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FOREWORD

To illustrate the reconstruction in our way of thinking, Arup SenGupte-edi-
tor-in-chief of the Reactive and Functional Polymers Journal — hed te old
Kashmiri proverb We have not inherited the world from our forefathers, we have
borrowed it from our childreh[A. SenGupta, Two continents of our environment,
Trans IChemE, 80, Part B, 2002, 175]. Hence today, nobody should be surprised with
a growing challenge to balance same efforts connected with pootextenviron-
ment to improve human life. To better understand how these effortdificelt to
manage, one recalls plenty of idiomatic phrases to be introduced ®® tharchal-
lenge. It is possible to enumerate here such terms as: PolRresdrvation, Green
Chemistry, Clean Technologies, Industrial Ecology or more phrasaliptesns: En-
vironment Friendly Techniques and Sustainable Development. In his catsider
SenGupta suggested to split of our world onto two categories: devetopetties
that should play a role of the knowledge donors and developing countriedtthat
the achievements of the first group. Finally, he admitted that egehaf knowledge
has still positive function. Itdenerates new ideas and creates partnership toward
meaningful solutioris Is anyone against such point of view?

Similar impressions come after careful reading the masedahnected to the
seven thematic areas of the European 6 Frame Program. Thay fows: 1. Ge-
nomics and biotechnology for health, 2. Information Society technologies, 3.
Nanotechnologies and new production processes, 4. Areonautic and space, 5. Food
safety and health risks, 6. Sustainable development and global cha@deens and
governance in the knowledge-based society. As the membrane engieess point
at five of the seven European Research Area priorities thatekated to membranes
and membrane based processes. The use of membranes in biotechnolally is w
documented for the last years. Moreover, the application of membrawesiéor
medical purposes is not only connected to hemodialysis now. Developmsuntiof
artificial organs as liver, lung, pancreas or devices thatsel medicines in the con-
trolled way are now being on the top of interest for many companiedu®ion of
chiral medicines is also depended on new membranes. Membranes pisgehgal
role in the development of new analytical assays. In the thirditgridirectly con-
nected to nanoscale architecture and machinery, membranes atbealgersatile
bodies. They act as some separating elements, contactors, nansyeaess—sensi-
tive bodies or catalyst carriers. At the first glance, tehf priority should not be
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related to membrane. However, the development of new technologiealltvatto
survive in the space (water regeneration, oxygen recycle angyesering) is based
on the membrane techniques. The fifth priority is also related tostn@f membrane
processes. Desalination of water or wastewater treatmentdharntwo branches of
modern membranology that have to be developed intensively in the tnkdues.
Shortage of potable water, desertification of land, contamination fafceuwwater are
the reasons of growing death rate. Today, it is estimated thatthemm 10 thousands
people die everyday due to the water problems. It is also toldvdtat will be the
strategic material in this century. The sixth priority conce@mmsustainable develop-
ment. Here membranes can be used to prepare fuel-cells, inmgaychases and in
separation of valuable gaseous components, in removal of carbon dioxidéh&rom
exhausted gases (reduction of greenhouse effect), in production of wpeacies by
means of bioreactors, and so on.

Some membrane authorities state that membrane technologiedldreits in-
fancy stage and they will be developed. Enrico Drioli, fonder and foRmesident of
the European Membrane Society, concludes each one presentation withothiead
two sentencesMembrane science and engineering have made huge progresses in the
last years. They are expected to play an increasingly important roteeifutor for
various industrial sectors” “Despite its success and undoubtedly great potential,
membrane technology is still quite far from fulfilling all expectatiohis role in the
intensification of a large variety of processes”

Taking in mind these conclusions one can merge them with the SenGupta’s idea of
two categories of countries. When membranes are still in imdéygfstage, it seems
impossible to specify the developed and the developing countries. Fitiedlyex-
change of the knowledge takes place on the equal opportunity mode anditiba pos
of teachers and students is fully interchangeabile.

Taking the above into account we have prepared the Hogdtt of membrane
technology to human life’ that illustrates versatility of membrane application to our
daily activity. To keep the book more concise we have seleateduthors’ contribu-
tions to the following thematic groups: medical application (chapter 1, 2ea@)ntent
of gases and vapors (chapter 4, 5, 6), membrane bioreactors (chapt8y, m&m-
brane modification and properties (chapter 10, 11, 12, 13) and wastewateretre
(chapter 14, 15). We hope our selection allows better recognize patiestied some
membrane applications.

Marek Bryjak
Matgorzata Kabsch-Korbutowicz,
Katarzyna Majewska-Nowak
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APPLICATION OF POLYSULFONE
AND POLYETERESULFONE MEMBRANES IN DRY TESTS

The results of the studies on the reproducibilityly tests containing semi-permeable polysul-
fone and polyeteresulfone membranes are presdnteds found that the semi-permeable membrane
deposited on a test field enables to carry ounafysis of samples containing suspensions of variou
origin. The application of chromatographic typetsegermits also the analysis in the presence of
dyes. It was found that it is more favorable to mmmbranes made from polyeteresulfones, due to
the shorter permeation time of solutions throughrttembrane and test field.

1. INTRODUCTION

Fast analytical methods are the field of analytiesg constantly developed. This
concerns both kit type tests, ion-selective elelgso as well as dry tests. The develop-
ment of dry tests even caused the formation ofpara¢e name, dry chemistry, for this
field of analytical chemistry. Fast analytical madb have some common features: low
unit costs of analysis, short time of carrying the analysis and possibility of carrying
out the analysis outside the laboratory. Fast éinalynethods had until now consider-
able limitations: they could not separate dyesngjiintensive colors and suspensions
masking the reactions. Tests for the analysis aflevblood were the only exemption
here, for which a number of solutions is known dinglthe separation of erythrocytes
on the surface of the tests [1]-[5]. In our to datsearches we dealt with the develop-
ment of membranes on a cellulose support enalfiegséparation of various suspen-
sions, especially of suspensions in fruit and vegetalieg [6] and erythrocytes in tests
for whole blood [7]. Polysulfones and polyeteresnéfs were used for the preparation of

* Institute of Biocybernetics and Biomedical Engeniag PAS, ul. Trojdena 4, 02-109 Warszawa,
Poland. E-mailachwoj@ibib.waw.pl
** National Institute of Food and Nutrition, ul. Rsinska 61/63, 02-903 Warszawa, Poland.
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these semi-permeable membranes. These polymessi@essfully used for the obtain-
ing of semi-permeable capillary membranes [8], [e to the easiness in casting of
membranes by the phase inversion method and higimichl resistance, polysulfones
and polyetheresulfones are a very good startingenmahtfor the obtaining of semi-
permeable membranes for the dry tests preparatiith. these semi-permeable mem-
branes obtained by us, we developed tests for tieendieation of vitamin C and for the
determination of selected anions and cations ire@gs solutions containing suspen-
sions and dyes giving intensive colors. The purpdghis work was the estimation of
the action of dry tests under real conditions and casgraof the action of polysulfonic
and polyetheresulfonic membranes in dry tests.

2. EXPERIMENTAL

2.1. MATERIALS

Polymeric membranes on a cellulose support were obtained as de<aitier
[8]. Blotting papers saturated by non solvent (ethanol) were coverd@-2% pm
membrane forming layer containing polymer solution and pore formingieilin
polymer solvent. For membrane coagulation water was used. Aledty were ob-
tained in our laboratory as described previously [9]. The test fadldisy test were
saturated by reagent mixtures in room temperature and dried suitablyperature
between 60C to110, fix on carrier and cut on test strips. All the reactantsinsthe
work were from one of the three companies: POCh, Fluka or Aldrrciit. jBices and
pulps used for analysis were from fruit juices and preservésrie€ and were ob-
tained directly after their production. Wastewaters for anaklysie collected from
three wastewater purification plants directly from the drain suppkhe wastewaters
and transferred to the laboratory. Immediately before analysisatimples were ex-
actly mixed, and after mixing dosed onto the test field.

2.2. DETERMINATION OF PERMEATION TIMES

The determination of permeation time was carried out by meanspscally de-
signed device that operated on an electric conductance basis. fRemefrthe aque-
ous solution through the membrane caused the appearance of a contaen heéve
two separated parallel electrodes, thus sound and light signaist@ated. This cor-
responds to the time after which the amount of the aqueous solutiorheviéimalyte
permeating through a semi-permeable membrane is sufficientcforect coloring of
the test. The method was described previously in detail [10].

2.3. PERFORMING OF INSTRUMENTAL ANALYSIS

Ascorbic acid was determined by means of HPLC [11]. The metais deter-
mined as follows. A well mixed sample containing precipitates avieesl at 100°C,



Application of polysulfone and polyeteresulfone im@mes in dry tests 9

then burned and the remaining ash was mineralized in a standard heayickel
content was determined gravimetrically by the dithizone method hanother metals
were determined colorimetrically by typical methods. A HitddBD10 spectropho-
tometer was used for the measurements.

2.4. PERFORMING OF ANALYSIS BY MEANS OF DRY TESTS

The determinations by means of a test with a semi-permeabibnaiee were car-
ried out as follows. Two drops of the studied solution were deposited futiegt
field by means of a disposable polyethylene Pasteur-type pipeteftan®0 seconds
the result of measurement was read by comparison with a coler $t& read-out
was carried out through the transparent support from the opposite aidin¢hdepos-
ited sample (Fig. 1).

Fig. 1.Idea of performing a test with a deposited semixgaible membrane.
The test is shown when the sample is depositedirfiage) and ready for reading (bottom image).
1) solution with suspension; 2) semi-permeable nmiandy 3) test field, 4) transparent support,
5) deposited suspension, 6) dyed test field

o
a 2 - ‘
[aa] Ed

Fig. 2. Chromatographic type of test: top view and view (below).
1) semi-permeable membrane, 2) reagent regiores8field, 4) support,
5) colored sample studied, 6) water or developoigt®n

The determination by means of a chromatographic type test waedoaut as fol-

lows. Two drops of the studied solution containing a suspension and dyes were depos-

ited where mark “A” is placed (Fig. 2). After 60 seconds one dropefieveloping
solution was deposited exactly onto the mark “B”, and after the nes¢&thds still
one more drop of the solution was deposited onto the same place, aftextrz0
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seconds still one more drop of the solution was deposited onto the sameAstar
4.5 minutes the result was read by comparison of the coloring of dgenteregion
with a color scale.

2.4. MICROSCOPIC PICTURES OF THE MEMBRANES

Microphotographs of the membranes were taken on a Hitachi S-3500Nrgcanni
electron microscope at the Faculty of Material Engineering afséiv University of
Technology. Magnifications were performed at pressures of 25, 40 and @0 Pa
a voltage of 20 kV. This is a so-called biological microscope,amtiring the depos-
iting of samples with a conductor, e.g., graphite or gold. This convenieoaever,
results in a poorer sharpness of the images.

3. RESULTS AND DISCUSSION

During the studies on the usefulness of polysulfand polyetheresulfone mem-
branes we found a very interesting regularity. Tembranes made of polyetheresul-
fones in comparison with those of polysulfones sbabwhorter filtration times. These
differences were very essential. The observed teyddid not depend on the mode of
membrane preparation or on their composition. Tibtues taken on a scanning elec-
tron microscope did not show differences in thecttrre of membranes (Figs. 3 and 4).

When comparing by pairs the membranes made froanti@o$ of the same concen-
tration of the membrane-forming polymer, in the easulvent of the same composition
of the pore precursors, and obtained under the gapesition conditions (temperature,
transport rate, the same degree of support samyainto a cellulose support, always
the same tendency was obtained. The polyetherestlfoembranes showed permea-
tion times shorter by 15-30% than that of polysuifcones. This concerned both aque-
ous solutions of salts, fruit juices as well asggi containing suspensions.

This regularity has not been confirmed only formpeation times of plasma from
whole blood. However, no effect of the polymer ba analytical properties of the tests
was found. The observed effect is most probablyeoted with the lower hydrophobil-
ity (based on moisten angle polymer-water) of piblgeesulfones in comparison with
that of polysulfones. The results obtained suggest thide@tical separation parameters,
when the separation time is the only differencés ihore favorable to use membranes
made of polyetheresulfones on a cellulose supgatraaterial for test fields.

As was found eatrlier, both types of tests enaldafficient accuracy in concentra-
tion determination in the studied suspensions ahdisns. In this work we checked the
reproducibility of the performance of tests in Hmalysis of real solutions, i.e. in analy-
sis for which these tests are to be used. Thetseassintended for rapid estimation of
concentrations with the use of a color scale fadfeut. For reproducibility estimation,
50 determinations with each test were carried dhe result of analysis for a given
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analyte in a respective matrix carried out by dta$snethods was assumed as a com-
parative value. An experienced experimenter catindisish without any problems the
concentrations corresponding to the half of conmatiohs between subsequent points.
Therefore, we undertook the following qualificatiohthe read-out. A correct read-out
is such a one for which the discoloring of the fiedtl differs less than half the distance
between the subsequent points of the scale. A &mver increased result is such a one
in which the discoloring of the test field diffdog more than half interval of the scale,
but less than one interval of the scale. A dedigiweong result was when the read-out
differed by one or more intervals on the scale. abeepted mode of read-out results
from the greatest possible accuracy of readingeditg by means of a color scale.

B

Fig. 3. Microphotograph of the external layer af thembrane (skin).
A) a polysulfonic membrane, B) a polyetheresulfaniembrane. Magnificatior 2.5 k
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Fig. 4. Microphotograph of the internal layer oé ttnembrane from the chromatographic paper side,
after dissolution of cellulose. Visible traces eflalose fibers. A) a polysulfonic membrane,
B) a polyetheresulfonic membrane. Magnificatio8.5 k

The results of determinations preformed for fruit pulps without intendiyes,
which are not separated by the membranes applied, are presentéteid.Tia total,
350 determinations of 7 different fruit pulps were carried out. Therdiftiation in
the determinations of apple pulps (entries 6 and 7) consisted in stfidies differ-
ent kinds of apples. A very good correlation of the results was foondthe studies
carried out. In the worst case (white grapes), only 6% of ansveres different than
expected. In this entire series of studies, for all the pulps there at an average
97.1% of results in agreement with those expected. Considerable errstiute
only 0.6%.
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Table 1 Results of reproducibility studies of tests witheai-permeable polysulfone membrane
for the determination of ascorbic acid in fruit psilof fresh fruits

No. Fruit pulp Ascorbic acid  Correct | Decreased Increased | Definitely
content, read-out | read-out| read-out | erroneous
mg/100 cm read-out
1 Tomatoes 16.73 50 — — —
2 Raspberries 30.87 48 - 2 -
3 Strawberries 65.14 49 1 - -
4 White currant 39.63 49 - - 1
5 White grapes 5.12 47 1 2 -
6 Apples | 4,98 49 - 1
7 Apples Il 5.06 48 1 - 1
Total 340 3 5 2

Slightly worse results were obtained for determinations camigdy means of
chromatographic type tests. This was as expected, since thchisdally more diffi-
cult and the way of development must generate greater erralpte(Z). In this case
most of the errors, right up to 10%, were achieved when determining pulps from black
currents. However, 8% were decreased results. For the wholg skedeterminations
in four pulps 92% of answers were as expected. This should be acceptedrpgs-
ingly good result, especially since there was only 1% of large errors.

The third series of measurements consisted in the determinatiore obns of
various metals in wastewaters containing suspensions (Table 3chblee of the
determined ions was resulted only by what is present in the watstavor sewages.
Certainly, contrary to determinations in fruit pulps, to the samgsorement, series
of 5 different tests predicted for the determination of respewive were used. The
best correlation was obtained for cobalt and copper ions (98% concordahee). T
results were slightly worse for the other ions. For all therdwtations 96% of re-
sponses were achieved as expected.

Table 2 Results of reproducibility studies of chromatodriagests with a semi-permeable
polyethersulfone membrane for the determinatioasabrbic acid in fruit pulps
from fresh fruits containing an intensive dye

No. Fruit pulp Ascorbic acid Correct | Decreased Increased | Definitely
content, read-out | read-out| read-out erroneous
mg/100 cm read-out
1 Black current 44.96 45 4 1 -
2 Bilberry 14.28 47 1 1 1
3 Chokeberry 8.11 46 2 2 -
4 Sour cherry 11.54 46 0 3 1
Total 184 7 7 2
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Table 3. Results of reproducibility studies of sestth a semi-permeable polyethersulfone membrane f
the determination of ions in wastewaters contairsimgpensions

No. lon Concentration, Correct | Decreased Increased | Definitely
mg/dn? read-out | read-out| read-out erroneous
read-out
1 Nickel 11.7 48 1 1 —
2 Copper 25.8 49 1 — —
3 Cobalt 17.8 49 - 1 -
4 Chromates 30.6 47 1 1 1
5 Iron 1| 54.9 47 — 2 1
Total 240 3 5 2

The fourth series of measurements consisted in the determinaoiomg of dif-
ferent metals (Table 4) in sewages containing dyes and suspehgiansans of
chromatographic type tests. The choice of ion determination wasimgsak before,
only by the wastewater content and therefore involved only the Sames, but at
different concentrations than previously. The general results, astedpare slightly
worse than in the case of the third series. However, the agreeiitie the expected
value reached 93.6%. The determination of copper ions was the best (88%coi-
dance), and that of iron Il the worst (90.5% of concordance). What iSmapoytant,
in this measurement series no considerable errors were found.

The results obtained permitted to state that the reproducibilitgsté in which
semi-permeable membranes were used is very good. These wesgelthe equivalent
to those obtained for tests commercially available and developkésr &g us classi-
cal tests for the determination of anions and cations in clear agaelti®ns. The
results of analysis obtained with dry tests are of course rextaas as those of classi-
cal analysis. When the matrix contains only suspensions, then thetisgparathe
semi-permeable membrane is absolutely sufficient for theiovahand the result of
analysis if very quick.

Table 4. Results of reproducibility studies of ahedographic tests with a semi-permeable
polysulfone membrane for ions in sewages contaisirgpensions and intensive dyes

No. lon Concentration, Correct Decreased | Increased| Definitely
mg/dn? read-out read-out | read-out | erroneous
read-out
1 Nickel 27.4 47 1 2 —
2 Copper 15.7 49 — 1 —
3 Cobalt 19.9 47 1 2 -
4 Chromates 16.8 46 3 1 -
5 Iron Il 42.2 45 2 3 -
Total 234 7 9 -
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The detection threshold in tests with a semi-pebheemembrane is the same as in
classical tests — usually 5 mgfjrand in several cases (e.g., Ni Il, Fe Il) — 2dng/ In
the case of chromatographic type tests which demded for matrices containing dyes
or matrices and suspensions it is also possibbarty out analysis directly of the sam-
ple studied. However, the detection threshold for theste ts somewhat worse than that
for classical tests and is usually 8+12 mgidamd in the case of several ions (Ni Il, Fe
II) and ascorbic acid — 5+7 mg/dnThe read-out time is also longer, which is corggct
with the development of the chromatogram on thé tdswever, the most essential
feature of both tests is that they permit to carrythe analysis without any preliminary
processing of the sample studied. The analysideagrerformed in the place of sample
collection, without the necessity of transportiagtlaboratory.

The application of a semi-permeable membrane permitted to segasgensions
in such different matrices like wastewaters or fruit pulpss phoves the high versa-
tility of this solution. The membranes do not decrease the basimgi@rms of the test,
such as detectability threshold or distinguishability between thespofnthe color
scale. They only prolong the analysis time from 30-45 seconds foicalagsts to
60 seconds for tests with a membrane and to 4.5 minutes for chromatodyguehi
tests. This is caused by the mode of action of the tests, and npplging a semi-
permeable membrane. However, this time prolongation is of no imporitarooen-
parison with the saving of time and costs due to the possibilitypafidoning the
preliminary processing of the samples analyzed.

4. CONCLUSIONS

The test field material formed due to the deposition of a semigadyle mem-
brane made of polysulfone or polyetheresulfones may be applied for theiraptat
test fields of dry tests. The presence of the membrane on tleeinds no essential
effect on the reproducibility of tests. Such tests can find apigiicanywhere, where
there is a necessity of carrying out fast, approximate anatysigtrices comprising
masking suspensions or suspensions and dyes. Due to the charactaeststhaven
persons without professional qualifications can use them.

The shorter permeation time through the polyethersulfone membranas -
son with that of polysulfonic ones causes that at identical sepa@nditions, when
the separation time is the only difference, it is more favortiblése membranes on
a cellulose surface made of polyeteresulfones as a material for st fiel
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VICTOR KOCHKODAN?*, NIDAL HILAL**,
VLADISLAV GONCHARUK*

COMPOSITE IMPRINTED MEMBRANES LIKE SYNTHETIC
RECEPTOR SYSTEMS FOR BIOLOGICALLY
ACTIVE COMPOUNDS

Molecularly imprinted membranes for selective reteing of adenosine 3:5-cyclic monophos-
phate (cCAMP) were prepared through photoinitiatempotymerization of dimethylaminoethyl
metacrylate as a functional monomer and trimethylpane thrimethacrylate as a crosslinker in the
presence of cCAMP as template using polyvilidenftenmicrofiltration membranes as porous support.
The separation and recognizing properties of mengsrabtained were studied. It was concluded
that the ability of imprinted membranes to seladtivbinding of cCAMP is a result of both specific
shape and dimension of recognizing site as we#ipeific interactions between functional groups
responsible for selective template binding insielgeptor site. Atomic force microscopy and scanning
electron microscopy were used to visualise surfacescross-sections of imprinted membranes and
to determine their main structural and morphologieaameters such as pore size, thickness of selec-
tive imprinted layer and surface roughness.

1. INTRODUCTION

Molecular recognition is crucial for living systemehere biological receptors, such
as antibodies and enzymes play decisive rolesolodical activities. Due to the limita-
tions of biological receptors, i.e. poor stabilityharsh environments, the lack of suit-
able receptors for many practically important commts, their low stability and/or

* Institute of Colloid and Water Chemistry of Natal Academy of Science of Ukraine, Vernadskii
Pr. 42, 03142 Kyiv, Ukraine. Tel.: 38 044 424 75fk; 38 044 423 82 24;
e-mait vkochkodan@hotmail.com
** Centre for Clean Water Technologies, School de@ical, Environmental and Mining Engineer-
ing, University of Nottingham, University Park, Niogham NG7 2RD, UK. Tel.: + 44 (0)115 9514168;
fax: +44 (0)115 9514115; e-mail: nidal.hilal@notiiram.ac.uk
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a high cost, the development of synthetic molectdaognition systems able to mimic
the biological molecular recognition has drawn ac#l attention [1]. Recently it has
been shown that molecularly imprinted polymers (8jllraving a specific synthetic
receptor structure are an attractive option fos thirpose [2], [3]. The preparation of
MIPs usually includes copolymerisation of functibaad cross-linker monomer in the
presence of a template molecule. Subsequent rerabtia template molecules leaves
behind receptor sites, which are complementarggdagmplate because of shape and the
position of the functional groups. In this way aleeolar memory is introduced into the
polymer, which becomes capable of selectively dihimthe template molecule.

The polymeric nature of MIPs results in several advantagesaugral biological
receptors. For instance, the physical and chemical resistand¢d’sfpermit their
sterilization and use in harsh environments.

It has been shown in the last decade that membranes prepared byofa@ase
inversion technique in the presence of a template molecule possess motsngai-
tion properties [4]-[6]. Surface modification by grafting in the pmeseof a template
can be also used for synthesis of MIP membranes [7], [8].

Recently, it has been reported that composite thin layer MIP ragedbrcan be
prepared using a-cleavage photoinitiator for initiation of copolymerisation reaction
in monomer mixture [9]. In the present work this approach has been upeshtoe
composite imprinted membranes capable of selective recogniziageoiosine 3:5-
cyclomonophosphate (CAMP).

cAMP is one of the most important “second messeafigacting as an intracellular
regulator, which is also involved in regulating reaal, glandular, cardiovascular, immune
and other functions [10]. Biological recognitioements, such as antibodies, are typically
used to specifically bind cAMP. This is an expeagivocedure, which requires special
handling. Therefore artificial synthetic systemsdAMP recognition are highly desirable.

To gain better understanding in the analysis of MIP layer deposited on megjbrane
atomic force microscopy (AFMgnd scanning force microscopy (SEM) were used in
this work to visualise surfaces and cross sections of MIP membranes.

2. MATERIALS AND METHODS

Polyvinylidene fluoride (PVDF) microfiltration membranes of thieks 125 um
(Durapore, Millipore) were used in this study as porous support for digposit
polymer layer imprinted with CAMP.

Benzoin ethyl ether (BEE), trimethylopropane trimethacrylatelNRdimethyl-
aminoethylmethacrylate (DMAEM) and adenosine 3':5-cyclic monophosphate
(cAMP) were obtained from Sigma-Aldrich. The inhibitor was rendofi®m the
monomers by passing them through a column of aluminium oxide (activadéx] ba
Brockmann, Sigma-Aldrich) immediately before use.
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To produce the imprinted polymer layer on the surface of PVDF merdrtéhe
samples were coated with photoinitiator by soaking in 0.25 M BEE thamel and
the membranes were dried at 40 °C. Thereafter they were istn@rsolution con-
taining 6 mM of cAMP, 50 mM or varied concentrations of DMAEM daractional
monomer and 200 mM or varied concentrations of TRIM as a crossiimketha-
nol/water mixture (70:30 vol. %). Samples were ultraviolet (Uxgdiated with a B-
100 lamp (Ultra-Violet Products Ltd) of relative radiation intgnsft21.7 mW/crhat
a wavelength of 355 nm. MIP membranes with different degrees offioatidin
(DM) were obtained by varying the time of UV exposure (polymerisation time).

