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ABSTRACT
Polymeric monoliths are porous substrates comprised of suitable monomer(s) beside a crosslinking agent and a radical initiator. The
polymerization reaction may be thermally or radiation initiated in a mold. They take the shape of continuous rods or columns upon
preparation. These materials are porous substrates used to overcome some deficiencies that arose from using the corresponding
traditional monoliths such as ceramic and metallic ones. Increasing the efficiency of the monolith can be achieved via grafting the
surface. Functional groups on the monolithic surface can be introduced to boost the performance of the monolith. Immobilizing
nanoparticles; mainly the metallic ones onto the surface of the polymeric monolith enhances the efficiency of these columns and expands
their application fields. Depositing the metal nanoparticles takes place via in-situ reduction of metal nanoparticles from their precursor
salts or via ex-situ loading of previously prepared nanoparticles. There are various applications for polymeric monoliths; separation of
proteins, small and large molecules can be mentioned. Monoliths are used in chromatographic separation applications beside catalytic
implications. These monoliths represent the stationary phase. For expanding the separation application, polymeric monoliths can be
applied in electrochromatographic separations. Besides, catalytic reactions can take place inside these monolithic rods.
Keywords: Monolith, porous polymer, metal nanoparticles, chromatography, separation, catalysis, polymerization.

1. INTRODUCTION
A monolith is a geological structure consisting of a single
huge stone such as some mountains or rocks. It is derived from the
word monolithus, from the ancient Greek word meaning stone.
The natural monolith encouraged scientists to design and prepare
such structures by using polymeric substrates. This is performed
by adjusting the features of the prepared monoliths and directing
them towards specific applications. The monolithic rod (column)
has to offer a continuous pathway for reactants to transfer through,
ending with the products at the terminal of the column; as shown
in Figure 1. Some conventional monoliths like ceramic and
metallic monoliths that contain iron, aluminum or chromium
showed some drawbacks due to deficiencies in the geometry and
the composing materials. Hence, scientists moved to other
alternatives which can be easily tailored to be convenient for
specific applications with acceptable characteristics. Polymeric
materials attracted the attention to build up these new materials
that cope with the required applications. Polymer monoliths can be
synthesized via free radical polymerization to provide a
crosslinked porous polymeric network structure [1-5]. The
aforementioned structure is close to the functionalized silica which
has been prepared via sol-gel methods previously [6-10]. These
two major types (polymeric and silica based monoliths) have
flourished since at the end of the twentieth century and turned to
be effective commercial substrates in separation applications.
Polymer monolithic materials go parallel with silica based
monoliths stationary phases in separating small molecules in
various elution procedures. Macroporous polymeric monoliths are
suitable in the separation of large molecules [11- 14]. There are
some developments in both of these major branches of monolithic
column technology that arose in the past few years. Many
researches were directed to develop polymer monolithic substrates
and use them in separating small and large molecules. Some of the

used pathways to develop the monoliths are the early termination
of the polymerization reaction [15-18], the kind of the used
crosslinkers [19-21], introducing nanoparticles in the internal
porous structures, either in-situ or post polymerization [22-24].

Figure 1.Reactants entering through a monolith column and coming out
as products.

