HWAHAK KONGHAK Vol. 36, No. 2, April, 1998, pp. 215-222
(Journal of the Korean Institute of Chemical Engineers)

Wicking#{0] 9|5t x| DEXI| HE2fnt FHAIRM|LX| 2H

=" - glnjoy

Aensta Foe spshyatad
19974 8Y 21U A<, 1998 19 21 AHY)

Determination of Contact Angle and Surface Free Energy of Polymer
Powder by Wicking Method

Seung-Baik Rho' and Mi Ae Lim

Department of Chemical Engineering, Keimyung University, Taegu 704-701, Korea
(Received 21 August 1997; accepted 21 January 1998)

2 o

%A polymethylmethacrylate(PMMA), polyvinylchloride(PVC)¢} polyvinylidenefluoride(PV F)oll th&t water, glycerol,
formamide, diiodomethane, 1,1,2,2-tetrabromoethane, 1-bromonaphthalene®} hexadecane#}2] % Z7}-& Washburn4]-&- 7]
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€ AAssld. 339 A& 2 ¥E] 4 PMMA, PVCS} PV.F9] YA #H32 (1,)¢- Zisman plot.o 2 °1] S}ﬂ "4,
Z}2} 43.5, 44.29} 27.7mNm™ 34& ATt £3] PMMA, PVCS} PVFe] Emzlolui =] (et 7 A%
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24, 9714 4AE 71Xw, PV.FE PMMASH PVCHl 113 34 (polar) o] & 2}l & & 4 s1gich. 3k, 24
PMMA, PVC 2 PV.Fs} &, 2] $7] 9 Al2ke] 3a)-ol 3l AR-foluix] ()9 B AW, AAksle] ol 4 ]
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Abstract— The values of contact angle on powder type polymethylmethacrylate(PMMA), polyvinylchloride(PVC) and po-
lyvinylidene fluoride(PVF) were determined by wicking method on the basis of Washburn equation for water, glycerol, for-
mamide, diiodomethane, 1,1,2,2-tetrabromoethane, 1-bromonaphthalene, and hexadecane. Measured values were consistent
with these of film types polymers. Average pore radius was detérmined from measured values of wetting height and mass of
liquid in the powder packed column. From the measured contact angle, the values estimated of y. of powder PMMA, PVC
and PV,F by Zisman plot were 43.5, 44.2, and 27.7mNm ", respectively. The values of y; of powder PMMA, PVC and
PV,F were determined by using geometric mean, van Oss approach method and equation of state of Neumann, 37.041.0, 370
-43.4 and 32.3-33.1 mNm ', respectively. From the results, it was considered that powder PMMA and PVC have a non-
polar and basic characteristics, powder PV,F has a weak polar characteristics. The solid-liquid interfacial free energy(Ys)
and work of adhesion(W,) were also determined for powder PMMA, PVC, and PV,F to water and organic liquids.
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Fig. 3. A schematic diagram of the experimental set-up for determin-
ing the contact angle of powders.

BEIEE MHI36H H2E 1998 43

4. dnje} na

4-1. H3Bnury

AW A 4R AFHEIRIE EAg d HAe
=0)& o] 7= HAE AHE-3lo] wicking] 02 A|7kel] pE A A
A Ao 2ye] AR AT AN $H TRE e
2 Fig. 4ol viehAglon, ol 23e $AE AAE A 44 A%
m3} 44 o] heje] BAAE 2L 5 Sk,
V=r -7 h
V=n-r-h-¢
m=n-r-h-g-p

o] W (em), e& FHEIT p A2 o]
o A2 A4 At 44 Folshe) BANE e A a8y
o] vehd 4 i},

£
N
2
-

fl

ot
fac)

R - (18)
e o
Wicking®l ©2 3 PMMA, PVCS} PV,Foll it shl 24 o4
o AE AA AL, PuE, S, GzhEF] A7) ohE HA A
e 2452, 4] (B4 b & AL o) 323 )
A7) FFE-E PMMAE 0.6, PVCE 0.8, PV,F: 0852 shdc}.
AATS) TR, DE I vs. 19] /12718 AHsle] A (2

Particle ™|

Fig. 4. Packing structure of particles in packed column.

