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We tting Hy ste re sis Test of So lids by Dif fe rent
Types of Su r fa c tants

In tro du c tion

“A class” fi res of so lid ma te rials pre do mi na te in fire bri ga de ex tin gui s hing
ope ra tions. The pri ma ry ex tin gui s hing agent in such ca ses is wa ter. The most
im po r tant pro per ties which de te r mi ne the ex tin gui s hing effe c ti ve ness are
spil ling and we tting abi li ty. The fo r mer is re la ted to the su r fa ce ten sion and the
lat ter to the in ter ac tion of wa ter mo le cu les and the so lid su r fa ce. Both of the se
pa ra me ters are lin ked to each ot her and cha rac te ri zed by the su r fa ce ten sion of
the so cal led con tact angle. 

The sha pe of a li qu id dro p let on a so lid su r fa ce, in the area of 3 pha ses co ming
into con tact, de pends on the li qu id su r fa ce ten sion, so lid – va por in ter fa cial
ten sion, so lid – li qu id in ter fa cial ten sion, so lid – li qu id in ter fa cial ten sion and
the con tact an gle. The re la tion s hip of the fo r ces of the re spe c ti ve in ter fa cial
ten sions at the three pha ses po int can be de scri bed by the Yo ung equ a tion [1] (1):

The re sults of the stu dies of the we tting hy ste re sis of so lids by su r fa c tant

so lu tions were pre sen ted. Using the K100MK2 ten sio me ter su r fa ce ten sion

iso t herms of te sted su r fa c tants were spe ci fied. On the ir ba sis the cri ti cal

mi cel le con cen tra tion (CMC) of each su r fa c tant was de te r mi ned. We tting

pro per ties were te sted at con cen tra tions of 0.5 CMC, 1 CMC, 2 CMC. The

fol lo wing five so lid ma te rials were used for the me a su re ments:

poly et hy le ne, poly(me t hyl met hac ry la te), polyte traflu oroet hyle ne, cop per

and glass. Dif fe ren ces among the we tting pro per ties of su r fa c tants on te sted

so lid ma te rials were di s cus sed and the re sults were co m pa red with the

li te ra tu re data. 

Keywords: wet ting, hy ste re sis, su r fa ce ten sion, con tact an gle.
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(1)

Whe re:
q – con tact an gle,
ss-v – so lid – va po ur in ter fa cial ten sion,
ss-l – so lid – li qu id in ter fa cial ten sion,
sl-v – so lid – va po ur in ter fa cial ten sion,
Li qu id – va po ur in ter fa cial ten sion is usu al ly
re fer red to as su r fa ce ten sion s.

The me a su re of the we tta bi li ty is the con tact an gle q and the va lue of the
co si ne. Per fect we tting oc curs when the con tact an gle q is 0° (cos q = 1) and the re
is a co m p le te ab sen ce of we tting, when q = 180° (cos q = -1).

Ano t her me a su re of we tta bi li ty is a pro per ad he sion de fi ned as work ne e ded
to tear a li qu id off from a unit so lid su r fa ce, cre a ting simu lta neou s ly two new
in ter fa cial su r fa ces: li qu id – gas su r fa ce and so lid – va po ur su r fa ce. The va lue of
this work can be de ri ved from the equilibrium of surface free energy [1]:

(2)

Af ter con si de ring equ a tions (1):

(3)

Pro per co he sion is a me a su re of co he sion fo r ces oc cur ring in a li qu id. It is
de fi ned as work ne e ded to bre ak a li qu id co lumn with a unit se c tion, cre a ting two 
free su r fa ces of the same size:

(4)

In the case of per fect we tting (q = 0°, cos q = 1) ad he sion fo r ce of co he sion
fo r ces is equ al to:

(5)

For con tact an gles 0 < q < 180° ad he sion fo r ce is smal ler than the co he si ve
fo r ces. The se are ca ses of li mi ted we tting. The con tact an gle ran ge is di vi ded into
two ran ges: 0 < q < 90° and 90 < q < 180°. This is de te r mi ned by the va lue of the
ca pil la ry pres su re that is po si ti ve for the first ran ge, which me ans that the li qu id
can be ab sor bed into the ca pil la ry stru c tu re of the so lid. Ca pil la ry pressure can be 
described by the formula [2]:

8 Zeszyty Naukowe SGSP nr 48 (4) 2013

Fig. 1. Il lu stra tion of con tact an gles
fo r med by a ses si le drop

So u r ce: own work ba sed and [15].