Polymeric monoliths present distinctive properties
compared to the traditional chromatographic stationary phases
based on (porous) adsorbent particles. It is observed that some
chemical methods aim to characterize and focus on the scaffold
formation of the monolith. Although the use of polymer monoliths
as chromatographic materials continues to attract researchers.
Meanwhile, more applications such as extraction [1, 25] and
catalysis [26-28] are growing rapidly.
1.1. Free volume of the monolithic matrix.
In polymeric substrates, the unoccupied spaces lying inside
are known as the free volume. The volume of a polymer consists
of both the occupied volume by the polymer molecules and the
free volume surrounding the polymer. Characterizing this free
volume is possible. Experimental methods by using specific probe
molecules such as nitrogen based on the probe's size are followed.
Hence, various experiments can estimate the amounts of free
volume [29]. Methods to assess free volume often make use of
positronium parts with measuring their lifetimes [30]. The free
volume is influenced by temperature, as various temperatures
originate thermal vibrations in the occupied volume of the
polymer. Moreover, crosslinked polymers are affected by the
solvent by generating an increase in the free volume. This results
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in the swollen polymer and its nanoscale solvation. Consequently,
the specific solvated-state equilibrium depends on the
experimental conditions. This feature is based on originating
permanent microporosity in polymers. The surplus free volume
contacting the solvent can be reduced upon removing the solvent
from the polymeric matrix [29].
The present free volume is formed due to a crosslinked
polymeric network within the solvent in addition to binding labile
polymer chains together. Upon removal of solvents, physical
aging may arise, with a microporous material in the dry state [31].
These polymeric substrates can swell even in poor solvents due to
the existing stress on the polymer chains providing microporosity.
For instance, hyper crosslinked polystyrene tends to swell slightly
even in a poor solvent like water [30]. Upon using polymer
monoliths in certain implementations, it is important to monitor
the swelling volume of the used crosslinked polymer. When a
crosslinked polymer is subjected to water, acetonitrile,
tetrahydrofuran (THF) or their mixtures, swelling takes place
leading to a nanoscale structure in the polymeric monolith. A
particular volume and interchain space are generated in the solute
will be established, known as (gel porosity) [32]. Changing the
kind of the solvent and mixing it with others will vary the
nanoscale swelling of the polymer [33].
Some experiments for determining monomer-specific
conversions from in-situ prepared porous polymer monoliths have
been carried out to show the changes in the polymerization
mixture
for
both
methacrylate-based
[16,33]
styrene/divinylbenzene [34] and related crosslinking systems [18].
These results suggest that some compositional nanostructural
heterogeneity arose. These changes have been recognized by
atomic force microscopy (AFM) [34]. The heterogeneity can be
correlated to some conversions in the monomer. Some amounts of
the pendant functional groups in the monomer are unable to
proceed in the polymerization process and crosslinking like others
[35]. The matrix consists of thick cross-linked inner cores and
less cross-linked peripheral parts. Similar results have been found
for styrene/divinylbenzene monoliths [34]. At the beginning of the
polymerization process of porous polymer monoliths, crosslinked
nuclei with different sizes are formed, directing to a phase
separation in the polymer [36]. In most applications, this phase
separation is uncontrollable [16]. The phase separated polymer
swells in the solvent, leading toprogress in polymerization and
crosslinking with forming the new polymer monolith. Some
heterogeneous globular structure of phase-separated polymer may
emerge, with some aggregates in the mold with various sizes,
shapes and morphology [16,17,36]. Though, the formed pores
permit the flow of the mobile phase. It was not easy to determine
the pore space, so some techniques were developed to assess and
characterize polymer monoliths. Confocal Raman spectroscopy
imaging assisted in defining the inter-spaces between polymer and
solvents [34]. Water was noticed in the micrometer-sized flowthrough pores, acetonitrile was even present within globular
features. Using confocal Raman imaging clarified some
observations about hierarchical length scales. The solvent is
spread in the crosslinked polymer with different interspaces.

