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ABSTRACT ~° "

4 [

Inter%acia]kprOpertie; of he%v;Acrudes‘1ﬁ_the pre§ence
of‘chemical1y treaéed w;ters Qeré‘invesiigaﬁedf  The phygical‘
’ characteristi;s of crudi(;:-qi1“~ché"mi‘ca-l_;_'sfo]ution" i‘terf-a:cwia]
Films may be aescribed"oﬁ a quantitéfive‘baéié in terms of
.'interfac1a1 tension. The inygstigationiwas carried olt on,'
several crude—qil-chemicé)—solufion syste&s under 1abbratory
cdnditigks. | |

Results of thg'stﬁdy show'th;t‘Certain nogﬁghﬁc
“surfactant §olutions efficiently reduce in%éffatiaﬁ tension
to zero at vefy Tow surfactantAc0ncentratibns. | |

As thé interfacial properties of cfude‘oi1s afe a
function of the grﬁde 0oil composition, and pafticu]ar]y of
_the surface-active constituents-of,the crudes, a newrmethod—-
a‘nitrogen foaming te;hnique——waé used to precipitate some )
surfaCe'active agents contained in the heavy (viscous) crude -
coils. fhe dependence of‘intérfacial‘properties on the crude
611 conﬁént'of_fﬁenSUhface.éctjve constituents Qas.studied;
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INTRODUCT 10N

There is a genmeral consensus of opinion that the presil
ence of interfacial films between crude oils and water influ-
ences the efficiency of oil recovery in water drive and water
flood operations. Sévera] jnvestigators have shown that sfgj
nificant reductions in ifiterfacial tension 1ncrease; recovery,
The reduétion in interfacial tension has been attributed by
 these authors to the presence of su}face active‘agents in
both the crude oil phase and the water phase used in their
study. | |

The addition of~véry small quantities of surface active
agents may cHange thé course of physicochemicai prOcesses_
and the condftﬁons of interaction betWeen phéseé. The pdr;
pose of the present work, therefore, is to contribute data
that would he]p'to deterﬁine the ability of different chemi;
cq]s to reduce interfacia] fension. Such data on'the.inter-
facia] prqper;ﬁes of .crudes in the'pfesence of chemica]]y
treated wateré (in the gbsemce of rock chemistry) are;pre-
sented and it is hoped that these‘ﬁi]] prov1de a background
to the understand1ng of the mechanism and: magn1tude of the -
1nterfac1a] tension reduction during d1splacement tests.

A new n1trogen foam1ng technique wh1ch reduces the
-concentrat1on of surface active agents 1n the heavy.(vis-

cous) crude 0ils has been dev1sed i
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LITERATURE REVIEW

. oo .
It is probaole that many types of surface-active

mater1als are indi genous to crude 0115s (1). The first evid-

ence that such, components must be present in crude oil was ,."

-

“the ease w1th wh1ch many«crudes form efhulsions in the pre—
sence of wate? In an ear1y study, Lottermoser and Ca]antar
«(2) reported that aspha1t1c materials lead fo the formation

A ]

of stable water-1n-o11‘emu1s1pns. Morre]]pand Egloff (3)
and Uren (4) also name the-aspha1ttc components as the'enul-
sifying agents responsible,for the for@aﬁion of witer—tn-
0il emulsjons. .j J

b Bartell and Niederhauser (5) were probab]y the ftrst'
to ettempt to isolate the surface active materials from a
number of crude oils. They were successful in tso]atﬁng
such mater1a]s Jrom one Ca11forn1a crude oil, but cou]d notf
reproduce their resnlts when they studied a group of other
oils in the~aosence of air. Thenefore, they conp]udeo that
"~ the isolated substances were forned by an oxtdation'process

during samp]1ng and. are not present in the’ norma1 f1u1ds of

an o0il reservo1r. Others (6,7{8,9,10,11,12) have demonstrat—"

ed, howéver; that surface active matefia]s.do'indeed exist
_in petfo]epm, especially in the more asphaltic crude oils.
67, : . ' '
Ultracentrifuge studies have shown that the asphaltic

| components. can exist as colloidal particles in petroleum as’

>



well as in a variety of other Solvents (13, 14 15, 16) . Such

part1c1es are 1nt1mate1y anvo]ved w1th the many other petro—‘“

leum constituents, and by the very nature of col]o1da] sys-

tems, the phys1ca] and chem1ca] propert1es of /yude 0ils are

influenced very s1gn1f1€ant1y (17) The more comp]ex and

polar compounds contained in the co]]oidal’systems tend to-
. t ) \./

concentrate at intevfaoes,‘theneby‘affecting“the wettab<1ity '

of the solid phase as well as the'intertacial phenomena
| between the 0il and water phasesb &ecause ofthe very large
1nterna1 surface area of sedimentary rocks 1nterfac1a1
forces arelmagn1f1ed in the1r.effect-and-may therefore*p1ay~

an important part in the mu]tiphase~flow\of 0oil and water

~through porous medija.

-

Considerable work' "has ‘been devoted to 1so]at1ng surface‘

active components from petro]eum In a,serles‘of papers from

%the U.S. Bureau of Mines, Denekas et al. (8); Dodd et al.

(9); Dunning (11), and Dunning et al. (10,12,18) showed that

:surface active materials could be isd]ated from crude oils

of Oklahoma and California. 'They found that the'surface—

act1ve qonst1tuents had a h1gh metal content, and they a]so, “

>

estab11shed that vanad1um and n1cke1 porphyr1n oomp]exes-
were the/maJor contributors to the’ Jnterfac1a]‘act1v1ty and‘
‘ fi]m—Forming'tendencjes e*hibitedvby their.sampﬁes;-'corwin .
'(19) hao a150~3hown that .the tw0‘major metals bound by'the
po?phyr1ns ih petro]eum are n1cke1 and ;anad1um He aTsol

'notes that the ngb1nat1on of these meta]s with porphyr1ns'
: 4

renders them_o1]—soiub1e wh11ekthe-presence_of the meta1s

,;;{#i.’.



fand vanadium.

)

1n‘the porphyrins givesqthese organic compounds extra stabd-

lity to perm1t their surv1va] through geolog1c t1me Other

researchers (20 21,22, 23 83 84) . 1nvest1gat1ng the const1tu-

¥

tion of petro]eum have conc]us1ve]y ‘shown the presence of

meta]]oporphyr1c compounds, espec1a11y those of n1cke1 ‘rron

o

e

)

Thése‘po1ar type t”aCébcomPOUhdS in Detroleum'seem'to o

be important 1n the- cap111ary and surface phenomena in petro-

1eum.product1on (28,25). In study1ng the d1sp1acement of

vcrude 0il by water in saturated cores, Retsberg and Ddrscher

{
(26) have reported that oil recovery was dependent on over-

1

comjng}the'rdgidfinterfaCia] films that developed at 0il-

swater interfaces and caused the oil to adhere to a water-

dads were found tO‘he—aspha]tic Dodd.(27) has heen ab]e to
demonstrate the hjgh- v1scos1ty and non Newton1an behavior of
a f11m formed at a crude 0il- water 1nterface ‘
Green]ee (28) however' has reported that the content_
of the: aspha]t]c components in an 01] does not corre]ate:

w1th the observed surface act1v1ty ; No s1mp]e group of com-

pounds, 1nc1ud1ng the porphyr1ns, showed suff1c1ent surface

act1v1ty that it m1ght be- said to dbntro{,the observed pheno-
mena. Green]ee proposed that the greatest f11m forming power'

S is present when the aspha]tenes are in a state of 1nc1p1ent .

f]occu]at1on , Water drop1ets 1n¢uce the f]occu]at1on @nd

‘are thus encased in a f]]m of. prec1p1tated aspha]tenes and

resins. Green]ee noted that aspha]tenes wh1ch had been pre-_

uwétted,'hydrophi1ic surface. The 1ntertacfa]]y active mater-
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'1nterfac1a1 tension; however, the effect was riot as pro-

authors”(36’37) found that 1n the face of adsorpt1on, ]ower{

)

.cioitated from’an-oi1 and then added back to the oil do not

show this surface actlvity, incipient prec1p1tat1on that can

be 1nduced by water drop]ets is requ1red ' Van der Waarden

.(29) has demonstrated the stab1]1ty of water 1n -0il emu]s1ons
,and the f11m‘form1ng role played by aspha]tenes that are near

. a cond1t1on of 1nc1p1ent f]occu1at1on

- The qffect of 1nterfac1a1 tens1on on 011 recovery has e
been studied by many workers. Some 1nvest1gators (30 3])
have found that oil recovery by water f]ood1ng was 1ncreasgd
if interfacial tens1on were increased in the water-wet sys-
tems and decreased'in the o0il-wet systems.. Munganr(32.33).
observed that oil recovery by water flooding could be

-~

increased in both 0il- wet and water- wet systems by’ reducrng

2

_nounced in water-wet systems. Warren and Calhoun (34) noted * .

that break-through and ultimate recovery increased as inter-
fac1a1 tension decreased in 011 wet cores. Wagner. and Leach o
(35) found that water f]ood1ng at very low interfacial,tene;
sjons.resu]ted in lange increases in oﬁ] recovery. A few’~m

1ng of 1nterfac1a1 tens1on had a tendency toward reduc1ng “_
the recovery of 0il. | ‘k N | .

- The use of; surface act1ve agents to 1ncrease 01} recqv-
N

.ery,ln water f]ood1ng has been constdered by_seyera] 1nyest1-A

ga'tors(38 39,40,41,42,43,44,45). Bartell and Miller (46) "3

reported that ne1ther surface ten51on values of the l1qU1d

nor the 1nterfac1a1 tension values of the: 11qu1d ]1qu1d system .

—



AR ;were domlnant factors intthe. d1sp1acement Of oil. Effective

d1sp1ac1ng agents appeared to be those that a]tered the

aqueous so]ut1on s111ca 1nterface e1ther throUgh a h1gh g’

) . ’ FA

{}‘73 ' degree of adsorpt1on or through chem1ca] reaction of the
L ‘1nterface ST n . o . ‘.';L
| o Many‘chem1ma]s have been tested to determ1ne the1r
1ab1]1ty to a]ter wettab111ty or reduce 1nterfac1a1 tens:onﬁ
“The use of sod1um hydrox1de has - been reported extens1ve]yth
fm@the literaturte (26,35,41 h6,47,48,49,50,51,52,53,54, 55) .
B The: use " of sdrfactants is becom1ng 1ncreas1ngly 1mportant .
(4370845, 56,57,58); | B SE
4 The presence of an e}ectro1yte; such as; sod1um chlo- *°

o
r1de, in the aqueous phase, can greatly 1nf]uence 1nterTac1a]

¥ ' \».,

propertles (27 59, 60 6]) between 011 and the aqueous phase{
~At a g1ven concentratlon of sod1um hydrox1de -the add1t1om
of sod1um ch]orlde to the aqueous phase Towered the inter-
;. Vfac1a1 tens1on (60) ' Burc1k (59) p01nted out that surface,‘

act1ve compounds in so]ut1on, such as sod1um hydrox1de, are'

'<charged As they d1ffuse into an- 1nterface, and e]ectr1ca]r.
= e B :

’ .

¥
. charge is bu11t up, th1s tends to repeﬁ 1ncomhng 1onsa« The

,add1t1on of e]ectro]yte reduces the patentJaT‘of thef?nter-ta

e. and perm1ts more Unh1ndered d1ffus1on atitW% 1nterface,

?']”hthus IOWEFTHQ 1nterfac1a] tens1on ",‘~ R S

o 2 Sk .



THLORY

INTERFACTAE PHENOMENA

Conditions. at the Phase Boundary:'

| For any system of two phases, thefe.is a.region of
Separation between tHeltwo phases. The boundary betkeen

_ two homogéneoﬁs phaées is_jj@refore not a'simple geometrjca1
surface upon eithér side of whi@h extend theihomogeneous
phases, but ratﬁér‘a 1amina or film of a characteristic
thickhe;s. The mag:rfa] in this "surface phase“'shows pro-
__perties:differinglfrom those of the materials in the con-
tiguous homogeneous phases (62). It is with’thevproperties
of matter in. fhis‘gﬁrface'layer that sthis investigation fs
‘eeﬂcéfnedlmgdust as in the bulk phase, the méttéf,of the
"surface pﬁése” may exist in the so11d, iiquig and gaseowg<’

'states; thatiis,:there are vérious types o%‘interfac1a1
phases. The pfeseﬁt invéstigétioﬁ'is especially conerned’
with the bOuhdary betwéen iwo_immiscib]e TiqujdsiA

It 1s_gommqh]yﬂobserved tHatAavquuidvbehaves as if it
were sﬁrrOunded by.é contracting éjastic gkih. Drops Qf |
]iqujq,'uﬁihfiuenéed by.eXterna].fb}cesisuéh éﬁ‘érdvity;
adopt_a tru]y spherical shape. Young (63) waéufhe\first'to
attempt’ah exb]anation of éhis'”su}faCe tensioh“ fh térms Qf
thetattgéctive and repulsive forces between the mb]équesiof
. the‘1iquid. ‘The cohesion between thé mdleCUIeszoan Tiquid

. . N . . 3
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must surpassrtheir tendency to separate under the inf]uehce
of thermal motion. This net attraction between neighbour-
ing atoms is‘tL1filled mos t cdmp]etely in the interior of
the phase;fhhf]e those atoms or molecules at the surface

are attracted less completely than they would have been ih .
the bu]k’fystem Consequently, the energy of the latter is
greater, and, since the free energy of a system tends to a

minimum; the surface of such a pure phase will a]ways tend

" to contwact fairly spontanequsTy.

‘ t
. Fhe total free enérgy F of a system comprising two

.bulkaphases and an interface is (64): - .

