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a b s t r a c t

Monolithic stationary phases show promise for LC as a result of their good permeability, ease of prepa-
ration and broad selectivity. Inorganic silica monoliths have been extensively studied and applied for
separation of small molecules. The presence of a large number of through pores and small skeletal struc-
ture allows the chromatographic efficiencies of silica monoliths to be comparable to columns packed
with 5 �m silica particles, at much lower back pressure. In comparison, organic polymeric monoliths
have been mostly used for separation of bio-molecules; however, recently, applications are expanding
to small molecules as well. Organic monoliths with high surface areas and fused morphology rather
onolithic stationary phases
orphology

ore structure

than conventional globular morphology have shown good performance for small molecule separations.
Factors such as domain size, through-pore size and mesopore size of the monolithic structures have
been found to govern the efficiency of monolithic columns. The structure and performance of monolithic
columns are reviewed in comparison to particle packed columns. Studying and characterizing the bed
structures of organic monolithic columns can provide great insights into their performance, and aid in
structure-directed synthesis of new and improved monoliths.
© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Chromatography is a separation technique based on differential
istribution of solute molecules between a stationary phase and
obile phase. The properties of these two phases, more impor-

antly the stationary phase, govern the column performance and
eparation efficiency. The stationary phase bed structure generally
as both small mesopores as well as large through-pores, mak-

ng them suitable for small as well as large molecule separations,
lthough the separation of large molecules does not necessarily
equire small pores. The small mesopores give rise to large surface
rea required for retention of solutes and, hence, resolution. On the
ther hand, the distribution and size of large pores (i.e., through-
ores) control column efficiency and hydraulic impedance, as they
llow the mobile phase to flow through the bed. A large through-
ore size and wide distribution offer high column permeability,
owever, at the expense of efficiency, since, a wide through-pore
ize distribution results in an increase in eddy diffusion contribu-
ion in the van Deemter equation. Thus, optimization of the bed
tructure to optimize the chromatography, i.e., good efficiency and
igh permeability, requires compromise, as these characteristics
re inversely related. Therefore, the bed structure has been exten-
ively investigated to achieve the best efficiency, keeping in mind
he compromise between performance and practical constraints.

Stationary phases most commonly used today are particulate or
onolithic in nature. Particle packed columns have long been used

s stationary phases, starting from Tswett’s [1] work with column
eds packed with fine particles. Since then, there has been signif-

cant progress in column performance with the advent of small
articles (5 �m and less) and small dimension columns, such as
apillary columns and microfluidic devices [2,3]. However, these
dvancements have all resulted in an increase in hydraulic resis-
ance of the column, thereby increasing the analysis time and/or
ecessitating the use of high pressure pumps. This tradeoff between
fficient separation and analysis time was clearly demonstrated by
nox and Saleem [4], which (along with some technical problems
ssociated with capillary column packing) has dampened some
nthusiasm for these columns as particle size approaches 1 �m.
here are no real possibilities of increasing the permeability of
hese packed beds, as any increase in permeability eventually leads
o imperfections and, hence, poor performance. Therefore, there
as been a need for new stationary phases capable of permitting
fficient separation with good permeability.

Recent improvements in monolithic columns and core–shell
articles represent major developments in the design of liquid
hromatographic columns. These two stationary phase types offer
he potential for satisfying the requirement of columns having
ood efficiency and high permeability [5]. Core–shell particles have
solid core surrounded by a porous outer layer, enabling the
obile phase to penetrate only the shell and not the core. Since

arger particles are used, core–shell particles lead to reduced back-

ressure of the column in comparison to columns packed with
orous particles. In contrast, monoliths are integrated, continu-
us porous separation media with no inter-particular voids and an
pen macropore structure. The porous layer structure and larger
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

diameter of core–shell particles and the open macropore struc-
ture of monolithic columns permit rapid separation of analytes
at reasonable back pressure, while retaining good separation effi-
ciency.

As discussed above, the properties of these stationary phases are
influenced by their bed structures, either in terms of efficiency or
resistance to flow. It is the bed structures of these different types of
stationary phases, particle packed (fully porous or core–shell) and
monolithic (polymeric or silica), that make them so different. The
cross-sectional area of a monolithic skeleton is also typically less
than that of particles in packed columns. This reduced dimension
of the stationary phase facilitates mass transfer from the stationary
phase to the mobile phase, thereby potentially improving col-
umn efficiency. Also, the voids (through-pores) in particle packed
columns result from the inter-particle space, which in turn is a func-
tion of the particle size. In organic polymer monoliths, they arise
due to the presence of porogens. In silica monoliths, through-pores
are formed during phase separation occurring through spinodal
decomposition as a result of the porogen (such as polyethylene gly-
col), while smaller mesopores are formed during the aging process.
The through-pores are more tortuous and constricted in packed bed
structures as compared to monolithic structures, thereby adding
to decreased permeability compared to monolithic beds [6]. The
major advantage of monolithic bed structure over particle packed
columns is that the size of the through-pores and microglobules
can be tailored independently. In particle packed columns, the
through-pores are simply a function of particle size and cannot be
optimized independently. In comparison to monolith bed struc-
ture, the homogeneity and, hence, the performance of a particle
packed bed structure is controlled by the particle size, particle size
distribution and packing method.

The bed structure of these two stationary phase types is also
different along the column walls, apart from that in the bulk. The
particles along the walls in the particle packed column may be
loosely or more tightly packed, depending on the packing pro-
cedure. On the other hand, polymeric monoliths fabricated in
capillary columns are firmly attached to the capillary wall, thereby
eliminating the column heterogeneity arising due to column pack-
ing. Although some radial heterogeneity occurs in monolithic
columns as a consequence of different polymerization rates or
porogen compositions at different locations along the column
radius, it is much less than that in a particle packed column. This
heterogeneity in the column greatly degrades the column per-
formance whether it is a particle packed column or a monolithic
column.

Apart from these structural differences, monoliths have many
advantages in terms of production time and equipment require-
ments. In situ polymerization of the monolithic stationary phase is
especially useful for fabrication of capillary columns in contrast to
packing of particles, which requires high pressure pumps. Since
monoliths are bonded to the wall, there is no need for frits at

the ends of the capillary column. Moreover, their ease of surface
modification along with high stability make them an attractive
alternative to conventional particle packed columns for capillary
column chromatography. However, monolithic columns are still in
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heir infancy, and require much more research to optimize their
esign and preparation for improved performance.

In addition to these differences between particle packed and
onolithic columns, the morphologies of the monoliths vary

mong themselves. The skeleton of a monolith may be a globu-
ar or fused mass with no distinct microglobules, depending upon
he monomer and porogen compositions. The morphology also
iffers between inorganic silica monoliths and organic polymeric
onoliths. Inorganic silica monoliths have a significant fraction

f small mesopores in the skeleton formed as a consequence of
reatment with ammonia or urea as a second step in the synthesis.
rganic polymeric monoliths typically lack a significant fraction of
esopores [7]. However, recently there have been a number of pub-

ications reporting use of special procedures and/or reagents during
ynthesis to generate mesopores in the organic polymeric skeleton
uch as use of surfactants as template molecules [8], early termi-
ation of the polymerization reaction [9] and hyper-crosslinking
f the monolith using Friedal Crafts reaction as the second step in
onolith development [10].
This review describes the bed structures of organic monoliths

n comparison to structures of silica monoliths and particle beds.
actors influencing the various morphologies and their effects
n chromatographic performance are also reviewed. This review
as been divided into five sections. The first section discusses
he techniques used for characterizing chromatographic columns.
he second section describes packed column bed structure with
mphasis on bed heterogeneity in the bulk and at the walls,
s well as mobile phase flow through the bed. Because parti-
le packed columns have long been studied, their bed structures
an provide beneficial insights in understanding the depen-
ence of column performance on bed structure. The third section
mphasizes general monolith technology, followed by descrip-
ions of silica and organic polymeric monolith bed structures,
ith greater emphasis on polymeric monoliths. These poly-
eric monoliths have different morphologies and pore structures,

epending on the conditions of polymerization and the monomers
hemselves. The last section describes future efforts needed to
mprove efficiency and to increase the applicability of monolithic
olumns.

