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Performance of an octadecylsilylated continuous porous silica
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Abstract

A continuous porous silica rod column prepared by an alkoxy-derived sol-gel method in the presence of a water-soluble
organic polymer was tested in the reversed-phase acetonitrile–water linear gradient elution of polypeptides with molecular
masses of up to 80 000. The silica rod having the through-pore size of 1.1 mm and silica skeleton size of 0.7 mm with
mesopore size of 26 nm was used. The gradient time and the linear velocity of the mobile phase were varied and the
resolution was examined in terms of peak capacity. The resolution with the silica rod was less affected by the gradient
steepness and the mobile phase velocity. The results indicate that the silica rod column could reduce the separation time by a
factor of 3 or more compared to the conventional column packed with 5 mm silica particles.  1998 Elsevier Science B.V.
All rights reserved.

Keywords: Stationary phases, LC; Polypeptides; Silica rod column

1. Introduction lem of stagnant mobile phase mass transfer in porous
packing materials.

Gradient elution high-performance liquid chroma- Unger and co-workers reported that non-porous
tography (HPLC) has been widely used for separat- silica particles of diameter 1.5 mm provided the rapid
ing peptides and proteins in reversed-phase, ion- separation of proteins in reversed-phase mode [2,3].
exchange, hydrophobic-interaction and affinity Recently such materials have become available from
modes. The diffusion coefficients of high-molecular- several commercial sources. Perfusion chromatog-
mass solutes in the pores of the packing materials are raphy using the polymer particles having through-
small, and the theoretical plate heights for such pores of 600–800 nm and mesopores of 80–150 nm
solutes depend much on the flow-rate of the mobile has been introduced by Afeyan and co-workers [4,5].
phase [1]. It is necessary to make the packing The through-pores, which allow the flow of mobile
materials smaller and the pore size larger for sepa- phase through the particles and effectively decrease
ration in a short time. Recently, several kinds of the particle size, provided the high speed separation
materials have been proposed for the rapid separation ability in ion-exchange and affinity modes. Hjerten
in gradient elution HPLC by overcoming the prob- and co-workers have developed the continuous sepa-

ration media prepared by crosslinked polymer gel in
a small diameter fused-silica tube [6–10]. Svec and
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macro-porous rod separation media prepared by gelation and aging for 15 h. The aged gel was
polymerizing monomers directly in a column [11– immersed in 1.0 M aqueous ammonia solution at
13]. The monolithic polymer gel columns were used 1208C for 9 h. After drying at 508C for three days,
successfully for high-speed separation of proteins the monolithic gel was heat-treated at 7008C for 2 h.
and polypeptides in reversed-phase, ion-exchange, The continuous silica rod of 7.0 mm diameter was
hydrophobic interaction, and affinity modes. Horvath cut to 83 mm in length, encased in heat-shrinking
and co-workers demonstrated that there was a signifi- PTFE tubing to be used in a Z-module (Waters,
cant advantage in separation speed and efficiency in Milford, MA, USA) under external pressure, then
working at elevated column temperatures up to octadecylsilylated by on-column reaction, as previ-
1208C with pellicular packing materials [14,15]. ously described [16–18].

In previous papers, we reported the performance A scanning electron microscopy system (SEM
of continuous silica rod columns consisting of S-510, Hitachi, Japan) was employed for the ob-
mesoporous silica skeletons and through-pores in servation of the morphology of the resultant gel. The
isocratic elution [16–18]. The through-pore sizes and domain size estimated from the SEM photographs
the silica skeleton sizes were varied from 1.0 mm to was ca. 1.8 mm. Characterization of the pore struc-
3.5 mm independently from each other. The effects ture of the silica rod was performed by mercury
of the silica skeleton sizes and the domain sizes on porosimetry (PORESIZER 9320, Micromeritics,
the performance were evaluated for small molecules USA) and nitrogen adsorption method (ASAP 2000,
as well as insulin. The continuous silica rod columns Micromeritics) with an unmodified silica rod.
with the smaller skeleton size or the domain size
provided smaller plate heights and the less depen- 2.2. Chromatography
dence on the mobile phase velocity than columns
packed with 5 mm particles. They also showed much Chromatography was carried out using a conven-
lower back pressure than the particle-packed col- tional HPLC system consisting of two LC-10A
umns which had a similar theoretical plate height. It pumps (Shimadzu, Kyoto Japan), an injection valve
is of much interest to test the performance of a rod fitted with a 20-ml sample loop (Model 7125,
column with small-sized silica skeletons for the Rheodyne, Berkeley, CA, USA), an SPD-6A UV
separation of high-molecular-mass solutes in gradient detector (Shimadzu) operated at 280 nm, and a data
elution. This paper reports the use of an processor, V-Station, (GL Science, Tokyo, Japan). A
octadecylsilylated continuous silica rod column in conventional column packed with 5 mm silica C18

reversed-phase gradient elution of polypeptides. particles, Capcellpak C SG, (15034.6 mm I.D.,18

