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Abstract

Inverse gas chromatography (IGC) is widely usedtlier characterization of surfaces. The present wedcribes a
novel IGC tool, the recently developed film cell dute, which measures monolithic thin solid film fewe properties,
whereas only samples in powder or fiber state dymer-coated supports can be studied by classic 3@ surface
energy of four different solid supports was meagwsing both classic IGC with columns packed wamples in the
powder state, and IGC with the new film cell modaotehe sessile drop technique, using samplesdifiliin state. The
total surface energy and its dispersive and sgecifimponents, were measured for Glass, PolyethyRaolgamide and
Polytetrafluoroethylene. Similar results were ofeai for the four materials using the three différechniques. The
main conclusion is that the new film cell module FGC is an attractive alternative to the sessilgpdechnique as it
gives very accurate and reproducible results fofase energy components, with significant savimgsime and the
possible control of sample humidity and temperatiités film cell module for IGC extends the apptioa field of

IGC to any thin solid film and can be used to sttitfy effect of any surface treatment on surfaceggne

Keywords: Inverse gas chromatography, film samgpleface energy, contact angle.

Introduction

Surface energy measurements are very frequentlg usematerial sciences to investigate wettabiliglhesion

characteristics, specific interactions with otheslesules, cohesion and coating performance [1]. fbset commonly
used method to achieve such measurements is thde3emp Technique using a goniometer which iatre¢ly easy to
perform and inexpensive. It consists of producirdy@ of liquid on a solid and measuring the arigtened between
the solid/liquid interface and the liquid/vaporédrface, which is called the “contact angle” (CA].[2This angle,

measured for a minimum of three types of liquidg] the known surface energy of the liquids arepi@meters that
are used to calculate the surface energy of thé saimple [3]. The main disadvantage of this metisdtiat it is unable
to reflect the totality of the surface energy pmigs, even if multiple droplets are deposited ariaus locations on the
sample. CA gives reproducible results, but problefm®producibility and accuracy may occur, in cafdroplets that
are not axially symmetric, or with surface-accessiiores, which can decrease the droplet volumealpyllary action

during measurement [4,5]. To overcome these disddgas, alternative methods of measuring surfaeeggrmust be
developed. Two of the most common alternative naghare capillary intrusion of liquid analytes ike sample and
analyte adsorption onto a sample bed at infinitetion using Inverse Gas Chromatography (IGC). Tayi intrusion

and conventional IGC are both restricted to thepdasin the powder or fiber state and also to pelkgrand polymer-
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coated supports, either packed in columns or degabss a film on the insid&f a column to create a capillary column.
Nevertheless, a significant advance has been nemtty with the development of a new system cafiled cell
module for IGC, which is convenient for flat and motithic samples. That is why we chose to focushislast method
as an alternative to CA measurements.

IGC is a vapor adsorption technique, which consistarininversion of conventional gas chromatographyskeb-
chemical characteristics in the stationary phasestudied by injecting specific well-characterizggbeous probes [6-
8]. IGC is conventionally performed in columns aining the packed solid under investigation in ploevder or fiber
state. The interaction between these probes andoiite material forming the stationary phase imthevestigated by
determining the retention time for a given probel aised to calculate many physico-chemical properech as
surface energies of solids [9], enthalpy and entragsorption [10], solubility parameter, crystatyn[11], surface
heterogeneity [12], nanorugosity [11], glass traosi[11] and melting temperature [7].

For surface energy determination, IGC presents natwantages compared to CA measurements: (i) thiey b
quantify strong interaction occurring between tbédsand the probes that cannot be characterizedoyact angle
measurement because of a contact angle closedad¥Hr (ii) no problem of nanorugosity and surfdegerogeneity
[13,14], as the interactions of the probes are oredsall along a wide solid surface and give meslnes of interaction
through the measure of the retention times, whef@asmeasurements are restricted to the numberraplets
deposited on the surface. Film cell module for I@®@vides quite a large interacting area with gasemobes: a
relatively large rectangular sheet of flat samfdleé & 400 mm) is submitted to a gaseous flow cagime probes,
which are situated in a small groove all along shenple (iii) IGC is less time consuming, (iv) IGE€ an accurate,
versatile, reproducible method, with relatively yaample preparation, (v) advanced IGC instrumémaige been
developed with fully automated operation, humidityd temperature controin-situ sample preconditioning; thus
experiments may be carried out over appreciablepéeature ranges, so that the temperature dependaince
thermodynamic interactions can be determined.