. Techniques for characterizing chromatographic columns

Since the bed structure of the stationary phase governs the col-
mn performance, careful characterization of bed structure should
id further improvement in performance. Particle packed columns
ave been characterized by particle shape, size and distribution.
onolithic chromatographic columns can also be characterized by

heir particle/globule size and pore-size distribution, which are
nown to directly affect column performance. This characterization
for particulate or monolithic columns) can be done by micro-
copic techniques such as scanning electron microscopy (SEM)
11], X-ray analysis and transmission electron microscopy (TEM)
12]. These techniques give information about the morphology of

onoliths (globular or fused) and their homogeneity along the
adial direction. They provide actual images of the surface, but no
uantitative characterization of the surface area and pore volume.
he globule size, pore size distribution and mean pore diame-
ers can be estimated, but the information provided is rough and
imited.

Pore sizes and their distribution have been better character-
zed using other techniques. Through-pore size characterization

as been done using mercury intrusion porosimetry (MIP) [13] and
apillary flow porometry (CFP) [14]. Mercury intrusion porosimetry
elies on bulk samples and provides information about blind and
hrough-pores based on volume measurements. However, a key
gr. A 1219 (2012) 1–14 3

concern about MIP is the extent to which the porous properties of
bulk and dry monoliths measured by MIP are really indicative of the
chromatographic performance under capillary and wet conditions.
Therefore, CFP which measures through pore size distribution in
the capillary format using a gas as a displacing agent for a wetting
liquid gives more accurate representation of the through-pore size
distribution.

Mesopore size characterization has long been accomplished
using nitrogen sorption isotherms (followed by BET calculations)
[15] and inverse-size exclusion chromatography (ISEC) [16]. BET
calculations utilize nitrogen adsorption and desorption curves for
determining the mesopore size range and mesopore volume frac-
tion, based on determination of surface area. It has been effectively
used for silica monoliths and sometimes for organic monoliths
as well [16]. However, measuring the mesopore volume by BET
requires absolute drying of the sample, which would provide incor-
rect data if the polymeric skeleton shrinks on drying. Therefore,
ISEC offers a better way of characterizing actual columns, and can
provide the total porosity, external porosity and mesopore vol-
ume fraction. This is carried out using different molecular weight
standards, such as polystyrene, and measuring their elution times.
However, the use of polystyrene standards requires the use of
organic solvents, such as tetrahydrofuran, as mobile phase, which
may cause swelling of the polymeric monolith and, thereby, alter
its porosity. Therefore, Li et al. [8] used different molecular weight
proteins as standards, and determined the porosities of mildly
hydrophilic polyethylene glycol diacrylate monoliths using aque-
ous solvents as mobile phases.

Despite this, ISEC is not used as often as MIP and BET for gen-
eral purpose pore-size characterization, as it provides only limited
information. Recently, Grimes et al. [17] formulated two models,
the parallel pore model (PPM) and parallel network model (PNM)
based on the first moment of column response to pulsed injections,
to measure ISEC curves. They were able to calculate pore character-
istics such as void fraction of mesopores and silica skeleton, pore
volume distribution and connectivity of mesopores from these ISEC
experiments.

Newer techniques, such as total pore blocking (TPB) [18] and
confocal laser scanning electron microscopy (CLSM) [19] have
also been used to determine pore characteristics of monolithic
columns. Cabooter et al. [18] recently reported TPB for deter-
mining the external porosity of packed and monolithic columns.
TPB is a pore filling process in which the inner pores are
filled with hydrophobic solvent, and the retention time for a
non-retained compound is measured. This retention time the-
oretically corresponds to the volume of the interstitial space,
giving the external porosity of the column. CLSM gives the
complete three-dimensional macropore morphology of a column
[20], based on quantitative physical reconstruction of several
microscopic images captured. This technique has not been appli-
cable to polymeric monoliths because of difficulties involved in
matching the refractive index of polymeric monoliths with silica
tubing.

Overall, these techniques complement each other and aid in
complete characterization of monolith morphology and porosity.
However, one must be careful in choosing the technique, as it might
alter the physical characteristics of interest during the measure-
ment. A careful selection of characterization technique can provide
great insight into parameters governing performance of parti-
cle packed as well as monolithic columns. Since, particle packed
columns have been studied for many years and optimized with
respect to bed structure, a short review of the factors governing
their performance can provide important insights and comparison
to monolithic bed structure. Therefore, the next section focuses on

the bed structure of particle packed columns for both porous and
core–shell particles.
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spective of column dimensions. In capillary columns, heterogeneity
Fig. 1. SEM image of a capillary column packed with 1 �m particles.

. Particle packed columns

The most common stationary phases used for liquid chromatog-
aphy have been spherical particles. Columns packed with particles
re available in a variety of lengths and diameters, starting with
onventional (4.6 and 2 mm i.d.) to microbore (1 mm i.d.) and cap-
llary (<0.5 mm i.d.) columns. The packed bed structure, governed
y the size, shape, and orientation of the constituent particles, along
ith column geometry and size have been regarded as prime fac-

ors influencing chromatographic performance [21,22]. The bed
tructure of particulate columns has been characterized by a vari-
ty of statistical models and experimental techniques to provide
nformation on external porosity, permeability, and uniformity.
ecently, Tallarek et al. [23,24] reported the analysis of bed struc-
ure and its correlation with column performance for both particle
acked and monolithic columns using the CLSM technique. The

nfluence of stationary phase particle shape and column packing
ressure on local radial distribution of flow rate and resultant
olumn efficiency was studied by Lottes et al. [25] using X-ray com-
uted tomography. These studies along with optimization of the
olumn technology, particle morphology and operating parameters
as greatly improved chromatographic performance, especially
eparation efficiency, of these particulate columns.

.1. Particle packed column structure

A close packed arrangement, as shown in Fig. 1, should ideally be
ormed in columns packed with uniform size particles. A substantial
mprovement in separation performance with perfectly uniform
acked columns was reported by Billen et al. [26] and Knox [27].
owever, this ideal structure cannot be obtained in reality because
f imperfections in the packing procedure. The structures of packed
eds are typically found to be non-homogenous, both radially and
xially [28]. Which has been attributed to packing instability, caus-
ng channeling in the packed bed structure, as well as the “wall
ffect” [27,29].

.1.1. Effect of particle morphology on bed structure
The morphological features of the particles, such as size and

hape, are known to influence bed uniformity and have been exten-
ively studied to improve chromatographic performance. Reports
ave claimed more uniform bed structure with small particles as
ompared to large particles. The reason was ascribed by Lottes
t al. [25] to be the extra packing force required to move larger
articles to favorable positions, since they tend to block the paths
f each other. However, the high back pressure associated with
se of these small particles (sub-2 �m) limits further reduction
n their size. In contrast, the uniformity of the column decreases
ith an increase in column permeability, since there is a propor-

ional increase in defects in the packed bed [30]. Therefore, there
gr. A 1219 (2012) 1–14

is a tradeoff between chromatographic efficiency and column back
pressure.

This compromise has led to discovery of alternate routes for
improvement in column performance, such as the use of core–shell
particles [31]. For such particles, the axial diffusion path within
the stagnant mobile phase is greatly reduced since the material is
only superficially porous. The decreased diffusion path should, in
principle, decrease the C-term contribution to plate height in the
van Deemter model [32]. This improved mass transfer also occurs
in nonporous particles; however, increased efficiency occurs at the
expense of sample loading capacity [5]. Thus, the porosity of the
particle also contributes to column performance as it determines
the bed structure at the microscopic scale.

