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Abstract

We prepared continuous porous silica rods that had silica skeletons with sizes of 1.0-1.7 wm and through-pores of 1.5-1.8
pm, and evaluated their performance as a column in reversed-phase liquid chromatography. The mesoporous silica
monoliths (mesopore size: 14 or 24 nm) were derivatized to C, phase by on-column reaction with octadecyldimethyl-N,N-
diethylaminosilane. The C, silica rods gave minimum plate heights of 10-15 wm for aromatic hydrocarbons in 80%
methanol and of 20-30 wm for insulin in acetonitrile—water mixtures in the presence of trifluoroacetic acid. The
performance of the silica rods at a high flow-rate was much better than that of conventional columns packed with 5 wm C,,
silica particles with pores of 12 or 30 nm, especially for high-molecular-mass species. Silica rods with the smaller sized
silica skeletons resulted in Van Deemter plots showing a minimum plate height at the higher linear velocity of the mobile
phase and a smaller dependence of plate height on the linear velocity. Separation impedance of less than 1000 was achieved
with the continuous silica columns. The higher performance and lower pressure drop of silica rods at high flow-rates

compared with particle-packed columns is provided by the small silica skeletons and large through-pores.
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1. Introduction

In the course of the development of high-per-
formance columns for high-performance liquid chro-
matography (HPLC) in 1970-1980, particles of
smaller sizes were employed to obtain lower solvent
consumption, shorter analysis times and better detec-
tability, by generating larger numbers of theoretical
plates per unit column length. Smaller particles can
provide better column efficiency, based on the
smaller eddy diffusion and shorter diffusion path

*Corresponding author

length. Thus, the size of totally porous particles was
reduced to 10 wm and then to 5 pm by the end of
1970s [1]. Silica particles with sizes of 1.5~2 pm
have become available recently {2,3]. However, 5
pm particles are still the most widely used in HPLC
today. The use of conventional columns packed with
particles smaller than 3 pwm has been limited, be-
cause of a high pressure drop associated with such
particles. In most cases, these small particles are
packed in relatively short columns, providing limited
numbers of theoretical plates than can be generated
with a longer column packed with 5 pm particles.
Larger numbers of theoretical plates per unit time
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can be obtained by using small particles under high
pressure [4,5]. Most users, however, do not have the
freedom to choose the pressure limit of the pump,
the diameter of particles and the length of columns,
beyond commercial availability.

The current limitation is due to the compromise
between column efficiency and pressure drop. In-
dependent control of the size of particles and the size
of the interstitial void volume is not possible with
conventional particle-packed columns. The use of
pellicular-type packing materials and operation at
high temperature were advocated to further increase
the performance of particle-packed columns for high-
molecular-mass solutes [6,7]. In open tubular chro-
matography, which can attain high efficiency at a
low pressure drop, polymer coating of the tubing
surface has been studied, leading to increased ver-
satility [8,9]. More recently, capillary electrochroma-
tography has been shown to be a promising approach
for fully using the high performance of small par-
ticles [10-14].

Another approach to overcome the problem of a
high column pressure drop associated with small
particles is the use of a column made of one piece of
a porous solid. Porous solid columns can show high
performance at relatively low pressure, if they can be
prepared to have small-sized skeletons and relatively
large through-pores. The use of such a column,
consisting of continuous porous polymers, has been
reported recently [15-23]. Hjertén and coworkers
[15,18], Li et al. [20], Svec and Frechet [17] and
Wang et al. [19] showed high-speed separation of
polypeptides with polymer rods in reversed-phase
liquid chromatography (RPLC) and in ion-exchange
chromatography. The performance of polymer rod
columns has also been tested for small molecules in
a few cases. Advantages of rod-type columns over
conventional columns, however, have not been real-
ized in isocratic elution of small molecules [21,22].
It would be of much interest to develop silica rod
columns, because polymer-based HPLC packing
materials usually possess micropores that result in a
decrease in efficiency for small molecules [24,25].

