occurred was higher for the monolithic silica columns having a
mesopore diameter of ~25 nm. The minimum plate height values appeared at linear velocities
of ~0.6 mm/s for the monolithic silica columns having a nominal mesopore diameter of ~25
nm, while for the columns having a nominal mesopore diameter of ~10.9 nm, the minimum
plate height occurred at ~0.2 mm/s. Furthermore, it is evident from Fig. 12 that the slope of
the HETP curves at higher velocities is smaller for columns having nominal mesopore
diameters of ~25 nm than the slope of the HETP curves for monoliths having nominal

mesopore diameters of ~10.9 nm in the same velocity domain.
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Figure 12. Plate height vs. linear velocity curves for lysozyme and cytochrome C on
C18e monolithic silica columns of average through-pore diameter of 1.8—1.9 um: ¢ measured
efficiency values on column 787 (1,8 um flow-through pores and 10,9 nm mesopores) for
lysozyme; m measured efficiency values on column 787 for cytochrome C; ¢ measured
efficiency values on column 800 (1,9 um flow-through pores and 25 nm mesopores) for
lysozyme; 0 measured efficiency values on column 842 for cytochrome C.

Concluding remarks

It was found that the monolithic silica columns with the larger mesopore diameter
(~25 nm) provided less mass transfer resistance in the mesoporous structure of the skeleton
due to the fact that there is less steric hindrance and frictional resistance to diffusion of the
large lysozyme and cytochrome C molecules when the mesopores are considerably larger (~5
times) than the analytes. Thus, the monolithic columns having larger mesopore diameters
(~25 nm) enables to operate the column at higher flow rates which allows for shorter analysis
times without loosing separation efficiency.

Apart from providing high column efficiency at high flow rates, the most prominent
feature of the HETP versus velocity curves for monolithic silica columns having nominal
mesopore diameters of ~25 nm was a very shallow curvature near the minimum. This is due
to the low mass transfer resistance and short diffusion path lengths in the mesoporous
structure of the silica skeleton. For the monolithic silica column having ~25 nm mesopores,
the measured HETP values varied between ~100 and ~250 um when the average linear
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velocity was increased from 0.5 to 4 mm/s. While for the monolithic silica column having
mesopores of 10.9 nm, the measured HETP values increased from ~150 to ~1000 um over the

same linear velocity range.

3.3 Impact of the flow-through pore parameters on the column efficiency

In Figure 13, the effect of the through-pore size on the plate height vs. linear velocity
dependencies are presented for the columns having a nominal mesopore diameter of ~25 nm.
The minimum HETP values obtained with lysozyme for the monolithic silica columns having
through-pores of 1.9, 3.5, and 6.0 um were ~50, ~100, ~150um, respectively. The same
tendencies were obtained for cytochrome C. The magnitude of band broadening was
dependant on the average through-pore diameter, and tended to diminish with decreasing
through-pore size. Again, this result is due to the fact that the diffusion path length through
the mesoporous void space of the skeleton increases as the diameter of the through-pores

increases.
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Figure 13. Plate height vs. linear velocity curves for lysozyme and cytochrome C on
C18e monolithic silica columns of average mesopore diameter of 24—25 nm: ==C== measured
efficiency values on column 800 (1,9 um flow-through pores and 25 nm mesopores) for
cytochrome C; ==A== measured efficiency values on column 800 for lysozyme; o measured
efficiency values on column 811 (3,5 um flow-through pores and 24 nm mesopores) for
cytochrome C; A measured efficiency values on column 811 for lysozyme; m measured
efficiency values on column 842 (5,74 um flow-through pores and 24,4 nm mesopores) for
cytochrome C; A measured efficiency values on column 842 for lysozyme.
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Concluding remarks

Clearly, since the average size of the skeleton were greater with enlarged through-pore
diameter, the diffusion path length through the mesoporous skeleton was increasing which
lead to the loss of column efficiency as the nominal through-pore diameter increased. This

result is analogous when increasing the particle diameter in a packed bed.

3.4. Impact of the structural parameters of silica monoliths with regard to fast mass
transfer kinetics in HPLC

The monolithic silica columns with large mesopores and small through-pores showed
higher separation efficiency than those with smaller mesopores and larger through-pores. The
best column performance within the tested RP-18e columns for lysozyme was found for RP-

18e column 800 (HETP =45 um), as displayed in Figure 14.
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Figure 14. Dependency of column efficiency at minimum plate height of RP-18e monolithic

silica columns on the flow through pore diameter and the mesopore diameter
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It was found that as the diameter of the through-pores decreases, the column efficiency
increases. The columns with the small-sized skeletons and mesopores large enough not to
hinder the mass transfer rate of molecules in the mesoporous void space of the skeleton would
give the lowest HETP values. The mesopore sizes have to be adapted to the molecular size of
the analyte in particular to peptides and proteins. Consequently, the larger set of mesopores
studied with a nominal diameter of ~25 nm provided the most efficient column performance
because they provided less resistance to mass transfer in the mesoporous of the skeleton (see
details in article V).

The comprehensive characterization of the selected monolithic silica structure
parameters (see article II) as well as the results of modelling of the column efficiency enabled

us to compare the experimental and predicted results (Figure 15).
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Figure 15. Theoretical and experimental HETP versus linear velocity curves for the
monolithic silica columns for lysozyme as solute: m measured values for 787 (1,8 pm flow-
through pores and 10,9 nm mesopores) monolithic silica column; == calculated values for 787
monolithic silica column; ¢ measured values for 800 (1,9 um flow-through pores and 25 nm
mesopores) monolithic silica column; == calculated values for 800 monolithic silica column;
A measured values for 803 (3,5 pm flow-through pores and 10 nm mesopores) monolithic
silica column; == calculated values for 803 monolithic silica column; e measured values for
811 (3,4 um flow-through pores and 24 nm mesopores) monolithic silica column; =
calculated values for 811 monolithic silica column; ~ measured values for 842 (5,74 pm flow-
through pores and 10 nm mesopores) monolithic silica column; - calculated values for 8§42
monolithic silica column and © measured values for 843 (6 um flow-through pores and 24,4
nm mesopores) monolithic silica column; == calculated values for 843 monolithic silica
column.
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Further, the axial dispersion coefficient for the retained solute lysozyme and the size
of the skeletons of silica monoliths were calculated as an average value from mercury
intrusion, image analysis and permeability of a liquid. The graphic data shown in Figure 15
indicate a fairly good agreement between the theoretical and the experimental data. This
means in addition that our assumptions on the impact of the surface area to volume ratio of
the skeletons and external porosity influence on the column efficiency were correct. This
enabled us to assess the conditions for the minimum plate height values for the investigated
monolithic silica research columns.

In monoliths, the axial dispersion is significant since it increases with increasing flow-
through pore size and their porosity. As a consequence this will lead to a significant decrease
of the column efficiency. The size of the monolithic skeleton strongly depends on the flow-
through pore size (it increases with increasing flow-through pore size) and this leads to a
diminution of the column efficiency. Thus, for the optimum column efficiency one needs to
reduce the flow-through porosity and flow-through pore size and increase the mesoporosity to
maintain the overall porosity. The results of maximum column efficiency of all tested column
values, (see article V) suggest that there is a limit of optimum performance of tested
monolithic silica research columns. The best performance was obtained with a column that
did not feature the smallest skeleton diameter values or the highest surface to volume ratios.
This finding corresponds to the earlier conclusions by Billen et. al. [101] on the limit of
column performance. In our case, this limit is between 0,45 um and 0,62 pum of the skeleton
diameter. The same corresponds to the surface to volume ratio from 4,819 Mm ! to 7,018

Mm*™!

Concluding remarks

Our results give clear evidence that if the surface area to volume ratios of the skeletons are
optimized by controlling the average skeleton sizes and the external porosity of the monolithic
columns, the efficiency of such supports might also reach a limit. However, this assumption is
true only in the case of adjusted mesopore size and adjusted mesoporosity to the selected

analyte.
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4. Summary and Conclusions

Five different methods were critically examined to characterize the pore structure of the
silica monoliths. The mesopore characterization was performed using: a) the classical BJH
method of nitrogen sorption data, which showed overestimated values in the mesopore
distribution and was improved by using the NLDFT method, b) the ISEC method
implementing the PPM and PNM models, which were especially developed for monolithic
silicas, that contrary to the particulate supports, demonstrate the two inflection points in the
ISEC curve, enabling the calculation of pore connectivity, a measure for the mass transfer
kinetics in the mesopore network, c¢) the mercury porosimetry using a new recommended
mercury contact angle values.

The results of the characterization of mesopores of monolithic silica columns by the three
methods indicated that all methods were useful with respect to the pore size distribution by
volume, but only the ISEC method with implemented PPM and PNM models gave the
average pore size and distribution based on the number average and the pore connectivity
values.

The characterization of the flow-through pore was performed by two different methods: a)
the mercury porosimetry, which was used not only for average flow-through pore value
estimation, but also the assessment of entrapment. It was found that the mass transfer from the
flow-through pores to mesopores was not hindered in case of small sized flow-through pores
with a narrow distribution, b) the liquid penetration where the average flow-through pore
values were obtained via existing equations and improved by the additional methods
developed according to Hagen-Poiseuille rules. The result was that not the flow-through pore
size influences the column bock pressure, but the surface area to volume ratio of silica
skeleton is most decisive. Thus the monolith with lowest ratio values will be the most
permeable.

The flow-through pore characterization results obtained by mercury porosimetry and
liquid permeability were compared with the ones from imaging and image analysis. All
named methods enable a reliable characterization of the flow-through pore diameters for the
monolithic silica columns, but special care should be taken about the chosen theoretical model.

The measured pore characterization parameters were then linked with the mass transfer
properties of monolithic silica columns. As indicated by the ISEC results, no restrictions in
mass transfer resistance were noticed in mesopores due to their high connectivity. The

mercury porosimetry results also gave evidence that no restrictions occur for mass transfer
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from flow-through pores to mesopores in the small scaled silica monoliths with narrow
distribution.

The prediction of the optimum regimes of the pore structural parameters for the given
target parameters in HPLC separations was performed. It was found that a low mass transfer
resistance in the mesopore volume is achieved when the nominal diameter of the number
average size distribution of the mesopores is appr. an order of magnitude larger that the
molecular radius of the analyte. The effective diffusion coefficient of an analyte molecule in
the mesopore volume is strongly dependent on the value of the nominal pore diameter of the
number averaged pore size distribution. The mesopore size has to be adapted to the molecular
size of the analyte, in particular for peptides and proteins.

The study on flow-through pores of silica monoliths demonstrated that the surface to
volume of the skeletons ratio and external porosity are decisive for the column efficiency. The
latter is independent from the flow-through pore diameter. The flow-through pore
characteristics by direct and indirect approaches were assessed and theoretical column
efficiency curves were derived. The study showed that next to the surface to volume ratio, the
total porosity and its distribution of the flow-through pores and mesopores have a substantial
effect on the column plate number, especially as the extent of adsorption increases. The
column efficiency is increasing with decreasing flow through pore diameter, decreasing with
external porosity, and increasing with total porosity. Though this tendency has a limit due to
heterogeneity of the studied monolithic samples. We found that the maximum efficiency of
the studied monolithic research columns could be reached at a skeleton diameter of ~ 0.5 um.
Furthermore when the intention is to maximize the column efficiency, more homogeneous

monoliths should be prepared.
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7. Glossary of symbols

A, the rate of volume flow across the cross section

BET Brunauer-Emmet-Teller theory for specific surface area determination from
nitrogen sorption data

BJH Barret-Joyner-Halenda method for deriving mean pore size distribution from

nitrogen sorption data

C18 n-octadecyl bonded silica phase

D¢ the average diameter of the flow through pores of silica monoliths

Dp the axial dispersion coefficient of the solute in the mobile phase

D, the effective diffusion coefficient of the analyte in the confined mesoporous

space of the skeleton

€b the void fraction of the flow-through pores void space in the column

€ the void fraction of the monolithic skeleton

& the total void fraction of the monolithic silica column

G Guzrwitsch method to calculate the specific pore volume from nitrogen

sorption data

H the height equivalent of a theoretical plate or plate height

HETP the height equivalent of the theoretical plate H

HPLC High performance liquid chromatography

ISEC inverse size exclusion chromatography

IUPAC International Unity of Pure and Applied Chemistry

Jy the steady state volume flux

Ky the volume partition coefficient of the finite sized molecule in the flow-through

porous void space of the monolithic column

Keq the equilibrium adsorption constant of the linear adsorption isotherm
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LC

pum

NLDFT

nm

nr

Pd,mes

PNM

PPM

I'm
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the film mass transfer coefficient of the analyte

the volume partition coefficient of the finite sized molecule in the mesoporous
void space of the skeleton

the length of the column

liquid chromatography

micro meter

number of theoretical plates

Nonlocal Density Functional Theory for deriving mean pore size distribution
from nitrogen sorption data

nano meter; Inm=10°A

pore connectivity

average mesopore size distribution

pore network model

parallel pore model

analyte radius

the radius of the monolithic silica skeletons

Reversed Phase

Size Exclusion Chromatography

the linear flow velocity of the eluent

the average linear velocity through the bed
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Abstract

The review highlights the fundamentals and the most prominent achievements in the field of high-performance liquid chromatography (HPLC)
column development over a period of nearly 50 years. After a short introduction on the structure and function of HPLC columns, the first part treats
the major steps and processes in the manufacture of a particle packed column: synthesis and control of particle morphology. sizing and size analysis.
packing procedures and performance characterization. The next section is devoted to three subjects, which reflect the recent development and the
main future directions of packed columns: minimum particle size of packing. totally porous vs. core/shell particles and column miniaturization.
In the last section an analysis 15 given on an alternative to packed columns—monolithic columns, which have gained considerable attraction. The
challenges are: improved packing design based on modeling and simulation for targeted applications. and enhanced robustness and reproducibility
of monolithic columns. In the field of miniaturization, particularly in chip-based nano-L.C systems, monoliths offer a great potential for the
separation of complex mixtures e.g. in life science.
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1. Introduction

The consumption of analytical columns worldwide is esti-
mated to be ca 2 million per year. If one assumes that each
HPLC instrument requires five columns per year on average,
one can easily estimate the number of HPLC instruments. These
figures clearly indicate that a HPLC column is a widely used
consumable; nevertheless, its impact on system performance is
considerably higher than its cost contribution.

Only a minority of users, however, can imagine the complex
structure of HPLC columns. Typically, an analytical column has
an inner diameter (1.D.) of 4.6 mm and a length of 100 mm and
is packed with 5 pm spherical particles. A simple calculation
shows that such a column contains roughly 10 billion particles
in a dense array taking into account that the column porosity is
40%.

It should be emphasized that it took more than 20 years
before scientists and engineers were able to design and man-
ufacture such columns in reproducible enough fashion o
meet the stringent demands in quality control of modern ana-
Iytical laboratories. It is evident that many innovative and
experienced investigators have contributed to achieve these
results.

This happened less in a planned concerted action but more
in a frog-leap way with alternating technical and technolog-
ical advances between equipment, e.g. high pressure pumps,
sensitive UV-detectors, particle synthesis and characterization
and corresponding column hardware design, until the idea was
accepted, realized and integrated into a convincing technical
approach.

The majority of the pioneers of moder liquid chromatog-
raphy started from gas chromatography, while others had a
background in inorganic, organic, physical or surface chemistry,
in physics, or in chemical and mechanical engineering.

It ook several decades before scientists invented, as an
alternative to particle packed beds, columns made of a sin-
gle monolithic block, composed of porous polymers or porous
silica. The development of monoliths was born in the field
of ceramics, where they were used as carriers in the field of

catalytic conversion of automobile exhaust gases which were
converted into non-toxic effluents such as water, nitrogen and
carbon dioxide. Monoliths composed of high temperature sta-
ble oxides were manufactured as solid porous rods with regular
channels with millimetre openings. The open structure of such
monoliths enabled a fast reaction of the exhaust gas with the
catalytic components deposited at the surface of the channels of
the monoliths [ 1]. While such monoliths were made by extrusion
of a paste composed of powdered and highly dispersed oxides
and oxihydrates, attempts were made to generate monoliths with
defined and controlled pore system via the sol-gel route using
porogens. Pioneering work was done by Soga and Nakanishi
at the Kyoto University, Japan [2,3]. Tanaka at the Kyoto Insti-
tute of Technology [4] was the first who recognized the value of
porous monolithic rods as columns for HPLC. The basic idea was
to employ such monoliths as stable and reproducible columns
enabling a much faster separation at lower pressure than particle
packed beds were able to achieve, Simultancously, Tennikova
et al. synthesized rigid porous monoliths made of cross-linked
polymers [5].

The development of porous microparticles and porous mono-
liths were one significant achievement among other drivers e.g.
in instrumentation which provided the basis for the widespread
application of HPLC in pharmaceutical and industrial analy-
sis. The hyphenation of HPLC as a multidimensional technique
coupled to mass spectrometric detection was another significant
step towards solving complex analytical tasks. Looking forward
one can assume that combining reliable equipment with sensitive
detection is likely to become one of the most powerful analytical
methods available for modem life science approaches such as
proteomics, peptidomics, metabolomics. Yet this field is still in
its infancy as compared to routine HPLC analysis in pharmaceu-
tical industry, where the majority of today’s produced columns
are applied and consumed.

This article will focus on aspects of column structure in con-
nection with the expected chromatographic resolution and will
critically examine the limitations and pitfalls in column design
and development drawing on 50 years experience in this field.
In addition, an attempt is made to compare and critically review
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the two types of sorbents, namely packed particulate beds and
monolithic structures applied 1o HPLC.

2. Particle packed columns

2.1. Structure and function of a high-performance liquid
chromatography column

The selective separation of a complex mixture into individual
species by column liquid chromatography requires a sufficiently
large surface of the adsorbent particles with interactive surface
sites o selectively retain analytes based on their chemical com-
position and structure, Usually a column packed with porous
micron-sized particles (see Fig. 1) is applied in order to achieve
this separation. In elution chromatography, the sample is trans-
ported by a convective flow through the packed column. The
convective flow is generated by a pump (pressure driven mode).
As the particles possess pores of the order of 10nm, the internal
surface carrying the molecular discriminators has to be reached
by diffusion of the analytes. Diffusion of solutes in a liquid phase
is usually three orders of magnitude slower than in the gas phase
for small to medium sized molecules. In addition, diffusion into
and out of tortuous pores (pore diffusion) reduces significantly
the diffusivity as compared to diffusion in the liquid bulk phase.
A central problem in HPLC is therefore to overcome the limita-
tions of hindered mass transfer of solutes due to pore diffusion
by providing sufficient access to the interactive surface sites.
One way is to reduce the average particle size of the packing to
minimize the diffusion path length by using micro particulate
packings. Unfortunately, any reduction in particle size results in
increased column pressure drop. Another alternative is o intro-
duce a bimodal pore size distribution within the particles with
mesopores 10 generate sufficient surface area and macropores
Lo enhance the mass transfer kinetics. Those flow-through pores
with sizes larger than 80 nm enable a convective flow within the
particle.

The most powerful means, however, is (o use an elec-
trical field along the packed column (electrically driven

Fig. 1. T ission electron micrograph of a porous silica microparticle (mag-
nification s 150,000 times) (reproduced by the permission of author [6]).

chromatography in packed capillaries is called capillary elec-
trochromatography or CEC). In the case of silica particles as a
packing material, which carry a negative surface charge, and a
buffer as an eluent, an electroosmotic low (EOF) directed to the
cathode is generated, which leads to a convective flow within
the porous particles. As a resull, the mass transfer kinetics are
drastically enhanced, which is reflected in achieving large num-
bers of theoretical plates of such columns [7]. Although CEC
became popular at the beginning of 1990s, the potential of this
approach was hardly recognized. The theoretical treatment is
still in its infancy and thus a basic understanding of the mass
transfer and distribution equilibrium, particularly for charged
analyles, is lacking [8-12].

2.2, How to make a high-performance liquid
chromatography colwmn?

A HPLC column is normally a stainless steel be with 4.0
or 4.6 mm LD. densely packed with micron size silica particles.
The pathway from a mirror-finished tube to a packed HPLC
column comprises a sequence of carefully controlled steps. The
first is the synthesis and manufacturing of spherical particles
(see Section 2.2.1). The second is the sizing and size classifi-
cation (see Section 2.2.2). The surface functionalization usually
involves several steps on its own. Next, a particle suspension is
prepared, which is fillered at high Mlow-rate and increasing pres-
sure through the column (column packing) (see Section 2.2.3).
The column has to be flushed and conditioned and subjected
1o tests to assess the column performance and selectivity (see
Section 2.2.4). Fig. 2 shows a scheme of the manufacturing pro-
cess of an n-octadecyl bonded silica material of 5 pm average
particle size [13].

2.2.1. Synthesis and particle formation

Classical LC is performed with irregularly shaped silica par-
ticles of 3040 pum, 40-60 pm or larger sizes. These particles
are obtained by consecutive grinding or milling of larger parti-
cles e.g. of silica xerogel lumps, followed by size classification,
commonly performed with sieves of a given aperture. This holds
for particles larger than 25 pm. Microparticulate packings arc
classified employing the air elutriation technique. In this way
packings of 5-10pm were made at the beginning of HPLC.
There have been heavy scientific debates at the beginning of
HPLC mainly at the annual Zlatkis Meetings in Houston, TX,
USA, between 1969 and 1975, whether irregular or spherical
particles would be the preferred packings of HPLC columns
with respect to pressure drop, column stability and column per-
formance. This discussion is still ongoing. To go deeper into
such comparison, it must be said that not only the particle mor-
phology must be taken into account but also the particle size
distribution, the amount of fines and the type of packing pro-
cedure. A study under these aspects was performed by Verzele
et al. [14]. In the period between 1970 and 1995 the columns
with irregular particles were replaced by those packed with
spherical particles at least for analytical colummns. Spherical or
spheroidal particles were produced from synthetic cross-linked
polymers according to specific synthesis procedures. Packings
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2. A scheme of the manufacturing proces
material for liquid chromatography. The synthesis comprise: PES (polyethoxy-
silane) sy is (step 1) ¢ of PES into hydrogel beads (step 2}
washing, aging and drying (step 3): calcination (step 4): blending of individual
batches into a master batch (step 5); size classification (step 6): rehydroxylation
(step T): silanazition (step 8): and blending and packing material into HPLC
columns (step 93 [13].

s of an n-octadecyl bonded silica

with irregular particles, in particular silica, are still on the
market.

At the beginning of the seventies no spherical silica parti-
cles in the size range between 5 and 10 pm were available and
appropriate synthesis protocols had to be developed.

Several synthetic routes and processes can be employed 1o
generate spherical particles, which are specific for each material.
For the manufacture of spherical silica particles the following
processes were employed:

(1

subjecting colloidal silica dispersions to gelling into a two

phase system [15,16];

(2) hydrolysis and polycondensation of polyethoxysiloxane
(PES) to silica hydrogel beads under stirring in a two-phase
system [17-23];

(3) agglutination of silica sols in presence of a polymer followed

by calcination of the beads [24]:

(4) spray drying of silica sol suspensions [25]:

(5) formation and growing of silica nano particles in suspen-
sions [26,27].

The silica sources were sodium silicates, stabilized silica sol
suspensions and alkoxysilanes. In some cases lemplates, poro-
gens and detergents were added to adjust and to control the
pore structural parameters and to achieve the spherical morphol-
ogy. Afterwards, the additives had to be thoroughly removed
by washing after or the dried particles had to be subjected 1o
a controlled caleination up w 600 °C w burn out the organic
constituents,

The major goals of the manufacturing processes were to
achieve a spherical morphology of the particles and simulta-
neously adjust and control the pore structural parameters such
as the specilic surface area, the specific pore volume or particle
porosity and the average pore diamelter.

The following values were reported for the most com-
monly used silica based packing materials employed as base
malterials for the separation of low molecular weight analytes
(MW < 1000 Da):

(i) specific surface area, a; (BET): 100400 m?/g;
(ii) specific pore volume, vy, 0.4-1.0mL/g;
(iii) average pore diameter, pg: 6-50 nm.

Packings suitable for the separation of synthetic polymers
and biopolymers possess larger pores of average pore diame-
ter >50 nm. Correspondingly the specific surface area of these
materials becomes smaller than 50 mzfg.

One has to take into account that these values decrease after
the surface functionalization. The extent of decrease depends
on the chemistry or the way the modification is performed (e.2.
silanization, polymer coaling, etc.).

Generally, a decision has to be made, whether the packing is
employed for the separation of low molecular weight analytes
(MW < 1000 Da) or for the separation of high molecular weight
compounds (MW > 10,000 Da). As arule of thumb, for efficient
separation, the average pore diameter of an adsorbent particle
should be four times larger than the hydrodynamic diameter
of the analytes, in order to minimize hindered diffusion and to
enhance mass transfer kinetics [28].

The major field of application is the resolution of low molecu-
lar weight fine chemicals and pharmaceuticals. Here, an average
pore diameter of ca. 10-12nm is sufficient. which results in
a specific surface area of roughly 300 m%/g. An average pore
diameter of 30 nm is needed to resolve analytes of a molecular
weight between 20,000 and 50,000 Da. For polymers of larger
molecular weight an average pore diameter of 50 or even 100 nm
is required. The specific surface area then is notably lower.
However, in surface—solute interactions with biopolymers by
ion-exchange chromatography (IEC), hydrophobic interaction
chromatography (HIC), reversed-phase liquid chromatography
(RPLC), etc., the magnitude of the specific surface is not the
critical parameter as a result of the strong interactions between
the biopolymer and the active sites of the surface. Studies on
biopolymer separations with nonporous 2 pm particles and a
specific surface area of only szfg in RPLC, HIC and IEC
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modes have demonstrated that fast and high-resolution separa-
tions can be achieved [29-32].

In terms of pore size and pore size distribution, two aspects
have to be considered. First, a packing material should be free of
micropores (pores <2 nm). Micropores generate a high surface
area, with a high adsorption potential. In addition, small pores
lead o small mass transfer Kinetics by slowing down the diffu-
sion of solute molecules in the pores. The second issue is that the
pores of packing should be highly interconnected to facilitate the
mass transfer of analytes during the chromatographic separation
process. The aspect of pore connectivity, which is well known
in the design of heterogeneous catalysts, has received consid-
erable attention during the last decade in the field of modelling
and simulation of pore structures [33-35].

When discussing pore structural parameters and comparing
different packing materials one should keep in mind that the
specific surface area according to BET is determined with nitro-
gen — a small probe molecule in the gas phase at 77 K. HPLC
takes place in a liquid phase and separates molecules, which typ-
ically are considerably larger than the nitrogen molecule. Thus
the magnitude of the specific surface area according to BET, in
such case, is not a proper measure of the accessibility of pores
in the liquid phase. As a consequence, the effective surface area
for specific interactions may be much smaller.

The same distinction holds for the characterization of the
pore size, or more precisely the pore volume distribution of
packings. Usually, the pore size distribution is derived from the
desorption branch of the nitrogen sorption isotherm at 77 K by
application of the Kelvin equation with appropriate corrections
[36]. An alternative method. known as inverse size-exclusion
chromatography (ISEC) using polymer standards [37-42] can
be applied to overcome the drawbacks of gas sorption methods,
since ISEC is based on liquid chromatographic measurements
and more relevant specific surface areas and pore volume distri-
bution values are obtained. This holds for both inorganic porous
adsorbents with various surface modifications [43] as well as
for swellable cross-linked organic polymers [44.45]. Various
reviews [41,46] showed the applicability and reliability of the
method, without taking of the pore connectivity and pore shape
into account. Grimes et al. [42] recently achieved to estimate the
pore connectivity.

The reported parameters can be expressed in relation to the
unit of mass of adsorbent and packing. However, it is generally
more relevant to refer to unit of column volume. Instead of using
the bulk density of particles, the packing density is the most
reliable parameter, i.e. the mass of particle being packed per
unit volume of the column. The packing density ranges between
0.4 g/em? for highly porous particles with a specific pore volume
larger then 1 g/em? up to 0.8 glem? for low porosity particles
having a specific pore volume of approximately 0.4 e/em?. For
example, highly ordered mesoporous silica of type MCM-41
(mobil composition of matter), first introduced by researchers
from Mobil Oil Corp.. USA, possess a high specific surface area
in excess of 1000 m*/g and a high specific pore volume of larger
than 1 em®/g [47,48). The bulk and packing density, however, is
relatively low and thus the specific surface area per unit volume
becomes by a factor of ~2 smaller then the value per unit mass.

This becomes important when one compares different column
packings. In consequence the pore structural parameters should
be expressed per unit volume.

2.2.2. Sizing and size analysis

Atthe carly application of HPLC, the packings of choice were
irregularly shaped native silica particles operated with organic
eluents in the so-called normal-phase chromatography mode.
The first action was to mill and to grind larger silica xerogel
particles to batches with the desired particle size. At this time
no technical means were available to fractionate or size micro
particulate packings. Sieving, as done traditionally, was not an
efficient and economic process. Therefore, in the 1970s, based
on their experience in air stream technology for aircrafts, Alpine
(Augsburg, Germany) developed and introduced novel equip-
ment for sizing based on the phenomenon of air elutriation. The
core of the Alpine Zig-Zag siever was a metal wheel with zig-zag
channels rotating at high speed, which gives a separation into
coarse and fine particles. Removing particles at the upper and
the lower end of the particle size distribution had to be repeated
until a desired particle size distribution was achieved. The clas-
sification was accompanied by particle analysis to control the
sizing process [49,50].

The smaller the particle — the higher the rotation speed of
the wheel had to be. The particles were subjected to high abra-
sion forces while running through the channels of the siever and
thus fines were formed, often adhering o the surface of larger
particles. Based on the relationship between particle size and
rotation speed the lower limit of sizing silica particles was ca.
2 pm. The sizing process usually resulted in substantial material
losses, depending on how narrow the intended size distribution
was. Losses of 509 (w/w) were common. In addition, the silica
became polluted with iron; the latter had to be removed by an
acid treatment of the sized material [ 13]. Apart from air elutria-
tion [51], other methods can be applied [52] e.g. sedimentation
of the dilute silica suspension in the counter current mode [53].

Particle size analysis is an essential ool to control the result
of sizing. Nowadays, a number of effective technologies are
available to assess the particles size distribution in the range
between 1 and 10 pm. More than 50 different methods have
been deseribed in the literature for the analysis of particle shape
and size distribution. They mainly differ in the applied mea-
suring principle, the particle size range they can be used for,
the information they are extracting from the particles and the
necessary measuring time.

The most common measuring principles for the determina-
tion of particle size distributions of chromatographic packings
are listed in Table 1. They can be grouped into five different
categories according to their measuring principle: Sieve- and
classification analysis, light scattering, sedimentation analysis,
electronic measurements and microscopic principles.

The most common particle size analysis methods are col-
lected and briefly described in Appendix A.

Each instrument is based on a given principal and measuring
technique and thus provides a specific and varying average of the
particle diameter — dp. The particle diameter can be expressed as
the number average — dpy, the surface average — dps, the weight
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The measuring principles for the determination of particle size distributions of chromatographic packings

Method Panticle size Information from Form information  Separating  System manufacturers (web address)
range (pm) single particles or method
multitude
Sieve analysis
Dry sieving =20 Single No Yes Retsch (www.retsch.de
Air sieving =5 Single Nao Yes
Sonic sieving >3 Single No Yes Gilsonic {www.christison.com}
Light scattering
Laser diffraction 0.05-30 Multitude No No Malvern (www.malvern.co.uk): Helos
Turbidimetric sy 0.05-30 Multitude No No
Single-particle optical sensing (SPOS)  0.5-400 Single No Yes Nicomp, Particle Sizing Systems
(www.pssnicomp.com)
Light obscuration {AccuSizer)
Sedimentation
Pipette analysis 0.5-300 Multitude No Yes
Sedimentation balance 0.5-300 Multitude No Yes
Photo- or X-ray sedimentation >2 Multitude No Yes
Centrifugal sedimentation 0.0005-50 Single No Yes CPS instruments
(Www.epsinstruments-eu.com)
Resistazone counters
Electrical sensing zone (ESZ) method — 0.4-1200 Single No No Coulter Counter (www.beckman.com)
Optical methods
Light microscopy 0.5-250 Single Yes No Image analysis: SigmaScan
(www.spssscience.com)
Electron microscopy 000110 {100) Single Yes No
Flow through photometry 2-9000 Single Yes Yes
Flow cytometry {Sysmex) 0.7-160 Single Yes Yes Malvern (www.malvern.co.uk)
Field flow fractionation
Gravitational FFF 10-100 Multitude No Yes Postnova analytics
(Www.postnovi.com)
Centrifugal sedimentation FFF 2-15 Multitude No Yes

average — dpy and the volume average — dpy. For statistical
reasons ranking of averages is as follows [54]:

dp, < dp <dp, <dp,

The smallest value is the number average; the largest is the
volume average in this series. Assuming that the weight of the
spherical particle w; & sid; & n ,-df, where s; is the surface area
of the spherical particle of diameter d; and n; is the number of
the spherical particles, the weight average can be expressed by
a surface average and the number average [ 18,55].

The particle size distribution can be presented as a cumula-
tive distribution or as a differential distribution. There are three
different average values: the mean, the median and the mode
[55]. Table 2 gives an example of certain characteristic values
of silica packing. In HPLC, the volume average of the particle
size is the most informative one, because it refers to the volume
of the column. However, the number average is also useful o
visualize the fine particle and their distribution.

There has been much discussion on how narrow a particle
size distribution should be to generate the most stable pack-
ing and the highest column performance. As a rule of thumb
the ratio of the dyon value (average value at 90% of the cumu-
lative distribution) to the dp1o value (average value at 10% of
the cumulative distribution) should amount from 1.5 o 2.0 for

particles in the range of 3-7 pm (analytical HPLC columns)
[56].

2.2.3. Packing procedures
In the early stages of LC, columns were obtained by dry

packing 3040 pm particles into glass columns using a method-
ology, that involved repeated damping (mechanically tapping
the column or lifting it up in the air and letting it drop) of
the packed column. [57]. The first HPLC columns were also
dry-packed into stainless steel columns with microparticulate
packings by Huber and Kraak at the University of Amsterdam
by mechanically pushing the particles into the column blank
with a rod.

Enormous efforts were undertaken to develop an efficient
packing procedure for micro particulate packings in stainless
steel columns [58]. The most common one is the slurry tech-
nique: a dilute suspension of the particles is forced under high
pressure and high Aow-rate into the column. The column end
contains a porous frit, which retains the particles. When 4.6 mm
LD. 250 mm long columns are packed with 5 pm particles, the
back pressure may rise up to 500 bar at flow rates in excess of
10 mL/min. Such procedure would require a high pressure pump
and a properly designed stainless steel reservoir.

