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ABSTRACT 

The work de,3cribed in Part I of this. report concerned the spreading 
upon water of aliphatic fatty acids dissolved in mineral oil and the 
work herein presented. concerns the same minerct.l oils containing in 
solution either the alcohols, phanols, ketones or esters. Some additional 
related work on acids ij also described • 

. Whereas acids in oU can be uetected when ati little as one part in 
100,000 by weight is present, all alcohols, phenols, ketones b.nd esters 
containing only one polur group cauat:d spreading only when more than one 
part in 1000 by weight was present. 

The essential char.::..cteristics of the oil spreading manifested by 
the various seri~s of compounds studiaci are described. 

The causes of t~e observed phenomena involved in the spreading of 
oil drops have been systemr1.tically sou6ht and can now be considered 
well understood. 

Finally, recomnv:mctations are made for the application of these 
results to various Naval oil problemD. 
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INTRODUCTION 

(a) Authorization 

• 1. This problem was authorized by Bureau of Engineering letter 
JJ14/L5-(5-31-Ds) of 8 June 1938. 

(b) St&tement of Problem 

2. The experimental work presented here forms Part II of a report 
on the investigation of the phenomena involved in the spreading of oil 
drops on water. Broadly speaking, this rese:arch was initiated in order 
to ascertain the potentialities and limitations of using such phenomena 
as a means of detecting the presence of thermal break-down products 
or constituents of the oil which cause varnish and sludge formation 
and corrosion in internal combustion engines, and also of detecting the 
presence of any adct.itive agents in lubricating oils. Because the 
results described in P&rt I were considered so promising, the following 
experimantal studies wGre mada on sprea.dint$ phenomana in oils due to the 
presence of the fatty alcohols, phenols, k0tones &nd esters. These 
org&nic chemic&ls a.re triply interestin6 since they are likely break-down 
products of oils, are corn.~only used adQitive agents, and often are 
powerful emulsifying a~ents. 

(c) Known Facts Bearing on the Problem 

J. No work has ever been published on the effects on oil spread-
ing of any org~•.nic compounds other· tht:.n fatty c:.cids(l,2,3,4). Furthermore, 
even these early dtudies of fti.tty acids were so limited anu incomplete 
as to be useless, as referenc0 to Pl:irt I will tihow. 

4, In P11rt I tl'1e Ei/mera.l phenomena involved in the spreading 
of oil dro.;,,s on w-at3r were described. All the phenomena reported were 
explain8a So.tisfacto:r.ily i,i th the exception of the non-spreading of the 
long-chain acids on acid w&ter free from metallic ions. In this report 
the mechanism involved ha.s .s.lso been completely unrave1ed, largely due 
to the useful and simple results obtained in connection with the study 
of the aliphatic alcohols. 

5. The only previous reference to the spreaciing effects of non-
acids was made by Sti:;,nst:corn and Vigness(l) who simply remc1.rked that cetyl 
&lcohol ::..nd cs.pro-f:ld.c;;hyde do not CE..use oil spreading on Wb1.ter ( work 
reported here ::,hows tho3e results to be incorrect). HowevE::r, the early 
work of LangmuirU,4) on the spreading of stea.ric acid upon acidified 
water has proved to be most helpful, altnou6h extremely sketchy and 
incomplete. 

(d) Theoretical Considerations 

6. If molec1.1les oi' a fatty cJ..Cid are pr%ent in solution in a 
mineral oil, ionization of the polar end of the r:iolecu.le, the carbo:xyl 
group, can happen wben in ti1e course of its diffusion throu.;;;h the oil 
it reaches the oil-wate1· interface. The electrical forces arising from 
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that ionization process would be expected to add their effect to the 
forces tending to hold the molecule at the interface. On the other hand, 
molecules having a non-ionizable polar group like the alcohol group (OH), 
the ketone group ( C=O) , or the ester group (-~~~ ) woulci be less firmly 

held at the interface ~nd might leave it after a certain average duration 
or "life-time" cind dis(.;.ppear within the volume of the oil drop. 

7. Stated in another way, long-chain molecules with ionizable 
polar groups will have lon6 averuge life-times at the oil-water interface, 
while those with non-ionizable polar groups will have much shorter average 
life-times. In fact, the results of Part I prove that the ionized acid 
molecules all remain indefinitely at the interface. On the other hand, 
all non-ionizuble molecules will not remain at the: interface but will be 
taking part in a dynamic equilibrium which will involve a steady flow of 
molecules to the interface from the interior of the oil drop, the 
temporary adr:;orption of a. c;:;rtain proportion, and the subsequent loss 
from the interface of ;.,_dsorbed molecules due to the combined defects of 
thermal agitation and molacular collisions. At equilibrium a certain 
average number of the molecules will be ad~orbed at the interface and 
the remainder will be in solution in the oil drop. 

8. Obviously oil containing non-ionizable polar molecules 
will spreaci equcilly well on acid or on alkaline water or on water con­
taining dissolved metallic ions, wl1ile oil containing ionizable molecules 
will spread most when placed on wc.ter arranged to have th<:Lt acidity 
(or pH) most effectiv,:: in causing ionizs..tion. 

9. If these theoretical considGrutions are correct, oil spreaaing 
ph,momena will permit one to experiment&lly distinguisr1 between ionizable 
and non-ionizable molecules, since obviously the former would show more 
spreading for very small concentratiom, of the polar molecules than the 
latter. 

10. The equilibrium of the surface tension forces acting on a 
thin oil disc is gra.phicc.illy shown in Plate 6. Since the n,ngle fS, is 
sm6.ll, the following relation of the three surface tGnsion forces &cting 
at point P must hold for static equilibrium, i.-e., non-spreading of 
disc: 

For a pure mineral oil on clean water at 20° C. the following surface 
tension data. are correct to a sufficient degree of accure.cy: 

FwA = 73 aynes/cm. 

