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FOREWORD 
The A C S S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Understanding the chemistry of oil recovery is important for the devel
opment of new processes and for the improvement of old techniques 

for enhanced recovery. The chapters in this volume deal with the 
fundamental chemistry of the mechanisms involved in enhanced oil 
recovery. 

Conventional (primary and secondary) recovery methods recover 
only a small fraction of the crude oil originally in place in a typical 
reservoir. The primary and secondary recovery techniques, which include 
pressure maintenance by gas injection and water flooding for improved 
recovery, leave approximately two-thirds of the original oil in the reservoir. 
As the conventional oil production of the United States continues to 
decline, enhanced oil recovery will play an important role in the utilization 
of our domestic resources. Conventional methods do not overcome the 
basic problems of oil being trapped within the rock pores and of the low 
mobility of the remaining oil. 

Methods for increasing recovery of petroleum include thermal re
covery processes, carbon dioxide injection, and chemical flooding. Thermal 
recovery methods use either in situ combustion or steam injection. In 
both cases, heat is added to the reservoir; consequently, the viscosity of 
the oil is reduced. The increased mobility of the oil within the reservoir 
allows significant additional production. The carbon dioxide injection 
process is a miscible displacement process in which carbon dioxide is 
injected into the reservoir where it forms a miscible mixture with the oil. 
The dissolved carbon dioxide volumetrically expands the oil and reduces 
its viscosity, thus allowing the oil to flow more readily thereby increasing 
its recovery. Chemical flooding includes techniques such as polymer 
flooding, caustic flooding, and micellar/polymer flooding. The polymer 
flood uses a mobility control agent, usually a polysaccharide or poly-
acrylamide, which is added to injection water to increase the viscosity of 
the displacement fluid. Sweep efficiency is improved and increased re
covery results. The alkali added to the injection water in caustic flooding 
reacts in some manner with the oil and the formation and thereby 
increases recovery. Considerable disagreement over the actual mecha
nism(s) responsible for the improved recovery with caustic remains. 
Micellar/polymer flooding is the most recent development in enhanced 
oil recovery by chemical flooding. In this technique, a "slug" of a micellar 
fluid, consisting of surfactant, co-surfactant, oil, and brine, is injected into 
the formation. The interfacial tension is reduced, and oil is displaced 

ix 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
, 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

1.
pr

00
1

In Chemistry of Oil Recovery; Johansen, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



towards the producing wells. A mobility control agent, usually a polymer, 
is injected behind the micellar material to prevent fingering and decom
position of the slug by the usually saline water which follows to drive 
the oil bank through the reservoir. 

Considerable laboratory and field work is currently going on testing 
enhanced recovery techniques. In March, 1978, the Oil and Gas Journal 
( 1 ) reported 196 active enhanced recovery projects with an approximate 
production of 370,000 barrels of oil per day. More than 150 additional 
projects are in the planning stages. In these projects alone, the vast 
potential of more than 450,000 barrels of oil per day from 150,000 acres 
exists. In order to obtain this production level, a large-scale expansion of 
production of chemicals for the enhanced recoveiy processes is required. 
For micellar/polymer flooding techniques, an increase of sulfonate pro
duction by a factor of four may be required (2). Polymer capacity may 
be required to expand by an even larger factor. Clearly a large increase 
in the production of chemicals will be required if these processes are to 
be implemented fully. 

The chemistry of and physical mechanisms controlling the recovery 
of petroleum are better understood now than at any previous time; yet, an 
extremely large amount of work remains before recoveries can be pre
dicted with certainty. Part of this uncertainty arises from the undeter
mined variables of the heterogeneous reservoir matrix from which oil is 
produced and partly from simply not understanding the total interrela
tionship of the forces acting on the fluids in the reservoir. New chemical 
techniques and ideas for measurement undoubtedly will develop from 
the kinds of studies reported in this publication: the result will be the 
achievement of a more efficient recovery of our petroleum resources. 