Nakanishi et al. [26-28] reported the preparation
of porous silica rods (monoliths) prepared by hydro-
lytic polymerization of tetramethoxysilane in the
presence of water-soluble organic polymers. The

silica rod possesses biporous structures, typically
consisting of 0.3-5 wm silica skeletons, 0.5-8 pm
through-pores, and 2-30 nm mesopores in the
skeleton. In a preliminary report [29], we showed
much better performance of such a continuous
porous silica column having 1 pm silica skeletons
and 1.7 pm through-pores, especially for a high-
molecular-mass solute, than columns packed with 5
pm particles. The silica rod column also had a lower
pressure drop due to higher permeability. Rod-type
columns with small skeletons and relatively large
through-pores may realize a high-efficiency sepa-
ration at high speed, which is not possible with
conventional particle-packed columns. We report
here, in detail, the effect of skeleton size on the
performance of octadecylsilylated (C,4) porous silica
rods with relatively constant through-pore sizes.

2. Experimental

Silica rods were prepared following the procedure
described previously [26-28]. Tetramethoxysilane
(TMOS) was added to a solution of poly(ethylene
oxide) (PEO: molecular mass= 10 000; Aldrich, Mil-
waukee, WI, USA) in 0.01 M acetic acid (100 ml)
and stirred at 0°C for 30 min. The composition of the
reaction mixture was varied as shown in Table 1 so
that silica rods [SR-(I) to SR-(IV)] with similar
through-pore sizes and varied skeleton sizes were
produced. The resulting mixture was poured into a
polycarbonate mold (20 cmX9 mm I.D.) and allowed
to react overnight at 40°C. Silica rods thus formed
were washed with water, then treated with aqueous
ammonium hydroxide solution (0.01 or 1.0 M) prior
to acidification with aqueous nitric acid and a wash
with 25% ethanol in water. After drying at 50°C for
three days, the rods were treated at 600°C for 2 h and
then were cut to the desired length.

We examined two series of silica rods (8.3 cmX
7.0 mm I.D.), with small (S: ca. 14 nm) or large (L:
ca. 24 nm) mesopores, in this study, with different
skeleton sizes designated as SR-(I) to SR-(IV) in
Table 1, all having 1.5-1.8 pm through-pores. The
1.0 pm silica skeletons with 14 nm (S) or 24 nm (L)
mesopores possess surface areas of ca. 370 (S) and
170 m*/g (L), respectively. Columns were prepared
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Table 1

Compositions of the preparation mixtures, the concentration of ammonium hydroxide and the pore properties of the produced silica rods

Silica rod Composition® NH,OH" Mesopore Skeleton Through-pore
No. (mol/1) size* size* size®
PEO TMOS (nm) (m) (m)
(2) (ml)
SR~(I)-L 11.6 40 1.0 249 0.97 1.66
SR-(I)-S 11.6 40 0.01 14.3 1.00 1.86
SR-(II)-L 10.2 45 1.0 232 1.12 1.68
SR-(I)-S 10.2 45 0.01 13.1 1.16 1.73
SR-(1I)-L 8.8 50 1.0 255 1.41 1.64
SR-(II1)-S 8.8 50 0.01 14.2 1.34 1.65
SR-(IV)-L 7.0 55 1.0 243 1.66 1.58
SR-(IV)-S 7.0 55 0.01 15.8 1.59 1.53

*The amount of PEO and TMOS added to 100 ml of 0.01 M aqueous acetic acid.
"Concentration of NH,OH used for controlling mesopore size after the preparation of a silica rod.

“Nitrogen adsorption.

“Estimated from the scanning electron micrographs by taking the average thickness of narrow (saddle) portions between branching points.

‘Mercury porosimetry.

by encasing the silica rods in heat-shrinking poly-
(tetrafluoroethylene) (PTFE) tubing (Gunze electric
insulation tubing, Gunze, Shiga, Japan) and PTFE
column end-fittings and were used in a Z-module
(Waters, Milford, MA, USA), which can apply an
external pressure of up to 200 kg/cm2 to the rod
column. Chemical bonding of silica rods was carried
out by applying a toluene solution of octa-
decyldimethyl-N,N-diethylaminosilane at 60°C to
produce C,; phase, followed by trimethylsilylation
with hexamethyldisilazane, as previously described
[29,30].

