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Chapter 3 
Hydrophobic polymer monoliths as 

“selective solvent gates” for novel phase 

separators  
 

Summary 

Hydrophobic macroporous polymer monoliths are shown to be interesting materials 
for the construction of “selective solvent gates”. With the appropriate surface 
chemistry and porous properties the monoliths can be made permeable only for 
apolar organic solvents and not for water. Different poly(butyl methacrylate-co-
ethylene dimethacrylate) (BMA-EDMA) and poly(styrene-co-divinylbenzene) (PS-
DVB) monoliths prepared with tailored chemistries and porosities were evaluated 
for this purpose. After extensive characterization, the PS-DVB monoliths were 
selected due to their higher hydrophobicity and their more suitable flow 
characteristics. BMA-EDMA monoliths are preferred for mid-polarity solvents such 
as ethyl acetate, for which they provide efficient separation from water. 
Breakthrough experiments confirmed that the pressures necessary to generate flow 
of organic solvents through PS-DVB monoliths were substantially lower than for 
water. A phase separator was constructed using the monoliths as the flow selector. 
This device was successfully coupled on-line with a chip-based, continuous liquid-
liquid-extraction (LLE) system with segmented flow. Efficient separation of different 
solvents was obtained across a wide range of flow rates (0.5-4.0 mL/min) and for 
aqueous-to-organic flow ratios (β=1-10). Good robustness and long life-time were 
also confirmed. The suitability of the device to perform simple, cheap, and reliable 
phase separation in a continuous LLE system prior to gas-chromatographic analysis 
was proven for some selected real-life applications. 
 

This chapter is based on the following article: 
D. Peroni, D. Vanhoutte, F. Vilaplana, P. Schoenmakers, S. de Koning, H.-G. Janssen, 
Anal. Chim. Acta 720 (2012) 63–70 
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3.1. Introduction 

 

Polymer monoliths were introduced in chromatography about two decades ago as 

stationary phases for high-pressure liquid chromatography (HPLC) [1-3]. The 
possibility of in situ polymerization, the straightforward preparation, and the 
convenient control of chemical and (micro-) structural properties resulted in a 

rapid acceptance of monolithic stationary phases. Currently, the analytical use of 
monoliths is no longer restricted to HPLC [4]. Polymer monoliths have also been 

applied as stationary phases in capillary electrochromatography [5] and gas 
chromatography (GC) [6] and as sorbents in planar chromatography [7-9]. More 

recently their use was extended to sample preparation as sorbent materials for 
solid-phase extraction (SPE) [10]. 

 The very broad range of applications of polymer monoliths can be 
explained by the fact that their permeability and surface chemistry can be tuned 

[8-10]. The desired permeability and porosity can easily be achieved by altering the 
polymerization conditions, i.e. the ratio of porogen solvents, the polymerization 

time and temperature, and the amount of crosslinker. Average pore sizes ranging 
from a few nm to the µm range and porosities of up to 80% have been reported 

[2,11]. The surface chemistries can be altered by selecting monomers with the 
appropriate functionality or by post-polymerization modification, e.g. by attaching 
nanoparticles or by photografting functional groups onto a pre-formed monolithic 

structure or by functionalizing a reactive monolith [2]. An example of the 
remarkable flexibility of monoliths was presented by Woodward et al. [9]. These 

authors photografted 2-acrylamido-2-methyl-1-propane-sulfonic acid and 2-
hydroxyethyl methacrylate onto a poly(butyl methacrylate-co-ethylene 

dimethacrylate) monolith achieving a complete modification of the hydrophobicity 
of the material, resulting in a change of the contact angle for water from 155° to 

nearly 0°. 
We believe that, due to this high flexibility in terms of porous properties 

and hydrophobicities, polymer-based monoliths have a great potential to act as 
“selective solvent gates”, for example in phase separation of a fluid flow of water 

and a non-miscible organic solvent. By selecting the appropriate surface chemistry, 
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the monolith can be made permeable exclusively to either water or apolar organic 
solvents. Their use as phase separator would add another important application 

area to the already broad application field of monoliths in analytical chemistry. 
The difficulty to achieve efficient and robust on-line phase separation has 

been one of the main factors limiting the use of automated liquid-liquid extraction 
(LLE). Continuous LLE coupled on-line to GC (LLE-GC) may be a labour- and time-

efficient alternative to conventional LLE. Different systems for automated LLE-GC 
have been proposed [12-19]. A key step in such systems is the phase separation 

after the extraction. Phase separation is generally achieved using permeable 
membranes or gravity forces, in the latter case often combined with manipulation 

of the wettability and wall adherence. Membrane-based separators provide good 
performance and recovery, but their life-time is usually short. Double-membrane 
set-ups have been developed to extend the durability [20,21]. Nevertheless, 

membrane-based systems remain vulnerable to high back-pressures [18] and they 
present a high risk of analyte losses and memory effects [14]. Gravity- and 

wettability-based devices are much more robust [22-24]. Unfortunately, however, 
these systems are not very flexible and they suffer from operational limitations, i.e. 