1.2. Structure and relevant mass transport.
The mass transport of the polymeric monolith is an
essential feature to study the dispersion of traces due to
heterogeneity in the flow through monolithic pores [37,38]. A
practical determination for mass transport behavior is performed
via pulse experiments. Pump probe spectroscopy is used, as a
narrow pulse of a probe is introduced at the inlet of the column.
This pulse spreads to make a macroscopic response in the form of
a peak eluting at a certain time with a specific shape and width.
This authorizes to utilize different probes with different sizes
through adsorption mechanism to interact with the stationary
phase. In polymer monoliths including polar or hydrophilic
materials, they are able to conserve the polar analytes in mobile
organic phases. Consequently, the more polar mobile phase
component moves easily while the less polar species show lower
mobility. So, the moving components as polar ones affect the
transport of hydrophilic solutes in separation applications. The
development of polymer monoliths as engineering materials was
explained by fast-gradient liquid chromatography separations of
large polymers. Various novel materials were prepared with
concentrating on a wide range of molecules beside
chromatographic applications, like hydrophobic, hydrophilic, or
ion exchange chromatography [17,39]. Further important fields of
applications deal with the enhanced physical structure of polymer
monoliths are the ones which depend on aqueous size exclusion
chromatography of biomolecules [40,41] and hydrodynamic
chromatography of synthetic polymers [42]. Eluting large
biomolecules including proteins, is considered as one of the main
applications for polymer monolithic columns. It is important for
the chromatography of large proteins. This is due to the
dependence of protein retention on mobile phase composition
[38]. Under isocratic conditions, it was noticed that a low elution
efficiency take places with low retention time. This is due to slow
pore fluid gel interphase diffusion as protein is adsorbed and
moves slowly [38]. Upon taking this point in consideration,
enhancing micro-scale separations of proteins is interesting. The
developments focus on using a minute or trace amounts of the
sample by improving the sensitivity of mass spectrometry [16].
The experiments explored applying high pressure by utilizing
small flow through tiny sized monolithic structures [43].
Experimental data showed that a decrease in pore size with an
increase in the applied pressure enhances the performance of the
used monolithic column under equilibrium conditions [33,38].
Separating low-molecular weight biomolecules; less than 500
g/mol is regarded as an interesting field for applying polymer
monoliths [44,45]. Hence, polymer based monoliths coincide with
the analytical domain of conventional silica-based monoliths in
separation implementations.
Extraction is a promising and extending field of application
for polymeric monoliths. This domain has attracted attention due
to the facility in preparing polymer monolithic materials in molds
of various sizes and shapes (e.g., capillary tubes and chips). In this
case, a material with high chromatographic efficiency has to be
selected with having sufficient capacity for solutes. The mass
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transport has to be effective. The efficiency of these materials
depends on the gel structure for a given analyte under given
experimental conditions. The rate of diffusion during the transport
process in the solvent for the analytes has to be taken into
consideration. Treating this process is interesting with suitable
postulates in assessing the mass transfer step with a suitable
reference for adsorption capacity. In most of the studies, this
reference that will be used for comparison may be the surface area

for monolithic materials, which was estimated by dry-state
estimations and confirmed by chromatographic measurements
[6,11,37]. Nowadays, porous monolithic materials in columns or
rod forms can be introduced as novel and efficient substrates for
separation or extraction. They are prepared in a simple way. The
process takes place in a mold; via preparing a mixture based on
vinyl monomers with an inert solvents.

2. PREPARTION OF POROUS POLYMERIC MONOLITHS
2.1. Components of porous monoliths.
Polymeric monoliths comprise the merits of porous
materials including rigidity and keeping the porous format in any
solvent as well as in dry form. These porous matrices are
synthesized via copolymerization in suspension. These materials
are prepared easily from a homogeneous polymerization mixture,
including an appropriate monomer such as [monovinyl
monomer(s) and polyfunctional monomer(s)] with a crosslinker
and a radical initiator and porogenic solvent [46] in a mold. Figure
2 represents the stages of synthesizing porous polymeric
monoliths.

Figure 2.Different steps for preparing polymeric monoliths.

As soon as the polymer is formed in the mold, the
functional groups on the monolithic surface are able to control the
performance of the monolith. Consequently, these groups can be
managed for immobilizing biological catalysts or certain ligands
to be used in separation through high performance liquid
chromatography (HPLC) of small and large molecules. Generally,
glass tubes loaded with the polymerization ingredients are used as
molds. These tubes are kept at specific temperatures where the
reactions take place. The polymerization process starts with
thermal initiators that decompose to produce free radicals. Some
procedures are initiated by ultraviolet radiation and redox
reactions [46,47]. Glass tubes or fused silica capillaries are
employed. Some processes comprise radiation by using Co-60
gamma-source [48] or by atom transfer radical polymerization
(ATRP) [49]. The experimental procedures can be designed and
tailored to suit the application where the monolith will be used.
Tubes of different substrates and sizes like glass, stainless steel
[35,50], poly(ether ether ketone) (PEEK), and silica capillaries
[11] are processed as molds. The monolith components are flushed
inside the mold by applying certain pressure.
2.2. Originating pores in polymeric monoliths.
The pores are formed during polymerization reactions with
monomers in an inert porogenic solvent and a radical initiator. The
polymer chains will be then produced in solution then precipitate