Literature Cited 

(1) Noran, Dave, Oil Gas J., March 27, 1978. 
(2) Gulf Universities Research Consortium, "Chemicals for Microemul-

sion Flooding in EOR," GURC Report No. 159, February 15, 1977. 
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U.S. Department of Energy United States Department of Energy 
Bartlesville Energy Technology San Francisco Operations Office 
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Bartlesville, OK 74003 
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1 

Cation Exchange, Surfactant Precipitation, and Adsorption 

in Micellar Flooding 

ROBERT D. WALKER, JR. and W. E. RAY—Department of Chemical 
Engineering, University of Florida, Gainesville, FL 32611 
Μ. Κ. THAM—USDOE Bartlesville Energy Technology Center, 
Bartlesville, OK 74003 
M. C. LEE—Department of Chemical Engineering, Oklahoma State 
University, Stillwater, OK 74074 

It is commonly known that the constituents of a micellar slug 
may interact in several ways with both the rock and the formation 
fluids when injected into a reservoir, and a considerable body of 
literature exists (1-8). In spite of this knowledge, however, 
it is not yet possible to design a micellar slug for tertiary oil 
recovery from basic principles because of the complexity of the 
phenomena and inadequate understanding of the processes involved. 
The primary objectives of this paper are to present the results of 
some experiments on the structure and mineralogy of selected rock 
and reservoir core samples, on the interactions within surfactant 
solutions and between surfactant solutions and rock, and to 
attempt to draw from these observations some conclusions as to the 
phenomena and mechanisms involved-especially surfactant loss 
processes-as these can affect the maintenance of low interfacial 
tension between oil and water. 

In the course of attempts to determine adsorption isotherms 
of anionic surfactants on selected clays two other phenomena re
quiring separate investigation were noted, namely, salting-out of 
surfactants by NaC1, and surfactant precipitation as calcium or 
magnesium salts by multivalent cations displaced from clays. 
Each of these and their significance for adsorption measurements 
will" be dealt with prior to discussion of surfactant adsorption. 

Electron Microscopy of Selected Reservoir Core Samples 

Scanning electron micrographs of fracture surfaces of Berea 
sandstone and two reservoir cores (made available to us by Dr. 
F.W. Smith-ARCO Research Laboratories) are shown in Figure 1. 
The sample identifications are as follows: 1) Berea sandstone, 
Amherst, Lorain County, OH, 2) Glenn Sand, Glenn Pool Field, 
Creek County, OK, 3) San Andres Formation, Wasson Field, Yoakum 
County, TX. The primary purpose of presenting these is to illus
trate the geometric and mineralogical heterogeneity of typical 
reservoir cores, and the SEM in Figure 1 illustrate these points 
quite graphically. The basic sand matrix is clearly visible in 

0-8412-0477-2/79/47-091-001$05.00/0 
© 1978 American Chemical Society 
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2 CHEMISTRY OF OIL RECOVERY 

Figure 1. Electron micrographs of Berea sandstone and selected core samples: 
(a) Berea sandstone, representative fracture surface, 102.75X;(b) Berea sandstone, 
clay on quartz crystals, 959X;(c) Glenn sand core, representative fracture surface, 
123.3X;(d) Glenn sand core, clay crystals on quartz, S938.75X;(e) San Andres 
core, representative fracture surface, 123.3X;(f) San Andres core, clay and dolo

mite crystals, 993.25 X. 
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1. WALKER E T AL. Micellar Flooding 3 

the low magnification SEM, while those at higher magnification 
reveal the heterogeneity of structure of clays and other 
minerals, and t h e i r general d i s t r i b u t i o n over the surface of 
the sand rather than being concentrated i n cementation bridges 
between sand grains. 

Energy dispersive X-ray analysis (EDXA) i s of assistance i n 
i d e n t i f y i n g the p r i n c i p a l chemical elements i n p a r t i c u l a r 
c r y s t a l s . This information, along with c r y s t a l shape, enables 
one to i d e n t i f y reasonably w e l l the minerals l i k e l y to be con
tacted by a surfactant slug when injected into a core or a reser
v o i r formation. Thus, the basic sand matrix of these materials 
i s revealed while the presence of p a r t i c u l a r clay minerals, such 
as k a o l i n i t e , can be seen i n Berea sandstone and Glenn Sand; do
lomite appears to be present i n s i g n i f i c a n t amounts i n the core 
from the San Andres formation. 

These SEM, then, show c l e a r l y the t y p i c a l geometric and 
mineraological heterogeneity of reservoir rocks. They also give 
one an idea of the shapes and sizes of clay and mineral c r y s t a l s , 
and they suggest intimacy of contact between m i c e l l a r f l u i d and 
clay c r y s t a l s . F i n a l l y , i n some cases they suggest the p o s s i b i 
l i t y of surfactant p r e c i p i t a t i o n , e.g., dolomite i n the San Andres 
core sample. 