After polymerisation, membranes were extracted with an ethanet/salution
for at least 4 hours and washed with distilled water to remove madted polymer,
monomer, residual initiator and the template. The efficiency ofptisedure was
checked by filtration of distilled water through selected samples andinegahe UV
absorbance of the filtrate. The absorbance was less than 0.005 at 258 nm.

Degree of modification (DM) was calculated from the differeircaveight be-
tween the modified membrane with deposited MIP layer and thel imgabrane
sample. The variation in DM was less then 1®%x comparison blank membranes,
without using the template, were prepared using the same procedure.

Binding of cAMP with MIP membranes was evaluated by measun@gtisorp-
tion of cAMP from aqueous solution during filtration tests. 5 M solution of
cAMP in water was filtered through the membranes at a rat® oofi/min using
a syringe connected to a 25-mm filter-holder (Swinnex, Milliporel)\Aspectropho-
tometer DMS 80/90 (Varian Techtron, Australia) was used for quangitdétermina-
tion of CAMP (A = 258 nm).

The AFM used was an Explorer (TMX 2000), a commercial device Wento
Instruments (USA). Silicon cantilevers (Ultralevers, Patle&tific Instruments) with
a high aspect ratio tip of typical radius of curvature 50-10@ére used to produce
the images. Profile imaging mode was selected to study the @atymembranes
with the AFM [11]. Images were taken at room temperature €25

Scanning electron microscope (SEM) was used to produce cross-deatiages
of initial PVDF and MIP membranes. An ISI-SX-30 scanning electnicroscope
(operating at 30 kV electron accelerating voltage) was emglimygiew the samples.
All photomicrographs were obtained using secondary electron detection mode.

3. RESULTS AND DISCUSSION

The degree of modification (DM) of PVDF membranepehds on the loading con-
centration of photoinitiator during pre-soakingveall as on the time of polymerisation.
Modification of PVDF membranes is a very fast pescat these conditions with only
short UV exposure times were required to obtaim ¢lve highest DM values as shown in



20 V. KOCHKODAN et al.

Table 1. Usually lower DM values were obtained tfur MIP than for the blank mem-
branes. Obviously this is due to the formation refgolymerisation complex between the
monomer and the template that influence the kigetithe copolymerisation reaction [9].

Preliminary arrangement of functional monomer molecules around @atems
assumed as an important factor for successful imprinting proce2jreThe fixation
of the structure of this complex during the polymerisation in the gugpywblymer
network generates recognition sites able to bind template. Theréferchoice of the
functional monomers is very important for the creation of recogndits in MIPs.
Because of the acidic nature of cAMP, a functional monomer of atjyasesuch as
DMAEM was used for MIP preparation. TRIM, a rigid trifunctionabmemer was
chosen as a crosslinker due to its efficiency in imprinting procedure [13].

Table 1. Effect of UV exposure time on DM of MIPdablank PVDF membranes

uv exposure time, DM, + 20 ug/cn?

min

MIP Blank

0.5 250 420

1 470 620

2 700 810

3 820 880

4 920 940

5 1100 1140

Concentrations of the crosslinker and the functional monomer in thgoreasx-
ture were varied to optimise the composition for modification of P\filembranes
with imprinted polymer layers. An increase of TRIM concentratiomeiaction mix-
ture, up to 200 mM leads to enhanced cAMP binding as shown in Fig. 1. Thus the
MIP polymer matrix should be rather rigid to preserve the sedechvity structure
after the removal of the template [2], [12]. An increase of crosslinking geeslitices
polymer chain flexibility and in that way provides improved stadtiie of the struc-
ture of selective cavity. This improves the contribution of sjpebihding to receptor
sites and leads to an increase of cCAMP sorption. High TRIM cortiemrin the
reaction mixture¥ 200 mM) leads to a decrease of CAMP sorption. Obviously this is
a result of formation an increasing fraction of excessivelyseioked domains in
MIP matrix, which possess a reduced number of MIP receptor siea poor access
of the template to them.

As can be seen in Fig. 2, an increase of DMEAM cotre¢ion in reaction mix-
ture results in an increase of cCAMP sorption withiPMnembranes, apparently due
to the creation of an increasing number of sped#implate bonding sites in the
imprinted polymer. At the same time the non-spegficption of cCAMP also tends
to increase with DMEAM concentration, though mucssi@ronounced. This indi-
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cates that the number of non-specific binding site$1IP rise as the functional
monomer content increases. The excessive concemtrettithe functional monomer
was five times more than that of the template. Thay result in the formation of
a variety of binding sites with different affinities.

Aqueous solution of 5:10M cAMP used for filtration experiments has pH 4.2.
Dimethylamino groups are positively charged at this pH [14].rtlea assumed that
the ionic interactions between the phosphorous residue in the CAMP mecéecluthe
protonated dimethylamino groups of MIP network contribute to the affofityllP
membranes. This was proved by a decline of cAMP sorption when thestosngth
of the solution is increased as shown in Table 2. The ionic interalsdoomes
weaker with increasing of NaCl concentration due to more effecthielding of
charged groups. It also shows that the sorption of cCAMP is senitjyd of filtered
solution. This is probably due to change of degree of protonation of dinmathgla
groups [15].
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Fig. 1. Effect of cross-linker concentration in th€&ig. 2. Efect of DAEAM concentration on sorption
reaction mixture on cAMP sorption on MIP and of cAMP on MIP and blank PVDF membranes

blank PVDF membranes (DM of 54020 ug/cnt)

(DM of 820+ 20 pg/cn)

Table 2 Influence of pH and NaCl concentration on the cAs&Pption on MIP
and blank PVDF membranes at DM of 11080 pg/cnt

Membrane NACL concentration, M PH
10 108 10t 4.2 11.2
MIP 70 42 32 72 22
Blank 24 10 8 24 6
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Table 3. Sorption of cAMP and cGMP and binding cityaof MIP PVDF membranes

Degree of modification, Sorption, % Binding capacity to CAMP
+ 20 uglent cAMP cGMP ugleni?
0 4 3
540 44 22 4.2
920 67 30 10.5
1100 72 41 12.6

Table 3 shows sorption of adenosine 3:5-cyclic monophosphate (cCAMP) and
guanosine 3:5-guanidine cyclic monophosphate (cGMP) on MIP membranes with
different degree of modification. It may be seen from this ttide essentially less
sorption of structurally similar cGMP is obtained for MIP memiesacompared to
cAMP. Both cAMP and cGMP molecules include a phosphorous group and they only
differ in the substituents on their purine base moiety. The adenin@ba&®MP con-
tains an NH group at the C6 position, whereas in the guanine base of cGMP the sam
position is replaced with a carboxyl group, the C2 position is substititecn NH
group as shown in the formula below.

NH, o o (|?H<
N
T Ty
r\|| N N N NH, OH © P—OH

I
R R o}

CcAMP cGMP R

The ability of the cAMP imprinted membranes to distinguish betveddiP and
the structurally similar cGMP suggests that the binding of PA#I the recognising
sites is not only based on ionic interactions. Other interactionsalsaycontribute to
affinity of MIP membranes, possibly hydrogen bonding between amino and hiydroxy
groups of template molecule and carbonyl groups of MIP. The size astidpe of
binding cavity along with the correct spatial orientation of the functiomaipg in the
MIP binding sites also play an important role [2], [3].

The schematic representation for the formationhef recognition sites specific to
CAMP is presented in Fig. 3. At the first stagen(sthown) the molecules of DMEAM
are arranged around the cAMP, this results in foonaof the so-called pre-
polymerisation complex. This complex is fixed ingid polymer matrix created during
the polymerisation of the functional monomer wittosslinker (Fig. 3a). Following
template extraction leaves in the polymer matrix specific recognition sites comple-
mentary to the cAMP in shape and in the positiomihthe functional groups (Fig. 3b).
Due to these specific sites, the MIP is capableliind cAMP molecules. Thus, it can
be concluded that binding of cAMP with MIP membmaitea result of both ionic inter-
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actions between functional groups of polymer madnd the template and the specific
shape of recognizing sites which are complementatAMP molecule.

Fig. 3. Scheme for formation of special recognizitgs in MIP matrix

It is important to note that the binding capability of MIP membrarses be ad-
justed by varying the degrees of modification (DM). CAMP sorptiorividd mem-
branes increases with an increase of DM (Table 3). Two factors, olyyioostribute
to this effect. Firstly, increasing DM values leads to a aBs® in pore size of MIP
membranes, secondary higher DM values results in increasingickieess of depos-
ited imprinted polymer layer. The thicker the deposited imprintgdrlghe larger
number of recognition sites can “meet” the template moleculds whssing through
the membrane thus enhancing the cAMP binding. It should be noted that chmanges
the non-specific sorption of CAMP are negligible with increasinDMfvalues. Sorp-
tion of cAMP on blank membranes proceeds mainly via non-specificrigindth the
dimethylamino groups of polymer matrix.

Fig. 4. 3D AFM images of: (a) initial PVDF membrartle) MIP membrane with DM of 1106g/cn?

Fig. 4 shows high-resolution AFM images of initial and modified PD&mM-
brane with DM of 110Qug/cnt in three-dimensional form over an area 05385 pm.
SEM cross-sectional images for these membranes are presented in Fig. 5.
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Fig. 5. SEM cross-section images of: (a) initiallF¥membrane;
(b) MIP membrane with DM of 1100g/cn?

The colour density in Fig. 4 shows the vertical profile of thepsanvith the light
regions being the highest points and the darkest regions being the pores. Steggore
clearly visible as well-defined dark areas. The AFM sofénalfows quantitative de-
termination of the diameter of pores as well as surface rougltamek total surface
area of membrane samples.

As can be seen from Table 4, deposition of imprinted layer reautsiécrease of
surface pore size of MIP membranes when compared with the perdosimitial
PVDF membrane. Additionally, modification of porous support with imprindge
leads to increasing surface roughness and therefore total canfacesarea of MIP
membrane. These effects can also contribute to the increaseM® sArption on
MIP membranes.

The modification method described results in the formation of a thémyim-
printed polymer layer. As was found from SEM images, even at bitof 1000—
1100 ug/cnt the thickness of deposited MIP does not exceed 10-11 nm. This pre-
serves the high permeability properties of the composite MIP membranes.

Table 4 AFM characteristics of porous structureimfial PVDF membrane
and MIP membrane at DM of 11Q@/cn?

Membrane DM, Roughness,| Total contact area, Mean pore diameter,
pg/cnt nm pm? pm
PVDF initial 0 192.3 1020 1.08+0.10
MIP 1100 296.4 1167 0.56+0.17

Due to the small area of membrane samples cAMP binding capaxstgaturated
at relatively low permeate volumes (15-25°criiowever, the high MIP membrane
water fluxes allow the application of membrane stacks for merabsalid-phase
separation [16]. Re-use of the MIP membranes is possible aftaiseeof sorbed
CAMP by treatment with 0.1 M NaOH and subsequent washing membrane with water.
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4. CONCLUSIONS

Thin layer molecularly imprinted composite membranes capable wfispiy
recognize of 3":.5’-cyclic monophosphate (CAMP) were developed using photeititia
copolymerisation of dimethylaminoethylmetacrylate (DMAEM) withmethylopro-
panethrimethacrylate (TRIM) in the presence of cAMP. As a resddFAimembranes
covered with a thin layer of imprinted polymer selective to éAMere obtained. It
was found the sorption of cAMP on MIP membranes varies with pH and ioni
strength of a feed solution. It was concluded that the ability of idéhbranes to
bind cAMP is a result of both ionic interactions between chargedtlaytaenino
groups of polymer matrix and the phosphorous group of the cAMP moleculellas w
as the correct position of functional groups involved in binding imprintegnyeoi
and the specific shape/size of recognizing sites which are complary to cAMP
molecule. The binding capability of MIP membranes can be adjustedrging of
DM values. Surface pore size, surface roughness of MIP memlaadéickness of
deposited imprinted layer were determined using AFM and SEM techlnijusas
shown that the synthesis of MIP results in the deposition of atheryimprinted
polymer layer (10-11 nm) on the surface of PVDF membranes tlaaisehe high
flux for MIP membranes.
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membrane fluidity*H-NMR spectroscopy, drug delivery

ANNA TIMOSZYK*, LIDIA LATANOWICZ*

PHYSICAL STABILITY OF
TEMPERATURE-SENSITIVE LIPOSOMES

Physical stability of liposome depends on the Vesize and other factor such as electric charge
density of lipid membrane, pH and osmotic presslifference across the membrane and fluidity of
the membrane. The membrane fluidity, pH and veside were investigated for two types of model
membranes. The first model membrane is formed ftg@@¥rDiacylsnglycero-3-phosphocholine (PC)
and the second model membrane is formed from n@xbfirl,2-Diacylsnglycero-3-phosphocholine
and octadecylamine (PC/ODA). The membrane fluidiag studied byH — NMR Spectroscopy. The
paper reports the temperature dependence of tmicdleshift (o, ppm), half-width of spectral lines
(w12, Hz) and splitting of signal assigned to™{8Hs); choline groupsd Hz). Studies were carried
out in the temperature range of 5-%0. Increasing the temperature level caused andserén
a chemical shift. The half-width 3H — NMR spectral lines decreases with temperatueasing
of temperature caused increasing fluidity of mageinbranes. The PC membrane fluidity changes
more rapidly than fluidity of PC/ODA membrane. PO®liposomes grow slowly with temperature,
whilst, PC liposomes are growing to damage liposstngcture between temperatures 352@0In
vivo temperature-sensitive PC/ODA large unilamellarictes may preferentially release encapsu-
lated in locally heated target area (42-@3.

1. INTRODUCTION

Potential uses of liposomes for drug delivery to cellsgarms are attractive mode of
therapy to increase the therapeutic effects anddace drug toxicity. The concept of
utility of temperature—sensitive liposomes is basadhe dramatic increase in perme-
ability of a liposome at a temperature where itéecdes are rearranging from one sta-
ble state to a second stable state [1], [2]. Tlupgaties of liposomes depend on the

* Laboratory of Biophysics, Department of Biotectowy, Institute of Biotechnology and Environ-
mental Sciences, University of Zielona Géra, 65-F&dlona Goéra, Poland. Tel. /fax: +48(68)3287323,
e-mail: A.Timoszyk@ibos.uz.zgora.pl
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composition and concentration of constituent’sdipand the ionic strength of the aque-
ous medium, as well as the method of lipid susparsind the time of hydration.

The liposome size is the key to tire vivo behaviour of liposomes since their
clearance from circulation is a function of the particle diamatel surface composi-
tion [3], [4]. Changes in the liposome size can have dramatidefiain vivo behav-
iour of liposome. Small liposomes (SUV) are better than largestimes for
a specificin vitro drug delivery [5]. Large unilamellar vesicles (LUV) appeare
favourable then SUV, as they can be made induced to releaseottiteints rapidly in
the presence of serum. Their much larger ratio of internal votarlipid, tempera-
ture-sensitive LUVs may be especially usefuvivo[1].

One of the critical characteristics of liposometayss is their physical stability.
Temperature—sensitive liposomes with local hypentiee are generally used for the
treatment of cancer via chemotherajpyvivo, temperature—sensitive liposomes prefer-
entially release encapsulated in locally heated 8¢ [7]. The rate of release is de-
pendent on the rate of change of temperature améikedly enhanced by serum com-
ponents, particularly lipoproteins [8]. There arenamber of ways in which local
hyperthermia might increase the effectiveness afslcontaining liposome: (a) by pro-
moting selective drug release at phase transigompérature; (b) by increasing local
blood flow; (c) by increasing endothelial permeipito particles, thereby enhancing
accumulation of liposome in the target tissues;bg)increasing the permeability or
susceptibility of target cells to drug releasedrfriime liposome; (e) by increasing direct
transfer of drug from liposome to cells by fusioneadocytosis. Local hyperthermia is
currently receiving increased attention as a thertip tool, for use either alone or in
conjunction with radiation. Local hyperthermia nath have been applied to animal
and human tumors [9], [10]. Mild local hypertherni@—41°C) has been found to be
ineffective in treating tumors and may stimulateastasis [10], [11]. Moderate hyper-
thermia (42—-44£C) is currently under intensive study due to tHéedénce in tempera-
ture sensitivity between cancer cells and normiéd §£2], [13]. The local hyperthermia
treatments reduced the size and the growth ofrélatetd tumors compared with control
values for eight different solid mouse tumors (L®warcinoma, ovarian carcinoma,
colon carcinoma 38, colon carcinoma 26, mammary@darcinoma C3 HBA, mam-
mary adeno carcinoma 16 C, glioma and melanomagjhte many normal mammal-
ian cells begin to show damage at about@Q@he aim of research has been to achieve
therapeutic results in just a few degrees abovsiplogical temperature [14].

2. MATERIALS AND METHODS

1,2-Diacylsnglycero-3-phosphocholine as lyophilized powder and octade-
cylamine (CH(CH,);/NH,) were purchased from Sigma. Heavy watepQpwas
obtained from the Institute of Nuclear Reseafshigrk, Poland.
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The stock solution of 1,2-Diacgrglycero-3-phosphocholine (PC) and stock so-
lution of 1,2-Diacylsnglycero-3-phosphocholine (PC) mixed with octadecylamine
(ODA) in chloroform were dried under nitrogen and dispersed,@. Dhe final con-
centration of PC was 25 mg/&niThe constant concentration of ODA was 0.435
mg/cn?. The PC and PC/ODA liposome suspensions had pH 4.7. The suspensions
were then sonicated under nitrogen for 45 min with a 20 kHz sonicatiorawita-
nium probe. During the sonication the samples were thermo stated°&.0-2

NMR data were collected for samples of 0.5 emsicle suspension in 5 mm NMR
tubes.'H — NMR spectra were recorded on BRUCER DRX-500 spectrometemin
perature range 5-50C. The measurement of temperature was conducted with exact
to 0.01°C.

3. RESULTS AND DISCUSSION

The fluidity of model membranes was monitored ia ttmperature range of 5-50
°Cin pH 4.7. Table 1 and Table 2 show changesdrcttemical shiftq; ppm) of'H —
NMR spectral lines of PC and PC/ODA liposomes.

Table 1. Changes of chemical shift ppm) of'H — NMR spectral lines PC liposomes
in the temperature range of 5-8D

temperature®C) 5 10 15 20 25 30 35 40 45 50

—CH; 049 | 058| 0.67] 07 082 090 098 0.8 1{12 117
—(CHy), 088 | 096| 1.05( 113 1.2 128 137 144 1/52 157
—CH,-C-CO- 1.18| 1.26/ 1.37% 145 153 161 1)/0 1178 1.84.89
—CH-C= 164 1731 1.82 1.9( 198 206 214 2PR1 2127327%.
—CH,-CO- 1.99| 207 219 22% 2338 237 246 252 25964 7
=C-CH-C= 239 | 248 257 2.64 274 281 289 2096 30005 3.

—N*(CHy); 283 | 293 | 3.01 | 3.09| 3.17 | 3.25 | 3.34| 3.42 | 3.48| 3.53
286 | 295| 3.03 | 3.11| 319 | 3.27 | 3.35

—CH—N* 331 | 3.40| 348 35 363 371 3749 385 391 397
—CH,-OP- - 3.72| 3.80 3.8§ 396 4.03 412 408 425 4.29
—O;POCH~ 391 | 4.00( 4.09] 4179 424 432 441 447 4)54 459
—CH=CH- 492| 5.02| 5109 517y 524 532 540 5)47 49555.62

For both model membranes the chemical shift increased with treagecof tem-
perature. It means that &l — NMR spectral lines shift in the direction of lower field.
This is a typical effect of increasing temperature. The clsimgie chemical shift of
signals assigned to all chemical groups are proportional to tee détemperature
(Table 1 and Table 2).
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Table 2. Changes of chemical shift ppm) of'H — NMR spectral lines PC/ODA liposomes
in the temperature range of 5-8D

temperature®C) 5 10 15 20 25 30 35 40 45 5(
—CH; 052 | 060 068 074 081 o087 093 0.Pp9 104 111
—(CHy)n 092 | 098] 105 112 122 12p 133 140 145 150
—CH,-C-CO- - 1.29| 137 1.4 15p 1588 165 1[7/1 177831
—CH,—C= 167 1.76] 1.83 1.9(¢ 196 2.03 2.08 2{5 2/2026 7
—CH,-CO- 2.02| 2.10] 218 224 231 237 240 249 24957
=C-CH-C= 243| 250 257 264 27D 276 2.82 288 2/93997

—N*(CHa); 285|294 | 301 | 3.08| 3.14| 321 | 3.27 | 3.32 | 3.38 | 3.44
288 | 296 | 3.04 | 3.11 | 317 ] 3.23 | 3.29 | 3.35| 341 | 4.79

—CH~N* 333 | 341 349] 35§ 361 36/ 3743 3¥9 384 390
—CH,-OP- — — — — — 401 407 412 418 4.p3
—O;POCH~ 393 | 4.02| 4.09) 4.1 422 429 435 441 446 452
—CH=CH- 497| 5.03] 510 517y 528 5329 534 5/40 6945.52

The NMR parameter used in this work is the spin—spin relaxatia® Tim The
half-width of spectral linas,, for a Lorentzian lineshape:

Vip = (7TT2)_1- 1)

The relaxation timeT,, measures how long neighbouring nuclei take tdhaxge
magnetic energyl, is approximately proportional to the rate of mot[@5]. It follows
that rapid motions lead to narrow spectral lindsiJevslow motions lead to lines broad.
Decreasing half-width signals gives information atbimcreasing freedom of motion.
Fig. 1 show decrease of half-width 1 — NMR spectral lines assigned to —(;H
—CH; and —N(CHs); groups of PC and PC/ODA liposomes as a functiotewipera-
ture. The half-width of spectral lines decreasetth wicreasing of temperature.

The temperature of a typical liposome structure we can to quaéBsure split-
ting (4, Hz) between choline groups of outer and inner layer of membrai(€HY-)
[16]-[20]. Fig. 2 show changes of splitting Hz) PC and PC/ODA choline groups as
a function of temperature. The structural organization and the dynafmiigsd bi-
layer can be modulated in different ways. To obtain good approximatiomofial
membrane it is very important to obtain small unilamellarclesi(SUV). The impact
of temperature on mechanical properties of lipid liposome is strgmgigounced
during the formation of small unilamellar vesicles by a sordoatirocedure. The
effect of increasing temperature on model membranes has been fopewdutdy the
fluidity of the lipid bilayer. The effect of the increase inhemical shift g, ppm) of
'H — NMR spectral lines for both model membranes was also obs@rabté 1 and

Table 2). The increase in a chemical shift provides insights aleoueasing of Van
der Waals interchain interactions.
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Vip, Hz Vi, Hz
a 80 b 70
704
- q 60
] 50 -
%0 1 40 {(CH),
40

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
temperature, °C temperature, °C

Fig. 1. The half-width ¥, Hz) of'H — NMR spectral lines assigned to —({3—CH; groups
of lipid alkyl chains and —N(CHs); choline groups PC liposomes (a) and PC/ODA lipaso(hb)
as a function of temperature. The half-width ofcip lines assigned to choline groups
from outer layer of membrane is designated asaadte and half-width of spectral lines
assigned to choline groups from inner layer of memé is designated as a cross

The effect of narrowing of the spectral lines is directlated to the unlimitation
of segmental movement of lipid molecules [15]. This effect wasrgbd in narrow-
ing of *H — NMR spectral lines assigned to —({;H—CH; groups of lipid alkyl chain
and —N(CHz); choline groups (Fig. 1a and Fig. 1b). The half-width,(Hz) of NMR
lines assigned to —(GM groups changes the most. This is characteristic for the chain-
melting phase transition effect. The increase in temperaturbdeasfound ineffec-
tive in changing fluidity in hydrophilic core of lipid bilayer. Theiiflity of PC lipo-
somes changes more rapidly than the fluidity of PC/ODA liposontes fliidity of
PC/ODA liposome changes progressivéife effect of narrowing spectral lines of
PC/ODA liposome is dependent on the physical properties of ODA. Aduing.435
mg/c of ODA has modified the ionic strength and the value of positivabrene
charge [21], [22].

Splitting the signals assigned to %fHs); is typical for small unilamellar lipo-
somes (SUV: 0.02-0.0@m) [23]. With an increase in temperature, a diameter of
liposomes increases (LUV: 0.054In) and therefore the splitting decreases [1]. In
the temperature range of 5-30D the size of PC/ODA liposomes changes a little (Fig.
2b). With an increase in temperature, PC liposomes systematjcall and between
temperatures 35-41C a stable state of liposome structure is damaged (Fig. 2a). In
fact, local hyperthermia (37—4L) has been found to be ineffective in treating tu-
mors so temperature-sensitive PC liposomes are ineffectideug delivery vehicles
in the hyperthermia therapy.
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Fig. 2. The splitting § Hz) of '"H — NMR spectral line assigned to choline group
(-N*(CHj)3) PC liposomes (a) and PC/ODA liposomes (b) asation of temperature

The PC/ODA liposomes are growing slowly with an increasempégature from
SUVs (0.02-0.03um) to LUVs (0.05—-1um) (Fig. 2b).In vivo temperature-sensitive
PC/ODA LUVs may preferentially release encapsulated inlljobaated target area
(42—-44°C). Consequently, changes in the vesicle size cause an incrgasenefbil-
ity of lipid bilayer [1], [3]. Temperature-sensitive LUVs in hyfieermia can aggre-
gate or fuse [1]. Perhaps, temperature-sensitive PC/ODA lipesmag transfer drug
from liposomes to cells by fusion or endodytosis in hyperthermia. Theetature-
sensitive PC/ODA liposomes seem to be stable even in high et (45-50C)
but stability of liposomes in the presence of serum is smaber predicted by theory
[3]. LUVs in moderate local hyperthermia (42-2@) can be made to release their
contents rapidly in the presence of serum [1].

