JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 18 8 MAY 2003

Density functional approach on wetting behavior
of binary associating mixtures

Ming-Chih Yeh and Li-Jen Chen®
Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan 106, Republic of China

(Received 24 December 2002; accepted 11 February)2003

A density functional theory is applied to study wetting behaviors of binary associating mixtures,
which are described by the statistical associating fluid theory of Wertheim. When the associating
interaction is strong, the phase behavior of the binary associating mixture falls into the type-VI
mixtures of the classification scheme of van Konynenburg and Scott. There are two types of
closed-loop phase behaviors for the type-VI mixture. That is, a closed-loop phase diagram for
vapor—Iliquid—liquid coexistenc@long its triple ling at low pressures and the other one for liquid—
liquid coexistence at a relatively high pressure. In this study, the wetting behavior of the lower liquid
phase at the surface of the upper liquid phase is carefully examined for both vapor—liquid—liquid
coexistence and liquid—liquid coexistence regimes. In the latter regime, a third inert air phase is
introduced since wetting behavior always involves three phases. For both regimes the binary
associating mixture exhibits a sequence of wetting transitions, complete wefttiagial wetting

— complete wetting, along with increasing temperature. The order of wetting transitions is carefully
examined. It is found that the order of wetting transitions is the consequence of the competition
between the attractive interaction range and the associating strength of unlike pair molecules. The
most intriguing behavior is that it is possible to observe the sequence of wetting transitions along
with increasing temperature at two different orders for air—liquid—liquid coexistence at a high
pressure. That is, the upper wetting transition is first order and the lower wetting transition is second
order. The pressure effect on the order of wetting transitions for liquid—liquid coexistence is also
discussed. ©€2003 American Institute of Physic§DOI: 10.1063/1.1565327

I. INTRODUCTION ture ranges:(1) vapor—liquid—substrate systems such as
liquid helium on cesium substrates at extremely low

L L ) A temperatures$? and (2) more conventional binaryor ter-
librium under Earth’s gravitational field. The densities of peratt . @ Y_OO
nary) liquid mixtures at or near room temperatdré’ We

these .three pha_lses are in the orplgr pg=p, . Thga phase would like to refer an excellent review article covering all

can either partially wet or completely wet the interface be_details of the experimental works on wetting transitiths

tween two other phasg®andy, as shown in Fig. 1. For the P 9 . "
In fact, there are a tremendous number of binary mix-

partial-wettinga phase, thex phase forms a droplet suspend- o) . H | Il sub
ing at the@—y interface with a finite contact angle, as shown (Ures accessible to experiments. However, only a small sub-
in Fig. 1(b). On the other hand, the phase may spread set of possible binary mixtures has been experimentally ob-

across the interface to form an intruding film separating the€"ved to study their interfacial wetting behavior. More
other two phases, known as the complete-wetidnghase. preus_ely, m_ost of the experimental studies of b|nary_m|x—
The thickness of the wetting film remains finite due to grav-tures in the literatur ° belong to the type-Ii or type-Iil mix-
ity and depends on the thickness of {h@hase. For certain tures of van Konynenburg and Sc&itSimilarly, the theoret-
systems thex phase can exhibit both partial wetting and ical studie$**’ have explored the interfacial wetting
complete wetting at thgg—y interface under different ther- behaviors for only a limited number of binary mixtures, also
modynamic conditions. The transition of tagphase from a  restricted to type-Il and type-Ill mixtures only. Recently, the
partia|-wetting regime to a Comp|ete-wetting regime' or Viceinterfacial behavior for associating binary mixtures against a
versa, is called a wetting transition. This remarkable interfahard wall has been carefully examined by a density func-
cial phenomenon has been the subject of intensive researdienal theory:®*® In addition, reentrant wetting and dewet-
both theoretically and experimentally in the last three deting behaviors have been found in a binary mixture with one
cades due to its importance in many industrial applications.self-associating component at vapor—liquid interfees.
The wetting transition has been experimentally observedHowever, there is no study, to the best of our knowledge, of
at vapor—liquicf® liquid—liquid,"~*® and vapor—solid the wetting behavior for binary associating mixtur@gpe
interfaces:'~** Most of the experimental works can be clas- VI) at vapor—liquid interfaces in the literature.
sified into two groups based on their experimental tempera-  According to the classification scheme of van Konynen-
burg and Scott® a type-VI mixture exhibits two types of
dAuthor to whom correspondence should be addressed. Electronic maiFIosed_IOOp phase behavior: one at low pressures and the
lichen@ccms.ntu.edu.tw other one at high pressures. At low pressures, a type-VI mix-