Table 1. The wicking results of n-alkane liquids for the solid pow-
ders at 25°C
Solid Liquids Y. . n Correlat'ion" Slo?e R
powders (mNm™) (cP) coefficient (cm’s) (um)
PMMA - n-hexane 184 0.33 0.9994 02038 0.751
n-heptane 204 0.40 0.9999 0.1900 0.745
n-octane 21.8 0.54 0.9994 0.1503  0.745
n-decane 25.6 0.92 0.9997 0.0931 0717
PVC n-hexane 184 0.33 0.9994 0.2671 0.958
n-heptane 20.4 0.40 0.9994 02471  0.969
n-octane 21.8 0.54 0.9988 0.2089 1.030
n-decane 25.6 0.92 0.9988 0.1500 1.160
PVF n-hexane 184 0.33 0.9993 0.1175 0421
n-heptane  20.4 0.40 0.9993  0.0981 0.385
n-octane 21.8 0.54 0.9998 0.0812  0.402
n-decane 25.6 0.92 0.9997 0.0560 0.431
a: Least-square linear plot of h” vs. t
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Table 2. Measured values of contact angle with organic liquids for
the PMMA, PVC and PV F powder samples

ig:‘;m e, e e e o 0 O

PMMA 895 710 622 460 303 145 _
(80.0)* (64.0)* (41.0)* (30.0)*

PVC 899 670 650 350 - 100 -
(87.0)* (66.0)* (36.0)* (11.0)*

PV,F 897 750 570 550 - 40 240
(82.0) (59.0)* (42.0)* (24.1)*
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Fig. 5. The wicking results of n-alkane series on several powders (a)
PMMA, (b) PVC, and (c) PV F.

W :Water, G:Glycerol, F:Formamide, D:Diiodomethane, T:1,1,2,2-
tetrabromoethane, B : 1-Bromonaphthalene, H : Hexadecane. a: value ob-
tained from reference[16]. *( ) reference value measured for film
PMMA, PVC and PV F[16].

30
[ —e— Water
25 —w— Formamide
I —v—- l-bromonaphthalene . e
20 | L 4
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“bo X /
NE 1.5 :‘ '/'/
r /’
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F A
osf 7 .~
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(¥ ey L hd =a-ot
I i sl
"o 100 200 300 400 500
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Fig. 6. Plot of m’(g) vs. t(sec) obtained by wicking method on PMMA
surface with several defferent organic liquids.
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7} 0.73pm, 1.03ume} 0.41pmgte <3dc}. Fig. 5ol 3 PMMA,
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bromonaphthalene}2] m’ vs. t B71E vehsicl. Wicking's ol )¢
A& A4 Herl 22 AAE 2Ho] 27153)7] wjS-o) Table
20l ANAFE 2 FAEel W glycerol?] HE7He EHA (16} A}
B3l5ich. =Rl MolRo) ygto] A gE FRzto] 2haabe]
c}. 3 PMMA, PVCS} PV,Fo} 9] x&7he 77} 89.5°, 89.9°,
89.7°2 HE2Z} ZA o ALSH FrIAA S vld] £ e A=
tl, °] 24€] PMMA, PVCS} PV, Fi= 8|34 AAL 712l 78314
£ o < 3lvh =3, PMMA, PVCS} PV, Fe} n]ZAj Q] 1-bro-
monaphthalene®] A Z7+-2- 7z}7} 14.5°, 10.0°, 42.0° g& 2t ¥
A gho] 22 S A A Ao s} 4| PVFE PMMAS} PVCo)
"8 & 3E2h8 7Ixedl, ol PMMAS} PVC7} PVFut) &2 %
£ 7FA™ PV,F= 1-bromonaphthalene M.t} 3he v & 7}A)7) dj&o
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Fig. 7. A Zisman plot for the PMMA, PVC, and PV,F powder.
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FE 9J4tell o3 B4 PMMA, PVCS} PVF2] y3he zHh 435,
4429} 27.7mNm " 'g 4K} o) AHZRE v & mAY ¥} F2
o Ee & 5 Uu, B AFAA AHE Bskear)e] #3p
TZE 7H PMMAS} PVCe] Y= 43.0-45.0mNm 'o]v, CH,-CF,
o] a2l F2& Ml 28219 v 28.0mNm 'YE o 4 9ok &
=16}l =54 A5 ee] PMMA, PVCS} PVFY| g2 2hzt
39.0, 39.05} 25.0mNm ™' 2 ¥ Agelx 59 g3} wimshd o
£3.0-5.0mNm '] 3jo]g Hgle}. o= Table 2004 WRo] A
e} BEHE ] wEA} Eale] &2t xjolz <l AoE 2
Hct