In addition to small particle size, narrow particle size distribu-
tion (PSD) is also considered to be an important factor for improving
column homogeneity and performance [33–35]. The narrow PSD
associated with core–shell particles has been reported to be a major
reason for their improved performance over conventional parti-
cle packed columns [31]. In contrast, others have reported column
homogeneity to be better with broad PSD than with narrow size
distribution [36,37]. The effect of PSD on plate height (H) and per-
meability was reported by Halasz and Naefe [38] to be negligible,
until the PSD was less than 40% around the mean. Billen et al. [39]
also supported this claim based on the relationship between par-
ticle size distribution and kinetic performance of packed columns.
The presence of fines was reported to influence the column perfor-
mance more than the PSD, since they filled the voids between the
larger particles.

Particle shape has also been considered to be an important
characteristic influencing packed column performance. Spherical
particles have been reported by Lottes et al. [25] to give more
homogenous bed structures than irregular ones. In contrast, De
Smet et al. [40] reported better efficiency with diamond shaped
pillars than with cylindrical or ellipsoidal ones for his pillar array
columns. Moreover, the reduced plate height (H) was shown to be
2 times smaller for a perfectly ordered array of porous cylindri-
cal pillars than for the best spherical particle packed columns via
mathematical calculations [41]. However, there is one significant
difference between particle packed and pillar array columns, i.e.,
the packing elements contact each other in particulate columns.
Nevertheless, the influence of particle shape on column perfor-
mance is clearly demonstrated by these studies. Surface roughness
of the particle seems to be one more factor that influences column
performance, as bed structure has been reported to be less dense
with rough particles than with smooth particles [42].

3.1.2. Effect of column wall on bed structure
The column wall has been shown to be an important factor that

contributes to column performance. The wall causes a radial varia-
tion of packing density, disturbing the particle packing close to the
wall, termed the “wall effect” [43–45]. Two different wall effects
have been reported by Shalliker et al. [46]. One is due to the rigid
wall of the column which makes it impossible to pack the parti-
cles tightly against the wall. The second effect is due to friction
between the bed and column wall, which makes it difficult to obtain
a homogenous packing radially across the column. Recently, Tal-
larek et al. [23] confirmed and visualized these geometrical and
friction-based wall effects in capillary columns by empirically ana-
lyzing the porosity profile of statistically derived packed beds.

Some authors have reported the thickness of the wall region
to be a function of the column diameter [25], while others report
it to be approximately several tens of particle diameters [47], irre-
near the wall has been found to be minimum with aspect ratios less
than 10 (ratio of column to particle diameter), as the core region dis-
appears and the packing structure is composed of only a wall region,
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.e., the packing structure becomes effectively more homogenous
nd ordered, thereby leading to excellent performance in terms of
ETP. The reduced plate height was reported by Jorgenson et al.

2] to decrease with a decrease in column diameter. However,
hese changes in column efficiency could be attributed more to the
hange in particle diameter rather than column diameter, empha-
izing packing density more than the wall effect [22,48].

Apart from particle and column dimensions, the column pack-
ng technique was found to contribute to bed density, causing
ifferences in radial heterogeneity. In a dry-packed column, the
ermeability was reported to increase from the center to the wall,
hile for slurry packed columns, the permeability decreases from

he center to the wall [27,49–51]. Farkas et al. [43] reported the
resence of a homogenous core at the column center surrounded
y a thick heterogeneous packing layer along the column wall, with
o defined boundary in between. In contrast, Jorgenson et al. [52]
eported the exact opposite, as they found particles to be more
ensely packed around the walls than in the center for capillary
iameters greater than 75 �m.

.2. Influence of bed structure on fluid flow through packed
olumns

There occurs a radial and axial variation in local mobile phase
elocities as a consequence of the above stated radial and axial
eterogeneities in the bed structures of chromatographic columns.
oreover, depending on the particle packing density near the walls,

he velocity along the column wall may be slower or faster than
n the core. Billen et al. [26] proved this via computational fluid
ynamics simulations in a simplified two-dimensional mimic of
article packed columns, which was in agreement with results
resented by Schure and Maier [30], indicating an increase in per-
eability with increased defects in the column packing. The latter

tudy experimentally proved the mathematical predictions of Gzil
nd coworkers [53] regarding increased flow through the prefer-
ntial flow path in the bed structure. The maximum velocity of
he mobile phase in uniformly packed columns was found to be
ower than that of non-uniformly packed columns. The solute trav-
led with a higher velocity through the preferential path, thereby
raveling a greater distance than through the constricted bed area.
ence, the solute, introduced initially as a plug, became distributed

n these different flow regions, which resulted in band broadening.
allarek et al. [20] further verified this variation in porosity along
he column length and related it to the transcolumn velocity gra-
ients reported by Giddings. This study provided valuable insight

nto structure–transport relationships.

.3. Performance of particle packed columns

The efficiency of chromatographic columns is expressed math-
matically in terms of theoretical plates (N) or plate height (H),
ith lower plate height and higher theoretical plate count cor-

esponding to better column performance. The performance of
hromatographic columns is related to their bed structures. There-
ore, the factors influencing bed structure also govern column
erformance. Assuming the use of spherical particles, the two major
actors affecting the column efficiency are column and particle
iameters.

.3.1. Effect of column diameter
The efficiency of particle packed columns has been improved

rogressively over time with column miniaturization. Kennedy

nd Jorgenson [54] compared the efficiencies of packed capil-
ary columns (28 and 50 �m i.d.) with conventional columns
9.4 mm i.d.). The 50 �m i.d. capillary column (30.1 cm long) gave
1,700 total theoretical plates (72,093 plates/m) compared to 8900
gr. A 1219 (2012) 1–14 5

(35,600 plates/m) from a 25 cm long conventional column for
bovine serum albumin (BSA). Although there was a difference in
column length, it could not account for the difference in plate
count. This improved performance for capillary columns has been
attributed to reduced column heterogeneity with decrease in col-
umn diameter and, thereby, reduced A and C terms in the van
Deemter equation [2].

Jorgensen et al. [2] observed the same with different capillary
diameters (50–21 �m) packed with 5 �m porous octylsilane mod-
ified silica particles. The reduced plate height decreased from 1.4
to 1.0 (unretained analyte) with a corresponding decrease in col-
umn diameter. For a retained analyte, the value for the minimum
h decreased from 2.4 to 1.5. This difference in h value resulted
from greater longitudinal diffusion of the retained analytes. The
column was operated under isocratic conditions with 10% acetoni-
trile and 90% sodium phosphate solution with 10−3 M EDTA (pH
7.0) as mobile phase.

In an another study, McGuffin and Novotny [3] reported a sta-
tistically significant reduction in plate height (0.160–0.120 mm)
or increase in theoretical plate count (1.65 × 105 to 2.20 × 105, or
6250–8333 plates/m) for a decrease in column diameter from 100
to 60 �m (26.4 m columns). The results reported were obtained
using toluene as analyte (k = 0.01) with 0.3% methanol in hexane
as mobile phase.

3.3.2. Effect of particle diameter
In the same study, McGuffin and Novotny [3] showed the

improved performance of capillary columns with decreasing par-
ticle size. An increase in the total plate count from 1.96 × 105 to
3.10 × 105 (7424–11,742 plates/m) with a decrease in particle size
from 30 to 10 �m for a 26.4 m × 75 �m i.d. capillary column was
reported. This difference in column performance was attributed
to lower eddy diffusion in columns packed with smaller particles.
Hirata and Jinno [55] proved the same by reporting 110,000 and
50,000 theoretical plates/m for 1 m × 0.2 mm i.d. glass columns
packed with 3 and 10 �m, respectively. The columns were oper-
ated in the reversed phase mode for the separation of benzene
derivatives, employing methanol as mobile phase. This improved
performance with reduction in particle size was further supported
in a study by Liu et al. [56]. A total plate count of 27,000 plates
(180,000 plates/m) was reported for a 15 cm × 75 �m i.d. capillary
column packed with 1.7 �m particles, in contrast to a plate count of
15,000 (100,000 plates/m) for 3 �m size particles in reversed phase
chromatography.

