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4. CONCLUSIONS 

Dels estudis realitzats en el present treball en podem concloure de forma global els 

següents punts més important: 

• S’ha pogut c rear per primera vegada en el camp de les membranes un nou 

mètode d’anàlisis que permet distingir les membranes d’inversió de fase segons 

si han estat preparades per evaporació o per immersió. També permet 

classificar-les pel seu gruix, només realitzant un simple espectre d’infraroig 

proper (NIR) de la superfície i  aplicant-hi un mètode supervisat de modelatge 

basat en l’anàlisi de variança residual. Es tracta d'un mètode de classificació per 

membranes nou, ràpid, econòmic i senzill, que pot ser fàcilment implementat 

en qualsevol fàbrica de membranes com a control de qualitat. 

• Mitjançant la microscòpia electrònica d’escrombrat (SEM) i la microscòpia de 

força atòmica (AFM) s’ha determinat quin es l’efecte d’algunes de les variables 

més importants que afecten a la formació dels macrovoids durant la preparació 

de membranes de po lisulfona com són el gruix de membrana, la temperatura 

del bany de coagulació o la presència d’altres compostos químics com l’isopropil 

miristat. Poder c ontrolar l a p resencia d els macrovoids a l'estructura de les 

membranes, permet optimitzar la funcionalitat d'aquestes ja que els macrovoids 

poden afectar l es propietats f isicoquímiques de l a m embra com s ón l a seva 

capacitat de transport, la filtració o la vida útil.  

• S’ha demostrat que l es m embranes de nanofiltració de polisulfona amb una 

capa de poliamida poden disminuir el Carboni Orgànic Total (TOC) de 500 ppm 

a 62 ppm d’una solució d’aigua oxigenada al 40 % utilitzant un sistema de 

filtració frontal. Els estudis realitzats tant a nivell de disminució del TOC com a 

nivell de caracterització i degradació de els membranes durant el procés de 

filtració, aporten n oves d ades e xperimentals s obre la purificació d el p eròxid 

d'hidrogen. Un sector hermètic, tapat per patents i secretisme. 

• La p reparació d e s istemes d e r econeixement molecular m itjançant Polímers 

d'Impressió Molecular (MIP) està molt estesa, en canvi amb sistemes de 

membrana hi ha menys publicacions. En aquesta memòria s’han preparat i 

caracteritzat 4 tipus diferents de Membranes d’Impressió Molecular (MIM) per a 

la separació quiral d’un racèmic de DL-selenometionina, sent la més 

enantioselectiva de  to tes l a fo rmada pe l c opolímer N,N-dimetil-2-

aminoetilmetacrilat-etilenglicol dimetacrilat (DMAEM-EDMA).  
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A continuació es d escriuen m és d etalladament les c onclusions per a  c ada u n dels 

treballs realitzats. 

Caracterització de membranes p olimèriques mitjançant e spectroscòpia 

d’infraroig proper (NIR) 

• A partir de  l’enregistrament de l ’espectre NIR de les membranes i  e l posterior 

tractament quimiomètric basat en un primer pretractament dels espectres amb 

el filtre Standard Normal V ariation (SNV), s eguit de l càlcul de ls components 

principals ( PC) i  f inalment aplicant un m ètode de r econeixement d e p autes, 

concretament el model SIMCA, s’ha creat i validat un mètode per a identificar si 

una m embrana h a e stat pr eparada pe r l a tè cnica d’inversió d e f ases per 

immersió o per evaporació. 

• De la mateixa manera, s’ha creat i validat un model que permet diferenciar 

membranes d e p olisulfona preparades p er i mmersió amb di ferents gruixos. 

Concretament es poden distingir membranes entre 84 i 104 µm amb 

membranes amb gruixos entre 24 i 72 µm. 

• Per contra, no s ’ha pogut validar cap model que permeti distingir membranes 

amb diferents gruixos preparades per evaporació, donat que no hi ha 

diferències morfològiques significatives entre elles. 

Preparació i c aracterització d e m embranes p olimèriques ac tivades ( CAM) 

per a la separació enantiomèrica de propranolol 

• En sistemes de membrana blanc, és a dir membranes preparades a partir de 

polisulfona (PSf)/dimetilformamida (DMF)/aigua i emprant el procediment 

d’inversió de fase per immersió, es formen macrovoids a partir d’uns 40 µm de 

gruix de membrana. A partir d’aquest gruix, els macrovoids creixen 

progressivament. S’ha v ist q ue e n e l seu procés d e c reixement a  mida q ue 

augmenta el g ruix d e la membrana, els macrovoids primer s’eixamplen i 

posteriorment s’allarguen. 

• En sistemes de membrana amb modificador, en els que s’ha emprat isopropil 

miristat (IPM), i també preparats per inversió de fase per immersió, en aquest 

cas e ls macrovoids tenen forma de di t (fingerlike), i les seves dimensions es 

mantenen pràcticament constants tot i variar el gruix de la membrana.  
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• En sistemes de membrana amb modificador i agent transportador, en aquest 

cas N-hexadecil-L-hidroxiprolina (HHP), el comportament és similar a l’anterior, 

donat que el reactiu HHP s’incorpora a baixes concentracions.  

• Tornant als sistemes de membrana blanc (PSf/DMF/aigua), l’increment de 

temperatura del bany de coagulació de 4 a 40ºC no influeix en la morfologia 

dels macrovoids. En canvi, pels sistemes (PSF+IPM)/DMF/aigua i 

(PSF+IPM+HHP)/DMF/aigua la variació de la temperatura del bany sí que 

provoca v ariacions en la morfologia d e l a m embrana. De m anera que, en  

augmentar l a t emperatura s’observa u na d isminució d e l a p resència d e 

macrovoids. 

• L’increment de la concentració d’IPM en els sistemes de membrana amb aquest 

modificador (PSf+IPM)/DMF/aigua, repercuteix amb un augment de la quantitat 

dels macrovoids en forma de di t, la qual cosa emfatitza el paper d’aquest 

compost en la morfologia de la membrana. 

• Amb les anàlisis de microscòpia de força atòmica (AFM) s’ha comprovat que la 

presència d'IPM i/o HHP no afecta significativament a la rugositat superficial de 

les membranes pr eparades pe r i nversió de  fa se i i mmersió ( DMF/aigua), n i 

tampoc a la mida mitjana de porus. Per contra, s’observa una disminució 

considerable de la rugositat quan s’utilitza cloroform/metanol com a parell 

solvent/no solvent, o bé, quan la tècnica de preparació emprada es també per 

inversió de fases per evaporació. 

• Les membranes corresponents al sistema amb m odificador, 

(PSf+IPM)/DMF/aigua, preparades per immersió presenten transport no 

enantioselectiu, el qual correspon a un transport per difusió dels enantiòmers 

del propranolol a t ravés de la membrana. En canvi amb l es membranes q ue 

contenen l’agent transportador HHP s’observa certa enantioseparació, tal i com 

era d’esperar.  

Eliminació de compostos orgànics d’aigua oxigenada al 40% mitjançant 

membranes polimèriques 

• Les membranes comercials tant de nanofiltració com d’osmosis inversa de 

polisulfona i amb una c apa de poliamida procedents de les cases comercials 

Dow, Hydranautics y GEOsmotics presenten una b ona r esistència química y  
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mecànica tant a l’exposició d’aigua oxigenada al 40% durant una setmana, com 

quan són emprades en un sistema de filtració frontal sota una pressió de 5 bars. 

• En el cas de la membrana d’osmosis inversa d’acetat de cel·lulosa de la casa 

comercial GEOsmotics s’observa una gran degradació tant a l’exposició com a la 

filtració amb l’agua oxigenada al 40%. 

• Concretament, les membranes de nanofiltració de polisulfona ESPA1 i CPA2, de 

la casa comercial Hydranautics, permeten una disminució de TOC de 500 ppm 

fins a 67 i  8 7 ppm  r espectivament, quan s’aplica successivament una doble 

filtració frontal a un volum de 10 ml de solució. 

Preparació, caracterització i ap licació de membranes d’impressió molecular 

(MIM) per a la separació quiral de L,D-selenometionina 

• S’han preparat membranes d’impressió molecular sobre suport de PVDF amb els 

monòmers 4-vinilpiridina (4VPY), àcid metacrílic (MAA), acrilamida (AM) i N,N-

dimetil-2-aminoetilmetracrilat ( DMAEM), copolimeritzats amb l’etilenglicol 

dimetacrilat (EDMA) i emprant benzoïl èter com iniciador i llum ultraviolada. 

• Mitjançant el càlcul del grau de modificació (DM) s’ha determinat que, amb un 

temps màxim de 3 hores els polímers d’impressió queden totalment dipositats 

sobre la membrana. 

• Amb unes condicions de pH 8 i  u tilitzant un s istema de separació per diàlisis, 

s’ha comprovat que dels 4 tipus de membrana preparades, la formada per AM 

no té capacitat de separació quiral, mentre que amb les formades per 4-VPY, 

MAA i DMAEM s’ha aconseguit un factor de separació α de 1,18 ± 0,05, 1,20 ± 

0,06 i 1,37 ± 0,09 respectivament. 

• S’ha comprovat que la membrana d’impressió molecular formada per DMAEM-

EDMA, la que ofereix major separació quiral es forma correctament s obre el  

suport de PVDF utilitzant diferents tècniques de caracterització com són el 

FTIR-ATR, SEM-EDS, 13C CP/MAS NMR. 

• S’ha comprovat mitjançant ICP-MS que el procés d’extracció de la molècula L-

selenometionina utilitzada com a molècula patró per a la síntesi i preparació de 

la membrana d’impressió molecular (MIM) és total i completa, i que per tant la 

MIM queda lliure d’aquesta. 
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• La millor separació quiral d’una solució del racèmic DL-selenometionina, en un 

sistema de filtració per diàlisis, s’ha obtingut amb la membrana d’impressió 

molecular preparada amb el monòmer DMAEM i l’entrecreuador EDMA ajustant 

el pH de les solucions aquoses de c àrrega y r eceptora a 6 , aconseguint un 

factor de separació α de 1,75±0,12. 
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Abstract

The industrial manufacture of membranes is well established at the present time. More than any other process, the production of ultrafiltration
membranes by immersion or evaporation (phase inversion) precipitation techniques is one of the most common. In many cases, the macroscopic
properties of the membranes are similar from one membrane to another and it is impossible to distinguish them, while they differ notably from the
microscopic point of view. The aim of this work is to develop a method for the classification of polysulfone ultrafiltration membranes prepared
either by immersion or evaporation. It also presents a classification of those membranes by thickness. For these purposes, near infrared spectroscopy
(NIR) combined with chemometric techniques are attempted here for the first time in the area of membrane research. The NIR technique permits
fast analytical measurement of membrane samples, together with the possibility of characterization in on-line mode, without destruction or invasion
of the samples. This appears to be an excellent routine analysis for purposes of membrane classification. The membranes were prepared in our
Universitat Autònoma de Barcelona (UAB) laboratory and, after obtaining the NIR spectra, principal component analysis (PCA) was used to
describe the system. The second stage involved the application of a pattern recognition method: supervised independent modeling of class analogy
(SIMCA) in order to classify unknown samples. Finally, the ultrafiltration membranes were classified in terms of the membrane preparation
technique (immersion or evaporation). In addition, membranes prepared by immersion were classified by thickness.
© 2007 Elsevier B.V. All rights reserved.

Keywords: NIR; Membrane classification; Membrane characterization; Polysulfone membrane

1. Introduction

In recent decades, membrane technology has become a com-
mon separation technique. The main attraction of membrane
technology is that it consumes a relatively low amount of energy
and involves a simple and well-arranged set-up process. There
are four types of membrane filtration, ultrafiltration, microfil-
tration, nanofiltration and reverse osmosis. Membrane filtration
can be used as an alternative for flocculation [1] sediment purifi-
cation [2] adsorption (sand filters and active carbon filters, ion
exchangers), extraction [3,4] and distillation [5]. Whatever the
application or filtration envisaged, it is very important to know
such membrane properties as; porosity, water permeation flux,

∗ Corresponding author. Tel.: +34 935813475; fax: +34 935812379.
E-mail address: cristina.palet@uab.cat (C. Palet).

mechanical resistance, etc. Therefore, the characterization of the
membrane becomes compulsory in order to guarantee the correct
application of membrane technology [6].

Polymeric membranes have different features depending
on the preparation technique employed. There are also other
parameters that influence the morphology, such as the polymer
concentration [7] the selection of the solvent/nonsolvent pair [8]
the membrane thickness [9–11] the presence of additives [12]
the temperature of the coagulation bath [13] or the presence of
certain solvents [14] among others.

Nowadays there are many techniques for physically char-
acterizing membranes [15]. We can use them to determine
their structural and morphological properties. For example, such
microscopy techniques as scanning electron microscopy (SEM)
or atomic force microscopy (AFM) [16,17]; liquid penetration
methods, such as liquid displacement or the mercury intrusion
method, as well as techniques based on gas/liquid adsorption
and desorption such as permporosimetry.

