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Model for water-in-oil microemulsions: Surfactant effects
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We have simulated, using a Monte Carlo technique, a mixture of oil, water, and surfactant on a two-
dimensional square lattice. The computations are performed for water-in-oil microem(iusipmverse emul-
sion) where we have explicitly included, besides the interaction enefiggtween the wateoil) and the head
(tail) of surfactant molecules, the molecular lengtlas a parameter. We find that amcreases, the size of the
water droplets decreases due to a reduction in the interfacial energy between water and oil in the presence of
surfactant molecules. We further show that the effeehan the surfactant efficiency in determining the water
solubility in oil depends strongly oe. When|e| is small, the influence ofin is strong; however, whel¥ is
large, m virtually has no effect in determining the efficiency of the surfactant molecules, which is explained
using a simple thermodynamic argument. Finally, the structure of the system is profoundly affected by the
surfactant concentration and, most important, when this concentration is high enough the system evolves into
a highly ordered lamellarlike structurg51063-651X%97)08301-3

PACS numbes): 82.70.Kj, 64.75+g, 82.20.Wt, 83.70.Hqg

I. INTRODUCTION as bending energy and entropy of mixing, while the latter
bases its analysis on the Hamiltonian of the sysi#é+1§.
When two immiscible fluids are mixed in the presence ofHowever, because of the complexity of the analysis most of
a surfactant, one obtains what is commonly known as atthe lattice models usually oversimplify the surfactant mol-
emulsion. This metastable system has a wide range of applecule by describing it either as a simple molec(ddth or
cations in various industrial processes such as paint, oil rewithout asymmetry occupying a single lattice site or as a
covery, road surfacing, cosmetics, pharmaceuticals, foodjumbbell, which takes two sites representing, respectively,
and medicine[1]. Direct emulsions are formed when oil its head and tail. The only exception in the lattice model is
droplets are dispersed in an aqueous continuous phasée Monte Carlo(MC) simulation by Larson, Scriven, and
whereas inverse emulsions are made of water droplets in oiDavis [17], which includes the structure of the surfactant
Because of many interesting properties involved in the mimolecules in a more sophisticated way in the sense that the
croemulsion systems, considerable effdlisth experimen- length of the surfactant molecule is considered explicitly.
tally and theoretically have been devoted to their studies However, in regard to interaction energy, their model distin-
[2—4]. It is well known from experimental observations that guishes neither between the head of the surfactant and the
oil and water do not mix in the absence of surfactants and thevater molecules nor between the tail of the surfactant and the
addition of only a very small amount of surfactants can causeil molecules, their analysis giving rise to the aggregates of
water and oil to form an isotropic pha&ee., microemulsion  heads and tails thus considerably reducing the surfactant ef-
where water and oil regions are separated by layers of suficiency in solubilizing water in oil. As it is well known, the
factant molecules. Upon increasing the surfactant concentrdread of a surfactant molecule in the real world should have a
tion, the structure of the system changes from isotropic tastrong preference for water as compared with their self-
ordered phases where many different kinds of arrangemeiteraction, and likewise the tail of a surfactant molecule has
are possible, ranging from lamellar, hexagonal to cubic om strong preference for oil. Furthermore, the efficiency of
other liquid-crystalline phasef4]. A surfactant molecule surfactant molecules, besides depending on the molecular
consists of a hydrophobic tail that prefers to be surroundedength, is strongly influenced by the strength of the interac-
by oil environment and a hydrophilic head interacting pref-tion energy between water and the head of the surfactant
erentially with water moleculd$]. Therefore, the surfactant molecule as well. In fact, experimenit8,19 have already
molecules position themselves at the interface between watghown that the efficiency of the nonionic surfactants can be
and oil with their heads pointing to water and their tails tomanipulated by adding lyotropic or hydrotropic saftnd
oil, drastically reducing the water-oil interfacial energy, usu-presumably by changing the interaction energy between wa-
ally by several orders of magnitudé]. Theoretically, both ter and surfactaint However, theoretical investigation in
phenomenological and microscopimostly lattice modgl these aspects, to the best of our knowledge, has not yet been
approaches have been employed in the studies of microemuystematically carried out; therefore, it would be very impor-
sions. The former approad¢—9] calculates the free energy tant if one can tell how these parameters come into play in
of the system and its dependence on various parameters sudbtermining the efficiency of the surfactant molecules.
In this work, we carry out two-dimensiongkD) MC
simulations and study the efficiency of the surfactant mol-
*Author to whom correspondence should be addressedecules in terms of their molecular length and the interac-
Fax: (514 929-8102. tion energye between their head and water molec(fead-
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water paij. We note here that the interaction energy betweemoves by reptatiofi21], in which one of its endgshead or