Overall, the performance of packed capillary columns has been
improved by packing more uniform bed structures, miniaturizing
the column, optimizing the packing procedure and, most impor-
tantly, controlling the particle shape and morphology. Since there
are some practical constraints, e.g., high back pressure associated
with small particles and reduced column diameter, the use of core
shell particles and monoliths have been proposed as alternative
stationary phases to overcome these limitations.

4. Monolithic columns

Monoliths were first developed and successfully used for HPLC
in the early 1990s with the work of Hjerten et al. [57] and Nakanishi
and Saga [58]. They have been regarded as a substitute for particle
packed columns, offering high permeability with good separation
efficiency. Monoliths can be divided into two general categories:
silica-based monolithic columns (prepared using sol–gel technol-

ogy) and organic polymer based monoliths (prepared by chain
polymerization reaction). Monoliths can be prepared by in situ
polymerization of a pre-polymer solution and bonded chemically
to the walls or cladded by tubing. This eliminates the need for
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Fig. 3. Pore size distribution of heat-treated gels determined by mercury intrusion
measurements. Each starting composition consisted of 0.01 M aqueous solution of

◦

Fig. 2. SEM image of a silica monolith.
eproduced with permission from Unger [59].

etaining frits in capillary columns and also eliminates effort oth-
rwise required for packing the column with particles.

As the performance of particle packed columns is determined
y their bed structures, similarly the performance of monoliths
silica or organic) is governed by their morphology and pore struc-
ure which itself is affected by factors involved in their synthesis,
uch as nature of monomer and porogen along with polymerization
onditions. The work of Tallerek et al. [20,24] using CLSM charac-
erization has provided important insight in this regard. Therefore,

onolith morphology (silica and polymeric) and the factors affect-
ng their morphologies will be discussed in subsequent sections.

. Silica monoliths

Silica monoliths have been successfully applied to the separa-
ion of both small and large molecules over the last 15 years [6].
ilica monoliths possess a spongy structure characterized by round
ores [59] and a network skeletal structure as shown in Fig. 2 [60].
hey have a surface chemistry similar to particle packed columns,
ut have been reported to have large through-pore/skeleton size
atio (1.2–2.5) as compared to 0.25–0.4 for particle packed columns
61,62]. As a consequence, they have 65% external porosity as
ompared to 25% for particle packed columns [63], thereby pro-
iding shorter diffusion path length in the stationary phase and
ower flow resistance, simultaneously. These silica macroporous
tructures have also been reported to have a bimodal pore size
istribution, with a significant fraction of mesopores. This section
riefly explains the steps involved in preparation of silica mono-

iths followed by factors affecting their structure and, thereby,
erformance.

.1. Preparation of silica monoliths

The preparation of silica monoliths consists of hydrolyzing a
ixture of silane compounds in the presence of an inert compound,

he porogen. There occurs spinodal decomposition (sol prepara-
ion and hydrolysis), giving rise to periodic domains (silica-rich
nd solvent-rich). These network structures are then frozen by
elation (washing and aging of the gel), yielding the final poly-
eric skeleton with through-pores and mesopores [64]. Unreacted
onomer and porogens present after polymerization are removed

rom the column by washing with an appropriate solvent. Finally,
he fabricated monolith may be modified with one or more reagents
o provide the desired surface chemistry. Thermal initiation has
een the most popular method for fabrication of these sol–gel
onoliths in capillaries as well as in conventional column formats.

owever, recently Zare et al. [65] successful fabricated sol–gel
onoliths using photo initiation in capillary columns and used

hem for capillary electrochromatography. Initially, silica mono-
iths shrank during polycondensation, leaving a wide gap along
acetic acid at 40 C (100 mL) and TMOS (45 mL) with various amounts of PEO: �,
9.4 g; �, 9.8 g; �, 10.2 g; and �, 10.4 g.

Reproduced with permission from Nakanishi et al. [68].

the column walls. Therefore, they were enclosed with thermally
shrinkable peek tubing after synthesis. This problem was elimi-
nated with reduction in the column diameter (i.e., fabrication in
capillary columns) and with improvements in the polymerization
recipe [66]. The structural domains (particulate or monolithic mass)
can be tailored by modifying the composition of the starting poly-
merization mixture of monomer, porogen and catalyst; varying the
time of polymerization; and changing the temperature.

5.2. Silica monolith structure

The skeletal structure of silica monoliths has been described
as agglomerated silica particles with varying size and through-
pore distributions governed by the above mentioned factors. The
bed permeability is inversely related to the domain size, similar
to that in particle packed columns; however, the overall perme-
ability is higher for monolithic columns. Nakanishi and Soga [58]
prepared their first monoliths by reacting solutions of TEOS and
TMOS containing poly(sodium styrene sulfonate) (NaPSS) of differ-
ent molecular weights. They reported interconnected morphology
with well defined periodicity in the silica monolithic structure
using NaPSS5 with a molecular weight of 10 kDa. The use of other
molecular weight NaPSS gave gels with isolated domains or inter-
connected pores. Also, an increasing concentration of NaPSS at
40 ◦C caused a shift in morphology from isolated domains to inter-
connected pores. There have been many reports on the effect of
various polymerization factors on the morphologies of silica mono-
liths [67]. The same authors used different porogenic reagents, such
as HPAA (polyacrylic acid) and PEO (polyethylene oxide). The size
distribution of the through pores was found to be considerably
narrower with PEO, and varied in mean size with different PEO con-
centration as seen in Fig. 3 [68]. The range of porogen concentration
resulting in a monolith was found to decrease with an increase in
molecular weight of the porogen used. Apart from this, the average
domain size (i.e., through-pore plus skeleton size) was found to be
larger with an increase in time difference between phase separation
and sol–gel decomposition [69].

The mesopore fraction in the silica monolith skeleton can be
tailored by aging and drying (solvent exchange). The rates of for-

mation of the pore network and the pore size distribution were
found to vary with temperature [68]. The distribution was found
to be broadened with an increase in temperature, but with a con-
comitant decrease in intrinsic porosity of the monolith. The same
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Fig. 4. Kinetic plots for reversed phase separation of amylbenzene with the mono-
lithic silica columns and a Chromolith Performance RP-18e column, and calculated
curves for the particle-packed column with particle diameter, dp = 2, 3 and 5 �m.
The curves were obtained using the following parameters: dynamic viscosity,
� = 0.00046 Pa s, flow resistance, ϕ = 700, molecular diffusion coefficient in mobile
phase, Dm = 2.22 × 10−9 m2/s, and Knox equation, h = 0.65�1/3 + 2/� + 0.08�, where
h is reduced plate height (h = H/dp), and � is reduced velocity [11]. Filled circle:
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tudy also showed that the pH of the wash liquid also influenced
he mesopore size distribution, with a basic pH solvent having the

aximum effect. Therefore, varying these parameters would alter
he morphology of the monolith.

The composition of the pre-polymer solution and the tempera-
ure of polymerization govern the homogeneity of the monolith.
ince most monolith synthesis reactions are exothermic, heat
ransfer must take place radially across the column and through
he mold wall in which the monolith is made. Therefore, the cen-
er of the bed tends to be hotter than the region near the wall.
akanishi and Soga [67] showed that the local porogen concentra-

ion governing the through-pore size distribution in the monolith
s determined by the temperature of that region. Also, shrink-
ng of the monolith after polymerization causes mechanical stress
t the monolith-to-column wall boundary. This might result in a
ap at the wall, creating a preferential flow path for the mobile
hase. Therefore, these factors must be reduced for better chro-
atographic efficiency.

