Wetting and adsorption
modification in the system
“Highly permeable polymer
film — aqueous solution of
ethanol containing

organic dyes”

'Bogdanova Yu. G.*, 'Dolzhikova V. D.,
2Yushkin A.A.

Lomonosov Moscow State University,
Moscow, Russia

2Topchiev Institute of Petrochemical
Synthesis, RAS, Moscow, Russia
*E-mail: yulibogd@yandex.ru

Regularities of wetting and adsorption modification of surfaces of continual membranes made
from highly permeable glassy polymers poly[1-(trimethylsilyl)-1-propyne] (PTMSP) and poly(4-
methyl-2-pentyn) (PMP) with aqueous ethanol solutions and alcohol solutions containing organic
dyes (Solvent Blue 35 and Remazol Brilliant Blue) were investigated. Isotherms of stress wetting of
polymer membrane surface by etanol solutions were found out to have maximums in the range of
concentrations corresponding to the beginning of liquid sorption into the membrane and polymer
swelling. Thus, the principal possibility of optimization of nanofiltration experiments by liquid
wetting angle measurements on continuous polymer membrane surfaces was shown. The presence
of the dye was shown not to affect PMP wetting. But in the case of PTMSP, it leads to shear of the
maximum of stress wetting isotherms to the range of higher concentrations. It was found out the
effectiveness of the adsorption surface modification of continuous polymer membrane surfaces by
ethanol solutions containing dyes does not dependent on chemical nature of the dye. At the same
time, there are different trends in the energy characteristics of the membrane surface.
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WeiHbITopisgec nonu[l-(tpumeTtuncunnn)-1-nponuH] — MNTMCM kaHe nonu(4-metnn-2-
neHTuH) — MMM aca eTKi3riw nosivmepnepiHeH anblHFAH TyTac membpaHaHbiH, 6eTiH 3TaHOAAbIH,
CyNbl epITiIHAINEPIMEH }KaHe KypamblHAa opraHuKanbiK 6osfbiwTapsbl (Solvent Blue 35 aHe Remazol
Brilliant Blue) 6ap aTaHon epiTiHAiNepiMeH moaMbUKALMANGY XKIHE XKYFY 3aHAbIIbIKTapbl 3epTTensi.

dTaHON epiTiHAiNepiHiH, noaumepnik membpaHa 6eTiMeH Xyfy KepHey inM3oTepmacbiHAa
membpaHaFa CyMbIKTbIH  copbumAnaHybiHbiH,  bGactanybiMeH MOAUMeEpAiH iCiHyiHe —calikec
KOHLEHTpaUMACbIHAA MakcuMymaap naaa 6onatbiHbl aHbiKTanapl. COHbIMEH, TyTac NoaMMepAik
membpaHa 6eTiHae CyMblKTapAblH, XKYFy OYpbilibiH ©/wey apKbliabl HaHOGUAbTpaLmMa GolbIHLWA
3KCNEPUMEHTTEPAi OHTaMNaHAbIPYAbIH, NPUHUMAMANAbI MYMKIHAIrM KepceTingi. BoafbiwTapabiH,
KaTbicbl MM »KyFybliHa acepeTneiTiHi, bipak MTMCI afaaibiHAA XKYFY KepHeyi M3oTepmacbiHAaFbl
MaKCMMyMAApAbl 3TAHOMAbIH, KOFapbl KOHLEHTPALMANAPbI KafblHa bIFbICTbIPATbIHbI KOPCeTiNA,.
KypambiHaa 6osfbill 6ap 3TaHONAbIH, Cynbl epiTiHAiNepiMeH 3epTTenreH TyTac MNoAUMMEpiK
membpaHaHbiH, 6eTiH aacopbumanbik moauduKkaumanay TUIMAININ GoAFbILLTAPABIH, XUMUANBIK
TaburaTblHaH TOyeNCi3 eKeHia HblKTanabl. HaHe 6yn kesge membpaHaHbiH, 6eTiHiH, SHepreTUKanbIk,
CMNaTTaMacbIHbIH, ©3repyiHiK apTYpAi TeHAeHUMANapblAa 6alikanagbl.

