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Dynamic cycling contact angle (DCCA) measurements of six lig-
uids from two homologous series (i.e., alkanes and alcohols) on
FC-732-coated silicon wafer surfaces were performed using auto-
mated axisymmetric drop shape analysis-profile (ADSA-P). Unlike
the previous one-cycle measurements that have been made in a
number of studies, these cycling contact angle measurements pro-
vide more information on the mechanisms of contact angle hystere-
sis Onyst. Both the advancing contact angles 6, (except for the one
measured from the first cycle) and the receding contact angles 6,
obtained from different cycles were found to be time-dependent.
By comparing the results between cycles, were obtained 6, and 6,
values at some specific drop radii. It was found that both 6, and
6, decreased with increasing number of cycles. Furthermore, both
0, and 6, values obtained at the larger contact radius were larger
than those obtained at the smaller radius. The result is plausible in
terms of liquid sorption and/or retention by the solid surface: the
solid surface modification by the liquid increases with longer solid/
liquid contact, leading to smaller values of 6, and 6,. It was also
found that contact angle hysteresis 0y, the difference between 6,
and 6, at each radius, increased initially and then leveled off with in-
creasing number of cycles. The result suggests that processes which
occurred on the polymer surface during the experiment, such as
liquid sorption and evaporation, will eventually approach a steady
state and hence lead to constant hysteresis of the contact angle.
This supports the contention that liquid sorption and/or retention
is a likely cause of the time dependence of contact angle hysteresis
(as well as advancing and receding contact angles). All 6, data ob-
tained beyond the first cycle and all 6, data reflect liquid sorption
and/or retention by the solid and are therefore not a property of
the solid alone. Therefore, only 6, obtained in the first cycle (on the
dry solid) should be used in the calculation of the surface energetics
of solids.  © 2001 Academic Press

Key Words: dynamic cycling contact angle; advancing contact
angle; receding contact angle; contact angle hysteresis; liquid sorp-
tion; liquid retention; surface tension; axisymmetric drop shape
analysis.

1. INTRODUCTION

Contact angle hysteresigs, which is the difference between
advancing contact angly and receding contact anghe, has
been studied extensively in the past few decades. In the pa
researchers have attributed contact angle hysteresis to surf;
roughness (1-6) and heterogeneity (7—14). Later, some pap
attributed contact angle hysteresis to metastable states (10,
15-22). In more recent studies, Schwartz and Garoff (13, 1
found that contact angle hysteresis is strongly dependent
the patch structure of the surface, whereas McCarthy and t
co-workers (18-20) related it to molecular mobility and pack
ing as well as roughness of the surface in molecular dimer
sions.