Foy,, = 31 II 11 

FOLi = 55 II 11 .. 
Hence, (A) holds since 31 + 55 ---. 73. ✓ 
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11. Now polar molecules adsorbed at the oil-w~;. te:r interface, PQ , 
will exert, by virtue of their thermal agitation and mutual collisions 
(and ah,o because they are constrained to move only in the interfacial 
area), a surface pressure, F. Therefore, in equation (.A) to the force, 
FoA, must be added the pressure, F, hence introducing numerical values, 

31 - F + 55 ~ 73 

and this relation will be fulfilled so long as F is less than or 
equal to 13. 

(B) 

]2. Thus, when F e.xceed.s 13 dynes per centimeter disc spreading 
will begin and the more: F exceeds 13, the more rapid the spreading 
will be. In other \rnrcis, such an oil drop cont'l='.ining polar molecules 
can spread only when the interf,::1.cia.l film pressure, F , due to the 
adsorbt~d molecules exceeds a certain definite value which for most 
mineral oils is somewhers: bet,veen 10 and 14 dynes per centimeter at 
room temperature. Consequently, if the area per molecule, A0 , in the 
adsorbed film c1:m b8 found by measuring the spre&ding of oil drops, 
it will be that Vc.a.lue of J..0 corresponding to tha packing tot:Sether of 
the molecules under the equilibrium pressure, F. 

(e) Narrative of Original Work Done at this Laboratory on the Problem 

13. The fatty alcohols have been added to either light or heavy 
mineral oil and the effects of the alcohol concentration and temperature 
have been investigated in considerable detail. The effects of varying 
the pH of the water a.nd also of the presence in the water of metallic 
ions have been studied. The area, A

0
, occupied at the oil-water interface 

by the molecules of the various 1:..lcohols has been measured. 

14. Because the bshavior of these alcohols furnished a valuable 
clue as to the cause of tne earlier non-spreading of fatty acids in oil 
when placed on acidified v:2.ter, a further study of all the fatty acids 
described in Part I was made in order to complete our knowledge of their 
behavior under these circumstances. In addition, undecenoic acid has also 
been studied. 

15. A consid,.c;r&ble number of aromatic and n::i.ph.thenic alcohols 
were studied. 

16. A S<)ries uf lrntones both aliphatic &nd aromatic have been 
studied. 

17. A series of esters of a monoeydric &nd of a tribydric alcohol 
and two esters conthining two polar groups e&ch were studied. 

18. A new metnocl hus been developed as an inciciental result of 
this ,vork v;hich has proved c-.. sensitive means of measuring the solubilities 
in oil of long-chain compounds, and with which ct rnL,iber of approximate 
solubility meusurements of interest :itwe been obtained .• 
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DESCRIPTION OF MATERLl.i.L AND D;~TA OBTAIN£D 

(a) Aliphatic Alcol1ols 

19. Each of the members of the homologous series of fatty alcohols 
listed in Table VIII were dissolved in Crystal Compa.ey petrolatum (light 
mineraJ. oil) cincl d:::-or,0 of each solution were spread on the clean surface 
of distilled water at 25°c. It was found thEi.t the addition of an alcohol 
to pure minera.l oil wiU not ca.use an oil drop to spread unless the weight 
concentratJon, w, exceeds a certain definite concentration, wo. The 

more w exceeds w0 the more rapid the rate of spreading of the drop 

and the greater the maximum urea attained in spreading. If w-wo is 
sufficiently gr Ge.. t, t!1e film s how1;, unif o:cr:1 interference colors, in which 
case it breaks up into cc number of smalbr oil discs soon after attaining 
its maximum dj_ameter. The lower the molecular weight of the alcohol, 
the more rs.pid t~e zprc,c.eiing, and. the more violent the break-up of the 
oil disc after mwdm11n extension. In fa.ct, tha low moleculur weight 
alcohol, hexanol, spreud.s cind burscs violently into thousands of tiny 
droplets in the space of c. few seconds, while t::ie ;_1igh molecular weight 
a.lcohol, hexadeca.nol, spre&.ds much ,nore ::ilowly w.nd ufter reaching its 
maximum diameter thi,, di:;;c mer8~T grc::.du(;..llJ contrc,cts. In ctll cases, 
test~ with tF ... lc ( sec P&rt I, pc;,ri:l.6;-· .. ph 27) show there is edge loss 
occurring which is :nuch less pronounceo. f'cr hi~h _nolecular weight 
molecules th:in for ti10Ge of low molecuLu: weight. 

20. If the mo.xirnum spreEiciing L.:!'.'e,1 per gram of the oil drop (71'R2/m) 
be plotted a.~-::..inst w-w0 & good str,;;.i~ht line 6r,iph is obti.lined for 

each subst1:.nce studied. Thi;;; re::mlt, whlch hb..5 proved quite 6eneral f9r 
non-ionized molecules, fo precisely the s:,_me as thut found by LungmuirU ,4) 
in his study of the spre,~ding of stai:-.ric acid on acid wr.:. t8r. The 
results for i1exadec1:..nol, tetra.dec.s.nol, douec;.:..nol u.nd ciecanol when 
dissolved j_n litsht minc-:ral on :,,nd s~r0(id at 25°c. are given in Table I-A 
dnd ~lso in Pl~te 1. 

Table 1-A 

Spreeding of Aliphatic Alcohols in Li5ht Mineral Oil. 
(Temperature of 25°c.) 

