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INTRODUCTION
Farlier work on falty acid monolayems

was reported by Langmuir (1), Adam (2),
and Schulman and Rideal (3-5). Using
surface potential (AV) mensuremonts, Schul-
man and Hughes (6) showed that the AV-pi
plot for myristic acid monolayers resembled
the titration curve for futty acid solutions.
This was followed by investigations from
various laboratories, which have heen sum-
marized in recent review articles by Der-
vichian (7) and Shah (8). Most of theso
studics were done with subsolutions which
were not buffered. The present studies ro-
port rosults with buffered subsolutions. The
objcotive of the present study was to in-
veslignte fatty acid monolayers at various
PH values and o corrclate Uha surfaco prop-
ertics with their foaming charncteristics.

EXPERIMENTAT,

Malerials, The highly purified stearic acid
was the same as used in the previous studics
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Surface pressurcs and potlentials of stoarie acid monolayers were measured on
bulfered subsolutions at variows pIl values. The molocular area-pll plot for stearie
acid monalayors al a surface prossuro of 10 dynes/em showed a maximum at pll 9.0,
The gurface polantinlk of stoarie acid monolayors also showed agharp ehange nt about.

- DI 0. The foaming charactoriatics of decanole neid woro studiod at various pll valuox,
which showod that tho fosm produecd at pil 0.0 in tris-11C! huffer had the lenst sta-
hility. 1t is suggostod from surfaco measuromonts that Lthe maximum expansion of
sloarie neid monolayors on Lrin-11CI buffor at pl1.0 ix duc Lo maximum repulzion bo-
Lwoon stenrie acid molesulas or to panotration of tris lons into the monolayor, “This
offeat also roduces tho fonm stabitity of doennoio acid at pll 9,

(). Deeanoie acid (purity > 99.5%) wis
purchased from I8 & K Laborntorien, Toe,
(Plainview, Now York). Inorganie chemienls
of reagent grnde and  distilled-deionized
water wore used in all experiments, For pE
claso Lo 2, solutions of 0.05 A7 HCI were usi ;
for pH 3-6, buffor solutions of citric acid-
sodium citrnto were used; for pll 7-9, bufTer
solutions of tris-HCI were uscd; for pll
10-11, buffor solutions of glycine-NaOll wero
used; for pH 12-13, solutions of 0.05 A7 and
0.1 M NaOH were used, respectively. All
buffer solutions were of ionic strength 0.05
and wero prepared according Lo Bischenisis’
Handbook (10).

Monolayer Stulies. ‘The surface pressure
was mensured by a modificd Wilhelmy
plats methad, and surface polentinl by o
radioactive clectrode ns described previ-
ously (11). The state of the monolayers at
about 20 A*/molecule was determined by
the tale method (12).

Foam Studies. I'he fonms were studied in
the following manner: | ml of warm deeanoie
acid (mp 31.5°C) was added to 20 ml of
various buffer solutions in ench 100 ml glass-
stoppered cylinder, and the mixtures were
shaken vigorously for 1 min. The fonm char-
acterirtic were recorded and the eylinders
were pholographed ab various Lime inlervals,
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Fiu, 1. Surface pressuro-nroa curves of stoarie
acid monolayers on buffered subsolutions at
various pH valucs at 22°C,
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Fra. 2. Averngo moleculnr aron of sloarie acid
at various pll values al a surfaco pressure of 10
dynes/em.
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Monolayer Sludies. Tligure 1 shows the E
surfuco pressurc-nren curves of stearic acid 3 300} i
monolayers on buffered subsolutions at g
different pll values. 1t is interesting to noto E
that the surface pressurec-aren curve at pH E 200 |- , 1
. 9.0 shows considerably higher initinl surfaco @ \\\
pressure than that at pH 8 or 10. Figure 2 i o0} \ .
shows tho molecular aren of stearic acid at o o \
surfneo pressure of 10 dynes/cm for various . B
pH values. The plot of molecular aren-pH g of \ .
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Pira, 3. Maximum surface polontinlg of stearie
acid monolayors near 20 A%/moloculoe at various
pIT values. Fxperimental data of other workers
aro includod,

bly larger aren ab pll 9 than at pll 8, 10, or
11, at n zurfnee pressure of 10 dynex/em.,