The steps are as follows [59]:
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Summary of a particle size measurement {(volume and number statistics). performed with Particle Sizing Systems, Santa Barbara, California, U.S.A. (data supplied

by Dr. E. Krebs, Merck KGaA, Darmstadt)
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Volume statistics {geometric) 6.01

Caleulations from 0.96 1o 33.504%

Volume 100.0% Coine. connected 195,770
Mean 8.267 pm sD [IXEA
Median 8.236 um
Mean/median ratio 1.004 Variance (L0082
Mode 8.089 um Skewness:-4.625e-001 left skewed
% <5.000 <10.00 <50.00 <9000 <05.00
Size (pm) 6.067 6475 8.236 10,74 11.54
dyanfdpin 1.66
Number statistics (geometric) 6.01
Calculations from 0,96 o 33.50%
Number 100.0% Coinc. connected 195,770
Mean 6,240 um s 0221
Median 7138 um
Mean/median ratio 0.874 Variance 0049
Mode 7.341 pm Skewness:-2.010e-001 left skewed
% <5.000 <10L00 <50.00 <9000 <05.00
Size (pm) 1.545 2.865 T.138 9.344 10.09
dnddpin 3.26

(i) preparation of a stable suspension of highly dispersed par-
ticles;

(ii) filling of the column at high Alow rates of >10 mL/min and
high pressures up to 500 bar employing a stainless steel
reservolr;

(iii) washing the column and conditioning with the eluent.

As arule of thumb the packing pressure should always be sig-
nificantly higher than the working pressure. A stable column has
a porosity between 35 and 45%. This value does not correspond
to the densest packing order, which is 26% for a hexagonally
close packed bed [60]. However, the packing density varies
close 1o the wall as compared to the center. Inhomogeneitics
in the packing due to wall effects are assumed for approxi-
mately 20 particle diameters. Such packing inhomogeneities can
result in channel formation and voiding effects, diminishing the
expected column performance. Most experience was gained on
the packing of 3-10 pm particles in stainless steel columns. It
took column manufacturers approximately 10 years to develop
procedures to reproducibly pack analytical columns of 4 and
4.6 mm LD, respectively. The main outcome is discussed in the
paper of Kirkland and DeStefano [61]: “A very important aspect
identified was that the particles must be totally suspended and
not aggregated in the slurry liquid 1o be used for the packing pro-
cess. Higher packing pressures generally were found favoured
for both performance and stability. This high-pressure opera-
tion requires good strength in particles, which is characteristic
of porous silica micro spheres used in the test; irregular par-
ticles were deficient in this regard. The low viscosity slurry
method was identified as superior over high-density techniques
for packing silica micro spheres, and the constant pressure pack-
ing method invariably was favoured over the constant flow rate.

It was found that thin screens for capturing the packing at col-
umn inlets and outlets produced the highest column efficiency.
However, this material is less useful for preparing long-term sta-
ble columns, and thin porous frits generally are preferred for this
purpose. There was no performance advantage found for pack-
ing the column in an upwards vs. downwards direction, but the
downwards approach is more convenient.”

Particles larger than 10 pm could be packed by the dynamic
axial compression lechnique in preparative columns of 50 mm
inner diameter and larger. In general, there exist two methods
to fill columns in preparative scale: this is dry packing and
slurry packing (filtration technique) methods. Even though the
dry filling method is easy to perform, the slurry method gives,
especially for smaller particles, more efficient and more repro-
ducible columns [62]. For extended stability and reproducibility
of the packing processes in the preparative mode, new tech-
niques were developed, such as dynamically axial compression
[63—67] and radial compression [68-=73]. These methods allow
one Lo change the packed bed volume, through solving the insta-
bility problem in the packed bed, which is due to the formation
of channels, voids and inhomogeneous dense packing formed
by slurry packing process.

The packing of microbore columns (L.D. between 1 and
3mm) and of fused silica capillaries (1.D. between 200 and
20 pm L.D.) requires different conditions and extended expe-
rience. Different column packing techniques could be applied,
such as: dry packing [74]. high-pressure slurry packing [75].
packing using supercritical carbon dioxide [76], electrokinetic
packing [77], and packing with centripetal forces [78]. Though
different packing methods allows one to obtain a stable capillary
column, the preparation of robust [rits is not easy. The most com-
mon technique is the fusing of silica particles [79.80]. Although
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silica particles can be fused together, the general observation
was that after such a treatment the column performance had
decreased, still leaving the problem of the frit preparation in the
capillary columns an unresolved issue.

Particular effort is required to pack columns with particles
smaller than 3 pm. The adhesion forces between the particles
become much larger then for particles with dp > 5 pm and thus
stable suspension have o be prepared with highly dispersed
individual particles before slurry packing.

A number of research projects related 1o the characterization
of column bed structure involved the application of techniques
such as NMR imaging [81-84], pulsed-field-gradient NMR
spectroscopy [85-87], hydrodynamic chromatography [88], and
visual monitoring of elution bands in glass columns [89].

2.2.4. Evaluation of the column performance
In general there are three major criteria in characterizing a
HPLC column:

(a) The hydrodynamic properties expressed by the column pres-
sure vs. flow dependency provide an insight into the flow
behaviour, From these data the column permeability can be
calculated and compared with the expected value based on
the average particle diameter and the column dimensions.

(b) The kinetic properties of the column expressing the mass

transfer kinetics of analytes are a measure of the peak dis-

persion of a column. The peak dispersion is characterized
by the theoretical plate height (/) and the number of theo-
retical plates (V). A more detailed diagnosis of the kinetic
performance is based on the dependency of the plate height

(H) as the function of the linear velocity (u) of the eluent.

The thermodynamic properties are expressed by the reten-

tion coefficients and the selectivity coefficient of test solutes

under constant conditions.

(c

2.2.4.1. Hydrodynamic properties. The column pressure drop
Ap is proportional to the viscosity i of the eluent, the column
length (L) and the linear velocity of the eluent u and inversely

Table 3

proportional to the average particle diameter (dy,) of the packing
squared (Eq. (1))
Pyl

Ap=—;
%

(n

where @ is the column resistance factor, which varies between
500 and 1000 for a well packed column [90]. The operating pres-
sures of reversed phase columns of 4 mm 1.D. and 100 mm length
usually range between 50 and 100 bar. Changes of the column
backpressure are commonly a strong indicator that the column
bed structure alters and the column performance declines. The
column pressure drop becomes significant when the particles of
the packing are smaller then 2 pm (see Section 2.3.1.) The col-
umn pressure is important for particles of all sizes, as it plays a
central role in maximizing plates/time or optimizing the perfor-
mance of a given column. There are many review articles, which
discuss the critical role of pressure in both using columns and
evaluating their performance [91,92].

2.2.4.2. Peak dispersion. The first researchers who systemati-
cally studied peak dispersion phenomena were Martin and Synge
[93]. van Deemter et al. [94] and Giddings [95,96). The treat-
ment of the mass transfer processes and the distribution equlibria
between the mobile and stationary phase in a column lead w
equations which link the theoretical plate height as the decis
column performance parameter o the properties of the LC sys-
tems such as linear velocity of eluent, diffusion coefficient of
analyle, retention coefficient of analyte, column porosity, etc.
van Deemter proposed an equation, which described the col-
umn performance as a function of the linear velocity for a packed
column in gas chromatography coated with a stationary liquid
layer. Similar equations, however, with other terms were derived
for LC by numerous researchers (see Table 3). It became com-
mon practice to refer to all // vs. u plots collectively as van
Deemter plots. A minimum in the plate height vs. linear velocity
curve is observed where the column performance is the highest.
Knox suggested a three term equation to describe the depen-
dency of the theoretical plate height /f of a column as a function

ive

Comparison of plate height models (reproduced by the permission of the authors [97])

Model Limiting case for large v (velocity)
van Deemier et al. [94] h=A+4 E + Cv h+A+Cv
v
1 B
Giddings [96] A= -+ Cv h+A+Cv

1/A+1/Ev * v

Snyder {1969} h=Av" (03 =n=0T)
1 B ,
Huber and Hulsman (1976) h= TATTE +o+ Cv4+ Dv'2 h=A+cv+ w2
B
Kennedy and Knox [128] h=A'B 4+ =4 Cv h=Av'® 4 Cv
v
1 B 3
Horvath and Lin (1978) h= AT UG + 5 + Cv+ Dv'3 h=A+cv+
van Krefeld and van den Hoed (1978); Afeyan et. al (19909 h= ; % E + F h=A+F
1/A+1/Ev v
Yang etal, (1992) h=agZy P h=A+D

v D4+Cv
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of the linear velocity of the eluent by Eq. (2):
L B

Hioal = — =Au'P + — 4+ Cu (2)
N u

where Hygal, is the total theoretical plate height of a column; u,
is the linear velocity of the eluent and A, B and C are constants.
The A-term corresponds to the convective dispersion by flow
through the tortuous column bed, the B-term expresses the dis-
persion due to longitudinal molecular diffusion and the C-term
is a measure of the equilibration of the analyte between the sta-
tionary and mobile phase in a column. g vs. i is dominated at
the left hand side of the minimum by # and at the right hand side
by the term C at higher linear velocities. Well packed columns
have the approximate values of A< 1, B=2 and C<0.1. [98].
It is useful o convert H and u to dimensionless parameters

by Eqgs. (3) and (4):

H
h= d—(rcduccd theoretical plate height) (3)
P
udy, . .
v = —(reduced linear velocity) 4)
!)l'l'l

where Dy, is the diffusion coefficient of the analyte in the mobile
phase.

The application of reduced parameter is guite common for
chemical engineers comparing the performance of columns in
unit operations such as distillation, extraction, adsorption. Typ-
ical reduced parameters are: the Peclet number (Eq. (5)), the
Sherwood number (Eq. (6)) and the Reynolds number (Eq. (7)):

d

Pe = Lu(Pcclclnumhcr) (5)
Dy,
kigel,

Sh = P (Sherwood number) (6)
Dy
udp

Ke = —(Reynolds number) (7
Um

where d), is the average particle size; w, linear velocity of the elu-
ent; k;r, partial mass transport coefficient in the lowing medium,
and vy, is the kinetic viscosity of the mobile phase [99]. The
Peclet number is then identical with the reduced velocity (see
Eqgs. (4) and (5)).

The particular advantage of this approach is the ability to
compare the performance of columns packed with particles of
different sizes.

Unger et al. [100] demonstrated experimentally that the
course of the reduced plate height-reduced linear velocity plots
are similar for all types of packings independent of whether they
are irregular or spherical, for silicas and aluminas of widely
differing average particle diameter.

A more detailed analysis of the H vs. u curves published
in the LC literature is often not possible for the following rea-
sons: Firstly, the plate height is commonly measured by simple
approximations and not accurately by the method of statisti-
cal moments. Secondly, the measurements were performed on
instruments, which had substantial dead volumes, and no cor-
rections were performed to correct the total plate height with

respect to the extra-column contributions. Needless Lo say, plate
height measurements should be performed at isocratic condi-
tions. A recent investigation including a number of commercial
columns packed with micron size particles has indicated that the
impact of these terms in assessing the column performance has
1o be re-investigated [101]. Still, the usuval aim in column design
is the need to make C-term of H vs. i curve as small as possible,
what would allow a fast and efficient separation, even at higher
linear velocities, where v 3> 10,

The optimum lincar velocity is vop was found to be between 2
and 5 with reduced plate heights between 2 and 5. In other words,
at the best conditions the plate height values correspond to twice
the average particle diameter. H value have been reported which
are smaller than 2 [102].

The current trend in column development is o make the anal-
ysis faster and more sensitive with respect to detection. One
alternative is to reduce the particle size on the expense of col-
umn pressure drop using classical packing materials. The other
alternative is to change the particle design or to apply electrically
driven chromatography such as CEC. We will treat this issue in
more detail in the next section.

A more advanced concept on the characterization of the
column performance was pioneered by Poppe [91], which
was further developed by Tanaka et al. [103] and Gzil et al.
[104]. Poppe introduced the so-called kinetic plots: plate time
(log(tp/N)) as a function of the number of theoretical plates N,
where ty is the elution time of a non-retained compound. In order
to assess the limits of column performance as a function of par-
ticle size, column pressure drop, ete. Tanaka et al. [103] applied
kinetic plots to compare monolithic silica columns with parti-
cle packed columns. The experimentally obtained kinetic plots
clearly indicated the advantage of monolithic column structures
over particle packed columns with respect 1o maximum column
performance.

The increase of the plate numbers of a HPLC column or the
number of plates per unit time of the LC system, however, is
only one side of the coin and very much resembles the situation
in HPLC at the middle 1970s. It should be remembered that
the chromatographic resolution R is mainly governed by the
selectivity of the phase system (stationary and mobile phase)
rather than by the column performance. Thus the message is
1o develop highly selective stationary phases with acceptable
column performance and column stability. As the emphasis of
this article is not directed to stationary phase development, the
reader is referred o numerous literature sources [105-110].

2.3. Selected topics

2.3.1. The ultimate minimum particle size in
high-performance liguid chromatography — fiction and facts
The subject of minimum particle size in HPLC was already
discussed in depth at the advent of HPLC by several researchers.
In 1975 Halasz stated in a paper: “At a column pressure
of approximately 500bar, the temperatre of the eluent may
increase up to 35 °C. Temperature and viscosity gradients exist
in axial and radial directions inside the column. For routine
work the particle size should be 5 pm<d, <3 pm. The mini-
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Fig. 3. Plate height-lincar velocity plots on a 2 pm nonporous RP 18 silica col-
umn. Conditions: column 53 x 4.6 mm, Monospher RPIS d, =2.1 pm, eluent:
waterfacetontrile 60/40 (v/v), detection UV 254 nm, flow-cell volume 0.6 L.
detector constant 50 ms. injection volume . 5 pl. solutes: (M), naphthalene
(K'=0.39); ({), anthracene (&'=1.18); =, pyrene (k'=1.74); and +, chrysen
(k"=2.99) (reproduced by the permission of authors [114]).

mum particle size in LC is between 1 and 3 pm [111]”. Knox
performed a number of calculations assuming a given number
of theoretical plates and a limiting pressure drop of 400 bar and
came to similar conclusions with respect to the minimum par-
ticle size [112]. Heat effects were discussed by Poppe et al.
[113].

The major advantages in using columns with sub 2-pm par-
ticles were the gain in higher column efficiency, short analysis
time by raising the flow-rate and high detection sensitivity,
particularly when working with mass spectrometry as detec-
Lor/separalor,

However, columns packed with such particles need a special
LC system. Shortening the connecting tubes and reducing the
tube diameter should minimize extra column effects. To reduce
frictional heating and minimize temperature effect the column
diameter should be reduced to 2 mm or smaller. Columns should
be short in length and possess frits with the desired porosity to
retain the particles. The injection volume should be small as
well as the volume of the detector cell, in case UV detection is
applied. A source of information is an article by Giesche et al.
[114], who studied the packing technology, column bed structure
and chromatographic performance of columns packed with non-
porous 1-2 pm size reversed phase silicas.

Employing 2 pm nonporous C18 bonded silica particles plate
height values between 5 and 8 pum were generated at linear eluent
velocities between 2 and 6 mm/s. At a flow-rate of 2.5 mL/min
the column pressure drop was 500 bar (column dimensions
53 x 4.6 mm). Fig. 3 shows the corresponding plate height-
linear flow velocity curves of analyies with retention coefficients
between k=0.39 and 2.99 for such a column. To keep extra-
column effects to a minimum, the injection volume was 0.6 pL,
the volume of the detector cell 0.3 pL and the time constant of
the UV detector <60 ms. Such columns enabled ultra-fast sep-
arations of analytes in less then 60s [115]. Fig. 4 exhibits an
electron scanning micrograph of such particles. As the particles

Fig. 4. An electron scanning micrograph of 2 pm nonporous silica particles
(reproduced by the permission of authors [114]).

were Lotally non-porous, the specific surface area per milliliter
of column volume was in the order of approximately 5 m%/mL.
Consequently, the mass loadability was by a factor of 100 lower
than that of a common analytical column. To achieve the same
retention of analytes in the reversed phase mode as compared
to a 4.6 mm L.D. analytical column packed with 5 pm particles,
the water content of the eluent had to raised from 40/60 1o 80/20
walter/acetonitrile volumetric ratio. The column was extremely
mechanically stable up to packing pressures of 2000 bar because
the particles were non-porous.

MacNair et al. [116] demonstrated that such particles could
also be packed into fused silica capillary columns generating
several thousand plates per meter of column length at elevated
pressure in excess of 1000 bar.

With the breakthrough of coupling HPLC with mass spectro-
metric detection the way was open to connect columns packed
with porous sub-2 pm particles with an LC instrument designed
for higher pressures and coupled to MS. The result was a sub-
stantial increase in sensitivity and sample throughput (Acquity
UPLC system of Waters) [117.118].

Anessential element of the Acquity UPLC system are Water's
novel XTerra columns based on the concept of particle hybrid
technology [119].

The term hybrid stands for porous inorganic/organic parti-
cles with an inorganic skeleton and a bonded organic moiety
distributed in the bulk phase as well as at the surface. The first
attempts Lo synthesize silica-organic hybrid-particles were made
by two routes [120]:

(1) hydrolyzing a tetraalkoxysilane and an organotrialkoxysi-
lane to a poly(organoalkoxysiloxane);
(ii) adding an organotrialkoxysilane to a poly(alkoxysiloxane).

Both intermediate products were subjected to complete
hydrolysis and condensation at a two-phase system under vig-
orous stirring, whereby spherical organo-silica particles were
formed.
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The particular feature of Waters novel hybrid technology was
the use of ethane bridged silanes (e.g. (bistriethoxysilyl)ethane)
and tetracthoxysilane to form a bridged poly(ethoxysiloxane).
The bridged ethylsiloxane silica (called BEH) was synthesized
as porous sub 2 pm particles with a narrow particle size dis-
tribution. Due to the ethyl bridge the particles display a high
mechanical stability and an enhanced pH stability in the pH
range between 1 and 12. XTerra materials and columns are
available with different kinds of orgamc moieties and surface
chemistries [121].

In order to avoid the application of high pressure Advanced
Materials Technology, Chadds Ford, PA, USA have recently
introduced particles with a solid core and a porous shell, as
explained in Section 2.3.2.

A promising alternative to using submicron particles is o
employ them in CEC. In this case, the electrical field gener-
ates the flow and plate heights of 1-2d,, have been generated.
Porous silica beads with an average particle diameter between
0.2 and 3 pm, n-octyl surface functionalized have been studied
in 100 pm LD. fused silica capillaries in CEC [122].

Thus there is still a need for fundamental studies on CEC to
elucidate the retention mechanism for polar and charged ana-
lytes and to design appropriate systems. Furthermore, CEC is
much more complex than pressure driven LC with regard 1o two
phenomena: (i) the EOF is not constant but varies as a function
of many system- and operational parameters and (ii} retention
and selectivity in CEC is changing when the field strength alters
[123].

2.3.2. Totally porous vs. core/shell particles

The development of efficient packing materials in HPLC
was never a straightforward approach. There were false starts
and intermediate solutions, which in the long run proved to be
unsuccessful. An example was the introduction of porous layer
beads. Before totally porous particles were applied in HPLC,
porous layer beads were introduced as packings based on the
pioneering work of Horvath and co-workers [124,125]. The
objective was to enhance the mass transfer Kinetics of solutes
by reducing the diffusion path length. Due to the large parti-
cle diameter the columns generated relatively low backpressure
and were dry packed by damping. Although the specific sur-
face area was considerably larger as compared 1o nonporous
2 pm particles the mass loadability was limited. Such products
are still commercially available and employed as packings in
precolumns.

The porous layer bead particles consisted of an imperme-
able core of 3040 pm diameter and a porous silica shell
of approximately 1 pm thickness. They were operated in the
normal-phase LC mode. The porous layer contained mesopores
and the specific surface areas ranged between | and 30 m?/g
[126]. Chromatographic tests of commercial products in normal-
phase chromatography gave plate height values in the range of
I—<4mm at a linear velocity of 2.5 cm/s. The measured plate is
mainly determined by the A-Term, which represents the packing
quality of the column bed. At higher velocities, the C term of
plate height curves was relatively small and this enabled one to
obtain efficient and fast separations [126].

An investigation was subsequently made of the impact of
the estimated thickness of the porous layer d; in the range
between 0.5 < d; <0.9 pm at constant particle size and constant
pore diameter of the porous layer on the theoretical plate height
of selected solutes in normal-phase chromatography. A relation-
ship of H = d!* was obtained which is to be expected [127).
Comparative column performance studies of porous layer beads
and totally porous particles were carried out by Kennedy and
Knox [128] at the same time.

Recently, Advanced Materials Technology has introduced a
novel type of a column known as Halo HPLC column, which is
based on a fused core particle technology developed by Kirk-
land. The 2.7 pm silica particles are composed of a solid core
of 1.7 pm thickness surrounded by a porous layer of (.5 pm.
The particles possess a specific surface area of 150 m */g and
an average pore diameter of 9 nm. They are available with a
variety of bonded reversed phase chemistry [129]. The column
LD. is 2.1, 3.0 and 4.6 mm, respectively. Columns packed with
show low mass transfer resistance values at high
linear velocities enabling very fast separations of low molecular
weight analytes in less then one minute at column back pressures
of approximately 300 bar.

Recently Gritty and Guiochon [101] performed a compara-
tive study on the performance of micron size RP silica columns
including the Halo column at a wide range of the mobile
phase velocities. The Halo column performed best for low
molecular compounds (e.g. naphthalene), but is not as good
as the other studied columns using insulin as solute. The rel-
atively high C-term of the Halo column at high flow rates
was attributed to the roughness of the external surface of the
Halo particles which might generate a high film mass transfer
resistance.

2.3.3. Column miniaturization: from meso to micro to nano
—where is the end?

Column miniaturization has been under discussion for many
years, particularly since 1980 when fused silica capillaries of
LD. in 100 pm range were first manufactured. They were first
applied in gas chromatography with liquid stationary phase coat-
ings inside. It is beyond the scope of this article to provide an
in depth survey of micro bore and capillary columns in HPLC
[92,130]. The main idea to reduce the column diameter was o
minimize the dilution of the sample to be resolved and to achieve
higher peak heights as compared to the 4.6 mm L.D. columns,
while maintaining the column efficiency.

The next step in LD. diminution was to introduce Microbore
stainless steel columns of 1-2 mm LD. Such columns can be still
operaled with a conventional HPLC system. Systematic studies
on the packing procedure and the efficiency of such columns
revealed that indeed the same column performance could be
achieved as compared o0 4 mm LD. columns using the same
packing materials. The critical issue is the column hardware
and the packing process. The stainless steel tubings should be
stable to high pressures and contain a mirror finish of the inside
wall. The packing pressure is commonly above 1000 bar. The
optimum packing pressure is dependant on the type of silica
packing.
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Table 4
A survey of HPLC columns of varying L1, and the comresponding flow-rates

Column LD, (pm) Flow rate (plfmin) Column volume {pl.)

Mass of silica per column {mg) Mass loadability per column {pg)

4600 1000 1660
4000 Tol) 1260
2000 190 310
1000 47 80
300 4.3 7
100 (L5 0.8
50 (L125 02
10 0,005 0.08

1100 110
830 83
210 21
50 5
5 0.5
0.5 0.05
013 0.01
0.05 0.005

Assumptions: column dimensions, L= 100 mm, total column porosity £ =0.7, skeleton porosity £, =0.3, silica skeleton density 2.2 gfcms‘ A mass loadability of
L1 mg/g of stationary phase was assumed (reproduced by the permission of authors [132]).

Roumeliotis et al. [131] increased packing pressures to
2000 bar and the silicas were still mechanically stable. To
achieve the expected column performance several factors (injec-
tion volume, detection volume, connecting tubes) have to be
considered to minimize the contributions of extra-column effects
to the total peak dispersion. It should be emphasized that I mm
bore columns require a very low peak broadening system, min-
imizing extra-column-volume contribution otherwise the plate
number are adversely effected. Table 4 provides a survey of
HPLC columns of varying LD, and the corresponding low-rates
[132].

Viewing Table 4 it becomes evident, that the operation of
micro and nano columns require low volume flow-rates for
which classical HPLC instruments that run with columns of
1.0<4.6 mm LD. are not designed. Consequently, a micro-LC
and nano-L.C system, respectively, is required to match the Aow-
rate in the microliter to nanoliter/min range. Such systems are
not only operated under isocratic conditions, but also under gra-
dient elution conditions. Rapp and Tallarck have reviewed the
state-of-art in the generation and control of micro- and nano-
liter flow rates with special emphasis on feasibility, automation,
delay times and dead volumes [133]. In addition, the volume of
detector cells has to be reduced.

The range of 300-20 pm column 1.D. is covered by fused sil-
ica capillaries coated outside with a poly(ethyleneimine) layer.
They can be operated as open tubes and packed tubes. The
smallest LD. capillary columns applied had an L.D. of 20 pm
[134].

For the operation of capillary columns, special equipment is
required. One has to make sure that for the range of 10-300 pm
column LD, the approximately typical flow rate (linear eluent
velocities between | and 10 mm/s)is in the range from 10 nL/min
to 100 pL/min and the pressure limit up to 5000 psi [135]. Var-
ious injection systems and detectors are applicable. Also one
needs special frits and column connections. The packing of fused
silica capillaries is achieved by slurry packing, but a miniaturized
packing device should be employed.

Another important aspect using micro and nano-LC columns
relates to the mass loadability of the column, which is a measure
of the column capacity [136,137]. Analytical columns are com-
monly operated in the linearrange where the retention coeflicient
of an analyte and the plate number N is constant and independent
of the sample size. Further increase of the sample size leads to a

diminution of the retention coefficient k& and a drastic decrease
of column plate number N. At further increase of the sample
size, the column is overloaded. The linear range, where analyt-
cal columns could be operated without overload was arbitrarily
defined as the linear capacity corresponding to the sample mass
per gram of the stationary phase causing a 10% decrease of k
and & 50% decrease of N for a given solute [57]. However, the
mass loadability or column capacity is affected by a number of
the parameters such as the composition and type of eluent, the
type of stationary phase (e.g. the chain length of an alkylbonded
silica), the type of solute (ionic, neutral, basic. acidic) and its
molecular weight. As a rule of thumb, the mass loadability for
reversed phase C18 column is about 2 mg of sample per gram of
stationary phase for a low molecular weight solute. It accounts
to about 10 mg/g of stationary phase for peptides and increases
to about 100 mg/g of stationary phase for proteins on an ion-
exchange column. Mc Calley etal. [138,139] and Buckenmeiser
et al. [140] have studied over-loading effects for various solutes
on a large number of columns (reversed phase silicas, polymeric
columns) and came to much more refined conclusions.

By decreasing the column 1.D. the mass of packing or station-
ary phase decreases proportionally too (see Table 4). In other
words, a packed 100 pm LD. column contains ca. 0.13 mg of
packing and the mass loadability is estimated to be 0.01 pg.

The lowest L.D. of capillary columns is reported to be 10
and 20 pum. The latter were packed with 0.8 pm reversed-phase
silica particles [134]. The capillary columns were employed in
ultrahigh-throughput proteomics using fast RPLC separations
with electrospray ionization (EST) MS/MS. Also monolithic C18
bonded silica columns were manufactured and tested for the
same purpose by the same group [141].

There are a number of inherent problems associated with the
manufacture and operation of these capillary columns:

(a) packing of capillaries with particulate materials or/and man-
ufacture of stable and homogeneous monolithic columns;

(b) selection of appropriate frit systems in case of particle
packed capillaries to avoid significant extra-column volume
contributions;

(c) connection Lo the mass spectrometer.

Toovercome these problems a microfluidic chip was designed
by Agilent Technologies, Germany to be used at nano- and
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pico-litre flow-rates which integrates most of the functional com-
ponents of a conventional nano column LC/MS directly to a
chip.

3. Monolithic columns

3.1. The basic idea and the pioneers

As compared to particle bed columns, monolithic columns
represent a single piece made of porous cross-linked polymer or
porous silica. Monoliths are made in different formats as porous
rods, generated in thin capillaries or made as thin membranes or
disks.

When one critically judges the progress made with particle
packed columns in HPLC over the last 50 years and consider
the problems caused by the assembly of particles in a column
it becomes immediately obvious, that the search for alterna-
tives is a logical consequence. Cross-linked polymers are ideally
suited to be synthesized in a confined space. Thus, the initial
attempts were made with polyurethane foams to be applied
in size exclusion chromatography and in gas chromatography
[142-144]. Hjerten was the first one who developed continuous
polymer beds based on polyacrylamide for the fast separa-
tion of biopolymers [145]. Tennikova and Svec synthesized
polyiglycidyl methacrylate ethylene dimethacrylate) polymers
as disks called macroporous polymer membranes [5] which
were commercialized later by BIA Separations, Lubljana, Slove-
nia under the trade name Convective Interaction Media (CIM).
Svec and Frechet [146] extended the family of continuous poly-
mer beds by poly(styrene divinylbenzene) copolymers. Later on
Premstaller et al. [147] extended the approach to prepare func-
tionalized polymeric capillaries for the separation of nucleic
acids. Buchmeiser et al. [148] introduced the ring-opening
metathesis polymerization (abbreviated as ROMP) as an alterna-
tive synthetic route to free radical polymerization which enabled
the syntheses of materials with a controlled pore structure and
surface functionality.

Polysaccharides such as agarose, cellulose and cross-linked
dextran were also employed as such [149,150] or used by
supports in layered stacks and rolled layer [151,152]. Polysac-
charides suffer from weak mechanical stability.

Parallel to the development of cross-linked polymers, Soga
and Nakanishi made the fundamental studies [2,3.153] tosynthe-
size continuous beds made of porous silica. The specific feature
was that the monoliths contained a discrete bimodal pore size
distribution made by large flow through pores in the micrometer
pore size range and smaller diffusive pores (meso pores) in the
nm size range. Tanaka immediately recognized the added value
of the so-called “silica rods” as monolithic columns in HPLC
and made the pioneering investigations in close collaboration
with Nakanishi and co-workers.

Based on this concept Merck, Darmstadt, Germany, intro-
duced monolithic columns as 4.6 mm columns and as 100 pm
1.D. capillaries.

The major goals of applying monolithic columns in HPLC
were Lo achieve high-speed separations; low column backpres-
sure and fast mass transfer kinetics [154].

3.2 Memolithic silica columns

3.2.1. Formation processes and pore structure control of
silica monoliths

The starting silica sources are tetramethoxysilane, ter-
traethoxysilane or n-alkyltrialkoxysilanes which are subjected to
acid catalyzed hydrolysis and condensation in presence of water
soluble polymers such as polyethyleneglycols and polyacrylic
acid and surfactants as additives. The multicomponent solution
converts into a sol-gel system by a nucleation and growth mech-
anism in which small fractions of a finely dispersed phase grow
in size (see Fig. 5a) being limited by a thermally activated diffu-
sion process. A second process, called spinodal decomposition,
takes place leading to a co-continuous domain structure, which
remains stable over an extended period of time (see Fig. 5b). The
gel morphology is controlled by the kinetics of two competitive
processes: the domain coarsening and the structure freezing by
the sol-gel transition. The resulting gels are aged and a sol-
vent exchange is performed to tailor the pore structure. The
macroporous gel domains are filled with the polymer, which
has been burned out by calcination after drying. The mesopore
structure and mesopore size is adjusted by hydrothermal treat-
ment conditions. In this way the process enables o generate
two continuous pore systems and to adjust and control the pore
size, and porosity of macropores and mesopores independently
[2—4.153,156-171).

The manufacturing process of monolithic silica rods with
4.6 mm 1.D. comprises the following consecutive steps: prepa-
ration of the starting sol, phase separation and gelation, aging and
drying. After drying the rods are cladded with poly(ether ether
ketone) (PEEK). Surface functionalization is performed in situ.
The product is called Chromolith Performance and marketed by
Merck, Darmstadt, Germany.

In case of fused silica capillaries the formation of the mono-
lithic structure occurs within the capillary. Fig. 6 shows an
electron scanning micrograph of the cross section of a 100 pm
L.D. capillary.

The bimodal pore structure of a Chromolith column is char-
acterized by a distinct bimodal pore structure: macropores of
2 pm in diameter and mesopores with an average pore diameter
of approximately 13 nm. The total porosity of the monolithic col-
umn amounts to 80% and higher, the larger proportion accounts
for the macropores. The mesopores generate a specific surface
area of approximately 300 m?*/g.

Silicamonoliths (rods) of 4.6 mm 1.D. size were characterized
by the classical pore structure analysis such as nitrogen sorp-
tion at 77 K, mercury intrusion, scanning clectron microscopy
(SEM) and transmission electron microscopy (TEM). As a
result the mesopore volume and macropore volume distribu-
tion were assessed to detect the size of diffusive pore and
the size of flow through pores. Tanaka and co-worker intro-
duced the parameter of domain size as a measure being the
sum of the thickness of the silica skeleton and the flow
through pore diameter. These authors stated that large ratios
of flow through pores to the skeleton size and a high poros-
ity lead to high column efficiencies per unit pressure drop
[158].
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(a)

(b)

Fig. 5. (a) Nucleation and growth (diftusion limited) of silica-based
(reproduced by the permission of author [1535]). (b) Spinoidal dec ition

where dispersed ins with sharp interfaces grow by diffusion-controlled Kinetics

J of silica-based monoliths, where interconnected domains with diffuse

interfaces grow exponentially with time (reproduced by the permission of author [155]).

Unger et al. [172] examined the column performance and
hydrodynamic properties of a series of native silica monoliths
of 4.6mm LD. with graded macropore size between 1.9 and
6 pum at constant mesopore size of 12 nm. They also determined
the pore connectivity of the mesopores using the model of Mey-
ers et al. [173.174]. They found, that the pore connectivity nt
had a tendency to decrease with increasing macropore diame-
ter. Increasing macropore size lead also to increased theoretical
plate heights al wgpimumn ©OF the plate height linear velocity
dependencies, The column pressure drop vs. volume flow-rate
dependencies were lowest for the highest macropore diameter
and increased with smaller flow-through pores.

Tallarek and co-workers introduced the equivalent sphere
dimension as a parameter to compare monolithic silica columns

Fig. 6. An electron scanning micrograph of the cross section of a 100 um LD.
capillary (reproduced by the permission of author [155]).

and microparticulate packed silica columns [175-177]. They
claimed that silica monoliths have to be described by two char-
acteristic lengths: a characteristic length for the band dispersion
dyisp derived from the C-term of the H vs. u curve and a parti-
cle diameter dpemmy representing the hydraulic permeability. As a
result of this analysis applying insulin and angiotensin as ana-
Iytes on a C18 modified monolith they found that dyiy, was 3.9
and 2.5 pm, respectively, and dpeqn 15.6 pum. In other words the
C18 bonded silica monolithic showed a column performance
equivalent to approximately 3 pm packed column and a col-
umn permeability comparable o approximately 15 pm packed
column.

The structure of silica monoliths and the flexibility to tailor
the pore structure and the column format have initiated a number
of systematic studies to model and to simulate the pore struc-
ture by the pore network model und to compare the results of
model analysis with particle packed columns [178,179]. Liapis
etal. stated [179]: “The results of this work indicate that since in
monoliths the size of through-pores could be controlled indepen-
dently from the size of the skeletons, then if one could construct
menolith structures having (a) relatively large through-pores
with high through-pore connectivity that can provide high Aow-
rates at low pressure drops and (b) small-sized skeletons with
mesopores having an appropriate pore size distribution (meso-
pores having diameters that are relatively large when compared
with the diameter of the diffusing solute) and high pore connec-
tivity, nr, the following positive results, which are necessary for
obtaining efficient separations, could be realized: (i) the value
of the pore diffusion coefficient, Dy, of the solute would be
large, (ii) the diffusion path length in the skeletons would be
short, (iii) the diffusion velocity, vp, would be high, and (iv) the
diffusion response time, fy4, would be small. Monoliths with
such pore structures could provide more efficient separations
with respect to (a) dynamic adsorptive capacity and (b) required
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pressure drop for a given flow-rate, than columns packed with
porous particles.”

