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ABSTRACT 
 

The monolithic column is a single piece of a continuous rigid porous polymer that possesses an interconnected 

skeletal structure and contains pores. According to their components, monolithic materials can be divided into 

organic polymer-based monoliths and inorganic silica-based monoliths. This review focuses on silica-based 

monolith with special emphasis on the preparation. Moreover, this review attempts to give an overview covering the 

modification of the surface of the inorganic monolithic materials. The applications of the silica-based monoliths as a 

sorbent in different applications are included in this review. 
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I. INTRODUCTION 

The monolithic materials can be divided into inorganic 

and organic polymers [1]. The former monolithic 

materials have many advantages such as high 

mechanical strength, relatively high thermal stability, 

high porosity, and they are not affected by organic 

solvents [2-4]. Silica-based monoliths contain a 

distribution of both macropores that can increase the 

liquid flow through the monolith without increasing the 

backpressure, and mesopores that can increase the 

surface area giving a good interaction with analytes and 

maximising the loadability of the sorbent [5]. This 

review will focus on the inorganic monolithic materials. 

 

II. METHODS AND MATERIAL 

 

A. Fabrication of the silica monoliths 

 

Although polymer-based monoliths appeared earlier 

than silica-based monoliths, more research has been 

performed on the silica matrices [6]. So far, two 

methods have been used for fabrication of silica-based 

monoliths. The first method was introduced by Fields in 

1996 [7]. A fused silica column was filled with 

potassium silicate solution and heated at 100 ºC for 1 

hour, followed by drying the column with helium for 24 

hours at 120 ºC. The surface of silica-based monolith 

was modified using a 10 % solution of 

dimethyloctadecylchlorosilane in dried toluene, heated 

at 70 ºC for 5 hours. After modification, the column was 

rinsed and utilised for reversed-phase HPLC. Although 

this method can fabricate a continuous silica monolith, 

the morphology of the monolith is not homogeneous [8, 

9]. Another method for fabrication of silica-based 

monoliths is based on the sol-gel approach, as carried 

out by Minakuchi et al. [10] in the same year. This 

method can fabricate a silica-based monolith with a 

uniform structure high purity and better homogeneity. 

  
The sol-gel approach involves fabrication of inorganic 

matrices through the formation of a sol, which is a 

colloidal suspension of solid species in a liquid  and the 

gelation of the sol in order to form solid structures (wet 

gel) with spontaneous drying to remove the organic 

solvents and leave solid material [6]. Most sol-gel 

methods depend on using low molecular weight 

alkoxysilanes; for example, tetramethyl orthosilicate 

(TMOS), tetraethyl orthosilicate (TEOS), or 

methyltrimethoxysilane (MTMS) [11]. Figure 1 shows 

the chemical structure of the common tetraalkoxysilanes 

used for the fabrication of silica-based monoliths.  

 

 
Figure 1:  The chemical structure of the common tetraalkoxysilanes 

used for fabrication of silica-based monoliths. 

 

The preparation of monolithic silica using the sol-gel 

approach involves three steps; the first step is hydrolysis 

of an alkoxysilane, followed by condensation of the 

hydrated silica, and finally the polycondensation 

reaction in order to form cyclic oligomers [12]. The 

preparation of the silica-based monolith is performed in 

the presence of a water-soluble polymer such as 
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polyethylene oxide (PEO) acting as a porogen to form 

the macropores and micropores in the silica gel, and a 

catalyst, which can be an acid catalyst (such as acetic 

acid or nitric acid) [13] or a base catalyst (such as N-

methylimidazole or dimethylaminopyridine) [14] or a 

binary catalyst, acid and base in sequence[15]. The 

hydrolysis of the alkoxysilane precursor (or its alkyl/aryl 

derivative) produces the silanol groups (Si-OH) [16]. 

This is followed by water or alcohol condensation to 

produce polycondensed species containing siloxane 

linkages (-Si-O-Si-) between two silane molecules, 

forming a three-dimensional network of sol-gel polymer 

[17]. The mixture is commonly stirred at 0 ºC for 30 min 

and then the homogeneous solution is poured into a 

mould and allowed to react at an elevated temperature 

[18]. A three-dimensional network will be created when 

the hydrolysis and polycondensation reactions are 

completed [8]. The resulting monolithic silica is treated 

with a basic environment, produced by thermal 

decomposition of urea or ammonium hydroxide solution 

at elevated temperature to tailor the mesopore structure. 

