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Comparison of Spherically and Irregularly Shaped Stationary 
Phase Packings in Microcolumn Liquid Chromatography 

Johannes P.C. Vissers,"'* Edgar C.J. van den Hoef," Henk A. Claessens,* 
Jozua Laven,? and Care1 A. Cramers" 

*Laboratory of Instrumental Analysis and tLaboratory of Colloid Chemistry, Eindhouen 
University of Technology, P.O. Box 513, 5600 MB Eindhouen, the Netherlands 

Abstract. Spherically and irregularly shaped reversed phase packings were used to 
slurry pack capillary fused silica columns. The selection of the packing solvents was 
based on the colloidal properties of the stationary phase particles and investigated 
by sedimentation experiments. The chromatographic performance of the micro- 
columns was measured with conventional parameters from plate and rate theories, 
and the column resistance parameter and separation impedance. Also studied was 
the time of analysis. The performance of spherical and irregular packings was 
comparable with a light preference for spherically shaped materials when time of 
analysis is concerned. 0 1995 John Wiley & Sons, Inc. 
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INTRODUCTION 
Spherically shaped stationary phase parti- 

cles are generally believed to have better chro- 
matographic properties, i.e., a higher number of 
plates and a better column life expectancy, than 
their irregularly shaped counter parts. This was 
especially the case after the introduction of 
spherical silica gels as support for stationary 
phases in liquid chromatographic (LC) columns 
[1,2]. Later studies showed, however, that no or 
limited advantages arise from the use of spheri- 
cally shaped particles as compared to irregu- 
larly shaped particles [3-91. In order to com- 
pare packing materials with different particle 
shaped, and their use in LC, the particle geom- 
etry has to be characterized and the packing 
method optimized for each type of stationary 
phase individually. Most comparative studies on 
the performance of spherical and irregular sili- 
cas lack of proper particle characterization, re- 
sulting in incorrect conclusions when reduced 
parameters, like reduced plate height h ,  sepa- 
ration impedance E, and Knox-plots are used. 

In microcolumn LC, spherical stationary 
phases are almost exclusively used. Exceptions 

are the work of McGuffin and Novotny [9], who 
did pioneering work on the optimization and 
evaluation of packed capillary columns using 
spherically and irregularly shaped materials, and 
the work of Wilson et al. [lo], who studied the 
effect of the column to particle diameter for 
both irregular and spherically packings. Both 
studies [9,10] involved normal phase chro- 
matography. A detailed comparison on the use 
of spherically and irregularly shaped particles 
in microcolumn LC has, by the knowledge of 
the authors, not been done yet. Furthermore, 
slurry paclung optimization in microcolumn LC 
has only been performed on spherical packing 
materials. 

This paper reports how the packing of fused 
silica capillaries can easily be optimized using 
proper packing solvents. Furthermore it is 
demonstrated whether the shape of the parti- 
cles influences the LC performance. This study 
employs reversed phase chromatography to de- 
termine microcolumn efficiencies. Columns are 
compared by the number of plates per unit of 
length N / L ,  the plate height Hmin at optimum 
linear mobile phase velocity, the reduced plate 
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height hmin at optimum reduced mobile phase 
velocity, the flow resistance parameter a, the 
separation impedance E,  and the time of analy- 
sis. 

EXPERIMENTAL 
In this study only reversed phase particles 

were used. The packing material particles were 
suspended at a concentration of 100 kg . mP3 in 
a range of slurry liquids by sonication for 10 
min. Thereafter the slurry was transferred to 
the slurry reservoir with a syringe. Acetone and 
methanol (MeOH) were purchased from Merck 
(Darmstadt, Germany). Acetonitrile (ACN) was 
from Janssen Chimica (Beerse, Belgium), uracil, 
anthracene, naphthalene, and phenanthrene 
from Fluka AG (Buchs, Switzerland) and tetra- 
hydrofurane (THF) from Biosolve LTD 
(Barneveld, the Netherlands). All chemicals 
were of p.a. grade. Water was purified and 
demineralized with a Milli-Q water purification 
system (Waters-Millipore, Milford, MA, USA) 
prior to use. 