Consider a system of three phasesB, and vy in equi-
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4n—37°
fr=kT ilnp;—1+ i=AB), 2
" ¥ R Z pi| In p; A=z ( ) (2
- (\ wherek is Boltzmann’s constanf is the temperaturey; is
B B o the number density of compoumgdand the packing fraction
o o 77:(7Td3/6)2ipi .
The contribution due to the long-range dispersion forces
is treated at the mean-field let&l
(a) (b) fm=— %EI Q;jj pipj s (3)

FIG. 1. Wetting behavior of thex phase at thes—y interface: (a) where the total strengthij is defined by
complete-wetting behavior an@) partial-wetting behavior.

aij:_fdr¢ij(r) (i,j=A,B). (4)

ture exhibits a three-phase vapor—liquid-liquid coexistenceap, jsotropic interaction potential of inverse sixth power law
The three-phase line, known as the triple line, in the phaseecay is applie&7(e)

diagram of pressure—temperature projection is bounded b
an upper and a lower critical end poitlCEP and LCER
where the two liquid phases merge into a single phase. At a

fixed high pressure, the type-VI mixtures exhibit two-phase h is th htis th isid
liquid—liquid coexistenc&® The liquid—liquid immiscibility ~ WNeresi; IS the energy parameter ahiis the Heaviside step

gap is bounded by an upper and a lower critical Solutionfunction. The parametey;; is introduced to adjust the range
temperaturdUCST and LCST. of attractive interaction between moleculesndj. In our

calculation, the total strengtdy; is fixed, and thus the phase

In this study, we would like to start with a type-Il mix- i sting densiti d the critical end poi
ture and this mixture would have a transition to a type-VI lagram, coeX|st_|ng ens_ltles, and the critica enc points are
the same for various;; . Figure 2 shows the variation of the

mixture by increasing the strength of the associating interac- X X _ } !
tion between unlike pair molecules. Both the phase and wethteraction potential at three differen’s. Under the condi-

ting behaviors are explored in this associating bin@ype- t|on_ of constapt total strengthy; , the energy paramgterij
VI) mixture. varies accordingly to the parametey . It is interesting to

This paper is organized as follows: The free energy funchote that a positiver;; makes a weaker attractive interaction

tional and the details of the calculation procedure are giverf?‘_t short distanc_;es and a s.tron.ger attractive interaction at long
in the next section. The results for the phase diagrams angiStances, as illustrated in Fig(t. On the other hand, a
wetting behaviors of binary associatiritype-VI) mixtures negativew;; makes a stronger attractive interaction at sho.rt
are presented in Sec. lll. Finally, in Sec. IV, we conclude OUIdlstances and a weaker attractive interaction at long dis-

work along with a comparison of the theoretical predictiontanc_?ﬁ' - ibuti f the f . |
with experiments. e association contribution of the free energy is evalu-

ated directly from Wertheim'’s first-order thermodynamic per-
turbation theory. For each molecule with only one attractive

6
H(r—d), (5)

¢ij(r):_48ij(m

II. MODEL AND METHODOLOGY bonding site, the free energy contribution can be writté as
The associating system is modeled as a mixture of equal- _ _Xi E .
sized hard-sphere particles A and B. Each molecule is as- fA_kTZ pil In xi 2 * 2 (Li=AB), ©)

sumed to have an active site that allows association only

between unlike pair molecules to mimic hydrogen bonding.Wneréxi is the fraction of non-bonded molecules of type
The latter quantities are obtained by solving the following