In contrast with earlier studies, Sedet al. (21, 22) at-
tributed contact angle hysteresis to liquid penetration and surfa
swelling. In those studies, it was found that contact angle hy
teresis depends on the chain length of the three alkanes tes
and that hysteresis increased with decreasing chain length of t
liquid. To further explore the effect of liquid penetration and sur:
face swelling, we (23) performed systematic contact angle me
surements on a well-prepared, dry, inert, and hydrophobic sol
surface with two homologous series of liquids, tialkanes
and the 1-alkyl alcohols. In that study, the receding contact al
gle was found to decrease with time, suggesting liquid sorptic
and surface swelling. Aninitial receding contact arsiylévhich
is expected to reflect the receding angle before sorption star
was extrapolated back to time of zero contatly least-squares
regression in each experiment. It was found that contact anc
hysteresis decreases with increasing chain length of the liqu
molecules for both the alkane and the alcohol series. It vanishi
when the chain length was extrapolated to infinity. From thes
findings, the authors suggested that the penetration of liquid in
the solid surface, or at least the retention of liquid, is presun
ably the cause of contact angle hysteresis on the type of so
surface studied. It was concluded that the common practice
using advancing contact angles in surface energetic calculatio
and disregarding the receding contact angles would be justifie
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It is the purpose of this study to further investigate the roles The solid surfaces were prepared by a dip-coating techniqt
of liquid sorption and/or retention as causes of contact angles clean surface was immersed vertically into the 2% FC-7:
hysteresis. In many studies (24—26), advancing contact angietution at a speed of 4 10-2 cm/s and the surface was soakec
are taken to be equilibrium contact angles and have been ugad20 min in the solution. The surface was then withdrawn &
in conjunction with Young’s equation as a means of charactehe same speed as that used for immersion and was dried
izing solid surface energetics. The strategy of using low-rateom temperature. This technique produces high-quality-coat
advancing contact angles may alleviate the effect of equiliburfaces; the surface roughness is on the order of nanometer
rium spreading pressure, local irregularities, and defects of tless.
surface. Receding contact angles on a dry surface are experifhe liquids used in this study are the three alkame@snane,
mentally as well as conceptually inaccessible. To the extent timatiodecane, and-hexadecane and the corresponding alcohol
receding contact angles reflect liquid retention by the solid, théyhexanol, 1-nonanol, and 1-undecanol. Suppliers, purity, ai
are not a property of the solid alone (23) and cannot be usedtite relevant properties of these liquids are given in Table 1. A
characterize the dry solid surface. To further pin down the effatteasurements were performed at®g + 0.5°C.
of liquid sorption and/or retention as a frequent cause of contact
angle hysteresis, we extend the previous study by repeating Zh2. Methods and Procedures
advancing and receding procedures with at least 12 cycles i

. nAxis;ymmetric Drop Shape Analysis-Profile (ADSA-P) is a
each experiment on the same surface.

technique for determining liquid—fluid interfacial tensions anc
contact angles from the shape of axisymmetric menisci, i.€
2. EXPERIMENTAL

2.1. Materials (Solid Surfaces and Liquids)

A fluorochemical coating, FC-732, was purchased from 3
Canada (London, Ontario; Product ID 98-0212-1124-2). Th
fluorocarbon coating was chosen because of its inertness
low surface tension~12 mJ/nf). FC-732 contains the same
film-forming chemical as the FC-721 and FC-722 fluoroca
bons used in other studies (21, 22, 27-31), but it uses a
fluorobutyl methyl ether rather than perfluorooctane (FC-72
and 1,1,2,-trichloro-1,2,2,-trifluoroethane (FC-722). Therefor
some of the results from this study can be compared with thc
from FC-721 and FC-722. The FC-732-coated surfaces wt
prepared by a dip-coating technique (24) on cleaned and dr g
silicon wafers. Silicon wafer$100 (Silicon Sense, Naschua, &
N.H.; thickness 525- 50 um) were selected as the substrate fc
the contact angle measurements since they are smooth and r
They were cut into rectangular shapes of abobit25 cm from
the original circular discs, which were about 10 cm in dian
eter. For low-rate dynamic contact angle measurements us
axisymmetric drop shape analysis-profile (ADSA-P), the liqui—
was supplied to the sessile drop from below the wafer surfac s,
using a motorized syringe device (28, 32). To facilitate the e
perimental procedure, a hole of 1-mm diameter was drilled
the center of each wafer by using an SMS0.027 diamond
drill bit from Lunzer (New York). The wafer surfaces were thel
rinsed with acetone to remove dirt and fingerprints. After dn
ing, they were soaked in chromic acid for at least 24 h, rinsi
with doubly distilled water, and dried under a heat lamp b
fore the coating process. To avoid leakage between a stainl
steel needle (Chromatographic Specialties, Brockville, Ontori
N723 needles pt. # 3, H91023) and the hole on the wafer surfa 50
Teflon tape was wrapped around the end of the needle befor
was inserted into the hole. Since the duration of each experimei
was over two hours, the liquid drop and the solid surface were:|G.1. Low-rate dynamic 1-cycle contactangle measurement of formamid
enclosed in a sealed optical glass container. on poly(methyl methacrylate/butyl methacrylate)-coated silicon wafer.
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TABLE 1
Supplier, Purity, and Properties of Liquids Used
Liquid Supplier % Purity Density (g/c® 1y (MJ/nF)?2
Alkanes
n-Nonane Aldrich 99 0.718 22.62
n-Dodecane Aldrich 99 0.750 25.13
n-Hexadecane Aldrich 99 0.773 27.62
Alcohols
1-Hexanol Aldrich 98 0.814 26.05
1-Nonanol Aldrich 98 0.827 27.55
1-Undecanol  Sigma-Alrich 99 0.830 28.88

a Measured by axisymmetric drop shape analysis: pendant droptat2&

0.5°C.