0376-7388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2007.05.020

mailto:cristina.palet@uab.cat
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This work considers, for the first time in membrane char-
acterization, the use of a well-known technique, which is
able to analyze the morphological and chemical structure of
certain ultrafiltration membranes: near infrared spectroscopy
(NIR) combined with chemometric techniques. This technique
is already applied to a wide variety of fields including the food
[18], pharmaceutical [19], medical [20,21] and petrochemical
[22] industries. NIR spectra consist of overtones and combi-
nations of fundamental vibration bands in the mid infrared
region (3000–1700 cm−1). The bonds involved are generally
C–H, N–H and O–H [23]. The characteristics of the absorption
bands in NIR spectra depend on both the chemical composition
and the physical properties of samples, such as crystallinity, crys-
tal shape, polymorphism and particle size [24,25]. An important
element of the feasibility of NIR spectroscopy is that neither pre-
treatment of samples, nor destructive or invasive techniques are
necessary. One of the interesting possibilities of NIR is its use
as a quality control technique, whereby it can be used to make
measurements in on-line mode as a very fast form of routine
analysis.

After the preparation and storage of membranes, it may
indeed be necessary for them to be classified, as is the case with
most membranes manufactured today: microfiltration, nanofil-
tration and reverse osmosis membranes. In order to avoid any
possible mistakes, a membrane sample can be analyzed by NIR
and immediately after, the right chemometric software may help
for it to be classified, if certain known membranes have been
prepared previously as patterns or standards.

In this work, we assessed the use of NIR spectrometry com-
bined with chemometric techniques to develop a calibration
model, which could determine or predict the membrane prepara-
tion technique used, as well as the membrane thickness obtained.
Principal component analysis (PCA) is used to describe the sys-
tem and the supervised independent modeling of class analogy
SIMCA [26] classification is used to obtain the classification
model.

2. Experimental

2.1. Materials

Non-woven fabric (Hollytex 3329) was used as a mechanical
support for the membranes. The polysulfone (PSf) used in this
study was supplied by BASF (Barcelona, Spain) under the trade
name of Ultrason S3010 incolor. The solvent/nonsolvent pair
employed was N-dimethylformamide (DMF) (Sigma–Aldrich,
Germany)/distilled water.

2.2. Membrane preparation

Polysulfone was dissolved in DMF to a concentration of
13 wt.%. Then, the PSf solution was spread using a casting
knife on the non-woven fabric surface that was supported on
a glass plate. Membranes of thickness between 22 and 115 �m
were properly obtained by performing two different membrane
preparation procedures. In the case of phase inversion precipi-
tation by immersion, the nascent membranes were immediately,

after casting, immersed in a coagulation bath, together with the
glass plate, where they were left for a minimum of 30 min. The
temperature of the coagulation bath was fixed at 4 ◦C. Later,
the membranes were washed and stored in water until analysis
[15]. When performing membrane precipitation by evaporation,
the solvent is left to evaporate at room temperature in an envi-
ronment of 40% relative humidity, and membranes were then
dry-stored.

Different membranes were prepared on different days, weeks
and months in order to consider the reproducibility of such mem-
brane preparation techniques. A minimum of two replicates were
prepared each time in order to evaluate repetitively.

2.3. Recording of NIR spectra

NIR spectra were recorded on a FOSS NIRSystems 6500
spectrophotometer. The instrument was controlled via the
software Vision 2.55, also from NIRSystem, which permits
acquisition and processing of spectra. To improve the quality
of the spectra, in terms of scattering reduction, standard normal
variate (SNV) pre-treatment was applied. Qualitative analyses
were conducted using the Software Unscrambler V9.1, from
CAMO A/S that permits the use of supervised independent
modeling of class analogy (SIMCA).

Spectra were recorded in reflectance mode. Membrane sam-
ples area was of 0.2 cm2. Each spectrum was recorded at least
twice, with an average of 32 scans performed at 2 nm intervals
for each one over the wavelength range of 1100–2500 nm.

A total of 150 membrane samples, with three different thick-
nesses, were prepared (by the aforementioned two membrane
preparation techniques). Half of them were prepared by the
immersion technique and other 75 by evaporation. In the case
of the immersion technique, 26 membranes of a thickness of
26 �m (namely class A), 25 membranes of a thickness of 61 �m
(namely class B), and 24 membranes of a thickness of 95 �m
(namely class C) were obtained. For the evaporation technique,
24 membrane samples of a thickness of 46 �m (class A), 24
membranes of a thickness of 68 �m (class B), and 27 membranes
of a thickness of 93 �m (class C) were prepared. In all cases,
the given thickness value corresponds to the average thickness
measurements of all the membranes in a group.

2.4. Scanning electron microscopy (SEM) analysis

The cross-section images of the prepared membranes were
obtained by scanning electron microscopy (SEM), Hitachi H-
7000 (Hitachi Ltd., Japan, Tokyo). To do this, membrane
samples were submerged in ethanol, then frozen in liquid nitro-
gen and fractured. After coating with gold, they were transferred
to the microscope.

2.5. Data processing

To facilitate the interpretation of the analytical information
obtained from the membrane NIR spectra data, the principal
component analysis (PCA) was calculated and then a pattern
recognition method [27] was applied. PCA was first formulated
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in statistics by Pearson [28]; since then, the utility of PCA in
many diverse scientific fields has been discovered as a technique
for reducing the amount of data and to eliminate their correla-
tion. Details about different mathematical methods to extract the
principal components may be found in [29].

For m samples, their spectra are ordered in a matrix X with m
rows, termed “objects” (in this case the samples) and p columns,
termed “variables” (in this case wavelengths values). Statisti-
cally, PCA may be viewed as an expansion of X in as many
components as min (m, p); this corresponds to expressing X
in a new coordinate system. The success on the use of PCA
comes when this statistic approach is slightly changed and PCA
is viewed as the approximation of the original data matrix X by
a product of two small matrices (the score and loading matrices)
according to

X = TL′ + E (1)

where T is the scores matrix with m rows and r columns (number
of principal components); L′ is the transpose loading matrix
with r rows and p columns. E is the residuals matrix. The basic
assumption in the use of PCA is that the score and loading vectors
corresponding to the first principal components contain the most
useful information relating to the specific problem, and that the
remaining ones mainly comprise noise. Therefore, these vectors
are usually written in order of descending eigenvalues, and only
the first r are retained. Several criterions to decide the number of
principal components retained, r, may be found in the literature
[30].

Mathematically, the projection of X down on to a r-
dimensional subspace by means of the projection matrix L′ gives
the sample coordinates in this plane T. The columns in T are the
score vectors for each principal component, and give us infor-
mation about the samples. The rows in L′ are called loading
vectors, for each principal component, and give us information
about the variables.

A residual variance analysis in the principal component space
was used to classify samples according to the membrane prepa-
ration technique and the corresponding thickness of the obtained
membranes. The aim of the analysis was to be able to pre-
dict which category a new sample belongs to. The classification
method used was the “Soft independent modeling of class anal-
ogy” (SIMCA), as indicated [31,32]. SIMCA is a technique that
uses PCA for classification. Each class q is modeled by a separate
PCA analysis and might reveal a different number of significant
principal components.

For a single x-observation

x
q
ij = x̄

q
j +

rq∑
a=1

t
q
ial

q
ja + e

q
ij (2)

where x̄
q
j is the mean of variable j in class q; rq the number

of significant principal components in class q; t
q
ia the score of

object i on component a in class q; l
q
ja the loading of variable j

on principal component a in class q and e
q
ij is the residual error

of object i and variable j in class q.

From the residuals of the samples in the calibration set, a con-
fidence region for the class is constructed around the principal
component. New objects are regarded as a member of the class
if their distance from the principal component space does not
exceed a critical limit defined by the confidence region.

Based on the residual variance of the objects in the calibration
set for the class, the residual standard deviation (S) of class q is
calculated. Using centered data and when the number of samples
in the calibration set of the class, mq, is less than the number of
variables, pq,

S =

√√√√
∑mq

i=1
∑pq

j=1(eq
ij)

2

(mq − 1 − rq)(mq − rq − 1)
(3)

where e
q
ij is the residual of object i in the calibration set at vari-

able j in class q and rq is the number of significant principal
components in class q.

A confidence limit is obtained by defining a critical value of
the distance to the model. This is given by

Scrit =
√

FcritS (4)

Fcrit is the tabulated one-sided value for (mq − 1 − rq) and
(mq − 1 − rq) times (mq − rq − 1) degrees of freedom. The Scrit
is used to calculate the boundary around the model.

The residual standard deviation (Si) for an object in the cali-
bration set for the class q, when mq ≤ pq is given by

Si =

√√√√
∑pq

j=1(eq
ij)

2

mq − 1 − rq
(5)

Object with Si < Scrit belongs to the class, otherwise not.

2.6. Calibration set and validation models

The models for each class are calculated using a specified
number of principal components and a critical distance with a
significance level of 0.05. The optimal number of PCs selected
was based on the residual variance curve. This selects the first
local minimum unless later PCs give significantly lower resid-
ual variance. The results are represented by Cooman’s plot [33]
where the sample-to-model distances (Si) are plotted against
each other for the two models. This includes class membership
limits for both models, so you can see whether a sample is likely
to belong to one class, both, or none. If the samples are near the
axis, they belong to one class, or could belong to both classes
when the samples are near the origin. Outlier samples are those
far from the axis.

For each class and at random, certain samples were used as
the calibration set, and the remainder to validate the model.

3. Results and discussion

3.1. Membrane thickness characterization by SEM

The casting knife used to prepare the membranes permits
the preparation of ultrafiltration membranes of three different
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Fig. 1. Cross-section SEM images of the polysulfone ultrafiltration membranes prepared by (a) immersion, or (b) evaporation techniques. Different membrane
thicknesses are shown here: immersion technique (A) 26, (B) 61, and (C) 95 �m; evaporation technique (A) 46, (B) 65, and (C) 93 �m.

thicknesses. Fig. 1 shows the SEM cross-section images of vari-
ous membranes of different thicknesses. Membrane thicknesses
were determined (for A, B and C groups, and for immersion and
evaporation preparation techniques), as the mean value of all cor-
responding SEM images of membranes of the same thickness.
These values are collected in Table 1.

As we can see, all type A membranes are of a similar thick-
ness even though they are prepared by different phase inversion
precipitation techniques (immersion or evaporation). In the case
of type B and C membranes, both are slightly thicker when
prepared by the evaporation technique. Nevertheless, the most
important differences are found in the morphology as shown
by the images in Fig. 1. Whereas the membranes prepared by
the evaporation technique are all homogeneous, symmetric and
similar to each other, the membranes prepared by the immersion
technique present more asymmetry (as can be seen in Fig. 1).
In the latter case, as the membrane thickness increases, mem-
branes are more asymmetric and macrovoid structures appear.

Table 1
Thickness values obtained (in �m) for membranes prepared by the evaporation
or immersion technique

Evaporation Immersion

Membranes type A 36–55 24–28
Membranes type B 65–71 49–72
Membranes type C 78–107 85–104

It is known that this phenomenon occurs due to the demixing
process that takes place instantaneously when the organic mem-
brane film is immersed in the water coagulation bath, as is the
case with the immersion technique procedure [15]. In the for-
mer case, when phase inversion takes place after a considerable
delay, which is the case with the evaporation technique proce-
dure, the obtained membranes are dense, symmetric and do not
give rise to macrovoid formation. A deeper research of poly-
sulfone membrane characterization was doing by Conesa et al.
[11].

3.2. NIR Spectra and pre-treatment

The NIR spectra of the total of 150 membranes prepared,
as indicated in Section 2, were registered and properly treated.
Fig. 2 shows the typical NIR spectrum corresponding to both
preparation techniques (immersion and evaporation) and to the
different thicknesses or classes (A, B and C).

The most frequent bands in the NIR region correspond to
bonds that content atoms with different molecular weight what
leads to an increase of the anharmonicity of the bond. Some
examples of typical bonds observed in NIR are C–H, N–H or
O–H. Depending on the region of wavelengths we can find three
general regions in the NIR absorption range: (a) between 1100
and 1700 belonging to the second overtone region; (b) between
1500 and 2000 corresponding to the first overtone region; and
(c) finally, the region between 1900–2500 belongs to the com-



126 A. Conesa et al. / Journal of Membrane Science 300 (2007) 122–130

Fig. 2. NIR spectra of the three membrane types (A, B and C of different thick-
nesses) prepared either by the immersion (imm.) or evaporation (evap.) technique
(region extended from 2100 to 2500 nm).

bination band region. The overtones are detected in a frequency
twice or three times bigger than the fundamental band, and the
combination bands take place when a photon is exiting simulta-
neously two vibration mode. Therefore, the bands of NIR spectra
are of low intensity.

