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a b s t r a c t

A simple capillary flow porometer (CFP) was assembled for through-pore structure characterization of
monolithic capillary liquid chromatography columns in their original chromatographic forms. Determi-
nation of differential pressures and flow rates through dry and wet short capillary segments provided
necessary information to determine the mean diameters and size distributions of the through-pores.
The mean through-pore diameters of three capillary columns packed with 3, 5, and 7 �m spherical silica
particles were determined to be 0.5, 1.0 and 1.4 �m, with distributions ranging from 0.1 to 0.7, 0.3 to
1.1 and 0.4 to 2.6 �m, respectively. Similarly, the mean through-pore diameters and size distributions
of silica monoliths fabricated via phase separation by polymerization of tetramethoxysilane (TMOS) in
the presence of poly(ethylene glycol) (PEG) verified that a greater number of through-pores with small
ore size characterization
ermeability
apillary flow porometry

diameters were prepared in columns with higher PEG content in the prepolymer mixture. The CFP system
was also used to study the effects of column inner diameter and length on through-pore properties of
polymeric monolithic columns. Typical monoliths based on butyl methacrylate (BMA) and poly(ethylene
glycol) diacrylate (PEGDA) in capillary columns with different inner diameters (i.e., 50–250 �m) and
lengths (i.e., 1.5–3.0 cm) were characterized. The results indicate that varying the inner diameter and/or
the length of the column had little effect on the through-pore properties. Therefore, the through-pores

and
are highly interconnected

. Introduction

The morphologies and pore structures of porous media are
mportant in the design of chromatographic columns due to their
nfluence on hydrodynamic properties (e.g., flow properties), ther-

odynamic properties (e.g., loadability) and mass transfer kinetics
e.g., efficiency). There are two classes of traditional methods for
etermining pore size and morphology. Microscopic techniques,
uch as scanning electron microscopy (SEM) and X-ray analysis,
rovide actual images of the surface, but no quantitative charac-
erization of the surface area and pore volume. They are also quite
nvolved, time consuming and expensive. However, bulk measure-

ent techniques, such as nitrogen sorption porosimetry (BET) and

ercury intrusion porosimetry (MIP) used together can rapidly and

nexpensively determine the micro- to macro-porosities of mate-
ials. SEM, MIP, BET and inverse size-exclusion chromatography
ISEC) are four traditional methods for pore size characterization of
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their determination by CFP is independent of capillary length.
© 2010 Elsevier B.V. All rights reserved.

packed and monolithic columns, which have been used for decades
[1,2]. Newer techniques, such as atomic force microscopy (AFM) [3],
transmission electron microscopy (TEM) [4], total pore blocking
(TPB) [5] and, most recently, confocal laser scanning microscopy
(CLSM) [6] have been used to determine pore characteristics of
packed and monolithic columns. CLSM is unique in that analy-
sis based on quantitative physical reconstruction can be used to
derive the complete three-dimensional macropore morphology of
monoliths.

A major question associated with the most popular methods
for pore structure characterization, such as MIP and BET, is how
relevant the determined pore size properties are to the chro-
matographic performance of the columns, especially since the
measurements are made on representative bulk materials not
in a column format. While ISEC can be used to obtain three-
dimensional porosity properties of packed or monolithic columns
in their chromatographic forms, ISEC conditions can destroy the
columns, such as the use of THF as mobile phase in the poly-

meric monoliths reported in this paper. Furthermore, there is
limited availability of appropriate standards. Recently, intraparti-
cle Donnan-exclusion was used to determine the interparticle void
space of packed beds and the interskeleton macropore space of
monoliths [7]. Compared with ISEC, this is much easier to conduct,

dx.doi.org/10.1016/j.chroma.2010.08.026
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:milton_lee@byu.edu
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2.1.3. Bulk silica monoliths
Three bulk silica monolithic samples representing each capil-

lary sample A, B and C were prepared. Briefly, a bulk sample was

Table 1
Reagent composition and reaction temperature for the preparation of monolithic
silica columns.
406 Y. Fang et al. / J. Chromat