the tail of a surfactant and the oil molecukil-oil pair) is  tail) moves randomly to one of its nearest neighbors and the
assumed to be the same as that of head-water pair. Asaher segments slither one site forward towards that end
result, our discussions for the head-water pair also apply talong its own contour. The probability of such a move, ac-
the tail-oil pair. Our model is similar to that of Larson, cording to the standard Metropolis algorith20] depends
Scriven, and Davis, where each surfactant molecule occupiem the change in energyE (=E;—E;) of the system and is
multiple lattice sites instead of only one or two sites as inproportional to expt AE/KT), wherek is the Boltzmann
other lattice models, but differs from their model in three constantT is the temperature of the system, adand E;
aspects(i) The head of the surfactant molecules has a strongre the total energga summation of the interaction energies
preference for the water environment, i.e., the interaction beef the water-water, water-oil, water-head, and oil-tail pairs
tween the surfactant head and water molecule is considereaf the system before and after the move. Any attempted
attractive, while the head-head pair has no interaction at allmove is accepted when the condition peixp(—AE/

(i) Instead of assuming the same size for water and oil molkT),1]=/ is satisfied, where min stands for taking the mini-
ecules, which is apparently not appropriate, our model doesium of the two quantities and is a random number uni-
not specify the length of the oil molecule, but considers theformly distributed between zero and unity. After a large
oil as a uniform backgroundiii) For simplicity, only one number of movegabout the order of 810°) the system
site is assigned to the head of each surfactant moleculeventually evolves into its equilibrium state where the physi-

whereaan sites are assigned to the tail. cal quantities are calculated.
We point out that there are limitations in our 2D MC
model when comparing with the real 3D experiments. For . RESULTS AND DISCUSSION

example, the phase diagrams will not be the same, as well as ] o ] . o

the detailed structure of the system being different. However, The main objective of this work is to study the efficiency
since our model uses the same thermodynamica| ana|ysi:§ the surfactant molecules in SOlUbiliZing water in oil in
(e'g.’ the free_energy formula and Metropo”s a|gor|tﬂﬁ@]) terms of the interaction energy between the surfactant head
as in 3D Systems] the genera| conclusions based on our Zg]d Water, as well as the molecular Iength of the surfactant.

system should, to the first-order approximation, equally <rﬂp]’hroughout our calculations we fi>§ the ir)teract.ion energies
ply to the 3D cases. of water-water and water-oil pairs, i.e., yww

=eywwW/ kT=—3.0 and yyo=ewo/kT=1.0, respectively.
Since our concern here is in the microemulsion of water in
1. MODEL oil (i.e., inverse microemulsignthe concentration ratio be-
. . ._tween water and oil is chosen to lwe=N,,/N5=0.25 for
_ The mixture of water, oil, and surfactant molecule is gt of the calculations and for comparispa.0 is used in
simulated on ar. XL two-dimensional square of unit lattice e computation. Our model is general in its formulation and
constant with periodic boundary conditions in tkeandy e pejieve that our results for the inverse microemulsion can
directions;L =60 is chosgn for most of our .calculat|or.15, but be readily applied to direct microemulsions. For a given con-
a few tests are also carried out 10+=100, giving only minor  ceniration raticc between water and oil and a given concen-
modifications. Each water molecule occupies one site ang,tion ratiok (=N,,/No) between water and surfactant, the
each surfactant molecule is assigmeet 1 sites with its head — oficiency of the surfactant molecule is reflected in the size of
and tail taking one andn sites, respectively. For a given he \yater droplets, i.e., the smaller the water droplets, the
system contalnlng\lw water andNs gurfactant molecules, mqre efficient the surfactant molecule. In order to make a
the oil moleculeswhich act as a uniform backgroundc- g antitative analysis of the size of water droplets it is useful
cupy a total oNo=N—Ny—Ng(m+ 1) sites, wherdi=1 to focus on the correlation functio@(r) [15] of the water
is the total number of sites in the lattice. Only nearesty,ecyles, which measures the concentration fluctuations
neighbor interactions are con5|dered and the interaction eny,q oscillates with distanaebetween water molecules with
ergy for water-water paityy is assumed negative and that jig irst minimumr ., roughly measuring the average size of
for water-oil paireyo is positive to favor the separation be- o \vater droplets. In this study, instead of averaging over all