Figure 3 shows the maximum values of
surfaco potentinls_ of stearic acid mono-
layers at about 20 A per molecule ab various
pH valuon. IFor comparison, the surfaco
potentials of stearic acid monolayers re-
ported by other investigntors are also shown
in I'ig. 3. IYigurc 4, whichis plotted from the
data in Fig. 3, shows the vnlues of
—38(AV)/spH plotted aguinst the pll of
various subsolutions for stearic acid mono-
layers. The term —38(AV)/6pH represents n
change in surfnce polentinl enused by n
smadl change in the pll of the subsolution.
It is evident from I%ig. 4 that the maximum
rato of chango in the surfaco potentinl oceurs
at pIl 9.5. IHowever, there ix also n small
“hump” in tho plot at pH 5.0.

Tt hag heen shown (9) that the Lerm
AV/n represents an avernge potentinl per
molecule, which is also proportional to the
surface dipole moment of the moleecule
(i, AV/n = Rpg = AV X 107 aren per
molcculo in squarc Angstroms). This parnm-
eler was found to he very uscful for in-
vestigaling inlernctions in mixed monolnyers
(9,12). Figure 5 shows the avernge potential
por molecule (AV)/n plotled agninst the pll
of smubsolutions. The values of AV /n weore
ealculated at o surface pressure of 10
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11a, 4, Plot of —&(aV)/8pIl = pU for stoarie acid monolnyoers on Lufferod subsclutions ut 22°C,
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Fia. §. Avorage potential por moleculo (AV/n)-
pH plot for stenrie neid monolayers on buffered
subsolutions, 22°C, at a surface pressure of 10
dynes/em. )
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dynes/em. Here again, the average poten-
tinl per molecule shows a sharp transition
at pH 9.4 (g, 5).

Table 1 summarizes the state of stearic
acid monolayers at 20 A*/moleculo for
various pll values, For pIl values 2-6,
stearic acid monolayors are in the liquid
state, whereas at pH 7-8, the monolayers are
in the solid state near their limiting areas
(=20 A*/molccule). For pH values botwoen
0 and 12, the manolayors are in the gol stato
newre Lhe collapse pressure; however, it was
inferred from the movement of tals particles
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that the surface viscosity gradually in--
erensed  with the pIT of the subsolution
(Publo 1), ‘Iho trnsition from the liguid
to tho gel state tankes place nt rathor low
surfnee pressures in these monoluyers.

loain Studies. 1igures 6 and 7 show the
foum charnctoristics of decanoic acid ab
various pIT values 6 min and 5 hours after
forimantion of fomns, Tt is cvidont that the
foan at pH 0.0 hus tho largest volumo and
tho loast stability, Morvovor, it is cloar that
decanoic acid does not produce foams below
pH 7. The foam at pH 9 collapsed within 2
hours, whereas for other pH values it sur-
vived for more than 16 hours,

DISCUSSION

Monolayer Studies. Figure 1 shows the
surface pressure-area curves of stearic acid
monolayers on buffered subsolutions at
vurious pll valucs, At pIl 0.0, the initial
surface pressure is considerably greater than
that at other pH values (except pH 12-13),
This suggosts that the maximum cxpansion
of stearic acid monolayers at pH 9 on sub-

‘solutions of tris-HCI buffer may bé duo to

maxiiwin  repulsion helween  stearie acid -
moleoules in the monolayer, Alternatively,
it is also possible that the expansion at pH 9
is due to penetration of buffer ions (tris)
into the monolayor, This cffect may depend
upon the concontration of tris ions since tris-
HCI buffer ut pII 7 und 8 does not cuuso
such striking expansion of tho monolayors,



Fia. 6. Foam charactoristies of decanoic acid in buffered solutions at various pll values 5 min after
formation of foams, 22°C; 1 ml of deeanoie acid iz added to 20 ml of buffer solution in each exlinder.

