Interfaces and interfacial energy 1715

col10
@ types: /g I/l s/g s/l s/s
mobile sphere surface = 4mnr?

Example. Estimate the percetage of water molecules on the surface of a fog droplet
of diameter 200 nm (optical microscope visibility limit)?
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The smaller particle, the more pronounced surface phenomena

Interfacial energy QQ
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surface molecules

Units: Jm—2 = Nm~—1, CGS: dyncm™! = mNm~—1

@ Interfacial energy of a crystal depends on the direction (crystal plane)



Surface energy and vaporization enthalpy

Order-of-magnitude estimates:

1/3
Typical molecule-molecule separation = r = (X—Z‘) /
Energy of neighboring molecules: u

Number of neighbors in the bulk: Npyk

Number of neighbors at surface: Ngyf

Vaporization internal energy: AvapUm = NpyikuNa/2
Area per one surface molecule: A = r?

Surface energy of one molecule: up = (Npyik — Nsurf)u/?2
Surface tension: v = up/A = (Npyik — Nsurf)u/(2.A)

AvapUm(Npuik — Nsurf) :

= Y=
2/3,,1/3
Vm/ NA/ Npulk

Stefan’s rule)

Example. Water (25 °C):
Npulk = 4, Nsyrf = 3, AvapHm = 40.65 k) mol~—1, Vi = 18 cm3 mol—1

(40650 — 298 x 8.314))mol~—1 x (4 —3)
v~ =0.165Nm™1
(18x 10~ 5m3mol~1)2/3 x (6.022x 1023 mol~1)1/3 x 4

Experiment: ¥ =0.072Nm~1
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Temperature dependence

coll0
At saturated pressure, or (at lower T) at constant Surface tension of benzene
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the critical point. credit: wikipedz

Empirical correction (Ramay and Shields)

Tc—06K-—T

Vr2n/3

Y = const -

Using the critical exponent (Guggenheim-Katayama, van der Waals)

v = const- (T —T)11/°
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Laplace pressure o

Pressure in a droplet of radius r (Young-Laplace): 50ap bubble has
two surfaces!

2Y generally 1 1 where Ry a Ry are the
= Dinc; —_ - = — = X y
Ap = Pinside — Poutside r Y Ry + Ry ) main radii of curvature

Derivation 1 from the surface energy vs. volume dependence:
work needed to increase the surface by dA is dWe,s= ydA
work needed to swell the drop by dV is dW,,q = ApdV

vdA yd(4nr?) y8mrdr 2y
dav d(%nr:”) C 4mr2dr  r

dWyol = dWsyrr = Ap =

Derivation 2 from the force F acting on the cross section area Ap:

circumference =(=2mnr, F=1ly, Ap=mr?, Ap=F/Ap
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Capillary action col10

Capillary action
in a capillary of radius r

v cos 6

wetting non-wetting

cos@2mnry 2ycosé

nré pg rog

6 = contact angle !
A

@ hydrophilic (lyophilic) surface: 8 < 90° (water-glass)

@ hydrophobic (lyophobic) surface: 6 > 90° (mercury-glass, water-teflon, water-
lotus leave)




Young equation and spreading 5511150

On a solid:

Young equation: vector sum of interfacial tensions = 0
¥sg = Yis + Vg COS 6

Spreading: Ysg > Yis + Yig (Ysg— Yis— Yig > 0)
Liquid droplet on liquid:

Yec YAC C ¢
:
B ;
wetting spreading

¥BC < YAB + YAC ¥BC = YAB + YAC
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Surface tension col10

Methods of calculation: balance of forces, en-
ergy minimum

Example. Calculate the maximum size of pores
(stomata, sg. stoma) in the leaves of 10 m high
trees. Water surface tension is y = 72mNm~1. (Ig-
nore osmotic pressure.

P ) wrl 67 =p

Example. Calculate the thickness of a mer-
cury puddle on a flat non-wetting surface. y =
0.485Nm~1, p=13.6gcm3.

WWw 8°¢

credit: wikipedia [SEM image]

“puddle” of spilled
crude oil on water

credit: http://hubpages.com/hub/Negative-Side-Of-Compact-Flourescent-Bulbs-CFLs
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Using units col10

Example. Estimate the typical size (volume) for which the surface forces are of the
same order as gravitational forces.

