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ABSTRACT

. The interfacial-tension (IFT) behaviour of mixed
surfactant solutions of Petrostep 420, Marasperse C-21
.and NaCl were studied to -examine the suitgbiligy of using
these mixtures ih potential enhanced oil recovery operations.

Mixtures of 2.5 wt.3 Pétrostep 420, 1.0 wt.% Marasperse
C-21 and 1.5 wt.$ NacCl yielded iéw IFT's but the data
reproducibility was poor and the phase behaviour was a
problem. The conqentrations of both surfactants were
reduced to get a dilute surfactant mixture of 072 wt.3
Petrostep 420, 0.048 wt.3 Marasperse 6—21 and 1.5 wt.3 NaCl
which still exhibited low IFT's and which also showed better
data reproducibility and better phase'stahility.

A universal IfT versus equivalent alkane carbon number
(EACN) did not result but the concept of the EACN at which
the minimum IFT occurs (nMIN{ being fixéd for a given )
surfactant: formulation is valid for these mixed surfactant
solutiéns: Also investigated were_the:effeét of aging,
length of pre-equilibration time, ordgr of mixing effects
and some surfactant mixturés using Petrosfep 450, Petrostep

465 and other petroleum sulfonates.

w—r



e AR | CHAPTER 1
! : . INTRODUCTION
* o
A major worldwide problem throughout the recent past
has been the energy crisis. In the early 1970's energy
consumption was not a pressing concern andas a result
pegrqleum products were not efficiehtly used. Although it .
ha%ﬁﬂlways been realized that the sdpply of oil'is finite
and eventually will be depleted, it took the 1973 OPEC oil ,-.
price‘hikes ﬁo focus attention on the fact that aﬁ_i}?E rates
of consuﬁbtion the day of oil shortagés was rapidly. approaching.
Added to this rapidly inflating price were the cutbacks in
supply to the industrialized nations, fér either political or
economical réasons, and these ﬁations were in and out of
periods of oil shortages throughout the 1970's. OQut of
-
necessity the#e oil-importing countries had to find ways to
increase the supply of oil until the technology was developed
for the ultimate shift away from a petroleﬁm—based energy
supply.

The easiest way td=extend the supﬁly of 0il to essential
services was to adopt a policy df comservation. Since it takes
time for people to change their ways it took a while, and.
continued price hikes, for conservation to take hold. Beyond
this a route to increase the available oil was to discover
new wells or make better use of existing oneé. The escalated

cost of oil meant that more remote areas could be explored



-,

and alsq_ghat less desirable déposits such as heavy oils

and tar sands could be'devéloped. As an alternatiﬁe to
finding new oil wells, existing wells may be.more efficiently
utilized to recover a greatér percentagé of' the contained oil.
This is known as enhénced oii recovery (EOR) and is the basis
for this research. |

One means of enhancing bilirecove:ies is to use a
surfacéant flood to displace-additional oil. Research in
this area using petroleum sulfonates is widespreéd. The
unigue feature about this wogk'and prévious ones.at the
University of Ottawa is that iignosulfonates are used as a
cheaper substitute for part of the petyoleum sulfonate and
at the same time providé‘a synergistic interfacial tension
(IFT) lowering‘effect.

In this research the primary;areas of investigation
involved the phase behaviour of these surfactant solutions,
the variation in IFT upon reducing the concentrations of
petroleum sulfonate and lignosulfonate nd the applicability
of empirical relations, published elsewh¢re, to these mixed
~ surfactant solutions. _Seéondary factors which were examined
in less detail were the effects of aging of £he surfactént
solutions, the effect of varying the concentrations of the
components making up thes sclutions and the effedfglof using

other types of petroleum sulfonates.
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. BRI =7 2.1 'Stages of 0il Productiocn ;
wlene T 2.1 bl Priméry Recovery",j R A f
.;; B Crude oils: usually re51de w1th1n the pores of a- )

.sédlmentary:rock rather than in. underground pools as soﬁe
representatlons doplct.JfTherefore to recover 01l from the
ground 1nvolves dlsplaCLng 1t from thls porous network
instead of 51mply pumplng the 011 up out of a pool.

uThe 01l—conta1n1ng,rock resorvolr is at a pregéure
gred;ér than atmospheric due to the overburden on top of it.
When a‘well is first drilled this excess pressure will cause
some of‘the oil to flow naturally due to the release of
dissolved gases in the crude and due to the sliqut liquid
expansion caused,by the release of the internal pressure.
This is colled primary recobery. The oil recorered in this.
stage may va{xﬁfroﬁ a few percent to as high as 25% according

to Doscher (16). ’ .

2.1.2 Secondary Recovery

As the demand for il increased it became profitable

to go back and recover additional oil from wells which had

ceased to produce due to natural foroeéd This second stage

0of o0il recovery was accomplished by means of a waterflood.
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In this process, water is pumped down inta a well where it
willf;CCupy some of the oil-containing éapil%aries fhereby'
displacing this oil. In principle,_if the ené;re rock
formation cdulq.be waterflooded and if all of tﬁe capilaries
could be swept tﬁen all of the oil would be recovered in

this stage. However ,as Herbeck et al (20)

point out neither
of these ideéiizations occurs.

first ©f all the ‘entire rock formation cannot be
subjected to the waterflood. If the 5-spot pattern répreseﬂted
in Figure 2-1 is péed then only a portion of the reservoir
~is contacted by.the‘watérflood with the outsi@e areas
remaining untouched. Henﬁe additional o0il will only be
recovered.ffom‘the cent;él region.

Secondly, in the region that is contaeted by the |
-waterflood not all of the oil—containiné capillaries will
be swept. This is depicted in Figure 2-2. In this figure
two parallel capillaries are shown, each containiné oil
initially. O©One of thése capillaries may offer less resistance
to the ,oncoming waterflood and so the water will move through
this cipillgry'(uppér one in Figure 2-2) faster than iﬁlmdves
through the lower capiilary. This is kpown as fingering.
Once the water reaches the point at which the two channels.
come together again recovery of oil from the lower capillary
will cease and this slug of oil becomes trapped. These
stranded oil-containing capillaries are often called oil

(16)

ganglia. Doscher reports that a further 15% of the
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@ WATER INJECTION WELL WATERFLOODED
O oL PRODUCTION WELL | [l NOT WATERFLOODED

Figure 2-1: Overhead Representation of 5-Spot Waterflood

Scheme (20);
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total originaloil is ty\ically'récovered during a-waterflood.

2.1.3 Tertiary Recovery

ﬁntil recently it has not bean eéonomically &tﬁractive
to go back and p@ggkss these o0il wells a third time. With
the ever—rising cosﬁ of 0il, however, such tertiary schemes
are becoming viable. There is ample incentive to make
these tertiary or enhanced oil recovery operations possible
considering_that 60%.or more of the total original oil still
remains in the ground after the primary and secondary stages
of recovery.‘ Even-an increase in efficiency of a few percenty
beéémes significant When one speaks in terms of the hundreds
of billioné of barrels that canpot'be 5ioduced by convenéionall

(27) estimate that a million barrels

techniques.: Mbrgan et al
per day b& 1990, or one-eighth of the present U.S. production,
is quite possible using EOR processes.

Enhanced oil recovery can be achieved by several routes.
One method is to increase the tenperature of the oil by in

situ combustion or steam injection to reduce the viscosity

of the o0il thereby making it easier Qo displace. A secocond
approach is to use water-soluble pol&mers in the drive water.
This thickened water will have a higher viscosity than water
alone ané will finger lgss, so that more of the oil—containing
capillaries get swept. A third technique is to use water-

soluble surfactants. The‘surfactént solution then leads to

increased oil yields and this is the process upon which the

T



present research. is based. Quite often some of these
procedures are used in combination. For example, a surfactant
solution is usually followed by a polymer solution to take

advantage of both methods of producing additional oil.

2.2 Surfactant Flooding
3| .

This proéess is the tertiary séheme‘which is relevaﬁt
to this work so it will be expanded upon. During a surfactant
flood addltlonal 011 may be recoveréd through one of two
mechanlsms. The 011 may be displaced from the rock capillary
and remain as a separate phase, or the oil may be solubilized
into the micelles of‘the surfactant leading to a single phase.
This solubilization effect is likely responsible for
consmderably less oil recovery.Lhéﬁﬁhhg/azgﬁigcement mechanlsm

{27)

.Morgan et al _ represent the displacement of the oil
as in Figure 2-2(¢) in which a stranded oil ganglion from a
previous waterflgod is shown. The pressure difference
necessary to displace this oil is given by the equation

AP = P,-P, = 2¥( ) (2-1)

1 2

where AP is the pressure difference, y is the interfacial
tension and Rl and R2 are the radii of curvature of the ends

of the o0il ganglion.

L

—d



Starting with this equation and also ‘taking into
consideration the viscosity‘of-the drive water, the flow
" rate of thé water and thé porosity of thé rock formation
Melrose and Brananer (24) have sﬁbstituted typical values
for these parameters to estimate that ¥ must be'reduéed
from its usual value of 10 to 30 mN/m to around 10 -3 mN,/m
to recover s;gnlflcant gquantities of addltlonal 011 The
‘objective therefore is to flnd surfactants Whlch are capable
of exhibiting these ultralow interfacial tensmons.

Once some of the oil has been displaced creating a
mobile oil bank, this oil itself aids 1n additional récovery.
_ When the mobile bank contacts fufther oil the IFT between
the phases is zero and so it becomes easier for these

subsequent ganglia to be displaced.

2.3 Surfactants which Lead to

Ultralow Tensions

A wide range of commercial petroleum sulfondtes have

been used to generate the necessarily low IFT's (5,6,8,10,11,

17,22,23,26,27,31,33:34) | qpege commercial petroleum
sulfonates are made by sulfonation of a fraction from the
petroleum refining process. They are made up of a range of
-different molecular weight species and ;;ually contain some
unconverted oil. These petroleum sulfonates are assigned

average equivalent weights, often ofﬁéhe order'%f 400, but
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lowering

—

the range of équivalent weights may be quite large. . Cayias
(10) reéort that a pe£§oleum sulfonate of average

equivalent weight 415, Witco 10—80,\Sould bg separated‘to
give fractions with equivalent weigﬁtg.ranging from 321.to

511. As the equivalent weight increases the solubility in

water. decreases. ‘ &8 - t

Low IFT's have also béen reported for pure surfactant

(15,29,33,34)

solutions . In these papers isbmerically pure

_éuffactants were synthesized. The particular isomer structure

e Lo

was found to be important in determining the extent of IFT
(15) )

%

2.4 Empirical Scaling Rules Relating

IFT and QOrganic CompSsition

i
‘A group of researchers, mainly from the University of

Texas at Austin, have published ‘a series of papers (6,7,8,10,

R
15.26,27,31,33,34) which have presented trends noticed in the
IFT behaviour of petroleum sulfonates. -

’

2.4.1 Equivalent Alkane Carbon Number (EACN)

Similarities in the IFT curves of a surfactant versus
homologous series of alkanes, ®alkylbenzenes and alkylcyclo-

hexanes shown in Figure 2-3 led to the development o? the

concept of EACN by Cayias et al (8). Some examples of organic

compounds and their EACN's are shown in Table 2-1. Tor the
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Table 2-1

(8)

EACN's of Various Organic Compounds .

v

Organic Compound EACN

benzene 0
toluené 1
©0-, M- Or pfxylehe 2
isopropylbenzene 3
cyclopentane 3
cyclopentylbenzene 3.
cyclohexane 4
l,4-diethylbenzeﬁe 4
pentane . ) ” 5
l—t—butyl—4—methy1benzehe 5
cyclooctane 5
hexane 6
" heptane _ 7
cyclopentylc&cléhexane 7
octane 8
2-methylheptane 8
2,5-dimethylhexane 8
_2,2,4—trimethylpentane 8
pentylcyclopentane 8
nonane 9
decane 10
undecane ' 11
dodecane ' 12

hexadecane : 16
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Q n- AtKANES
'@ n-ALKYLBENZENES
D n-ALKYLCYCLOHEXANES .