It is difficult at this stage to prefer one
mechanism over the other sinee we find that
with various bulfer subsolutions in the pH
mnge 8-10, the initinl surface pressure lovel
in the platean region inereases with pll, Tho
monolayers on subsolutions of tris buffer
in the pll range 8- 10 exhibit considernbly
greater initinl surface pressure levels than
those on other buffers.? The maximum in

310ur reeent studies (unpublished) using sub-
solutions of [ICl-Ammonia (pll 8.0-9.0), glycine-
NaOll  (pH 9.0-10.7), NallCO;-Na,CO,;  (pll
9.0 -10.6), borie acid-NaOIl (pll 8.6-10.0), and
Lris-1HHCH (I 8.0 9.4) bufTers shawaod that with all
these buffers the initial surface pressure level of
the plateau region in the surface pressure-arca
curve increased with pil. If we assume that the
initially high surface pressuro lovol at pll 12-13 is
due to ionie repulsion hetween moleeules, then
with all these hufTers, Lhe inerenting initinl gurfaeoe
pressure levels are due to ionization of carboxyl
groups in the monolayer. However, the increase in
the initial surfaco pressuro level was inaximum for
tris-11C1 buffer and minimum for NaHCO3-N2a,CO,
buffer. The other three buffer subsolutions showed
approximately the snme inerease in surface pres-
sure levels intermedinte between Lhose shown by
tris-HCl and NaliCQ4-NayCO, buffers. This difTer-
ence can be attributed cither to the effect of vari-
ous buffer iong on the dogroe of ionization of car-
boxyl groups or Lo the varying extont of penelra-
tion of these buffer ions in the monolayors. Whon
Ca or Caa monolayers are studiod on these buffars,

moleeular aren ab pIT 9 persists even in the
121 mised monolayers of stearie aeid and
stearyl aleohol (1:3). The expansion in molee-
ular aren cannot he atbributed o the pres-
ence of polyvalent metal ion impuritios sinee,
in genernd, thix would tend to condense the
monolnyers, Morcover, the presence of a
small amount of KDTA 10 A7) added
to the subsolution did not influence this
maximum in the molecular area. Ior pH 2-9,
the limiting aren of stearic acid is approxi-
mately . the same (20 AY/molecule), im-
plying that the monolayers are stable in
this pIl mnge during the Lime interval of
compression (210 min). The reduction in
the molecular area nt pH 11-12 may be due
to slight solubility or to structural changes in
the monolayer (IFig. 2). The presence of 50
to 75 mole % of stearyl aleohol in stearie
acid monolayers yiells also nomaxinm in
area per molecule at pH 9 and the moleculur
aren of &~20 A?in the pH range 10-12 (13).
Previous workers  (6,14,15) who also
studied fatty acid monolayers as a function
of pIT Miled to notice this maximum, pre-
sumably owing to their use of unbullered
subsolutions, though CGoddard el al. (106)

the oxpansion effeel is oliminnbed presumably
beenuso of inerensed cohesion belwoeen hydro-
earbon ehning,
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Iia, 7. Foam charactoristios of deennoie neid in bulfored solutions at various pll vadues 5 hours ofter

formation of fomms, 2290,

hiave reported expansion of stearie, snchidie,
andd hehenie acid monoluyers on subsolutions
of tetrnmethyl- and  tetenethyliimmimonium
hydroxides,

Iigure 3 shows the maximum surface po-
tentials of stearie neid monolayers at various
pH values at about 20 A?/molecule. Ior o
comparison, the data of other investigntors
wre also plotted in Fig. 3. Betts and Pethicn
(17) and Sanders and Spink (18) used un-
bulfered subsolutions at high pH values.
In the present work, the surface potentinls
ab high pH values are considerably lower
than those reporbed by other workers, This
is presumably due to n greater extent of
ionization or to internction of buffer ions
with the monolayers on buffered subsolu-
tions,

Figure 1 ix a -8(A1)/spH-pH plot de-
vived from the data presented in Fig, 3. 1L
shows that the maximum change in the sur-
face potential of stearie ncid monolayers oc-
curs at pH 9.4. However, Iig. 4 shows a
small “hump” ot pH 5.0, which occurred at
pH 4.0 in the work reported by Betts and
Pethicn (17). ‘This presumably indieates that
initial jonization vecurs at this pH and the
subsequent ion-dipole internction results in
the “hump” in the -8(AV)/8pH-pH plot
(Fig. 4). The observation that binding of
Catt to stearic acid monolayers beging to
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oceur ab pll & also supports this conclusion
(20,21).