analyzed by ADSA-P. During the experiment, the temperatur
and relatively humidity were 26°C £ 0.5°C and approximately
45%, respectively.

In this study, the contact angle measurements were conduct
dynamically just as in a number of previous studies that focuse
only on advancing contact angles (27, 28, 36, 37). Advantag
of measuring dynamic contact angles instead of static conts
angles were discussed in a previous study (23).

In the sessile drop experiments, a bubble level was first used
level the surface stage. A test surface was then carefully plac
on the surface stage so that the needle would pass through
hole in the sample surface. The needle was adjusted so that
tip was just above the test surface. To ensure that the drop i
creased axisymmetrically in the center of the image field and d
not hinge on the lip of the hole when liquid was supplied fromn

from sessile as well as pendant drops. The underlying ADS»%low the surface, an initial liquid drop of about 0.4 cm radiu:
strategy and details of the methodology and experimental setwgs carefully deposited froaboveto cover the hole on the sur-

can be found elsewhere (27, 33-35).

face. To seal the drop-surface system, an optical quartz cuve

The advancing and receding contact angles reported in thias placed on the platform to cover the system. A few drop
paper were determined by sessile drop experiments, which wefdhe liquid used was then deposited at the edge of the gla

V]
N ©
SR
Teeerg—
 COCCDIDO O
anaz)dm%
.
!Mzﬂ:::oooo
o %
o iy

0 [degree]
(o] [o2] ~
~ n
T
vy

4
~N N
T T

000 oooooo%27
o

© 0000000 00 cogy

o8 00000000000

-

- 3
5 3

5000
00000000 ©

0™ 000 oo

© 00 000 o

N

sven
S
N

000 @000 0 o

coo® © o

e
A e

o oooooooooooo% -
000000 GD
% TR T T

e

oo
o

.
e
o 8
—pe
s
e
e

T

000
oo

DO
00000000 0 oo&
ooooooooooo%
oo ures veaal
00000moO oooo%
0000
00000000 0 a%
00 00 0000000 oagy
©0o ow coowooo
6% 000 00000000 o
0 00 00 000 6o
900000000000
0 00000 0000 00
00000000 ®0
©F6 000 00 0000
0 0000 0000

e

%)
N

0.04
0

|
2000

|
4000

| ‘ | L [ L 1
6000 8000 10000 12000
Time [sec]

FIG. 2. Dynamic cycling contact angles witithexadecane on FC-732-coated surface.
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FIG. 3. The first four cycles from a dynamic cycling contact angle experimentnvhiexadecane on FC-732-coated surface.

container to seal the gap between the platform and the cuvesigely studied in our laboratory in the past few years. Howeve
This enclosure minimized evaporation of the liquid and createdcept for one recent study (23), the focus was on the advanci
a saturated vapor environment for the drop—surface system. Toatact angle. Receding contact angles were essentially dis
motor-driven syringe (2.5 ml, #1002, Gastight, Hamilton Cogarded. In Fig. 1, a typical result of both advancing and recedir
USA) was connected to a stepper motor (Model 18705, Origbntact angle measurements from a dynamic one-cycle cont
Corp., USA) by an aluminum coupling. The motor was theangle experiment of formamide on poly(methyl methacrytrate/
set to a specific speed to control the volumetric flow rate of theityl methacrylate)-coated silicon wafer is illustrated. Contac
liquid to or from the sessile drop. The mechanism pushed thagled, surface tensiom,, drop volumeV, and drop radiufR
syringe plunger during the advancing procedure and pulled($ee Fig. 1) are plotted as a function of time. For convenienc
during the receding procedure, leading to an increase and theese results are divided into three domains (23). The first d
crease of drop size, respectively. Images of the growing andhin ranges from the beginning of the experiment to tige
shrinking drop were then recorded by the computer, typicallyhen the motor was switched to reverse and the liquid start
at a rate of a picture every 2 s. In this study, the advancing atadflow back to the syringe. It can be seen from this domain th:
receding processes were repeated at least 12 times, takingah¢he drop radius and volume increase, the advancing cont