4T e

\\

-given by

Fo=rf% s F% s fS C(2a)

where superscripts u and 8 refer to the bulk phases, and s

‘to the surface phase. | The free energies of the bulk phases
are ca]cu]ated on the assumpt1on that they both remain homo-
geneous r]ghfzup to a hypothet1ca1 geometr1c surface

If d smal] reversib]e change occurs in' the system

the free energy change dF is expressed by-

CdF = dFY o+ dFP e aFs L (2.2)

For the homogeneous bulk phases, :the free energy changes are
. o : t ":‘Ft

CdFT = ostdT o+ VP pYdny 4 ubdn, ¢ (2.3)



dF - -STdT + Vidpt o+ p%dn{ + pgdné to o (2.4)

-

“where S, T, V and P refer to -entropy, temperature, volume

. A : )
and pressure, respectively. The subscripts refer to compon-

© ‘ . . )
ents 1, 2,... and.n %efers-&o the number of moles of ,.a com- .

ponent whose chemical potential is u.
-

The .surface free-energy change must inc]ude a ?%rm for
the work -required to increase the area of the surface by an
»ihfinitesima] amount dA, at constant temperature, pressure
and composition. The work of surface expansion is done

against a tension o, referred to as thé surface tension.
' oy - A : .
This reversible work .is ‘equal to odA. Since the surface

. < . .
_contriBution to the volume is negligible, the quantity VdP

can be omitted. " Then *

dF° = -S5dT + odA +~u?dn?+ p;dng + oL . (2.5)

where u?, pé;..} are the surface chemical potentié]s of the

.various components of the system. // . .

‘Lhe total.free energy change for the system, is given

»

by ' .o

dF = -SdT +'VudP%~+'V§de + odA + ) u?dn?b

o
K}

i BB v s, 4 | |
+ ﬁguidni + ) “idni (2.6)

where § = s* 4 .sF 4 gS is the total entropy of the system.

2
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_ At constant temperature, pres/sure and composition,

~or

dF = odA (0.7
. = (aA)T - Fo | (2, 8)

The surface tension o has the untts of dynes/cm. It is a
measure of the work required to increese the surface by a unit
area; at“constant'temperature, pressure, and composition.
The tefm FS is the surface free energy- per unit area, express-
ed in ergs/cm2 S1nce it is numerically equa] ‘to the surface
tensian for a pure ]1qu1d o is commonly used to express
surface tension’or surface free energy per unit,akea.
fhe relation given by equatidn (2.8) applies to New-
tonfen‘tluids only (64). It has not Been used specifically
to interpret the~re5u1te of the preSent.studx, but has,
however, been included to complete_the background theory on
surface free energy. ! .

1t water: is ptacedvin contact with oil the interface
- between ‘the two 11qu1ds has a tendency to contract. " This is
1s represented as y and is e;pressed in dynes/cm as is o.
| Low values of Y; are character1st1c of o0ils conta1nﬁmg poiarj
groups.-where the molecu1es of the hydrocarbon phase must
concentrateJat the oil-water interface, and where the repu]—“

é& .

s1on between ‘the packed and oriented molecules offsets some -

=
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what the usual contractile tendency of an interface

Inter-

facial packing occurs because the hydroxyl "heads"
hydrocarbon molecules can escape from the 0il into the water

of the
while the chains remain in the o0ij]

In a state of low standard free energy

V!:ﬂ

-

(62) have shown that the greater the miscibility of oil and
-water, in 1

this process resulting
The introduction
of a third component into the system may ne]p‘to reduce the
7 interfacial tension | ‘

The works of Davies, Rjdeal and others

in the presence of the third component, the lower the
tnterfacial tension Thus, surface-active materials added
in 1ncneas1ng amounts to a mixture of water and oil

L

the interfacial tension progressively to zero

, reduces
The system
then becomes miscible and forms a single phase

With less

of the third component than wiil produce completé‘m1sc1b111ty
‘ofs the phases, spontaneou§“emu]s1f1cat1on may often occur

by the "diffusion and stranding" mechanlsm, even though vy
is st111‘quite high

Although complete miscibility -of the
phases necessarily results in zero interfacial tension, the
converse ‘is not tnye J

-

<«
a monolayer of organic cations concen-
tratzd at the mercury-water interface by an electrical field

of the phases

R )

will reduce y through zero (w1th consequent spontaneous
emu1s1f1cat1on) without inducing any

D ent mlsc1b1]1ty

Relations between Surface T@ﬂ%ion dnd Interfacial Tension

Y

Short-range van der Waals forces of attraction exist be-
tween molecules, and are ‘responsible for the axistence of *he
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liquid state (65)." The phenomena of surface and interfacial
{ension aref;eadi]y explained in terms of these forces. The
molecules which are located within'the bulk of a Tijquid are,
on average, subjected to equal forces of attraction in all
directions, whereas those 1ocated,_for'e}amp1e, at a fiqhid—
air interface experience unbalanced attractive forces result-
ing in a net inward pull. As many molecules as possible will
Jeave the Tiquid surface for the interior of-.the 1iqﬁid; the
surface wifl, therefore, tend to contract spontaneously.
For this reason droplets of liqu¥d and bubbles o} gas tend
to. attain a spherical shape. “~

The surface tension o of a liquid is defined as the |
force in. dynes acting at right-angles to any line of 1 cm
length in the liquid'surfdce, énd has the units dyne/cm.
The surface freF en%ﬁgy of ‘a 1iqu}d is defined as the wofk
in ergé required to increase .the area of “the liquid surface,
by 1 cmz, and has the dimensionally equivalent units ergs/
cmz. Surface tension énd surface free energy are numerica]]y
equal provided that the visposity of the liquid is not too
ﬁigh.' o |

The same considerations app]& to thé interface between
two immiscible 1iquévs. Again there is an imbalance of
intermolecular qudes’but of a less magnitude.’ Interfacial

. I3 N
tensions usually Tlie‘between the individual surface tensions

of the two liquids in queétfon.

’



. “ ) .
Treatment. of Gig§§: :

Gibu§\considered,the‘intérﬁacia] tension of mercury
in equilibrium with water, in relation to the surfate ten-
sions of the separate components of Ehe system %n equili-
brium with each other. He deduced (66) that if YHg[M r&bre_

sents the interfacial tension betweenm mercury and water,
% . ‘ '
then it is given by = 5

N

-

[

YHg/W ~ YHg(H,0 sat.)/A (" YW(Hg sat.)/A
2 .

» .
and subscripts sat. and A in the terms depote that the

surface tensions of the mutua]]y‘saturated liquids are‘hea-
sured with respect to air. - His reasoning in deriving this
equation was as follows. On a clean hercury surface (of

| N r#?éithe

~

high surface tepsion) water will biradsorbed (lowe
“surface tension); this film of water corresponds at equili-
brium to adsorption from saturated water vapour, and may’

)

reach such a thickness that jté interior behaves as.if it
were bu]kAljduid wate;\ If thﬁs is true, the total surface
'ten;ion (or energy) should thus be the sum of the surface
tensibn of water and the interfacial'tension betwéen mercury

andAWater; that is,

YH%(Héo'sai-)/A ~ YW (Hg sa/t’:.)/A.+ THg /W (2.9a)

Relation (2.9a) is identical with (2.9).



quqggfiﬂguﬁgkiﬁjpﬂship:
Antonoff's Relationship stdtés fhdt the interfacial

tension of two mutually saturated quui%s.is equal to theé
difference befween their surface tensions, the Tatter being
measured when each liquid has bécome saturated wifﬁ the
other (67,68). It s thus a generalization of Gibbs' treat-
ment of the mercury-water intérféce. For waiér and organic
liquids the mutual saturation often occurs slowly; as long
as 10 days is sometimes required to reach true equilibrium.

If B(W) and W(B) refer to two typical mutually satur-
ated phases (e.g., benzene and’water éaﬁh.sthrated with the
other), and if thé surface tension againstjéir of W is

- :

higher than that. of B, Antonoff's relation may be written in

general terms as:

B/W = W(B)/A CB(W)/A ) . (2.10)

" where YB/W is the interfacial tehsion_when equilibrium has
. .
been attained.

Dupre (69) defined the work of cohesion Wé/w as

.= Y LY _Y : ;
W ot W(B)/A B/W (2.11) g

Combining Antonoff's relation with Dupré's equation
”gives' .

s/w "~ 2B (w)/A - | (2.12)
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However, it is necessary to point out that Antonoff's
relation does not hold quite generally, especially for very

polar o0ils and initially non-spreading oils.

Cagi]larz Pressure

A general expression for capillary pressure as a func—
tion of 1nterfac1a1 tension and curvature of the interface
is due to Plateau (70) and is given by the following equa-

tion:

[ S B |
PC = Y(RT + RZ) (2-]_3)
: 2

where R] and R2 are the principal radii of‘curvatﬁre of the

interface and y is the interfacial tension between the fwo

.‘f]u1ds

? 'Thé capillary pressure in terms,ofAsurface forces : <:::j
across an ofl-water jnterfaée %n a'capiliéry fqbe is defined | . ‘

by the fallowing equation: " | |

2Yyo 9

P =

where Pc = cdpi]}ary pressure (dynes/cmz)
‘ PO = pressure. in the oiiAphase*adjacent,to‘the inter- i
e face (dYnes/cmZ) ‘ S A
Pw‘ = pressure in the water phase adjacent to -the
interface (dynes/cmz) | ..
= interfacial tension between 011 and water -

(dynes/cm2)
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i

contact angle measured through the water phase

radius of the capillary (cm).

-
}

From Equation. (2.13) it is apparent that cap11]ary

pressure varies directly w1th 1nterfac1a] tens1on Caplll-

_ary forces can therefore be reduced or e11m1natedlby the

¥ 4

-tensions, gives:’

same chemicals that will reduce the interfacial tension
between crude 0il and water.

o
On a hjcroscopic sca]e,'tﬁe'entry of’wetér into an oil-
filled pere in a water-wet porous meddum is assisted by capil-
Tary uressure. Consequent]y, fdr,efficient\dispfacemencsof'
oil, in addition to a favOUrabie wettabiTity and geometry, the

interfacial tension should be high. The entry of water into -

an oil-filled pore in an oil-wet porous medium, on the other

hand, is resisted by capillary pressure. Therefore, for effi-

cient displacement of oil, the interfacial tension should be

lTow; this will minimize the energy required to displace-the oil.

»
|

Contact Angles: - . o T | R :

Nhen a drop of 11qu1d is p]aced on a f1at solid surface
it_may spread completely over the surface’ or, more likely, .
1t;may remain as a drop having éldefﬁnite?ang1e of codtact
with the solid surfice (Fig. 1on the following page) '

Assumlng that the var1ous surface forces can be repre-.
sented by surface tensions. actang in the direction of the

surfaces, then equating the hor1zonta1.components.qf these

%



Fig. 1. Contact Ang]e_.

- Combining this expression with the appropriate form of the "
\Dupre'équation (NS/L.z YS/A + YL/A T YS/L) will give Young's

equation:

W (1 + Cos 8) (2.16)

S/A - YL/A
; Thé}efohé, zero contact angle resUfts_when the fofcég of
attraction betweenﬂlﬁQU}d“and'solid ére equa1~;o,'qr.greater ~
‘than those between liquid and iiquid, aﬁd a fihité cohtact’ :
angle results when the 1ithd“theFes fo;theVSOIja less than
it cbheke? to itself. B | - ' 
"Thé‘solid is cOmpletéiy wetted bylthé liquid if the
contact éng]e iS‘zéro anﬁ.0h1y partially Wet£ed if»the con- -

X

i
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tact angle is finite. Compiete non-wetting implies a con-

tact angle of 180°, which is an unrealistic situation since

S/L
correlate 6 < 90° with wetting and © > 90°.with non-wetting

it requires that eithér'w 0 or U Some writers

in order to be in approximate keeping with visual appearances.

This correlation is not entirely satisfactory.

" Surface (Interfatié]) Tension and Adsorption:

The surface tension of a pure liquid is constanf at
constant temperature, but it may be changed by the'addition
of some other subsfance to the liquid (7]).» Most dissolved
non4e]ectro]ytes 16wer the surface tension of water, some
“do ﬁdt change it appreciably, and a few raise‘it slightly.

In genefa], the<surfa¢e'tension of a so]utiqq‘]ies between
the surfacé'tensions 6f the two ﬁonstituentg} Since the sur-

féce tension of water is higher than that of most‘other

liquids, the addition of such 1iduids to water gives a solu- .

tion with a lower surface tensjon.

The addition Of inorganic\electrolytesrto*water invari- |

L.

'ably.résults inlan incréase {nusurfacé tension (72). Sur-
faﬁe-aétive_agents]]gwer the éurfacé tensdon of water gonl_
sﬁgerab]y, even‘in véry dilute solutions. The.effect‘éf
ions-on'increasfng fhe.surface tepsfoh.of.watér‘is‘in the
;saMe order as fhe‘Iyoptropic or Hofmeister series: Li> Na>Kk

and F > C1 > Br > I.
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The Phenomenon of "Surface Ageing":

When a fresh surface of a solution is produced or when
an enisting surface is extended? time is\required\for the
readjustment of concentrations between .the body of the liquid
and the surface layer. Accordingly, different values of the
surface tension would be expected depend1ng on whether rapid ; %
measurements are made on a fresh- surface (dynamic methods)
°r on an-old surface,after equilibrium is established (static
methods) (71). The rate of change of surface tension, “snr-
face ageing“,_depends upon a nunber of factors. 'These 1nc]ude
the rate of diffusion of the solute to or from the surface,
agitation, and other external perturbations (72).