TyiiiH ce3pep: XKyFfy; nonumepnik membpaHa; opraHuKanblk BoafFbITapAbIH, HAHOPUNBLTPA-
umacol; NMTMCI; M.
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M3yyeHbl  3aKOHOMEPHOCTU  CMayMBaHUA U afACOpPOLUMOHHOTO  MoAMOULMPOBAHUA
NOBEPXHOCTEN CNNOLLHbBIX MeEMBPaH U3 BbICOKONPOHMULL@EMBbIX CTEKN006pasHbIX NoAnmepos nonu[1-
(Tpumetuncunnn)-1-nponuna — MTMCI 1 nonun(4-metnn-2-neHTuHa) — MMM BogHbIMK pacTBOpamu
3TaHO/MA M pacTBOpamMM 3TaHOMA, COAEPXKalMMKM opraHuyeckue Kpacutenu (SolventBlue 35 u
RemazolBrilliantBlue). YcTaHOBAEHO, UTO WM30TEPMbl HaMpPAMKEHWs CMadYMBaHUA MOBepXHOCTeW
NosIMMEpPHbIX MeMbpaH pPacTBOpaMM 3TaHONA MMEKT MaKCMMyMbl B 061aCTU KOHLEHTPaUuMii,
COOTBETCTBYIOWMX Hayany copbumm XuMAKOCTM B membpaHy M HabyxaHuio nosvmepa. Takum
obpasom, NPoAEMOHCTPMPOBAHA NPUHLMNMAABHAA BO3MOXKHOCTb ONTUMM3ALMUM IKCNEPUMEHTOB
no HaHOGWUABTPALMK NYTEM U3MEPEHWUA KPAEBbIX YINIOB XKUAKOCTEN HA MOBEPXHOCTU CM/OLLHbIX
NoAMMEpPHbIX MembpaH. MoKasaHo, YTO NPUCYTCTBME KpacuTens He BAWAET Ha cMmadmsaHue MMM,
Ho B cnyyae MTMCI npuBOAUT K CABUTY MaKCMMyMa U30TEPM HanpaXXeHUA CMa4ynMBaHUA B CTOPOHY
6onee BbICOKMX KOHUEHTpauuii 3taHona. O6Hapy)eHo, 4To 3pdeKTMBHOCTb aAcopbLMOHHOIO
MOANDULMPOBAHNA NMOBEPXHOCTEN UCCNEL0BAHHbBIX CM/IOWHbIX MOAUMEPHbBIX MeMbBpaH BOAHbIMM
pacTBOPaMM 3TaHOMA, COAEPHKALLMMU KPACUTENN, HEe 3aBUCUT OT XMMUYECKOW NPUPOAbI KpacuTens.
Mpun 3TomM HabnoAakTCA PasnnYHble TEHAEHLMU B U3MEHEHUU SHEPreTUHECKUX XapaKTepUCTUK
NoBEPXHOCTEN MeMBpPaH.

Kniouesble cnosa: cmayvBaHWe; noaumepHas MembpaHa; Kpacutesb; HaHOPWUAbTPauuA
opraHuyeckux pactsoputeneit; MTMCI; M.
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1. Introduction

Wetting is widely used in study of different processes
at solid surfaces: adsorption, adhesion, chemical reaction
proceeding [1]. Contact angle measurements of pure liquids
at low-energy surfaces, which include most polymers, permit
to determine its surface energy and “solid/liquid” interfacial
energy [2], and to predict the optimal field of polymer
application based on values obtained [3].

Wetting is very important in organic solvent nanofiltration
(OSN), which is a pressure-driven method, permitting to
separate substances with molecular weight M =(200-1400)
Da from organic liquids [4]. Due to promising applications in
homogeneous catalysis, extraction processes in petrochemical,
chemical, pharmaceutical, food, paint and textile industries, OSN
has been intensively developed during last 15-20 years. New
opportunities to achieve a high flux and appropriate separation
efficiency appear due to application of glassy polymers with
high fractional free volume (FFV) as membrane materials. The
nanoporous structure of such polymer films is spontaneously
formed during preparation of the film.

As a rule, when studying OSN, its main characteristics
— flux of liquid through membrane and retention efficiency
of substances dissolved in liquid — are determined. The flux is
fixed using volumetric or gravimetric techniques. Different
organic dyes can be used as solute for membrane testing in
OSN because their concentrations in a solution can be simply
determined [5]. A mass transfer of liquids and retention
efficiency depend on the variety of different factors [6-8]. The
aim of our study was to find parameters permitting to optimize
the OSN experiments using experimental data about the
wetting of continual polymer membranes with liquid systems.

Another goal was to watch whether the dye influences
membrane wettability and surface tension of liquid systems,
which undergo to the OSN.