(6)

Whe re: r – the ra dius of the ca pil la ry.

The con tact an gle in the 0 < q < 90° ran ge si g ni fies good we tta bi li ty. Co si ne
of the an gle has a po si ti ve va lue, so the ca pil la ry pres su re is also po si ti ve. The
li qu id is drawn into the ca pil la ry. For the va lu es of con tact an gles in the ran ge of
90 < q < 180°, the co si ne of the an gle is ne ga ti ve, ca pil la ry pres su re is also
ne ga ti ve, and the li qu id is not ab sor bed into the ca pil la ries. The me a su re ment of
the con tact an gle by ana ly zing the sha pe of the li qu id dro p let ap p lied to the
su r fa ce gi ves a va lue cal led a sta tic con tact an gle. This is not the va lue that can be
con si de red as a con stant, re pro duci b le pa ra me ter cha rac te ri stic of the ma te rial.
To ob ta in such a con di tion (re pe ti tio us me a su re ment) a test su r fa ce wo uld have
to be per fe c t ly smo oth, che mi cal ly ho mo ge no us and cle ar. Most of the ma te rial is 
not ho mo ge neo us; the de gree of smo o t h ness is dif fi cult to de fi ne. It is re la ti ve ly
easy to ob ta in ade qu a te sa m p le purity but it is also a frequent cause of the lack of
measurement results repeatability. Other causes of the contact angle changes are
as follows:
l the eva po ra tion of the li qu id,
l mi gra tion of su r fa c tants from the so lid su r fa ce to the li qu id su r fa ce,
l che mi cal re a c tion be twe en the so lid and li qu id,
l sub stan ces dis so l ved in the drop mi gra ting to the su r fa ce,
l the so lid be ing dis so l ved or swol len by the li qu id,
l so lid in ter ac tion with a su r fa ce (cre a ting hy dro gen bonds, che mi cal re a c tion),
l mi gra tion of a sub stan ce dis so l ved in li qu id to an in ter fa cial bo un da ry,
l pa r tial dis so l ving of so lid su r fa ce co m po nents in a li qu id.

The measurements of dynamic contact angles describes the process at the
liquid/solid boundary during an increase in the volume (Advancing Contact
Angle) or a decrease in the volume (Receding Contact Angle) of the drop, during
the wetting and de-wetting processes. The advancing contact angle is greater
than the receding contact angle. The difference stems from the fact that the rear
part of the drop dripping from the solid surface does not encounter the same
force as in the case of a front portion of incoming droplet surface wetting. The
difference of these angles is called wetting hysteresis, which ranges from several
to dozens of degrees. The significance of contact angle hysteresis has been
extensively investigated and general conclusion is that it arises from surface
roughness and/or heterogeneity. The measurement of dynamic contact angle
makes it possible to reduce the influence of surface irregularity by averaging the
measurement results. Dynamic methods are particularly useful for assessing the
ability of wetting surfactants solutions, which depend on the rate of change of the 
phase boundary of vapour-liquid and liquid-solid.
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1. Wetting hysteresis measurements by the Wilhelmy method

The Wilhelmy method is based on the measurement of the force which is
needed to overcome the resistance of the liquid when the solid plate with known
wetted length is immersed in or withdrawn from the liquid of a known surface
tension. The contact angle determined by immersing the plate in a liquid is
called an advancing contact angle qA and the angle determined by withdrawing
the plate is called a receding contact angle qR. Contact angles can be calculated
from the formula: [7]:

(7)

whe re:
q – con tact an gle,
F – Wi l he l my we tting fo r ce,
s – su r fa ce ten sion of the li qu id,
L – we tted length.

The measuring principle is shown in Figure 2.