Silica particles, Develosil (pore size, 11 nm;
surface area, 330 m’/g; Nomura Chem., Seto,
Japan), and ordinary columns (15 cmX4.6 mm 1.D.)
packed with 5 pm silica C,; particles were obtained
from commercial sources; Capcellpak C,; UG (pore
size, 12 nm; Shiseido, Tokyo, Japan), Capcellpak C,,
SG (pore size, 30 nm; Shiseido), Deltabond ODS
(pore size, 30 nm; Keystone Scientific, Bellefonte,
PA, USA) and Cosmosil MS-C ; (pore size, 11 nm;
Nacalai Tesque, Kyoto, Japan). The mobile phase
was prepared from LC-grade solvents. Insulin
(bovine pancreas) was obtained from Sigma (St
Louis, MO, USA). Chromatographic measurement
was carried out at 30°C. Size-exclusion chromatog-
raphy (SEC) was carried out using a polystyrene
standard and alkylbenzenes in tetrahydrofuran.

3. Results and discussion

3.1. Internal structures of continuous silica
columns

Fig. 1 shows the internal structures of two silica
rods, SR-(II)-S and SR-(IV)-S. The fractured sur-
faces show the silica skeletons of different sizes and
through-pores penetrating several layers of these
skeletons. In a conventional packed column, flow
paths are provided as the interstitial voids between
spherical particles having high tortuosity, because
the particles must be tightly packed to produce high
efficiency and stability of the packed bed. Although
a close packing structure is not attained, the size of
the particles determines the size of the interstitial
voids in a packed column. Internal structures of
packed columns of spherical particles with irregular
interstices are represented by a touching sphere
model [31].

In contrast, the size of through-pores in the silica
rods can be controlled independently from the size of
skeletons. They are relatively round and straight
compared to the irregular shape of interstitial voids
in packed columns. The preparation method of
porous silica rods is known to produce a network
structure of minimized surface areas [26,27]. Fig. 2
shows the size distribution of through-pores mea-
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Fig. 1. Scanning electron micrograph of porous silica rods, SR-
(II)-S and SR-(IV)-S.
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Fig. 2. Pore size distribution of silica rods measured by mercury
intrusion with SR~(I)-S (O), SR-(II)-S (A), SR-(III)-S (OJ) and
SR-(IV)-S ().

sured by mercury porosimetry. The results show
narrower size distributions compared with the inter-
stitial voids in packed columns [31,32]. The through-
pore size of about 1.5-1.8 pm should be similar to
the size of interstitial voids in a conventional column
packed with 5 pm spherical particles. The size of the
interstitial voids in a column packed with spheres has
been shown to be 25-40% of the particle’s size
[31-33].

Table 1 lists the pore sizes of continuous silica
rods. The sizes of through-pores and mesopores
remained relatively constant under the preparation
conditions. The treatment with 0.01 M aqueous
ammonia during the preparation produced SR-S with
14 nm mesopores and a surface area of 370 m”/g,
which is somewhat greater than those of silicas with
similar pore sizes that are usually employed as a
support of the C,; phase. This may indicate the
presence of small pores [29]. The treatment of a
silica rod with ammonia of higher concentration (1.0
M) removed the micropores to produce SR-L, with
24 nm pores and a surface area of 170 m*/g.

The skeleton sizes shown are the averaged thick-
ness of narrow (saddle) portions between branching
portions of skeletons on the scanning electron mi-
crographs. A ratio of greater than unity between the
size of the through-pores and the size of the skeleton
of silica rods is much greater than those of ordinary
columns packed with spherical particles [31-33]. As
shown in Table 2, with a total porosity of 86% and
an internal porosity of 21%, the volume of the
through-pores accounts for 65% of the column
volume in SR-(I)-S, which is greater than that found
in conventional packed columns by about 25%
[31,32]. The continuous silica column was shown to
be more loosely occupied by a solid and to have a
larger cross-sectional area of through-pores than
conventional columns, resulting in lower flow resist-
ance, as shown later.

3.2. Chemical modification of a continuous silica
column

Chemical modification of silica rods was carried
out by reacting alkylaminosilanes that are effective
silylating reagents for on-column reaction [30].
Octadecylsilylation reduced the volume of the meso-
pores, resulting in 81% total porosity with SR-(I)-S-
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Table 2

139

Volumes of through-pores and mesopores in silica rods and particle-packed columns.

Pore volume Volume fraction of a column®

Silica rod Particle-packed column
SR-(D)-S
Develosil” Capcellpak C,;, UG
Before ODS After ODS
Before ODS After ODS
Total porosity 0.86 0.81 0.78 0.66 0.60
Through-pore* 0.65 0.65 0.39 0.39 0.32
Mesopore 0.21 0.16 0.40 0.27 0.29
Bonded phase - 0.05 - 0.13 -
(Phase ratio) - (0.06) - (0.19) -

*Measured by size-exclusion chromatography with total column volume as 1.0,
*Develosil (Nomura Chemicals, Seto, Japan; particle size, 5 pm; pore size, 11 nm).

