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a  b  s  t  r  a  c  t

Prototype  small-size  (1.0 mm  I.D.,  5  cm long)  columns  for  reversed-phase  HPLC  were  evaluated  in relation
to instrument  requirements.  The  performance  of  three  types  of columns,  monolithic  silica  and  particulate
silica  (2  �m,  totally  porous  and  2.6  �m, core–shell  particles)  was  studied  in  the  presence  of considerable
or  minimal  extra-column  effects,  while  the  detector  contribution  to band  broadening  was minimized  by
employing  a small  size  UV-detector  cell  (6- or 90 nL).  A  micro-LC  instrument  having  small  system  vol-
ume  (<1 �L) provided  extra-column  band variance  of  only  0.01–0.02  �L2. The  three  columns  generated
about  8500  theoretical  plates  for solutes  with  retention  factor,  k  >  1–3  (depending  on  the  column),  in
acetonitrile/water  mobile  phase  (65/35  = vol/vol)  at 0.05  mL/min,  with  the  instrument  specified  above.
The  column  efficiency  was  lower  by  up to 30%  than  that  observed  with  a  2.1  mm  I.D.  commercial  col-
umn.  The  small-size  columns  also  provided  8000–8500  theoretical  plates  for  well  retained  solutes  with
a  commercial  ultrahigh-pressure  liquid  chromatography  (UHPLC)  instrument  when  extra-column  con-
tributions  were  minimized.  While  a significant  extra-column  effect  was  observed  for  early  eluting  solutes
(k <  2–4,  depending  on  column)  with  methanol/water  (20/80 =  vol/vol)  as  weak-wash  solvent,  the  use  of
methanol/water  =  50/50  as  wash  solvent  affected  the column  efficiency  for most  analytes.  The  results
suggest  that  the  band  compression  effect  by  the weak-wash  solvent  associated  with  partial-loop  injec-
tion may  provide  a practical  means  to  reducing  the extra-column  effect  for small-size  columns,  while  the
use of  an  instrument  with  minimum  extra-column  effect  is  highly  desirable.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Small-size columns for high performance liquid chromatogra-
phy (HPLC) attracted considerable attention in 1970s and 1980s
[1–13]. Some groups attempted column miniaturization by adopt-
ing a capillary format [1,3–5], while others tried to reduce the
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size of conventional columns. The importance of minimizing
extra-column band broadening was described in the reports.
Because of the practical limitations in minimizing the instru-
mental contribution to analyte band broadening for small-volume
columns, and because low-dispersion liquid chromatographs were
not commercially available, it was more advantageous to explore
the performance of small-diameter columns in longer formats lead-
ing to extensive research aiming at generating ultrahigh numbers
of theoretical plates in the early stage of size reduction of packing
materials [4–6,8,9].

During the past decades, the dimensions of high-speed, high-
efficiency columns have been reduced from 4 to 4.6 mm I.D. and
15–30 cm length to 2.1 mm I.D. and 5–10 cm length. This reduction
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in column dimensions was made possible by the development of
advanced packing materials (sub-2 �m totally porous particles and
sub-3 �m core–shell particles) that maintained high plate counts
and allowed for high-speed separations. All along, the difficulties
associated with the use of small-size columns in HPLC in provid-
ing high column efficiency have been recognized and emphasized
[14–20]. The reduction of extra-column effects has become even
more desirable than before, actually a necessity, because solute
bands eluted from small-size columns packed with very small,
high-efficiency materials could be less than a few �L in volume,
corresponding to a band variance less than a few �L2 [14–19].
Therefore, peaks eluted from small-size columns are very sensitive
to extra-column band broadening.

The reduction in column diameter from 4.6 mm to 3 mm,  and
from 3 mm  to 2.1 mm is accompanied by a reduction in cross section
by a factor of 2.35 and 2.04, respectively. However, a further reduc-
tion from 2.1 to 1 mm I.D. results in a more significant decrease in
cross sectional area by a factor of 4.41. While most UHPLC instru-
ments with system-caused band variance of several �L2 allow for
adequate operation of short, 2.1 mm I.D. columns maintaining high
chromatographic efficiency, such instruments are inadequate for
the operation of short 1 mm I.D. columns [15,16]. In spite of this
severe practical limitation, analysts are still interested in using
columns of very small volume due to their potential in terms of
significant reduction in solvent consumption, reduction in sample
size or improvement in detection sensitivity both with UV/vis and
MS detectors, along with effective dissipation of the heat gener-
ated by the high velocity mobile phase percolating through such
columns at high linear velocity.

