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ABSTRACT OF THESIS

The apparent viscogity of sbable emulsions has been
meagursd and evaluabed, The sysbems sbtudled consisfbed of
various o1l in waber eomalaslons, uillizing a series of six
n-paraffing from hepbane Lo ociadecane, Thoe system was
sbabllized wibh e conventlonal ermulsifying agent, The ap-
parent vigcosibty of these srulsiong was sghudlsd in relation
ko { a) thse concentrabtion of the dlaperse phase and, {b) bthe

viscoslity of the hydrocarbon used as the continuous phass,

It was ostablighed thad the welume concenfration of the
dispersze phase had considerabhle effect on the gpparent vise
gosity of +the ermlasion, An inerceagse 2n the concounlbration
of %he Haperse phase resulbed in an inerease of the appar-

ent viscoslity.

It was alzo showm thabt the viscosliy of the hrdrecarbon
comprising the continucus phass had congidersble effeck upon
the spparsnd viscosiiy of the smulsion, The increase in spe
parent viscosity wag 8611} greaber than the incresss In the
viscoslty of the sxbavrnal phase, Thiz shows thab zn lnbepre
action of »ffects exists behwaon the concsuiraslon of Hha

fignerse phase and visceald; of the axiernal phase.

An equabtlon was developed which related spparent emul-
sion viscosity and concentrablon of the disperse phase with
tvpe and concentration of emulsifier as the correlabing

parane ber,
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TERMINOLOGY

Becauas of the wlde wvarlation of definltions, 1t is
advisabls to dafine a few bterms which are employed in

peneral usage in the remainder of this thesis,

Inbernal Phaset The modium which 1s present in the form

of small dispersed dreplets { also referred
to as the dispersed phase).
0/W: Type of emulslon: oil in wateri oll belng the dis-
persed phase and the wabter belng the continuous phase,
W/0: Type of emulsion: oil in wabter; oil being the dis=-
persed phase and water belng the conbimuous phase,

Emulsifier: Surfactants or surface actlve materials, or

other apents which ars added to an erulalon
in order bto increase 1%s stability by inberw
faclal actlon,
Continuous Phase: Medium in which the internal phase is
dispersed { also referyed 6o as the ex~

ternal phase).



INTRO UG TION

The thaeory of emulsions, a classification of colloids,
has grown in s rathsr haphazard fashion, At present the
thoory le 2 mixture of theories of physical propesrties of
mabter and struchbure of matter, Collold chemistry has been
Toonely an experimental sclence, The smulsion is parbly an
ovbterowih of classical colleidsl chenmlatry, and partly a
development of the ancient arbds invelved in the producilon
of enulsionsg. The fermulation of exaot theories has been
hindered by the large number of variables, and the diffie
sulty and complexity of accurate measurements of emulsions,
As more knowledge of emulsions and more efficient methods
of preparing them have become avallable, emulslons have
found thelr way inte almost every industry, e¢.g., paing,

food, drugs, cosmetic:s, roasd, lubidecants, snd cementa.

The earlies’ emulsion observed was probably milk. An
oxample of a nabural applicatlion of an emulsion is the abe
sorpbion of fabs in the inbtestine and the gubsequent trangw-
port Lo the living cells in the blood and lymph. Most
emulsions today ars formulated by man and are fLailored for

a specific use in the home or industry,.

While sn emulsion may readlly bes recognized, there 1s
no universal definition of an emulsion., A wids pariety of
dofinitions or comments as bto whalb 1s an emulsion has bheen

aet forth below:
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PEFT HITIONS

Ermlaions are mechanical mixtures of ligulds that are
immigelble under ordinary condibtions and which, in
tirn, may be goparated inbo layers on sbanding, heating,
froezing, by agltatlon or the addition of other chemle
cals, (1) H
An emulsion 1s g system conbaloning two liquld phaaaé,
one of which 1s dispersed as globules in the other, (2)
An emulsion is a very fine dlspersion of one liguld in
another with whiech it is immiscible, { 2}

Ermulsions are inbtimste mixturesz of btwo immiscible lige
uids, one of them belng dlspersed in the ether in the
form of fine drenlets, (1) "

Broulsione are mlcroscoplically vigible droplels of one
liquid suspended in another, ( 5)

An eralsion 18 a two-phese liquld system consisting of
failrly coarse dispersions of gne ligquid in aﬁathaw with
which 1% is not miseible, ()

An srmmlsion conslabts of a ababls digpersion of one lige-

uid in ancther liguid, {7)

Regilstance to flow is perhaps one of the more important

properties of an esmulsion, Sherman (8a) has listed six of

the more imporbant factors which affect the wviscosity of an

erulaion,

1. Viscosity of the sxternal phase



2, Volume concentration of the dlsperse phase,

3, Vigeosity of the luternal phase,

L, The nabture of the erulslifying agent and the film
precipibated at the interface,

5, The eleckroviscous offeck,

b, The particle gize and sizge distribution,

The theory of emulsions has fascinated many sclcon

tlabts,«wincluding Einsteln,

Indeed, the usual atarbing point for such studlies 1s
the Dinstein equatbtlon:

Ve =y (14 2.5) (1)

wherain apparent viscoslty of the emulsion;

7e =
Y, = viscoslty of the contlmuous phase, &
? = the fraciion ¢f the Sobtal volume

which 1s the disperse phase,

The apparent vimcosliy as referred % 1n this work is
the viscosity of an emulsion as measured with a "Lantz-

Zeitfucha® type reverse flow viscometer ( described labsr),

In wany enulsions, the emulsifying asgent is dispersed
or dissolved in the extornal oil phase and, therefore, Vs
is the viscosity of this oll-enulsifisr solution rather

than of the pure oll,



e

-

CONCERTRATI O OF UWITRNAL PHASE

Yany workers In %he fiold of ermilalon viscosity have
invesslgabed this aspect: Subh, Cold, and Shimhae { 16);
0liver and Vapd {17); ™leras { 18); Shorman { 19); Richardson
{20); Stupson {21); Tovlor { 10). One of the first equabions
- abing vlscoslbles and the volume of the dispersed mate-
rial of 3 btwo-phasc nmixbure was tho Sinsbein squablion:

Ve = V(1 + 2.5¢) ()
"hils equabtion is only epplicable to emilalons having 4:
valuss of less than 0,03, Bnulsiocns of Lhis btypo exhibls
Towbonlan behavior, esmlsions aanﬁainiﬁg largsr amounts of
digperse phase normally oxhiblt non-lewbonlan flow propere
tles. Anobtheyr 1imibabtlon ig that 1% spplies malnly fo
miznturas of a liquld with »lgid nphereg, The Elasteln eguas
tlon, therafore, is o’ Limlted wuElllitye It can be seen
from the equation {and Plg, 1) thai Blnsbtelu pozstulated
that the viscoslsy 1s a linsgr function of the conceniration
of the dlsperse phasse, indepsndent of the size of the dise

porsod partlcles and the dlstancs between them,

Generally speaking, emulsions containing more than 50
percent volume disperse phase show considerable non-Newbon-
ian behavior, For such systems, iatscheck (9) has desived

the wellwknown relationship:

%& - /- (,2‘_ 1,)73 (2)

wherelin 4{ constant 1,23

H

3hr + apparent viscosiiy of the emulsion
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3% - viscosity of the conbinuous phase
¢ = volume concentration of the dia=
perse phase
HYakgeleck polnted oub that this eguation only apyplies to
the linear portlon of the shesr-flow curves, l.¢., ab low

concentrations of dispersed phase.

Certer, ( 22) malntelned bthat the viscosity of sn smule
sion ig dependent on the viscosliiy of the inberusl phese
znd, 5o & lssser extent, on the parblels size of ths dlse
porsed particles, Sihs also atated that as viscosity of
koth the lntsrnel phase and its concentratlion incrsases,

the resuliing emulslon viscoslity incremses.

¥ore reseni arproachses bte the caloulablonz of cmule
glon zpparent vlzcoaliles ave bsen reduced o the followe
ing powey series: - 3
Ve = Y. (u- 2.5¢ +6 P+ b¢>+---—) 3

tuth, Gold, Shimba {16} calcoulated the value of "a”
to be .1, but this enly applies %o cp values of leses
than 0,06, For hlgh concentrabions of disperse phaze ale
lowances worc mads Lo corrsct for e inllusncs of “crowde
ing" or ¢leose packing of the digpersed ;lobulas widi Lua-
creasing concentrablon, 4 crowding cifect iz ovident in
Mongsonts { 23) work with California e&vude olls., Ia this
work the wviscoslty ratiloe 7ﬂﬁabvariad Irem l.3 for smulsions

with 12 porcent volume dispurse phase o L.l rabio for emale



)

sions having dleperse phases of L0 percent volume.

Mocney's { 2i) equation takes inkto mccount btha “erowde
ing" facbor:

2.5
?G - 70&" —'I—:'isjé_‘) (L')

wherein 8 is the crowding facter which Jepends on the sige
distribubtion of sphares, For spheres of a uniform size,
the estimated range of 5 piven by Mooney ia:

/35 S 19/

Another analysis that ls appliemsbls to high concenyraw
tions of disperse phase was proposed by Vand { 285}, Vand
takes into account both the mutual hydrodymamic inberschtion
hefween particles and thelr coliisiona, This cguaticn for

the aprarent viscosity of a suspension ia:

R
7‘5 = 7°2X'° [Kl¢- A ( KL: ),:'(.2 cp ] (5')
where, for aphericsl particles, the values of the constants

have been thepretically deternined by Vend:

Eiqnsteln shape fackor of

gingle sphores E%-:Z.S
Shape factor of collision 7 R

doubleta Ky 2 34175
Golliaion tlme consbaank s o

Hrdrodynamic lntersction
congbact B = 3/6l; 2 0.6
If ¢ 4= small, then this equation can be reduced bo
the Einstein equation { via series expension of the oxponenw

tisl %eax*m) .
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The Linstein, Hatscheck, Vand, and Mooney equasions
aro plettsd In Plgure 2, In order to $llusbrobe the efe
feet of collifslons, Iwe curves predicted by Vand aro ghown:

one takes ¢slliafons Inbo account (K74}, 2nd the obher nege

lecta thisz affacth (A0},

VISCOSITY oF THE INTERMAT PHASYE

™o offset of the viscosliy of the indernal phass was
net Inzluded ln early studiss, nelthcr the Zinatelin eguabtlion
ner tho Habachoek omuabion take this Tackor inbo accounk,
Howover, many lovestizabtors have Included this in their rew
gultz. Tailor (10) modified the Binstein oguabion o include
this an: .+ Yc
% [1 v 1e(Hg T )1 «
° 71' +7p

wheraln 7( vizeoglt o of $ho inbernsl phase,

Leviton and Leicghbon { 11) studied emulsions of mllk
fat and skim milk and fovihor modified this oquail
- Y 8/
» :',/'7.+/n;o( s, )
l&c ‘7 2.8 TR ¢+ ¢

Oldrore { 12) srvived st 5 nore couplex equ&ﬁioﬁ, He

on boz

ealeulated the elasbic properties of a diluc vnulsicon of
one incomprescsible viscous liguid in srother liquld, ariss
ing frowm the iInterfaclal benaion sxlsbing bebtwesn the htwo
phases, The effect of alip st the interface which might
be sasociabted with the presence of an Iinterfacisl fila of

the third component { introduced gs a sbtabilizer) was also



11

caleulated,

Bond and Wewbon { 12) proposed that spherlical dropg bee
have as rigld spheres provided that the radius of the drop=-

let was less than a cerbtain {undefined) eritical valus.

exmilotong angd caloviated that while

jo N

Toms { W) studie

nbernal phace wus of no lampeoriance,

Aty . &
[riat i Zeds

o

the vicecenity

Y
w2

Py

4

o

the ¢ enical rabure of bthe inbernal phase was guile signie

Llennt.