The field of application of conventional IGC is widlt concerns materials in the powder or fibetes@and also
polymers, that are either coated onto inert supgadtpacked into columns or deposited as a unifdtnmon the inside
of a column to create a capillary colurft]. It includes synthetic and biological polymers,[@haper and other
cellulosics, fillers and pigments, flavourings gmerfumes, minerals and inorganic materials [16pdf@roducts [17],
packaging and coatings, pharmaceuticals and megicalucts [18], building materials, cosmetics andrédients,
natural and artificial fibers [19], supported cgsis and microporous material [20] and adsorbezty [The new film
cell module for IGC is able to extend these differ@pplication fields to monolithic thin solid filn

In the present work, we compare three approachégtermine the surface energy of solids, includhmg dispersive
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and specific components: (i) conventional IGC dinite dilution (IGC-C) with solid samples in theowder state
packed in a column as a fixed bed, (ii) two-dimendiGC with the film cell module at infinite dilieh (IGC-FC) with
solid samples in the film state and (iii) analysfsCA data using the Good-van Oss theory, withdseamples in the
film state. The surface energetics of four differematerials including polymers (Polyamide (PA),
Polytetrafluoroehylene (PTFE), and Polyethylene)(BRd glass were determined. These materials &t éx both
powder and film states and their surface energyimeestigated by the three IGC-C methods for powdard by IGC-
FC and CA for films.

To our knowledge, no study has yet been devotéhet@omparison of surface energy obtained for dmesmaterial in
the granular state using IGC-C columns and in ilhe $tate using IGC-FC, nor to the comparison aofeste energy

values obtained by IGC-FC and CA for samples infithestate.

Experimental

All materials (powders or films) were washed aobelThe sample was immersed in PCC-54 (Fisher 8fitsh 2 %
(v/v) for 10 minutes with an orbital agitation (16@m, Heidolph Rotamax 120). Then they were rinfbegitimes with
sterile ultrapure water at 40°C for 5 minutes vilie same orbital agitation. Each film sample wasllfy wiped with
optical cleaning tissue (Whatman 105), and wasddae40°C into an incubator. All samples were stoa¢ room
temperature.

For CA measurements, a minimum of 10 droplets wegasured on each surface.

All experiments involving IGC analysis were perfaunin triplicate, so a standard deviation can beutated.

Instrumentation and Reagents

CA were measured with a goniometer G40 (Kruss, @agnat room temperature (23°C) with an accuracy afC.
The chromatographic experiments were performedyusmIGC 2000 (Surface Measurement Systems, Londigh,A
technical drawing of the Film-cell module for IG@GHSurface Measurement Systems, London, UK) iseptesl in
Figure 1. As an external bench-top unit made freamkess steel material, the film cell module pd®s an interacting
area of 350 x 40 mm with a 0.3 mm groove.

The apolar probes (decane (C10), nonane (C9), ect&8), heptane (C7) and hexane (C6)) and polabesro
(dichloromethane, chloroform, ethyl acetate, tokjediiodomethane and formamide) were supplied lgm&i with
HPLC purity. They were used without further pudfiions. Ultrapure water was obtained via a Millis@stem
(Millipore, France). The relevant characteristiésooth amphotheric and polar probes, including fi@ecular cross-

sectional surface area, the acid-base charactahargilrface energy components are presented la Tab
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105 Contact angle (CA), IGC-C and IGC-FC measuremergsevperformed on four different supports: Glasse(fio,

106 1mm thick), Polyethylene (PE, Goodfellow 0.5mm kijcPolyamide-nylon 6 (PA, Goodfellow 0.5 mm thickjhd

107 Polytetrafluoroethylene (PTFE, Goodfellow 0.5 mritklh For measuremenst by IGC-FC, the film matsriahs cut in
108 10 x 400 mm pieces, whereas IGC-C measurementadked column were performed with the powders withiple

109 size ranging from 100 to 150 um of diameter. Pagkinaccomplished with the aid of a mechanicalatitr. For PE,
110 PAand PTFE, both powder and film had the same @& momposition. Both powder or film glass samplese made
111 in soda-lime-silica glass.