limited flow rate or phase ratio ranges [14]. More recently, phase separators based 
on capillary forces have been investigated [25-27]. In these, often chip-based, 

devices separation can be obtained through an array of micro side-channels, which 
allow the entrance of only one of the two phases due to their different interfacial 

properties. Practical operation of such systems is not easy, as they require a very 
precise pressure drop control through the whole system, complicating their use 

with continuous systems. 
 In this chapter the use of macroporous polymer monoliths as novel 

“selective solvent gates” materials to achieve continuous phase separation is 
presented. The phase separator developed is applied to miniaturized extraction 
devices using a segmented flow of non-miscible solvents. Two commonly used 

polymer monoliths, poly(butyl methacrylate-co-ethylene dimethacrylate) (BMA-
EDMA) and poly(styrene-co-divinylbenzene) (PS-DVB) were prepared in fused silica 

capillaries by thermal polymerization. Their porous and surface properties were 
tuned by altering the polymerization conditions (i.e. mixture composition, process 

time and temperature) in order to achieve different pore dimensions and 
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wettabilities. The monoliths were studied through model experiments, assessing 
the physicochemical features, as well as in practical use as selective material for 

phase separators. The on-line coupling of the phase separator with the 
microextractor described in chapter two and a study of the performance of a 

continuous LLE-monolith phase separator-GC (LLE-MPS-GC) system is also 
presented.  

 

3.2. Experimental 

 

3.2.1. Chemicals and materials 

 

Butyl methacrylate (BMA, 99%), ethylene glycol dimethacrylate (EDMA, 98%), 1,4-
butanediol (99%), 1-propanol (99.8%), styrene (PS, 99%), divinylbenzene (DVB, 
80%), toluene (99.9%), dodecanol (98%), 3-(trimethoxysilyl)propyl methacrylate (γ-

MPS, 98%), 2,2’-azobisisobutyro-nitrile (AIBN, 98%), basic alumina, and p.a. grade 
standards of the carboxylic-acid and fatty-acid esters (ethyl acetate, methyl 

acetate, methyl butyrate, methyl hexanoate, methyl octanoate, methyl decanoate 
and methyl undecanoate) and polyaromatic hydrocarbons (naphthalene, fluorene, 

phenantrene, anthracene, fluoranthene and pyrene) were purchased from Aldrich 
(Zwijndrecht, The Netherlands). Styrene, divinylbenzene, BMA and EDMA were 

purified by passing the liquids over activated basic alumina. n-Hexane, n-heptane, 
ethyl acetate and methanol were purchased from Biosolve (Valkenswaard, The 

Netherlands). Sodium hydroxide was purchased from Merck (Darmstadt, 
Germany). Acetic acid (glacial, p.a.) and hydrochloric acid (37%) were obtained 

from Acros (Geel, Belgium). Ethanol (99.8%) was purchased from Brüggemann 
Alcohol (Tiel, The Netherlands). The tea used for the extraction experiments was a 

commercial product purchased in a local supermarket. Milli-Q water (18.2 MΩcm) 
was produced by an Arium 611UV Ultrapure Water System (Sartorius Stedim 
Biotech, Aubagne, France). Empty fused silica capillaries (0.53, 0.32 and 0.10 mm 

i.d.) were used to prepare the monoliths. They were obtained from Polymicro 
Technologies (Phoenix, AZ, USA). 
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3.2.2. Monolith preparation and characterization 

 

Preparation of PS-DVB monoliths in fused silica capillaries 

 

Three polymerization mixtures with different porogen/solvent systems were 

prepared to tailor the pore sizes of the monoliths. A fixed amount of styrene (20% 
wt.) and divinylbenzene (20% wt.) were added to each polymerization mixture, 

together with AIBN (1% wt. with respect to the monomers) as an initiator. Different 
contents of toluene (2%, 5%, or 10% wt.) and dodecanol (58%, 55%, or 50% wt.) 

were added to the three polymerization mixtures. The mixtures were sonicated for 
30 min and purged with helium to remove possible air bubbles prior to 

polymerization. PS-DVB monoliths are known to show strong swelling or shrinking 
when solvated or dry, respectively. Therefore, chemical attachment to the capillary 
wall is not required. If the monoliths are to be used in an appropriate organic 

solvent they are physically compressed to the wall. The lack of chemical 
attachment allows the PS-DVB monolith to shrink freely when dry. If the monoliths 

were permanently attached to the capillary, they would lack this flexibility and the 
shrinking could result in the formation of cracks. Thermal polymerization was 

carried out at 80°C for 24 h in a temperature-controlled hot-water bath (NESLAB® 
RTE-140, Eindhoven, The Netherlands). Glass vials were also filled with the three 

mixtures and thermal polymerization was performed to measure the bulk surface 
and porous properties. After polymerization, the capillaries and the bulk monoliths 

were cooled down to room temperature and flushed with, or immersed in, 
methanol prior to subsequent testing. 