Basically, the same silicas with the same 
bonding chemistry should be used when spheri- 
cal particles are to be compared with irregulars. 
This is not achievable practically, however, since 
different kinds of chemistry are involved in the 
production of, respectively, spherically and ir- 
regularly shaped silica sols, resulting in chemi- 
cally different species. Therefore, spherically 
and irregularly shaped reversed phase packing 
materials were purchased from two different 
manufacturers. The materials per manufacturer 
had the same bonding chemistry. Nucleosil 100- 
5 C18 and Polygosil 100-5 C18 were obtained 
from Machery-Nagel GmbH & Co KG (Duren, 
Germany). BioSil C18 HL 90-5 S and BioSil 
C18 HL 90-5 were obtained from BioRad RSL 
nv. (Nazareth, Belgium). 

The particle settling device, the construc- 
tion of the fused silica capillary columns, and 
the packing equipment are described in a previ- 
ous paper 1111. The mean particle diameters 
(median) of the spherically shaped stationary 
phases were determined by means of light scat- 
tering techniques [lll. The average particle size 
of Nucleosil 100-5 C18 and BioSil C18 HL 90-5 
S, both spherically shaped, was 5.10 and 5.70 
pm, respectively. The irregularly shaped pack- 
ings were characterized by their projected area 
diameter [11,12]. The mean projected area di- 
ameter of the particles of Polygosil 100-5 C18 
and BioSil C18 HL 90-5, both irregularly 

shaped, were 6.33 and 6.57 pm, respectively. 
Nucleosil 100-5 C18 and Polygosil 100-5 C18 
were packed at a pressure of 500 bar, and 
BioSil C18 HI, 90-5 S and BioSil C18 HL 90-5 
were packed at a pressure of 300 bar. 

The HPLC system consisted of a Phoenix 
20 CU syringe pump and a Phoenix 20 syringe 
slave pump (Carlo Erba Instruments, Milan, 
Italy), a 785A Programmable Absorbance de- 
tector (Applied Biosystems, San Jose, CA, USA) 
equipped with a z-shaped detection cell (LC- 
Packings, Amsterdam, the Netherlands), and a 
60 nl CI4W injection valve (VICI-AG Valco 
Europe, Schenkon, Switzerland). A 0.2-pm ny- 
lon membrane (Alltech Associates Inc., Deer- 
field, IL, USA) was positioned into the valve 
outlet to the column in order to prevent that 
stationary phase particles could enter the injec- 
tion valve. UV detection was performed at 254 
or 275 nm. The output of the detector and the 
pressure of the pump were monitored with a 
BD41 potentiometric recorder (Kipp & Zonen, 
Delft, the Netherlands). Data handling was per- 
formed with Nelson 5.2 software (Perkin-Elmer 
Nelson, Cupertine, CA, USA). 

The reversed phase columns were evalu- 
ated isocratically with a test-mixture containing 
four components: uracil (deal volume marker), 
naphthalene, phenanthrene, and anthracene. 
The concentration of all components was ap- 
proximately 0.1 mol . mp3. As the mobile phase 
acetonitrile/water 70:30 (v/v) was used. The 
individual solvents of the mobile phase were 
filtered through a 0.45-pm filter. Prior to use, 
the mobile phase was degassed with helium. 
The peak of naphthalene or phenanthrene was 
used to calculate column efficiencies. Plate 
heights were calculated using an algorithm de- 
veloped by Foley and Dorsey 1131. The diffusion 
coefficients Dm of the test compounds in the 
mobile phase were calculated as proposed by 
Wilke and Chang 1161. 

RESULTS AND DISCUSSION 
In order to obtain efficient, reproducible 

packed fused silica capillary columns, the sta- 
tionary phase particles preferably should have 
coagulating properties in the packing liquid 1111. 
However, instead of kinetic settling experi- 
ments, involving very detailed particle charac- 
terization, the coagulating properties of packing 
liquids can also be determined by means of the 
final height of the sediment, i.e., the height of 
the sediment after the particles are completely 
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settled [14,15]. A high sediment is found with 
coagulated particles, a low sediment in the case 
of noncoagulated particles. 

