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The porosity of monolithic silica columns is measured by using different analytical methods. Two sets of monoliths were prep
given mesopore diameter of 10 and 25 nm, respectively and with gradated macropore diameters between 1.8 and 7.5�m. After preparing

he two sets of monolithic silica columns with different macro- and mesopores the internal, external and total porosity of these co
etermined by inverse size-exclusion chromatography (ISEC) using polystyrene samples of narrow molecular size distribution
verage molecular weight. The ISEC data from the 4.6 mm analytical monolithic silica columns are used to determine the structura
f monolithic silica capillaries (100�m I.D.) prepared as a third set of samples. The ISEC results illustrate a multimodal mesopore s
mesopores are pores with stagnant zones) of the monoliths. It is found by ISEC that the ratio of the different types of pores is depen
hange in diameter of the macropores (serve as flow-through pores). The porosity data achieved from the mercury penetration m
nd nitrogen adsorption as well of scanning electron microscopy (SEM) and transmission electron microscopy (TEM) pictures are
ith the results we calculated from the ISEC measurements. The ISEC results, namely the multimodal pore structure of the monolith

n several publications, are not confirmed analyzing the pore structures of the different silica monoliths using all other analytical m
2005 Elsevier B.V. All rights reserved.

eywords:Monolithic silica; Inverse size-exclusion chromatography; Mercury penetration; Transmission electron microscopy; Scanning electron mpy;
itrogen adsorption

. Introduction

In recent years, chromatographic support materials of the
onolithic type to be classified also as porous continuous
eads has gained increasing interest for various reasons. The
evelopment of monolithic columns was a breakthrough in

he area of fast separation.

∗ Corresponding author. Tel.: +49 6151 72 7642; fax: +49 6151 72 917642.
E-mail address:dieter.lubda@merck.de (D. Lubda).

Different research groups[1–4] have studied basic deve
opments of monolithic materials for use in separation
ences. Based on the nature of the material from which
are made, monolithic columns can be classified as org
polymer- or silica (inorganic)-based columns. The first mo
lithic columns prepared as foams were based on org
polymers[5], which were later be adopted to be used
chromatographic columns[6,7] In parallel, Nakanishi an
Soga[8] developed a new sol–gel process for the prepar
of monolithic silica columns with a bimodal pore struct
(i.e. with macropores which serves as flow-through p

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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and mesopores). The process is based on the hydrolysis and
poly-condensation of alkoxysilanes in the presence of water-
soluble polymers. Different groups[3,4] demonstrated that
this method allows the preparation of analytical chromato-
graphic columns (4.6 mm I.D.) with high efficiencies and low
column backpressures.

The concept is also applicable to the generation of mono-
lithic fused silica capillary columns where the porous body
is in situ synthesized inside the capillary. The capillaries are
applied inn-LC and CEC separations[9–11]. The morphol-
ogy of the adsorbents offers optimum mass transfer properties
for HPLC separations of low molecular weight as well as for
high molecular weight analytes[12]. The morphology and the
pore structure of a chromatographic bead are the most impor-
tant features in the design of broadly useful HPLC packings,
as these aspect directly influence the hydrodynamic prop-
erties (e.g. flow properties), thermodynamic properties (e.g.
loadability) and the mass transfer kinetics (e.g. efficiency).

The pore structural parameters of monolithic silica pre-
pared as rods can be assessed by traditional methods[13] such
as gas sorption[14], mercury intrusion (porosimetry)[15]
and transmission electron microscopy. In this case, the SEC
[16,17]or inverse size exclusion chromatography (ISEC) can
be a method of choice as there exists a correlation between
the pore diameter values and the size of the macromolecules
to be separated.
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Darmstadt) having a nominal diameter of 4.6 mm and a length
of 10 cm. For “set one” the mesopore diameter was kept
constant (approx. 10 nm calculated using mercury porosime-
try) and the macropore diameter varied between 1.8 and
7.0�m. For “set two” the mesopore diameter was found to be
approx. 25 nm (according to mercury porosimetry measure-
ments) and the diameter of the macropores varied from 1.9
to 7.5�m. The monolithic silica columns were cladded with
poly-ether-ether-ketone (PEEK) by a proprietary process of
Merck KGaA, Darmstadt.