As can be seen in Fig. 2, from 1100 to 1600 nm any spectrum
presents bands. However, from 1600 to 2500 nm, the spectra
present different band intensities but little differences among
them. So, in the spectra of Fig. 2 we can assign the principal
functional groups of polysulfone: at 1670 nm the first overtone of
the aromatic group; at ca. 2150 the R–OH group of the terminal
polymer chain, also corresponding to the first overtone; between
2200 and 2500 nm there are the combination bond bands of
C–H/C–H and C–H/C–C; and finally the band of the water
at 1900–1950 nm. The different intensity of peaks is basically
related to scattering [34] which is a kind of spectroscopic phe-
nomena caused by light being deflected by collisions with other
particles. On the order hand, although the little differences do not
seem significant at first glance, with the chemometric techniques
used, it has been possible to classify the spectra and distinguish
them between each other, according to the differences mentioned
above.

Those spectra were conveniently pre-treated to improve their
quality. In general, as in the present case, the main purpose
of these pre-treatments is to reduce the information that is not
associated to the property studied, such as displacements of base-
line, spectrum noise, scattering, etc. In our case we selected the
standard normal variate (SNV) [35], commonly used to reduce
scattering. The improved NIR spectra are calculated in accor-
dance with the following formula [4]:

AbsSNV
i = Absi − Abs

S
(6)

where Absi is the original absorbance in the wavelength i; Abs
the average absorbance of the spectrum; and S is the standard
deviation.

The use of loadings can help deciding which part of the NIR
spectra is the most valuable and useful. So, the value of the load-
ings provides information about the influence of the variables
on the final obtained membranes, which will be used to classify
them. Loadings show how well a variable is taken into account by

Fig. 3. Loadings plot for the first three PC of all the membranes. Three different
areas are formed: (a) 1684–1714 nm; (b) 2274–2444 nm; (c) 2452–2500 nm.

the model components, and they can be used to understand how
much each variable contributes to the meaningful variation of
data. If a variable has a very small loading, whatever the sign of
that loading, that variable should not be considered for interpre-
tation, because that variable is badly accounted by the principal
components (PC). Fig. 3 shows the loadings of the three first
PC for all the membranes. Three different areas are found: (a)
1684–1714 nm; (b) 2274–2444 nm; (c) 2452–2500 nm. There-
fore, we selected these three ranges of wavelengths as variables
for building the models.

The reason why these wavelengths are the most valuable is
because the spectra in the range from 2274 to 2500 (areas b and
c) has been formed by a combination of bonds of C–H/C–H
and C–H/C–C. The combination is produced when a photon
excites simultaneously two modes of vibration. Then the fre-
quency of the combination bands is approximately the sum or
the difference of the two fundamental frequencies. In this way,
depending to the morphology of the polymer different combi-
nations of bands can be encountered. Besides, the wavelength
region between 1684 and 1714 (area a) correspond to the methyl
and the aromatic ring bands, respectively, which are two char-
acteristic parts of the polysulfone that may also be affected by
the membrane preparation procedure and the final morphology
obtained.

3.3. Principal component analysis (PCA)

A classification model for the membrane NIR spectra is
presented here, starting with the principal component analysis
(PCA) calculation (as a chemometric tool).

Fig. 4 represents the scores for the two first principal com-
ponents of the membrane NIR spectra, for membranes prepared
both by the immersion and the evaporation technique, and for all
thicknesses or classes investigated. Scores are estimated using
bilinear modeling methods, which imply that the information
originally carried by several variables is now concentrated into
a few underlying variables. The model calculated has four prin-
cipal components (PC’s) and the two first PC’s explained the
96.63% of the original data. The x-axis is the value for the first
component and the y-axis is the value for the second component.
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Fig. 4. Scores plot for the 1st and 2nd principal components (PCA) of all the
ultrafiltration membranes under study, prepared either by the immersion or the
evaporation technique.

The scores show the locations of the samples along each model
component, and can be used to detect sample patterns, group-
ings, similarities or differences. It can be observed that with only
the first two components it is already possible to distinguish
between membranes prepared by the two different techniques.

We also calculated a model for the three different membrane
thicknesses obtained by each technique, immersion and evapo-
ration. In case of the immersion technique, the model has three
PC’s and the 98.59% of the original data is explained by the first
two PC’s. Class A corresponds to thickness 26 �m, class B to
61 �m, and class C to 95 �m. As seen in Fig. 5, the projection
on the first component (x-axis) is related with membrane thick-
ness, so types A and C are clearly separated and the B group
lies between them, so the three types of membrane are quite
well defined. As shown in Table 1, when type B membranes are
formed, membranes become more or less thick within a range.
For this reason, morphology can be closed to type A or type
C membranes. Discriminating between classes A (26 �m mem-
brane thickness) and C (95 �m membrane thickness) is simple
as their thicknesses are somewhat different.

Fig. 5. Scores plot for the 1st and 2nd PCA of the membranes prepared by the
immersion technique (type A (26 �m), B (61 �m) and C (95 �m)).

Fig. 6. Scores plot for the 1st and 2nd PCA of the membranes prepared by the
evaporation technique (type A (46 �m), B (68 �m) and C (93 �m)).

The model for the membranes prepared by evaporation
explains the 93.36% of the original data for the first two PC’s.
The scores plot of them presents overlaid points within all three
thicknesses, as can be seen from the results shown in Fig. 6. This
is probably due to the high similarities in morphology between
all these membranes (as previously shown in Fig. 1b).

Fig. 7. Cooman’s plot for membranes prepared by the immersion and evaporation techniques including the samples for calibration set and validation model.
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Fig. 8. Cooman’s plot for the membranes prepared by the immersion technique: (a) for classes A (26 �m) and B (61 �m); (b) A (95 �m) and C (95 �m); (c) B
(61 �m) and C (95 �m), including the samples for calibration set and validation model.
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As stated earlier, the characteristics of the absorption bands in
NIR spectra depend on both chemical composition and physical
properties. In this case, as the chemical composition is exactly
the same for all the membranes prepared, either by evaporation
or by the immersion techniques, differences in morphology are
responsible of differences in NIR spectra. Therefore, the tandem
NIR-chemometric tools employed make it possible to distin-
guish between membranes possessing unlike morphologies.

3.4. Classification of polysulfone ultrafiltration membranes
prepared by immersion or evaporation techniques

Here, polysulfone ultrafiltration membranes are classified
depending on the preparation technique used. A group of 150
membrane samples was split into the following sets: 100 mem-
brane samples were prepared as the calibration set, 50 of which
were prepared by immersion and the other 50 by evapora-
tion; and 50 membranes were prepared as unknown samples
to be used as the validation set, 25 of which were obtained by
immersion and 25 by evaporation. Besides, each set included
membranes of different thicknesses.

As explained in Section 2.6, Cooman’s plot allows us to
explain the classification of a sample between two classes
according to their distance from the class model.

In Fig. 7 samples prepared by immersion and evaporation
techniques were compared. Using SIMCA, the class formed
by the membranes prepared by the immersion technique may
be modeled by three PC’s, while the model in the case of the
evaporation technique is based on four PC’s, accounting for at
least 99% of the original information in each case. As seen in
figure, only one sample (prepared by immersion technique) is
ambiguously classified, as it may belong to both classes. All
the 50 validation samples are correctly classified. Therefore, a
good prediction model was established for the classification of
polysulfone ultrafiltration membranes depending on the prepa-
ration technique and procedure used (either by immersion or
evaporation techniques).

3.5. Classification of polysulfone ultrafiltration membrane
depending on their thickness

Here the objective was to classify membranes of differ-
ent thicknesses prepared by the same preparation technique
(immersion or evaporation). In this case, the classification of the
polysulfone ultrafiltration membranes was made in accordance
with their thicknesses.

When membranes are prepared by the evaporation technique,
their thicknesses cannot be predicted. Comparing membranes
and thicknesses by pairs of classes, as was done in the case of
immersion, no classes can be defined with the SIMCA model.
As has been seen in Fig. 5, when determining the correspond-
ing principal components (PCs), the morphology is too similar
within the all membranes and it is not possible to distinguish
them by means of their thickness, using the NIR spectra and the
aforementioned chemometric model.

In this section, only the results obtained with membranes
prepared by immersion technique are presented. The follow-

ing sets were prepared: 16 membrane samples were prepared as
the calibration set, and six samples were prepared to be used as
unknowns for the validation set. As before, we have three differ-
ent thicknesses classified in classes A, B and C. The comparison
using Cooman’s plot is made two against two.

3.5.1. Classes A and B
In this case, as seen from the corresponding Cooman’s plot in

Fig. 8a, the morphology of both membranes and their thickness
are too close, so it is not possible to either distinguish or vali-
date the model. A large number of the membrane samples of both
classes are mixed near to the origin and it is not possible to clas-
sify them. So, in the present case, membranes with thicknesses
of 26 and 61 �m cannot be classified or distinguished.

3.5.2. Classes A and C
Fig. 8b shows the Cooman’s plot for membranes A and C,

both prepared by the immersion technique. As can be seen,
the classes are separated and the model is perfectly validated
(100%). This means that when we have unidentified membranes
in storage, it will be possible to classify their thicknesses by only
recording their NIR spectra and using the presented chemomet-
ric model. In this case, it is possible to distinguish and classify
membranes of average thicknesses of 26 and 95 �m, A and C,
respectively.

3.5.3. Classes B and C
The corresponding results of the Cooman’s plot obtained in

this case, comparing classes B and C, are shown in Fig. 8c. When
we try to classify them, there are only four samples ambiguously
classified in the calibration set and none in the validation set.
The model is suitable to be used to predict the thickness of the
samples between ca. 61 and 95 �m.

4. Conclusions

Near infrared spectroscopy (NIR) combined with chemo-
metric techniques has come to be a promising technique for
characterizing and identifying the polysulfone ultrafiltration
membranes prepared here.

From the determination of the principal components (PC),
and using SIMCA for classification, a proper model has
been determined and validated, which can distinguish between
membranes prepared by immersion or evaporation techniques.
Unfortunately, the membranes prepared by evaporation are very
similar to each other and it is therefore not possible to classify
them by thickness using that combination of NIR and chemomet-
ric model. Moreover, in the case of membranes prepared using
the immersion technique, a model has also been calculated and
validated to classify membranes of thicknesses between 84 and
104 �m (identified as class C of 95 �m) in comparison to mem-
branes of between 49 and 72 �m (corresponds to class B and
61 �m), and 24–28 �m (for class A of 26 �m). When increas-
ing the thicknesses of the polysulfone membranes prepared by
immersion technique, the macrovoid formation increases affect-
ing to the morphological differences which may be detected by
the NIR-chemometric model here proposed.



130 A. Conesa et al. / Journal of Membrane Science 300 (2007) 122–130

Thus, NIR and chemometrics offer wide possibilities for clas-
sifying membranes with different morphologies or chemical
compositions. In the near future, this technique may be imple-
mented to characterize other aspects of membranes, such as
fouling in micro-, ultra- and nano-filtration, or to confirm the
immobilization of biomolecules/carriers in affinity/facilitated
transport membranes.
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Abstract

A macrovoid structure is formed in polysulfone (PSf) polymeric membranes prepared by the immersion technique using N-dimethylformamide
(DMF)/water as a solvent/non-solvent pair. It is actually important controlling the macrovoid formation process, because macrovoids can cause
unwanted mechanical failure during high-pressure applications. In order to control the formation of these structures, the influence of different
parameters like membrane thickness, solvent additives (isopropyl myristate, IPM or N-hexadecyl-l-hydroxypriline, HHP), temperature of the
coagulation bath, and solvent/non-solvent pair has been studied for chiral activated membranes. With the same purpose, corresponding membranes
where physically characterized by scanning electron microscopy (SEM) measurements of their cross-section images. Those SEM images have been
treated by the software IFME®, which provides the parameters of asymmetry and irregularity of the membranes. The surface of the membranes
has been analyzed by atomic force microscopy (AFM) and brightness analysis in order to calculate their roughness. A comparison of the same
PSf membranes, but prepared by evaporation precipitation, or by using chloroform/methanol as solvent/non-solvent pair during the immersion
precipitation step, has been also checked. That paper helps us to understand and predict which will be the best conditions to prepare the optimum
membranes.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Polysulfone membranes; Phase inversion; Macrovoids; Thickness; Temperature of coagulation bath

1. Introduction

Nowadays, membrane separation systems are well estab-
lished, as they offer several advantages over traditional methods,
such as low time cost, set-up simplicity and the possibility to be
used in continuous mode. One of the most attractive emerging
applications of membrane technologies is enantioresolution of
racemic mixtures [1].