Figure 2-3: IFT's of Three Homologous Series of Hydrocarbons

against 0.2% Witco 10-80 and 1.0% Nacl (100,

3
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.élkanés %he EACN is defined és the number Qf carbon ‘atoms in
the molecule. The IFT's of the homologous series of alkyl-
benzenes were similar to those for the alkanes if the EACN
of anbalkylbenzene was taken toné the nuﬁber of aliphatic.
carbon atoms. On this basis the EAQN of benzehe was defined
to be 0 *. In order to get the curve for the alkylcyclo-
hexanes to match the other two the EACN of cyclohexéne was
defined to be 4 **. The EACN of hexylcyclohexanelwould then
be.lO and the“IFT behaviour against hexyvlcyclohexane would
be similar to that against decane or decylbenzene. Note that
organic species of the same EACN are said to behave similarily,
but they do not behave exactly the same. This means that
the absolute magnituae of the IFT's may differ from one
homologous series to angther, but the minimum IFT would
occur at thé same EACN in each case. For_example, heptane
may exhibit a lower IFT against a particular surfactant than
hexane of’octane. Based on the EACN concept heptylbenzene
. and propylcyclohexane should also exhibit lower IFT's than
their respective smaller and larger homdlogﬁes.

The EACN of a binafy or more complex mixture was found

to obey the simple scaling equation

* the EACN of benzene has been assigned values of -1 and +1
as well to fit the empirical relations

** the EACN of cyclohexane has in-some cases been taken to be 3
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EACN = in(EACN)_i - {2-2)

where EACN is the overall value, X5 the mole fraction of

the ith component and (EACN):.L its EACN (8).' Using this
equation an equimolar mixture of hexane and heptane would

have an EACN of 6.5.
r
All isomers of a particular organic molecule were

found‘to have the same EACN, so that n-octane, iso-octane

Ll

and all other octanes have EACN's of 8. Other special cases

such as cyclopentane were assigned EACN's based on the

validity of Egquation (2-2) (8). Values of EACN were

assigned to complex crude oils .again based on the validity
of other empiricaljfelatioﬁs developed by Cayias et al (8):
This was done withouf khowing the entire‘compositibn of the
0il and using Equation (2-2), since this is close to

{30)

impossible. ( Observe that Rossini had isolated 175

components in a single, crude oil with more to be found. )}

2.4.2 EACN of Minimum Interfacial Tension - n,. .

As mentioned, IFT's within one homologous series
followed those in another based on the EACN concept.
Likewise binary organic mixtures of the same EACN behaved
siﬁilarily. The outcome of this was that although the
absolute value of the minimum IFT might depend on the make-up
of the organic the location of £he minimum with respect to

. EACN was constant (6) for a particular surfactant formulation.
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"For exé?ple, if the minimum IFT was found to occur against
heptane when using’the alkanes, then the minimum IFT

against binary mixtures of pentane and decane would occur
for that mixture which had an EACN equiﬁalent télheptane
(ie. 7). h

| Just as organics were assigned EACN's, surfactants were
assiéned values of n

N where n is defined as the EACN

MI MIN
at which the minimum IFT results. Wade et al (33) developed
v Ny ' ' '
a similar scaling equation to that for EACN. This equation
can be used to calculate the NyIN value for a mixture of

surfactants.
n = Ixg (o) ' . (2-3)

where DMIN represents the overall value, X, the mole fraction

the n of the ith component.

and (nyng) MIN

As for the case of the EACN of organic species the'nMIN
values for a range of surfactants were either experimentally

_determined or calculated on the basis of Equation (2-3) (33).

2.5 Dependence of Nyrn 98 System Parameters

On the basis of Equation (2-1) it is evident that the

lower the IFT the easier it will be to displace oil ganglia.

In order to get the lowest possible IFT the Dy of the
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surfactant should match the EACN of the oil. Therefore it

is useful to know how Ny1N will change. as the system parameters
are altered.

Morgan et al (26)

have summarizéd the effects of
several variables with the results reproduced in Table 2-2.
Based on the information in Table 2-2 it is noticed that

there are several~ways of shifting n to higher or lower

MIN

values as the occasion warrants.
Shifting Nty and optimizing the low IFT's are two

different things. For example, increasing the salt

concentration may shift Nyin to higher valuesf but it ﬁay

also lead to an increase in the magnitude of the IFT. Given

a crude oil of a determined EACN one would like the ny .. of

the surfactant to correspond to this EACN and at the same time

'have an optimized system to result in iow‘IFT's. Thesélmay

be opposing forces. The salt concentration, for one, has an

optimum value so that concentrations higher and lower than

this optimum value lead to higher IFT's, all else constant.

2.6 Low Interfacial Tensions using Lignosulfonates

Several researchers have reported the results of the
initial studies at the University of Ottawa to use ligno-
sulfonates as cheaper substitutes for petroleum sulfonates

(3,4,13,14,28)

in EOR operations The use of lignosulfonates

is attractive because they are cheaper and also because they

“ .
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Table 2-2

Effect of System Parameters on ny . (26).

Variable Increased

.Effect on

MIN

surfactant molecular weight

branbhing of 'surfactant alkyl structure
eleétrolyte concentration

concentration of pure surfactant
cqncentration of surfactant mixture
temperature

age of pure surfactant

age of surfactant mixture

increases
increases
inc;eases
no change
decreases
decreases

nc change

- decreases

.
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are waste by-prdducts of the sulfite pulp and paper process
whi;h ﬁust be economically used or else disposed of.

The use of petfoléum sulfonate plus lignosulfonate
was found to have a synergistic‘effect on the lowering of
IFT.. A phase stability limit between certain petroleum
sulfonates and lignosulfonates was determined by Chiwetelu (13).

The only other discovered mentién ofsﬁéing lignosulfonates
for EOR operations was in a patent obtained by Kalfoglou (21).
In the patent Kalfoglou suggests the use ofllignosulfonates
to séfve a; sacrificial agents to be adsorbed onto the rock
matrix thereby reducing the adsorption losses of the more
expensive petroleum sulfonates. Kalfoglou does not-d;scuss

the usefulness of lignosulfonates for improving the IFT

behaviour of these surfactant solutions.
rd

2.7 Objectives of the Research

The objectives of this research .were as follows:
(i) to test the mixed surfactant systems of petroleum
sulfonate plus lignosulfonate to see if the empirical
relations found by Cayias et al, which were-developed for
petroleum sulfonates alone, still apply;
(ii) to screen various surfactant types to see wﬁich show
potential for producing low IFT's.
(iii) to study the phase behaviour accompanying the'wa:ious

surfactant formulations.



-19-

(iv) to take a first step towards optimizing a useful
system from an economical point of view.

(v) to generally add to the basic knowledéé of these mixed

surfactant systems.
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CHAPTER 3

EXPERIMENTAL : : -

3.1 Materials

S ; .
The petroleum sulfonate used in most of the experimental

work was Petrostep 420 R

(P420) mangfactured by Stepan
Chemical Company. Unless otherwise specified the general
term petroleum sulfonate refers to this particular product.
In physical terms Petrostep 420,is a viscous, tarry semi-
solid material. It does not dissolve rapidly in water, but
aqueous solutions can be made:- by successive leaching with hot
water. The other petroleum sulfonates ménufactured by Stepan
whiéh were used were Petrostép 450 and Petrostep 465.. The
provided analysis of each surfactant is shown in Table 3-1.
The other surfactants which were briefly used were '
R

4

sodium lauryl sulfate manufactured by Fisher; Alkanol 183-S
Petrowet R R and Petrowet RH manufactured by DuPont; and

Petrosul 545 R, Petrosul 742 and Petrosul 744CL manufactured

by Penreco Inc. 2
The lignosulfonate used was Marasperse C-21 R (C-21)
manufactured by American Can Company. It was received in

the form of a dry, brown powder which dissolves quite readily

in water. Its molecular weight is only broadly defined ds

a superscript R indicates a patented trademark




Table 3-1

Properties of Petroleum Sulfonates.

Property Petrostep Petrostep Petrostep
| 420 450 465
equivalent weight 420 450 465
‘sulfonate ' 59.1% * 62.2% 57.5%
free oil 17.3%. 15.2% ° 14.5%
water 19.5% 18.5% 24.9%
inorganic salt 4.1% 4.1% : 2.8%

* all percentages are weight percent

o
4

Table 3-2

(1)

Chemical Properties of Marasperse C-21

Property _ Value

pH (3% solution)} 7.7
total sulfur as S 6.1% *
sulfate sulfur as § 0.4%
Ca 4.0%
Na 2.1%
reducing sugars ' 1.3%
methoxyl 8.8%

* all percentages are weight percent
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Table 3-3

2>

Manufacturer and Purity of Orgaﬁic Compounds.

Hydrocarbon  Manufacturer Grade

toluene Fisher 99 mol%
p-Xylene J.T. Baker "Baker"
cyclohexane " "Baker analyzed"
pentane ! " "Baker"

hexane Phillips Petroleum 99 mol%
'heptane Eastman Chemicals 99% >
octane Matheson, Coleman, Bell 99 mol%s +
nonane " ) "

decane Eastman Chemicals technical
undecane Matheson, Coleﬁan, Bell 99 mols +
dodecane Eastman Chemicals 993

hexadecane’ Matheson, Coleman, Be 99 mols +

<
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being between l0Q0 and 50,000, and its structure is related

to‘that of lighin;_ Some other properties are shown'in'Tablé

3-2. The structure of a section of a lignosulfonate molecule

was reproduced by Bansal et al (4). |
Whenever pbssiblé_the organic component was of very. high

purity. These high pﬁrity liguids are usually designafed

as chromatoqualiéy or 99%+ purity. The manufacturers and

grades are shown in Table 3-3.

3.2 Preparation of Solutions

The first step was to make stock solutions cf the
petroleum sulfonate, lignosulfonate and salﬁ. The desiré&
mixed surfactant was made by mixiﬂg;these concéﬁtrated stock
solutions and dilﬁting with water. For reasons to be mentioned
later the NaCl was always added last. All dilutions wére
done on a weight basis so that throughout this work the units

of concentration are weight percent. When a mixed organic

sglution was made it was also prepared on a weight basis
keeping in mind that conversions to moles had to be done to
calculate EACN's.

To prepare a sample for IFT meaéurement about 10 ml. of
the mixed surfactant was poufed into a test tube. About 2
ml. of the organic was then poured on tép of éhe surfactant

causing as little disturbance as possible. The test tube was

capped and left to equilibrate, usually overnight.
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3.3 Loading of Sample for IFT Measurement

-

*

The IFT measurements were performed on a Spinning Drop
Interfacial Tensiometer. The“design and mechanics of this

(9/13,19) ' e gifficult

apparatus are described elsewhere
steps in the measurement were the filling of the caplllary
tube and the placement of the cap. The entire procedure
will be described in 'a stepwise manner. There are some
deviations from the proceéure detailed in the Reference

(19

‘Manual ) whieh are poin}ed out in the descriptien._ The
procedure was as follows.

(i} The cap assembly was put-together first so that the
filling of the caplllary tube was not ieterrupted. .The
O-ring and rubber septum were removed from the distilled
water in which they were stored, dried, and placed in the
cep. The septum was not pushed fully into the cap but only
far enough to make it level with the O-ring. The final
positioning would be accomplished when the capillery tube

was inserted.

(ii) The capillary tube was flushed with some of the eurfactant
to be used. This pre- flush removed ﬁiaces of water remaining
from the previous washing and it would also have minimized
any possible effects of surfactant adsorption on the glassl
by serving aeea eacrificial agent. This means that some

of the adsorption‘sites might become occupied during the

pre—fluéh and not when the IFT measurement was being made.
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(iidi) The.Scientific Glass Engineering microlitre syringe
used for introduction of the organic droplet wgs‘flushed
several times with the organié solution to be used to ria
the syringé of traces of acetone from the previous washing.
{(iv) A second éample of 'surfactant was withdrawn and the
capillary tube filied by inserting the needle to the bottom
and slowly removing it as the tube became filled with surfactanth
A standard sized syringe and needle were sufficient for this
operation. The tube was filled to within a few mllllmetres

of the opening.

(v)lé droplet of orgaﬁic was discharged from the syringe just
priorato the introduction into the capillary tuﬁe to rid

the tip of air bubbles which could have formed due to
evaporatfgn. Thé tip was then dried to prevent "tailingsi
from being introduced and the needle was quickly inserted
into the tube. A small droplet of organic was then expelled’
from the syringe near the centre of the capillafy tube.

(vi) Sometimes-an air bubble would be contained in the

prganic droplet even though the tip had been purged of air
just prior to placing tﬁe needle into the capillary tube;

This was most common with_the highly volatile organic
compounds. This air bubble was not desirable because it

could have restricted the natural elongatlon of the organic
droplet or dlstorted its shape. It was removed by w1thdraw1ng
the needle, with the droplet still adhering to it, as far’

~

as the surfactant-air interface. The organic droplet could
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”
I

_ ¢ , )
then be removed without further exposing the tip to the

\

air. The needle was then positioned in the centre of

the tube again and another droplet expelled, this time

usually air-free. This procedure was not mentioned in the

/ | _ \

(vii) The organic droplet usually adhered to the needle unless

manual.

the drop was very large. It was detached by rapidly .

withdrawing the syringe.