Additionally, a third set of monolithic fused silica capillar-
ies was prepared comparing the properties of these capillaries
with those of the 4.6 mm I.D. monolithic columns described
above. The 100�m I.D. capillary columns as well as the
4.6 mm I.D. materials were prepared by exactly the same syn-
thesis protocol described in detail by Motokawa et al.[36].
The preparation of monolithic structures within such capil-
laries has the substantial practical advantage that no cladding
procedure is needed as for the 4.6 mm I.D. columns.

In order to analyze such porous materials the following
two types of techniques are generally used: direct and indirect
techniques.

Direct techniques provide actual images of the surface but
no significant quantitative characterization of the surface area
and pore volumes could be obtained. Examples of techniques
are microscopy, electron microscopy and X-ray analysis.
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Halàsz and Martin[18] used ISEC to determine the PS
f porous materials and numerous studies helped to e

ish and to summarize the theoretical and methodolo
ackground of the technique[19–25]. Examples of chara

erization of silica[26,27] or polymeric[28–32] stationary
hases by ISEC are reported in the literature. In this

ext Ishizuka et al.[33] investigated the pore structure
onolithic silica capillaries and columns by ISEC. A rec

nvestigation by Guiochon and co-workers[34,35]of the pore
tructure of such 4.6 mm I.D. monolithic silica columns ba
n ISEC showed that a large fraction (75–80%) of the
olumn porosity was due to macropores with pore dia
ers of 0.3�m or larger and only a small fraction (3%)
he porosity was contributed by pores whose diameter
n the range between 50 and 300 nm. The porosity due t

esopores was approx. 10–12%.
The goal of this study was to further investigate

eported ISEC experiments by Guiochon and co-workers[35]
or the 4.6 mm I.D. columns and to compare the ISEC da
he results obtained from classical methods such as me
orosimetry, nitrogen adsorption as well as electron tr
ission (TEM) and electron scanning microscopy (SEM

. Experimental

.1. Materials and methods

.1.1. Classification of materials employed in this study
The ISEC experiments were first performed on two

f Chromolith® monolithic silica columns (Merck KGaA
Indirect techniques, which measure the macrosc
ffects of phenomena occurring in the pore volume an

he pore surface, are gas adsorption and mercury pe
ion. In addition a chromatographic method, as ISEC, c
lso be a powerful method to quantitatively characterize
ore morphologies of the monolithic samples prepared

his study.

.1.2. Inverse size-exclusion chromatography (ISEC)
ISEC on monolithic 4.6 mm I.D. columns was carr

ut by using an HPLC 1100 (Agilent Technologies, Wa
ronn). ISEC experiments were performed with Tetrahy

uran (THF) as the solvent (HPLC LiChrosolv® grade Merck
GaA; Darmstadt). Monolithic fused silica capillaries w
easured by using a split injection HPLC 1100 instrum
nd an HPCE3D as UV-detector. Polystyrene standards w
molecular weight ranging from 484 to 10,300,000 Da w

rom Polymer Standards Service, Mainz, Germany, and
olved in THF at a concentration of 0.1 mg/ml. Benzene
sed for the determination of the total accessible poros

he column. The experiments on the 4.6 mm I.D. monol
olumns were assessed at a flow rate of 1 ml/min, by in
ng 1�l of each standard. The experiments at the capilla
ere carried out at a flow rate of approximately 140 nl/
nd 1 nl of the polymer solution was injected. UV detec
as at 210 nm.
A list of the tested materials in ISEC and of the co

ponding pore structural parameters from mercury intru
easurements as well as results we received from nitr
dsorption is reported inTable 1.
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Table 1
Pore structural parameters measured by mercury penetration and nitrogen adsorption of prepared monolithic silica materials of 4.6 mm I.D.