“Interstitial void volume in the case of particle-packed column.

C,4 compared to 66% in a C,; silica-packed column.
The amount of alkyl groups per unit volume of a rod
(5% of a column volume) is much smaller than that
in a particle-packed column (12.5% of column
volume). Accordingly, the phase ratio in SR-(I)-S-
C s, 5/81, is smaller than that in the particle-packed
column, 12.5/66, by a factor of about three. While
these phase ratios were estimated based on the
results of SEC measurement in tetrahydrofuran, the
comparison of phase ratios agreed with that in
retention in reversed-phase mode. The £’ values for
aromatic hydrocarbons on SR-(I)-S-C,; in 80%
methanol were about one third of those on a C,,
phase prepared from silica particles of 11-12 nm
mesopores (Table 3).

The surface coverage with the octadecylsilyl
groups was nearly maximal, as estimated from a
retention increase caused by one methylene group in
80% methanol [34], which indicates that the hydro-
phobic selectivities, «(CH,), of SR-(I)-S-C,; and
SR-(D-L-C,; are similar to those of stationary
phases commercially available. With the larger meso-
pores, lower a(CH,) values were obtained. The
retention ratio between solutes with different
planarities, triphenylene (T) and ortho-terphenyl
(0), with a(T/0)=1.52~1.55 in 80% methanol also
indicates a high surface coverage [34]. Repeated
reactions with octadecyldimethyl-N,N-dieth-
ylaminosilane did not increase the retention sig-
nificantly. Trimethylsilylation reduced the retention

Table 3

Retention and selectivity for hydrocarbons.

Column Mesopore k' «(CH,)" a(T/0)
(hm) Amylbenzene

SR-(I)-S-C,, 14 2.15 1.48 1.55

SR-(I)-L-C 25 1.07 1.46 1.52

Cosmosil C,; MS 11 6.33 1.51 1.44

Capcellpak C,, UG 12 5.58 1.49 1.38

Capcellpak C,, SG 30 2.58 1.47 1.44

Deltabond ODS 300 30 0.98 142 1.16

“The k' values of amylbenzene in 80% methanol.

*Separation factor () between amylbenzene and butylbenzene in 80% methanol.
“Separation factor (a) between triphenylene (T) and ortho~terphenyl (O) in 80% methanol.
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of hydrogen-bond acceptors such as caffeine, reflect-
ing the reduction of the number of accessible
silanols.

3.3. Performance of C,, silica rods

Chromatographic performance of C, silica rods
was examined with the elution of alkylbenzenes in
80% methanol, and with insulin in acetonitrile—water
mixtures in the presence of trifluoroacetic acid
(TFA). Fig. 3 shows the comparison between SR-(I)-
L-C,q, SR-(I)-S-C; and Capcellpak C,, UG in the
elution of alkylbenzenes. Although accompanied by
slight tailing, the 83 mm rod produced about 6000-
8000 theoretical plates, with a height equivalent to a

theoretical plate (HETP) of ca. 10-14 pm, compared
with Capcellpak UG (15 cm column), which gener-
ated 11 000 plates. The decrease in column ef-
ficiency at higher flow-rates is more obvious with a
column packed with 5 pm C,; silica particles than
with the silica rod columns. SR-(I)-L-C ; maintained
90% of the plate number at 5 mm/s compared to 1.5
mm/s, while up to a 50% reduction in plate number
was observed with the particle-packed column.