’”

(viii) Additional surfactant was added to the capillary tube
to fill up the remaining few millimetrés and 'to léave ;
.pendant drop of excess surfactant.

{ix) Placing the cap on the tube was another stagé which
could caﬁse problems. The capillary tube was held horizon-
tally at this stage rather than vertically as suggested in
the manual. With. the tube held horizontally the organic
d;oplet did not migrate toward the sealed end and equally
important the tendency;for air to enter would be diminished
compared to holding the tube vertically:. The capillary tube
was thenrplaced in the cap, making contact with the septum
and pushing iflinto the end of the cap.

(x)dOnce the cap was pr0pérly in place the entire assenbly
was screwed into the rotating section of thé'spinning drop
apparatus.

(x1i) The spinning-rate was adjusted and the sample left to
spin. |

(xii) The apparatus was levelled throughout the course of the
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éxperiment to keep the organic dropiet off bf-the tube ends.
(x1iii) Measurements of the_drop width were typically made.
every half hour. The experiments were continued until the
drop width was conséant to i?% for 3O minutgé or longer.
The temperature was not controlled but was usually 26x1°C’
due to the heat generated by the apparatus.

'(xiv) After an experiﬁent the assembly was withdrawn from
the rotating sleeve. The cap was removed and thé O-ring
and éeptum takendout. All three pieces were rinsed with
distilled water And the O-ring and septum were placed in
distilled water until the nekt experimeqt. ( If a Teflon
cap were being used it too could be stored in.distilled
;ater; ) |

{xv) The microsyringe was simply washed with acetone rather
than hexane plus acetone as suggested in the manual. Hexane
was not necessaéy because all of the hydrocarbons useé

wefe soluble in acetone. Only if a crude o0il were used
wbuld a hexane wash be necessary.

(xvi) fqr the capillary tube and large syringe a water-— .
acetone-water wash was sufficient. The capillary tube was
periodically washed with hexane when air bubble problems
became ﬁersistent. The capillary tube would not be visibly
dirty but tiny air bubbles kept appearing in the surfactant

solution. These problems were usually eliminated by a

water—acetone-hexane-acetone~water wash.
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3.4 Density Measurements

Thé densities of the organic and aqueous'phases were
measﬁ;ed on a Precision Density Meter model DMA 02C a£
25.,0%#0.2°C. The pfocedure described iq the instrument
manual was followed using dry air and distilled water as
the calibration standards”

| After the initial set of experiments further density
determinations were found to be unnecessary due to the
following simplifications. Fifstly, the tiﬁe allowed for:
pre-equilibration did not alter the organic or surfactant
densities so that the densitiés before and after pre-
equilibration were the same. Secondly, the surfactant
density was essentially equal to that of the corresponding
brine ‘solution. Since the surfactants added little to the
overall density a constant surfactant density could be
assumed throughout. Thirdly, for binary orgahics the
combined density could be accurately calculated based on
the assumption of ideal solutions. This is shown in
Table 3-5. Thé other measured densities appear in Table

4

3-4.

3.5 Calculation of-IFT

The IFT of any system can be\gcadculated by placihg

a drop of one ligquid intd a second liguid and then spinning
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Table 3-4

Densities of Organic Liguids and Surfactant Solutions
at 25.0%0.2°C. '

Component Period, Density Literature **
' T ' (g/cm3) Density
pentane 435419 - 0.6215% 0.6262
* hexane ) 439468 0.6555 0.6603
heptane 442573  0.6818 0.6838
octane 444575 0.6988% 0.7025
pure octane 444537 0.6995? "
decane 447854 0.7269 ' 0.7300
dodecane 449994 0.7453 0.7487
p-Xylene - 0.8571+% 0.8611
cyclohexane - 0.77461% 0.7786
surfactant * 480450 1.017 . -
“_ 480170 1.015. - ‘
" 480032 1.013 . -
" : , 480032 1.013 -
dry air 353435 - 1.185x107°
water 478274 - 0.99707

* gurfactant mixture- 2.5% Petrostep 420, 1.0% Marasperse
C-21 and 1.5% NaCl

**% gource~ Handbook of Chemistry and Physics

Note: literature densities of hydrocaébons at 20.0°C.

If densities at 25.0°C could be found the agreement between

literature and measured densities would'be better.

t check to see effect of pre-eguilibration on*density

Tt estimated
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‘Table 3-5

Comparison of Densities Calculated Assuming Ideal

Solutions and Measured Densities. *

- EACN Components T

Density Calculated
Density
7.0 C6—C12 442437 0.68B06 0.6795
8.0 " 444590  0.6989 0.6970
5.0 " ' 446443 0.7148 0.7126
10.0 " 447828 0.7266 0.7251
-C - * % ‘ .
6.2 c-C-Cp, . 0.7467 07502

* sample calculation in Appendix A

** measured using density bottle



-31-

”

the whole assembly. The calculation of IFT depends on
shapes and drop volumes and becomes very complicated.

Details of this complex calculation were published by

Cayias et al (9). If, however, the droplet expands so

that its length is 4 or more times its width then the

.80 called Vonnegut infinité length equation can be used.
In this equation the droplet is assumed’ to be cylindrical
with hemispherical‘eﬁds, and the only parameter to be
measured is the drop width. The equation fbr calculaﬁing

the IFT is

y = ldp w™ r {3-1)
where vy is the IFT, Ap is the density difference, w 1is
the angular vélocity and r is- the cylindrical radius.

1

Some substitutions can be made in Equation (3-1).

-

The angular'velocity can be represented in terms of v

the frequency as follows
w = 21T Vv _ (3-2)

' The apparatus measures the period of revolution in

msec/rev, T, therefore

v-= 10 (3-3)
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Combining Equations (3-2) and (3?3) >

w = 27x10 L (3-4)

Using the spinning drop apparatus it is the cylindrical

diameter that is measured so that

[a
1]
]

(3-5)
" Substituting Equations (3-4) and (3-5) into (3-1) yields

¥y = lap (2w=10

4 T

2 (@3 (3-6)

T2

Some further revisions are still necessary. The glass in
-the capillary tube magnifies the drop width so to get the

true IFT one must know the true width, not the measured one.

The correction is

d{true} = d(measured) ' (3-7)
. 1.332

Equation (3-6) then becomes

vy = 1.234x10% ap (a' ) (3-8)

T2 1.332
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where d' is the measured diémeter. Finally the drop
width is measured by an eyepiece and the un;tg of
measurement are lO_2 cm. In order to substitute the
meaéured‘drop width directly into the IFT equation the

following change is necessary '

-

6

v = 0.5222x10% ap ( 3

ar )
2

. //' T2 10
" or Y = 0.5222 Ap 4'> (3-9)

T2

I

where v is in aN/m, Ap is in g/cm3, d' is in 10_2 cm
{read directly off of the apparatus) and T is in msec/rev
(read .directly off of the apparatus).

For the higher IFT's the drop did not always elongate
sufficiently for the infinite length approximation to
become valid. In such cases the calculation of the IFT
would be much more complicated. ﬁowever the 'infinite
length equation could still be used to give an estimate
of the true IRT. The estimate obtained is always lower
than the true value. The_;xtent of elongation can be

increased by rotating the drop faster or injecting a droplet

.0f larger volume.

0@ .
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3.6 Densify Difference Calculation

The dénsity difference can be calculated from the

"following equation

Ap = P10, ="Tl -T, (3-10) -
A

where Py and p, are the densities of phases 1 and 2, Tl and

T2 are, the. pericds read directly off of the density meter
for phases 1 and 2 and A is a constant obtained using
calibration standards. Using dry air and distilled water

as the references A was found tp be 1.04ZGXlOll.
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CHAPTER 4

RESULTS AND DISCUSSION

4,1 Phase Behaviour of Mixeé’SurfactantSolutions

The only literature found pertaining to the IFT's of
mixed surfactant solutions of petroleum sulfonate-ligno-
sulfonate we;e'those which were the résult of previous
researchers at the University of Ottawa. Therefo?e much
of the work to be reported is essentially novel and ;ome
65 the work involvés preliminary screening of poténtially
useful surfactant mixtures. -

One- of the. problems which arose was the phase behaviour
of these mixed surfactant solutions. The system was made
up of four principal components: petroleum sulfonate, ligno-*
sulfonate, sodium chloride and water, but the‘surfactants
themselves are composed of many fractions so the phase -
equilibria became guite complex. As seen in Tables 4-1 and
4-2, for a fixed petroleum sulfonate concentration the
concentration of lignosulfonate larggly determined the -
phase behaviour with the concentration of NaCl playing
a lesser role.

When a mixture was unstable the same basic separation
always occurred with‘only minor changes in the.volume or
colour of the sediment. The surfactanf separated into two

phases, a clear, brown upper  phase and an opaque, brown



Table 4-1

Phase Behaviour of Surfactant Solutions of 3.0%. Petrostep
420 and Varied Concentrations of Marasperse C-21 and

NaCl (organic overtop, heptane) .

Wt.3 Wt.$ After 1 Day 3 Days 6 Days

C-21 NaCl
0.0 0.0 © no settling no settling no settling

n l . O " ) n . ) n

n ‘ 2 . 0 " o n ; n
1.0 0.0 " . " ' "

" 1.0 " ‘ " : streaking
on 2.0 some settling . some settling separation
2.0 0.0 no _separatiod "

" 1.0 » " "

n 2 . 0 . " . n ' "
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Table . 4-2 . . “

" Phase Behaviour of Solutions of 2.5% Petrostep 420 with
.~ Marasperse C-21 and NaCl Concentrations varied {organic

overtop, heptane).

Wt.3 Wt.% After 1 Day 4 Days 7 Days
C-21 NaCl ‘
1.5 no settling no settling no settling
0.8 1.3 " - streaking slight separation
n n . n Streaking
n . . " tl‘ (L}
1.0 1.1 " .separation separation
1t 1t " " '
L1} " " "
n u 1 1t
1} 14 " n
1.2 separation " "
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lowgr phase containing the settled surfactant. This clear
_phase in betwéen'the’settled surfactant and the organic
coﬁld be the miéroémulsion phasg that many researchers
talk about (11’27’29'31). These third phase microemulsions
are aséociaéed with concentrated surfactant pixtures and
are in some cases thought to be essential fo£ the appearance
of low IFT's.

In the stable region the surfactant was uniformly
brown and 0paqué. An indicator that a éreviously stable
‘mixture was eventually.going to 'separate was the appearance
of éark streaks in the surfactant. The two situations of
homogeneous and separated‘surfactant are shown schematically
in Eigure‘4—l. | D ' -

For a solution of 2.5% Petrostep 420 and 1.5% NacCl

the critical concentration of Marasperse C-21 was 0.8°to

e - hd

1.0%. Above this concentration the surfactant so%ution
readily separated and below this concentration the solutions
were hgmogeﬁeous for a week or longer.

This phase instability'coqld gave been related to the
- calcium tolerance of Petrostep 420 mentioned by Meister et
al (23). Meister measured the concentrations of ca®t
necessary to precipitate various petroleum sulfonates. For
the case of Petrostep 420 a 5 wt.% solution was used with
no salt added other than that already present in the surfactant

as received. The results indicate that precipitation starts

with a Ca’’ concentration of 0.01 moles/litre and at 0.02
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Figure 4-1l: Representations of Homogeneous surfactzht

and Separated Surfactant Solutions.
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moles/litre the extent of precipitaﬁion is large. Reférring
to a 1.0% Marasperse_C—Zl solution the concentfation of Ca2+
would be roughly 0;04%’based an the information in Table
3—2.A Converted this would be roughly 0.0l moles/litre.
Therefore the calcium content of the lignosulfonate is
sufficiently large.that it might be necesséry to consider
the caléium tolerance of the Petrostep 420. It should be_
emphasized that the system used by Meister differs from the
one used here in that no salt was added and the Petrostep
420 concentration was different. ~Nevertheléss'the Ca2+

content of the lignosulfonate is of the correct order of

magnitude to present this type of stabilitj problem. - ‘

4,2 "Effect of Order of Mixing on

Phase Behaviour and IFT

Tt is conceivable that the order of mixing of the
surfactant solutions could alter their ultimate IFT lowering
ability. For example, if the NaCl were added to the
petroleum sulfonate I might create a different electrical

th .
double layer effg¢ct thén if the NaCl were added to a

mixture of petroleu sulfonate and lignosulfonate. Even
if the true equilibrium IFT were not affected the time
course of the non-eguilibrium IFT's could be different.