system through 12 cycles. angleso, are essentially constant. The second domain rang
from timet, to timet,, i.e., the point in time when the contact

line of the drop starts to recede. This domain is characterize
by a constant radius and a rapid decrease in contact angle. T

Low-rate dynamic contact angles of different liquids on vardomain represents the transition from advancing to recedir
ous well-prepared polymeric films and coatings have been exteontact angles, i.e., the period during which the three-phase li

3. RESULTS AND DISCUSSION
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hysteresis. Thus, the identification of sorption/retention as
common cause for contact angle hysteresis is entirely compa
ble with the idea of a correlation between line tension and cor
tact angle hysteresis. The implication is that, if there were n
sorption/retention of liquid, there would be no contact angls
hysteresis, as we also argued recently (23).

3.1. Alkanes

Figure 2 illustrates a typical result obtained from a cycling
experiment fom-hexadecane on an FC-732-coated surface. |
this experiment, 26 cycles of advancing and receding conta
angle measurements were performed consecutively in appro.
mately % h. A complete cycle consists of expansion of the liquic
drop from the initial volume/radius to the final (maximum) vol-
ume/radius and contraction back to the initial point, which cal
be identified from both the radius and the volume plots as show
in Figs. 2b and 2c. At the end of the first cycle, wetted circula
domains of the solid surface nearest the point where liquid re
traction starts will have had the shortest contact time with th

FIG.4. Thefirst, 8th, 16th, and 24th cycles from a dynamic cycling contadtquid, while the domains closer to the center of the drop wil

angle experiment with-hexadecane on FC-732-coated surface.

is stationary. The third domain ranges from titnto the end of
the experiment. This domain is characterized by decreasing
dius and a decrease of the receding contact ahgléis pattern
strongly suggests liquid retention by the solid, as the recedi
angle decreases with increasing solid-liquid contact time. Tt
contact angle pattern is typical of a large number of solid—liqug
systems. We have argued in the past (38) that there is a corrE’
tion between line tension and contact angle hysteresis on ro®
aswell as heterogeneous surfaces. For smooth and homogen
surfaces such as we studied here, those model consideration
not provide an explanation for the existence of contact ang
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FIG.6. Atypicalcycle (the fourth cycle inthis case) inacycling experiment.

a and adenote the advancing and receding contact angles obtainedRrem

FIG. 5.
from different cyclesif-hexadecane on FC-732-coated surface).

Comparison of the slopes of the advancing contact angle obtain@d5 cm, respectively. b and Benote the advancing and receding contact angle
obtained fromR = 0.50 cm, respectively.
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have had longer contact times. In the contact angle plot (Fig. 2a
the maximum value in each cycle represents the advancing co
tact angle obtained when the liquid/solid contact time was the
shortest and the minimum value represents the receding co
tact angle obtained when the liquid/solid contact time was the
longest. It can be seen in this plot that the maximum values of th
first 10 cycles decrease with the increase of the number of cy
cles and remain essentially constant beyond the 10th cycle. Tt
minimum values decrease with the increasing number of cycle
and the extent of the decrease becomes smaller as the numbel