Mention may be made brtef]y of another type of surface-
ageing phenomenon, in this case from an 0il phase to an o0il-
water interface. Many“011—301ub1e anphipathic compounds
Qi.e,, those conta1n1ng polar and non- polar portions) show
the effect ~an exce]lentrexamp]e being, say 1.per cent-pal-
mitic acid in behzene or hexane. Such a. so]ut1on in contact
w1th water takes several hours - to attain equ1]1br1um, 1nstead
of a few seconds, at-most, expected from diffus1on theory.
~In such cases the rate appears to be determlned by the con-

- centration of monometr1cﬂ]ong—cha1n molecules (62,82).

-

Effect of Temperature on Surface and Interfac1a1 Tensions:

The surface ten31on of most 11qu1ds as. well as the inter.
faclal tens1on between _them decreases with 1ncreas1ng tempera-'

ture in a near]y 11near fash1on (74 75, 76 108) and becomes

o
i
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very small fin the region of the critical temperature when
the intermollRcular cohesive forces approach zero. A number
of empirical ¥quations which relate surface tension and

temperature have been suggested, one of the most satisfactory

being that of Ramsay and Shields (73):

ST - 6) 4 (2.17)

{i

where molecular weight of the Tiquid’ -

o = density of the liquid

X = degree of association of liquid
T. =‘crit1ca]-temperature of Tiquid.
. oMy, 23 | |
" The quantity U(?T) is called the molecular free surface

energy, and the constant k which has a value of about 2.1
: ergs/degreeafor hydrocarbon giquids js called the "constant

'Of EotVos" :
: o ¥

Adsorption of Liquid by Liquid; Spreading ofJLiquid on -
L1qugd’ Molecular Orjentation: ~ ' . -

If 2 drop of organic 11qu1d (e g., 011) is'placed oh
-the surface of water, the edge of- the drop at the a1r water
1nterface_1s subJected to three pu]]s (77) as 1nd1cated 1n
{Fig ‘QA {These aréQ 1%\Y3, the surface tension of water,
‘(2) Yoo the surface tension of organic liquid, and (3) Yogs
the- 1nterfac1a1 tens1on of water organic llqu1d The effect
of (1) is to pu]] out the edge and f]atten out the drop, the

“effect of (2) and (3);15 to pu]] in the edge and make the
' o - R : v C .
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Air ' -

Fig. 2A. Drop~of 0il on Water

drop more nearly spherical. Hence if*y3 2 Y, + Yo3s the
organic liquid will tend to spread over the surface of the.
water; whereas, if Y3 Y Yot o3, fhe organic liquid will
tend to draw up into a globule. o |

A]thougn the above formulation i§ correct,. it is so
. general that it is limited dn its usefu]nese. The thebries
of spreading based on the facts of molecular oriEntation at
interfaces and on the'work of d8hesion and eohesion df

11qu1ds are more speC1f1c and generally he]pfu] in expla1n~.

1ng the adsorpt1on phenomena.

Molecular Or1entat1on .and the Spreadlng Process

The systemat1c study of 01] f11ms on the surface of
'water was made possible by'Pockels;(78) who showed that a

f11m on water could be removed comp]ete]y, or concentrated

at any des1red portlon of the surface, by rak1ng the surface

.ob .
7 ) -

5
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with a suitable paper or metal sﬁrip. Using barriers work-
ing on the surface of a trough filled ﬁq the brim with water,
it was possible to vary the surface ava{lab1e for a given
amount of oil. It was observed that fhere was no decrease

in surface tension when the available area exceeded a cer-
tain value, but a rapid drop in surface ten%ion set in when
Fhe area was decreased below thisdcritical value. This
observation was confirmed by Rayleigh (79), who suggested
that the first drop in surﬁéce tension marked the point ’

where the molecules were crowded as closely as possible to

. s
give a film one molecule thichk Hardy (80), has postulated

that certain molecules are ortented in the films. These
studies enabled Langmuir (81) and Harkins (82) to develop

comprehensive theories on the spreading of polar compounds.

bds .and Spreading:

s may be classified as: (1) symmetrical (e.g.,

ﬂSCH

,CH

5 CHZCﬁ3), in which.the two ends of ‘the

2

ﬁo]é; ffe alike; and (2) unsymmetrica1‘(efgﬂ%&oieic acid, -
]7H3{ ‘H), in which the two ends of the mo]ec:%e are dis-
‘Simin f The -COOH portion of an ?rganic acid is called a
po]aj} fbup or radicai, to»dfstinguish it from the~hydro-
cafbéﬂépOrtion of the molecule. Thé term polar group is

applied to such radicals as -OH, -COOH, -CHO, -CN, -CONH,,

,» -NHCN,, -SH, -NCS, -COR, -COOM, - COOR, -NO,, -CH,
‘_?CH2,~-C=CH, and to other groups;containihg oxygen,,nitrogen, -

-NH

4

aSu]bﬁuf:fthé halogens, and double or triple bonds. Compounds




containing such groups are termed polar compounds.

Orientation of Polar Compounds in Films:

When a drob of stearic acid is plated on water, it
,épreads over the surface to give a film one mo]ecu]e~deep.
Since the carboxyl groups of the acid dissoive in water, the
mo]ecu]eé of acid orient themselves with the carbbxy]bgroups
in the water and the hydrocarbon tdils packed in side by
side vertically above the carboxyl layer.

| Sfearic acid.is practically insoluble in water because
“the affinity'pf the long hydfocarbon chains %or water is
. less thqh their affinity for éach other. If‘sqch long hydroi
carbon chains héppén to get insidé the water, they effect a
separation of the water molecules; Qﬁt, since the attractian
of w;ter mo]ecu]és for eachrdthér is highér than for the
lhydrocarboh chains, Qhén the water molecules get together
by kinetjc mdtion; théx teﬁd {o stay together and thus to
forée out the hydrocarbon chain;. Such Tong chains are
carried into aqerué solution oﬁfy whén they are combined
with very powerful polar groupé. .
~The princip]e governing thé solubility o%.oﬁe Tiquid
in another is that tike attracts like. In accord with this,
‘high]y'polar'liquids,are fn general mutually soluble, and .
sliéht]y po?@r;liquidé, such as hexane and ottane, afe soluble
| in other slightly polar Liquids but ‘a@re insoluble in_High]y
‘polar 1iquids. AHydrocarbonf are genera]iy réndefed soluble S
|  iﬁ water.by the introduction of polar groups provided théﬁ/}{xg\;;;

<4 i N

!
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the hydrocarbon chains are short, but.the‘solﬁbility decréases
With increasing length of the hydrocarbon chains. The solu-
tion of polar liquids in water lowers the surface (ahd'inter-
facial) tension, and the goncentration of the molecules is
higher in the surface film thép in the body of the solution.

A

COMROSITION AND PROPERflES OF OILFIELD WATERS

Most oil-field water analyses are given in the ionic
form (§§,86,87). The "Palmer System", whose interPretation
is bas;d on the ionic statement (88) groups together radicals
that are either chemically similar or geologically associated. .
Thus, the common,metalli; bases sodium (ﬂa*) and potassium
‘(Kf):_and the alkaline earths cg]cium (Catt) ;nﬁ magﬁesium
3(M9++), are grouped as alkalis, and are all posftive radicals..
The acids or negative radicals consist of two groups-- the
. | ;trbng acids) su]phates' Z aﬁﬂfchlor1des (€17) and’the
weak acids, carbonates'( ;) and bicarbOnateé,(HCOB); .

The charactéf of any brine may be described in terms

of its reaction value, given below as:

1

Reaction Value

4

Amount‘by weight (mg/1iter)

>

reaction coefficient*py -

i

Amount by weight (mg/liter)

| valence
atomic weight

.“ >

_*The ‘reaction cgéfficfents for the ijons usually determined

in water analysis are:

Y
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©
Sodium (Na#3 N.0434 Sulphate (SOZ)‘ 0.0208
Potassium (k') 0.0256 Chloride ~ (C17)  0.0282
Calcium  (ca*™). 0.0499 Nitrate (NO3)  0.1061
Magnesium (Mg' ') 0.8210 Carbonate* (C0;) ~ 0.0333
Hydrogen (H')  0.9920 Bicarbonate (HCO;) 0.0164

>

Salinity and alkalinity are the most important proper-

ties of oil-field waters. Salinity is the combination of

strong acids_(S05, NO3, C17) with bases Na', k', ca'’, Ba'",

Mg+}). Alkalinity is the combination of weak acids (COZ,

HC03, 52) with bases.

s

Russian authors (89) have pubﬂjshed extensive data on
the chemieaT eomposition of the Waters of oil formations, or.
more precisely, the salts dissolved therein. Based on their
work; oil-field waters can be said to be of two types: the .
a]ka11ne sod1um b1carbonate type and the hard calcium chlo-
rxde type. The latter 1nc]udes the magnes1um ch]or1de‘
vafiety The two types d1ffer sharply in pH. -Jor a]kaiine
waters the pH 1s over 8, while for calcium chloride waters
the pH Ties between 4 and 6. This I;W pH in calcium chloride
waters is exp]aiﬁeatby Kazmina (]938) on the ba$y$ of great
iamount of CO2 pYesent in the form of dissolved gas.” At the
same time, Ovch1nn1ko et al. (1947) believe that the acidity
of calcium ch]or1dé waters is the result of the hydro]ys1s
of CaCl

g

tion waters is not genet1cal]y related to, petro]eum,.but

9 and MgC]f.

The accumu]at1on of the maJorLty of components in forma-
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rather to such characteristic phenomenon as the formation
of calcium chloride. Salin (1946) pﬁi}ed that the latter
is the final stage of mjijmorphism of the salt content of
the waters of the earth’s crust. The process consists mainly
AN
of the displacement of calcium ion by one of sodium, and the
absorption of the calcium by the rocks. ’
Soda in formation waters for the most part, in any

case, is the result of the reaction of crude o0ils with the’

surrounding medium.

- SURFACE ACTIVE AGENTS N

Sub;tances that lower thé surface tension of g liquid,
or fhe~interfacia1 tension between two liquids, are known as
“surfa;e-active agents"'or “surfactants". All Yuch agents
possess the common feature of a water-soluble (hydrophilic)

group attached to a long hydrocarbon (hydrophobic) chain.

+ The various surface-active agents used in industry, as

“well as those without pfesent commercial importance, but

reported in technical literature and patents, have been

thordugh]y reviéwéq by %chwartz and his associates (90,91)

~and will not be treated here.

Surfactants include both nonionic and ionic types. Not
ionizing in solution, the nonionics are stable in acidic,

neutral or alkaline media and can be used in combination

with either anionic or cationic surfactants. The anionics

are primarily fast-wetting compounds with good spreading

qdction. In solution, they yield negatively charged surface-

P
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active ions.

Surface effectiveness is‘a functinn of solubility.
Becher (92) -believes his.data indicate that high interfacial
ténsions occur when surfactants are not ideally oriented
because of perturbing effects of either the. surfactant hydro-
phobe or hydrophile. Fig. chhows the possible orientations
of a surfactant'at the oil-water interface.

In Fig.ZB, Aand C correspond to high interfacial ten-
sion. 'In ‘BA this arises from the perturbing effect of the
hydrophobe on the water structure. As for Figq. ZBC the high
interfacial tensijon arises from the perturbing effect due to

presence of hydrophile in the oil phase. This occurs when a

surfactant is quite soluble in the o0il. Fig. 2BB represents

the ideal position - showing perturbation at a minimum. . ’

One effective means of increasing petroleum recovery

Hydrophobe

re %:Hydrophi]e

Fig.-2B, Possible Or1entat10ns of a Surface
Act1ve Agent at-an Oil-Water Interfaee
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. C® .

is by the aqdition of surfactants to the flood water. The
econom}cs of the use of surfactants, however, is determined
not only by the method of application but also by the degree
of adsorption. Thus, certain workers (93) have pointed on

that the use of surfactants is economically advantageous only

when the adsorption does not exceed 1074 a/9.
v



EXPERIMENTAL EQUIPMENT

Viscosity meesurements on the crude oils were taken
with Cannon-Fenske Viscometers and a Bendix' Lab-Vis meter
with a calibrated probe. The probe was calibrated with
standard ojls and Cerning glycerine. The temperatufe-was
controlled by suspending the crude 011 container in a con-
stant temperatdre mater~bath during viscosity measurements.

A Cenco du Nuoy tensiometer mode1‘7oé45 wifh a platinum
ring six centimeters in cifcumference was used for surface and
interfacial tension: measurements Readings were‘gorrected using
the correction factor tables of Zu1dema and Naters (95)

The 1nterfac1a] tension measurements between crude
‘oils and distilled water at various temperature intervals
mere made in a temperature-controlled air bath.

A Beckman Model N pH meter with a glass reference
electrode and a Beckman £E2: g]ass e]ectrode was used for pH
measurements. ' The Beckman E2 g]ass electrode was used |
"because it exhibits 11near behav1our throughout the entire
PH range and shows m1n1mum deV1at1on in h1gh1y alkaline. so]u-
tions w1th high sodium 1on ~concentrations. A Radiometer
.Copenhagen pH meter - type TTTla was used for certa1n pH .
measurements and also as a check for the measurements obtained
by the Beckman Model N. | -

T A spec1a] froth1ng apparatus (p]ates“l, 2, 3)-was

— w o
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designed for the removal of porphyric constituents of the
cruae 0ils. This apparatus consisted of pressure géuge
(Matheson‘type;, manifold, Poly-Flo Tubing 44-P-1/4.
~(Imperial EaStman), 1ué{te bubblers, regulated rotatoré.and
beakers. | | ‘

The removal of the porphyric constitUents was achieved
by a,;ﬁaming techﬁfgue in which nitkogen was bubb]ed'throUgh'

the crude in containers rotating at the rate of 1 rpm:

F



EXPERIMENTAL PROCEDURE

4
P

SOURCE AND HANbLINGWOF MATERIALS

Four crude OiJS;—L10ydminSter,mEthy] Lake-C]earnater
'Formation,ilmperia] Judy,Creek-Beaverhil1 Lake, and Ledue-
Woodbend--all treated only forvthe.remova1bof water, were used
for all testing. Tfese Ernde 0ils are identified as crudes
LLOYD, ETHYL LAKE, JUDYbCﬁEEK and LEDUC in Table A-1. -The
crude oil gravity ranges fram_38° API -to Qig API for the -
“light" crudes ‘and from 13° API to 15° API'forvthe heawy
(viscous) crude 0ils. The bottom sed1ment_jﬁﬁ water content
was 1.40% by volume for LLOYD crude, 0.18% for ETHYL LAKE
and less than 0.05% for the others: The ¢rude oil gravities
1,were’determined by the hydrometer method using.ASTM.(QG)
'teét'D287 55 and the bottom sediment and watef‘eontents were
determ1ned us1ng ASTM test -B96- 58T

. The propertxes and chem1ca1 ana1ys1s of var1ous f1e1d
waters are presented-1n.Tab1est-2 and A-3. The chemyca]s
, uéed in the preparation of varibne sotutioné'(b 002% - 0.1%
conc. ) were reagent grade and surface actlve, and are 1dent1-y
;f1ed in Tab]e A-4. ANl aqueous so]ut1ons were kept in a
_temperature contro]]ed chamber. .