The difference in performance at high speed
between the rod-type columns and the particle-
packed columns was more obvious for a solute with
a higher molecular mass, as expected. Fig. 4 shows
the comparison for insulin. The composition of
acetonitrile—water mixtures was varied slightly, to

Elution of alkylbenzenes (CsHsCnHzne1, N=0-5)  (CHsOH/H20=80/20)
2 1.5mmis 9 C 1.5mms 5 € 1.6 mmis 4
" 2 3 5
1 )3 4 ,
| ( L | |
2 (min) 0 1 3 (min) 10 (min)
5
12 s 4
L | | |
0 0.2 0.4 06 (min)
SR-(1)-L-C1a SR-(')-S-Cw Capcelipak Ci UG

Fig. 3. Elution of alkylbenzenes (C,H,C, H,,.,, n=0-5) in 80% methanol on silica rod columns SR-(I)-L-C , (a and b), SR-(I)-S-C , (¢
and d) (column length, 8.3 cm) and on Capcellpak C,, UG (column length, 15 cm; e and f). Mobile phase linear velocity: 1.5 mm/s (a), 5.0
mm/s (b), 1.5 mm/s (c), 5.2 mm/s (d), 1.6 mm/s (e) and 4.7 mm/s (f). The scale bars indicate 0.05 AU at 215 nm.



H. Minakuchi et al. | J. Chromatogr. A 762 (1997) 135146 141

Elution of insulin (MW=5800)

a Cc

1.6 mm/s 1.5 mm/s

1.3 mm/s

CH,CN/H,0 (TFA)

’\ 1.8 mm/s

{ ] i L | |
o 1 2 (min) O 1 2 (min) 2 4 (min) 0 4 (min)
b d f

5.3 mm/s 4.0 mm/s /\ 5.3 mm/s

|____J . L L__/\\

L i ; | L1 |

0 02 04 06(mn O 0.2 0.4 0.6(min) ] (min) 0.5 i (min)

SR-(I-L-Cys SR-(1)-S-C,, Capcellpak C,, SG Capcellpak C,, UG

Fig. 4. Isocratic elution of insulin in acetonitrile~water mixtures in the presence of TFA. Column: SR-(I)-L-C , (a and b), SR-(I)-S-C,, (c
and d), Capcellpak C, SG (e and f) and Capcellpak C,; UG (g and h). Mobile phase linear velocity: 1.6 mm/s (a), 5.3 mm/s (b), 1.5 mm/s
(©), 5.1 mm/s (d), 1.3 mm/s (e), 4.0 mm/s (f), 1.8 mm/s (g) and 5.3 mm/s (h). Mobile phase: acetonitrile—water (30:70, v/v) for
SR-(1)-S8-C,;, 30:70 (v/v) for SR-(I)-L-C,, 31.5:68.5 (v/v) for Capcellpak C,, UG (12 nm) and 32:68 (v/v) for Capcellpak C,, SG in the
presence of 0.1% TFA. The scale bars indicate 0.05 AU at 215 nm in (a)—(h).

adjust k£’ values, because high-molecular-mass com-
pounds are hard to elute with the same mobile phase
composition from various stationary phases. Silica
particles with 12 nm pores showed poor column
efficiencies for insulin, especially at high flow-rates.
Wide pore (30 nm) silica particles showed better
column efficiency than small pore particles. Rod-
type columns, particularly SR-(I)-L-C,,, showed
better column efficiency for insulin than packed
columns. At higher flow-rates, much greater differ-
ences were observed.

The Van Deemter plots obtained with amylbenzene
as a solute in 80% methanol are shown in Fig. 5. A
column packed with 5 wm particles gave a minimum
plate height (H_;) of ca. 13 wm at a low flow-rate
and a sharp increase in plate height (HETP) with an
increase in linear velocity. Fig. 5 indicates that the
performance of the C; silica rods with 1.5-1.8 wm

through-pores is similar to, or better than, that of
columns packed with 5 pm particles. C,; silica rods
generally provided H,_;, at higher linear velocity.
The silica rods with 14 nm mesopores showed H_;
of 12-14 pum, comparable with the H_,, obtained
with 5 um Capcellpak C,, UG with 12 nm meso-
pores. Slightly higher H_, values were observed on
SR-S-C ; than on SR-L-C ;. This may be due to the
presence of small pores in SR-S-C,,.

