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Zusammenfassung 

 

Es wurde fünf verschiedene, physikalisch-chemische Methoden zur Charakterisierung 

der Porenstruktur von Silica Monolithen angewandt und ihre Ergebnisse kritisch evaluiert, 

insbesondere im Hinblick auf die Trennleistung monolithischer Säulen in der HPLC. 

Es wurden drei verschiedenen Methoden für die Charakterisierung der Porenstruktur 

der Mesoporen von Silica Monolithen (mittlerer Porendurchmesser 2 < pd < 50 nm) 

eingesetzt: a) Stickstoffsorptionsmessungen mit Auswertung nach die klassische Barrett, 

Joyner und Halenda (BJH) Methode und Non-Linear Density Functional Theory (NLDFT) – 

Methode; b) Die Inverse Größenausschluß-Chromatographie (ISEC) mit implementierte zwei 

Porenmodelle (Parallel Pore Model, PPM, sowie des Pore Network Models, PNM); c) und die 

Quecksilber-Porosimetrie. Alle drei angewandten Methoden ergaben nützliche Informationen 

mit den erwähnten Einschränkungen. Bevorzugt wurde die ISEC, weil diese Methode sowohl 

die Volumen- als auch die Anzahlverteilung der Poren liefert, sowie zusätzlich die 

Porenkonnektivität. 

Es wurden zwei verschiedenen Methoden - die Quecksilber-Porosimetrie und die 

Flüssig-Penetrationsmethoden eingesetzt für die Charakterisierung der Porenstruktur der 

Durchflußporen (Makroporen mit pd >> 50 nm) von Silica Monolithen und ihre Ergebnisse 

evaluiert. Die Ergebnisse beider genannten Methoden wurden verglichen mit Ergebnissen 

Image-Analyse mit Hilfe der Raster-Elektronenmikroskopie. Hierbei zeigte sich, dass ein 

Vergleich bzw. eine Übereinstimmung der Ergebnisse sehr stark vom gewählten Porenmodell 

abhängt. 

Im zweiten Teil der Arbeit wurde der Versuch unternommen, Rückschlüsse aus den 

Ergebnissen der Porenstrukturuntersuchungen auf die chromatographische Trennleistung der 

Monolithen zu gewinnen. 

Zunächst deutete ein hohe Porenkonnenktivität (aus ISEC-Messungen) und ein 

geringes Entrapment (aus der Quecksilber-Porosimetrie) auf eine gute Kinetik des 

Massentransports hin, die auch experimentell in chromatographischen Messungen durch 

Ermittlung der Abhängigkeit der theoretischen Bodenhöhe von der linearen 

Flußgeschwindigkeit verifiziert wurde. 

Die Ergebnisse erlaubten weiterhin in erster Nährung eine Abschätzung der optimalen 

Parameter der Porenstruktur von Monolithen bei der Flussigphasen-Trennung in der HPLC. 

Ein Ergebnis war, dass der durchschnittliche Porendurchmesser der Mesoporen aus der 

Anzahlverteilung etwa eine Größenordung größer sein sollte als der Molekülradius der zu 



trennenden Komponenten. Das heißt, dass für die Trennung von Peptiden und erst recht von 

Proteinen entsprechend große Mesoporen oder sogar Makroporen im Monolithen vorhanden 

sein müssen. 

Im Hinblick auf die Trennleistung von monolithischen Säulen ist nicht der 

durchschnittliche Durchflußporendurchmesser entscheidend, sondern das Oberflächen- zu 

Volumenverhältnis des Kiesegelgerüstes, das die Mesoporen enthält, sowie die Porosität der 

Makroporen und Mesoporen entscheidend sind  Die Trennleistung nimmt zu mit 

abnehmendem Durchmesser der Durchflußporen, abnehmender Porosität der Durchflußporen 

und mit zunehmender Gesamtporosität des Monolithen. Allerdings sind diese Aussagen 

eingeschränkt bedingt durch die Heterogenität der monolithischen Säulen. Für die maximale 

Säulentrennleistung ist ein Durchmesser des Kieselsäureskeletts von ungefähr 0, 5 µm 

erforderlich, weiterhin eine homogene Verteilung der Durchflußporen. 
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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 19th 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 [5]. 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 µm 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 
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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 (µm) 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. 