TEMPERATURE VISCOSITY MEASUREMENTS

The Cannon Fenske (Rout1ne and Opaque) Viscometers were

31
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used-to measure the Viscosities of the crude oils., The stand-

ard method- of testing for kinematfc viscosity ASTM cest;
D445-53T was used. Bendix Lab-Vis meter was also used fog
some viscosity measurements to con®irm ti12 Cinnon-

Fenske results. The temperature range for the.complete
series of measurements was 70°F to 210°F. The Cannon-Fenske
Viscometer‘constants were corrected using the calibration
data (stcosity Correction Factor) plot prepared by the
Standards Laboratory of the Chem1ca1 Eng1neer1ng Department
of the University of Alberta. The opaque.viscometers con-
stants were supplied by the Fuels Section or the Research

Council of A]oerta;

SURFACE AND INTERFACIAL TENSION TEST PROCEPURE .

The du Nuoy tensiometer was used tofmeasure the surface
and. interfacial tensions of solutions aod between surfactant

solutions and crude oils. The standard method of testing

;for surface and 1nterfac1a] tens1ons of oil aga1nst water by -

Jer1ng method ASTM 0971 50 was ut111zed ,The temperature .‘

~ of the fluids dur1ng the routine surface and'interfacia]

tensionitests was maintained within 2°F for each set of tests.

The temperature range for the complete.set of tests was 72°F

to 78°F except for the special case of investigatihg the7
t

-effect of temperature on 1nterfac1a] ten51ons where the

temperature range was 75 F to 164° F
|

The measured surface and 1nterfac1a] tens1on read1ngs

were corrected us1ng(the dens1ty_correctyons‘of Zu1dema and

—~
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Waters (95) in graphical form. Due to difficulty in deter-
mining the breaking point of the water film at low jnter-
facial tension values, readings less than 0.35 dynes per

. centimeter were not considered re]jable. Such readings were

simply recorded as less than 0.35 dynes per centimeter.

N

ATOMIC ABSORPfIONvTEST'PROCEDURE
Metal complexes of porphyrins are present in petroleum.
The concentration 1evels-of such cohptexes are usually 1ow;*
generally falling in the range of‘IO—I,OQQ ppm, with some
‘reported less than 1 ppm. .It is now known that the principal
meta]loporphyric‘complexes are those of vahadium, njcke]lahd
iron (10,83,84,97,98,99,100,101,102,103). |
One hundred milliliters of distilled uater was shaken
periodically for 48 hours with 25 ml ofALtoydufnster ahd
Ethyl Lake crude oils reSpectiVe]y . These miXtures were

allowed: to settle out 1n a separat1on funnel. The aqueous

‘port1on was drained of f and the sma]ﬁ amount of the sus-

*},pended 01l was f11tered from ift. The aqueous portron was

“then analyzed on the atom1c absorpt1on apparatus ~The abave
procedure was - repeated w1th 0.01% solut1on of surfactant

Terg1to] NPX. o a

FOAMING TECHNIQUE IR EER L o o
. R .
ThlS techn1que is based on the pr1nc1p1e oj“adsorpt1on

when n1trogen is bubb]ed through the crude 0115 a greatly ~-5

1ncreased surface area is created by the bubb1es The-suré"

I L3 !
. }
¢ £
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fece active compbundsiwill tend £6 orient themselves at
these surfaces. There is no chemical reaction between the
bubbled nitrogen and the nitrogenous«polar conétiteents.
The.bubb]ing process produces.a-ffothiwhich is believed to
contaih some of the metal]oporph?}ic~constituents. This
froth is skimmed off and the resd]feﬁf crude oil tested for
changes in—thelinterfacial tensfpe;againsf disti]]ed water»‘
and some surfactant solutions. -f'- . ” .

‘The bubb]1ng period varied between 24 and 72 hours.

The froth was skimmed off at six- hdur 1ntervals

MASS SPECTOMETRY TEST PROCEDURE
Ajfhough meta]'compleies o?cdriprimarily in the asphal-
tic fraction of crude'oil, neVerfheless,_there i§ a consider-
able porphyrin content in eome'of.phe middle_fractions (]US)L
The aspha]tenes J!Ye obtained by disepﬁving 5-grams-of tﬁe
viscous crude in éS ml of Benzene aed precipitating with fen
‘vélemes of-n-pentahe at room tehpé;aiure The porphyr1ns

t al. (106).

were extraoted fo]]ow1ng the method of Bake
The analyses for porphyr1n complgxes were done by the Mass
Spectometry Laboratorf, Chem]stry Department of the Unlver-

‘51ty of A]berta

DATA;ANALYSIS,'f R
'Alstqtisﬁica] analysis of data was not made;°however; ,
each_data‘point"represeﬁts a mean. of five'measurements. W™

.« t,



EXPERIMENTAL RESULTS

FLUID PROPERTIES

The properties 6f the fouf crude o011 sampfes used: in
this work are shown in Table A-1. L]oydminste; crude which
contained30.04% of water was dewatered prior to use for the
éurface and interfacial tensjon tests.

- Variations of the viscosities of the Lloydminster,
Ethy]fLake, Imperial Judy Creek.ana"Leduc—woodbend crude oils
with temperature are shown in Fig. 3 .and Table B-1. The

viscosities of the crude oiTs;ggckease with increasfng temp-
n . :
erature. It is observed that the rate-of decrease in viscos-

ities of the heavy crude o0ils with 1ncreasing temperature is
greater than that of the cqpventibnal (light) crudes. Fig. 4
and Table A-1 show the variation with temperature of specific

. %
gravity of the crudes.

»

SURFACE TENSION MEASUREMENTS

The results of the surface tensioh measurements for
water ahd of]‘samples used in’thié‘wofk are given in Table
C-1." Fig.:é (Table te2)tshdws the surface tensidp measure-
 ménts fodisti]led-wqteﬁ soT%t{ons of_sodjdm Hydrokide,“
Tefgito] NP-35 and Tritpn ngOO at vgrfous surfaee aging
'i}més. ~The reéugts obtainédAwith solution§ of sodium hydrox-

ide shows that- the surface tension of its fresh solution

differs from that at equilibrium.

- 35 ¥
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" * See table A-1 for o ®
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t

Five to ten minutes may be required for surface stabiliza-
tion priofr to static tension measurements. The data for
both Tergitol NP-35 and Tr{ton X-IOO show that when surface
ac?ive agents are in solution, the time for surface equilib-

Fw®

rium attainment is-considerably reduced

INTERFACIAL TENSION AND pH MEASUREMENTS !

4

9

The results of the interfacial tension measurements for
the crude di]-distil]ed water system against temperature at
constant pressure 'are ‘given in -Fig. 6 and.TablesvD-l and D-ZL

The 1nterfacia1 tension results tor the four crude-oil-
water systems show a linear relat1onsh1p with temperature

It may be seen that the slope of this relat1onsh1p is a func-

tion of crude 0il viscosity, the abso]ute value 1hcreasipg
with 1ncreasingsvjscosity. The scatter showh_by the inter-
faeial tension results may be attributed to' the surface en-
tropy for water and the comp]exitx{df the crude 0il composi—n

tion. Continuous loss of vo]ati]e fractions from'the crude
Fal
_0115 w1th 1ncrea51ng temperature may hawge 1nf1uenced the

.

interfacial film behav1our -The apparent”temperature—
% i-/"

dependent behavwoum of crude 0115 is pr%gab]y a function of
’ DR , ) . .
compos1t1on . Y e , :
" - . i
The effect of var1ou5 chem1ca]s on 1nterfac1a] ten51on

» was measured fer a- number of aqueous so]ut1ons 5‘; crude
oils. The rg;u]ts of the tests are. presented in Tables D-1
to 9-46, The results of the interfacial tens1on;measurements

. between- the various crude o0ils and field waters are presented
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SYMBOL CRUDE QiIL*
L LLOYD
o ETHYL LAKE
® JUDY CREEK
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® See table A-1
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in Tables 5-47 to D—SOL The interfacial tension readings have been
corrected for ring size and fluid density differences. Vigual obser_
vation of precipitate in the aqueous solution was recorded. Since the
economics of waterflooding requires that as low a concentration as’
possible be used in any field project, low concentrations of agueous
solutions have been used throughout this investigation.

The effect'of sodium hydroxide concentration in dis-
tilled water on interfacial tension is shown in Fig. 7. The
interfacial tenéion between viseous Lloydminster crude oi1;
and distilled water decreaeed raéid?y-to an immeasurably Tow
va]ue,‘]ess”than 0.35 dynes per centimeter, at alSOdium hydro-
xide concentration of 0.06 per cent by weight. The same low
value o% interfacial tension between the Ethyl Lake crude
0il and distilled water was attaihed at a sodium hydroxide
concentration of 0.08’per cent by weight in distilled water.
At sodium hydfoxide concentration of 0.1 per cent by weight
“in distilled water the interfacial tension between Imperial
Judy Creek crude oil and the solution was 7.64 dynes/cm, and
between Leduc crude and ‘the solution a still h1gh value of
) 17.10 dynes/cm.

The difference in interfacial tensijon between the visc-
ous crude o0ils ‘and sod1um hydrox1de so]mt1on and between 11ght
crude 0115 and 'sodium hydrox1de is s1gn1f1cant at all con-
centrat1ons of the so]ut1on, and espec1a]]y at concentrations
higher tﬁan 0.01 per ceni by weight in distilled wa;er.‘
~Figs. 8 and 9 show‘the eomparisoh of interfacial ten-

sions measurements for sodium hydroxide solutions }nd viscous

1
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crude oils. Fig. 10 and Fig. .11 show the comparison of
interfacial tension measurement for the same solutions and
1ight crude oils. Generally, lower interfacial tension

values were obtained for measurements between the crude oils

and sodium hydroxide concentrations in distilled water than

the same measurements with sodium hydroxide concentrations

*ﬁn field water. The significant differehee in sodium_hydrox-

1de concentrat1ons required to reach the same 1nterfac1a]

tension can -only be attr1buted to the hardness of the f1e1d
water due to calcium and magnesium ch]orjde concentration.
The interfacial tension hetween the~viscods crude oils and
sodiuh hydroxide éoiutions are general]ybsfgnificantly 1ower
tha1the interfacial.tension between the ]ight'crude,oi]s and
the sodium hydroxide solut1ons

V1sua1 observat1on of the aqueous phase dur1ng these
tesfs indicated a milky white prec1p1tate formed even at
very low concentrat1ons of sodium. hydrox1de n f1e]d water.
Subsequent iesting indicated that the Bred1thate was a

combihation of calcium hydrdxide and magnesium hydroxide.

fhe interfacial' tension between crude 0ils and field water .

was not'reduced to a very ]ow value untf1'sodiuhvhydroxide
- R

had been added suff1C1ent to prec1p1tate the h1gh ca1c1um

‘and magnes1um content of the field water ~ The prec1p1tat1on_

of calcium and magnesium results in fncreased'concentration

r

of sodium chloride, in the system as-fo]]ows:

CaC] + 2N33Hna Ca(OH), + 2NaCl

Mgc1 + 2NaOH *.MQ(OH)Z + 2NaCl

2



46

e

: Zo epni1d X831 Apnp
Tetaadw] pue suOIINTOS wvaxouvhm unTpos 103
83UBWAINSEIW UOTSUD] TeTORJIIJUI IO comaummEou - 01 TUNOTI

(1yBlem £q oy

NOILNIOS NI 3QIXO¥AAH EQ\DOMJH_O ZO_»<~:.ZmUZOU

10 100 1000 R }o
Tty v 1 ] i | __.--_ _mu i ﬁqqaqd._ | B | T
~  ¥31vM Q1314 X33¥D AQNr Y |
hY

¥3IVM gINISIa . ©
NOILN10S

. TO8WAS

oz

oL

—oe

_ (wayseuAp) NOISNIL TWIDVA¥ILNI



~
=t

.

. L e
170 2PNID pPuUIQPOOM-ONPST pPuUR SUOTINTOS IPIXOIPAH wNTpog o

. . . \ A\ A-

. 103] S3IUSWOINSRaIN UOTBUIL TeTPRIIIIUI O uostIedwo) - T1 FUA9IL .