Shiseido, Tokyo, Japan) with 30 nm pores was used
for comparison. Furthermore, the separations were

2. Experimental compared with several commercially available col-
umns, 5 mm silica C LiChrospher WP 300 RP-18e18

2.1. Preparation of continuous porous silica (12534.0 mm I.D., Merck, Darmstadt, Germany)
column with 30 nm pores, 1.5 mm nonporous silica C , NPS18

ODS-1 HPLC column (1434.6 mm I.D., Micra
A double-pore continuous silica rod was prepared Scientific, IL, USA), and 2.5 mm nonporous polymer

according to the procedure described previously [15– C , TSKgel Octadecyl-NPR (3534.6 mm I.D.,18

17]. Tetramethoxysilane (TMOS: 40 ml, Tokyo Tosoh, Yamaguchi, Japan). The NPS ODS-1 HPLC
Kasei, Tokyo, Japan) was added to 100 ml of 0.01 M Column was tested with a specially designed HPLC
aqueous acetic acid in the presence of 11.8 g of instrument for a semi-micro column, NANOSPACE
poly(ethylene oxide) (PEO, Aldrich, Milwaukee, WI, SI-1 (Shiseido). Mobile phase was prepared from
USA) with an average molecular mass of 10 000. LC-grade solvents. Chromatographic measurements
The mixture was cooled in an ice bath and stirred for were made at 308C. A wide molecular-mass range of
30 min. The solution was poured into a polycarbo- polypeptides (molecular mass in parentheses) from
nate mold (20039 mm I.D.) and kept at 408C for Sigma (St. Louis, MO, USA) were used,
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2glycyltyrosine (238), leucine enkephalin (556), in- m /g. The important feature in Fig. 1 is the large
3sulin (6000), cytochrome c (12?10 ), lysozyme (14? through-pore volume. From the size-exclusion chro-

3 310 ), transferrin (80?10 ), bovine serum albumin matography (SEC) measurement, the through-pore
3 3(BSA) (66?10 ), b-lactoglobulin (18?10 ) and oval- volume of the rod column was found to be ca. 65%
3bumin (45?10 ). The samples were injected at the of the column volume, while the interstitial void

beginning of the solvent gradient, taking into account volume in the conventional packed-column is com-
the gradient delay time due to the dwell volume. All monly ca. 40% [19]. The continuous silica rod
gradient elution measurements were carried out using column was considered to be more loosely occupied
linear gradient [5–60% acetonitrile in the presence of by skeletons, resulting in much lower flow resist-
0.1% trifluoroacetic acid (TFA)]. In the gradient ance, as reported previously [18]. Through-pore size
runs, the linear velocity of the mobile phase was (ca. 1.1 mm) is actually smaller than the size of
varied at 1.0, 2.0, 3.0 and 4.0 mm/s and the gradient interstitial voids in a column packed with 5 mm
time was also varied from 3 to 30 min. particles.

Recovery of polypeptides was examined by ob-
serving the peak areas of lysozyme, BSA and 3.2. Performance of continuous porous silica
transferrin. The ratio of the average peak area of the column
three runs to the peak area obtained by replacing the
column with a stainless steel tube (30030.3 mm The van Deemter plots obtained with amylbenzene
I.D.) was taken as the recovery. as a solute in 80% methanol are shown in Fig. 2.