The phase behaviour represented in Tables 4-1 and B-1 show

that the order of mixing did not alter this behaviour except
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for® occasional minor variations in colour of precipitate.
In Table B-1 the effect on IFT is shown. For each
sﬁrfactant formulation the IFT's agree to within a factor
oﬁ§4 which as will be discussed later is typical of the
sort of experimental variation common with these concentrations
of surfactant. Although the order of mixing may not
affect the IFT, for the sake of consistency the salt was
always added last. This procedure was also followed by
Cayias et al (10).

Table Bfl also shows that.adding 1% of NaCl or Marasperse
C-21 separately results in a lower IFT than using the
Petrostep 420 alone, by a factor of 10. Adding 1% of both .
further reduces the IFT by approximately anotﬂer factor of

10. This table also shows evidence that there is an

optimum salt concentration for these mixtures because the

IFT's for 1.0% Marasperse C-21 and 1.0% NaCl are a factor -

of 10 or more lower than those for 1.0% Marasperse C-21
and 2.0% NacCl.

Lorentz et al (22)

referred to the effects of order
of mixing on a number of different petroleum sulfonates.
They found that the order of mixing had greater effects

on viscosity and conductance with lesser effects on IFT

 and phase stability. These differences were found to persist

for weeks. A mixture of 7.2 wt.% Petrostep 420 and
isobutyl alcohol with 0.9% NaCl was found to show no

order of mixing effect. This, however, does not necéssarily

~—~



‘mean that the solutions of Petrostep 420, Marasperse C-21
and NaCl would also show no order of mixing effects. Once,

again to be safe, NaCl was always added last;-

4.3 Interaction between Organic_and

Ssurfactant Scolutions

For the alkanes there was no visible interaction
between the organic phase and the mixed surfactant solution.
However, for tﬁe aromatic compounds and cyclohexane a white
precipitate or emulsion formed in the intérfacial region
when concentrated surfactant mixtures were used. For dilute
surfactant mixtures this®white phase did not appear, but .in
both cases the organic clouded the surfactant in the spinning

drop apparaﬁus making the IFT measurement difficult. When

" the organics were poured over Petrostep 420 alone, the volume

of emulsion was greater than when a mixed surfactant was used.

4.4 Concentrated Surfactant Mixture~ 2.5% Petrostep 420,

1.0% Marasperse C-21 and 1.5% NaCl

This was the first surfactant formulation stuﬁied. It
was afbitrarily selected because previous workers had found
that it was capable of exhibiting the necessary low IFT's.
-However, it was later found that this mixture was on the

borderline of phase stability as discussed previously. This
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factor is thought 'to account in paft for the large experimentél
fluctuations observed. Against heptane, which 'showed the
lowest IFT's, variation 'in IFT by a factor of 10 can be

seen in Table B-2.

As mentioned, the phase instability is thought to be
partially responsible for this variation: Since the
surfactant was in(a staté of sedimentatibn the actual
concentration of each of the surfactants in the ihterfacial
region would be a functicn of time.

This phase problem is not thought to be the only
factor leading to the data scatter. In some cases the
spinning drop would not elongate at all from its original
spherical shape as if some sort of "gkin" were restricting
its expansion. Sometimes the organic droplet would surge -
and then start its elongation, but in other cases no
elongation occurred at all. | |

A third factor that may have been responsible for the
data scatter was the length qf time allowed for the spinning
drop to equilibrate. The spinning was continued until the
drop widtﬂ had stabilized, but in some cases it was possible
that this plateau was just an intermediate one and that,
further spinning would have led to a lower IFT.

When the concentrated surfactant solutions were spun
in the interfacial tensiometer the‘organié droplet often.
becéme surrounded by a brown film after some time. This

film may have been due to adsorption of surfactant aggregates.
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Frances et al (}8) report similar behaviour and suggest
that this adsorptién is necessary for the appearance of
low IFT;S. Lack ofAthis so;ﬁ of adsorption may explain
the observation that some droplets did not expand at all.
Due to the experimental variations the data in Table.
B-2Myas thought to be best represented in one of two ways.
One was to plot the average IFT obtained against each ‘
organic and the second was to plot the minimum IFT obtaiﬁed
against each organic. The justification-behind this second
plot being that most of the factors which can lead to |
experimental errors in the measurement wili resuit in higher
IFT's. Therefore the absolute minimum IFT might be 5 better
estimation of the actuél IFT than the average value. These
two plots are shown in Figure 4~-2. .The two plotting methods
yvield different curves obviously, but they do show some
similarities. ©One is that the minima of the two curves
occur at the same EACN or in other words NMIN of the
surfactant is the same in both cases. Secondly, these curves
show a broad, rounded minimum in contrast to the curves
in Figure 2-3 which exhibit‘éharp, spiked minima. This
broader minimum 1s potentially beneficial because then it
is not so critical that the EACN of the oil match. the NyIN
of the surfactant to get low IFl's. If the two are fairly.
closely matched then the TFT will be very near the lowest

nossible value.

1t was intended to extend this work to binary mixtures
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Figure 4-2: IFT's of One-Component Organics against 2.5%

Petrostep 420, 1.0% Marasperse C-21 'and 1.5%
NaCl.
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‘but the data in Table B-3 shows vafiations of 2 orders of
.magnituae. With the large experimental variations no

significant trend could be plotted.

4.5 Effect of variations in Surfactant

Solution Compositions

4.5.1 .Peﬁrostep 420
The data in Tag&e BL4 represents the experiments in
which the concentrati&n of Petrostep 420 was increased from
2.5%.to 4.0%. For the same concentrations of lignosulfonate
and salt the IFT does not cﬁange indicating that a plateau
'in IFT héd been reached with respect to increased concentrations

of petroleum sulfonate.

4.5.2 Marasperse C-21

Table B-1 indicates that adding 1% of Marasperse c-21
to a 3% solution of Petrostep 420 decreases the IFT by a
factor of 10 eveﬁ without the addition of salt. If 1% of
Nacl is added also then the IFT is further decreased by about
a factor of 10. Refefring to Table B-4 it can be seen that
for fixed concentrations of petroleum sulfonate and NaCl an

increase in lignosulfonate concentration reduces the IFT.

.

4.5.3 NaCl

As for lignosulfonate, Table B-1 shows that the addition
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of NaQi to a-solution of petroleum sulfonate redgceslthe
IrT by‘é factor of 10. At fixed petroleum sulfonate and
lignosulfonate concentrations the concentration of salt
could have a significant effecf én the IFT.: For example,
for 3% Petrostep 420 and.l% Marasperse C-21 changing tﬂe
salt concentration from 0 to 1% lowered the i?T by a factor
of 10 and then changing it from 1 to 2% raiséd it back to
its original value again. This 1is iﬁgkeeping with the
concept that for a particuiar suffactant mixture there 1is

an optimum salt concentration.

4.5.4 "Alcohol

Some researchers use alcohols in their surfactant
mixtures as an additional component. The use of an alcohol
co-surfactant is usually for the purpose of increasing the
solubility of the surfactant in the agqueous phase. A éouple
of tests were done using 1% of 2—propanoi with the surfactant
solutions .of 2.5% Petrostep 420, 1.0% Marasperse C-21 and 1.5
and 2.0% NaCl. The results in Table B-5 may indicate that
the use of 2~propanol shifts the optimum salt concentration.
With no'alcohol the IFT is lower for 2% NaCl but.with the
alcohol the 1.5% NaCl solution yields a lower IFT. The
use of 2-propanol was not continued because it tended to

make the surfactant solution cloudier.
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4.6 Surfactant Mixture- 3.0% Petrostep 420 and 1.5% NaCl
. .

AL

a . ’
Some experiments were done without any lignosulfonate

so that there would be something to compare‘the_mixed
surfaetant results to and also to see 1f the pgtroleum
sulfonate alone followed the same IFT versus EACN behaviour.

For one—coméonent organic phases, Table B-6 shows that
the IFT's are remarkably qonstant over the entire range of
EACN. The ultralow IFT's obtained using hept;h@mare not
thought to6 be significant because the.organic dfbplets in
the spinning drop apparatus were what are referred to as

oscillating. drops in the operating manual (13) -

This means
that they expanded and contracted periodically so that the

drop width was a function of time. The slightly lower IFT's
agaiﬁst hexane are likely dué to the fact that these samples

were spuﬁ considerably longer than thé rest. Table B=7 shows
that for binary mixtures the IFT's are once again very
conéistent. Therefore the Petrostep 420 alone does not

exhibit a minimum IFT in this EACN regicn and the IFT's are

as much as 2 orders of magnitude higher than when 1% Marasperse

c-21 is added to the solution. Wade et al (33)

have
empirically determined that the ny . value for 0.2% Pétroétep
420 and 1.0% NaCl is 1.8. This would account for the

absence of a minimum in the EACN range studied and would

also explain the constant IFT's. Since the EACN's studied

were more than 3 units from this proposed NyTN value, the
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IFT versus EACN curve would be in a plateau region

between EACN's 5 and 12.

4.7 Petrostep 465

4.7.1 Surfactant Mixture- 3.0% Petrosteg_465land 1.5% NacCl

This petroleum sulfonate is a higher molecular weilght
analogue to_Pétrostep 420. Compared to an NN value of 1.8
for Petrostep 420, Wade et al suggest that Petrostep 465
has an nMiN‘value df 10.0. 'Whereaé the NyTN value of Petrostep
420 could not be'experimentally verified it should bé possible
in the case of Petrostep 465. Some experiments of this nature
were done with the'resulFQ shown in Table B-8. The pfoblgm-
ehcountéred was that the surfactant sofutions were very
cloqdy. By cloudy it is meant that there was considerable
suspended material in the rotating capillary tube which tended
to adhere to the organic droplet eventually obstructing it and
making the IFT measurement difficult. The three results
obtained may indicate lower IFT's in the EACN range 11-12 than
against hexane. In comparison with Table B-6 the IFT's of
the petroleum sulfonate, alone are 2 orders of magnitude lower

for the Petrostep 465 than for Petrostep 420.

4.7.2 Surfactaht Mixture- 2.5% Petrostep 465, 1.0% Maraspersé

c-21 and 1.5% NacCl

With this'surfactant mixture there was a different sort
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of phase problem than with the Petrostep 420.- In this case
an oily precipitate settled out which was difficult to ré-
dis$olv¢. As indicated in Table B-9 when the precipitate
was not rédiésolved the IFT's tended to be higher than when
it was redibsolvea. - .

In Table B-9 the IFT's aré.relatively constant with no
definite minimum IET. There ma§ be a-slighF lowgring in IFT

at the high EACN end indicating that n may be off-scale

MIN
at a yet higher EACN. Thé IFT's for some binary mixtures
shown in Table B-10 are similar to those for the one—cémponent

~—

organic phases.

4.8 Further IFT Dependence on Concentrations

of Marasperse C-21 and NaCl

To try to reduce the data scatter which was previously
seen it was thought that a surfactant mixture which settled
rapidly might be.better because it would reach its equilibrium
conditions faster. In Table'B—ll the results of some experiments
in which the lignosulfonate concentration was increased and |
the salt concentration was varied ére,shown. The salt
variation -once again points out the concept tﬁat there is an
optimum salt concentration. Increasing the lignosulfonate
concentration to these high values has no large effect on
IFT. A Marasperse C-21 concentration of 1.4% was selected

for the next set of experiments because it gave a low IFT and
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settled quickly.

The hoped_fbr'better reproducibility did not materia}ize
as shown in Tables B-l2-and B-13. Against heptane IFT's
Qarying by as much as 2 orders of magnitude resulted. The
miniﬁﬁﬁ in the IFT versus EACN curve stiil occurs in the

range heptane¥oétane so this data was not plotted.