2. Characteristics of solids and surfactants

The aim of the research was to compare the wetting ability of different types
of surfactants compared to the solid surface of different nature. To compare the
wetting ability the measurement of wetting hysteresis was used. 

In the study, 5 samples of solids were used, namely: 2 samples of a hydrophilic 
character (glass, copper) and two of hydrophobic character: polytetrefluoro-
ethylene – Teflon (PTFE), polyethylene (PE) as well as one of an indirect
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Fig. 2. Wilhelmy plate method of dynamic contact angle measurement.

So u r ce: [8].



character – polymethyl methacrylate (PMMA). The tested solids weren’t the
reference materials, with strictly defined composition and properties.
To determine the contact angle rectangular plates made from tested solid
materials were prepared. The plates were thoroughly degreased and rinsed with
distilled water. The surfaces of the tested materials were smooth (no visible
roughness). The size of each plate was measured to an accuracy of 0.1 mm and
the wetted length was also calculated. To conduct the measurements the
surfactants, which are essential components of foam concentrates, were used.
Various types of surfactants were tested – ionic and nonionic ones, including:
l  so dium do de cyl su l fa te (SDS) – an anio nic su r fa c tant,
l  hexade cyltri methy lammo nium bro mi de (CTAB) – a ca tio nic su r fa c tant,
l  alki loami dopro py lo be ta i ne (Be ta i ne CAB) – an am p ho te ric surfactant,
l  a po ly mer of poly et hy le ne gly col et her and p-t-o ctyl p he nol (Tri ton X-100)

– a no nio nic surfactant.
The table 1 shows characteristics of the tested surfactants.
Critical micelle concentration is defined as the concentration of surfactants

above which micelles are spontaneously formed and all additional surfactants
added into the system go to micelles. This corresponds to the clear slowdown
of the drop of surface tension of the solution with further increase
of concentration.

CMC is not a value strictly defined for a specific substance. It is determined
graphically on the basis of surface tension isotherm graph. It depends on
the temperature of the solution, the ambient temperature, the degree of purity
of the tested substance and the water and also on the method of measuring
the surface tension and the individual characteristics of the measuring position.
In the studies, to determine the contact angles, K100MK2 tensiometer of the
Krüss Company was used. The same tensiometer was used to measure the surface 
tension of the tested surfactants (the Wilhelmy plate method). The solutions
were prepared by a gravimetric method in demineralized water with 0.06 mS/m
conductivity. The initial concentrations of the surfactants were higher than the
CMC values reported in the literature. After the measurement of the surface
tension further solutions were prepared by two dilutions. The surfactant
solutions used in these studies were lucid. Measurements were carried out
to obtain a surface tension of 50 to 60 mN/m. The temperature of th solutions was 
25 ±1° C and the ambient temperature was 23 ÷ 26°. After the measurements the
surface tension isotherm was made and on the basis of the isotherm graph CMC
the value was determined by the graphical method (Figure 3).
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The following values of CMC were obtained: SDS – 4.1 mmol/dm3, CTAB
– 0.8 mmol/dm3, Betaine CAB – 0.25 mmol/dm3 and Triton X-100 –
0.30 mmol/dm3. In the case of Triton X-100, the obtained CMC value is close to
the CMC reported in the literature. Usually 0.22 to 0.24 mmol/dm3 range of CMC 
concentration is given. In the study [16] TRITON CMC was determined as
0.31 mmol/dm3 with the use of the ring method, so almost identical to the value
obtained in the present study. CTAB CMC is also close to the literature,
considering the error of the graphical method of determining CMC. In other
studies the surface tension of CTAB measured by the bubble and stalagmometric 
methods was similar and stood at approximately 1.0 mmol/dm3. For SDS, the
determined CMC value is two times lower and for BETAINE – more than three
times lower. However, the literature contains surface tension values much lower
than the most frequently cited. Thus, it is believed that the surface tension of
SDS values is in the range 8.1 ÷ 11.5 mmol/dm3 [14, 17]. But, in the study [13],
the surface tension of SDS (high purity) determined by the Wilhelmy method
was 5.6 mmol/dm3 and in the study [5] – even 2.4 mmol/dm3.