( Eu_oi Aq

%) -

NOILN10S NI 3QIXOYAAH WNIAOS 40 NOILVIINIINOD

’

Lo 5 100 000 - .. o0
T T T T T T O LI LA B | [T T T T T ~4—
A
4ILVA Q1313 X3 AANT .
- 43LYM Q3TTUISI o
| NOIINIOS TOGWAS 4
[

O :

N

f

(w2/58uAp) NOISNIL TVIDOVH¥IINI

.o

]
X 3p)



Usually, theladdition of inorganic electro]ytes to

T water inuarjahty results in an increase in surface or inuer43
faciai tensiont Thus, the appearance of sodium chloride"in
the syStem_COuld raise the interfacial tensions evenlif only
by a small amount. Gibbs' surface concentration theory coutdh
beiused to exp]ain the sod%umachloride behav10ur in the sys- £
tem. The surface concentrat1on of sodium chloride 1n the sys-
tem is re]at1ve1y Sma]] because of negative adsorpt1on Con-
sequently the change in interfacial tension between the crude
0ils and the field water is_therefore correspondingly sma1].

The‘ihterfacia]_tensjon test results shown in Fig, 12
for solutions containing a non-ionic surfactant--Tergitol NPX--
were considerab]y lower than those of so]utLpns'containjng

e

sodium hydroxide.. The interfacial_tension betweemghe two

viscous crude oils (L]oydminster'and Ethyl Lake) and
tt]]ed water decreased very rdpidly to an immeasurabl
value less than 0. 35 dynes/cm at a surfactant concent at1on
of 0. 02 per cent by vo]ume At a,&urfactant conce srat1on_of
Q 1 per cent by weight in- d1st111ed water, the 'nterfaciaT‘ |
tens1on between the two 11ght crude 0ils (Ig eria]‘dudnyreek
and_Leduc-woodbend).and the so]utlon were %{18 dynes/cm and
'4.16‘oynes/cma,respeCtively.:‘TheSe interfacial'tensfon
Va1uesvare’four-times less than'those'obtained wﬁth.sodiun‘
hydroxide so]utions The- test results for the other non—:'e
1on1c surfactants are shown 1n F1g D—]wto F1g D 5 1nc1u—y:
»sive. The test resu]ts for the an1on1c surfactants shown

1" F195 D-6 and.D-7 .are con51derab1y poorer ‘than those of - “lA

Y
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Lo
sodium hydroxide and a. lot worse than those of the non-ionic
surfactants. iHowever, although the anioenic surfactants -
have proved ineffective in reducing interfacial tensions,
nevertheless they are known to be good wetting agents. They
could therefore_be used in combination with non-ionics to
provide some’c0mp1ementary wetting activity to the inter-
facial_tension reduction effect during displacement'tests;

uTheieffect of sodfum hydroxide on the pH of various
so]ut{ona is shown in Fig. 13. The pH of so]utlons of sodium
hydroxide in both f1eld water and d]St]]]Ed water 1ncreased
steadily as the concentrat1on_of sodium hydrox1de increased.
The pH of solutions bf sodium‘hydroxide in field water
.increased from 7.10.co 9.80 and the pH of the sane solutions
in distil]ed‘water 1ncreased from 10.48 to 12'36 Fig. 14
shows the 1nf]uence of a shrfactant concentration on the pH
of solutions. Commerc1a1 surface act1ve agents are usua]]yl
of low pH and do not show pH variation with concentration.
The pH of solutions of eodium hydroxide in both field water
and d1st11]ed water is a function of. concentrat1on, but the

!

pH of surfactant so]ut1ons does .not show-such dependence

Fig. 15 shows the relat1onsh1p between aqueous so]u--

tion pH and 1nterfac1a] tension for sodium. hydroxide in dis-

o

ti]led water. . It Was observed that for a d1sﬁ111ed water so]u-
t1on of sod1um hydrox1de a reduct1on in 1nterfac1a1 tens10n‘
between the crude 0ils and. the so]ut1on corre]ated w;th an’
—1ncrease in the so]ut1on pH when the 1nterfac1a] tension

between the viscous crude 0115 and. the sod1um hydrox1de solu-""
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tions wasA reduced essentially to z-er‘o, the pH of the solutions was
over 12. It is expected that at a pH of .13 and above, the inter-
facial tension betweeh the Tight crude o0ils and'solutionS'bf sodium
hydroxide in distilled water should be reduced to zerq.

Fig. 16 shows the relationship of ‘aqueous solution pH
and interfacial tension for a surfactant :Z]ut1on - It was
observed tJat 1nterfac1a1 ten51on is not a function of solu-
t1on pH.

The relationship of aqueous solution pﬁ‘and 1nterfaciat
tension for sodium hydroxide in fie}d water is shown in Fig.
17. This figure shows.interfacial tension as a funefion of
pH. It is noted that the re]ationshih here between pH and
1nterfac1a] tension is weaker than the casg-of solution of
sodium hydrox1de in distilled water. fhe pH values of sodium:
hydroxide in field water were also generally lower than the
PH values obtained at all concentrat1ons of sodium hydroxlde
in distilled water )

| Some trace clouding was observed at low concentrat1ons
of sod1um hydrox1de in field water, and at O. 02 per cent
concentrat1on and above, a milky white precipitate was ob-

served.T Simulation tests showed that the white prec1p1tate

was ‘a comb1nat1on of hydroxides of calcium and magne51um

ATOMIC ABSORPTION TEST RESULTS
The aqueous portions of mixtures of LToydminster crude n
~0il in distilled water and Ethyl Lake crude in distilled

water were analyzed on the atomic absorption apparatus and .

AR 4
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no trace of any metallig'complexes were observed. Similar
aqueous portions of the same crude oils in 0.01 per cent
;o]utibn of surfactant--]ergitot NPX:-were alse analyzed on
the atomic absorption‘equipmentjand’there,was no indication
of the presence of any metallic complexes in those frac-
tions. The result of thi; analysis shows that thereahas no
éhemica] interaction between the crude oils and the solutions.
Except\in the case of sodium hjdroiide, any intehaction between the |
crudes and solutions used in this work 15 pure]y 1nterfac1a1 and physical .
~in nature. The c0ncentrat1on of the crude 011 polar constituents at the
_interface between crude o1lsvandbsolut1ons of_d]fferent concentrat1ons
‘may be attributed to purely surface concentration effect in which ad—

sorption is_possibly.the only.factor. ' o S

FOAMING TECHNIQUE RESULTS

The result of the interfacial tension ‘tests before
‘anq after bubbling nitrogen throth,the~cru@e‘0i]s are shown
W Figs. 18, 19, 20 and 2].

Ef‘ect on Heavy Crudes

F1g. 18 shows the nxtrogen bubb11ng effect on‘1nter—
facial tension between L]oydm1n1ster_v1scou§ crude 9J1 and
surfactant- Terg1to] NPX so]ut1on The 1nterfaciaT tehsions
obta1ned after foam1ng were s1gn1f1cant]y hlgher than those
“1 before foam1ng This 1nd1cates‘;ome»d1fference 1n concentra;}

tton of surface act1ve compounds in the crude 011 before and

after the foam1ng process | The 1nterfac1a1_tens1on-between
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theiskimmed—off foam which was allowed to settle, and 0.002
per cent surfactant concentration was measuredi .The resutt
of this sinale measurement was lower than that'of'same_
1concentration neasurement made before the foaming process,
and considerably 1oner.than that of the measurement made
after foaming. This suggests that the scum had a higher
concentratlon of the surface act1ve compounds than the or1g1-
dna] crude oil. This can be exg]a1ned by adsorpt1on The |
scum is- the skimmed-off froth conta1n1ng a]most a]] of the
‘bubbles formed by the nitrogen. The polar constituents adsorb
to the greatly extended surface area of the hubbles. Th1s
foam, after sett11ng, will have higher concentratlon of sur-
face active compounds wh1ch will consequently Tower the inter-
fac1a1 tens1on between the crude oil and surfactant so]utton
Similar 1nterfac1a1 tens1on results as exp]a1ned above were
| a]so obtained for EthyL Lake crude 011 and surfactant~so]u-
tions - Fig. 19. | | |

[

Effect on.Light Crudes

. Fijgs. 20 and 21 show that for 1lght crudes, bubb]1ng

'\

’n1tWogeh had ]1tt1e or no effect on the 1nterfac1a] tens1on.

The | s]1ght d1screpanc1es observed are’ due ma1‘§b to experl; |
( .
menta] errors It may thus be conc]uded that the 1lght crude_

0115 were devo1d of surface act1ve compounds
. _ An 1mportant_observat1on made in the course of the )
'nit:ogen anming'eonripents'was that the interfaciaﬁ,tenston_',, .

" bed een-distilled watef'andvea;h‘crude o1l before and after



INTERFACIAL TENSION (dynes/cm)

30

'SYMBOL v, dynes/cm
W*  BEFORE FOAMING
Y AFTER FOAMING

.;ouo two mo.o Uo_:-u coincide in almost
all cases; where they diverge, the &.2@3:8.
‘is well t.:.:: limits of experimental error.
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FIGURE 20 - Effect of Nitrogen Foaming on Intertacial Tension ot
uE*mnﬂa:ﬁ :L:ﬁyoa. and Imperqdal July Creck Crude 1}
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toaming was the same tor theAp§r11Culdr crude o1l used.
Tnus 1t may be concluded that there is no interaction
between crude oj]s'dno distilled water. when some surface
active ?gent 1s added td distisled wéter, the Idwering of
interfacial tension s DFOught abou} by the additive activ-
ities of these surface active materials contained\in both

crude 011 and water phases.

MASS SPECTOMETRY RESULTS

" Due to a possibly improperwextracf%on procedure; the
result of the mass-spectometr}.analysis was_incénclusive.
The peaks of the metalvpbrphyrin cohplexes could not be.
clearly ihdentiqud Witﬁin the range of the visible Spectra:
Herver. metal porphyrin COmplexes of nickel, vanadiumwand
iron of the same cfﬁdés have been identified by other inves-

tigators.



DISCUSSION

EFFECT OF SURFACTANTS

Thefinterfacial tension data indicate that intertacia]
tension between viscous crude oils and surfactant so]ut1ons
is qu1ck1y reduced to zero at- very low concentrations of
non-ionic surfactants in distilled water. -Light crude qils
require much higher non-jonic surfactant concentration in
distilled:water before the interfacial tension is progress-'
ively reguced.to zero. The ability of the surfactants to
‘reduce interfacial tension between the viscous crude oils -
and surfactant solutions at very low concentratlons is atded
by the additive act1ons of the surface act1ve agents con-
ta1ned 1n both the crude o0il and the surfactant so]ut1ons

| Interfac1a] tension data also show that concentrations
higher than 0.1 per cent by vo]ume of an1on1c surfactants
would be requ1red fn order to reduce the 1nterfac1a] tens1on
of the crude o1ls measured aga1nst the surfactant so]ut1ons

EFFECT OF pH

.

It is widely recogn1zed that the propert1es of inter->

facial films show a str1kfﬁ§ dependence on the pH of the

substrate ' Th1s 1nvest1gat1on 1nd1cates such a dependence

~r# .for interfacial films. formed between the four crude 0ils and’

so]ut1ons of sodaum hydrox1de Such a dependence was not

—

64 . ,': B Y
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observed in the case of 1nterfac1a] films formed between
the crude oils and the surfactant solutions . '

Re1sberg and Dorscher (26, and Harkins and Zo]]mann
(60) reported extreme]y Iow 011 water interfacigl ten51ons
wnen workIng wlth hlgh}y alkaline solutions Re1sberg and
Dorscher (26), in pendant drop work on Ventura crude, ob-
served v1sua11y that r1gld film . format1on ‘became neg]1g)b]e
at a pH in excess’ of 8. The data on pH and 1nterfac1a1 tené
sion between crude 0115 and sod1um hydroxlde solut1ons pre- K

sented in this work indicate a major change in 1nterfac1a1

properties at high va]ues_of pH. f %

THE INFLUENCE OF SODIUM‘CHLORIDE

il

Some authors (26 53,59, 605 have shown that, substantlal
reduct1on 1n 1nterfac1a] ten51on s realized by the presence

of sodlum ch]or1de in the aqueous solution. The present

State of . knowledge 1nd1cates that the presence of ions in a
T

substrate may alter the phy51c£3 character1st1cs of surface
films by a number of mechanisms: N | : .

(1) The ions.may‘react chemtcaily§§ith nydrbphilgcﬁgrdups

to foinsol'dble s’al.ts. | B

(2) In the absence of chemical effects, salts act to 1ncrease

1)

‘the area of a monolayer (82) and lead to a more ex-
panded bha\e state. ' R -

(3) Tons are negatively adsorbed at a water surface This =
\effect 1eads to a layer of pure waten,_the thtckness dt
which is inversely proportional to the ionfc'concentfa~b

4
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tion. As, a result, electrostatic effects may become
~  more pronounced as the ionic concentration is increased.
(4) where surface fi]ms are charged, a charged surface
exists ‘below the 1nterface (Donnan efre:t). _ A diffuse
layer of.counfer-ions will exist below this surface and
result in an e]ecprostatic'contribution to the surface

energ& (10).

(5) Differing degrees of hydration may possfb]} ma&e §ome -

ions more effective than others. h
“The above effects are usually associated with the dir-

water imterface and the extent to which they apply to an_

~o0il-water interface is not clear. With complex organic and

-

ionic syétems, several mechanisms may be operative simultane-
ously {61). It is therefore considered inappropriate for the

results of a1r -water surface studies to be applied uncond1-

t1ona?1y to crude oil-water 1nterfac1a1 behaviour. Supportiﬁq

ev1dence may be foundfin the data of Tab]e D-51'which shows«the

“effect of sodium ch]or1de ig- sod1um hydrox1de concentrations op

interfacial ten51on One-volume of 10 per cent solution of

' sodium chloride was added to various concentrations of sodium

o

hydr081de in d1st111ed water In Fig. 22 1tkli;;95erved .
_that the add1t1on of sodlum chloride slightly réduced 1nter-

fac1a1 tenSJQn of Imper1al Judy Creek crude o1ﬂ measured

vlaga1nst 1ow concentrat1ons of. sod1um hydrox1de However,
' ubeyond 0. 06 per cent concentrat1on of sod1um hydrox1de in

:rd1st111ed water 1t was observed that 1nterfac1a] tens1on

~
m f B

beiween the crude 011 and the so]ut1on conta1n1ng sodium

#

. . : - ,
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°

chloride progressive]y incréased above the values obtained

in theé absence of sodium chloride.