A. Bulk Helmholtz free energy density mass action equations simultaneously:
The bulk free energy of the statistical associating fluid 1
theory(SAFT) of Wertheim is composed of the contributions (S sy e (79
of repulsive, attractive and associating parts. The total Helm- PeABXB
holtz free energy density of the mixtuf&an be written &2 1
=, (7b)
f=fot gt fa, (1) X8 1% paB asXa

wherefpy is the free energy density of the hard-sphere refer-  The quantityA 55 is related to the strength of association
ence fluid,f,, is the van der Waals mean-field term due tobetween molecules A and B and is approximatdsy A ,g
the isotropic long-range attraction forces, dndis the con-  =47g"S(d)K sg[€xpew/kT)—1]. The symbolK g is the
tribution of the association between unlike pair molecules. volume available for association, amg, is the energy pa-
For equal-sized hard-sphere mixtures with a diameter rameter of association. In addition/™S(d) stands for the
the repulsive Helmholtz free energy density is described byontact value of the radial distribution function of the hard-
the Carnahan—Starling expressith sphere fluid and is given by"S(d)=(1-0.57)/(1— 5)%.%
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FIG. 2. Variation of the interaction potentia}; at three differenty;;’s:
—0.1 (¢§=0.53, long-dashed ling 0.0 (¢f=0.85, solid ling, and
0.1 (eﬁ =1.30, dashed linePlot(b) is the enlargement of the square area in
plot (a) over the regime that the three curves intersect.

B. Phase diagram calculation

Wetting behavior of associating mixtures 8333

C. Interfacial properties and density functional theory

The properties of vapor—liquid and liquid—liquid inter-
faces between coexisting phases of binary associating mix-
tures can be calculated with the application of density func-
tional theory?”® The Helmholtz free energy density of a
nonuniform binary mixture can be expressed as a functional
of the local densitiep;(r):

Fpi(1)= fvdr Fa(oi()+ fvdr Fapi(1)

+31X ffdrdr’
i \Y

X ij([r=r"[)pi(r)p;(r'), (12

wherefg(p;(r)) andfA(p;(r)) are considered to be functions
of local densities;(r) and are given by Eqs2) and (6).

Consider a planar interface between coexisting phases,
the grand potential functiondll(p;(r)) for an inhomoge-
neous binary mixture can be written as follows:

Q(Pi(r)):F(Pi(r))_zi MiJVdrpi(r)i (13

whereV is the volume of the system. The equilibrium den-
sity profiles across an interface are obtained through the
minimization of the Q(p;(r)).?® Setting the derivative of
Q(p;(r)) with respect top;(r) equal to zero yields a set of
integral equations at equilibrium chemical potentials

1r(pi(1)+ walpi(r))
=pi—2 jdr,(bij(lr_r’bpj(r,) (i=A,B), (19
i \Y

where  ug(pi(r))=dfr(pi(r)) dpi(r) and  walpi(r))
=t alpi(r))/ dpi(r).

The last equation can be numerically solved by an itera-
tive method'”® The equilibrium bulk densities, which are
evaluated via the standard method mentioned in the previous
section, provide the boundary conditions for the Euler—

At a fixed temperature, the criteria for a multiphase equi--@9range equations, E¢L4). Once the equilibrium density
librium require that the pressure and chemical potential oprofiles across an interface are determined, the interfacial
each component should be the same in all phases. Hence tifd1Siona is easily evaluated from

equations used to determine the bulk densities of\Hphase
equilibrium system are given as follows:

ri(pn.pe. T)=wilpp.pa. T)=""-=ui(px p8.T)
(i=A,B), ®)
P(ph.pg.T)=P(ph,p8.T)="--=P(ph,p8,T). (9

The chemical potential of speciéss given by

of 10
M=\ T )
1 ﬂpi T,V,pj;ti
and the equilibrium pressure is thus obtained by

Q(pi(r)+PV
o= (15
whereA represents the planar interfacial area between coex-
isting phases. Once the interfacial tensions are obtained,
the wetting behavior can be determined by examining the
interfacial tensions obey Antonow's réfeor Neumann’s
inequality?’