The classical methods in characterizing the pore structure
of monoliths, particular those in the capillary format have two
major disadvantages: the conditions at which the materials are
characterized do not resemble those applied in liquid phase
adsorption processes as HPLC. Secondly, the amounts of sta-
tionary phase in monolithic silica capillaries are too small to be
applied 1o classical characterizaton methods.

For these reasons we have focused on ISEC as an in si
characterization method [42]. ISEC is a well-known procedure
[37—41]. We have improved the approach by including the par-
allel pore model (PPM) and the pore network model (PNM) to
enable the calculation of several characteristic parameters from
ISEC experiments. It should be emphasized in this context that
the calculations are also valid for particle packed columns [42]:
“The PPM and PNM proposed in this work are able 1o deter-
mine the void fractions of the macropores and silica skeleton,
the pore connectivity of the mesopores, as well as the pore num-
ber distribution (PND) and pore volume distribution (PVD) of
the mesopores. The results indicate that the mesoporous struc-
ture of all materials studied is well connected as evidenced by the
similarities between the PVDs calculated with the PPM and the
PNM, and by the high pore connectivity values obtained from
the PNM. Due to the fact that the proposed models can pre-
dict the existence of the second inflection point in the exclusion
curves, the proposed models could be more applicable than other
models for ISEC characterization of chromatographic columns
with small diameter macropores (interstitial pores) and/or large
macropore (interstitial pore) void fractions. It should be noted
that the PNM can always be applied without the use of the PPM,
since the PPM is an idealization that considers an infinitely con-
nected porous medium and for materials having a low (<6) pore
connectivity the PPM would force the PVD 1o a lower average
diameter and larger distribution width as opposed to properly
accounting for the network effects present in the real porous
medium.”

The logical next step is to use the results of modelling and
simulation and to connect them to chromatographic performance
parameters such as plate height, chromatographic resolution or
peak capacity and column capacity. This allows one to opti-
mize the parameters of the pore structure of monoliths with
respect to certain target parameters provided one has the neces-
sary know-how in the synthesis to achieve the desired values of
pﬂIﬂﬂlCle!\',

Key parameters in modelling and simulation of monoliths are
[180]:

(i) AP: column back pressure (linked to the volumetric Alow
rate, Qy).
(i1) ry: analyte characteristic molecular radius;
(iii) Keq: analyte equilibrium adsorption constant;
(iv) &: total column void fraction;
(v) &p: through-pore (macropore) void fraction;
(vi) gp: skeleton-pore (mesopore) void Iraction;
(vii) Dg: skeleton diameter (characteristic transverse dimension)
of the monolith;

(viii) pd.mac: nominal diameter of the through-pores;
(iX) pd.mes: nominal diameter of the skeleton-pores.

Another more pragmatic means is to experimentally measure
chromatographic data such as plate height vs. linear velocity
curves and resolution parameters and to connect the findings
with the pore structural characteristics of the monolithic columns
[181].

Even though the potential of using monolithic silica
columns for peptide and prowein separation was recognized
[171,182-184], the pore structure of the monoliths needed to be
adapted to the peptidic analytes to ensure a rapid mass transfer
and a high accessibility of the stationary surface [181].

Numerous theoretical models proved this assumption of
high porosity, high homogeneity and small-sized skeletons
with mesopores large enough not to hinder the passage of the
molecules in and out of the pore [178,179,185-187]. First, it
was proven by a series of theoretical calculations, that a perfectly
ordered flow-through pore network. instead of traditionally used
packed bed columns, would gain efficiency in LC separation
[188,189]. It was shown as well that a considered monolithic
micro-structure column would allow to perform N> 100,000
plate separations in a few hundreds of seconds [ 190]. The further
theoretical analysis led to the conclusion that the large porosity

supports can always potentially yield shorter analysis times or
larger plate numbers than small porosity supports but need sub
micromeler feature sizes to actually achieve this [185,186]. If
a strong improvement of the structural homogeneity (assuming
constant domain size conditions) or a degree of the domain size
(assuming constant homogeneity conditions) would be achieved
by monolithic column synthesis, such a support would have an
applicable potential, where no existing chromatographic sup-
ports seems to be able to operate [191].

3.2.2. Clromatographic properties

Major chromatographic features of monolithic silica columns
arise from the large through-pore size/skeleton size ratios and
high porosities, resulting in high permeability and large number
of theoretical plates per unit pressure drop. High permeability
and small diffusion path length provided by the presence of large
through-pores and relatively small-sized skeletons resulied in
the lower plate height and the lower pressure drop with mono-
lithic silica columns compared with a particle-packed column,
making faster separations possible with current instrumenta-
tion. Fig. 7 displays the potential of applying the monolithic
silica column in gradient separation. For the detailed survey on
articles touching the relationship between structural properties
of silica monoliths and their chromatographic performance and
selectivity see Table 5.

3.3, Polymer-based monolithic columns

3.3.1. Synthesis approaches and characterization

As compared to the formation of silica monoliths the for-
mation of porous cross-linked polymeric monoliths has a wide
variety of facets in terms of starting monomers, co-monomers,
initiators, solvents and porogens.
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Tahle 5

Survey on imporant research articles connecting the structural properties with the chromatographic properties of silica monoliths

Properties

Subject and specific features in brief

Fast sep m prop

across the column

due to the low-p drop

Menolithic silica rod columns can be prepared with independent control of the mesopores and the
through-pores (macropores) [2-4.153.156-172]. As a result, chromatographic columns with higher

total porosity and bigger through-pore sizes as compared to particulate ones are obtained
[4,158,169,192-194,175]. This enables one to perform faster separations
[139,172,176,195-198,182,199-206].

High-efficiency property due to the fast mass transfer
kinetics and high binding capacity of monolithic
silica columns

Meonolithic silica columns show high efficiency on the basis of the small-sized silica skeletons
jiding sufficient surface area for the separation and fast mass transfer kinetics due to the

5. Such monolithic silica were used as a robust and efficient

large-sized th

separation medium for the peptide mapping by reversed-phase HPLC [206], separation of biological
macromolecules [ 198 182] as well as separation of low melecular weight analytes

[207,187.208-210].

Applications
Analysis of low molecular weight analyies

The structure and performance of monolithic silica based columns appeared 1o be very suitable for

the resolution of low molecular weight analytes up to 10 kDa [207.187.208-210].

High throughput analysis of drugs and metabolites

Monolithic high throughput characteristic application in the rapid separation of2 microcystins and

nodularin [197], methylphenidate [211] and other drugs and their metabolites [212-216] proved to be

beneficial i

paration time if compared with conventional particulate columns,

Separation of envi Iy rel I e Monolithic silica columns have been applied in: separations of pollutants or ions in water [217-224]

and food additives
Separation of enantiomers

and various applications in the field of food analysis [225-227].
Monolithic silica columns have been used in the field of enantiomeric separation as a robust and

efficient separation media [217,228-230].

Separation of complex biological samples

Monolithic high-throughput character

ic application in the b ic studies of biofluid sampl

[196], the peptide mapping by reversed-phase HPLC [194,175,197.182.206.231] and biological

[198.232,233],

Separation of complex biological samples in
multidimensional HPLC

The low low resistance feature of the monolithic silica columns enables one 1o use such separation
media in the complicated multidimensional HPLC. where usually column back pressure is one of the

decisive factors [234-238].

The syntheses of macroporous cross-linked polymers,
their structural characterization and their application in size-
exclusion chromatography (SEC) is described in depth in a
survey article by Seidl et al. [239]. The most in depth mono-
graph in this field was published by. Svec et al. [240]. The

120+

}
110 **

Peak number
L
.

Flow rate, mi/min

Fig. 7. Peak number as a function on the flow rate at gradient elution on a
reversed phase monolithic column. The peak number was calculated according
to a program integrated in Agilent software, The peak number is assumed to be
proportional to the chromatographic resolution (reproduced by the permission
of E. Machtejevas, Merck, Darmstadt, Germany ). Conditions: system, standard
Agilent HPLC 1 100 system; column, chromaolith 100 » 4.6 mm 1.D. thermostat-
ted at 25°C; sample, 48 pg (2 pl) human hemofiltrate; mobile phases, (A}
Hy 0 +0.1% TEA, (B) ACN +0.1% TFA; gradient volume, 20 mL: and gradient
time, Omin 95% A and 5% B; 20min 50% A and 50% B: 22 min 0% A and
100% B.

tailoring of the morphology of polymeric monoliths is shown
for methacrylate-ester based monoliths by Eltink et al. [241].

Typically, the pore texture of polymeric monoliths can be
described as an assembly of fused micro globules with graded
densities. The interstices generate a macroporous system with
pore diameters in excess of 100 nm. The reported specific surface
area is much smaller than those of monolithic silicas (<50 mg;’g},
It seems that smaller pores (mesopores and micropores) are
often present to a minor degree, their appearance depends on
the solvent and the swelling properties of the material.

One major advantage of polymeric monoliths over silica
monoliths is the fact that the surface functionality can be gener-
ated and controlled by the use of appropriate co-monomers. Thus
hydrophobic, hydrophilic, polar and charged surfaces can be
obtained. Also polymeric monoliths are manufactured in a wide
variety of column formats as thin membranes, disks, capillary
columns and large bore preparative columns.

3.3.2. Chromatographic properties
For the detailed survey on the chromatographic properties of
polymeric monoliths, we refer to selected reading [242-245].
In general, polymeric-based monolithic columns, concerning
their chromatographic properties, are applied in two areas:

(i

as monolithic capillaries with hydrophobic and other func-
tionalities as capillaries in the separation of peptides and
proteins, particular in the proteomics field [246-249];

as disks, rods and other formats in the isolation and purifica-
tion of biopolymers. Poly(methylmethacrylate) monoliths

(ii
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Table 6
Structural and chromatographic parameters of monolithic silica columns Chromolith™ Performance (RP 18e) and microparticulate silica columns (C18 reversed
phase)
Property Maonolithic silicas (chromolith) Microparticulate silicas
Pore structural data
Pore modality Bimodal Bimodal
Meso pore diameter 13nm T-30nm

Column porosity and specific pore volume, respectively

Macropore diameter

Column porosity >80%, and pore
volume approximately 1 cm*/g

2 pm (flow through pores)

Specific pore volume of the particles

0.3-1.1 em*/g: column porosity depends on
the packing density of particles and can be in
the range of 40-60%

Interstitial pores (pore size approximately
40¢% of average particle size)

Column macroporosity Approximately 55% 35-50% (interstitial column porosity)
Specific surface area 300mt/g T0-510misg
Chromatographic parameters
Column format (L: LD} 100 mm: 4.6 mm 100-250 mm. 4-4.6 mm
Column hardware PEEK Usually stainless steel

Column pressure drop
Volume flow-rale range
Plate height values"
Plate number values®

<20 bar at | mLfmin

0.01 mL/min-10 mL/min
Approximately 12 pm
Approximately 80,000 Nim

40-150bar at | mL/min
0.01 mL/min-5 ml./min
>4 pm

300001 1L Nfm

Comparison data on commonly used C18 phases. of average particle size from 4 to 10 um.

# Values are given for a neutral compound.

are marketed by BIA Separations as Convective Interaction

Media (CIM).
The column performance characteristics of  poly
(methylmethacrylate) monolithic capillaries under the aspects
of kinetic plots was studied in detail by Eeltink et al. [241].

4. Comparison of the structure and performance of
particle packed and monolithic columns

The column performance of a 5 pm C 18 bonded silica col-
umn was compared with a monolithic C 18 bonded silica column
in Reversed Phase HPLC under isocratic conditions. The parti-
cle packed column showed a plate height /1 of 10-15 pm at a
linear velocity of 1 mm/s. The H vs. u. curve of the monolithic
column followed the same course but remained nearly parallel

Table 7

to the abscissa up to a linear velocity of 7mmy/s. At this high
velocity the packed column could not be operated due to the
high column back pressure. The monolithic RP column showed
a column back pressure which was three to five imes lower than
the particle packed column [169].

A fundamental examination on the chromatographic perfor-
mance of monolithic silica columns as compared to particle
packed columns was made by Leinweber et al. [175]. The band
dispersion characteristics of insulin and angiotensin 11 on mono-
lithic C18 bonded silica columns were examined. From the H
vs. u curves the mechanical and non-mechanical contribution
of the dispersion to the total plate height was analyzed. The
superposition of the reduced plate height — reduced velocity
curves indicated that the mass transfer properties of the mono-
lithic columns in the mesopores corresponded to that of packed
columns with an equivalent dispersion particle diameterof 3 pm.

Comparison of pore structural and operational parameters of monolithic polymeric columns and research monolithic silica columns

Silica monoliths

Property Cross-linked polymeric monoliths
Pore modality Unimodal (broad)

Macropore diameter 0.05-10.0 pm

Macroporosity 10-95%

Total column porosity
Pore morphology
Surface functionality
Column format
Column pressure drop

Globular structure
Adjusted by functional co-monomers
Preparative size to capillary formats

Linear velocity range
Plate height and plate numbers
pH range for application

1-7 mmy/s and higher
H=5-10wm at optimum «
Acidic to strong alkaline

Typical application areas

Low-density and high density monoliths

Distinct higher column back pressure as
compared to monolithic silica columns

Separation of peptides and proteins (analytical)
Isolation and purification of biopolymers

Bimodal {macro + meso)

I-10pm

A0-T0%

0.8-09

Spongy and worm-like structure

Introduced by grafting from and grafting on surface modification
Analytical, microbore, capillary formats

13- 175 as compared to 5 pm packed columns

1-7 mmv/s and higher
H=5-10 pm at optimum u
Acidic to pH 8

Separation of low molecular weight compounds and peptides




410 K.K. Ungeretal /J. Chromatogr: A 1184 (2008) 393-415

The through pore system of the monolithic column controlling
the hydraulic permeability was translated into an interstitial pore
system of a packed bed. The comparison resulted in a equivalent
permeability particle diameter of 15 pm.

Tanaka et al. [169] applied the Kinetic plots (log tp/N vs. N)
as a measure to demonstrate the superior performance of mono-
lithic silica capillary columns vs. microparticle packed beds in
the capillary format.

In a more fundamental study Gzil et al. [185] treated the
impact of variable bed porosity on the chromatographic perfor-
mance parameters. They defined limiting cases for separations
requiring small plate number and high plate numbers and linked
this parameter to the optimum external porosity.

Tables 6 and 7 provide a comparison of the structural and
chromatographic properties of monolithic silica columns and
microparticulate silica columns (Table 6) and the characteristics
of polymer based and monolithic silicas (Table 7).

5. Conclusion — where are we now and where are we
going?

5.1. Where are the needs and where are the alternatives?

The success of HPLC as a widely accepted separation tech-
nique and platform at analytical scale, preparative scale and
process scale was a result of an interdisciplinary and integrated
research and development combined with a rapid technology
transfer into effective, versatile robust and reliable systems.
The central and most essential part of an HPLC system is
the separation column. More than 20 years of academic, tech-
nical and engineering knowledge and experience have been
invested into the manufacture of selective, eflicient, repro-
ducible and robust columns. Most of the achievements made
are based on experimental and technical experience knowing
the needs of the users and the demands in the respective appli-
cation areas rather then on a solid fundamental theoretical
basis.

Contrary to many predictions and expectations, 4 and 4.6 mm
L.D. columns packed with microparticulate C18 bonded sil-
icas dominate the market. There is a slight tendency to the
use of miniaturized column formats [250,251]. This means
that microparticulate packed CI8 columns will maintain its
leading position as benchmark columns in the future. The
high surface area and the relatively high mass loadabil-
ity make them most suitable as working horses in HPLC
technology.

Miniaturized columns such as micro bore and fused silica
capillaries cover only a minor part in application. They are
mostly applied in research laboratories. The reasons for this
fact are that firstly one needs a miniaturized HPLC equipment
(at least for fused silica capillaries) and secondly, experience
and skills are required to operate such systems in an optimum
way.

Monolithic columns are still the major subject of extensive
research. Monolithic columns as compared to particulate ones
have the ability and potential of designing an optimum structure,
which will lead to designed columns with optimum performance

and selectivity for the various facets of application areas. Apart
from this option monolithic columns offer a high robustness and
easier maintenance than packed columns with frits.

Most of the modelling and simulation activities are seen in the
field of monolithic silicas. There is still an unexplored potential
in the fundamental understanding and design of polymer-based
monoliths.

The resulis obtained on columns packed with 2 pm spherical
particles hyphenated 1o mass spectrometers as second separators
and detector will meet the current demands on sensitive and
fast high resolution separations in pharmaceutical and chemical
analysis.

The future challeng

s and highest demands on liquid based
separation techniques will originate in life science applications.
On the top is the search for biomarkers for diagnostic purposes
and the development of therapeutics. Related to that is the iso-
lation and purification of biotech products such as recombinant
proteins and vaceines by bio-processing.

The sample mixtures in bio fluids from human sources, ani-
mals and plants are extremely complex with regard to chemical
composition and structure. They contain a large number of chem-
ical entities and cover a large range of abundance ratio.

The resolution of such complex mixtures can be only accom-
plished by using multidimensional LC systems with selective
phase systems in combination with powerful detection system
as e.g. mass spectrometers. Selectivity is the key target parameter
and can be achieved by a design of novel materials with superior
mass transfer properties and advanced surface functionalities.

The potential of packing and stationary phase design and
development has not been explored to the full extent.

Other powerful separation techniques based on electro-driven
systems are still in their infancy and promise a high potential of
selective molecular recognition for polar and charged analytes.
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Appendix A. Survey on the most common methods of
particle size analysis of HPLC packings

A.l. Sieve and classification analvsis

One of the oldest and easiest methods to determine the parti-
cle size distribution is the sieve analysis. Because of its ease of
use this method is widely applied in official methods, e.g. many
pharmacopoeias (USP, Ph.Eur.). The mesh width of sieves, used
for sieve analysis, is standardized according to DIN-methods
(DIN 4188) or US-standard methods (ASTM E11-TO/E 161-70).
The most serious drawback of sieve analysis is the applica-
tion range, which is to particles >20 pm. For the analysis of
finer powders the sieve analysis has to be combined with other
methods.
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A.2. Light scattering

When light hits a collective of particles it is partly absorbed
and partly diffracted. The angle and the intensity of the diffracted
light are depending on the size of the particle. At a constant
wavelength large particles diffract the light into small scattering
angles and small particles with low intensity into high scatter-
ing angles. The intensity of the diffracted light can be used for
quantification. Several systems with different geometric design
of the equipment have been developed over the last few years.
Most of the systems use lasers as the source of focused light. As
light scattering is a technique, which is applied to a multitude of
particles, the biggest problems stems from the deconvolution of
the obtained light pattern.

When comparing particle size distributions it is very impor-
tant to know which instrument is used, because the recorded
values can be considerably affected by differences in oplics
design, software algorithms and sample preparation and con-
centration [252-254].

A.3. Sedimentation

The sedimentation of a particle in a liquid is dependent on its
size, density and form in accordance with Stoke’s law (Eq. (8)):

1 I
P

(p=mg i

g, gravitation; /i, falling height; ¢, falling time: », viscosity;
(p = po), difference in density between the particle and the dis-
persion solvent.

For particles as small as 0.5 pm the measurement can be
done under the carth’s gravity. One of the oldest instruments
for sedimentation analysis is the ANDREASEN-pipette, where
at definite times samples are withdrawn from a sedimenting
suspension and the mass fraction is determined by weighing.
Modern systems are working with light or X-ray detection of
the particles passing by the analysis window. To speed up analy-
sis time the sample cell itself can be moved at a given rate passing
the detector (wide-angle scanning photo-sedimentometer).

Some prerequisites must be fulfilled for sedimentation anal-
ysis: the sedimentation liquid has to be totally inert and must
have a density, which is lower than the particle density. No con-
vection within the liquid should take place due to temperature
or density gradients. As a high particle concentration can cause
density gradients, the particle concentration should be below
1. For systems working with the earth’s gravitation the mini-
mum particle diameter is around 1 pm because of the Brownian
motion, which disturbs the measurement of smaller particles.

Sedimentation analysis gives relatively high resolution
results and is used for a wide range of materials, including the
determination of agglomerates [255].

A4, Electronic measurements

The change of the electrical resistance is measured in an elec-
tro zone stream counter. The system most commonly used is

the Coulter Counter. The particles of interest have to be sus-
pended in a conducting electrolyte and are passed through an
orifice, which is situated between two electrodes. For the con-
ducting electrolyte the same prerequisites have to be fulfilled
as for the suspension liquid in sedimentation analysis. In most
cases sodium chloride solutions at low concentrations are used.
The particles within the suspension liquid are forced through the
small orifice by means of a controlled vacuum. On either side
of the orifice two electrodes are mounted. Due to the presence
of a particle within the inspection zone, which exhibits a high
electrical field, the resistance of the electrolyte changes, gener-
ating a voltage pulse the amplitude of which is assumed to be
proportional to the volume of the particles.

A.5. Microscopic methods

Microscopic methods are characterized by a particular dis-
advantage and one great advantage. The disadvantage is given
by the fact that only a small population of particles is used for
the determination of the particle size distribution. Before the
programs of computer-automated image analysis became avail-
able the determination of the particles size distribution was very
tedious and laborious since it involved direct comparison with
sets of reference circles (the reticule, engraved on the eyepiece
of the microscope). Even with the newest powerful image anal-
ysis programs hundreds of digitized images may be required to
get enough information to establish statistical significance for
the particle size determination.

The biggest advantage, which all image analysis systems
have in common, is the shape information obtained from single
particles. Only by using microscopic techniques is it pos-
sible to judge the quality of a chromatographic sorbent in
terms of its physical uniformity. The most valuable information
obtained from microscopy is the determination of fines in the
micrometer and sub-micron range attached to particles (Fig. 8A)
and the identification of miss-formed and broken particles
(Fig. 8B).

A.6. Field flow fractionation

The combination of two different forces is used in the
field flow fractionation technique (FFF), where a gravitational
(GIFF) or centrifugal field is applied perpendicular to a flow
direction. The particles are placed in an empty capillary and
moved by the liquid flow in one direction. Due to the applied
field the particles are forced according Lo their size towards a
wall of the capillary. The particles are driven by the mobile phase
towards the capillary outlet at different velocities depending on
their size. The particle size distribution is recorded by an UV-
detector placed at the end of the capillary. With this instrumental
setup it is possible to determine the particle size distribution of
chromatographic sorbents either of inorganic or organic nature
in the particle size range from 1 to 100 pm [256-258]. The
method is supposed to be accurate, fast and inexpensive, as stan-
dard HPLC equipment can be used for the measurement. Only
recently first attempts have been made to set up a standard-
less method for the measurement of silica particles. The method
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Fig. 8. Scanning electron microscopy-pictures of ditterent silica sorbents {repro-
duced by permission of Merck, Darmstadt, Germany). (A) Nucleoprep 10630
(2540 pm) (magnification = 30000, small attached particles. (B) Zorbax LP
100740 Si (40 pm) imagnification = 100}, high content of misformed and broken
particles.

allows the direct conversion of fractograms into quantitative,
size-distribution profiles without calibration of the system [259].
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Abstract

In this work, a parallel pore model (PPM) and a pore network model (PNM) are developed to provide a state-of-art method for the calculation of
several characteristic pore structural parameters from inverse size-exclusion chromatography (ISEC) experiments. The proposed PPM and PNM
could be applicable to both monoliths and columns packed with porous particles. The PPM and PNM proposed in this work are able to predict
the existence of the second inflection point in the experimental exclusion curve that has been observed for monolithic materials by accounting
for volume partitioning of the polymer standards in the macropores of the column. The appearance and prominence of the second inflection
point in the exclusion curve is determined to depend strongly on the void fraction of the macropores (flow-through pores), (b} the nominal
diameter of the macropores, and (¢) the radius of gyration of the largest polymer standard employed in the determination of the experimental ISEC
exclusion curve, The conditions that dictate the appearance and prominence of the second inflection point in the exclusion curve are presented. The
proposed models are applied to experimentally measured [SEC exclusion curves of six silica monoliths having different macropore and mesopore
diameters. The PPM and PNM proposed in this work are able to determine the void fractions of the macropores and silica skeleton, the pore
connectivity of the mesopores, as well as the pore number distribution (PND) and pore volume distribution (PVD) of the mesopores. The results
indicate that the mesoporous structure of all materials studied is well connected as evidenced by the similarities between the PVDs calculated
with the PPM and the PNM. and by the high pore connectivity values obtained from the PNM. Due to the fact that the proposed models can
predict the existence of the second inflection point in the exclusion curves, the proposed maodels could be more applicable than other models
for ISEC characterization of chromatographic columns with small diameter macropores (interstitial pores) and/or large macropore (interstitial
pore) void fractions. It should be noted that the PNM can always be applied without the use of the PPM, since the PPM is an idealization
that considers infinitely connected porous medium and for materials having a low (<6) pore connectivity the PPM would force the PVD
to a lower average diameter and larger distribution width as opposed to properly accounting for the network effects present in the real porous
medium.
© 2006 Elsevier B.V. All rights reserved.

Keyweords: Tnverse size-exclusion chromatography: Silica monolith: Parallel pore model; Pore network model; Pore size distribution: Pore volume distribution; Pore

number distribution; Pore connectivity

1. Introduction

Monolithic columns have gained substantial interest in high-
performance liquid chromatography (HPLC) as compared o
microparticulate packed columns [1-38]. While polymer-based
monoliths [1-18] found widespread application in the field of
analysis and preparative isolation of biopolymers, silica-based

* Corresponding author. Tel.: +49 6151 728 209: fax: +49 6151 729 535,
E-mail address: b.a.grimes@web.de (B.A. Grimes).

0021-9673/5 — see front matter © 2006 Elsevier B.V. All rights reserved.
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monolithic columns [19-38] appear to be more suitable for
the resolution of low molecular weight analytes up to 10kDa
[39—43]. Polymer-based monoliths [ 1-18] possess a pronounced
macropore structure with pore diameters in excess of 50 nm. Sil-
ica monoliths [19-38] exhibit a distinct bimodal pore volume
distribution with macropores (flow-through pores) of approx-
imately 2 pm diameter and mesopores (diffusional pores) of
approximately 10 nm diameter. Such columns are commercial-
ized as Chromolith columns by Merck (Darmstadt, Germany),
as n-octadecylbonded stationary phases and enable fast separa-
tions at substantially low column back pressures. For example,
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such columns exhibit a column performance equivalent to 3 pm
packed columns and a column back pressure equivalentto 13 pm
packed columns [44].

Further development and optimization of monolithic silica
columns with respect to higher column performance and higher
speed of analysis at an acceptable column pressure drop can
be accomplished in two ways: empirically by systematically
varying the pore structural parameters of the monoliths and
monitoring their chromatographic properties, or by modeling
and simulation tools predicting optimum properties with regard
to column performance. The latter are based on pore structural
models and generate parameters that are related Lo the chromato-
graphic properties via mass transfer kinetics and equilibrium
constants [45-52]. In this context, the reliable characteriza-
tion of monoliths becomes an essential tool for modeling and
simulation. Instead of performing a comprehensive physico-
chemical characterization and chromatographic testing, ISEC
was the pore structural characterization method of choice for
the following reasons: (a) ISEC is based upon a common lig-
uid phase-based separation process that is similar o SEC and
HPLC application scenarios, (b) a well-developed theoretical
framework is published in the literature [53-62], (c) the method
can be fully automated with high reproducibility, and (d) ISEC
is particularly attractive for assessing the pore structural data
of monolithic silica capillaries with diameters of 100 pm and
smaller as an situ-method.

One of the first models for SEC was suggested by van Kreveld
and van den Hoed [53]. They [53] employed a uniform-sized ran-
dom sphere model to characterize the average sphere radius of
Porosil silica gel beads based on a known particle void volume.
Furthermore, van Kreveld and van den Hoed [54] thoroughly
described the mass transfer phenomena in SEC and proved the
assumption that the elution volume behavior of a homologous
set of unretained polymer standards was governed by the steric
exclusion effect and that the elution volume of the polymer stan-
dards should be independent of the flow rate if the first moment
of the individual chromatograms is used as the retention time, fg.
Halasz and Martin [55] also suggested a model for partitioning
in SEC. However, this model [55] assumes that the volume par-
tition coefficient of a non-rigid macromolecule in an individual
pore is unity when the molecular radius of the macromolecule is
smaller than the pore radius. This assumption [55] is contradic-
tory to macromolecule partitioning theory [63-68] as pointed out
by Knox and Scott [56] as well as Gorbunov et al. [57], and will
consequently give pore volume distributions that are far too wide
[57]. Knox and Scott [56] employed a non-uniform-sized ran-
dom sphere model to predict SEC calibration curves (exclusion
curves): their model [56] provided an excellent correlation to
experimental data but was computationally cumbersome. They
[56] also suggested a model for the SEC exclusion curve for
rigid spherical macromolecules that could easily provide the
pore volume distribution of the porous material with numerical
differentiation of the exclusion curve. This model [56] is based
on the inversion of a first-kind Fredholm equation representing
the partitioning of macromolecules in all elements of the sta-
tionary phase and the pore volume distributions are expressed
in terms of the derivatives of the experimental exclusion curve.

However, great uncertainties could arise in numerically calcu-
lating the higher order derivatives of the experimental exclusion
curve [57]. Gorbunov et al. [57] provided a thorough review of
SEC as chromatographic porosimetry (or ISEC) and suggested
that a more accurate method for determining pore volume dis-
tributions would be to directly solve the first-kind Fredholm
equation while using an appropriate function that represents the
partitioning of flexible macromolecules in the individual pores
[63-68] as the kernel function. Hagel et al. [58] presented the
model of Gorbunov et al. [57] in summation (rather than inte-
gral) form and discussed the effect of the data point density and
locations on the calculated values of the average pore size and
the width of the distribution. Goto and McCoy [59] provided
a model for ISEC with polydisperse pore and solute sizes by
obtaining the zeroth, first, and second moments of the column
response o a pulse injection from the differential mass balance
equations for the particles and packed chromatographic column
that account for a finite solute size. Al-Bokari et al. [60] pre-
sented a model to determine the mesopore volume distribution
insilicamonoliths as well as the individual macropore and meso-
pore volume void fractions by exploiting the unusual feature of
a second inflection point in the exclusion curves measured for
silica monoliths. However, this model [60] uses the inaccurate
model of Halasz and Martin [55] to obtain the mesopore volume
distribution from the experimental exclusion curves and relies
on the extrapolation of an empirical model beyond the domain
of the experimental data to determine the individual volume
void fractions of the macropores and mesopores. It should be
noted that in all the SEC and ISEC models for packed columns
discussed above [53-59], the experimental partition coefficient,
Kjsgc. is explicitly defined such that volume partitioning of
solutes is considered only to occur in the intraparticle pores
(mesopores).

In this work, a state-of-art calculation method for the pore
number and volume distributions by ISEC that employs a par-
allel pore model (PPM) and a pore network model (PNM) is
presented, and the potential of ISEC for the characterization
and optimization of monolithic silica columns is discussed.
A general mathematical model for the exclusion curve of a
homologous set of flexible straight-chain polymer standards is
developed based on the first moments of the column response
to a pulse injection and formulated in a manner that is simi-
lar to typical experimental calculations of the ISEC exclusion
curve.

2. Mathematical formulation

2.1. General expressions for the moments of the column
response to a pulse injection

A radially homogenous monolith having a bimodal porous
structure consisting of macropores (flow-through pores) and
mesopores is considered. The solid phase (skeleton) of the
monolith contains the mesopores and is surrounded by macrop-
ores, which form a continuous network throughout the column
[49,69]. The skeleton of the monolith is taken to be physic-
ochemically homogeneous and could be approximated by
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cylindrical geometry [49,69]. The column is considered 1o be
filled with an incompressible liquid that does not adsorb onto the
stationary phase and flow only occurs in the macropores [49,69].
In the model system, a single analyte is injected into the column
as a pulse, and eluted under isocratic conditions. The concen-
tration of the analyte is considered to be dilute such that its
adsorption isotherm can be taken to be linear [69]. Furthermore,
the analyte is considered to have a finite size represented by
a characteristic molecular radius, ry,. Under isothermal condi-
tions, the differential mass balance for the analyte in the stagnant
liquid inside the skeleton is given by Eq. (1). The initial and
boundary conditions of Eq. (1} are given by Eqgs. (2)-(4).

G, ac, PCp | 1ac,
é‘PKP?-’_KL‘qW_SPKPDP a2 +;? =0 (1)
att =0, Cp=0, for0<r=R; (2)
atr =0. Cpisfinite, fors =0 (3)
ac,
atr = Ry, kilCy — Cplr=g,) = epKpDp — .
dr r=R,
fort =0 4)

In Eqs. (1)=(4), t represents the time, r the radial position of
the cylindrical skeleton elements, C, P the concentration of the
analyte in the stagnant liquid inside the mesopores, G, the
concentration of the analyte in the liquid Nowing through the
macropores, Cy the concentration of the analyte in the adsorbed
phase per unit skeleton volume, R}, the radius of the skeleton ele-
ments, a‘)p the effective diffusion coefficient of the analyte in the
confined mesoporous space of the skeleton, Keq the equilibrium
adsorption constant of the linear adsorption isotherm, kg the film
mass transfer coefficient of the analyte, £; the void fraction of
the monolithic skeleton, and K, represents the volume partition
coefficient of the finite sized analyte in the mesoporous void
space of the skeleton. The value of K, can be obtained from Eq.
(5).

4=0

xl,:/ Kp(rm. €) fypl€) d& (5)
P

In Eq. (5), & is a dummy variable of integration, ry, the charac-
teristic molecular radius of the analyte, pg the diameter of the
mesopores, fp(pa) the pore volume distribution of the mesopores
which represents the distribution of mesopore diameters relative
Lo the wtal volume of mesopores, and Ky, represents the function
that describes the volume partitioning of the analyte in a single
pore [63—68]. In ISEC, a homologous set of polymeric standards
is employed to determine the exclusion curve. In a single pore
of cylindrical geometry, the functional form of Ky, for a flexi-
ble linear polymer having an infinite number of infinitely small
segments is given by the expression developed by Casassa [63],

= 1 22
Kp= 42}—2 exp | —hy, (6a)

m=]""" pd

where 4, denotes the mth root of the zeroth order Bessel function
of the first kind and ry represents the radius of gyration of the
polymer. It is important to note that the radius of gyration, rg,
is generally considered to represent the characteristic molecular
radius, ry,, of the polymer standards employed as analytes in
ISEC and, thus, ry and rg can be taken to be equivalent (rm =rg).
Inasingle cylindrical pore, the functional form of Ky for flexible
linear polymers having an finite number of segments with a
finite length is given by the following expression developed by
Davidson et al. [68]:

= 2 (2rg
In(Ksp) =1In 42 T &P [—lm (E)]

m=]"""

¢ 2ra 2rg\?
+— (0494109 —= | + L.79 —= (6b)
4 Pd Pd

By evaluating the Laplace transform of Eqs. (1)~(4) and nor-
malizing the spatial variable, r, by the radius of the skeleton
such that p=r/Rp, one obtains the following expressions for the
differential mass balance of the analyte in the stagnant liquid of
the mesoporous skeleton and its boundary conditions:

d’C dc, i
29°Cp 4G 2 am
a7 +p 7 o Cy=10 (N
atp =0, Cpisfinite (8)
L dc,
atp=1, Ch—Cplpm =y -2 9
arp b ple=1=V¥ dp - )
where
w = Bs (10)
R K
P ©q
=J2% (14 (11
4 Dy ( *"pr)
_ @KpDp
Y= kiR, &)

In Eqs. (7 12), the variables with an overhead bar represent the
Laplace transform of the given variable, and 5 denotes the inde-
pendent variable of the Laplace transform domain. The solution

1o Eqs. (7)~(9) is given by Eq. (13).