.3. Performance of silica monoliths

Smaller domain size, high phase ratio (volume of mobile phase
o stationary phase), and good bed homogeneity have long been
mphasized for improving the separation efficiencies of monolithic
tructures [70]. Kobayashi et al. [71] found that monolithic and
article packed columns had similar minimum plate height val-
es; however, the efficiencies of silica monolithic columns were
ound to decrease much less rapidly than packed columns with
ncreasing mobile phase velocity. This was attributed to larger A
oefficients and smaller C coefficients in the van Deemter equa-
ion for monolithic columns compared to particle packed columns.
ecently, a kinetic plot analysis of silica monoliths and particle
acked columns by Morisato et al. [72] revealed that monolithic
olumns with macropore diameter and skeleton thicknesses of
�m performed equivalent to a 3 �m particle column as shown

n Fig. 4. In an another study by Minakuchi et al. [63], silica mono-
iths with smaller size skeletons resulted in van Deemter plots (for
mylbenzene and insulin) with minimum plate heights at higher
inear mobile phase velocities than for particle packed columns, as
hown in Fig. 5. The slope of the curve was found to decrease with
decrease in the skeleton size. This was attributed to the short dif-

usion path length associated with the smaller skeleton size, which

ad less contribution to the plate height C term. The same authors
tudied the effect of domain size in the monolithic structure, and
ound that the plate height was reduced with a reduction in domain
ize [73]. Also, a smaller effect of mobile phase linear velocity on

Fig. 5. Van Deemter plots for C18 silica rods and silica C18-packed columns with
eproduced with permission from Minakuchi et al. [63].
HPAAsilica column 1; filled square: HPAA-silica column 2; open triangle: Chromolith
Performance RP-18e.

Reproduced with permission from Morisato et al. [72].

plate height for amylbenzenes was reported. The tendency was
more pronounced for large molecules, such as insulin, since dif-
fusion in the mesopores is slower for large molecules, which has a
greater influence in the C term of the van Deemter equation.

In the same study, the authors estimated the optimum domain
size for best performance, but found that the performance actu-
ally achieved was lower than that predicted [73]. The van Deemter
plots indicated that the A coefficient increased and the C coeffi-
cient decreased with a decrease in domain size, suggesting that
the mobile phase mass transfer was slower, although the small
domain size facilitated faster mass transfer in the stationary phase
[74]. Monoliths with small skeleton size were found to have greater
irregularity in structure and wider through-pore size distribution,
resulting in worse performance than expected [75]. Also, these sil-
ica monoliths were reported to have smaller phase ratio, resulting
in poor resolution [76]. Desmet et al. [75] also showed theoreti-
cally that the performance of silica monoliths with small domain
size can be greatly improved by increasing the homogeneity of the

skeleton and through-pores, along with increasing the phase ratio.
Hara et al. [70] synthesized silica monoliths with high phase ratio,
small domain size and homogenous skeleton. They reported a plate
height of 4.8 �m for a silica monolith with 2.2 �m domain size in a

80% methanol as mobile phase. Solutes: (a) amylbenzene and (b) insulin.
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ig. 6. Temperature dependence of the plate height curves for insulin on C18 silica
onoliths with mesopore diameters of 20 nm.

eproduced with permission from Leinweber et al. [77] (Copyright 2002 American
hemical Society).

5 cm × 100 �m i.d. column, which was better than that of a 3 �m
article packed column.

In addition to modification of the stationary phase bed structure,
ptimization of the chromatographic parameters can also improve
olumn performance. Leinweber et al. [77] showed a decrease in
late height for insulin with an increase in temperature, as shown

n Fig. 6, and assigned the reason to lower contribution of the A and
terms to the plate height in the van Deemter equation. This occurs
ecause an increase in temperature increases both the lateral mass
ransfer and the intra-skeleton mass transfer.

Desmet et al. [78] showed that silica monolith performance
ould be better than particle packed column performance using
inetic plots. They also showed the existence of a desirable, but for-
idden, region where no existing stationary phase support seems
o operate, and indicated that synthetic methods are required to
reatly improve the bed structure homogeneity and decrease the
omain size for monoliths.

. Organic monoliths

Organic monoliths were successfully developed and used for the
rst time in the 1990s when Hjertén et al. [57] prepared a highly
wollen crosslinked gel of N,N-methylenebisacrylamide and acrylic
cid in the presence of a salt in an aqueous medium. Since then,
rganic monoliths have been greatly improved, showing better
erformance for large molecule separations than silica monoliths
ecause of their biocompatibility and large domain size morphol-
gy [79,80]. However, the performance of polymeric monoliths
n the isocratic separation of low-molecular-weight organic com-
ounds is relatively poor [9]. These differences in performance
ight be attributed to lack of mesopores or presence of micropores

n the bed structures of the monoliths and structural inhomo-
eneity leading to flow dispersion [6,81]. Also, Nischang et al. [9]
ttributed this poor performance to heterogeneous gel porosity in
he globular structure of the monolith, stemming from radial distri-
ution of the crosslinker density in the globule. As a consequence,

ncreased band dispersion for retained analytes slowly deterio-
ates the separation, and results in a totally unsuitable material for
mall molecule separation. There are many reviews in the literature
hat report organic monolith synthesis routes and performance, but
ith little emphasis on bed structure [79,82,83].

.1. Preparation of organic monoliths
Capillary surface modification and initiation of polymeriza-
ion in pre-polymer solution are two important steps involved in
reparation of organic monoliths in capillary columns. First, the
Fig. 7. Structure of TPM.

inner wall of the capillary is functionalized with a bi-functional
reagent through a silanization reaction. Second, the capillary
is filled with a pre-polymer mixture comprised of initiator,
monomer(s) and porogen(s), and sealed at both ends with rub-
ber plugs, followed by thermal or photo-initiated polymerization.
During polymerization, monoliths are covalently bonded to the
capillary surface, ensuring that the monolith can withstand rela-
tively high pressures without being extruded from the capillary.

6.1.1. Modification of capillary surface
The capillary surface is usually modified with a bi-functional

silanizing reagent such as vinyl silane, acrylate silane or
methacrylate silane. The most common reagent used is 3-
(trimethoxysilyl)propyl methacrylate (TPM) (Fig. 7) [84]. Generally,
capillary surface modification involves capillary pretreatment,
silanization and drying steps.

There have been many reports in the literature for optimizing
the pretreatment and silanization procedures involved in surface
modification. For example, Courtois et al. [84] compared 3 pretreat-
ments and 11 silanization procedures by varying the parameters
involved in them. The study showed that the etching step (using
base) increased the roughness of the inner capillary surface along
with silanol group concentration, both of which contributed to bet-
ter adhesion of the monolith to the capillary wall. Vidic et al. [85]
also showed pretreatment to be a critical step in surface modifica-
tion, and found that 15% TPM in dry toluene solution worked best
for silanization.

The above described two procedures involved either etching
or leaching of the surface in the pretreatment step. However,
Cifuentes et al. [86] proved that etching of columns with NaOH
followed by leaching with HCl gave more reproducibile surface
treatment. Therefore, the optimized capillary surface modification
procedure included both etching and leaching steps.

6.1.2. Monolith synthesis
After surface treatment, the treated capillary is filled with a pre-

polymer solution and exposed to UV light or heat. The monomers
may consist of a functional monomer along with a crosslinker,
or simply a single functionalized crosslinking monomer. Porogens
can be low or high molecular weight inert chemicals responsi-
ble for generating pores in the monolith. There occurs differential
phase separation in the homogenous precursor solution during
polymerization, which is induced by porogenic solvents with dif-
ferent thermodynamic properties. The monomers and porogens,
as well as the initiation method, greatly influence the polymeriza-
tion mechanism and phase separation, thereby affecting monolith
morphology, pore size distribution, and separation performance.

6.2. Organic monolith structure

Similar to particle packed columns and silica monoliths, the
performance of organic monoliths is also determined by their
bed structure morphology and porosity. Monoliths should have

both large surface area and good permeability. A large surface
area provides more active sites for effective interactions, and good
permeability allows faster analysis and moderate back-pressure.
Porosity is the most important morphology characteristic, as it
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eflects the size and organization of both microglobules and clus-
ers. Therefore, the morphologies of these monolithic structures,
long with factors that influence the morphology, should be eval-
ated in order to optimize their performance.