D. Wetting transition temperature
and order of wetting transitions

Consider the system of three phage, andy at equi-
librium. There are three interfacial tensioags, o,,, and
oy, Which are the surface tensions of the3, a—y, and
B—v interfaces, respectively, in the three-phase coexisting
system. According to the wetting behavior of thehase at
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the B—vy interface, the relationship of three interfacial ten-
sions can be classified into two cas@scomplete-wettingy
phase, the interfacial tensions satisfy Antonow’s ?ﬁle,ﬁy
=0,5% 04, as shown in Fig. () and(ii) partial-wettinga
phase, the interfacial tensions obey Neumann’s inequfality,
05y <051 0,,, as shown in Fig. (b). The wetting transi-
tion temperaturel, is defined as the temperature at which
the relation of interfacial tensions alters from Neumann’s in-
equality to Antonow’s rule or vice versa. In this study, we
first determine three interfacial tensions as a function of tem-
perature and then evaluate the temperature dependence of
interfacial tension differenceAo(T)=0,45(T) + 0,,(T)
—o04,(T). When the interfacial tension differender van-
ishes afT\y, a wetting transition from partial wetting to com-
plete wetting occurs.

In this study, we also determine the order of wetting
transitions by the method of Tarazona and EVA5A wet-
ting transition is said to be first order if the temperature de-
pendence of wetting film thickness shows a discontinuity at
Tw. On the other hand, if the film thickness grows gradually
and diverges afy,, the wetting transition is identified as
second ordet.

Ill. RESULTS AND DISCUSSION

In this section, the wetting behaviors of type-VI mix-
tures are examined both at low pressu$<0.07, and at
high pressures,P*=1.0. All the calculations are per-
formed in reduced unitsT*=kT/ean, uf=pilean,
P*=Pd%epn, i =eijlepn, ew=ew/ean aji
=3a;/16md%epn , Kig=Kag/d?, andp} =p;d3. Note that
Kx5=10"° and vaa=vgg=0 in all our calculations.

A. Low-pressure regime: Vapor—liquid—liquid
coexistence

For comparison, we first present the results of nonasso-
ciating, eyy,=0, and equal-ranged¢ag=0.0 (= vpa= vgg)
mixtures. The energy parametesi, =1.0, agg=1.2, and
axg=0.85 are chosen for the model binary mixture. This
mixture exhibits a liquid—liquid miscibility gap with an
UCEP where the two liquid phases(A rich) and 8 (B rich)
merge into a single liquid phase coexisting with its vapor
phasey. The phase behavior of the three-phase coexisting
regime is shown in Fig.@). This mixture is classified as the
type-1l mixture of van Konynenburg and Scét.

Consider the wetting behavior of thephase at thgg—y
interface for the system under three-phase coexistence. A
wetting transition occurs af,,= 1.148, while the system is
approaching its UCEPT(cgp=1.280) from below. When
T*=Ty, the « phase wets the3—y interface. In other
words, a small amount of the phase forms an intruding
layer separating? and y phases, as illustrated in Fig(al.

T*

T*
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FIG. 3. Vapor—liquid—liquid equilibrium of the binary mixture with,
=1.0, afg=1.2, andazg=0.85 and(a) },=0.0, (b) &},=7.85, and(c)
e3y=9.0. The symbok stands for the A-rich liquid phaseolid curves, 8
for the B-rich liquid phasédotted curvel andy for the vapor phaséong

Besides, this wetting transition is found to be second orderashed curves®: UCEP.R: LCEP.

These results are consistent with a previous study of type-II
mixtures by Tarazonat al*"®

Now, turn on the effect of associating interaction be-increased to higher strengths—sayj,=6—the association
tween unlike pair molecules by increasing the strength okffect is enhanced, especially at low temperatures. The asso-

ey. For small &) —say, ey, <5—the temperature—

ciation effect can be easily delineated by the number density

composition projection along its triple line is quite insensi-of bonded moleculespy,,g, Which is defined aspp,ng

tive to association at all temperatures. Whepis gradually

=pa(l—xa)=ps(1—xg). Itis interesting to note that,q
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in the a phase almost coincides wiff,,q in the 3 phase, 14 Type 11 Type V1
while pf,.qin the y phase is too small<<10 °) to be per- |

. . : - 13- UCEP
ceptible. Wherey, <5, over the entire three-phase coexisting
regime the quantityy,,q remains consistently small. There- 12 complete-wetting O phase
fore, the phase behavior remains insensitives §p for &}, $-0-0-0-0-0-¢.
<5. On the other hand, for largej,—say, = 6—ppong TR B .
monotonically increases as the temperature decreases. Espe-
cially at low temperaturesy,,qincreases dramatically. This 10—  partial-wetting
phenomenon is consistent with the temperature dependence ®phase T
of hydrogen-bonding formation. It is easier to form a hydro- 0.9
gen bond at low temperatures. When the temperature is in-
creased, many hydrogen bonds are broken due to larger ther- 0.8 — T T
mal fluctuations that make the number of hydrogen bonds 0 2 4 6 8 10
decrease. &