The increase in HETP with flow-rate that was
found with Capcellpak C,; SG and Deltabond ODS
with 30 nm pores is smaller than that with Capcel-
Ipak C,; UG. The silica rods showed even smaller
dependence of HETP on linear velocity. The effect
of skeleton size is clearly observed. The smaller the
skeleton size, the smaller the slope of the plots. This
is understandable based on the diffusion path length.
The dependency of HETP at high mobile phase
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Fig. 5. Van Deemter plots for C ; silica rods and silica C 4-packed columns with amylbenzene as the solute. Mobile phase: 80% methanol.
(2) @, SR-(I)-S-C,4; A, SR(I)-S-C,;; W, SR-(IIN)-S-C ,; ¢, SR-(IV)-S-C  and [J, Capcellpak C,; UG (12 nm). (b) @, SR-(I)-L-C ,; A,
SR-(I)-L-C 4; W, SR-(IIT)-L-C ;; ¢, SR-(IV)-L-C ,; O, Capcellpak C,, SG (30 nm); A, Deltabond ODS (30 nm). Curves connect the plots

for SR-(I)-S-C,,, SR-(I)-L-C,,; and Capcellpak C,, UG.

linear velocity is dominated by a term proportional to
the square of the particle size or the skeleton size
[1,35]. SR-(I)-L-C,; resulted in an extremely flat
curve, as reported with 2 um particles [3]. Thus, all
of the silica rods showed much smaller HETP values
or much higher column efficiencies than the particle-
packed columns at high linear velocity.

The Van Deemter plots obtained with insulin as a

200
a 0O Capcelipak C,, UG
O & sR(v)sc,
8 SR-(Il)}-S-C,,
A SR-(I)-5-C
150 o ® SR-()SC,0
2]
2
'? 100 |- a)
T
i D
g .*
- 50 s N
T g & ¢
° g gt
-
0 i 1 1 1 i

0 1 2 3 4 5 6
U : Linear Velocity (mm/s)

solute are shown in Fig. 6. For these measurements,
the eluent strength was adjusted to give similar &’
values for insulin on each column by changing the
acetonitrile content by up to 3.5%. The wide-pore
C,; silica particles showed lower plate heights and a
smaller slope for insulin than particles having 12 nm
pores. Fig. 6 shows that the column efficiencies of
the C |, silica rods for insulin, with a molecular mass

200
O Capcelipak C,, SG
A Deitabond ODS
® SR-(V)-L-C,, o
B SR-(I)-L-C,,
150 - A& sRrgn-L-c, o
T ® SR-()-L-C,,
3
bud o]
& 100 |
2
P °© a
[}
= a A, et
= 50 | A
T AO O * | ] n
o L [ ] é ‘
git® e ¢
0 1 1 1 L | 1

0 1 2 3 4 5 6 7
U : Linear Velocity (mm/s)

Fig. 6. Van Deemter plots for C,; silica rods and silica C ,-packed columns with insulin as the solute. Mobile phase: acetonitrile—water
(33.5:66.5, v/v) for Deltabond ODS (30 nm) in the presence of TFA, and the other columns as in Fig. 4. (a) @, SR-(I)-8-C,,; A,
SR-(I)-S-C;; W, SR-(III)-S-C,,; ¢, SR-(IV)-S-C,, and O, Capcellpak C,; UG (12 nm). (b) @, SR-(I)-L-C ;; A, SR-(II)-L-C,,; @,
SR-(IID)-L-C,;; ¢, SR-(IV)-L-C ,;; O, Capcellpak C,; SG (30 nm) and A, Deltabond ODS (30 nm).
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of ca. 5800, were much better than that of 5 pm C
silica particles, especially at high flow-rates. A
correlation between the skeleton size and the slope of
the plots was clearly observed, as in Fig. 5. The
silica rod, SR-(I)-L-C,;, with small skeletons and
large mesopores, provided the best results. This is
presumably due to the short diffusion path length
associated with the small-sized skeletons of the silica
rods. The small skeleton size may allow the use of
rods with small mesopores for high-molecular-mass
solutes, although 5 pm particles possessing small
pores showed poor efficiencies for high-molecular-
mass polypeptides compared with macroporous poly-
mer-based packing materials [36]. High column
efficiency at high speed has also been reported with
polymer rod columns under gradient conditions [17-
20].

1 C,D.
H= > +
(1/Cd,) + [1/(C,d2ulD,)] u
Csmdlz,u
*Db_ (1)
H=Au'"+Blu+Cu (2)
h=Av'>+Blv+Cr (3)
h=Hld, v=ud,D, (4)

A plate height (H) for a particle-packed column is
described by Eq. (1) or Eq. (2) [35,37], where d, is
the particle diameter, u is the linear velocity of the
mobile phase, D, is the diffusion coefficient of the
solute, C,, C_, C, and C, are coefficients represent-
ing the contribution of eddy diffusion, mobile-phase
mass transfer, longitudinal diffusion and mass trans-
fer within a particle, respectively. The equation is
also expressed in reduced parameters as in Eq. (3)
[38], where h is a reduced plate height, and » is a
reduced velocity. The reduced velocity for insulin is
much higher than for amylbenzene at the same linear
velocity because of its smaller diffusion coefficient
[39] and this is shown by the plots without H_, for
insulin in Fig. 6.