Various membrane configurations have already been pro-
posed for separating a large number of chiral species, including
amino acids and their derivatives, and drugs. Different liquid
membrane types, based either on chiral liquids or on solu-
tions of chiral molecules (namely, chiral selectors or carriers),

∗ Corresponding author. Tel.: +34 935813475; fax: +34 935812379.
E-mail address: Cristina.Palet@uab.es (C. Palet).

were first proposed to resolve racemic mixtures [1]. Crown
ethers, polyaminoacids, cyclodextrines [2] and N-hexadecil-l-
hydroxyproline [3] are some of the most widely employed chiral
molecules. However, liquid membrane processes, when applied
for separating enantiomers, have low stability and a short life-
time when tested under industrial separation conditions [4].
Therefore, solid polymeric membranes based mostly on ultrafil-
tration membranes [5,6] or polymer-imprinting membranes [7]
were developed.

In the case of S,R-propranolol, a �-blocking drug used for
treating certain cardiovascular anomalies (with the S-enantiomer
showing far more blocking activity than the R-enantiomer) [8],
and various polymeric membrane systems capable of discrim-
inating between both enantiomers have already been proposed
[9–11], showing promising results.

However, in order to achieve real progress, the detailed char-
acterization of the chiral polymeric membranes under study

0376-7388/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2006.10.006
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becomes mandatory [12]. This may be elucidated by using
different complementary characterization techniques, such as
atomic force microscopy (AFM), scanning electron microscopy
(SEM), SEM image treatment with IFME® software (Torras,
C., registered software no. 02/2003/3395, Spain), and gloss
analysis.

AFM allows imaging of non-conducting samples down to
nanometer scale. Morphological parameters, including mean
roughness and mean pore size, can be obtained from AFM
images of membrane surfaces [13].

SEM permits imaging cross-section and surface membrane
morphology. Furthermore, treating SEM images with IFME®

leads to a relative quantification of certain internal membrane
morphological parameters: void dimensions and density, inter-
nal asymmetry and overall irregularity [14].

The morphology and the properties of the polymeric mem-
branes have already been studied in detail by different authors.
Membrane formation using the phase inversion technique or
evaporation technique [12] is often accompanied by the occur-
rence of large teardrop like voids, namely, macrovoids [15,16].
A wide range of parameters have been checked concerning
the formation of macrovoids, such as the membrane prepa-
ration technique [10], polymer concentration in the casting
solution [17], type of solvent/non-solvent pair [18], membrane
thickness [19,20], presence of certain additives [21], and tem-
perature of coagulation bath [22] or the presence of some
solvents [23], among others. Knowledge, which allows the
macrovoid formation process to be controlled, is very impor-
tant both to avoid the presence of macrovoids, because they can
cause unwanted mechanical failure during high pressure appli-
cations, and to improve macrovoid formation when it can be
beneficial for efficiently printing the template-functional poly-
mer complex in the case of molecular imprinted membranes
(MIP) [24].

In this work, various chiral activated membranes (CAM)
investigated previously [25,26] for enantioseparation of pro-
pranolol, were prepared and properly characterized. CAMs
are polysulfone (PSf) polymeric based membranes prepared
either by immersion or evaporation precipitation techniques.
Different solvent/non-solvent pairs were also assayed. These
were obtained in the presence or not of a solvent modi-
fier such as isopropyl myristate (IPM), and containing the
chiral carrier N-hexadecyl-l-hydroxyproline (HHP) (previ-
ously dissolved in IPM or added directly to the PSf cast-
ing solution). Thus, the composition of the membrane cast-
ing solution, as well as the procedure to obtain the mem-
branes were properly checked, giving emphasis on membrane
thickness and coagulation bath temperature as key param-
eters for controlling macrovoid structure of chiral activated
membranes.

2. Experimental

2.1. Materials

Non-woven fabric (Hollytex 3329) was used as mechani-
cal support for the membranes. The polysulfone (PSf) used

in this study was supplied by BASF, Spain under the
trade name of Ultrason S3010 incolor. The solvent/non-
solvent pairs used were: N-dimethylformamide (DMF)
(Sigma–Aldrich, Germany)/distilled water, and chloroform
(Panreac, Spain)/methanol (Panreac, Spain). N-hexadecyl-l-
hydroxyproline (HHP) (Sigma–Aldrich, Germany), p.a. grade,
was used as the chiral carrier and isopropyl myristate (IPM), p.a.
grade, as its solvent.

2.2. Equipment

The cross-section images of the prepared membranes were
obtained by a scanning electron microscopy (SEM), Hitachi
H-7000 (Hitachi Ltd., Japan, Tokyo). For this purpose the mem-
brane samples were fractured in liquid nitrogen and then coated
with gold under vacuum conditions. SEM images were also
analyzed by IFME® software for their proper interpretation, as
indicated in the introduction.

AFM images were obtained by using a Nano Scope III
equipped with a 1553D scanner from Digital Instruments, USA.
The tapping mode of AFM in air was used to investigate the
membrane surface morphology. Silicone nitride cantilevers were
employed.

In order to obtain the membrane brilliance values, a Bright-
ness Analysis of the membrane surfaces was run by using a
glossmeter. The measures were obtained by using Table-top
Novo-Curve NOFE 0203208 (Rheopoint Inst. Ltd., East Sus-
sex, England).

2.3. Membrane preparation

Four different membrane casting solution were prepared con-
taining: (A) PSf; (B) PSf and IPM; (C) PSf, IPM and HHP;
(D) PSf and HHP. For each case, two different solvents, DMF
or chloroform, were investigated. Polysulfone and HHP (when
added) concentrations were always of 13 and 0.15 wt.%, respec-
tively. In case of IPM and membrane casting solution B, its
concentration was varied from 5 to 15 wt.% (for further details,
see Section 3.1.3). Membrane casting solutions were rendered
homogeneous by continuous agitation of the mixtures during
24 h. The resulting solutions were cast on the surface of a non-
woven fabric (polyester of Hollytex® Company) placed over a
glass plate. For this purpose, a proper casting knife was used
leading to membranes of thickness ranging from 22 to 115 �m.

All the PSf membranes were prepared by phase inversion
techniques, either by immersion or by evaporation precipita-
tion. For immersion precipitation the nascent cast membranes
were immediately immersed into a water or methanol coagula-
tion bath (depending whether the solvent employed was DMF
or chloroform, respectively), together with the glass plate. They
were kept immersed for at least 30 min. The bath temperature
was varied from 4 to 40 ◦C. Later, the membranes were rinsed
and stored in water until use. In the case of evaporation precipi-
tation, the membrane film solvent (only DMF was checked) was
left to evaporate freely at room temperature in an environment
of around 40% of relative humidity, and membranes were then
dry-stored.



A. Conesa et al. / Journal of Membrane Science 287 (2007) 29–40 31

3. Results and discussion

Polysulfone membranes were prepared as indicated
using phase inversion techniques, employing two different
approaches: immersion and evaporation precipitation. In the first
case two different solvent/non-solvent pairs (DMF/water and
chloroform/methanol) were assayed, where DMF was the sol-
vent used in the evaporation case. Different membrane casting
solutions were also prepared as indicated. Table 1 shows all the
membranes that were prepared in this study.

SEM cross-section membrane images are shown in Fig. 1, and
correspond to the three different casting solution compositions
and the two different membrane preparation procedures here
compared: immersion (with two different solvent/non-solvent
pairs) and evaporation. Two defined internal morphologies can
be seen: (i) asymmetric membranes with macrovoids and (ii)
symmetric membranes without macrovoids. Both membrane
morphologies are usually encountered for ultrafiltration mem-
branes [12]. The former morphology is found when membranes
are prepared by immersion precipitation using DMF/water as
the solvent/non-solvent pair [27], as in the present case. This
macrovoid structure is a consequence of the fast polymer pre-
cipitation rate that arises from a high miscibility between
the solvent/non-solvent pair. In previous studies, we can find
thermodynamic and kinetic data about the ternary systems
DMF/water/PSf [28,29]. As expected, the symmetric membrane
morphology is observed when preparing membranes either by
DMF evaporation or by immersion precipitation employing
chloroform/methanol as the solvent/non-solvent pair. A slow
polymer precipitation rate is attained in both cases, due to the low
miscibility between the solvent and the non-solvent, or due to a
lower phase transition of the DMF when the non-solvent is the
water vapour in the air, in the case of evaporation precipitation.
Therefore, previously developed chiral activated membranes fol-
low the same morphological behaviour with the casting solution
composition and the membrane preparation procedure as poly-
sulfone raw membranes [9].

3.1. Macrovoid characterization by SEM analysis

3.1.1. Influence of membrane thickness on membrane
morphology

The three different membrane casting solutions, A, B, and
C mentioned above, were considered for preparing mem-
branes using the immersion technique with DMF/water as the
solvent/non-solvent pair. SEM cross-section membrane images
corresponding to two of these systems are shown in Fig. 2. Mem-
branes of different thicknesses were prepared as indicated, and

are shown in the figure for each case. In system A (PSf in DMF),
it can be seen that the internal macrovoid dimensions increase
as the membrane thickness increases. This phenomenon can be
related to the macrovoid formation mechanism during mem-
brane precipitation, described previously by Mulder [12]. This
mechanism has been proposed to occur in two consecutive steps:
macrovoid initiation and macrovoid growing-up. The macrovoid
initiation step takes place in zones of the membrane film where
polymer content is poor. These nuclei are mostly present just
below the top surface, since a small amount (1–2 wt.%) of water
content is enough to phase separate the PS-DMF solutions. So
during the initial exposure to the atmosphere, composition of
cast film is varied by vapour sorption, especially in the skin
regions of the membrane [30]. Finally the macrovoid growing-
up step is due to diffusion and displacement of the solvent and
non-solvent pair. Therefore, in thin membrane casting solution
films, the macrovoid growing-up step is hindered due to the
minuscule space between film top surface and bottom.

A very similar mechanism for macrovoid formation was
suggested by Smolders et al. [31], and which fits with our
findings. They focus on the relative kinetics of the growth
of polymer poor droplets and the exchange rate between the
solvent and the non-solvent. Due to the large amount of sol-
vent present in the polymer poor droplets, the droplet can
be viewed as a coagulation bath with a huge amount of sol-
vent. Therefore, delayed demixing occurs, resulting in a net
non-solvent inflow from the surroundings into the droplet,
which leads to a macrovoid forming in the final membrane.
Finally, the Monte Carlo diffusion model described by Ter-
monia, also proposes that the solvent/non-solvent interaction
parameter is the major controlling step in forming macrovoids
[32]. They suggest that the non-solvent penetration through
skin defects initiates the macrovoids. The faster exchange of
solvent for non-solvent through the defects was thought to be
responsible for macrovoid growth. On the other hand, when
the solvent/non-solvent was chloroform/methanol, whatever the
membrane thickness, macrovoids are never encountered due to
the slower exchange of chloroform for methanol.

It can also be observed in Fig. 2, that the behaviour of sys-
tem B (PSf and IPM in DMF) is completely different. Here, the
macrovoids located within the membrane structure are finger-
like, and their dimensions remain almost constant with respect
to the membrane thickness. Strathmann et al. [33] suggested that
finger-like macrovoid formation occurs when the non-solvent
inflow into the membrane casting film is higher than the sol-
vent outflow. In the present case, we assume that the presence
of isopropyl myristate (IPM) in the membrane casting film par-
ticipates by lowering the initial DMF outflow.

Table 1
List of membrane compositions and precipitation techniques used to prepare the membranes

Immersion (DMF/water) Immersion (chloroform/methanol) Evaporation (DMF) Evaporation (chloroform)

PSF
√ √ √ √

PSf + IPM
√ √ √ √

PSf + HHP
√ × √ ×

PSf + HHP + IPM
√ √ √ √
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Fig. 1. Scanning electron microscopy (SEM) images of the cross-section morphology of membranes prepared by: (a) immersion (DMF/water); (b) evaporation (DMF
as the solvent); (c) immersion (chloroform/methanol). In each case the composition of the casting solution is: (A) PSf, (B) PSf + IPM and (C) PSf + IPM + HHP.
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Fig. 2. Effect of membrane thickness on membrane morphology. System composition: PSf 13 wt.%; casting temperature 4 ◦C; (a) PSf/DMF/water; (b)
(PSf + IPM)/DMF/water.
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Fig. 3. Effect of membrane thickness on the length and width of macrovoids. System composition: PSf 13 wt.%; casting temperature 4 ◦C; (A) PSf/DMF/water; (B)
(PSf + IPM)/DMF/water.

System C (PSf, IPM and HHP in DMF) is not illustrated
because it behaves in the same way as system B.

The measured dimensions (length and width) of macrovoids
in membrane systems A and B were plotted versus mem-
brane thickness in Fig. 3. For system A, the macrovoid length
increases progressively as membrane thickness increases from
ca. 40 �m. However, macrovoid width increases only until a
maximum (∼70 �m of membrane thickness) and then decreases.
According to the mechanism mentioned above, the initiation
step takes place in zones with poor polymer concentration of
the membrane film, so near the top. When membranes are
thinner than 40 �m, there is not enough space to allow the
macrovoid growth-up, while in thicker membranes the non-
equilibrium demixing, due to the rapid diffusion of DMF/water
pair produces the macrovoid growing-up. In system B, the
macrovoid length also increases with membrane thickness,
as in system A (from 40 �m). Macrovoid width in this case
remains practically unaltered in relation to membrane thick-
ness, which is a typical behaviour of a finger-like macrovoid
structure [18].