With further increase ireyy,, the miscibility of com- (a)
pounds A and B becomes better at low temperatures due to 14
the association effect. Eventually, whefj,=7.85, a LCEP ’ Type VI
emerges to form a closed loop, where the two liquid phases 13
and B become identical and coexist with its vapor phasas UCEP
shown in Fig. 8b). This association effect induces a transi- 124
tion of phase behavior of the system from type-Il to type-VI
mixture, as shown in Fig. 3. That is, wherj,<7.85, the % 1.1Tww  complete-wetting
system belongs to type-II mixtures; whefj=7.85 the sys- ‘." *phase
tem falls into the category of type-VI mixtures, as shown in 1.0
Fig. 4. The closed loop would shrink with further enhance-
ment of association interaction, as shown in Fi¢c)3Fi- 0.9
nally, the closed loop would disappear fef,>9.03. os

. T ’ T T T T

In the meantime, as the phase behavior of the binary
mixture evolves from type Il to type VI, another wetting
transition temperature emerges accompanying the occurrence
of the LCEP. Consider the system with relatively strong as- (b)
sociationey,= 8.0. While the system temperature approaches
either its UCEP from below or its LCEP from above, a wet- FIG. 4. _Effect ofs\’,‘y‘on critical end points and wetFing transition Fempera—
ting transition from a partial-wetting to a complete-wetting L“nrgfg‘gg;ni é:(a’;z'(tgumh éyfeeg}'r'nfo?y@ie\flvfnrﬁtxliﬂfzg_%) Is the
phase occurs. Correspondingly, an upper wetting transition
temperaturd ;,,,=1.040 and a lower wetting transition tem-

peratureT,,=0.985 are found. Whefiyy>T*>Tww, the  sociating mixture £%,=0) with vag>0, the wetting transi-

@ ph?‘_se exhibits partial wetting. Beyond these two WetiNG;ion s first order as the range of the A—B attractive potential
transition temperatures, thephase completely wets th#-y i |onger than that of the A—A and B—B potenti&l€ Figure

interface. Ir_l other words, the wetting behavior of thphase 6 illustrates the effect of .5 on T,y and the order of wetting
at the B—y interface would go through a sequence of com-

plete wetting— partial wetting—complete wetting along with

8.0 8.5 9.0 9.5

increasing temperature as schematically shown in Fig. 5. 13
This sequential wetting transition is the so-called reentrant . ~p
wetting?® 12 ™

Figure 4 illustrates the variation of the critical end points
and the wetting transition temperatures as a functioapf
For type-Il mixtures, bothT, and Tycep remain almost

* uw
constant fore(;,<5, as one can see in Fig(a}. For type-VI I ALY S tawerting o ohase ": -
mixtures Ey,=7.85), bothTyy and T,y are driven further e | F it g fof g N
away from their corresponding critical end points with in- 1T complete-wetting J
creasinge}, . Consequently, the regime of the partial-wetting 0.9 Ophase P
a phase shrinks whemy;, increases. EventuallyT,, and .
T.w merge before the closed-loop phase behavior disappears. 08 —r 7
For very strong associating cassfs>8.05, thex phase wets 00 02 04 06 08 1.0
the B—y interface over the entire three-phase coexistence re- XB

gime, as ShOW_n in Flg'(b)' FIG. 5. Temperature—composition projection and the wetting behaviar of
The attractive range parameteig has a strong effect on  phase at thes—y interface for the binary mixture withrk, =1.0, alg
both T\, and the order of a wetting transition. For a nonas-=1.2, a;=0.85, ands},=8.0. ®: UCEP.H: LCEP.
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125 l 1.4
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0.95
TI.W
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0.12
= 1.00 b .
0.08 -
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0.90 0.04
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£
FIG. 6. Variation of wetting transition temperatures at differeng’s: FIG. 7. (a) Phase diagram an) interfacial tensions. Liquid—liquid coex-

—0.03(A), 0.00(®), 0.01 (W), and 0.03(<", #). Plot (b) is the enlarge- istence at a fixed pressuR* =1.0. The solid curves represent the results
ment of plot(a) over the regime of type-VI mixtures. The solid symbol calculated from the binary AB mixture. The results for pseudobinary
represents a second-order wetting transition, and and the open symbol forg+ B+ C mixtures are given at three differeat.s: 0.15 (O), 0.25(0J),
first-order wetting transition. and 0.35(A).