3. The study of wetting hysteresis

The objective of the study was to determine the effect of different types of
surfactants characterized by an advancing and a receding contact angle on the
wetting ability of water value. The wetting hysteresis of material samples by
surfactant solutions were tested by the previously described Wilhelmy method,
with the use of K100MK2 Krüss tensiometer. In the studies the solutions of
surfactants in demineralized water at concentrations of 0.5 CMC, 1 CMC and
2 CMC were used. For each study 100 cm3 of solution was prepared, about 70 cm3
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Fig. 3. Surface tension isotherm of CTAB

So u r ce: own work.



of which was placed in the measuring vessel. Before each measurement, a test
sample (plate) of the solid material was rinsed with tap water, followed by
distilled water, washed with ethanol, then treated with acetone and finally
allowed to dry. The plate was secured to a special holder in the tensiometer
weight system. Before the measurement, the output data: such as the name of the
sample and its circumference, the name of the surfactant and the surface tension
of the solution (which, for the concentration of 0.5 CMC, 1 CMC, and 2 CMC
were read off from the previously prepared surface tension isotherms) were
entered in a computer programme supporting the measurement. The
measurement of wetting hysteresis was started, which from that moment was
proceeding fully automatically. The results were a wetting hysteresis graph and
the average values of advancing and receding contact angle and the standard
deviation for the measurement of contact angles. The standard deviation for all
measurements is divided in the range of 2.3 – 3.8. The figures 4 and 5 show
examples of wetting hysteresis graphs of PTFE and copper by water and
surfactant solutions.

The wetting hysteresis of Teflon by TRITON solutions is greater than the
wetting hysteresis of PTFE by water. This difference between wetting hysteresis
water and TRITON solutions is twice the concentrations equal 1 CMC and
2 CMC. For all concentrations of TRITON solutions advancing contact angles
are lower than the receding contact angle of water.
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Fig. 4. Wetting hysteresis of PTFE and copper by water and aqueous solutions of Triton X-100

So u r ce: own work.



The wetting hysteresis of copper by water is more than 40°. Each of the
solutions of SDS caused A reduction of the wetting hysteresis of copper was
caused by each of the SDS solutions. The lowest wetting hysteresis occurs at
0.5 CMC concentration and the highest wetting hysteresis occurs at
a concentration of 1 CMC. 

All tests of wetting hysteresis were carried out in ambient temperature of
25 ±1°C. The solutions also had the same temperature. The results of
measurement are shown in the table 2.

The studies have confirmed the anticipated nature of solid samples. Glass and 
copper have the hydrophilic character (contact angles of less than 90°). Glass is
usually considered to be perfectly wettable material so it was expected to have
much lower values of contact angles of wetting by water. The received value of
51.2° of the advancing contact angle is relatively high. a receding contact angle
(31.4°) is far from perfect wettability.

Teflon and polyethylene have clearly hydrophobic nature as expected. The
values of the advancing contact angle of water 105.9° (Teflon) and 107.9°
(polyethylene) are close to the data in the specialist literature [14, 15].

If we take the advancing contact angle as a measure of wetting ability, the
addition of all tested surfactants caused the reduction of the contact angle, thus
improving the wetting ability, with one exception. For CTAB solutions, higher
values of contact angles, both advancing and receding ones, were obtained. Also,
compared to other materials, CTAB showed a weak wetting ability, which
correlates with the results of the previous studies concerning the capillary
saturation [9].
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Fig. 5. Wetting hysteresis of copper by water and aqueous solutions of SDS

So u r ce: own work.
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The comparison of the wetting abilities of the surfactant solutions at equal
1 CMC concentrations was presented in the figure 6.