Figure 2 shows the SEM micrograph of the silica-based 

monolith showing the high porosity of the monolith. 

Silica-based monoliths consist of relatively large 

through-pores, which are important for fast flow and can 

provide high column efficiency, and small-sized 

skeletons, containing the mesopores which give high 

surface area [19]. 

 

 
Figure 2:  SEM micrograph of the porous structure of a silica-based 

monolith [20] 

 

B. Modification the surface of the monoliths  

 

The surface of the silica monolith can be easily 

derivatised with many functional moieties leading to 

additional efficiency and selectivity [21]. Modification 

of the surface of the silica-based monolith has been 

carried out by bonding the silica surface with another 

chemical species in order to get the desired selectivity 

for HPLC column or SPE sorbent. The most common 

reaction for derivatisation of the silica surface with 

chemical species is organosilanisation, which is based 

on using a derivatisation reagent [22]. The modification 

of the silica surface commonly occurs in the mesopores 

(2-50 nm) since the mesopores are more accessible for 

the derivatisation reagent as well as for the analytes. In 

contrast, micropores (>2 nm) are inaccessible and the 

silanol groups in these pores cannot be modified because 

they are blocked by the bonded moieties in the 

mesopores, [21] as can be seen in Figure 3. 

 

 

 
Figure 3 : Schematic diagram shows the porous silica-based surface, 

showing the inaccessibility of some micropores [21] 

 

Some of the silanol groups in the mesopores stay 

without modification. If the attached organic moieties 

are small groups, their movement is restricted and the 

neighbouring silanol groups are not blocked, while if the 

attached organic moieties are large, such as octadecyl 

groups, then their movement blocks the neighbouring 

silanol groups and prevents other organic moieies from 

reaching these silanol groups thus having a number of 

free silanol groups [21]. These free silanol groups have a 

negative effect on separation and extraction because 

they can cause a second ion-exchange interaction 

between the free silanol groups and the analytes. In 

chromatography, this interaction can cause tailing peaks 

and decrease the resolution of separation, while the 

effect of the free silanol groups in SPE is that they can 

retain the polar functional groups and make elution more 

difficult [23].  

 

In order to decrease the effect of the secondary 

interaction, the number of free silanol groups needs to be 
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decreased. This can be performed by using a second 

“end capping” reaction, which involves bonding smaller 

silane-type molecules such as trimethylchlorosilane 

(TMCS), or hexamethyldisilazane (HMDS) between the 

larger bonded moieties [24]. 

 

Conditioning of the modified silica surface before 

loading the sample solution is important for many 

reasons. The most common bonded material is 

octadecylated silica sorbent, and before conditioning, the 

sorbent (in its dry form), the bonded moieties in the 

octadecyl bonded phase material are completely 

randomly oriented on the surface of the sorbent. If the 

sample solution is applied, the environment surrounding 

the bonded moieties would be highly polar and this 

environment is not compatible with octadecyl groups. 

As can be seen in Figure 4 (A), if the octadecyl bonded 

phase sorbent is not conditioned, the alkyl groups will be 

aggregated between bonded groups in order to minimise 

exposure to the polar medium by forming clusters 

between them, and this can cause a decrease in the 

efficiency of the sorbent and decrease the extraction 

recovery of the target analytes. To solve this problem, 

the organic groups need to be conditioned with an 

organic solvent such as methanol. In this situation, the 

octadecyl bonded phase will be less aggregated, and 

ready for the interaction with the sample, Figure 4 (B). 

The ideal situation happens when octadecyl bonded 

silica sorbent is treated with a solvent less polar than 

methanol such as acetonitrile or tetrahydrofuran, Figure 

4 (C). In this case, the octadecyl bonded phase will be 

more opened and fully condititioned. Therefore, the 

selection of the conditioning solvent is important, which 

depends on the type of the bonded organic moiety [21, 

25, 26]. 

 

 
 

Figure 4 :  Schematic diagram showing the effect of conditioning 

step on octadecyl bonded silica: (A) without conditioning, (B) 

partially conditioned, and (C) fully conditioned [21]. 