S a l t i n g Out And P r e c i p i t a t i o n of Surfactants By E l e c t r o l y t e s 

Reservoir brines and surfactant formulations normally 
contain s u b s t a n t i a l concentrations of e l e c t r o l y t e s * one wt.% NaCl 
or greater i s t y p i c a l . They may also contain s i g n i f i c a n t con
centrations of multivalent cations but one usually attempts to 
minimize these because of the low s o l u b i l i t y of the sulfonates 
of multivalent cations. Owing to the high surfactant concentra
tions normally used i n m i c e l l a r slugs ( t y p i c a l l y 5 wt.%), electro
l y t e e f f e c t s tend to be masked i n experiments with cores. When 
one i s studying the equilibrium adsorption, however, they cannot 
be ignored; indeed, they may be the p r i n c i p a l phenomena which are 
observed. 

Surfactant S a l t i n g Out By Sodium Chloride. For the most 
part t h i s study has been confined to desalted, deoiled alkylben-
zene sulfonates (for procedures of desalting and d e o i l i n g see 
Ref. 9). Low equivalent weight alkylbenzene sulfonates are so 
water-soluble that they are extremely r e s i s t a n t to s a l t i n g out. 
However, when the a l k y l chain contains more than about 12 carbons, 
s a l t i n g out becomes increasingly s i g n i f i c a n t . Short chain a l 
cohols are commonly added to mi c e l l a r solutions to s t a b i l i z e them 
against p r e c i p i t a t i o n , but i t should be noted that these concen
trated surfactant solutions normally contain about 5 wt.% surfac
tant and are usually turbid . 
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4 CHEMISTRY OF OIL RECOVERY 

In preparing d i l u t e solutions of a series of alkylbenzene 
sulfonates for adsorption experiments, i t was observed that most 
of them became cloudy upon the addition of NaCl, and that a pre
c i p i t a t e of salted-out surfactant formed i n a considerable number. 
Since i t was deemed necessary to use clear surfactant solutions 
only for adsorption measurements, a more detailed study of the 
salting-out phenomenon was undertaken, and some of these r e s u l t s 
are presented here. 

Aqueous stock solutions of selected anionic surfactants were 
prepared; i f alcohol was to be added, i t was incorporated i n the 
stock surfactant s o l u t i o n . These surfactants were desalted and 
deoiled. Aqueous NaCl solutions were also prepared. Surfactant 
(or surfactant/alcohol) and NaCl solutions were mixed i n 10 ml 
screw-capped test tubes i n the proportions necessary to give the 
desired f i n a l concentration of each constituent. A f t e r thorough 
mixing, the test tubes were set aside and observed p e r i o d i c a l l y 
for c l a r i t y and/or p r e c i p i t a t i o n . The r e s u l t s are summarized i n 
Table I. 

In general, cloudiness or p r e c i p i t a t i o n developed almost i n 
stantaneously i f i t occurred at a l l . The r e s u l t s shown i n Table 
I indicate that sodium dodecylbenzene sulfonate (SPBS) alone of 
the surfactants tested was stable i n s a l t solutions. As l i t t l e as 
0.1 wt. % NaCl caused cloudiness i n solutions of a l l of the other 
surfactants tested. The addition of 5 wt.% n-butanol prevented 
s a l t i n g out of sodium pentadecylbenzene sulfonate (SPBS) at both 
0.1 and 1.0 wt.% NaCl, but none of the other butanols were ef f e c 
t i v e i n preventing s a l t i n g out of the surfactant. I t also seems 
worth noting that the 5 wt.% n-butanol solutions of SPBS became 
hazy at 1.25 wt.% NaCl and a clear lower phase separated at 3 wt. 
% NaCl leaving a hazy upper phase. I t appears, then, that s a l t i n g -
out of surfactant occurs when the surfactant equivalent weight 
exceeds 350 and the NaCl concentration exceeds 0.1 wt.%. The 
addition of short chain alcohols seems to be e f f e c t i v e only for 
SPBS (Eq. wt. = 390.5). Although the data are not included i n 
Table I, i t has been noted that 0.1 wt.% solutions of SPBS, TRS 
10-410, and Aerosol OT also become cloudly upon the addition of 
1.0 wt.% NaCl. 