Inlep)

= o)+ yli@) "
In Eg. (13), Iy denotes the modified Bessel function of the first
kind of zero order and /) represents the first order modified
Bessel function of the first kind. In order to simplify the cal-
culation for the moments of the chromatogram, it would be
advantageous at this point to evaluate the limits of fp atp=1,
as the value of s approaches zero, along with the limits of its
first and second derivative with respect to s.

Com ho(B/5) _
S Colo=t = I 1BV + BB

1 (14)
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lim & _ ]imq 2 L1BV5) = To(BYSILII(BVS) + To(By/5)] ——yﬁ a15)
=0 s ooy =02 Uo(BY/S) + vBVSH(BYS)I
e : Io(B\5) 11(B5
lim (‘:" = lim W . BBV 1BYS) | VB I0(B5) = yB Io( B L (BN/5)
=0 952 02UI(BYE) + vBVS BV Vs
3
_Io(BHNEVS)  BLBYS) )’ﬁﬂ(ﬂs/_} ’ff‘+ #;4 (16)
/s s
The differential mass balance for the analyte in the flowing boundary conditions:
liquid of the macropores is given by Eq. (17). The initial and -
boundary conditions of Eq. (17) are given by Egs. (18)—(20) d°Cy ﬂ — g5)C =0 (22)
de¢? d¢
dCy
H.KhT +un'—+(l —fhl—ir(Cb—Cplr_Rr. dCh
Ry atl =0, ¢=¢Chlr=n— — (23)
. d¢ .
#Ch
=0 (17) dé
ag =1, d_gb =0 (24)
att =0, Ch=0 forl=:z<L (18) =
where
aC, 3 — _7
atz =0,  wpdt) = uoCol:=0 — e Kp D1 ,_b . 86s) = x5+ k(1 = Cplp=1) (25)
32 |.=p
z _uwl 26)
fort =0 (19 " epKpDy ;
e L]
1C i =
az= i =0, forr=0 (20) - Dy, @7
UL P
_ (=) 2
In Eqgs. (17)—~(20), z is the spatial variable along the axis of the = 2 — xkg. (28)
Ky Rp

column, up the superficial velocity of the mobile phase in the
column, Dy, the axial dispersion coefficient of the solute in the
flowing liquid phase, L the length of the column, 8(r) the Dirac
delta function which represents a pulse injection of the solute
into the column, &, the void fraction of the macroporous void
space in the column, and K} represents the volume partition
coefficient of the finite sized analyte in the macroporous void
space of the monolithic column. The value of Ky, can be obtained
from Eq. (21).

O
py=0

In Eq. (21), ry is the characteristic molecular radius of the ana-
Iyte (which for the polymer standards most commonly used in
ISEC should be equivalent to the radius of gyration, ry, of the
polymer standard), py the diameter of the macropores, fi(jq) the
pore volume distribution of the macropores that represents the
distribution of macropore sizes relative to the total volume of
macropores, and K, represents the function that describes the
partitioning of the analyte in a single pore which is given by Eq.
(6a) or (6b).

By evaluating the Laplace transform of Egs. (17)-(20) and
normalizing the spatial variable z by the length, L, of the col-
umn such that £ =z/L, one obtains the following expressions for
the differential mass balance of the analyte in the liquid flow-
ing through the macroporous void space of the column and its

Kiplrm. §) fo(§) di (2h

In order to easily evaluate the moments of the chromatogram,
it would be advantageous at this point to evaluate the limits of
g(s) along with its first and second derivative with respect to s,
as the value of s approaches zero. By considering Eq. (25) and
its derivatives with respect to s, along with the limits given in
Egs. (14)—(16), one obtains the following expressions:

‘lin}Ig[.s'} =0 (29)
L g aCy |
lim— =1 - — = — 30
rl—ljh ds (I—I]%X « s p=1 X ?.K)fﬁ‘ G0
# *C 1 1
‘1'_%:: = Hs‘zp = ;R.yzfﬁ + §Ky'84 1)
S |t 2

The solution o Eqgs. (22)=(24) is given by Eq. (32) as follows:

mytml my+mpl
Cy=g [mz!r,;”-z-em] yem: — :::(:0 —ma)e™ (32)
where
mp = %(q’l-k his)) (33)
ma = 3(p — his) (34)
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It follows from Eq. (32) that the Laplace transform domain solu-
tion of Cp at the column exit (£=1) should be expressed as
follows:

Again, in order to simplify the calculation of the moments of
the chromatogram, it is advantageous at this point 1o evaluate
the limit of i(s) and its first and second derivalive with respect
to 5, as s approaches zero. By considering Eq. (35) along with
the limits presented in Eqgs. (29)—(31), one obtains the following
expressions:

h
(p+hP el —(p—hyeh2

Chle=1 =4§{1c“°”rz (36)

I-i“?ihf” =¢ (37
o dh ) 2 dg 1 N
lim— = lim ——— — = —(2x — k) (38)
s=0ids =0,/ 4 dg(s) O
" Ph_ 2 g 4 (&2)2
im-— = lim 5 — — = =
=005 T 502 +dg(s)]'? 37 [ +4g(s))? \ o5
1L . 1 1 L. .5\
== (e’ F + -iyp* = 3| X+ 5kv8°
® 4 ¢ 2
(39)

The nthmoment of Eq. (36) is equivalent to the nth moment of
the chromatogram [69-72] provided that the detector is located
sufficiently close to the column exit such that extra-column peak
dispersion could be considered to be negligible. Therefore, the
zeroth moment, g, first moment, 21, and second moment, 4o,
of the chromatogram for the single analyte could be expressed
[69-72], respectively, as follows:
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Although it is not required for characterization of porous
media with ISEC, at this point for completeness, it would be
beneficial to provide the expression for the height equivalent
of a theoretical plate (HETP), or plate height, H, that can be
obtained from the moments, jtg, jt1, and jea, presented in Eqgs.
(40)=(42), respectively.

+ |22 Ky D _‘c:—..m,r:x..nl_:_”
ul

},,

ep(l — ep)epKp + Kt.q)2 -’\’;‘:
dlenKp + (1 = ep)(epKp + Keg)I” £pKp Dy

Ky Dy
B b L

Py

+{ }

In Eq. (43), u represents the linear velocity of the mobile phase.
It should be noted that the second term on the right-hand-side
of Eq. (43) represents the band broadening due to dispersion at
the entrance of the column (see Eq. (19)) and has a negligible
contribution to the plate height unless the column length is very
short.

el —ep)epKp + Keg® Ry
[ep Kb + (1 — en)epKp + Keg)) ke

(43)

2.2, Experimental calculation of ISEC exclusion curves

In a typical experimental determination of an ISEC exclusion
curve [57.61,73], an inert tracer molecule and a homologous set
of N polymer standards are eluted individually through the col-
umn. The retention times, tg; (i=0, 1, 2, ..., N), of the inert
tracer molecule (i=0) and polymer standard { (i=1,2, ..., N)
along with the elution volumes, Vg (i=0, 1, 2, ..., N), of the

o = limCple=) = | (40) inert tracer molecule (i=0) and polymer standard i (i=1, 2,
s=0 ... N) are determined to obtain the experimental ISEC parti-
_ -~ tion coefficient, Kjsgc, as a function of the radius of gyration,
i1 = lim _E = — Jimi ﬂ Iimﬁ rai (i=1,2, ..., N) of the polymers. It should be noted here
=0 s |y h=ip A |,—) s—0ds that in order to satisfy the quasi-equilibrium conditions required
L K for ISEC calculations, the first moment of the chromatograms
=— [6.1; Kb+ (1 — en)epKp (| e _;{" )] 41) should be used as the retention time [53,54,62]. After the elution
ko Ephip
. P P2C| . fan\? . G| .. *h lepKpDr o
2 = lim — = - lim{ — | + lim — lim——= = -———puj
s=0 Bs* |,y k=g R | 50\ ds h=ip Ol |y s—0 ds= 2 upl
enKpDyp\? L Keq \* [R 2
BABLL | (—unL)/(eu Ky DL) 2 ’ eq P
142( 2272 (g~ =1 Z(l—epdepkpl 1+ =3 ) |- i 4
T ( woL )“ ’} HIP s e "( +e-p!<n) k PP T ap L

Eqs. (40)—(42) represent the zeroth, first, and second moments,
respectively, of the column response 1o a pulse injection. Upon
comparison of Eq. (41) to expressions developed for ey of
columns packed with porous spherical particles [70-72], it
becomes clear that the first moment, j21, of the column response
o a pulse injection is independent of the morphology of the
stationary phase and, thus, Eq. (41) could represent puy for a
chromatographic column having a stationary phase of any mor-
phology (e.g., a column packed with porous spherical particles
or a monolith having a porous skeleton).

volumes have been calculated, one can obtain the experimental
ISEC partition coefficient, Kisgc(i), for each molecule i (i=0,
1,2, ..., N)as follows [57,61,73]:

Vei— Ven

Kisecli) = fori=0,1:2,.s; N (44)

Veo — VEn
where Kjsgce(i) represents the experimental ISEC partition coef-
ficient of molecule i (i=0, 1, 2, ..., N), and Vg; denotes the
elution volume of molecule i (i=0, 1, 2, ..., N). Furthermore,

the total void fraction of the column, &, can be obtained from
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the following expression:

flow rate (Lfug; is then constant for all molecules i (i=0, 1, 2,
..., N), we can obtain the following expression for the exper-

Ve — Vi,
L= %—_,Ld (45) imentally measured partition coefficient in terms of the pore
T volume distributions fi, and f, as well as the porosities & and ep
as follows:
Kisee(d) .;;:}:[] Kiplrgi, E)ep fol€) + (0 — ep) fp(&)] dé = j;’:’:ﬂ Kprg v &)en folé) + (e — &) fpl&)] d&
isEcll) = =5 - - 5 - s
Jou=o Ksp(re.0. ©)en fo(&) + (e — e0) o)1 dé = [ Keplrg.n. E)len fol@) + (e — ) fp(&)] dé
fori=1,2,..., N

where R denotes the radius of the column and Vg represents the
column dead volume.

2.3. Parallel pore model for ISEC

Due to the fact that the elution volumes used in Eq. (44)
are obtained from the first moment, gy, of the individual chro-
matograms of the standards [53,54,62], it follows that the
exclusion curve could be modeled in terms of the first moments,
i (i=0, 1,2, ..., N), of the column response to a pulse injec-
tion. For a given molecule i (i=0, 1, 2, ..., N), Eq. (44) can be
expressed in terms of the first moments, jey; (1=0, 1,2, .., N),
as follows:

Qipri — Onpu
Qopro — Onp N

where (J; denotes the volumetric flow rate employed in the chro-
matographic measurement of molecule i (i=0, 1, 2, ..., N) and
41, represents the first moment of the chromatogram obtained
for molecule i (i=0, 1, 2, ..., N). As shown in Eq. (41), for
any stationary phase morphology (e.g., columns packed with
spherical particles or cylindrical particles, or monoliths hav-
ing spherical or cylindrical skeleton elements), and also when
considering (i) axial dispersion to be functioning, (ii) film (exter-
nal) mass transfer resistance to be functioning, (iii) intraparticle
(internal) mass transfer resistance to be functioning, and (iv)
no adsorption 1o be occurring, the first moment of the column
response 1o a pulse injection is given by Eq. (47).

Kisgcli) = fori=0.1,2,....N (46)

fori=0,1.2,..., N
(47)

L
[en Kb, + (1 = £p)ep K],

Hli=—
uo,i

In Eq. (47), ug,; is the superficial column velocity used in the
chromatographic measurement of molecule i (i=0, 1,2,.. ., N),
Kp.i the volume partition coefficient of molecule i (i=0, 1, 2,
... N) in the pores of the stationary phase (mesopores), and
Ky, represents the volume partition coefficient of molecule §
(i=0. 1, 2, ..., N} in the void space where bulk flow occurs
(macropores). Since the total porosity, &, of the column can be
determined experimentally as shown in Eq. (45), it is useful to
employ the expression given by Eq. (48) to express the void
fraction of the skeleton, £, in terms of & and &y,
£y — &p

Py = (48
Pp 1- &h )

By combining Eqs. (46)-(48), and considering that the polymer
standards are eluted through the column at the same volumetric

(49)

Eq. (49) represents the experimentally measured partition
coefficient in inverse size-exclusion chromatography based on
the first moments of the column response o a pulse injection.
It is important to note here that in Eq. (49), the accessible pore
volume of the inert tracer (i=0) can be taken to be equal to the
total column porosity, &, due to the fact that (a) the elution vol-
ume, Vi, of the inert tracer (1= 0) is generally taken to be equal
to the total pore volume of the column (inclusive of the macro-
pore volume and the mesopore volume), and (b) the inert tracer
molecule (i=0) is usually not a flexible polymer and, thus, Eq.
(6a) or (6b) cannot be used to describe the partitioning of the
inert tracer (i=0) in a single pore, while employing a function
in place of Eq. (6a) or (6b) that would consider the inert tracer
(i=0) as a hard sphere [64] leads to a discontinuity in the exclu-
sion curve. Furthermore, it is important to stress that when the
first moments, j¢1; (i=0, 1,2, ..., N)of the experimentally mea-
sured chromatograms are used to represent the retention times,
i (i=0, 1,2, ..., N), then it is not necessary to achieve quasi-
equilibrium conditions (that is, mass transfer resistance by axial
dispersion, external film mass transfer, and restricted diffusion
in the pores do not factor into the caleulation) as the elution
volumes, Vi (i=0, 1, 2, ..., N), will be independent of the vol-
umetric flow rate, as noted by van Kreveld and van den Hoed
[54].

If one considers (a) that the extent of volume partitioning of
the molecules in the interstitial pores of a packed bed or the
flow-through pores of a monolith is negligible, and (b) that the
excluded volume of the smallest molecule (the inert tracer) is
negligible, such that Kpo— 1, Kpo— 1, Kpy— 1, Kpv— 0,
and Kp; — 0 (i=0, 1, 2, ..., N), then Kjsgc(i) — Kpp,i and Eq.
(49) reduces to the expression developed by Gorbunov et al.
[57]):

oo
Kisecli) — Ky, =]
pa=0
fori=0,1,2,..., N (50)

K.\'p(rg.i'. E]fpfé] dE

For columns having large diameters of the bulk flow pores (inter-
stitial pores in packed beds or flow-through pores in monoliths)
relative to the largest molecular weight standard employed and
low values of &y, Eq. (50) is suitable to use o represent the exper-
imentally measured exclusion curve. However, for columns
packed with small particles which have smaller diameter intersti-
tial pores relative to the largest polymer standards and for many
monoliths having a porous skeleton, which generally have a high
values of &, and smaller diameter Aow-through pores relative o
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the largest polymer standards, Eq. (49) should be employed to
characterize the mesopore structural parameters with ISEC.

2.4. Pore network model for ISEC

In a pore network model, a finite number of pore diameters,
Npore. are randomly chosen from a pore number distribution,
Jpalpa) (this represents the distribution of mesopore sizes rela-
tive to the total number of mesopores), and topologically mapped
onto a three-dimensional distorted [52,74] cubic lattice of inter-
connected cylindrical pores having a regular array of nodes
(the lattice size, Lp, is the same along the x, y, and z coor-
dinates of the lattice and, thus, x x y x 22 L % Lp x Lp). The
nodes are connected to each other by bonds (pores) of the pore
network; nearest neighbor and next-to-nearest neighbor connec-
tions are considered in the distorted cubic lattice and, thus, the
coordination number of the lattice is 18. The total number of
pores, Npore. is determined [74] from the pore connectivity, nr,
where Npore = 0.5n7(L). A spine of bulk flow pores (these
are considered to be the interstitial pores of a packed bed or
the macroporous flow-through pores of a monolith) is added
so that it transects the lattice [52,74] and is considered to be
the point where the probe molecules enter the internal (meso-
pore) void space. Periodic boundary conditions are applied 0
all six faces of the cubic lattice because the system is consid-
ered to be at quasi-equilibrium and, thus, the top and bottom

[52.74] that require the system to reach equilibrium (e.g., mer-
cury porosimetry and gas sorption), this approach of applying
periodic boundary conditions to all six sides of the cubic lattice
is applicable and should provide consistent simulation results
with increasing values of the lattice dimension, L.

The length of the mesopores are taken to be equal to their
diameter [45-52,74], however, in order to match the model
porosity to the porosity of the real porous medium, the length,
£ps, of the “spinal” pores must be scaled according to Eq. (51).

ey,
ps =

Lha=
£p( 1 — ep)mp

> (51)
l‘i.'I'I'ILD

In Eq. (51), py,m represents the nominal pore diameter of the
“spinal” macropores.

The model of Casassa [63] or Davidson et al. [68] (Egs. (6a)
and (6b), respectively) for eylindrical pores could be applied o
describe the partitioning function Ky, in each pore of the lattice.
In order to determine the percolation effects on the exclusion
properties of the porous medium, the lattice is scanned outward
from the spine [74]; if the radius of a pore is smaller than the
effective radius, r., of the given molecule (r, = U.Sr’g V), the
pore is considered, for all practical purposes, to be inaccessible
to the molecule and, thus, will block the percolation pathway,
otherwise, the pore is considered to be accessible. The lattice
is scanned repeatedly until no more accessible pores are found.
The partition coefficient can then be obtained from Eq. (52).

. :’2‘]": Vi Ksplra,i. .-"Ll.rril.frrp.nu’ﬁ,".'{‘q'” = Z:r;‘{: Vi N Koplrg. v, f“d.u}lﬂfp_n{f’g.m"‘l]]
Kisecll) = =

fori=1,2,....N
faces (which are perpendicular to the macroporous spine) of the
lattice do not have to be open for bulk transport of material.
This represents a departure from the periodic boundary condi-
tions applied previously in network modeling theory [45-52,74]
which considered the top and bottom faces of the lattice to be
open and accessible to the bulk liquid. In several of these works
[46-50,74], it was necessary (o open the top and bottom faces of
the lattice to accommodate a mass flux, or fluid low. However,
since pore characterization experiments such as ISEC, mercury
porosimeltry, or gas sorption occur under quasi- or true equilib-
rium conditions, there is no reason to open the top and bottom
faces of the lattice to accommodate a mass flux or fluid Aow and,
thus, the bulk liquid is only considered to be accessible from the
macroporous spine. By closing all six faces of the cubic lat-
tice for the quasi-equilibrium process modeled, the simulation
results become consistent with increases in the lattice dimen-
sion, Lp, as opposed to what has been presented elsewhere in
the literature [45-52,74] and the number of realizations required
for each point on the exclusion curve does not have to be large
Lo obtain a smooth curve; the number of realizations could be as
low as 8, although in this work, 20 realizations were performed
with the network model at each point on the exclusion curve. It
was found through numerous simulations with this model that a
lattice dimension, Lp, of 13 (Lp = 13) was sufficient to provide
consistent results for all porous media studied. It is important
to note that for other intrusive pore characterization methods

al Ve, 0Kap(ra 0. Pan l[ﬂp,nff»‘ﬁ,,,/“l] = E:‘:T v, N Kplrg v Pd.n}[”j'p.rr(f’ﬁ,“/‘”] '

(52)

In Eq. (52), vai (n=1,2, ... Npore: i=1, 2, ..., N) is equal
to unity if pore n is accessible to molecule i, while v,,; is equal
to zero if pore n is inaccessible to molecule i. The values of
vpin=1,2, ..., Npore: i=1, 2, ..., N) are determined from the
scanning algorithm discussed above. In Eq. (52), the volume
partition coefficient of the inert tracer (i=0) could be taken to
be equal to unity for the reasons discussed above for the PPM.
It should be mentioned here that since the PPM (Eq. (49)) is an
idealization (that is, it assumes an infinite connectivity) that does
not adequately represent the finite connected porous network
occurring in real porous media, the PNM (Eq. (52)) alone is
adequate to employ for the characterization of porous media by
ISEC. This is because at high values of the pore connectivity, nt,
the PNM can always predict the same results as the PPM, while
at low values of i, the PPM cannot predict the same behavior
as the PNM. However, it is useful to use the PPM to provide
an initial guess for the non-linear regression of the experimental
data with the PNM.

3. Experimental description
3.1. Chemicals and samples

Tetrahydrofuran (for liquid chromatography) and 2-propanol
(for liquid chromatography) were obtained from Merck. Poly-
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mer standards of polystyrene — molecular weights 162, 309,
514, 707, 795, 1920, 3460, 51,500, 524,000 — and polystyrol
— molecular weights 5610, 12,500, 27,500, 125,000, 271,000,
864,000, 1,530,000 = were obtained from Polymer Standards
Service (Mainz, Germany). Polystyrene standards of molecu-
lar weights 950 and 2,750,000 (for lipophilic gel permeation
chromatography) were obtained from Merck. All samples had
the polydispersity values lower than 1.10 except for the sample
of molecular mass 2,750,000, which had a polydispersity value
lower then 1.3.

3.2. Chromatographic measurements

All experiments were run on a Bischoff Liquid Chromato-
graphic system (LC-CaDI controller with two HPLC compact
pumps 2250, UV detector Lambda 1010, auto-sampler Model
718AL), obtained from Bischoff Chromatography (Leonberg,
Germany). The configuration was controlled by McDAcq32
software (Bischoff Chromatography).

Measurements were made with Chromolith Performance
RPI8e¢ columns (100mm x 4.6mm) having inter-skeleton
macropore sizes in the range from 1.8 to 6.0 pmand 10 to 25 nm
intra-skeleton mesopore sizes. These monolithic columns were
obtained as a rescarch sample from Merck, Pore volume dis-
tributions were independently measured by nitrogen adsorption
and mercury porosimetry at Merck.

All experiments were performed under isocratic elution for
each polymer standard sample. The pump was set to provide
a volumetric flow rate of 0.5 mL/min for all chromatographic
measurements. The injection volume was 2 pL and detection
was carried out at 254 nm. The measurements were carried out
tree times. Data emerge as mean values from three independent
runs.

4. Resulis and discussion

In the parallel pore model presented above, a Gaussian dis-
tribution is employed to represent the pore volume distribution
(PVD) of the mesopores located inside the skeleton of the mono-
lith. The Gaussian distribution was chosen because the average
value and standard deviation are explicit parameters in the dis-
tribution equation and it has been shown [57] that the ISEC
exclusion curve is very insensitive to the functional form of the
pore volume distribution. As mentioned above, the PVD rep-
resents the distribution of mesopore diameters relative to the
total mesopore volume and is denoted as f,(pa). In Eq. (53), the
functional form of the Gaussian distribution is presented which
represents the PVD of the mesopores that is employed in the
PPM.

. 1 1 ( pa = pav.ave 2
Jplpa) = ————= exp --(————— (53)
P pav sy 2\ pavsa

In Eq. (53). pay.ave represents the average diameter of the pores
in the distribution, while pg, 4 represents the standard deviation
of the pore diameters in the distribution. It must be mentioned
here that ISEC can only account for the full distribution of

the mesopores because as one employs larger and larger stan-
dards to characterize partitioning in the macropores, the column
will become blocked and, thus, the full exclusion curve for the
macropores cannot be measured. That is, only the concave down
portion of the exclusion curve for the macropores can be mea-
sured. Due to the fact that the concave up portion of the exclusion
curve is most affected by the distribution width [57,58], the dis-
tribution of the macropores is taken to be a uniform distribution
centered around the nominal macropore diameter, pg m.
Similarly for the pore network model, a Gaussian distribution
is employed to represent the pore number distribution (PND)
of the mesopores, It is important to note again that the PND
represents the distribution of mesopore diameters relative to the
total mesopore number and is denoted as f, »(pa). In Eq. (54), the
functional form of the Gaussian distribution is presented which
represents the PND of the mesopores that is employed in the

PNM.
1 - 2
- (Pd Pdn,ave ) :| (54)
= Fdn,std

In Eq. (54), panave represents the average diameter of the pores
in the distribution, while py, a represents the standard deviation
of the pore diameters in the distribution. The PVD, fp(pa), of the
PNM can be obtained from the PND, f;, 4(pg). by employing the
following expression [74]:

Npore — Lp ¢ .
~BE= 0 (Z53) foalpa) (55)

J‘p(."tl:‘z 3

lII"r}. meso
In Eq. (55), Vp,meso denotes the total volume of mesopores in the
pore network model. The average diameter, pay ave, and standard
deviation, pgyd. of the PVD of the PNM can be obtained by
evaluating the first and second moments of the PVD obtained
from Eq. (55).

In Fig. la and b, theoretically calculated ISEC exclusion
curves (Kjsge versus ry) are presented for various values of the
macropore void fraction, £,. The material modeled in Fig. laand
b has a mesoporous skeleton with macroporous flow-through
pores and, thus, could be taken to represent a silica monolith
[19-38]. In Fig. la, the ISEC exclusion curves are calculated
with the PPM presented above (Eq. (49)), while in Fig. 1b, the
calculations are made with the PNM presented above (Eqg. (52)).
In Fig. la, the total porosity, &, of the column is taken to be
equal to 0.85, the nominal diameter of the macropores is equal
to 2.0 nm, the average diameter of the PVD, pgy ave. and the stan-
dard deviation of the PVD, pg, . are set at 15.0 and 4.0 nm,
respectively, In Fig. 1b, the total porosity and the nominal diam-
eter of the macropores have the same values as those reported for
Fig. la, the average diameter of the PND, pyy ave. and the stan-
dard deviation of the PND, pyn g, are set at 15.0 and 4.0 nm,
respectively; these parameters for the PND of the PNM provide
an average diameter, pgyave, 0 17.8 nm and a standard devia-
ton, pavsd. of 3.69 nm for the PVD of the PNM. Additionally,
in Fig. b, the pore connectivity, nr, of the lattice is taken to be
equal to 10, the dimension of the cubic, Lp, lattice is 13, and the
number of realizations [45-52,74] performed with the network
is 20. It should be noted here that for all simulations presented
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Fig. 1. Theoretical exclusion curves for monoliths having a mesoporous skeleton and macroporous flow-through pores for various values of the void fraction of the
macropores. £y, Caleulations done with the: (a) parallel pore model {PPM) and (b) pore network model (FNM).

in this work, Eq. (6a) was employed to represent the partition-
ing of the polymer standards in the individual pores. It is clear
from both Fig. la and b that the models presented above in Eqgs.
(49) and (52), respectively, predict two inflection points in the
exclusion curves for the systems studied. Such exclusion curves
wilh two inflection points have been observed previously for
monoliths [60,75]. This second inflection point in the exclusion
curves (that appears at the foot of the curve) could be due to the
partitioning of the polymer standards in the macropores. Such
a result would indicate that it is not necessarily true under all
conditions that the elution volume of the largest standard used
in the ISEC calibration represents the volume of the macropore
void space in the monolith (or in the case of a packed bed, the
volume of the interstitial pore void space). That is, under certain
conditions, the following equation (Eq. (56)) for the elution vol-
ume of a molecule, Vg, of molecule i expressed in terms of: (a)
the volume, V. of the macropores in a monolith or interstitial

pores in a packed bed, (b) the volume, Vj, of the pores in the
skeleton of a monolith or the particles in a packed bed, and (¢)
the experimentally measured partition coefficient, Kisgc. may
not always be valid.

Ve = W + KisecVp (56)

Indeed. one may find that for certain systems the macropore vol-
ume is decreasing as they inject larger and larger standards into
the column, Therefore, itis necessary (o define the characteristics
ofachromatographic system that provide significant partitioning
in the macropores. As indicated by the results in Fig. la and b,
increasing the macropore void volume, £, increases the promi-
nence of volume partitioning in the macropores. Due to the fact
that the macropore void fraction, &y, in silica monoliths is much
larger than the interstitial void fraction of a column packed with
porous particles [19-38], one reason behind the relatively more
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common appearance of the second inflection point in the exclu-
sion curve for silica monoliths becomes apparent. Furthermore,
it is very important to note that as the value of &, increases and
the partitioning in the macropores becomes more prominent,
the value of the partition coefficient, Kjsge, increases for any
given value of the radius of gyration, rg, despite the fact that
the PVD and PND of the mesopores was held constant for all
simulations. This result is also due o the fact that volume par-
titioning is more prominent in the macropores as the value of
£ increases. But this result does not indicate that one would
find that the average pore diameter and standard deviation of the
mesopores would increase with increasing values of &, if one
were Lo use a set of polymer standards where the largest molecule
is, in a practical sense, just at the exclusion limit of the mesopores
(rg ~ 10-15 nm for the results in Fig. 1a and b) and model the
exclusion curve with the methods suggested by Gorbunov et al.
[57] or Hagel et al. [58]. However, if one does not recognize that
the second inflection point arises from volume partitioning in the
macropores and considers the entire exclusion curve Lo repre-
sent volume partitioning in the mesopore volume as shown in Eq.
(56) (which is the common assumption in ISEC [55-58,60,61]),
then by employing a bimodal pore volume distribution for the
mesopores, one would always find that the nominal radius of the
larger pore set is equal to the radius of gyration of the largest
polymer employed [75]. Finally, by comparing Fig. la and b,
one can observe that the lower portion of the exclusion curves
that represent the volume partitioning of the molecules in the
macropores are almost identical when calculated with the PPM
and the PNM. The upper portion of the exclusion curves that
represent the volume partitioning of the molecules in the meso-
pores has slightly larger values of Kjsgc for the PNM relative o
the PPM. This is simply due to the fact that the average diam-
eter, Payave, and standard deviation, pgyqq, are slightly larger
for the PNM than the PPM. The similarity between the two
curves indicates that a pore connectivity, ny, value of 10 pro-
vides enough alternate pathways through the porous media such
that the connectivity of the material could be considered infinite
and equivalent 1o the PPM which assumes infinite connectivity
[74]. Numerous simulations with the PNM over a wide range
of PND parameters (not shown in this work) indicates that for
nr values of 10 and greater, there is no noticeable change in
the behavior of the exclusion curve and these curves are exactly
similar to an exclusion curve caleulated with the PPM having
the same PVD.

In Fig. 2a and b, theoretically calculated ISEC exclusion
curves (Kjsgc versus ry) are presented for what can be con-
sidered to be a silica monolith [19-38] and the values of the
nominal macropore diameter, pg . are varied. In Fig. 2a, the
ISEC exclusion curves are calculated with the PPM presented
above (Eq. (49)), while in Fig. 2b, the calculations are made
with the PNM presented above (Eq. (52)). In Fig. 2a and b, the
macropore void fraction is taken to be equal to 0.50, while all
other parameters have the same values as those reported above
forFig. laand b. Again, Fig. 2a and b depict the second inflection
point in the exclusion curve for the monolith modeled and the
prominence of the partitioning in the macropores decreases as
the nominal diameter of the macropores, pgm, increases. Again

this result provides strong evidence that the second inflection
point observed in the exclusion curves for monoliths arises from
volume partitioning of solutes in the macropores. It should be
clear by now that the appearance and prominence of the sec-
ond inflection point is dictated by the following three factors:
{a) the macropore void fraction, &, (or the interstitial void frac-
tion of a column packed with porous particles), (b) the nominal
diameter of the macropores, pg ., (or the diameter of the inter-
stitial pores in a column packed with porous particles), and (c)
the gyration radius of the largest polymer standard employed
in the determination of the exclusion curve. Numerous simula-
tions have determined [62] that the second inflection point in the
exclusion curve appears and becomes prominent when the ratio
(rgnv/pd.m) of the radius of gyration, rgy, of the largest poly-
mer standard employed in the ISEC experiment to the nominal
diameter, py . of the macropores becomes larger than 0.0025
when the macropore void fraction, £, is equal to 0.30, and when
g NPa.m becomes larger than 0.0017 when &y, is equal o 0.50.
In Figs. 3-5, the experimentally measured ISEC exclusion
curves are presented for the six silica monoliths (monoliths 787,
800, 803, 811, 842, and 843) as well as the theoretical predic-
tlions obtained by fitting the PPM and PNM presented in this
work to the experimental data. The six silica monoliths can be
considered to be grouped into three pairs (787 and 800; 803
and 811; 842 and 843) where cach pair has similar nominal
macropore diameters while the nominal mesopore diameters of
each member of a pair are different. The macropore diameters
of each monolith were determined by mercury intrusion (data
not shown) and are summarized in Table 1. Table 1 indicates
that the nominal macropore diameter, pgm. of silica monolith
pair 787 and 800 are 1.8 and 1.9 pm, respectively, the values of
Pd.m for the silica monolith pair 803 and 811 are 3.5 and 3.4 pm,
respectively, while the values of py,, for the silica monolith pair
842 and 843 are 5.7 and 6.0 pm, respectively. The total porosity,
£, of each column was determined by dividing the elution vol-
ume of toluene, Vi, by the volume of the empty column, and
are presented in Table 1; the values of & for all monoliths are
in the range of 0.82 and 0.92 indicating that these monoliths are
highly porous. The PPM (Eq. (49)) could be employed to simul-
taneously regress the parameters pyyave and pay g of the PVD
and either the macropore void fraction, £y, or the nominal pore
diameter, pg . of the macropores. Due to the fact that the values
of pg ., were previously obtained from mercury porosimetry, the
parameters Pay.ave, Pdvaad. and £, were simultaneously obtained
for all monoliths from non-linear regression of the experimen-
tal exclusion curves with the PPM (Eq. (49)) by employing the
IMSL subroutine DRNLIN [76]. It should be noted that if one
had obtained the value of &, from another independent experi-
ment, then one could also use Eq. (49) to determine the values
of pavaves Pdv,suds and pgm by non-linear regression of the exper-
imental data with Eq. (49). It should also be mentioned here that
the regression was performed employing only the data points for
the flexible polymer standards (i=1, 2, ..., N) due to the rea-
sons discussed above following Eq. (49). The results obtained
from the ISEC characterization of the silica monoliths are sum-
marized in Table 2. Furthermore, it is clear from Figs. 3=5 that
the agreement between theory and experiment is excellent. Once
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a0 T T & 787 Expenimentl curve . * = 503 Experimental curve
0.94 | —— 787 Exelusion curve (PN 09 - $03 Exclusion curve (PRM)
05 | -+ 787 Exclusion curve (FPM) 08 503 Exclusion curve (PPM)
g | ® K00 Experimentsl curve - * 81 Experimental curve
0,74 | | =800 Exclusion curve (FNM) 07 — %11 Exclusion curve (PNM)
b | | = = = 500 Exclusion curve (PPM) -« = 811 Exclusion curve (PPM}
g " | | | y 06
B -
L 054 a
& 03 I I I g 05
0.44 | | | 04
0.3 | | | 03
| |
24 2
0z I T | 0z
0.1 | | | o1
. | | | =5 | I
ol I 10 100 1000 0.1 1 10 1o 1000
r, (nm) ry (nm)
Fig. 3. Experimentally measured exclusion curves for silica monaoliths 787 and Fig. 4. Experimentally measured exclusion curves for silica monoliths 803 and
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Fig. 5. Experi I 1 exclusion curves for silica monoliths 842 and

843 along with theoretical exclusion curves obtained from regressing the data
with the parallel pore model (PPM) (Eq. (49)) and the pore network model
(PNM) (Eq. (32)).