The aforementiored investizatlons used an oll in water
(o) typs emulsions. Sherman {(1%) was cone of the few inw
veastipators who used water in oll {¥W/0) erulsions, He cone-
cluded that the viscosidy of the intermal phage was of
11ttle importance but that the cherical nature of the dise

perse phase conld be of conglderable sipgnificance,

MUISIFYINS AGENT AND THE FIILM

FRECTPITATED AT THE INTERFACE

A

Broulzifiers are g broz2d elasy of conmpourds wihlch zlter

4

the surface bengion of licnide in which ther are presonk,

28

Moy alsc alier tha interfaclial bonsion bebween twe imig-
cible liquids which 18 of i{mportance 1in emulalon manufacture,

As the interfecial tenslon gpproaches zere, smu'glfiestlon

iz roadily affectad,

Cormereially available srmulslifying agents can be clagsie
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fied into five major groups with subdivislons., The classie

flcation given belew 1s based on one dovelomed by Selmartsz

and Perry ( 27), The agents are slassified nscording to the

hydro~hilie orovp in the rolecule,

A,

B,

i
L)

Carboxrlic Aclida

1. “arpoxyl joined directly bto the hydrophoble sioup.

2, Oarboxyl joined throuzh an intermedliebe linkage.

Sulfuriec Ieters (Sulfabes)

1. Sulfate joinad dlractly fe hydrophoble group,.

2, Sulfste group joinsd through interrnedlate linkage,

Likens Sulfenlec Acids

1. Sulfonic grovp dlrectly linked to hydropheble group,

2., Smlfenie group Jolned throvsh Internediabs 1inkage.

Atkyl Avometic Sulfonic Aelds

1. Hydrophoble groun leoined dirasctly bto sulfonated
aronahic nuclens,

2. Hydvopheohlc aronp leined teo sulfoncted aromatle
rmacleonn throush Inbtormediate linltaze,

M esellaresus Anionis Hedrophrlie Oroups

1, ¥Phnsphatez and vhonphonla acidae,

2., Porsulfates, thiocoulfaltasc, aokhe,

3s  Sulfenesds.

e Bulfanic scids, cie.
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Amine Salts { Primary, Secondary, and Terhiary)

1., Amino group jJoined directly teo hydropheobic group.

2+ Amino group jolned through intermediate link,

Ouarternary Ammonium Compounds

1, Nitrogen Jolned through an inbermediate group,

2 Tittrogen joined Lo hydrophilic group.

Gther Mltrogenous Bases

1, DlNongquarternary bases ( e.z., guanidine, thiuronium
salts, ete,)

2« (mariernary bases,

Hounltrogenoue Banes

1. Phosphonium compounds,

- 2+ Sulfonivm compounds, ete,

IIX. JNONIONIC

Eiher Linkage to Solublliszing droups
Hster Linkage

Amide Iinkage

Miscellaneous Linkages

Multiples Linkages

v, AVPHOLYTIC

Amino and Carbeoxy
is Yongquaternary

2e GQuaternary



B, Amino and Sulfuric Ester

1. YNonguaternary

2. Quaternary
C. Amino snd Alkane Sulfonle Acid
D, Amino and Aromatle Sulfonic Acid

E, Misecsllaneous Combination of Basic and Acldic Groups

V. WAIER-INSOLUBLE IMULSIFYING AGENTS

A, Tonle Hydrophllic Group
B. TNonionle Hrdrophilic Group

The effect of emulzifiers on the surface bLenalon may
botter be Bsen in Table 1 set forth below. As may be sgeen
in hhia table, pure water has a surface tonsion of 72,3
dynes/cm,2 and an interfacial tension with "mineral oil®
of 31,0 dynes/em.2. Addition of various emulsifiers at
1 paréent by welght concontration alters thoe surface tene
sian'and inberfacisl tension significantly. The decrease
in the interfaclal tension enhances ermlsificabtion sub-
stanﬁially, When two immiscible liquids are aglitated so
a8 to éi%ﬁsrse one liquid in the obther Lo form fine globules,
‘the surface of each liquid becomes greatly extended, and a
corresponding large quantity of free esnergy is produced at
the interface, Thig potentlial ensergy is measured by the
surface produced and the Intensiiy of the interfaclal btene

sion acting agsinst it. The pobential energy of the surface
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tends %o reduce the surface area to a minimum, This cone-
tractile forece draws the lliqulid into a nuwber of spherlieal
droplets and, at the same bime, divides an Intimabe nixe
ture of two immisclble ligquids inbo two phases, separatbed
by & minirum interface. Therefore, 1 an emulsifying agent
roeduces the inkerfacial tension between two immiseidle lige
uids, 1t decreases the free surface snery of the emulsion

and hends to producs a permanent or stable emulsion,

TABLE 1 ( Reference 22)
SURFACE AMD INTERFACIAL TENSION

COMPOUND SURFACE INTERFACTIAL
{ 1% wt, agueous solubkion} PLISION TENST OW::
{mineral oil)
Sorbitan monolasurate ( Span 20) 28 345
Sorbitan monostearate { Span 60) L6 11.0
Sorblkan moncoleats ( Span 80) 30 245
Sorbitan monolaurate { Tween 20) 36 6.0
Sorbltan monostearate { Tween 60) L3 9,0
Sorbi tan monocoleate { Tween 80) Ll 10,0
Sodiunm oleate 27
Watey 7263 31

# dynes/om.2
#%  Measured by subhor for comparison purposes. This
ig typical for many hydraulic and turbine "sineral

olls®,



16

ELECTROVISCOUS EFFECT

The electroviscous effect ig an osubgrowth of the Helmw
holbz { 28] double layer theoory. Helmholbz assumed that the
char:e on the particles of a lyophobic ecollold was dus to
an unegual dlstribubion of ions at the particle-wabter inter-
faco, He further polnted out that ions of one charge were
closely bound to the particle, lons of the opposite charge
would 1ine up parallsl to them thereby farmling a double
layer of charges, This situation 1s presentsed in Figure 3

aa an ideslized form for a spherical particle,

The Zeta Potential which is an outgrowbth of the double
layer theory is usually defined in ths following way:

"lost colloidal particles have a negabtive charge

and are surroundsd by stationary pesitive charges,
which in turn, are surrounded by a diifuse layer
of negatlve charges. The Zeta Potentlal iz the
gifference in the charge between the movable layer
and that of the bulk suspending liquid,® (20)

A recent presentation of this phenomencon is in an
article by Schmit ( 29), However, in regard %o emulsions
stabilized with nonlonic emulsifiers or water in oll emuls-
sions, 1t is difficult Ho plebure a surface charge ariging
by this wmechanism. Alexander { 30) proposes that it 1s pos-
aible to absorb ions from the aqueous phase, Egually possie
ble is the exiatence of a charge arising from frictional
contact bebween the droplets and the suspension wedium,

analogous to the fricitional sleciricliy pgonerated when an



17

Figure 3 -~ Double Layer Theory Presentation
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amber rod 1z rubbed with a silk cloth., However, Schulman
and Cockbaln ( 31) reject the hypothesis that droplets in

wator in oil emmuleions possess a charge,

PARTICLE SIZFE IISTRIBUTION

Particle size is generally expressed as the dlameter
of the globules in the inbternsl phase, If the size is not
uniform, &the parilcle size cccurring most freguently is
adopted ms a designation of parbticle size of the emulszion,
The values of the smalles$ and the largest particles are

indicative of the range of particle size,

The particle slze of an enulsion is largely dependent
on the type and quaptity of emulsifier, the smount of work
applied in preparation of emulsion, and the addition order
of ingredients, Most commercially svailable emulsions
have g particle size of 0.5 to 2.5 microne, Fine uniform
particle size in an emulsion generally indlcabes goud sbaw
bility., A change in particle size from small to large
dlameter during s orage indicates g breakdown of the sauule
sion stabiliby. Quanﬁitaﬁiveiy, the particle size of an
enulsion can be estimated from a colorimebric observation,

{ 22)
PARTICLE SLE AT FARANCT

1 micren Miiky white emulgion

0.1 to 1 wicron Blue whilte emulsion
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0.65'30 0.1 mlcron Grey semi~transsarsal
emulaion

0.05 mleron and smaller Transparent emulsions
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SCOPE

This present work is & gtudy of the theory of enul-
gionsg and, in parbtlcular, the factors affecting the appare
ent viscosity (%) of emulsions., This facet has not been
investigated thorcughly by previous workers, The work Sthat
was sarriad oul involved emulslions of cills or asphalés with
waber, In bthe present work, the hydrocarbone employsd were

pure n-paraffins,

The type syster selected was water in oil (W/0) emul-
sion, somstimes referred to as an "invert” emulsion, These
ermulsiong conalsted of waber, emulsilicr ( at bwo concentra-
tions), snd s pure hydroesrbon, The ratlo ol waber %o oil
was varied aand ths resuliling apparent viscositlss of the
emulsions were measured, The effech of hydrocarben chaln
length of the external phese on the spparent viscoslty of

the emulsion was slso debermined,



BXPLRIVESTAL DOUIPIDHT AND MATERIALS

Irmulsicns were prepared with a Figeher Seclentifice
hand operated homopenizer ( 11-50L+-200) snd & single sur-
factant, ILach blend had the same amount of shear and in
this manner uniform partlicle size waas obtained, It was pre~
determined by experiment how much work was needed bHo produce
stable emulsions with disperse particles le2 microns in die

amebar,

PARTICLE SIZE JEASUREMENTS

The parbticle slze wes msasured with a Bausch & Lowb
nicressope oguipped with a 10 ¥ oscvlar and 98 X »il ine
wersion lens, In order to zbop Brownian movement & drop
of the anulsion wag dspersed in 100 mlg, of a low visw
coslty mineral oil, The vigoonities wers messured wiith a
Lantz~Zeitfucha type reversgs flow vizcomeber, The emule
slone were non-ftransparent, and g straight fiow type vis-

comebor could nobt bo ubillzed,
MATERTALS

Hormal paralffing:
Heptane
Deceane
Dodecans

Tetradecans
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He:msdocune
Getadecane
All paraffing were of 99 percent welght purity and were

obtained from Philips Pebtroleum Company. The waber compris-
ing the disperse phase was digbilled,

Olycerel mono~olentc wag shiained fron Emery Industrises,.

It had the followlng properiies:
GLYCEROL MONOOLEATE PROPERTILS

Saponification Number, mg.K0H/g 152.2
Todine iumber T3k
Srecirie Greviiy, 60/6090 Ja7516
Total Acid Nupbhor, ne JJ0H/m 2.0

VISCOSITY IBASUREMENT

‘"he spparsnt viscesliy of the eruvlisiocns were detere
wined witiy a Laniz-Zeltfuchs iype reverse flow viscosetsr

confoming tg the Tollowing characterisiices:

VISCOMETER PROPERTIES

Capillary Diamefor, m 2437
Capillary Lsngth, mn 300

Siphon Dismeter, rm 3.00
Bulb Volume, wl 5.0

Constant of Callbration 1.0



EXPIRIVIN AL PROCCIURE

The pregent investlipgatlion 1s cenftered on pure hydro-
carbons. The serles of n-parsffing used conbain only very
amall amounts of branched and ars develd of olefinlc and
aromatie comporents, Only one emulsifler was smployed al-
though erulsifiers are normally used in palrg to facilltabe
ease of smuleibility, The coupling asction of s single smulw
sifler would be in one divechlion; i.e., the heads and %alls
of the compound are all allgned identically, After an exami-
nation of 2 number of emulsifiers snd using the "Atlas HIL B
Syatem", glycorcl monoolente wsa selected, The usual rsla-
tiopabip betusen W L 3 ond end use of gurlactants iz as

follows:
TABLE 2
iR T Ay

STRFACTANT APPLICATIO

HI B ATPLICATION
ly~6 W/0 smuleicns
T~9 Wotbing agents
8«13 0¥ emulsions

13-15 Detorgents

15.18 Solubilizers

In this work, the omulsifiers ecxamined had I L I nume

bers from L6 because She resulbant smulsions woere toc be
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weker 1n oll type. The T L % number [ 22) can be caleulated
{47 Atlas compounds are not used) by the following simple
forrula:
HDLB = 20(1 ~8/4) (8)
8 X saponification no. of the esbtar,
A& T aeid no, of the acid,
For bthe epulsifier chosen { glycerol monocleate) the caleous
lated H L B is:
HLB( 61 0) 200 1 ~2282)=21,8