Lot-No. Mean macropore
diameter (Hg-Poro) [�m]

Mean mesopore diameter
(Hg-Poro) [nm]

Mean macropore vol.
(Hg-Poro) [ml/g]

Mean mesopore vol.
(Hg-Poro) [ml/g]

SBET [m2/g]

DL02/1.8/120 1.8 10.9 2.55 0.88 298
DL02/1.8/WP 1.9 25.0 2.62 0.85 143
DL03/2.5/120 2.4 10.5 2.54 0.86 309
DL03/2.5/WP 2.5 24.5 2.65 0.85 144
DL04/3.0/120 3.0 10.0 2.50 0.83 313
DL04/3.0/WP 3.0 24.0 2.58 0.85 136
DL05/3.5/120 3.5 10.9 2.61 0.84 299
DL05/3.5/WP 3.4 24.0 2.61 0.83 142
DL06/4.5/120 4.5 10.2 2.50 0.84 283
DL06/4.5/WP 4.5 23.0 2.54 0.81 125
DL07/5.0/120 5.0 10.0 2.52 0.85 311
DL07/5.0/WP 5.3 22.4 2.49 0.82 131
DL08/6.0/120 5.7 10.0 2.46 0.84 310
DL08/6.0/WP 6.0 24.4 2.62 0.85 140
DL09/7.0/120 7.0 10.0 2.60 0.85 313
DL09/7.0/WP 7.5 22.8 2.19 0.79 132

Set 1 = 1.8–7�m macropores and approx. 10 nm mesopores. Set 2 = 1.9–7.5�m macropores and approx. 25 nm mesopores.

2.1.3. Mercury penetration
The mercury porosimetry measurements were accom-

plished with a Pascal 440 (containing a Pascal 140 unit)
equipment from CE-INSTRUMENTS (Wigan, UK).

In literature, it was reported[35] that the authors were
unable to use mercury porosimetry for the pore structural
characterization of silica monoliths, as the monoliths were
not compatible with the available instruments and the col-
umn tubing could not withstand the required pressure. How-
ever, with the sample holder (CE-instruments) used, we were
able to measure samples of more then one centimeter. Using
such a holder, we could analyze the porosity of segments of
several centimeters from the PEEK cladded columns. The
mercury was able to penetrate even the smallest macropores
(about 1.9�m in diameter) of the compared silica monoliths
using a pressure of lower than 10 bars since the macroporous
structure is composed of highly connected throughpores. For
an estimation of the corresponding pore diameter from the
applied pressure (in bars) we used the Washburn equation
with the surface tension of mercury of 480 dynes/cm and a
contact angle of mercury on a silica surface of 140◦.

2.1.4. Nitrogen adsorption
The nitrogen adsorption measurements were carried out

with an ASAP 2400 from Micromeritics (Norcross, USA) at
77 K. This equipment measures automatically the adsorption
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compare data of a direct analytical method to the ISEC results,
images were taken using the scanning electron microscopy
(SEM). The SEM images in this work were obtained using an
operation voltage of 5 KV and emission current of 7–8�A.
For the samples preparation, we deposited a piece of silica
monolith onto the Au/Pd (80:20) 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. We prepared images from the different silica mono-
liths with mesopores of∼10 and∼25 nm and macropores
between 1.8 and 7.5�m in order to reconfirm the ISEC
results.

The transmission electron microscopy (TEM) images
were taken using a CM20 from Philips at an operation volt-
age of 120 kV. For the measurement of the silica skeleton we
crushed the 4.6 mm silica monolithic samples and used the
resulting small pieces after depositing the material onto the
TEM-grid.

3. Results and discussion

3.1. Sol–gel formation of monolithic silica materials

In order to prepare the different sets of monolithic silica
m ulti-
c h a
b tives
a l
d truc-
t eriod
o n of
t acro-
p ilor-
i hase
c gel
nd desorption isotherms and calculates the BET (BET
bbreviation of the names Brunauer, Emmett and Teller

ace area as well as the one point surface area, the total v
f mesopores and the mesopore size distribution acco

o the BJH (BJH is the abbreviation of the names Bar
oyner, Halenda) method.

.1.5. Scanning electron microscopy and transmission
lectron microscopy

For the scanning electron microscopy we employe
SM-6300F instrument from JEOL LTD. Tokyo, Japan.
aterials we used a sol–gel system starting from a m
omponent solution consisting of silica oligomers wit
road mass distribution, a solvent mixture, and addi
ccording to a standard protocol[36,37]. During spinoda
ecomposition, a co-continuous (sponge-like) domain s

ure develops and remains unbroken for a substantial p
f time. After increasing the domain size, a fragmentatio

he domains results in a continuous matrix. Because m
orous gel domains are formed in the wet stage, further ta

ng the internal pore structure by exchanging the fluid p
an be performed more efficiently and in less time than
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Fig. 1. SEC curves,KSEC plotted against the log of the molecular weight (MW) of the polystyrene standards, calculated on the set 1 of 4.6 mm I.D. monolithic
silica materials with four different macropores keeping the mesopores fixed at approx. 10 nm mesopores (conditions see Section2).

monoliths without macropores[38]. Using that knowledge
during the production and independent control of macropore
and mesopore sizes, different silica monoliths with narrowly
distributed continuous pores in discrete size ranges were fab-
ricated.