tween water and oil, whereas the interact_ion energy betwe_etﬁirections, we calculat&(r) by averaging over eight special
the surfactant head and water molecule is assumed negatiygoctions namely(10), (01), (-1 0), (0 1), 1 1), (1 1)
in order to give the head of the surfactant molecules prefer;_1 1) an’d(—l _), The inset in Fi’g. 1is a,typic:all exam,ple

ence for water. The interaction energies of the other pairsys ihe dependence @(r) onr where the first minimum

namely, oil-oil, water-tail, oil-head, head-head, head-tail, angjngjcated by an arromeasures the average size of the
tail-tail, are all assumed zero, which is not always true in the, 4iar droplets.

real world (we will return to this point later Each simula-
tion starts with some initial configuration where a certain
number of water and surfactant molecules is randomly dis-
tributed on the square lattice; then the water and surfactant The nondimensionalized interaction energy=e/kT) be-
molecules are randomly selected to make a move subject twveen the water and the surfactant head is an important pa-
steric restrictior(i.e., double occupancy of any site is forbid- rameter in influencing the surfactant efficiency; our first cal-
den. Since oil acts as a uniform background water and sureulation is on the dependence of the size of water droplets on
factant molecules can exchange positions with oil in eachy. Figure 1 shows the variation of the first minimumy,, of
move. Each water molecule moves at random to one of itshe correlation functiorfG(r) with — (since the interaction
four nearest neighbors, whereas each surfactant molecubetween water and the surfactant head is attracjiveself is

A. Effect of interaction energy y=€/kT
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18 water droplet is a rectang(since the number of molecules
along the(10) direction is 2.5(an average of 2 and) &nd 2
B along the(11) direction, then the average size of the droplet
144 3 2 is (2.5+2x2Y2)/2=2.7, with the factor of root 2 being the
} , i, intermolecule distance along th@1l) direction], which is
smaller than the corresponding valuergf,,=6.5 as deter-
{’ 0 mined from theG(r) curve, indicating that each droplet must
1. r be surrounded by more than one surfactant molecule. The
{{{,H{'} dependence of the size of the water droplets-onis also
clearly seen from the final configuration of the system, as
shown in Fig. 2, wheren=1 for (a) and(b) andm=9 for (c)
and (d). A comparison betweefs) and (b) [or between(c)
2 ' * ‘ and(d)] shows that a smaller value efy (note again that
0 5 10 15 20 itself is negative gives rise to bigger water droplets because
the surfactant efficiency decreases with the decreasing of
=Y —, in accordance with the observations in Fig. 1. It is also
noted from Fig. o) that the water droplets are prolonged
_FIG. 1. Variation of the first minimunm y,, of the G(r) curve  along the(10) direction with the surfactant molecules sitting
with —, where the error bar is shown as a vertical line at the datay; thejr poundaries, resembling a lamellarlike structure that

point. The parameters used a@re0.25,k=6.5, andm=9. The NSet il become clearer later when the concentration of the sur-
shows an example of the dependence of the correlation funCt'OPactant is further increased

G(r) of water molecules on distancewherey=-3.0 is used and
the first minimumr ., is indicated by an arrow. Since the lattice
constant in the simulations is unityandm are normalized.