Aside from the s i g n i f i c a n c e of the salting-out phenomenon i t 
s e l f , these observations are important for adsorption measurements 
i n that i t appears that the surfactant concentration a c t u a l l y i n 
s o l u t i o n i s less than 0.1 wt.% when appreciable concentrations of 
NaCl are present. Not only does the dissolved surfactant concen
t r a t i o n appear to be less than about 0.1 wt.% but there i s the 
e f f e c t on the apparent adsorption i f the salted out surfactant 
p a r t i a l l y or completely separates with the clay or other adsorbent 
being studied. Complete separation of the salted-out surfactant 
leads to large values of apparent adsorption and low equilibrium 
surfactant concentrations; n e g l i g i b l e separation of the salted-out 
surfactant leads to low adsorption and large apparent equilibrium 
surfactant concentrations but the actual dissolved surfactant con-
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1. WALKER E T AL. Micellar Flooding 5 

centrâtion may be quite low. It should be noted here that there 
i s l i t t l e or no evidence for micelle adsorption of anionic sur
factants . 

These experiments have made clear that some of our own equi
l i b r i u m adsorption data are erroneous. I t seems possible that 
some of the data i n the l i t e r a t u r e may have been affected by 
salting-out of the surfactant, and some of these may warrant ré
examinât ion. 

Surfactant P r e c i p i t a t i o n By Multivalent Cations 

P r e c i p i t a t i o n of anionic surfactants by multivalent cations 
i s w e l l known and i t has been studied i n t e n s i v e l y (10, 11, 12,13). 
Powney and Addison (10) found that the addition of small amounts 
of CaCl^ to d i l u t e sodium dodecyl s u l f a t e solutions caused pre
c i p i t a t i o n of the calcium s a l t . The addition of small amounts of 
n-hexanol was reported to postpone p r e c i p i t a t i o n to higher CaCl^ 
concentrations, and increasing the surfactant concentration to a 
value greater than the CMC was found by Pearson and Lawrence (13) 
to prevent p r e c i p i t a t i o n of the calcium s a l t of dodecyl s u l f a t e 
owing to f i x a t i o n of calcium ions by the micelles. 

More recently Smith (8), and H i l l and Lake (14) studied 
cation exchange as i t affected the behavior of mi c e l l a r slugs i n 
t y p i c a l reservoir cores. These authors found that cation ex
change i n cores was quite complex, but that calcium and magnesium 
could, for a l l p r a c t i c a l purposes, be treated as a single species. 
Moreover, they found that pre-flushing of a core reduced surfac
tant losses i n most cases. H i l l and Lake found that surfactant 
adsorption i n cores was reduced by d i s s o l u t i o n of carbonate 
minerals and by converting the clays to t h e i r sodium form. 

Where surfactants were used i n these experiments they were 
present i n r e l a t i v e l y large concentration. H i l l and Lake, for 
example, injected a s o l u t i o n containing 0.046 raeq/ml of a sur
factant mixture having an average equivalent weight of 410; thus, 
the surfactant concentration was about 1.9 wt.%. Since t h i s con
centration i s far above the CMC for the surfactants involved, 
multivalent cations may be bound by the micelles with the r e s u l t 
that calcium sulfonate p r e c i p i t a t i o n does not occur. 

In equilibrium adsorption experiments, however, one must 
work with much smaller surfactant concentrations and those d i l u t e 
surfactant solutions behave d i f f e r e n t l y than concentrated ones. 
This was made evident i n a dramatic way i n two d i f f e r e n t experi
ments. In the f i r s t case, when a 6 inch column of crushed Berea 
sandstone was cation exchanged with 1.0 Ν NaCl, a slug of solution 
containing more than 200 ppm Ca +2 (measured by atomic absorption) 
and about 0.5 pore volumes wide issued from the column. The 
peak Ca concentration was about 1500 ppm. When a small amount 
of t h i s s o l u t i o n was added to an approximately one wt.% SDBS so
l u t i o n , a copious white p r e c i p i t a t e formed. In another experi
ment, a s o l u t i o n of SDBS i n 1.0 wt.% NaCl was added to a sample of 
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6 CHEMISTRY OF OIL RECOVERY 

M i s s i s s i p p i montmorillonite i n the r a t i o of 10 ml of l i q u i d per 
gram of clay. After e q u i l i b r a t i o n and centrifugation to separate 
the s o l i d s , i t was noted that there were two layers of s o l i d s ; 
the lower one was tan i n color and due to the clay; the upper 
s o l i d layer was an off-white color and i t was l a t e r shown to con
s i s t mostly of surfactant p r e c i p i t a t e d as calcium and magnesium 
sulfonates. 

To evaluate the importance of multivalent cation p r e c i p i t a 
t i o n of surfactants by multivalent cations present i n the for
mation brine or r e s u l t i n g from cation exchange and d i s s o l u t i o n of 
minerals such as limestone, dolomite, etc., a very l i m i t e d study 
of the calcium tolerance of selected alkylbenzene sulfonates was 
undertaken. 