3.2. Inverse size-exclusion chromatography

The SEC calibration curves we carried out showed an
exclusion limit at 5000 K Da. InFig. 1, the exclusion curves
calculated on the set of columns characterized by ca. 10 nm
mesopores (mesopores are pores with stagnant zones) are
reported. A similar behavior for the set of columns with ca.
25 nm mesopores and for the capillaries was observed (data
not shown). The definition of the exclusion limit appears to be
dependent on the macropore (the macropores serve as flow-
through pores) dimensions; more specifically it is changing
by decreasing the macropore dimensions. The presence of
two exclusion limits suggests the existence of a bimodal sys-
tem within the pore network. InTable 2, the pore size of the

Table 2
Comparison of pore structural parameters of 4.6 mm I.D. columns with
1.8–7�m macropores and approx. 10 nm mesopores as well as 1.9–7.5�m
macropores and approx. 25 nm macropores measured by mercury penetra-
tion and calculated using ISEC measurements

L

D
D
D
D
D
D
D
D

two sets of materials (set 1 = 1.8–7�m macropores and 10 nm
mesopores, set 2 = 1.9–7.5�m macropores and ca. 25 nm
mesopores) calculated by ISEC are reported. The dimension
of the mesopores, which have to be considered as pores with
stagnant zones, found is comparable with the dimensions of
the mesopores calculated by mercury intrusion as well as
by nitrogen adsorption measurement. The dimension of the
calculated macropores varies randomly around 300 nm. The
macropores, which serve as flow-through pores, with pore
diameter between 1.9 and 7.5�m cannot be measured by
ISEC due to the lack of high molecular weight standards as
well as due to the danger of blocking the chromatographic
system (thus the monolithic through-pores of the column)
during the evaluation.

In order to estimate the importance of the two fractions of
macropores on the total porosity, the elution volume of ben-
zene injected into the monolithic columns was considered
representative of the total porosity volume and each elution
volume was normalized to this value. InFig. 2, the elution
volume percentage (Ve%) of each polymer under investiga-
tion was plotted against the log of the molecular weight (MW)
of the polystyrene standards. This normalization was needed
in order to better compare the differences between the sam-
ples. By considering the elution volume percentages, it was
possible to calculate the percentage of the mesopores, of the
ca. 300 nm macropores and thus of the nano-porosity, acces-
s hic
c This
f ca.
1 r the
c ta not
s total
p ts to
a reas-
i the
r

ot-No. Mesopore
diameter
(Hg-Poro) [nm]

Mesopore
diameter
ISEC [nm]

Macropore
diameter
ISEC [nm]

L02/1.8/120 10.9 17.2 283
L02/1.8/WP 25.0 36.4 372
L04/3.0/120 10.0 14.2 327
L04/3.0/WP 24.0 37.2 352
L07/5.0/120 10.0 14.2 335
L07/5.0/WP 22.4 36.4 352
L09/7.0/120 10.0 14.8 291
L09/7.0/WP 22.8 36.4 372
ible by ISEC, relative to the total porosity of the monolit
olumns with different macropore diameter structure.
act is reflected inFig. 3for the columns characterized by
0 nm mesopores. A similar behavior was observed fo
olumns characterized by mesopores of ca. 25 nm (da
hown). The percentage of mesopores contributing to the
orosity of the monolithic columns is constant and amoun
pprox. 25%. The percentage of the 300 nm pores is dec

ng with increasing the macropore dimensions covering
ange from 3 to 8% of the total porosity.
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Fig. 2. Elution volume percentage (Ve%) plotted against the log of the molecular weight (MW) of the polystyrene standards, calculated on the set of 4.6mm
I.D. monolithic silica materials with five different macropores characterized by∼10 nm pores.