 

Preparation of BMA-EDMA monoliths in fused silica capillaries  

 

Contrary to the PS-DVB monoliths, the acrylic polymer monoliths need to be 
covalently attached to the walls of the capillary. A surface modification of the fused 

silica capillaries was, therefore, performed prior to the polymerization reaction. 
First, the capillary was cleaned with acetone and water. Next, it was flushed with a 
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1M NaOH solution for 30 min, washed with water, flushed with a 0.2 M HCl 
solution for 30 min, and again washed with water. Then, the tube was flushed for 1 

h with a solution of γ-MPS (20% wt.) in 95% ethanol adjusted to pH=5 with acetic 
acid. Finally, it was flushed with ethanol and dried overnight using pressurized air. 

All flushing steps were performed at a flow rate of 10 μL/min using a KdScientific 
210 syringe pump (Antec Leyden, Zoeterwoude, The Netherlands). Two 

polymerization mixtures with different porogen ratios were prepared. Both 
mixtures consisted of BMA (24% wt.) and EDMA (16% wt.) as monomers, and AIBN 

as initiator (1% wt. with respect to the monomers). One mixture consisted of 30% 
wt. 1-propanol and 30% wt. 1,4-butanediol, the other of 34% wt. 1-propanol and 

26% wt. 1,4-butanediol. Prior to filling the capillaries, the polymerization mixture 
was deaerated by purging with helium for 10 min. Polymerization was carried out 
by thermal initiation at 80°C for 24 h in a hot waterbath. As for the PS-DVB 

monoliths, bulk samples were prepared in vials for both surface and porous-
property measurements. After the polymerization process, the capillaries and bulk 

samples were flushed with, or immersed in, methanol overnight to remove the 
porogens and any unreacted species.  

 

Morphological characterization of the polymer monoliths  

 

The physicochemical properties of the prepared styrenic and acrylic monoliths 

including their porosity, permeability, and surface chemistry were characterized 
prior to their use as phase separators. The total porosity εT and the permeability kp,F 

for n-hexane and water were measured for all the filled capillaries using a micro-LC 
system (Agilent Technologies 1100 Series, Waldbronn, Germany), equipped with a 
variable wavelength detector (UVIS 200, Linear Instruments, Reno, NV, USA). The 

total porosity was calculated from the elution volume of toluene as unretained 
marker using THF as the mobile phase. The permeabilities of each column for n-

hexane and water were calculated from pressure drop measurements using the 
Darcy equation [1]: 

 

∆𝑃 = 𝜂 ∙ 𝑢𝐹  ∙𝐿
𝑘𝑝,𝐹

                       (1) 
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where η is the viscosity of the mobile phase, uF is the superficial velocity, L is the 

column length, and kp,F is the superficial-velocity-based column permeability. 
Contact angle measurements for n-hexane and water were performed on the 

surface of all prepared monolithic compositions. Photographs of the droplets were 
taken using a Pixelink (Ottawa, ON, Canada) CCD PL-B954 camera with a 1.4 

Megapixel-CCD-Sensor Imaging device coupled with a microscope head which a 

magnification of 2.5× and a connection with 0.63× magnification. A snapshot was 

then selected and the contact angle θ was determined using ImageJ, an open 
source image-processing and analysis software, in combination with the drop 

analysis plug-in (Biomedical Imaging Group, EPFL, Lausanne, Switzerland). The 
average pore sizes for the different monoliths were obtained by low- and high-
pressure mercury-intrusion porosimetry (MIP) measurements (PASCAL 140® and 

PASCAL 440®, Milan, Italy). Prior to contact angle and MIP measurements, the bulk 
samples were dried in a vacuum oven to yield completely dry polymer monoliths.  

 

3.2.3. Phase separator 

 

After the physicochemical characterization, the performance of the monolith 

capillaries as phase separators was evaluated. A schematic representation of the 
phase separator assembly is shown in Figure 1A. Short lengths, typically 3 mm, of 

the 0.53 mm i.d. fused silica capillaries filled with PS-DVB-2 monolithic material 
(See Table 1) were inserted perpendicularly into a glass tube (length 50 mm, o.d. 5 
mm, i.d. 3 mm) through a hole and fixed with Araldite 2001 glue (Viba, Zoetermeer, 

The Netherlands), a two-component epoxy glue. Before applying the glue all parts 
were thoroughly cleaned with ethanol. The fixing procedure involved letting the 

glue dry at room temperature for 15 h. Initially a UV adhesive Vitralit 6128 glass 
glue was used (Stokvis Tapes, Alblasserdam, The Netherlands). In that case the 

fixing process consisted of exposing the device to a UV-lamp at 250 Watt for 1 min. 
This procedure provided leak-tight connections, but the monolith was flushed from 

the capillary after only a few hours of use. Apparently, the intense UV irradiation 
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damaged the monolithic structure. Such problems were not encountered when 
using the epoxy glue. 