4. CONCLUSIONS

The results ofH — NMR investigations indicate that temperature-sensitjve- li
somes with local hyperthermia seem to be a promising approaaiyétirig of drug.
The physical characteristic of liposomes to target releaseébben successful with
temperature-sensitive PC/ODA liposomes in moderate temperange (42—44C)
of local hyperthermia. The temperature-sensitive positivelygeltaPC/ODA lipo-
somes may be useful for drug entrapment and their controlled release.
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THE INFLUENCE OF FILM THICKNESS ON PERMEABILITY
OF GASES AND ORGANIC VAPORS THROUGH
POLY(1-TRIMETHYLSILYLPROPYNE)

Permeability properties of the most permeable pelypoly(1-trimethylsilylpropyne) depend on
different factors, particularly catalytic systemedsfor synthesis and conditions of film preparation
Permeability of gases and organic vapors throughl®& films synthesized with different catalytic
systems (Nb and Ta-based) in wide range of thick(@s60um) was investigated. It was shown that
permeability coefficients of all studied penetradecrease with decreasing of film thickness. It is
known that permeability properties of PTMSP filneachange during storage. The influence of ag-
ing on separation parameters of PTMSP films wiffecBnt thickness was studied. It was determined

that Nb-based PTMSP thin films (5 um) demonstrhte liest selective properties and the highest
stability.

1. INTRODUCTION

One of the base purposes of membrane gas sepagatieselopment of composite
membrane with thin polymeric selective layers. Brapion of such membranes allows
to obtain high productivity for desired products,save mechanical properties of poly-
meric films because of using supports and to deer@acost of membranes. Poly(1-
trimethylsilylpropyne) (PTMSP), the glassy polynteaving preferential permeability
for lower hydrocarbons and vapor of organic sultgtanis the most perspective poly-
mer for preparation of such composite membranes &utipal application, for example,
in petrochemical industries and for recovery ofamig vapors from gaseous streams.

* Topchiev Institute of Petrochemical Synthesis RASiinskii pr., 29, Moscow, Russia.

** Centre National de la Recherche Scientifique drattoire des Sciences du Genie Chimique, UPR
6811 — Groupe ENSIC-Nancy, France.
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As it is known, permeability parameters of PTMSP may depend teratit fac-
tors such as catalytic system used for synthesis, solventofigmer dilution, and
conditions of film preparations [1], [2]. It was shown that separatiopgrties of
PTMSP are not stable during storage [3]-[5]. Some researchexsnbted that per-
meability parameters of some polymers including PTMSP can depefilchahick-
ness [6]. This work presents results of investigation of tranppoperties of Nb- and
Ta-based PTMSP films with different thickness for gases agdnar vapors. The
influence of aging on different modifications of PTMSP was studied.

2. EXPERIMENTAL

PTMSP was obtained by polymerization of monomairiethylsilylpropyne in the
presence of catalysts NRGIind TaGJTIBA (triisobutylalluminium) [7]. It was deter-
mined that PTMSP obtained with NRGlontains 60% of cis-units in contrast with
PTMSP synthesized with TaLTIBA (40% of cis-units) by NMR-spectroscopy. Ho-
mogeneous polymeric films for measurement of gak \apor transport parameters
were prepared by casting onto glass plate. Thiskoésamples was 5+6@m. The
samples were removed from glass plates by digtillatater after drying under ambient
conditions and then they were dried under vacuutiheconstant weight. Measurements
of permeability parameters of gases were carrigcopudifferential methods with gas
chromatograph analysis at ambient temperature eomgtessure 1 atm (Fig. 1). After

AT

Q0 Q9 o
il
v
L]

__||

Fig. 1. Scheme of experimental gas chromatograpipse
1, 2 — penetrants, 3 — microadjust valves, 4 —e/élv penetrant supply into the membrane sell,
5 — membrane cell, 6, 7 — thermal conductivity cietes, 8 — gas chromatograph,
9 — analog-digital converter, 10 — computer
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preliminary measurements of permeability coeffitsetne films were annealed during
6 hours at 100C and then their transport parameters were tegiaid.aMeasurements
of permeability coefficients of organic vapors weegried out by integral method using
gravimetric setup (Fig. 2). The films for vapor peation were aged during storage in
air atmosphere under room conditions. Activity @fpers were 0.1, temperature of
membrane cell was 4€ and down pressure was <1BIPa. Permeability coefficients
were measured for£N,, dichloromethane, hexane and heptane.

3. RESULTS AND DISCUSSION

Permeability parameters of light gases,(®,) through the Nb- and Ta- based
PTMSP films with different thickness were studieddve and after aging (Figs. 3-6). It
was shown that permeability coefficients decreaitle decreasing of film thickness as
for Ta-based PTMSP as for Nb-based, both for jast and aged films. For Ta-based
PTMSP films permeability parameters decrease imtatyeo orders of magnitude after
aging for all investigated samples. But for thie@dNb-based films (~pm) decreasing
of permeability is not so significant both for oxygand nitrogen as for other films.

atm

Fig. 2. Scheme of gravimetric experimental setup
1 — tank with vapors, 2 -membrane cell, 3— trapsgdéhumidification block, 5 — vacuum pump

It has been shown in literature that permeabiliyameters can depend on film
thickness for another classes of polymers suchofsipyltrimethylsilane and poly-
norbornens [8]. Authors [8] have noted that thim$ have a higher density in compari-
son with thick films. But for investigated polymegyermeability coefficients depend on
thickness weakly because diffusivity coefficientigmse compensates solubility coeffi-
cient increasing for thin films. Probably in theseaof PTMSP thin films the decreasing
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of diffusivity coefficients predominates over sdlitp coefficients increasing for light
gases and thus permeability coefficients decre#tbed@creasing of film thickness.

It is known that Nb-modification of PTMSP has higher density thaibaked
(0.82 g/cm for Nb-based and 0.79 g/éror Ta-based) [9]. This phenomenon can be
connected with their differences in cis-trans relation in polystrercture. Such dif-
ference is one of the possible reasons that Nb-based PTMSP riidrhfive got the
same level of permeability after aging in contrast withb@daed, which permeability
coefficients decrease drastically.

o

efore afing
M after aging

o

=]

o O
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Fig. 3. Influence of aging on oxygen permeability
of Nb-based PTMSP films with different thickness
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Fig. 4. Influence of aging on nitrogen permeability
of Nb-based PTMSP films with different thickness
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Fig. 5. Influence of aging on oxygen permeability
of Ta-based PTMSP films with different thickness
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Fig. 6. Influence of aging on nitrogen permeability
of Ta-based PTMSP films with different thickness

It was observed that thin films (~5 um) are more selec¢kiga thicker ones and
Nb-based modification of PTMSP resulted in a higher seleciivigpmparision with
Ta-based. These facts are in a good agreement with litecsatae3]. It was also
found mentioned that further changes of selectivity of paiN{Qdo not occur at film
thickness> 10 um both for Nb- and Ta-based PTMSP (Table 1).
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Table 1. Selectivity of PTMSP films with differetitickness

Selectivity Q/N,
Thickness, um NbClg TaCk/TIBA
before aging after aging before aging after agin
5 2.3 2.8 1.8 1.8
9 1.6 2.0 2.0 15
14 1.7 21 2.0 1.6

1000000

900000 -
800000 -
700000 -~
600000 -~
500000 -
400000
300000 -
200000
100000

permeability coefficient, Barrer

N6 pm

W60 pm

g |

A

0

2

film thickness, pm

4

Fig.7. Influence of thickness on vapour permeabdit PTMSP.
1 - CHCI,, Ta-based PTMSP; 2 — GEl,, Nb-based PTMSP,
3 — hexane, Nb-based PTMSP, 4 — heptane, Nb-badd&P

4. CONCLUSIONS

Recently, dependence of permeability on film thedenhas been noted also for hex-
ane for PTMSP synthesized with T&TIBA [10]. In the present work it was shown
that the tendency is the same for other organiorgaguch as dichloromethane and hep-
tane as for Nb-based as Ta-based (Fig. 7). It masdfthat permeability coefficients of
thin films are lower than for thick films for alkuglied vapors. These results are in
agreement with data obtained for light gases. Pighihe reasons of such behavior
relate with particularity of PTMSP structure likethe case of light gasgs

In the present work permeability parameters of oxygen and nitroggrstotast
and aged films for Nb- and Ta-modifications of PTMSP (poly(1-tifryisilyl-
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propyne) with different thickness were studied. It was shown thatgadyility coeffi-
cients of light gases decrease with decreasing of film nk&k for both of PTMSP
modifications but Nb-based PTMSP much more stable.

It was noted that data obtained for permeability of organic vapoyagh PTMSP
films with different thickness are in a good agreement wihlts for light gases. The
results obtained for thin films are very important for developroémireparation of
composite membranes with thin selective layers based on PTkERSsing such
membranes in industry separation processes.
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SORPTION OF VOCs AND WATER VAPORS
IN MYRISTATE CELLULOSE MEMBRANE

The sorption of organic (benzene, toluene, cyclahex heptane, acetone, ethyl acetate, metha-
nol and ethanol) and water vapors in myristateutedle (MC) membrane in dependence of their ac-
tivity is reported. Sorption experiments were arout at 298 K by the use apparatus with Mc Bain
spiral quartz balances and from experimental dagasbrption isotherms were obtained. Sorption
data of MC polymer revealed very low sorption fater and alcohols but essentially higher sorption
for VOCs. All isotherms obtained are so-called f#Hbiuggins type, only a water vapors isotherm has
a linear (Henry type) character.

1. INTRODUCTION

The removal of VOCs from air or water is highly nestte protect environment and
human health. However, the clean up of pollutedreninent is often difficult and ex-
pensive. In past decade the low-cost energy-sagiimniques like the membrane sepa-
ration processes constituted a hopefully altereativthe classical technologies of re-
moving organic pollutant$1]—{4]. Just the shortcomings and limitations of VOCs
removal methods compels to searching of new polynaerials with better parameters
leading to the increasing of system performancenyMeperimental studies of permea-
tion, diffusion or sorption of gases and vapourpatymers enabled to design the poly-
mer membranes with required parameters like high selgctiomng lifetime, mechanical

* Department of Physical Chemistry, Institute ofe@tical Technology, Technicka 5, 166 28 Prague 6,

Czech Republic.
** |Institute of Macromolecular Compounds, Russiacademy of Sciences, Bolshoy pr. 31, St. Pe-
tersburg 199004, Russia.
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properties et¢3]-[6]. This work is focused on study of the effects of membcangpo-
sition on sorption (hydrophilic membrane matrix stes hydrophobic side chains) of
benzene, toluene, heptane, cyclohexane, ethyltacethanol, methanol and water va-
pors in cellulose myristate membrane at temperaii288 K.

2. THEORY

For description of transport of gases and vaporsuth non-porous polymer mem-
branes the solution-diffusion modél] is widely used. An association of permeation,
diffusion and sorption together simplified the cdexp process of mass transport
through polymer material, role of external drivifiyces (temperature, pressure and
concentration gradients), nature of polymer madtarid penetrating component.

2.1. DETERMINATION OF DIFFUSION COEFFICIENT

For a polymer membrane of finite dimensions bounded by plandsz andz =
—L/2 (whereL is the membrane thickness) the solution of tH&izk’s law [8]

ac a°c

—=D| — 1

ot (OZZJ @)
under the initial and boundary conditiong2<z<L/2c=0att=0andz=% L/2
c =c¢; att > 0 leads to infinite series given by equation (2),

L (@m+)? 7t
Qm nzz{(Zm+1) F{D L? ﬂ @)

whereQ; is the mass uptake at tihandQ.., is the mass uptake at infinite time.
For time interval, when the rati@, /Q., is still lower then 0.5, equation (2) could
be replaced by equation (3):

%:4 = 3)

If the ratioD/L? in exponential terms of equation (2) is great enough then, even for
relatively short time (fom = 0), we obtain equation (4):

%:1—%%;{——”2'_?}. (4)

Equation (4) can be rearranged to the form:

m(l-%J ”i D (;j (5)
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The appropriate value of diffusion coefficiddtcan be calculated from the linear
part of the curve which is obtained by plotting of logarithm (3/Q.,) versus time.

2.2. FLORY-HUGGINS THEORY

The Flory—Huggins, Flory—Rehner and Free Volumerhs [1], [9] are frequently
used for description of swelling of polymer matecaused by organic vapors penetration
(Fig. 1). From Flory—Huggins theory a relation d#siog the dependence of equilibrium
vapors pressure on polymer-penetrant compositiofegresented in following form:

Ina1=In(%}zln(l—¢2)+¢2+)(¢22 (6)

wherea is activity of vapoursp; is equilibrium pressure of penetrant vapours around
polymer membranep,” is pressure of saturated vapours at given tempergfuee,
Flory—Huggins interaction paramete,is volume fraction of polymer.

Higher sorption for appropriate compound indicates higher range of polymer-
solvent interactions and it means lowevalues [1], [10], [11]When Flory—Huggins
parameter is largey(> 2) the interactions between polymer and solvent are small and
the sorption of penetrant in polymer systems could not reach high v&tresg
polymer-solvent interactions exist for small values (0.% < 2) and fory < 0.5 the
polymer must be cross-linked to prevent the dissolution of polymer material.

i/

Henry Langmuir Flory - Huggins

Fig. 1. Schematic drawing of sorption isothermsg/p

2.3. SOLUBILITY (SORPTION)

Solubility is a thermodynamic parameter and gives a measutee addimount of
a penetrant sorbed by a polymer under equilibrium conditions [1]. Actiiaiythe
equilibrium partition coefficient between a compound’s concentratiomierabrane
and its concentration in liquid or gaseous phase in contact with thbrarem Differ-
ent ways of expressions for solubility can be found in literature, demgwdi units
used for membrane and gas phase concentrations [12].
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3. EXPERIMENTAL

3.1. CHEMICALS AND MEMBRANE

All used chemicals (analytical grade — purchased from Penta, Czech Repuodli
Milli- Q water (resistivity 18 Mcm) were used without further purification. Cellulose
myristate (MC) membrane was prepared by co-workers frontutestof Macromo-
lecular Compounds, Russian Academy of Science. MC membrane (Figa2esult
of reaction between cellulose and myristate acid which leadsgbistiition of OH
groups in cellulose molecule by OC(0O)-(CH2)12-CH3 groups. Details alotliesis
and transport properties (pervaporation) of MC membranes were pulilishearnal
of Applied Chemistry (reference in Russian variant of J. of Appént, Vol. 18, No.
11, 1970, pp.2581-2583 and Vol. 76, No. 5, 2003, pp. 820-828).

ROCH, OR

o/

RO

0
}H R = —C—CH,(CH,), CH,
n

MYRISTATE CELLULOSE

Fig. 2. Schematic structure of myristate cellulose

3.2. SORPTION APPARATUS

The sorption experiments have been performed gravimetrically. drpec ap-
paratus (Fig. 3), located in thermostated box, contains a calibratdd spiaal (sen-
sitivity ca. 9.477 mg/mm), so-called McBain’s spiral balance. shipe of sample
polymer membrane (membrane weight 0.5-2 g) is hanged on ground glass jbant
tube evacuated by vacuum pumps. Stretching of quartz spiral was redripithe
camera at selected time intervals (0.1-100 s) from the beginnimgagurement till
the equilibrium state. The liquid sample (5-10°cmias dosed to a glass vessel. Dis-
solved gases from liquid sample were removed by consequent headlimg/qroce-
dure. Selected vapour tension (i.e. activity) of each experimensetdsy calibrated
feed valve and determined by pressure gauge. The vapour reservenl for pres-
sure equalization. Before each experiment the apparatus was edsituptessure ca
0.001 Pa by rotary and turbo molecular pumps. The maximum error of massieet
nation reaches approximately 258§
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pressure gauge

PC /\
: D valve1 valve2 w

THi
SIH

i

valve4
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camera light
L@ ||| O
Il
membrane vacuum vapor liquid

pumps reservoir sample

Fig. 3. Sorption apparatus

4. RESULTS

Determined sorption isotherms of all studied vajimegeased with increasing relative
pressure (activity) of the solvents (Fig. 4a and #be shape of all isotherms, except water
vapors which shows a linear dependence of sorbedirdnon vapour pressure, can be
successfully described by Flory-Huggins theory.uéal of Flory-Huggins interaction pa-
rametery (Table 1) were obtained by fitting of experimemtata by equation (6).

0.15 08
» aceione
A ethyl acetane
A ®
# heptane
+ 05
® henzene » <
o —»
. 014 |Otoluene ©
_E <& oyclohexane +—n & o _E
L
=] m@ T04 5
é +— ik . - - %D_, E
®0.05 1 u ki
o “— @&E o
N n @@, 102
L | @
] % D —
A ‘ L o m} @ <><>
i QB 00
e @ B
0 -&" y T T T 0
0 02 0.4 0.6 08 1

Vapors activity

Fig. 4a. Sorption isotherms of benzene, toluenelpbgxane, heptane, ethyl acetate and acetonesvapor
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Fig. 4b. Sorption isotherms of methanol, ethanal @water vapors

It is obvious that the sorption of VOCs in MC membrane is esédlgriigher than
the sorption of methanol and ethanol (low) and water (very low). Hémedyydro-
phobic long side chains play a dominant role in our sorption experimerspad-
son with competitive sorption of vapors in hydrophilic cellulose matrix. Otherthis
sorption of benzene > methanol > water in pure cellulose has anerweler [13].
Likewise the interaction parameteysn pure cellulose Xrethano= 1-18, Xbenzene= 1.64
and x wwene= 1.72) [14] indicate another type of interactions between polymer and
penetrant molecules or their sorption on specific sites.

Table 1. Values of vapors pressure and interagt@yameters at 25 °C

vapor pressure at 25 °CFlory-Huggins parameter
kPa X
benzene 12.68 0.40
toluene 3.80 0.33
cyclohexane 13.01 0.54
heptane 6.10 0.83
acetone 30.80 1.20
ethyl acetate 12.60 0.79
methanol 16.96 2.40
ethanol 7.87 2.18
water 3.17 =4.35
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Liquid phase sorption experiment revealed a stability of MC membrarad!
studied compounds and results were corresponding yvittalues and with their
meaning. In accordance with that the total dissolution of MC memiondiggiid ben-
zene and toluene (both hayes 0.5) took place. Sorption of other compounds were in
order cyclohexane > ethyl acetat@eptane > ethanol > methanol > water.

The diffusion coefficients of vapors were determined orbtsés of experimental data
by equation (5). Fig. 5 shows the dependencesffokidin coefficient of selected vapors
on their activity. It can be seen that the diffasamefficients of all substances decrease
with vapors activity. A decreasing &f with increasing concentration of the penetrating
vapor molecules is usually attributed to sorptiatuiced changes in polymer structure, in
particular to crystallization or a transition too#imer crystal modification. Structural
changes may also take place in amorphous polyniess & presence of penetrant mole-
cules caused a plasticizing of polymer structugkanse of chains mobility. An increase
of penetrant concentration leads to swelling ofypelr and plasticization takes place.
Lowering of D with increasing of water concentration has beaenty attributed to
molecule association via hydrogen bonding (clusggrjl5]. Naturally, these effects will
be most pronounced in sorption of water or alcobglydrophobic part in MC mem-
brane. In hydrophilic part of polymer a clusteriagpither absent or sets is only in the re-
gion of high vaporus activity. Since clusters may consistdany molecules, their mobility
will be much smaller than that of free molecules,bound to the functional groups on the
polymer chain [16]. Barrer and Barrie found forteys ethylcellulose+water that the de-
crease oD with increasing concentration was accounted fothieythermodynamics cor-
rection termy=JIn a/dIn C in ' Fick’s law [17].

20

&eyelohexane
#® heptane

. p

A methanol

W water

=y
Lo]
1

Diffusion coefficient x 102 m? g
-
[=]

[+1]
1

0 0.2 0.4 086 08 1

Vapors activity

Fig. 5. Dependence of diffusion coefficient of sédel vapours on activity
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5. CONCLUSIONS

Based on the performed experiments the following conclusions can be drawn:

1. Myristate part in system determines a comprehensive sorptionpsppd MC
membrane.

2. Sorption of VOCs in MC membrane can be described by Flory-Huggio/the
and the strong non-polar interactions between MC and aromatic compouads lea
dissolution of MC in liquid benzene and toluene.

3. Sorption of water vapors in MC membrane is very low and almost hiaear
(Henry’s law) character.

4. Diffusion coefficients of all studied compounds decrease with iringead
penetrant activity.
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AGNIESZKA STACHECKA*, WLADY StAW KAMINSKI*

EMPIRICAL APPROACH TO DEWATERING OF
ISOPROPANOL-WATER SYSTEM BY PERVAPORATION

The aim of the research was the evaluation of pemation process used for isopropanol-water
mixture separation on a PERVAP 2210 hydrophilic oeme. Experiments were carried out in
a Sulzer apparatus, at membrane surface/fre8.0177 , temperatures 65C, 70°C and 75°C,
for alcohol concentrations in the feed: 90, 92.85 8% and for three flow rates: 20, 40 and 60
dm?/h. The process was conducted in steady conditibesnstant pressure on the low-pressure side
of the membrane (300—400 Pa).The experiments wade raccording to a three-level factorial de-
sign. Results of research based on the experinveaits used to describe empirical model. This
model was described using an Excel calculation tsHee confirm the extrapolation ability, addi-
tional investigations were made for temperaturé@®0concentration 80% and three flow rates. Data
determined by mathematical models and experimemni@é are compared.

1. INTRODUCTION

Quick development of research on industrial appliitg of pervaporation process
was observed at the beginning of the 80s of tffec@ftury, when the German company
Deutsche Carbone AG GFT (now Sulzer Chemtech Mamdxhnik) developed com-
posite hydrophilic membranes with an active layer ofyioly alcohol. The membranes
(commercial name PERVAP-1000) were applied in fingustrial systems for ethanol
dehydration [1]. At the end of the 2@entury, successful attempts of using ceramic
membranes in industrial installations also stajfddAt present, in the world there are
about 100 industrial installations for pervaponati®hey have different tasks and ca-
pacities ranging from 100 to 30000 Hday. Pervaporation can be applied as a cheap
and efficient method for dehydration of differeabvents (Table 1) [3]-[6].

* Technical University of £6d Faculty of Process and Environmental Engineening\Wdlczaiska
215, 90-924 £ 64, Poland.
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Table 1. Selected solvents dehydrated by pervaparah industrial scale [3]-[6]

Water content
Solvent
in feed (% mass) in permeate (ppm)

ethanol 4,50-12.0 100-10000
methanol 7.10 1650
n-butanol 5.40 800
t-butanol 10.40 580

THF 0.40 220

methyl ethyl ether 3.80 220
trichloroethane 0.01 8

The most important applications of pervaporation process include [2], [7]-[9]:

1. Dehydration of liquid water-organic mixtures:

— separation of azeotropic mixtures: water/EtOHgwapropanol, water/pyridine,

— dehydration of organic solvents, e.g. alcohols, esters, ketones, ethleosylic
acids, halogen derivative hydrocarbons.

2. Removal of liquid organic compounds from water, including:

—removal of hydrocarbons and their halogen derivatives from ground aadesurf
water,

— dealcoholisation of wine and beer,

— concentration of odorous substances, e.g. aromas for food industry,

— removal of organic products during continuous fermentation.

3. Separation of mixtures of two or more liquid organic compounds, including:

— separation of isomers (e, m-, p-xylenes),

— separation of azeotropes (e.g. methanol-methyl t-butyl ether (M T&&Ehanol-
dimethylcarbonate (DMC), ethanol-cyclohexane).

In pervaporation a serious problem to solve is selection of an appeopréan-
brane for a separated system and process parameters e.g. fpeditomand tem-
perature, and its flow velocity. To take advantage of the experigaioed in a labo-
ratory scale in designing industrial installations, it is neargst® describe the process
mathematically which will allow us to predict mass flux and effect of sdparat

Modelling of mass transport is based on three main approguiesical, semi-
empirical and empirical.

In empirical and semi-empirical methods experimental resultsbeautilised di-
rectly.

2. SUBJECT AND SCOPE OF RESEARCH

In experiments, a binary mixture was represented by isopropanolayatem be-
cause pervaporation has practical significance for it. Isopropanded to extract
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vegetable oils, where it replaces the traditional solvents Higkxane or petroleum
benzine. Hexane is inconvenient to use because of its toxicity and ggplkess — the
features which we do not observe in the case of isopropanol. The puistypobpa-
nol required for extraction exceeds 90% which is obtained as a resudtr\afpora-
tion.

Basic data for isopropanol are given in Table 2 [10].

Table 2. Basic data for isopropanol [10]

Molar mass 60.096 g/mol
Melting temperature 185.28 K
Boiling temperature 355.41 K
Critical temperature 509.31 K

Critical pressure 4.764 MPa
Critical volume 220.1 critmol
Critical density 0.2730 g/chn
Compressibility coefficient 0.248
Acentric factor 0.669

Experiments were made according to a three-level factor dgsigrvariable pro-
cess parameters were:

— feed flow ratey = 20, 40 and 60 dffh;

— feed temperaturd@, = 65, 70 and 75C;

— feed composition (mass fraction of alcoholy 90, 92.5 and 95%.