Fig. 3. Percentage of the mesopores and of the 300 nm macropores calculated from the ISEC results on the total measured porosity of the monolithic columns.

In Table 3, the pore size calculated by ISEC of the sets
of monolithic materials (100�m I.D. monolithic silica cap-
illaries as well as 4.6 mm PEEK cladded monolithic silica
columns) we prepared using the same preparation procedure
is reported. Considering the percentage of the mesopores on
the total porosity of capillaries and columns, one can observe
a difference of 3–8% of mesopores within the skeleton of

the silica inside of the 100�m I.D. capillaries in compari-
son with the 4.6 mm I.D. columns. This lack can be probably
explained due to a partly incomplete solidification process
of the monolithic structure within the capillaries, which is
minimal within the 4.6 mm I.D. monolithic columns due to
the PEEK cladding process. Even if the observed difference
concerning porosity has to be taken into account the ISEC

Table 3
Comparison of pore structural parameters of 4.6 mm I.D. columns and 100�m I.D. capillaries with different macropores measured by mercury penetration and
calculated using ISEC measurements

Lot-No. Column ID Mesopore diameter (Hg-Poro) [nm] Mesopore diameter ISEC [nm] Macropore diameter ISEC [nm]

DL10/0.5/120 4.6 mm 13.3 14.2 287
DL10/0.5/120 100�m – 20.4 277
DL11/1.3/120 4.6 mm 12.0 15.0 294
DL11/1.3/120 100�m – 22.6 316
DL12/2.1/120 4.6 mm 10.0 15.4 295
DL12/2.1/120 100�m – 15.1 238
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Fig. 4. Determination of eight variations (1.8, 2.5, 3.0, 3.5, 4.5, 5.0, 6.0 and 7.0�m) of macropores using mercury porosimetry.

gave reproducible results by comparing the method within
one preparation batch. As the shrinkage of the monolithic
gel, prepared within the capillary tubing, was found to be in
the order of the containing macropores it was found to have
only a minor influence on the performance of the capillary.

3.3. Mercury porosimetry

Mercury porosimetry is one of the few methods, which
is able to detect pore diameters of porous materials from
3.6 nm to 15�m. As the monolithic silica columns encapsu-
lated within PEEK, can withstand pressures up to 200 bars
during the chromatographic separations it should be possible
to use the mercury porosimetry for the determination of the
macropores of the encapsulated (cladded) silica monoliths.
The pressure difference between the outer pressure applied
onto the PEEK cover and the pressure at the internal mono-
liths is relevant for a possible collapse of a column. Due to
sufficiently high resistance of the PEEK cladding to the pres-
sure used we were able to even determine the size of the
mesopores using mercury penetration measurements. One
important reason not to use cladded monoliths for the precise
determination using mercury intrusion was the lack of accu-
racy concerning the real weight of the silica within the PEEK
cladded monoliths. Due to the fact that uncladded samples of
t d to
u .

ic
s pore
s rom
1 s of
4 odal
p on of
t tures
o size.
M ell

of the macropores a relative narrow and similar distribution of
the pore diameter. A plateau (which indicates that the sample
contains no pores of this corresponding diameter) could be
found for all monolithic silica materials in the pore size range
between 50 and 1000 nm. Thus no other pores, even in small
amounts, were detectable using the mercury porosimetry, as
evidenced by ISEC measurements for 300 nm pores.

In other words, with the mercury intrusion method we
were not able to correlate the ISEC data, which needs an
explanation. On the one hand we have to take into account
that the data of the physical properties of mercury found in
the literature varies to a large extent. On the other side there
is the danger of an influence based on different measuring
principles or set-up’s using different instruments.

We used the commonly accepted contact angle of 140◦ and
a surface tension of 484 dynes/cm at 25◦C for calculating
the pore structural data from mercury porosimetry. As the
values of the contact angle and surface tension are very much
depending on the nature and surface energy of the sample
we determined the contact angle independently by using a
video instrumentation and a plain slice of a silica monolith.
In order to measure the real contact angle for the given silica
monoliths one mercury droplet was deposited onto the plain
silica surface and was evaluated from a picture taken from the
video camera revealing a contact angle of 141◦. In contrast
to that result, we found in literature values for contact angle
f ls
u

con-
t n
o
f
f ction
o nt the
p psi).
B re of
t f
he prepared silica monoliths were available we preferre
se them for the comparison of porosity measurements

As can be seen fromFig. 4, the samples of monolith
ilica materials prepared with a relative constant meso
ize of about 10 nm but with a variation of macropores f
.8 to 7.0�m were measured using uncladded monolith
.6 mm diameter. This indicates that the method of spin
hase decomposition, which was used for the preparati

he monolithic silica supports, is able to generate struc
f different macropores independent from the mesopore
oreover,Fig. 4shows for the variation of mesopores as w
rom 125 to 152◦ for calculations of porous silica materia
sing mercury penetration.