Tt mignt he well bo nention Shat n-paralfing Jo not
evrulelfy asg readliy ap sromeotic hydrocarbong or mplztures
of vetroleunm olls, The H L B sysben ssrves as a gulds,
buk in ae way gouaranbtecs sbtable esulslons, Of seversl

poasibilities, glycerol mono-oleake appoared fo be bDazb,

Bruisification wag effected by fived preparing a
coarsse emulsion, This coarse emulsion was prepared by
mixing the peraffin and omulaiiier in g 100 wl, glass
stoppered graduate cylinder, Walter was added i lnore-
menks of 3-5 mlg, with ghaking of the spulsion afior sach
addibicon, This procedure was rapsated undll 31l the water
nad been added, The addition of water producez an unshable
ermmulaion which may tend to wever® to an 0/W, oll in waker

type,

Onee the coargse emilsion had beon prepsred, 1t was



necasgary bo converd 1t to o stable emulsion by uss of s
honogenizor, After each pass through the homopenlizer, %he
rarticle alze was checked with a mleroscope, It was detere
mined that L5 passes gave reproducible emulsions, having
the desired particle Jiameber, The final parsticle diameter
was l~2 microns, Egually as imporbtant sz particle diametber
wes bthe fact that the aprarent vipcosity of these emulsions

could be rveproducsed,

Preliminary work using a Waring Blendor produced smule
siong heving larze particles which svidenced instebllity
and proceeded to Yoresk" vefore the viscoslty values could
b@‘&aﬁewmixaﬁg £n undegiradle bempervabture rise wag obw

servod whan the Waring Bleandor waz used, For a oue winute
mix, hreoorature vises of 5«10 dasrees were phrerved dew
pending wpon the vissealsy of the cemlsion, Mixe of 3, 5,

& 10 minutes durabtlon were mrepaved; thege nlso exhiblited
poor siabilidy end had droplot gizes which wore larpge and
nonuniform, Some of the materials ilnveatipated were quite
volatlile, and temperabure raises enhanced evaporatlon dur-
ing emulaifications, Boesuse of thess facbors, 8 hand
homogenizer '8 tesied, In the hand operated homogeniszer,
no Lfemperature rise was observed, stablility of emulsions
was obbsined, and varticle slzes wers in the range of 12
microns in diemeber, This homogenizer was nssed throushout

vuis moel of the worik,
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Homogonization and vigeasliy doterminalions were pere
formoed ay 250 £ (779 7} with one excopiion, ectadocane,
This material is solld at this temperabure, and btherefore,

wos studied at 32,2° ¢ (909 ¥),
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rrmlslons wore prepavred by plvetting 00 wile, of hrdroe
perbon inbe a slass sgtoppored 100 ml., volumelric cylinder,
Whe crmlinifier, glycercl roncolsabe, wes added { elther ©
nl, or 10 nl.) & the hydrocerben, This nixbure iz cone
sidered $ho continupus phase and the vissoslir of tils

mnaderial, s In the egrabions.

Mabllled water was added from g burebis in 35 mls,
porblongy after each addition, the mixbure was vigerously
aniteted, e reanlbing nixzbture, which was a coarge omulw
sion, was added to the hand homogenizer and "worked", Afe
ber oach pass, the particle size was chocked with e
Bousch o Lomb microscope, 18 wsd Tound that four ar five
papges were required %o obtain erulsions with droplet

sizes of one 5o o mlarvaons 1n darobey,

The spparent vinooslls of fhe conplebed wober in oll
emulaion was dobermined with g Lantz~Zeitfuchs roverse
flow viscomebor { soe Flgwre L) The smmulsion sanple, after
aging for one mioube, was poured inbo the £1liins tube (1)
unbll the sanvle overflowed inko the trsp. Theoe benporabure
of the ecnblouvouve phsse and the water wers adjusisd o the

propor visesslty Looperoture { 779 or 900 ),

Moo semple Plow was lnitiabed by ospelsioe a o3ilohk

wacw ot the vent { 3).  The wacuuwm vas natndalned unktil



29
$he garnle flowed over the siphon Yo § pelint opposibe ths
timineg mark (A) and thersafter allowed Lo flow under i%s
o kead around dhe bend in the sapillary, {(Measureoe in
gaconds, the time reguirad for the miniscus %o pass from

the firat tinming mer®k o tho sszoend,)

CALCULATION

Kinematic viscoeity, ss = oy {9)
¢ = Tho calibration constant of the viscometber
ceablabokes per gecond,

T = Yhne efflux time in seconds,
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Anu examinetion of proviocus worl showed that = rTinlte

relationghip exiated bebween tho vigooslity of the conbinu-
oug nhage snd the arpavent viscosliy of thoe ermlelon., 16

farther appenred thet as the viscoglty of the continucus
rhase increased so glzo 812 the apvarent Iscosity of the
emuiglon, New experiments wsre made to check these chgspe
vakions, The results may be gseen in Table 3 wmd L set forth
below, These tableg show the viscosity of the continuous
phage and the apnarsnt vizcosity of an emulsion prepsred
wlbh these ¢ilg, The daba in Table 3 wore obtalacd from 3
fartlr of pebrelmm oile, all hevins 2 low viscoslity indexn,
mad which wors oeomleffled with 8 portobls hand cpsraizd homoe
pandzeyr, These omulsions contained 60 parts of conbinuous
phase, L0 parts of water, and 2 porbs cumlsificer (parbts by
volume}, Table b 4e 5 sumgry of reoulis obhained wiih one
hase o1l and ghous Mow the ceacenbration of the diuysrse

vhagse affects the apparent viscosity of the gmulslion,

The semulsion sype (O/W or W/0) was detormined by the
fIution methed, This method depends ¢n the fact tha® an
amulsion is resdily Hlutable by the 1iguid which congtle
tutes the conbinuous phase, The cnulsions prepared in
thig Inveati;atlon vere readily sxbendsd with the nyuiow
carbon phase, iudicabting that these onmulsions were walepr

in oll trne (W/D).
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TABLE 3
Tﬁ@ EFERCT QﬁiOIL VIScOSITY O EMULSIONS