C. Advantages and disadvantages of the silica-based 

monoliths 

 

Porous inorganic silica-based monolithic materials can 

overcome the drawbacks of polymer-based monoliths 

since they have high mechanical strength, relatively high 

thermal stability, and high porosity [4]. Moreover, they 

are not affected by organic solvents in the same way as 

polymer-based monoliths, which can shrink or swell in 

the presence of organic solvents [3, 27]. Silica-based 

monoliths contain a distribution of both macropores that 

can increase the liquid flow through the monolith 

without increasing the backpressure, and mesopores that 

can increase the surface area giving a good interaction 

with analytes and maximising the loadability of the 

sorbent [28, 29]. In addition, the surface of a silica-based 

monolith contains silanol groups (Si-OH) that can be 

used for immobilisation of different functional groups 

[5], and the attachment of groups on the silica surface is 

easier than on an organic polymer support since it has a 

high number of crosslinking bonds which require hours 

to reach equilibrium for surface activation [30]. 

 

However, there are some disadvantages of silica-based 

monoliths; for example, the monolithic silica columns 

should be prepared and chemically modified 

independently, which means preparation of silica-based 

monoliths is time consuming and difficult to control, 

leading to poor reproducibility. Moreover, the 

monolithic silica rods need to be wrapped in column 

materials, such as PEEK, when they are prepared in a 

mould [31]. Additionally, fabrication of a sol-gel 

monolith directly inside a microchip is difficult because 

the location of the monolith inside the extraction 

chamber cannot be defined since the preparation of the 

silica-based monolith depends on using thermal 

initiation [32]. Another negative aspect of the use of a 

sol-gel monolith in microchips is the shrinkage that 

happens as the monolith is formed during the 

condensation reaction, which can cause voids between 

the silica network and the microchip wall, resulting in a 

reduced surface area for sample adsorption and can 

cause the silica monolith to crack [13]. The main 

problem with using silica-based monoliths is that silica 

is not stable at high pH values [33]. 

 

D. Applications 

 

Synthetic silica-based monolithic materials have been 

introduced as porous monolithic separation media in 

HPLC, GC, and CEC [15, 34]. In addition, they have 

been used as immobilised enzymatic reactors [35] and as 

sorbents in solid phase extraction [36]. Although silica-

based monoliths are becoming increasingly popular as 

sorbents, there are few papers describing their use as 
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materials for protein extraction; therefore, the use of the 

silica-based monolith as a sorbent in different 

applications will be reviewed. 

 

In 2002, Landers et al. [37] fabricated different silica 

matrices onto a microchip for use as a sorbent for DNA. 

The silica matrix was fabricated using silica beads (15 

µm), silica-based monolith using a sol-gel process, or a 

combination of silica beads and monolithic silica 

material, which was fabricated by adding the silica 

beads to the sol-gel precursor mixture before the 

condensation reaction. Figure 5 (A) and (B) shows 

images of the microchamber packed with silica beads. 

The extraction recovery of DNA using the silica beads 

was as high as 57.1 %; however, the DNA extraction 

was highly irreproducible (standard deviation 43.1 %). 

Figure 5 (C) shows the silica sol-gel monolith that was 

fabricated using TEOS, PEO, and an aqueous solution of 

nitric acid. The monolithic silica material was cracked 

and the extraction recovery of DNA was very low (33.2 

%). The best extraction recovery of DNA was achieved 

using the silica bead/sol-gel hybrid matrix (70.6 %), 

Figure 5 (D) and (E), and with acceptable 

reproducibility (standard deviation < 3%). 

 

 
 

Figure 5 : Silica materials in microfabricated chambers: (A) silica 

beads, (B) silica beads at 10× magnification, (C) silica-based 

monolith using sol-gel, (D) two-step silica beads and sol-gel, and (E) 

two-step silica beads and sol-gel at 10× magnification [37]. 