 

 
Figure 1 - Schematic representation of the phase separator prototype (A) and of the liquid-
liquid extraction system with the phase separator coupled on-line to a microfluidic 
extractor (B). 
 

The system was connected with the outlet of the extractor (See Section 3.2.4) using 
1/4 in. o.d. PEEK tubes and finger-tight connections. An adjustable flow restrictor 

was used to create the back-pressure necessary to generate flow through the 
capillary. Due to the high hydrophobicity of the monolith, nonpolar organic 
solvents were able to penetrate into the bed and flow through the capillary 

allowing their collection in a vial, whereas the aqueous phase was repelled and 
directed to a waste reservoir. 

 

3.2.4. Automated liquid-liquid extraction  

 

The phase separator was coupled in series to a miniaturized extractor described in 
chapter two and used to achieve automated continuous LLE [28]. The extractor is a 
device originally designed as a microreactor for parallel chemical reactions, 

provided by Micronit (Enschede, The Netherlands). It consists of a glass-wafer (14.6 
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cm×7.3 cm×0.4 cm) into which channels are etched. The split-and-recombine 
mixing structure of the chip ensures that a well-controlled segmented flow is 

generated at the T-intersection where the two streams merge when immiscible 
liquids are introduced. The complete instrumental set-up used is described in 

Figure 1B. 
 

3.2.5. Chromatographic instruments and conditions 

 

All one-dimensional (1D-GC) and comprehensive two-dimensional GC (GC×GC) 
experiments were performed on an Agilent Technologies (Santa Clara, CA, USA) 

6890 Series GC System equipped with a split/splitless injector, a LECO 
(Mönchengladbach, Germany) cryogenic modulator with secondary oven and a 

flame ionization detector (FID). The hydrogen flow for the FID was produced by a 
hydrogen generator PG-H2 Series 3 (Schmidlin-DBS AG, Neuheim, Switzerland). An 

Rxi-5ms capillary column (length 30 m, i.d. 0.32 mm, film thickness 0.25 µm) from 
Restek (Bellefonte, PA, USA) was used for all 1D-GC experiments and as first 

dimension column when performing GC×GC separations. As GC×GC second 
dimension we used a Restek RTX-17Sil column (length 1.2 m, i.d. 0.1 mm, film 

thickness 0.2 µm).  
 An injector temperature of 250°C and an injection volume of 1 µL were 
chosen and helium was used as the carrier gas. Fatty acid methyl esters (FAMEs) 

and polyaromatic hydrocarbons (PAHs) were injected using a carrier gas flow of 1.5 
mL/min in the splitless mode with a splitless time of 0.75 and 1.0 min, respectively. 

The oven temperature program used for the analysis of the FAMEs started at 40°C 
(2 min) and used a heating rate of 20°C /min to the final temperature of 200°C. The 

PAHs were analyzed by programming the oven temperature from 50˚C to 300˚C at 
15˚C /min. Injection for the GC×GC-FID analysis of the tea extracts was performed 

in the splitless mode (splitless time 1 min) with a constant carrier gas flow of 1.5 
mL/min. The oven temperature program started at 40˚C (0.2 min) and used a 

heating rate of 4˚C /min to the final temperature of 300˚C (0.2 min). The secondary 
oven and the modulator were programmed at 5˚C and 20˚C above the main oven, 

respectively. A modulation time of 5 seconds was chosen.  
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3.3. Results and discussion 

 

3.3.1. Porosity, permeability and surface chemistry of monoliths 

 

The physicochemical properties of the prepared styrenic and acrylic monoliths 

were thoroughly characterized to better understand their behaviour and 
applicability as phase separators. The surface chemistry, porosity and permeability 

were investigated by contact angle measurements, mercury-intrusion porosimetry, 
and µ-LC analysis of an unretained tracer, respectively. The results of the 

measurements are summarized in Table 1. In terms of surface chemistry and 
hydrophobicity, PS-DVB monoliths show a large contact angle for water droplets 

(161°), whereas n-hexane is readily able to permeate through the monoliths’ 
surface. The water contact angle of the acrylic monoliths (137°) is slightly smaller 
than for their styrenic counterparts. The large angles underline the hydrophobicity 

of the two types of monoliths and their potential applicability as selective “solvent 
gates” in phase separators for continuous liquid-liquid extraction systems. Because 

of their higher hydrophobicity, the PS-DVB cross-linked porous structures are 
expected to yield the highest selectivity in terms of their wettability and 

permeability for aqueous versus apolar phases. The flow characteristics of the 
monoliths were studied by registering the inlet pressure of the monolith-filled 

capillaries at different flow rates. The average pore size of the styrenic and acrylic 
monoliths increased with decreasing content of the non-porogenic solvent (toluene 

and 1-propanol, respectively), as expected from bulk thermal polymerization 
mechanisms [29,30]. The pore sizes could be tailored between 0.5 and 4 µm for the 