due to the crosslinking density of the polymeric network. During
this step, the monomers contribute in dissolving a part of the
formed polymer besides the porogenic solvent. Therefore, the
precipitated insoluble gel nuclei dissolve by the present monomers
in the solvent around these nuclei. The solvent continues to be
allocated in the pores of the crosslinked polymer. Then,
polymerization extends in the solution or with the swollen parts
inside [50]. In addition, the branching chains in the solution will
be trapped with the growing nuclei leading to an increase in size.
Then, large nuclei gather to form clusters. These polymeric
clusters are spread in the solution with continuous growth. They
have a big size permitting them to compose an interconnected
matrix in the medium. Eventually, this matrix will provide a
porous polymeric substrate. It is convincible to investigate the
pore size of the polymers via their spread in the solution.
However, changing the polymerization method leads to variation
in the pore distribution. The interfacial tension between monomers
and the solvent has an essential aspect informing the required
polymer. Upon performing suspension polymerization, surface
tension leads to decrease in the size of the solvent droplet. This
will contribute to reducing the pore size in the monolith. The size
diminishes due to induced shrinking during the polymerization
process. The interfacial tension exerts pressure on the surface of
the drop of the solvent, with keeping its shape as a sphere.
2.3. Boosting the mass transfer via convection.
Using large-pores polymeric monoliths demonstrated that
mass transfer increases by convection [51]. The mobile phase
elevates the mass transfer of solutes. However, many polymers
exhibit pores up to 100 nm, do not suit convective transport. Then,
new materials for having bigger spaces have been developed.
Porous
poly(styrene-codivinylbenzene)
poly(Sty-co-DVB)
particles with pores of approximately 400 nm were employed in
separating biopolymers. The eluent passes between the interparticle voids since the transport that occurs by convection [51,52]
is only 2% of the total amount. This low percentage besides the
increase in pore volume is adequate to enhance separating
biopolymers. The main characteristic of these novel polymer
monolithic materials is raising the mass transfer by convection.
The mobile phase has to cross the separation medium with a
dynamic binding capacity. They are independent on the flow rate.
The path of crossing the mobile phase through columns loaded
with polymer monoliths in comparison with beads is illustrated in
Figure 3.
Polymeric monolithic columns create a single continuous
pathway filling the whole column. Hence, a series of continuous
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pores form a connected passage. It is composed of attached holes
that compose flow channels with a specific size [53]. The polymer
monolithic column creates interconnected channels in the porous
matrix with high permeability. The inner surface area increases
leading to decrease the back pressure than that in the traditional
columns with separate pores. In addition, the presence of channels
provides good contact between the components inside the
monolith [54]. Monoliths with microsized pores are able to carry
out convective flow. Monoliths with soft gels based on
poly(acrylamide) (polyAAm) were developed in 1989 for
separating proteins [55,56]. Thereafter, polymer monoliths
materials were prepared by Tennikova and Svec [57] from organic
monomers, in a tubular mold. Cartridges were used to keep these
polymeric substrates to be applied in separating high molecular
weight materials. Svec and Frechet [1] developed the monoliths
which have been previously prepared to be utilized as columns.
They were synthesized via in-situ polymerization inside tube
having microsized diameter. Moreover, Tanaka [58] and Sestak
[59] worked on employing sol-gel method to enhance the
performance of porous silica monoliths. These research studies
were performed to achieve an enhancement in the features and
efficiencies of the prepared monoliths. Moreover, these improved
substrates show effective and functional alternatives when
compared with polymeric beads applied in various applications.

Figure 3.The pathway of the mobile phase in a monolith and beads.