Additionally, experiments were made for an isopropanol-water mixturénea
temperaturd = 80°C and feed compositian= 80% wt. alcohol in the feed.

3. EXPERIMENTAL SET-UP AND METHODS

3.1. EXPERIMENTAL SET-UP

The process of pervaporation was investigated using a Sulzer €esystem
(Fig. 1) equipped with:

— temperature control system,

— feed circulation system,

— receiver.
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Fig. 1. Sulzer Chemtech pervaporation system

Experiments were made on a PERVAP-2210 commercial hydrophilic meenbra
supplied by Sulzer Chemtech. The membrane was designed to dehydaaie eod
vents that contain up to 20% water in the initial solution (feed) at tst. fihe active
membrane surface wés= 0.0177

3.2. MEASUREMENTS AND ANALYSIS

The most popular and precise method used for the determination of petedpora
samples is the chromatographic method. It does not require big qusaotitiguid for
analysis which is very important in the case of permeate sanafiler pervaporation
because the permeate is obtained in small amounts.

As it was mentioned earlier, the permeate samples weresadally a Trace GC
gas chromatograph (Thermo Finnigan), using the internal standard method.

4. EMPIRICAL MODEL

Experiments were carried out according to the three-level factesign. Ex-
perimental results were used to determine empirical modeliceets for pervapo-
ration. To estimate the effect of particular process varighkg were normalised in
the description according to the equation:

;z(Xi_XOi) i:1,2’3 (1)
Ax
z —normalised process variable,

X — variable,

Xoi — central point of design,
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A% — variable increment, for u — 4u = 20 [dni/h]
T— AT =5 [°C]
c— Ac = 2.5 [%].
Basing on the three-level factorial design, dependence of procgables on
permeate flux can be described. Equation (2) is given in the forleaidrmalised
variable system:

Vi = Co + C1Zy + CoZp + C3Zz + C12242 + C13217Z3 + CpaZpZ3 + Cr23212573
2 2 2 2 2 2
+Cu(Z —214") + A — 2 ") + Cax(Z"— 25 ). (2)

General formula of equation (2) can be presented in the following form:

y=> & @2 3)
k=1

Taking into account that the factorial experiment is orthogonal,icefsc, can
be obtained using equation (4):

>y @(z)

G = —— @)

ﬁ;mf(zi)

¢ — coefficient in equation (2),

z —normalised process variable,

@, — function in equation (3) and (4),

Yy, —experimental data,

p — number of experiments.

Coefficients of the equation were determined for two variants:

— variant I: wheny, — permeate flux,

— variant 1l: wheny,— enrichment factags.

To describe the process of pervaporation, the permeate flux should beedent
and permeate composition should be known. The proposed empirical model enables
determination of the permeate flux (variant 1) and calculationaiémcontent in the
permeate (variant Il).

4.1. RESULTS AND DISCUSSION — VARIANT |

Using relation (4), 11 coefficients in equation (2) were calculdtkey were used
to calculate the permeate flux. Finally equation (2) has the form:
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yi = 0.308137 + 0.035644+ 0.061167, — 0.160882; + 0.007825,2,—
+ 0.01631%2; — 0.048658,2; — 0.007288,2,7; + 0.00708%%,°—2/3) —
+ 0.040378%,°— 2/3) — 0.01876 % — 2/3) (5)

It follows from the equation that the permeate stream is nfflestted by the feed
composition. This is related to the value of coefficiery’ (c; = — 0.160883) that is
responsible for the feed composition.

Fig. 2 shows a comparison of the permeate stream obtained expeltimesiita
data calculated from the empirical model.

0,84

o
)
1

0,4

0,2

calculated data, kg/m’h

0,04

T T T T
0,0 0,2 0,4 0,6 0,8

experimental data, kg/m°h

Fig. 2. Comparison of experimental and calculataizh d

When calculations and experiments are in ideal agreement, the glointsl be
located on the diagonal. In the analysed case there is good agrdmstvestn ex-
perimental values and data obtained from the empirical model.

Using the empirical model, the permeate flux was determined depeoulitite
temperature, flow rate and concentration of isopropanol in the feedpmnétiof the
process variables being changed and two others taken at a coegghntnl subse-
guent diagrams, the experimental and calculated data are compared.

In model calculations, beside equation (5) called further on the “full emliathe
same equation was used, however taken without square terms (equation 6).

yi = 0.308137 + 0.035644+0.061167%, — 0.160883; + 0.00782%,2, —
+ 0.01631%z; — 0.048658,z; — 0.007288,2,7; (6)

Fig. 3 shows dependence of permeate stream on different tempeeatdrdgee
isopropanol concentrations in feed using equation (6).
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081 u=20 dm*/h, c=90.0% wt.

o7d4 u=20 dm’h, c= 92.5% wt.

064 === y=20 dm*/h, c=95.0% wt.

0,5

v

0,4

0,3

permeate flux J kg/nth

0,2

temperature’C

Fig. 3. Dependence of permeate stream on temperaudifferent isopropanol concentrations
in the feed, for flow rate = 20 dni/h (lines — empirical model, points — experimenizia)

The empirical model provides good extrapolation of experimental datdeBe
data from the factorial design, the diagrams contain additional feintse tempera-
ture T = 80 °C). With and increase of isopropanol concentration in the feedethe
meate stream decreases which conforms to theoretical data.

It was shown that the permeate flux increased with a temperétarelhe lowest
temperature impact is reported at high isopropanol content in th98%edwt. iso-
propanol concentration), the permeate flux ranges from 0.11 to 0.1Zhkg/m

Next, the effect of isopropanol concentration in the feed on the perfheatat
different temperatures was investigated. Fig. 4 shows experinmmmdacalculated
data at three temperatures.

The model gives good description of the experimental datiop of the curve with
an increase of concentration in the feed, follaowsiediately from the value of constant
cs, Which is responsible for alcohol concentratiortha feed ¢; = — 0.160883) in the
equation. Additionally, in the diagrams points wararked at = 80% wt., to confirm
extrapolation data.

The smallest effect on the permeate flux is observed for haginapanol concen-
trations in the feed. At 95% wt. concentration the flux for three comidempera-
tures is on the same level. This may be caused by transititve eddpropanol-water
mixture through the azeotropic point.
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Fig. 4. Comparison of the dependence of permeggarat on isopropanol concentration
in the feed, at constant flow rate= 20 dni/h and three temperatures
(lines — empirical model, points — experimentabjlat

The effect of flow rate on the permeate flux was also examioredonstant iso-
propanol concentration in the feed and three temperatures (Fig. 5).

0,68 - e T=65°C, c=90% wt.
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Fig. 5. Dependence of permeate flux on the flow eat = 90% wt. of isopropanol
in the feed and three temperatures (lines — engpimodel, points — experimental data)

It follows from the analysis of variant I, that the empirioeddel well describes
the experimental data.
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4.2. RESULTS AND DISCUSSION — VARIANT I

The empirical approach enables also estimation of an enrichmé¢ot facCon-
stants of the equation (2) were determined according to equation (@yrfohment
factorp. They took the form:

y, = 14.20113 + 6.259*1¢, —3.57*10°, + 4.850244; — 2.606*10°2,2, +
+ 2.35%10%2,2; — 2.942*10%,2; — 4.875*10°2,2,2; — 4.16*10°%(z,* - 2/3) —
+ 6.6*10%z°— 2/3) + 1.6423564*— 2/3) @)

Fig. 6 shows a comparison of enrichment fagtealculated and obtained experi-
mentally.

Experimental points are located diagonally. It was observed thdathevere not
distributed evenly on the diagonal but accumulated in three clustevapi@Gg de-
pended on isopropanol concentration in the feed and flow rate.

erichonent factor P calewlated

fromn equation (7)
I

s w1z 18 8 18 20
enrichment factor B - experimmental data

Fig. 6. Comparison of date obtained experimentallg calculated from equation (7)

Experimental and model points lie on the diagonal which shows good f&ting,
further calculations were based on equation (7).

Basing on the empirical model, the effect of process parameters (tempédtature
rate and feed composition) on the enrichment fg€teas investigated.

Subsequent diagrams illustrate the dependence of enrichment factoaten w
content in the feed at three temperatures and one flow rate/{Rigd temperaturé
= 65°C, and three flow rates (Fig. 8).

The diagram presenting three different flow rates and one tetapesalue con-
firms that with an increase of the flow rate, enrichment fgtttecreases.

The empirical model well describes experimental data and canrebeirushe de-
termination of the enrichment factor.
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Fig. 7. Dependence of enrichment faggamn water content in the feed
(lines — model data, points — experimental data)
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Fig. 8. Dependence of enrichment fagg@n water content in the feed
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5. CONCLUSIONS

The presented method of mathematical modelling of isopropanol-watensye-
hydration by pervaporation enables determination of streams and copmmsifi
particular mixture components without the need to solve complex systeatgia-
tions. A comparison of calculated and experimental permeate stsdams good
agreement of these values which makes possible to apply modelatiahs in de-
signing the process of pervaporation.
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EXPLOITATION OF CERAMIC MEMBRANE BIOREACTOR
FOR THERMOPHILIC BACTERIA CULTIVATION

Food processing industries, such as distillery stdy produce a large amount of wastes.
Distillery stillage is the most problematic wasterfi distillery. It contains a lot of organic com-
pounds expressed as chemical oxygen demand (COREp 60 g Q/dn). This organic matter
must be eliminated to protect the environment. Memb bioreactor (MBR) is an effective
wastewater treatment process in which the membseaparation technology is integrated with the
activated sludge system. The suspended solidsoanpletely separated from the treated water by
the ceramic membrane unit, and all bio-mass is kefte bioreactor. Because of such advantages
as: good chemical stability, favourable mechanstedngth, good antimicrobials ability, and high
separation efficiency, the ceramic membrane isablet for comprising ceramic membrane biore-
actor (CMBR) with activated sludge.

1. INTRODUCTION

Membrane bioreactor (MBR) is an effective wastewatertrireat process in
which the membrane separation technology is integrated with thatadt sludge
system. The suspended solids are completely separated fromatieel tneter by the
ceramic membrane unit, and all bio-mass is kept in the bioreactor.

Because of such advantages as: good chemicaltgtdhiliorable mechanical strength,
good antimicrobial ability, and high separatiorioghcy, the ceramic membrane play an
ever increasing role in many applications. Thero@ranembranes are suitable for com-
prising ceramic membrane bioreactor (CMBR) witlivated sludge [1].

Ceramic membrane bioreactor has the advantage of compactnesghagddiity
effluent without bacteria [2], [3]. In comparison with conventionalvatéid sludge

* Institute of Chemical Technology in Prague, Tdcka 5, 166 28 Prague 6, Czech Republic. E-mail:
katerina.lapisova@vscht.cz
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process, the CMBR offers several advantages: reliabilitypaotmess, high removal
efficiency, bacteria free effluent, etc. The study on CMBR for wadter reclamation
has paid great attention since 1990s in the world. The stability asitifey of ultra-
filtration CMBR applied to urban wastewater treatment is investigated [4]

Stillage is the aqueous by-product from the distillation of ethantdwaolg fer-
mentation of carbohydrates. The enlarging production of bioethanol from lsiomas
results in the concurrent production of stillage which exhibits a comasildepollution
potential, especially for their large volume, liquid character artd ¢tigmical oxygen
demand (COD), up to 100 g.@n? [5].

One possibility to eliminate this organic matter is exploitatibthermophilic mi-
croorganisms. The thermophilic aerobic process represents aelglatew technol-
ogy for high-strength and high-temperature wastewater effluents. ifhef @ur work
is to establish a system for organic matter degradation andva@® minimization
of distillers’ stillage by connecting two processes: mixed tlehilic bacteria culti-
vation under aerobic conditions and external bio-mass recycle usingnsgestrial
microfiltration unit.

2. MATERIALS AND METHODS

2.1. MICROORGANISMS

The experiments were performed with mixed thermophilic bacteriareubb-
tained from activated sludge from wastewater treatment pranBystice pod
Hostynem (CZ). The bacterial culture was stored in Eppendorf’s(fubecni) with
glycerol as a cryoprotectant, in the deep freezing box (MDF-U3086&&rSAJapan),
at the temperature of —60 °C (storage can).

The adaptation and bacterial bio-mass propagation was necessaeytbefoulti-
vation in the bioreactor. The inoculum was prepared from storage Hamgultiva-
tion was performed on synthetic medium at 60 °C, 200 rpm for 24 hours; the inoculum
was consecutively resuspended to the medium in the bioreactor.

2.2. MEDIA

This paper presents the experiments made on synthetic medium. d$tssedre
done to evaluate the ability of proposed process (aerobic cultivattbnbie-mass
recycle) realization on the real material (stillage). Bgtic medium consisted of:
ammonium citrate 0.5 g/dinglycerol 8 g/dmy MgSQZH,0 p.a. 1 g/drf) (NH,),SO,
p.a 0.2 g/d) KH,PO, p.a. 6 g/dm yeast extract 2 g/dinpeptone 4 g/din
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2.3. BIOREACTOR

The cultivations were performed in the 5 *faboratory bioreactor AG MBR
Switzerland (Fig. 1), facilitated by process control systemsSw@zerland. The bio-
reactor was connected with regulation and measuring unit IMCS 2000onnagit
values of pH, temperature, stirring, % of dissolved oxygen, concemtrafi outlet
gases: @(Magnos 16, Hartman& Braun, Germany); C{(Uras 14, Hartmani&
Braun, Germany). An aerator was employed to maintain an aerobiommeint for
the normal growth of bacteria. To keep an optimal temperature t & a@nger was
installed in the bioreactor. A stirrer was used to ensure compigteg of the influ-
ent and the activated sludge. A level controller together wittstpltic pump was
used in order to maintain a constant working volume.

The investigations were carried out in a CMBR apparatus asnatically pre-
sented in Fig. 2. The bioreactor, process pump and membrane module canstitute
a loop, where the medium was circulated at a high speed.

The bioreactor was filled with synthetic medium and inoculated kynibyhilic
bacteria. The substrate was taken from the feed tank to thediimrenanually or by
peristaltic pump. All the cultivations were performed at congtmperature of 55 °C
and pH value 6.5 which was regulated by addition of 20%Qdand 20 % NaOH
automatically by pump. The CMBR system was monitored by measnt@&hperme-
ate flux, chemical oxygen demand (COD) and suspended solids. The COD, sdspende
solids and other items were measured as per the standard methexsnaration of
water and wastewater [6].

2.4. CERAMIC MEMBRANES

The experiments were made with cross flow multirste ceramic membranes,
manufactured by Tami-Deutschland, prepared from xtureé of ALOs; TiO, and
ZrO, with the length of 170 mm. The main characteristi€ghe ceramic mem-
branes are: separation area 0M@&chanical resistance 9 MPa, chemical stability
pH 0-12, and thermal resistance up to 350 °C. Tambmane pore size diameter
corresponds to the micro filtration range (0.2 um50um). The membranes were
installed into two parallel modules #te semi industrial scale separation unit
ARNO 600-BIO (Mikropur Ldt; Hradec Kralové, CZ). This regime enabtbe per-
manent process where one membrane is in sepanagdme and the other one in
regeneration regime.
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Fig. 1. Laboratory bioreactor AG MBR
Switzerland
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3. RESULTS AND DISCUSSION

Figure 3 shows course of fed-batch cultivations. The values of dissolkygen
(% O,), outlet carbon dioxide (% Giand biomass growth (g/dnX) are presented.
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The course of the process varied, even the same cultivation condgittoasapplied.
The process was stopped when the concentration of oxygen achieved atl®@¥nd
and did not change. The maximal value of dry matter was 2.67%g/ dm

The COD values were reduced from 14 700 m{f@ at the beginning of the
cultivation to 3050 mg @dn? at the end of the process, so the COD reduction
achieved 80%.

During the process with biomass recycling, fouling effect occusrethe mem-
branes used for separation, but this effect was not very sewtti@ald be evaluated
as stable. The flux decline was at around 40% of the initial vilaber The mem-
branes were consequently regenerated by 5@ Ht 70 °C for 2 hours in separate
sanitation circle to achieve the initial flux.

— A 02 (%) —=—CO2 (%) —m—X (g/l)

% ,
g/l

time (hour)
100 3 g,
g/l

%

0,00 2,00 4,00 6,00 8,00 10,00

time (hour)

Fig. 3. Fed-batch aerobic cultivation on synthaetedium; arrows represent start
of recycling on membrane module M1 (0.45 um), M2 (@m)
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The course of the continuous cultivation is shown in Fig. 4. Due to thefamn-
line analytical determination, the process was stopped owing tcathe of oxygen,
even the bio-mass increased (as was confirming optionally). Mbxiahae of dry
matter achieved 6.4 g/dm

The COD values did not state about the degradation potential of thelimophi
bacteria population and alternate according to the biomass growth.

The permeate flux decline was not measured. The permeate fliegudated to
constant discharge of 5 émin as the substrate feed flow was regulated.

—a— 02 (%)

CO2 (%) —m—X (9N

% CO2,
L6 glX

0 10 20 30 40 50 60

time (hour)

Fig.4. Continuous aerobic cultivation on synthetiedium; arrows represent start of recycling
on membrane module M1 (0.2 um), M2 (0.45 pum)

4. CONCLUSIONS

The thermophilic microorganisms are useful for utilization of organmpounds.
Compared to other wastewater treatment technologies, thermophilic ganmmtBss is
particularly advantageous for the treatment of high-strength wastevthat can fully
benefit from the high rate of degradation, large biodegradation emyéow sludge
formation. This biotechnology is also attractive due to the high terpe of treated
material (stillage). The occurrence of pathogenic microorgariisitneated hazardous
wastes, such as municipal water, is minimized at these high temperatures.

The mixed bacteria culture is changing and evolvingrdudultivation and the
ratio of particular bacterial species is not constaithin the whole cultivation.
This can be explanation for different culture’s &elor during the cultivation at
same conditions.
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Acetic acid was the primary metabolite from glycerol thaswlso used as a car-
bon source during cultivations. Rapid lysis of bio-mass startedftieation of the
main part of glycerol, therefore COD values increased.

Considering the complexity of above-mentioned psecé is necessary to carry out
more experiments in order to optimize the cond#tiand specifications of the aerobic
cultivation with external recycling of bio-mass. éllprocess with bio-mass recycling
seems to be stable for a long period with no sesteess to the bacteria cells.
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DIALYSIS MEMBRANES WITH IMMOBILIZED HEPARIN
AND THEIR ANTI-BLOOD CLOTTING PROPERTIES

In this work the attention was focused on AN69™ rommne, a negatively charged polymer used
for fast blood dialysis. The aim was to evaluat ithmobilization of the negatively charged heparin,
an anti blood clotting polymer, on the membranepsupwith the Layer-by-Layer (LbL) deposition
technique. The cationic polyelectrolyte (polyetimyteine) (PEI) was used as the intermediate layer or
“glue layer”. A dye staining method and a dissipatijuartz crystal microbalance were used to study
the required conditions for an effective PEI imntigbikion. It was observed an optimum adsorption
for pH 8 and NaCl concentration within the rang® @5—0.2 M. Ellipsometry measurements enabled
to determine the thickness of the successive layamsely 8 A for PEI and 13 A for heparin (pH 8,
concentration of NaCl = 0.3 M). The preliminaryuks obtained with the dissipative quartz crystal
microbalance technique (QCM-D) confirmed the preseof swollen layers in aqueous media. Fi-
nally, clotting experiments with whole blood werrjormed in order to assess the anti-blood clotting
of the treated AN69™ membranes. The membrane susas observed by optical microscopy at
different blood-contact times on native AN69™ meart®, on AN69™ membrane treated with PEI
and on heparin treated AN69™ membrane. Observapiomsgde the evidence of an anti-blood clot-
ting on the AN69™ membrane treated with heparire @hposition of heparin by the LbL technique
via a PEI layer leads to a membrane with a sigmifi@nti-blood clotting.

1. INTRODUCTION

AN69™ is a membrane used for fast blood dialysegatients suffering from kid-
ney deficiencies. This isotropic membrane, madenfen acrylonitrile-methallyl sul-
fonate copolymer, exhibits negative charges on its seiidad is thus hydrophilic. How-

* Polymers, Biopolymers, Membranes, UMR 6522, Rouknriversity, F-76821 Mont-Saint-Aignan
Cedex, France.

! Laboratoire de biophysique et biomatériaux, Roueiversity, 1 rue du 7éme chasseurs BP 281,
F-27002 Evreux Cedex France.
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ever, these surface charges may lead to anaphglaetactions within the first five
minutes of hemodialysis [1] by generation of a higictive molecule, bradykinin. The
immobilization of heparin, an anticoagulant polydwride, on the membrane is ex-
pected to bring about a better hemo-compatibithechemodialysis membrane.

In blood dialysis (or filtration) with membranesgarin is systematically injected in
blood to reduce the risk of thrombosis inducedHsy ¢ontact of the circulating blood
with the large membrane surface area. Heparin is an agieoé polysaccharide which
bears negatively charged groups. The anti-clottiffigct of heparin is due to specific
sequences of charged units in its structure. Its immabiz on the AN69™ membrane
reduces the risk of coagulation during dialysiskimg possible a cutback in the amount
of injected heparin, which in turn reduces the akemorrhage.

We used the negative charges present on the surface of the AN6a8Thrane to
adsorb successively poly(ethylenimine) (PEI) and heparin from aroasjs®lution,
in the so-called LbL deposition technique [2]. After the depositions opohgelec-
trolytes, the outermost layer of the membrane mainly considteprin. The thick-
ness and amount of adsorbed heparin and the surface charge densipeatedeto
be critical parameters to control the anti-clotting propertyhefitnmobilized heparin
molecules. The extreme simplicity and mildness of the deposition darazenoti-
vated us to further prospect the influence of the immobilization conditon the
structure of the films and, in turn, on their anti-clotting propertiedact, dialysis
modules using PEI — treated AN69™ membranes are commerciailatde. The
membrane inventors [3] claimed that the low blood coagulation dotivdtiring the
contact phase is due to the reduction of the AN69™ surface chartgsslilian 10%
of the overall ionic capacity after PEI fixation. A recent stsipwed that a heparin
pre-immobilization onto PEI-treated AN69™ membrane allowed to diabatients
with reduced or zero heparin administration [4].

Ellipsometry and quartz crystal microbalance (QCMaRre used to study the layer
deposition. The substrates used in our study wikcerswafers and gold-coated quartz
crystal for ellipsometry and QCM-D, respectively.the present work, deposition trials
with different techniques were made until adeqlegers of AN69 on those substrates
were obtained for their correct study in ellipsameind in QCM-D. We developed
a spectrophotometric technique to study the surfacgehay charge-site complexation
with dye molecules bearing charges opposite to the swfarges. Thanks to the trans-
parency of the AN69 dialysis membrane, such aistawith dye molecules that bear
specific charges allowed us to reveal the accessible chsitge on the adsorbed layers.
Finally, the extent of whole blood coagulation atfaces with and without layers was
analysed. The retention of erythrocytes withinitheitro coagulum on the membrane
was observed directly under optical microscopes Test was chosen because the de-
termination of the clot-promoting species releasedlood after blood-membrane con-
tact (e.g. the thrombin-antithrombin complex) iffidilt [5], except in the case of an
extra-corporal circulation of fresh blood in a ksigembrane-area module.
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2. EXPERIMENTAL

2.1. CHEMICALS

ANG69™ dialysis membrane, a transparent microporous film, and ANG@M=(
50 000 g/mol) powder were kindly supplied by Rhodia Corp. AN69™ copolymer
which is based on acrylonitrile and methallyl sulfonate exhibits tivegaharges.
Branched poly(ethyleneimine) (PEIM{ = 750 000 g/mol), heparin A from porcine
intestinal mucosaM,, within the range of 17 000 — 19 000 g/mol) and ponc&ead
(an anionic dye stuff) were purchased from Sigma-Aldrich. Chenrsitattures are
shown in Fig. 1. All other chemicals were purchased from Aldrich aed without

further purification.
H
At
2 CN 2

R=—Hor-0S0;H R= -CCH;or—080:H

(©)

Na® SO, // @so
‘ Na'

Fig. 1. Chemical structures of AN69™ (a), PEI figparin (c) and ponce&@red (d)
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2.2. SUBSTRATE PREPARATION

AN69™ membraneThe substrates used were AN69™ membranes cutrécto
tangular 2 cm x 2 cm samples. To be preserved frouctstre alteration due to
drying, the original AN69™ film was glycerinated. The gyinated samples were
rinsed at least 4 times in 50 tmilli-Q water baths and then stored in Milli-Q
water before use.

Quartz sensors for QCM-D techniquA. disc-shaped, 5 MHz AT-cut, opti-
cally polished, piezoelectric quartz crystal senaih gold electrodes deposited
on its two faces (supplied by Q-Sense). Since wetadito study PEI adsorption
onto AN69™ the sensors were pre-treated as fotldlesy were first cleaned by
treatment in a hot piranha solution(® (35%): SO, (98%) 1:1 v/v) for 30
min and then thoroughly washed with pure water.segiently, substrates were
treated with an aqueous solution of PEI (20 ¢/dpH 8.75, NaCl concentration
= 0.5 M) for 15 min, rinsed in water and then teshtvith an AN69™ solution in
dimethylformamide (DMF, 5 g/dfh for 15 min. Finally, they were rinsed with
DMF and dried with a stream of nitrogen. This preatment, based on the LbL
technique, enabled us to obtain an uniform outetnger of AN69™ on the
QCM-D sensors.