Also shown are the plots with insulin in 30%
acetonitrile for the silica rod and in 32% acetonitrile

3. Results and discussion for Capcellpak C SG. The rod column gave much18

smaller plate heights and the slope of the plots than
3.1. The structure of the continuous porous silica Capcellpak C SG. The results indicate that the18

column efficiency of the rod column is less affected
Fig. 1 shows the overall pore size distribution of by the mobile phase velocity than that of the column

the silica rod. The through-pore size was ca. 1.1 mm
3with the pore volume of ca. 4.2 cm /g, and the

mesopore size distributed at ca. 26 nm with the pore
3volume of 0.98 cm /g. The surface area was ca. 140

Fig. 2. Van Deemter plots for C silica rod (closed symbols) and18

Capcellpak C SG (open symbols) with amylbenzene (d, s) and18

Fig. 1. Pore size distribution curve of the continuous silica rod. insulin (j, h) as solutes. Mobile phase: 80% methanol with
Pores larger than 100 nm were determined by mercury amylbenzene and acetonitrile–water mixture with insulin (30:70,
porosimetry and those smaller than 100 nm by nitrogen adsorption v/v) for rod column and (32:68, v /v) for Capcellpak C SG in18

and the data were combined at d of 100 nm. the presence of 0.1% TFA.
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packed with 5 mm particles. Since the column length
of the rod column and Capcellpak C SG were 8318

mm and 150 mm, respectively, both columns had
similar theoretical plate numbers, which should play
a major role in separation efficiency in gradient
elution [20], while column length is considered to
have little effect on resolution [21].

Fig. 3 shows the column back pressure against the
linear velocity of the mobile phase. The back pres-
sure per unit length of the rod column and Capcel-
lpak C SG were similar, thus the rod column18

provided the greater number of theoretical plates per
unit pressure drop.

For isocratic measurements with acetonitrile–
water mobile phase, retention can be approximated
by Eq. (1) [22];

log k9 5 log k 2 Sf (1)0
Fig. 4. Plots of the retention factor against the volume fraction of
acetonitrile in mobile phase on silica rod column (closed symbols)where k9 is the retention factor, k the value of k9 in0 and on Capcellpak C SG (open symbols). j, h: Glycyltyrosine,18water as the mobile phase, f the volume fraction of
d, s: leucine-enkephalin, m, n: insulin, ♦, x: lysozyme.

acetonitrile in the mobile phase, and S a constant for
a given compound. Fig. 4 shows the dependence of

the surface area of the silica skeleton in the rodk9 on f for some polypeptides in isocratic elution
column are much smaller than those of the silicameasurements. The rod column had smaller k9 values
particles in the packed column.than the particle-packed column at similar acetoni-

Stadalius and co-workers reported the relationshiptrile content. This is because the volume fraction and
between the slope S and the molecular mass (M ) ofr

the solutes in acetonitrile–water mobile phase as Eq.
(2) [23];

0.44S 5 0.48 M (2)s dr

The plots of log S values against log (M ) on ther

rod column and Capcellpak C SG are shown in18

Fig. 5, where the S values with leucine enkepharin
and insulin were obtained from Fig. 4 and those with
BSA and ovalbumin were calculated from the re-
tention data obtained at different gradient time
measurements [23]. The following relationships were
derived from the plots in Fig. 5.

0.45S 5 0.71 M (3)s dr

0.45S 5 0.58 M (4)s dr
Fig. 3. Plots of column back pressure against linear velocity of
mobile phase. Mobile phase: 80% methanol. The pressures were

The coefficient in the equation for the rod columnnormalized to the column length of 83 mm. d: Silica rod column,:
s Capcellpak C SG. (Eq. (3)) was ca. 20% larger than that for Capcellpak18
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polypeptides. The difference in the column diameter
is considered to have little effect on resolution in
gradient elution [21]. At the mobile phase velocity of
2 mm/s, baseline separation could be achieved with
10 min gradient time, t , on the rod column. On theG

other hand, it took much longer time for Capcellpak
C SG to achieve similar separation. Comparing the18

chromatogram of t 55 min on the rod column toG

that of t 515 min on Capcellpak C SG, the rodG 18

column seemed to give better separation. These
results indicate that the silica rod column can be used
with steeper gradient than the conventional column
packed with 5 mm silica particles, which results in
the reduction in not only the separation time but also
the consumption of the mobile phase by a factor of 3
or more by employing a column of a similar size.