This study on the performance of small volume columns had two
objectives: first, to evaluate the current limits in chromatographic
efficiency of such columns, and second, to analyze the major fac-
tors imposing these limits. In these terms, the intrinsic efficiency of
small volume columns is of interest. Can such columns be prepared
today to provide the same performance as larger size columns
(which are less affected by the current instrument limitations)?
Should the focus be on making better columns or have they already
reached their limit of performance? Relatively low column effi-
ciency has been reported for a column of small dimensions [15,16].
In early days, electrochemical detection was sometimes employed
to reduce extra-column volume (Vextra) and extra-column band
variance (�2

extra) when using columns of small size [10,12]. The use
of popular and widely applicable UV detection is of much practical
importance with small-size columns, although sensitivity can be an
issue [1,4]. The studies referenced above reported observed column
efficiency (Nobserved in Eq. (1), where VR and �2

total stand for reten-
tion volume and band variance of a solute observed, respectively)
(as opposed to true column efficiency) while recognizing the neg-
ative effect of extra-column band variance (�2

extra in Eq. (2), where
�2

column describes band variance acquired in a column) and the need
for reducing it.

Nobserved = V2
R

�2
total

= [V0(1 + k)]2

�2
total

(1)

�2
total = �2

column + �2
extra (2)

Nintrinsic = V2
R

�2
column

(3)

Intrinsic column efficiency (Nintrinsic in Eq. (3)) can be estimated
based on observed efficiency and extra-column variance follow-
ing Eqs. (1)–(3), in principle. Extra-column band broadening has
been studied based on the peak variance observed when the chro-
matographic column is replaced with a zero-dead-volume union.
A noninvasive method for the determination of extra-column
variance and intrinsic plate height has been proposed for the

measurement of extra-column effect [19,20]. Clearly, the current
limitations in HPLC system performance need to be overcome by
reducing both system volume and the extra-column variance asso-
ciated with it. This need is very much the focus of HPLC instrument
manufacturers. In the meantime, analysts have only limited choices
to improve the performance of a column-instrument combination.
Numerous reports have proposed practical solutions to reducing
extra-column variance such as shortening connecting tubing, using
small volume injectors and/or detector cells, and implementing on-
column detection. Alternatively, injection techniques associated
with compression of the injected band taking place in weak sample
solvent have been reported [21–24]. In this report the performance
of three prototype columns of 1 mm I.D., 5 cm length packed with
sub-2 �m particles, 2.6 �m core–shell particles, or monolithic sil-
ica, will be discussed along with the practical evaluation conditions.

2. Experimental

2.1. Instrument and columns

An Eksigent ExpressLC®-Ultra (AB SCIEX, Redwood City, CA,
USA) was  equipped with a 0.2 �L sample loop and a UV detector
with a chip cell (volume: 90 nL, path length: 5 mm).  An Acquity
UPLC (Waters, Milford, MA,  USA) with a 2 �L loop was used in com-
bination with a UV detector (MU701, GL Sciences, Tokyo, Japan)
having a capillary cell (volume: 6 nL, path length: 3 mm). Three pro-
totype columns of 1 mm I.D., 5 cm length were examined. They were
packed with (1) Kinetex C18, 2.6 �m core–shell particles (Phen-
omenex, Torrance, CA, USA), (2) InertSustain C18, 2 �m particles
(GL Sciences), and (3) glass-clad monolithic silica column modified
with dimethyloctadecylsilyl moieties (MonoTower, GL Sciences).
The monolithic silica was  prepared and glass-clad according to the
procedure described previously [25]. Two  columns were supplied
for each particulate packing material which showed very similar
results in a preliminary test.

2.2. Chemicals

Acetonitrile of LC–MS grade was  purchased from Fisher Sci-
entific (Hampton, NH, USA). Water was purified with a Milli-Q
Quantum EX from Millipore (Bedford, MA,  USA). Reversed-phase
column performance test mixture containing (1) acetanilide,
(2) acetophenone, (3) propiophenone, (4) butyrophenone, (5)
benzophenone, (6) valerophenone, (7) hexanophenne, (8) hep-
tanophenone, and (9) octanophenone at 100 �g/mL each, in
acetonitrile/water = 65/35 was  obtained from Agilent (Little Fall,
DE, USA). A triazine pesticides standard mixture containing ame-
tryn, atrazine, prometon, prometryn, propazine, simazine, and
terbutryn in methanol at a concentration of 100 �g/mL (Supelco,
Bellefonte, PA, USA) was  also employed. Thiourea and uracil were
purchased from Sigma–Aldrich (St. Louis, MO,  USA).

2.3. Chromatographic measurements

Columns were connected to the injector and to the detector of
Express-LC with 0.025 mm  I.D., 10 cm long PEEKSil tubing (SGE,
Austin, TX, USA). In the case of the Acquity instrument, columns
were connected either directly to the injector, or to a column port
via a Viper tube (0.13 mm I.D., 6.5 cm,  Thermo Fisher Scientific, Ger-
mering, Germany). In the latter case, a heat exchange tube was
also a part of the chromatographic system. On the detector side
PEEK tubing of 0.0635 mm I.D., 20–90 cm length (IDEX Health & Sci-
ence, Oak Harbor, WA,  USA), was  used to connect the column to the
detector. The longer PEEK tubing was necessary to suppress air gaps
from reaching the UV detector cell when partial-loop injection was
applied in the absence of a column with the Acquity instrument.
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