I'min
N
o

As pointed out earlier, we consider only a few parameters,
such as water-water, water-oil, head-water, and tail-oil pairs,
in the multidimensional interaction space, while the interac-
tion energies of other pairs are assumed zero. However, our
model can be readily extended to more general situations
Muhere all the interaction pairs have nonzero energy. For ex-
en:&mple, a repulsive interaction for head-oil pair should, while

random numbers. It is evident from Fig. 1 that an increase "keeping other conditions the same, enhance the surfactant

(;7’ rle?u(cj:es the valu_teh ‘t);:min’t |.e.,ﬂ§he} tilze' ?f th? water efficiency by driving the surfactant head away from oil. An
FOpIEls decreases wi € strength ot the interaction energy 4 otive interaction for the head-head pair, on the other

k_)etween water e_md the sur_fac_tant head..As pointed out €3fiand, would reduce the surfactant efficiency by forming head
lier, water and oil do not mix, i.e., water intends to separate,

; X . ggregates, as is the case in Larson, Scriven, and Davis's
from oil so as to reduce the interfacial energy of the system odel

in the absence of surfactant molecules since the interaction
energy between water and oil is positive. With the addition
of surfactant molecules, because the interaction energy be-
tween water and the surfactant head is negative, the surfac- The effect of the molecular length on the surfactant effi-
tant molecules preferentially position themselves at theciency is shown in Fig. 3, where the first minimurg;, of
water-oil interface with their head pointing to water and thethe correlation functiors(r) is drawn against the molecular
tail to oil. The corresponding change in the interfacial freelength for y=—2.0 (open symbolsand —5.0 (filled sym-
energy can be written aaF=AE,—TAS, where AE, bols), respectively, keeping the other parameters constant. In
(negative, since the surfactant molecules reduce the interfdhe case ofy=—2.0,r,;, decreases with, i.e., the length of

cial energy is the change in interfacial energyS (positive  the surfactant molecules increases their efficiency; while for
is the change in interfacial entropy, afds the temperature y=-5.0,r,, remains almost the same asvaries, indicat-

of the system. Therefor\F is negative, in other words, the ing that the length of the surfactant molecules does not
incorporation of the surfactants reduces the interfacial freehange their efficiency when the interaction energy between
energyF, with a larger value of-vy giving rise to a larger water and the surfactant head is strong. This observation sug-
decrease irF. As a result, the water-oil interface can be gests that there is a strong correlation between the molecular
readily generated by thermal fluctuations, with a larger valudength and the interaction energy in affecting the surfactant
of —v giving rise to a larger water-oil interface and thereforeefficiency. As discussed in Sec. lll A, the surfactant mol-
a smaller size of water droplefsote that the total volume of ecules modify the water-oil interface and reduce the interfa-
water is fixed here It is also observed that when v in- cial free energyF by an amount oAF=AE,—TAS. When
creases further,,,, does not decrease much, but reaches dhe interaction energy between water and the surfactant head
constant value due to the fact that for a given system thé weak, e.g.,y=—2.0, the absolute value &E, is small
number of surfactant molecules is fixed, therefore the size ofnd the entropy terrTAS dominates the change in the in-
the water droplets can only be reduced to some critical valuderfacial free energyAF. Since longer surfactant molecules
As a rough estimate, since the rakiobetween water and give rise to a larger value of the entropy teffid S and
surfactant is equal to 6.5, the smallest water drofgeich therefore a lower value of the interfacial free enefgythe
surrounded by only one surfactant molegutentains about water-oil interface can be more easily created by thermal
6 water molecules, resulting in a value of;,=2.7 if the fluctuations. Thus the size of the water droplets decreases,

negative, where each data poirftvith a vertical line as an

B. Effect of molecular length m
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FIG. 2. Morphology of the water, oil, and sur-
factant systenm{open circle represents the water
molecule, the solid circle and the short solid lines
are the head and tail of the surfactant molecule,
and the white background represents oil environ-
mend with (a) and (b) m=1 andk=2.0 and(c)
and (d) m=9 andk=6.5. Other parameters are
(a) and(c) c=0.25 andy=-3.0 and(b) and (d)
¢=0.25 andy=-7.0.