.2.1. Effect of initiation method
The initiation method and various parameters related to it

uch as temperature, light intensity, etc., govern the rate of poly-
erization reaction, which ultimately determines the monolith
orphology. This section focuses on the initiation method, which
ay be radiation polymerization [87], living polymerization [88],

igh internal phase emulsion polymerization (HIPE) [89] and poly-
ondensation [90]. Svec [81] recently published an excellent review
escribing the various approaches used for monolith synthesis. The
ifferent initiation methods give rise to different monolith mor-
hology; for example, HIPE [89] gives an open pore monolith while
hermal or photo initiation gives globular or fused morphology
ontingent upon other factors. Among these different initiation
ethods, thermal and photo initiation are more commonly used

nd will be discussed in detail.

.2.1.1. Thermal initiation. Thermal initiation is one of the earli-
st methods used for organic monolith synthesis. For example,
vec and Frechet [91] successfully fabricated a porous poly(glycidyl
ethacrylate-co-ethylene dimethacrylate) monolith using 1% 2,2′-

zobisisobutyronitrile (AIBN) as the thermal initiator. They also
ocumented the effects of polymerization temperature, polymer-

zation time, and type and concentration of thermal initiator on
he morphology of the monoliths [92]. Viklund et al. [93] fur-
her showed that the pore size distribution of monoliths shifted
oward smaller values with increased polymerization temperature
nd subsequent increase in surface area. They assigned the cause to
igher decomposition rate of initiator and, subsequently, polymer-

zation rate. An increase in temperature also resulted in an increase
n solubility of the monomer, thereby resulting in late phase sep-
ration and large pore size; however, this effect had less influence
han decomposition rate.

The polymerization time also changes the porosity of the fab-
icated monolith. As was observed by Svec et al. [94], the large
ores disappeared upon prolonged polymerization, which were
therwise characteristic of the monolith in the early stages of poly-
erization. However, Trojer et al. [95] showed that the mesopore

raction increased significantly with a decrease in polymerization
ime, as BET measurements revealed a surface area increase from
6.8 m2/g to 77.2 m2/g on reduction of the polymerization time
rom 24 h to 45 min. This could be due to less crosslinking with
horter polymerization time. These results were also supported
y Nischang et al. [9] who reported a decrease in column perfor-
ance with increase in polymerization time. They attributed this

o increased importance of resistance to mass transfer originating
rom stagnant mass transfer zones in the porous structures. How-
ver, polymerization time is not widely used to tailor the pore size
istribution, since maximum rigidity requires sufficient polymer-

zation time.
Initiator type and concentration also affect monolith morphol-

gy and porosity. A higher concentration of initiator was found to
roduce smaller microglobules as a consequence of a large num-
er of free radicals [96]. The selection of a free radical initiator is
overned, to some extent, by its decomposition temperature.

.2.1.2. Photo initiation. Photo polymerization provides a number
f advantages over thermal initiation. This initiation method sig-

ificantly reduces the polymerization time from hours to minutes
nd also increases the range of solvents that can be used as poro-
ens. Volatile organic solvents, such as ethyl ether, methanol and
exanes, can be used as porogens [97]. This broad range of porogen
gr. A 1219 (2012) 1–14 9

selectivity provides better control over the morphology and poros-
ity of the monolith as compared to thermal initiation. Moreover,
during thermal polymerization, there exists a thermal gradient
along the radial direction of the capillary, as the polymerization
reaction is exothermic and not all of the heat generated is dissipated
uniformly throughout. Therefore, monoliths fabricated by photo
initiation are more uniform compared to those made by thermal
polymerization.

The factors governing photo polymerization are intensity and
wavelength of the light source, as well as nature and concen-
tration of the initiator. The former two remain constant with a
particular lamp, while the latter two must be optimized for a good
monolith. Some commonly used photo initiators are 2-methoxy-2-
phenylacetophenone, 2,2-dimethoxy-2-phenylacetophenone and
AIBN. Khimich et al. [98] studied the effect of initiator concentration
and found that an increase from 0.2 to 1% led to an increase in poly-
mer density and formation of uniform pore structure. In another
study, Viklund et al. [99] found that a concentration of approx-
imately 3–4% led to cracks in the continuous polymer structure.
Although the type and concentration of initiator can be varied, they
are not usually preferred. The influence of temperature on photo
polymerization has been documented in the literature [100], but
has been found to be less significant.

Although photo initiation has many significant advantages over
thermal initiation, both are still equally used for monolith synthe-
sis, and both affect the monolith morphology.

6.2.2. Effect of porogens
The porosity of the monolithic bed can be tailored by altering

the natures of the porogenic solvents and/or their ratios without
affecting the chemical composition of the final polymer. The poro-
gens influence the pore properties of the monolith by controlling
the solubility of the growing polymer chains in the polymerizing
mixture and inducing differential phase separation in the homoge-
nous precursor solution during polymerization [101]. Porogens can
be classified as macro-porogens (those that create through pores)
or meso-porogens (those that create mesopores), depending on
the size of pores they create in the polymer skeleton. Generally,
a poor solvent will generate larger through pores by facilitating
early onset of phase separation. The new phase swells with the
monomers because they are thermodynamically better solvents
for the polymer than the porogen. As a consequence, large glob-
ules are formed with larger voids between them. In contrast, a
good solvent generates smaller pores by delaying the onset of
phase separation and competing for the monomer in solvating the
nuclei.

The effect of porogen nature on porosity has been well doc-
umented in the literature. Viklund et al. [93] showed the effect
of addition of a poor solvent on the pore size distribution in a
poly(glycidyl methacrylate-co-ethylenedimethacrylate) monolith
(GMA-EDMA). They reported an increase in the mode (pore diam-
eter at the highest peak) of the pore size distribution curve from
150 nm to 2570 nm with an increase in percentage of dodecanol
(poor solvent) from 0% to 15% as shown in Fig. 8a. On the other
hand, addition of even a relatively small percentage of toluene
(good solvent) resulted in a dramatic decrease in pore sizes for a
poly(styrene-co-divinylbenzene) monolith (Fig. 8b).

The influence of porogen nature on monolith morphology and
surface area was well documented in a study by Santora et al. [102].
In a non-polar divinylbenzene-styrene (DVB/STY) monomer sys-
tem, the non-polar porogen, n-hexane, effectively generated high
surface area, while the polar porogen, methanol, gave smaller sur-

face area. They found that the solvent roles were reversed in a more
polar ethylene dimethacrylate-methyl methacrylate (EDMA/MMA)
monomer system, with hexane and methanol giving low and high
surface area materials, respectively. SEM images (Fig. 9) showed
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Fig. 8. Effect of dodecanol (a) and toluene (b) in the porogenic solvent on differential pore size distribution curves of molded poly(glycidyl methacrylate-co-ethylene
dimethacrylate) and poly(styrene-co-divinylbenzene) monoliths. Conditions: 24 h polymerization time; (a) polymerization mixture: 70 ◦C, glycidyl methacrylate (24%),
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thylene dimethacrylate (16%), cyclohexanol and dodecanol in mixtures 60 + 0 (1),
ivinylbenzene (20%), dodecanol and toluene in mixtures: 60 + 0 (1), 50 + 10 (2), 45

eproduced with permission from Viklund et al. [93] (Copyright 1996 American Ch

hat the monolith with high surface area had fused or very small
icro-globule morphology as compared to monoliths with low sur-

ace area and large globular morphology. Although these polymers
ad surface areas as large as 820 m2/g, it is unlikely that they would
e permeable to flow since the pores were rather small. In another
tudy, Premstaller et al. [103] found that a porogen mixture of
ecanol and tetrahydrofuran gave a poly(styrene/divinylbenzene)
onolith with large through-pores and morphology similar to non-

orous particles that have no micropores (termed micropellicular
tructure). These monolithic columns allowed rapid separation of
ligo-nucleotides with high resolution.