By taking the same raw data measured, we got for a
act angle of 140◦ a pore diameter of 2.25�m and a variatio
f the pore diameter from 1.79�m (125◦) to 2.65�m (152◦)

or the macropores and from 7.5 nm (125◦) to 11.9 nm (152◦)
or the mesopores. In addition the contact angle is a fun
f temperature and pressure. During the measureme
ressure was raised up to 4000 bars (400 MPa or 58,000
ecause the mercury is compressible, the temperatu

he sample increased from 22 to 30◦C. The variation o
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temperature is nearly independent from the sample because
the heat capacity of mercury exceeds that of the silica, but it
may influences the measurement of mesopores much more
than the macropores. This introduces a systematic error,
which we tried to compensate during the mathematical
calculation by correcting the obtained results, analyzing the
monolithic silica samples, by subtracting the data we got
from the measurement of a sampling device filled with pure
mercury.

The network of a macropores silica monolith provides a
flow path through and along the column for the mercury and
ensures access to the whole network of mesopores. Only
pores with access to the surface and bigger than 3.5 nm can
be filled by using an instrumentation with a pressure limit of
4000 bars, it is evident that any blind or closed pores remain
unfilled using mercury intrusion. In order to check whether
the monolithic material contains such large pores inside the
skeleton, which are blocked by mesopores, we crushed one
sample and repeated the mercury intrusion measurement.
As expected, in the part of the diagram corresponding to
the macropores a lower pore volume and a little broader
distribution of macropores were received as we reduced the
amount of the macropores during the crushing. In contrast
to the macropore volume we got the same diameter and only
a little bit lower pore volume for the containing mesopores.
We were not able to detect any blind macropores or pores in
t ISEC
p

are
a res-
s to be
a using
m plied
t p to
4 that
p le to
c ched
u ately
1 trate
3 the
p hould
s rmed
t could
b out
r

3

ique
t
t rule
a thod
[

me-
t ption
i thus

we used the method to confirm the results of the mesopores
structure received from the mercury penetration measure-
ment.

It was reported in a publication[35] that the authors
were not able to use the nitrogen adsorption measurement as
the monoliths have dimensions that are not compatible with
those of conventional nitrogen-sorption instrumentations. As
Micromeritics offers a holder for larger samples, we were
able to circumvent this and to analyze the surface area of
parts of several centimeters from the PEEK cladded column.
The same reason not to use the cladded monoliths was the
lack of accuracy concerning the real weight of the plain sil-
ica monoliths inside of the tubing, as it was the same case
for the mercury penetration measurement. Thus, we used for
all our comparisons a piece of uncladded silica monoliths.
As recommended before[41], we used the results of the des-
orption isotherm, as it corresponds to a lower energy hence
a more stable state as the data received by the adsorption
isotherm, for the calculation of mesopores of the 4.6 mm I.D.
monolithic silica samples. Data of measured surface area of
the different materials are summarized inTable 1. The calcu-
lated mesopore diameters (data not shown here), which were
needed for the comparison with the data obtained with mer-
cury intrusion, confirmed the results we obtained. No other
pores larger than 30 nm, thus also no macropores proposed
from the ISEC results, could be detected.
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he range of about 100–1000 nm as reported using the
rotocols.

Ali é et al. [39] discussed that porosimetry data
ffected by isostatic compression of the monolith at p
ures up to about 80 MPa (800 bars). Consequently
ble to measure all mesopores larger than 3.5 nm
ercury intrusion measurement, the pressures ap

o the monolithic silica materials has to be raised u
000 bars. Of course the material has to withstand
ressure. Using the Washburn equation we were ab
alculate the corresponding pore diameter, which is rea
sing a pressure of about 800 bars, to be approxim
0 nm. The pressure, which should be applied to pene
00 nm pores with mercury is approx. 50 bars. Verifying
ressure/volume curves during the measurement, that s
how compressions or a collapse of the sample, reconfi
hat the mercury penetration result of the measurement
e used for the evaluation of the silica monoliths with
estrictions.