11lcohol N WO in gm;gm W
0 

moles; 1000 grn 
---

Octadecanol 18 Too insoluble 

Hexao.ecs.nol 16 1.940 X 10-3 0.802 X 10-2 

Tet:radeca.nol 14 1.660 X 10-3 0.776 X 1'"-2 .U 

Dodecanol 1:2 1,393 X 10-3 G.749 X ic-2 

Decanol 10 1.140 X 10-3 C.722 X 10-2 
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Table I-B 

Spreading of Alipnatic Alcohols in Hectvy Mineral Oil. 
{Temper5.ture of 25°c.) 

Alcohol N Wo in gm;gm W0 in moles;lOOO gm a0 

Octadecanol. 18 Too insoluble 

Hexadecanol 16 , -o 10-3 ~.l X 0.868 Y. 10-2 38.2 A2 

Tetradecanol 14 1.84 X 10-3 0.861 :x 10-2 61.5 A2 

Dodecanol 12 1.41 x 10-3 0.759 X 10-2 48. 7 A2 

Decanol 10 1.285 X 10-J 0.814 .x 10-2 54.3 A2 

21. The explanation of these results is quite readily given 
along the lines laid down in paragr!;tphs 6 to 12, for they are manifesta­
tions of short life-time cidsorption at t:1e oil-water interface. Every 
molecule of alcohol which reaches the inter:face d•Jes not remain there 
indefinitely, but d.ue to the effe~ts of the oil solubility of the 
hydrocarbon chain of the mclecule and to the effects of the collisions 
of the interfo.cial mc,lec·ules with one E,noth•:;r :1nd with the neighboring 
water and oil molecul0s, -::,ftdr a brief stliy aach polar molecule leaves 
the interface and disappa~rs into the volum~ of the oil drop. At any 
instb.nt, however, the inti:;;rfaciul areb. ,.ill be occupied by adsorbed 
molecules and their thermal agitation ~:nd mutual repulsive forces will 
result in tho creation of & two-dimensional interfo.citi.l film pressure 
which will always a-ct to increase the interfa.cial area., or in other 
words, to cause th::: oil drop to spread on the water as much as external 
forces permit. Howevar, the spreading c,_,nnot commence until the film 
precsure F exerted by- the adsorbed i;10L~cules is a.t lea.st a little 
gre.'.1ter than the result;;.nt of the surface tension forces acting on the 
thin disc, as has been shown in para~aphs 11 and 12. This force 
has been shown to be between 10 and 14 dynes per centimeter. 

22. No spreading occurs when w is less than w0 because the 
film pressure F is too small. As spreadin~ takes place the alcohol 
molecules adsorb as fast as new interfaciul area is made available. 
The newly arrived adsorbed molecules must come from the alcohol distributed 
within the volume of the oil drop in the neighborhood of the interface, 
and the volume concentration in the drop decreases accordingly. Evidently, 
the spreading will ce-3.se when the volume concentration of the alcohol 
in the drop has decreo.sed to the value w0 , and static equilibrium will 
result. As evicience of the correctness of this description, if a 
multiple piston (see Part I, page 12) be employed to exert an external 
pressure on the oil drop, the disc '..:!ontrac ts completely tvhen the 
external pressure is around 15 dynes - quite unlike the behavior under 
the same conditions of actsorbed films of ionized molecules; for they merely 
contract until the closest possible packing of the adsorbed molecules 
results. 
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23. Consequently, the difference in concentration w-wo 
represents the amount of alcohol which had to flow to the interface in 
order to permit the disc to expand to its maximum spreading area, A. 
Hence if m is the mass of the oil drop, the number of the alcohol 
molecules given up by the solution to form the film will be: 

(w-wo) ....!!L 6.06 x 1023 
M 

where M is the gram molecular weight of the alcohol. 
the area occupied by a polar molecule in the interface 
maximum radius attained by the spreading oil disc, then 
and the number of molecules in the interface must be: 

Since expressions (C) and (D) must be equal: 

..1LlL = ( w-w ) 
a 0 0 

m 
M 

(6.06 X 1023) 

If ~ is 
and R is the 

A""' 1,R2 , 

24. Differentiating ,;:;quation (E) with respect to w gives 
the relation: 

d ---
dw 

'rhe left hand side of F is the slope, tangent 8 , of the straight 
line whose equation is given by (E), and it can be obtained by 
plotting Jr' R2/m on the axis of ordin<ites against w on the axis 
of abscissae. Hence the useful relation is obtained: 

a = (6.06 x 1o23) hl tan r9 
0 

which permits the calculc1tion of a0 from a measurement of tan(. 
provided the gram molecular 1ueight, M , of the adsorbed polar 
molecules is known. 

(C) 

(D) 

(E) 

(F) 

(G) 

25. It was found that whereas a0 was not temperature-sensitive, 
wo was very 1:mch so. Since wo is the concentration at which F equals 
the net surface tension forcas acting on a flat oisc of oil, and since 
the sui1face tensions of oil and water are affected markedly by 
temperature changes, w0 would be expected to prove temperature 
sensitive. It was folrr.td for aliphatic alcohol that raising the 
temperature 1°c. increased the value of wo by 10 par cent roughly. 
It is worth noting that this temperature increase may s.lso be in part 
due to the increase in solubility with temperature. 
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26. The results obtained with the aliphatic alcohols dissolved 
in mineral oil are given in Tables I-A and I-Band in Plate 1. In the 
third column wo is the intercept on the w axis (see paragraph 20) 
expressed in grams of alcohol per gram of oil. In the fifth column will 16 be found the area per adsorbed molecule a

0 
expressed in the unit of 10-

square centimeters which is denoted by A2. 