Experimental Procedure. The technique used i n these experi
ments was quite simple: A stock s o l u t i o n of the surfactant was 
made and CaCl2 s o l u t i o n i n varying concentrations was added, the 
f i n a l volume being kept constant. I f alcohol was to be added, i t 
was incorporated i n the surfactant s o l u t i o n i n an amount 
s u f f i c i e n t to make the f i n a l concentration 3 wt.% alcohol. The 
tubes were capped and rotated at one rpm for 24 hours i n a ther
mostat set at 25°C. Experiment at 40°C and 60°C were also con
ducted. A portion of the l i q u i d was transferred to an absorption 
c e l l and the transmission was measured at a wavelength of 650 nm 
( i t having been determined previously that the s o l u t i o n and the 
p r e c i p i t a t e were r e l a t i v e l y i n s e n s i t i v e to wavelength i n that 
range). The onset of p r e c i p i t a t i o n was chosen as the Ca +^ con
centration at which the transmission f e l l below 98% when compared 
to the surfactant s o l u t i o n to which no CaCl2 bad been added. 

Experimental Results With Crude Surfactants. In general, as 
the CaCl2 concentration increased no discernable change i n the 
transmission occurred u n t i l the onset of p r e c i p i t a t i o n ; a f t e r pre
c i p i t a t i o n was i n i t i a t e d , the transmission decreased ra p i d l y and 
p r e c i p i t a t i o n was usually noted unless the surfactant concentra
t i o n was very small. As the CaCl2 concentration was increased 
further, the p r e c i p i t a t e began to f l o c c u l a t e and the s o l u t i o n 
eventually became c l e a r . The addition of 3 wt.% n-butanol and 
2-butanol modified the behavior somewhat but did not prevent pre
c i p i t a t i o n . 

The calcium tolerance of a selected group of crude a l k y l 
benzene sulfonates i s summarized i n Table I I . These r e s u l t s , 
while r e l a t i v e l y imprecise, indicate that the calcium tolerance 
of these surfactants i n d i l u t e solutions i s quite low. In 
general, the calcium tolerance decreases as the equivalent weight 
increases, and the addition of 3 wt.% n-butanol or 2-butanol does 
not appear to improve s t a b i l i t y . F i n a l l y , the onset of p r e c i p i 
t a t i o n does not appear to be very s e n s i t i v e to temperature. 
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1. W A L K E R E T A L . Micellar Flooding 

Table I. 

Surfact ant Salting—Out by Sodium Chloride 

Surfactant, 
1.0 wt.% 

SDBS SPBS TRS-10-410 Aerosol OT 

Surfactant 
Equiv. wt. 348.5 390.5 418 444.5 
NaCl 
wt.% 

Alcohol 
5 wt.% 
None 
n-BuOH 
i-BuOH 
t-BuOH 

clear 
not tes 
not tes 
not tes 

clear 
ted not tes 
ted not tes 
ted not tes 

clear 
ted not tested 
ted not tested 
ted not tested 

clear 
not tested 
not tested 
not tested 

0.1 none clear 
n-BuOH not tes 
i-BuOH not tes 
t-BuOH not tes 

cloudy 
ted clear 
ted cloudy 
ted cloudy 

cloudy 
cloudy 
cloudy 
cloudy 

cloudy 
cloudy 
cloudy 
cloudy 

1.0 none clear 
n-BuOH not tes 
i-BuOH not tes 
t-BuOH not tes 

^becomes cloudy at 1 
about 3 wt.% NaCl. 

cloudy cloudy,ppt. cloudy,ppt. 
ted c l e a r * cloudy,ppt. cloudy,ppt. 
ted cloudy cloudy,ppt. cloudy,ppt. 
ted cloudy cloudy,ppt. cloudy,ppt. 
25 wt.% NaCl; phase separation occurs at 

Table I I . 
Calcium Tolerance of Crude Alkylbenzene Sulfonates 

+2 
Temp. Ca Necessary to I n i t i a t e P r e c i p i t a t i o n , ppm 

Surfactant °C No Alcohol 3 wt.% n-BuOH 3 wt.% 2-BuOH SPBS 24 24* 24 20 
0.00625 wt.% 30 24* 24 20 