3.1.2. Influence of the coagulation bath temperature on
membrane morphology

The same systems A and B where used to assay the influence
of the coagulation bath temperature on membrane morphology.
Fig. 4 shows the SEM cross-section membrane images of the
corresponding membranes. It can be observed that for system
A (PSf in DMF) the length and structure of the macrovoids do
not vary significantly when the coagulation bath temperature
is changed. The same fact was observed previously when using
N-methylpyrrolidinone (NMP)/water as the solvent/non-solvent
pair [34]. It would probably be necessary to increase the temper-
ature further, in comparison with the temperature range studied,
in order to decrease the dimensions and number of macrovoids,

related to a changes in their miscibility. However, in the case
of system B (PSf and IPM in DMF), the studied temperature
range is enough to decrease the dimensions and number of
macrovoids as the temperature is increased. Fig. 5 shows the
variation of macrovoid length with the coagulation bath temper-
ature. In that case, a cast temperature of 40 ◦C causes almost the
disappearance of macrovoids (Fig. 5). This phenomenon is also
in agreement with the observations made by Hui-An et al. [34]
when they added Span-80 surfactant to their working system.
System C (PSf, IPM and HHP in DMF) again behaves in the
same way as system B (not illustrated in Fig. 4). The variation
of the coagulation bath temperature leads to the modification of
both thermodynamic and kinetic properties of the system, which
will consequently change the conditions and results of the phase
inversion process [35].

3.1.3. Influence of the IPM concentration in the casting
solution on membrane morphology

Casting solutions with different concentrations of IPM where
prepared and used for membrane film precipitation with the
immersion technique, using DMF/water as the solvent/non-
solvent pair and with the coagulation bath at 4 ◦C. The corre-
sponding SEM cross-section membrane images are shown in
Fig. 6. As can be observed, when the IPM concentration in
the membrane casting solution increases, finger-like macrovoids
are found. At the lowest IPM amount assayed, the membrane
morphology is close to system A (in which there is no IPM),
as expected. In Fig. 7, the variation of the membrane thick-
ness/macrovoid length ratio in front of the IPM concentration is
shown. It can be observed that when the concentration of IPM is
around 10 wt.%, the ratio of membrane thickness/macrovoid is
near to 1, which means that the macrovoid has the same length
that the membrane thickness, and corresponds to their finger-
like structure. Therefore, the concentration of IPM ought to be
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Fig. 4. Effect of bath coagulation temperature on membrane morphology. System composition: PSf 13 wt.%; casting temperature 4 ◦C; (A) PSf/DMF/water; (B)
(PSf + IPM)/DMF/water.

lower than 10 wt.% otherwise the mechanical stability of the
membrane might be weak.

3.2. Treating SEM images with IFME®

Table 2 collects all the parameters determined by the
IFME® software from SEM images for the most represen-

tative membranes prepared. It can be seen that the lowest
asymmetry values determined correspond to the membranes
obtained with the evaporation technique. In addition, these mem-
branes have the greatest mean void sizes, and consequently
the two lowest void densities, as expected [12]. Concern-
ing the membranes obtained with the immersion technique,
the presence of macrovoids and their features strongly influ-
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Table 2
Membrane characterization parameters obtained by IFME®

Membrane A B C D E F G

Set PSF PSF PSF PSF + IPM PSF + IPM PSF + IPM + HHP PSF + IPM + HHP
Technique Immersion Immersion Evaporation Immersion Immersion Immersion Evaporation
Temperature (◦C) 4 4 23 4 20 4 23
Real thickness 24 103 107 80 95 100 102
Density of voids (void, �m−2) 0.37 4.0 0.030 0.31 0.060 0.13 0.0012
The average of void (�m) 0.338 1.29 4.52 1.41 2.68 2.23 20.6
The great void (�m) 1.86 18.4 11.9 13.7 10.4 12.6 32.2
The smallest void (�m) 0.100 0.334 2.14 0.250 1.53 1.78 13.6
Standard deviation 0.0264 0.1307 0.6337 0.1948 0.2270 0.6663 1.701
Asymmetry (%) 11 15 9 17 13 27 7
Global irregularity 0.00031 0.0023 0.0010 0.0013 0.00036 0.00095 0.012

Fig. 5. Effect of bath coagulation temperature on the length of macrovoids.
System: PSf 13 wt.%; casting temperature 4 ◦C; casting solution composition
corresponding to system B: (PSf + IPM)/DMF/water.

ence the parameters measured, as seen previously [14]. There-
fore, as observed, thickness and bath coagulation temperature
influence the asymmetry and the irregularity of these mem-
branes in the way explained above. Thus, the IFME® soft-
ware allows the relative quantification of membrane morphol-
ogy features, therefore making it possible to compare different
membranes.

Fig. 7. Effect of IPM concentration on the length of macrovoids. System: PSf
13 wt.%; casting temperature 4 ◦C; casting solution composition corresponding
to system B: (PSf + IPM)/DMF/water.

3.3. Surface characterization by atomic force microscopy
(AFM) analysis

Four membrane systems were analysed by AFM: systems
A, B, C and D (PSf and HHP in DMF). In addition, the three
membrane preparation techniques mentioned were character-
ized. AFM images of system C are presented in Fig. 8. Mean
roughness (nm) and mean pore size (nm) values of all the

Fig. 6. Effect of IPM concentration on membrane morphology. System: PSf 13 wt.%; casting temperature 4 ◦C; casting solution composition corresponding to system
B: (PSf + IPM)/DMF/water. Concentration of IPM is: (a) 5 wt.%; (b) 13 wt.%; (c) 15 wt.%.
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Fig. 8. Atomic force microscopy images of the membrane surface. Casting solution composition corresponding to system D: (PSf + IPM + HHP); casting temperature
4 ◦C. Preparation technique: (a) immersion (DMF/water); (b) evaporation (DMF/water); (c) immersion (chloroform/methanol).
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Table 3
Membrane surface characterization parameters obtained by AFM

System composition Mean roughness, Ra (nm) Mean pore size (nm) Solvent/non-solvent

PSf 3.20 41 DMF/water
PSf + IPM 2.65 34 DMF/water
PSf + IPM + HHP 3.99 44 DMF/water
PSf + HHP 2.57 29 DMF/water
PSf + IPM + HHP 0.74 37 DMF (evap.)
PSf + IPM + HHP 0.98 34 Chloroform/methanol
PSf + IPM + HHP 3.99 44 DMF/water

Table 4
Membrane surface brightness measurements

PSf (%) PSf + IPM (%) PSf + IPM + HHP (%)

Immersion (DMF/water) 74 (±6) 26 (±1) 20 (±2)
Evaporation (DMF solv.) 18 (±1) 10.1 (±0.4) 8.8 (±0.4)

membrane types and preparation techniques are collected in
Table 3. No significant differences in terms of mean roughness
were found within the four prepared membranes (A, B, C
and D). However, clear differences were encountered when
comparing membrane preparation methods or the solvent/non-
solvent pairs employed (namely, E, F and G experiments in
the table) in the case of the immersion precipitation technique.
Far lower mean roughness values were found for membranes
obtained using the evaporation or the immersion technique,
using chloroform/methanol as the solvent/non-solvent pair in
the last case. In both cases, dense sponge-like membranes were
obtained, as shown in the SEM cross-section images in Fig. 1
[12], which correlates well with their low roughness.

3.4. Membrane characterization by brightness analysis

The three systems A, B and C were used to prepare mem-
branes either using the immersion or evaporation technique as
indicated. The brightness of all the obtained membranes was
measured. According to Table 4, it can be observed that the
membranes prepared using the immersion technique show lower
membrane surface brightness when the IPM solvent is incorpo-
rated in the membrane casting solution A similar behaviour is
observed when membranes are prepared by evaporation, but all
values of the membrane surface brightness are lower than the
corresponding values of membranes prepared by immersion.
There are a clear relationship between the brightness and poly-
mer density: high density cause high data brightness. As, Table 2
shows (IFME results), the density of voids (void, �m−2) of the
membrane prepared by immersion technique are ca. 100 times
higher than the membranes prepared by evaporation technique.
In addition, we can also observe how the presence of IPM in
system B, as well as the IPM and HHP in system C (both in
immersion and evaporation technique) decrease the density of
the polysulfone and therefore the brightness also decrease. The
addition of HHP produces a very slight decrease in the density
and in consequence in the brightness. Anyway, brightness anal-
yses allow us to indirectly verify the presence of additives, such

as IPM and HHP in polysulfone membranes, and also to esti-
mate the phase inversion technique used for their preparation
(immersion or evaporation precipitation).

4. Conclusions

We have reported the dependence of macrovoid forma-
tion and traits on several membrane parameters: membrane
thickness, the membrane preparation method, temperature of
the coagulation bath (when using the phase immersion tech-
nique), and using casting solution additives. For system A
(PSf/DMF/water), we observed that the macrovoid dimen-
sions (length and width) decreased as the membrane thickness
decreased until they disappeared completely around 35–40 �m
thick. Whereas when isopropyl myristate solvent or carrier N-
hexadecyl-l-hydroxyproline is added to the casting solution,
the macrovoids located within the membranes have a finger-
like structure. In this case, only the length of the macrovoids
changes with the membrane thickness. The length and struc-
ture of macrovoids do not vary significantly when changing
the coagulation bath temperature from 4 to 40 ◦C in system A
(PSf in DMF/water). However, in system B (PSf and IPM in
DMF/water) and in system C (PSf, IPM and HHP in DMF/water)
the presence of macrovoids decreases as coagulation bath tem-
perature increases. Macrovoid formation also depends on the
concentration of IPM. High concentrations of IPM in the cast-
ing solution produce a larger number of finger-like macrovoid
structures.

To obtain reproducible membranes with good resistance
under pressure conditions, it is important that macrovoids do
not appear. Therefore, when preparing polysulfone membrane
we should take into account that one the most important param-
eter will be the membrane thickness. In this way, the membranes
thickness must to be lower than 40 �m, while the temperature
of coagulation bath has not influence and could be from 4 until
40 ◦C.

On the other hand, taking into account our previous works
with chiral activated membranes [9,25], the best membrane for
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the enantioseparation of the racemic propranolol is the one
obtained by using HHP and IPM at 0.15 and 10 wt.% of con-
centration, respectively, and working with a temperature of the
coagulation bath around 20 ◦C. In that case, we can now suppose
that the presence of finger-like macrovoid structures facilitates
the transport of propranolol across the membrane, so, the con-
tact between the propranolol and the carrier (which is properly
immobilised in the chiral membrane [9,25] is improved).

Certain parameters, such as the mean size of the void, density
of voids and roughness, were correlated to the casting solution
composition and the corresponding membrane morphology.

The AFM analysis confirms that the presence of IPM and/or
HHP do not affect both the surface roughness of the membranes
prepared by phase immersion (DMF/water), and their mean pore
size. Finally, we introduced the gloss meter analysis to classify
the membranes according to both the preparation technique used
and the presence of certain additives such as IPM and HHP due
to the relationship between the polymer density and brightness.
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(Spain) for the SEM analysis. Dr. Khulbe and Dr. Matsuura
from the Industrial Membrane Research Institute, IMRI, of
the Department of Chemical Engineering of the University of
Ottawa (Canada), and Dr. Carlos Muñoz from the Restorative
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Abstract 

Selenium is an essential element for the human an animal health. Selenomethionine and 

particularly L -selenomethionine i s t he majority specie o f s elenium that we find in the 

natural f oods. I n c onsequence, t he a ssimilation w ith t he nut rition t o c reate s tock o f 

selenium i n t he b ody is l ess e ffective w ith s elenite t han w ith s elenomethionine. [ 1] 

Besides, L-selenomethionine presents antioxidant effect and i t i s better retained in the 

corporal tissues. O n a ccount t hat t he L -selenomethionine c an no t be  s ynthesized b y 

animals and humans the w ay to a dministrate t he L-selenomethionine in the d iet i s b y 

biofortification of yeast or wheat, or by the asymmetric synthesis route. An alternative 

may be  t he s eparation o f t he r acemic by  m embrane t echnology. H ere w e pr esent t he 

possibility t o s eparate t he c hiral m ixture o f DL-selenomethionine by  M olecularly 

Imprinted Me mbranes ( MIM) separating. Four t ypes o f M IM w ere p repared o ver a n 

hydophobic pol yvinylidene f luoride ( PVDF-phob) support us ing 4 -vinylpiridine 
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(4VPY), m ethacrylic aci d ( MAA), acr ylamide (AAM) or N ,N-dimethyl-2-

aminoethylmethacrylate ( DMAEM) c o-polymerized w ith t he c ross-linker g lycol 

dimethacrylate ( EDMA). Polymerization w as performed i n m ethanol s olvent, 

employing benzoin ethyl ether (BEE) as initiator, and following the M. Ulbricht et. al. 

process. The separation was carried o ut i n a  dialysis m embrane cell at d ifferent pH 

phases conveniently buffered.  