4.9 Other Tvpes of Surfactants

Some other surfactants were tried by themselves, with
.sait and with both salt and lignﬁSulfonate. The surfactants
used were so@ium‘lauryl sulfate, Alkaﬁol 189-S, Petrowet RH,
Petrowet R, Petrosul 545, Petrosul 742 and Petrosul 744CL -
The results are shown “n Table B-14. The IFT's using the
surfactants‘alone are all greater thén 1 ﬁﬁ/m; Using salt
and lignosulfonate thé iFT's can'be-reduced 1 or 2 orders of

magnitude. No IFT's of the order of 10"3

mN/m were observed.
"With some of the Petrosul 742 solutions vefy low IFT's
seemed to result but the soluéions were so dirty that an

IFT measurement céuld not be made. Some of the Petrosuls

might have potentiél'fbr EOR studies if the concentrations

were optimized.
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4.10 Reduction in Surfactant Concentrations

4.10.1 Reduced Mérééperse C-21 Concentrations

-

concentrated surfactant mixtures it was decided t:ﬁ::ij?hre--
all

AS a result of the problems associated with the

a more dilute'sdrfectant mixture which would firs
be-homogeneeus and secondly which_still exhibited the‘
necessary low IFT's. ‘

The first step in this dlrectlon was to hold the

cqncentratlons of Petrostep 420 and NaCl flxedfje the

values of - 2 5% and 1.5% respectively and to decrease bhe *\\

,Marasperse c-21 concentratlon. These results are shown.in

Figure 4-3 and Table B-15. Below 0.8% Marasperse C-21

" all of these surfactant mixtures are stablg for a week or

¢ . . .
.longer. This was sufficient for this research because all

D)

that was .necessary was to have the surfactant homogeneous

over the time frame in which the IFT measurement was made.

Referrlng to Figure 4-3 it is néted that reducing the
llgnosulfonate concentratlon te 0.5% has no %i?niflcant
effect on the IFT, but if the concentratlon is further
reduced then the IFT's start to rise rapldly. To avoid the
sort of borderline‘problems which affected the concehtrated y

-

surfactant solut s, a lignosulfonate concentratlon of

' 0.6% was selectéd ThlS particular formulatlon could have

-

been used but it was desirable’/ to try to further reduce’ the

r'.

total surfactant concentration. This would further‘imprdve

L £Y

™
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the phase stability and from an. economical viewpoint the

- lower the surfactant concentration the better.

4,10.2 Reduced Tqtal Surfactant Concéntration

In the next set of experiments the ratio of'Petréstep
420 to-Marasperse c-21 was fixed at 2.5‘to 0.6 on the basis
of thé previous rgsults,'and the concentration of petroleum
sulfonate was lowered with the lignosulfonate concentration
lowered éropOrtionally. Figure 4-4 and Table B-16 show thesé
results.

-Figurg 4-4 also shows a set of blank experiments using
no lignosulfonate. . Above 0.1% Petrostep 420 where both of
these curves are essentially constant the syhergistic effect
-6f the petroleuﬁ splfonate and lignosulfonate is once again
- noticed, with the IFT's‘for‘tﬁe mixed surféctant being an
order of magnitude lower than the correspdnding solutions
of petroldum sulfonafé alone.

From the curve plotted for the mixed surfactant it can
"be seen that the concentratioﬁ of petroleum sulfonate can be
reduced to 0.1% without significantly altering the IFT.
Further reduetion causes the IFT to rise rapidly. This sort
of abrupt change in IFT behaviour may be reléted to the
critical micelle concentration of this surfactant. Once
again to move away from the limiting concentration a_valué
of 0.2% Petrostep 420 was selected, and thé corrasponding

Marasperse C-21 concentration_was 0.048%.
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Figure 4-4: Dependence of\E?T on Total Surfactant Concen-

tration of‘Fixéd 1.5% NaCl Solutions -(ratio
of P420 to C-21.fixed at 2.5 to 0.6 for mixed

- gurfactant solutions).
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4,11 'Dilute Surfactant Solution- 0.2%'Petrostep 420,

0.048% Mafasperse C-21 and 1.5% NaCl

Using this dilute surfactant mixture the experiments
which yere attempted with the concentrated surfactant were
to be repeated. That is, the IFT versus EACN curve was to
be obtained for single drganics and then binary mixtures to
see if the two types of curves were.similar.

Thi§ dilute surfactant was obviously'much clearer %han
the concentrated mixture which made the iFT measurement
easier and more aCcuraté%E\?hése solutions were also stable
for long périods of ﬁime{'bzt after a month or so they too
started to show signs of éedimentation.

The expefimental data in Table B~17 shows that the
range of experimenfal error is no more than a factor of 3
‘apd in most cases considerably better. This is a marked
improvement over. the situation with the coﬁcentrated surfactant
§plutiéns where variations of an order of magnitude or more
were seen. ‘ | |

The IFT vefsus EACﬁ curve for the single, one-component
organics is shown in Figure 4-5. The curve is of similar

shape to those for the concentrated surfactant, and DTN has

shifted only slightly to give a value of about 6.4.
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Figure 4-5: IFT of One-Component Organics against 0.2%
Petrostep 420, 0.048% Marasperse C-~21 and
1.5% NaCl. '
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©4.11.1 Binary Mixtures

The neéxt step Wéé‘tb'preparé binary.ﬁixtures and
again obtain IFT.versﬁs EACN curves. These curves are
shown in Figures 4-6 and 4-7 for pentane—octane,_pehtane—
decéné, hexane-decane and cyclohexane—decane.with the data
in Table B-18.

In comparing the results for the single and binary
organics the concept of a universal curve appears not to be
valid because it is- possible to get great;y\different\IFT's-
at the same EACN depending on the make-up of the organic

phase. However, the idea%that n is a constant for a given

MIN
surfactant mixture appears to be relatively valid. The
minimum IFT's for all of the curves occur at the same EACN

&
(£0.5 EACN unit). As briefly mentioned before a minor

"wvariation in n of this size is not critical because of the

*

MIN

‘rounded nature of these curves, in contrast to the sharp
minima curves in which a variatioﬁ of this order could
ksignifican#ly alter the IFT.

| | The cyclohexane—decane curve is notable in that it

shows a deeper minimum than the single organic curve. This
was different since all the previous IFT's of binary mixtures
had been equal to or greater than the corresponding one-
component IFT. This cyclohexane-decane mixture also clearly
demonstrates the EACN concept. Both components separately

2

show IFT's of the order of 5x10 “ mN/m, but in the proper

combination mixtures of these two can lead to IFT's of

-
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Figure 4~-6: IFT of Binary Organic Mixtures against 0.2%
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5x10° " mN/m or 2 orders of magnitude lower.

4.11.2 Ternary Mixtures

The initial objective was to extend this work to

L)

ternary mixtures to see if similar IFT versus EACN curves
resulted. ’In_referring to Figures 4-6 and 4-7, hdwever; it
becomes evident that a truly random ternary mixture will not
yieid a -smooth curve like the one- and-two—component solutions,
but rather oscillations would océur...This idea can be
qualitativély explained as follows. Say, for example, the
three components were pentane, cyclohexane ané decane. One
pgrticular mixture of these three might contain very little
pentane, thén the IFT of the ternary mixture would be close

to the IFT of the binary mixture of cyclohexane and decane
with the same EACﬁ. At the next EACN the ternary mixture
might contain very little cyclohexane and so the IFT would

be close to that of. the cdrrespondingmpentane—decahembinaryMMm"
mixture. For this reason a smooth curve would not result,

but rather jumping up and down would occur leading to é rough
curve or possibly 0b$curing ahy trend at all;

This concept can likewise be extended to crude oils. A
range of oils of differing EACN's might .not lead to a smooth
curve eitﬁer. Hoﬁever, this effect could be damped in the
case of oils since the relative aﬁount of any one component

is guite small:

It was thought that the only way to get a smooth curve
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was to apply a reétriction. ‘The three components were
cyclohexane, hexaﬂe and decane and the restriction was
that the amounts of cyclohexane and hexane were fixed

and the amount Of decane was varied to obtain the deéired';
EACN. Since‘two components were fixed and one was varied
this system really modelled something more like é binary
syétem.than a trge ternary solution. The daté is represented .
in Table B-19 and the same sort of curve is seen to result
in Figure 4-8, with its minimum at the same EACN as.the
one- and two-component curves.

Using the same three components two different mixtures
of EACN 6.5 were made up, as listed in Table B-19, to show
that significantly different IFT's can result depending
hpoﬁ the make-up of the organic This is demonstrated in
Figure 4-8 in which the IFT's fér the twd‘solutions éiffer
by a factor of 5.

In summary the important result is that Nyry 1S
essentially constant for a given surfactant. Given an
of the surfactant a

) MIN
minimum IFT, ‘with respipt to other EACN's and ny..'s,

. A
oil with an EACN equal.to the n

can be predicted but the absolute value of the IFT may

‘have to be measured.
/—r’

I

—
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4.12 - Effect of Aging and Length of

3 - Pre—equilibration Time

v

A problem that is often mentioned in the literature
is the effect.of aging on a-surfactént (eg. Cayias et al (7))'
The premise is-that as a surfactan; ages it ;oses some of
its activity and the IFT's then start to increase.

Some evidence of aging has been seen, the most notable
exahple beinglthe case of a dilute mixed surfactant sclution
of '0.2% Petrostep 420, 0.048% Marasperse C-21 and 1.5% NaCl.
Thi's solution was made up from stock solutions of each of the
surfactants which were 4 months old.and a series of IFT

measurements were made in the first mopth. The mixed

surfactant was put away and used again four months later.

At that time the IFT's were 2 to 3 times higher than before.

In an attempt to restore the lower IFT's a fresh mixed
surfactant solution was made from the same stock solutions
which were then 8 months old, and in fact the previous low

IFT's were again observed. The consequence of this seems

to be that the mixed surfactant solution, including salt,

is more prone to aging effects than are the individual
stock solutions‘on their own.

The stock solution of Petrostep 420 underwent sediment-
ation, but the mixture could be ﬁade homogenéous again

by shaking. The stock solution of Marasperse C-21 developed

a surface film after some time. This film was clear and



pliable but could not be redissolved by ahaking. It may
have resulted from a colymeriéation reaction or from
bacteriai action on residual wood sugars in‘Fhe lignosul-
fonate. | | -

One other set of time dependent studies was done to
test to see 1f the time allowed "for pre-eguilibration
altered the IFT. The‘results in Tables B-20 and B-21
indicate that up to 3 days of ‘pre- equlllbratlon led to
the same IFT's provrdlng the surfactant solution phase
structure did not change. The low value for nc pre~equil-
ibration in Table B-20 is thOught.to be due to the fact that
‘the surfactant mixture was homogeneous for this measurement,
but the mixture had aettled for all-of the rest. With the
mixed surfactant solutlons,.as the time of pre—equilihration'
got longer the IFT's started to increase. For a surfactant
solution without any llgnosulfonate the results in .Table B-22
indicate that the IFT's seemingly decrease with time. -However,
this results because the organic phase is eventually
solubilized by the surfactant.

Provided the surfactant phase behaviour\is stable it
does not matter whether the time of pre-equilibration is
0 to 3 days, so samples were usually left overnight. This

.
certainly does not allow for mutual saturation, but it just

provides for initial contact between the phases.
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b 4.13 Petrostep 450 ‘ * sf

&

o

4.13.1 Surfactant Mixture- 0.2% Pet®ostep 450 and 1.5% Nacl

Some experiments were perfiormed uéing Petrostep 450
' (26)

in plaCe‘oﬁ;Pétrostep 420.  According to Morgan et al’

‘the "use. of a.higher‘molecular weight surfactdnt should

MIN
for Petrostep 450 is 4.5. The data in

A

MIN
by Wade et al

~shift n to higher values. :The value of n repdrted

(33)

Table B¥2§, without any lignosulfonate, show eSsentially
constant IET's in the EACN range ‘4 to 7. If ny;. for this
. . (O :

surfactaﬁt ig 4.5 a noticeable lowering of iFT‘should.ha&e
occurred against cyciohéxané and pentane. '

4

4.13:2 Surfactant Mixture- 0.2% Petrostep 450, 0.048%

'Marasperse C-21 and 1.5% NaCl .

MIN

value larger ‘than when'Petrosﬁep-420 wééﬂnsed then on the

If this surfactant mixture was found to yield an n

basis of the scaling equation’

-

n = Exi(n £2)

MIN MIN"1i--

. .
[

~a

one could develop two equations (one for Petrostep 420
plus Marasperse‘C—Zl.and one for Petrostep 450 plus

. N - , s
Marasperse C-21) in which the unknowns would be the
N 7 LT L - : W

molecular.weight and NMIN value of the Marg%perse‘c-2lu

JAssuming the scaling ééuation to be valid these parameters

. = - . S~ ~ . . !
+ . - ’ \' ’
. LN . o

A

7 T b OS\J'.
. : .
. ~

-

L~
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could be calculated:. The calculated molecular weight could

be compared with the, literature valﬁe_to see 1f ahe two

were of the same ordar of magnitudé, and tﬁus give some:

indication of théAapplicability of ﬁquation (2-3) tq‘thésa

mixed surfactant systems. . . - .
Hqﬁever,‘the results in.Table B-23 and Figure 4-9 show

MIN
Petrostep 4205 In other words the use of Petrostep 450

that the n value -for this formulation is the same as for

does not shift NyN significantly. The curve in Figure 4-9
is essentially the same as the one for the correspeonding
"solution of Petrostep 420 in Figure 4-5.