Table |
Summary of the macropore diameters and individual void fractions of the col-
umn, macropores, and mesopores for the six silica monoliths

Material Pam (pm) £ b £p

787 1.8 (L86 (.50 072
RO0 1.9 0.92 048 .84
803 is .85 0.61 0.62
811 34 0.90 0.48 .81
842 5.7 0.82 0.52 0.62
843 6.0 .88 0.54 74

the values of & and &, were obtained for each column, the value
of the void fraction of the skeleton, &, can be obtained from
Eq. (48). It should be noted that the method described in this
work for determining the values of the individual void fractions
of the macropores and mesopores, &, and &p, respectively, is
clearly advantageous to the method proposed by Al-Bokari et
al. [60] due to the fact that one does not have to extrapolate a
linear empirical model of a non-linear curve beyond the range
of the experimental data points. The calculation method for £,
presented in this work is based on first principles and a theo-
retical description of actual experimental calculation methods.
Once the silica monoliths had been characterized with the PPM,
the PNM presented in Eq. (52) was employed to determine the
values of the pore connectivity, nr, the parameters pyp ave and
Pdnsid Of the PND as well as the parameters payave and payad

of the PVD (the parameters pavave and paysad were not part of

Table 2

Values of the macropore void fraction. £,. and paramelters of the pore volume
distribution (PVD), pyy wve and py, wq. obtained from the regression of the parallel
pore model (PPM) (Eq. (49)) to the experimental data

Material £h Pibvave (nM) Pvsed (D)
787 0.50 16.3 492

800 048 36.4 11.3

803 0.6l 12.0 0.55

811 048 353 9.53

842 0.52 14.8 443

843 054 348 [

Table 3

Values of the pore connectivity, i, the parameters of the pore number distribu-
tion (PND), pun ave a0 g se0. and the parameters of the pore volume distribution
(PVDY, prgy,ave and prygy a0, 0btained from the regression of the pore network model
(PNM) (Eq. (52)) to the experimental data

Material — nt Panave (AM) Pansnd (OM) e (00 Py g (nm)

787 =10 110 4.82 158 4.15
ROKY =10 233 1.1 M8 9.14
803 =10 115 1.73 12.3 Lo8
sl =10 250 10.0 M4 874
842 =10 11.5 .70 14.5 333
843 =10 36.0 3.00 36,7 297

the regression, but can be calculated from fp,4(pg) according to
Eq. (55)). It should be noted that for each silica monolith, the
value of &y, obtained from the PPM was employed as a constant
in the PNM and not as a regression parameter due to the fact
that the lower part of the curve containing the second inflection
point where changes in the value of g, are most significant is
not affected when the calculations are made with the PNM as
opposed to the PPM as discussed for Figs. la and b. The best
fit values of nr, Panave. and pyn g Were obtained by employing
an iterative grid search [57]. The results obtained with the PNM
are summarized in Table 3. Again, it is clear from Figs. 3-5 that
the agreement between experiment and theory is excellent. The
results in Table 3 indicate that the pore connectivity, ny, of the
mesopores is greater than 10 which, as discussed above, indi-
cates that the mesopore network is sufficiently well connected
such that it behaves as it is infinitely connected with regard to
the volume partitioning phenomenon. This result becomes clear
when one compares the values of pgy ave Obtained from the PPM
and PNM presented in Tables 2 and 3, respectively, which are
very similar; if the value of the pore connectivity, nr, is less than
ideal (n7 < 10), then the PVD obtained from the PNM would be
shifted to larger diameters and narrower than the PVD obtained
from the PPM due to the fact that the assumption of infinite
connectivity in the PPM would force the nominal pore diame-
ter to a lower value and increase the standard deviation of the
distribution in order to account for the pore volume excluded
due o poor network percolation. Such large connectivity val-
ues are common for mesoporous materials with a large pore
volume fraction; applications of PNM (Eq. (52)) to macrop-
0rous (Payave ~ 100nm) polymeric particles [62] consistently
provides values of the pore connectivity, sy, that are less than
10, and the resulting PVD calculated from the PNM differs sub-
stantially from the PVD calculated with the PPM. It should be
noted here that the value of the pore connectivity, nr, does not
physically represent the average number of intersecting pores
within the volume of the real porous media [77]. Strictly speak-
ing, ny is simply a parameter of the model network which can
account for the alternate pathways for mass transfer within the
real porous medium. This is similar to the fact that the pore
diameters reported from all indirect pore characterization (e.g..
ISEC, Hg intrusion, gas sorption) methods do not represent the
actual pore diameters within the real porous media, but only
the pore diameters of equivalent cylinders that provide the same
surface to volume ratio of the real porous media. Nonetheless,




26 B.A. Grimes et al. / J. Chromatoge A 1144 {2007) 14-29

0,100
0,090
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010

0.000
0.01 01 I

p, (nm)

FXINFRM)

(LI

= = FVD{FPAD)

PSD

T
|
|
|
|
|
|
|
|
|
|
|
|
1

It

Fig. 6. Pore volume distribution (PVD) obtained from the parallel pore model
(PPM} (Eq. (49)) and the pore number distribution {PND) and PVD obtained
from the pore network model (PNM) (Eqg. (52)) for silica monolith 787.

0.045

—PNDPNM)

0.040 1
PYDHERM)

00354 _ _ np e

0.030 4
0.025

PSD

0.020 4
0.015 4
0.010 1

0.005

0,000 T
001 0.1 I 10 100

Fig. 7. Pore volume distribution (PVI) obtained trom the parallel pore model
(PPM) (Eq. (49)) and the pore number distribution (PND} and PVD obtained
from the pore network model (PNM) (Eq. (52} tor silica monolith 800.

the PNM provides a fast and easy way to characterize the topol-
ogy of the porous medium and will be useful until advanced
microscopy and 3-D imaging [78-81] becomes widely applied
to porous media.

In Figs. 611, the PVDs of the mesopores calculated from the
PPM regression along with the PNDs and PVDs of the meso-
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Fig. 8. Pore volume distribution (PVD) obtained from the parallel pore model
(PPM) (Eq. (49%) and the pore number distribution (PND} and PVD obtained
from the pore network model (PNM) (Eqg. (52)) for silica monolith 803.
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014

FRD PN
0124 . vpesan

o104 —-reens

0.08

PSD

0.06

004

0.02

0.00
001

[ R I TR T SO T

p, (nm)

Fig. 10. Pore volume distribution (PVD) obtained from the parallel pore model
(PPM) (Eqg. (49)) and the pore number distribution (PND) and PVD obtained
from the pore network model (PNM) (Eq. (52)) for silica monelith 842.

pores calculated from the PNM regression are presented for
silica monoliths 787, 800, 803, 811, 842, and 843, respectively.
For the pore size distributions (PSDs) of silica monoliths 787,
800, 811, and 842 shown in Figs. 6, 7, 9 and 10, respectively, it
is clear that the PND obtained from the PNM are shified to the
left (to smaller pore diameters) of the PVDs obtained from both
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Fig. 11. Pore volume distribution (PVD) obtained from the parallel pore model
(FPM) (Eq. (49)) and the pore number distribution (PND) and PVD obtained
from the pore network model (PNM) (Eq. (52)) for silica monolith 843,
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the PPM and the PNM. This reason for this result is straight
forward due to the fact that the larger pores contribute more
to the mesopore volume than the smaller pores and, thus, the
pore volume distributions depict a larger average pore diame-
Ler, Pdv.ave- Furthermore, the PDVs obtained from the PNM are
less disperse (narrower) than the PDVs obtained from the PPM.
Although the error associated with the standard deviation val-
ues obtained from ISEC measurements are much more prone to
errors than the average diameters [57], this trend is consistent
for silica monoliths 787, 800, 811, and 842 and, thus, one could
tentatively conclude that the incorporation of the network effects
in the PNM can lead to the calculation narrower PVDs than the
PVDs obtained from calculations using the PPM since the PPM
has to account for network effects by increasing the width of the
PVD and/or decreasing the average diameter of the PVD. The
pore size distributions obtained for silica monoliths 803 and 8§43
shown in Figs. 8 and 11, respectively, show a very narrow PVD
that was calculated from the PPM, while the PND and PDV are
wider. Due to the fact that obtaining the PVD and PND parame-
ters (along with &y, and nr) from the PPM and PNM presented in
this work is an ill-posed problem [57], the solution is completely
dependent on the continuity and density of the experimental data
points [57,58]. By examining the experimental exclusion curves
in Figs. 4 and 5, it is apparent that the curvature of the con-
cave up portion of the exclusion curve, which is most critical to
defining the width of the PVDs and PNDs, is not well defined
by the experimental data. The difference between the widths of
the PVD obtained from the PPM and the PVD obtained from
the PNM could probably be due simply 1o the stopping criteria
of the regression routines. However, this leads 1o a discussion of
the drawbacks of ISEC as a porosimetry method. The reliabil-
ity of ISEC characterization parameters is highly dependant on
the continuity of the experimental data as pointed out by Gor-
bunov et al. [57] and Hagel et al. [58] and, thus, one needs to use
as many high quality polymer standards as possible to obtain
a smooth experimental exclusion curve. The ability to obtain
enough data points to provide a smooth characterization curve
is not a problem for other indirect porosimetry methods such
as mercury intrusion or gas sorption, but for ISEC the batch o
batch quality of polymer standards or polymer standards of var-
ious molecular weights obtained from different sources could
yield very erratic experimental exclusion curves. Furthermore,
as the molecular weight of the polymer standards increase, then
ithecomes more probable that the polymers are branched and not
straight chain, and thus, the functional form of Eqs. (6a) and (6b)
would have to be modified [66]. In any case, despite these draw-
backs, ISEC is still an attractive technique for porosimetry due to
the fact that the porosimetric measurements are performed with
the materials in a practical column under actual chromatographic
conditions; this is especially attractive for polymeric materials
that may shrink or swell depending on the composition of the

mobile phase [60].
5. Conclusions and remarks

In this work, a parallel pore model and a pore network model
were developed to provide a state-of-art method for the calcula-

tion of: (a) the mesopore and macropore void volume fractions,
(b) the pore connectivity, (c) the pore number distribution, and
(d) the pore volume distribution, from inverse size-exclusion
chromatography (ISEC) experiments. A general mathematical
model for the exclusion curve of a homologous set of flexi-
ble straight-chain polymer standards was developed based on
the first moments of the column response Lo a pulse injection
for the molecules involved in the calculation. The model was
formulated in a manner that is similar to typical experimen-
tal calculations of the ISEC exclusion curve [57,61,73,75]. The
general model was then translated into a PPM (Eq. (49)) and a
PNM (Eq. (52)) that could be applicable to both monoliths and
columns packed with porous particles. This is due to the fact
that the general model was based on the first moments of the
column response to a pulse injection, which is independent of
the morphology of the stationary phase (Eq. (41)). The PPM and
PNM proposed in this work both were able to predict the second
inflection pointin the experimental exclusion curve that has been
observed for monolithic materials [60,75] by accounting for the
volume partitioning of the polymer standards in the macropores
of the monolith. The appearance and prominence of the second
inflection point in the exclusion curve was determined to depend
strongly on the following parameters: (a) the void fraction, ey, of
the macropores (flow-through pores), (b) the nominal diameter,
Pd.m. of the macropores, and (c) the radius of gyration, rg, of
the largest polymer standard employed in the determination of
the experimental ISEC exclusion curve. It was shown that the
second inflection point appears and becomes prominent when
the ratio (rg x/pa.m) of the radius of gyration, ry x, of the largest
polymer standard employed in the ISEC experiment to the nom-
inal diameter, py . of the macropores was larger than 0.0025
when the macropore void fraction, &, is equal to0.30, and when
ranipam was larger than 0.0017 when £, is equal to 0.50.
ISEC exclusion curves were measured for six silica monoliths
having different macropore and mesopore diameters and every
exclusion curve measured had two inflection points. The PPM
proposed in this work was employed in a non-linear regression
of the experimental ISEC exclusion curves to determine value
of the macropore void fraction, £, along with the values of the
average diameter, pgyave. and the standard deviation, pgyad. of
the pore volume distribution; the void fraction, &5, of the porous
skeleton could then be obtained from the values of &, and the
total column void fraction, £, It should be noted here that if
one has obtained the value of &, from an independent experi-
ment, then the value of the nominal macropore diameter, py m.
could be obtained from the regression using the PPM in place of
the macropore void fraction, £y; however, the values of &, and
Pd.m cannot be simultaneously obtained along with the values
of payv.ave and pyyd- The PNM proposed in this work was also
employed in a non-linear regression of the experimental ISEC
exclusion curves to determine value of the pore connectivity,
nr, along with the values of the average diameter, payave, and
the standard deviation, pgp 4. of the pore number distribution:
the average diameter, py, ave. and the standard deviation, pyy d,
of the PVD could then be obtained from the PND. The agree-
ment between the theoretical predictions and the experimental
ISEC exclusion curve was excellent for both models. The results
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obtained from the PNM indicated that the values of the pore
connectivity, s, for all the monoliths studied were 10 or greater
which indicates that the mesopore topology within the silica
skeleton could be considered to be almost infinitely connected
with respect to volume partitioning phenomenon. This result
is confirmed by comparing the values of the average diameter,
Pdvave. of the PVDs that were obtained from the PPM and the
PNM which, for all practical purposes, were similar. Due to the
fact that the PPM assumes an infinite pore connectivity, nr, the
confirmation that the PNM (which accounts for the finite con-
nectivity of the mesopore structure) produces results similar to
the PPM could lead one to conclude that the mesopore structure
is almost infinitely connected with respect to volume partition-
ing phenomenon. Furthermore, in most cases studied, the PVD
obtained from the PNM was slightly less disperse than the PVD
obtained from the PPM which could lead one to tentatively con-
clude that the PPM siill slightly lumps the network effects into
its distribution parameters since the intrinsic modeling structure
of the PPM does not include any network effects. However, due
1o the two exceptions to this rule that were shown in this work
and the analysis done elsewhere [57.58], the differences in the
PVDs could simply arise from the fact that ISEC characteriza-
tion is an ill-posed problem [57] and, thus, the results are highly
dependant on the continuity and density of the data points on
the experimental exclusion curves, especially with respect to
the values obtained for the standard deviation of the PVD and
PND.

It is important to note that the individual void fractions of the
macropores and the skeleton, ey, and &, respectively, could be
obtained directly from the models presented in this work that
are based on first principles. Therefore, the proposed model rep-
resents a significant improvement over the method to determine
e and &, proposed by Al-Bokari et al. [60] because one does
not have to extrapolate a linear empirical model of a non-linear
curve beyond the range of the experimental data points. Further-
more, due to the fact that the experimental exclusion curves had
two inflection points, the model of Gorbunov et al. [57] could
not provide a satisfactory fit to the data. The fact that the mod-
eling methodology presented in this work can indeed provide
a satisfactory fit to the experimental data, indicates the poten-
tial value of the models proposed in this work with respect o
the characterization of the mesoporous structure of chromato-
graphic columns (monoliths or packed beds) with a large value
of &y and/or small values of pg . It should be noted that the PNM
can always be applied without the use of the PPM, since the PPM
is an idealization that considers an infinitely connected porous
medium and for materials having a low (<6) pore connectivity
the PPM would force the PVD o a lower average diameter and
larger distribution width as opposed o properly accounting for
the network effects present in the real porous medium.
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Abstract

In this work, monolithic silica columns with the C4, C8, and C18 chemistry and having various macropore diameters and two different mesopore
diameters are studied to access the differences in the column efficiency under isocratic elution conditions and the resolution of selected peptide pairs
under reversed-phase gradient elution conditions for the separation of peptides and proteins. The columns with the pore structural characteristics
that provided the most efficient separations are then employed to optimize the conditions of a gradient separation of a model mixture of peptides
and proteins based on surface chemistry, gradient time, volumetric flow rate, and acetonitrile concentration. Both the mesopore and macropore
diameters of the monolithic column are decisive for the column efficiency. As the diameter of the through-pores decreases, the column efficiency
increases. The large set of mesopores studied with a nominal diameter of ~25 nm provided the most efficient column performance. The efficiency
of the monolithic silica columns increase with decreasing n-alkyl chain length in the sequence of C18 <C8 <C4. The resolution of proteins and
peptides by reversed-phase gradient liquid chromatography on n-octadecyl. n-octyl, and n-butyl bonded monolithic silica columns is optimized.
The results obtained imply the use of acetonitrile concentration gradient up to 75% for n-octadecyl and n-octyl bonded monolithic silica columns,
and the use of acetonitrile concentration gradient up to 85% for n-butyl bonded monolithic silica columns. With the respect to the gradient times and
flow rates, the optimum conditions are the best with n-octyl and n-butyl bonded monolithic silica columns, where the range of optimum gradient
times is up to ~30min and mobile phase flow rates in the range of 0.5-1 ml/min. Consequently, the best performance towards peak resolution is
obtained with n-octyl bonded monolithic silica column with the respect to low concentration of organic phase gradient, fast separations and low
solvent consumptions due to low flow rates.
© 2006 Elsevier B.V. All rights reserved.

Kevwords: Silica monolith; Efficiency; Resolution; Gradient elution

1. Introduction

Apart from the fast separation of low molecular weight ana-
Iytes in high throughput drug analysis, the resolution of pep-
tides from protein digests is one of the most striking tasks
in the field of proteomics. Recently adapted separation tech-
nigues such as reversed-phase liquid chromatography (RPLC)
have shown potential 1o significantly enhance the resolution
efficiency.

* Corresponding author. Tel.: +49 6151 728 209: fax: +49 6151 729 535,
E-mail address: kkunger@web.de (K.K. Unger).

0021-9673/5 — see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 100 1016/.chroma. 2006.09.096

With the pioneering work of Gruber et al. [1], Frei et al. [2]
and Horvath et al. [3], RPLC was applicd o separale a mix-
ture of peptides, and not long after, a mixture of proteins [4].
Through the following years, the technique rapidly developed
due to (a) alterations in retention times and improved repro-
ducibility through introduction of ion-paring agents [5.6], (b)
increased resolution and recovery through introduction of high-
porosity, high-purity silica supports [7], and (c) altered column
selectivity and longevity due to the optimization of the stationary
phase via elimination of residual silanols [8].

The enhanced reproducibility, selectivity and, lately, speed
of liquid based separation process led to the development of
novel supports. Among the variety of stationary phases being
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used for RPLC [9-14], monolithic silica-based columns offered
opportunities to meet the challenging requirements [15-17].
Though the development of the monolithic polymer based sup-
ports [ 18,19] was started earlier than the silica based monolithic
supports [20=23], the wide variety of available polymeric sup-
ports [24-27] did not find its application in the field of RPLC due
tothe lack of mechanical strength [ 18] and swelling or shrinkage
in organic solvents [28]. That was the main reasons for develop-
ing silica based monolithic supports, consisting of a mesoporous
silica skeleton and through-pores that allow a rapid transit of an
eluent through the chromatographic bed [20-23]. If compared
to the conventional columns packed with 5 pm particles, where
the size of interstitial openings in the packed bed [29-31] should
be similar to through-pores of 1.5-1.8 pm of the monolithic
sorbent, monolithic silica-based columns enhanced the high
flow-rates by reducing the column back pressure [15-17,32-34]
and reduced the separation time [33,35-38]. These benefits led
to the recognition of the monolithic silica based column suit-
ability in the separation of peptides and proteins [39—43] in the
wide range of other stationary phases used for RPLC [13,14].

Monolithic silica columns proved to be useful in the separa-
tion of simple polypeptide mixtures as well as on complicated
tryptic digests [39,40.44—47]. Minakuchi et al. [39] presented the
first results of polypeptide separation on an ocladecylsilylated
continuous porous silica column. Soon after it was followed
by other scientists, such as Leinweber et al. [46], who mea-
sured the retention thermodynamics of insulin and angiotensin
IT on a C18 silica monoliths, Spoofl and Meriluoto [45], who
achieved to obtain a fast separation of microcystins and nodu-
larin using a monolithic C18-bonded silica rod column, Hen-
nessy et al. [40], who performed a separation of various peptide
fragments obtained by tryptic digestion of various Cytochrome
¢ species, Pham-Tuan et al. [44], who developed a method for
high-throughput profiling and metabonomic studies of biofluid
samples using short monolithic columns, and Tolstikov et al.
[47], who applied C18 monolithic silica capillary columns for
studying of the metabolome of the model plant Arabidopsis
thaliana. It was recognized, that the main features of monolithic
silica columns were the rapid mass transfer and high flow rates.
This concept was adapted in two-dimensional RPLC [48.49].

Even though the potential of using monolithic silica columns
for peptide and protein separation was recognized [42,50-52],
the pore structure of the monoliths was needed to be adapted
to the peptidic analytes to ensure a rapid mass transfer and
a high accessibility of the stationary surface. Numerous the-
oretical models proved this assumption of high porosity, high
homogeneity and small-sized skeletons with mesopores large
enough not to hinder the passage of the molecules in and out of
the pore [53-58].

In this work, monolithic silica columns with a C4, C8, and
C18 chemistry having various macropore diameters and gra-
dated mesopore diameters are studied to access the differences in
the plate height versus linear velocity curves under isocratic elu-
tion conditions and the resolution of selected peptide pairs under
reversed-phase gradient elution conditions. The behavior of the
monolithic columns based on through-pore diameter, mesopore
diameter, and surface chemistry are studied to determine the

characteristics of an optimal monolithic stationary phase for the
separation of peptides and proteins.

2. Materials and methods
2.1. Chemicals

Thiourea, trifluoroacetic acid (for spectroscopy) and were
purchased from Merck KGaA (Darmstadt, Germany ). Acetoni-
trile (HPLC grade) was obtained from Rathburn (Walkerburn,
UK). Uracil (99%+) was purchased from Acros Organics (Geel,
Belgium). Water (18.2 M£2 cm’) was prepared using a model
Milli-Q (Millipore, Bedford, MA, USA) water-purification sys-
tem. All eluents were filtered on-line through 0.22 pm pore size
membrane filters (Millex, Millipore) prior to use.

2.2. Samples

Peptides and proteins used for the chromatographic measure-
ments were Ala-Gly (M, 146), ferritin from horse spleen (M
450000) (all from Serva, Heidelberg, Germany), transferin from
human serum (M, 75000) (from Boehringer Ingelheim, Ger-
many), [Val® Jangiotensin 11 synthetic (M, 1032), angiotensin I,
human, synthetic (M, 1296), insulin from bovine pancreas (M,
5733), Cytochrome ¢ from horse heart (M, 12 384), lysozyme
from chicken egg white (M 14 300}, albumin from bovine serum
(M 63000} (all from Sigma-Aldrich, Steinheim, Germany),
oxytocin, antiserum from rabbit (M, 1007) and desmopressin,
human, synthetic (M, 1069) (all from Bachem Distribution Ser-
vices, Weil am Rhein, Germany).

2.3. Columns

Measurements were performed on three sets of monolithic
silica (100 x 4.6 mm) research columns, provided by Merck
KGaA. The first set of columns had approximately the same
nominal mesopore diameter of 10 nm (calculated using nitrogen
sorption data) and the through-pore diameter varied from
1.8 1o 5.74 pm (calculated using mercury porosimetry data).
The second set of research monolithic silica columns had
approximately the same nominal mesopore diameter of 25 nm
(calculated using nitrogen sorption data) and the through-pore
diameter varied from 1.9 to 6 pm (calculated using mercury
porosimetry data). The surface of both sets of the research
columns were functionalized with n-octadecyl groups. The
third set of monolithic silica columns had the same mesopores
of approximately 25nm (calculated vsing nitrogen sorption
data), the same macropores of approx. 1.9 pm (calculated using
mercury porosimetry data), but different surface functional
groups: n-octadecyl, n-octyl, or n-butyl. The monolithic silica
columns were cladded with polyether ether ketone (PEEK) by
a propriety process by Merck KGaA. The characteristic values
of the columns are presented in Table 1.

2.4, Instrimentation

The measurements at isocratic conditions were performed
using a standard fully automated HP 1090 HPLC system (Agi-
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Table 1

Summary of structural through-pore and mesopore properties of the used eight silica monolithic research columns

Material 1D Through-pore diameter

(pum) (mrercury intrusion )

Mesopore size (nm)
(nitrugen sorprion)

Functional group {(n-octadecyl,
n-octyl, n-butyl) e*

787 1.8 10.9 Cl8e
800 1.9 25 Cl8e
803 3.5 10.9 Cl8e
811 34 24 Cl8e
842 5.74 1 Clge
843 6 244 Clge
906 1.9 25 CRe
1104 1.9 25 Cde
* Endcapped.

lent Technologies, Waldbronn, Germany). The measurements
at gradient conditions were performed using a standard fully
automated HP 1100 HPLC system (Agilent Technologies). The
ChemStation software (Agilent Technologies) was used to serve
for data acquisition and to control the system.

2.5. Chromatographic conditions

2.5.1. Assessment of column efficiency curves using protein
samples in RPLC

RPLC using protein samples was performed to assess col-
umn efficiency (plate height vs. mobile phase linear velocity)
curves for the investigated adsorbents. Cytochrome ¢ (from
horse heart) and lysozyme (from chicken egg white) were dis-
solved in a 5% (v/v) acetonitrile and 0.1% trifluoroacetic acid
(TFA) mixture at a concentration of 0.01 mg/ml. The composi-
tion of the mobile phase was adjusted for each monolithic silica
column with different surface functional groups. A reversed-
phase gradient elution was performed in each necessary step,
with a mobile phase composition of eluent A: 5% acetonitrile,
0.1% TFA, eluent B: 95% acetonitrile, 0.09% TFA and gradient
time from 0 to 100% of eluent B in 100 min. From the elution of
the sample, the necessary amount of acetonitrile was calculated
for the isocratic elution of the protein on the selected adsorbent.
The measured values were as follows: (a) for the n-octadecyl
group surface modified monolithic silica columns the mobile
phase composition for Cytochrome ¢ was 34.6% acetonitrile
and 0.19% TFA and for lysozyme, it was 38% acetonitrile and
(.19 TFA, (b) for the n-octyl group surface modified monolithic
silica columns the mobile phase composition for Cytochrome
¢ was 33.6% acetonitrile and 0.1% TFA and for lysozyme,
it was 37.1% acetonitrile and 0.1% TFA, (c) for the n-butyl
group surface modified monolithic silica columns the mobile
phase composition for Cytochrome ¢ was 33% acetonitrile and
0.1% TFA and for lysozyme, it was 36% acetonitrile and 0.1%
TFA.

The measurements were performed under isocratic elution
for each peptide or protein by injecting 5 pl of sample with
thiourea (1 pg/ml) as the fy marker at a flow rate of 0.5 ml/min.
The detector used was a UV detector measuring the adsorption
at a wavelength of 254 nm. The measurements were made in
triplicate in order to ensure repeatability.

2.5.2. Assessment of resolution dependencies using
gradient elution of peptide and protein samples in RPLC
RPLC was used for the assessment of resolution dependen-
cies for the peptide and protein samples under gradient elution.
The composition of the mobile phase A was 5% acetonitrile and
0.19% TFA, while the mobile phase B consisted of 95% ace-
tonitrile and 0.09% TFA. The gradient elution was performed
from 0% of the mobile phase B, to 100, 90, 80, 70, and 60%.
Protein and peptide samples were dissolved in the mobile phase
at a concentration of 0.01 mg/ml. The measurements were per-
formed by injecting 5 pl sample at a flow rate of 0.5, 1.0, 2.0,
and 4.0 ml/min. The detector used was a diode array detec-
tor measuring the adsorption from 210 to 300 nm, where the
chromatographic parameters were determined at 214, 254, and
280nm. As a dead volume marker, uracil (0.01 mg/ml of mobile
phase A) was repeatedly injected and monitored at 254 nm.
The measurements were carried out three times. Data emerge
as mean values from three independent runs in order to ensure
repeatability.

2.6. Characterization by gas adsorption and liguid
intrusion

The nitrogen adsorption measurements were carried out with
an ASAP 2400 from Micromeritics (Norcross, GA, USA) at
77K. The surface arca of the measured sample was calcu-
lated according to the BET method, while the mesopore size
distribution and total volume was calculated according to the
BJH method. Mercury porosimetry measurements were accoms-
plished with a Pascal 440 equipment from CE-Instruments
(Wigan, UK). For the estimation of the corresponding through-
pore diameter from the applied pressure, the Washburn equation
with the surface tension of mercury of 480dynes/cm and a
contact angle of mercury on a silica surface of 140°. All mea-
surements were performed by Merck KGaA.

3. Results and discussion

Silica-based monoliths have been implemented more fre-
quently in chromatographic separation systems due to their
favorable properties such as high-efficiency and fast separation
that arise from fast mass transfer kinetics in the mesoporous
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void space of the skeleton and high column permeability. How-
ever, silica monoliths have been mainly applied to separations
of low molecular weight analytes [58]. The potential of the pore
structure of silica monoliths to provide efficient column perfor-
mance for peptide and protein probes in RPLC was recognized
by Tanaka et al. [33] and Leinweber et al. [46], but there is
still need for further quantitative investigation. In the follow-
ing paragraphs, the impact of the pore structural characteristics
and the surface functionality of n-alkyl bonded silica mono-
liths employed in the analysis of peptides and proteins will be
presented and discussed in terms of the height equivalent of a
theoretical plate (HETP) for isocratic elution and resolution for
gradient elution.

3.1. The impact of the pore structural characteristics on the
performance of n-octadecyl bonded monolithic silica
columns

Based on the work of Tanaka et al. [33], Leinweber et al.
[46] and Ishizuka [59], the impact of the pore structural char-
acteristics of n-octadecyl bonded silica monoliths on the col-
umn performance for peptide and protein probes in RPLC were
quantitatively determined. Monolithic silica columns of various
through-pore and mesopore size were evaluated. HETP curves
for lysozyme and Cytochrome ¢ were measured for columns
787, 800, 803, 811, 842, and 843 (see Table 1).

In Fig. 1, the influence of the mesopore diameter of the
monolithic silica columns was investigated. Two nominal meso-
pore diameters of ~10 and ~25nm were investigated. Based
on the value of the minimum plate height and the slope of
the mass transfer dominated portion of the HETP curves, the
efficiency of each column was related to the value of the meso-
pore diameter. As indicated in Fig. 1, the measured minimum
plate height values for lysozyme and Cytochrome ¢ were similar

(49-53 pm) for monolithic silica columns having mesopores of
~10.9 and ~25nm, but the average linear velocity through the
bed (4, ) where the minimum plate height occurred was higher
for the monolithic silica columns having a mesopore diameter
of ~25 nm. The minimum plate height values occurred at linear
velocities of ~0.6 mm/s for the monolithic silica columns having
a nominal mesopore diameter of ~25 nm, while for the columns
having a nominal mesopore diameter of ~10.9 nm, the mini-
mum plate height occurred at ~0.2 mm/s. Furthermore, it s clear
from Fig. | that the slope of the HETP curves at higher veloci-
ties is smaller for columns having nominal mesopore diameters
of ~25nm than the slope of the HETP curves for monoliths
having nominal mesopore diameters of ~10.9nm in the same
velocity domain. These results indicate that the monolithic silica
columns with the larger mesopore diameter (~25nm) provided
less mass transfer resistance in the mesoporous structure of
the skeleton due to the fact that there is less steric hindrance
and frictional resistance 1o diffusion of the large lysozyme and
Cytochrome ¢ molecules when the mesopores are consider-
ably larger (~5times) than the analytes. Thus, the monolithic
columns having larger mesopore diameters (~25nm) enables
one to operate the column at higher fow rates, which allows for
shorter analysis times without loosing separation efficiency.
The same behavior with respect to the nominal mesopore
diameter was observed for monolithic silica columns having
larger through-pore diameters, as depicted in Fig. 2. In Fig. 2,
two columns having similar through-pore sizes of 3.5 and
3.4 pm, but different nominal mesopore diameters of ~10.9 and
~24 nm were compared. The measured minimum HETP values
were similar for both analytes, but the minimum plate height
of the columns having a ~10.9 nm nominal mesopore diame-
ter occurred at a linear velocity of ~0.2 mm/s, while for the
columns having a ~25 nm nominal mesopore diameter, the min-
imum HETP value occurred at a linear velocity of ~0.4 mm/s.
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Fig. 1. Plate height curves for lysozyme and Cytochrome ¢ with C18e monolithic silica columns of average through-pore diameter of 1.8-1.9 pm.
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Fig. 2. Plate height curves for lysozyme and Cytochrome ¢ with C18e monolithic silica columns of average through-pore diameter of 3.5-3.4 pm.

However, the values of the plate height for the columns having
a through-pore diameter of ~3.5 um were significantly larger
over the entire linear velocity domain than the plate height for
the columns having a through-pore diameter of ~ 1.8 pm.
Apart from providing high column efficiency at high flow
rates, the most prominent feature of the HETP versus velocity
curves for monolithic silica columns having nominal mesopore
diameters of ~25 nm was a very shallow curvature near the min-
imum. This is due to the low mass transfer resistance and short
diffusion path lengths in the mesoporous structure of the silica

skeleton. For the monolithie silica column having ~25 nm meso-
pores, the measured HETP values varied between ~100 and
~250 pm as average linear velocity through the bed increased
from 0.5 to 4 mm/s, while for the monolithic silica column hav-
ing mesopores of 10.9 nm, the measured HETP values increased
from ~ 150 to ~ 1000 pm over the same linear velocity domain.
As mentioned above, the smaller mesopores (~10.9 nm) tended
to hinder the movement of the large molecules through the pores,
thereby leading to peak broadening and higher plate height val-
ues, while monolithic silica columns with bigger mesopores
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M Through pore diameter - 3.5 pm, sample - lysozyme A
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A Through pore diameter - 5.74 um, sample - lysozyme 4
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T 1 A
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Fig. 3. Plate height curves for lysozyme and Cytochrome ¢ with Cl18¢ monolithic silica columns of average mesopore diameter of 10.0-10.9 nm.,
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Fig. 4. Plate height curves for lysozyme and Cytochrome ¢ with C18e monolithic silica columns of average mesopore diameter of 25.0-24.4 nm.

reduced contribution of mass transfer in the mesoporous struc-
ture of the skeleton to plate height values, and allowed faster the
separation without sacrificing resolution and efficiency.

In Fig. 3, the effect of the through-pore size on HETP behav-
ior is presented for the columns having a nominal mesopore
diameter of ~10.9 nm. It is clear from Fig. 3 that increasing
the through-pore diameter leads to a significant reduction in the
column efficiency over the entire linear velocity domain stud-
ied. For column 787 having a nominal through-pore diameter
of ~1.8 um, the measured plate height value for Cytochrome
¢ at a linear velocity of 1.8 mm/s was ~150 pm, while for col-
umn 842 having a nominal through-pore diameter of ~5.74 pm,

the measured plate height value for Cytochrome ¢ at a lin-
ear velocity of 1.8 mm/s was ~1500 pm. Clearly, since the
average transverse dimensions of the skeleton was increasing
with increasing through-pore diameter, the diffusion path length
through the mesoporous skeleton was increasing which lead w
the loss of column efficiency as the nominal through-pore diam-
eter increased. This result is analogous Lo increasing the particle
diameter in a packed bed.