Different t echniques s uch a s S canning E lectron Microscopy ( SEM), Attenuated T otal 

Reflection/Fourier T ransform I nfrared (A TR/ F TIR) a nd solid-state 13C Cross-

Polarization Magic Angle S pinning ( CP/MAS) Nuclear M agnetic R esonance ( NMR) 

were u sed t o en sure t hat t he c o-polymer de position o n t he P VDF-phob s upported. 

Besides, o ther t ypes o f c haracterization s uch a s d egree o f m odification o r w ater f lux 

were calculated. 

The b est c hiral s eparation b etween the r acemic D L-selenomethionine w as obtained in 

case of the imprinted membrane synthesised with the monomer DMAEM. The optimum 

conditions was at pH 6 of feed and stripping phases and the separation factor obtained 

was 1,75. 

 

Keywords: Molecularly Imprinted M embranes ( MIM), D L-Selenomethionine, 

Characterization, Chiral separation.  

 

1. Introduction 

Many biochemical processes are based on the molecular recognition phenomenon. The 

interactions within the natural biomolecules such as enzymes, antibodies, nucleic acid, 

cellular receptor, etc., are the key factor of the molecular recognition mechanism such 

as enzymes, an tibodies, nucleic acid, cellular r eceptor, e tc. [ 2] In the l ast years many 

approaches have been developed to obtain artificial systems able to mimic the biological 



  

molecular recognition. Molecularly imprinted polymers a re gaining importance during 

the r ecent y ears b ecause o f t heir p otential o f r ecognition a nd t he s implicity o f t heir 

preparation. The m olecular i mprinting pr ocedure i s generally ba sed on t he l inkage of 

suitable monomers, containing functional groups, to template molecules by covalent or 

non-covalent i nteractions. S ubsequent c opolymeritzation o f t he r esulting t emplate-

monomer assembly with an excess of cross-linking agent, in the presence of a porogenic 

solvent, produces rigid macroporus polymers. Final removal of the template molecules 

leaves cavities in the polymer whose size, shape and three-dimensional arrangement of 

binding sites are determined by the structure of the template molecules [3]. 

The origin of molecular imprinting was introduced by M.V.Polyakov in 1931, [4] who 

performed a series of investigations on silica for use in chromatography. The technique 

was further developed and in 1972 molecular imprinting in synthetic organic polymers 

was reported for the f irst time by the groups of I.M. Klotz [5] and G. Wulff [6]. They 

developed a n i mprinted po lymer s tructure us ing c ovalent i nteractions. I n 19 94, t he 

group of  K. Mosbach [7] established a  new technique to obtain molecularly imprinted 

polymers (MIPs) by a non covalent route (based on electrostatic or hydrogen bonding). 

This l ast m ethod b ecame a ttractive s ince t he c orresponding M IPs c an be e asily 

prepared. Therefore t hey h ave be en widely us ed. M ost o f the molecularly i mprinted 

polymers a re s ynthesized by  f ree r adical c opolymertization o f functional v inyl 

monomers w ith a n e xcess of  cross-linking d ivinyl m onomers i n s olvent m edium. I n 

addition, t emplates a re a dded pr ior t o po lymerization i n o rder t o f orm t he i mprinted 

sites. In 1990, S.A. Piletsky started the investigation of the transport through imprinted 

membrane. F rom t his m oment, v arious M IM a pplications ha ve be en p ublished i n t he 

literature and are collected in the reviews of S.A. Piletsk et.al. [8] and M. Ulbricht [9]. 

Although t he c ontributions ha ve no toriously i ncreased t he M IM a re s till emerging. 



  

Nowadays, t wo t echniques a re e stablished t o pr epare M IM: pha se i nversion i n t he 

presence o f t emplate m olecules [ 10 , 11 , 12 , 13 , 14 , 15 ] a nd pho to-grafting 

polymerization. [ 16, 17, 18, 19] Both of them are based on formation of footprints on 

the pore surface and/or in the bulk polymer. 

We ha ve f ocused o n t he a pplication o f m olecularly i mprinted pol ymers, f or t he 

preparation o f m embranes capable to en antioseparate D L-selenomethionine. Selenium 

is an essential element for the human an animal health, [20] although high levels (over 

1ppm) become toxic. In 1973, selenium was identified as a component of the enzyme 

glutathione pe roxidase ( GPX) which d evelops a n i mportant r ole i n hu man b ody 

protecting the oxidation's cells. [ 21] In addition, selenium has a lso anti-viral and anti-

cancer effects.  

The characterization of the MIM is a necessary and important rule to know the chemical 

and s tructural co mposition o f t he polymer a s well a s t he p ore s ystem, s urface a reas, 

texture, thermostability. [3] For this purpose several techniques are used in Molecularly 

Imprinted P olymer ( MIP) a nd a lso a pplied i n t he M IM’s c haracterization. Attenuated 

Total R eflection/Fourier T ransform I nfraRed ( ATR/ F TIR) i s a  useful t echnique f or 

insoluble p olymer t hat p rovides c hemical i nformation. [22, 23] Another possibility i s 

the use of solid-state CP/MAS NMR.  Until now, few publications have reported about 

the use of this technique in molecularly imprinted polymer, [24, 25, 26, 27] but none 

concerning MIMs. The main interest of this technique i s the possibility to estimate of 

the r elative amounts of di fferent t ypes of carbon a toms have been made f or insoluble 

polymers. T he m orphological s tructure a nd po res s ystems a re us ually evaluated b y 

microscopy techniques such as Scanning Electron Microscopy (SEM) or Atomic Force 

Microscopy (AFM). Other i mportant factor i n m olecularly i mprinted i s t o v erify t he 

template addition in the polymer. The current procedure to extract the template in the 



  

published a rticles i s e xtracting t he m embrane a t s everal ho urs with some s olvent o r 

mixture solvents until the UV absorbance is continue and less than 0.005 at 258 nm. In 

our case w e us ed t his m ethod us ing water a nd methanol using  inductively c oupled 

plasma m ass sp ectroscopy ( ICP-MS) t o en sure t he p roper r emoval of t he t emplate, 

before u sing t he M IMs, In a ddition, S EM with X-ray m icroanalysis [28, 29] became 

very useful tool in case of the presence of inorganic elements.  

L-selenomethionine can not be synthesized by animals and humans. Up to now, the way 

to produce L-selenomethionine is by biofortification of yeast or wheat, [30] and by the 

synthetic route. [ 31, 32] Both methods are suitable for nutritional Se-supplementation. 

[ 33 ] I n t his work, we ha ve de veloped m olecularly imprinted m embranes f or t he 

separation o f t he e nantiomers DL-selenomethionine. T hese M IMs r epresent a n 

alternative technique to obtain L-selenomethionine. 

 

2. Experimental 

2.1. Materials 

Hydrophobic pol yvinylidene f luoride ( PVDF-phob, D urapore) microfiltration 

membranes, with a nominal pore size of 0.22 µm, a thickness of 125 µm and a diameter 

of 4,7 cm were supplied from Millipore (USA) and used in this work as porous supports 

for the molecularly imprinted membranes. 

Benzoin e thyl ether ( BEE), e thylene g lycol d imethacrylate ( EDMA), 4 -vinylpiridine 

(4VPY), methacrylic acid ( MAA), a crylamide ( AAM), N,N-dimethyl-2-

aminoethylmethacrylate (DMAEM) and methanol (MeOH) were obtained from Sigma-

Aldrich ( Germany). T he r acemic DL-selenomethionine a nd a lso L -selenomethionine 

were purchased from Acros Organics (USA). All the products were of analytical grade. 

MiliQ-water was used when needed. 



  

 

2.2. Synthesis of molecularly imprinted membranes (MIM) 

In o rder t o c reate r adicals a nd s tart t he grafting c opolymerization i n t he m onomer 

mixture, b enzoin e thyl e ther (BEE) was used a s a α-scission photoinitiatior. [ 34] Th e 

main a dvantage of this p hotoinitiator is the p ossibility of synthesize t he molecularly 

imprinted polymer on any kind of polymer support because no chemical reaction with 

the s upport m aterial i s i nvolved. O n t he contrary, w ith o ther p hotochemical i nitiators 

like benzophenone, the reaction takes place due to the hydrogen-extraction or removal 

from t he s upport pol ymer b y t he photo-exited be nzophenone. [ 17, 35]  M oreover, 

higher initiation r ates c lose to t he s urface o f t he supported could be  expected i f the 

surface i s c oated w ith t he B EE p hotoinitiator i n c omparison w ith t he t hermoinitiator 

2,2’-azobisisobutyronitrile ( AIBN), w hich r equires 24 h o f UV i rradiation. [16, 36] 

Hence, B EE i nitiator a ppeared t o be  t he m ost a ppropriate, a nd a ccording t o V . 

Kochkodan et al. studies, a soaking time of 10 minutes in a 0,25 M methanol solution of 

BEE was h ere s elected/established. A fterwards, t he s olvent w as ev aporated a nd t he 

supports were immersed again in 10 ml methanol solution with a concentration of 100 

mM of  (one s ingle) monomer (4VPY, MAA, AAM or  DMAEM), 300 mM of  EDMA 

(as t he c ross-linker) and 5 mM of t he L-selenomethionine ( as the template). T he 

samples were UV irradiated at wavelength of 350 nm, at various exposure times. After 

polymerization, membranes were t reated with methanol and water solution in order to 

properly remove the template. The efficiency of this procedure was checked following 

the a bsorbance o f t he e xtracting s olution a t 258  nm. T he e xtraction pr ocess w as 

considered complete when absorbance was under 0.005. Also, in order to better quantify 

the amount of the L-selenomethionine removed from MIMs, the extracting solution was 

analysed by inductively coupled plasma mass spectroscopy (ICP-MS). 



  

 

2.3. Filtration experiments 

To ensure t hat t he c hemical m odification o f t he P VDF-phob s upport do  no t b lock or  

damage i t, the f lux through t he prepared membrane was calculated a fter t he 

polymerization. A dead end module cell of 35 mm diameter and with a volume of 80 

cm3 was used for measuring water flux at different operating pressures.  

Evaluation o f m embrane e natioseparation a bility o f s uch M IMs t ook pl ace i n a  

methacrylate d ialysis c ell h aving t wo c ompartments ( capacity o f 20 0 m l for bo th) 

connected t hrough a  c ircular window where t he m embrane w as pl aced. F eed a nd 

stripping reservoirs w ere f illed w ith corresponding aqueous solutions, and 500 ppb of 

DL-selenomethionine w as added in f eed solution. D iverse f eed and stripping aqueous 

phases at different pH values (conveniently buffered) were here investigated. 

Independently of the composition of the membrane, the two main characteristic factors 

are its flux and its selectivity. So, the analyte transport rate was calculated in terms of 

flux (J) defined as the decrease of analyte concentration in the feed phase matter with 

time, t, and for unit area, A: 

 

dtA
dCV

J f

⋅

⋅
−=   equation 1 

 

where V and Cf are the volume and the concentration of feed solution, respectively. 

The p arameter u sed t o d etermine t he s electivity o f t he m embrane, i n t erms o f t he 

separation between the DL-selenomethionine enantiomers, was the separation factor α:  
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where Cst,D and Cst,L are the concentration of enantiomers D- and L-, respectively, in 

the stripping solution at time t, and Cf0,D and Cfo,L are their initial concentrations in the 

feed solution. 

When t he t ransport t hough t he m embrane i s g overned by  a  facilitated t ransport 

mechanism or some unknown transport that can modify the driving force, other useful 

form to evaluate the transport rate of the analytes across the membrane is to calculate its 

capacity of re-extraction (R) as follows: 

  

100
,0

, ⋅









=

i

it

Cf
Cs

R   equation 3 

 

where Cst,i is t he c oncentration of  the a nalyte i in t he s tripping solution a t t ime t  a nd 

Cf0,i is the initial concentration of the same analyte  i n the feed solution. Thus, the re-

extraction is the analytes extraction capacity from the membrane to the stripping phase. 

The variation of the amount of each enantiomer in both feed and stripping solution was 

determined p eriodically f rom w ithdrawn s amples b y a  h igh p ressure l iquid 

chromatography with an u ltra violate detector (HPLC-UV). An HPLC Thermo (USA) 

equipped w ith a n a utosampler A S3000, g radient pum ps P 4000 a nd U V de tector 

UV6000LP, with m easurement f acility a t 192 -800 nm , e quipped with C hromQuest 

Software was e mployed. T he s eparation w as pe rformed o n a  C hirobiotic T  c olumn 

(25064.6 mm id) using an isocratic f lux of 1ml/min with a mobile phase of water with 



  

2% of methanol and detection at 218 nm, method previously reported by A. Sanz Medel 

et. al. [37] 

 

2.4. Membrane characterization 

Membrane images w ere obtained b y a  S canning E lectron Microscopy (SEM), Hitachi 

H-7000 (Hitachi LTD. Japan, Tokyo). For this purpose, membrane samples were coated 

with gold and transferred into the microscope. In the case of the cross-section images, 

firstly, the membrane samples were submerged in ethanol, then frozen in liquid nitrogen 

and fractured. 