BMA-EDMA monoliths and between 1 and 15 µm for the PS-DVB monoliths, 
respectively, which was appropriate to obtain the desired flow resistances. The 

total porosity εT of the different monoliths varied between 0.5 and 0.65, which 
corresponded approximately to the porogenic-solvent content in the initial 
polymerization mixture. Shrinkage and/or swelling of the crosslinked monoliths 

with the porogenic-solvent systems could have occurred during or after 
polymerization to create this diversity of porosities in the corresponding monoliths.  
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The homogeneity of the monoliths prepared was confirmed by scanning electron 
microscopy (SEM). A SEM micrograph obtained for a representative PS-DVB 

monolith is shown in Figure 2. 
 

 
Figure 2 – SEM micrograph of a PS-DVB-2 monolith prepared in a fused silica capillary (A) 
and detail of the monolith structure (B), respectively. 
 

As expected from fluid mechanics, the permeability parameter kp,F of the capillary 

monoliths both in n-hexane and in water increases with increasing pore size of the 
monoliths. The relationship between pore size and permeability is described by the 

modified Kozeny-Carman equation for monoliths [1]: 
 

𝑘𝑝,𝐹 = 𝑙2  ∙  𝜀𝑒3

(1−𝜀𝑒)2                    (2) 

 
where εe is the external porosity of the column (i.e. the fraction of the column 

volume that contains flow-through channels) and l is a scale parameter related to 
the average size of the monolith pores. The permeability for water is slightly higher 

than for n-hexane for all the monolithic systems, which may be attributed to the 
surface tension and the swelling behaviour of the monoliths. Increased swelling in 

n-hexane may be induced by favourable solvent interactions with the monolithic 
polymeric network. This would result in a decrease in the actual pore size and, 

consequently, in a lower permeability compared to water (cf. to Eq. 2). 
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The potential use of polymeric monoliths as phase separators results from a 
combination of suitable surface chemistry (hydrophobicity) and a high 

permeability. The hydrophobicity implies that only the organic solvents are 
“allowed entrance” and that water is completely excluded. The high permeability 

ensures a sufficiently high organic-solvent flow in continuous operation. From the 
structural point of view, monolith-filled capillaries resemble the etched channels in 

chip-based phase separators based on capillary forces. A porous monolithic 
material can in fact be considered as an array of multiple micro-channels combined 

in one macrostructure. Significant advantages of using monoliths rather than 
channels etched in microfluidic devices are the ease of preparation, the flexibility of 

the chemistry and the low cost typical of polymer monoliths. Furthermore, the 
number of channels obtained in a monolithic bed far exceeds the number that can 
be etched on a chip. This provides a much greater robustness, significantly reducing 

the risk of performance losses due to clogged channels. From the results of the 
contact-angle and permeability measurements, PS-DVB monoliths are expected to 

show a somewhat better performance in phase separation than BMA-EDMA 
monoliths. The higher hydrophobicity is expected to provide greater selectivity for 

non-polar solvents, while the greater permeability will reduce the back-pressure 
and yield a better recovery of the organic phase. For these reasons the BMA-EDMA 

materials were excluded from further studies and the PS-DVB monoliths were 
selected for practical phase-separation experiments. Their performance will be 

evaluated in the following sections.  

 

3.3.2. Evaluation of the PS-DVB monolith for phase separation 

 

Flow vs. pressure characteristics of PS-DVB monoliths for water and n-

hexane  

 
A first series of experiments was performed to evaluate the pressure necessary to 

generate a flow of water or of an organic solvent (n-hexane) through the monolith. 
Short (5 mm) pieces of fused silica capillaries filled with PS-DVB monoliths with 

different pore sizes were inserted through the septum of a closed vial containing 
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the liquid of interest. Overpressure was generated by delivering helium via a 
second capillary inserted through the septum. The pressure was progressively 

increased and the flow generated through the monolith was measured. The results 
obtained are shown in Figure 3.  

 

 
Figure 3 - Flow generated at different overpressure values from a closed system containing 
water () and n-hexane () through a capillary (length 5 mm, 0.53 mm i.d.) filled with PS-
DVB monoliths. The three graphs show the results obtained for monoliths with different 
pore sizes: 0.9 µm (A), 13.5 µm (B) and 14.7 µm (C).  
 

The interesting feature of the graph is that in all cases a certain threshold pressure 

is required before flow through the monolith starts. We speculate that this onset 
pressure is related to the wettability and contact angle of the solvent on the 

monolith, whereas the slope of the increasing part is related to the flow resistance 
of the monolith bed in combination with the viscosity of the solvent. As expected 

the organic solvent shows a lower threshold pressure than water, indicating that it 
should be possible to use the monolithic device to selectively isolate the organic 

phase. The phase separator prototype developed based on this principle is shown 
in Figure 1A. The monolith with the largest average pore size (PS-DVB-2) was 
selected and used in all following experiments, because it yielded the highest flows 

of organic solvent. 
 