4-4. FQ| FEHXIFOHLIX|
PMMA, PVCe} PV, Fol| 3} 6714 f7| 4 A 531 239 M=

Table 3. Values of the v,/ and v, from the literature[13]

Liquid Y 3 T

Water 21.8 51.0 72.8
Glycerol 34.0 30.0 64.0
Formamide 39.0 19.0 58.0
Diiodomethane 50.4 0.38 50.8
1,1,2,2-Tetrabromoethane 49.7 0.0 49.7
1-Bromonaphthalene 44.4 0.0 44.4
Hexadecane 27.6 0.0 27.6

35128 R36A 123 19981 434

Table 4. Values of the v and Y components of the solid powders
calculated by Eq. (15)

Solid  Liquid i .
powders pairs s s Ys Yw w,

PMMA WD 354 1.54 36.9 364 733
43.1 0.70 43.8 43.3 733
43.0 0.71 43.7 433 73.3
352 2.03 37.2 34.6 755
43.1 0.57 43.7 444 72.1
43.0 0.58 43.6 443 724
354 1.56 37.0 36.4 73.4
43.1 0.13 432 49.5 66.5
43.0 0.15 432 49.2 66.8

PVC 41.3 0.82 42.1 420 729
43.7 0.61 443 442 729
40.8 1.74 42.5 36.8 78.5
43.7 1.61 453 383 79.9
421 0.03 42.1 51.8 63.1
43.7 0.00 43.7 54.8 61.7
PV, F 30.2 234 325 321 732

33.7 1.76 355 358 72.8
26.3 3.38 28.7 283 73.2
GD 30.2 225 325 32.6 72.7
GB 33.7 1.37 35.1 37.0 70.9
GH 253 4.01 29.0 262 76.0
FD 29.2 6.39 35.6 21.8 86.6
FB 33.7 3.83 37.5 28.1 82.2

5585868535 336368353

W :Water, G:Glycerol, F:Formamide, D :Diiodomethane, T:1,1,22-
Tetrabromoethane, B : 1-Bromonaphthalene, H : Hexadecane

7o R 4-5%F2 27| b2 dAlgel ds) A (15)2REH vt v,
Al (162278 %, weol w& 28k A (174 2 A4
NZ wE AAstenk. A (15), (16)F (17)0l14] 3] PMMA, PVC
¢} PV,F9| A7 01r) =27 wlio I1L,=00.2 7133ty c}.