Attenuated Total Reflection/Fourier T ransform I nfraRed ( ATR/ F TIR) s pectra o f the 

polymeric s upport a nd M IMs w ere de termined us ing a  m odel FTIR s pectrometer 

obtaining transmittance spectra in front of wave number (cm-1). 

All s olid-state 13C Cross-Polarization M agic A ngle S pinning ( CP/MAS) Nuclear 

Magnetic Resonance (NMR) experiments were performed on a  Bruker AVANCE-400 

(Bruker Biospin. G ermany) s pectrometer e quipped w ith a  double t uned 4m m probe, 

operating a t a resonance f requencie o f 100.62 MHz f or 13C nuclei. The M agic A ngle 

(MA) w as adjusted us ing K Br ( purchased from S igma-Aldrich, G ermany). The 

Hartmann-Hahn condition for 1H→13C CP experiments was determined using the 13C 

signal of  adamantane (purchased from S igma-Aldrich, Germany). 13C CP/MAS N MR 

spectra w ere recorded w ith a  CP c ontact t ime o f 1 ms, a  r epetition t ime o f 4  s and a 

spinning r ate o f 12  k Hz. T he 13C ch emical s hifts w ere ex ternally r eferenced t o 

tetramethylsilane (TMS). Each sample was packed into a 4 mm o.d. zirconium rotor and 

sealed with a Kel-F endcap. The characterisation by CP/MAS NMR was carried out for 

(a) t he P VDF-phob m embrane s upport ( b) t he m olecularly imprinted pol ymer 

synthesized w ithout t he pr esence of  t he P VDF-phob s upport a nd ( c) the m olecularly 



  

imprinted pol ymer s ynthesized o n t he P VDF-phob s upport. I n cases (a) a nd ( c) t he 

sample consisted of small square pieces of membrane (ca. 3 x 3 m m) inserted into the 

rotor  and c ompletely filled w ith K Br, w hereas in (b) t he solid pol ymer (20 m g) i s 

mixed with KBr and inserted homogenously into the rotor. In the former cases (a and c), 

the de tection e xperiment w as r epeated c onsidering di fferent o rientations o f t he 

membrane inside of the rotor and reproducible results were obtained.  

The d egree o f m odification ( DM) was u sed a s a  p arameter t o e stimate/calculate t he 

amount of molecularly imprinted polymer deposited on the PVDF-phob support. It was 

calculated from the difference in weight between the final MIM and the initial support. 

The r eproducibility of DM v alues w as l ess t han 1 5%, s imilar t han pr eviously w orks. 

[38] 

 

3. Results and Discussion 

3.1. Preparation of Molecularly Imprinted Membranes (MIM) 

In o rder t o a ssess t he c orrect p reparation o f MI Ms, v arious p arameters w ere 

investigated, i.e. t he de gree o f modification ( DM), which depends on t he time o f 

polymerization u nder U V r adiation, a nd t he c oncentration o f i nitiator, a s well a s t he 

total or g lobal  m embrane c omposition. F igure 1  s hows t he d egree of m odification 

(DM) of the four monomers checked: 4-vinylpiridine (4VPY), methacrylic acid (MAA), 

acrylamide ( AAM) an d N ,N-dimethyl-2-aminoethylmethacrylate ( DMAEM) for t he 

different radiation t ime investigated. T he c oncentration o f initiator w as c onstant a nd 

equal for all the cases (see section 2.2). As it can be observed, during the first hour of 

exposition of UV radiation, especially in the first 10 minutes, the DM varies remarkably 

following a n e xponential c urve. Similar be haviour w as o btained i n t he l iterature 

[34, 39]. Nevertheless, the polymerization was studied for 24 hours and the highest DM 



  

was obtained ca. after 3 h of polymerization for all monomers. After this time a plateau 

appears and no variation of the DM with the time was observed in all cases. In the case 

of AAM, no relevant da ta were found due to experimental f ailures. The d ifferent D M 

for e ach m onomer can  b e r elated t o k inetic an d s tructural as pects related w ith t he 

copolymerization procedure between the monomer and the cross-linker, even this is not 

the objective of this work. [40, 41] It has to take into account that even though all the 

polymerizations were between monovinyl monomer and divinyl monomer (cross-linker) 

the different functional groups of each monomer can effect the polymerization reaction, 

particularly when the liner chains of the monomer are bonded with the cross-linker. 

The structural variation of the MIMs was checked by SEM and AFM. Scanning electron 

microscopy (SEM) was used to analyse the surface and the cross-section of MIMs, and 

atomic f orce m icroscopy ( AFM) w as e mployed t o e valuate t heir m ean p ore d iameter 

and their surface roughness. 

SEM s urface i mages f or t he m embranes pr epared w ith t he four m onomers: 4 -

vinylpiridine (4VPY), methacrylic acid (MAA), acrylamide (AAM) and N,N-dimethyl-

2-aminoethylmethacrylate ( DMAEM) c o-polymerized w ith e thylene g lycol 

dimethacrylate ( EDMA) a nd t he membrane o f P VDF-phob a re s howed i n figure 2.  

Depending on the type of monomer used the top layer was more or less thick. As can be 

seen, t he P VDF-phob s upport ( figure 2a ) pr esents a  po rous s tructure with a  nominal 

pore size of 0.22 µm. After the polymerization the size of the pores decreased as a result 

of the deposition of the molecularly imprinted polymers on the support surface.  In case 

of 4VPY (figure 2b), the co-polymer formed was composed by small spheres of 1 μm 

diameter a nd practically no  por es a re f ound. [42] For t he M AA c ase t he s tructure o f 

PVDF-phob r emains a lmost t he s ame a s t he s upport s urface, s o t he po lymerisation 

hardly occurs.  Finally, when AAM and DMAEM were employed (figure 2d and 2e), a 



  

polymer l ayer ove r t he pol ymeric s upport i s e ncountered. I n both c ases, t he po res o f 

PVDF-phob ( the s upport) a re t otally c overed. O n t he o ther ha nd, t he c orresponding 

cross-section images collected in f igure 3 s how that DMAEM form a  narrow layer of 

co-polymer with a 3,5 μm of width over the PVDF-phob support. The other monomers 

do not present any observable change in cross-section images and we can consider that 

the pol ymer s ynthesised w as penetrated s lightly i nto t he s upport w ith a ny v isible 

changes. 

 

3.2. Chiral separation 

The s eparation f actors o f DL-selenomethionine w ith t he blank s upport a nd with 

different molecularly imprinted membranes, which were obtained by polimerization of 

the previously mentioned monomers (i.e.: 4VPY, MAA, AAM, DMAEM), are listed in 

Table 1.  The pH of feed and s tripping solutions w as kept a t 8  in a ll t he experiments. 

When employing acrylamide (AAM) as monomer, no separation of the enantiomers was 

found. I n t he c ase o f using t he m onomers m ethacrylic a cid ( MAA) or v inylpiridine 

(4VPY) c ertain s imilar e nantioseparation f actors w ere de tected, a bout 1, 20 i n bo th 

cases. Finally, the use of N,N-dimethyl-2-aminoethylmethacrylate (DMAEM) leaded to 

the be st s eparation f actor e ncountered, 1, 37. Similar a  v alues ha s be en f ound b y 

Sueyoshi et al. [43,44] and M. Yoshikawa  et al. [ 45] for aminoacids s eparation 

although in that studies they used molecularly impreinted membranes prepared by 

polysulfone, cellulose a cetate a nd p eptides derivates. The no  s eparation o f D L-

selenomethionine when using acrylamide as a monomer for the MIM, may be attributed 

with the uncharged functional group of the AAM. The corresponding amide group can 

not exchange its proton between the selenomethionine, and the hydrogen bonds between 

both a re not  s trong enough f or t he c hiral r ecognition. [ 46]. F or t he ot her c ases, a nd 



  

comparing w ith t he l iterature, t he m onomer D MAEM w as p reviously u sed w ith t he 

objective to detect species with alcohol groups [47], and some polar templates such as 

nucleotides o r a mino a cids [48, 49, 50]. On t he or der h and, 4V PY was us ed w ith 

templates w ith c arboxylic a cid g roups, [51], a lcohols [ 52] aminoacids [ 53] a mong 

other.  A nd M AA with t emplates t hat a re a ble t o e stablish hy drogen bo nds a nd/or 

accepting protons. [ 54, 55, 56] Thus, we expected that the three monomers w ould be  

useful for the chiral separation, because our template (L-selenomethionine) is an amino 

acid with a carboxylic group, which is able to exchange a proton or to establish some 

hydrogen bonds with the corresponding monomer.  In this sense, our results for MAA, 

4VPY and DMAEM with a separation factor >1 were expected, (even we would need 

more de tailed i nvestigation t o b e a ble t o explain t he hi gher v alue o btained f or 

DMAEM). 

Concerning t hese r esults, further a nd detailed characterization of b oth t he 

enantioseparation pr ocess ( aqueous p hases, pH, c ross-linking a gent…), and t he 

polymerisation m ethod ( polymerisation c onfirmation), w as c arried o ut o nly f or M IM 

obtained from the monomer DMAEM. 

 

3.3 DMAEM-MIM characterization. 

To assure the proper preparation of the MIM, different characterization techniques were 

employed, such as ATR/FTIR, 13C CP/MAS NMR, X-ray Microanalysis and ICP-MS.  

Attenuated total reflection/Fourier transform infrared (ATR/ FTIR) was used to confirm 

the f ormation of  p olymer on  t he PVDF-phob support. T he A TR/FTIR s pectra o f t he 

molecularly imprinted membrane (MIM) co-polymerised with EDMA and DMAEM, of 

the P VDF-phob s upport a lone a nd of t he pur e EDMA a re s hown i n figure 4.  S o, t he 

spectrum a ) i s t he P VDF-phob b lank support, the spectra b)  and c ) correspond t o t he 



  

DMAEM molecularly imprinted membrane after 10 minutes and 24 h of UV radiation, 

respectively. And the spectrum c) is the spectra of pure EDMA.  

In the spectrum (a), the main band at 1200 cm-1 is the deflection vibration of C-H, C-C 

and C-F bonds. Between 1020 and 1330 cm-1 there are the bands of C-H and C-F.  [57] 

between A 505 and 880 cm-1, there are the stretching  vibration of C, H and F atoms 

[58]. 

The most significant changes in the MIM spectra, in comparison with spectrum a), are 

the band at 1730 cm-1 corresponding to the carbonyl group. This band correspond both 

ester c arbonyl of t he E DMA and DMAEM. O ther i mportant ba nds are t hose a t 1638   

cm-1 and 95 0 c m-1 that i ndicate t he p resence of un-reacted free do uble bo nds i n t he 

material. [59] These bands are of low intensity and can be attributed to the deposition of 

EDMA (not polymerised), or to the terminal groups of the polymer. The band at 1450 

cm-1, c orresponding t o –O-CH2-bending, a lso c onfirms t he p olymerization o ver t he 

PVDF-phob support. It is remarkable to observe that the spectrum c), corresponding to 

the MIM after 24 h of UV radiation, present a footprint more similar to the footprint of 

EDMA (spectrum d) than to the blank support (spectrum a). Thus, it may be stated that 

the molecularly imprinted polymer covers the major part of the surface of the support. 

In order to determine the presence of the template L-selenomethionine in the imprinted 

polymer, A TR/ F TIR w as a lso us ed. I n f igure 5 t he s pectra o f both a  m embranes 

prepared with (a) and without (b) the template are shown. The main differences when 

the L-amino acid is used as template are: a more intense and wider band at 3400-3200 

cm-1, c orresponding t o N -H s tretching v ibration ( st) ( spectrum a ), t wo ba nds a t 155 0 

and 1595 c m-1 which c orrespond t o N H3
+ symmetric ( sym) a nd C OO- (st) vibration, 

respectively [60,61] . All bands confirm the presence of the L-selenomethionine in the 

imprinted membrane.  



  

For the same purpose, in order to assure the inclusion of the template in the membrane, 

X-ray microanalysis coupled to the scanning electron microscope was used, so to check 

the presence of selenium in the membrane surface corresponding spectra are shown in 

figure 6.  T he c ommon b ands o f both s pectra correspond t o C  and O t hat c ome from 

PVDF-phob m aterial, and the Au which i s from t he sample p re-treatment. The o nly 

difference i s t he band o f s elenium t hat a ppears i n t he m embrane po lymerized i n 

presence of the template L-selenomethionine. [62] It has to be note that Se band does 

not appear regularly through the entire membrane surface. Figure 7 i llustrate the SEM 

image on which X-ray m easurement w as carried out. I t i s p ossible to distinguish 

between d ifferent z ones w here t he s elenium i s o r i s n ot p resent. I t s eems t hat 

selenomethionine is deposited easily where the polymerization is crowd. 