27. One regularity Shown by these data has been brought out in 
Plate 2 by plotting w0 against N, the number of carbon atoms in each 
molecule. It is worth remembering that N is nearly proportional to the 
molecular weight, M. From the straight line of Plate· 2 one concludes 
that a more significant quantity than wo is the intercept on the w 
axis expressed in gram moles per thousand gre~1s of oil, and this value, 
denoted by w0 , is presented in the fourth column of the preceding 
tables. It is evident that w0 is very nearly the same for all alcohols 
dissolved in the same mineral oil, and the values for the two different 
mineral oils used are not far apart . 

28. As stated in paro.gr,iph 19, edge loss, or the edge diffusion 
phenomena described in Part I, page 9, also occurs here. And it also 
becomes more pronounced the shorter the chain length of the molecule. 
Shortly after the spreading drop has reached its maximum diameter, a series 
of phenomena occur \,hich are quite char acteristic of the molecule chain 
length of the adsorbed molecules. The differences are quite qualitative 
but useful. If there &re 16 carbon atoms in the chain, as in hexadecanol, 
the process consists of a gradu&l contraction of the disc accompanied by 
weak edge loss; if there are 12 carbon atoms, 11s in dodecanol, the disc 
s lowly breaks up by the splitting off from the periphery to form a half 
dozen or so flat discs which in turn gradually contrac t as considerable 
edge loss is manifested; if there are 10 carbon atoms in a chain, as in 
decanol, the discs breaking off are smaller, far- more numerous, and the 
process occurs in the space of a few seconds, while the edge loss is 
much stronger; finally, if there are only Sor 6 carbon atoms in a chain, 
as in octanol or hexanol respectively, the disc seems to literally 
explode in a two-dimensional sense , and hundreds of tiny, almost 
heinispherical, drops arc left skating about on the water for 15 seconds 
or less. 

2 
29. From the l inear relation between 7r'R and w, a value of 

m 
can be computed readily, however, the existence of edge loss obviously 
causes the calculated value of a0 to be too small, the error being 
greater the more pronounced the edge loss, or in other words, the lower 
the molecular weight. Hence a 0 is nearly correct for values of N of 14 or 
more, while for lower values it is too small. One can safely say from 
an inspection of the last column of Table I-A, for example, that a0 for 
hexadecanol is actually not f ar from 57 A2 , but that it must be greater 
f or all the alcohols of shorter chain l ength than 16. These conclusions 
are illustra ted by t he curve P2 of Plate 5 which was constructed by 
plotting the value of r~o of Taole I-A against the number of carbon atoms 
per chain, N. The dotted tangent line P2Q2 was drawn in order to 
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give a rough indication of the course the curve P2 would have run if no 
edge loss hcid been present. The actual curve is nearly parabolic due to 
the very rapid increase in edge loss with decreasing values of N. 

JO. It might be thought that the low value of a0 for values of N 
less than 14 is due to the dissolving into the water of the adsorbed 
molecules. Although N.K. Adams' rule(5) that monolayers at the air­
water interface of alcohols and acids are insoluble only if N is greater 
than 12, it is not true for monolayers at the oil-water interface. This 
is logical since in the latter case the molecule is attracted both by the 
water and by the oil, while in the former case is attracted by the water 
only. Much experimental evidence that Adams' rule does not apply can 
be cited from work carried on at this Laboratory; however, it is 
sufficient to describe one experiment with octanol dissolved in oil at 
a concentration which does not cause ImlCh disc spreading but does not 
show strong edge loss. If the boundary cf the disc is compressed 
externally vd th a t1:..lc film on water to prevent edge loss and an hour 
later the pressure is released, the edge loss commences practically 
undiminished. If the adsorbed octanol molecules had been appreciably 
water soluble, all of them would be dissolved in that time since an hour 
is enormously greater than the time needed for all the octanol molecules 
to diffuse from out of the oil drop, adsorb, and finally dissolve in 
the water. 

(b) New Solubility Phenomena 

31. Experiments were made with light mineral on to which progres­
sively larger amounts of hexadecanol were added until w exceeded the 
solubility limit as shown by subsequent precipitation of crystals. It 
was found that as long as the solubility limit was not exceeded uniformly, 
colored films were obtained and the graph of 1YR2/m versus v1 v.as a good 
straight line. When 1: exceeded the solubility limit of 

wm :a 2.5 x 10-3 gm/gm 

the graph of -r,-a2/m versus w still was a straight line, but the spreading 
oil disc developed numerous colored spots which were evident because they 
spread faster than the rest of the disc. When w was less than wm no 
spots appeared during spreading. Experiments with tetra.decanol showed 
similar results when w exceeded the value of wm ~ 6.1 x 10-3 , and 
the colored spots which appeared spread very rapidly relative to the 
rest of the film. Similarly, experiments with dodecanol snowed that 
when w exceeded wrn = 10.2 x 10-3, the coloreu spots appeared but 
the incidence of the phenomena was not so well defined a function of w 
as in the case of hexadecanol und tetradecanol. 

32. Since experiment showed that precipitation occurred only 
"hen the hexadecanol concentration w exceeded 2.5 x 10-3, it was 
decided that this appearance of spots was due to exceeding the solubility 
limit. Consequently, the other two experiments furnished the solubility 
limits for tetradeconol and dodecanol. The resultant solubilities are 
in agreement with the well known fa.ct that the solubility of alcohols 
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in oil increases as the number of carbon atoms, N, decreases. 