'PRACTICAL APPLICATLON

The'economics'of waterfTooding»requires that as low,
a concentratton as possxb]e be used 1n the prOJeCtv In
accordance w1th.th1s requirement, th]s 1nvestlgat1on specifio-
ally used low concentratfon”solut1ons‘1n obtadning inter= |
facia1 tension data. Such data>obtained with the use of
anionic surfactants indicate that Effectlve reduct1on in
1nterfac1a1 tens1on becomes poss1b1e only at concentrat1ons
h1gher than those used in th1s‘1nvesttgatigh Th1s would

involve higher cost. However, although the anionic surfact-

ants 1nvestlgated are not good 1nterfac1a] tenston reducers
~at low concentratfons,’nevertheless they cou]d'be used in-
combthat1on w1th non-jonic surfactahts’to provfde charactér1s-
t1c wetting effect with wh1ch the anionics are comm0n1y
assoc\ated

By means of the n1trogen foam1ng techntque viscous
crude 011 po]ar const1tuents were 1nduced to concentrate at
the extended surface area of the n1trogen bubbles. As the';
hfroth of these surface act1ve compounds aggregat1ng ‘at the
_ bubb]e surface was. pertodlcally sk1mmed off the tota] con— j'f‘
A'centrat1on of the compounds in the crude 011 apparent]y |
}'progress1ve1y decreased ConSequently, the 1nterfac1a1

.

"activ1ty correspond1ng]y decreased Th1s simple technlque‘

| cou]d be used for the removal ofa.good fraction of-crude oit
[ o N
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polar impurities for pUrposes of small scale laboratory
investigations. It is a unique method whereby no heat is

applied and crude.qil components are not reconstituted.



CONCLUSIONS

¥

The resu]ts of th1s exper1mental 1nvest1gatlon led
to the fo]]ow1ng conclusions: L
(1) The visual observation of the interfacial- films formed

t

by various crude 01ls showed that they differ marked]y &

A

in ‘their phys1ca1 character1st1¢s

(2) Physica]lcharacter1st1ce of'interfacjal.tilme are a
functidn of crdde 011 compdéition; presence,of non-
ionic polar molecules in the solution; extent'df ad-
sorption; concentrat1on of’ po]ar type const1tuents in
tne_oi] phase, and in the case of .alkaline so]ut1ons,
jonic cqmp051t1on and pﬁ’of=the substrate. V

(3) Intertaci%1 tension between heavy crude oﬁls and water

"can be Peduced to zero at very low surfactant concen-

trat1ons in thé water. .
N

(4) Nonionic surfactant so]ution? were ‘the most efficient

in reducing interfacial tens+on. at very low concentra-

, tionsf - “t o .i ' -;

A}

(5) Anionic surfactant solut1ons d1d not reduce 1nterfac- L

- (6) *The 1nterfac1

»(7)‘ 7The 1nterfac1a1 ten51on between the crude 0115 ‘and” -

- -

'1 tension .between the crude 0ils’ and water at low

-

an10n1c surfagtant concentratlons.—
1 ten51on between the crude 0115 and

_fleld water was not reduced tQ .zero w1th1n }he range

of sodlum hydrox1de concentratgons stud1ed _
e

1
~J
o
T e st e T Ao b



n gatbrs; rather it reduced interfacial ten§1on at low

'phy51ca1

sodium hydroxide is a function of pH, but the inter-

facial tension between-the crude oils and surfactant
sdluttpns was independent of. thee%g%df thg,suﬁfartant

7 ‘ . . S
substrate.

P4

*

The‘aintion of sodium chloride to‘afmpline solution

°

like sodium &ydrbxide did not feduce interfacial ‘ten-

sion mondtonically as reported by some earlier inyeétif

sodium hydroxide concentration while increasing it at

..

higher concentrat1ons
The ml]ky wh1te prec1p1tates formed by the addltton of
sodtum hydrox1de to, Imper:a] Judy Creek field water

were ‘a comb1nat10n of 1ni€1uble hydrox1des of calcwum

and magﬁgszum o EES Mg L

' @ : ’ b‘*;\' ¥ .
Atomic absorptqon.tests indicated. that any interactlon

‘between crude 0115 and d1st1]1ed water was purely

«

o

” -

A s1mp1e, new techn1que-l n1trogen foemlng techntque--

'was used to reduce the concentrat1on of. surface active

e s nil

N
agents conta1ned in the heavy (v1scows) L]oydmlnster

',and Ethyl Lake crudes. . ' ' .. _f,ﬁ'v“' 'ﬁi
; -‘(rz‘).

‘i‘a‘ .

The foam1ng techanue had no dwscern1b1e effect on the

copst1tut1on of Imper1a1 Judy Creek: and Leduc Noodbend

laght crudes T R ';1;e f-}‘ . 7i,eﬁ_3v

“';.t

L T
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'comp]ementary actlon

R

RECOMMENDATIONS

Further studies;fnvo1ving ]aooratory flood tests
should be conducted in order to determlne poss1b]e chemlca]
loss and mechan1sms for such loss. The degree of chemical
loss, 1f any, w111 determine the chemica].reqUirements and
applicability of the range of concentrat1ons stud1ed |

| In vflw of the fact that ‘the nonionic surfactants have
been found to be a powerfu] 1nterfac1a1 ten51on reducer and

the an1on1cs a good wett1ng agent it may prove most advant-

-ageous to use a combination of . these chemlcals in d1splace-~

ment tests in order to fu]]y 1nvest1gate the effect of the1r

.

The effect of sodium chlor1de on 1nterfac1a] behav1or

'should be more fully 1nvest1gated Other inorganlc electro-

[T
1ytes, espec1a1ty those h1gh up in the electrochem1ca1 ser1es
shou]d also he tested
| “The influence of temperature and pressuae on: the 1nter-

fac1al tension between aqueous surfactant so]ut1ons and crude

- o1ls shouId be 1nvestlgated s ﬁ];;~; ;,ﬁ_;ﬁ ERE w;”

- P P B
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GLOSSARY (§0,107)
In some instances,‘terms specific to the field of sur-
face chemistry“have been used without definition, or"a dis-

- cussion of the term-doeslnot'aopear before.they are formally.
used in this work. Some of the'terms are either confused,
m1sused or not properly understood-in the petroleum 1ndustry’
Such terms are defined here. -

Adsorgtfon: The adhes1on of a thin fllm of mo]ecules

to a SO]Jd or 11qu1d surface

A#photer1c Surfactant: - A surface-active materrial that

1on12es in. aqueous solutlon The surface-active ion may bear

-

a negattve or-a pos1t1ve charge, depending‘upOn the pH of the

v___w_rfg“olution_. | . ST o S o

Anionic Surfactant: A surface- active material that

10n1zes in aqueous sq‘rtlon " The 1on~that bears a negatlve

charge has a pronounced tendency to concentrate at the Inter-e
, ,;@- B

face between two phases

1

‘Cat1on1c Surfactant‘- A surface actlve agent that

1ODIZES in aqueous solut1dn, w1th the surface act1ve 10n_ T '
N bear1ng a pos1t1ve charge - - -f“f-é* R ';"'._f' S

Gontact Ang]e The angle formed by a droplet 1n con-

¥ tact w1th a so]1d surface measured from w1th1n the drop]et

s - \

;fAn advanc1ng contact angle 1s formed when the dr'plet advances

';on a fresh surface. A reced1ng contact angle 1svﬂormed when

ivdffsdmthe droplet iis W1thdrawn from a portion of the surface on

U
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which it has been in contact.

Critical Surface Tension: The value of the liquid

ﬁSurface tension below which foUids will spread on a given
solid. |
Emulsion: A system consfsting‘of two immiscible
tiquids, with one diSpersed:as small dropiets'in the'other.
'In certa1n comp]ex emuls1ons, a port1on of the 11qu1d con-
st1tut1ng the external phase may a]so be  found dlspersed
wwth1n_drop]ets of the second 11q31d.

“rFree Surface Energy: A two- dimen?ional free energy

_term appl:ed to a hyopthetica] surface phase Used inter-

changeably;wlth surface free energy. o

nldroph111c Hav1ng an’ aff1n1ty for water A hydro-i

'l

ph111c surface is one th&t 1s wet by water A hydrOph111c
emu]s1f1er is soluble in water;and pronotes the formatioh -
- of an 0il-in-water emuls1on | |

ﬂxorophobic‘ The opposxte of hydroph111c

'Interface The«reglon between two contactlng phases. AT

genera1ly two condensed ﬁ%ases
. Ny

InterfaC1a1 Tens1on A force with the d1men§1ons of

dynes/cm A measure of the work requ1red to enlarge the :'T,J"

‘awnterface by one square; cent1mefbr *f

Non 1on1c Surfactant A surface active agent that

' does not io;1ze 1n water.gf ¥

—r-———4'

generai]y a condensed ano a gaseous phase }Q.ff_-r7

fﬁd:, -Surface act1ve Agent ﬂ su%stance that exhiblts a

:ljfff_ Surface: The reg1on between two contacting phasesg f;h:i-,ma,



.
v

marked tendency to adsorb at a surface or interface.

Surface Tension: A force with the dimension of dynes/
cm that 15 a measure of the WOrk -required to increase the
area of a surface by one square centimeter.

surfactant: A surface-active agent.



A

BIBLIOGRAPHY N
O s

. " Denekas, M.0: Mattax, C.C., and Davies, G.T., "Effects
of Crude 0i1 Components on Rock wettab111ty“
Trans. AIME, 216‘_330 £1959). .

schen Faktoren bei der Bildung und Entmischu
der Roholemulsionen", Kolloid 7., -48(4): 362-376
(1929) : :

Lottermoser, A., and Ca]antér,‘N., “Die Ko]loidcheg&;

'Morrell J.C.,’and Egloff, G.g ' Collolda] Chem1stry of
Petroleum In: J. Alexander (Editor),’ Colloid
Chemistry, Chemlcal Catalog Co., New‘York N Y
pp. 503-522, (1931). o :

. dJren, L.C., Petroleum Production Engineering - 0i1

F1e1d Exploration, McGraw-Hill, New York, N.Y.,
- p. é {1939). : .

‘Ba%tgell, F.E., and Niederhauser, D.0. ‘Fi]m form1ng
Constituents of Crude Petroleum Dils™, In: Funda-
mental Research-on Occurrence and Recovery of
Petroleum, 1946-1947, Am. Petrol. Inst , New York,
K.Y., pp. 57- 80 (1949) ] .

Bestougeff, M.A., and Gendre] P., ‘Study on the Struc-
. ture of Asphaltenic Const1tuents by Combined .
Physical and Chemical Methods", Am. Chem. Soc.,
Div. Petrol. Chem., Reprints, 9(2): B51-B68,
(1964). ~ c

s,
Y

.+ Blakey, B.C., and Lawrence, A.S., "The Surface and

Interfacial Vlscos1ty of Adsorbed Fi'lms of .
' ~ Asphalt", J. Inst., Petrol., 40(367): 203- 205, ,
,_‘ (1954)s o T R R

) *Denekas, M.0. Carlson,” F.T., Moore, J.W., and Dodd

- C.G. ~”Mater1als Adsorbed at Crude Petroleum-
© Water Interface", Ind. Engv Chem , 43(5) 1165-
< 1168, (1951). - ¢ | R

. Dodd, C.G., Moore, F.W., dnd Demekas, M.0., "Metalii- -

ferous Substances ‘Adsorbed. at Crude Petno]eum-

" Water Interfaces" “Ind. Eng Chem ; 44(]]) 2583-. 'L '

"‘11332590 Qesz)., 7

o



10.  Dunning, H.N., Moore, J.W. , and Denekas, M.0., "Inter-
facial Activities and Porphyrin Contents of
Petrojeum Extracts", Ind. Eng. Chem., 45(8):
1759- 1765, (1953). . .

1. Dunning, H.N., "Interfacial activity of mesoporphy
I[X and Some Derivatives", J. Colloid Sci. , 8
279-287, (1953). :

rin
(3):

,
12. Dunning, H.N, Moore, J. w » and Meyers, A.T., “"Proper-
ties of Poxphyrins in Petro]eum", Ind. Eng. Chem.,
46(9): 2000‘ 007, (1954). :

13 Witherspoon, P.A., Studies on Petroleum with the Ultra-
centrifuge, Thesis, University of I]]1n01s,
I]]1no1s State Geol Surv., Rept. Invest., 206:
82 pp., (1957). e -
} .
14.f w1therspoon. P.A., "Colloidol Nature of Petro]eum”
Frans. N.Y,. Acad Sci., 24(4). 344 361, (1962)

5. Hinn1ford R.S. The tvidence for ASSOC1at1on of
ol Asphaltenes in Dilute Solutions",-J. Inst Petrbl.,
) a9(a75): 215-221, (1963).. -

16. 'Héles,gﬁk, and van der Haarden. M., Molecu]ar Weights
' f Aspha]tenes by Ultracentrifugation”, Div.

7.

18.

,20

*;“]

9.

Yy

Petrol. Chem., Am. Chem Soc., Repr1nts, 9(2):

B21- 838 |

1964).

Hlth@rspoon. P.A., and. H1nn1ford R. S

Components

Colombo, U..