213

14

13 ¢

cyclesincreases. Itis apparent that both advancing and recedir
contact angles decrease with increasing contact time betwetg, TN |

solid and liquid.
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Figure 3 shows the first four cycles of the same cycling ex-

periment in more detail. For the repeated cycling experiments
an additional domain that ranges from timgeto timet, is in-
troduced. This domain is characterized by constant radius and
rapid increase in the contact angle with increasing drop volume
It represents the transition from receding to advancing contac
angles. Timedy is where the motor was switched back to the
forward mode and the liquid started to flow back into the ses
sile drop, starting the next cycle. Tintg designates the point
where the three-phase line starts to advance again. As shown

11

08,,at R=0.45cm
A 6,,,at R=0.50 cm
— — Trend for 8, , at R=0.45 cm

- =~ Trend for 8,  at R=0.50 cm

T T T T T
| % meano=78.4:03"
78 | & “ ]
A
® . ' = A A
3 .. A 4 “A“‘Ai.‘d“““
*e .
LN N L]
: e® %o _o, e® %o
?4 | # [ ] -
|
@ at R=0.45cm
TT0 - 4 8, at R=0.50 cm .
5 © 8, at R=0.45 cm
& 48, at R=0.50 cm
=
= F
&
66 o 2a i
o A
&
" 05 2aa
ab
4 4 A
C‘OCDO Ay BAANR B G
62 Doy a8 1
o o0
~4Q0¢ __
o 0p00Qg oo
58 n 1 n 1 1 n 1 i |
0 5 10 15 20 25 30
No. of Cycles
FIG. 7. The advancing and receding contact angles-biexadecane on
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FIG. 8. Contact angle hysteresigys: of n-hexadecane on FC-732-coated
surface, together with the trends obtained at the two specific rRd# 0.45
and 0.50 cm) versus the number of cycles.

Fig. 3, the advancing contact angle in the second cycle is tim
dependent: it increases as the drop radius increases. Incree
in the third and the fourth cycles become more pronounced.
appears from Fig. 2 that the slope of the advancing contact &
gles increases progressively from cycle to cycle. Similarly, th
slope of the receding contact angles increases gradually w
increasing number of cycles.

For comparison, the 1st, 8th, 16th, and 24th cycles are di
played in Fig. 4. It can be seen that the slope for the advancii
contact angle increases with increasing number of cycles. T
time-dependent advancing contact angles obtained beyond
first cycle indicate that the solid surface has changed, presu
ably due to liquid sorption and/or liquid retention during the
previous cycle/cycles. Figure 5 compares the slopes obtain
from linear regression of different cycles. The slope for the firs
cycle is expected to be zero but actually is finite but very sma
(~—0.0006/s), probably reflecting minor inhomogeneity of the
solid surface. It can be seen that the values of advancing cc
tact angles decrease with the increase of the number of cyc
(i.e., the line for advancing contact angles shifts down to lowe
values). The decrease is pronounced in earlier cycles, especi
between the first and the second cycles. The result reveals t

0.50 cm) versus the number of cycles; meandenotes the averaged valuethe hydrophobicity of the surface (or the contact angle) decreas

of advancing contact angles measured from the first cycle.