. e . order wetting transition. The order of a wetting transition can
transitions along with increasing)y . For vag=0.01, the re-  po cqnsidered as the outcome of the competition between
gime of the partial-wettingr phase slightly shrinks and the . ande,.
order of wetting transitions is found to be on the borderline  Figure @b) shows the variation of wetting transition

between the first and second orders. For a larggF—say,  temperatures at three differentg’s as a function ok3,. It

vap=0.03—T,y decreases dramatically and the wetting tran-should be noted that all the wetting transitions along the
sition switches to first order for Smwil\’;v, but tends to be tr|p|e line in F|g ab) are second order.

second order forey,>7.5. If &), is further increasedey,
>7.7, the system exhibits the complete-wettinghase over
the entire triple line. For a negativevg—say,
vap= — 0.03—the regime of the partial-wetting phase is Following the previous section, the parameters of a bi-
broadened while the order of wetting transitions always renary mixture, ax,=1.0, agg=1.2, axg=0.85, and &y,
mains second order. It could be reminisced that a positive=8.1, are applied to mimic a type-VI mixture at high pres-
value of vag extends the range of attractive interaction be-sures. Figure (&) shows the result of phase behaviorRt
tween molecules A and B and switches the order of wetting=1.0. That is a typical immiscibility gap of type-VI mix-
transitions from second to first order while a negativg tures, a closed-loop behavior. The mole fraction of molecules
prefers the transitions to be second order. On the other hanB, xg, in Fig. 7(a) is defined axg=pg/(px + pg)- It should

a sufficient largesy,, which introduces a strong short-ranged be noted that the temperature range of immiscibilityT(
interaction between A and B, would demolish the effect of=UCST-LCST) increases with increasing pressure. On the
vag and change the order of wetting transitions from first toother hand, the interfacial tension between A-riehh and
second order. Conclusively, a positiveg favors a first-  B-rich (8) phases can be evaluated by following the method
order wetting transition while a largej;, favors a second- described in Sec. Il, and the results are given in Fig).7

B. High-pressure regime: Liquid—liquid coexistence
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It should be noted that wetting behavior always involves 14
three phases. Now, we have the system of two immiscible
liquids. “Air” is chosen to be the third phase. That is, we
would like to examine the wetting behavior of the two im-
miscible liquids against air. However, there is no way for us

1.3

1.2 s, complete-wetting

parti al—wetting:l o phase

to use the density functional theory to calculate the surface t 114 cphase

tension of any liquid« or B8) phase against air. It is essential ) /'

to have equilibrium compositions of two coexisting phases to 1.0 j// LCST
calculate the interfacial tension of the interface between two T

coexisting phases by the density functional theory. For the 0.9

time being, we only have two-liquid phase coexisting. There

iS no coexisting “air” phase. Certainly, no equilibrium com- 0 A+—r—T—T—T—T
positions of air phase can be applied to E48®) and(15) of 8.4 8.3 9.2 9.6
the density functional theory. Therefore, a third component C &*

is introduced to the system to mimic the “air” phase. The R . , . .
. .. FIG. 8. Effect ofey, on the critical solution and wetting transition tempera-
component C should be inert and have negligible effects ol . ap—1.0.
the phase and interfacial behavior of originat-B mixtures.
To ensure the component C mimicking inert air, both the