Recently, monoliths are in-situ prepared and shaped in any
geometry form such as disks, rods and capillary columns. Their
sizes range from liters down to a few microliters in the channel of
the monolithic column [60]. On the other hand, Svec [36,48] and
Wu [61] determined the progress in enhancing the monolithic
stationary phases. They concentrated on microsized
chromatographic separations. Moreover, Svec determined to
utilize the polymeric monoliths in solid phase extraction beside the
designed capillaries for gas chromatographic separations [62].
Svec prepared continuous rods known as monoliths [1].
Polymerization took place by employing glycidyl methacrylate
(GMA) as monomer and ethylene glycol dimethacrylate
(EGDMA) crosslinking agent. The setup of this process was
thermally in the presence of cyclohexanol and dodecanol as
porogenic solvents and azo-bis-isobutyro-nitrile (AIBN) as
initiator. In the preliminary experiments, applying these monoliths
was not encouraging upon being subjected to separation
implications. The experiment lasted for more than half an hour to
separate proteins like myoglobin and cytochrome C. This was
correlated to the formed pores inside the monolith which was

prepared by suspension polymerization [63]. The main cause is the
difference in porosity between monoliths and polymeric beads
prepared via suspension polymerization that led to making a
change in the interfacial tension [64]. The monolithic column is
composed of interconnected globules with diameter. These
microglobules were originated in the polymerization process to
build up the monolith. An enormous number of molecules were
formed and connected together. These interconnected nuclei have
small sizes, with tiny pores leaving a little pore volume inbetween.
2.4. Factors affecting the efficiency of polymeric monoliths.
2.4.1. Polymerization temperature. The polymerization kinetics
are highly affected by temperature [65,66]. The half-time to
decompose azo-bis-isobutyro-nitrile (AIBN) in styrene is 5.7
hours at 70 oC. Upon increasing the temperature to 110 oC, the
decomposition time is about 3.2 minutes. The quick degradation of
initiator provides a lot of expanding polymer chains [65,66]. The
quantity and the polarity of the porogenic solvent plays a role in
determining the pore size inside the monolithic column. The
perfect solvent assists in forming interconnected pores while the
poor one leads to scattered pores. The interconnected pores are
spaces inside the monolithic column that conserves the structure
for a continuous phase of the polymer. As a consequence,
polymeric aggregates results in a non-uniform structure.
2.4.2. Porogenic solvents. Poor solvent in the absence of
crosslinking agent leads to a glassy and fragile monolithic
structure. In this aspect, selecting a porogen depends on the
polarity of both the monomer and the crosslinker. Raising the
amounts of alcohols provides the monolithic columns with larger
pores. Acrylamide/N,N'-methylen-bisacrylamide monoliths have
been prepared by using a mixture of dimethyl sulfoxide (DMSO)
and 2-heptanol solvents [64]. Non-polar styrene/divinylbenzene
(DVB) monoliths are synthesized in the presence of a mixture of
decanol and tetrahydrofuran (THF) [67]. Nonpolar norborn-2-ene
and cyclo-octene monoliths [62,63,68] are prepared in the
presence of mixtures of 2-propanol and toluene. CO2 has been
selected as a promising porogen in preparing ethylene glycol
dimethacrylate or trimethylolpropanetrimethacrylate polymer
monoliths [69]. The specific surface area depends on the exerted
CO2 pressure [70].
2.4.3. Functionalization. Acrylate based monolithic substrates are
ideal materials for separation. Functionalization is significant to
implement polymer monoliths systems in specific applications.
They are used in separation and catalysis. To obtain successful
functionalization, the following conditions have to be considered :
1) The copolymerization of functional monomers. 2) Secondary
functionalization or grafting [71]. Functionalization takes place by
means of grafting mercapto, amino or surface carboxylic groups of
the monolith. These groups can act as chelating agents. They
facilitate surface depositing metal nanoparticles. Hence, more
efficiency can be provided to the prepared monoliths.

3. SOME APPLICATIONS OF POLYMERIC MONOLITHS
There are several applications for polymeric monoliths.
Among these applications, separation can be determined including
chromatographic and electrochromatograhic ones beside catalytic
applications.