The resolution in gradient elution can be compared
Fig. 5. Plots of S values against molecular mass of polypeptide. in terms of peak capacity, PC, which indicates the
d: Silica rod column, s: Capcellpak C SG. Solid line corre-18 maximum number of peaks that can be fitted into the
sponds to the best fit to data points for the rod column and dashed

chromatogram with unit resolution. The peak capaci-line for Capcellpak C SG.18

ty is defined by Eq. (5) [23];

PC 5 t /4s (5)C SG (Eq. (4)). This is presumably due to the G t18

lower coverage of the silica surface of the rod
where t is the gradient time and 4s the band widthG tcolumn than Capcellpak C SG, which agreed with18
in time unit. Fig. 7 shows the plots of peak capacitythe lower hydrophobic selectivity, a(CH ), of the2
against the gradient steepness parameter, b. TheC silica rod than a column packed with porous18
parameter b is defined by Eq. (6) [22] and can beC -silica particles, as reported previously [17]. The18
calculated by Eq. (7) from the retention times at tworesults indicate that the band spacing would be
different gradient times [23];slightly narrower on the rod column than with a

conventional column packed with porous silica C18 b 5 St Df /t (6)0 Gparticles under similar gradient conditions. However,
high-performance of the silica rod shown in Fig. 2
and the complete recovery of the polypeptides, b 5 t log b / t 2 t /b 1 t 1 2 b /b (7)s df s d g0 g1 g2 0

shown in Table 1, suggest that the octadecylsilylated
silica rod column is suitable for the separation of where Df is the change in volume fraction of the
polypeptides. organic solvent during the gradient run, t , t theg1 g2

Fig. 6 shows the comparison between the rod gradient retention times, b 5t /t , and t theG2 G1 0

column and Capcellpak C SG in gradient elution of elution time of uracil. For leucine enkephalin there18

was small difference in PC between the two col-
umns, Capcellpak C SG being slightly better than18Table 1
the rod column, as shown in Fig. 7a. However, theRecovery of polypeptides
rod column showed much better resolution than

Polypeptide Recovery (%)
Capcellpak C SG with polypeptides of high molec-18

Rod column Capcellpak C SG18 ular mass, as shown in Fig. 7b–d.
Lysozyme 100 100 Fig. 7 includes the plots of PC at the mobile
BSA 96 88 phase velocity of 1–4 mm/s. The PC with the rod
Transferrin 102 100 column was little affected by the mobile phase
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Fig. 6. Elution of polypeptides [(1)glycyltyrocine; (2) leucine-enkephalin; (3) insulin; (4) cytochrome c; (5) lysozyme; (6) transferrin; (7) BSA; (8) b-lactoglobulin; (9)
ovalbumin] on silica rod column (a, b, c and d) and Capcellpak C SG (e, f, g and h). Linear gradient from 5 to 60% acetonitrile in the presence of TFA at 2 mm/s of18

mobile phase velocity. Gradient time: 30 min (a and e), 15 min (b and f), 10 min (c and g), 5 min (d and h).
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Fig. 7. Plots of peak capacity against gradient steepness. d: silica rod column, s: Capcellpak C SG. Polypeptide: leucine-enkephalin (a),18

insulin (b), BSA (c) and ovalbumin (d).

velocity, while the PC values for the late-eluting with the increase in the flow-rate of the mobile phase
peptides with Capcellpak C SG showed a decrease (Fig. 2).18

with the increase in the mobile phase velocity. These
results indicate that the silica rod column can be
applied for the separation of high molecular weight 4. Conclusions
samples at the greater gradient steepness.

Fig. 8 shows the comparison among the rod The continuous porous silica column having 0.7
column and the columns packed with several high- mm silica skeletons and 1.1 mm through-pores
performance particles at the mobile phase velocity of showed much higher separation efficiency, especially
4 mm/s and the gradient time of 5 min. The under a steep gradient, for polypeptides than the
nonporous particles, 1.5 mm silica-based NPS (Fig. conventional columns packed with 5 mm wide-pore
8d) and 2.5 mm polymer-based NPR (Fig. 8e) silica particles in reversed-phase gradient elution in
showed much shorter retention and considerably acetonitrile–water in the presence of TFA. Under the
different selectivity for the polypeptides. High ef- same gradient elution conditions, the continuous
ficiency was observed for early-eluting polypeptides silica rod column provided nearly equal or higher
with the 1.5 mm particles. The separation efficiency efficiency at much lower pressure drop compared to
of the rod column is shown to be similar to or higher the column packed with 1.5–2.5 mm particles.
than that of the small non-porous particles and much
higher than that of the conventional 5 mm particles.
The high efficiency of the rod column is presumably Acknowledgements
provided by the small-sized silica skeletons which
resulted in a much smaller increase in plate height This work was supported in part by a Grant-in-Aid
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