Performance of the phase separators 

 
The efficiency of the phase separators in the set-up of Figure 1B was evaluated 

using a segmented flow of Milli-Q water and n-hexane delivered at a flow ratio of 1 
and a total flow rate of 1 mL/min. No traces of water were observed at the outlet 
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of the monolith phase separator. Due to the relatively high flow resistance of the 
capillary, only a small fraction of the organic phase was collected. Most of the 

extractant was lost to waste. However, the amount of organic phase collected was 
always large enough to allow repeated GC analysis. It was observed that the 

organic flow increased during the first few hours of use. This could be explained by 
the fact that the capillary was initially in a dry state and the organic phase 

experienced a relatively high flow resistance. During use the monolith may have 
been progressively wetted by the solvent. As a consequence, the resistance would 

have decreased, leading to higher flow rates. Once stable, the typical flow rate was 
approximately 200 µL/min. The flow was monitored for several hours showing 

satisfactory short-term stability (RSD<10%). These results indicate that flushing the 
phase separator with the organic solvent employed prior to real use is desirable to 
maximize the recovery and achieve a stable organic flow. 

The absolute flow through the monolith can be increased (i) by changing 
the monolith bed, e.g. by increasing the pore size, (ii) by optimizing the dimensions 

of the capillary, or (iii) by using multiple capillaries in parallel. The first option 
involves a risk that the threshold pressure for entrance of water is reduced. Hence, 

this option should be discouraged. An appropriate choice of the capillary 
dimensions to minimize the back-pressure was considered more advantageous. 

Different fused silica capillaries with internal diameters (0.10, 0.32 and 0.53 mm) 
and lengths were initially evaluated before implementing them in the instrumental 

set-up described in Section 3.2.3. Although the risk of water entering the monolith 
bed is mostly determined by the characteristics, i.e. hydrophobicity and porosity, of 

the monolith, it is also dependent on the capillary dimensions. Narrow and/or long 
capillaries will require a higher back-pressure to obtain a sufficiently high flow of 

organic solvent through the monolith bed. Although the monolith surface 
chemistry should provide efficient discrimination, higher pressures aggravate the 
risk of exceeding the breakthrough pressure for water. The wide-bore capillary 

yielded the highest organic flow at relatively low pressures and was therefore 
selected. For the same reason, the length was reduced to the minimum practical 

value of 3 mm. The third approach to increase the flow rate, i.e. the use of parallel 
capillaries, was investigated by using up to 5 capillaries in parallel. Complete 

collection of the n-hexane phase was not achieved even with this set-up. However, 
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a significant improvement was obtained. Since the volume collected was sufficient 
even for repeated large volume injections, no attempts were made to increase 

further the organic phase recovery. Also with regard to quantification, the fact that 
only part of the extractant volume is collected is not an issue since every part of 

flow is representative of the whole extraction phase. From this perspective our LLE 
method is identical to classical LLE, in which also only a small part of the extraction 

solvent is analysed.   
The life-time of the device at the flow conditions mentioned above was 

evaluated for a total time of one week. During this period no changes were 
detected and no traces of water were observed through the monolith, indicating a 

good chemical and mechanical stability. Moreover, the overall system proved to be 
robust and stable. A constant organic flow was obtained throughout, without the 
need to adjust the back pressure provided by the restrictor (Figure 1B).  

In order to evaluate the flexibility of the separator in practice, its 
performance for different water/n-hexane flow ratios and flow rates was tested. 

The influence of the total flow rate was assessed for flow rates in the range from 
0.5 to 4 mL/min at a constant flow ratio of 1. For all the flows used, no water was 

observed to elute with the organic extractant. In another set of experiments, the 
aqueous flow was increased keeping the organic flow constant at 0.5 mL/min in 

order to evaluate the influence of the flow ratio on the separation. The flow ratio 
range investigated was from 1 to 10. Again, an efficient separation was maintained 

across the entire range. 
The performance for other organic solvents commonly employed in LLE, 

such as n-heptane, toluene and ethyl acetate, was also investigated. Results similar 
to those obtained with n-hexane were obtained when using n-heptane and 

toluene. For n-heptane no adjustment of the back-pressure was required, 
indicating that the system could be used directly as optimized for n-hexane. The 
flow obtained was also very similar, with an average value of 200 µL/min. When 

using toluene it was necessary to adjust the restrictor to increase the back-
pressure. However, the optimization of the back-pressure was found to be 

straightforward and efficient separation was obtained. In this case the organic flow 
through the monolith was approximately 50 µL/min. This lower value may be 

explained by the higher viscosity of toluene and perhaps by a different interaction 
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with the monolithic surface which would lead to diverse swelling/shrinking effects. 
When using ethyl acetate, water was observed to flow through the monolith after 