3.1. Chroamtographic separation.
Researchers paid a lot of efforts to improve novel
techniques to reach a high level and advanced results in separating
polar nuclei [17,22,45,72]. They focused on separating immiscible
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mixture in chromatographic investigations. Developing these
methods depends on preparing and using efficient and permeable
substrates as stationary phases. In the coming section, some
studies will be discussed which are interested in preparing and
using hydrophilic polymeric monoliths polymers. These
monolithic stationary phases are applied in chromatographic and
electro-chromatographic domains. The stationary phase allows
interacting sites to separate analytes with generating electroosmotic flow in the monolithic capillary tube. Hydrophilic
polymer monoliths are prepared by utilizing water soluble
monomer. N,N'-dimethyl- N-methacryloxyethyl-N-(3-sulfopropyl)
ammonium betaine as a hydrophilic monomer was polymerized
with ethylene dimethacrylate after applying pressure in the
capillary tube. The resulting polymer is a hydrophilic permeable
monolith with an electrostatic interacting surface with proteins.
Preparing monolithic columns was carried out for separating
pyrimidic nuclei [73]. Primarily, N-acryloxy-succinimide (NAS)
was copolymerized in the presence of ethylene dimethacrylate
(EDMA) as crosslinker. A hydrophilic polymer monolith was then
formed after the polymerization process. This was followed by
surface grafting of alkyl-diamine through aminolysis while the
remaining N-hydroxysuccinimide groups were hydrolyzed. The
produced primary amine and carboxylic acid moieties offered
charges on the surface. These charges depend on the pH of the
mobile phase. The hydrophilic nature of the monoliths is related to
the length of the aliphatic segment (hexa-methylene against
ethylene) in the alkyldiamine. Among the commonly used
negatively charged polymers, methacrylic acid-containing
polymers are mentioned [74]. Poly methyl methacrylate (MAA) co- ethylene dimethacrylate (EDMA) prepared in acetoniltrile as a
polar solvent is regarded as an efficient monolithic capillary in
chromatographic separations [75]. The tendency of the monolith to
possess a hydrophilic nature does not rely upon the amount of
MAA and EDMA only. It relies on the behavior of the solvent as
well. Polymeric monoliths using a porogenic solvents of dimethyl
sulfoxide and poly(ethylene glycol) (PEG) showed a potent
hydrophilic behavior when compared with monolith prepared in
the presence of hydrophobic solvents such as toluene and
dodecanol. This monolith was used in separating bovine serum
albumin. Some studies reported copolymerizing 2-dimethyl
aminoethyl methacrylate (DMAEMA), hydroxyethyl methacrylate
(HEMA) and ethylene dimethacrylate (EDMA) [76]. The
monolith showed surface functionality for anion exchange and
mixed separation. N-acryloxy-succinimide (NAS) based monoliths
give successful porous polymeric columns [77]. Hydrophilic
monoliths were prepared via surface functionalization of
poly(NAS-co-EDMA) in a two-step process [78]. The primary
step occurs through surface grafting of allylamine providing
surface grafted thiol-sensitive alkene molecules. Then, a radical
addition of oligo ethylene glycol with thiol end-functionality. The
resulting monolithic column can interact efficiently with polyhydroxylated aromatic molecules.
Metal or metal oxide nanoparticles, like those of gold, silver,
platinum or palladium are used as organometallic nanocatalysts.
Immobilizing these nanometals on solid surfaces provides brilliant
solutions for avoiding the aggregation of nanoparticles with
adjusting metal distribution onto the surfaces. The metal
nanoparticles have the advantage of being bio-friendly, biosafety