ince it requires no standards and can be run in convenient (HPLC)
obile phases.
Capillary flow porometry (CFP) is basically an extrusion method,

nd was developed for the evaluation of through-pore structure
haracteristics of filter materials, such as membranes, textile mate-
ials, ceramic components, and filtration media [8–19]. Using CFP,
sample is thoroughly wetted before testing. Gas flow through the

ample is measured at specific pressures using a rotameter. The
elationship between pressure and gas flow rate provides through-
ore structure characteristics of the sample. Through-pore sizes
re typically reported as pore diameters. This is straightforward
or pores with circular cross-sections. Pores with irregular cross-
ections are defined according to the diameter of a circular opening
hose perimeter to area ratio is a circular pore at the same location

20]. That is,

perimeter
area

)
pore

=
(

perimeter
area

)
circle of diameter d

(1)

A key factor in the CFP technique is the selection of wetting
iquid. A good wetting liquid should wet the surface of the porous

aterials spontaneously and possess relatively low surface tension.
wetting liquid can spontaneously fill pores but cannot flow along

he surface spontaneously due to surface tension. To remove the
etting liquid from the pores, work must be done to increase the

iquid/solid surface free energy. That is,

dV = (�solid/gas − �solid/liquid)dS (2)

here P is the differential pressure, dV is the increase in volume of
as in the pores, � is the surface tension, and dS is the increase in
olid/gas interfacial area and corresponding decrease in solid/liquid
nterfacial area. If a gas is used to displace the liquid from the pores,
ne can show that the needed pressure for the gas to flow through
he pores is given by [8]

= 4�(cos �)
d

(3)

here � is the contact angle and d is the pore diameter. For low
urface tension wetting liquids, � can be taken as zero. Based on Eq.
3), the largest pores will be purged at the lowest pressure, while
he smallest pores require the highest pressure.

Basically, CFP detects the presence of a through-pore when
as flows through that pore, which happens only when the pres-
ure is high enough to displace the wetting liquid from the most
onstricted part of the pore. Consequently, the pore diameter cal-
ulated from the pressure [i.e., Eq. (3)] is the diameter of the pore at
ts most constricted point. Based on measurements of differential
ressures and flow rates through wet and dry samples, through-
ore characteristics can be computed. Since the data used are based
n flow rate, characterization of the through-pore structures of
hromatographic columns in their actual forms can be achieved,
hich makes CFP an attractive technique.

In this work, we designed and constructed a capillary flow
orometer for through-pore size characterization of capillary
olumns. Three packed columns containing different sizes of sil-

ca particles, three silica monolithic columns and several typical
olymeric monoliths based on butyl methacrylate (BMA) and
oly(ethylene glycol) diacrylate (PEGDA) in capillary columns
ith different inner diameters (i.e., 50–250 �m) and lengths (i.e.,

.5–3.0 cm) were characterized.
1217 (2010) 6405–6412

2. Experimental

2.1. Sample preparation

2.1.1. Silica particle packed columns
A high pressure packing system was used for packing columns

[21]. Briefly, a Model DSF-150-C1 air-driven pneumatic amplifier
pump (Haskel, Burbank, CA, USA) was used to drive the pack-
ing slurry through the column. One end of a 150 �m i.d. fused
silica capillary was connected to a VICI Valco 1/16′′ union (VICI
Valco, Houston, TX, USA) with a section of PEEK tubing (Upchurch,
Oak Harbor, WA, USA) and a stainless steel frit (0.5 �m pore size)
(Upchurch) to retain the particles in the capillary. The other end of
the capillary was connected to a modified Swagelok reducing union,
which acted as the packing material reservoir, and was connected
to the Haskel pump via 1/8′′ o.d. tubing.