40 24* 24 20 
60 24* 24 20^ 

TRS-10-410 24 24 20 20 
0.025 wt.% 30 24 20 20 

40 24 20 20 
60 24 20 20 

Petrostep 420 24 15 2 2 
0.025 wt.% 30 15 2 2 

40 15 2 2 
60 15 2 2 

Petrostep 450 24 15 2 2 
0.0125 wt.% 30 12 2 2 

40 10 2 2 
60 5 2 2 

Petrostep 465 24 15 2 2 
30 15 2 2 
40 15 2 2 
60 15 2 2 

Precision!, approximately + 2 ppm Ca 
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8 CHEMISTRY OF OIL RECOVERY 

Experimental Results with P u r i f i e d Surfactants. A s i m i l a r 
series of experiments was c a r r i e d out with desalted and deoiled 
alkylbenzene sulfonates. Aside from the apparently smaller 
s o l u b i l i t y of the p u r i f i e d surfactants, the r e s u l t s were essen
t i a l l y the same as for the crude surfactants. The calcium ion 
concentration necessary to i n i t i a t e p r e c i p i t a t i o n from SDBS 
solutions was about 200 ppm. For p u r i f i e d SPBS i t was 10 to 20 
ppm, and for p u r i f i e d TRS 10-410 i t was about 5 ppm. The onset 
of p r e c i p i t a t i o n was r e l a t i v e l y i n s e n s i t i v e to temperature i n the 
range 25-60°C, and l i t t l e affected by the addition of 3 wt.% of 
either n-butanol or 2-butanol. I t should be noted that p r e c i p i 
t a t i o n occurred i n a l l cases i n s p i t e of the fact that the sur
factant concentrations were w e l l above the CMC. In short, f i x 
a t i o n of calcium ions by micelles did not prevent surfactant pre
c i p i t a t i o n i n these experiments. 

Significance For Equilibrium Adsorption Measurements. While 
these r e s u l t s appear to have l i t t l e relevance for m i c e l l a r slugs, 
they are quite relevant for equilibrium adsorption measurements. 
They show that p r e c i p i t a t i o n of surfactants can be expected to 
occur i f the calcium ion concentration exceeds the l i m i t required 
to i n i t i a t e p r e c i p i t a t i o n (SDBS ~ 200 ppm: and TRS 10-410 < 10 
ppm). Unless the adsorbent i s strongly colored and the surfactant 
concentration i s s u b s t a n t i a l , i . e . , > 0.1 wt.%, one may experience 
d i f f i c u l t y i n detecting the presence of p r e c i p i t a t e d surfactant. 
I f appreciable p r e c i p i t a t i o n occurs, however, i t leads to erro
neous adsorption d a t a — a s we have noted i n several cases. The 
problem i s obviously more serious with the higher equivalent 
weight surfactants (Eq. wt. > 400) and these are the surfactants 
of greatest i n t e r e s t for improved o i l recovery by m i c e l l a r f l o o d 
ing. 

I t should be noted that the surfactants used i n these exper
iments are commercial products; they are complex mixtures of many 
compounds and the equivalent weights represent averages. The i n 
fluence of the mixture i s not shown by these experiments; i t i s 
being investigated now and w i l l be reported i n a l a t e r publi c a t i o a 

The Adsorption of Anionic Surfactants on Clays and Related Mate
r i a l 

The adsorption of surfactants on reservoir sands and clays 
has been known from early studies on surfactant flooding, and 
from time to time the r e s u l t s of investigations dealing s p e c i f i 
c a l l y with adsorption losses have been reported (1-7, 15,16,17). 
These have made clear that adsorption losses and s e l e c t i v e adsorp
t i o n are s i g n i f i c a n t factors i n determining the e f f i c i e n c y and 
economic f e a s i b i l i t y of surfactant flooding for enhanced o i l 
recovery. However, the mechanism of adsorption i s not w e l l under
stood and several other aspects of the process indicate the need 
for a d d i t i o n a l information and understanding. This i n v e s t i g a t i o n 
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1. WALKER ET AL. Micellar Flooding 9 

was undertaken with the p a r t i c u l a r objectives of elu c i d a t i n g the 
mechanism and i d e n t i f y i n g the p r i n c i p a l e f f e c t s of system para
meters . 

Experimental: Materials and Procedure. The equilibrium ad
sorption of sodium dodecylbenzene sulfonate (SDBS), and deoiled 
TRS 10-410 (a commercial petroleum sulfonate with an equivalent 
weight of 418) on s i l i c a gel (Davison Grade 62), and crushed 
Berea sandstone was measured at 30°C at two brine concentrations 
(0 and 1 wt.% NaCl). 