In order to plot the data according to Eq. (3), an
effective d for a silica rod is required in Eq. (4).
The d, is a particle diameter with a particle-packed
column, and has been used when considering the

C-term contribution within particles and the A-term
contribution in the mobile phase as a unit length
describing the distance for a molecule to diffuse or
flow to change its velocity in the derivation of Eq.
(1) [35], because the size of interstitial channels in a
packed column is determined by the size of the
particles to be about 1/3 of a particle diameter. In
the case of a silica rod, it would be appropriate to
take the sum of the through-pore size and the size of
silica skeletons at narrow (saddle) portions to be d,
in Eq. (4). The sum of the sizes of through-pores and
the narrow skeletons is the repeating unit size of
domains in the preparation process of a silica rod
involving phase separation [26,27]. Although it may
be appropriate to take the size of branching portions
of silica skeletons as being d,, the sizes at these
portions are hard to measure. Actually, the size of
silica skeletons at these portions is not too far from
the combined size of the domains. Because the size
of through-pores relative to that of silica skeletons is
controllable in a silica rod (and larger than in a
packed column), the combined domain size would
better represent the unit length when considering
various flow and diffusional effects on band broaden-
ing in the mobile phase in a silica rod.

Fig. 7 shows the plots of log / against log v for
Capcellpak C,; SG, SR-(I)-L-C,; and SR-(IV)-L-
C,s- The plots for Capcellpak are characterized by
high &, due to the high A term. The slight
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Fig. 7. Plots of log h against log » with amylbenzene (open
symbols) and insulin (closed symbols) as solutes on SR-(I)-L-C
(O,®), SR-(IV)-L-C,, ({J,M) and Capcellpak C,, SG (A,A). See
Figs. 5 and 6 for conditions.
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discontinuity between the plots for amylbenzene and
those for insulin seen with the silica rods can arise
from errors in the calculated diffusion coefficients or
from the presence of small pores that give poorer
performance for a high-molecular-mass solute.
Greater discontinuity was observed with the small-
pore materials, Capcellpak C,; UG and SR-S-C,q
rods. Estimation of values of A and C in Eq. (3)
from the plots for insulin in Fig. 7 gave A values of
1.7, 2.1 and 2.1 for Capcellpak C,; SG, SR-(I)-L-
C,; and SR-(IV)-L-C,;, and C values of 0.05, 0.001
and 0.02, respectively. Although the C value for
SR-(I)-L-C,; seems to be underestimated by the
present treatment, which assumes that / for insulin
depends on Av'">+Cy, the results suggest that the
plots for the silica rods can be characterized by large
A terms and small C terms. This tendency is also
seen in Figs. 5 and 6. The relatively large contribu-
tion of the A term with silica rods can be explained
by taking into account the presence of relatively
large and straight through-pores. Solutes can be
carried away much further without being mixed due
to the low tortuosity, resulting in greater band
broadening. In the case of particle-packed columns
with higher tortuosity, more efficient mixing occurs
to average the contribution of eddy diffusion or to
make the step length shorter.

Small skeletons of silica rods in the presence of
large through-pores allow fast equilibration even for
large molecules, while the mesopores provide sample
loading capacity, as in packing materials for perfu-
sion chromatography [40,41]. The Knox plots in Fig.
7 show the better performance of the rod columns
than of the perfusive packing materials, although the
latter packed in capillary columns gave better results
for unretained solutes [42]. The comparison also
indicates the significant contribution that the A term
makes with the silica rod columns.

Antia and Horvith [6] and Chen and Horvath [7]
demonstrated that improved column efficiency was
obtained by the use of pellicular packings at high
temperatures [6,7], which also reduced the contribu-
tion of the diffusional effects and the pressure drop.
Such an approach may, however, be associated with
low sample loading capacity and some incon-
venience related to high temperature operation, while
porous silica rods can have good capacity and high
performance at room temperature. These results

clearly indicate the advantage of the rod-type col-
umns over conventional particle-packed columns to
achieve high-speed separations. Similar attempts
have been reported with various polymer rods [15-
23] and with porous glass rods with 2 wm through-
pores and without mesopores [43].