from cycle to cycle; i.e., the solid surface is modified due to th
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14 . . . . liquid. Elucidation of such matters is beyond the scope of thi
study.
As noted previously (23), it is conceptually impossible ta
o & A/O/Q,—B—o—-—o—wo—o measure a receding contact angle on a dry solid surface. Th
o 2///,-5—3---5** T the receding contact angle obtained in the first cycle is time
4?/’ A s dependent, as shown in Fig. 4. Although there is no obviol
12 sx o change in the slope for the receding contact angle, the ove
58 all receding contact angle decreases with increasing numt
/ of cycles. It can also be seen in Fig. 4 that the periods of th
o n/2 o o stationary three-phase line increase. The three-phase line st:
T o /° o to advance/recede at a lower advancing/receding contact an
2 /A 5 in the later cycles. This is a consequence of the design of t
e or / |0 - experiment, which uses a constant liquid volume flow rate. Fu
q} / o o .~ " thermore, it can be observed in the 16th and the 24th cycl
O/ A Pd . (Fig. 4) that “slip—stick” occurs at the end of the advancing-
e = B receding transition, i.e., at the beginning of the receding domai
A //' The three-phase contact line sticks at the end of the advancir
6 | a ° receding transition where the contact angle keeps decreasit
J/ 06, at R=0.50 om the three-phase line slips suddenly and the contact angle jumr
// gD ég:vstg: gzgﬁg om to a higher value. The jump becomes more pronounced as t
/ - If::g IZIIZ :: :fg'zg e number of cycles increases. Apparently, liquid molecu_les mal
d’ o " Trendfor 6" at R=0.70 om age to anchor tht'ams_elves.suffluently firmly on the sphd wher‘
oS g the three-phase line is stationary so that the bulk liquid can res
6 / , , , , the flow until a sufficiently large mechanical stress builds up.
0 5 10 15 20
No. of Cycles
FIG. 9. Contact angle hysteresiyst of n-dodecane on FC-732-coated ' '
surface, together with the trends obtained at the three specific Ragii@.50,
0.60, and 0.70 cm) versus the number of cycles.
@]
@]
contact with the liquid. Liquid sorption and/or retention is the
most likely cause for this modification. When the liquid and 12 o //// .
the solid are brought into contact, liquid molecules may pene P ©
trate into and/or be retained on the solid, and hence will chang e
the properties of the surface. A more or less irreversible chang /6/0 A
of the solid surface purely due to a surface interaction seem__ é/ =B
less likely because it will normally be polymer chain segments3 7 /,4”/
. B > L A - A ]
and not whole polymer chains that constitute the surface. Howg 10 //g
ever, it cannot be excluded that liquid penetration into the solic 2 n N
may possibly lead to a reorientation of molecular chains or /
change in the packing of polymer chains in the polymeric film. //
Since the contact angle is a measure of surface characteristic / 4
the decrease of advancing contact angles reflects an incree
of surface tension. It can also be observed that after the firc 8| o 06, . at Re0.50 om 1
cycle the slope increases with increasing number of cycles. At o A8, at R=0.60 cm
ter the 18th cycle, the slopes become essentially constant, b L Trondfor 0 at 080 o
the contact angles still decrease overall. This pattern might sug
gest that there is actually more than one operative mechanisr
For instance, the pattern might be caused by a competition b 6 , .
tween liquid sorption of the polymer surface when in contaci 0 5 10 15
No. of Cycles

with the liquid and evaporation from the polymer surface wher.
not in contact with the liquid. These processes can have differ;

FIG. 10.

Contact angle hysteresigys; of n-nonane on FC-732-coated sur-

en'F ratelconStamS' and the actual rateS_Of sorption a_nd EVaRE&s, together with the trends obtained at the two specific rédi(0.50 and
ration will depend on the state of saturation of the solid by thes0 cm) versus the number of cycles.
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can be seen from Fig. 7 that valuesfgfandé, obtained at the
outer radius R = 0.50 cm in this case) are higher than those
obtained at the inner radiufk(= 0.45 cm). This is expected
since the time of solid/liquid contact is longer at the inner ra
dius than at the outer radius, and thus, the solid surface wol
be more hydrophilic at the inner radius. The results strong|
suggest that the time dependence of contact angles on these
atively smooth and homogeneous surfaces is most likely caus
by liquid retention/sorption.

The contact angle hysteresigs, which is the difference be-
tweend, andd, obtained at each radius for each cycle, is plotte
D= against the number of cycles in Fig. 8. A trend line figys; at
each radius is also displayed in this figure. It can be seen that t
contact angle hysteresis increases rapidly for the first 15 cycl
and becomes essentially constant beyond the 15th cycle. In
dition, it can be observed that the trend line obtained at the inn
11otheycle  radius is above the one obtained at the outer radius; in oth
words, thedyys: at the inner radius is larger than that obtained &

1st cycle
e

5th cycle

0 [degree]