Slurries of silica particles were made by mixing approximately
30 mg (more than enough for packing) of 3, 5 or 7 �m diame-
ter silica particles in 200 �L of isopropanol. Then the slurry was
transferred to the packing reservoir. Liquid carbon dioxide from
the pneumatic amplifier pump was used to drive the silica par-
ticle slurry into the capillary column. Particles were held by the
stainless steel frit in the column during packing. Both the column
and the reservoir were placed in an ultrasonic bath (Branson Ultra-
sonic, Danbury, CT, USA) that was set at room temperature and
turned on from the beginning until the column was completely
filled. The pump pressure was gradually increased to 5000 psi for
packing of the 7 �m particles and up to 10,000 psi for the 3 �m par-
ticles to maintain a constant filling rate. The filling process required
approximately 2 h, however, each column was left overnight to
depressurize [21]. After packing, frits were sintered at both ends
of the columns using a capillary burner (Innova Tech, Ellicott City,
MD, USA).

2.1.2. Silica monolithic columns
Silica monolithic columns were prepared as described by

Motokawa et al. [22]. Before preparation, 50 �m i.d. fused silica
capillary tubes (Polymicro, Phoenix, AZ, USA) were pretreated with
1 mol/L NaOH solution at 40 ◦C for 3 h, washed with water and ace-
tone, and then dried. Tetramethoxysilane (TMOS, Aldrich, St. Louis,
MO, USA) was added to a solution of poly(ethylene glycol) (PEG,
MW = 10,000, Sigma, St. Louis, MO, USA) and urea in 0.01 M acetic
acid and stirred at 0 ◦C for 45 min. The resulting homogeneous
solution was introduced into the pretreated fused silica capillary
tube, and allowed to react at 40 ◦C. Gelation occured within 2 h
and the gel was subsequently aged overnight at the same temper-
ature. Then the silica monolithic column was treated at a higher
temperature (120 ◦C) for 3 h to complete mesopore formation from
ammonia generated by the hydrolysis of urea, followed by washing
with water and methanol. After drying, heat-treatment was carried
out at 330 ◦C for 25 h, resulting in decomposition of organic moi-
eties in the capillary. Table 1 lists the reagent mixture compositions
and temperatures for experimental columns A, B, and C.
Column PEG (g) TMOS (mL) Urea (g) AcOH (mL) Temp. (◦C)

A 8.8 40 9.0 100 40
B 12.4 40 9.0 100 30
C 12.8 40 9.0 100 30
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Fig. 1. Schematic of the

repared in a small 5 mL glass vial, transferred to a 10 mL Soxhlet
himble, placed in a Soxhlet apparatus to extract with methanol for
2 h, and finally vacuum-dried for 5 h at 60 ◦C.

.1.4. Polymeric monolithic columns
Before synthesis of a polymeric monolith, the surface of the UV

ransparent capillary was functionalized by flushing the column
rst with ethanol and deionized water, followed by incubating with
M hydrochloric acid for 3 h at 110 ◦C in a GC oven. Then it was

insed with ethanol and dried with N2 at 110 ◦C overnight in a
as chromatographic (GC) oven. Afterwards, a 15% solution of 3-
trimethoxysilyl)propylmethacrylate in dried toluene was placed
n the capillary overnight at room temperature. After reaction, it

as rinsed with toluene and acetone and dried with N2 overnight
n the GC oven.

A prepolymer mixture of 23.9% GMA, 15.9% PEGDA, 0.40%
MPA (2,2-dimethoxy-2-phenyl-acetophenone), 4.98% methanol
nd 54.8% cyclohexanol, was made by weighing each ingredient
ased on concentration in a 5 mL glass vial. This solution was
egassed for approximately 30 s to a clear solution and then intro-
uced into the treated capillary by capillary action, followed by
xposure to UV light with a cold mirror for approximately 15 min
or polymerization. After reaction, the capillary column was flushed
ith methanol followed by deionized water using a syringe pump

o finally open the pores in the skeletal structure of the monolith.
In this work, polymeric monoliths were fabricated in 50, 75,

50 and 250 �m i.d. UV transparent capillary columns to study
he effect of inner diameter on pore structure. The same mono-
ith was prepared in 75 �m i.d. capillaries in lengths of 1.5, 2.0 and
.0 cm to explore the effect of length on the pore properties of the
olumns.