Silicon substrates for ellipsometryhe substrates used were one-side polished
silicon wafers (ACM, France) cut into 3 cml cm rectangles. The wafer cleaning
and AN69™ coating procedures were similar to thosedufor QCM-D sensors,
except for the compositions of the PEI (3.8 gidpH 8, NaCl concentration =
0.3 M) and AN69™ (25g/di) solutions. Thin films of AN69 were deposited onto
cleaned silicon substrates by spin-coating in DMFe Thncentration of the poly-
mer solution (25 g/df), rotation speed (3000 rpm) and acceleration (§06/s)
were adjusted to produce samples with polymer fiinkness of about 608. Ex-
periments were carried out to check the stabilitwha$ thin film in presence of
aqueous solution (pH 8 and NaCl concentration =M).3

2.3. LAYER-BY-LAYER FILM DEPOSITION

AN69™ membraneMultilayers were grown by alternately dipping the membrane
in aqueous solutions of PEI and heparin for 1 hour each. Between each depositi
step, the sample was thoroughly rinsed with pure Milli-Q water.

QCM-D sensaorsin this case, the LbL films were built up within the measurement
cell of the QCM device, by alternate flow of the PEI and hepaoiations in contact
with the sensor.

Silicon wafer Multilayers were grown by alternately dipping the substrate in
aqueous solutions of PEI (3 g/dnpH 8, NaCl concentration = 0.3 M) and heparin
(0.5 g/dni, pH 8, NaCl concentration = 0.3 M) for 20 min each. Between each depo-
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sition step, the substrate was rinsed by dipping ten times indHfemnt beakers of
pure Milli-Q water and dried with a stream of pure air.

2.4. ANALYTICAL TECHNIQUES

Dye staining methadThe AN69™ samples were successively dipped in an
aqueous solution of PEI (pH range of 2-10, NaCl eotr@tion range of 0.005-1
M) then washed with pure MilliQ water and finallypgied into a solution of dye
stuff, the poncea® red (0.5 g/dr), for 30 min. After thorough washing, the col-
oured samples were analysed with a UV-visible sppbwwtometer in absorbance
mode.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-Dhe QCM-

D technique (System D300, delivered by Q-Sense) was employed dw fible ad-
sorption of PEI onto AN69™. In this technique, the mass adsorbed (includieg ma
rial and hydrodynamically coupled water) onto the surface of a shwde-oscillating
guartz crystal causes a proportional change of its resonance fregfiefor thin,
uniform and rigid layers, the observed frequency shifj) (s related to the adsorbed
mass {m) via the Sauerbrey relation:

IM = —%Afn (1)

wheren is the overtone number a@denotes the mass sensitivity constant (for the
QCM-D systemC = 17.7 ng/criHZ™®) which depends on the properties of the
crystal used. The QCM-D also allows one to measheedissipation factor (D)
which reflects frictional (viscous) losses induceg the deposited layer on the
crystal surface. The QCM-D instrument and data msicg software thus allow
one to simultaneously determine the mass and theelstic properties of an ad-
sorbed film.

Ellipsometry.The thickness of the successive layers of PEI and heparin @gs m
ured by a null ellipsometer from Multiskop instrument (Optrel, Gayh at a fixed
angle of 70° and fixed wavelength of 6328 A. The optical set up consiatpaifir-
ized monochromatic laser beam source, a polarizer, a compensatoglgserand
a detector (Fig. 2). The changes in the light polarization withthio&ness of films
deposited on a substrate were detected via the determination ahasacteristic
angles psi and delta.

About nine spots were measured on each layer in order to havevantelalue.

A model consisting of an isotropic film deposited on a flat isotrgpisstrate was
used to analyze data. The refractive index of the silicon was takbe 3.882-j0.019.
A film refractive index of 1.5 was used to analyze the data.
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Fig. 2. Null ellipsometer principle

2.5. ANTI-BLOOD CLOTTING EXPERIMENTS

Optical microscopy observation of coagulum formation during blood-membrane
contact.For all coagulation tests, blood sample collection in dry tube wésrped
by venipuncture according to the rules. Human blood with normal CK 8¢ 2 s)
was prepared for each series of tests. 0.1afra fresh blood sample was deposited
on four series of three different samples of ¥ enrface area (i.e. pristine AN69™
membrane, PEl-treated membrane, immobilized-heparin membrane tiredppand
incubated at 25 °C for different times. The surface of the spotréctdiontact with
blood was observed under a microscope (Leica DML_Mequipped with a Sony
3CCD™ camera, after gently rinsing the samples with an isotonic sodnlaride
solution for different given incubation times.

3. RESULTS AND DISCUSSION

Influences of pH and ionic strength on the PEI layer sorpfidre absorbances of
ponceausS red adsorbed on the AN69™ membranes treated with aqueous PEI solu-
tions at various pH and NaCl concentrations are shown in Fig. 3 anspéctieely.

From Fig. 3 it appears that the amount of anionic dye sorbed onto tHayREEXx-
hibits two maxima depending on the pH (pH 3 and 9). Since all the compaments
volved in the system are polyionic, all adsorption processeskate 1o be driven by
electrostatic interactions.
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With four anionic charges, the ponce@ulye is expected to be strongly repelled
by the anionic pristine AN69™ membrane surface. However, due to the rglddivel
exchange capacity of AN69™, one cannot exclude that the electragtptitsive
interactions may not be strong enough to override the attractived®aWaals inter-
actions. Therefore, we verified that no ponc&uied was sorbed onto the pristine
membrane within the ranges of pH and NaCl concentration studied. drfisnoed
that the dye molecules adsorb solely onto the PEI layer.

As parts of the PEI charges are involved in the interactioh witderlying
AN69™ membrane surface, poncedted molecules can interact only with free cati-
onic charges. Considering the short length of the hydrocarbon segmemvéeibe
two consecutive PEI charges (two carbons), we assume that ttmwhgdic interac-
tions with the dye are negligible. The amount of adsorbed dye museftect quan-
titavely the amount of positive charges available for on top oPtilelayer. In fact,
competitive interactions of the dye and AN69™ for PEI must occuRESs a weak
base, its charge density decreases with pH increasing. Inweosel expects an in-
crease in the available positive charges at low pH. Thisexphain the maximum of
PEI adsorption at pH 3. As far as the influence of NaCl concerigiconcerned,
the idea is a little bit different. For low concentrations, fewrtter-ions (C) are
present for the PEIL. Thus more positive charges are availadl®&l adopts a flat
pancake-like conformation due to the repulsion of the positive changlea great
number of anchoring points on the AN69™ surface. We think that this sadwnee
sponds to NaCl concentration lower than 0.1 mol/dvtoreover, the attractive inter-
actions between ponce&ured molecules and PEI are less screened at low NaCl con-
centration.

The maximum of ponceadired absorbance at high pH (ca. 8.5) may come fhem
macromolecular nature of PEI. At such pH values, the nunfli&gEIgpositive charges is
low, leading to a small number of anchoring pouomsthe AN69™ surface. The chains
are coiled, with large tails and loops protrudingpithe solution, rather than as is the
case at low pH values [6]. More dye molecules ¢tas be attached to those loops, in
spite of a lower charge fraction per segmentshis lypothesis, the stoechiometry of
PEl-ponceau S dye molecules must be differentatlad high pH values. At high pH,
due to the scarce distribution of the positive ghay the dye molecule would be at-
tached by fewer points than at low pH values. b, fdne competition between AN69™
and poncea® red for positive sites on PEI turns in favour ohpeauSred due to the
number of configurations and positions that theitaeoules can adopt in solution, com-
pared to the rigidly fixed charges on the AN69™ membaurface. In other words, the
optimum pH for obtaining a large number of accdesidharged sites would be 8.5.
Concerning the NaCl influence, for concentrations higjen 0.1 mol/drhwe observed
the highest absorbance intensity for salt concéotraequal to 0.375 mol/din As
a matter of fact, we can suppose that, as it wasdbke for high pH values, counter-ions
in large quantities make positive charges less avail@linsequently PEI is more likely
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to adopt the coiled conformation described at fibh leading to the same process of
ponceau S red adsorption. However, an excessivease of NaCl concentration leads
to a decrease of adsorbed dye molecules due tecteening of the attractive interac-
tions. Finally the optimal NaCl concentrations REI adsorption range from 0.025 to
0.15 mol/dr or near 0.4 mol/dfn

Influence of ionic strength studied by the QCMIDese results, showed in Fig. 5,
enable to complete the previous analysis with pam&aed dye stuff. Considering the
low dissipative coefficient of the adsorbed layei$El, one can assume that they are
rigid and that the Sauerbrey relation is valid. Tavaxima of sorbed amounts are ob-
tained for NaCl concentrations within the range28-:0.15 mol/dmi and around
0.4 mol/dni, respectively, with the first maximum higher than theosel one. These are
consistent values with the results obtained frora dtaining analysis. However, in
QCM-D measurements, the difference between bothmasappears much higher. If we
suppose that the amount of water coupled to ther lisyindependent of the NaCl con-
centration, this suggests that a NaCl concentraimond 0.1 M is more efficient to
adsorb the PEI layer. In fact, it is more reasomdblassume that the water quantity
varies with PEI layer structure and therefore wlith NaCl concentration. For low con-
centrations, the layer is thin and compact, ang tantains a low amount of water.
When the NaCl concentration increases the layviéger and less compact, thus con-
taining more water.

70

8 3
—
//

w
o

PEI sorbed mass, ng
N
o

I\ /T
. .

10 v

0 02 04 0,6 038 1 12

NaCl concentration, mol/dm 3

Fig. 5. QCM-D results of adsorbed PEI masses at 8¥5 for various NaCl concentrations

Thickness measurements of PEI and heparin layers by ellipsorRetsuylts are
collected in Fig. 6. Ellipsometry measurements confirm the tafee@dsorption of
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PEI on AN69™ and the effective adsorption of heparin on a PEI-treet&d ™
substrate. From these measurements, the thickness of each ddpgsiteths found
to be namely 7 A for PEI and 13 A for heparin.
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Fig. 6. Layer thicknesses obtained by ellipsometry

Influence of the surface nature on the coagulum formation during blood- mem-
brane contact The previous analyses of this work, in particular QCM-D ang-elli
sometry, consisted in studying the adsorption of PElI and heparin lay¢os
a modelized AN69™ membrane, since it was a thin layer of AN69™ degam
a substrate and not a real membrane. In this last part of ourwegdgpplied the con-
clusions deduced from the previous analyses to carried tests of blood toagutéo
three different substrates (Table 1) based on the pristine AN69™ dialysis membra

The coagulation time of blood on membrane surfaces strongly depended on the
blood sample. Therefore, the comparison was only made on the basis sainibe
blood sample. Although some differences were detected in visual/phahogodser-
vations between the blood spot of each substrates tested, we alsoHaiutitk tob-
servations under microscope were much more relevant. Indeed, weeddtex for-
mation of fibrils. Moreover, the coagulum with more and more erytiescgn the
spots with time was visible although no blood colours appear for d visservation.

In all cases, we observed a large difference in time footiset of coagulation (as
illustrated in Table 1.), i.e. the time at which coagulum attacbeithd membrane
surface was clearly observed. An example of coagulum on the mendudaee is

shown in Fig. 7. The coagulum mainly consists of erythrocytes imfiarndles. The
fibrin fibers appeared well only at low erythrocyte density onstiméace. In Fig. 7,

the fibrin fibers are visible on the borders of the coagulum, and somehder the

erythrocyte cells in the zones of lower cell density.
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Fig. 7. Optical microscope photography of coagulum

Table 1. Coagulum onset times for three substraithsthe same blood sample

Coagulum
Substrates onset time,

minutes

Pristine AN69™ membrane 15

PEl-treated AN69™ membrane 7
(with PEI concentration = 20 g/drin 0.5 M NaCl at pH 8)
PEI- and heparin-treated AN69™ membrane > 50
(with heparin concentration = 1 g/dim 0.5 M NaCl at pH 7)

Our results agree qualitatively with those obtaibgdberizawa et al. [7] with a sur-
face of cell-culture poly(ethylene phthalate) diskated with layer-by-layer assemblies
of chitosan and dextrane sulfate. They observetttigaassemblies with dextrane sul-
fate as the outermost layer were blood anticoagiian with the longest coagulation
time), while those with chitosan were blood proadagt. We infer that the membrane
with a cationic outermost layer (PEI, chitosanpligod procoagulant, and that an ani-
onic outermost layer (natural AN69™ surface, derdraulfate, heparin) is blood anti-
coagulant. However, the material with heparin a&s dbtermost layer appears as the
most anticoagulant. The coagulation onset time edex that of a correct preservation
of fresh blood without added anticoagulant (like EDTA). did be interesting to pros-
pect the influence of different deposition paramgeten the coagulum formation.

4. CONCLUSIONS

The main goal of this work was to prospect the immobilization of rivepa an
AN69™ membrane via an intermediate PEI layer. We first stuttie adsorption of
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PEI to find optimal adsorption parameters (pH = 8.5 and NaCl condentsaithin

the range 0.025-0.15 mol/dmWe then controlled by an optical method (ellipsome-
try) the adsorption of PEl on AN69™ (7 A) and heparin on PEl-treate@9AN
(13 A). Finally blood and anti-blood clotting experiments were real@edarious
substrates. AN69™ membranes treated with PEI and heparin exhilghificant
anti-blood clotting.
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LIPASE-IMMOBILIZED BIOCATALYTIC MEMBRANES IN
ENZYMATIC ESTERIFICATION

The performance of lipase immobilized membranepamer by various approaches, viz. using
the lipase adsorption on membranes, inclusion oyree in membrane structure by filtration as well
as covalent attachment of lipase to membrane hege btudied in reaction of butyloleate synthesis
through esterification of oleic acid with n-butarinlisooctane. Ultrafiltration membranes made of
regenerated cellulose (CO30F) and polyethersulpf®N30) were used for lipase immobilization. It
was found that the lipase inclusion in the widegpsr supporting layer of membrane was the most
efficient method in preparing highly effective batalytic membranes. The degree of oleic acid con-
version using these membranes was about 70-72%awéhction time of 8 hours. It was shown that
the distribution profile of the lipase in the merabe was important for the effective enzyme utiliza-
tion. The profile imaging atomic force microscogyFM) technique was used to visualise surfaces of
lipase immobilized biocatalytic membranes.

1. INTRODUCTION

Currently, lipases, also known as triacylglycerstee hydrolases EC 3.1.1.3, have
generated interest in fundamental and applied researdtija$es catalyze a number of
different reactions, although they were designeddtyre to cleave ester bonds of tria-
cylglycerols with the subsequent release of frety facids, diacylglycerols, monoacyl-
glycerols and glycerol. Lipases are also able talyze reverse reactions under micro
aqueous conditions, viz. the formation of esterdsobetween alcohol and carboxylic
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acid moieties (ester synthesis). Although esteth&gis can be done chemically with
acid or base catalysis, the use of enzyme techymaiffgrs the advantages of mild con-
ditions, high specificity including stereospecifycand reduced side reactions [1].

Generally, many lipase-catalyzed reactions studied weresdaotit in emulsion
systems [2]. Currently, attempts are being made to avoid thef @éseulsion systems
because of difficulties not only in controlling the reaction but atsthé re-use and
stability of lipases [3]. Consequently, numerous efforts have beenefbaus the
preparation of lipases in immobilized forms involving a varietypoth immobiliza-
tion methods and support materials [2]—[5].

Since lipases can be used in the wide variety of reactiomsystee preparation
of immobilized lipase derivatives has to be made according to sathetic process
of interest. In this context, the combined evaluation of the complex misohaf the
biocatalytic membrane action as well as the special requitsnfier the membrane
reactor performance should be taken into account. Thus, immobilizatiggasés on
or within membranes is far from an already solved problem. Ip#psr the catalytic
behaviour of lipase-immobilized membranes prepared by both non-covalenb-and
valent immobilization methods using (i) lipase adsorption on membréndsading
of membranes with enzyme by filtration of lipase solution througiveact support
membrane layers (iii) covalent attachment of lipase to @&etivmembrane, have been
studied in the reaction of butyloleate synthesis through esteidficaf oleic acid
with n-butanol.

2. EXPERIMENTAL

2.1. MATERIALS

Candida Rugosa lipasetype VII with a ratio of 1:5.88 g proteins/g solids (raw li-
pase, 700-1500 units/mg solid, molecular weight 57—-60 kDa), oleic acid, n-butanol,
glutaric dialdehyde, isooctane, hexamethylenediamine (HMD) phosphate (Hfe
7.0) were purchased from Sigma-Aldrich (Dorset, UK). All the clkatsiwere ana-
Iytical grade and used without further purification. Molecular sg¥e-8 mesh) were
supplied by Fisher Scientific (Loughborough, UK).

Two types of ultrafiltration membranes used (1) CO30F membrane ohadgen-
erated cellulose supplied by MICRODYN-NADIR GmbH (Wiesbadenyaay) and
(2) PM30 polyethersulfone membrane supplied by Millipore Express (Vdatfd€)
were used in this work. According to the manufactures’ specificatiboth mem-
branes have the same MWCO of 30 kDa. These are composite mesnyitmthin-
cellulose (CO30F) or polyethersulfone (PM30) active layer supportgabitmyis non-
woven polymer materials in which pores are significantly kathen those in the ac-
tive layer.
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2.2. METHODS OF LIPASE IMMOBILIZATION ON MEMBRANES

2.2.1. NON-COVALENT IMMOBILIZATION

Lipase immobilization by adsor ption:

A membrane sample 50 mm diameter was fixed in aciapgolymethyl-
methacrylate frame so that only active membrane layer iw contact with the li-
pase solution while the membrane supporting layer pvasented from contact by
the enzyme solution. Membrane samples were plac@etin dishes with 20 chof
1-10 mg/cm lipase solution in phosphate buffer (pH 7.0). Meante samples were
shaken using a ABU-2 devise (Mashprom, Tambov) for Indis at 20 °C. After
sorption, membranes were removed from the Petriedisind rinsed twice with
50 mM phosphate buffer (pH 7).

The amount of lipase adsorbed onto the membrane surface was detexsnthed
total protein quantity from the difference between the amount of protesolution
before and after adsorption and in washing using QuantilBGA Assaykit (Sigma-
Aldrich, Dorset, UK).

Lipase immobilization on membranes by filtration:

0.5-0.75 grams of crude lipase were dissolved inridof 50 mM phosphate
buffer (pH 7.0) and the solution was gently stirresing a magnetic stirrer for
2 hours. Afterwards the solution was centrifuged3@®0 rpm for 10 minutes to
remove the insoluble substances. 1-10° ofnthe lipase solution was filtered
through the active or support layers of the membrametead-end filtration cell
(Amicon, model 8200, Fisher Scientific, LoughborbugK) under a pressure of 2 kPa
without stirring. After immobilization, membranes rgerinsed twice with 50 mM
phosphate buffer (pH 7).

2.2.2. COVALENT IMMOBILIZATION OF LIPASE ONTO MEMBRANE

The preliminary activation of the membrane surfaiGeperiodate oxidation was
used for covalent immobilization of lipase on CO30F cellulose Nadinbrene. The
procedure for covalent lipase immobilization was as follows: mlmane sample was
treated with 10 cfof 0.5 M sodium periodate solution for 90 minutes in the dark to
activate the membrane surface. The activated membrane wasghlyrwashed with
distilled water and immersed in 10 taf 10 g/dni lipase in a phosphate buffer (pH
7.0) for 24 hours.

For the insertion of HMD spacer, the membrane sam@as activated with so-
dium periodate and placed in 10 bof 1% (w/v) HMD solution for 18 hours. The
membrane was then washed with distilled wateryvatgd with 5% (v/v) glutaral-
dehyde for 1 hour and treated with the lipase asriteed above.
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2.3. ENZYMATIC ESTERIFICATION IN MEMBRANE BIOREACT®

The membrane bioreactor was designed on a base of membrane elesceiied
elsewhere [4]. The element consists of two identical cylindrieainbrane channels
of 2 mm width separated by biocatalytic membrane. Esterificatemed by pumping
both phases through the membrane elements. Reactants diffuse throbghcae-
lytic membrane where the esterification reactions occurred sesult of catalytic
action of immobilized lipase due to the difference in concentrations.

The degree of oleic acid conversion was determined using the following equation:

DC= (1—%} x100%

whereC; is the initial quantity of oleic acid in the feed stream &pds the sum of
oleic acid quantities in the feed and receiving streams giften period of esterifica-
tion reaction. Because of the possibility of oleic acid being tratexpanto the re-
ceiving phase without transformation, samples of f wniume were periodically
withdrawn from both the feed and receiving reservoirs to evaluate defgpsic acid
conversion. Analysis of the oleic acid concentration into the sam@s<arried out
by direct titration with 10 mM potassium hydroxide solutiomibutanol using phe-
nolphthalein as an indicator.

The AFM used in this study was an Explorer (TMX 2000), a commedeidte
made by Veeco Instruments (USA). Profile imaging mode wastsdld¢o study the
polymeric membranes [6].

3. RESULTS AND DISCUSSIONS

3.1. BIOCATALYTIC MEMBRANES WITH NON-COVALENT IMMOBILIZED LIPASE

Physical adsorption of lipases on the membrane surface providemtiess ap-
proach for the preparation of membrane-immobilized lipases [7]. Invdnys lipases
become adsorbed on the membrane surface through a combination of Vanatker Wa
hydrophobic, electrostatic forces, hydrogen bonds and aromatioinding.

Usually, adsorbed lipases are not very useful to work in high \aatifity sys-
tems because of the possible desorption, however enzymes can rdetaived on
the membrane surface in organic media due to practical insoluinilibyganic sol-
vents.

It was found that 8 hours were required to reach the adsorption equiliioriliim
pase-membrane system over the studied range of lipase concentration.
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Fig. 1. Adsorption isotherms for lipase on CO30H &M30 membranes
(pH 7, 25 °C, adsorption time of 8 h)

As can be seen from Fig. 1, the lipase adsorption isotherms haugptbal
Langmuir character for both cellulose CO30F and PM30 polyethersulphone mem-
branes. The lipase adsorption on polyethersulphone membrane is higher dompare
with a cellulose membrane. According to the chemical composition, PéIgéther-
sulphone membrane has both polar and non-polar segments on its surfacesis a
polyethersulphone membrane is more hydrophobic than a cellulose membreare. It
previously shown that the more hydrophobic the membrane surface théikalyrés
the binding of proteins with the exposed non-polar regions of membrane p¢8jmer
The amount of lipase adsorbed on the membranes studied is in the oaderoab-
layer, which has a surface density of 3.3 nfgfn lipase fronC.rugosa [9].

Reaction profiles of butyl oleate synthesis in membrane reautibins lipase-
adsorbed biocatalytic membranes are shown in Fig. 2. Lipase-imneobit#30
membrane provides about 28 % of substrate conversion for reactiooftBnieours,
whereas the lipase immobilized CO30F membrane shows an oleicoasigrsion of
approximately 21 %. The better performance of PM30-based biocatakgtihrane
is obviously due to a higher loading of enzyme on this membrane. It d@uidted
however, that the degree of oleic acid conversion was not high enoughwvd$idue
to low membrane loading with lipase. However, it can be seen fabie L that mass
reaction rate (conversiars protein loading) is higher in case of immobilization on the
surface of cellulose membranes. Thus, we did not observe lipagatiactiby more
hydrophobic polyethersulphone surface which was often claimed in resbsalig
with lipase immobilization on polymeric materials [5].
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Fig. 2. Degree of oleic acid conversion versus tihesterification on membranes
with adsorbed lipase. Lipase loading equals to tmg%rotein/mfor PM30 @)
and 1.7 mg protein/fiior CO30F @) membranes

To increase the membrane loading with lipase, themae inclusion into the
membrane body using the filtration technique wasiedrout. This procedure was
based on the fact that PM30 and CO30F are asymmeirposite ultrafiltration
membranes and lipase molecules readily penetrate sa@porting layers. The
asymmetric membrane structure permits the lipasdireament by localizing it
between the lipase-impermeable active layer (throulgiciwthe lipase macromole-
cules cannot pass, for the chosen membrane cutnéf)the sponge support layer.
Lipase is loaded into the porous membrane strudiynatrafiltration of an aqueous
lipase solution in the direction from the suppanvards the active layer (reverse
filtration mode).

According to Fig. 3, the highly effective biocatalytic membrawese prepared
using the lipase inclusion in the membrane structure. Higher vafussstrate con-
version on lipase-immobilized membranes of this type compared tdraeres with
adsorbed lipases (Fig. 2), is due to higher lipase loading in the eneendiowever,
as shown in Table 1, higher values of specific lipase actigtpyersionvs protein
loading) were obtained for membranes with adsorbed lipase. This fisdggests
that essential mass transfer limitation occurs when the imizethienzyme is in-
cluded in the membrane structure through the filtration technique. dheréihmo-
bilization by filtration results in biocatalytic membranes whicbvide higher trans-
formation rate for the whole reactor due to higher reaction ratenpembrane area.
However, an effectiveness of lipase use in this case is lihaarlipase immobilised
by sorption.
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Fig. 3. Degree of oleic acid conversion versus tihesterification
on lipase-immobilized membranes. Lipase loadingaito 4.15 mg proteinfifior PM30 @)
and 1.7 mg protein/fiior CO30F @) membranes

To study the effect of lipase loading on the degree of oleic acidecsion, mem-
branes with various enzymes loading were prepared (Fig. 4). Limpasebilization
on an active membrane layer using a similar procedure wasaised out for com-
parison. This was carried out by the ultrafiltration of a lipadati®n through the
membrane in the direction frothe active layer towards the support layer (normal
filtration mode) The lipase retention on the membranes was found to be practically
independent of the membrane orientation giving similar lipase loadiagfiltration
of equal volumes of lipase solution.