Since ‘the NurN values of the two mlxed surfactants

- are Ehe same even though the NyTN values for Petrostep 450
and Petrostep 420 are'reportedly different, means that the
scallng rule must not be valid. That this scaling equat;bn

" bre@ks down for llgnosulfonates is not too surprlslng

/

/" First of all llgnosulfonates havé -a very high molecular'
F-

waight and to expect linear behaviour over this wide range
‘1s heing owerly optimistic. Secondly, lignosulfonates are

not true su;factants in' the same sense that petroleum

LI

sulfonates are. They'are;simply large molecules which'""
7 .
exhibit some surface active properties.

Although the linear scaling rule does not seem to apply
it is still possible that lignosulfonafe'can be assigned
an nMIN'Value and some sort of non-linear equation used.

”

. \l L]
If this were the case it could be used tc explain the .° .
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Figure 4—?? IFT of One-Component Organics against 0.2%
Petrostep 450, 0.048% Marasperse C-21 and
1.5% NaCl. :
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A/

synergistic effect that lignosulfonate and petroleum

1

sulfonate produce in the EACN ranée studied. Peﬁrostep

420 and Petrostep 450 on their own have low NyTN values

and if the nypy Value of Marasperse C-21 was high then in
‘the proper combination a surfactant mixture could be made

*

which woﬁld exhibit an n

MIN around heptane. Th}s could

account for the high IFT's using lignosulfonate and petroleum
sulfonate separately and the much lower IFT when using them

t

together.
It was hoped that-a‘dilute”surfactant solution of

Petfostep 465 could have been tested as well, but it did not

dissolﬁe as'well as the other twé ana in thé IFT measuremént

these sqQlubility probLe%f'clouded up the capillary tube.

Therefore these experiments were not continued.

-ty
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CHAPTER 5 .

MECHANISMS TO EXPLAIN THE LOW IFT BEHAVIOUR
o » .

rs
Do

This section ié a quaiitative account of pessible
reasons for the ex15tence of low IFT's and also for the
eélstence of the minima in the IFT versus EACN curves.

The ideas are unsubstantiated at this peint but they may
be of some assistance to future workers trying to develop
a quahtitative explahation for these phenomena.

1

5.1 Suggested Explanations in the Literature

*

In the literatuxe there have been several attempts

to'explain this low IFT behaviour.:  Frances et al (18)

and Chiu (12)

suggest that the low IFT's are related to
the size of the eurfactant aggregates. Tﬁere 15 some |
discuseion as to whethet these aggregates are in the form
of ﬁicelles or if they are liquid crystalline. For the
present purposes suchﬁé?ﬁistiection is not necessary and
it is sufficient jgst to-refer to aggregates in general.
Chiu relates the oil recovery ability of the surfactant
(which is in turn related to IFT) to the aggregate size

and its dependence on the salt concentration or the presence

of alcohol, by looking only at the aqueous phase without

~

any oil phase present. If the aggregate size is larger

K
or smaller than/a’EEE;;;;;e;#eptimum sizeé the recovery

&
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‘efficiency becomes decreased.

Similarly, Frances et al relate the low IFT's to the.
formation of surfactant aggregates. In their opinion the
dissolved surfactant concentration is not respon51ble for
the low IFT's. They also suggest that these dispersed
‘aggregates are reeponsible tbr experimental variations due
to time,effects; order of mixing effects, droplet shapes
and surfactant phase turbidity. . '

Whereas the. prevmous papers relate the low IFT to the
surfactant agg:egates, Antoniewicz and Rodriguez (.)

(11) correlate this phenomenon with the .concentration

Chan
of suffactant nolecules at the o;l—surfactant solution
interface. Chan relates the IFT with the‘surfacé charge
density and'finds‘the minimum IFT results when the inter—ﬁé
facial charge is a maximum: Maximum interfacial charge

is found tc.occur.when the*criticai micelle concentraticn

" vf the sutfactant solution, including equi;ibtated oil,

is reached. Another.indicator o% minimum IFT 1is that the

surfactant .partition coefficient between the oil and the

aqueous phase 1is equal to one.

5.2 Additional Suggestions about this Mechanism

- - "

There are two observations which must be explained.
One is the reason for the production of ultralow tensions

by the surfactant solutions and the other is the reason
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for a minimum IFT against a particular EACN ‘organic phase.

5.2.1 Ultralow Tensions

The papers referred to in the p;evious_section
present different viewpoints.. The low IFT's are thought\
to be due to the surfactant aggregétés on cne hand and due
to the frée;surfactant concentration at the interface on
the_other. 1:;‘.'I‘hese views can be reconciled if thé'entirei
equilibrium is examined. When the éqncent;ation of a
surfactant exceeds its critical micelle concentration an

equilibrium will be det up between the free surfactant

molecules and the aggregates as follows

free + surfactant
surfactant <+ aggregates

§

Now instead of looking at half of the equilibrium ther
factors affecting the entire equilibrium can be cénside:ed,
For exahple,‘even though the low IFT's hay be folnd to B
correlate with the size of the aggregates it is possible
that'the aggrégate size itself is just an indicaﬁor of the
free.surfactant concentratidn. In such a case the aggregate
size is measured butlreally it is.the free surfacﬁant

dancentration which is microscopically responsible for the |

low IFT's.

This equilibrium will bé influenced by, several variables.

A
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The salt concentfation will alﬁe% the double 1eyer
charectefistiés of the surfacte%£ and will affect the
c;itical micelle cencentration and tﬁe size of the micelles.
The concentraﬁion.of surfactant may also shift the equi;ib}ium.»
As far as thlS research is concerned the presence of
llgnosulfonates may shift the equlllbrlum, or they may
abtually be incorpgrated into the aggregate’structure
thereby,aitering its size.

In any case when suitable conditions are reached low
fET's mey result due to the presence of the surfactant
eggregates'and free surfactant. The agqregetes may solubilize.
some of the oil.thereby increasing the compatibility between
the phases and decreasing the IFT." The free surfactant will

‘align at the interface exerting a spreading pressure which

decreases the IFT.

5.2.2 Minimum in IFT versus EACN Curves

Once it has been determined that a particularrsurfactant
"formuletion results in low IFT™s it is still ﬂecessary to
explein why a minimum IFT results.ageinst an organic phase
having a particular EACN. The concept of EACN has eeen
successfully used to correiate ehe observed date but it has
no physical 51gn1f1cance in terms of explalnlng what is
happenlng at the. molecular level. Therefore there may be

another parameter which runs parallel to the EACN which can

help to physically explain the existence of these ‘minima.
» .
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If another measureable parameter could be found to

| characterize the make-up of éhe organic phase this would .
.be benéficial when it comes to predicting the IFT7of a crude
0il. The EACN of a crude oil ‘cannot be calculated nor
meééured Qithout relyiné upon the wvalidity of certain
empirical relations. However, if a prédetermined phfsical

¢

property could be measured then it might be possible to

'get some indication of its IFT behaviour on this basis.
~Once again assuming that ‘the overali equilibrium must
be cbnsidered; this physical pfoperty could play a part in
determining the eéﬁilibrium con&itions. If such is the case
then it becomeé‘realiétic that.certaiﬁ organic compounds
may fesult in,optimum equilibrium conditions and hencg a
lower IFT th?n larger-or smaller homologues.
The EACN could %e replaced as a method of defining the

organic phase if some other function of the following type

could be developed..

EACN = f(al,az,aBF..J

In this equation the a;'s are measprable properties which

can-be combined in some functional-Way to‘gehefate the EACN.
There wguld be a large number of such measuréble

préperties whicﬁ could be tested if the objective were to

correlate EA&N with these properties for one-component

organics. The following properties are some of those which
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coﬁld be conéidered: ﬁolecular size, solubility in surfactant,
dgnsit&, viscosity, surface tension,‘moleculér strugture
and conductivity. I£, however, binary or more complex
soluéious were to be similarily modglled then the number
of poséible paraﬁeters for study decreases. For example,
"one can speak of the solubility éf a'binary mixture in a
surfactant solution but the meaning of‘this is not so well-
defined assfor the one-component organics.  The proberties out
of the previous list which would still be well-defined when
speaking of a homogeneous.multi—component organié ;olution
are: density, viscosity, surface tension and conductivity:
In‘summafy it has been suggested that by looking at
the.free surfactant—éggregate equilibrium and“the factors-
which shift'the equilibrium position, one can explain the'
océurrence.of\low IFT's and the appearance.of a miﬁimum IFT
against cert;inlorganic'mixtures. It has also been mentioned
that it might be possible,‘and would definitely He desirable, = /?
+o establish some functional relationship between reédily '

measureable parameters as an alternate means of "designating

the make-up of the organic phase instead of using the EACN.



1.

. of the components when stored separétely.

" CHAPTER 6

CONCLUSIONS

A concentrated surfactant sglution of 2.5 wt.% Petrostep
420, 1.0 wt.% Maraéperse C-21 and 1.5 Qt.% NaCl vields
ultralow IFT's but the data reproducibility is poor and
the phase behaviour father coﬁplex.

L&
A dilute surfactant mixture of 0.2 wt.% Petrostep 420,

0.048 wt.% Marasperse C-21 and 1.5 wt.% NaCl also yields

ultralow IFT's. The reproducibility is much better’ and

’

there are no phase stability problems over short time

»

intervals. The minimum in the IFT curve occurs at

approximately the same EACN (6.5) for both of the above-

* mentioned surfactant formulations.

A surfactant mixture cOntaining Petrostep 420, Marasperse

c-21 and,NaCl is more prone to aging effects Eﬁan are each -
. _ P ‘

The order of mixing did not play a large role in deter-

mining the IFT or phase behaviour. _
d

NaCl or another electrolyte must be éresentito‘achieve

ultralow IFT's.
® | | . . .
Petrostep 420 and Marasperse C-21 exhibit a synergistic

e

IFT lowering effect/in the EACN range studied.

3
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Petrostep 450 could be used in experimental work but the

use of Petrostep 465 resulted in a very cloudy surfactant

- mixture which made the IFT meqsurements difficult. ¥

The ratio of Petrostep 420 to Marasperse C-21 and the

FY
total concentration of surfactant can be reduced to
determined levels without any appreciéble increase in IFT.

. e

-

The concept of a fixed NyIN value for any given surfactant
is confirmed using different binary mixtures of organics.
The concept cannot be ‘easily extended to a completely -«

random ternary or more complex mixture.

The time allowed for pre-equilibration before an IFT
‘measurement need not be accufately controlled, but if b
the time allowed is very long the IFT will start to

increase.

« A surfactant mixture of 0.2 wt.% Petrostep 450, 0.048

wt.3% Marasperse C-21 and 1.5 wt.$% NaCl exhibits a

Y

minimum IFT at roughly the same.EACN as the cor¥esponding

[}

B

mixture involving Petrostep 420.
¥ .
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CHAPTER 7 - . | K
RECOMMENDATIONS

’ . »

The effects of varying surfactarnt’ concentrations have

been studied insofar as ﬁhey inflﬁehce-IFf 50 studies 
could be performed to determine “how the concentrated
and dilute surfactant mixtures perfofm in qétual
d&sPLacement studies.

-

If the IFT behaviour of these syStems~ﬁere to be better

defined, one could.test the effect of cacl, along with

and  inste¢ad of NaCl...The concentrations of Petrostep .

420, Maradperse C%{21 and NaCl could also be optimized

from an econ 41 standpoint using an actual crude oil ¢

as ,the .ordganic phase against which low IFT's should be

maintained.

z
-

~

Some work could be done to determine a physical property
or propertieé which run “pafailel" to the EACN to be
used as an élternate means of chéracterizing the, organic
phasé; ' ~ o
} :

The mechanistic behaviour. at the molegular level could

‘be studied and surfactant aggregates could be exdmined

. +

to see if the lignosulfonate incorporates into the

structure. The effect of different organics on aggregate

r

be stldied. | ¢
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NOMENCLATURE

calibration constant of density metér .

péﬁtane : i *
hexane

dyclohéﬁane

oétane‘

decane

dodecane .

Marasperse c-21 (lignosulfonate)

actual drop diameter

- measured drop diameter

equivalent alkane cdrbon number
enhanced o0il recovery

interfacial tension

.