.2. Scanning electron microscopy

The morphologies of the packed columns, silica and polymeric

onolithic columns and bulk silica monoliths were visualized using
scanning electron microscope (FEI Philips XL30 ESEM FEG, Hills-
oro, OR, USA). A small section (2 cm) of each capillary column was
ut and the cross-sectional area was scanned. A section of the bulk
onolith was placed on a mold and its surface was scanned.
-built microflow meter.

2.3. Capillary flow porometry

A home-built gas flow meter was designed to measure the
microflow rates generated during the experiments. As shown in
Fig. 1, the flow meter was made from a small graduated pipette. The
small end of the pipette was sealed using a high temperature flame,
and the sealed pipette was filled with water and inverted with the
open end submerged in a dish containing water. A 50 cm × 530 �m
i.d fused silica capillary was connected at one end to a nitrogen gas
source. The other end of the capillary was inserted into the open
end of the seated pipette. A stop watch was used to time the dis-
placement of water in the pipette in order to calculate the gas flow
rate.

Pressure control was provided by using a digital pressure
controller (Alicat Scientific, Tucson, AZ, USA). The pressure was con-
trolled accurately (±0.25%). One end of the sample was connected
to the output port of the pressure controller, while the other end
was connected to the fused silica capillary inserted in the inverted
pipette. When pressure was applied, the gas flow rates through
the dry and wet samples were measured using the home-built
microflow meter.

The dry up/wet up measurement method was applied in
this work, which means that a dry curve was determined
with the pressure increasing followed by a wet curve with the
pressure increasing. Galwick, an oxidized, polymerized 1,1,2,3,3,3-
hexafluoropropene, was used as the wetting liquid for constructing
the wet curves in this study because it is widely used in CFP
measurements of filters due to its very low surface tension
(15.9 dynes/cm). Generally, the dry curve was measured first by
increasing the nitrogen gas pressure at specific pre-set points
through a 1.5 cm long dry sample. The sample was then filled with
Galwick by purging with the liquid for approximate 0.5 h using a
syringe pump (Harvard Apparatus, Holliston, MA, USA) at a rate
of 0.1 �L/min. After the sample was thoroughly wetted, the wet
curve was obtained by measuring nitrogen gas flow rate through
the sample as the pressure was increased. Typically, to obtain a

stable flow rate (i.e., when the pores at a specific pressure are
completely cleared of the wetting liquid), approximately 20 h was
required for the first applied pressure. This was because the gas flow
rate was very low and only a small number of through-pores were
opened. However, at higher pressure when more through-pores
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Table 2
Repetitions for CFP determination of packed and monolithic capillary columns.

Column type Column

1 2 3

Particle packed columnsa

Dryd Wete Dryd Wete Dryd Wete

3 3/1 1/3 3/1 1/3 3/1 1/3
5 3/1 1/3 3/1 1/3 3/1 1/3
7 3/1 1/3 3/1 1/3 3/1 1/3
Silica monolithic columns
50b (A) 3/1 1/3 3/1 1/3 3/1 1/3
50b (B) 3/1 1/3 3/1 1/3 3/1 1/3
50b (C) 3/1 1/3 3/1 1/3 3/1 1/3
Polymeric monolithic columnsb

50 3/1 1/3 3/1 1/3 3/1 1/3
75 3/1 1/3 3/1 1/3 3/1 1/3
150 3/1 1/3 3/1 1/3 3/1 1/3
250 3/1 1/3 3/1 1/3 3/1 1/3
Polymeric monolithic Columnsc

1.5 3/1 1/3 3/1 1/3 3/1 1/3
2.0 3/1 1/3 3/1 1/3 3/1 1/3
3.0 3/1 1/3 3/1 1/3 3/1 1/3

a Particle diameter (�m).
b Column internal diameter (�m).
c Column length (cm).
d 3 determinations (i.e., 3 replications) of the total curve with 1 measurement of

flow for each set pressure.
e 1 determination of the total curve with 3 measurements (i.e., 3 replications) of
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Table 3
CFP determination of mean through-pore diameters compared to calculated
through-pore diameters for packed capillary columns.