112

113 Methods

114 Determination of surface energy by CA

115 According to the GVOC (Good Van Oss Chaudhury) apgh [3], CA were converted into surface energy moments
116 using the Young-van Oss equation (Eq.1), which igaspreading pressure and highlights Lifshitz-danWaals and

117 Lewis acid/base surface free energy components.

118 ¥} (1+cosd) = 2y v + iy +yeri) @
119 Here, ', ™, y* andy are the total surface energy, Lifshitz-van der Maelectron-acceptor (or Lewis-acid) and

120 electron-donor (or Lewis-base) components of thiasa free energy respectivelyis the CA and the subscripts L and
121 S denote the liquid and solid samples, respectively

122 Equation 2 allowed accessing to the Lewis acid-lcaseponents of the surface energy:
123 y* =2Jy'y 2)

124

125 Determination of surface energy by IGC

126 IGC was operated at “infinite dilution.

127 Determination of the net retention volume

128 The net retention volumé of vapor probes is then calculated using Eq.3:[22]
129 V, = jxt xF (m) (3)

130 wherety is the net retention time, calculated using EQ; @ (ml.min®) the carrier gas flow rate, at the sample
131 temperature ang is the James and Martin compressibility factolcwated using Eq. (5), taking into account the

132 compression of the gas and the pressure drop apstiee column or module [23].
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wherety is the experimental retention time used by a ptobeross the column or the film cell atdhe dead time of

the column or film cell, determined through theeirtjon of methane which does not adsorb on thd.soli

whereP; andP, are the inlet and outlet pressures respectively.

In practicej is considered to be equal to 1 when using the déthmodule.

Determination of the free energy of adsorption
The net retention voluméy of vapor probes is directly related to the vaoatof the free energy of adsorptid®,gs

according to Eq.6
AG,, = —(RxT xInV) +C (6)

whereC is a constant depending on the choice of a referstate of the adsorbed probe and also on thHeatet of the

solid accessible to the proliejs the gas constant aildhe absolute temperaturG,ystakes into account two kinds of

D
ads’

SP

corresponding to London forces and specific atgons AG_,

interactions (Eq.7): dispersive interactidis

which consists mostly out in Lewis acid-base cdwiiibns.
AG,, = AGL, +AGS, (7)

To obtain the dispersive as well as the specifitspaf AG.ys different apolar and polar vapor molecules respely

are injected and their net retention voluredetermined.

Determination of the dispersive component of thiéase energy
In case of apolar probes, likealkanes, which can only interact by dispersiveraxtgons,Vy is related toAGa%Sby

Eq.8, which uses the relation of Fowkes [24]:

1 1

AGP. =-RxT xInV, +C =-2N,(y2)? ><a><(yLD)5 +C' (8)

ads ~

whereN, is the Avogadro constarRR the gas constand, the molecular cross-sectional area of probes adgpon the

solid surfaces (A and yLD the dispersive component of the liquid probe s@fanergy andysD the dispersive
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156 component of the surface energy of the solid.dédes of alkanes is injecteg}'g can be derived from the slope of the

1
157 fitted line, which is called the “alkane line” inpdot of RTIN, versusa(yLD )2 )

158 Determination of the specific component of theasgfenergy
159 The experimental points for the polar probe moleswdre located above the alkane line in the sudaeegy plot. The

160 vertical distance between each point and the alk#maéght line represents the specific contributirihe interaction,
. . e P
161 which is expressed as the specific free en&Gy. .

162 On the whole, this approach for acid-base calautatiused in IGC is the van Oss concept, which gesviacid and

163 base numbers in the same units as the dispersifaEzsienergy, according to Eq.9:
1 1
164 NGy, =2xN, an((yE xyz)e + (g "V;)Zj ©)

165 where AG;F; is the specific component of the surface energy/ifral), N, is the Avogadro constard,the molecular

166 cross-sectional area of adsorbate§),(ny: and )| (mJ/m?) the electron acceptor (acid) and electtonor (base)
167 parameters of the probe moIecuIyg and ) (mJ/m?) the electron acceptor (acid) and electionor (base)
168 parameters of the surface. Thy@ and )5 can be calculated thanks to two couples of comeieary polar probes:
169 dichloromethane (DCM)/ethyl acetate (EA) and tok€f)/chloroform (CF), wherg/y is equal to zero for DCM and
170 CFandy; is equal to zero for EAand T.