parametersy. andag are set to zero and a relatively small peratures ardl,y=1.255 andT,y=0.934. That is, thex
energy parameter between C moleculeg, is adopted. phase wets thg—y interface when the system temperatiire
Equations(8) and (9) are applied to determine the equilib- falls into following two regimes:Tw<T*<UCST and
rium compositions of three-phase coexistibgo liquids and | CST<T*<T,y, as schematically shown in Fig.(d.
air) for ternary (A+ B+ C) mixtures. Figure (&) shows the  Again, the complete-wetting phase is mainly composed of
effect of introducing the component C on the phase behavioghe liguid with a smaller energy parameter: namely, the
(immiscibility gap at three differeniagc’s: 0.15(0), 0.25  A-rich (@) phase.
(0), and 0.35(A). It is obvious that the introduction of the Figure 8 shows the effect af}, on the critical solution
component C has “almost” no effect on the closed-loop be-temperatures and the wetting transition temperatures. For
havior of binary (At+B) mixtures. In fact, the solubility of very strong associating mixtures,>8.7, thea phase wets
the component C in each liquid phageor g) is very small.  the g—v interface over the entire liquid—liquid coexisting
More precisely, the mole fraction of the component C inregion. The wetting transition occurs only whefj,<8.7.
the liquid (o or B) phase is always less than 0.0001. Apply Along a constant temperature—say, = 1.0 in Fig. 8—the
the equilibrium compositions of three-phase coexisting forincrease ires, would drive wetting behavior of the phase
ternary (A+ B+ C) mixtures to the density functional theory from partial wetting to complete wetting.
to calculate the interfacial tension betweerand 8 phase. All the wetting transitions in Fig. 8 are always second
The results of the interfacial tensions at three differgfit's:  order, sincer,g=0. As mentioned above, the order of the
0.15(0), 0.25([1), and 0.35(A) are also given in Fig. (b). wetting transition can be considered as the outcome of the
As expected, the introduction of the component C also hasompetition betweem,z andey;,. Therefore, we would like
no effect on the interfacial tension of binary #8) mix-  to further explore the effect af,z on the wetting transition
tures. In summary, both phase diagrams and interfacial tetemperature and the order of wetting transitions for strong
sions remain unchanged when the component C is introassociation mixturesy,=8.1. Figure %a) shows the varia-
duced to the mixture AB as an inert phase. With an tions of T\, and the order of wetting transitions as a function
additional air phase, the surface tensions of both liquidbf v,g at P*=1.0. In analog to the phenomena observed
phases against air can be thus determined. Consequentbiong the triple line, the increase ing would narrow down
wetting behavior of the three-phase coexistihgo liquids  the temperature window of the partial-wettimgphase and
and ai) system can be explored. In the following,t.  switch the wetting transition from second to first order. When
=0.15 is applied for further discussion on wetting behaviorv,g is further increased beyond 0.052, thgphase wets the
of the @ phase on the surface of th@ phase against air B—vyinterface over the entire liquid—liquid coexisting region.
(defined as they phase hereaftgr Both the upper and lower wetting transitions for smalk

It is found that the wetting behavior of thephase of the  (<0.01) are second order, as shown in Fig@OWhenv g is
pseudobinary mixtures at a fixed high pressure is strikinglyfurther increased up to 0.03, both the upper and lower wet-
similar to that along the triple line at low pressures, de-ting transitions become first order, as expected.
scribed in the previous section. There are two critical tem-  The most intriguing phenomenon is that wheng
peratures, UCST and LCST, for the closed-loop phase behaw=0.02, the upper wetting transition already becomes first
ior at P* =1.0. When the temperatuiiis in the middle of order and the lower wetting transition still remains second
two critical temperatures, the phase exhibits a partial- order, as shown in Fig.(8). That is, for the mixture obag
wetting behavior. While the temperature is driven close to=0.02, a first-order wetting transition is observed when the
either its UCST(=1.370 or its LCST(=0.894, a wetting system temperature is approaching its UCST. It is well un-
transition from partial wetting to complete wetting occurs. derstood that the association interaction has a stronger con-
The corresponding upper and lower wetting transition temdribution at low temperatures, which would favor a second

Downloaded 12 Nov 2008 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



8338 J. Chem. Phys., Vol. 118, No. 18, 8 May 2003

1.50

1.40-__
1.30 -
1.20
1.10 -

1.00 -

0.90-f-

complete-wetting ¢ phase

partial-wetting & phase

0.80

LCST
T T Y T T T T
-0.02 0.00 0.02 0.04 0.06
Vas
(a)