Particle
diameter (�m)

Column mean pore
diameter (�m)

Average RSD (%) Calculateda

(�m)

1 2 3

3 0.52 0.48 0.55 0.52 6.75 0.68

ing each other in a planar two-dimensional arrangement. The
measured values were all smaller than the equivalent calculated
ow for each set pressure.

ere opened, the equilibration time could be as short as several
inutes. Table 2 lists the repetitions of measurements made for

he dry and wet curves for all of the capillary columns tested. For
he dry curves, three replications of each curve was made with
nly one measurement at each set pressure. For the wet curves,
single replication (only one curve) was made with three repeated
easurements at each set pressure (see footnotes to Table 2).
The mean through-pore diameter and pore size distribution

ere determined. The largest pore diameter is indicated when the
rst gas bubbles start to form from a sample as the pressure is

ncreased. This occurs when the wet curve deviates from the x-axis.
The distribution of through-pore sizes gives the relative propor-

ion of through-pores of each size. From Eq. (3) we see that for a
articular through-pore, the “size” is the diameter at the most con-
tricted point of the pathway described by the through-pore (i.e.,
hroat pore diameter). This diameter is determined by the amount
f work necessary to push the wetting liquid through the pore.

The relative proportion of through-pores of a particular diame-
er is measured by comparing the flow rate through the capillary
t the pressure associated with the specific diameter relative to the
ow rate under dry conditions at that same pressure [9,11]. If there

s only one through-pore at a specific diameter, then the wetting
gent will clear at the appropriate pressure, as given by Eq. (3).
owever, an increase in flow rate with the opening of a single pore
ill be nominal. If, however, there are many through-pores of this
iameter, the increase in flow rate will be larger. Thus, the determi-
ation of the relative proportion entails determining the proportion
f through-pores that are cleared of wetting agent at each specific
ressure. Using Eq. (3), we can determine the diameter for each
pecific pressure.

The relative flow rate is determined by comparing the flow rate
nder wet conditions with those under dry conditions. Specifically,
he filter flow for CFP is defined as [19]
ilter flow % (FF %) = 100 × wet flow
dry flow

(4)
5 1.04 1.02 0.96 1.01 4.12 1.13
7 1.45 1.35 1.40 1.40 3.33 1.59

a Calculated from close-packed arrangement.

From this, the incremental flow is

Incremental filter flow% (�FF %) = current FF% − previous FF % (5)

Incremental pore diameter (�d) = previous diameter

− current diameter (6)

The through-pore distribution is thus the increase in incremen-
tal flow relative to the increase in diameter [9,11]:

Relative pore size distribution portion = �FF %
�d

(7)

The diameters are calculated using Eq. (3). The value for each
diameter pore interval corresponds to the pore size distribution
for that interval:

Mean diameter = 1
2

(previous diameter + current diameter) (8)

3. Results and discussion

3.1. Through-pore size characterization of silica particle packed
columns

CFP measures the gas flow rate through dry/wet monoliths at
specific differential pressures. The relationship between gas flow
rate and differential pressure, called the dry/wet curve, can be
obtained in sequence. The through-pore diameter is calculated
from the differential pressure according to Eq. (3). Although each
pore may have a range of diameters, CFP only measures the most
constricted part, which is called the throat pore diameter. Based
on the definition of the dry curve, the half-dry curve is half of the
gas flow rate through the dry sample as a function of differential
pressure. The pressure where the wet and half-dry curves inter-
sect gives the mean through-pore diameter as defined by ASTM
standard method F316-86. While flow through the mesopores can-
not be excluded for the dry curve compared to the wet curve, the
contribution to the total flow is expected to be minimal.