171 The specific or polar component of surface eneyﬁ)F/’ (mJ/m?) can then be calculated from tﬁéand Vs according

172 to the Eq. 10. Finally, the total surface ene@/is also accessible through the Eq. 11.

173 ys" =2x4ysxys  (10)

174 ye =y +yS (11)

175
176 A conditioning period of 12 hours was applied fack experiment to equilibrate the chromatograpbiaran or the
177 module with their samplim situ at constant conditions of temperature (40°C) aaslfipw (helium, 10 mL/min) with a

178 relative humidity (RH) of zero, except when theseffof RH on surface energy was studied. In thi® ®H was equall
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to values ranging from 10 to 50% in the carrier. §d® optimal quantity of probes to obtain an itérdilution mode
and sharp and symmetrical peaks were obtainptpat 0.025, withp being the partial pressure of the solute in the gas

phase angy the saturation vapor pressure of the solute.

Results

Comparison of the surface energy obtained for materialsin either the granular state using | GC-C columns or in the
film state using IGC-FC

The main aim of this paper is to investigate the asa new system called film cell module for IG€,study the
surface energetics of flat and monolithic samplisorder to assess whether meaningful data wetar@a using this
new module, the surface energetics of the samerialatan either the granular state or in the filate were assessed by
using respectively IGC-C and IGC-FC.

The IGC-FC method allows direct access to the sarémergy of solid films. However, the use of tia tell module,
which is made of stainless steel (Figure 1), leads measurement bias because it is not inerteny module has a
significant polar component for its surface enetiggt must be substracted by performing a blank. dispersive
component is, however, negligible. In contrasiC{G columns are made of inert glass and a blanktisiecessary.
The results from both IGC-FC and IGC-C are sumnearim Table II; the values of the total surfacergpealculated
from the IGC-FC experiments are in good agreemdhttivose calculated from IGC-C for the differeasted supports,
except for PA. For this material, these valueseapeal to 43.8+1.8 mJ/nfrom IGC-C and 48.5+2.3 mJfnfrom IGC-
FC, respectively. The magnitude of all values deiteed here for all materials compared reasonablyl wih
previously reported values in the literat{28].

For all the surface energy componemisasured in IGC-FC the calculated values are wmifgiantly different from
those obtained in IGC-C (Table II), except for PAdafor the electron-donor component of glass. PAr both
dispersive and specific components of surface gnetpined from IGC-FC were higher than the ondsiobd from

IGC-C. For glass, the electron-donor component fiG@-C was higher than from IGC-FC.
Comparison of the surface energy obtained by |GC-FC and CA for materialsin the film state

CA is one of the most commonly used techniquesha ¢haracterization of surface energetics and hiétyaof
materials in the film state. It was therefore ussda point of comparison with IGC-FC.As observedable Il, the
values of the total surface energy calculated ftloenCA experiments corroborate the surface eneegds established

with IGC-FC and give somewhat lower absolute vafoeshese numbers, in case of the three substitiiathe lowest
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surface energy: PTFE, PE and PA. A GVOC approachusad for CA experiments, which allows the cornvesf CA
into y'S‘W (Lifshitz-van der Waals), anoy; and )5 (Lewis acid and base) surface energy componerissrdcognized

that the Lifshitz-van der Waals contribution isrparrily due to dispersion forces or London intei@tsi, although small
contributions resulting from the presence of peremardipoles may also be accounted for in this ténduction or
Debye and orientation or Keesom interactions) [2®refore, it is relevant to compare values oleifrom CA and

values obtained from IGC-FC.
D LW
For PTFE, PE and PA, thEs' obtained using IGC-FC were slightly superior te #s  values obtained from CA

Interestingly, in the case of glass, a higher vdtwethe total surface energ% = 56.2 + 0.3 mJ/m?) was calculated
with CA measurements, compared to IGC-FC, for whachalue of 47.9 + 3.3 mJ/m? was obtained (TableThis

difference is statistically significant withpavalueof 0.00021 (calculated from Student test). It arosly from the /g
values that are equal to 11.0 + 2.6 mJ/m2 with IBTand 54.1 + 2.6 mJ/m2 with CA, where}z(g and y;w values on

the one side andt’g values on the other side were very similar.