Petroleum
Company, N

of Petroleum”,

[

"The Aspha1t1c
In Nagy, B., and

(Editors), Fundamenta] Aspects of

Geochem1stry, Elsevier Publishing

ew York, N.Y. ,,pp

Dunning, H.N., and Rabon, N.A.

plexes in- Petroleum Stocks" Ipd

48(5) 951-

955, (1956)

Corwin, A, N., 'Petroporphyr1ns"

. gress, New York

i’nsta

o

e

[}

nt1n1des.
and Behavi
Residues a
New York

G‘, Arich G., and Lom1. C.
our of" Porphyrrn Aggregates in Petroleum
nd Bitumens”, Vth.Worl

Sect v Paper ll

261 297,

(]967)

"Porphyrin-ﬂetal Com—

1

qu

Chem. ,.

Yth wberVPetr Con-
(1959) o

Sect V Paper 10

i (1959)

Complexes in Petroleum. Res1dues“'
Congress. Francfort/Main, Sect

(]963)

""Detect1dn'

d. Petr Congréss.

_Constant1nides, Gu, and Arleh. G., "Research on’ Heta]

Yth World ’?etr

Paper 11,

e
“ - £ . S ’

=



22.

23.

24.

25.
26 .

27,

28.

30

3.

32,

33,

v?v34?;ﬁ

78

S w

Groenings, S., "Quantitative Determination. of the
Porphyrin Aggregate in Petroleum , Analyt. Chen.,
39, 93% (1953). :

Hodgagon, G.W., Baker, B.L., and Peake, t., "The Role
f Porphyrins in the Gebchemistry of Petroleum”,
Proc. VIIth World Petr. Congress, Mexico City,
9, 117, (1967). - ‘

Benner, F.C., and Bartell, F.E., "The Effect™f Polar
Impurities Upon Capillary and Surface Phenomena
in Petroleum Production”, API Drilling and Pro-
duction Practice, 341, (1941).

Flock, D.L., Personal Communication, March, 1974 °

Re1sberg, 2., and dorscher, T.M., "Interfacial Phenomena -

in Crude Oil-Water Systems , Producers Monthly,
21015 43-50, [1956). o _

.

‘Dodd, C.G., "The Rheological Prdpe;t1es of Films at

"Crude Petroleum-Water -Interfacéi”, J. Phys. Chem.,
64(5): 546-550, (]960) -

Greenjee, R.W., "Factors in the'Scasiigty of Petroldum
{mulsions', Am, {hem: Soc., Div. Petro].'them.,
Reprints, (3) 133-140, (1950)

van der kaarden W., "Stability of tmu1sxons of Hater
in Mineral 01]5 Containing Aspha]tenes » Kollof
Z., 156{2):,116-122, (1958). :

ingethardt, W., and Luebben, H., "Lnvestigations of tte

Influence of Interfacial Tension and-fontact’

' Angle Upon the Displacement of 0il by Water in
Porous Bodies", Erdol u Koh}e, 10(12 - 826-830,
L (1957).

'Newcombe. J., McGhee J., and Rzasa, M. T f"Hettab111ty

Versus stp1atembnt in Water Floodlng in Uncon-

sblidated Sand Columns" Trans AIHE. 204 227, .;

Y (1955) T . (
v“ﬁ%hgan;vN., “Role of Nettabllity and 1nterfac1al Ten- L
5102 ;n Water Fiood1ng Trans. AIHE1'§31 I- 115
(19 4 o B

fMungan N.""Inter?ac1al Effects in Immlsc1b]e quuid-'-‘ .
o Liquid D1splacement in POrous Med1a Trans.;’ T

AIME 237 II- 247, 1966)

W
C
»

Narren. J. E N and Ca1houn, J.¢. . Jr '3"A Study of Nater—‘~f

flogd" Eff1c1ency in 0il- Net Systems?; Trans
AIME 204 22, (1955) B T SN

R T

LI



Cad
wn

(o9}
N

37.

[9V]
(8 §)

La)
\'e;

&=
[4h]

44,

magner, D5, 2rI s~ E s iffect ofiintertacial
Tenstoo Lo Tesclate-ert IS€iierc, | Trans. WAIMi,
O e T TS
u B
“enredy, -~ T., arz Suerrers, .7 . re tffect of Sur-
Face &nd Irtérfac il Tersisec on vre Fecovery
of L3l by watorp Flosiimgt ) Trarg AIHE,‘ZO], .
124-731, 1554 .
nennedy, r. 7., 8uria, .., ar3 Bzyr3n, R.5., An
Investigatise cfpeme (e tg of wettatility on
the Re‘covery cfri4! vy Water Tlcooding , J. Phy's
{ne=., 59:8367 €3, '1355® 0 _—
Mowgar, L. 0., TruSSin, J.m., ang Torrey, PLI., . Applica-
©otion of S.rface Tnemistry to ri 2ecovery”, Pros
duicerts Mgrthr Foovct 6, W 3, lu'li')y' 1952)
8ctset, #.3., & Interzretazice 3¢ SomeJlurrent Research
ir Sectncary Recovery’, Praducers Monthly, Vol.
- R . s . TR . : . N
1€, No. B, TAprpit, 19320
! ‘.4'
Torrey, F.l., ‘Recert Imcroveremts in Water InJectlon

_ Rebinder, P.A.

f?Bartell

of Surfac'ants in 0il Recovery. Proce5§es in East

Germany™, Prague, Jstav pro naftovy vyzkumw Prace
24, Ko 3, Pp. 111-114, (1965) . |
_&aba}yar G A, et al.; "App]icaklon of Surface Active

Substances® for Reservoirs ‘With High Viscous 0115"
24th Annual Technical Meeting’ of the CIM
Edmonton, Canada, (1973) :

(Edltor),/"The‘ Use“o,
i the Petroleum Industry”, (Trans it
Ru$s1an) Canu]tants Bureau, New“ )

F E.. and Mwller. F, L.;,

Ind. Eng

tlon"' Cheg 335. (1932)
/ :

"D1splacement of Crude, -
01] and Benzene from S111ca Sand by Aqueous So]u— PR

»

'ec in1ques’, Producers ﬂor‘h‘y, Vol 16 No. 2,
Jefeu,er3 2 : .
] kY
Lathcur, 0.0, Starl, C.3., Freston. . #.4 and Ni®lsen,

- RLE., A Feview 3f Laboratary Exper1ments on
metiing Agents for Water flooding®, Producers ¢
Monetriy, ¥ol. 16, %o.. 1, fﬂovember‘ ]951%‘ ‘

. [
Brestor, U.07s and loamson, W.E., "Expery ments with -
metting Agents in the Bradford Fie Producers
Morthly, Yol. 16, No. . (November, 195]) . s
_ o . -
rossner, L1, Muller, %;, and Saupe, H. . "Applvcatlon

. 4>.



47. Beckstrom, B.C.,.-and van Tuyly F.M., "Flooding 0i]
Sands withrﬁ;ﬁalgne Solutions", Bull. AAPG,%171,
- 223-237, Y(1927). .
48, . Froning, H.R., and Leach, R.0., "Determination of
' Chemical Requirements and Applicability of Wett-
~ability Alteration Flooding", Trans. AIME, 240,
© 1-840, (1967). - ' S

-
L4

49. Leach, R.O., Wagner, 0.R., Wood, H.W., and Harpke, C.F.,
. "A Laboratory and Field Study of Wettability
. ~Adjustment in Water Flooding", Traps. AIME, 225,
\ 1-206, (1962). s - |

‘ , o ] ,
50. Mungan, N., "Certain Wettability Effects in Laboratory
Y . MWater-floods", Trans. AIME, 237, 1-247, (1966).
1. Scott, G.R., “Improving W ter Flood Recovery of Viscous
' Crude 0ils by Chemical Control™, M.Sc. Thesis,
Department of Chemical and Petroleum Engineering,
~ University of Alberta, (1965). . L o :

52. Taber, J.J., "The lnjethOp of Detergent Sfugs in water_:‘
_ Floods", Trans. AIME, 213, 186, (1958). e

53. Scott, J4.D., "Controlled Chemical Waterflooding df
' V$§;OUS_CPude oil", M.Sc. Thésis, Departm$2t of
Chemical and Petroleum Engineering, UniveRsity
of Alberta, (1971). S o .

)

54. Cooper, R.J., "The Effect of Temperature on Caustic
Displacement of Crude 01", Paper No. SPE 3586%.
of AIME, 42nd Annhual California Regional Meeting, -
Los. Angeles, NW. 4-5, (1971). s S )

55. Dranchuk, P.M:, Scott, J.D., and Fleck, D.L., "The

... . Effect of the Addition of Certain Chemicals on .

011 Recovery During Waterflooding", g4th Annual -

Tech. Meeting of the CIM,'Edmonton,f(]973); .

56. DUnning,-H.N}; aﬁd;dohahsen;rR.T.g."Laboratory Evalua-
: - tion of Water Additives for Petroleum Displace- -
ment", RI 5352,‘U.S;.Bgreau of.Minesxa(1957).

- 57. ’Peremyslbvq;lE.S.,‘"InVéstiéafion of;Organic Surface-
- Active Compounds which Improve the Qi1-Disptace- - .
ment Properties of Water", Neft, Khoz., V. 33,

No. 9 47-%0, (1955). |

.'58; ,Johnsdn; CfE.; Jf},'"EValuétibn‘of Surfacfanfs fdr bii,':}!
.7 Field Flooding", J., Am. 01} Chem. Soc.., Vol, 34, .

f PRe 2095214,_?1957);» e R

B ’ " ) f'.v



8]
¢.‘ N S \ .

59. Burcik, E.J., "The Rate of Surfacek Tension Equilibrium

g Attalnment and Possible Applications to Petroleum
Technology", Penqﬁylvan1a State University,
Mineral Indystr1es Exper1ment Stat1on, 60, 9,
(1952). , ‘

, [

60. Harkin, W.D., and Zollmag, H., "Interfacial Tension .

and Emulsification", Journ. Am. Chem. 'Soc. 48, °
. 69, (1926). :

61. Kimbler, O. K Reed R.L., and S1Iberberg, [.H.
\ “Phys1caI Charmcter1st1cs of Natural F1Ims Formed
at Crude 0il-Water Interfaces", Trans. AIME, 237,
I1-153, (1966) : ' - . -

’ v

62. Davies, J.T., and RideaI, E.K.3 "Interfacial Phenomena",
Academic Press, New York and Lond®n, (IQGI)I“

63. Young, Phil. Trans. 95, 65, 82, (1805).
64, Shuttleworth, Proc, Phys. Soc. Lond., A63, 444, (1950).

65. Shaw; D.J., "Introduct1on to Colloid and Surface
Chemistry", Butterworth & Go. (Puinshers)
L1m1ted' London, (1966). o , r

‘66.I Gibbs, J.W.,~Collected Works, -1, 235,.258, Lohgmans,
. New York, (1928). "~ 3 P

67. Antonoff, J. Chim. Phys., 5, 364, 372, (1907)

68. Antonoff, In: "Colloid Chemistry", 7, 38, (ed._qy -
; AIexander), Re1nhoId New York, (19 50).

"69. 'Dupre, Theor1e Mecan1ze de La ChaIeur, 369 (1869)

70.° P]ateau, J. A F., Experfmenta] anﬂ Theoret1ca1 Research
' on the F1gures of Equilibrium of a Liquid Mass
‘Withdrawn from the Action of-Grav1ty,.Sm1th
Inst Ann. Repts. "1863- 1866 : ' o

A I ﬂﬁ1ser. H.B. 'ToIIold Chem1stry"j _ohn w1ley & Sons
Y , Inc s New’York 72, (1950) ' \\\“

72}"Os1pow,,L I. gurface Chemlstry, Am Chem Soc Mono-
. graph Ser1es, Re1nhoId PubI1sh1ng Corp 5 New York
Chapman & HaII Ltds, London (1962) :

73;_ Ramsay, W., and Sh1e1ds, J.; J.. Chem - Soc. 18933'1089

74, Hough E.W. " Rzasa, M.T., and. wood B.B. "Interfac1aI
— . . Tensions at Réservoir Pressuwes aad Temperatures,
. Apparatus and the Water- Methane System"; Trans.
AIME 192, 57-60, (1951) S o



75.

76 .
o) g

7.

14 ‘.75.

79.

80,
81,

82,

83.
84,
85,

86..

4

of Pressure and T

82"

Hassan, M.E., Nielsen, R.F., and Calhoun, J.C., "Effect
' emperature on Oil-Water Inter-

~facial Tensions for a series of Hydrocarbons",
Trans. AIME, 198, 299-306, (1953). .

Drost-Hansen, W., “Aqug;uslInterfaces,,MethodsAof Study
and Structural Properties, Part II", In: Chemistry
and Physics”of Interfaces, Ind. Eng. Chem., Am. .
Chem. Soc. Publication, Washington, D.C., (]965); ‘

- . '
Trotman—Dickenson, A.F., and Parfitt, G.D., "Chemical
Kinetics and Surface and Colloid Chemistry",

(@]

Raylei

Hardy,

 Langmu

'.ded;.

Harkin

h, L., Phil. Mag. (5), 48,334 (1898): Cf. Devaux:

Pergamon Press Ltd., Oxford, (

Pockels, A., Nature, 43, 437, (1891). "

1966) .

"apers: 1903-13 in Reports of the ‘Smithsanian

W.B.,-Proc. Roy. Soc.

88A, 313, (1913).

ir, 1.,°d. Am. Chem.

P

“Institution, p. 261, (1913), -
(London), 86A, 610, (1912);

Soc., 39, 1848, (1917);

I, , .
Colloid Symposiuvaonograph No. 3, p. 48, (1925).

s, W.D.-et al., J. Am. Chem. Soc., 39, 354, 547, -
ﬁ(19173; 42,7700, (1920); 43, 35, (1921); 51, 1674,

(1924

; Colloid Symposium Monograph No. 2, p. 141,

(1924); Alexander's Colloid Chemistr s Yol. 1,

p. 192, (1936); Vol. 5, p. 12, (1944 ;- Reinhold
Publishing Corp., New York, In: Alexander, A.E.,
id Science, Oxford Univer-

and Johnson, P,, Coll

'sity Press, (1949),

Hodgson, G;wd;v"VanadiUm,‘Nitke1 and'Ifon Traté*Métafs
in Crude Oils of Western Canada", Bull. Am. As

0

Petrol. Geologists, 38:.2537-2554, (1954).