2. Experimental

The objects of our study were continual membranes of
highly permeable glassy polymers, synthesized in Topchiev
Institute of Petrochemical Synthesis, RAS: poly[1-(trimethylsilyl)-
1-propyne] (PTMSP) [9] and poly(4-methyl-2-pentyn) (PMP)
[10] (Figure 1). These polymers are characterized by high FFV
values: FFV(PTMSP) = 0.33 and FFV(PMP) = 0.28 and high glass
transition temperature Tg> 250°C [11, 12].

s
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CH3—SIi—CH3
CH3

H3C—(|:H—CH3
re=c+
CH,

PTMSP PMP
Figure 1— Structural formulae of PTMSP (left) and PMP (right)
monomer chains

Dense membranes were casted from solution in chloro-
form with polymer concentrations of 0.5-1.0 wt.% onto a
commercial cellophane. The cast film was then covered with
a Petri dish and left for slow evaporation during several days,
followed by drying until a constant sample weight was reached
[4]. Membrane’s thickness was 20 um. Aqueous solutions of
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Figure 2 — Structural formulae of SB (left) and RBB (right) monomer links

ethanol were prepared by the subsequent dilution of ethanol
(Extra, 96%) with distilled water. Wetting of PTMSP and PMP
films with ethanol solutions and solutions containing organic
dyes were investigated. Dyes (Sigma-Aldrich) were Solvent
Blue 35 (SB) and Remazol Brilliant Blue (RBB) (Figure 2).
Dyes concentration (C,) in ethanol solutions was constant:
C,(SB) = 1.0-10°M and C,(RBB) = 4.6-107 M, but ethanol
concentration (C) was changed.

These dyes were selected using results of previous
studies of OSN [6, 7, 13]. In the result of OSN of ethanol
aqueous solutions containing dyes through PTMSP and PMP
membranes, SB penetrates through membrane the most
easily whereas the RBB is held almost completely. So, the
bright difference in wetting behavior of solutions containing
SB and RBB with respect to polymer films should be expected.

Advancing (%a) and receding (Ur) contact angles of
ethanol aqueous solutions, including solutions containing
dyes, at the surfaces of PTMSP and PMP films were measured
by sessile drop technique with an accuracy of 1 degree.
Contact angles were measured at the surface of film
contacting with air during its preparation. In some cases,
deformation of film after deposition of the drop was observed.
For this reason, reliable contact angle values were obtained
not for all concentrations of ethanol solutions in the studied
range (0—96%). Surface tension of ethanol solutions was
determined using maximal bubble pressure method.

Due to the oil and water sensitive structure of ethanol
and dyes molecules, one’s adsorption at not only at the
solution/air, but also at the solution/polymer interface
must be taken into account when the results of wetting
are analyzed. So, the alteration of PTMSP and PMP surface
energy (y,,) in result of adsorption of components of solutions
investigated was studied. Polymer films were placed into the
studied solution for 30 min, and then they were dried during
2 h. Advancing contact angles of probe liquids — distilled

water and ethylene glycol (EG) (Aldrich, chemically purified) —
were measured. The dispersive (%) and polar components
(v°,) of polymer surface energy were calculated using
Owens-Wendt-Kaelble approach [2, 14]. The accuracy of
determination of y, and its components was 1mJ m™.

All measurements were performed at 20°C.

3. Results and Discussion

Ethanol possesses the surface activity at the water-air
interface (Figure 3). Surface tension of dyes aqueous solutions
V(RBB) = 63.5 mJ-m™ and y,(SB) = 59.3 mJ-m™. In spite of
surface active properties of dyes at the water-air interface, their
presence in ethanol solutions did not change surface tension
independently from the chemical nature of dye.

PTMSP and PMP surfaces are poorly wetted with
water (Table1). A small value of contact angle hysteresis
A9 = (Ja—9r) at the initial polymer surfaces was observed.

-2
yiv. ml-m
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Figure 3 — The dependence of surface tension of aqueous etha-
nol solutions on ethanol concentration

Table 1 — Contact angles of probe liquids at the polymer surface (6, degree), surface energy modes and surface energy (y, mJ-m-2)

of PTMSP and PMP films

H,0
Polymer o o 6a (EG) Vi Vi Vsv
PTMSP 85 83 74 7 15 22

PMP 77 74 62 11 17 28
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It must be expected that a wettability of PTMSP and PMP
surfaces with ethanol aqueous solutions (including dyes) will be
one of decisive factors which provide the mass transfer through
its continual membranes. The surface energy values of initial
PTMSP and PMP films correspond to those obtained earlier [15].
This is a good result because these amorphous glassy high
permeable polymers are characterized by high extent of non-
equilibrium state.