only a few minutes. This could be explained by a poor selectivity of the surface or 
by a change in the structure of the monolithic bed when using relatively polar 

solvents. The latter possibility was considered more likely and it was confirmed by 
microscope investigation. A void space between the capillary wall and the monolith 

was clearly observed. It was therefore concluded that the PS-DVB monolith was 
subject to severe shrinking when wetted with ethyl acetate and that, consequently, 

its attachment to the wall was lost. As a result, both the organic and aqueous 
phases could flow through the interstitial space between the fused silica capillary 

and the monolithic bed, leading to a complete loss of separation. 
As discussed previously, the acrylic monoliths are less subject to swelling 

and thus their preparation requires chemical attachment to the wall of the 

capillary. For this reason we considered that they might be a more convenient 
choice in the case of ethyl acetate. This was confirmed in a series of experiments in 

which efficient separation of ethyl acetate from water was achieved using a phase 
separator based on the same design described in Section 3.2.3, but now using 

BMA-EDMA-30 as separating material. The ethyl acetate flow recovered using an 
ethyl acetate/water system with a total flow rate of 1 mL/min at a flow ratio of 1 

was about 20 µL/min. This low flow is a consequence of the unfavourable flow 
characteristics of the monolith (see Section 3.1). Clearly, such a poor recovery may 

be a significant limitation in an actual continuous system. Further improvement is, 
therefore, required to optimize the separation of semi-polar organic solvents, such 

as ethyl acetate, from water. Nonetheless, these promising preliminary results 
obtained also with the acrylic material show that efficient monolith-based phase 

separation of segmented flows of water moderately polar organic solvents can be 
achieved, confirming the great potential of polymer monoliths in phase separation.  
 

Bleeding 

 
The presence of additional peaks arising from the monolith, for example due to 

reaction side products or to unreacted reagents not successfully removed by the 
washing procedure, could affect the quality of the chromatograms obtained in LLE-
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MPS-GC. To study the presence of extractable organics in the monolithic material, 
10 mm of a capillary filled with freshly prepared PS-DVB-2 was flushed with n-

heptane at 0.5 mL/min. Fractions of 1 mL were collected and analysed by GC. Only 
one extra peak was observed in the first fraction (Figure 4).  

 

 
Figure 4 – Bleeding evaluation of a fused silica capillary (10 mm, 0.53 mm i.d.) packed with 
PS-DVB-2. The monolith was flushed with n-heptane at 0.5 mL/min. The chromatograms 
shown were obtained after 1 (top) and 2 mL (bottom), respectively.  

 

The concentration level in the solvent was estimated to be in the low µg/mL range 
by comparison with the FAMEs peaks. This would indicate that the total extracted 
amount for this compound was in the low µg range. Already in the second fraction 

the peak was no longer present and no further bleeding from the monolith was 
observed. The cleaning procedure after the monolith preparation, i.e. flushing with 

methanol, was apparently very efficient but it did not eliminate all contaminants 
Additional cleaning with an apolar solvent is required to provide appropriate blanks 

and should always be performed. Therefore all monoliths were briefly flushed with 
one millilitre of the chosen extraction solvent, e.g. n-heptane, prior to installation 

in the phase separator. This resulted in excellent blanks for all solvents tested. For 
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more aggressive solvents more resistant monoliths such as silica-based monoliths 
could possibly be used. This however was not necessary for our applications.   

 

Inertness 

 

The analytes extracted using the LLE system are in a very good solvent when they 
migrate through the phase separator. Retention on the monolith is therefore not 

very likely. Besides, the monolithic bed used is expected to have a low surface area 
as a consequence of the relatively large pore size and, therefore, the risk of 

adsorption will be minimized. This was confirmed by measuring the specific surface 
through nitrogen adsorption measurements using a Thermo Fisher Surface 

Analyzer (CE Instruments, Wigan, UK). The surface area was found to be only 2.4 
m2/g.  

To verify that indeed no undesired interactions of the analytes with the monolith 
bed occurred, the activity of the monolith towards different classes of compounds 
was evaluated. Standard solutions containing selected test analytes at different 

concentration levels in the selected organic solvent were flushed through 10 mm of 
a PS-DVB-2 filled capillary by means of a syringe pump. The flow rate used was 50 

µL/min. The solutions were analysed and quantified by GC before and after this 
operation to quantify possible analyte loss. 0.5 mL of solvent were flushed between 

each experiment to clean the monolith and avoid occupation of the adsorption 
sites by the previous sample. The combination of the solid material (i.e. the 

monolith), the solvent used and the class of analytes will determine whether the 
latter will be retained and therefore if adsorption will occur. As PS-DVB monoliths 

are very hydrophobic, just like the solvents that flow through them, adsorption of 
apolar analytes from such solvents is very unlikely. On the other hand, one possible 

cause for adsorption would be the presence of polar interactions. FAMEs with 
increasing chain length and therefore increasing hydrophobicity (Ko/w) were chosen 

as test analytes to evaluate this phenomenon. The Log Ko/w values were calculated 
using Estimation Program Interface (EPI) suite v 4.0 for Microsoft® Windows, an 
open source software (United States Environmental Protection Agency, 