33. The appearance of these spots is due to the more rapid spread­
ing of the oil disc in the vicinity of an undissolved crystal or an 
1mdissolved droplet of the alcohol. This change in the character of the 
spreading of oil drops in passing through t~e solubility limit can be 
used as a sort of two-dimonsional titrating technique to measure the 
solubility of any slightly soluble substance which by itself is above to 
spread on water as a monolayer. However, it cannot be employed with 
much success if the solubility limit wM is great, since the rate of disc 
spreading increases with the difference w-w0 , and so before w has 
reached the value '1a the speed of spreading will have become so great 
that it will be impossible to differentiate with the naked eye between 
the spreading in the locality of the undissolved crystal and that of the 
surrounding film. 

34. In Table II are listed tne solubilities in grams of alcohol 
per gram of oil of the three alcohols studied. These measurements are 
correct to within 5 per cent. Such accuracy was considered sufficient 
for the purpose of thi~ work. 

Alcohol 

Octadecanol 

Hexadecanol 

Tetradecanol 

Dodecanol 

Table II 

Solubilities of Al~ohols in Mineral Oil 
(Temperature of 25°c.} 

Solubiliti in Gram~ per Gram 
N In Light Mineral Oil In Heayz Mineral on 

18 Less than 2 x 10-3 Less than 2 x 10-3 

16 2.5 X 10-3 2.6 X 10-3 

10-J 
..., 

1/.., 6.1 X 4.4 X 10-_) 

12 10.2 X 10-3 8.8 X 10-J 

(c) Application of So1ubility Date. to Theory of Adsorption 

35. The solubility data of the preceding paragraph permit an 
important experimental conclusion with reg&rd to the mechanism involved 
in the spreading of non-ionized molecules. Referring to Table I, or 
Plate 1, it is seen that w0 decreases as N decreases. If the linear 
increase in the area of the spreading disc with increasing w were due 
to the fact that w0 were actually the solubility limit and w-w0 the ex-
cess undissolved alcohol which in that way was made available to be 
adsorbed and cause spreading, then necessarily w0 would have to be 
greater for hexadecanol than for dodecunol. But the solubility measure­
ments of the preceding par&graph show thnt the reverse is actually the 
case. Hence wo is not the solubility limit, but is less than that; 
in fact, the difference becomes rapidly greater as N decre&ses, as a 
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comparison of Tables I and II will show. The only conclusion left is 
that the spreading of oil discs containing non-ionized molecules is a 
manifestation of interfacial adsorption - in agreement with the gener~l 
theory advanced in paragraph 7 and further described for alcohols in 
paragraph 21. 

36. The lack of disc spreading found ·a.t 25°c. for octadecanol 
dissolved in mineral oil has a simple explanation. From Table I it is 
evident that w0 increases as N increases, while from Table II the 
solubility w.M decreases as N increases. In the case of octadecanol, 
or of alcohols of still greater molecular weight, w14 is less than w0 ; 
that is, the low solubility does not permit dissolving enough alcohol for 
the adsorbed molecules to exert a large enough surface pressure to cause 
disc spreading. 

(d) Spreading of Non-Ionized Aliphatic Acids 

37. The preceding investigation of the spreading of alcohols 
has furnished, free from doubt, the clue as to the cause of the non-spreading 
of long-chain fatty acids on acid water as described in Part I, pages 15-16; 
for on acid water the fatty acids are not ionized, hence they should adsorb 
like any other polar but unionized molecule, and hence should show oil 
disc spreading only when w exceeds some value w0 of an order of 
magnitude of around one p~rt in 1000 by weight. 

38. The spreading on acid water of each of the saturated aliphatic 
acids studied in Part I and the unsaturated acids, octadecenoic and undecenoic 
acid, were also studied where dissolved in light mineral oil, and it was 
found in each case that precisely the same type of spreading occurred as 
in alcohols. In Pl~tes 3 and 4 will be found graphs of the results of 

2 
plotting 1r R against w for each of these acids, while in Tables III-A 

m 

and III-B are presented the results in a form suitable for comparison 
with Table I for the corresponding alcohols. 

Table III-A 

s~turated Acids in Light Mineral Oil - Temperature 25°c. 
(Spread on 0.01 N HCl) 

Acid N WO in gm/gm WO moles;lOOO gm a 
0 

Octadecanoic 18 Too insoluble 

Heptadecanoic 17 2.050 X 10-3 0.752 X 10-2 63.8 X 

Hexadeca.noic 16 l.708 X 10-3 0.667 X 10-2 72.0 X 

Tetr3.decanoic 14 1.370 X 10-3 0.601 X 10-2 70.5 X 
-:i 

Tridecanoic 13 1.300 X 10-_; 6 -2 0. 07 X 10 68.9 X 

Dodecanoic 12 1.113 X 10-3 0.556 X 
_? 

69.8 10 ~ X 

Undecanoic 11 0.920 X 10-3 0.494 X 10-2 57.4 X 
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Acid 

Table III-B 

Unsaturated Acids in Light Mineral Oil - Temperature 25°c. 
(Spread on 0.01 N HCl). 

N w
0 

gm/gm W0 moles/1000 gm 

Octadecenoic 

Undecenoic 

18 

11 

0.710 X 10-J 

0.650 X 10-J 

0.252 X 10-2 

0.35J X 10-2 

46.0 X 10-16 

61.1 X lo-l6 

39. A graph of wo against N (see Plate 2) furnishes similar 
results to those for alcohols, from which can be inferred again that w0 
(expressed in gram molecules per thousand grams of oil) is roughly 
constant for a homologous series. However, the variation in w0 from 

the mean is greater than with the alcohols. 

40. Upon comparing each alcohol and acid of the same chain length, 
N, it is evident that a0 is greater for acids than alcohols; in fact, 
the mean value of a0 for acids in light mineral oil is 67.1 A2 , while 
for alcohols it is 58.6 A2 • Also the value of W for acids (0.613 x 10-2) 
is less than the corresponding Vi.ilue (0.762 x 10-2) for alcohols. 