Among the studied surfactants cationic surfactant CTAB and ampholytic
surfactant – Betaine CAB have significantly worse wetting ability compared to all 
materials. In other surfactants, anionic SDS has better wetting ability than the
non-ionic TRITON X-100 in relation to the materials of hydrophilic character –
glass, copper and PMME with indirect properties. Only upon wetting copper by
solutions of the 0.5 CMC concentration TRITON X-100 showed a lower
advancing contact angle than the SDS. The receding contact angles of glass and
copper by TRITON solution having a concentration of c = 0.5 CMC were lower
than the receding contact angle of SDS solution. Perfect wettability was obtained 
when wetting PMME by SDS solutions at all concentrations. These were the
only cases of zero advancing contact angle values. Except PMME, zero value of
receding contact angles was recorded in three cases: the wetting of glass by SDS
solutions with concentrations of 2 CMC and 1CMC as well as the wetting of PE
by TRITON solution (2 CMC concentration).
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Fig. 6. Advancing contact angles of material samples by surfactant solutions with equal CMC
concentration

So u r ce: own work.



TRITON X-100 has better wetting properties than SDS with hydrophobic
materials such as PE and PTFE. In case of PTFE it is a difference of about 5° at
the concentration equal to 1 CMC and 0.5 CMC. However, the reduction of the
advancing contact angle in comparison to water is not large: in the SDS solution
at the concentration of 0.5 CMC ~ 20o and ~ 30o at the concentration of 1 CMC.
SDS solution at the concentration of 2 CMC had worse wetting ability than the
solution at the concentration of 1 CMC (advancing contact angle higher by 5.4o,
and receding contact angle higher by over 20°). For polyethylene advancing
contact angles of SDS solutions at the concentration of CMC and 2 CMC
of polyethylene were higher by about 20° than advancing contact angles
of TRITON solutions. Only at the concentration of 0.5 CMC the contact angle
of SDS solution was lower than the contact angle of TRITON solution. For
all concentrations receding contact angles of TRITON solutions were lower than 
the contact angles of SDS solution.

The wetting hysteresis value may be the measure of the wetting abilities
because the value of the receding contact angle can be influenced by the degree of 
modification of the surface by surfactant particles adsorbing on it. The table 2
shows the wetting hysteresis in both: the degrees and per cent, in comparison to
the advancing contact angle. Figure 7 summarizes the percentage of wetting
hysteresis for water and surfactant solutions at the concentrations equal to
1 CMC. 
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Fig. 7. Wetting hysteresis of tested solid materials by water and surfactant solutions at CMC
concentration 

So u r ce: own work.



As seen, if we consider the percentage of wetting hysteresis as the criterion of
the wetting abilities, SDS appears to be better than TRITON for all materials
(including hydrophobic ones). The cationic CTAB, in turn, has better wetting
properties than ampholytic BETAINE CAB for all tested samples.

The literature describes many studies of contact angles by surfactant
solutions, measured by various methods. In the study [15], contact angle of water
on polymethyl methacrylate was about 75o. The contact angle of a SDS solution
at a concentration of 8 mmol/dm3 was 35o and the solution of TRITON X-100
surfactant at the concentration of 0.4 mmol/dm3 – 30o. In CTAB solutions with
the increasing concentration the contact angle decreased until the concentration
reached about 1 mmol/dm3. Then the contact angle was about 34o. The contact
angles of solutions with concentrations of 0.5 and 2 mmol/dm3 were
approximately 37o and 33o. The wetting hysteresis was not tested here, however.
These angles were tested by a sessile drop technique. In the presented studies the
advancing contact angle of water on PMME was about 89.5o, and for CTAB
solutions with concentrations equal to 1 CMC and 2 CMC respectively, 54.5 and
43.4o. It is therefore worse wettability than in the cited study [15]. The lower
wettability was also observed in the case of TRITON (41.9o a concentration equal 
to the 1 CMC). Much better wetting ability was obtained for SDS where for all
concentrations the wettability was perfect (contact angle of 0o). 

In the same study [15] the contact angles on Teflon were reported: for water
about 110o, for a CTAB solution at the concentration of 1 mmol/dm3 – about 78o,
and for CTAB solutions at the concentrations of 0.5 and 2 mmol/dm3 – 79.5o and
78o, respectively. In another paper [3] advancing contact angle of CTAB
solutions with the concentration of 0.8 mmol/dm3 was 83o and the receding
contact angle – 62o. In the presented studies the advancing contact angle
of CTAB solution with the concentration equal to the 1 CMC on Teflon was
77.3o However, with increasing concentrations (c = 2 CMC) the advancing
contact angle decreased to the value of 73.3o. With a significant increase in the
concentration of CTAB (10 mmol/dm3) the contact angle decreased only to
about 75o .