“pressure difference

Petrostep 420 (petroleum sulfonate)

drOp radius

radii of curvature of ends of oil caplllary

4

perlod of revolutlon on spinning dr0p tensiometer

periods read off of density meter
mole fraction éf ith component
inteffacial'tenéion e
frequency of revolution

den51ty

te



Ap

-B0-

density difference

angular velocity of rotation

v

-
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APPENDIX A

Sample Calculation of Density of Binary Organic

Solution Assuming Ideality

Example, binary mixture of 3.0g of C6 and 2;949 of ClZ;

Component Molecular Weight _%gensity, g/cm3
i s
hexane 86 ' 0.6555

dodecane 170 - 0.7453

no. of moles of hexane = 3.0 = 0.0349

8
- R
no. of moles of dodecane = 2.94 = 0.0173
170
mole fraction of hexane = 0.0349 = 0.669°
- O.Qiézii.0173
. . .
mole fraction of dodecane = 0.9173 = 0.331
0.034p+0.0173
)
EACN = (6%0.669) + (12x0.331) = 8.0 _—
volume of hexane = 3.0 = 4,577 cm3
0.6555
volume of dodecane = 2.94 = 3

3.945 cm
0.7453 :

ideal density = 3.0+2.94

3 N
0/6970 .g/cm> as in Table 3-5
4. 577+3.945 ~7

|

Compare the calculated density of 0.6970 g/cm3 with the

measured value of 0.6989 g/cm3.

e
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- APPENDIX B

TABLES OF DATA

R ) : Table B-1

- Order of Mixing Effects on the IFT of Heptane-against'

Vo,
2.

3.0% Petrostep 420 and Variable Concentrations of Marasperse
' &-21 and NaCl.

Wt.% Wt.$ Added Time# Width Period IFT

¢c-21 NaCl 1last (sec) '(ld_zcm) (msec/rev) (mN/m)

0.0 - 9550 6.471 11.40 - 3.63x107 "
" - 4820 3.120 ' 11.92 3.72x107 2

- " - 6290 4.629 12.65 1.08x107 1

1.0 - 19310 2.220 12.08 1.30x107%
l .0 Nacl 1790 1.582 19.81 1.76x107°
" W c-21 . 890 2.170 ' 20.39 4.28%10°°
" W p420 6320 1.236 19.59 - 8.56x10 7
! Nacl 11920 3.134 13.05 3.14x107% .
" " c-21 9270 5.628 15.71 1.26x107 %
" W p420 9200 5.248 15.10 1.10x107t

2.0 - 7140 3.978 18.96 2.95%107 %"
" . NaCl 9270 1.648 / 20.12 1.92x107°>
" " c-21 9660 1.594 18.25 2.16x10 >
" . P420 8820 1.470 18.01 1.70x10"°
" ‘NaCl 6600 2.014 18.48 4.16x107°
" W' c-21 2620 1.971 19.59 3.47x107°
" " P420 8270 1.672 22.70 1.58%x107°

% this time is the elapsed time of the spinning of the

capillary tube when the eguilibrium drop widthlwas measured
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Table B-2

and 1.5% NaCl against One- Component Organlcs.

Ofganic "Time Wwidth ‘Period _ IFT
toluene .5500 4.993 11.05 8.04x10 2
xylene 6800  4.966 11.78 7.27x107 2
cyclohexane 5400  4.004 ‘15096 3.16x10" 2
pentane 2930 2.672 t 17.26 1.32x1072
" 8730  3.000  16.17 2.13%10 2
" 3900 2.808 18.79 1.28x1072
hexane 43900 1.382 19.25 1.34x10 -3
" 8830 1.681 16.92 3.12x107°
" 8530 - 1.501 18.36 1.87x107°
" 16300 2.031 11.10 1.22x1072
n 17520 1.814 12.11 7.91x10"°
L 7500  2.499 14.72 1.34x10 %
heptane 3600  1.483 18.70 1.62x107°
" 3440 1.736 17.58 2.94x107°
" 3620 1.073 19.77 5.47x10
" 8600 1.016 21.75 3.85%10 "
" 4400~ 1.617 18.97 2.03x107°
n 5450  1.200 21.01 6.80x10 "
" 5400  1.949 12.66 8.00x107°
" 1 day 1.870 12.52 7.20x107°
" 7450 - 2.496 19.33 7.23x107 3
. 3550 2.253 . 17.94 6.17x10 >
" 5800 1.871 14.61 5.33x107°
octane 5100 1.291 21.79 7:50%10 4
" 4520  1:346 18.47 1.20x107°
" 6900  1.396 19.79 1.15x107°

1

A
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Table B-2 (cont.)

' organic Time Width Period IFT
dctane 4400  1.312 19.44 9 -81xi0” "
" 8100  2.800 15.80 . 1.46x1072
" 10200 2.048  14.46 6.80x107>
decane- 15600, 2°121 14.24 ' 7.09%107°
oo 13400  2.965 13.02 2.31x1072
" 7500  4.050 13.43 . 5.55%10 2
undecare 8500 3.576.. 11.44 5.01x10™ %
dodecane 5770  4.028 13.71 4.91x1072
" 3250 3.178 21.78 9.56x1013
" 3220 3.475 14.36 2.87x102
" 6600  4.373 10.27 1.12x10° %




- -90-

-Table B-3

IFT Data for 2.5% Petrostep 420, 1.0% Marasperse Cc-21

and 1.5% NaCl against Binary Organic Mixtures.

EACN Components Time  Width Period  IFT
6.0 C.-C,, 15800 5.010 °16.72 8.45x107 2
7.0 Cg=Cy, 6250 4.511 - 8.99 1.97x10:i
" " 5010 2.826 17.80  1.24x10
%" " 8780  1.434 11.20 4.08x10_§
" " ' 6650 2.214 17.93 5.86x10
" o  gsoo  1.920 17.81  3.87x107°
8.0 " 8970  1.250 14.63  1.50x107°
" " 7620 2.880 17.64 1.26%1072
.o 8000  5.830  13.47 1.79%107 "
E " 6280 +5.551 12.55 1.78x10 %
" " 5250 2.718  13.06 1.93x107°
" " | 8030 _-2.312  13.22 1.16x107°
" " 1850 3.293  13.76  3.10x107°
" " 16400 5.082  13.37 1.12x10° %
" o 15800  4.853  15.84 7.48x10" 2
9.0 L 6230 2.244 17.83% 5.54x107°
" " 3250 2.850  15.90 l.43x10—2

" o 6100 4.089  15.83 4.25%10
" " 16300 2.707 18.17 9.36x10_3

10.0 " 9000 2.394  16.99 7.12x107°
" " 22300 2.57%0 17.75 8.06x107°
" " " 5830 3.081 15.90 1.72x1072
. " 1600 4.811 16.21  6.34x107°
" " | 7450  5.873  15.13  1.32x107%
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Table B-4

IFT Data of Hexane against Surfactant Solutions with

Variable Concentrations of Petrostep 420, Marasperse

and NacCl. ' ’)

Wt.%$ Wt.% Wt.$ Time ~ Width Period  IFT
P420 C-21 NaCl

2.5 0.5 0.5 10800 2.693- 17.65 1.15x10°
" " " 16050 1.988  18.25 - 4.33x10
" " 1.5 9250 .195 18.06 1.87x10°
L " L 10800 2.957  18.06 1.48x10°
" 1.5 0.5 6000 1.578  24.94 1.17x10"

o " %o . 5530 1.548  20.63 1.61x10°
" " 1.5 14910 1.295 19.88 1.04x10"
" " " 16340 1.368  20.10 1.19x10°

4.0 0.5 0.5 . drop solubiliged
! " . 1.5 15700 3.590 17.10  2.98x10” 2
" " » 15550 2.065 11.37  1.38x107°
" 1.5 0.5 3000 1.497 20.98  1.42x10”°

X " " 7590  1.395  20.93 .  1.16x10°°
. ; 1. 5400 1.290 23.41  7.46x10 "
" " "S 6090  1.428 19.63 1.44%10°°

-
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-Table B-5

Effect of 1% of 2-Propanol on IFT of Octane against
Surfactant Solutions of 2.5% Petrostep 420 and 1.0%

Marasperse C-~21 at Two NaCl Cencentrations.

* . .
Wt.$% Alcchol Time Width Period  IFT

NaCl

1.5 "no 3900 2.096 16.92 ' 5.12x10 >
K ves 3100 1.656 26.82  1.05x10°
2.0 . no 9700 1.260  13.11 1.93x10° >
! yes 7000  3.248  15.94  2.23x1072
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Table -B-6

IFT Data for 3.0% Petfostep 420 and 1.5% NaCl against

One-Component Organics.

Organic Time . Width Period IFT
pentane 3800 4.240 12.10 1.06x10" 1
" 2900  4.377 12.72 1.06x10" "
hexane 18100  3.227  9.90 6.39x10 2
n 15400  3.275  10.13 6.38x107°%
heptane 6300 1.557 21.44 - 1.42x10°° "
" 10150 1.370  28.21 5,57x10_4 *
" §350 5.193  13.13 1.04x10° %
" 6500 5.100 = 14.40 1.10x107%
octane 3800 4.733  10.98 1.44x10" %
T 6300 4.777 10.91 1.50x10" L
decane 6100 4.987 .10.52 1.67x10" T
" 6700 4.988  10.48 1.69x107 "
dodecane 9550 5.273  9.97 2.05x10" %
0 9300 5.160  9.70 2.03x10" %

* oscillating drop



g

Table B-7
IFT Data for 3.0% Petrostep 420 and 1.5% i’gCl against
. ) :

Binary Organic Mixtures.

EACN Components Time Width Period IFT
5.5 cs—clz” . 15000 4.171  10.51. 1.28x10° %
" " | 10800  4.280  10.40 1.42x107 1
6.0 " 8300 4.283  10.08 1.45%107%
. " 13600 ~ 4.458  10.60 1.48x107 %
7.0 C=Cq, 13800 4.336  10.12 1.3ax10“1
" " 16300 4.657 11.80 1.26x10°
8.0 i . - 6850~ 5.198 11.79 1.64x10° %
L o 6000 4.410  9.93 1.43x107%
9.0 - " 5700 5.073  11.19. 1.62x10° %
" " 7600  5.549  12.04 1.82x107 "
10.0 " 6600 5.868 12,33 1.98x10"C
" n 10400  5.900  12.53 1.95x10" %

-

Table B-8 -

TFT Data for 3.0% Petrostep 465 and 1.5% NaCl.

Organic Time Width Pericd IFT

hexane 1750 2.357 16.85 8.62x10 >

undecane 4200 1.748  30.88 8.07x10" %
3

dodecane 5750 2.474 36.66 1.57x10
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Table B-9

IFT Data for 3,0% Petrostep 465, 1.0% Marasperse C-21-
‘and 1.5% NaCl against One-Component Organics (Petrostep 465

contains re-suspended precipitate unless otherwise noted} .

Orgénic T ime Width Period IFT
pentane 6330 3.820 17.78 3:64x107 2
oo 8250 3.438 = 14.75 3.86x1072

" 7900 3.461 17.33 2.82x10"2
hexane 7450 3.646  15.91 3.60x107°

" 3100 3.310 15.12 3.19x10° 2

" 6000 3.573 16.04 3.31x10 2

" 4300 3.337 14.71 3.20x1072
heptane 11000 3.166 9,73  5.82x107%

d 5400 3.918  16.40 3.87x1072

“ .. 3900 3.471 "'15.18 3.15x107 2
octane 23100 3.383  9.51 7.08x1072 "

" 2500 3.458  15.80 2.71x1072

" 1300 3.322 13.01 3.55x107 2

decane 23200 3.817  8.99 1.03x10° % ¥

. 11500 4.237  21.69 2.42x%10" 2
undecane 25400 3.937 9.50 9.70x10'2 *

" 4400 3.442  15.91 2.32x10° 2
dodecane 10300 3.248  16.39 1.79x107 % \
" hexadecane 10850 2.984  16.43 1.26x10°% }

* precipitate not re-suspended

S
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Table B-10
IPT Data for 2.5% Petrostep 465, 1.0% Marasperse c-21
and 1.5% NaCl against Binary Mixtures of Hexane and

Dodecane (precipitate re-suspended in each case) .

EACN Time  Width  Period’ ' IFT

7.0 4750  3.833  16.47 3.62x107°
8.0 1200  4.025 18.90 3.01x10"2
9.0 1200 3.624  16.56 2.70x107 2
0.0 3000  3.619 - 16.93  2.47x107°
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Table B-11

IFT Data for 2.5% Petrostep 420 and Varied Marasperse

- C-21 and NaCl Concentrations against Heptane.