In Fig. 4, the effect of the through-pore size on HETP
behavior is presented for the columns having a nominal
mesopore diameter of ~25nm. The minimum HETP values
obtained with lysozyme for the monolithic silica columns hav-
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Fig. 5. Plate height curves for Cytochrome ¢ with monolithic silica columns having ~ 1.9 pm through-pores and ~25 nm mesopores where the surface functional

group is C18, C8, or C4,
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ing through-pores of 1.9, 3.5, and 6.0 pm were ~50, ~100,
~ 150 pm, respectively. The same tendencies were obtained for
Cytochrome ¢. Similar to the results presented for Fig. 3, the
magnitude of band broadening was dependant on the average
through-pore diameter, and tended to decrease with decreas-
ing through-pore size. Again, this result is due to the fact that
the diffusion path length through the mesoporous void space
of the skeleton increases as the diameter of the through-pores
increases.

By comparing the results presented in Figs. 1-4, the mono-
lithic silica columns with larger mesopores and smaller through-
pores showed higher separation efficiency than those with
smaller mesopores and larger through-pores. The best column
performance within the tested RP-18¢ columns for lysozyme
was found for RP-18e column 800 (HETP =45 pum). The results
obtained in this work corresponded well to the conclusions of
Minakuchi etal. [17] and numerous theoretical models [S3-58],
such that the columns with the small-sized skeletons and meso-
pores large enough not to hinder the mass transfer rate of
molecules in the mesoporous void space of the skeleton would
give the lowest HETP values.

3.2, The impact of the surface functionality on the
performance of the n-alkyl bonded monolithic silica
columns

In Fig. 5, HETP versus linear velocity curves are presented
for Cytochrome ¢ on monoliths having various n-alkyl surface
functionalities. Results are presented for (a) column 800 (the
column determined to have the highest efficiency in the above
analysis) having an n-octadecyl bonded surface chemistry, (b)
column 906 having an n-octyl bonded surface chemistry, and
(c) column 1104 having an n-butyl bonded surface chemistry. It
should be noted here that each column (800, 906, and 1104) has
a similar nominal through-pore diameter and a similar nominal
mesopore diameter, and the surface functionality modification
was performed after the formation of the skeleton by a pro-
prietary procedure developed by Merck. The efficiency of the
column, based on the location of the minimum HETP value and
the slope of the mass transfer dominated portion of the plate
height curves, was related to the values of the functional group
on the stationary phase surface. As mentioned above, column
800 was determined to provide the best column performance
within the set of RP-18¢ modified columns and the minimum
HETP value for lysozyme was 45 pum. Itis clear from the results
presented in Fig. 5 that the minimum HETP values tended to
decrease as the length of the bonded n-alkyl chain decreased
as demonstrated for Cytochrome ¢ where the minimum HETP
value was 52 pm for RP-18¢ column 800, while the minimum
HETP value was 40 pum for RP-8e column 906, and the minimum
HETP value was 30 pm for RP-4¢ column 1104. These results
support the investigation of Liu et al. [60], who found that the
adsorption enthalpies of proteins with n-octyl functional group at
constant ligand density were higher than with n-butyl functional
group by the difference of 7-8 kJ/mol. They also proved, that
the heat required to dehydrate the n-octyl chain was 10kJ/mol
higher than that required to dehydrate the n-butyl chain.

In RPLC, the slow diffusion and kinetics of desorption and
other equilibria of protein retention, induced by the strong
hydrophobic solute surface interaction with the hydrocarbon sta-
tionary phase, led to low column efficiency. Though monolithic
silica columns showed the possibility to overcome these obsta-
cles of slow diffusion and kinetics by increased mesopore size,
reduced through-pore diameter (altogether with reduced skele-
ton size) and shorter ligand chain length on the support surface.

3.3. The impact of the pore morphology and surface

Sunctionality on the resolution of the n-alkyl bonded

maonolithic silica columns in gradient elution

The optimization of peak resolution in gradient clution
reversed-phase HPLC is essential for the separation of mul-
ticomponent samples such as those encountered in protecomic
research. It is necessary to study the effect of the surface func-
tional group (n-alkyl chain) length, gradient time, /¢;, flow rate,
@, and acetonitrile concentration on the peak resolution for sep-
arations of a model peptide and protein mixture. The choice of
the columns was dictated by the findings of the most efficient
monolithic silica column according the separation efficiency,
as presented in the results above. As shown in the preceding
discussion, the monolithic silica columns, which had a small
through-pore diameter of 1.9 pm and a large mesopore diameter
of 25 nm were the most efficient for the separation of the cho-
sen protein samples. Even though the results presented clearly
clucidated the behavior of the column efficiency with respect to
the n-alkyl chain length, the n-octadecyl, n-octyl, and n-butyl
modified columns of similar pore structure were evaluated to
determine the performance of the different surface chemistries
for a multi-component separation. Such a decision was made
since the target of this research was not only the efficiency of the
separation under isocratic elution conditions, but the optimiza-
tion of the chromatographic resolution of a gradient separation
as well.

The chromatographic resolution, Rs, was calculated accord-
ing to the following expression:

IRt — IR

Ro= 2t Bv (0
# Bi + Aix

where tg iy and tg; represent the retention times of two con-
secutive peaks, and B; and Aj, denote the baseline widths of
the respective peaks. Such adaptation of the chromatographic
resolution calculation enabled the representation of the thresh-
old of baseline separation. For the optimization of the gradient
elution, the following two peak pairs were chosen: oxytocin and
desmopressin, and [Val® Jangiotensin 11 and angiotensin L. The
main reason for choosing such samples as the representatives of
the overall resolution map was that in all measured conditions,
baseline separation of those peaks was obtained. As the opti-
mization of gradient conditions based on the separation of the
poorest resolved peak only represents the results for the critical
peak pair, it was deemed necessary 1o show important differences
in the separation of non-critical peaks as an overall tendency of
the optimization of the gradient elution conditions.
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In Fig. 6, the effect of the gradient time, fg. the flow rate. O, the first analyzed peak pair of oxytocin and desmopressin,
and acetonitrile concentration on the peak resolution for sepa-  while Fig. 6d—f represent the results obtained for the resolu-
rations on the RP-18¢ monolithic silica column 800 is shown.  tion of the second analyzed peak pair of [Val®Jangiotensin 11
Fig. 6a—c represent the results obtained for the resolution of  and angiotensin I.
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The effect of gradient time on the increasing value of peak
resolution was the same for both analyzed peak pairs. As the
gradient time increased, the value of resolution increased. Fur-
thermore, as the concentration of acetonitrile was increased, the
maximum resolution values were shifted even to longer gradi-
ent times. If the acetonitrile concentration gradient was 55%,
the optimum gradient time was 30min (see Fig. 6a), and if
the acetonitrile concentration gradient was 85%, the optimum
gradient time was 50min (see Fig. 6¢) with respect to maxi-
mum resolution values reached for the peak pair of oxytocin
and desmopressin. For the maximum resolution values of the
second peak pair of [Val® Jangiotensin IT and angiotensin I, the
gradient times were not as dependent on the acetonitrile con-
centration gradient and were reached at the maximum gradient
time value of 60 min. Though, if the optimum resolution values
(~3=5) should be taken into account, the effect of gradient time
on the optimum peak resolution was also not dependent on the
acetonitrile concentration gradient, but occurred in the range of
shorter gradient times up to 25 min.

The effect of the flow rate on the peak resolution was different
for each analyzed peak pair, but the tendency for the optimum
peak resolution values of ~3-5 was the same. Fig. 6a—c for the
first peak pair of oxytocin and desmopressin indicate that as the
acetonitrile concentration gradient increases from 55 to 85%,
maximum resolution values move to lower flow rates from 3
1o 0.5 ml/min and increase in magnitude with respect to maxi-
mum resolution values reached for the peak pair (see Fig. 6a—c).
While Fig. 6d—f for the second peak pair of [Val® Jangiotensin 11
and angiotensin I, the maximum resolution values were reached
with increasing flow rate if the acetonitrile concentration gradi-
ent increased, but the optimum peak resolution values (~3-5)
were found at lower flow rates as the acetonitrile concentration
gradient increased (see Fig. 6d-f).

The obtained results for optimum peak pair resolution values
suggest, that the optimum resolution for both peak pairs was
reached at acetonitrile concentration gradient to 75%, flow rate
of ~2 ml/min and gradient times up 1o 40 min for the n-octadecyl
bonded monolithic silica column 800.

In Fig. 7, the effect of the gradient time, fg, the flow rale,
Q. and acetonitrile concentration on the peak resolution for sep-
arations on the RP-8¢ monolithic silica column 906 is shown.
Fig. Ta—c represent the results obtained for the resolution of
the first analyzed peak pair of oxytocin and desmopressin,
while Fig. 7d-f represent the results obtained for the resolu-
tion of the second analyzed peak pair of [Val®Jangiotensin 11
and angiotensin 1.

The effect of gradient time on the value of the peak resolution
was the same for the analyzed peak pairs. In Fig. 7a and b for the
first peak pair of oxytocin and desmopressin, the maximum res-
olution occurs in the range of 3040 min when the acetonitrile
gradient concentration was 55 and 75%, respectively. However,
as Fig. 7e clearly indicates, when the acetonitrile gradient con-
centration was raised from 75 10 95%, the optimum gradient
times were shifted to higher values of 60 min (see Fig. 7¢) with
respect o the first peak pair of oxytocin and desmopressin, With
respect to maximum resolution values for second peak pair, the
optimum gradient time was not dependent on the increasing

acetonitrile gradient concentration (see Fig. 7d and e), but when
the acetonitrile gradient concentration was increased from 75
10 95%, the maximum peak resolution values were shifted o
higher gradient times of 60 min (see Fig. 7e). However, it should
be noted here that if optimum values (~3=5) of the resolution of
the second peak pair should be taken into account, the resolution
values were not dependent on the increasing acetonitrile gradi-
ent concentration, and stayed the range of 20 min with respect
to the gradient time (see Fig. 7a—c). The effect of gradient time
with the increasing value of acetonitrile gradient concentration
was not influencing the optimum peak resolution if the range
of acetonitrile gradient concentration was not increased above
75%. The increase of acetonitrile gradient concentration above
75% led to increase of gradient times for the chromatographic
resolution of the first peak pair.

Theeffectof the flow rate on the increasing value of peak reso-
lution was different for the analyzed peak pairs, but the tendency
for the optimum peak resolution values of ~3-5 was the same.
The maximum resolution values of the first peak pair were not
influenced with respect to flow rate in increasing acetonitrile gra-
dient concentrations and stayed in the range of ~0.5-1.0 ml/min
(see Fig. 7a=b). The maximum resolution values of the second
peak pair was independent of the flow rate if the acetonitrile con-
centration gradient was not above 85% (see Fig. 7d and ¢). With
higher acetonitrile gradient concentration values, the maximum
resolution values for the second peak pair were shifted to higher
flow rates (see Fig. 7f). But the optimum peak resolution values
(~3-5) for the second peak pair were independent of the flow
rate and stayed in the range of ~0.5-1.0 ml/min.

The obtained results for optimum peak pair resolution values
suggest, that the optimum resolution for both peak pairs was
not dependent on the flow rate, but was reached at acetonitrile
concentration gradient lower then 75% and gradient times up to
20 min for the n-octyl bonded monolithic silica column 906.

In Fig. 8, the effect of the gradient time, (g, the flow rate, Q,
and acetonitrile concentration on the peak resolution for sepa-
rations on the RP-4¢ monolithic silica column 1104 is shown.
Fig. 8a—c represent the resulis obtained for the resolution of
the first analyzed peak pair of oxytocin and desmopressin,
while Fig. 8d-f represent the resulls obtained for the resolu-
tion of the second analyzed peak pair of [Val®Jangiotensin 11
and angiotensin 1.

The effect of gradient time on the value of the peak resolution
was the same for the analyzed peak pairs. In Figs. 8a and ¢ for
the first peak pair ol oxytocin and desmopressin, the maximum
resolution occurs at the highest value of 60 min when the ace-
tonitrile gradient concentration was 75 and 95%, respectively.
However, as Fig. 8b clearly indicates, when the acetonitrile gra-
dient concentration was 85%, the optimum gradient times were
shifted to a lower 30 min with respect to the first peak pair of
oxytocin and desmopressin. With respect to the maximum res-
olution values for the second peak pair, the optimum gradient
time showed the same dependency on the acetonitrile gradient
concentration of 75 and 95% (see Fig. 8d and ) as the first
analyzed peak pair, but with the acetonitrile gradient concentra-
tion of 85% the optimum gradient times were shifted to a lower
range of ~30-40 min (see Fig. 8e). The same tendencies were
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Fig. 7. Chromatographic resolution as a function of the
desmopressin; (d-1) peak pair of [Val®] Il and
and () 95%.

noticed and for the optimum peak resolution values of the second
peak pair, staying in the range of 20 min for an acetonitrile con-
centration of 75 and 95%, and lowering down to 10 min, when
the acetonitrile gradient concentration was 85%. The effect of
gradient ime with the increasing value of acetonitrile gradient

ic flow rate and g

dient time for the C8e monolithic silica column. (a—c) Peak pair of oxytocin and
in I. The acetonitrile concentration is as follows: (a) 55%, (b) 75%, (c) 95%, (d) 55%, {e) T5%,

concentration was not constant on the optimum peak resolution.
If used acetonitrile gradient concentration was 75 or 95%, the
optimum gradient times were 60 min for the first peak pair and
20 min for the second peak pair, but if acetonitrile gradient con-
centration was 85%, the optimum gradient times were shifted
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and (f) 95%.

to lower values of 30 min for the first peak pair and 10 min for
the second peak pair. With the respect to the measured gradi-
ent time values, the optimum acetonitrile gradient concentration
was 85%, giving the smallest values of gradient times and the
fastest separation.

The effect of the flow rate on the increasing value of peak
resolution was different for the analyzed peak pairs, but the
tendency for the optimum peak resolution values of ~3-5 was
the same. The maximum resolution values of the first peak pair
were not influenced with respect to flow rate as the acetoni-
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trile gradient concentration increased and stayed in the range of
~(.5-1.0 ml/min (see Fig. 8a—c). The maximum resolution val-
ues of the second peak pair were independent of the Aow rate.
If the acetonitrile concentration gradient was 75 or 95% (see
Fig. 8d and f), the maximum resolution values were obtained
in high flow rates of =1.5 ml/min, but if the acetonitrile gra-
dient concentration was 85%, the maximum resolution values
were obtained in the range of 1.0-2.5 ml/min (see Fig. 8¢). But
the optimum peak resolution values for the second peak pair
were independent of the flow rate and stayed in the range ol
~(1.5-1.0 ml/min.

The obtained results for optimum peak pair resolution values
suggest that the optimum resolution for both peak pairs was
not dependent on the flow rate, but was reached at acetonitrile
concentration gradient of 85% and gradient times up to 30 min
for the n-butyl bonded monolithic silica column 1104,

4. Conclusions and remarks

In this work, monolithic silica columns with a C4, C8, and
C18 chemistry and having various macropore diameters and two
different mesopore diameters were studied to access the differ-
ences in the column efficiency under isocratic elution conditions
and the resolution of selected peptide pairs under reversed-phase
gradient elution conditions. The behavior of the monolithic
columns based on through-pore diameter, mesopore diameter,
and surface chemistry were studied to determine the characteris-
tics of an optimal monolithic stationary phase for the separation
of peptides and proteins. The columns with the pore structural
characteristics that provided the most efficient separations were
then employed to optimize the conditions of a gradient separa-
tion of a model mixture of peptides and proteins based on surface
chemistry, gradient time, volumetric flow rate, and acetonitrile
concentration.

Both the mesopore and macropore diameters of the mono-
lithic column are decisive for the column efficiency. As the
diameter of the through-pores decreases, the column efficiency
increases. The mesopore sizes have to be adapted to the molec-
ular size of the analyte in particular to peptides and proteins.
Consequently, the larger set of mesopores studied with a nominal
diameter of ~25 nm provided the most efficient column perfor-
mance because they provided less resistance to mass transfer
in the mesoporous void space of the skeleton. Further analysis
could be performed to determine the effect of increasing the
mesopore diameter on the overall dynamic adsorption capacity
of the column. The efficiency of the monolithic silica columns
increase with decreasing n-alkyl chain length in the sequence of
Cl8<(C8<C4.

The resolution of proteins and peptides by gradient RPLC
on n-octadecyl, n-octyl, and n-butyl bonded monolithic silica
columns was optimized. The obtained results imply the use of
acetonitrile concentration gradient up to 75% for n-octadecyl
and n-octyl bonded monolithic silica columns, and the use of
acetonitrile concentration gradient up to 85% for n-butyl bonded
monolithic silica columns. With the respect to the gradient times
and flow rates, the optimum conditions were the best with n-
octyl and n-butyl bonded monolithic silica columns, where the

range of optimum gradient times was up to ~30min and mobile
phase flow rates in the range of 0.5-1 ml/min. So the best per-
formance towards peak resolution was obtained with n-octyl
bonded monolithic silica column with the respect to low organic
phase gradient, fast separations and low solvent consumptions
due to low fow rates.
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Mative and n-alkyl-bonded (n-octadecyl) monolithic silica rods with mesopores in the range between
10 and 25nm and macropores in the range between 1.8 and 6.0 pm were examined by mercury intru-
sionfextrusion, inverse size exclusion chromatography(ISEC) and nitrogen sorption. Our results reveal very
good agreement for the mesopore size distribution obtained from nitrogen adsorption (in combination
with an advanced NLDFT analysis) and ISEC. Our studies highlight the importance of mercury porosime-
try for the assessment of the macropore size distribution and show that mercury porosimetry is the only
method which allows obtaining a combined and comprehensive structural characterization of macrop-
orous/mesoporous silica monoliths. Our data clearly confirm that mercury porosimetry hysteresis and
entrapment have different origin, and indicate the intrinsic nature of mercury porosimetry hysteresis in
these silica monoliths. Within this context some silica monoliths show the remarkable result of no entrap-
ment of mercury after extrusion from the mesopore system (i.e. for the first intrusion/extrusion cycle).
The results of a systematic study of the mercury intrusionfextrusion behavior into native silica monoliths
and monoliths with bonded n-alkyl groups reveals that the macro (through) pore structure, which con-
trols the mass transfer to and from the mesopores, here mainly controls the entrapment behavior. Our
data suggest that mercury intrusion/extrusion porosimetry does not only allow to obtain a comprehen-
sive pore structure analysis, but can also serve as a tool to estimate the mass transport properties of silica

monoliths to be employed in liquid-phase separation processes.
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1. Introduction

The development of novel monolithic materials as columns, rods
and discs provided a promising alternative for fast and efficient
separations in high-performance liquid chromatography (HPLC) as
compared to particle packed beds. Two types of the monolithic
supports were developed: polymer-based monoliths, which were
applied in the field of biopolymer analysis and biopolymer isola-
tion and purification [1-7], and monelithic silica rods which were
preferably employed for the fast analysis of low-molecular com-
pounds [8-17].

Further developments of silica-based monolithic columns
[18-27] have led to excellent performance in terms of high-
plate numbers, low-column pressure drop and fast analysis. These
achievements were due to the high accessibility of the station-
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ary surface through the micron size flow-through macropores
and due to the rapid mass transfer of the analytes in the diffu-
sional mesopores being located in the skeleton of the monoliths.
One of the key features in the manufacture of such monoliths
was to generate a homogeneous flow-through pare network as
well as large enough diffusional pores to provide a fast mass
transfer kinetics of the analytes in and out of the pores [28-31].
Thus a thorough characterization of this flow-through pore net-
work of the monolithic supports was essential. This could be
achieved by applying microscopy and image analysis [32], as well
as techniques such as mercury porosimetry and gas adsorption
[33-35].

MNotable progress has been achieved in recent years with regard
to the understanding of adsorption phenomena in narrow pores
(for recent reviews on this topic, please see [36,37]), which has
led to significant improvements in the pore size characterization,
This progress was supported by a number of developments: (i)
the discovery of novel highly ordered micro-mesoporous model
substances such as MCM-41, MCM-48, SBA-15, which exhibit a
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uniform pore structure and morphology and can therefore be
used as model adsorbents to test theories of gas adsorption;
(ii) carefully performed adsorption experiments; (iii) the applica-
tion of methods, such as the non-local density functional theory
(NLDFT) and computer simulation methods (e.g. Monte-Carlo and
maolecular-dynamic simulations). These methods are based on
statistical mechanics and allow describing the configuration of
adsorbed molecules in pores on a molecular level (e.g. [38,39]),
in contrast to classical methods, which are based on macro-
scopic thermodynamic assumptions (e.g. Dubinin-Radushkevitch,
Barrett-Joyner-Halenda (BJH)). Further, they take into account that
the shape of the adsorption isotherm does not depend only on
the texture of the porous material, but also on the difference of
thermodynamic states between the confined fluid and bulk fluid
phase. Pore size analysis data for microporous and mesoporous
molecular sieves obtained with these novel methods agree very
well with the results obtained from independent methods (based
on X-ray diffraction (XRD); transmission electronic microscopy
(TEM)), and allow to characterize a sample over the complete
micropore/mesopore size range. Appropriate methods for pore size
analysis based on NLDFT and molecular simulation are meanwhile
commercially available for many adsorptive/adsorbent systems.

Gas adsorption allows assessing pore sizes from the microp-
ore range (pore widths <2 nm) and mesopore range (pores widths
between 2 and 50 nm). The generally accepted method for tex-
tural analysis of macroporous materials (pore widths >50nm) is
mercury porosimetry. The main attraction of the latter technique
is that it allows pore size analysis to be undertaken over a wide
range of mesopore-macropore widths (routinely, from ca. 4 nm
to ca. 400 um). Mercury porosimetry is used also to determine
the surface area and particle size distribution and to assess the
tortuosity, permeability, fractal dimension and compressibility of
porous materials. Furthermore, the technique can provide useful
information relating to the pore shape, network effects and density
(skeletal and bulk density) [35,40]. In contrast to capillary conden-
sation, where the pore fluid wets the pore walls (i.e. the contact
angle <907), mercury porosimetry describes a non-wetting situa-
tion (contact angle >90°) and therefore pressure must be applied to
force mercury into the pores. Thus, a progressive increase in hydro-
static pressure is applied to enable the mercury to enter the pores
in decreasing order of width, Accordingly, there is an inverse rela-
tionship between the applied pressure p and the pore diameter
dyp. which in the simplest case of cylindrical pores is given by the
Washburn equation [41]:

4y .
d =—(—"—)msﬂ (1
v = )

where y is the surface tension and # is the contact angle.

To apply Eq. (1) for the calculation of dy, it is necessary to insert
values for 3 and #, Generally, ¥ is assumed to be 484 mN m !, which
is the surface tension of pure mercury. If no detailed information
about the contact ¢ is available, a value of 1407 is customarily used
[42]. The contact angles of mercury for many materials are also
reported [43].

Asignificant feature of mercury porosimetry curves is the occur-
rence of hysteresis between the intrusion and extrusion branch.
In addition, entrapment is often observed, i.e. mercury remains
contained in the porous network after extrusion,

The importance of understanding hysteresis and entrapment
phenomena has been recognized since a long time [44-49],
in particular because it is most important to be able to obtain
an upambiguous pore size analysis (e.g. [49-60]). Different
mechanisms have been proposed to explain intrusion/extrusion
hysteresis. The single pore mechanism implies that hysteresis can
be understood as an intrinsic property of the intrusion/extrusion

process due to nucleation barriers associated with the formation
of an vapor-liquid interface during extrusion [52,53]. The phe-
nomenon is also discussed based on the differences in advancing
and receding contact angles (e.g. [54,55]). In addition, the network
models take into account the inkbottle and percolation effects
in pore networks [56-60]. It is now generally accepted that pore
blocking effects, which can occur on the intrusion branch, are
similar to the percolation effects involved in the desorption of
gases from porous networks.

It is noteworthy to mention that the shape of a mercury intru-
sionfextrusion hysteresis loop often agrees quite well with that of
the corresponding gas adsorption loop caused by capillary conden-
sation. Thus, the mercury intrusion and the capillary evaporation
appear to follow similar pathways (e.g. [61,63]). The pore block-
ing/percolation effects are dominant in disordered pore networks,
and a reliable pore size distribution can only be calculated from the
intrusion branch by applying complex network models based on
percolation theory. The application of such models also allows one
toobtain alimited amount of structural information from the intru-
sionfextrusion hysteresis loop [56]. Scanning the hysteresis loop
in combination with the application of advanced network models
can also provide information about the pore network and the solid
structure [49].

Very often entrapment is observed, i.e. mercury remains
contained in the porous network. Classically, the entrapment phe-
nomenon is believed to be associated with kinetic effects during
mercury extrusion, coupled with the tortuosity of disordered pore
network and the surface chemistry of the material [48]. Experi-
ments with medel pore networks and molecular simulation studies
(e.g.[49-51]) indicate that mercury entrapment is often associated
with the rupture of mercury bridges in pore constrictions dur-
ing extrusion leading to mercury entrapment in inkbottle pores.
This is in agreement with recent studies involving grand canon-
ical Monte Carlo simulations using both Glauber dynamics and
Kawasaki dynamics [51-63], which suggest that mercury entrap-
ment is caused by a decrease in the rate of mass transfer associated
with the fragmentation of liquid during extrusion. This leads to a
configuration where droplets of mercury are surrounded by a vapor
phase. The fragmentation slows down the rate of mass transfer of
fluid from the porous material, It reflects a mechanism of evapo-
ration of liquid from the entrapped droplets and diffusion of this
vapor to the external surface.

A promising and novel method for pore structural investigations
of chromatographic adsorbents is inverse size exclusion chro-
matography (ISEC). Unlike nitrogen sorption, mercury intrusion or
microscopic techniques, ISEC is performed at liquid-phase condi-
tions similar to those, used in liquid chromatographic separations.
The particular advantage of ISEC is that it is a chromatographic
method, which provides a comparative statistical representation
of the pore space that is accessible to a solute transport, The val-
ues derived correspond to the pore volume that is accessible in
liquid-based separations, rather then the ones obtained from static
characterization methods. Aggerbrandt and Samuelson [64)] devel-
oped the principle of the ISEC, followed by Halasz and Martin [65]
who used the method to determine the pore size of chromato-
graphic stationary phases. Knox and Scott [66] proposed a theoret-
ical model for 1SEC for the assessment of the pore size distribution
of chromatographic supports. After this breakthrough, additional
theoretical models were developed for the assessment of pore
structural data via ISEC [67-72]. In 2002, Polymer Standard Service
(Mainz, Germany) distributed a software called PSS PoroCheck™.

The first attempts to compare the pore characterization data
obtained by ISEC to the one cbtained by static characterization
methods was done by Hagel [73]. He found a good agreement
between pore size data obtained by electron microscopy, nitrogen
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sorption and ISEC. Later Guan et al. [ 74-76] compared pore size data
obtained from mercury intrusion porosimetry, nitrogen sorption
and ISEC for various particulate adsorbents. The data obtained by all
the named methods were in excellent agreement with differences
in the order of 1-2% for the internal porosity.

Although ISEC proved its high potential in the pore struc-
tural characterization of particulate supports, certain drawbacks
were acknowledged when the method was applied to the charac-
terization of monolithic supports. Numerous authors stated that
pore characterization data obtained by ISEC [77,70,78] were not in
agreement with the data obtained by nitrogen sorption, mercury
porosimetry and transmission electron microscopy [78]. This con-
fusion was due to the misinterpretation of the data obtained by
ISEC. The exclusion of the solutes from the flow-through pores of
monoliths was interpreted as a result of a secondary mesoporos-
ity. Grimes et al. [ 79] cleared this misunderstanding by applying the
pore network model to obtain the pore structural data from the ISEC
measurement on monolithic silica columns, Grimes stated that an
exclusion of high-molecular weight solutes is due to the exclusion
mechanism in the flow-through pores (separation by flow).

Another potential of ISEC was recognized by Kuga [80], who
stated, that the most important feature of ISEC is its applicability
to polymeric gels in the swollen state to which the conventional
porosimetry cannot be applied. This feature was extensively
studied in numerous publications as the only method for obtaining
reliable pore characterization data on polymer-based supports
[81-83].

By applying the techniques of gas adsorption, mercury
porosimetry and ISEC on selected silica monoliths (native and func-
tionalized with n-alkyl groups) we address in this work the problem
of a comprehensive textural characterization of such supports,
Mesopore size analysis is performed by combining nitrogen sorp-
tion, ISEC and mercury porosimetry, whereas mercury porosimetry
is used to assess macroporosity. We used well-characterized
silica monoliths as model materials to study the mercury intru-
sionfextrusion hysteresis and entrapment behavior, which allows
correlating details of the monolith pore structure with the mer-
cury porosimetry data. A detailed understanding of the underlying
mechanism of mercury intrusion/extrusion into silica monoliths is
crucial for a comprehensive textural characterization of both the
macropore and mesopore system and will help to further optimize
the properties of monolithic materials in view of column perfor-
mance, column pressure drop, speed of analysis in liquid se paration
processes,

2. Materials and experiments
2.1. Monolithic materials and columns

Measurements were performed on a set of monelithic silica
columns (length and ID of 100 mm = 4.6 mm), provided as research
samples by Merck KGaA (Darmstadt, Germany). The inter-skeleton
flow-through pore sizes of the silica monoliths were in the range
from 1.8 to 6.0 um and the intra-skeleton pore sizes were from
10 to 25 nm. Samples were available as native silica and as n-
octadecyl, n-octyl or n-butyl derivates. The structural properties of
such monolith supports and their impact on column performance
are given in Ref. [27]. In this study we focused on selected native
silica samples as well as n-octadecyl derivatives, In order to obtain
columns that could be used in HPLC, the monolithic silica rods
were gladded with poly-ether-ether-ketone (PEEK) by a proprietary
process of Merck KGaA (Darmstadt, Germany).

The manufacturing process of monolithic silica research sam-
ples consisted of: preparation of the starting solution, phase
separation and gelation, aging and drying. The starting silica

sources usually were tetramethoxysilane or tetraethoxysilane,
which were subjected to acid catalysed hydrolysis and con-
densation in the presence of water-soluble polymers, such as
polyethyleneglycol and polyacrylic acid and surfactants as addi-
tives, Phase separation and gelation was controlled by the kinetics
of two competitive processes: the domain coarsening and the struc-
ture freezing by the sol-gel transition. The resulting gels were aged
and solvent exchange was performed to tailor the mesopore struc-
ture. The flow-through porous gel domains were filled with the
polymer, which was burned out by calcination after drying. In this
way the process enabled to generate two continuous pore systems
and to adjust and control the pore size, and porosity of flow-through
pores and mesopores independently [48].

2.2. Characterization methods

2.2.1. Inverse size exclusion chromatography

Tetrahydrofuran (for liquid chromatography) and 2-propanol
(for liquid chromatography) were obtained from Merck KGaA
(Darmstadt, Germany). Polymer standards of poly(styrene) -
molecular weight of 162, 309, 514, 707, 795, 1920, 3460, 51,500,
524000, and polystyrol - molecular weight of 5610, 12,500, 27,500,
125,000, 271,000 were obtained from Polymer Standards Service
(Mainz, Germany). Polystyrene standard of molecular weight 950
(lipophilic gel permeation chromatography) was obtained from
Merck KGaA (Darmstadr, Germany). All samples had polydispersity
values lower than 1.10.

All experiments were run on a Bischoff liquid chromato-
graphic system (LC-CaDI controller with two HPLC compact pumps
2250, UV detector Lambda 1010, autosampler Model 718 AL),
obtained from Bischoff Chromatography (Leonberg, Germany). The
configuration was controlled by McDAcq32 software (Bischoff
Chromatography, Leonberg, Germany).

All ISEC experiments were performed under isocratic elution
conditions for each polymer standard sample, The pump was oper-
ated at volumetric flow rates of 0.2 ml min~'. The injection volume
was 2 pland UV detection was carried out at 254 nm. The measure-
ments were carried out three times. Data emerged as mean values
from three independent runs.

The pore size distribution curve was obtained by separation
of the polymer standards in the liquid chromatography mode
and measuring the elution volumes of the named analytes.
The ISEC measurement was carried out under such conditions
that the elution behavior of known size solutes was influenced
only by the steric effects in the porous system of the column. A
proper mathematical treatment of solute elution volumes by the
PSS PoroCheck™ program was used to calculate the pore size
distribution,

2.2.2, Mercury porosimetry experiments

Mercury intrusion and extrusion experiments on silica mono-
liths samples were performed over a wide range for pressures
starting in vacuum up to 60,000 psi (1 psi=6.895 x 10-* MPa by
a Quantachrome Poremaster 60 (Quantachrome, Boynton Beach,
USA) instrument. Data acquisition was performed in the so-called
continuous scanning mode, in which the rate of pressurization is
controlled by the motor speed of the pressure generator system.
However, it was possible (with the help of a microcomputer) to
adjust the pressurization and depressurization rate in inverse pro-
portion to the rate of intrusion or extrusion, respectively. Thus, the
porosimeter provides maximum speed in the absence of intrusion
or extrusion and maximum resolution and in most cases sufficient
relaxation time (sampling time) when most required, i.e. when
intrusion or extrusion is occurring rapidly with changing pressure,
The use of this scanning mode allows obtaining high-resolution
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intrusionfextrusion curves and up to ca. 2000 data points were
acquired for a combined intrusion/extrusion cycle (please note that
for reasons of clarity only every 10th data point is being displayed
in some figures where intrusionfextrusion curves of various silica
moneliths samples are being compared).

2.2.3. Gas adsorption

The nitrogen adsorptionisotherm (at 77.4 K) onsample Tr2783/1
silica was performed at Merck KGaA with a conventional auto-
mated adsorption analyzer (ASAP 2400, Micromeritics, Norcross,
USA). The sample was outgassed overnight at 150°C prior to
the adsorption measurement. The analysis of the adsorption data
was performed with the Quantachrome As 1.54 software package
(Quantachrome, Boynton Beach, USA).

3. Results and discussion

3.1. Pore size analysis of a native silica monolith by mercury
porosimetry, gas adsorption and inverse size exclusion
chromatography

A typical mercury intrusion/extrusion curve on a native silica
monolith (here silica Tr2783/1) is shown in Fig. 1. The volume of
intruded/extruded mercury of two consecutive intrusion/extrusion
cycles runs is here shown as a function of pore diameter (as
obtained by applying the Washburn equation on the experimen-
tal hydraulic pressurefvolume curves). Fig. 1 clearly reveals the
bimodal nature of this silica monolith sample, i.e. it consist of
macropaores with a (mode) pore diameter of 1800 nm and a meso-
pore system of mode pore diameter 10 nm (the mode pore diameter,
or modal pore diameter, is defined as the most frequent pore diam-
eters, or pore diameter associated with the maximum of the pore
size distribution curve).