BCABITY O TEE 01T VI SGo8TDy o I IMULaIoN
\ﬁﬁﬁ%ﬁﬁﬁﬂﬁaﬁ af iﬁ» b (Centintovos ak

T2 3.5
23.3 92,8
937 ohi
184 1820

237 “ 3170
343 7030

x"!fi"j'r”":‘ Y.
RSLINE R 3

T IITEOT OF T LOSPERSED PHAST
o At B %

NTT I
a5 T e
i Ao

& P"*"‘yé:‘h‘* "I ‘T”’A.M'?" -'w}'r "q““f Ay :"’{'ﬁ'f\l’¢1 o

Sl drdf e v--l’. 7 4 v i ite
VISCOSITY Vigcosity
T0/01% Retle  Tol, VLAY Save BLT hoiielion otio
Homn £~ »

1/10 9.1 23,3 29,2 1,/1.2
2/10 15,7 23,3 375 /1.6
3/1e 23.1

1w/18 4o 23,3 92,8 1/3.8

23,3 500 1/2,1

Thaese data show Yhnt Hhore 18 a very definibe relationw-
gtdp which o onlinear, It should ke wemembered, however,
thalt thess petroleun olls confain both aromatic and ya?aﬁw
rinte kype hydrocerbong, Yepsraffing, branched chain, ole-
fing end sromatlc hype hydrocarbons have &1 ffarent orulaie

fMeoablion capabllition and different apnarent vizcoalitles of
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the emulelion. NWeparalfinle sype hydrocarbons wers chogon

.

for Huls work o aveld cflocts of mmborials wilbh dilfcrent

Li deed ¥ S

)

oy ¥ o3 . 2 o fm gm . o
sruleificalblion properiiesn,

e
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EXPERIMENTAL RESULTS

Based on the resulis of prellmlnary experiments re-
ported in Tablea 3 and L, it was decided %o sbudy:
(1) The effect of concentration of the internal phaae
on the appsrent emulsion viscosity, |
{2) The sffect of the vlscosity of the external phase

on the spparent emulsion viscosity.

Results of the first part can be summarized in Flgures
S and 6, The effect of viscosity of the continuous phase

can be seen in Figures 7 and 8,

The data obbained from thege experiments are tabulated
in the appendix, Tables 8 %o 15, It can be seen from these
daba and Figures 5 to 8 that bthere is a definite relablon-
ship between: o

{1} Thé concentration of the internal phase, ¢ , and

the apparent viscoslty of the ermlsion, ¢ .

{2) The viscosity of the conblinuous ghase,yo » and

% -
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DISCUSSION

The preliminary work ( data presented in Tables 3 and
It} shows that a definite relationship exlats betwsen the
concentration of the dlaperse phase and the apparent vise
cogity of the emulsion, Similar results have been reported
before, but thess new data more clearly define the magni-
tude of the effects, However, the olls used in the prelimi-
nary work and those previously reported consisted of mixe
tures of compounds, The physico-chenical propsriies of
such mixbures depend upon bthelr composition. This complie
cabing factor was avolded by using pure ﬁ*paraffins as the
conkimious phase, Pure compounds have consiabtent properties,
The resulis using 2 serlse of n~paraffing are summarized in
Tables B-15 and in Figuves 7 and 8 of the appendix, The
trends are the same as for oil mixtures, that is:

{a) As the concentrabtlion of the disperss phase ine
creases, the apparent viscoallty of the emulsion
inereases.

(b} As the viscosity of the hydrocarbon comprising
the external phase increases, the apparent vis-

coslliy of the emulsion incrsasss,

The Einebein and Hatscheck curves ggree well with exw
perimental data up to a ¢ of 0.2, Beyond this value of
the discrepancies become increasingly great, The Vand

equation is applicable up to &8 P of 0.3, The ﬁcmnej SQUL -
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tion using crowding factors of 1.6 asnd 1.8 bracket the exe
perimental data up to & ¢ of O, Beyond this point large
variations ars evident. Therefore, 1t can be sald that thess

equations apply only to a limited range of ¢ .

These equabiong have certain factors iu common which
have been examined in detall, The prineiple onez are the
viscoasity of the external phase and the concentration of

the internal phase,

Considering first the wviscoalby of the external phase,
it can be seen in Figure 10 how the viscoslty of the pure
paraffin increases with molecular welight, A study of Fige
ures 7, 8, 9, and 10, shows that all these curves have a
similar shape. The incresse in the apparent viscosity for
8 glven qJ was approximately 5 times the change of the
pure hydrocarbon viscosity., The similarity in the shape
of the curves sugpgest that the viscosity of the external
phase 1a part of the answer. The dlfference in the ghapes
of the curves show that the sxternal phase viscosity is nob
the only cause of the apparent viscosity of the emulsion,
Plgures 7 and B show the increase of the apparent viscosity
of the emulsion as the viscosity of the continuous phase ine

grgagsesn,

In the Einstein Equatlon the relationship behwaen'75
and ¢ has a linear form., The resulbting curve does nob

agrea with experimental data gt high concentrations, In



40

the Hatscheek Equation ¢ 1s in a power form, The shape
of this curve aspproaches the ono obtained from experimental
data, bubt the slimilariby is only in the shaps, The Vand
Bquabion which takes inbto account the shape factor, the
gollision factor { or time between colllsions), and the hy=
drodynanie interactlion constant ls muech better than either
the Einstein or the Hesischeck Equatlons, However, this
sgquablion st1ll shows rather poor correlation with experie
mental deata, With the YMooney Equation, an exponental re-
lationshlp with two constants 1s used, The curve of the
Mooney Equation matehes the experimental data beititer than
the other ecuations, Howsver, the fackor for S is chosen
as a constant depending on the particle size of the disperse
‘phase. This is apparently so for solids dlspersed in a
11quid ( 10), but as can be seen in Tables 18 and 184 of the
appendix, S varles with @ . This is shown on Pigure 11
of the next page., The polints in Flgure 11 were obtained
with different hydrocarbons as the exbternal phase,
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This graph shows that 8 is a function of 1/p with
the emulsifier concentration as o paramcker, Ividently,
and ag should be expscted, ths amount of emulsifier ig an
jmportant factor, The curves can be represented in the

slope~intercept form:

g = ‘—/f‘—-!-b (19)