In Figure 1 the final height of the sedi- 
ments of four reversed phase packing materials, 
two spherically and two irregularly shaped, is 
given in four different kind of liquids. A good 
example is Nucleosil 100-5 C18, which is coagu- 
lated much more severe in ACN/H,O 70:30 
(v/v) than in THF. These results give, however, 
only relative information. To what extent the 
particles are coagulated, or if the particles are 
not coagulated at all, cannot be derived from 
these kind of experiments. Coagulation of the 
stationary phase particles in the slurry liquid is 
less critical [ll]. For Nucleosil 100-5 C18, Poly- 
gosil 100-5 C18, and BioSil C18 HL 90-5, the 
mixture ACN/H,O 70:30 (v/v) was used as the 
packing liquid. For BioSil C18 HL 90-5 S this 
was ACN/H,O 70:30 (w/w). As slurry liquid 
acetone was used, because of its low viscosity 
(increased packing speed) and relatively low 
toxicity, for all stationary phases. 

Van Deemter ( H  vs. u )  and Knox ( h  vs. v >  
curves for all stationary phase for a retained 
compound with a retention factor of ca. 3.5-4 
were measured and are given in Figure 2(a) and 
(b). All Van Deemter curves show, as expected, 
very small increments in plate height with in- 
creasing mobile phase velocity. Based on the 
H-u plots, the spherical particle stationary 
phases would be interpreted as the “best” col- 
umn packing materials, i.e., lowest plate num- 
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Figure 1. Normalized height, i.e., height of sedi- 
ment over height of sluny, for spherically and 
irregularly shaped particles in a number of selected 
liquids. ( 0 ) acetone, ( 0 ) A C N  / H 2 0 ,  ( 0 ) 
MeOH, and ( B )  THF. The ratio A C N / H 2 0  
was 70:30 (u/u) in all cases, BioSil C18 H L  90-5 
S excepted (70:30 (w /w)). 
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Figure 2. (a) Van Deemter curves for spherically 
and irregularly shaped particles. (0) BioSil C18 
H L  90-5 S, (0)  Nucleosil lOO-5 Cl8, ( 0 ) BioSil 
C18 H L  90-5, and ( ) Polygosil lOO-5 C18. See 
the text for conditions. (b) Knox curves for spheri- 
cally and irregularly shaped particles. (0) BioSil 
C18 H L  90-5 S, (0 )  Nucleosil 100-5 CIS, (0 ) 
BioSil C18 H L  90-5, and ( m )  Polygosil 100-5 
C18, See the text for conditions. 

ber at optimum mobile phase velocity. How- 
ever, taking into account the repeatability of 
the packing process, which is ca. 5-6%, all the 
H-u curves should be the same. Efficiencies 
obtained on spherically and irregularly shaped 
materials, as measured by the plate height, are 
therefore the same too. 

The differences in the minimal reduced 
plate height hmin between the spherical and 
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irregular materials are somewhat larger than in 
the Van Deemter curves. As already mentioned 
in the experimental section, the irregular mate- 
rials have a larger particle diameter, and are 
the reason why they do somewhat better in the 
h-v curves. These results are confirmed by the 
date given in Table I, discussed in the next 
section. 

Other useful column characteristics are the 
flow resistance factor @ and the separation 
impedance E,  both dimensionless parameters 
[17]. @ reflects how much pressure is needed 
for an analysis, or which column length may be 
used at a given pressure and mobile phase 
velocity. For packed microcolumns @ is be- 
tween 500 and 1000. E includes the obtained 
number of plates and the time and pressure 
needed for a separation. Its lowest expected 
value is 2000. The flow resistance factor and 
the separation impedance for all investigated 
stationary phases are given in Table I. With all 
packing materials and packing conditions, three 
columns were packed and tested. The number 
of plates per meter N/m, the minimal plate 
height H,,,, the minimal reduced plate height 
hmin, the total column porosity e l ,  and the 
column permeability KO are given in Table I 
too. 