A PMMA, PVCsel PVFe]| tls Ay 24034, B34-
HISA dAge dAEste) R P2ho g A (15)F A3l
Wb wE ZAACk A (1500 AHSEE wel wie Ay
¥l Table 39 vehligich. Table 4ol 2] (15)24E AHYH F4
PMMA, PVCs} PV.F9] ¥y, o} wgte veliiglot. o) Astz s
A PMMA] tia] 8]S4 449 diiodomethaneg AF2-3F o§ 5]
* WD, FD, GD(Table 4 2ol Q)7 y#i= 35.4mNm ‘2 #2)
dx sl e, 1 29 ynix] d4 WT, WB, FT, FB, GT, GB
(Table 4 )2 Ao & N 43.0mNm ™o}, =3, e o
A F FA DAL ol yroll F-aste, u| A A FwiRH A

Table S. Values of the v,%, v/, and ¥, values from the literature[1, 2}

Liquids " ¥ Yo e Y.

Water 218 255 255 51.0 72.8
Glycerol 34.0 3.92 574 300 640
Formamide 39.0 2.28 39.6 19.0 58.0
Diiodomethane 50.8 0.72 0.0 00 508
1,1,2,2-Tetrabromoethane ~ 49.7 3.13 0.0 0.0 49.7
1-Bromonaphthalene 444 0.0 0.0 00 444
Hexadecane 27.6 0.0 0.0 0.0 27.6
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Table 6. Values of the y/", v; and y; components of the solid powders calculated by Eq. (16)

Solid powders Liquid pairs o v v ad Vs Yow W,
PMMA WGD 348 0.62 1.03 1.60 36.4 359 72.9
WFD 342 0.45 1.40 1.59 358 353 733

WGT 392 0.28 0.88 1.00 40.2 39.7 733

WFT 384 0.10 1.47 0.77 392 37.8 733

FDG 312 0.11 13.6 2.45 33.7 13.8 92.7

FTG 31.2 0.11 13.8 2.46 33.7 13.5 93.0

PVC WFD 40.0 0.006 2.06 0.22 40.2 38.6 74.4
WDG 41.2 0.23 0.64 0.77 420 41.6 73.2

PV, F WFD 30.6 0.47 2.11 1.99 326 322 73.2
WDG 29.3 0.58 220 2.26 31.6 31.2 73.2

W : Water, G : Glycerol, F: Formamide, D : Dijodomethane, T: 1,1,2,2-Tetrabromoethane, B : 1-Bromonaphthalene, H : Hexadecane

£ ol SE&gE oF = glt). B4 PVCel sl w24 el 1-
bromonaphthalene-&- A1§-%F <§ 4% WB, GB, FB(Table 433)0]|4]
23 = 43.7mNm 2 A 9] dx|sigd e, = FD, FBY A%
ol 71 AL gk Aok =3, $4 PVFSL A% WB, GB,
FB(Table 4 3tz )ellA9] y= 33.7mNm 2 #9] dxjsigon, v
< ARS8 Al A5l we} o ghe 2%l 234 PMMA, PVC
2} PVFY] ¥ wol wis] WS & 312 7ixl ), o] 28] 2AS
< 8]S4 AAo] 747 BRS¢ 4 ik EF, PVF= PMMA
2} PVCe M8 & wgh& 7IX™, 4 AAo] & 7 2A0L I 5
et o2 AA4EZFE A = 24 PMMAC] dis)A 36.9
43.8mNm ', PVCE 42.1-453 mNm 'o]r], PV F+ 28.7-37.5mNm !
2] & Lgdel

Al (16)) AH&-%¥1 water, glycerol, formamide, diiodomethane, 1,12,
2-tetrabromoethane, bromonaphthalene} hexadecane®] y&¥, v'2} Y%
$t£ Table 5] ehliic}. o] 3BT} 2413 HE7to 2yl B4
PMMA, PVCst PV.FS] 3%, sk w 3b8 AW sisich 34-0134-
HISA AR 2 RE] AME ZH 8 2SS Table 60 LJehiq
t}. Table 6614 £ = Ql%o] RE Ao AuE 3] PMMA,
PVCe} PVFE] yi"& i) £ 38 7w, i wac) 2 gte
7Hiet. ¥4 PV.Fel| i3] FDG, FTG J 402 AR yve o}
€ Aoz ANE guch Astor), i 10AE 2 32 2
At el formamide<} glycerolo] W53t AF3a+-4-2 o1 0 77| u)
Folct. e, mAle) THAFohlR] AAL ujed Asatee
dodle AAER ol Folal AAgo 2 wAAYS & 4 9ok
A4td A2 e 24 PMMA, PVCS} PV,Fi= 73 v] 243 o
7178& 71 2 EADE 5% S qlek o8] AqgelA AR
B ek i RS GAS Y, we v ghel wel o AE u
i}, Table 691l A4k PMMA, PVCS} PVF9] v 742} 33.0-40.0,
41.0, 32.1 mNm~'g}-&- <dgic}.