41. The higher values of a 0 fauna for the fatty o.cids are not 
due to the effect of tri.ices of ionization of the acids since the same 
results were found on acid w&ter varying from 0.01 normal to 0.05 normal. 
The lower value of w0 for acids can be considered either as a 
manifestation of the sm~ller solubility of oil for acids than for alcohols, 
or as evidence of greater adhesion of the carboxyl group for the water 
interface than that of' the hydroxyl group. The lower value of w0 for 
the unsaturated acids octadecenoic and undecenoic than the corresponding 
saturated acids octadeco.noi.c &nd uncieccmoic is not•3worthy and must mean 
that the presence of c'iouble bonds increases the aYera!5e life-time of the 
adsorbed molecules. T.l:10 evidGnt parallelism between the graph 
JrR2 --- versus W for und8c~noic and unctecenoic &cids, and for octadecenoic 
m 

acid and heptaaeco.nol, is also noteworthy and mec1.ns that a
0 

is 
independent of the presence of double bonds in the hydrocarbon chain. 

42. Just as in the ca.se of ulcohols, the satur&ted fatty acids 
show ctn increasin6 value of w0 as the number of carbon atoms per che.in, 
N, increases, and similc.rly it was found that the solubility in the 
light mineral oil decreased as N increased. Thus hex~cosanoic acid 
(N = 26) has a solubHi ty less than 10-4 oicosc.noic acid (N = 20), has 
ti solubility somewhere between 0.4 x 10--3 and 1.0 x 10-J, octadecenoic 
acid (N = 18) has a value of 1:1.round 1.0 x 10-3, ;;,nd finally for 
tetradecanoic acid it is definitely grec:..tc,r thc..n 3.0 x 10-J. 
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43. It was found that oil drops containing octadecanoic acid 
(N • 18) would not spread on acid water at 250c. This behavior is similar 
to that of octadecanol as described in paragraph 35, and has the same 
cause, i.e., w0 , for octadecanoic acid would, by Table III-A, of 
necessity be greater than for heptadecanoic acid. Therefore w0 is 

greater than 2.05 x 10-3; but the solubility of octadecanoic acid is less 
than 1.0 x 10-3, as has been mentioned in the preceding paragraph. Hence 
disc spreading is impossible. 

(e) Aromatic and Naphthenic Alcohols and Phenols 

44. A group of non-aliphatic alcohols were studied by the same 
technique previously describea for the aliphatic alcohols and the same 
general phenomena were encountered. The solutions studied were all in 
light mineral oil and only approximate measurements of w0 were made, 
primarily bec~use it was considered only necessary for present purposes 
to find out the orders of magnitude. The results are listed in Tables IV 
and V and the compounds used are described in Table VIII, appended. 

Table IV 

Spreading of Aromatic or Naphthenic Alcohols in Light Mineral Oil. 
(Temperature of 25°c.) 

Alcohol N wo in gm; gm Wo in moles/1000 

o< -Naphthol 12 l.Ox 10-3 _,_ 0.6 X 10-2 

/3 -Naphthol 12 1.0 x 10-3 0.6 X 10-2 
,., 

J.2 X 10-2 Benzyl aleohol 7 .3.4 X 10-.) 

Diphenyl carbinol 13 0.9 X 10-J 0.55 X 10-2 

Pheri.yl benzyl carbinol 14 1.0 X 10-3 0.51 X 10-2 

Cyclohexanol 6 2 .!► X 10-J 2.4 X 10-2 

1-Etbyl cyclohexanol 8 2..7 X 10-3 2.1 X 10-2 

Table V 

Sprealin5 of Phenols in Light Min0ral Oil. 
(Temperature of 25°c.) 

Phenol N WO in gm/gm \i 0 in moles/1000 

p-tert-amyl phenol lJ. 0.5 X 10-.3 0.3 X 10-;?. 

p-cyclohexyl phenol 12 0.5 X ··o-~ .. t ~· 0.3 X 10-2 

-12-
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45. The interesting alcohols 4,4'-dihydroxy dipheeyl, 3,4-dihydroxy 
diphenyl, p-hydroxy diphenyl, and tri-phenyl carbinol were all found to 
be far too insoluble in mineral oil to be capable of causing spreading 
effects at room temperature. 

46. These alcohols in oil all spread equally well on water with 
or without dissolved metallic salts and regardless of the pH. The phenols 
showed a slightly greater spreading at high pH than the low, but the 
difference was not sufficient to permit any reliable use of the effect. 
The study of phenols of greater chain length might give more interesting 
results, however. These observations are in good agreement with the 
well known weakly acidic properties of phenols. 

47. Molecules having the same number of carbon atoms, N, differ 
greatly in their solubility in oil and in water. The greater the oil 
solubility the greater must be the value of w0 . This is illustrated 
by a comparison of w0 for hexanol (1.45 x 10-2) and cyclohexanol 

(2.4 x 10-2), the latter compound being by far the more soluble. Similarly 

a comparison of heptanol with benzyl alcohol (N = 7) shows that w0 equals 

0.81 x 10-2 for the former and J.2 x 10-2 for the latter (which is also 
the more soluble). 

48. All of the alcohols and phenols studied were extremely 
soluble. For the least soluble some approximate measurements of the 
solubility, wM, were made. Thus, the solubility at ;25°c. for ~ -naphthol 
was between 1.8 and 2.6 x 10-3, for diphenyl carbinol it was 9.8 x 10-3, 
while for phenyl benzy-carbinol it was between 12.0 and 19.0 x 10-J. 