The ethanol concentration in the
decrease of ¥a and Ur. The ¥a = f(C) dependences for both
polymers are presented at Figure 4 as example; Or = 0 at ethanol
C>40% in case PTMSP and at C = 50% in case of PMP.

increase resulted

100 -4, degree

80

The high contact angle hysteresis depending on ethanol
concentration was observed for all systems investigated
(Figure 5). It should be noted, that maximums at some of
A9 = f(C) dependences are related to sharp decrease of Jr = f(C)
in comparison to Ua=f(C) in corresponding concentration
ranges. The AU increase points were observed out on the
increase of energetic heterogeneity of polymer surfaces [1, 16],
which may be caused by the adsorption of solution components
at the polymer/liquid interface. Another factor which may lead
to the increase of A9, may be changing of roughness of polymer
surface due to a swelling of the polymer film contacting with a
solution. The dye presence leads to the alteration of A = f(C)

# PTMSP advancing
0 PTMSP, receding
4 PMP, advancing
& PMP, receding

C %

0 20 40

60 80 100

Figure 4 — Advancing (9a) and receding (Jr) contact angles of ethanol aqueous solutions of different concentrations (C) at PTMSP
and PMP surfaces
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Figure 5 - Plot contact angle hysteresis at the wetting of polymer surfaces with ethanol solutions and dyes solutions in ethanol/wa-
ter mixtures versus ethanol concentration
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curves trends, but the dye’s nature does not influence hysteresis
dependences on ethanol concentration.

It is known that the permeability of water/alcohol
mixtures through PTMSP and PMP continual membranes has a
threshold, i.e. the liquid flux through membrane takes place at
concentrations higher than the threshold concentration, which
is individual for every system [4]. Threshold concentrations
of ethanol are C, = 50% for PTMSP and C, = 30% for PMP (at
pressure 30 atm) [4]. In spite of the impossibility to relate
definitely ethanol threshold concentrations with A9 = f(C)
dependencies, Figure 5 illustrates high A9 values at C >C, for
both polymers.

Equilibrium contact angle value of a liquid drop at the
ideal solid surface was determined by the Young equation:
yycost? = (v, vy), where y, is interfacial polymer/liquid
energy [1]. The adsorption (I) of surfactants at the interfaces
obeys the Gibbs equation: I = -(C/RT)-(dy/dC), where y — in-
terfacial energy, C — surfactant concentration, R — universal

40 - 7Lv-cosor, mIm

gas constant, T — temperature [1]. In accordance to Young
equation and Gibbs adsorption equation, assuming Vs, = const
[2,14], at the high ethanol concentrations, corresponding to
the formation of saturated adsorption layers at the liquid/
gas and polymer/liquid interfaces (y,, and y, are constant),
y,cosd = f(C) dependences must be represent rising curves
with saturation. Moreover, it is known, that usually saturated
adsorption layer at the solid/liquid interface is formed at lower
surfactant concentration in comparison to liquid/gas interface.
But the wetting strain isotherms y -cosdr = f(InC) and
y-costa = f(InC) for polymer/ethanol solution and polymer/
dye solution in ethanol-water mixtures have a not typical
view with maximums; the concentration areas correspond-
ing to maximums for ethanol solutions are C__ €(10; 20)% for
PTMSP and C__ € (15; 30)% (Figure 6). Here we illustrate the
y,cosr = f(InC) as example due to the better simulation of
nanofiltration with wetting in residing conditions.

L )
u]
30
. # PTMSP-ethanol
* A PTMSP-ethanol -SB
20 O PTMSP-cthanol -RBB
£
10 A
C,%
0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
& PMP-ethanol

0 - T T T T

£ PMP-ethanol-SB
O PMP-ethanol-RBB

C, %

0 10 20 30 40
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60 70 80 90 100

Figure 6 — Wetting strain isotherms (receding conditions) at wetting of polymers with aqueous ethanol solutions and dyes solutions
in ethanol/water mixtures

Table 2 - The alteration of dispersive (y"sv, mJ-m2) and polar (y*
modifying

sv/

mJ-m~) modes of polymer surface energy in result of adsorption

Water SB in water, C=1.0-10"°M RBB in water, C =4.6-107M
Vs, Vs, Vs, Vs, Vs Vs,
PTMSP 6 36 12 33 5 48
PMP 6 54 24 4 18 10
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35 7, mI'm>

PTMSP
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Figure 7 - The dependence of surface energy dispersive (1, 2, 3) and polar (4, 5, 6) components of PMP (top) and PTMSP (bottom),
modified with ethanol solutions (1, 4) and solutions SB (2, 5) and RBB (3, 6) in ethanol-water mixtures