 

Miyazaki et al. [38]  in 2004 developed a monolithic 

silica extraction tip for the analysis of peptides and 

proteins. The silica-based monolith was fabricated using 

TEOS, PEO with average molecular mass 100,000 g 

mol-1 as a porogen, and an aqueous solution of nitric 

acid. After fabrication, the monolithic silica rod was cut 

and fixed inside a 200 µL pipette tip using supersonic 

adhesion. Following this, the silica surface was 

chemically modified with either an octadecyl group in 

order to make it hydrophobic and enrich proteins, or the 

silica surface was coated with a titania phase and used 

for the concentration of phosphorylated peptides. The 

results show that the C18-bonded monolithic silica 

extraction tip has the ability to purify different standard 

proteins varying in molecular weight up to 40000 Da; 

however, the extraction of proteins decreased with 

increasing molecular weight of the proteins. In addition, 

the fabricated monolith was not optimised nor its porous 

structure characterised. 

 

In 2006, Wu et al. [39] fabricated a glass microchip 

containing a TMOS-based silica-gel monolith for DNA 

extraction from clinical samples and from bacterial 

colonies. The problem of shrinkage of the inorganic 

monolithic material was minimised by treating the inner 

walls of the glass microchip with a 1 M sodium 

hydroxide solution (NaOH) for 12 hours to hydrolyse 

the walls of the glass microchip before fabrication of the 

monolith. This allowed the surface to participate in the 

condensation reaction resulting in the attachment of the 

silica skeleton to the glass walls. The average extraction 

recovery of DNA using the underivatised silica monolith 

was 85%. However, shrinkage of the silica monolith was 

not completely avoided and the monolith contained large 

interstitial voids. In addition, pore blockage of the 

monolithic material was observed during repeat 

extraction on a single device, as confirmed by a decrease 

in the extraction recovery. 

 

In 2008, Xu and Lee [40] fabricated a hybrid organic-

inorganic silica-based monolith using two monomers 

that were TMOS and 3-mercaptopropyltrimethoxysilane 

(MPTS) to yield thiol groups. This was followed by 

oxidation of the hybrid silica monolith using hydrogen 

peroxide (H2O2) for 24 hours at room temperature to 

derivatise mercapto groups into sulfonic acid groups for 

use in cation-exchange purification. The effect of the 

amount of PEO in the polymerisation mixture was 

investigated. Increasing the amount of PEO resulted in 

changing the final monolith from opaque to transparent, 

and the macropores of the monolith, which were studied 

by SEM observations, were decreased (Figure 6). The 

performance of the mercapto-modified monoliths was 

tested for in-tube microextraction of four anaesthetics 

(procaine, lidocaine, tetracaine, and bupicaine) in spiked 

human urine, and the extraction recovery was greater 

than 92%. 

 

In 2010, Nema et al.[36] fabricated a silica-based 

monolith using TMOS and PEO (MW 10,000 g mol-1) 
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in the presence of 0.01M acetic acid as a catalyst. A 

monolithic silica rod was fixed in a 2 mL syringe 

installed in SPE vacuum manifold (Figure 7). The 

unmodified silica-based monolith with ionisable silanol 

groups was used in off-line cation exchange for 

preconcentration of polar analytes (epinephrine, 

normetanephrine, and metanephrine) from a urine 

sample. The technique was simple and robust. Although 

the extraction recovery of metanephrine was 

approximately 105 %, the extraction recoveries of 

epinephrine and normetanephrine were approximately 

60 % and further optimisation is required. 

 

 
Figure 6: Photograph and SEM micrographs of silica-based 

monoliths prepared using different PEO content: (A) 0.1 g, (B) 0.2 g, 

and (C) 0.4 g [40] 

 

E. Comparison with the organic-based monoliths 

Based on the literature, each monolith has its own 

individual advantages and disadvantages, as indicated in 

the summary of previous monolith research in Table 1, 

which shows comparison data for organic and inorganic 

monoliths. 

 
Figure 7:  Extraction steps using non-modified silica monolith on 

SPE manifold [36]. 

Table 1.1 :  Summary of the advantages and disadvantages of 

organic and inorganic monoliths based on literature review. 

 
 

III. CONCLUSION 

 
Porous inorganic silica-based monolithic materials have 

many advantages such as they have high mechanical 

strength, relatively high thermal stability, high porosity, 

and they are not affected by organic solvents. In 

addition, the surface of a silica-based monolith contains 

silanol groups that can be used for immobilisation of 

different functional groups. 
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