67H] frl A2 Y HE2Ao 2 A 172 AAE 24
PMMA, PVCS} PVFS] ¥, & Table 7o v}elulglc}. PMMAS}H

Table 8. Average values of the surface free energy

Table 7. Values of the surface free energy, interfacial free energy
and work of adhesion of the solid powders calculated by Eq.

an
s::lv((li ers Liquids Ys Ysr W,
PMMA Water 29.3 415 60.6
Glycerol 339 278 70.1
Formamide 34.6 21.0 71.6
Diiodomethane 37.6 10.5 779
1,1,2,2-Tetrabromoethane 434 34 89.7
1-Bromonaphthalene 43.0 -1.6 89.0
PVC Water 29.1 41.7 60.2
Glycerol 36.2 254 74.8
Formamide 330 22.6 68.4
Diiodomethane 42.5 55 87.8
1-Bromonaphthalene 43.7 ~-23 90.4
PV F Water 29.2 41.6 60.4
Glycerol 31.7 30.1 65.6
Formamide 374 19.1 76.3
Diiodomethane 331 15.0 69.0
1-Bromonaphthalene 343 7.4 713
Hexadecane 23 ~0.6 535

PVCE 2348 A3zoz AN vy ghol 713 =igton), PVFE
|54 YA hexadecaneoll T3 71 2L y, 3H-& Aget. 4] (15),
(16)o 258 9L Aol vlwsiel S wf AHES Ao wa} op2
ANE Bglow, 7 BAlol diall v]FA A A e Pato 2
A& Ft dA3E Hyr}. o] 28] Neumanne] Atepubaiale 3
A8 S NA Aot H-4g-e & 4 gle).

19 Al 712 A2bgo s AAY 25 PMMA, PVCS) PVFe)
BdA %9t 1 AR 3k Table 8ol vhelulgc). F3lo) 428 @

. Geometric mean van Oss approach Equation of = Reference
Solid powders state value[13, 16]
¥ ¥ % %" 13 ¥ 13 ¥ ¥
PMMA 40.5 1.12 41.6 34.8 0.28 5.36 373 37.0 35.041.1
PVC 42.6 0.80 43.4 40.6 0.32 1.15 41.8 36.9 41.543.8
PV F 29.6 3.28 329 30.1 1.98 1.14 331 323 33.2-36.5
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$ ¥e9] PMMA, PVCs} PV F9 v, 3t} dx3ke 295 Rt
Table 8oll4] Ro]5o] PVF2l ¥ PMMAS} PVCel Hlsj 2h& 3t
< 7MY, e MiHE o & & 7HAed o]2%E PVFE
PMMAS<} PVCel| vl3] A4 AAe] & n¥Ade & 5 ek =
3 v 3T 2 AR e ARl Aol Eo AlARIUAL, Yo
£ A (6T (100227 AlAslsl.2n, Table 42} 69l Z+2F ety
ei=

