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ABSTRACT 
In the current contribution, it is demonstrated that 
radial elongation of support structures in a 
chromatographic column has an enormous impact on 
the axial band broadening occurring in the column. 
By increasing the lateral dimension of the support 
structures with respect to their axial dimension, axial 
band broadening could be reduced up to 5 times. For 
flat rectangular columns filled with 5 µm axial 
length support structures and a spacing of 2.5 µm, 
the minimal (apparent) plate height could be reduced 
from 2.6 to 0.5 µm under non-retained conditions by 
increasing the ratio of the lateral over the axial 
dimension from 1.2 to 15.  This increase in 
performance can be addressed to a decrease in 
longitudinal dispersion, which was reflected in a 
reduced B-term by a factor of 25. The footprint of 
the column is dramatically reduced, ending up with 
an equivalence of 2 million plates per meter for an 
aspect ratio of 15. Under retained conditions, a 4 
component (Coumarin) separation could be 
demonstrated requiring 1 mm channel length only.   
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INTRODUCTION 
Since their introduction into the field of liquid 
chromatography, microfabricated pillar array 
columns have proven to be a potential alternative to 
their packed-bed and monolithic counterparts [1,2]. 
They consist of microfluidic channels that have been 
etched into a silicon wafer using Deep Reactive Ion 
Etching and are typically filled with cylindrical 
pillars that have been equilaterally positioned into a 
grid (Fig. 1). Due to the high degree of uniformity 
that is achieved by micromachining the separation 
channels, the dispersion originating from differences 
in flow paths or “Eddy-dispersion” can be reduced to 
its minimum and hence they display superior 
separation efficiency. This “Eddy-dispersion” 
contributes to the overall dispersion a sample plug 
experiences during a chromatographic separation, 
but it is not the only source of dispersion. Other 
significant contributions originate from longitudinal 

diffusion and resistance to mass-transfer. In the 
current contribution, we report on the use of radially 
elongated pillar shapes formerly used as distributor 
frits [3], in order to reduce the contribution of the 
longitudinal diffusion to the overall dispersion. 
 

 
Figure 1: HR-SEM image of a transverse section of a 
micropillar array column, consisting of microfluidic 
channels filled with 5 µm diameter cylindrical pillars at 
an inter-pillar distance of 2.5 µm. 
 
DESIGN 
1 cm long and 1 mm wide pillar array columns have 
been fabricated that are filled with radially elongated 
pillars and the aspect ratio of the pillars, i.e. the 
proportion of the radial to the axial length, has been 
systematically increased in order to increase the 
radial dispersion (the ratio of the spacing to the 
lateral dimension was 1.2, and 15.  
 
FABRICATION 
The pillar-array columns and supply channels were 
patterned simultaneously using mid-UV 
photolithography (photoresist, Olin 907-12) on a 10 
cm diameter (100) Si wafer, followed by a Bosch-
type deep-reactive-ion etching step (Adixen 
AMS100SE) reaching a depth of 8 µm. After this, 
the resist was removed by oxygen plasma and nitric 
acid. Connecting through holes of 800 µm were 
defined by Bosch etching from the back of the 
wafer, landing on the supply channels. The 
microfluidic channels were subsequently sealed with 
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a Pyrex wafer (thickness 0.5 mm), anodically 
bonded to the silicon using an EVG EV-501 wafer 
bonder (EV Group Inc., Schaerding, Austria).  
 
 

 
Figure 2 :  Top view comparison of a chromatographic 
bed design for  pillars with a low (AR=1.2, a) and a high 
(AR=15, b) radial aspect ratio. The sidewall region is 
shown in the top part, the actual bed in the bottom part. 
Flow is directed from left to right 
 
INJECTION PROCEDURE 
The sample injection was performed using an 
automated valve system, controlled with an in-house 
written C++ program, as already described in [1]. A 
pressurized nitrogen vessel was used or the mobile 
phase propagation. Connections were made with 
COMMERCIAL Upchurch® Nanoports™. During the 
sample injection step, the automated valve system 
ensures that the inlet and the outlet of the mobile 
phase circuit were closed. During the subsequent 
sample separation, the inlet and the outlet of the 
sample injection circuit were diverted to a high flow 
resistance capillary, allowing for the existence of a 
small leakage flow and thus avoiding tailing. A Hg-
vapour lamp was used to excite the fluorescent dye 
in the UV. The peaks were visualized using an air-
cooled CCD fluorescence camera (Hamamatsu 
Photonics K.K., Japan). The peak intensity profiles 
were subsequently analyzed using the accompanying 
Simple PCI® image analysis software. On-column 
chromatograms were obtained by averaging a row of 
pixels and plotting its values in function of time. For 
the determination of the peak widths and plate 
heights, the peak fluorescence intensity was 
averaged across the channel width. The thus 
obtained axial concentration distribution was 
subsequently fitted with a Gaussian function using 
Sigmaplot®. The concentration profiles and the 
accompanying variances were determined 
immediately after injection and 1 cm downstream 
the injection.  H is then obtained as (σx1cm

2 – σx0cm
2)/ 

Δx, wherein σx1cm and σx0cm are the variance of the 
injected band at the end and the initial position and 
wherein Δx is the distance between both positions. 
 