.4. Nitrogen adsorption results

Nitrogen sorption at 77 K is an established techn
o assess the specific surface area according to BET[14],
he specific pore volume according to the Gurvitsch
nd the pore size distribution according to the BJH me

40].
The nitrogen adsorption is able to detect pore dia

ers of less than ca. 100 nm diameter using the desor
sotherm to calculate the distributions of the pore size,
.5. Scanning electron microscopy

We prepared SEM images from the different silica mo
iths of mesopores of 10 nm and ca. 25 nm and macrop
etween 1.8 and 7.5�m in order to reconfirm the ISE
esults.

As depicted inFig. 5, a relative smooth surface could
bserved on the SEM pictures of the silica monoliths,

aining different macropore sizes, by using a magnificatio
000. Even with a magnification of more than 50,000 ti
nly a globular kind of surface on the silica skeleton co
e observed. No pores in the range of approx. 300 nm,
osed by the ISEC measurements, were detectable. Co

ng the surface roughness of silica monoliths with the sm
acropores (1.5–3.5�m) with the larger ones (>3.5�m) the
btained pictures showed a little smoother skeleton su

or the larger pores.

.6. Transmission electron microscopy images

Transmission electron microscopy provides an imag
ery small structures. In fact, it allows object separation d
o theÅngstrom scale. InFig. 6, two TEM images, one of
ilica monolith with mesopores of 10 nm and one with 25
re shown. The pictures indicate a homogeneous pore
istribution of the pore within the skeleton without visi
esopores in the area of bigger than 50 nm and aga
acropores of approx. 300 nm, calculated from the I
easurements, could be observed.
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Fig. 5. SEM pictures of the silica monoliths, containing different macropore diameters (diameter specified on the figure) using a magnification of 3000.

Fig. 6. Two TEM images, one of a silica monolith with mesopores of approx. 10 nm and the other one with pores of approx. 25 nm.

4. Conclusion

Due to our results, the 300 nm macropores reported from
other groups[33,35]during the evaluation of standard mono-
liths, seem to be a kind of artefact or caused by not yet fully
understood phenomena effecting the ISEC measurements. As
the only chromatographic method the advantage of ISEC is
that it is a non-destructive analytical technique to determine

the pore structure of a material. A requirement of the ISEC
is the need of very well-defined molecular weight and spher-
ically shaped standards that span the dimensions of the pores
to probe the accessibility of the pores. Any deviation of the
idealized models will lead to divergent results. As ISEC only
provides a calculated statistical representation of the pore
width that allows the effluent transport, we might need more
knowledge about the real behavior of polystyrene standard
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molecules, of such a wide ranges of molecular weight (from
484 to 10,300,000 Da), to probe monolithic porous systems.
Additionally, it has to be consider at this point also, that
macropores are pores with stagnant zones.

We recognized that by analyzing smaller macropore
(and skeleton) size monoliths, the “apparent” 300 nm pores
increase. Since the building of the skeleton surface is closely
related to the interfacial smoothening during the dynamic pro-
cesses of phase separation and gelation, it seems possible that
gels with larger macropores, which serves as flow-through
pores, and thicker skeletons have a smoother skeleton sur-
face. One possible explanation is, that the “apparent” pores
are a kind of influence of the macroporous system of the
monolithic skeleton to the structure of the polystyrene stan-
dard molecules during the measurement somewhat related to
a deformation from ideally spherical shape.

In contrast no pores within the skeleton in the dimension
of 100–300 nm on all the SEM as well as on the TEM pic-
tures, even using high magnification being able to see pores
very clearly, could be observed. The same results we got by
measuring the containing pores of all monolithic samples we
prepared using the mercury intrusion and nitrogen adsorp-
tion technique. As a conclusion we have to consider that
the observed ISEC results must be regarded as being model-
dependent, and it is essential to have this in mind in context
with its interpretation. One possible adoption we have to con-
s ight
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