Fig. 4 demonstrates that an increase in enzyme loading from 0.024pigp-of
teins/nf to 0.68 g of proteins/fred to a slight increase in the conversion degree. This
means that only a part of the enzyme immobilised within the memlmentributes to
the reaction. These results indicate a decrease in spedifiityacf the lipase with
increasing concentration when immobilized in the membrabhdigh enzyme load-
ing, the observed activity is lowered by an obstruction of pores, vadcteases the
mass transfer rate of the reagents through the membrane (Jabid by decreasing
the accessibility of enzyme active sites within enzyme deposits.

Fig. 4 shows higher substrate conversion degree when lipase is iimetbi the
support membrane layer. The higher rate of esterification witlentzgme immobi-
lized within the wide porous support layer is most probably relatadotiter enzyme
distribution through the porous structure of the membrane. In this casnzym@e is
more effective compared to the enzyme presented in the form degesit on the
surface of the active layer of the membrane. Thus the distribptidibe of the lipase
in the membrane is important in the effective enzyme utilization.
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Fig. 4. Reaction profiles of butyloleate synthesishiocatalytic membranes
at various lipase loading. Immobilization by filien technique in suppor®(

or active layer M) of PM30 membrane. Esterification time equals tw8rs

Table 1. Mass/area transport rates versus timstefifcation reaction for biocatalytic membranes
prepared by various immobilization methods

Biocatalytic membrane Time of esterification reaction, hours
(method of lipase immobiliza- 1 | 2 ] 3] 5 | 8
tion/lipase loading, Mass reaction rate, pmol /h-mg protein
mg protein/r) Area-reaction rate, umol /h-émembrane
PM30 (adsorption/4.2) 0.219 0.178 0.151 0.112 0.084
0.046 0.038 0.032 0.023 0.018
CO030 (adsorption/1.7) 0.352 0.329 0.298 0.228 0.162
0.030 0.028 0.026 0.019 0.014
PM30 (filtration through the sup-| 1.31-16° | 1.9110° | 1.62:1¢° | 1.41.16¢ | 1.31.1C°
port layer/680/1.7) 0.045 0.066 0.084 0.049 0.045
C030 (filtration through the sup- | 1.91-1¢° | 1.54-10° | 1.52.1C | 1.34-1¢° | 1.31-1C0
port layer/680) 0.066 0.031 0.079 0.046 0.044
CO030 (covalent immobilization 0.110 0.044 0.041 0.031 0.025
without spacer/9.0 adsorption/1.7) 0.026 0.020 0.019 0.019 0.011
CO30F (covalent immobilization 0.101 0.083 0.074 0.058 0.043
with spacer/6.0 adsorption/1.7) 0.031 0.026 0.023 0.018 0.013

Surface characteristics derived from AFM image analysitsvare are shown in
Table 2. It can be seen from Table 2, that the mean pore diaméier iaftial mem-
branes are very close. This is due to the fact that both membunamesthe same
MWCO. However, the surface of the PM30 membrane is smoother thaurtheesof
the CO30F membrane. As expected, lipase immobilization on the membiréamee s
leads to a decrease in pore size. Moreover, the deposition of tipadbe membrane
surface results in a smoother surface and therefore gives less total acedact
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3.2. BIOCATALYTIC MEMBRANES WITH COVALENT IMMOBILISED LIPASE

Reaction profiles of butyl oleate synthesis with covalent imnesddlilipases
membranes are shown in Fig. 5. Comparisons between Fig. 2 and Fig. 5tkabws
covalently immobilized lipases are less active in the iisegtion reaction compared
with the adsorbed enzyme. Rigid enzyme attachmwi@entovalent binding considera-

bly modifies the protein tertiary structure leading to a loss of activity dffthse.

Table 2. AFM surface characteristics of lipase irhitived PM30 and CO30F membranes

Surface roughness

Total contact

Mean pore diameter

lipase (with HMD spacer)

Membrane type RMS, nm area, K A

PM30 (active layer) 0.42 428420 13.85+0.10
PM30 with lipase immobilized by

filtration through the active layer 0.13 335080 8.25+0.16
CO30F (active layer) 0.76 468800 12.55+0.15
CO30F with lipase immobilized by

filtration through the active layer 0.36 436190 543+ 0.18
CO030F with covalent immobilized

lipase (without spacer) 0.29 487500 4.52+0.13
CO030F with covalent immobilized 0.30 652200 561+ 0.17
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Fig. 5. Reaction profiles of butyloleate synthesishiocatalytic membranes
with covalent immobilized lipases withoum)Y and with HMD spacer&)

Fig. 5 shows, that the degree of oleic acid conversion on biocatalgtitbrane

with covalent immobilized lipase with a HMD spacer is highmnparing with mem-
brane without spacer. It should be noted that the amount of covalent inzexbil
proteins was 9+1 mgfmand 6+0.5 mg/mwith and without spacer, respectively.
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Thus, membranes with lipase immobilizagéd spacer gave a higher conversion degree
even at lower loading level. This phenomenon is probably due to thé¢h&dcthe
spacer stretches out of the bulk phase and minimizes the irtesmtitween the
enzyme and membrane surface, which could affect the lipase structure [10].

Comparison of surface characteristics of lipase-immobilisedbreres presented
in Table 2 shows that the mean pore diameter for covalently imaeablbiocatalytic
membranes is similar to that of CO30F immobilized membranes preglarough
a filtration technique. However, the amount of covalently bounded ligaseuch
lower than that loaded by filtration (9+1 mg proteif/and 0.68+0.05 g proteinfin
respectively). The decrease in pore size for lipase-immofilizembranes is a result
of alteration of membrane porous structure due to binding of bulky protéetues.
The reason of virtually the same decrease in membrane podusite binding lower
guantity of enzyme for covalent immobilization and for immobilizaticanfiltration
is not established. Obviously, irrespective of the method of lipaseobilization
(covalent or filtration), both PM30 or CO30F membranes were covetbdaviayer of
immobilized enzyme. At these conditions the various lipase loadingrndees
mainly the thickness of the immobilized layer and to a lesgentaffects the other
surface characteristics of immobilized layer, including the pore size.

Moreover, surface roughness for the membranes with covalently iriradbii-
pase was lower than that in the case of immobilization bytfdtrgFig. 6). Probably
rigid multipoint binding due to covalent immobilization results in thesading of
protein macromolecules across the surface smoothing it. Such dialistorprotein
structure has a detrimental effect on the enzyme activityceé8patroduction, as
mentioned above, contributes to better preservation of the proteirustruthat was
confirmed by less pronounced smoothing of the membrane surface whenwgmse
immobilized with the spacer. Lipase immobilized by filtration press the globular
structure even better and surface roughness in this case isgtiesthamong the
membranes with immobilized lipase.

(@) (b)

Fig. 6. 3-D AFM images of CO30F membranes with ¢avdy immobilized lipase without spacer (a)
and with HMD spacer (b)
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4. CONCLUSIONS

It was found that lipase inclusion in the wide porous support membrasreplian;
vides highly active membranes able to convert 70-72% of oleic mddhiours of
reaction time. On the contrary, the biocatalytic membranes wlibrbed or cova-
lently bounded lipase give the substrate conversion of 22—-28% and 18-21%, respec-
tively, at the same conditions. Higher values of substrate caonersa membranes
with filtration-immobilized lipase compared to membranes with dmbilipases is
due to higher lipase loading in the membranes. However, the data shandsarea
reaction rates indicate essential mass transfer limitatiohigh enzyme loadings,
which were achieved by the filtration technique.

It was shown that lipase immobilization by filtration in the spolayer of the
asymmetric membranes allowed higher catalytic activity weéspect to the enzyme
immobilized on the active membrane layer. Thus the distribution erofithe lipase
in the membrane is important for the effectiveness of immobilised enzyme.

Covalent immobilized lipases on membrane CO30F were found lese actes-
terification reaction compared with the adsorbed enzyme on this meejkthis is
probably due to conformational changes in tertiary structure of ligaseg the co-
valent attachment to the membrane, which results in a partsabfabe lipase activ
ity. An introduction of a HMD spacer between the membrane surfateavalently
immobilized enzyme mitigates to some extent the detrimenfettedf covalent im-
mobilization and increases the rate of esterification reaction.
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EFFECT OF SURFACE MODIFICATION WITH
FRIEDEL-CRAFTS REACTION WITH (1,3)-PROPANE SULTONE
ON THE PHYSICAL PROPERTIES

OF POLYSULFONE MEMBRANES

Asymmetric porous membranes were prepared fromsptibne (PSf) by wet-phase separation
procedure. Chemical modification was applied touhper membrane surface, which was exposed to
interaction with nonsolvent (water) in the coagalatbath during the membrane formation. The
membrane surface was modified by the series oflEki€rafts electrophilic substitutions of aromatic
rings in the polysulfone molecules. As the surfeeactive reagent (1,3)-propane sultone and AICI
as catalayst were used. With this procedure a newtibnal groups CHCH,-CH,SO;- were
introduced on the surface of conventional ultraftion membranes. The measurements of the
membrane thickness, deionized water flux throughniembrane and the FTIR/ATR spectroscopy as
characterization method of chemical modification tbé membrane surface were applied. The
morfologies of membranes were characterized withl SE

1. INTRODUCTION

The polysulfone (PSf) membranes have been developed for variatgustiial
applications, such as: microfiltration, ultrafiltration, reversmasis and gas separa-
tions. In recent years, ultrafiltration technology has reciveshdnelous importance
for concentration, purification and fractionation of various products irrskvields.
Most of the commercial ultrafiltration membranes are made figdrophobic poly-
mers like different polysulfones, polypropylene and polyethylene due itoetkeel-
lent properties. PSf is one of the most important polymeric raéen this group for

* University of Maribor, Faculty of Chemistry anch@€mical Engineering, Smetanova 17, 2000 Mari-
bor, Slovenia. E-mail: anja.car@uni-mb.si
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membrane manufacturing, because of thermal and hydrolytic staslitell as good
mechanical and film-forming properties [1]. A common technique fopteparation
of polymeric membranes with asymmetric structure is the pbegaration process
where the thin layer of polymer solution is cast on a suitable suppdrthe phase
separation is introduced by a non-solvent [2], [3]. The phase separatibodnteas
been widely used for the preparation of different synthetic polymmembranes.
During the process, the polymer casting solution is immersed ibedhawith non-
solvent. The solvent diffuses out of the cast film and the non-saiifuses into it,
which results in phase separation and polymer precipitation to feorrangbrane. In
the formation process of a membrane, two types of phase separatidie chstin-
guished. The dry phase separation takes place in the atmospherapbyaton of
a volatile solvent and the wet phase separation is induced by nontsdiverder to
obtain membranes with special properties, additional additives cdisdmdved in the
casting solution. The final membrane structure and its propergemffmenced by
different physical and chemical parameters [4]. Polymer membrarith well-
defined pore structures and specifically functionalized surfaceskpharole in ad-
vanced separations, high performance ultrafiltration fractionatiomSffinity fil-
tration of proteins [6]. But hydrophobic surface of PSf membranes bageae foul-
ing during water solutions ultrafiltration of containing different sabses [7]. There
are many factors contributing to fouling such as surface propéctiesistry, mor-
phology), hydrodynamic conditions, ionic strength, and solute concentration [8]. The
fouling resistance on membrane surface can be reduced by introdudogs fanc-
tional groups, which can change the surface charge density and dwéaophilic-
ity/hydrophobicity. Thus, the ideal membrane would combine the superior gk pr
erties of hydrophobic polymers with the surface chemistry of hydropimtiterials
for variety of separation applications. Surface modification of bmarre is an attrac-
tive approach to change the surface properties of the membramefimed selective
way, while preserving its macropouros structure. Several technitavesbeen used
to impart surface hydrophylicity to conventional hydrophobic membranespimve
their fouling resistance. These techniques include: chemical oxid&{iofiL0], ra-
diation and photochemical grafting [11], [12], low plasma treatment [138], cova-
lent attachment [15], [16] and coating of a thin layer [17].

In this paper we present a study of chemical meatitbn of the PSf membrane sur-
face in order to change its physical propertie$ waspect to the surface charge density.
The PSf membrane surface was modified by the Frieddts@lactrophilic substitution
of aromatic rings in PSf molecules with (1,3)-pro@asultone. We applied the meas-
urements of the membrane thickness, deionized Mlatethrough the membrane, the
FTIR/ATR and SEM as the characterization methodshaimical modification of the
membrane surface and morfology. Measurements oFTHR/ATR, SEM and water
flux are in a qualitative agreement with the phabkiand chemical properties of the
membrane surface changed by application of thafgpelsemical modification.
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2. EXPERIMENTAL

Materials. In the experiments the following chemicals were used: Udel A
Polysulfone (PSf) (Aldrich 18,244-3), N,N-dimethylacetamide (DMAUKa), (1,3)-
propane sultone (Aldrich), Algl(Fluka), methanol (Fluka), butanol (Fluka), hexane
(Fluka). Chemicals were applied without further purification whie txception of
AICI; that was sublimed before used.

Membrane preparation and surface modificatidxsymmetric porous membranes
were prepared from polysulfone by the wet-phasarsgipn method. 15% PSf solution
in N, N-dimethylacetamide (DMA) with the nominaldkness of 30@m was immersed
in a coagulation bath of pure water at the roomptmature. Membranes were left in
pure water for 24 hours. The modification was agplio the upper membrane surface,
which was exposed to interaction with non-solvevatér) in the coagulation bath dur-
ing the membrane formation (Fig. 1). Reaction nmixtwas slowly agitated and the
membrane was left in the reaction mixture for appgete time. The PSf membranes
were modified by Friedel-Crafts electrophilic sitiiibn [18] of aromatic rings in PSf
molecules with (1,3)-propane sultone, Al@las used as a catalyst. The membrane sur-
face was previously conditioned in different solvemtater, methanol, butanol and hex-
ane, i.e. a sequence of a polar to less polariaatlyfa non-polar solvent. Expaosition
time to the chemical reaction was 1, 5 and 10 ramat the room temperature. Different
mole ratio of AIC} catalyst to (1,3) propane sultone was appliederAfaction mem-
branes were washed with methanol and water.

Table 1. Surface-modified conditions of PSf membgan

Reaction time, Catalyst mole ratio
min AICI3/(1,3) propane sultone
1
5 0.005
10
1
0.01
10
1
0.02
10

Membrane characterizatiohe surface of chemically modified membranes was
characterized with FTIR/ATR (Fourier transform infrared smecopy/Attenuated
total reflectance). FTIR/ATR spectroscopy was used to confinem pendant
functional groups on membrane surface. Measurements were recorded using
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Spectrum One (Perkin Elmer) spectrometer. The morphology of native and chemical
modified membranes was followed with SEM microscopy. The membhacinéss
was measured by magnetic probe MINIMER HD1. The deonized watethtough
the membranes was measured in AMICON 8400 cell under the ulatditt pressure

of nitrogene at 0.4 and 0.6 MPa.

membrane
i

Fa l'l-
-
stiing magnetic AICI./sultone
machine  stirer solution

Fig. 1. Device for chemical surface modification

3. RESULTS AND DISCUSSION

Polysulfone asymmetric porous membranes were chemically modifigebir up-
per surface according to the conditions shown in the Table 1. The mbidificd
surface was obtained by a simple method, namely being dipped intotithee raa-
gents. The anticipated product by Friedel-Crafts reaction is showigir2. The
mechanism of the reaction is postulated as alkylation of benzarg Frsédel-Crafts

catalayst [19].

N /j
p
oo
+ H.C
‘ Alc, FC—CH, #7>C—CH, *7>C—CH,

@ o A
CH;—CH-CH-SOAICI, —= H.C™ — H — + ACl,
CH,
1 HE ¢ He

e " CH

o=y=o i L

OAICH; THe 1
o=p=0 o=$=0

OAICI; OH

T-complex ag-complex

Fig. 2. The Friedel-Crafts electrophilic substibatiof aromatic rings in polysulfone molecule
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The results of membrane thickness measurementsl@iotized water fluxes
of modified and unmodified membranes are preseirtdtie Table 2 and Figs. 3
and 4.

Rate of reduction of water flux describes the equation 1.:

_ flux of modifiedmembrane
flux of unmodifiecmembran

(1)

Differences between water fluxes of modified and unmodified membramebe
observed. Bonding new functional group-8€EH,-CH,SG; via (1,3)-propane sultone
on PSf membrane surface can be obtained. A hydrophilic sulfonate unit can be located
to the polymer main chain having a joint segment of ¢-fxHjroups. The long side
chains will contribute to enhanced mobility of -sfDmoiety and decrease the pore
size on the surface. These groups sterically hinder the waxealting the membrane
surface, which can cause increased thickness of immobile vagtardt the surface.
Reduction of the water flux through the membrane can be observedraactibn
conditions after modification.

Table 2. Membrane thickness and deionized watgrtfugh the unmodified
and modified PSf membranes

Catalyst mole Thickness Deionized Wzater flux,
Reaction ratio um ' dm/mth
time, AICI4/(1,3) at 0.4 MPa at 0.6 MPa
min propane Before After Before After Before After
sultone reaction | reaction | reaction | reaction| reaction | reaction
1 118 120 59.18 33.21 90.54 51.5]
0.005 124 125 59.86 31.49 93.77 48.47
10 118 117 59.36 29.58 90.88 45.72
1 110 114 58.57 28.03 91.88 42.91
0.01 111 112 60.13 27.83 92.37 42.63
10 127 125 61.19 27.11 94.93 41.57
1 117 116 59.61 26.16 91.77 40.15
0.02 122 124 58.26 24.64 88.45 38.17
10 118 114 62.60 26.25 97.36 40.75

On the other hand we can observe the effect of the increased atoleof
AICI5/(1,3) propane sultone on the water flux. Al@ known as the strongest cata-
layst for Friedel-Crafts reaction [19]. Increasing the mol® rat catalayst causes
vigorous reaction what could be effecting the morphology. Some expesimeng
made also with mole ratio of Alg(1,3)-propane sultone (1:1) and this caused defects
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in the morphology of the membrane. Measurements of water fluxes thtbegh
membranes are not relevant. These experiments were made fopiSitMs to show
the difference between the damaged and undamaged morphology of the meembra
SEM’s of cross-section are shown in Figs. 5—-8. The modified membshioas es-
sentially no difference in morphology to the unmodified membranes. Tharpossi-
bility of slight degradation due to melting of the skin layer beseaof AICk catalyst
as well as low concentration of catalyst. These could be walejped in membrane
cross-section in Fig. 5b, which represents the modification at satabje ratio (1:1).
Defects in morphology and also degradation of melting skin layeheaobserved.
SEM cross-sections were made at the highest catalyst mal€0&2) of AICk/(1,3)-
propane sultone.
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Fig. 3a. Water flux at 0.4 MPa for modified and wtified membranes at different mole ration
of AICI4/(1,3)-propane sultone (G1_Mod at 0.005:1 molerads2_ Mod at 0.01:1 mole ratio
and G3_Mod at 0.02:1 mole ratio; G1, G2 and G3 utifienl membranes)
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Fig. 3b. Rate of reduction of water flux at 0.4 MPa
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Fig. 4a. Water flux at 0.6 MPa for modified and wtified membranes at different mole ration
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X500 160m HD39

Fig. 5a. SEM micrograph of cross-section Fig. 5b. SEM micrograph of cross-section
of PSf membrane of PSf membrane modified with
(1:1) mole ratio of catalyst

3,008  16Mm WD33

Fig. 6a. SEM micrograph of cross-section Fig. 6b. SEM micrograph of cross-section
of PSf membrane modified for 1 minute of macrovoids of PSf membrane modified
for 1 minute

Fig. 7a. SEM micrograph of cross-section Fig. 7b. SEM micrograph of cross-section
of PSf membrane modified for 5 minutes of macrovoids of PSf membrane modified
for 5 minutes



Effect of surface modification with Friedel-Crafeaction ... 105

Fig. 8a. SEM micrograph of cross-section Fig. 8b. SEM micrograph of cross-section
of PSf membrane modified for 10 minutes of macrovoids of PSf membrane
modified for 10 minutes

Fig. 9 presents the main difference between unmodified and modifieth&8+
branes at reaction time 10 minutes and 0.02 mole ration of catalayst. In thAFRIR/
spectrum a minimum intensity difference could be observed in ar@@wiatic rings
[20] (1590-1400 cm). The new peaks appeared at 1042'@nd 1192 citin curve
b) that is the asymmetrts = O streching vibration. Identification of oth&= O peak
at about 1240 cmis difficult because of presen&= O groups in unmodified PSf
membrane.
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Fig. 9. FTIR/ATR spectra of a) PSf and b) modifiesf
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Fig. 10 presents the difference according to different reactiam ¢ionditions at
0.02 mole ration of catalayst. Spectra show the different lenghtas@ecording to
reaction time what indicates the different quantity of product onmtimbrane sur-
face. The above results suggest that the surface reactionestagoording to Fig. 2
under applied conditions of modification.
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Fig. 10. FTIR/ATR spectra of a) PSf modified fomn and b) PSf modified for 10 min
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EFFECT OF INPUT NON-PERFECT STEP CONCENTRATION
FUNCTION ON DIFFUSION COEFFICIENT EVALUATION

Diffusion coefficients of vapour permeating througblymer membranes were evaluated from
dynamic permeation experiments. The measurements mwade in an apparatus, which was divided
by membrane into two parts - upstream and downstigdes. The input step function of concentra-
tion in upstream side is usually supposed for tiffesdon coefficients evaluation by the solution of
the Fick’s second law. But in real system the ingricentration function often differs from the step
function. This work deals with the description bEtinput concentration and its influence on the
evaluated diffusion coefficients. The mathemativaldel was developed, where the non-perfect step
input concentration function was included in theatiption of the transport through a polymer. The
influences of the upstream volume and the flow oditpermeating vapours on errors of the diffusion
coefficient evaluation were discussed.

1. INTRODUCTION

The transport of gases or vapours through a polymeric membrane daschibed
by Fick’s law in an ideal case, e.g. in non-swelling systemmé&mbrane and a per-
meate. The solution of Fick’'s second law which is widely used inrpajealing with
the vapour transport in polymeric membranes was derived on theobasisplifica-
tions of the experimental arrangement i.e. the input step concentiatiction and
zero output concentration. But for some experimental arrangementsattg is far
away from these assumptions and the evaluation models need matifidatirliere
et al. [1] authors deal with problem of the non-perfect pressurdgiefion and the
time lag method of diffusion experiment evaluation.

* Institute of Chemical Process Fundamentals, Amadef Sciences of the Czech Republic, 165 02
Prague. E-mail: cermakovaj@icpf.cas.cz
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Corrected diffusion coefficient in the case of non-perfect step was 2.5 tighes' hi
than with the assumption of the perfect step function.

We measured in contrast to paper [1] not the pressure but the coticentfa
a permeant in the upstream side membrane by chromatographic methadpithe
function was realized by a change of the input stream to thdrcélle real state the
volume of the cell and its design intensely affect the shageedhput concentration
function to the membrane, because of the non-immediately renewal vatuthe
upstream parts of the cell. The non-perfect step input concentratigpgstream part
of a membrane has to be then taken into account for the diffusionceemfevalua-
tion. The results of our study enable to estimate the magnitude diffiigon coeffi-
cient evaluation errors in the dependence on experimental arrangements.

2. EXPERIMENTAL

Dynamic permeation experiments were carried out in a diffusiérwbéth is de-
picted in the Fig. 1. The cell consists of two parts — upstream anadstteam sides
divided by a polymeric membrane (low-density polyethylene (LLDPH)§ diameter
of a circular membrane sample was 24 mm. As a permeate vapoprspain-1-ol
were used. The cell was placed in thermostat and the strearapaifrs (inputs, out-
puts) were conducted by tubes with inner diameter of 2 mm.

temperature
control
output from input in upstream
part of a cell
upstream part e
of acell
! L upstream part
membrane N
/—s . downstream part
sweeping
gas N, FID input

Fig. 1. Diffusion apparatus for measurement ofdtestate permeation process

The vapours of demanded concentrations were prepared by nitrogen pancolati

through the liquid permeant and by dilution with nitrogen. The gas mixtasefed to
the upstream part and flowing along the membrane surface. Artthefthe experi-
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ment the concentration was changed by the substitution of the inpuh sifgaure
nitrogen to the upstream part by the stream of the permeant vapours.

Another side of the membrane was wash-out by pure nitrogen to a cowtinoal
matographic detection. The flow rates in the upstream and the doawngteats were
maintained constant. The driving force of the process could be onlyhé¢heical po-
tential gradient.

The input concentration function was experimentally obtained by a blind-mea
urement, where the membrane was replaced by the perforated alunfiliuirhe
negligible resistance to the diffusion through pores in the alumindiinisfassumed
in comparison with the diffusion in the polymeric membrane. To spduifeffect of
the volume of the upstream part and the gas flow rate a séregeriments were
performed. The two volumes were used (£and 21 cr) and the gas flow rate was
in range 24—200 cimin.

How the downstream side volume of the permeation cell contributes wverall
dilution effect was separately investigated in another experamanivhich drop of
volatile liquid (pentane) was put directly on the upstream sidaeofluminium foil
perforation. In this case the response of FID was immediate acticply rectangu-
lar. It means that the effect of the downstream side volumerofegagion apparatus
on the value of the calculated diffusion coefficient is negligibleomparison with
the upstream one. The flow in this part is practically piston.