and biocompatibility [79]. Gold nanoparticles (GNPs) are among
the important nanoparticles used to functionalize monoliths for
separation applications. Some studies discussed using carbonbased nanoparticles such as carbon nanotubes and fullerene
hollow spheres. These nanoparticles supply efficient separation
processes [80,81]. Tailoring the surface of polymer monoliths for
certain purposes via grafting thiol, carboxylic or amine chelating
groups has a strong effect in distributing the gold nanoparticles
homogeneously on the monolithic surfaces.
Surface functionalization strategy includes grafting of
propargyl-amine by nucleophilic substitution. This is followed by
radical addition of cysteamine through photo-activated radical
addition. Photo-initiation of thiol-yne assisted in controlling the
chelating behavior in the monolithic matrix. The adsorbed gold
nanoparticles have an average size of 20 nm. The chelating
properties of the amino-gold monolith [82] surface were
characterized by their highly hydrophilic nature. [83,84]. Svec
determined the preparation of thiol-functionalized monoliths
through aminolysis of poly(glycidyl methacrylate- co-EDMA)
with cysteamine [85]. Depositing gold nanoparticles on the
monolithic surface occurred in two steps. In-situ reduction of
chloroauric acid was the first step followed by adsorbing gold
nanoparticles onto the monolithic surface. Thiol-containing
molecules are able to build up strong sulphur-gold bonds on the
surface. The dynamic behavior of the gold-thiol bonds facilitates
various functional groups to bind with the monolithic structure.
Silver nanoparticles are a good representative for metal
nanoparticles to deposit on the surface of monoliths. They have
immobilized on the surface of glycidyl-methacrylate based
monoliths. The generated monolithic columns are able to detect
proteins [86]. The used monoliths were used after polymerization
process without surface treatment.
3.2. Electrochromatographic separation.
A hybrid inorganic-organic monolith with stellated mesoporous
silica nanoparticles (SMSNs) was synthesized [87]. In the
presence of acetonitrile and acetic acid as porogenic solvents at
room temperature, an SMSN- monolith of poly(butyl
methacrylate-coethylene glycol dimethacrylate) showed a
permeable and uniform structure. To investigate the behavior of
the prepared SMSN-monolith, the aforementioned monolith was
compared with neat SMSN-free monolith in separating small
molecules. This monolith was tested in capillary
electrochromatographic experiments [88,89].
Small molecules containing alkylbenzenes, anilines,
naphthalenes and phenols were selected for separation. The
SMSN-monolith exhibited better results with high resolution and
effectiveness when compared with the SMSN-free monolith in
separating the selected materials. For alkylbenzene samples
containing eight compounds, elution order was as follow acetone,
2,5-dihydroxyacetophenone,
acetophenone,
butyrophenone,
toluene, ethylbenzene, propylbenzene, butylbenzene. On the other
hand, the SMSN-free monolith showed inadequate separation with
asymmetrical peaks. The baseline separation was not clearly
recognized upon having the same experimental conditions. A
polymeric monolith was synthesized in glass chips [90]. It was
then applied in electrochromatographic implications. The
monomer was introduced to the glassy mold by using a high
pressure pump [91]. The monolith consists of acrylate monomer
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prepared via photopolymerization. Ultraviolet (UV) initiation
polymerization permits forming a polymeric monolith in the chips
[92]. These monoliths were polymerized in less than 10 minutes.
The monolith was employed in separating bioactive peptides and
amino acids. The performance was acceptable showing rapid and
efficient results. This study showed an added value which is
presented in regenerating the glass chips. The removal of the used
polymer was carried out by incinerating it to restore a clean glassy
matrix (mold) for use in further investigations.
3.3. Catalytic application.
Loading metal nanoparticles onto the monolithic surfaces
offered an opportunity to apply these polymeric rods in catalytic
purposes. Gold nanoparticles drew the attention of the scientists
due to their facile synthesis and functionalization. Monolithic
polymers with chelating surface were prepared in a two steps [93].
First, a UV-induced free radical polymerization of N-acryloxysuccinimide (NAS) and ethylene dimethacrylate (EDMA). Then,
surface grafting of ethylene diamine on the surface to produce s
hydrophilic monolith with the chelating surface. The prepared
monolith was loaded with gold nanoparticles (GNPs) through
forming a complex of either commercial Au0 nanoparticles or
Au3+ precursor salt. This was followed by in-situ reduction. The
process took place in capillary tubes [94,95] with microsized
diameters. The catalytic reactivity of these monolithic columns
towards reducing the polluting nitrophenol isomers, namely 2nitrophenol, 3-nitrophenol and 4-nitrophenol, and 4-nitroaniline