Effect of relative humidity on the surface energy of glass measured by | GC-FC

The influence of the relative humidity (RH) on tleolution of the specific component of the surfacergy for glass
was examined using IGC-FC.

The results for the total surface energy and ifferdint components measured by IGC-FC as a funafoRH are
presented in Figure 2. On the right of Figure 2adse presented the results the total surface energy and its different
components for glass measured by CA with atmospheid equal to 50%. For glass from IGC-FC measurésnéin
appears that the electron-donor component significancreases with the RH. On the other hand,dispersive and
electron-acceptor components maintain similar \@lak along the humidity gradient. The values caliad for the
electron-donor component increased from 11.0 mtdr66.79 mJ/mz in accord with the gradient of RHha gaseous
stream and from 0 to 50 %RH in IGC-FC, and showédear tendency between 10 and 50 %RH, with aeskypual to
15.3 (mJ/M)/(%RH). The increase in the electron-donor componeith RH may be due to the interaction of the
probes with water molecules adsorbed on the sudadethe formation of silanol (Si-O-H) sites by otigorption. For
glass from CA measurementken at room temperature with atmospheric RH egua0%, it appears that the value of

the electron-donor component is close to the onaimdd with IGC-FC at 30 and 40%RH.
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Discussion

As mentioned in the results part, the values obthiior surface energetics by IGC-EGrroborate those surface energy
trends established with IGC-C and the magnitudehese numbers compare reasonably well. Some signtfi
differences between the two methods exist howeawettie absolute values of both dispersive and fipemmponents
of surface energy found for PA and also for theteten-donor component of glass. These differencag amise from an
effect of the geometry of the materials on therprteted surface energetics, as shown previouslylifferent works
using IGC. For example, Guillet et al. reportededénces for polystyrene between studies using palgmer packed
in a column and or capillary columns coated onitis&le with polymer [15]. They found that specifetention volume
values were slightly higher for an open column tliena packed column, possibly because of the higpecific
surface area available in the open column. Jonak etention that milling increased the dispersueface energy and
surface acidity of lactose and several respiratiugs. These effects could be ascribed to thedatition of surface
structural defects or to the disruption of partitéavs exposing surfaces rich in hydroxyl groupgha case of lactose

[18].

The differences between results from CA and IGOnet known and the discussion about this poirdusof the scope
of this paper. These differences arise from thetlywadifferent energetics between the two systenmsoliving
gas/condensed phase interaction for IGC and cordeaptzase/condensed phase interaction for CA. |prbeent study,

another difference was introduced between the ystems through the difference in RH values durixgeeiments:

RH was not controlled during CA experiments and e@sal to the ambient atmospheric RH which was Hi#bday.
This is one of the reasons explaining the importHffitrence in the)/s values found for glass using CA or IGC at RH

equal to 0. Glass is by far the most hydrophiliderial among the four studied. It is composed nyadfl silica, and
previous studies have shown that water can rugiogane (Si-O-Si) bonds via dissociative chemisiorp forming

silanol (Si-O-H) sites, in particular at the fithge of humidification [27,28]. This chemical charoccurring at the
surface of glass also affects the specific compbpérthe surface energy. For this reason, the ef’l€dRH on the

surface energy was studied for glass by IGC-F@ppears that when increasing the RH from 0 to 50%siC, the
difference in the)/values found for glass using CA or IGC-FC decreaesvever, considering that temperature is

changed from 23°C to 40°C between CA and IGC-FGergents, the quantity of adsorbed water on glassfsame
RH is higher in case of IGC-FC, undercutting thewvance of the exact comparison of results froma@d IGC-FC at

the same RH.
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Conclusion

The new film cell module for inverse Gas Chromaamdry experiments, presented in this work, enaldesbtain

meaningful data for the surface energetics of dladl monolithic samples, for solid materials withryilag surface
properties: PTFE, PE, PA and glass. In comparisdh @A measurements, it offers the possibility wntol the

temperature and the RH perfectly during automatetrapid experiments, includinig situ conditioning.