[pl=kgm™3, [y]1=Nm~1=kgs™2, [g] =ms~?

kg s—2 y v \3/2
for water V = 0.02 cm?3 =~ droplet volume (0.02-0.05 cm?3)
Slowest surface waves: A =27 %

[ is called capillary length



Cohesion and adhesion work

Cohesion work (energy) Wy (per
unit area of the interface, here I/l)

(1)
1) —» Wk = 27g
(1)

the same for s/s

9/15
coll0

Adhesion work (energy) W3 (per unit
area of the interface, here |/s)

(1) (1)

—» Wa = 7VYsg+ Yig— Vs
(s) _.
B

the same for 17/l>, s1/s2

Spreading: interface s/l created at the expense of I/I:

Cohesion work I/l = W) = 27yg e)
Adhesion work s/l = Wa =Ysg+ Yig— YiIs ®

Harkins spreading coefficient:

Sits = Wa— Wk =7vYsg— Yis— Yig

Siys > 0 = energy is gained = liquid spreads
NB sign: W5 = energy needed to unstick
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Chemical potential of a droplet col10
Transfer (1 mol) of liquid from the bulk (below a flat interface,
r = oo) to droplets of diameter r. Pressure increases by Ap =
2v/r and the chemical potential by

2y

A= pl —pl) =vliap = vl -

Liquid is in equilibrium with vapor (,uf)'g = u°®):
S

. p
ul) = p9ps)=u +RTlnp—§‘t’

S

. P
P

|
- Kelvin equation lnp_rs _ 4 27V§n) (also Gibbs-Thomson
pS ~ RTr  or Ostwald-Freundlich)

= saturated vapor pressure higher above a droplet / lower in a cavity

Example. Saturated vapor pressure of water at 25°C is 3.15kPa. Calculate the

partial pressure of water above a membrane of pore diameters 100 nm. Ywater =

—1
72mNm™=. ed> ZZ € :builzem-uou ‘ed> 80 € :bulzzom a19|dwod
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Nucleation col10

Supersaturated vapor (p > p2_  or T < Tpojl), supersaturated solution (¢ > c2 ), su-
perheated liquid (T > Tpei), etc., are metastable, beyond the spinodal unstable
(cf. spinodal decomposition)

Nucleation = creation of nuclei of a new (stable) phase in a metastable region. A
Gibbs energy barrier must be crossed.

Mechanism of nucleation: Saturation

S = p/pS
@ homogeneous (wet air: S % 4) P/Po

@ heterogeneous on dirt, surface (wet air: S 1.02)
on ions (wet air: Sg 1.25)

Homogeneous nucleation by the Kelvin equation (CNT, classical nucleation theory):
A nucleus grows for p > p;‘: = minimum radius of the nucleus:

~ RT InS

*

@ distillation — boiling chips (stones) to prevent overheating

@ bubble chambers to detect ionized radiation (obsolete)




Spinodal decomposition

= spontaneous split of an unstable phase into two phases. There is no barrier.

Helmholtz energy or Gibbs energy as a function of composition:

Pa O

phase
equilibrium

;*’-“UHSTH ble

metastable

oF

stable

12/15
coll0
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Example: critical nucleus size col10

Calculate the critical nucleus size for humid (150% rel. humidity) air at 25°C. y =

72mNm~1,
MmN m (S9IN23j0W Q0P ) W _0T X9°C = 44




Ostwald ripening col10
Higher saturated pressure above small droplets = small S8 ARE S0P EEERL
droplets evaporate, big ones grow. SEOS

Higher concentration above small crystals = small crystals & 0t 0ot 0
dissolve, large crystals grow. N I S G e

@ precipitate ageing (digestion) = bigger crystals = can L«u;i.;gu:vh SEoE
be filtered v
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@ snow quality change UC %35\53 b\lu Yy
NHOU po~R
, ) uL/‘LJ | \\Q -
@ ice cream becomes crunchy , qu QRN OS5 T8
o~ U

o A e <
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@ fog — drizzle NIV \_,r.;J_;,L bl S

JI\M YL ] A
credit: http://soft-matter.seas.harvard.edu/
index.php/Ostwald_ripening, Clarke(2003)
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Measuring surface tension of liquids col10

kapilarni metoda metoda maximalniho tlaku
v bubliné

stalagmometricka metoda

n -

metoda sledovani tvaru kapek

fisedla a visici kapka

p
| »
QY
XA

metoda odtrhovani prstence

LI
©

credit: L. Bartovska