Apart from the nature of the porogens, the ratio of porogens
sed can also influence the monolith morphology. Li et al. [104]
uccessfully fabricated poly(bisphenol A dimethacrylate) (BADMA)
onolithic columns with toluene and decanol as porogens, but

ound the porosity of these structures to be very sensitive to ratio
f toluene and decanol. They also found that the monolith shrank

nd detached from the wall, which led to replacement of toluene
ith tetrahydrofuran (THF) as a good solvent. They also reported

hat monoliths with low back pressure had larger microglobules

Fig. 9. SEM images of polymers at 10,000 magnifi
eproduced with permission from Santora et al. [102] (Copyright 2001 American Chemic
(2), 54 + 6 (3), and 45 + 15% (4); (b) polymerization mixture: 80 C, styrene (20%),
3), and 40 + 20% (4).

l Society).

and microglobule clusters, while monoliths with high back pres-
sure were composed of microglobules that were much smaller in
size.

In addition to common organic solvents as porogens, solu-
tions of a polymer in a solvent can also work as porogens.
In a thorough study of the effects of poly(ethyleneglycol)
(PEG) dissolved in 2-methoxyethanol on the pore properties of
glycidyl methacrylate-co-trimethylolpropane trimethacrylate-co-
triethylene glycol dimethacrylate) monoliths, Courtois et al. [105]
found that the larger the molecular weight of the PEG, the
larger the pores produced. Our group used PPG–PEG–PPG triblock
copolymers and diethyl ether as porogens to prepare monolithic
poly(ethylene glycol methyl ether acrylate-co-polyethylene gly-
col diacrylate) capillary columns [8]. These columns were found
to have a considerable fraction of mesopores in the polymeric
skeleton. In another study, a combination of high molecular mass
polystyrene (PS) and chlorobenzene was used for the preparation

of poly(glycerol dimethacrylate) (poly-GDMA) monoliths with an
interesting morphology shown in Fig. 10 [106]. The structure of
a poly-GDMA monolith prepared in situ with toluene as a poor

cation (1 �m bar in the upper right corner).
al Society).
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ig. 10. SEM image showing the morphology of a poly(glycerol dimethacrylate) m
hlorobenzene.

eproduced with permission from Aoki et al. [106].

orogenic solvent showed a typical agglomerated globular struc-
ure, whereas the morphology of a poly-GDMA monolith prepared
n situ with the PS porogen was transformed from an aggregated
lobule form to a continuous skeletal structure. Along with this
orphological transformation or change, the pore size distribution

howed a sharp bimodal distribution, with one peak being located
round 4 nm in the mesopore range (2–50 nm) and the other peak
ocated around 1–2 �m in the macropore range (>50 nm), respec-
ively.

Another atypical porogen used was supercritical carbon diox-
de. Monoliths with a broad range of through-pore diameters
20 nm–8 �m) have been prepared using EDMA and TRIM as

onomers [107,108]. The authors reported the direct dependence
f properties such as pore size, pore volume, and surface area on
O2 pressure. However, no applications of the resultant monolithic
olumns were reported.

Porogen selection still remains more of an art rather than
science and is primarily accomplished by experimentation.

esearchers still prefer to look for appropriate porogenic solvents
ased on their experience and the published work of others. The
bove described monoliths demonstrated different performance
or small and large molecule separations (discussed in Section
.3.2).

.2.3. Effect of monomers
A change in chemical properties of a monomer or amount of a

onomer in the polymerization process not only changes the mor-
hology and porosity of the bed structure, but it also changes the
hemical composition of the monolith. The amount of crosslinker
ffects the globule size and morphology, as a higher concentration
nduces early phase separation, analogous to a poor solvent. Since
rosslinking restricts the swelling of the globules, the pore size dis-
ribution shifts toward a smaller domain. A single monomer can
lso alter the polymerization kinetics and, thereby, the monolith
orphology. It can also alter the surface chemistry and separation

electivity.
Smirnov et al. [109] showed a dramatic decrease in the size

f the globules and, consequently, the size of the interstices
etween these globules (Fig. 11) with an increase in weight frac-
ion of 2-hydroxyethyl methacrylate (HEMA) from 4% to 8% in the
olymerization mixture. The authors attributed this to improved
olymer–porogen interactions with an increase in the number of

ydroxyl groups. Similar effects have also been shown for monomer
ixtures such as GMA/EDMA and PS/DVB [93,110]. Santora et al.

102] also reported a decrease in surface area with a decrease in
rosslinker ratio in the polymerization mixture. Xu et al. [111]
h prepared using a solution of polystyrene with a molecular mass of 3,840,000 in

investigated the effects of varying length and branching ratio of
the crosslinker on column performance, keeping the molar ratio of
the crosslinker and the monomer constant. They found that the vol-
ume of small mesopores increased with an increase in the length
of the crosslinker, hence, leading to better separation efficiency for
small molecules. These highly interconnected mesopores provided
increased surface area and fast transfer kinetics for small alkyl-
benzenes. Thus, the effective thickness of the diffusion layer was
significantly decreased.

The use of a single crosslinking monomer effectively increases
the surface area and the concentration of desirable mesopores in
the monolith, which has been demonstrated in several reports.
Our group synthesized several monoliths from single crosslink-
ing monomers, including bisphenol A dimethacrylate, bisphenol
A ethoxylate diacrylate (BAEDA, EO/phenol = 2 or 4) and pen-
taerythritol diacrylate monostearate (PDAM) [104]. Among these
monoliths, the morphology differed from one monomer to another.
BAEDA-4 monoliths had a different morphology than BAEDA-2
monoliths. Distinct microglobules were not observed; instead, the
monolith resembled a fused skeletal structure. Due to enhanced
surface area resulting from highly crosslinked structure, separa-
tions of alkyl benzenes and alkyl parabens with high resolution
were demonstrated using these columns.

Urban et al. [10] reported the use of a hypercrosslinking tech-
nique for extending the applicability of polymeric monoliths for
small molecule separation. They used a mixture of styrene, vinyl-
benzyl chloride, and divinylbenzene monomers to prepare the
monolith, followed by crosslinking of the functional groups on the
surface using Friedal-Craft alkylation. The surface area of the mono-
lith and the fraction of mesopores were significantly increased
following hypercrosslinking.

6.2.4. Effect of monomer to porogen ratio
The effect of monomer concentration on the properties of the

final polymer was recently demonstrated by Trojer et al. [95,112]
for poly[p-methylstyrene-co-1,2-(p-vinylphenyl)ethane] mono-
liths. The macropore distribution shifted from 8.78 to 0.09 �m
when the total monomer to porogen ratio was increased from 35%
to 45% (v/v). The reason was attributed to a larger number of nuclei
formed in the concentrated monomer system upon irradiation. As
a consequence, these competing nuclei can touch each other before
growing to larger size, resulting in small voids (through-pores) in

the final monolith. Therefore, the monomer to porogen ratio should
not be too high to prevent reasonable flow through the monolithic
column. At the same time, the density and rigidity of the monolith
should be observed, since they decrease with decrease in the initial
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Fig. 11. SEM images of synthesized poly(DVB-co-EVB-co-HEMA) monoliths with different amounts of HEMA: (a) 10.5, (b) 11.9, (c) 13.2, (d) 14.7, (e) 17.9, and (f) 21.1%.
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eproduced with permission from Smirnov et al. [109].

onomer concentration. A monomer concentration <0.5 g/mL for
ynthesis of a trimethylolpropane trimethacrylate (TRIM) monolith
esulted in a powder [108]. The same was also observed for the syn-
hesis of poly(triethylene glycol dimethacrylate) monoliths [113].

onoliths prepared from a monomer concentration of 32.2 wt%
ould be stored dry, while those from 20.2 wt% could not be regen-
rated after drying. Smirnov et al. [109] showed a decrease in
olumn permeability with an increase in monomer content in the
olymerization mixture. Eeltink et al. [114] reported the prepara-
ion of low density methacrylate monoliths with broad porosity
ange when using a total monomer content of 20%.

.3. Performance of organic monoliths

The major chromatographic performance characteristics (i.e.,
fficiency, resolution and permeability) of organic monolithic
olumns arise from the pore-size distribution and skeletal size,
imilar to that of any other stationary phase. Organic monoliths
ave been primarily used for large biomolecule separations (unlike
ilica monoliths, which have been used for both small and large
olecules) and their morphologies have been reported to be glob-

lar in nature [115]. Recently, however, there have been reports of
uccessful separations of small molecules using organic monoliths
9,113].