RESULTS  
The resulting band profiles obtained in beds with AR 
= 1.2 and AR = 15 are compared in Fig. 3. Band 
profiles have been monitored for each bed at two 
distinct positions; a concentration profile was 
recorded immediately after injection and a second 1 
cm downstream the injection. Whereas the bands in 
the AR=1.2-case (Figs. 3a-c) clearly get deformed 
because the species near the side-wall run faster than 
in the center, this side-wall effect is totally absent in 
the AR=15-case (Figs. 3b-d). 
 

 
Figure 3 :  Comparison of  concentration profiles 
obtained in chromatographic beds with low (AR=1.2, a-c) 
and a high (AR=15, b-d) radial aspect ratio. 
 
The absence of a significant side-wall effect in the 
the high aspect ratio channels can most probably be 
explained by the fact that, due to the total (very 
tortuous, and hence very long) path length followed 
by the mobile phase, the fraction of the total distance 
covered by the analytes during which they actually 
experience the presence of the side-wall is much 
smaller for high AR pillars than for low AR pillars.  
 
The qualitative observations made in Fig. 3 are 
represented in a more quantitative way in Fig. 4, 
showing the observed plate heights in both AR-cases 
as a function of the applied axial velocity under non-
retained conditions. The shift in minimal plate 
height, decreasing from 2.6 to 0.5 µm, when moving 
from AR = 1.2 to 15 pillars is clearly very strong. 
When fitting the van Deemter equation through the 
experimentally determined plate height values, it can 
be observed that the B-term for the aspect ratio 25 
columns is 15 times lower as compared to the aspect 
ratio 2 columns. On the other hand, the axial 
permeability Kax also decreases dramatically with 
increasing aspect ratio. This parameter is of great 
importance when pressure limitations are taken into 
account, as it will determine the required pressure to 
establish the (axial) linear mobile velocity, which at 
its turn is used in the van Deemter equation.  
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Figure 4:  Plate height curves for pillar array columns 
filled with hexagonally shaped pillars. Columns filled with 
aspect ratio 2 hexagons are compared to columns filled 
with aspect ratio 25 hexagons. Experimental points 
obtained for an unretained component (c440 in methanol) 
have been plotted and  curves (full lines) have been fitted 
according to the van Deemter equation (H=A+B/u+c.u). 
(For aspect ratio2: A=1.0859, B=1210, 8530 and 
C=0.0006, for aspect ratio 25: A=0.1475, B=73.3819 and 
C=0.0004). 
 
However, kinetic plot analysis of these columns 
reveal that the required analysis times to achieve a 
specific number of theoretical plates N will nearly 
change for different aspect ratios, but the length of 
the column will. For a column filled with aspect 
ratio 15 pillars, a column length of 0.5 m suffices to 
achieve 106 theoretical plates, whereas an aspect 
ratio 1.2 column with a length of 2.5 m would be 
needed to achieve the same number of theoretical 
plates. This reduces the foot print of the column by a 
factor of 5, which has an important impact on the 
fabrication cost.  
 
To demonstrate the reduced footprint, a separation of 
4 coumarin dyes is demonstrated in Fig. 5 and 6. The 
pillar array columns have been functionalized with 
dimethyloctylchlorosilane in order to enable 
reversed phase separation of analytes. All 
components are separated within 1.5 millimeter of 
the column. Again, it is clear that all bands have a 
perfectly straight profile. Calculating the plate 
heights of the bands in Fig,. 4a, the corresponding 
plate heights for coumarin C440 (k’=0), C450 
(k’=0.32), C460 (k’=0.95), C480 (k’=1.57) were 
0.54, 0.91, 1.45 and 1.55 µm, respectively.  
 
 

 
Figure 5: CCD-image showing a reversed phase 
separation of 4 fluorescent tracer dyes (2.5 mM c440, 5 
mM C450, 5 mM C460 and 3 mM C480 in 70/30 v/v 
water/methanol pH 7 solution). Flow through the pillar 
array column is from left to right, time after injection 
=10s. 
 

 
Figure 6: Separation of 4 coumarin dyes in a column 
filled with AR 15 pillars (mobile phase composition of 
70/30 (v/v) water/methanol). Chromatogram obtained 2.5 
mm downstream the injection (i.e. the outer right part of 
Fig. 5). 
 
CONCLUSIONS  
Compared to a pillar array bed filled with pillars 
with an aspect ratio around unity , the use of radially 
elongated pillars allows to decrease the minimal 
plate height by an impressive factor of 6 (non-
retained) when comparing for a similar inter-pillar 
distance. One way to understand this dramatic gain 
is by noting the enormous decrease of the B-term 
band broadening, which in turn originates from the 
strong obstruction to axial diffusion induced by the 
radially elongated pillars. As a consequence of the 
smaller B-term, the optimal velocity also shifts to a 
value that is 6 times lower than for pillars with an 
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AR around 1. Another way to understand the huge 
decrease in minimal plate height is by noting that the 
radially elongated pillar columns offer a much 
longer internal path length compared to the axial 
column length. Physically, this corresponds to the 
fact they can be considered as internally folded 
columns, with a greatly reduced footprint. Hence 
offering the possibility to produce long columns with 
a much smaller number of required turns (the 
presently measured 0.5 µm plate heights imply that a 
10 cm column can already produce 200,000 plates) 
and with a much more cost-effective way of column 
production.  
 
An unexpected benefit is that radially elongated 
pillar columns are much less sensitive to side-wall 
effects. As this side-wall effect sets the lower limit 
of the attainable inter-pillar distance, this opens the 
way for pillar array columns with smaller inter-pillar 
distances and concomitant improvements in 
separation performance. 
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