Table I indicates once more the minor dif- 
ferences in the number of plates and the plate 
height Hmin that were obtained with spherical 
and irregular packing materials. The differ- 
ences in hmin are, however, significant and show 
that the irregulars are packed more efficiently. 
Almost all @-values fall in the range 500-1000, 
but are all at the high end, Nucleosil 100-5 C18 
excepted, compared to conventional 4.6 mm i.d. 
stainless-steel columns. However, neither the 
spherically nor the irregularly shaped particles 
showed a pronounced better flow resistance 
parameter. Thus their resulting separation 
impedance values are also all of the same mag- 
nitude. Table I also indicates the minor differ- 
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ences in number of plates that as obtained with 
spherically and irregularly shaped particles. The 
permeability of the columns was found to be 
somewhat higher than reported by others [181. 

The performance of packed microcolumns 
can also be compared with respect to the speed 
of analysis. The time t, required to generate a 
certain number of plates is given by: 

where v is the reduced mobile phase velocity, 
d ,  the particle diameter, and k the retention 
factor. Naphthalene was, as a retained solute, 
used as the test compound to compare the 
times required to generate, for example, 100,000 
plates on the different types of stationary phase 
packings. The results from the calculations are 
listed in Table 11. The h / v  dependence of 
naphthalene was experimentally determined. 
Besides the retention time, also the column 
length, pressure drop and H / u  are given in 
Table 11. 

At first sight, the results seem to be very 
similar for both kind of packings. This is true as 
far as the column length and pressure drop are 
concerned. Nucleosil 100-5 C18 and Polygosil 
60-5 C18 yield shorter analysis times compared 
to BioSil HL C18 90-5 S and BioSil C18 HL 
90-5, which is caused by the higher carbon- 
loading of the BioSil materials. Comparing 
the spherical and irregular stationary phases 
per manufacturer, it can be concluded that 
faster analysis times can be achieved on spheri- 
cal packings. Nucleosil 100-5 C18 provides 1.07 
quicker analysis times as compared to Polygosil 
100-5 C18 for naphthalene at optimum reduced 
mobile phase velocity. For BioSil C18 HL 90-5 
S compared to BioSil C18 HL 90-5 this value is 
1.57. Furthermore. the BioSil materials show 

Table I. 
shapedparticles; n = 3). 

Comparison of column eficiencies of different stationary phases (spherically and irregularly 

Stationary phase N/m H m i n (  r*m) h m i n  E~ K,,[10t4m2] a) E 

Spherically shaped 
BioSil C18 H L  90-5 S 77800 13.0 2.54 0.68 3.21 830 5330 
Nucleosil 100-5 C18 69500 14.8 2.59 0.56 5.20 630 4420 

Irregularly shaped 
BioSil C18 HL 90-5 77100 13.1 2.00 0.57 4.01 1080 4330 
Polygosil 100-5 C18 71800 13.3 1.94 0.76 4.67 860 3260 
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Table 11. 
plates for a retained compound for columns packed with spherically and irregularly shaped particles. 

Retention time t,, column length L, andpressure drop A p  required to generate 100,000 

~~ 

v/ Vopt t (min.) L (m> Ap (bar) H/u (s) 
BioSil C18 HL 90-5 S 

0.25 
0.5 
1 
2 
5 

Nucleosill00-5 C18 
0.25 
0.5 
1 
2 
5 

BioSil C18 HL 90-5 
0.25 
0.5 
1 
2 
5 

Polygosill00-5 Cl8  
0.25 
0.5 
1 
2 
5 

1171 2.93 69 0.229 
531 1.76 83 0.069 
215 1.42 135 0.028 
132 1.76 332 0.017 
106 3.52 1660 0.013 

562 1.69 62 0.080 
185 1.11 81 0.026 
79 0.95 139 0.01 1 
46 1.10 322 0.007 
30 1.83 1345 0.004 