= the outer radius. This is expected because surface modificat
should be greater for longer solid—liquid contact times.
85 : : : : Dynamic cycling contact angle measurements with
75 dodecane and-nonane produced results that are quite simi
65 lar to those fom-hexadecane. Far-dodecaney, and6, were
55 J20theyde  determined from three radiR = 0.50, 0.60, and 0.70 cm. The
454 I
35
t, 1,+90 t,+180 14270 t,+360 t,+450 78 . T T T T

Time [sec]

FIG.11. Thefirst, 5th, 10th, and 20th cycles from a dynamic cycling contact

angle experiment with 1-nonanol on FC-732-coated surface. -
76 - 1
In view of the fact that both the advancing contact arijle /////
and the receding contact angjeare time-dependent (except for 7 7
the advancing contact angle in the first cycle), the corresponding 7 7 ’
advancing and receding contact anglespaific radihave been “r e Phe |

— —

chosento compare the contact angles from cycle to cycle (Fig. 6)
For n-hexadecane, radii & = 0.45 and 0.50 cm are chosen g
and the corresponding advancing and receding contact angle_s T
are determined. Figure 6 illustrates a typical cycle (the fourth ;5 -~ i
cycle in this case). The advancing and receding contact angles
R = 0.45 cm are denoted kyanda’, respectively. Similarlyb

[
o

[ —
@

1stcycle (s: 0.0021%/sec)

andb’ indicate the corresponding advancing and receding angle — grhd eycle (s: 0.0114%se0)
. . . . ) - cycle (s:0.0138/sec)
at R = 0.50 cm. Again, it should be noted that the solid/liquid 13th cycle (s: 0.0145%sec)

. . . . . — - - 20th cycle (s: 0.0130%
contact time increases with decreasing drop radius. 70 f oycle e >0

Figure 7 shows the advancing and receding angles obtaine
from the two specific radii as a function of the number of cycles.
The meart, value for the first cycle, together with its 95% confi-
dence limit, is also given in this figure. It can be seen clearly that 68 . ‘ . . .
both6, andd, data obtained at the two radii are decreasing with i 1,440 1,480 14120 t+160  t+200
increasing number of cycles. As the number of cycles increases
both the solid—liquid contact time and the hydrophilicity of the
solid surface increase. It is plausible that liquid sorption and/ofkiG. 12.  comparison of the slopes of the advancing contact angle obtaine
retention causes a decrease of b@ttand6,. Furthermore, it from different cycles (1-nonanol on FC-732-coated surface).

Time [sec]



216

LAM ET AL.

78

mean B,=76.5+0.6"

68 -

"Ooé*
.‘gﬁiﬂg..

@4, at R=0.60 cm
A at R=0.65 cm

T 08, at R=0.60 cm
o A8, al B=0.65 cm
2 58 &, ;
=
& Lo}
Qi
O A
0 A
a8 | o &
O A N
A
Qo o o 4
o] o A &
on B ao B s ¢
o
3g ; i
0 5 10 15 20

No. of Cycles

3.2. Alcohols

Figure 11 illustrates the first, 5th, 10th, and 20th cycles chc
sen from a cycling contact angle measurement with 1-nonanc
Similar phenomena are observed: the advancing contact ang
in the first cycle are essentially constaé; beyond the first
cycle is time-dependent; the advancing—receding transition p
riod increases with the increase of the number of cycles; ar
the advancing and receding periods generally decrease with |
creasing number of cycles, because the contact angles decre
due to liquid contact. The slopes of advancing contact angle (o
tained by linear regression) for various cycles with 1-nonanc
are displayedin Fig. 12. As with the alkanes, the greatest chan
in slope occurs from the first to the second cycle, which implie
that the surface modification is the most pronounced upon fir
contact with the liquid. Although there is no significant change
in the slope from the 5th, 13th, and 20th cycles (see Fig. 12

FIG.13. The advancing and receding contact angles of 1-nonanol on a Fbe advancing contact angles decrease with the number of
732-coated surface obtained for the two specific raili=(0.60 and 0.65 cm) cles. For 1-nonanol, and 6, at R = 0.60 and 0.65 cm are
versus the number of cycles; me@&ndenotes the average value of advancingbbtted against the number of cycles in Fig. 13. The mean

contact angles measured from the first cycle.