Washington, DC, USA).  
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Due to their chemical structure, polarity was assumed to be the only possible cause 
for adsorption. Quantitative recoveries and excellent linearity were obtained (Table 

2). This indicates that no adsorption occurred in the polarity range investigated 
(Log Ko/w=2.34-4.79). Retention due to specific interactions is another possible 

cause of analyte loss. As the monolithic material prepared contains numerous 
styrene units, analytes with aromatic rings such as PAHs are expected to be 

particularly at risk of adsorption due to π-π interactions. Different PAHs (1 to 4 
phenyl rings, Log Ko/w from 3.17 to 4.93) were therefore studied as the second 

group of test analytes. The experiments were performed using n-heptane and 
toluene as solvents. With toluene, adsorption was expected to be less critical as the 

solvent itself would occupy the adsorption sites. As can be seen in Table 2 the 
recoveries were quantitative at all concentrations for both solvents confirming that 
no adsorption took place, not even when using a non-aromatic solvent.  

 

3.3.3. Applications for continuous microchip-based LLE-MPS-GC of 

aqueous samples 

 

The instrumental set-up described in Figure 1B was applied in a series of real-life 

applications to assess its feasibility. The experiments were performed in the plug-
injection mode described in chapter two. In short, plugs of sample were injected 

into a water flow that was jointly fed into the extractor with the organic solvent. 
The width and shape of the sample plug profile in the organic stream at the outlet 

of the miniaturized extractor with different sample volumes and flow rates were 
experimentally investigated in order to determine the optimum sampling window. 

When using a 2.4 mL loop and a total flow rate of 1 mL/min at a flow ratio of 1 the 
sample band reached a plateau of maximum concentration between 6 and 8 

minutes. Fractions were collected in this interval to maximize the sensitivity. An 
aliquot of the segmented flow going to waste was collected in the same time 
window. The organic phase of this waste stream was separated manually from the 

water phase to be used as reference. 
 The first analytes investigated were the PAHs. Tap water and surface water 

were spiked with six different PAHs at 1 µg/mL. The surface water used to prepare 
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the samples was collected from the river IJ in Amsterdam. n-Heptane was used as 
the extraction solvent. The chromatograms obtained with phase separation for the 

two samples are shown in Figure 5.  

 

 
Figure 5 – Chromatograms obtained for tap water (A) and surface water (B) samples spiked 
with six PAHs at 1 µg/mL extracted using the chip-based extraction system with on-line 
phase separation. Peaks: 1) Naphthalene; 2) Fluorene; 3) Phenantrene; 4) Anthracene; 5) 
Fuoranthene; 6) Pyrene. 
 

In both cases they are consistent with their respective references obtained with 
manual phase separation. The recovered concentrations were quantitative, ranging 

from 103 to 114% and from 93 to 102%, respectively. A second application 
investigated was the extraction of a tea sample as an example of a frequently 

performed analysis of food. n-Hexane was used as the extraction solvent. The 
GC×GC chromatogram obtained after using a monolith phase separator is shown in 

Figure 6. Again, no differences with the reference chromatogram (obtained after 
manual extraction) were observed, confirming the suitability of the phase 
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separator for all the compounds extracted and for this kind of application in 
general.  

 

 
Figure 6 – GCxGC-FID chromatogram obtained for a tea sample extracted using the chip-
based extraction system with on-line phase separation. 
 

3.4. Conclusions 

 

BMA-EDMA and PS-DVB hydrophobic polymer monoliths can be used to realize 

efficient separation of aqueous and organic phases. Different physicochemical 
properties, such as wettability and porosity, can be easily tuned by changing the 

polymerization conditions. In this way, the characteristics can be optimized for use 
as “selective solvent gates”. Only apolar organic solvents can enter and pass 

through the monolith bed, while water is repelled. The separation is based on 
different affinities and permeabilities of the polymer monoliths for the aqueous 
and organic phases. The PS-DVB materials showed the best performance due to 

their greater hydrophobicity and their higher permeability.  
The prototype of a monolith-based phase separator developed in this study 

is cheap, simple and mechanically strong. The device can be used coupled to a chip-
based extraction system based on segmented flow. The set-up provided good 

results in terms of efficiency and flexibility. Separation could be achieved for 
different organic solvents across a wide range of flow rates (from 0.5 to 4.0 
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mL/min) and for (water-to-organic) flow ratios up to 10. The novel monolith-based 
phase separators offer good robustness and long-term stability. Results obtained 

with real samples further support the suitability of the device for practical 
applications.  
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