71819 FAL AHEsle] 24 PMMA, PVCS} PV.Fo} B39 vy
(Table 4 )= ARSI HAlsgol] wal Afolr} glglew, o] FHER
FE] PVF7L B9 A3atge] 7 45 ¢ 4 sk =%, van
Oss Fb o] o8l 24131 yoi= PMMAC] i3] 442 FDG, FTG
(Table 4 F2)3 A3l 35.0-40.0mNm ™' Zh-& <gl.en, PVC
= 7} 9§ 4)% WFD, WDGol| oial 38.65} 41.6mNm ' g+ et
EF_?}, PVF= 2E YAl dia) vt gh-g Sict 249 yudt

o 23] B3 PMMA, PVCS) PV F= E3te] AZ2o] 77| ufF-

o HAale] A o] X A] o5& & 5 2k

Al (143 AH4-8le] Neumann®] AelbA] o 2 5€] dojx] yeo}
A&zt o g2 ve] F71HAAENY v A4ISIs.on, Table 740 1}
giglel. ol ZATeE 1= FAslel o PMMAS} PVCe 1-
bromonaphthalene, PV, F8} hexadecane®] y,-2 29 7+ €9l
ol At JA7} vlRF A3AE-E doy|e EATFEE 7
223 T A7l 834 (solubility)e] F715}7] wEo]c}.

Table 59} 7oA vs2} vow 318 AMS3I 2 A Eist Bt A
Ao (work of adhesion)Z A (19)Z%8] A4kslgict.

W, =%+ %~ Yow (19)

715+ @A) 2+ van Oss 2ol & 814] 2012 2} you & AHE
3Ho AXLE W, GHE Table 49} 69 b7k vhehiigich. ©qF, Neumann
o) el Al e 2 3E ojal wob 2 mAlet 7l AR ke v, g
22 f719A0e) BAdg A 19)2 A4bale] Table 75 hehl
Qoul, 1o] FEBHE yol Haste Wt 271 o 4 ek

s.d B

£A4 Hefo] PMMA, PVCeL PV.Foll dal] &, A5 HAES 5
AN A Ete] JE2F-S WashburnA]-S 7182 2 3= wicking® .2

2 A3l on, AdAg2 e 22 FES IF Fel9] PMMA,
PVCe} PV Fole] AZ&73) 79] dx3he ieau} A Fuje] n
A w Ao} AAeke] AHZ27EL wicking®]-S AMEFRe 24 &X)7)
3 458 AHE At TRV AR g 2 5 9
o}. Wicking®} 2.2 A7kl w2 A A|e) Al Agkat ol & £43)
o] 215U PMMA, PVCS} PVF §lAte] A1 23344, RS 24
e =249 P&
Z3 7b f7id e A4 o2 NE 7|59 FA, van OssHE
W sl At Alel] 93] £ PMMA, PVCe} PV FS] v, 2k 2
Aslgev, b7 37.0-41.0, 37.0-43.49} 32.3-33.1mNm 'gto2 9
E =l2] PMMA, PVCS} PV.FY] v, 33 Ax)3sk= A5 Qgic)
AR % W %, ¥ AE FEEYE 24 PMMA, PVCE 7+
Zr viFAS 4714 mEAe AAE 71xH, PVFE PMMASH

HHEtge 36 H2& 19984 43

glvlef

PVCel| Higf 54 AAle] & miAd& o 4= slsich A&7 34
227 a9 FPAAFAVAE ZAHE 5 e, o2 4¢
3A49) ZHEAL 5% 4 glsich =3, s ARE GA
we} o2 A5 dglor, o] AnR e BAAH HE gho] ¥l
&} formamide9} glycerol-& BA] A 27ke]] W]4:g) AbTAE-S 9l o
7171 A& %S AAdE FAAEFE & 5 ek w2 BA
%4e14] Neumann®] ArefbgA]-& 148154 QA Al A4 7}
53¢ & 4 9lgdeh 4 PMMA, PVCS} PV FS] vt 7t7} 435,
4429 277mNm™'9) ZoE ek SYY Y224y o2 ¥
B W WS 245w, yol Aag4E wrt 2ase Wot
Z7HE o 5 2lsie).
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