obtained by averaging the advancing contact angles measul
in the first advancing procedure, together with its 95% confi

pattern of the plot fol, and 6, versus the number of cyclesdence limit, is also given in Fig. 13. It should be noted that th
(not shown here) is similar to the one in Fig. 7. Béthand  scalesin Figs. 7 and 13 are different, and therefore, the differen
6, obtained from the outer radius have higher values than those
obtained from the inner radius. Figure 9 shows the plot of the

contact angle hysteresis obtained at the three radii as a function 4,

of the number of cycles. It can be seen clearly from this plot
that frys; value determined aR = 0.50 and 0.60 cm increase

initially and level off beyond the 10th cycle, as illustrated by
the trend lines. The result implies that contact angle hysteres
will eventually approach a steady state. The results suggest th:
after a certain number of cycles of advancing and receding, th
rates of liquid retention—evaporation or sorption would balance
each other. It appears indeed that liquid sorption and/or retentic
by the solid are responsible for the time dependence of contas
angle hysteresis phenomena. The resultsfapnane, shown

in Fig. 10, confirm this conclusion further. However, due to ex—g
perimental limitations (fast evaporation), only 12 cycles could§’ 26
be obtained. Apparently, this was not sufficient to detect the g

leveling-off of the trend lines.

Because of the experimental limitations, it would be mislead-
ing to make any comparison among Figs. 8—10. The rate of move
ment of the three-phase line cannot be controlled in our currer
setup, so the times of the solid-liquid contact at the same radit
size for the three alkanes are also different. Since hysteresis
strongly dependent on solid-liquid contact time, it is not appro-
priate to comparéhys: or the trend line from one liquid to the
next, even if they are obtained at the same radius. Furthermor
previous studies (21-23) concluded that contact angle hysteres
depends on the molecular size of the liquids. Seemingly, Figs. 8

10 do not bear this out. Again, the comparison must be rejectec..

The duration of a cycle at constant volume flow rate depends o
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Ilc—lIG. 14.  Contact angle hysteregigys; of 1-nonanol on FC-732-coated sur-

the contact angle, which changes from liquid to liquid and al$ge, together with the trends obtained at the two specific r&di (0.60 and

with contact time for one and the same liquid.

0.65 cm), versus the number of cycles.
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4. CONCLUSION

(1) On a well-prepared, inert, and hydrophobic surface, a
vancing contact angles (except for the one obtained from tl
first cycle) and receding contact angles reflect liquid sorptio
and/or retention. This conclusion is a consequence of the fe
that contact angle hysteresis depends on solid—liquid contz
time, presumably molecular size, and other properties of tt
liquid.

(2) The advancing and receding contact angles obtained frc
the outer radii (shorter solid—liquid contact time) are found t
be greater than those obtained from the inner radii. This rest
is explained by liquid sorption and retention: the surface ener
of the solid would increase when solid and liquid are brougt
into contact. Therefore, the hydrophilicity of the solid surface
would increase with the increase of solid—liquid contact time.

(3) Contact angle hysteresis becomes constant after a cert
period of advancing and receding, presumably due to the bs
ancing of the rate of retention and of evaporation. The resul
confirm that, on the solid studied here, liquid sorption, penetr:
tion, and/or retention are likely causes of the time dependen
of contact angle hysteresis.

(4) The results have shown that not only the receding col
tact angles but also the advancing contact angles obtained o
wetted surface (i.ef, obtained after the first cycle) reflect an
effect of the liquid. Therefore, only the advancing contact angl|

FIG. 15. Contact angle hysteresihys; of 1-undecanol on FC-732-coated Obtained on a dry surface (i.®, obtained from the first cycle)

surface, together with the trends obtained at the two specific rRd# 0.65

and 0.70 cm), versus the number of cycles.

betweery, values obtained fronR = 0.60 and 0.65 cm is not

is appropriate in the calculation of surface energetics.
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