In the paper [15] the minimum contact angle of TRITON X-100 solutions on
PTFE was achieved at the concentration of about 0.4 mmol/dm3, and therefore
for the value of about 2 CMC (literature value).

The value of the contact angle (67.5°) is almost identical to the value of the
advancing contact angle of Teflon obtained in the presented studies – 67.1o.
However, in another paper [3] the advancing contact angle at the concentration
of 0.3 mmol/dm3 (c = 1 CMC) was 85o and the receding contact angle was 62o.

In the paper [15] the contact angle of SDS solution having the concentration
of 8 mmol/dm3 on Teflon reached 77o, while in the presented studies the contact
angle of the surfactant solution with a concentration equal to 1 CMC
(4.1 mmol/dm3) was about 74.7o, being at the concentration of 2 CMC –80.1o.
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4. Conclusions

l Ta king the ad van cing con tact an gle va lu es as the cri te rion of we tta bi li ty,
anio nic SDS de mon stra tes the best we tting abi li ty in co m pa ri son to the
hy dro p hi lic ma te rials (glass and cop per) and in di rect cha ra c ter ma te rials
(PMME); whi le no nio nic TRITON X-100 has the best we tting abi li ties
co m pa red to the hy dro p ho bic ma te rials.

l Ta king the per cen ta ge of we tting hy ste re sis as the cri te rion of we tta bi li ty,
SDS sho wed the best pro per ties in re la tion to all sa m p les of so lids.

l A ca tio nic CTAB and am p ho te ric Be ta i ne CAB show cle a r ly we aker we tting
pro per ties than SDS and Tri ton X-100. 

l In terms of ad van cing con tact an gles CTAB and Be ta i ne CAB show si mi lar
pro per ties.

l Ta king the per cen ta ge of we tting hy ste re sis as the cri te rion of we tta bi li ty,
CTAB shows a bet ter we tting abi li ty than BETAINE CAB, in re la tion to all
te sted so lid ma te rials.

l The sca le of su r fa c tants con cen tra tions used in the stu dy tu r ned out to be too
na rrow. In the fu r t her stu dies to as sess the we tting abi li ty in con cen tra tions
lo wer than the con cen tra tion of CMC, the con cen tra tion not hi g her than 0.1
CMC has to be ta ken into ac co unt. Whe re as for con cen tra tions abo ve the
CMC - 10 CMC is ne e ded. 
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Badanie histerezy zwil¿ania materia³ów sta³ych
surfaktantami ró¿nych typów

W ar ty ku le przed sta wio no wy ni ki ba dañ hi ste re zy zwi l ¿a nia ma te ria -
³ów sta³ych roz two ra mi su r fa ktan tów ró ¿ nych ty pów. Za po moc¹ ten sjo -
me tru K100MK2 wy zna czo no izo te r my na piê cia powie rzch nio we go
ba da nych su r fa ktan tów i na pod sta wie ich prze bie gu okre œlo no wa r to œci
kry ty cz ne go stê ¿e nia mi ce li za cji (CMC) ka ¿ de go su r fa ktan tu. Zdo l no œci
zwi l ¿aj¹ce ba da no przy stê ¿e niach roz two rów rów nych 0,5, 1 i 2 CMC. Do 
po mia rów wy ko rzy sta no 5 ma te ria³ów sta³ych: po lie ty len, poli me ta kry lan
me ty lu, te flon, miedŸ i szk³o. Omó wio no ró ¿ ni ce zdo l no œci zwi l ¿aj¹cych
u¿y tych su r fa ktan tów w sto sun ku do ba da nych ma te ria³ów sta³ych i po rów -
na no otrzy ma ne wy ni ki z da ny mi lite ratu ro wy mi.

S³owa klu czo we: zwi l ¿a nie, hi ste re za, na piê cie po wie rzch nio we, k¹t
graniczny.
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