Fig. 2 shows representative wet, dry, and half-dry curves for
packed columns containing 3, 5 and 7 �m diameter silica parti-
cles determined by CFP. At a specific differential pressure, the gas
flow rate through a wet sample is always smaller than that through
the corresponding dry sample until finally the two curves meet
together, when all wetting liquid in the through-pores is purged
out of the sample.

Table 3 summarizes the mean through-pore diameters obtained
from CFP for packed columns containing 3, 5 and 7 �m particles:
0.5 ± 0.02, 1.0 ± 0.17, and 1.4 ± 0.01 �m, respectively. Theoreti-
cal equivalent diameters from a close-packed arrangement were
calculated from simple geometry of three identical particles touch-
through-pore diameters (i.e., 0.7, 1.1 and 1.6 �m). This difference
is most likely due to the combined effect of three causes: (1) sin-
tering of packing materials at both ends of the columns to retain
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Fig. 3. Cumulative filter flows for capillary columns packed with (A) 3, (B) 5 and (C)
7 �m particles measured using CFP.

observed from SEM images and subsequently verified using CFP.
The cross-over points of the wet and half-dry curves gave the mean
through-pore diameters of columns A, B and C as 3.9, 1.3 and 0.8 �m
(Table 4), respectively, which strongly support the former conclu-
sion regarding the concentration of PEG. Fig. 5 shows representative

Table 4
CFP determination of mean through-pore diameters for silica monolithic capillary
columns.

Column Mean pore diameter (�m) Average RSD (%)
ig. 2. Wet, dry and half-dry curves for packed capillary columns containing (A) 3,
B) 5 and (C) 7 �m diameter particles measured using CFP.

he particles inside the capillary, (2) presence of a significant per-
entage of small particles in a wide particle distribution, and (3)
he fact that most of the pressure drop occurs at the end of the
olumn. All of these would result in smaller measured mean pore
iameters because CFP only detects the most constricted part of a
hrough-pore diameter.

Fig. 3 shows representative cumulative filter flows for columns
acked with 3, 5 and 7 �m particles as determined using CFP. It

s evident that all samples finally reached 100% cumulative filter
ow. However, the minimum pressure to empty all through-pores

n a column depended on the specific column through-pore char-
cteristics. Due to its very large through-pores, the column packed
ith 7 �m particles only required 15 psi gas pressure to purge all of
he wetting liquid from its pores, while 20 and 55 psi gas pressures,
espectively, were required for columns packed with 5 and 3 �m
articles.

Fig. 4 shows representative curves of the through-pore size
istributions for columns packed with 3, 5 and 7 �m particles as
Fig. 4. Through-pore size distributions for capillary columns packed with (A) 3, (B)
5 and (C) 7 �m particles determined by CFP.

determined by CFP. The area under the distribution curve in any
pore size range is the percentage flow in that range. The repre-
sentative through-pore size distributions indicate that for 7 �m
diameter silica particles, the pores were distributed in a broad range
of 0.4–2.6 �m. However, for 5 and 3 �m diameter silica particles,
the pore size ranges shifted to much smaller values, i.e., 0.3–1.1 and
0.1–0.7 �m, respectively. Because the particle sizes are not com-
pletely uniform (as observed from SEM images of the particles), we
found some smaller pores in the column packed with 7 �m particles
and some larger pores in the column packed with 5 �m particles
(also qualitatively observed from SEM images of the columns).

3.2. Through-pore size characterization of silica monolithic
columns

The mean through-pore diameters of silica monoliths A, B and C
as listed in Table 4 were sequentially smaller due to an increase in
concentration of PEG in the prepolymer mixture. This was initially
1 2 3

A 3.92 3.84 3.95 3.90 1.46
B 1.27 1.36 1.30 1.31 3.78
C 0.81 0.83 0.77 0.80 4.25
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ig. 5. Through-pore size distributions for silica monolithic capillary columns A, B,
nd C determined by CFP.
urves of the through-pore size distributions for monoliths A, B
nd C. Most through-pores in monolith A were between 2.1 and
.4 �m, explaining the very low back pressure observed for this
olumn. Some of the through-pores in column B were as large as
.0–2.8 �m, while some were as small as 0.3 �m. Monolith C gave

Fig. 6. SEM images of silica monoliths A, B, and C in capilla
1217 (2010) 6405–6412

the smallest pores and narrowest pore size distribution in the range
of 0.2–1.1 �m.