3. THEORY

Permeation of vapours (vapour permeation) and liqpels/époration) through a non-
porous polymeric films is driven by the chemicatguial gradient across a membrane.
The sorption-diffusion model is generally used tfee description of the mass transport
through polymeric membranes. This model supposes ieps of the transport: the sorp-
tion of molecules of vapours or liquids at the upstreaembrane surface, the diffusion of
the permeants through the membrane and the desordtihe permeated species in the
vapour form at the downstream membrane side. Thesidin through the dense polymeric
membrane is considered as the rate limiting stéipegbrocess.

Analysis of the experimental data is based on the solution of the Fick’'s daeond
(equation. (1)). The experimental arrangement is represented by boundanjtial
conditions.

dc _ 0%

—=D— (0<x<I,t>0), 1

i ( ) 1)
c=c¢;, Wwhenx=0, (2)

C=C; Whenx=l, 3)
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c=0, whert=0 (4)

wherec is concentration of a permeant in a polymer of thickh@sshe distance at
time t. D is diffusion coefficient. The surfaces of a membraxne Q andx = 1) are
maintained at constant concentratmnc,. The thicknes$ has to be negligible com-
pared to the other dimensions of membrane. The solution of the unsteadgidime
less flow under condition of the step input concentration and neglectenglaton
and/or immobilisation of the permeating molecules is described by Crank [2]:

J

=1+2) (-)"expDn*7t/1%). (5)

max n=1
The solution of the Fick's second law with a coricaion independent diffusion

coefficientDs is fitted to the dimensionless flux (the ratiotloé flux of permeatd(t) at
timet to its steady state fluk«(infinite t)) versus the time dependence. This solution
of equation (1) supposes the shape input functiofandtom the step signal. We tested
experimentally the acceptability of this simplificen. When the input function is far
from the type of the step function, the necessity e¥aluation correction takes place. In
this case we changed one boundary condition ttotlesving form:

c=cg(t), whenx=0, 1)
M= 1 $()0(0) 2)

where ¢(t) is the dimensionless function of time andis a concentration constant.
Taking into account solution of the modified case in the book writte@asglaw and
Jaeger [3] (equation (1)), after rearrangement we obtained:

Loyt [P (1" exp,anr (A -1 1731 3)
=0 n=1

| 2
max A=

J

where:D,s is the corrected diffusion coefficient for the non-perfect step ifyna-
tion, A is the integration variable time fro@to t. The input function can be modelled
[4] on the base of a hydromechanical behaviour in the upstream delirpae ex-
perimentally obtained input function may be directly substituted to iequ@). The
relation (8) implies the dependence of the correction on the rafddloénd a mean
residence time of a gas in the upstream cell part, whiclpissented by the ratio of
the volume and the flow rate.

4. RESUTLS AND DISCUSSION

Theoretical simulations and experimental verifications were rmdgantify the
influence of non-perfect input function.
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The diffusion coefficienDs, D,s Were obtained by minimization of the difference
between the experimental response and calculated curves from eq(&tiand (8).
D, represents the situation with the ideal step input concentratioridinirastdD,sis
more reliable diffusion coefficient from the modified evaluation équa8) with the
non-step input function. Examples of the different experimental arramgeraee
shown in Figs. 2 and 3. When the mean residence time in the upstreamhiginer,
the use of equation (5) caused the underestimation of the diffusion woeffialue.
The difference in mean residence time equal to 26 s between eaptxim Figs. 2
and 3 caused underestimate 20.6%. With respect to the diffusion transpanrdrs
increase also with increasing valD4®.

1.0
<
9o
©
c
2
s 0.5 .
g input
s !/ experiment
€ D.= 122 -1
s |\ /J - s=5.610 "m's
D s =5.6+10 ’m’s™
0.0 ‘ ‘
0 100t/ (s) 200 300

Fig. 2. Effect of input function on the diffusionefficient if the mean residence time is negligible

Fig. 3. Effect of input function on the diffusiopefficient if the mean residence time is not negli

(VIQ=1.34sV=1cn, Q= 44.8 cn/min, | = 50um)

(VIQ=27.4 sV =21 cni, Q=46 cni/min,| = 50um)
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©
c
2
3 0.5 4 . t
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c
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5. CONCLUSIONS

The experimental realization of the ideal step input function or xperignental
determination of the input concentration function could be sometimeddifécyilt.
The use of the assumption of the ideal step input concentration forgearigian
residence time in the upstream part of the permeation cell leads to thegtimokstion
of the diffusion coefficients. Presented model, which takes in tbeuat the input
step concentration function, enables to evaluate the correct diffusddficents and
to estimate the error of the evaluation of diffusion coefficievith the step input
function. In this case the proposed model could be used to design the enmeagur
arrangement and to choose appropriate conditions.
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ION BEAM IRRADIATION OF FLUOROPOLYMERS
FOR PREPARING NEW MEMBRANE MATERIALS
— A THEORETICAL STUDY

In determining the permselectivity of dense membésarthe surface and subsurface layer at the
interface play a crucial role. This outer few miteter region can be manipulated by medium energy
(up to a few hundred keV) ion beam irradiation icoatrolled way to modify permeation properties
— similarly to the traditional polymer engineeringethod for integral skin preparation — as it has
been demonstrated in our previous work on ionomembranes. The technique is also well suited
for preparing modified surface layers on conjugaielymers. A systematic mathematical modelling
approach to describing the process was developeitdilBy upon previous work on the perfluori-
nated ionomer Nafichdense membranes, theoretical investigations oer dihorinated membrane
materials such as PTFE and PVDF have been continued

1. INTRODUCTION

Fluoropolymers, e.g. polytetrafluoroethylene (PTFE) and polyvinylidenedifle
(PVDF), are traditionally used for making porous membranes with ¢tigmical and
thermal stability. It is well known that even low energy ionrbémpact may drasti-
cally alter the surface of polymers [1]-[6], and medium enenggiation modifies
the sub-surface layer down to tens of microns [7]-[9] (i.e., compataltlee skin
depth of asymmetric polymer membranes). Given that diffusitalitg permeability
of polymers can be modified by ion beam treatment [7], [10]-[16], tlnique is
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** U.S. Army Natick Soldier Center, Natick, MA 0188JSA.
** Department of Polymer Science and Engineeribfpiversity of Massachusetts, Amherst, MA
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a promising tool to control the gas-solid interface, which is crugialetermining
permeation behavior [17].

During ion implantation a beam of positive ions, typically with eigardpetween
20-200 keV, is used to uniformly bombard the target polymer. This cawsgsd-
jectile ions to be trapped in the substrate and the target to urstengtural changes
due to the large amount of energy taken up from the penetrating ions [7], [18].

The use of Monte Carlo simulation to model the effect of ion imgti@ntanto
various polymers (such as polyethylene, polypropylene, polytetrafluoreathynd
polyamide) has been demonstrated in the literature [19]-[21]. The mainseuof
these calculations was to estimate the penetration depths. Titts femm applying
the simulation implemented in the SRIM/TRIM program [22]-[24] showedr-ne
guantitative agreement with implant profiles measured by the Raottieback-
scattering technique [19]-[21].

A comprehensive quantum mechanical based treatment of ion—atonmooellisi
implemented in the SRIM/TRIM program (Stopping / Transport and Rahigms in
Matter) [22]—[25]. In this contribution it has been applied to understandftbet of
selected ion beam implantations into polytetrafluoroethylene (PTdfEpolyvi-
nylidenedifluoride (PVDF) membrane materials. The calculation® HBeen aug-
mented by statistical analysis of the damage distribution, thmsiad) an assessment
of the dependence of surface layer changes on the implantation pasambe target
material forms considered include dense isotropic membranes, lagswsinplified
models for porous media.

2. TARGET MATERIALS

2.1. POLYTETRAFLUOROETHYLENE (PTFE)

Polytetrafluoroethylene (PTFE) is the simplest fluoropolymer:
[—(CFLCR)—]x

that is often used as a hydrophobic membrane material, and is a céommoadia-
tion target material as well. Its density used in the calculations is 2.28 g/cm

2.2. POLYVINYLIDENEDIFLUORIDE (PVDF)

Another traditional hydrophobic membrane material, used both in micro- and ul
trafiltration applications, is polyvinylidenedifluoride (PVDF):
[—(CHCR)—]x.
lts density used in the calculations is 1.70 glcm
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3. CALCULATION

For dense membranes, details of applied methoddlagg been reported earlier [9].
Briefly, penetration of projectile ions as wellthg full recoil cascades are calculated by
the TRIM module of the SRIM program package [22B][ [25] (version 2003.26). At
each combination of projectile ion and energy itigated, statistical analysis is carried
out from the raw results on both the implant iod an-called vacancy.€. collisional
damage) positions, to determine the moments ohddiptributions [22], [23], [26]. The
first moment is conventionally called (longitudinednge R;) for the implanted ions, and
we have analogously defined the range for collaidamageRy) [9].

The projectile ions chosen for these studies are the noble gasbsodgh Rn.
This covers the atomic number range 2—86. Fitting over our resloitesalb predict
range data for arbitrary ions from the entire periodic table.

In order to summarize all the results from the different ions, extimg to dimen-
sionless units based on the Ziegler-Biersack-Littmark foemalj22], [23] is per-
formed. This utilizes scaling with the characteristic enétggnd lengthR,, defined
according to equations 1-3:

as = 0.8853a5 / (Z,0%+ Z,°3), (1)
E.=Z,2,€ (Mi+ M,) / M, 4r &5 as, (2)
Re= M1+ M;)* / My Mp Ny 47 a7 3)

wherea is the Ziegler-Biersack-Littmark screening lengtis 0.529 A is the Bohr radius,
Z; andZ, are the atomic numbers of the incident ion angktaaitom, respectivelil; and
M, are their atomic masses= 1.6 10" C is the electron’s charge= 8.85 10**C¥N n?
is the permittivity of vacuum, and, is the number density of the target.

For porous membranes, two methods to approximately describe porous reedia ar
used. The cruder approach simply uses an isotropically “diluted”t targgerial, i.e.
one with proportionally decreased density corresponding to the porositsraAédso
developing a novel methodology that transforms the problem of random filmeus
dium into one with a random stratified structure. Hopefully this mpdederves the
simplicity of planar layer target description utilized in SRIMIVRwhile at the same
time statistically describes the gross effects of the i@mbienpact on the stochasti-
cally arranged membrane medium. The fibrous structure modelingnisotied by
a preprocessing script, which takes as input the fibre diamedemadium porosity.
From this the average separation for material contained indeidal shapes is deter-
mined. Then pathlengths of beams, arriving from random directions abndated
both within and between the fibers. These are input as layer thicknesinterlayer
distances, respectively, for the SRIM/TRIM simulation.

Job control, which involves queuing multiple SRIM/TRIM runs over eéigsput
data prepared, as well as evaluating and summarizing raw outpatndéed by in-
house developed scripts that we release to the public domain [27].
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4. RESULTS AND DISCUSSION

Fig. 1 displays the logarithms of scaled ranges for implant ig{RR.)), versus
the logarithm of scaled energy ®JE.)), with the PTFE and PVDF data plotted to-
gether. It can be seen that all results (combined for both targetrials) fall on
a linear master curve, when expressed in this scaled form. Taethogs of scaled
ranges for collisional damage (RyR.)) in PVDF, versus the logarithm of scaled
energy (IgE/E.)), are presented in Fig. 2.

l9(Rp/R )

Ig(E/E.)

Fig. 1. Scaled ranges for implantation in PTFEa(tgles) and PVDF (crosses)

I9(R4/Rc)

Ig(E/E )

Fig. 2. Scaled ranges for collisional damage in P{tHangles) and PVDF (crosses)
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Double logarithmic fits of the scaled ranges, equations 4-5 belowd\iiheistan-
dard errors of the fitted slope and intercept are also shown in paresithehow good
linearity as indicated by their regression coefficienear unity:

Ig(R/R;) = (0.698 + 0.009) IFH/E,) + (1.418 + 0.011); = 0.990, (4)

Ig(RY/Ry) = (0.712 % 0.011) IG/E,) + (1.253 + 0.013); = 0.991. (5)

These equations allow calculating wHat and Ry values would be yielded by
a SRIM/TRIM calculation on a polymer, provided that the dimensiordeesgy falls
in the covered range 0.002-236. Ranges for projectile ions with arbfiravs can
be calculated, aiding a rational design of ion irradiation experiments.

Finally, for the rarified material modeling some preliminargyadare shown in

Fig. 3. Here again it is seen that the close master cuntkdavhole dataset is prom-
ising for an overall fit to be effective.

lg(Rp/R)

l9(E/E.)

Fig. 3. Approximate scaled ranges for implantatin85% porosity material:
PTFE (triangles) and PVDF (crosses)
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INTEGRALLY SKINNED BARRIER LAYER PREPARATION
BY ION BEAM IRRADIATION OF IONOMERS

Irradiation by medium energy ion beams is foundbéouseful for controlling permselectivity, by
modifying the sub-surface layer down to tens ofraris. The method can also be useful for preparing
membranes of varied selectivity, useful e.g. as@ealements. Our theoretical investigation based o
Monte Carlo simulations is presented, with a detldtatistical analysis of the implantation and aigen
distributions. The systematic mathematical modedipgroach yields a simple equation to quantitativel
predict implantation and damage depths in any gjvelymer, for any ions with arbitrarily chosen
atomic number and energy. This provides a theatdtiol for rational design of irradiation paramste
The results presented here cover the perfluorinagedophilic ionomer Nafion, as well as the simple
hydrophobic membrane material Teflon. Both setaté fit together in the general mathematical model
developed, which gives confidence for extendirig describe other materials too.

1. INTRODUCTION

lon implantation into polymer membranes [1]—-[3] is a novel techniquedoel-
oping barrier layers selectively permeable for water and other vdpisrsvell known
that even low energy ion beam impact may drastically dtersurface of polymers
[4]-[9], and medium energy irradiation modifies the sub-surface dy@n to tens of
microns [1]-[3] (i.e. comparable to the skin depth of asymmetric pelymem-
branes). Since the gas-solid interface is crucial in determipéngeation behavior
[10], the techniqgue modifying the sub-surface layer is well-suitedité control.
There is experimental evidence that ion beam treatment of paymafioundly alters
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diffusibility and permeability [11]-[17]. Surface irradiation has besed to treat,
primarily, hydrocarbon-based polymers [18]—-[21]. Little is known, however, about the
ion implantation of more complex fluorinated polymers [22]-[24] such abytiso-
philic ionomer Nafiofi. The latter is an ion exchange polymer widely used in fuel
cells as an electrolyte membrane because of its proton tranapatiility and chemi-

cal inertness [25]—-[27]. lon implantation can further modify these piiepey de-
veloping barrier layers selectively permeable to water or other vapors.

During ion implantation a beam of positive ions, typically with eigardpetween
20-200 keV, is used to uniformly bombard the target polymer. This cawsgsd-
jectile ions to be trapped in the substrate and the target to urstengtural changes
due to the large amount of energy taken up from the penetrating ions [1], [28].

The use of Monte Carlo simulation to model the effect of ion imgti@ntanto
various polymers (such as polyethylene, polypropylene, polytetrafluoreathynd
polyamide) has been demonstrated in the literature [19], [29], [30]. @vepurpose
of these calculations was to estimate the penetration depths. The resal&épfilying
the simulation implemented in the SRIM/TRIM program [31]-[33] showedar-ne
guantitative agreement with implant profiles measured by the Raottieback-
scattering technique [19], [29], [30].

A comprehensive quantum mechanical based treatment of ion—atonmooellisi
implemented in the SRIM/TRIM program (Stopping / Transport and Rahfgms in
Matter) [31]—-[34]. In this contribution it has been applied to understandftbet of
selected ion beam implantations of Nafioifhe calculations have been extended by
statistical analysis of the damage distribution, thus allowingsaessment of the de-
pendence of surface layer changes on the implantation parameters.

2. TARGET MATERIALS

2.1. POLYTETRAFLUOROETHYLENE

Polytetrafluoroethylene (PTFE) is the simplest fluoropolymer:
[—(CF.CR)—I«x
often used as a hydrophobic membrane material, and is a common ioatiorathr-
get material as well. Its density used in the calculations is 2.26.g/cm

2.2. NAFION®

Nafion® (E. I. Du Pont de Nemours) is a perfluorosulfonic-acid type ionomer
mainly used as a proton exchange membrane in fuel cells. It consistg/dfophobic
polytetrafluoroethylene (PTFE) backbone with pendant side chains dfigreréated
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vinyl ethers terminated by hydrophilic ion—exchange groups that takeswgyas
molecules of water under ambient humidity [26], [27]. Its general idatstructure
in the protonated form is given as [25]:

[~(CFLCF)n-(CRLCF(OCRCF(CR)OCRCRSO;H))—Ix.

It is conventionally characterized by its equivalent weight YEwhich is defined
as the mass of dry polymer (in grams) that contains 1 mol of egehhle sulfonate
ion. The most often used material has a nominal EW = 1100, correspondibguto
n=6.5. This material is known to retain some water even aftendive drying;
a substrate with one adsorbed water molecule per sulfonate groupanwiterall
empirical formula GoF3SOsH3 has been assumed here. The density of dry Nafon
2.0 g/cni, for the minimally hydrated (3% v/v) substrate a volume-weigatedage
value of 1.97 g/crhhas been used in the present calculations.

3. CALCULATION

Details of our methodology have been reported earlier [3]. Bripfigetration of
projectile ions as well as the full recoil cascades arukdked by the TRIM module
of the SRIM program package [31], [32], [34] (version 2003.26). At each combination
of projectile ion and energy investigated, statistical anaigscarried out from the
raw results on both the implant ion and so-called vacaineycpllisional damage)
positions, to determine the moments of depth distributions [31], [32], [35]fifEhe
moment is conventionally called (longitudinal) rangg) for the implanted ions, and
we have analogously defined the range for collisional danfagd3]. The second
moments are called straggling parameters; in the figuresvbiblese variance type
guantities will be shown plotted in place of error bars (which wouldnheler than
the symbols used, due to the ranges calculated with sufficient accuracy).

The projectile ions chosen for this study are the noble gases ¢igthRn. This
covers the atomic number range 2—-86. Fitting over our results alopredict range
data for arbitrary ions from the entire periodic table.

In order to summarize all the results from the different ions, extimg to dimen-
sionless units based on the Ziegler-Biersack-Littmark foemalj31], [32] is per-
formed. This utilizes scaling with the characteristic ené&ggnd lengthR,, defined
according to equations 1-3:

as = 0.8853ag / (Z,%+2,>%), (1)
E. =21 Z, € (Mi+My) [ M, 4r & a, (2)
R. = (My+M,)? / My M, Ny 47 &g, (3)

wherea is the Ziegler-Biersack-Littmark screening lengtis 0.529 A is the Bohr radius,
Z; andZ, are the atomic numbers of the incident ion angktesitom, respectivelil; and
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M, are their atomic massess 1.6 10° C is the electron’s charge,= 8.85 10**C¥N nt
is the permittivity of vacuum, and, is the number density of the target.

Job control, which involves queueing multiple SRIM/TRIM runs over geisput
data prepared, as well as evaluating and summarizing raw outpatndéed by in-
house developed scripts that we release to the public domain anchvadlkble as
supplementary material (http://www.staff.u-szeged.hu/~fekete/siirmstripts/).

4. RESULTS AND DISCUSSION

Fig. 1 displays the logarithms of scaled ranges for implant ig{RR.)), versus
the logarithm of scaled energy ®JE.)), with the PTFE and Nafion data plotted to-
gether. It can be seen that all results (combined for both targetrials) fall on
a linear master curve, when expressed in this scaled form. Tiesponding strag-
gling parameters, marked by error bar symbols are also shown s fifegs. The
logarithms of scaled ranges for collisional damageR{l&)) in Nafion, versus the
logarithm of scaled energy (BIE.)), are presented in Fig. 2.

.ﬁ%{

g
g I
24

-2 -1 0 1 2 3
Ig(E/E,)

Fig. 1. Scaled ranges for implantation in PTFE §s&s) and Nafion (triangles);
error bar symbols mark corresponding stragglingupeters

*] ?

-1 0 1 2 3
Ig(E/E,)

Fig. 2. Scaled ranges for collisional damage inidwaf
error bar symbols mark corresponding stragglingupaters
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Double logarithmic fits of the scaled ranges, equations 4-5 belowévthe stan-
dard errors of the fitted slope and intercept are also shown in paesithehow good
linearity as indicated by their regression coefficienear unity:

Ig(R/R;) = (0.759 + 0.016) IGU/E,) + (1.453 + 0.017); = 0.988, (4)
Ig(R/R) = (0.781 % 0.028) IFUE,) + (1.314 + 0.030), r = 0.982. (5)

These equations allow calculating wHt and Ry values would be yielded by
a SRIM/TRIM calculation on a polymer, provided that the dimensioreesgy falls
in the covered range 0.041-179. Ranges for projectile ions with arbfiravfs can
be calculated, aiding a rational design of ion irradiation experiments.

A representative example of the membrane permeation behaviotesfwapor in
untreated and treated membraneafion® 117 (178um thick) is shown in Fig. 3.
The treated specimens were implanted with eithét d@? N* or 10° cm? F'. Sig-
nificant reduction of the water flux through this particular membraag observed,
more for the fluorine implanted than the nitrogen implanted. This ridlsslrates the
profound effect of irradiation on the permeability of dense membranes.

X
Nafi0n117/
control
X
></
/ Nafi0n117/N+/><
X

=
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|

=
o
I

al
I

water vapor flux (kg/d ay/mz)

X Y
\ I o
0 x———X Nafion117 /F+
0.4 0.6 0.8 1.0

PIP,

Fig. 3. Water flux for untreated and treated Nafidid7 (top curve: untreated control;
lower curve: irradiated with £®cmi? N*; bottom curve: irradiated with ¥ocm? F)
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IMPACT OF WATER PRETREATMENT ON THE PERFORMANCE
OF ULTRAFILTRATION MEMBRANES

The objectives were to investigate the effect ofewaretreatment by mean of coagulation, or
MIEX® resin adsorption on the removal of natural orgamétter and on the fouling of membranes
during the ultrafiltration process. In all casedevagretreatment resulted in the increase of paemea
quality and the decrease of membrane fouling. Hewethe results indicated that treatment with
MIEX® resin is much more effective than the coagulatibnrganic substances removal. That was
especially true for its low-molecular fractions, ialnare responsible for the membrane fouling.

1. INTRODUCTION

Increasing water scarcity and the stringent water qualgiglbgion result in the
expansion of membrane-based technologies in the water treatment 3éet low-
pressure membrane processes (microfiltration and ultrafiltratiecgive increased
attention due to the quality of water and the cost reduction caused by improvements
membrane technology. Application of those techniques can simplify ¢baémient
process by eliminating coagulation, flocculation and sedimentation gexeBhese
processes have also been considered to be suitable for the conventional drinking wat
treatment.

A more widespread application of membrane procdsdasited by the decrease in
membrane performance that occurs during potablerti@atment as a result of fouling
through the accumulation of particles and adsanptibthe NOM [1]-[4]. Extensive
research has been carried out to understand tturfacfluencing the intensification of
membrane fouling, but these results are eithercantlusive, or sometimes even con-

* Wroctaw University of Technology, Institute of Enonment Protection Enginnering, Wybs¢ee
Wyspiaiskiego 27, 50-370 Wroctaw, Poland. E-mail: malgtazabsch-korbutowicz@pwr.wroc.pl
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tradictory. Generally, it might be said that therdase in membrane permeability during
the water treatment depends on the type of the maralused as well as on the amount
and properties of the organic substances fraciiotige treated water.

The water pretreatment process used to remove foulants (maitiblgsaand or-
ganic matter) prior to the membrane process has become an impmpanct of any
membrane operation. Moreover, water pretreatment, prior to memliteatéon, can
improve the final quality of water. A variety of pretreatment peses for water ultra-
filtration have been recently investigated. Among them, the meguéntly applied
were coagulation [5]-[10], or activated carbon adsorption [3], [11]-[14]reRtatent
process may cause a significant increase in the total ctst @fater production and
sometimes the expected results, i.e. reduction of membrane foulingnhahaye
achieved. For example Carroll et. al. [15] stated that a sn@#aular weight and
hydrophilic fraction of the NOM, which is responsible for membrane rigyulivas not
removed during the coagulation step, and after the coagulation pretntato de-
crease of membrane flux was observed. Bian et. al. [16] reporteddbaitption by
PAC does not remove the NOM fractions which are highly responsible for fouling.

Since neither coagulation, nor carbon adsorption can remove all thecofgani
lants from the treated water prior to membrane filtration, rmasgarch is carried out
to find new and effective method of the organic matter removakxohange process
seems to be a very effective solution to this problem.

The first studies demonstrating a strong potential of the anion exchasig for
the natural matter removal appeared at the end of the 1970s [17] emdolieved
by numerous research works [18]—-[20]. It has been proved that anion excésinge
can effectively eliminate the NOM from the treated water and are mooh efficient
in eliminating the low organic NOM fraction when compared to conematiproc-
esses [21], [22].