49. Results on the aromatic und naphthenic alcohols and phenols 
can be summarized briefly as follows: No disc spreading occurs unless 

is between O.J x 10-2 and J.O x 10-2 ; ~nd for all v&lues of W greater 
than w

0 
sprea.ding are& increases .Linearly with W, In general for 

compounds of the same N the grec:1.ter the solubility in mineral oil the 
greater the value of ~i0 . 

(f) Aromatic and Aliphatic Ketones 

50. Solutions in light mineral oil of various aliphatic and 
aroma.tic ketones were t.,)sted for disc spreading on w.:...ter. No effect on 
spreading of the pH or tr1e prcjsence of metallic salts was found. The 
results are given in 7ablo VI. 

-13-
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Table VI 

Spreading Data for Ketones in Light Mineral Oil. 
{Temperature of 25.0°c.) 

Ketone N w0 in gm/ gm Wo in moles/1000 

Methyl nonyl ketone 10 12.2 X 10-3 7.2 X 10-:2 

Di-n-amyl ketone 10 15.1 X 10-3 8.9 X 10-2 

Di-undecyl ketone 23 12.0 X 10-3 3.6 X 10-2 

Di-heptadecyl ketone 35 Too insoluble 

Di-phenyl ketone 1.3 13.4 X 10-3 7.J X 10-2 

Di-benz.yl ketone 15 6.0 X 10-3 2.9 X 10-2 

Phe!iyl undecyl ketone 18 41. 7 X 10-3 16.0 X 10-2 

gm 

Spreading commenced only when w exceedeci w0 und as in the case of 
alcohols no spreading occurred if wM was less than w0 • The ketones 
because of their high solubility in oil ,vould not spret.td until w0 was 
higher than was the case for acids, alcohols or phenols of corresponding 
values of N. 

51. The solubllities were not measured cxce5t fo:c tho least 
soluble which were di-undec.rl kt:.:tone (wM = 15 x 10- ) and di-heptadecyl 

ketone (wM= 1.5 x 10-3). In the case of the di-heptadecyl ketone it was 
not possible to dissolve enough ketone in the oil to reach w0 ; hence 

no disc spreading could be obtained. 

(g) Aliphatic Est,.ffs 

52. The spreading of light mineral oil soluticns of a group of 
aliphatic esters of mouohydric and tri-hydric alcohols were investigated 
and- the results are presented in Table VII. 

LIBRARY 
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Table VII 

Spreading Data for Esters in Light Mineral 

Ester 

Ethyl myrista.te 

Methyl stearate 

Ethyl stearate 

Methyl sebacate 

Ethyl ricinoleate 

Tricaproin 

Triheptylin 

Tricaprylin 

Trilaurin 

Tripalmitin 

Tris tear in 

(Temperature of 25.0°c.) 

N 

16 

19 

20 

10 

20 

21 

24 

27 

39 

51 

57 

w0 in gm/gm 

15.0 X 10-3 

6.o X 10-3 

6.1 X 10-3 

1.3 X 10-3 

0.87 X 10-3 

5.J X 10-3 

6.2 X 10-3 

Too insoluble 

11 1, 

Oil. 

w0 moles/1000 

5.9 X 10-2 

2.0 X 10-2 

2.0 X 10-2 

0.0024 X 10-2 

].] X 10-2 

0.20 X lo-·2 

1.1 X 10-2 

0.98 X 10-2 

53. The spreading discs containing esters behaved like the 

gm 

alcohols, acids and ketones as regards the effect of varying w. No 
effect of the pH of the water was found except in a few cases where the 
greater and instantaneous increase in spreading on alkaline water was 
unquestionably due to the presence of impurities in the compound used 
of the org&nic acid from ~·!hich the esters had been prepared. As usual, 
when the solubility wM was less than w0 no spreading occurred. 
Such was the case for tristearin and also for tripalmitin, whose 
solubilities in light mineral oil at 25°c. were less ~han 0.9 x 10-3 
gram per gram. The triesters show clearly that w0 is the least for 
the least soluble members of~ homologous s8ries in &6reement with the 
results found with all the other nomologous series. 

54. As would be expected from th~ results given in Part I, page 13, 
on ricinoleic acid, ethyl ricinoleate should show sirniltir unique spreading 
effects. The small value of w0 (7.8 x 10-5) 0 iven in Table VII is 
certainly unique amonr5 the esters studied. This is d.ue to the existence 
in this particular ester of two polar groups, s. hydroxyl group near the 
middle of the molecule and an ester group at the end of the molecule. 
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This gives the molecule two possible places of &.ttachn1ent to the oil-water 
interface, and from the experimental. results obtained here one must conclude 
that practically every ethyl ricinoleate molecule reaching its adsorptive 
behavior is quite similar to that of ricinoleic acid. 

CONCLUSIONS AND RECOMMENDATIONS 

(a) Facts Established 

55. The work of Part I on the spreading of mineral oil on water 
ctue to the solution in the oil of fa.tty acids has been extended to cover 
alcohols, phenols, ketones, and esters und a point has been reached where 
some definite conclusions may be made which are of considerable technical 
value in the analysis of oils, oil break-down products, and emulsions. 

I. The spreading of oils on water occurs only when polar molecules 
are present in solution in oil. 

II. The amount of such polur molecules necess<:J.ry to initiate spreading 
is remarkably dependent on whether or not the molecule contains 
an atomic grouping which will ionize in contact with water; if so, 
one part in 100,000 by weight c,::.uses measur<.i.bl8 spreading, and 
if not, approximately one part in 1000 or even more is necessary. 

III. When no ionization of h polur- molecule is permitted or it is 
impossible bec&use of the structure of the molecule, the oil 
spreading is the more noticeable the lower ~he solubility of the 
polar molecules in the oil. Therefore, spre~ding increases as 
the molecular weight decrc2.l.ses, as the number of double bonds 
decreases, and as tile melting point decreases. 