It has been shown by Multson and
Volpenhein (22) and Benzonuna and  Des-
nuclle (23) from their titention studies of
oloic ncid that 50 % ionization occurs at pH
8.8. Rosano and I'cinstein (24) have re-
ported from their studies on titrntion of
micellar solutions of potassium luurnto that
bulfering action oceurs neur pH 9.3, Bugg,
Haber, and Gregor (25) have analyzed
skimmed monolayers of stearic und behenie
acids from sodium-containing subsolutions.
They have reported the pKo ovalue of the
futby ueid monoluyers to be close to 8.9,
Christodoulou and Rosano (26) have also
reported the pK value of stearic and behenie
ucid to be close to 9.3 from surfuce potentiul
measurements. The monolayer and foam
studies presented in this paper also indieate
that the area per molecule of stearie acid
and the foam stability of decanoic acid are
strikingly influenced by tris buffer at pH 9.

The State of Monolayers ab Various pH
Values. 1t is evident from Table I that al
Pl 7 and 8, the monolayers wee in the solid
state near their limiting area, ‘Uhis is another
indication of ion-dipole interaction between
ionized and un-lonised moleocules, At lower
pH values, the monolayers are in the liquid
state owing to a lack of interaction (ion-
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TABLE
Tk STATE 0F STEARIC ACID MONOLAYERS AT 20 /\’/Mm.m:un.n ror Yarnious ell VaLuese

The state of

Surface pressure at which transition occurs

plt Subsolution The state of
2.0 HCL solution Lic(uid
2.8 Citrle noid-sodium Ldequid
citrato hulfor
3.9 Citrie acid-goclinm Liquid
citrato bhuffor
4.9 Citric acid-godium Licquid
citrate buffor
5.75 Citrie acid-sodium Liquid
eitenlo haffor
7.15 Lrin-11CH bulfer Solid
8.0 tris-IHCl huffer Solid Liquid — solid at
10 dynos/em
9.0 tris-HCI! hulfer Cel (+)* Liquid — gel at
A 8 dynes/em
0.0 Glyeina-NaOITl buffoe’ Gol (+)* Liquid — gol at
2.5 dynes/em
10.8 Glycine-NaOH huffor Gel (4-+)* Liquid =» gel al
3.0 dynes/em
12.25 NaOH nolution ol (+++)‘ l,iqu]d — gel at

« Thaesolid, gol, and liquid statos havo beon dofinod in the previous paper (12).

K.0 dynes/em

S lhe number of | riguecindieates qualitatively the ineronsing surfaee vikewily of the manolayers,

dipole) in the monolnyers. Qualitative
observations indiente that above pH 9, the
surfnce viscosity increases with pH. For
these monolayers, the liquid to gel transi-
Lion also occurs al low surfaee pressures,
Foam Studies. Iigures 0 and 7 show the
fonm characteristics of decanoic acid in
buffer solutions which were the same as those
used in the monolayer studics at various
pH values. Two major conclusions from the
present study are: fisstly, decanoie acid does
wot produce foum below pH 8.0; and sce-
ondly, at pH 9 the foam has the largest
volume but eollapses within 2 houm, wherens
at other pH values it is stable for moro than
16 hours, The charncteristics of fonm at pH
0 can be explained as follows: beenuse of Lhe
maximum repulsion between molecules or
the penctration of buffer ions at pH 9.0,
the fatty ncid molecules occupy n lrger area
per moleceule in the monolayer and pro-
sumably in the foam lamellns. This reduces
the surfaee viscosity in the lumaollns and
hence gives tho largest amount of fonm,
However, the low surface viseosity causes n
rapid rate of thinning (27) and the foam

collapsex within 2 hours at pH 9. Ax with -
monolayers of Csq and Clag fatty ncids,? an
inerenso in the chain length from Cye to Cye
or Cy fatty ncids could mask the effect of
Lris jonx on foam stability. The idens pre-
sented above do not represent n genernlised
theory of fonm stability but are offered to
explain a close correspondence between the
fonm charncteristies of deeanoic acid and
the monolayer propertics of stearic acid at
pit o,

In summary, we have shown that the
nvernge aren per molecule, the surface po-
tentinl, and the fonming charmecteristies of
fatty ncids strikingly change near pH 0.0
on tris-HCI buffer beenuse of the maximum
repulsion bebween moleeules or the penetra-
tion of bufTer ions,
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