3.4. Total column performance of continuous silica
columns including pressure drop

The size of interstitial void spaces between spheri-
cal particles is commonly 25-40% of the size of
particles [31-33]. Therefore, the size of interstitial
openings in columns packed with 5 pm particles
should be similar to those of the rods used in this
study. The silica rods with through-pores of 1.5-1.8
pwm, however, produced a much lower pressure drop
than that produced by conventional columns packed
with 5 wm particles, as shown in Fig. 8, where the
column length was normalized. High column ef-
ficiency, together with the small pressure drop
observed with the silica rods, is a significant advan-
tage and can be explained by the small-sized
skeletons surrounded by relatively large through-
pores. The flow resistance factor (¢) calculated from
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Fig. 8. Plots of column back pressure against linear velocity of
mobile phase. Mobile phase: 80% methanol. The pressures were
normalized to the column length of 83 mm. @, SR-(I)-S-C,;; A,
SR-(I)-S-C,,; @, SR-(IIT)-S-C,;; ¢, SR-(IV)-S-C,; O, Capcell-
pak C,; UG (12 nm); O, Capcellpak C,; SG (30 nm) and A,
Deltabond ODS (30 nm).
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the external porosity using the Kozeny-Carman
equation in combination with Darcy’s law is 80-130
for the silica rods, assuming spherical skeletons,
approximately an order of magnitude smaller than
those of packed columns [1,38].

Pressure drop is an important parameter in de-
termining the maximum number of theoretical plates
obtainable per unit time. Normally, operation at a
flow-rate that gives H _; is recommended [1,4,38].
Operation at high speed is not compatible with high
efficiency in the case of particle-packed columns
with larger-sized particles, due to a sharp increase in
HETP, and is not possible with smaller-sized par-
ticles, either, due to a large pressure drop, limiting
the number of theoretical plates of columns for
routine applications.

E="F 2 — )

The total performance of a column can be assessed
based on the separation impedance given by Eq. (5)
[38], which gives the E value as the product of the
reciprocal number of theoretical plates per unit
pressure drop, the reciprocal number of theoretical
plates per unit time and the reciprocal mobile phase
viscosity. The separation impedance (E), calculated
for Capcellpak C,; UG at H, is approximately

min?
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3500, while E values of 800-900 were obtained with
SR-(I)-L-C 4 and SR-(II)-L-C ;. More significantly,
the low separation impedance was obtained in the
high linear velocity region, as shown in Fig. 9. This
implies that it may be possible to produce high
column efficiency per unit time while limiting the
pressure.

In a practical example, let us suppose a column of
15 cm is operated at 1.5 mm/s to produce 12 500
plates (H= 12 pm) with a ¢, value of 100 s (retention
time of 400 s at k'=3). The pressure drop is about
30 kg/cm’ for a silica rod column and about 60
kg/cm” for 5 wm particles in the mobile phase used
for Figs. 3 and 5. It would be possible to get about
three times as many theoretical plates within the
same period of time with current instrumentation by
using a silica rod column three times as long and a
flow-rate that was as many times higher. This is
impossible with 5 pm particle-packed columns for
two reasons; the loss of column efficiency at high
flow-rates and the high pressure drop (see Figs. 5 and
8).

In conclusion, silica rods having skeletons of 1—
1.7 pm and 1.5-1.8 pm through-pores provided
higher column efficiency at high speed and a smaller
pressure drop than columns packed with 5 pm
particles. The use of such continuous silica columns
may lead to high efficiency and high speed sepa-
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Fig. 9. Plots of separation impedance against linear velocity of mobile phase calculated for amylbenzene as the solute in 80% methanol. (a)
@, SR-(I)-S-C;;; A, SR-(II)-S-C ;; W, SR-(II)-S-C ;; 4, SR-(IV)-S-C |, and O, Capcellpak C;; UG (12 nm). (b) @, SR~(I)-L-C ; A,
SR-(I)-L-C,;; W, SR-(III)-L-C,,; ¢, SR-(IV)-L-C,, and O, Capcellpak C , SG (30 nm).
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rations that are not possible with current particle-
packed columns.
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