2831 3.74 66 0.361 
838 2.21 79 0.107 
337 1.78 126 0.043 
209 2.22 314 0.027 
171 4.54 1609 0.022 

66 1 2.26 60 0.131 
204 1.39 75 0.040 
84 1.15 123 0.017 
51 1.39 297 0.010 
38 2.63 1404 0.008 

less favorable H / u  values than Nucleosil 100-5 
C18 and Polygosil 100-5 C18 for naphthalene. 
The results in Table I1 show clearly why micro- 
columns in LC are operated near the optimum 
reduced mobile phase velocity. To achieve an 
acceptable number of plates at two or five 
times the optimum velocity of the mobile phase 
already results in undesired inlet pressures. At 
five times the optimum rate of the mobile phase 
the inlet pressure exceeds the pressure limit of 
all LC pumps applied at present. 

To show the potential of microcolumn LC, 
a polycarbonate sample, after microwave ex- 
traction, was separated by gradient analysis on 
a 0.40 m x 320 p m  i.d. fused silica capillary 
column packed with BioSil C18 HL 90-5 S. The 
chromatogram is given in Figure 3. The mobile 
phase consisted of ACN/H,O 6535 (v/v) and 
was programmed to ACN/H,O 95:5 (v/v) in 
15 min. In an additional 15 min the mobile 
phase was programmed to 100% ACN and was 
kept constant for 30 min. The rate of the mo- 
bile phase was 5 pL. min-'. UV absorbance 
detection was performed at 264 nm. 

As another example, the efficient separa- 
tion of a polymer-additives sample is demon- 
strated in Figure 4. This chromatogram was 
obtained on a 0.40 m X 320 p m  i.d. microcol- 
umn packed with Polygosil 100-5 C18. The mo- 
bile phase consisted of ACN/CHCl, 95:s (v/v) 
and the rate of the mobile phase was 10 pl . 
min-'. Detection was carried out at 254 nm. 
The second example, especially shows a very 
good performance, as regarding the excellent 
resolution at short retention times. 

CONCLUSIONS 
Good, efficiently packed microcolumns for 

LC can be obtained with spherically as well as 
irregularly shaped particles. The proper packing 
solvents can easily be selected by means of 
sedimentation experiments. Suspension liquids 
in which the particles are coagulated are to be 
preferred as the packing liquid. The selection 
of the slurry liquid is not determined by the 
coagulating properties of the stationary phase 
particles in the slurry liquid. Particles have to 
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be characterized properly by size if reduced 
parameters are to be used as optimization crite- 
ria. Based on the obtained results, no distinc- 
tion can be made on whether spherically or 
irregularly shaped packing material particles 
give the best chromatographic performance. 

Considering the time of analysis the spherical 
packings appear slightly to be preferred over 
the irregularly shaped packings. Maybe the main 
advantage of irregulars is their low cost com- 
pared to spherical particles. On the other hand, 
spherical particles are believed to be better 

0 10 20 30 40 50 60 

time (min.) 

Figure 3. Microcolumn LC separation of a microwave extract of a polycarbonate sample on a BioSil 
C18 HL 90-5 S column. The mobile phase consisted initially of ACN / H,O 65:35 (v /v). The amount of 
ACN was increased up to 95% (v/v) in 15 min. In an additional 15 min the amount of ACN was 
programmed to 100% and was kept constant for 30 min. The length of the column was 0.40 m and the 
i.d. 320 pm. The flow rate was 5 pl  * rnin - I .  UV-absoiption detection was peformed at 264 nm. 

0 5 10 15 20 25 30 

time (rnin.) 

Figure 4. Microcolumn LC analysis of polymer additives on a Polygosil 100-5 C18 column. The 
mobile phase consisted of ACN/CHCl, 95-5 (v/v) and the flow rate was 10 pl * min ~ '. The column 
length was 0.40 m and the i.d. 320 pm. W-absoiption detection was peformed at 254 nm. 
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pressure resistant than irregularly shaped parti- 
cles. 
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