The interest in the ion exchange process application in the watmgnt in-
creased when the new Magnetic lon EXchange resin, Mi&EAs developed. The
MIEX® resin was developed by Orica, an Australian Company, and optimizétefor
removal of negatively charged organic particles from the water [23], [24]MTEX ®
resin is a micro size, macroporous, and strong base ion exchangenasnfrom
a moderately cross-linked acrylic skeleton. The resin hasgaetia component in-
corporated into its polymeric structure. This makes individuahdesads behave like
small magnets capable of agglomerating into large and healgnagrates. In this
form they can be easily removed from water by sedimentationpfideess for the
DOC removal based on the MIEXesin includes resin contacting with water, resin
separation and recycle, and resin regeneration with NaCl. The process difiethé
conventional ion exchange technology in the way that the ion exchangef plaet
process is continuous.

The MIEX® resin has a very small particle size — the diamefte particle is only
150-180um. With a specific surface area comparable to atbewventional macropo-
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rous resins, this resin has a lot more externadl Iseaface. This benefits in the DOC
exchange kinetics (less controlled by the partidieision) and the resistance to fouling
(less DOC exchanged into the particles, shortéugidn paths with smaller beads).

The literature of MIEX indicated high efficiency of the process in the DOC re-
moval. UV,s4 and DOC removal ranged from 50 to 85%, respectively, depending on
the raw water quality [18], [25], [26]. The process is especifféctve in separating
the low molecular weight organic particles [27]. MIEXoes not remove turbidity
and even may generate secondary pollution, since a small pamtesfnamight be
carried away from the system. In order to eliminate watdidity and remove larger
organic particles from water it is required to use coagulatioim w doses of co-
agulants as a post-treatment of water.

The aim of this work was to evaluate the suitability of proaessposed of the
MIEX® treatment or coagulation and membrane ultrafiltration on the fiaér
guality and to assess the influence of this pretreatment method anethérane
fouling.

2. EXPERIMENTAL

2.1. WATER SAMPLES

Raw water (RW), pure water from Mokry Dwor waterworks (Mid)d raw water
treated with the MIEX resin followed by the sand filtration were collected between
March and April 2005.

The Mokry Dwor waterworks takes its raw water from Olawar and produces
about 40% of the distributed drinking water for the city of Wroclaalaid. The
plant has an average water flow of about 8008/ .rThe treatment process at Mokry
Dwor include the coagulation with ABQy)s, and the sand filtration. The characteris-
tics of raw (RW) and pure water (MD) are given in Table 1.

Table 1. Results of raw and pure water quality akiyi Dwér waterworks plant

Raw water MD pure water
Colour, g Pt/m 15.0 9.2
DOC,gC/m 4.8 3.9
UV, m™ 13.0 10.0

2.2. THE MIEX® PROCESS DESCRIPTION

The experiments with MIEXresin were performed at a semi-automatic pilot plant
(Fig. 1) module delivered by ORICA WATERCARE which was instlbn raw wa-
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ter intake of Mokry Dwor waterworks. The main parts of theaifetion set-up of the
system included the following major parts: contactor (256)deettler (260 dr),
regeneration vessel (45 dmfresh resin tank (120 din brine tank (30 dr), over-

flow tank (55 dr), compressor, pumps, mixers and a distribution/control box. Pa-
rameters of the MIEX process performance were determined in jar tests [28] and are
presented in table 2.

Fig. 1. MIEX®DOC pilot plant

Table 2. The operating parameters of the Mot plant trial

Parameter unit - Value
for trial range for UF samples

Raw water flow dm’/h 500 500
Resin concentration Chisin/ dMPsyspension 10-29 20
Resin/water contact time min 30 30
Resin bed volumes e/ AP esin 1000-3000 1230
Regeneration rate % 4-8 5
Fresh resin concentration 83/ dNMsuspension 180-240 210
Recycle resin concentration g3,/ dsuspension 60-150 120
Regeneration frequency day 1 1
Brine dosage dfgind dNTesin 2.5-3,0 2.5
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2.3. THE ULTRAFILTRATION MODULE AND TESTING SET-UP

In the ultrafiltration experiments we made use of hollow-fibre delules (pre-
pared in Institute of Biocybernetics and Biomedical Engineering, R¥&saw, Po-
land) with polysulfone (PS 1700 NT-LCD) membranes of cut-off 30 kba iftem-
brane cut-off was determined using dextrans). The module consisted of 1&¥ hol
fibres with an internal diameter of 0.96 mm. The effective sartaea of the mem-
branes in the module amounted to 0.0567 m

In the ultrafiltration experiments Millipore ProFlux M12 (Fig. 2pss-flow sys-
tem was used. During membrane filtration tests the feed solutlame amounted to
2 dn? and, in order to maintain constant feed parameters, permeateciraslated
to the feeding tank.

Fig. 2. Millipore Proflux M12 ultrafiltration syste

2.3.1. METHODS OF PROCESSES INVESTIGATION

Prior to each ultrafiltration cycle, the membrane module has beated with
distilled water at 0.03 MPa until a constant volume flux was established.
Transport properties of membranes were investigated at 0.03 MR@dsuring
the rate of permeate flow through the capillaries under steady conditions.
Permeate volume fluxJY was calculated as follows:

J =L, m®/m? day
tCA
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whereV is permeate volume (i t stands for time (day), arkldenotes the effective
membrane surface area?jm

The efficiency of the examined processes was determined by rngashe
amount of the organic matter in the samples before and aftepeazgss. The NOM
concentration was monitored by the measurement of the DOC (TOC 505G&na
Shimadzu), the absorbance of UV at 254 nm i)Y and the colour intensity (Shi-
madzu UV1240 spectrophotometer). The retention coefficient of the mdasater
parameters was determined using the following expression:

R:Mgoq %
Co

whereR is the retention coefficient, ared andc, are the parameter values of the feed
and permeate, respectively.

The high-performance size exclusion chromatography (HPSEC) has lezkious
determine the molecular weight distribution of the organic substdncésge water
samples. In the HPSEC analysis, organic substances are sgparatarily on the
basis of differences in the molecular sizes, i.e. the largelstcoies are eluted first in
the column, while the smallest molecules are eluted last.

The HPSEC was carried out using the HPLC system with an tB¢tde (Shima-
dzu) equipped with a BIOSEP-SEC-S2000 column (7.5 x 300 mm, Phenomenex). The
column packing consisted of a hydrophilic bonded silica with particleo$izgm and
pore size of 143\ The eluent that has been used was a 0.1 M NaCl solution buffered
at pH 6.8 with 2 mM phosphate solution. A water sample qfl 2@as injected into
the column. The flow rate was 1 ¥min and the analysis time was 15 min. All solu-
tions were prepared using analytical grade chemicals and th@ Wéter. The ab-
sorbance at 254 nm was used for detection. As the pretreatment fdiP8teC frac-
tionation of the NOM, water samples were filtered through a o Bnembrane. The
HPSEC column was calibrated with protein standards such as ingblihéDa),
ovalbumin (45 kDa), bovine serum albumine (69 kDa), agidbuline (150 kDa).

The area of the peak in the chromatogram refers to the amountt ab&brbing
fraction of the DOM in a specific molecular size fraction.

3. RESULTS AND DISCUSSION

3.1. THE MIEX® PROCESS EFFECTIVENESS

One month pilot trial of the MIEXDOC process gave average results as shown in
Fig. 3 [29]. The average effectiveness of Jhvcolour and the DOC removal were
very close to these obtained in the jar tests a year beforeal#&ugh ranges of the
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results were rather wide. This was not only due to the raw \gatdity and the NOM
fractions changes, but also to the programmed changes of the main process garameter
like resin concentration and resin bed volumes (see table 2).

organic matter removal, %

8

7.7

7.

77

MMM

Z
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uvzs4

Colour DOC

Fig. 3.The average efficiency of organic matteraeat in pilot MIEX®

3.2. THE INFLUENCE OF PRETREATMENT METHOD ON PERMEE QUALITY

The plots of Fig. 4 demonstrate how the quality of water has chafigedyppli-
cation of the investigated methods of pretreatment. As shown by diagsea com-
monly applied method of surface water treatment, i.e. coagulationaaddfifration
may decrease the colour intensity by 38.7%, UV absorbance at 254 nm by &3d1%,
the DOC concentration by 18.7%. Much higher degree of the organic meatteval,
i.e. 74.0%, 61.5% and 41.7%, respectively for colour, UV absorbance at 245 nm and
the DOC concentration was achieved when the MIp¥cess has been applied.

100+
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Fig. 4. The effect of raw water treatment methodrenNOM efficiency removal
(MD — water after coagulation and sand filtratiaiMekry Dwor waterworks,
MIEX — water after the MIER process)
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In all cases preferential decrease of colour over thgAnd the DOC was ob-
served. This is evident, as the colour of water is related tprésence of large frac-
tions of the NOM and coagulation is much better at removing tgerldwydrophobic
molecules, or acidic molecules than the smaller ones. The UV adsogpt254 nm
monitors the amount of the NOM fraction containing aromatic structuretheir
molecules. The smaller the molecular size of the humic fractsorise less reliable is
the quantitative estimation of the NOM concentration due to theigcaf aromatic
structures. The smallest fractions may contain compounds which hai¥¢ absorb-
ance. The decrease of the DOC concentration, as the most refiethled to deter-
mine the total amount of the NOM, has lower values and is thephesineter to
characterize the process efficiency.

When analyzing the quality of water after membrane filtratitab(e 3) it should
be noted that the application of any treatment method prior to théluw#ten result
in the increase of permeate quality. Adsorption of the organic maitéhe MIEX
resin, followed by ultrafiltration brought about 80% reduction of watevwrolreten-
tion of the organic matter was determined with reference towater). Also the re-
tention factor for other measured parameters (i.e. UV absorba@bd atm and DOC
concentration) was higher than observed for the non-membrane filtareples

(Fig.5).

Table 3. The influence of the water pretreatmerthoe on the UF permeate quality

UF permeate qualit
Sample (pretreatment method) colour, g PUMA UV s M- DOC, g C/rf

Raw water (no pretreatment) 10.9 9.5 4.15
Mokry Dwor waterworks (coagulation |+ 8.9 8.7 3.35
filtration)
MIEX® process 2.9 3.2 1.85

1001 RW+UF

O MD+UF |
801 m MIEX+UF

60+
R, %
40+

20+

Colour uv254 DOC

Fig. 5. The effect of the water pretreatment metbiwdhe NOM retention in ultrafiltration
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3.3. THE INFLUENCE OF THE WATER PRETREATMENT METHOD
ON THE UF MEMBRANE FLUX DECLINE

Fig. 6 shows the flux decline of ultrafiltration membranes when water, or
pretreated solutions were filtered. The ratio of the initial {ligx to that ati-th time
(J) was employed to evaluate the flux decline.

1.2

1

0,8 A

. [ S Y VA VIR VI VRV

RTAN

04 +——X —RW
—l— coagulation+filtration
0,2 +— —A—MIEX

0

0 5 10 15 20 25 30 35 40 45 50 55 60
t. min

Fig. 6. The influence of the feed water pretreatnmegthod on the permeate flux declidg)

The flux of the membrane with pre-coagulation or the MiEadsorption de-
creased slowly compared to that of the membrane without any pretrea As
a general observation, ultrafiltration of raw water caused flaredese by 35%, while
for the pretreated feed streams it amounted to 21% and 11%, reslyefcinthe pre-
coagulated, or MIER adsorbed samples. A rapid flux decline followed by stabiliza-
tion of permeability during the initial stages of filtration wasserved for all mem-
brane treated samples.

3.3. THE EFFECTS OF THE WATER TREATMENT PROCESS
ON THE HPSEC CHROMATOGRAMS

Typical chromatograms of the NOM fractions of raw water, puagewfrom
Mokry Dwor waterworks and raw water treated with the MTEXsin are presented in
Fig. 7. In all analyzed samples three distinct fractions of D#&Nvere detected. The
dominant fraction was the one of MW below 30 kDa. Conventional waaintents
(i.e. coagulation and sand filtration) as well as the MifpXocess are quite effective
in separating these organic particles. Coagulation and sanddiitediminated about
51% of the organic fraction of MW ~25 kDa and 37% of 1 kDa fraction)ewhi
MIEX® was able to remove about 85% and 38%, respectively. Comparing information
obtained from the HPSEC chromatograms with data presented in Rigca) be
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stated that elimination of organic substances of MW < 30kDa eekintdecrease of
membrane fouling and improves membrane permeability.

3000

2500 -
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1500 -

MIEX
1000 -

intensity

500 1

AN —

-1000

a1

time, min

Fig.7. The HPSEC chromatogram of raw and pretreatdr (RW — raw water,
MD — water from Mokry Dwor waterworks, MIEX — rawater after MIEX process)

Fig. 8 compares the HPSEC chromatograms of raw aate ultrafiltered samples of
the raw and pretreated water. As seen in the figumelied membrane completely elimi-
nates the organic fraction of MW > 70 kDa, buteffectiveness in separation of small
NOM patrticles is limited. The intensity of the ptefi substantially depends on the applied
pretreatment method. Integration of the MfEptocess with ultrafiltration resulted in the
highest elimination of the organic particles. It plays anmimegul role in respect to the low
MW organic fraction. In water samples pretreateth e use of conventional coagula-
tion, the amount of the low MW organic structureswigher.
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Fig. 8. The HPSEC chromatogram of permeates dfeewhter pretreatment
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However, the reliability of the HPSEC method is affected bysihe calibration
of the column and also by the adsorption interactions and the chargaax¢iisc-
trostatic repulsion effects) between the humic compounds and the HRSED]. In
this study the column calibration was performed using proteins. Siecendlecular
structure of proteins is different from that of the NOM, proteengards tend to
overestimate the molecular size of the humic substances [31ffdteethe largest
fraction might be lower than 150 kDa and the smallest fractiomtntig lower than
1 kDa. Thurman [32] reported that molecular size of the aquaticfabitds and the
humic acids are in range of 0.5-2 kDa and 2-5 Da, respectively.

4. CONCLUSIONS

The objective of the reported research was to investigatefféwt ef water pre-
treatment by mean of coagulation or the MfEdésin adsorption on the natural or-
ganic matter removal and on the membrane fouling during the utatifih process.
The conclusions of this research are as follows:

— water treatment with the MIEresin results in much higher elimination of the
organic matter as compared to the coagulation,

— coagulation, or treatment with the MIEXesin prior to a membrane ultrafiltra-
tion results in the increase of the permeate quality and dewé#se UF membrane
fouling,

— generally, water pretreatment with the M{EX¥eems to be a good method to in-
crease the effectiveness of the ultrafiltration process, lireination of the organic
substances and the hydraulic efficiency.
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THE INFLUENCE OF COMPLEXING AGENTS ON ANIONIC
SURFACTANT REMOVAL FROM WATER SOLUTIONS
BY ULTRAFILTRATION

The paper presents the results of the removal diuso dodecyl sulfate (SDS) from aqueous
solutions by means of ultrafiltration. The trandpamd separations properties of polyethersulfone
(PES) and polysulfone (PS) ultrafiltration membranéth different cut-off values were investi-
gated with the addition of a complexing agent @@ait polyelectrolyte) to the SDS solution. Ex-
periments were carried out in a laboratory ulttediion cell at pressure of 0.20 MPa and a pH
level equal to 7. The concentration of SDS in modelutions amounted to 100, 300 and
600 mg/dm, whereas the polyelectrolyte dose ranged fromt®%20 mg/dm.

As cationic polyelectrolytes were added to the SBEition, an improvement in the retention
properties of the membranes was observed. No digdercorrelations between the separation ef-
ficiency of SDS and molecular weight or ionic sigén of polyelectrolytes were found. The best
separation effect was achieved for moderate potyedlyte doses (0.2—0.5 mg/dnThe growth
in polyelectrolyte dose resulted in an insignifitamcrease in separation properties of the mem-
branes. The best retention coefficient of SDS waticad for PS5 membrane and amounted to
80% for solutions containing 100 mg SDSAirand over 70% for solutions containing 300 and
600 mg SDS/drh

1. INTRODUCTION

Surfactants are used as the basic ingredient imiciggroducts and as facilita-
tors in a wide range of industrial processes rangiog ftextiles and fibres through
to plant production and pest control. They are ussdbly in cosmetics, household

* Wroctaw University of Technology, Institute of Einonment Protection Engineering, Wybzee
Wyspiaiskiego 27, 50-370 Wroctaw, Poland. E-mail: izabelealska@pwr.wroc.pl
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and industrial detergents and to a lesser extepajrermaking, construction materi-
als and plastics.

As a consequence of widespread use, surfactants can be preskivatyrdigh
concentrations in wastewaters coming from various industrial apiplhs [1]-[3].
Their residual amounts can cause significant environment problerasdecof the
toxicity to aquatic life and the ability to form foam.

Surface active agents are very difficult to remove from water solutioribd sake
of the chemical structure and physicochemical properties. They are ljeresroved
by biodegradation, coagulation, foaming, advanced oxidation processes and adsorp-
tion on to different types of activated carbons and polyelectroliiestations of
conventional treatment method make membrane-based separation [Foresse
attractive alternative in wastewater treatment. The pseses because of the selec-
tivity of the membrane — create a possibility to recover ressusaind process water as
well as to reduce high organic load of the wastewaters.

Archer et al. [4] studied nanofiltration separation of an anionic ciaria belong-
ing to the alkylpolyethersulfate family. Because of the higlueslobtained for the
permeate flux and rejection (204 dm’h and 99.5%, respectively) the authors rec-
ommend the process in environmental area, especially in the pretreatment ofahdust
effluents with significant amount of anionic surfactants. Also Fetea et al. [5]
reported high surfactant retention (60—70%) below critical micetiacentrations for
ultrafiltration ceramic membranes with pore diameter of 20 nm.

In general, ultrafiltration has been suggested as a method ottantfaemoval
from aqueous solutions with critical micellar concentrations. Ifstiféactant concen-
tration is as low as of monomer concentration, then nanofiltration can be applied as a
effective removal process.

The objective of the experimental research was to evaluatertiwal efficiency
of sodium dodecyl sulfate (SDS) from water solutions by ultrafitin in the pres-
ence of a complexing agent (cationic polyelectrolyte).

2. MATERIALS AND METHODS

In the study Intersep Nadir membranes made of polyethersulfone @rE$)oly-
sulfone (PS) with molecular weight cut-off equal to 5, 10 and 30 kDa were used.

Experiments were performed in a laboratory set-up (Fig. 1), whichusad to
determine the separation and transport properties of the membranesaifiigart of
the system was an Amicon 8400 ultrafiltration cell with totalimw of 350 crhand
diameter of 76 mm. In order to maintain a stable concentration olutigasces in
the feed solution, the permeate was recirculated. All experinagnts carried out at
the transmembrane pressures of 0.20 MPa.
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Fig. 1. Laboratory set-up: 1 — ultrafiltration ¢&ll— membrane, 3 — stirrer,
4 — gas cylinder, 5 — reducer, 6 — recirculatiompu

The concentration of sodium dodecyl sulfate (SDS) in model solutions agdount
to 100, 300 and 600 mg/dmand it was below its critical micelle concentration
(CMC). For the purpose of the study nine cationic polyelectrolytea Gipe were
selected. Their characteristics are given in Table 1. In the prelintests/the dose of
polyelectrolytes amounted to 0.5 mgfiiwhereas in the main tests the polyelectro-
lyte concentration was in the range between 0.2 and 5.0 rhgltie pH level of the
feed solutions was equal to 7.0.

Table 1. Characteristics of polyelectrolytes tested

Type of polyelectrolyte lonic character Molecular gl
LT22S moderate-/week cationic very high
Z32 week cationic very high
27651 strong cationic very high
27652 moderate-/week cationic very high
27653 moderate-/strong cationic very high
792 moderate-/week cationic high
266 moderate cationic moderately high
Z57 strong cationic moderately high
Z87 cationic moderately high

The SDS concentration in the feed and the permeate was determineghby of
colour reaction using the indicator Rhodamine G6 and spectrophotometsarsea
ments of the absorbance at a wavelength 565 nm. The efficiency wltrédétration
process (%) was calculated by the retention coefficient R:
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R=—"_=P x100% @)
f

whereC; denotes SDS concentration in the feed @ndenotes SDS concentration in
the permeate.
Permeate volume flux was calculated as follows:
\Y,
J=——— 2

— (2)
whereJ is permeate volume flux (im?day), V denotes volume of permeate sample
collected within time (day), and A is effective membrane surface aréi (m

3. RESULTS AND DISCUSSION

The objective of the experimental research was to evaluatertiwval efficiency
of sodium dodecyl sulfate (SDS) in the presence of cationic potyelge as
a complexing agent from water solutions by ultrafiltration. In thémneary investi-
gation the polyelectrolyte dose in model solutions amounted to 0.5 rhgfdirSDS
concentration to 100, 300 and 600 mgidis can be seen from the Fig. 2 no dis-
cernible correlations between the separation efficiency of $B% (consequence of
the agglomeration process) and molecular weight or ionic strengiblyelectrolytes
were found. Generally, the highest retention coefficient of anionfactant from the
feed solutions was achieved in the presence of the LT22S polyeleztrehgreas for
the other polyelectrolytes retention was a little bit lower.ngplary, for the 300 mg
SDS/dnd solution and in the presence of the LT22S polyelectrolyte, the inciease
retention coefficient of SDS amounted to 15%, 15%, 17%, 16%, 12% and 10% for
PES5, PS5, PES10, PS10, PES30 and PS30 membranes, respectively. For 600 mg
SDS/dnf solution the rise in separation coefficient of SDS was lowape@ally in
case of membranes with lower cut-off values) and was equal to 112%%,9%, 10%,

5% and 4% for PES5, PS5, PES10, PS10, PES30 and PS30 membranes, respectively
For PES5 membrane the best separation properties was noticed f@sZ6fd 287
polyelectrolytes.

The second part of the experiments was focused on examination how podyelec
lyte dose influence the transport and separation properties of ltriltedn mem-
branes. The exemplary relationships for three polyelectrolyte22®, 1287 and Z292)
are given in Fig. 3.

As can be seen, the best separation effect was achieved forateopielyelectro-
lyte doses (0.2 or 0.5 mg/dmHigher polyelectrolyte doses resulted in an insignifi-
cant increase in separation properties of the membranes. For P8boame the rise
in retention coefficient of SDS was following: for the LT22S padg#iolyte from
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53% to 64% (0.2 g LT22SAY 69% (0.5 g LT22S/M and 72% (5.0 g LT22SAn

for the Z87 polyelectrolyte from 53% to 60% (0.2 g Z8%/r61% (0.5 g Z87/f) and

70% (5.0 g 287/, for the Z92 polyelectrolyte from 53% to 60% (0.2 g Z93/m

59% (0.5 g Z92/r) and 59% (5.0 g Z92/f(h From among membranes tested the PS5
membrane was characterized by the best separation propertietditeon coeffi-

cient rose from 67% to 81%, 78% and to 77% in the presence of LT22S, Z87 and Z92
polyelectrolytes with concentration of 0.5 mgAimespectively.
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Fig. 2. Separation properties of Intersep Nadir m@mes (cut-off 5, 10, 30 kDa)
in the presence of cationic polyelectrolytes (Oggdnt)
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Fig. 3. The effect of concentration of cationicymdéctrolytes on transport and
separation properties of Intersep Nadir membrad@8 thg SDS/dr)

It was also found that ultrafiltration of surfactant and polyeddytie containing
solutions brought an insignificant drop in permeate volume flux in oeldat mem-
brane permeability for SDS solutions. This effect was more pronouocatem-
branes of higher cut-off values.

The phenomenon of decreasing in membrane permeability for SDS solkdions
be attributed to the concentration polarisation at the membrane esuifae SDS
monomers accumulate at the membrane surface and in the membrandt pane be
anticipated that the greater the molecular weight cut-off ofrtambrane, the mem-
brane clogging is more intensive. In case of polyelectrolytesshwdie characterized
by very high molecular weight, the clogging process of the membrane isdimitte
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The improvement in SDS separation in the presence of polyeleetiiglyton-
nected with forming specific agglomerates, which are retaingtidoynembrane. Ac-
cording to Bremmel et al. [6] in the presence of polyelectrahgeanionic surfactant
in the first phase is attracted to the cationic polyelectralyteugh the electrostatic
forces, and after neutralization the surfactant molecules acebadisas a result of
hydrophobic interaction between the hydrocarbon chains. At low surfactargnconc
tration a small number of surfactant molecules aggregateeanterface. At higher
surfactant concentration, sufficient surfactant is availablerim thermodynamically
complete aggregates at the interface (Fig. 4).

a) b)

Fig. 4. Adsorption scheme of a possible confornmatibanionic surfactant
and cationic polyelectrolyte
(a — low surfactant concentration, b — high sugiattoncentration)

According to Biekturov [7] the polyelectolyte chain changes its aromdtion as
a result of electrostatic interactions with surfactant atehids to a compact (spheri-
cal) form of the polymer chain. It is supposed that the separafioierefy of SDS in
the presence of polyelectrolyte is connected with a limitte@sscof surfactant to
active centres of the polyelectrolyte structure.

4. CONCLUSIONS

1. The improvement in the separation properties of the membranespireseace
of polyelectrolyte was observed.

2. No discernible correlations between the separation efficiencp$f(&s a con-
sequence of the agglomeration process) and molecular weight orstoemgth of
polyelectrolytes were found.

3. The best separation effect was achieved for moderate polggiertioses (0.2
or 0.5 mg/dm). The growth in polyelectrolyte dose resulted in insignificantease
in separation properties of the membranes.

4. The best retention coefficient of SDS was noticed for PS5 memiarache
amounted to 80% for solutions containing 100 mg SD%/dmd over 70% for solu-
tions containing 300 and 600 mg SDS7dm
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