The first cycle clearly indicates no entrapment for intru-
sionfextrusion into the mesopores (ca. 10nm, see Fig. 4 for a
detailed pore size distribution curve), but there is clearly some
remaining entrapment for intrusionfextrusion into the macropores.
The lack of appreciable entrapment for the first intrusion/extrusion
cycle into the mesopore systems is indeed remarkable. Usually
mercury intrusion/extrusion is always accompanied by entrap-
ment [35]. In line with the findings in Refs. [61-63], the lack
of entrapment would indicate that the rate of mass transfer in
and out of the mesopores appears to be fast enough to avoid
fragmentation of liquid during extrusion (which would lead to
entrapment). We will discuss this finding in more detail in Section
3.3. Contrary to the situation for the silica monolith mesopore
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Fig. 2. Nitrogen adsorption at 77.4 K on the native silica monolith Te2783] 1.

system, entrapment is observed for intrusionfextrusion into the
macropores of the silica monolith. However, similar as observed
for instance for other porous glasses [63] entrapment completely
vanishes also here in the second intrusionfextrusion cycle. The
perfect reproducibility of the hysteresis loops for both the macro-
and mesopores in subsequent intrusionfextrusion cycles (we have
performed sometimes up to three intrusion/extrusion experiments
on the same material) does not only indicate that the structure
of the silica monolith was not affected in the first cycle (i.e. no
fracture of the material), but also confirms that entrapment and
hysteresis have a different origin [35,40,63].

Nitrogen adsorptionfdesorption data obtained at 774 K on the
native silica monolith Tr2783/1 are displayed in Fig. 2. The type
IV isotherm (IUPAC classification) reveals a hysteresis loop indica-
tive of pore condensation. The hysteresis loop can be classified as
to between type H1 and H2. This would indicate that in addition
to intrinsic reasons for hysteresis (i.e. the delay in condensation
is caused by metastable pore fluid), also pore blocking/percolation
effects are present which lead to a delay in the position of the des-
orption branch. This conclusion is in agreement with the shape of
the hysteresis loop observed in the mercury intrusionfextrusion
experiment, i.e. also here the shape of the loop can be classi-
fied as to be between types H1 and H2. It is widely accepted
that the underlying mechanism of mercury intrusion in mercury
porosimetry hysteresis is analogue to the mechanism of capillary
evaporation (i.e. the desorption branch in capillary condensation
hysteresis [61,63]). Thus, mercury intrusion and capillary evapo-
ration appear to follow a similar pathway. Pore blocking/network
effects could principally also affect the position of the intrusion
branch and the resulting pore size distribution curve in a similar
way. Fig. 3 reveals a good agreement between the pore size distri-
bution curves obtained by applying the BJH method [84] (which is
based on the Kelvin equation) on the desorption branch with the
pore size distribution curve obtained from mercury intrusion by
applying the Washburn equation with an assumed contact angles
of 140" (the "standard value”, see [42]). The agreement of the
pore size distributions obtained from both methods is even bet-
ter if a contact angle of 145 is being used (this value was found
on recent contact angle measurements of mercury on amorphous
silica [85]). Similar good agreement of the pore size distribution
curves obtained from nitrogen adsorption and mercury porosime-
try has also been recently reported for porous Vycor and controlled
glasses [63]. However, it is important to note that both the Wash-
burn equation and the Kelvin equation (which is the basis for the
BJH method) are macroscopic, thermodynamic approaches. It is
meanwhile well known that these classic methods fail to describe
correctly the adsorption and phase behavior of fluids insmall meso-
pores, which leads to a significant underestimation of pore size (for



M. Thowmimes et al. /], Chromatogr. A 1191 (2(N8) 57-66 61

04
—— esorpuon PSIHBAT)
035 | —— e totnsion fcontsct mgle 140}
| —o— He-tntnssicn feontses mgle 143

o
(or]

=]
M
T

Dvid) [em’(nm g)']
3 f=2

o

o
=]
=]

=

24 32 40
Pore Diameter [nm]

Fig. 3. Pore size analysis from gas adsorption (BJH method applied tothe desorption
branch) and mercury porosimetry (calculated for contact angles of 140° and 145° ),

pore widths which are smaller than ca. 20 nm [37-39]). As already
mentioned in Section 1, theoretical approaches such as the NLDFT
[38,39] are able to describe the configuration of the adsorbed phase
on a molecular level, and therefore allow (as already described
in the introduction) to obtain an accurate pore size distribution,
This has been extensively confirmed in recent years (see [37] and
references therein). In addition, the application of the NLDFT cor-
rectly predicts that the adsorption branch of a hysteretic adsorption
isotherm is not at thermodynamic equilibrium, i.e. pore conden-
sation occurs with a delay due to metastable pore fluid. Hence,
in case hysteresis is only caused by metastable pore fluid and no
networking effects are present, the desorption branch of the hys-
teresis loop reflects the thermodynamic equilibrium transition and
the pore size distribution calculated from the desorption branch
by applying the NLDFT equilibrium method, and from the adsorp-
tion branch by applying the so-called NLDFT metastable adsorption
branch kernel (which takes into account the delay in condensation)
should agree. This has indeed been confirmed in various studies
[37-39]. Applying these two kernels on the adsorption and desorp-
tion branches of the nitrogen isotherm of sample Tr2783/1 reveals
that the mode pore diameter obtained from the desorption branch
is slightly shifted to smaller values. Furthermore, the pore size dis-
tribution (PSD) curve is much narrower as compared to the PSD
obtained from the adsorption branch indicating the presence of
some networkfpore blocking effects, These NLDFT pore size dis-
tribution curves are displayed together with the PSD curves from
other techniques (mercury intrusion, ISEC) in Fig. 4. The data shown

0.5

—O— Dessrption PSD (RIH - Mathod)

—&— Admrptisa PSD (NLDFT-Mstastable Ads Brench Kersal)
—@— Desorptien PSD (NLDFT-Equilibrinm Kernel)

- = ISEC
= HG Intrusion (centect angle 145 )

£ g £

Dv(d) [cm*/nmig]

=
-

Pore Diameter [nm]

Fig. 4. Comparison of mesopore size distribution curves for the native silica mono-
lith Tr2783/1 obtained from nitrogen adsorption (by applying NLDFT and BIH
methods), ISEC and mercury porosimetny.

36
—— Intnasiom {contact angle 140}
s Fxiruseon (comtact angle 108.5)
5|
T 24}
= st
g
3 s}
2 12
D6

1w s 108§ ot s 1o
Pore Diameter [nm]

o s

Fig. 5. Mercury intrusionfextrusion curves over the complete macro/mesopore size
range as a function of pore diameter. The pore diameter was calculated by applying
the Washburn equation, assuming a contact angle of 140¢ for intrusion and 108.5
for extrusion.

in Fig. 4 also reveal that (as to be expected) the BJH method signif-
icantly underestimates the pore size compared to the NLDFT pore
size. The pore size distribution curve obtained from the adsorption
branch is wider as compared to the pore size distribution curve
obtained from the desorption branch, indicating that pore block-
ing/network effects contribute here to the hysteresis. Interestingly,
the width of the pore size distribution curve obtained by ISEC agrees
reasonably well with the pore size distribution curve obtained from
the NLDFT adsorption branch.

The analysis of the nitrogen adsorption results indicates the
presence of some pore blocking/network effects. This is in accord
with the shape of mercury intrusion/extrusion hysteresis loop,
whichisbetweentypesH1 and H2 asin case of the nitrogen adsorp-
tion hysteresis for silica monolith Tr2783/1. In order to test to
which extend mercury intrusion/extrusion hysteresis is not only
of intrinsic origin (e.g. cavitations induced evaporation, contact
angle hysteresis), or is also affected by networking (pore block-
ing/percolation) effects, one can apply the idea of contact angle
hysteresis in a sense that if hysteresis completely disappears just
by changing an intrinsic parameter (such as the extrusion contact
angle), then hysteresis is caused by intrinsic parameters. By lower-
ing the effective extrusion contact angle one obtains a narrowing
of the hysteresis because the extrusion branch “moves” to smaller
pore diameters. By doing this one has to make sure that intrusion
occurs at least at the same or higher pressure than extrusion, i.e.
thiscriteria determines the lowest possible extrusion contact angle,
which is here 108.5" (for an intrusion contact angle of 140°). In the
case of the native silica monolith Tr2783/1 (see Fig. 5) the hystere-
sis widely disappears by reducing the extrusion contact angle, with
the exception of a small portion in the high-pressure range. This
reveals that hysteresis in the sample Tr2783/1 is mainly caused by
intrinsic factors. However, the fact that one cannot obtain a perfect
overlay between the intrusion and extrusion branches in the range
of narrow mesopaores (pores of diameters <8 nm) by changing the
contact angle indicates that some (although minoer) contributions
of structural hysteresis in form of pore blocking/percolation effects
are also present.

It needs to be stressed that changing the extrusion contact angle
is here only used for assessing the intrinsic nature of the observed
mercury porosimetry hysteresis as demonstrated in Fig. 5. Our
results obtained on silica monoliths are also in agreement with the
so-called energy barrier model of hysteresis (see here also Ref.[53])
Because of the specific nature of this silica monoliths, which allows
mass transport into and out of the mesopores only through the
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macroporous through pores (e.g.[27]), extrusion may occur via cav-
itation (i.e. vapor bubble formation). Associated with the cavitation
phenomenon are nucleation barriers which have to be overcome;
as a consequence extrusion occurs with a delay, which contributes
significantly to the observed mercury porosimetry hysteresis.

Summarizing, our data show that the mesopore size distribu-
tion obtained from ISEC agrees well with the NLDFT pore size
distribution determined from the adsorption branch of the nitro-
gen adsorption isotherm. The pore size obtained from mercury
intrusion data by using a realistic contact angle underestimates
the true pore size and width of distribution because of the reasons
discussed above (L.e. macroscopic thermodynamic method, i.e. sur-
face tension depends on radius of curvature; network effects), It
is worthwhile to emphasize that the mercury porosimetry results
agree with the pore size distribution according to BJH. This finding
is not surprising because the Kelvin equation and the Washburn
equation are based on the same macroscopic, thermodynamic
assumptions. However, such macroscopic approaches are expected
to become more accurate for larger mesopores (pore diameter
>20nm) and macropores [35,37,38,51,63]. It can be concluded that
mercury porosimetry is the method of choice for a comprehensive
pore size assessment of larger mesopores and macropores, and thus
is an important tool for the textural analysis of silica monoliths.

3.2. Textural analysis of n-alkyl-grafted silica monoliths

In order to apply silica monoliths in liquid separation techniques
a chemical functionalization of the surface is mandatory. The most
common surface modification is the bonding of n-alkyl groups via
silanization [27,86] prepared and subjected to pore texture analysis.

It is of key interest in which way the pore texture is changed
by the bonding and how these changes might effect the column
performance of the materials.

The native silica monolith (Tr2783/1) was converted to monolith
Fr787 by grafting with n-octadecyl chains on surface (see Section 2),
A comparison of the cumulative specific pore volume curves for the
native and n-octadecyl-grafted monolith as obtained from mercury
porosimetry is shown in Fig. 6a. It should be emphasized that, the
intrusion/extrusion curves into the mesopores of the grafted sam-
ple still do not reveal any appreciable entrapment. This serves asan
indication that the functionalization of the silica monolith Tr2783/1
and the resulting changes in effective pore size and specific pore
volume (which we will discuss below) might have no influence on
the mass transfer kinetics into and out of the mesopore system.

However, Fig. 6a also clearly reveals that the effective specific
pore volume of the functionalized silica monolith is significantly
decreased for both the macro- and the mesopore system as a con-
sequence of the grafting. Further it appears that the shape of the
intrusionfextrusion hysteresis has become more of type H2 as com-
pared to the native silica monoliths indicating a wider pore size
distribution. The inspection of the mercury intrusionfextrusion
curves reveal that the macropore size distribution is essentially
not affected by the grafting with n-alkyl groups (the small shift to
larger values might be due to an effective change in contact angle
of mercury in contact with the grafted surface as compared to a
pure silica surface) whereas the mode pore size for the mesopores
has been slightly shifted to smaller values (here the reduction in
effective pore size due to the surface groups is significant, despite
the possibility of a contact angle change).

The decrease in specific pore volume for the n-octadecyl-grafted
monoliths is also visible from the cumulative pore volume plots as
obtained from ISEC (see Fig. 6b). Also ISEC confirms that the graft-
ing with n-alkyl groups reduce the effective pore diameter, and that
the pore size distribution of the n-octadecyl-grafted monolith is
much wider as compared to the native silica monolith, Interest-
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Fig. 6. (a) Mercury intrusionfextrusion into the native silica monolith (Tr2783/1)
and intosilicamonolith Fr7&7 with bonded n-octadecyl groups made from menolith
Tr2783/1 asbase material. (b} Cumulative pore volume curves obtained by ISEC of the
native silica monoliths Te2783/1 and its derivative with bonded n-octadecyl groups
(silica monolith Fr787). (c) Comparison of pore size distribution curves obtained
Trom ISEC and mercury porosimetty for the native silica monolith (Te2783/1) and
the silica monolith Fr787 with bonded n-octadecyl groups,

ingly, ISEC data reveal a much more pronounced shift to smaller
pare diameter values, as compared to the pore size obtained from
mercury porosimetry (see Fig. 6¢). It should be mentioned in this
context that mercury intrusion principally underestimate the pore
size for such narrow mesopores (see discussion associated with
Fig. 4). Hence, it is therefore a bit surprising that the shift of the
mercury porosimetry PSD for the n-octadecyl-grafted monolith (in
comparison with the corresponding native silica monolith) is less
pronounced than the shift of the ISEC pore size distribution. One
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Fig. 7. (a) Mercury intrusion/extrusion hysteresis into some characteristic native silica monoliths, (b) Differential pore size distributions curves for silica monoliths shownin

(a) obtained from the intrusion branch. (c) Pore size distribution of macropores for Ti2783/1, Tr2783/2 and T4
{d} Mercury intrusion/extrusion experiments into the native silica monolith (sample

62 monolithic silica rods obtained from the intrusion branch.

336/2). The second run was performed after the first experiments on the identical

sample. The smaller amount of intrusion is due to the entrapment observed for the first experiment in both pore systems, i.e. the mesopore and the macropore system.

cannot rule out that the bonded phase may interact with the testing
polymers, which would lead to a larger elution volume and would
contribute to the observed shift of the ISEC pore size distribution to
smaller values. In case of mercury porosimetry one would expect
that the effective contact angle and surface tension for mercury on
a n-octadecyl-grafted monolith is different as compared to a pure
silica surface, which may also affect the position of the pore size
distribution curve. Another possible explanation for the observed
differences between ISEC and mercury porosimetry is that the ori-
entation of the functional groups grafted on the pore walls maybe
be different under the high pressures applied in mercury intrusion,
as compared to the ISEC measurement conditions. One expects that
the n-octadecyl groups have avertical orientation onthe pore walls,
but it appears that the high pressure applied in mercury porosime-
try may partially change the orientation of the n-octadecyl groups
from vertical to more or less parallel to the pore walls. This would
lead to a somewhat larger effective pore diameter as compared to
the situation where all n-alkyl groups are vertically oriented. Hence,
this would suggest that the ISEC method appears to be better suited
than mercury porosimetry to assess the mesopore size distribution
of silica monolith, which is grafted with n-octadecyl groups.

3.3. Effect of monolith macropore/mesopore structure on mercury
intrusionfextrusion behavior

As mentioned before, the advantage of mercury intru-
sionfextrusion porosimetry is that it allows assessing both the

mesopore and macropore structure, Textural characteristics of
micropore and mesopores are important for transport properties
of silica monoliths, which are crucial for their application in HPLC.
We will discuss in the following section to which extend the mer-
cury intrusionfextrusion behavior into silica monoliths (native and
functionalized) can be correlated with the macropore/mesopore
structure, As discussed already before, the origin of intru-
sionfextrusion hysteresis and entrapment are different. Whereas
hysteresis is caused by intrinsic as well as by structural effects, the
entrapment phenomenon is believed to be associated with kinetic
effects during mercury extrusion, coupled with the tortuosity and
surface chemistry of the pores in the porous network [61-63].

Recent experimental and simulation work has clearly revealed
the dynamic nature of entrapment, i.e. it indicates that the origin
of entrapment is the slowdown of the dynamics associated with
the fragmentation of the liquid in the void space that makes vapor
transport an important part of the extrusion process [61-63]. As
a consequence it has been observed that for (given equilibration
characteristics) samples with small pores, low porosity and highly
tortuous nature exhibit larger amounts of entrapment as compared
to samples with large pores and high porosity [63]. Hence, in princi-
ple it should be possible to correlate the entrapment behavior with
characteristic transport properties of a sample.

The striking feature of the intrusionfextrusion behavior into
native silica monoliths (Tr2783/1) and n-octadecyl-grafted silica
monolith samples is the fact that they do not show any appreciable
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amount of entrapment. This indicates that the rate of mass transfer
in and out of the mesopores appears to be fast enough to avoid
fragmentation of liquid during extrusion (which would lead to
entrapment). The reason for this interesting behavior has to be
correlated with the texture of both the mesopore system and the
macroporous through pores and the connection between them.
One would expect that the mercury extrusion process from the
mesopores is affected by both the mesopore structure as well as
the texture of the macropore systems, whereas the latter controls
the fluid transport into and out of the mesopore system. Hence,
we compare first the intrusionfextrusion behavior of mercury into
three native silica monoliths, which have either different mesopore
size but an identical macropore system (silica monoliths Tr2783/1
and Tr2783/2), or identical mesopore size distribution but different
macropore size (silica monoliths TG36/2 and Tr2783/1). As shown
in Fig. 7a no entrapment occurs for monolith Tr2783/2, which
has a larger mesopore diameter of ca. 28 nm compared to 12 nm
for Tr2783/1. Both monoliths have almost an identical macropore
system with regard to porosity and pore size distribution. This is
also clearly visible in Fig. 7b, which depicts the differential pore size
distribution curves for the samples featured in Fig. 7a. Contrary to
the previous observation, silica monolith TG36/2 clearly shows an
entrapment into mesopores. The mesopore size of sample TG36/2
agrees well with that of sample Tr2783/1. The macroporosity, how-
ever, is significantly reduced despite the fact that through pores are
larger in pore diameter. Fig. 7c highlights the macropore size distri-
bution of the three samples and clearly reveals that the macropore
size distribution for silica monolith TG36/2 is wider as compared
with the samples Tr2783/1 and Tr2783/2. This indicates also that
the macroporous framework of sample TG36/2, which controls the
transport/extrusion of mercury from the mesopores to the bulk
phase, appears to be more heterogeneous/disordered as compared
to the silica monoliths samples which do not show entrapment. As
to be expected, if the intrusion/extrusion experiment is repeated
Jjust after the first intrusion/extrusions runs on the same sample
of TG36/2, entrapment disappears. This is demonstrated in Fig. 7d,
which shows the intrusion/extrusion cycles into the mesopores
of sample TG36/2 (the lesser amount of intrusion and therefore
available pore volume for the second intrusionfextrusion cycle is
due to the entrapment observed for the first experiment in both
pore systems, i.e, the mesopore and the macropore system),

The above discussed results concerning the effect of macropore
structure on the mercury extrusion entrapment for native silica
monoliths is also supported by intrusionfextrusion experiments
performed on various silica monoliths functionalized all with
n-octadecyl groups (samples Fr800, Fr843, Fr787), but with
different pore structure. The corresponding intrusion/extrusion
data are displayed in Fig. 8a. Samples Fr787 and Fr800 show no
entrapment. These two moneliths differ in mesopore diameter,
but have identical macropore size distribution. On the other
hand, the monoliths Fr800 and Fr843 agree with regard to their
mesapore size distribution, but differ appreciably with regard to
their macropore systems. This is clearly visible in Fig. 8b and ¢
which show the pore size distribution for these n-alkyl-grafted
samples. In particular Fig. 8c reveals that for monolith Fr 843
the macropore size distribution is wider as compared to samples
Fr800 and Fr787. Contrary to samples Fr800 and FR787, sample
Fr843 shows significant entrapment for intrusionfextrusion into
the mesopores. Hence, similar as in case of the native silica
monelith (see Fig. 7), the moneliths with the most disordered and
heterogeneous macropore system reveal mercury entrapment,

These results obtained on native and n-alkyl-bonded silica
monoliths suggest that the macropore structure, which controls
the access to the mesopore system, is crucial for the occurrence
of mercury entrapment. It appears that details of the well defined

mesopore structure do not significantly influence the entrapment
behavior, although the nitrogen sorption and mercury porosime-
try data for the native silica monolith Tr2783/1 clearly suggest the
existence of a small fraction of inkbottle pores or pore constric-
tions in the mesopore system. However, our results clearly show
that the structure of the macroporous through pores controls the
entrapment behavior for the mesopore intrusion/extrusion cycle.
The importance of the macroporous through pores for the extru-
sion process and possible entrapment of mercury from mesopores
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Fig. 8. (a) Mercury intrusion/extrusion curves in various n-alkyl (i.e. n-octadecyl)
bonded silica monoliths, (b) Differential macro/mesopore size distributions curves
for silica monoliths shown in {a) obtained from the intrusion branch. (c) Pore size
distribution of macropores for Fri00, Frid3 and Fr787 monolithic silica rods from
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is also clearly visible for samples where the intrusion/extrusion hys-
teresis loop for the mesopores is of perfect type H1 character as it
can be found for instance for some controlled pore glasses (type
H1 hysteresis indicates that the hysteresis is mainly of intrinsic
nature). An example is shown in Fig. 9a, which compares mer-
cury intrusionfextrusion into the mesopores of a controlled pore
glass of type CPG-10-75 and silica monolith Tr2783/1. Contrary to
intrusionfextrusion into silica monolith Tr2783/1, the CPG sample
clearly reveals significant entrapment, It is interesting to note, that
the mesopore size of this CPG sample agrees well with that of silica
monaolith Tr2783/1. However, as shown in Fig. 9b the two materi-
als differ mainly with regard to their macropore system, which in
case of CPG sample consist of interparticle voids between the CPG
particles. One can also clearly see that the porosity of these macro-
pore system as well as the mesopore system is significantly smaller
than for the silica monolith. It follows further from Fig. 9b that the
pore size distribution of the interparticle pores (voids) is as to be
expected much wider as compared to the silica monolith. Hence,
the occurrence of entrapment in controlled pore glass or is there
in qualitative agreement with our findings on silica monoliths with
disordered macro-(through)pore systems.

The lack of entrapment for extrusion from mesopores (such as
Tr2783/1 and Tr2783/2, see Fig. 7) indicates enhanced transport
properties, which is in accord with the results of Skudas et al
who reported in previous work that these samples exhibit good
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Fig. 9. (a) Mercury intrusionfextrusion curves into the mesopore systems of con-

trolled pore glass (CPG-10-75) and the native silica monolith (Tr278%/1; please note
that only the mesopores system is shown here ), The specilic pore volume is shown as
afunctionof the pore diameter. {b) Mercury intrusion curves into the mesopore sys-
tem of controlled pore glass (CPG-10-75) and the native silica monolith (Tr2783/1),
The cumulative specific pore volume is shown as a function of the pore diameter,

separations performance [27]. Interestingly, the monolith sample
TG36-2 which shows clear entrapment for extrusion from the
mesopores (see Fig. 7) revealed poor separation performance [27].
Hence, mercury intrusion/extrusion porosimetry does not only
allow to obtain a comprehensive pore structure analysis over the
complete range of macro- and mesopores, but also can be used as
tool to assess the transport properties of silica monolith to be used
for separation processes,

4. Summary and conclusions

Native and n-alkyl-bonded (n-octadecyl) monolithic silica rods
with mesopores in the range between 10 and 25 nm and macro-
pores in the range between 1.8 and 6.0 um were examined
by mercury intrusionfextrusion, 1SEC and nitrogen sorption. Qur
results reveal very good agreement for the mesopore size distri-
bution obtained from nitrogen adsorption (in combination with
an advanced NLDFT analysis) and ISEC, but indicate that mercury
porosimetry underestimates the pore size for narrow mesopores.
However, on the other hand, mercury porosimetry allows not only
obtaining a detailed assessment of the macropore size distribution,
but also allows to obtain structural information over the complete
range of macro- and mesopores of silica moenaoliths,

Our data confirm that mercury porosimetry hysteresis and
entrapment have different origin, and indicate the intrinsic nature
of mercury porosimetry hysteresis in these silica monoliths. Within
this context some silica monoliths show the remarkable result of
no entrapment of mercury after extrusion from the mesopore sys-
tem (i.e. for the first intrusion/extrusion cycle). The results of a
systematic study of the mercury intrusionfextrusion behavior into
native silica monoliths and monoliths with bonded n-alkyl groups
reveals that the macropore (or through pore) structure, which con-
trols the mass transfer to and from the mesopores, here mainly
controls the entrapment behavior. It appears that entrapment is
more likely to occur if the macropore system is heterogeneous and
disordered (which would restrict mass transfer) as indicated by a
wide pore size distribution coupled with relatively low porosity.
Vice versa, the lack of entrapment after extrusion from monolith
mesopore system indicates enhanced transport properties, which is
inaccord with an ordered, highly porous macropore system. Hence,
mercury intrusion/extrusion porosimetry does not only allow to
obtain a complete pore structure analysis over the complete range
of macro- and mesopores, but also might serve as tool to estimate
the mass transport properties of silica monoliths to be employed
in liquid-phase separation processes.
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In order to elucidate the role of the flow-through characteristics with regard to the column performance in
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high-performance ligquid chromatography (HPLC) native and n-octadecyl bonded maonolithic silica rods
and columns, respectively of 100 mm length and 4.6mm [D with mesopores in the range between 10
and 25nm and macropores in the range between 0.7 and 6.0 pm were examined by mercury intru-
sion/extrusion, scanning electron microscopy, image analysis and permeability. The obtained data of the
flow-through pore sizes and porosity values as well as surface-to-volume ratio of the stationary phase

Keywords:
Manolithic columns
Mercury porosimetry

m‘_ﬁ?:igh pores skeleton enabled to predict their influence to the chromatographic separation efficiency. Our data demon-
Porasity ' strate that mercury porosimetry is a reliable technique to obtain all the characteristic parameters of the

flow-through pores of silica monoliths. An important result of our examination was that the surface-to-
volume ratio of monolithic silica skeletons had more significant impact to the separation process, rather
than the average flow-through pore sizes. We could also show the essential differences between the par-
ticulate and monaolithic stationary phases based on theoretical computation. The results, obtained from
other characterization methods also indicated the structural complexity of monaolithic silica samples.
Permeability of columns is a generally applicable parameter to characterize all chromatographic phases
no matter the chemistry or format. The correlation coefficient obtained for mercury intrusion and perme-
ability of water was 0.998, though our investigation revealed that the surface modification is more likely
influencing the obtained results. Further, the assumption of the cylindrical morphology of low-through
pores is not relevant to the investigated monolithic silica columns. These results on the morphology of the
fMlow-through pores and of the skeletons were confirmed by the image analysis as well, Our main finding
is that the flow-through pore sizes are not relevant for the estimation of the chromatographic separation
efficiency of monolithic silica columns.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The application of high-performance liquid chromatography
(HPLC) has gained a substantial interest in solving daily analyti-
cal problems. Though this analytical technique is so randomly used,
the knowledge about the complexity of this process is usually rather
low. It is known that the performance of chromatographic separa-
tion depends on numerous stationary phase and analyte properties,
and chosen separation conditions. Minor changes of any of these
constituents bring a radical influence to the obtained results. There-
fore, the optimization of chromatographic system constituents
could lead to enhanced separation performance, One can distin-
guish five main key parameters of the chromatographic system that

* Corresponding author. Tel.: +49 6151 152630; fax: +49 6151 152631,
E-mail address: k.k.unger@web.de (K.K. Unger).

0021-9673/8 - see front matter © 2009 Elsevier BV, All rights reserved.
doi: 10.1016/j.chroma.2009.01.079

are influenced by several chromatographic system properties [1]:
the flow velocity parameter, the axial dispersion coefficient, the
mass transfer coefficient, the adsorption capacity and the effective
diffusion coefficient.

The mobile phase could be optimized by changing its compo-
sition and the separation temperature. The analyte properties are
case dependent and usually are less influenced, while the stationary
phase properties could be enhanced for the optimum performance
of the chromatographic system. The chromatographic column is
usually characterized by the packing/adsorbent properties such as
the internal porosity. pore size, surface area, base material, surface
chemistry and the column properties such as the external poros-
ity, length and diameter, and flow resistance. The internal porosity,
pore size and surface chemistry influence the adsorption capacity
and the effective diffusion coefficient of the chromatographic sys-
tem, while external porosity and flow resistance influence the flow
velocity parameter, the axial dispersion coefficient and the mass
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transfer coefficient, The investigation of these column properties
has a high potential, but could be hardly performed on the partic-
ulate supports. They are, in this case, limiting, since the external
porosity and flow resistance are influenced by the particle size and
the voids between the particles of the packing. When the external
porosity of the packed bed is increased, it causes a proportional
increase of defects in its packing leading to an unstable bed and
reduced column efficiency [2]. The monolithic supports, in this case,
enable the optimization of external porosity and the flow resistance
through the control of the flow-through pore size, its distribution,
the external porosity and surface-to-volume ratio of the monolithic
skeleton,

Two different types of monolithic supports, polymer-based
monoliths and silica-based monoliths were developed and intro-
duced into HPLC as a promising alternative to particle packed
columns for fast and efficient separations [3,4].

In the case of silica monoliths this was achieved through the
independent control of the flow-through pores, which are formed
by the polymer template during the synthesis. Contrary to the par-
ticulate supports, where the mobile phase flow is taking place
through the spaces between the particles of the packed bed, the
mobile phase flow in the monolithic support is taking place through
the spaces between the skeleton of the stationary phase, namely
through the flow-through pores.

Although the key role of the flow-through pore size was already
recognized [3,4]; however, a detailed analysis on the influence on
the flow-through pore characteristics on the chromatographic sep-
aration was not performed.

Viewing the literature, one can recognize diverging results on
how the pore structural properties of monolithic silicas influence
the column performance. Gzil et al, [5] stated that the optimization
of the separation process on the monolithic supports with respect
to column performance will require the diminution of the domain
sizes while preserving the same relative degree of heterogeneity
or if the same domain sizes are preserved, to improve the struc-
tural homogeneity. Though the attempt to reduce the domain size
will eventually reach a lower limit band of kinetic performances,
that can no longer be suppressed significantly by further decreasing
the domain sizes [6]. Liapis et al. [7] suggested that the optimum
monolithic column performance would be obtained having rela-
tively large flow-through pores with a high-pore connectivity and
small sized skeletons. Later Guiochon [4] stated that the efficiency
of monoliths is controlled by the domain size and that the random
fluctuations of the low-through pore size might explain largely the
relatively poor level of performance of current monolithic columns
as compared to their potentiality. The optimization of the struc-
tural homogeneity of the monoliths would certainly enhance their
column performance.

Inorder to prove these statements it is mandatory to apply char-
acterization methods to monolithic silicas, which are reliable and
will provide solid data,

There are several characterization methods that could be used
to distinguish the external porosity and flow resistance of the
monolithic supports, Mercury porosimetry enables to determine
the average pore diameter in the range between 40 pm and 4 nm,
the porosity of these pores and their specific surface area. Further-
more, the technique can provide useful information with respect to
the pore shape, network effects and the skeleton and bulk density
[8-12].

Additional characterization of the flow-through pore net-
work of the monolithic supports could be performed with
microscopy and image analysis [13]. Microscopy is a valuable
tool for the investigation of the flow-through pore diameter
and the skeleton diameter of monolithic silicas [14,15]. One can
obtain the distribution of those characteristic parameters, but
these values would then be more dependent on the chosen

image analysis method rather then representing the actual values
[16.17].

Recent development of three-dimensional (3D) images of the
structure from the magnetic resonance imaging [18.19] and micro-
scopic images enables one to transfer these data to the computer
simulation platform [20,21], Such approaches enable to choose
routes to improve the performance of monolithic structures using
the computational estimation of the plate height data [5], domain
size-induced heterogeneity effects [6,15] optimal external porosity
effects [22] and a correlation of the column pressure drop [23].

Other characterization methods have been applied to a lesser
extentalthough they bear a high potential of information. Forexam-
ple, the flow resistance of monolithic silica columns is known to
dependant on the surface-to-volume ratio of the monolith. There-
fore, data from permeability measurements of a liquid could be
directly applied for the calculation of the monolithic surface when
the volume is known. Pioneering work in this field has been done
by Washburn [24], who studied the dynamic invasion of a fluid into
capillaries and by Carman [25], who used the concept of hydraulic
radius to define equilibrium positions of fluid-fluid interfaces in
tubes of different cross-section. The flow of a liquid through a
porous material was described by the Hagen-Poiseuille and by
Kozeny-Carman [26] equations. The Hagen-Poiseuille approach
was based on the assumption of cylindrical pores whereas the
Kozeny-Carman approach assumed pores as voids between closely
packed spheres of equal size.

Various papers were published dealing with potential of
the Kozeny-Carman approach in characterization of silica-based
monolithic supports, The most fundamental work was done by
Minakuchi [14], Leinweber [27,28], and Vervoort [15,23] resulting
in various interpretations of the flow resistance values. The same
relative particle diameters were obtained, but certain individual
approximations were done for the calculation of the flow-through
pore sizes. A notable progress was made by introducing the term of
domain size being the sum of the skeleton diameter and the diam-
eter of the flow-through pore [22]. Though this assumption was not
reflecting the real silica-based monolithic support, it enabled to use
the liquid permeability data to characterize the monolith regardless
its format and chemistry.

Though many different characterization methods were widely
used, the comparison between the data and their validity, however,
is still lacking and the influence of each of these parameters on
column performance is under discussion. The limits of the method
application are even narrowed by the irrelevant comparison and
interpretation of the measured data. Therefore, a comprehensive
investigation on the validity, reliability and comparison of these
characteristic parameters would help to choose the right charac-
terization method and to thoroughly discuss their influence on the
column performance,

In this work we will apply the named methods for the charac-
terization of flow-through pores of monolithic silicas with respect
to the validity of the obtained data, its comparison between the dif-
ferent methods and its influence on column performance in HPLC.

The objective of this study was to search for the optimum
method with respect to the data reliability and assessment of the
average flow-through pore size data, interstitial porosity and the
surface-to-volume ratio of the skeleton of the monolithic support
of the monolithic silica research columns.

2. Experimental

2.1. Monolithic materials and columns

Measurements were performed on a set of monolithic silica
columns (length and 1D of 100 mm « 4.6 mm), provided as research
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Table 1
Survey on investigated research monolithic silica columns and their properties.

2627

Monolithic silica
research sample

Surface functionality ( native,
n-octadecyl bonded and endcapped)

Flow-through pore diameter in wm (mercury intrusion)

Mesopore diameter in nm (mercury intrusion)

787 Clge 1.93
800 Clae 1.86
803 Clse 352
811 Clge 3.62
842 Clde 5.74
843 Clge 6.13
KN 253 Clge 1.44
KN 341 Clge 0.96
KN 255 Clae 1.77
KN 349 Clge 073
KN 345 Clge 2.52
KN 344 Clge 1.01
KN 252 Clde 1.58
Tr2783)1 Native 1.81
Tr2783)2 Native 1.76
Tr2786/1 Native 3.52
Tr2786/2 Native 3.40
TG36/1 Native 5.74
TGIG2 Native 5.64

10.1
241
102
235
95
239
119
16
11.0
122
10.0
111
11.7
109
25.1
109
240
10.1
244

samples by Merck(Darmstadt, Germany). The (inter-skeleton) flow-
through pore diameters of the silica monoliths were in the range
from 0.7 to 6.0 pm and the (intra-skeleton) pore diameters were
from 10 to 25 nm. In this study we focused on selected monolithic
silica samples with bonded n-octadecyl groups and endcapped. Six
native monolithic silica columns (L=100mm, ID=4,6 mm) were
also included (see Table 1). In order to obtain columns that could
be used in HPLC, the monolithic silica rods were gladded with
polyether ether ketone (PEEK) by a proprietary process of Merck,
The manufacturing process of monolithic silica samples gener-
ating two continuous pore systems, adjusting and controlling the
pore size, and porosity of flow-through pores and mesopores inde-
pendently is discussed in numerous references [29-43].