.3.1. Effect of initiation method
The nature, time and condition of polymerization have been

nown to affect monolith morphology. The studies of Trojer et al.
95] and Nischang et al. [9] have shown lower polymerization time
o be favorable for small molecule separation as a consequence of
ncreased mesopore volume fraction. In thermal polymerization,
he column performance has been reported to increase with an
ncrease in polymerization temperature, as there occurs a decrease
n though-pore size, thereby reducing the resistance to mass trans-
er and eddy term contributions in the van Deemter equation.

.3.2. Effect of porogens

As described in Section 6.2.2, the porogens control the porosity

f the monoliths, including pore-size and their distribution. Alter-
ng the type or the quantity of porogen determines whether the

onolith can be used for small or large molecule separations and,
also, the column performance for a particular separation. Prem-
staller et al. [103] demonstrated the performance of a monolithic
column (with micropellicular morphology) for oligodexoynu-
cleotide separations to be 40% better than particle packed columns.
This was attributed to a reduction in intraparticle dispersion due
to the complete absence of small pores in the monolithic skeleton,
allowing only convective flow through the bed structure.

On the other hand, poly(BADMA) monolithic columns with
small microglobules or fused morphologies were reported to
be suitable for separation of small molecules such as alkylben-
zenes and alkylparabens [104]. They gave efficiency measurements
between 20,000 and 30,000 plates/m for uracil at 0.1 �L/min (i.e.,
0.38 mm/s). The plate count was as high as 61,432 plates/m for
retained compounds. The performance was attributed to small
domain size and high surface area. In a study by Aoki et al. [106], the
column efficiency was found to be 34,075 plates/m (H = 29.3 �m)
when the monolith was prepared in situ with high molecular
weight polystyrene as coporogen. This was much higher than
5650 plates/m (H = 177.0 �m), and 1335 plates/m (H = 749.3 �m)
obtained from capillaries prepared in situ with low molecular
weight standard PS or with toluene as porogens. These observa-
tions indicate that the high molecular weight PS porogenic solution
delayed phase separation because of visco-elasticity. Li et al.
[8,116] also reported size exclusion chromatography using organic
monoliths prepared using poly(ethylene oxide)–poly(propylene
oxide)–poly(ethylene oxide) (PEO–PPO–PEO) or PPO–PEO–PPO and
Brij 58P as mesoporogens. The separations indicated the presence
of mesopores in the skeletal structure.

6.3.3. Effect of monomers
In a study by Smirnov et al. [109], the column efficiency showed a

significant increase (i.e., plate height decreased from 188 to 51 �m
for an unretained compound) with an increase in HEMA content
from 4% to 8% in the polymerization mixture. They attributed this
to reduced globule size in the monolithic skeleton. Xu et al. [111]
reported an increase in number of theoretical plates/m from 11,000
to 83,000 for thiourea with a change in crosslinker from ethylene

dimethacrylate (EGDMA) to 2-methyl-1,8-octanediol dimethacry-
late (2-Me-1,8-ODDMA). The increase was attributed to an increase
in fraction of mesopores and, thus, reduced C term in the van
Deemter equation. Urban et al. [10] reported an H value of 39 �m
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Table 1
Representative performance data for a variety of packed and monolithic columns.

Stationary phase Performance k Back pressure Column dimensions Reference

N (plates/m) H (�m)

Particle packed columns
Particle diameter

5 �m 83,000 12.0 2.7 899 psi at 0.088 cm/s 33 cm × 50 �m i.d. [2]
3 �m 110,000 9.1 0.9 Constant pressure of 200 kg/cm2 100 cm × 200 �m i.d. [55]
1.5 �m 209,000 2.4 0.2 23,000 psi at 0.145 cm/s 49.3 cm × 30 �m i.d. [124]
1 �m 521,000 2.0 2.0 40,000 psi at 0.15 cm/s 46 cm × 30 �m i.d. [122]

Silica monoliths
Domain size

3.1 �m 186,000 5.4 1.4 377 psi at 2.0 mm/s 14.5 cm × 100 �m i.d. [70]
2.6 �m 200,000 5.0 1.4 537 psi at 2.0 mm/s 15 cm × 100 �m i.d. [70]
2.2 �m 210,000 4.8 1.4 653 at psi 2.0 mm/s 15 cm × 100 �m i.d. [70]

Organic monoliths
Domain size
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N.A. 48,000 20.5 11.5 (estimated from chromat
N.A. 60,000 16.6 7.9
N.A. 83,200 12.0 0.04

or benzene on their hypercrosslinked columns. They used the same
olumn for rapid isocratic separation of peptides and gradient elu-
ion of 7 small molecules. They also demonstrated the use of this
olumn for size exclusion of polystyrene standards using an organic
obile phase.

.3.4. Effect of monomer to porogen ratio
Eeltink et al. [114] experienced an increase in separation effi-

iency for a small molecule by a factor of ∼5, which they ascribed
o broadening of the porosity curve when reducing the amount of

onomers from 40 to 20%. In an another study, Trojer et al. [112]
ound the retention times for biomolecules to be unaffected by
n increase in monomer content while the resolution increased.
owever, for small molecule separation (oligonucleotides), both

he retention time and resolution were altered with change in
onomer to porogen ratio, indicating a change in both meso-

ore volume and through-pore size. This also indicates that
mall molecule separations require broad pore distribution, as an
ncrease in surface area increases small molecule interaction with
he stationary phase.

Overall, the structures of polymeric monolithic columns deter-
ine their applicability. They have been effectively used for

iomolecule separations with few applications for small molecules.
rganic monoliths provided faster and more efficient separations

han conventional HPLC columns (packed with 5 �m particles) for
eptides in a kinetic plot study by Guillarme et al. [117], which
hey ascribed to improved mass transfer kinetics. However, with
he advent of very small particle sizes the performance of organic

onolithic columns lags behind that of particulate columns.

. Conclusions

Monolithic column technology is still in its infancy, and discov-
ries in the field are expected to give rise to novel materials with
nique properties. Monolith technology has been greatly improved
ver the past decade, and has been employed for both large and
mall molecule separations [118,119]. The performance of these
onolithic columns has been shown to be comparable to particle

acked columns (using the kinetic plot method) in some cases with
ilica monoliths [70]; however, it can still be significantly improved
or polymeric monoliths, as is evident from Table 1. The kinetic
lot study of Causon et al. [120] that compared the performance of

rganic monoliths to particle packed columns further verifies this.
ilica monoliths have better rigidity and bimodal pore size distribu-
ion, whereas organic monoliths are more biocompatible and offer
road surface chemistry with which to work.
) 1740 psi at 6.4 mm/s 8 cm × 200 �m i.d. [123]
700 psi at 1.1 mm/s 16 cm × 75 �m i.d. [104]
3770 psi at 0.1 �l/min 13 cm × 100 �m i.d. [10]

The published literature clearly indicates a dependence of col-
umn performance on stationary phase bed structure. Vervoort et al.
[121] showed the effect of domain size (sum of the average sizes of
the through-pores and skeleton) of monolithic columns on column
efficiency by developing a structural model of the monolith. They
calculated a minimum impedance value of 120 and reduced plate
height of 0.8, a value equal to the reduced plate height of open tubu-
lar columns, and efficiency close to packed columns with no radial
heterogeneity. The important conclusion in this study was that the
domain size controls the efficiency of the column, and the random
through-pore size distribution explains the limited performance of
present monoliths. Therefore, by optimizing the bed structure and
improving the homogeneity of the bed would significantly improve
column performance.

Also, the applicability of globular organic polymer monoliths to
large molecule separations and their poor performance for small
molecules have been ascribed to the structure of the monoliths
[9]. Therefore, future efforts should be directed toward better
understanding of the relationship of monolith bed structure and
performance, and control of through-pore structure and morphol-
ogy. The stability and reproducibility of these monolithic stationary
phases must also be improved to make them competitive with par-
ticle packed columns.
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