Thanks to these preliminary results, it can be chated that IGC-FC appears as a viable method. Mervenore
extensive study is needed to identify the originddferences with standard IGC-C, since the diffiees in surface
geometry may also have an influence on the intezgreurface energetics. IGC-FC extends the poisgibil IGC to

flat and monolithic samples. The analysis can bdopmed directly on two dimensions samples, withany prior

preparation. The field of application of IGC-FClasge and includes the easy analysis of the inflaesf cleaning or

painting on the surface energy parameters of solithces, important in a wide variety of industries
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358 Figure 1: Technical drawing of the film cell moddbr iGC (35x400x11 mm). The arrows show gas flow.
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363 Figure 2: Surface energy components measured ossGlizpending on a RH gradient established intdilinecell

364 module during iGC experiments and values obtainigdl @A measurements at “ambient” RH.

365
Results from IGC-FC Results from CA
80 l
[ |
70 4
X
60 - i
E " = "
E 50 4 u ETotal
> T * . X i
o 40 ¢ PN 4 & ¢ AAB
c
)
8 30 X +
Tt
@
20 - A
X A 4 A
A
10 f A
|
0 - T T T T T |
0 10 20 30 40 50 50
Relative Humidity (%RH)
366

367



16

368 Table I: Acid-base character and values of crostis®l area and surface energy components of atepti@nd polar
369 probes used in contact angle and IGC experimeaise¥ from [29-33], DCM = dichloromethane, EA =\étacetate,

370 T =toluene, CF = chloroform.

371

Molecular Surface energy (mJ/m?) of the liquid probes
Solvents - | cross-sectional dispersive | Slectron | electron
«_ .| total surface t acceptor donor
probes surface area “a energy /! compé)nen parameter| parameter
(mZ) L yL y:' ylj
n-alkanes
C6/ 5.15x10™ 18.4 18.4 0.0 0.0
C7/ 5.73x10" 20.3 20.3 0.0 0.0
C8  6.30 x10™ 21.3 21.3 0.0 0.0
C9  6.92 x10™ 22.7 22.7 0.0 0.0
C10  7.44 x10 23.9 23.9 0.0 0.0
Contact angle
water / 72.8 21.8 255 255
formamide / 58.0 35.6 2.3 39.6
diiodomethane / 50.8 50.8 0.0 0.0
iGC
DCM| 2.99 x10™ 26.5 26.5 5.2 0.0
EA|  3.29 x10* 23.9 23.9 0.0 19.2
T/ 4.20 x10* 28.5 28.5 0.0 2.3
CF| 3.51x10™ 27.2 27.2 3.8 0.0
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372 Table Il: Calculated values of surface energy fioe fmaterials, PA = polyamide-6, PE = polyethyleRg,FE =
373 polytetrafluoroethylene and GlassMaterials at powder stat8.Materials at film state. Standard deviations were

374 calculated with > 10 measurements.

375
ys" (mdim?)
. t 2 (CA) SP 2 + 2 - 2
Materials Ys (mJ/m?) b , Ys (mIIm?)| Vs (mI/m?) | Vs (mI/m?)
Vs (mJ/m?)
(IGC)
iGC columng
(IGC-C)
PTFE 19.5+2.3 19.1+23 0.4+0.0 0.1+0.0 0.5+0.1
PE 32.2+x2.1 31.6x2.1 0.6+0.0 0.1+0.0 0.9+0.2
PA 43.8+1.8 419+1.7 1.9+0.2 0.2+0.1 4.1+25
Glass 46.7+1.6 39.8+1.8 7.0+£0.3 0.5+0.2 22.8+1.8
iGC film-cell®
(IGC-FC)
PTFE 21.1+3.1 21.0+£3.2 0.1+0.1 0.0+0.0 0.5:0.3
PE 32.9+15 31.0+15 1.9+0.6 0.3+0.3 2.7x1.2
PA 48.5+23 447+ 2.6 3.8+1.2 0.4+0.3 8.9+1.7
Glass 47.9+3.3 40.0+2.2 7.8+1.1 2.5+21 11.0+ 2.6
Contact anglé
(CA)
PTFE 17.1+0.9 15.9+0.6 1.2+0.3 0.2+0.1 1.9+05
PE 32.5+2.7 29.3+15 3.2+1.2 0.8+0.3 3.4+16
PA 42.4+0.9 40.4+0.8 2.0+0.2 0.1+0.0 11.5+15
Glass 56.2+0.3 39.4+1.6 16.8+1.9 1.3+0.3 54.1+0.2

376