1.50

2nd order &~ .~ — Ist order

FIG. 9. (a) Variation of wetting transition temperatures as a functiomw gf

0.02 0.04 0.06 0.08

M.-C. Yeh and L.-J. Chen

IV. CONCLUSION

In this study, the SAFT of Wertheim is applied to suc-
cessfully describe the type-VI mixture of the classification
scheme of van Konynenburg and Scott. For type-VI mixtures
closed-loop phase diagrams are obtained both at low pres-
sures(along its triple line,P*<0.07) and at a fixed high
pressure P*=1.0). For the regime of low pressures,
type-VI mixtures exhibit three-phase vapor—liquid—liquid
coexistence and have two critical end points UCEP and
LCEP, where two liquid phases merge into a single liquid
phase coexisting with its vapor phase. With increasing the
temperature a sequence of wetting transitions, complete
wetting— partial wetting—complete wetting, of the denser
liquid o phase at the surface of the other ligyitdphase
against its vapoty phase is observed.

For the regime of high pressures, type-VI mixtures ex-
hibit two-phase liquid—liquid coexistence at a fixed pressure
and also have two critical points UCST and LCST, where
two liquid phases merge into a single liquid phase. Since
wetting behavior always involves three phases, a third inert
air phase is introduced. Under the condition of a fixed pres-
sure, when the temperature is increased again a sequence
of wetting transitions, complete wettirgpartial wetting
—complete wetting, of the denser liquiephase at the sur-
face of the other liquig3 phase against air is observed.

It is also demonstrated that the order of wetting transi-
tions can be resolved by the competition between the attrac-
tive interaction range and the associating effect between un-
like molecule pairs. A stronger attractive interaction at long
distances facilitates a first-order wetting transition while a
strong associating interaction in favor of a second-order tran-
sition. The most intriguing phenomenon is that it is possible

at P*=1.0. (b) The pressure effect on the wetting transition temperaturesiqy ghserve for certain systems of air—liquid—liquid coexist-

P*=1.0(®, O), P*=2.0(0J, W), andP*=3.0(A, A). The open symbols
representing the wetting transitions are second order and the filled symbo

for first order.

gnce at a fixed high pressure the upper and lower wetting
transitions are at two different orders. That is, the upper wet-
ting transition is first order and the lower one is second order.
The only experimental exploration of wetting behavior
of type-VI mixtures, to the best of our knowledge, at liquid—
liquid coexistence was done by Kahlweit and Bi#&ser the

order. Thus, when the system temperature is a.pproachiln.g iEﬁnary water nonionic amphiphile ((E;) mixtures, where
LCST, one would observe a second-order wetting transitiong, g, s the abbreviation of a nonionic surfactant polyoxyeth-
This prediction provides the possibility of the existence Ofylene alcohol §Hy , 1(OCH,CH,);OH. The wetting behav-
having both first- and second-order wetting transitions in gqrs of the aqueous §E; homologues j=0-3) mixtures at

type-VI mixture of a closed-loop phase behavior.

a constant temperature were investigated. With a stepwise

Figure 9b) shows the pressure effect upon the wettingincrease of the number of oxyethylene grojifiem 0 to 3 at
behavior as well as the order of Wetting transitions. As MEeN25 °C, the contact ang]e of a dr0p|et of thﬁ._rich phase at
tioned above, the temperature range of immiscibility in-the surface of the aqueous phase evolves from about less
creases with increasing pressure. It is interesting to note th@an /2 to close to #, indicating a tendency of the exis-

the temperature range of the partial-wettingphase AT

tence of the wetting transition from partial wetting to dewet-

=Tuw— Tww) also increases with increasing pressure. Theing. That is equivalent to the wetting transition of the aque-
borderlines separating first- and second-order wetting transbus phase at the surface of thgEGrich phase from partial
tions are sketched in Fig(l9. When the system pressure is wetting to complete wetting. It is well understood that the

raised, the borderlines shift to a higher valuewgg . It is

system with a largey at a fixedi possesses a higher LCS.

well understood that the increase in pressure would shorteHence the increase inhat a constant temperature could be
the distance between molecules to enhance the short-rangednsidered as driving the system closer to its LCST. Conse-
contribution. The associating effect is thus strengthenedjuently, if the number of oxyethylene groupss further
along with increasing pressure. As a consequence, a secondereased, a wetting transition for the aqueous phase at the
order wetting transition is favored even at a higher pressursurface of the gE;-rich phase from partial wetting to com-

under the conditi

on of a fixed,g .

plete wetting is expected. That is, a wetting transition from
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