Fig. 6 shows SEM images of monoliths A, B and C synthesized
in bulk (right) and in capillaries (left). The left images qualitatively
support the pore properties measured using CFP. Many reports of
monolithic columns include pore size properties based on mea-
surements of representative bulk materials with the use of MIP
or BET [22–28]. However, when bulk monoliths were fabricated
in small glass vials from the same solutions which were used to
fabricate monoliths A, B, and C inside capillary tubes, we found
that the through-pore structures were quite different. The SEM
images in the left column (in capillary) and right column (in bulk) in
Fig. 6 indicate that monoliths confined in capillary tubes produced
larger through-pores. This could result because chemical reactions
occur in different environments, which can affect conditions, such
as pressure, temperature, and heat dissipation.
3.3. Through-pore size characterization of polymeric monolithic
columns

SEM images of monolithic columns with inner diameters of 50,
75, 150, and 250 �m did not indicate any difference in through-pore

ries (left) and in bulk (right) (1500× magnification).
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Table 5
CFP determination of mean through-pore diameters for polymeric monolithic cap-
illary columns.

Column i.d. (�m) Column mean through-pore
diameter (�m)

Average RSD (%)

1 2 3

50 0.67 0.70 0.75 0.71 5.72
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Table 6
Through-pore size distributions for different i.d. polymeric monolithic capillary
columns.

Set
pressure
(psi)

Calculated
through-pore
diameter
(�m)a

�FF %/�d RSD (%)

50 �m
i.d.

75 �m
i.d.

150 �m
i.d.

250 �m
i.d.

3.8 1.75 0.00 0.00 0.00 0.00 0.00
5.0 1.54 30.2 21.3 28.7 20.0 20.5
10.0 1.00 56.2 54.6 53.5 50.1 4.82
15.0 0.55 190 189 179 178 3.47
20.0 0.39 12.7 17.5 5.17 34.1 70.6
25.0 0.30 0.01 0.05 0.01 0.04 75.0

a d is derived from the set pressure as given by Eq. (3).

Table 7
CFP determinations of mean through-pore diameters for polymeric monolithic cap-
illary columns.

Column
length (cm)

Column mean through-pore
diameter (�m)

Average RSD (%)

1 2 3
75 0.72 0.77 0.80 0.76 5.29
150 0.78 0.72 0.77 0.76 4.25
250 0.73 0.74 0.78 0.75 3.53

ize. Pressures of 9.88, 9.19, 8.56 and 9.15 psi at the intersecting
oints of the wet and half-dry curves also indicated similar mean
ore diameters for all of the columns, regardless of column inner
iameter. Table 5 lists the mean through-pore diameters of the
olumns tested.

Studies have shown that there is only a very moderate temper-
ture effect on through-pore size in columns with inner diameters
1 mm [29]. This can explain why a similar mean through-pore size
as determined by CFP for columns with inner diameters from

0 to 250 �m. The heat generated during polymerization can be
issipated well enough in either the 50 or 250 �m i.d. capillaries.
owever, there should be a critical inner diameter for which the

emperature effect starts to be significant. This diameter may be
ifferent for different prepolymer reagents.

Fig. 7 shows the through-pore size distributions of columns
ith different diameters as measured using CFP. There is very lit-

le difference in pore size distribution among these four columns.
enerally, the through-pores are distributed in the range of
.30–1.75 �m. The monolith prepared in the 50 �m i.d. capillary
hows a little higher percentage of larger pores, while the mono-
ith prepared in a 250 �m i.d. capillary has more pores with smaller
iameters. Table 6 lists the relative standard deviations of the
hrough-pore size distributions for these four columns.