i.e., the total area of the water-oil interface increases, witlsurfactant molecules. Wheais very large(i.e., the surfac-
the increase of the molecular length. On the other handant concentration is very smgllwater and oil are com-
when the interaction is strong, e.gy=—5.0, the absolute pletely separated, resulting in big water droplterefore a
value of AE, becomes large and is dominant in determininglarge value ofr ,;,) since water and oil are immiscible; &s
the change in the interfacial free enerfy¥, which is there- decreasedi.e., the surfactant concentration increasdke
fore virtually independent of the molecular length; as a re-average size of the water dropléendr ,,;,,) decreases. The
sult, the size of the water droplets is independentnofWe  slow variation ofr;, with k for large k indicates that the
recall that in their experiments Kahlweit, Strey, and Firmanwater droplet size barely changes when the surfactant con-
[19] observed a very rapid increase of the surfactant efficentration is too low. The rapid change rip;, takes place
ciency with the molecular length, indicating a much strongeronly whenk is below some critical valugabout k=20),
correlation between the two than that in Fig. 3. In view of thewhich may be regarded as a transition point in the phase
above observation, we believe that the interaction betweediagram dividing the region of two-phase coexistence of wa-
the water and the surfactant head in Kahlweit, Strey, and

Firman’s experiments must be very weak. In contrast, the 25

lengthening of the surfactant molecule does not improve its

efficiency in Larson, Scriven, and Davis’'s model because the 20 | B y=-2
head-head and head-water pairs have the same interaction = y=-5
energy (likewise, tail-tail and tail-oil pairs have the same %

energy; heads(and tail$ clump together inhibiting the sur- B %

factant efficiency and the longer the molecule, the more se- '€ ‘%

vere the clumping. ~ 0 g % -------- %

C. Effect of surfactant concentration

Finally, since the surfactant concentration is another im- °
portant parameter in determining the surfactant efficiency,
we now present the corresponding results in Fig. 4, which 0 ‘
shows the variation of i, with k for m=4. It is observed 6 2 4 6 8 10 12
that the increase in,;, with k is quite rapid wherk is small m

(k<20), but slows down a% increases further. Thermody-

namically, as already discussed in Secs. Ill A and Il B, the FIG. 3. Variation ofr,, with molecular lengthm, where the
overall effect of the surfactant is to lower the interfacial freeopen and filled symbols are the data fer —2.0 and—5.0, respec-
energy F in direct proportion to the concentration of the tively, and the other parameters are0.25 andk=4.0.
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K FIG. 5. Morphology of the system witb=1.0, k=1.0, m=1,

and y=—5.0. Other conventions are the same as in Fig. 2.

FIG. 4. Dependence af,;, on the concentration ratiobetween

water and surfactant molecules with-0.25,m=4, andy=—b5.0. It is found that the interaction between the water and the

surfactant head greatly reduces the water-oil interfacial en-
ter and oil from the microemulsion phase where very smalErgy, thereby increasing their mutual solubility. The influ-
water droplets are uniformly distributed in oil. In order to seeence of the molecular length is not clear-cut, but is strongly
how the above observation changes with the concentratiogorrelated with the water-head interaction. When the interac-
ratio ¢ between water and oil, we raise this ratio from tion is weak, the size of the water droplets decreases with an
c=0.25 to 1.0, i.e., the system consists of the same amoutiicrease in molecular length, thereby influencing the solubil-
of water and oil and is said to be balanced. The main obseity of water in oil. This behavior is due to the fact that in the
vation is the same as in Fig. 4, i.e., the size of the watefxpression for the interfacial free energy the entropy term
droplets decreases with the decrease of the valle (@&., TAS, which is proportional to the molecular length, domi-
with the increase of the surfactant concentratiddne also  nhates. On the other hand, when the interaction is strong the
observes from Fig. 5 that the system evolves into a highlynterfacial free energy is independent of the molecular
ordered lamellarlike structure whéris sufficiently reduced, length, hence the solubility is not affected. As for the effect
which agrees with experiments and further suggests that o@f the surfactant concentration, it is observed that the solu-
model, despite its simplicity, preserves the essentials of thBility of water in oil is enhanced by the increase of the sur-
complex water-in-oil microemulsion system. factant concentration and the system eventually evolves into

a lamellarlike structure for large values.

IV. CONCLUSION
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