2426, (1957).

Reistle, C.E., "Identifitation of 0i1 Field Waters by .
| Chemical Analysis", TEChenPaPe”'40455U'S"VBurGQUT

~of Mines, (1927), 25 pages..

C.E, "Methods of Analysis of Qi1 Field Maters",. -
“In: The Science of Petroleum, Oxford Unjversity I

- (1938)." Bibliog. 115
‘of‘watjr-anaiysis),

Press, London and New York, Vol. T pp.. 646-652,
items (A-general discussion

=t§m~ |

soc. -

‘Hodgson, G.W., and Baker, B.L., "Vanadium, Nickel and .
o Porphyrins' in Thermal Geochemistry of PFtroleum“,.f

Bull. Am. Assoc. Petrol. Geologists, 41}2413-. - ' -

Y



87,

88.
89.
90.
91.

92.

93,

‘.gs;ﬂ

'~_97{
-'98o

99.

94,

95,

L e .
Casé L.C. and Riggen,,D M., "Analysis of Mineral
- . Waters", 0. & Jou& , Part I, pp..74-75,
(December 23, 1948), and Part II, pp. 72- 88
(January 6, 1949). (Details .of the procedure
used in modern 011f1e1d water ana]ys1s

\Palmer C.,:’The Geochem1ca] Interpretat1on of Nater

" . Analygdis", Bu]] 479, U S. Geol. Sur¥. (]911)
31 pages.. - p , ‘.

Kartsev, A.A., TabaSaranskii, ?.A.; Subbota,rM:I.;'and

~.Mogi1evskji, G.A., "Geochemical Method of Pro- _
specting and Exploration of Petroleum and Natural

o 6as", Gostopteizdat, Moscow, pp. 237-273, (1954).
Schwartz, A.M:, and Perry, J.W. a Active Agents"
S Intersc1ence Pub11shers, New York, (1949). .

Schwartz, A.M., Perry, J.W., and Berch ,‘"Surface-
Active. Detergents“, Vol. Int§$sc1ence Pub-
Tishers, New York, (1958)

' Becher P., J. Co]Told Sci., 18 672 (1963)
lBaba]yan,,G A., "The State and Deve]opment of worf’gn K

.the Use of Surfactants in the Petroleum Industry",
‘In ‘The Use of Surfactants in the Petroleum.

~ Industry, (Ed., P.A. Reb1nder), Consu]tants Bureau,
New, York 1965) o

wh1tehead W.L., and Breger, I. A "Geochem1stry of -
Petroleum"; In: Organic Geochemlstry, Monograph: .
No.. 46, Earth Sc1ence Series, The MacMillan Com- _
pany, New York, pp. 248- 332 (1963) ’

Zuidema, H.H., and. Waters, G. W. “Ring Method for the -

Determ1nat1on of Interfac1a1 Tens1ons", Ind and _‘d
Eng Chem 134, 5, (May,/1941) g : o

ASTM Standards on Petro]eum Products and Lubr1cants,." .
(1959) , o ‘ ..\"j

»~Dunn1ng, H.N., and Moore, J. W, “Porphyr1n Re%earch and

Origin of Petroleum", Bull’ Assoe. etro]

, Geo]og1sts, 41: 2403 2412, (1957)

ﬂDunn1ng, H.N., and Moore, 3, N "Decompos1tlon of Meta]

Porphyrin Complexes by y Ir?ad1at1on  Ind. Eng:
Chem s 51: 161- ]64 (1959) e , -

Dunn1ng, H. N, Moor%, J:W., Bieber, He,"nd'w111iamsf
.~ 'R.Bs, "Porphyrins, N1cke] Vanad1ug and-Nitrogen -
“ip Petro?eum",' Chem Eng Data, 5 546;549

(1960)7 e



100,

101,

102.

-

103,

q
104,

105,

106,

107.

108,

Erdman,, J.G., Rameey, V.G., Kalenda, N.W., and Hanson,

s o - i e,

W.E., "Synthesis and Propert1es of PorphyW1n
Vanadium Comp]exes" Am. Chem. Soc. 78 5844-

5847 (1956) - « ; -

o ‘
Erdman, J G R Walter, J.W., and Hanson, W.E., “The Stapj—

lity of Porphyrin Metallo Complexes", Am .Chem.
?oc )D1v Petrol. Chem. Repr1nts,(2(1): 259 267
1957). Nz 5 S .

Glebovskaya, E.A., and Vo]kenstein, M 1k "ﬁpectra of
Porphyrins in Petroleum and B1tumen", Zh. Obgﬁck;
khim., 18: 1440-1451, (1928). FUE

'i

[

Treibs,‘A.} "The Occurrence of Chlorophy]] Derwvat1ve$'”

in an 0i1 Shale of the Upper Triassic", Justus
L1eb1gs Anna] Chem., 509: 103- 114, (]934)

o ]
Flock, D.L., Persona1 Communication - An Idea frdmﬁ &
' G.W. Hodgson, (October, ]974) T 8k L

3

xﬁ:‘ *‘\%

'HOngon, G.W. Baker,'B;L , ‘and Peake, Et, "Geochem1stry

- of Porph rins", In: Nagy, B:, and Colomboi. U.
- (Editors), Fundamental Aspects ®f Petroteum Geo- *

chem1stry, E]sev1er Pub1lsh1ng Cqmpany, New York ;,:-‘

(1967)

’

Beker, E.W.,,Yend'T F., D1ck1e, J. P bg\odes, R. E , anﬂ's

- Clark, L.F., "Mass Spectometry of Porphyrins. *'II.

Character1zatlon of Petroporphyr1ns", J_ Qm Cher_‘n'.t

_'.SOQ » 89:°14," (1967);

- .
L]

Adamson. A. W. "Physica] Chem1stry/of Surfaces""Inter-..'~

science Pub11shers. New York, N.Y. (1960)

McCaffery, F.G., "The Measurement of Ihterfacwa] Tens1on

-~ and Contact Angles at High Temperature and Pres-
sure", Paper No. 7248, 23rd Ann Tech Meetlng of
~ the CIM, Ca]gary,A(1972) R

\\\\\



. APPENDIX A
'IA. | .‘ ‘.; ..‘
FLYID PROPERTIES

P



86

" TABLE A-1}

N

"CRUBE 0fL PROPERTIES .

o

LLOYD ‘ﬂ- L]oydm1nster Sparky Poo1 ef . ')-f,, e ‘

LEDUC

API éRav1ty Den51ty Boftom Sed1ment & water '

Crude '~ ,' ORRI* gm/cc % by Vo]ume :

Love. 15;16" | 0.9635 ,‘1v7-,,~1.o4 ' |

UOETHYL LAKE 3.0 09768 T 0,18 - L
0.8340 - - - “<0.05

0

-~ JUDY CREEK _:, 388 :
8191 . - <0.05 .

: LEDUC L 40.90

CRRT0CFL v
SRR
Rl

. . . . S DA e W R T .
L X N . . M _-' | i . A /‘.f\‘ el



TABLE A-2 '_; -~ S
| PROPERTIES OF FIELD WATERS

~

B . -
,A N , " A)

Field water_NT ‘ l- :From L10ydm1nster Sparky Poo] A]bertdlg
SR : - Density - 1.0562 gm/cc at 60 F .t
pH - 7.56 9‘76 6 F , L

- Field Water N2 - TF .ﬂFrom Ethy] Lake C]earwater Format1on, 4
S ey ‘ ATherta ‘
SR l ~Density - 0. 999. gm/cm at 60 F
e pH - 7.650 76.6F ' .

" Field Water N3~ - 'From Sparky Pool Chauv1an South Un1t

o SRR A

- - - Density - 1. 047 gm/ cc at 60 F

o - PH - 7.20 € 76.6%F

'Fier water Na* - From we11 Imper1a} Judy Creek o
R " 2-29BL-63-10W5M Beavqrh1]1 Lake -

[}

pH - 7.15.0 76 6°F

\"Den51ty - 1.170 gn/cc at. 60° F Hf‘;_;A': "

| T
A i i

: — — : —
* F1e1d Water N4 was used for a11 the test1ng not for reaa7
sons of any. ‘unique property but by v1rtue of 1ts ava11-'

ab1]ity in. 1arger quant1ty ‘ R e

&
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. TABLE A-3

" CHEMICAL ANALYSES OF.FLELD WATﬁRs;  '

b

’ \

- So]1ds Content M11]1grams/L1tre

“Sahp1e : oM A TR 7S

Ch]or1des o // . 44,400 2,320 - :40,9001*’ 97,000
CSulphates <. 7 88 . &0 1,007
“Caleium - - 25660 - 39+ 1,200 3,483
Magne51um ’ “ ._;;- ;fl,lso ;-‘14'r - 820 ':525:'
CSodium 23,000 ' 858 23,000 55,167
Potassium _ R ‘. -;; jT,]OO ,. ’601_ 1;150‘ . 1;683‘.

Ccopper T 0.08 <0.05 007 - 0.1

| ) Cogb 0.0

 Z;nc\ o : :_:“ jﬂ -fif.defOxé <0.05
Iron _j'  lj R L f§;94 . ! - | | ]3 50 -

Manganese _.;i:, B _¢~. 0;40l;_ Q{jS :A.-0,25 Af  0. 40;f

Total So]1dsA o 73,218'"4}oéb'.»66,56023 ]62,235 

o Conduct1v1ty Y;Af f o 87,000.;i6;3001_‘79 0061 15?,000.

ol

(®

N TN

_ Haréﬁess f-~' o 3 9,§83' ' v234v'¢ 5 9]0 ~‘9;]7gi‘;.“;§

ATka]1n1ty )  'g : c2s0 33, 95

Nature of. A]ka]1n1ty* 7.‘;“chrjf chs : . LB£M';»;v §QcMg”g;¢?.'“

*. BCM - B1carbonate of .a1c1um and Magnes1um . "'<4{,3(*"Af

BCMS/- B1carbonate of Ca1c1um, Magnes;um and Soda R



-‘Tr1ton X- 100 :
 (A1ky1ary1 Polyether A]coho])

 7_Terg1to1 4 = -
j(Sod1um Tetradecy1 Su]fate)

L*Terg1t01 7

A

} 89
| 4
¢
o
‘v " .
. !
) 1
) . ‘ .
TABLE A-4. . a
1 - ' ) . .
IDENTIFIGATION OF CHEMICALS TESTED |
. : - . - .. v .
‘ChémjcaJ‘Name }Chém?caT'Fdrmqlq'
- sodium Hydroxide . NaoH -f‘ R ;
~Tergitol Nonionic 15-5-12 (Linear A]cohol C 1y to Cygl*
TergftplvNohiOHiC;IS—S—Z, (Linear A]cohol C]] to C]g)
Tergito] NPX - A :,'(Nonylpheno])* - t
. Tergitol NP 35 | .;(Nony]pheno])
Tergitol Nohionic 15-5-9 © {Linear Alcohol €1y to €1,)%

1t Gy

 ‘;(Sod1um Heptadécy] Su1fate)

“* phemicéT“ﬁbrmuiae_not knownq o
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,

 TABLE—B<]

L - TEMPERATURE-VISCOSITY RESULTS

'Visc05ity;':
‘ —— L

' | Crude 011
Temperature ' B . : ‘
' °F - LkLoYD - ETHYL LAKE : JUDY CREEK' - LEDUC

70 2,720 8450 - . a2 3.
100 755,40 Y 1,495.4 . 3600 2.3
1g3o o 241,90 370 AR I SRR I 2

170v o Tne2 1
L2tk 1;31.5. ol

'f? Stream of bubbles escap1ng from the crude, an- 1nd1ca-. B
.~ tion of poss1b1e Toss of ~some ]1ght ends R
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TABLE D-1.

INTERFACIAL TENSION DATA FOR HEAVY °

* CRUDE OILS AND DISTILLED WATER

&

- %nterfacial Tension

ﬁfTemperature-- Appéreht, ~ Corrected

°F - .(dynes/cm)ﬁpv (dynes/cm) :

=T

LLOYD CRUDE and Distilled Water

77 ) _‘,22;5%~\\;;’ - 28.04
| , . ,

87 Co21.80 T 21.2%

00 2160 . 26.14
120 . 20.20 23.]@/

130 . 20,00 - 23.20 "

ETHYL 'LAKE CRUDE and Distilled Water

1

75 24.95 45.60 "

S0 - 22.40 7 30.70
120 .. 18.60 - 28.17
130 . 16.90 - .. 20.96

~ 10 570 a8z
S 140 17.43

96



. TABLE 0-2'
AR o -
A 3

INTERFACIAL TENSION DATA FOR LIGHT
CRUDE 0ILS AND DISTILLED WATER -

4

Interfacial Tension

Temperature . . Apparent - Corrected

°F ‘ (dynes/cmD (Dyne§/cm)_

JUDY CREEK CRUDE and nistii1ed Water

79 26 7% 27.03
90 - -\ ‘2680 - 27.87
o/ o260 26.07

13 - 26,00 25.87.

1500 - 24.40 . 24.06

64 . 21.60 ©  21.04 :

Q

LEDUC CRUDE and D1st111ed Water S

76 "4._' 2881 {29 26
90 ..T_'ff'[zs,zo-', B N

Cotesc o oeres 0 2l
Caws T aree . ers0
e T e e

|  ;1§03:]' '{a; gJ?gg5o"i ?-(_ "2;;20-7 -

47
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