 

 

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. 
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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. 
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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).  

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 
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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 

transve

critical

nnectivity were obtained via mercury 

porosim

 pore volume and the mesopore size distribution in the range 

betwee

us adsorbent in the column, since the parameters are obtained 

under l

ially 

attracti

rse 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 

 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 co

etry, 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

n 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 poro

iquid 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 µm 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 espec

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

 estimation of the plate height data [50], domain 

size-ind

. 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. 

 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

uced 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
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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 µm to 

6 µm, 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. 
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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. 
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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.  
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 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, εb (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 nT 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, nT, 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]. 
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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 m²/g for the 

monolithic silica sample Tr2783/1, the specific pore volume (G method) – 0, 88 cm³/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-
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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 

NLDFT 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 µm 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: □ – “787” monolithic 
silica rod grafted with n-octadecyl chains, ■ – “800” monolithic silica rod grafted with n-
octadecyl chains, ◊ - “803” monolithic silica rod grafted with n-octadecyl chains, ▲ – “811” 
monolithic silica rod grafted with n-octadecyl chains, ○ – “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. 
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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 Ac) Jv 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 IV) 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. 

 

Values with * were obtained using methanol as a solvent. 

Minakuchi Skudas 
Monolithic 

silica 

sample 

Equivalent particle 

diameter, Dperm (µm) 

Average flow-

through pore 

diameter Df  (µm) 

Average flow-

through pore 

diameter Df  (µm) 

Average skeleton 

diameter, Ds (µm) 

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 4.411* 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* 

 

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.  

 

 

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

(a) KN 253, (b) KN 341, (c) KN 255, (d) KN 349, (e) KN 345, (f) 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. 

0 5 10 15 20 25 30 35 40
Pore Diameter [nm]

0

0.1

0.2

0.3

0.4

0.5

D
v(

d)
  [

cm
3 /n

m
/g

]

Desorption PSD (BJH - Method)Desorption PSD (BJH - Method)
Adsorption PSD (NLDFT-Metastable Ads.Branch Kernel)Adsorption PSD (NLDFT-Metastable Ads.Branch Kernel)
Desorption PSD (NLDFT-Equilibrium Kernel)Desorption PSD (NLDFT-Equilibrium Kernel)
ISECISEC
HG Intrusion (contact angle 145 )HG Intrusion (contact angle 145 )

 

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 

analysis 
"Pixc." 

Gusev   
(H2O) 

Gusev 
(CH3OH)

Minakuchi 
(H2O) 

Minakuchi 
(CH3OH) 

Skudas 
(H2O) 

Skudas 
(CH3OH)

Mercury intrusion   0.991 0.998 0.998 0.985 0.958 0.918 0.998 0.986 

Direct analysis 
0.991   0.986 0.991 0.985 0.971 0.939 0.992 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 

analysis 
"Pixc." 

Gusev   
(H2O) 

Gusev 
(CH3OH)

Minakuchi 
(H2O) 

Minakuchi 
(CH3OH) 

Skudas 
(H2O) 

Skudas 
(CH3OH)

Gusev (H2O) 0.998 0.991 0.997   0.989 0.968 0.930 1.000 0.990 

Gusev (CH3OH) 0.985 0.985 0.987 0.989   0.983 0.965 0.990 1.000 

Minakuchi (H2O) 0.958 0.971 0.957 0.968 0.983   0.989 0.970 0.983 
Minakuchi 
(CH3OH) 0.918 0.939 0.919 0.930 0.965 0.989   0.933 0.965 

Skudas (H2O) 0.998 0.992 0.996 1.000 0.990 0.970 0.933   0.991 

Permeability of 
a liquid 

Skudas (CH3OH) 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).  

 

 

 

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 IV). 