.

6860

Wt:% Wt.% Time Width Period IFT

C-21 Nacl ‘

0.6 1.5 13300 1.889 21.65 2.50%10 >

0.8 1.3 000 1.644 22:17 1.57x107>
" .5 8500 1.421 21.68 1.06x10"°
" 5130 1.372  20.72 1.05x10"°
1.0 8360  2.271 17.53 - %6,63x107°
" 19120 5.617 11.14 '*%ﬁ§:49x10"1
.o 11970 6.545 11.46  °3.72x10 %
" 12970  3.450  10.77. 6.16x10 2
" 10120 2.610  12.35 , 2.03x1072
1.2 8500 1.868 14,47 5.42x107°
" 25800 .1.554 16.97 2.27%10°°
" 17930 r3.266 16.54 2.22x1072
4 1.5 7430 1.578  20.10 1.69x107°
1.7 " 8660 1.763  21.21 2.12x107°
2.0 " 8340 2.027 22.37 _2.90x10'3
2.5 " 3.140  18.95 1.62x107°
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Table B-12

. N\ -
{
IFT Data for 2.5% Petrostep 420, 1.4% Marasperse C-21

and 1.5% NaCl against One-Component Organics .

QOrganic Time Width Period IFT
p-xylene 3280 6.432 ° 16.09 '8.48x1074
pentane 5690  2.570 13.53  1.91x10"°
" 1600 - 3.218  18.23  2.06x107°
hexane 9110 2.209  16.26 7.65%x107°
" heptane 13540  4.340  17.28 .76x1072
" 11770 1.708  24.98 1.39x107°
w 11920 2.180 17.65 ! 5.79x107°
" 5990  1.400 22.84  9.15x107°
w . 72410 2.257 23.68  3.57x107°
" 7530-.71.705 20.16 2.12x1073
" 16770  4.402  14.27 - 7.29x%10°
" 6080 -2.382 14.78 1.08x1072
" 6210  3.934 19.58 - 2.76x107 2
" octane 900 1.572 26.38  9.21xl0”*
" 11290  1.471 16.08 2.03x107°
tonane 12470 2.727 21.19  6.78x107°
L 13880 2.497  18.28 8.11x10 "
decane 12230 5.284 16.42 a.sgxlo'z

dodecane 8570 3.747 14.03 3.76x10
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Table B-13

IFT Data for 2.5% Petrostep 420, 1.4% Marasperse C-21 |

and-l.S%‘NaClxagainst Binary Mixtures of Hexane and Decane.

EACN Time  Width Period  IFT

6.5 7080  1.508  19.83 . 1.58x107°
" 13820 2.308  13.77 1.17x1072
7.5 10200 '4.060 13.76  6.01x10"°
n 13670  6.249 -17.05 1.42x107%
8.5 _ 11520 4.706 13.91 8.68x1072
n 7810  4.191  18.84 3.34x1072
9.5 10090 4.015  15.81 3.98x107 %
! 7410 3.720°  20.70 1.85x10 %

Table B-14
IFT's of Other Ssurfactants: Alone, with 1% NaCl and
with 1% NaCl and 1% Marasperse C-21 against Hexane.

surfactant IFT IFT IFT ,
Alone 1% NaCl 1% Nacl and 1% C-21

1.5% sodium

lauryl sulfate 4.10 3.42 1.53

2% Alkanol 189-S8 3.76 0.670 , 0.115

2% Petrowet RH 2,28 1.95° 0.601

2% Petrowet R 2.58 2.25 0.924

3% Petrosul 545 6.16 p.372 . .0.632

3% Petrosul 742  4.39 * * ~

3% Petrosul 744CL 5.01 0.057 0.367

* very cloudy, difficult to measure
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" Table B-15

IPT pata for 2.5% Petrostep 420, 1.5% NaCl and Varied

Concentrations of Marasperse C-21 against Heptane.

Wt.%3 Time Width Period IFT

c-21

0.0 5750 3.926  9.97 1.06x107
0.2 10510 3.084 10.91 4.29%x10 2
0.4 15850 2.236  15.22 §.40x10 >
0.5 16280 1.563  20.55 1.57x107°
0.6 12120 1.525 _ 21.69 1.31x107°
o5 4590 1.28%  19.00 '  1.02xk077
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Table B-16

IFT Data for Varied Petrostep 420 Conce_htrat,ions,' with
and without Marasperse C-21, and 1.5% NaCl against Heptane.

Wt.% Wt.$ Time  Width  Period  IFT.
P420 c-21 o '

0.0. 0.0~ 5240 11.790 10.37 2.53
0.005 " 17890  5.690 12.77  1.97x10” %
0.01 . v 9200 2.677  13.19 1.92x1072
0.1 " 25350  2.791 14.49 1.80x107%
0.2 . 17190 2.785  13.71 2.00x10 2
0.4 ! 16910  2.405  11.00 2.00x102
0.8 " 8220 2.987  11.25 3.66x107 7
1.2 ' ' 18990 2.956  14.38 2.17x1072
1.6 “ 11130 3.812-°13.32  5,43x10°°
2.4 " 7480  4.647  18.05 5.38x10 2
0.005 0.0012 17740 7.009  13.18 3.45x1072
0.01  0.0024 10820 4.288  16.24 5.20%x10 2
0.1 0.024 15310 1.465 17.68 1.75x107 3
0.2 0.048 15760 1.358  16.20 1.66x10 >
0.4 0.096 16480 1.222  16.54 1.16x10"3
0.8 0.18 12050 1.676  18.59 .  2.37x10 "
1.2 0.29 11290 1.433 22.69 - 9.95x10 "
1.6 0.38 9470  1.544 18.67 . 1.84x107°
2.0  0.48 _ 7720 1.559 . 22.67 1.28x10 3

e’
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Table B-17

IFT Data for 0.2% Petrostep 420, 0.048%‘Marasperse c-21
and 1.5% NaCl against One-Component Organicé.

Qrganic Time = Width - Pericod IFT
2
o-xylene 6280 6.868 19.02 7.38x10°2
cyclohexane ~ 2700 3.726  17.8l 2.05x1072
pentane 7270 2.815 19.44 1.21x1072
" 14080  3.024 21.74  1.20x107°
hexane 16300 1.632  21.46 1.77x1073
" 16640 1.469  18.62 1.72x10°
" 12540 1.559  17.61 2.29x107°
n 16410 1.747  20.08 2.48x107°
heptane 17430 2.070 19.76 3.95x10°
o . 12780  1.222  17.46 1.04x10°
" 18760  1.521  23.27 1.13x107°
octane 22450 2.254  19.33 5.06%107°
" 15420 2.721  20.09 8.24x10_2

decane 19650 3.987 16.57 3.39x10
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Table B-18

IFT Data for 0.2% Petrostep 420, 0.048% Marasperse

c-21 and 1.5% NaCl against Binary Organic Mixtures.

EACN Components Time Width ~Period  IFT
5.5 C.=Cyy 24000 2.354  17.93 7.97x10" "
" ! 22040 2.183  17.72 6.51x107°
6.5 " 22810 2.202 19.57 5.05x10"°
" " 23105 2.013  20.32 3.58x107 >
7.0 " 23510 2.076  1B8.82 4.41x10"°
" " 14160 2.568  18.95 8.25%10 >
7.5 o 22620 2.311  20.31 5.05x10°
" " 21005 2.167 19.75 4.40%x10°°
8.5 " 19000 3.779  18.26 2.57x10°°
" : 19270 - 3.563 . 18.45 2.11x1072
6.5 C.—Cy, 20350 1.690 21.64 1 87x10_§
" " 17840 1.793  20.12 2.57x10
7.5 " 38930 1.711  20.38 2.05x107>
" " 38680 2.029  22.32 2.85x107°
8.5 : 24190  3.107 19.04 1.33x1072
" L 23950  3.210  18.81 1 48§10‘2
9.5 " 36060 4.096  16.99 3.58x10 2
" " 36300 4.497  15.85 5.44x10 2
5.5  Cg-Cq 11660 2.480 18.64°  8.62x107°
. T 11530 2.459  19.2%g 7 85x107 >
6.0 ! 14300 2.139  19.27 4.98%10
. ! 18640 2.533  18.24 9.23%10°
6.5 " 14430 1.952  20.45 3.23x107°
L " 11000 2.032  19.59 3.96x107°
7.0 " 22950  1.841  19.62 2.84x107°
" " 20770  2.428  17.36 §.33x10 >
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' Table B-18 (cont.).

‘Width

EACN Components Tiges Period ' IFT

7.5 C-Cg 13390  2.409  21.39 5.20x107° "
" " 17080  2.538  22.48 5.51x10 >

5.5 o-C,-C;, 13660 . 3.230  21.28 9 95x10“§
l " 13560 2.657  22.48 4.96x10

6.5 ! 18990  1.279 21.42  *6.26x10 "
" y 8460 1.447 21.74 8.80x10° %
" " 6660 1.573 22.80°  1.03x107°>

" 16440 0.903 19.91 2.59x10” %

: . 10560  0.920 21.41 2.39x107 %
o : 7950  1.068  20.29 4.17x10"4

8.5 " 23400 2.174  21.08 3.32x1073
s " 23430  2.340 20.68 4.30x1073

Table B-19

IFT Data for 0.2% Petrostep 420, §.048% Marasperse C-21

and 1.5% NaCl against Ternary Mixtures.\

EACN Wt. Wt. Wt. Time Width Period IFT

=C¢ Cs  C10

0.50 0.50 0.15 18630 1.594 19.26 1.72x10 "

" " 0.73 10060 1.001 19.57  4.05x107%

" i 1.71 9140 2.093  20.17  3.37x107°

) " " 4.00 11420 3.721 18.31  2.32x107°

100 1.02 1.47 8170 1.292 - 20.60 7.86x10”%

n 0.50 2.22 1.14 16690 1.755 19.96  2.30x107°
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Table B-20

Effect of.Timg of Pre-equilibration on IFT of 2.5% Petrostep

420, 1.0% Marasperse C-21 and 1.5% NaCl against Hexane.

Pre-equil. Time

Width Period  IFT

Time, days )

0 11100 1.560  23.01 1.34x10"°
1 10100 2.127 12.92 08x10"2
2 19300 2.757 13.78 2% 06x1072
3 14900 2.453 12.61 1.73x1072
7 | 7200 2.094 13.84 §.97x107°
15 . 18400  3.755  11.42 7.58x1072
28 1 day 6.142 15.70 1.76x107 %

no elongation

~~ Table B-21

e

Effect of Time of Pre-equilibration on IFT of 0.2% Petrostep
420, 0.048% Marasperse C-21 and 1.5% NaCl against Heptane.

Pre-equil. Time Width Period IFT

Time, days

0 2500 1.480 19.28  1.52x107°
1 19970  1.246 . 18.30 1.01x107>
3 16650 1.260  20.26 8.49x10" "
9 22940 1.881 19.19 3.14x107°
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Table B-22

Effect of Time of Pre—equilibrafion on IFT of 3.0% Petrostep
420 and 1.5% NaCl against Hexane.

Pre—-equil. Time, Width Perjod - 1IFT
Time, days '

0 20000  3.471  12.07 7.76x10"2
1 21900 3.378  11.56 5.75x107 2
3 21950  3.249  11.94 4.47x107°
6 17700  4.078  12.13 8.57x10"2
8 21150 2.008  12.00 1.05x10 2
9 s100 4.274 12.76 8.92x107% .
14 20500 1.413  15.15 2.23x10 "

23 ' 3250 1.438  16.22 2.10x10°




Table B-23
.
IFT Data for 0.2% Petrostep 450, with and without 0.048%
Marasperse C-21 and 1.5% NacCl against One-Component
Organics. |

£

Organic Wt.$  Time  Width DPeriod IFT
c-21

cyclohexane 0.0 J280 2.797 19.78 7.02x10"3
pentane "o 9190 2.805 19.83  1.15%x10”2
hexane " 11790 2.523 - 19.60 7.85x10 >
heptane " 14179 2.734° 19.24  9.glx10”>
cyclohexane 0.048 10120 3.569  18.16 1.73x102
hexane " 17190 1.518 - 19.28  1.77x10°3
heptane " 19780  1.394  20.55°  1.12x10°°
octane " 16990  1.933 20.48  2.84x107°
decane "o ' 11950 3.580  18.20 ' 2.04x10”°