IV. When more than one polar group is present in the molecule and the 
configuration is such as to permit both groups to adsorb simul­
taneously at the water-oil interface, a much increased oil 
spreading for the molecular concentration involv-ed results. If 
the adsorption of both groups is strong enough, spreading due 
to around one part in 100,000 by weight will be found, and it 
will be indepenctent of the pH of the water. 

56. The results of Part I showed that the spreading oil drop 
technique WdS a remarkably sensitive method of detecting acid in oils. 
The results of this rq..,ort increase enormously the reliability of the 
tests for acids since conclusions II and III above prove that no other 
organic substances with one polar group in the molecule will spread 
one-hundredth as much as ~dll th,:: acids on alkaline water. 

57. The mechanism of the spreacting process for ionizable 
molecules was unraveled in Part I. In this r~port th~ mechanism 
of the spret:.ding of non-ionizable molecules has bean fo1md. 

58. It has been shown tm.t whereas at the ~&ter-air interface 
acid or al~ohol molecules are insoluble ¼hen N is less than 12 (Adums' 
rule), the results of this work ctemonstrd.te th&t at the oil-water 
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interface such mo1ecules are insoluble even if N is as low as 6. This 
result has importa.nt applications in the study of additive oiliness 
agents, of emulsifying agents, and of wetting agents. 

59. As an incidental result of the experimental work described 
here, a new and often useful method of measuring the solubilities in 
oil of definitely soluble polar organic compounds has been developed. 

(b) Recommendations 

60. A study of amines and amides and also of a number of compounds 
whose molecules contain more than one polar group is underway and a 
report will be prob~bly submitted around July 1 as Part III of this 
series. After that it is recommended that a number of investigations 
be made of the applicability of this new technique and the information 
now already obtained with it to certain Naval problems. More specifically 
these recommended investigations are: 

(1) The analysis of lubrica.ting oils, espacially for their thermal 
stabiii ty and for the catalytic effects of metals on their 
stability. 

(2) A study of the emulsifying tendencies of oil, aspecially Naval 
fuel oils. 

(3) The preparation of oils most suitable for use in combating malaria 
by their spreading on ~ta6nant water. 

(4) The preparation of the most suitable oils for Ccilming we.Yes in 
the vicinity of a ship. 

(5) The preparca.tion of most suitable oils for minimizing the evaporation 
of water from storage tar.Jes in tropical climates. 
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Table VIII 

Names and Structural Formulae of Organic Compounds 
Used and Not Described in Part I. 

n-octadecanol 

n-hexadecanol 

n-tetraJecanol 

n-dodecanol 

n-decanol 

n-octanol 

n-hexanol 

9-undecenoic acid 

1-hydro:xy naphthalene 

2-hydroxy naphthalene 

phenyl carbinol 

diphenyl carbinol 

phenyl benzyl carbinol 

cyclohexanol 

1-ethyl cyclohexanol 

p-tert-amyl phenol 

p-cycl.ohexyl phenol 

methyl nonyl ketone 

di-n-amyl ketone 

di-n-undecyl ketone 

di-n-heptadecyl ketone 

diphenyl ketone 

dibenzyl ketone 

(Continued) 

Common Name 

stearyl alcohol 

cetyl alcohol 

myristyl alcohol 

lauryl alcohol 

decyl alcohol 

octyl alcohol 

hexyl alcohol 

undecylenic acid 

:X -naphthol 

/] -na.phthol 

benzyl alcohol 

benzhydrol 

Lmrone 

stearone 

benzophenone 

Structural Formula 

CH3(CH2)l6 CH2(0H) 

CH3(CH2)14 CH2(0H) 

CH3(CH2)12 CH2(0H) 

CH3 (CH2)1o CH2(0H) 

CH3(CH2)g CH2(0H) 

CH3(CH2)6 CH2(0H) 

CH3(cH2)4 CH2(0H) 

C10H17· (OH) 

C10E17· (OH) 

C6H5 · ( GHz) ( OH) 

(C6H5)2 ·CH(OH) 

( C6H5) • CH2 ·CE ( OH) · ( C6H5) 

C6Hi1(0H) 

C2H5 • ( C6H10) •OH 

c5H11 · ( C6H4) •0H 

(C6H11)·(C6H4)•0H 

CH
3

(C=O)•C
9
H19 

C5H11(C=O)·C5R11 

CH3(CH2)1o·(C=O)·(CH2)1o·CH3 

CH3(CH2)16·(C=O)•(CH2)16·CH3 

(C6H5)·(C=O)·(C6H5) 

( CEfI5) •CH2 • ( C=O)CH2 • (C6tt5) 



phenyl undecyl ketone 

ethyl nzy-ristate 

methyl stearate 

ethyl stearate 

methyl sebacate 

ethyl ricinoleate 

tricaproin 

triheptylin 

tricaprylin 

trilaurin 

tripalmitin 

tr is tear in 

Table VIII (ContinuesU_ 

Common Name Structur~l Formula 

(C6H5)•(C=O)•C11H23 

CH3(CH2)i2·COO(CH2)CH3 

CH3(cH2)16•COOCH3 

CH3(CH2)16•COO(CH2)CH3 

CH300C•(CH2)g•COOCHJ 

CH3(CH2)5(CH•OH)CH2(HC=CH)(CH2h 
COO(CH2)CHJ 

triglyceride of hexanoic acid 

triglyceride of hepumoic acid 

triglyceride of octanoic acid 

triglyceride of dodecanoic acid 

triglyceride of hexadecanoic acid 

triglyceride of octadecanoic acid 
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