Analysis of changes in polymer/liquid interfacial energy
Vo = VgV COSUr showed that it is necessary to take into
account changes in the surface energy of PTMSP and PMP after
contact with liquid phase. Otherwise, the calculation leads to
negative values of y, that has no physical meaning. Actually,
increase of the polar component of the surface energy PTMSP
and PMP after contact with water (Table 2) suggests that
water penetrates into the surface layer of the polymer. Thus,
the not typical view of wetting strain isotherms for polymer/
aqueous ethanol solution may be related to local depletion of
solution with ethanol due to its sorption in membrane. The
overlap of concentration ranges corresponding to maximums
of wetting strain isotherms, beginning of sorption of liquid
in membrane and extent of swelling increase should be
mentioned (Figure 6) [4].

It was found earlier, that the interrelation between the
dispersive component of polymer surface energy, its fractional
free volume and gas permeability of polymer membranes
exists [15]. Obtained results demonstrate the interrelation
between y"sv in Table 1 and Fig. 6, FFV and ethanol concentration
ranges corresponding to polymer swelling and beginning of
sorption in membrane of solution components obtained in
[4]. The higher FFV is, the lower are ethanol concentrations
are, which promote swelling and sorption. Of course,
to maintain which component (water or ethanol) is sorbed
more intensively by a membrane, the further studies must

ISSN 1563-0331

be performed. But the obtained results are perspective for
optimizing of experimental conditions (selection of polymer and
alcohol concentration range) for OSN experiments.

The dye does not strongly influence the wetting strain
isotherms in case of PMP, whereas in case of PTMSP dye inhib-
its sorption of liquid by membrane and shift of maximums of
y,,costr = f(InC) dependences in area of higher ethanol concen-
trations is observed (Figure 6). Obtained results show that the
chemical structure of the dye does not appear at the wetting
of PTMSP and PMP surfaces with aqueous ethanol solutions.
Because dye presence does not influence the surface tension of
alcohol solutions, its nature should not be affect an adsorption
of dye at the polymer/liquid interface.

This assumption is confirmed experimentally by the de-
termination of polymer’s surface energy in result of aging of
polymer films in studied solutions. The chemical structure of dye
does not strongly affect y*, and y?,, modes of polymer surface
energy (Figure 7). This experimental fact permits to possess that
during the OSN process, the dye nature appears more at the
bulk of polymer film, but not at the surface level. Nevertheless,
the regularities of adsorption modification of polymer surfaces
with aqueous ethanol solutions containing dyes are different for
PTMSP and PMP.

The modification of polymer surfaces with ethanol so-
lutions results in the increase of the dispersive component
of PTMSP surface energy (Table 2, Figure 7, column 1), but

Chemical Bulletin of Kazakh National University 2015, Issue 3
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vpLV values are lower than after aging of PTMSP film in water
(Table 2, Figure 7, column 4). At ethanol concentrations C>40%
corresponding to threshold of flux of liquid through membrane,
the ratio between ydLV and ypLV modes of modified PTMSP
changes. In the case of PMP ypLV>ydLV in range of C > 20%
(Figure 7, columns 1, 4) and ypLV less in comparison to ypLV
of PMP aged in water as well as in case of PTMSP. The dye
presence in the modifying solution leads to the increase of a
polar mode of surface energy of PTMSP and constant ydLV value
with ethanol concentration increase (Figure 7, columns 2, 3, 5,
6). In the case of PMP, the opposite tendency in alteration of
surface energy modes was observed: ypLV values of modified
surface are low (Figure 7, columns 5, 6) and ydLV= const at
ethanol concentration range C € (10; 60)%, but its value is higher
in comparison to the corresponding ethanol solution (Figure 7,
columns 1, 2, 3).

No effect of a dye nature on these modifications with
respect to polymer surfaces may be explained by a planar
orientation of dyes molecules at the surface of polymer films.

4. Conclusion

Thus, correlation of wetting strain isotherms with the
concentration of alcohol corresponding to the beginning of
sorption of liquid in membrane and swelling of polymer was
observed. Dye presence in ethanol/water mixtures does not
significantly affect wetting of membranes surfaces. The dye
nature does not strongly influence wetting and adsorptive
modification of PMP and PTMSP surface, despite the different
regularities of adsorptive modification of PMP and PTMSP
surfaces were observed. Thus, the obtained results demonstrate
a principal possibility of optimizing OSN experiments using more
express measurements of contact angles of liquid systems at the
surfaces of continual polymer membranes.
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