2.2. Characterization methods

2.2.1. Mercury porosimetry

Mercury intrusion and extrusion experiments on the silica
monolithicsamples were performed over a wide range for pressures
starting in vacuum up to 60,000 psi (1 psi=6.895 x 10~ MPa) by
a Poremaster 60 instrument {Quantachrome Instruments, Boyton

1000000

N (plate/m)

10000 + T T
1] 20 40 &0 830 100 120
AP (bar)

Fig. 1. The plate number of monolithic silica columns as a function of column
back-pressure for different flow-through pore diameters. The analyte radius (r) was
0.50 nm; Key, 10; £, 0.800; £, 0.500; £, 0.600; Py e, 10 nm were kept constant. Oy
was changed in the range from 1 to 10 pum: () 1 pum, (@) 4 pm, (W) 10 pum.

Beach. FL, USA). Data acquisition was performed in Autospeed con-
tinuous scanning mode enabling maximum speed in the absence
of intrusion or extrusion and maximum resolution and sufficient
equilibration time (sampling time) when most required, that was,
when intrusion or extrusion was occurring rapidly with changing
pressure, Such method prevented mistakes that could have been
made of volume penetration readings taken before equilibrium had
been reached [10].

In order to obtain the pore volume distribution curve from the
mercury porosimetry curve the Washburn equation was applied on
the intrusion curve:

2y cos &)

ap, =t M

Tpore
where AP; is a pressure difference across the element of surface
area, ¥ the interfacial {or surface) tension of mercury, & the contact
angle between mercury and the solid {(pore wall) and rpgee is the
radius of the pore [44].

Mercury surface tension value of 480 dynesfcm was taken from
the 1SO standard [45]. The reference contact angle of 140° between
the mercury and surface of the monolithic silica sample was taken
from the 1SO standard [45] and article by Groen et al. [46].

2.2.2. Scanning electron microscopy

For the scanning electron microscopy we employed a JSM-6300F
instrument from JEOL {Tokyo, Japan), For the samples preparation,
we deposited a piece of silica monolith onto the Au/Pd (80:20,
wiw) target. The silica monoliths were sputtered with a 5 nm thick
gold layer under vacuum to improve conductivity, using a SCD 040
instrument from Balzers,

The average flow-through pore diameter and skeleton diameter
were obtained from images using two methods: direct scale mea-
surement and the “Pixcavator” program. The direct measurement
was performed via segmenting each image into relative areas and
measuring the characteristic parameters via given scale, The aver-
age values were withdrawn from all measured values. The values
estimated by the “Pixcavator” program were based on the area esti-
mation via integrating the number of pixels in that area, The area
was defined by the colour. Since the flow-through pores were in
most cases black, the estimation of all the pixels in the area was per-
formed by calculation the number of them and multiplying by the
area of one pixel. The obtained relative area of a single flow-through
pore was then assumed to be equal to the area of circle (meaning a
round shaped pore) and the diameter of this circle was taken as the
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diameter of the flow-through pore. Contrary to the flow-through
pores the skeleton diameter was not obtained via “Pixcavator” pro-
gram, due to a fact, that analyzed SEM images had various contrast
colours of skeletons and the margins could not be clearly indicated.

2.2.3. Permeability

The permeability measurements were done at room tempera-
ture (22 °C), using pure water (for liquid chromatography, Merck)
or methanol (for liquid chromatography, Merck) as the permeating
fluid and using flow rates ranging from 0.1 to 2.0 ml/min, All exper-
iments were done with a Bischoff liquid chromatographic system
HPLC compact pump 2250, Since the pressure drop value on the
read-out display of the pump contains system pressure in addition
to column pressure, each reported pressure drop value is obtained
by subtracting the pressure drop of the empty column from the
measured value of the packed column, The permeability was cal-
culated from the slope of the plot of the pressure drop versus the
linear velocity of the liquid {eluent).

3. Results and discussion

3.1. Influence of the flow-through pore characteristics on the
column efficiency in HPLC

In a previous paper [47] we have developed an equation which
links the plate height of monolithic columns with the common mass
transfer kinetics of an analyte and the properties of the monolithic
supports:

_ KDy, KbDl.)2 (~uL}/(KpDy) _
H=22 s [ZL(—M (e 1)

[ ep(1 = 5 MepKyp +Keg) Ry }
[£5Kp + (1 = £5)(epKp + Keg)I* K7

(2)

ep(1 — £ )(#pKp + Keg)* k3
AlepKy + (1 — £5)(EpKp + Kog)]? £pKpDp

where H stands for the height equivalent of a theoretical plate
(HETP), or plate height, u is the linear flow velocity of the eluent,
Rp denotes the radius of the skeletons, £ is the void fraction of
the macroporous void space in the column, the K represents the
volume partition coefficient of the finite sized molecule in the flow-
through porous void space of the monolithic column, £, is the void
fraction of the monolithic skeleton, K, represents the volume parti-
tion coefficient of the finite sized molecule in the mesoporous void
space of the skeleton, D, denotes the effective diffusion coefficient
of the analyte in the confined mesoporous space of the skeleton,
Keq represents the equilibrium adsorption constant of the linear
adsorption isotherm, kr denotes the film mass transfer coefficient
of the analyte, D; represents the axial dispersion coefficient of the
solute in the mobile phase, and L is the length of the column.

The column flow resistance or back-pressure, AP, according the
Ergun equation [48] and assuming no turbulent flow, depends on
the surface-to-volume ratio of the skeletons of monolithic supports
as

2 Y
AP=L [4157;1;: (E) W] (3)
b

where j¢ stands for the mobile phase viscosity.

When measuring the column efficiency, the surface-to-volume
ratio of the skeletons of the monolithic support should be taken into
account whereas the flow-through pore diameter of these supports
is not decisive [49]. This partly explains the confusing previous
results on the comparison of particulate stationary phase with the
monolithic ones, Studies showed that a relative average particle size

Ey o044

0.0 100.0 15300 2000
AP (bar)

Fig. 2. The dependency of the theoretical plate height on the column back-pressure
drop for different external porosity values. The external porosity (£, ) values were:
(=) 0250, (W) 0.300, (4) 0.350, (1) 0.400, (1) 0.450.

was found if one compared the efficiency values obtained by the
particulate and monolithic stationary phases, and different relative
average particle size values if one compared the permeability of
the particulate and monolithic stationary phases [27,28]. The flow
resistance, in this case, is only dependent on the surface-to-volume
ratio of the skeletons or the particles. Therefore much higher rela-
tive average particle sizes correspond to the monolithic stationary
phase skeletons. The column efficiency is more influenced by the
void fraction of the interstitial pores (5 ), the volume partition coef-
ficient of the molecule in the interstitial pore (K,) and film mass
transfer coefficient (k) rather than just by the average flow-through
pore size (D). The combined influence of named parameters lead
to much lower comparable relative average particle sizes of the
particulate stationary phases. Therefore, monolithic supports have
unique features of efficient but low-flow resistant stationary phases
that particulate stationary phases do not implement.

The same counts for the axial dispersion coefficient that is equal
to the idealized diameter of the monolithic skeleton element Dy. Ifa
cylindrical geometry of the skeletons is assumed, then Dy depends
on the surface-to-volume ratio as s5/v=4/Dy. The parameter Dy
should not be considered as the skeleton diameter per se, but the
characteristic diameterofa cylinder that provides the same surface-
to-volume ratio as the real material, then equation given above
adequately represents the plate height in monoliths. The param-
eter Dy can be obtained from the back-pressure versus flow curves
using the linear term of the Ergun equation.

Fig. 1 shows the calculated dependency (Eqs. (2) and (3)) of
the column back-pressure on the number of the theoretical plates
for an unretained solute of 0.5 nm molecular radius, The graph
indicates no significant changes in plate count numbers when the
flow-through pore diameter Dy is varied at constant s/v and ;. The
lines represent results from modelling where the curves of various
flow-through pore diameters do not scatter. This indicates, that the
column efficiency is scarcely dependent on the flow-through pore
diameter when the surface-to-volume ratio of the skeletons and
external porosity are fixed,

Fig. 2 displays the plate height value dependency of the column
pressure drop for different values of external porosity. Increasing
the external porosity from 0.25 to 0.45 not only decreases the
column pressure drop, but also decreases the plate height values
achieved at the same higher column pressure drop values, The mass
transfer resistance for small molecular mass samples is noticed to
increase with enhanced flow-through porosity at the same column
resistance,

The flow resistance of monolithic supports is influenced by the
external monolithic structure parameters as well. The compari-
son of the monolith skeleton diameter and external porosity on
the back-pressure ratio between 3 pm packed bed and monolith
is shown in Fig. 3. Decreasing the skeleton diameter increases the
back-pressure, while increasing the flow-through pore void fraction
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Fig. 3. Pressure drop ratio between monoliths and packed beds (3 um) comparison
with the skeleton diameter (D) at different external porosity values. The external
porosity (&) values were: (=) 0.350, () 0.400, (W) 0.450, (@) 0.500, (1) 0.550, ()
0.600.

allows one to have smaller skeleton sizes at the same back-pressure
values. However, when higher column permeability as compared to
3 wm packed beds is required, the skeleton size should be between
1and 2pm.

The discussed theoretical approach names four column param-
eters, that are important for the efficiency of monolithic columns;
the surface area-to-volume ratio of the monolithic skeleton, the
external porosity, the skeleton size and the flow-through pore size.
If these parameters are measured, the prediction of the optimum
performance could be done.

3.2. Menolith characterization via mercury porosimetry

The mercury intrusion curves (Fig. 4) indicate, that the pore
structure of the investigated monolithic silica is bimodal, having
pores located in the silica skeleton {mesopores) and flow-through
pores. The plateau region at pressures of 1000 psi in the mercury
intrusion curves clearly separates the two pore size regimes and
allows one to calculate the corresponding surface area and porosity
values of the flow-through pores (see Table 2),

Since the surface of major tested monolithic samples was mod-
ified with n-octadecy! chains, mercury intrusion method was used
to investigate some native silica monolithic rods that later were
grafted with n-octadecyl chains and characterized again.

Small differences in pore size distribution curves can be seen
between the native and n-octadecyl grafted monolithic silica rods
as displayed in Fig, 5. Contrary to what one would expect, the aver-
age pore diameter values are smaller for the non-grafted monoliths,
namely 5.64 um for TG36/2 monolithic sample and 1.76 pm for
Tr2783/2 monolithic sample. This might be due to the underes-

Table 2
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Fig. 4. Mercury intrusion curves for the six monolithie silica rods with grafted n-
octadecyl chair 11787 monolithic silica rod grafted with n-octadecyl chains, (W)
“800" monolithic silica rod grafted with n-octadecyl chains, (£) "803" monolithic
silica rod grafted with n-octadecyl chains, (4] “811" monolithic silica rod grafred
with n-octadecyl chains, () "842™ monolithic silica rod grafred with n-octadecyl
chains, (®) “843" monaolithic silica rod grafted with n-octadecyl chains.
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Fig. 5. Differential flow-through pore diameter distribution curves of selected
monaolichic silica rods: () “843" monolithic silica rod grafred with n-octadecyl
chains, (®) “TG36/27 native monolithic silica rod, () "800" monolithic silica rod
grafted with n-octadecyl chains, (W) “Tr2783/2" narive monolithic silica rod.

timation of the mercury contact angle in the evaluation of the pore
size distribution of the n-octadecyl grafted monolithic silica rods
due to a hydrophobic surface. The slight decrease in the porosity
values of the flow-through pores was recognized, while the pore
size distribution stayed the same.

The estimation of the specific skeleton surface area and specific
flow-through pore volume was performed from the cumula-

Flow-through pore characteristics of the research silica monoliths assessed by mercury intrusion.

Maonolithic silica Flow-through pore Specific flow-through Surface fvolume of the Skeleton diameter® (um)
research sample diameter (jum) pore volume {cm?[g) skeletons (Mm-")

787 193 1.96 1.638 244
800 1.86 223 1.946 2,06
803 3.51 216 1.247 321
81 3.62 227 0.999 4.01
B42 5.74 185 0673 5.94
843 6.13 1.76 0772 5.18
KN 253 1.44 232 3922 1.02
KN 341 096 231 4819 0.83
KN 255 1.77 208 3.200 1.25
KN 349 07 1.85 7018 0.57
KN 345 252 202 1.951 205
KN 344 1.04 173 3.883 1.03
KN 252 1.58 235 3.604 L1

The skeleton diameter® was calculated assuming a cylindrical pore morphology, then s,/ v=4/Dy.
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Table 3
Flow-through pore characteristics of silica monoliths distinguished vi.

mage analysis.

Monaolithic silica Direct image analysis “Pixcavator™

sample
Flow-through pore Monolithic skeleton Surface/volume of the Flow-through pore
diameter, Dy (jum) diameter, D, (jum) skeletons® (Mm-') diameter, Dy (pm)

787 226 1.81 2210 189

800 204 1.56 2.564 1.78

803 366 247 1.619 3.28

811 378 319 1.254 & )

842 541 466 0.858 5.56

843 587 396 1.010 6,13

KN 253 144 0.75 5.333 1.39

KN 341 1.16 0.66 6.061 0.96

KN 255 159 087 4.588 1.82

KN 349 069 043 9.302 0.67

KN 345 202 148 2.703 267

KN 344 127 0.78 5.128 1.05

KN 252 154 0.86 4.651 1.67

The surface/volume ratio of the skeletons® was calculated assuming a cylindrical pore morphology then s/v=4/D;.

Fig. 6. The electron scanning micrographs of monelithic research silica samples: {a) 787, (b) 800, (c) 803, {d) 811, (¢) 842, (f) 843.
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Fig. 7. The electron scanning micrographs of monolithic research silica samples: (a) KN 253, (b) KN 341, () KN 255, (d) KN 349, (e) KN 345, (f) KN 344, (g) KN 252,

tive pore volume curves (see Table 2). The cumulative surface
area plots clearly revealed that the specific surface area of the
flow-through pores is below 20m?fg. Hence, the mesopores
(pores in the skeleton) contribute mainly to the relative high-
specific surface area (>100m2/g) of the monoliths. Knowing

the porosity values of the monoliths, it was possible to calcu-
late the measured specific flow-through pore volume values to
the specific skeleton volume values, that enabled the calcula-
tion of surface-to-volume ratios of monolithic silica samples (see
Table 2).
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Due to relative insensitivity of mercury porosimetry to pore net-
work morphology when the porosity, and hence the accessibility,
is high [50], we were able to obtain the flow-through pore diame-
ter, the specific flow-through pore volume and the surface/volume
ratios of the monolithic skeletons of the tested samples. The skele-
ton diameter was then calculated assuming that it is cylindrical.

3.3. Monolith characterization via scanning electron microscopy

Images obtained via scanning electron microscopy (SEM) tech-
nique were used for the assessment of the flow-through pore
diameters and the skeleton diameters (see Figs. 6a-f and 7a-g).

Direct analysis and the “Pixcavator” program were employed for
the estimation of the skeleton diameter and the flow-through pore
diameter. It should be emphasized, that the "Pixcavator” program
was inapplicable to the estimation of the average skeleton sizes, due
to the changes in the contrast of used images (see Section 2). The
obtained results are displayed in Table 3 where the actual skeleton
diameter is expressed as the D; (skeleton diameter per se).

When one compares the data obtained from the mercury intru-
sion (Table 2) and image analysis (Table 3), the agreement between
the flow-through pore diameter values is rather good. especially
the values obtained from the “Pixcavator” program and the mercury
intrusion curves. If one sees the values from mercury intrusion as
100%, then the average flow-through pore diameter value obtained
via "Pixcavator” method was in the range of 94%<x<107%, with
the summed up difference between the used methods smaller
then 0.5%, The values from the direct investigation showed a wider
spread. According to good average flow-through diameter value
correlation between the image analysis and mercury intrusion, the
s/v ratio values were compared as well. The s/v ratios of different
monolithic samples are directly obtained from the mercury intru-
sion method (Table 2), The s/v ratios from the image analysis were
calculated from Ds, skeleton diameter per se, values. To obtain good
correlation between the results of used characterization methods
we obtained that s/v=3/D; instead of s/v=4/Dy. As mentioned
before, the parameter Dy is not considered as the skeleton diameter
per se, while Dg is. Therefore, the s/v ratios in real system are also
different as compared to the ideal case of cylinders. This is noticed
in the images as well, where one sees not only cylindrical skeletons,
but also various forms where these skeletons connect. This causes a
wide distribution of skeleton diameter values as well. Therefore, the
external surface area of this monolithic structure would be smaller
when compared to the particulate or cylindrical stationary phase
morphology when the volume and the average structural diame-
ters are equal, since the /v ratio for the investigated silica monolith
structure was s/v=3/D;, for the cylindrical structure s/v=4/D. and
for the particulate structure s/v=6/Dp.

The 3D structure of the tested samples could be reconstructed
from the two-dimensional digital images, which need to be bina-
rized and then stacked together to get a quantitative 3D structure
[51]. Unfortunately, the obtained images lack in resolution and
quantity for such investigation. This work is still ongoing and there-
fore, for this study, we limited our studies to the estimation of the
flow-through pore diameter and monolithic skeleton diameter.

The direct results, obtained via imaging and image analysis were
in good agreement with results from mercury intrusion, suggesting
minor differences between the data from both methods,

3.4. Monolith characterization via liquid permeability
measurements

When the plot of the pressure drop versus the linear veloc-
ity of the fluid show a linear relationship, Darcy's law for laminar
flow-through porous media is applicable for the calculation of the

permeability B [52]:

B = m% (4)

where @Q is the flow-rate and A is the cross-sectional area of the
conduit normal to the direction of flow,

The Kozeny-Carman equation is then employed for the calcula-
tion of the effective diameter of the equivalent pores in the porous
bed from the permeability and porosity data [52]:

1/2
szz(%) (5)

where Dy is the mean flow-through pore diameter.

An equivalent sphere diameter of the porous bed from perme-
ation of liquid could also be obtained through the Ergun eguation
[48]:

150
fr= T 1.75 (6)

where the friction factor f, for the packed bed is defined as follows:

AP Dy [ &P
fr’"Tm(u_Hh &)

The various symbols appearing in the above eguations can be
defined as follows, that Dy is the equivalent spherical diameter of
the particle, Vs is the superficial viscosity {which is equal to Q/A
where Q is the volumetric flow rate of the fluid).

Eqgs. (6) and (7) could be simplified to obtain the flow-through
pore diameter of the porous bed from the permeation of liquid
while relating the hydraulic diameter of a monolithic bed to the
diameter of an equivalent sphere [14,23,27,53]. The Reynolds num-
ber in packed beds and monolithic columns is in the order of 0.01
or lower. Therefore it is insignificant to the whole permeability.
The simplified permeability equation, where Dpeqy is the equivalent
particle diameter for monoliths, could be expressed as

Vs e AP

18041(1 —&p)* L
The Kozeny constant could be changed from 150 to 180, since it
is related to the average diameter of the flow-through pores, their
size distribution, their tortuosity and constriction [4].
The application of Eq. (8) leads to the value of an equivalent
sphere diameter, The link between the relative particle diameter
and the flow-through pore diameter could be expressed by [14]

(8)

¥]
Dl’ﬂ'ﬂr

3
Dperm = 5D (9)
oras [54]:
5d
B 3(-9_;h)D‘r (10)

The calculation of the skeleton diameter D; based on the diam-
eter of the permeability pores was proposed by Vervoort et al. [15]:

)1.55 an

Adirect approach of using the Kozeny-Carman equation to char-
acterize the monolithic porous bed might be incorrect since it is
based on the empirical data that were required for random-close
packings of nearly spherical particles, having a narrow particle size
distribution and an interstitial porosity of about 0.4 [28]. There-
fore the average flow-through pore sizes displayed in Table 3 were
obtained using two different approaches: Egs. (4) and (5) [52] and
Eq. (8) [14]. The fact that the investigated silica monoliths were
composed of flow-through pores with different pore sizes, as seen

D; | 55

Dy [32/ 1
Dy (l—*'h
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Table 4
Flow-through pore characteristics of silica liths assessed by the p bility of a liquid,
Monolithic silica Gusev Minakuchi Skudas
sample

Average flow-through Average skeleton Equivalent particle Average flow-through Average flow-through Average skeleton

pore di Dy (pm) di D; (um) diameter, Dy (pum) pore diameter, Dy (um)  pore diameter, Dy(um)  diameter, D, (pum)
787 1.931 2409° 1.682  2.098° 8.352 10.51* 5563 7.013° 1934 2436° 1.685 2123°
800 1.879 2381° 1.571 1.991* 7161 8.099° 477 5990° 187 2363" 1.569 1.990°
803 3490 3383 2445 2362 8.475 836° 5.652 5.571° 3524 3475° 2466 2.433°
81 3821 44107 3192 3.690" 14.771 1684 9.851 11.234" 3874 4411 3243 3.692°
842 6.051 5.823" 4832 4.633° 20.454 19.96" 13.662 13.302" 6.133 5.974" 4.891 4.761°
843 6.542 6.124" 5.136 4.814° 20.542 19.48" 13.691 12.993" 6.424 6.093° 5.043 4.783"
KN 253 1.183 1.201* 0.687 0.696° 1.908 1.94% 1.272 1.290° 1.181 1.201* 0.687 0.696*
KN 341 0.959 0.958" 0.603 0.602° 1.817 1.81* 1.211 1.209° 0959 0.8957° 0.603 0.601°
KN 255 1.568 1.640" 0.934 0.977° 2.673 277" 1.782 1.849" 1.574 1.635" 0.938 0.974"
KN 349 0.661 0.664° 0.4G8 0.471* 1.642 1.64" 1.095 1.092°  0.666 0.665% 0471 0.474°
KN 345 2549  2755" 1.722 1.861° 5518 603" 3679 4.021° 2488 279" 1.681 1.837*
KN 344 0.37 0.936* 0.664 0.678° 2.398 243° 1.599 1.623* 0921 0.934° 0.666 0.676°
KN 252 1.338 1.365" 0.795 0.811" 2249 232" 1.499 1.545" 1333 1374" 0.791 0.816%

Values with " were obtained using methanol as a solvent.

by the results of the microscopy and mercury intrusion analy-
sis, and considering that the flow rate through the larger pores
could be more than proportionally larger than the flow-through
the smaller pores {flow rate~(pore diameter)*), it was expected
that the observed flow resistance in this case will be smaller than
the flow resistance calculated on the basis of the average pore size
[28]. The displayed flow-through pore diameter values were calcu-
lated from the total flow resistance or pressure drop, and a slight
shift by approx. 5% towards the larger pore sizes was noticed due
to the effect of pore size distribution.

The link between the relative flow-through pore diameter and
relative skeleton diameter was distinguished in each case according
to Eq. (11). The best value correlation with the obtained mercury
intrusion and image analysis results {Table 4) was found by the
flow-through pore size estimation according to Gusevet al.[52] and
Skudas et al. [54] with 3% higher average values when compared
to the mercury intrusion, and with 5% higher average values when
compared to image analysis (“Pixcavator” analysis). Note, that water
was used as a permeable fluid. The estimation of the monolithic
skeleton diameter was more case dependent with a total error of
approx. 3% for both methods as compared to the image analysis.

A certain disagreement was found between the results and the
modifications when the back-pressure was measured using vari-
ous solvents, The displayed results showed relatively larger values
obtained for certain columns when methanol was used as a per-
meating fluid as compared to water. This might be explained by
the fact, that using methanol for assessment of the permeability

Table 5

on a reversed-phase column might be influenced by the orienta-
tion of the surface functional groups and their hydrophobicity. In
methanol, the flow resistance should be smaller, and the average
calculated flow-through pore diameters should be enhanced, since
a hydrophobic surface does not hinder the flow of the hydrophobic
mobile phase. Though, when water is used as a permeating fluid,
the hydrophobic surface of the adsorbent hinders the diffusion of
liquid towards the surface and relatively smaller flow-through pore
diameters are obtained. It is highly possible that differences in the
solvent viscosity might play a role in this estimation, since methanol
is less viscous and consequently a larger measurement error is
obtained. The Pearson correlation coefficient ry, was calculated for
the flow-through pore size values obtained via mercury intrusion,
image analysis and permeability of a liquid (see Table 5). The best
correlation coefficient values were obtained for mercury intrusion
and image analysis using the “Pixcavator” program, rp =0.998; mer-
cury intrusion and permeability of water using Gusev's model [52]
gave rp =0.998 and the Skudas model [54], r, =0.998.

In conclusion all named methods could be used to distinguish
reliable flow-through pore size for the monolithic research silica
columns. Therefore, the pore characteristic values of the perme-
ability using water will be used for further discussion, since they
correlate better with the mercury intrusion and image analysis data.

When comparing the calculated flow-through pore values by
Gusev and Skudas approaches, and mercury intrusion, one notices
slight differences (Fig. 8). This might be due to the fact, that not
all the pores were permeable at the same extent, The larger pores

Pearson correlation coefficient (r, ), calculated for the flow-through pore diameters obtained by mercury intrusion, image analysis and permeability of a liquid methods for

maonolithic research silica columns.

Used characterization  Mercury  Image analysis Permeability of a liquid
methods i i
Direct “Pixcavator” Gusev(H;0) Gusev({CH:0H) Minakuchi(H;0) Minakuchi(CH30H) Skudas(H;0) Skudas(CH;0H)
analysis
Mercury intrusion 0.991 0.998 0.998 0985 0.958 0.918 0.998 0.986
Image analysis
Direct analysis 0.991 0.986 0.891 0.985 0.971 0.939 0.592 0.987
“Pixcavator™ 0.998 0986 0.997 0987 0.957 0919 0.996 0.986
Permeability of a liquid
Gusev (H;0) 0.998 0591 0.997 0.989 0.968 0.930 1.000 0.990
Gusev (CH;0H) 0985 0.985 0.987 0989 0983 0.965 0.990 1000
Minakuchi (Hz0) 0.958 0a7 0857 0968 0983 0.989 0870 0.983
Minakuchi (CHsOH)  0.918 0939 0.919 0.930 0.965 0.989 0.933 0.965
Skudas (H,0) 0.998 0592 0.996 100D 0.990 0970 0933 0.991
Skudas (CH;0H) 0986 0.987 0.986 0.990 1000 0983 0.965 0.991

Values given in italic represent good correlation.
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B Mercury porosimetry
R Ligquid permeability (Gusev)
N Liquid permeability (Skudas)

Silica monolith sample name

Fig. 8. Average flow-through pore size values and standard deviation of silica monoliths obtained by mercury porosimetry, liquid permeability method according to Gusev

|52], and liquid permeability methed according to Skudas [54].

Table 6
Characteristic values of the monolithic silica research columns.

Monolithic silica research sample  Plate count (Nfm) Skeleton diameter (um) Surface/volume of the skeletons (Mm-') Total porosity Mesopore size (nm) Macrorosity

KN 341 128,100 0.6221 4.819
KN 253 121,300 0.7221 3922
KN 349 96,500 0.4490 7.018
KN 255 92,900 0.9198 3.200
KN 252 92,800 0.8196 3.604
KN 344 92,700 0.7205 3.883
KN 345 44,200 1.6055 1.951
787 25400 1.7521 1.638
800 22,600 1.5602 1.946
81 19,300 3.1558 1.247
803 11,400 24467 0.999
843 7200 4.5063 0.673
B42 4900 470949 0772

0.787 21.98 0.617
0.821 19.59 0.671
0.740 21.84 0.558
0.787 16.78 0.643
0.841 1245 0.652
0.715 18.72 0.539
0.708 15.34 0.578
0.860 .01 0.500
0.919 23.32 0.478
0.900 25.04 0.478
0.849 11.53 0.607
0.878 36.51 0.536
0.819 11.52 0.524

The plate count values are calculated at the maximum efficiency for lysozime as solute.

(that explicit columns 842 and 843) have higher permeability since
the flow rate is proportional to the pore diameter®. Therefore the
estimated flow-through pore diameter values are larger as well.
It could be concluded that obviously not all of the surface area is
accessed via mobile phase at the same ratio.

The results clearly reveal that the permeability method could be
used for the flow-through characterization, allowing one to obtain
flow-through pore values and skeleton diameters. The calculated
s/v ratios also showed a good correlation between the mercury
intrusion data and data from the permeability method.

3.5. The application of the characteristic data obtained and their
impact on column performance

The comprehensive characterization of the flow-through pores
of selected monolithic silicas and previous results of the mesopore
characterization [47,54] as well as the results of modelling of the
column efficiency enabled us to compare the experimental and pre-
dicted results (Fig. 9). For the predicted results Eq, (2) was used,
where the axial dispersion coefficient and the dimension of the
skeletons was obtained as an average value from mercury intru-
sion, image analysis and permeability of a liquid. The graphic data
indicate a fairly good agreement between the theoretical and the
experimental data. This means in addition that our assumptions on
the impact of the s/v ratio of the skeletons and external porosity
influence on the column efficiency were correct. This enables to

assess the conditions for the maximum plate height values for the
investigated monolithic silica research columns,

In monoliths, the axial dispersion is significant since it increases
with increasing flow-through pore size and their porosity and
this will lead to a significant decrease of the column efficiency.
The diameter of the monolithic skeleton strongly depends on the
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Fig. 9. Theoretical and experimental HETP vs. linear velocity curves for the mono-
lithic silica columns for lysozime as solute, where lines represent the modeling
results and points the experimental results.
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flow-through pore size (it increases with increasing flow-through
pore size) and this leads to a diminution of the column efficiency.
Thus, for the optimum column efficiency one needs to reduce
the flow-through pore porosity and flow-through pore size and
increase the mesoporosity to maintain the overall porosity. The
results of maximum column efficiency values (see Table 6) suggest
that there is a limit of optimum performance of tested mono-
lithic silica research columns. The best performance was obtained
with a column that did not feature the smallest skeleton diame-
ter values or highest s/v ratios. This finding corresponds to the
earlier conclusions by Billen et al. [6] on a limit of column per-
formance. In our case, this limit is between 0.45 and 0.62 pm
of the skeleton size. The same corresponds to the s/v ratio from
4.819t0 7.018 Mm ', Regarding the dependency of the column effi-
ciency on the £, values and on the total porosity of monolithic
silicas, no clear tendency could be established through our stud-
ies.

According to Billen et al. [G], whose data were based on the
computed simulations, the domain size-induced heterogeneity
was found as the column performance limitation of small-domain
monolithic columns. They proposed, that due to the heterogeneity
of the skeletons and flow-through pores it appears nearly impos-
sible to prepare small-domain monolithic silica columns that have
the same column performance as compared to a column packed
with sub-2 pum silica particles.

Our results confirm such conclusion and give experimental evi-
dence that if the s/v ratios of the skeletons are maximized by
decreasing the average skeleton sizes of the monolithic columns,
the efficiency of such supports also reach a limit. However, this
assumption remains questionable because we did not take into
account the influence of the mesopore diameter, the porosity of
the mesopores and the mesopore size distribution on the column
efficiency of the selected analyte lysozyme.

4. Summary and conclusion

Ourstudy demonstrated that mercury porosimetry, imaging and
image analysis as well as permeability of a liquid are reliable tech-
niques to obtain the characteristic parameters of the flow-through
pores of silica monoliths. The results obtained from modelling sug-
gested that the surface to volume ratio of the skeletons and external
porosity should be decisive for the column efficiency and the latter
should be totally independent from the flow-through pore diame-
ter. We assessed the flow-through pore characteristics by direct and
indirect approaches and derived theoretical efficiency curves. Our
study showed that the skeleton diameter being a significant param-
eter affecting the column efficiency. Next to the skeleton diameter,
the total porosity and its distribution of the flow-through pores and
mesopores has a substantial effect on the plate count, especially as
the extent of adsorption increases, The column efficiency is increas-
ing with decreasing skeleton diameter, decreasing external porosity
and increasing total porosity. Though this tendency has a limit
due to heterogeneity of the studied monolithic samples, we found
that the maximum efficiency of the studied monolithic research
columns could be reached at a skeleton diameter of ~0.5pm.
Furthermore when maximizing the column efficiency, more homo-
geneous monoliths should be prepared.

In case that the aim will be directed towards the maximizing
of the column through-put at the given back-pressure, then the
pore size distribution of the flow-through pores should be wide
(not uniform) and weighted to larger pores.

Even though, it might be true, that the efficiency values of sub-
2 pm particle columns are hard to reach with the currently studied
monolithic silica research columns, having rather high level of het-
erogeneity, the sub-2um packed columns will never be able to

compete with monolithic columns in respect to permeability, low-
flow resistance and robustness, that weights the overall separation
performance to the side of monoliths,

Nomenclature

A the cross-sectional area of the conduit normal to the direc-
tion of flow

c a constant accounting for secondary effects

D the effective diffusion coefficient of the analyte in the con-
fined mesoporous space of the skeleton

D the cylinder diameter

Dy the mean flow-through pore diameter

D the axial dispersion coefficient of the solute in the mobile
phase

Dy the molecular diameter of the analyte

Dy the equivalent spherical diameter of the particle

Dperm the equivalent particle diameter for monoliths

Ds the skeleton diameter per se or directly measured silica
skeleton diameter

Dy idealized diameter of the monolithic skeleton element

e the friction factor for the packed bed

H the height equivalent of a theoretical plate (HETP), or plate
height

HDC hydrodynamic chromatography

HPLC  high-performance liquid chromatography

k¢ the film mass transfer coefficient of the analyte

ksic the accessible fraction of the intra-particle pores

K constant

Ky the volume partition coefficient of the finite sized
molecule in the flow-through porous void space of the
monolithic column

Keq the equilibrium adsorption constant of the linear adsorp-
tion isotherm

Kp the volume partition coefficient of the finite sized
molecule in the mesoporous void space of the skeleton

L the length of the column

Lapp approximated length of the pore
n the length of the cylindrical pore
AP the column flow resistance or back-pressure
the diameter of mesopores
AP a pressure difference across the element of surface area

PEEK polyether ether ketone

Q the volumetric flow rate of the fluid

r the molecular radius of the test sample

Tpore the radius of the pore

R the gas constant

Ry the radius of gyration of the polymer

Ry the radius of the cylindrical pore

Rep the Reynolds number

s/v the surface-to-volume ratio of the skeletons of the mono-
lith

SEC size-exclusion chromatography

tm migration time of infinite small marker

tp a migration time of the polymer

T the absolute temperature

u the linear flow velocity of the eluent

Vs the superficial viscosity

Vi the velocity profile in a cylindrical pore

3D three-dimensional

Greek letters

¥ the interfacial {or surface) tension of mercury

& the porosity of porous support
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£p the void fraction of the flow-through porous void space in
the column

Ep the void fraction of the monolithic skeleton

n the viscosity coefficient

é@ the contact angle between mercury and the solid (pore
wall)

A aspect ratio

)i the mobile phase dynamic viscosity

pm micrometer

v the solvent linear velocity

v the intra-particle { pore) volume

Vg inter-particle solvent volume

o the mobile phase density

T relative migration rate in HDC-SEC

5 the tortuosity of the flow-through pores

TupC the relative migration rate in HDC

@ the Flory-Fox parameter
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