was evaluated by using UV-vis spectroscopic investigations. The
results confirmed the reduction process as a result of forming the
corresponding amino derivatives with lower polluting impact. This
research emphasized that the in-situ reduction process for
immobilizing gold nanoparticles allowed high reaction yield with
preserving the permeability of the monolithic capillary. Scanning
electron microscopy (SEM) illustrates the morphology for the
monolithic structure of poly(NAS-co-EDMA). An ideal porous
form for attached globules is observed. The morphologies of insitu (a and b) and ex-situ (c) are compared. It shows the
distribution of GNPs on the monolithic surface. The in-situ
prepared GNPs showed homogenous distribution while the ex-situ
(commercial) GNPs are present as aggregates [96,97]. In fact, the
in-situ ones behaved more ideally with easier flow inside the
capillary tube. This results in better performance and more
efficient catalytic activity for the monolithic column. The catalytic
activity of ex-situ and in-situ monolithic columns (10 cm) was
compared at a flow rate of 15 mL/min. This was carried out to
confirm the inhomogenity of ex-situ deposited gold nanoparticles.
From the results, the in-situ capillary column exceeds the ex-situ
one. The in-situ monolith succeeded in completing the catalytic
reduction of the pollutant 4-nitrophenol and changing it to 4aminophenol which has lower polutant effect. On the other hand,
the ex-situ monolith did not accomplish the reduction reaction
properly.

4. CONCLUSIONS
Porous polymeric monoliths are commonly formed as
continuous rods or columns. These materials have been prepared
to overcome some deficiencies that arose from using the
corresponding traditional monoliths such as ceramic and metallic
ones. Polymeric monoliths are commonly used in
chromatographic separation applications beside catalytic
implications. These monoliths represent the stationary phase. They
are composed mainly of suitable monomer(s) beside a crosslinking
agent and a radical initiator. The thermally or UV induced
polymerization reaction can be initiated in a mold. After
completing the polymerization process, the monolith is washed
and dried to get rid of excess molecules to be ready for use. The
porogenic solvent is an important factor for creating pores that
allow the passage of the tested molecules as the mobile phase
through the polymer monolithic system. During the
polymerization process, the pores are formed. The solvent
possesses a big volume permitting it to compose an interconnected
matrix in the medium that includes voids. Eventually, this assists
in constructing a porous polymeric substrate. The spreading pore
sizes in the macroporous polymers can be estimated. It is possible
to determine the spreading pore sizes in the macroporous
polymers. The quantity of the solvent assists in determining the
pore size inside the monolithic column. The distances between
spaces in the polymer chains vary according to the amount of the

solvent in the polymerization solution. The perfect solvent assists
in forming interconnected pores while the poor one leads to
sporadic pores.
The functional groups on the monolithic surface dominate
the performance of the monolith. Increasing the efficiency of the
monolith can be achieved via grafting the surface. Immobilizing
nanoparticles; mainly the metallic ones onto the surface of the
polymeric monolith boosts the performance of these columns and
expands their application fields. Depositing the metal
nanoparticles takes place via in-situ reduction of metal
nanoparticles from their precursor salts or via ex-situ loading of
previously prepared nanoparticles.
Among the common applications for polymeric monoliths;
separation of proteins, small and large molecules are determined.
The flow of the tested species is affected by their polarity. To
assure an easy transfer of the mobile phase through the monolithic
column, convection can be introduced to facilitate the transfer of
the molecules at suitable temperatures. To extend the separation
application, polymeric monoliths can be applied in
electrochromatographic separations. Besides, catalytic reactions
can take place inside these monolithic rods. The performance of
these monoliths can be enhanced by immobilizing metal
nanoparticles on their surfaces to provide efficient catalytic
reactions.
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