A weighed amount of adsorbent which had been dried overnight 
at 110°C was transferred to a 15 ml screw-capped test tube, 10 ml 
of surfactant s o l u t i o n containing either no NaCl or one wt.% NaCl 
were added, and an amount of deionized water s u f f i c i e n t to satur
ate the adsorbent (determined i n a separate experiment i n which 
adsorbent i s e q u i l i b r a t e d with water or brine at the adsorption 
temperature) added. The test tube was covered with p o l y v i n y l 
chloride f i l m , the cap screwed on, and the tubes mounted on a drum 
which rotates at one rpm at the adsorption temperature. After 
twenty-four hours r o t a t i o n (previous experiments had shown that 
equilibrium was reached i n 16 hrs. or l e s s ) , the tubes were re
moved, uncapped, and centrifuged to give a clear supernatant 
l i q u i d . The l i q u i d was sampled and analyzed for surfactant 
content by complexing the surfactant with methylene blue i n an 
a c i d i f i e d sodium s u l f a t e s o l u t i o n , extracting the complex into 
chloroform, and measuring the absorbance of the chloroform so
l u t i o n at the absorption maximum of the complex. The equilibrium 
or r e s i d u a l concentration of sol u t i o n was calculated from a ma
t e r i a l balance. The pr e c i s i o n of the measurements appears to be 
±2%, and the accuracy appears to be about ±5%. 

Adsorption on S i l i c a Gel. The adsorption isotherms of sodium 
dodecylbenzene sulfonate and TRS 10-410 on s i l i c a gel at 30°C and 
pH =5.8 are shown i n Figure 2 for zero and one wt. % NaCl. A l 
though the equivalent weights of these surfactants d i f f e r sub
s t a n t i a l l y (SDBS = 348; TRS-10-410=418) the isotherms are very 
s i m i l a r i n shape: there i s a concave toe, a shoulder, and a long 
f l a t plateau i n each case. The addition of one wt.% NaCl to the 
solut i o n r e s u l t s i n a sharp reduction i n the adsorption plateau 
(or saturation l e v e l ) for SDBS (one wt.% NaCl causes salting-out 
of TRS-10-410, see Table I , so no adsorption isotherm was 
measured for TRS-10-410 and one wt % NaCl). 

The concave shape of the adsorption isotherms at low sur
factant concentrations indicates that the presence of some ad
sorbed surfactant makes easier the adsorption of ad d i t i o n a l sur
factant, and t h i s process continues up to saturation at which 
point the isotherm breaks over sharply to the f l a t plateau. In 
the case of SDBS the c r i t i c a l micelle concentration i s known to 
be 0.056 wt.% or 1.61 χ 10"3 moles/1 (18,19). Thus, the shoulder 
of the adsorption isotherm occurs at or near the CMC. The con-
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10 CHEMISTRY OF OIL RECOVERY 

stancy of the amount of SDBS adsorbed on s i l i c a gel as the 
micelle s i z e and concentration increases i s evidence that micelle 
adsorption does not occur. This r e s u l t i s to be expected since 
both the s i l i c a surface and the micelles are negatively charged 
and strong coulombic repulsion e x i s t s between them. The isotherm 
for TRS-10-410 has the same shape as those for SDBS. However, the 
shoulder occurs at lower surfactant concentration and the adsorp
t i o n plateau i s lower than the SDBS isotherms. This i s consis
tent with a smaller CMC for TRS-10-410. 

The CMC of TRS-10-410 and i t s NaCl concentration dependence 
are not known with the p r e c i s i o n of that for SDBS, but the CMC i s 
probably somewhat less than 0.5 wt.% (1.2xl0~ 3 moles/1). From 
Figure 2, one can observe that the shoulder of the adsorption 
isotherm occurs near the CMC, and that there i s no evidence of 
micelle adsorption on s i l i c a g e l . 

The sharp reduction i n the adsorption saturation l e v e l when 
one wt.% NaCl i s added to the s o l u t i o n seems to be associated 
p r i n c i p a l l y with the e f f e c t of e l e c t r o l y t e on the structure of 
the e l e c t r i c a l double layer and on the influence of NaCl on the 
CMC of the surfactants. The CMC decreases as the i o n i c strength 
of the s o l u t i o n increases and t h i s has the e f f e c t of reducing the 
maximum surfactant monomer concentration. 