 

Also, the permeation w ater flux for some D MAEM-MIM in front of the pressure was 

determinated. C ertain differences w ere f ound a s a function of  the polymerization time 

as it may be seen in figure 8. The flows rates of the imprinted membranes were higher 

than the f low rate of i nitial P VDF-phob s upport. T aking i nto a ccount t hat t he i nitial 

material i s a  hy drophobic s upport, t his i ncrease is found be cause t he c o-polymer 

introduced polar groups which increase the flux of water through. [63,64] 

Further c haracterization o f t he po lymer w as c onducted. T he s tudy o f t he pol ymer b y 

high r esolution N MR was not possible due  t o t he i nsolubility of i t i n c ommon NMR 

solvents. For this reason a preliminary study of the polymer synthesized with DMAEM 

as a monomer, as a solid sample, by 13C CP/MAS NMR was carried out. Figure 9 shows 

the 13C CP/MAS N MR s pectra of ( a) t he PVDF-phob s upport, ( b) t he polymer 

synthesized without the presence of the support, and (c) the polymer synthesized on the 

PVDF-phob support. A ll the spectra w ere recorded at 298 K, at a  spinning r ate of  1 2 



  

kHz and accumulated overnight. It may be observed that the spectrum of the latter (c) 

corresponds to the sum of (a) and (b), confirming the deposition of the polymer on the 

PVDF-phob support. There is no detectable chemical shift difference or change in line 

shape between the pure polymer and the polymer deposited on the support. In general, 

the resolution of the carbon polymer signals is quite poor, even though the samples were 

spun at 12 kHz and in a 400 MHz spectrometer. The low field signal at 177 ppm arises 

from the carbonyl carbons of the s ample. H igh field s ignals ( from 61 t o 17 ppm ) are 

poorly r esolved, making d ifficult their assignment. However i t could b e a ssigned t o –

CH3 groups. [65] The assignment of the carbons of the PVDF-phob support is shown in 

figure 9.  

 

The pr oper r emoval o f t he t emplate, be fore us ing t he M IMs, was c onfirmed by 

inductively coupled plasma mass spectroscopy (ICP-MS). 

Simultaneously the analysis of the water solutions used for the template removal permit 

the quantification of L-selenomethionine in terms of mg·cm-2 in the membrane surface.  

Membranes with d ifferent degree of  modification (DM) were compared by us ing 0,01 

of L -selenomethionine i n a ll c ases. F igure 10 s hows t he i nfluence o f t he D M o n t he 

amount of  L -SeMet r ecovered. A s it w as ex pected, w hen t he D M i ncreases f rom 3 65 

μg·cm-2 to almost 1000 μg·cm-2 the amount of template r emoved a lso increases, f rom 

0,005 m g·cm-2 of unt il 0, 01 m g·cm-2 L-Selenomethionine. S o, i n t he c ase o f 

approximately 3 hours of polimeritzation time, the amount of L-selenomethionine is ca. 

0,2 m g, i n m embranes w ith 1 7,35 cm2 of  surface. This p roves that t he a mount o f L-

selenomethionine imprinted corresponds to the 80 % of the initial amount. Therefore, it 

should be c onsidered to use a  lower L -selenomethionine a mount t o c arry out t he 

polymerization. 



  

 

3.4 Enantioselective transport across DMAEM-MIM. 

3.4.1. Effect of pH of the aqueous phases. 

Three pH values 5, 6 and 8 were studied. All chemical forms of selenomethionine may 

be found within this pH range. At pH 5 selenomethionine is positively changed (amino 

group pr otonated, pK a =  9, 65); at p H 6 i t i s n eutral i n b alance ( zwitterionic f orm, 

isoelectric po int, pI =  5,99); a nd a t p H 8  i t i s negatively c hanged ( deprotonated 

carboxylic group, pKa = 2,26). In the figure 11 the alpha factor values in front of the pH 

of the feed and the stripping phases are represented. At pH 5 practically no separation is 

found. On the other hand, at pH 6 and 8 the alpha factor is 1,75 and 1,35 respectively.  

Taking i nto account t hat t he t ertiary a mine o f D MAEM i s a n i mportant n ucleophylic 

group, t he m ain u se of  t his m onomer i s t o r ecognize a cid t emplates o r e lectrophylic 

groups. T hus, we c ould e xplain t he ba d e nantiomeric s eparation a t p H 5  be cause t he 

amine group of the amino acid is protonated as well as the tertiary amine of DMAEM. 

In c onsequence, a ll t he f unctional gr oups ha ve e lectrophyl b ehaviour ( even t he 

carboxylic acid) so the possible interactions a s hydrogen bonds or ionic bonds do not 

take place. The best enantioseparation was obtained at pH 6. A possible explanation for 

that may be related to the interaction between the carboxylate group of the amino acid 

and the protonated tertiary amine of DMAEM making an ionic bond, which is related to 

the zwitterionic structure of the aa at such pH. The decrease of the enantioseparation at 

pH 8  can  b e r elated t o t he decrease o f t he pr otonated a mine f orm, be coming 

nucleophylic groups. 

In figure 12, the selenomethionine re-extraction is shown, during 72 hours at pH 6. The 

transport by  di ffusion a chieves t he e quilibrium a fter 2 4 ho urs a nd t he D-

selenomethionine i s t he enantiomer that moves more q uickly a cross the membrane. I t 



  

means that the imprinted membrane is able to keep the L-enantiomer into the polymer 

structure a nd allows the t ransport of D-selenomethionine w ith a  higher r ate, in such 

conditions. 

 

3.5.2. Effect of monomer and cross-linker concentration 

With the aim to evaluate the effect of the monomer and cross-linker concentrations in 

the s eparation of the DL-selenomethionine, the concentration of them was changed to 

prepare the imprinted membranes. As shown in table 2, the concentration of monomer 

was varied from 0.01 to 0,135 M, while the cross-linker concentration was varied from 

0,05 to 0,3 M. The flux (μmols·h-1·cm-2) at  24 h as well as the separation factor were 

calculated. H igher f luxes w ere obtained w hen the concentration of one or both of the 

components (cross-linker and monomer) was increased. Only when both concentrations 

were l ow, t he fluxes o f both e nantiomers d ecreased, i n c ertain ca ses, m ore t han t wo 

orders of magnitude. This behaviour agrees with the water fluxes previously presented 

in figure 8:  w hen t he c o-polymer c oncentration/amount i ncreases, t he flows i ncreases 

due to the major presence of the hydrophilic groups. 

The f luxes are defined as the decrease of matter of f eed solution with time, t , and for 

unit area, A. In other words, it corresponds to the extraction’s rate of the analytes from 

feed pha se t o m embrane phase. A s can be s een i n t able 2, the e xtraction of the 

enantiomers t akes pl ace w ithout a ny s eparation be cause t he di fference be tween t he 

enaniomers’s f luxes i s ve ry little. A s a foresaid, t he pr ocess o f e nantioseparation i s 

produced in the re-extraction step, when the L-selenomethionine is kept retained by and 

in the polymeric structure.  

An i mportant t hing t o n ote i s t hat, when t he f luxes i ncrease, t he s eparation o f t he 

enantiomers decreases. [ 66] In this way, higher alpha factors where obtained when the 



  

fluxes o f t he en atiomers w ere less t han 10-5 μmols·h-1·cm-2. T he p roblem i s t hat t he 

amount of the analytes transported is very small and the time required is too large. 

Finally, t he v ariation o f t he t emplate, L -selenomethionine, f rom 0, 01 t o 0, 001 m g, 

during t he p reparation o f t he i mprinted p olymer d id n ot a ffect s ignificantly the 

separation f actor. I t i s d ue t o t he f act t hat t he L -selenomethionine c oncentration i s i n 

excess, as explained in section 3.3, figure 10.      

 

4. Conclusions 

Molecularly imprinted m embranes (MIM) w ere s ynthesized f or t he f irst t ime, f or t he 

chiral s eparation o f t he D L-selenomethione. T he us e o f c onventional t echniques a s 

Scanning E lectron Microscopy with X -Ray m icroanalysis ( SEM) or Attenuated T otal 

Reflection/Fourier T ransform I nfraRed (A TR/ F TIR) allowed u s t o g uarantee t he 

presence of the polymer over the PVDF-phob support membrane. For the f irst t ime in 

MIM ch aracterization, a  preliminary s tudy by 13C C P/MAS N MR of  the polymer 

synthesized with DMAEM as a monomer was carried out, allowing the detection of the 

co-polymer over t he P FDV-phob s upport. T his i s a n i nteresting t echnique f or 

membranes c haracterization t hat w ould ha ve t o be  s tudied i n depth e specially f or t he 

non soluble materials.   

In t erms o f s electivity, t he us e o f 100 m M of DMAEM a s a  m onomer a nd 0 ,3 M o f 

EDMA as a cross-linker in a water solution of pH 6 were the best conditions to obtain 

the highest chiral separation. The amount of the template L-selenomethionine necessary 

to prepare the imprinted membranes was 0,2 mg·cm2. 

Although t he m olecularly i mprinted m embranes ( MIM) i s a  y oung d iscipline i n 

comparison of the molecularly imprinted polymers (MIP), the increase of contributions 

in that f iled in the last decade are helping the evolution of MIM process. Little works 



  

are f ocused i n c hiral s eparation, b ut t he po ssibility t o s eparate t he e nantiomers by  

membrane t echnology i s a ble t o b ecome a ttractive, a nd t he i nvestigation h as t o be 

continued. 
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Figures 

 

 
 

Figure 1. Degree of modification (DM) for the four monomers used: 4-vinylpiridine 
(4VPY), methacrylic acid (MAA), acrylamide (AAM) and N,N-dimethyl-2-

aminoethylmethacrylate (DMAEM). 
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Figure 2. SEM surface images prepared with the monomers and co-polymerized with 
ethylene glycol dimethacrylate (EDMA): a) PVDF blank membrane b) 4-vinylpiridine 

(4VPY); c) methacrylic acid (MAA); d) acrylamide (AAM); e) N,N-dimethyl-2-
aminoethylmethacrylate (DMAEM). 
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Figure 3. SEM cross-section images prepared with the monomers and co-polymerized 

with ethylene glycol dimethacrylate (EDMA): a) PVDF blank membrane b) 4-
vinylpiridine (4VPY); c) methacrylic acid (MAA); d) acrylamide (AAM); e) N,N-

dimethyl-2-aminoethylmethacrylate (DMAEM). 
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Figure 4. The spectra of the molecularly imprinted membranes (MIM) co-polymerised 
with EDMA and DMAEM at different times of radiation and PVDF-phob membrane 

without modification. 
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Figure 5. The spectra of a membrane prepared with the presence of the template 

(spectra a) and without the presence of this (spectra b). 
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Figure 6. a) The spectra obtained by X-Ray microanalysis coupled to the scanning 
electron microscope. a) Membrane without Selenomethionine; b) Membrane with 

selenomethionine. 
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Figure 7. The SEM image where the X-ray was taken. It is mark the zones where the 
selenium was detected and in which no. 
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Figure 8. DMAEM-MIM water flow (l/h-1·m-2) thought the imprinted membrane at 
different pressures. 
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Figure 9. 13C CP/MAS NMR of (a) the PVDF membrane, (b) the DMAEM polymer 
and (c) the DMAEM polymer deposited on the PVDF membrane; acquired at 12 kHz 

spinning rate and at 298 K. 
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Figure 10. Relation between the DM and the amount of L-SeMet removed (mg·cm-2). 
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Figure 11. Separation factor (α) obtained in front of the pH using DAEM membrane. 
 

 
 

 
 
 
Figure 12. Re-extraction of L and D. Conditions: feed and stripping phases buffered at 

pH 6 and using DMAEM as a monomer. 
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Tables 
 
Table 1 
 

Monòmer αD/L membrana d’impressió αD/L membrana blanc 
DMAEM 1,37 ± 0,09 1,06 ± 0,02 

MAA 1,20 ± 0,06 1,03 ± 0,01 
4-VYP 1,18 ± 0,05 0,97 ± 0,05 
AAM Sense separació quiral 

 
 
 
 
Table 2 
 

EDMA (M) DAEM (M) JL (μmols·h-1·cm-2) · 10-3 JD (μmols·h-1·cm-2) · 10-3 
0,0500 0,0200 0,0780 0,0360 
0,0500 0,0200 0,235 0,0680 
0,300 0,0200 0,589 0,517 
0,275 0,135 0,853 0,889 
0,0500 0,0100 2,59 2,43 
0,0500 0,0100 2,98 2,73 
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