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: 

 

Cu
u

B
AH       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 II): 
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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, Rp denotes the radius of the silica 

skeletons, εb is the void fraction of the flow-through pores void space in the column, the Kb 

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

porous void space of the monolithic column, εp is the void fraction of the monolithic skeleton, 

Kp represents the volume partition coefficient of the finite sized molecule in the mesoporous 

void space of the skeleton, Dp denotes the effective diffusion coefficient of the analyte in the 

confined mesoporous space of the skeleton, Keq represents the equilibrium adsorption constant 
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of the linear adsorption isotherm, kf denotes the film mass transfer coefficient of the analyte, 

DL 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 (εb). The lines represent results from modelling 

where the curves of flow-through pore diameters between 1 µm and 10 µm 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. 

 

 

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; Keq – 
10; εt – 0.800; εb – 0.500; εp – 0.600; Pd,mes – 10 nm were kept constant. Df was changed in the 
range from 1 µm to 10 µm (-○- 1 µm, -● - 4 µm, ,- ■ - 10 µm). 
 

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 (49–53µm) for monolithic silica 

columns having mesopores of ~10.9 and ~25 nm but the average linear velocity (uav) 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 µm: ♦ measured 
efficiency values on column 787 (1,8 µm flow-through pores and 10,9 nm mesopores) for 
lysozyme; ■ measured efficiency values on column 787 for cytochrome C; ◊ measured 
efficiency values on column 800 (1,9 µm flow-through pores and 25 nm mesopores) for 
lysozyme; □ 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 µm 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 µm 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 µm were ~50, ~100, ~150µm, 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: ▬□▬ measured 
efficiency values on column 800 (1,9 µm flow-through pores and 25 nm mesopores) for 
cytochrome C; ▬∆▬ measured efficiency values on column 800 for lysozyme; □ measured 
efficiency values on column 811 (3,5 µm flow-through pores and 24 nm mesopores) for 
cytochrome C; ∆ measured efficiency values on column 811 for lysozyme; ■ measured 
efficiency values on column 842 (5,74 µm flow-through pores and 24,4 nm mesopores) for 
cytochrome C; ▲ 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 µm), as displayed in Figure 14.  

 

 

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: ■ measured values for 787 (1,8 µm flow-
through pores and 10,9 nm mesopores) monolithic silica column; ▬ calculated values for 787 
monolithic silica column; ♦ measured values for 800 (1,9 µm flow-through pores and 25 nm 
mesopores) monolithic silica column; ▬ calculated values for 800 monolithic silica column; 
▲ measured values for 803 (3,5 µm flow-through pores and 10 nm mesopores) monolithic 
silica column; ▬ calculated values for 803 monolithic silica column; ● measured values for 
811 (3,4 µm flow-through pores and 24 nm mesopores) monolithic silica column; ▬ 
calculated values for 811 monolithic silica column; □ measured values for 842 (5,74 µm flow-
through pores and 10 nm mesopores) monolithic silica column; ▬ calculated values for 842 
monolithic silica column and ○ measured values for 843 (6 µm 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 µm and 0,62 µm of the skeleton 

diameter. The same corresponds to the surface to volume ratio from 4,819 Mm^-1 to 7,018 

Mm^-1.  

 

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 µm. 

Furthermore when the intention is to maximize the column efficiency, more homogeneous 

monoliths should be prepared. 
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7. Glossary of symbols 

 

Ac  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 

Df  the average diameter of the flow through pores of silica monoliths 

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

Dp  the effective diffusion coefficient of the analyte in the confined mesoporous 

space of the skeleton 

εb  the void fraction of the flow-through pores void space in the column 

εp the void fraction of the monolithic skeleton 

εt 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 

Jv the steady state volume flux 

Kb  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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kf  the film mass transfer coefficient of the analyte 

Kp  the volume partition coefficient of the finite sized molecule in the mesoporous 

void space of the skeleton 

L the length of the column 

LC liquid chromatography 

µm  micro meter 

N number of theoretical plates 

NLDFT Nonlocal Density Functional Theory for deriving mean pore size distribution 

from nitrogen sorption data 

nm  nano meter; 1nm=10°A 

nT  pore connectivity 

pd,mes  average mesopore size distribution 

PNM  pore network model 

PPM  parallel pore model 

rm analyte radius 

Rp the radius of the monolithic silica skeletons 

RP  Reversed Phase 

SEC  Size Exclusion Chromatography 

u the linear flow velocity of the eluent 

uav the average linear velocity through the bed 
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