Where m 1z the slope and b is the intarcopt. The slopes

and intercepts are Tound tabulated below in Table 16,

‘TABLE 5
CONSTANTS FOR NEW EQUATION
151 b Conbtinuous Phage Compositlon

0,685 0,016 60 mls, hydrocarbon - & mlsa G ¥ O
0,795 0,010 60 mla, hydrocarbon ~ 10 mls, G ¥ O

The slope-intercept foru is substituted into the Mooney

Equation starbting with:

I T/, 'g:fé ¢ )
We geb: 6
2.%
A /3, ¢ T- ¢ ( 5% +b) ()

and in final form:
2.5 ¢
'A"?é/?o: =~ -~ b @ (I‘LJ

Table 16 shows m i a funciion of the emilslfier cone

- genbration but data are insufficient to determine the form

of the function, I% csn be seen in Figure 12 that the curves
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alnost gzo through bthe origin., In Table 16, b can be seen
to be vory small and b 4: thersfore is much smaller. For
a1l general purposos b @ npay be baken as o consbant hecause

£ tgs numerical size in comparigon to the tera {1 - m).

o

From Figurea 13 and 1 1¢ is seen thab %the sugresbed
equation correlabtion 18 superior Lo the loonsy form and
hence to the other suzgested esquations, 'The equaitlon data
agrec in the overall sense, There is considerable scatbter
which perhaps could be reduced by furbther determinations,
The agreement ig best for maberigla comprising the conbtinue
ous phage which are ligquids at 77°P, The data obtaiuned
with octadecans vary considerably from the dexived eguabion,
and tend to follow & Mooney form, This can also be seen
in Figures 13 and Ui,

The new sguation may he used lun btwoe forms,

.5
L e/, = =t 5P ¢

or if b ¢ is considored insignificant
- 2.5¢ - I3
j’“%/‘oo‘ |— o = Me @

Fipure 13 and U are in offect plods of equation { 13) at

two different emulsifier conconirations, Thia form secems
most appliceble since b is a swall number for the emulsions
studied, If b $ is not considered a constant ( or negligible)
then & log ~ log plot 18 necessary and the slope of the line

will have the form:
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A
AA - 8 + ¢ <p

™is equation sugrests that the consbant 2,5 may nobt always

apelys,

The erulelificr composition was nob varied in thls
work. Zxperlence suggests Shat the composition 1ls very ipe
norbank, AL least, the magnitudes of my ¥, and b can beo
expacted Lo change. The effects of othor emulsilier types

and the effects of mixed emulsillers requireg further study,.
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CONCIUSION

It was found that the apparent viscosiby of the emule
alon was dependent upon a number of Factors:
(1) The eoncentration of the dicperse phaso,

} The viscosiiy of the conblmicus phase,

o~
XA

{

} The ecrowding factor, which is dspondent upon

Las

the emmilzifler conhent,

It was eatablished that the orowding factor was de-
pandent upon ths concenbration of bthe éisparse Fhase;?fﬁn
equation for S in terms of the dlsperss phase concentrabtion
wag dobermined, Thig expression for S when substiltuted Iuto
the Mooney Eguatlon resulted in a new equablion withoubt g
erowding fastor term, This new equation bekes inbte account
76 a?h:* 45, and one or two consbtants, The consiants may
be svalugted from s sulbtable plot of the data or viz the
crowding facter and ths Mooney Equation, The equations for

the apparent viscosity of a waber in oll emulsion are:

«éLu'7e/b° = 1.5 ¢ (11)

= 33¢ ~ 6¢

or since bf is small

L Vefp: T 2 Mg ()

I — -~
M is & function of emulaifier concentration and wvery likely

also a Tunction of emulsifier composition,



TIYRTANTET T A SR
DEENCLATURE

s b S

Hydrodynamic inbtersction consgbtant, Vand Equation
Calibration constant for viscometer

Constan’d in the Habscheck Eguation

Biasteln shape factor, Vand Egquatlon

Shape factor of coliision doublels, Vand hqguation
Hooney'e crowding factor

Efflux time for vlscoumelber

Collision time constant, Vand Equatlon

Volume fraction of disperse phase

Apparant viscosity of the emulsion, centisickes
Viscogity of the exbtsrnal phase, Centlatokes

Viseogiby of the internal phase, centisbtokes
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TABLE 6
HEPTANE
Effect of Meperse Phase Concenbrabtion on },_—,:

{ 60 mla, hephane, 5 mla., G ¥ O )

Water, % Vol, le

0 091

Te17 1.7

13,35 1,8
23,50 2.8
31.60 10,1
36,10 2742
3.5 55
115.0 .5

{ A0 mis, henbtare, 10 mis, G M 0}

0 1.1
il 3 340
22,2 Dek
30.0 hz,o
3644 203
Li,7 220

l16s2 318
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TABLE T
Iffect of Disperse Phase Coucsnirablon on Vg
{60 mis, depane, 5 mls, G M 0) {460 mla, decans, 10 mls. G M 0}
Water, 7 Vol, __ Zg& Water, % Vol, Vs
0 1.77 0 2.3
13.4 6,1 Upe 3 641
23,6 Te5 16,3 12,0
31,6 16,0 2Ee2 3041
36,1 33.8 33,0 8.7
135 70.% 36,1 206,0
48,0 130.0 41,7 34l

P 9
TAPIE ©
RS N PN

16

ERLLSARE
Effect ¢ Meperse lhase CGouceutratlon on

{60 nls., dodecane, 5 zls, 3 ¥ 0) { &0 uls, dodscane, 10 mls,

GH O

o - ) ey
Water, % Vol 27 & vaber, 9 Vol, 5
ok s o mmZﬂﬁmu

0 243k 3.1
13.3: 7}3} ﬂétw 3 8(5
23.6 12.G 32.2 38,0
31,6 2,3 22,0 130,2
3893« Sgbf; 3{.‘4;%«%« 296‘6
43,7 108, 1 B1.7 &7

.%.»:-
m
»
foe
5
i
»
i
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TABLE 9

WS BN .