In order to check the interconnectivity of through-pores in this
olymeric monolithic column, and to further verify the reliabil-

ty of the new CFP system, monolithic columns with lengths of
.5, 2.0 and 3.0 cm, all with internal diameter of 75 �m, were
haracterized using the home-made CFP. Table 7 lists the mean
hrough-pore diameters for these columns. Although there were
ifferences in the wet and dry flow rates in columns of differ-
nt lengths, the intersecting points of the wet and half-dry curves

or the columns appeared at approximately the same differential
ressure of 9.25 psi. This means that these three columns have a
imilar mean through-pore diameter of 0.71 �m. Furthermore, all
f the dry and wet curves converged to the same differential pres-

ig. 7. Through-pore size distributions for polymeric monolithic capillary columns
repared in 50, 75, 150 and 250 �m i.d. capillaries determined by CFP.
1.5 0.72 0.73 0.72 0.72 0.80
2.0 0.72 0.71 0.70 0.71 1.41
3.0 0.71 0.71 0.69 0.70 1.64

sure, 25 psi, corresponding to a through-pore diameter of 0.27 �m,
which is the smallest through-pore size detectable in this monolith
using CFP.

The through-pore size distributions for all of the columns
showed remarkably similar shape and range. Even though different
gas flow rates were measured for these columns, both dry and wet
curves changed together, resulting in a similar ratio between the
wet and dry curves at every differential pressure for all columns.
Consequently, the computed through-pore size distributions for all
of the columns are identical in the range of 0.30–1.75 �m. Since
in most cases the three different length columns were cut from
the middle sections of a longer column, the pore size distribu-
tions indicate that the through-pore morphology was consistent
along the length of the column, and the through-pores were highly
interconnected.

4. Conclusions

A home-built CFP system was used to characterize the through-
pore sizes of silica particle packed columns, and silica and
polymeric monolithic columns. The mean through-pore diameters
and pore size distributions were measured. The mean through-
pore diameters of the three packed columns were measured to
be 0.5 ± 0.02, 1.0 ± 0.17, and 1.4 ± 0.01 �m, which are all smaller
than the through-pore diameters calculated from a close-packed
arrangement (i.e., 0.7, 1.1 and 1.6 �m), with distributions ranging
from 0.1 to 0.7, 0.3 to 1.1 and 0.4 to 2.6 �m, respectively. These pore
size distributions are a combination of smaller pore diameters in
the retaining frits, relatively large fractions of smaller than speci-
fied particles in the samples as observed by SEM, and the fact that
the pressure drop occurs mostly at the end of the column.

The measurements verified that the mean through-pore
diameters decreased for three silica monoliths with increasing con-
centration of PEG in the reaction mixture. A comparison of SEM
images of silica monoliths indicate that monoliths confined in cap-
illary tubes produced larger through-pores than bulk monoliths

fabricated in small glass vials from the same prepolymer solutions.

A typical polymer monolithic stationary phase based on BMA
and PEGDA was synthesized for study of the effects of column
inner diameter and length on monolith through-pore properties
using CFP. Four columns with inner diameters of 50, 75, 150 and
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50 �m were fabricated, and the 75 �m i.d. column was cut into
hree shorter columns with lengths of 1.5, 2.0 and 3.0 cm. The mean
hrough-pore diameters and the pore size distributions indicated
hat similar through-pore structures were obtained for all columns
tudied. Heat generated during polymerization was easily dissi-
ated through the capillary walls. Therefore, temperature effects
ere not significant.

The mean through-pore diameters and the through-pore size
istributions also showed that the through-pore properties of the
hree polymer columns with different lengths were identical, which
erified that the through-pores in the monolith were highly inter-
onnected and the pore structures were uniform. Therefore, it is
ot necessary to use precise capillary lengths for CFP determina-
ions. Most importantly, this finding validates the use of CFP for
etermination of monolithic through-pore sizes directly in cap-

llary columns. This technique shows promise in evaluating the
eterogeneity of actual packed and monolithic columns.
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