TETRA DECANE
Effect of Disperse Phase Conscentration on 2~

{ 60 mls, tetradecsne, { 60 mla, tetradecane,
 Smls, GHO ) 10 mla, G M0 )
Wa*;ég:g % wol, ’Iijg_w Water, % vol, 7;‘
0 3.9 0 .2
13.L 8.7 .3 10.8
2346 16,7 22.2 60,1
31,6 2,1 30,0 210.0
38,1 87.2 26,1 L7he2
13,5 180,0 Li.7 Too viscous
8.0 31,3

Effect of Disperse Phase Concentrabtion on }-

&

{ 60 mls, hexadecane, { 60 mls, hexadegane,
5 omlz, GMO) 10 mlg. G M O )
Water, % vol, a. Wager, 7 vol. _Ye
0 5.1 0 549
13.h 12,1 1. 3 20,0
23.6 5.1 2242 9.1
31.6 12745 26,1 160,0
3841 35545 30.0 8,0

33.2 520



TABLE 11

QCTADECANE

Effect of Disperse Phase Concentration on Je

{ 60 mls, octadecane,

5 mlﬁh GHMO )

( 60 mlsg. oectadecane,
10 mls, G ¥ 0)

59

Water, % vol,

J&

0 5.8
134 18,

18,5 41,0

23.6 76,0

31,6 202,0
38,1 1130

Water, 7 vol, _Jg
725

0
.3
18.3
22,2
2641
30,0

35.0

90.5
8,0
250
4160



TABLE 12

Heptane
Decane
Dodecane
Tetradesane
Hexadecanoe

Octadooane

HYPROCARBON AND WMULSION DATA

VISCOSITY
Mol, Wi, Density Hydrocarbonw _ 7 i Do B
AL B A B
100,20 0,6828 0,56 27.2 103 0,91 1.10
2,28 ' 0.7301 1.18 33.8 206 .77 2,30
170.33 0. Tl T70 1.81 55.5 297 2,3 3.10
198, 38 0. 7650 2.6l 87.2 L7 3.90 L.20
2261k C. 7751 3.85 356 5.10  5.90
25449 0.7768 Seli0 1130 5.80  7.25

( },z»_) A 60 ml, hydrocarbon, L0 ml, water, S ml, G M O
{7°} B 60 ml, hydrocarbon, IO ml., water, 10 ml, G M O
Density at 20/4° €
# Centistokes at BOC F
#+ Centistokes at 770 F except octadecane viscosity
which was at 900 F

09
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IABLE 13
IMULSIFIER, VISCOSITY DATA
HYEROCARBON guo WATER VISCOSITY
e ge ce zentistokes
Hepbane
60 540 10 272
60 7.5 Lo 50,0
60 10 Lo 103.1
Dscane
60 1,0 Lo 20,0
60 3.2 Lo 2.0
60 50 Lo 33.8
60 10 Lo 206,0
Dodecans
60 3.0 Lo 26.1
60 5.0 Lo 5545
60 10 Lo 6.6
Tetradecane
60 3.0 Lo 30,0
60 50 Lo 87.2
60 10 Lo 4L7h.2
Hexadecane
60 0.7 Lo 28,0
60 2,0 1o 100,90

60 5.0 Lo 355.5



Octadecane
60
60
60
60

0.5
2.0
2.5

5.0

e
Lo
Lo
Lo

62

10,0
208,0
553.0

1130
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ZRELY 3

HYDROCARBON VISCOSITY DATA

| 5/,
WATER, CC. IO 207 30 e}
HEPTANE 1.98/1 3,08/1 11.1/1 2.3/1
DECANE 24571 L.23/1 9.6/1 19.8/1
DODFCANE  3,16/1 5.12/1 10.14./1 23.7/1
TETRADECANE 2,23/1 L.28/1 10.8/1 26.01/1
HERADECANE  2,37/1 8,90/1 21.2/1 70.2/1
OCTADECANE  3,12/1 13.1/1 34.8/1 195/1

These emulsions contained 60 ml, hydrocarbon, 5 ml, emulei-

fier, and wabtor,

TABLE 15
HYDROCARBOY VISCOSITY DATA
26/,

HEP TANE 2,73/1 7435/1 38.2/1 93.7/1
TECANE 2,67/1 13,1/1 38,9/1 89.6/1
IODECANE  2.74/1 12.2/1 h2.1/1 95.7/1
TETRADECANE  2,57/1 1. 3/1 50.0/1 113/1

HEXADECANE  3.31/1 15.5/1 19.3/1 SR

OCTADECARE  4.83/1 201 /1 63.11/1 e

These emulslons contained 60 ml, hydrocarbon, 10 ml, emule

gifier, and waber.



TABLE 1o
W

¢
L0715
1335
.18
236
.316
.33
.387

Ji138
L180

TABEE 17

125
+178
222
»263
«300
«333
.36
417
161

Table 14 Blends cont'd, 60 ml, hydrocarbon, L0 mi,

c7

10

3.8

2.0
2.1

1.7

1.5

3.3

2.6

-

2.2

1.9

1.7

& S5mls GH O

2,2

1.9

-

WY
.
U

242
1.9
1.7

cUy

ok

2.5

2.1
1.8

1.6
1,6

St’-i-

346

2¢ 7T

2,2

-

643

-

3.6

2.6
2.h

-,

64

c18

5.3
1.0
3.3
2,6
2.3
2.1

-

vater,
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Tables 17 Blends contalned 60 ml, hydrocarbon, LD nl, water,
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