Adsorption on Berea Sandstone. Berea sandstone was reported 
by Malmberg and Smith (20) to consist of approximately 91 wt.% 
sand and 9 wt. % clay. The adsorption measurements reported here 
are for the crushed sandstone but i t should be noted that essen
t i a l l y a l l of the adsorption occurred on the clay f r a c t i o n . In a 
separate experiment the clay f r a c t i o n was separated from the sand 
and the adsorption of SDBS measured on both f r a c t i o n s . No adsorp
t i o n on the sand could be detected while strong adsorption on the 
clay was found. Moreover, the adsorption on the clay agreed very 
w e l l with that found on the o r i g i n a l crushed sandstone when con
verted to a common basis . 

The equilibrium adsorption isotherms of SDBS and TRS-10-410 
are shown i n Figure 3 for zero and one wt.% NaCl. These isotherms 
are s t r i k i n g l y d i f f e r e n t i n shape from those obtained with s i l i c a 
gel though there i s some s i m i l a r i t y at low r e s i d u a l surfactant 
concentrations. In the f i r s t place, a maximum i n the adsorption 
isotherm i s observed when the adsorbent i s clay. Secondly, the 
addition of NaCl r e s u l t s i n a s i g n i f i c a n t increase i n the amount 
of surfactant adsorbed i n contrast to the decrease observed when 
NaCl was added to systems with s i l i c a gel as the adsorbent. 

Adsorption maxima have been observed by several investigators 
and various hypotheses have been advanced to account for them 
(21»12,23,24). The more recent investigations a t t r i b u t e adsorp
t i o n maxima to micelle exclusion, but t h i s may be too s i m p l i s t i c 
an explanation since the concentration of surfactant monomers 
does not appear to be greatly diminished by the presence of 
micelles and the amount of surfactant adsorbed at high r e s i d u a l 
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Figure 3. Adsorption of de-oiled sodium alkylbenzene sulfonates at 30°C 
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12 CHEMISTRY OF OIL RECOVERY 

surfactant concentrations may, i n some cases, be as l i t t l e as 
20% of that at the adsorption maxima. 

The Mechanism of Anionic Surfactant Adsorption on Clay and S i l i c a 

Since a l l of the constituents (surfactant anions and micelles, 
as w e l l as s i l i c a and clays) are negatively charged at the pH of 
the experiments (pH = 6), one must consider why adsorption of the 
surfactant should occur at a l l when e l e c t r i c a l repulsion between 
the s o l i d surface and the surfactant e x i s t s . A possible explana
t i o n can be found i n the hydrophobic character of the hydrocarbon 
" t a i l " of the surfactant anion and i n the tendency for van der 
Waals a t t r a c t i o n between the hydrocarbon t a i l s to promote adsorp
t i o n . However, when one calculates the adsorption density and 
surface area per molecule, i t seems very u n l i k e l y that these kinds 
of forces could account for adsorption of these surfactants on 
s i l i c a g e l . For example, the minimum surface areas per adsorbed 
surfactant anion calculated from the saturation l e v e l s of Figure 1 
are: SDBS, 4200A (no NaCl) and 7000A2 (1 wt.% NaCl). TRS-10-410, 
31,000A (no NaCl). I t seems u n l i k e l y that i n t e r a c t i o n between 
adsorbsed surfactant anions could occur; yet the shape of the toe 
of the adsorption isotherm suggests adsorbate i n t e r a c t i o n . 

A more pla u s i b l e explanation for anionic surfactant adsorp
t i o n on s i l i c a gel i s found i n the presence of about 0.2 wt.% 
alumina i n the s i l i c a g e l . The alumina pz-c i s about pH=8.0, so i t 
would be p o s i t i v e l y charged at the pH of the experiments. I f the 
alumina i s uniformly d i s t r i b u t e d through the s i l i c a , a l l of the 
adsorption could be accounted for provided a close-packed mono
layer of surfactant i s formed on the alumina. This circumstance 
would also be consistent with the shape of the toe of the isotherm. 
Gaudin and Fuerstenau (25) advanced the idea of hemimicelle f o r 
mation (two-dimensional micelles on a surface) to account for 
s i m i l a r observations i n f l o t a t i o n processes. 

In the case of sand i n sandstones, the surface area i s nor
mally small and the surface charge density i s large so that n e g l i 
g i b l e anionic surfactant adsorption i s to be expected. The 
s i t u a t i o n i s quite d i f f e r e n t with the clays commonly present i n 
sandsontes. The s p e c i f i c surface area i s large to very large de
pending on the mineralogical d i s t r i b u t i o n , and the surface charge 
density i s less than for s i l i c a because the point of zero charge 
(pzc) clays i s higher than that of s i l i c a . Moreover, p o s i t i v e 
charges e x i s t at c r y s t a l edges and imperfections i n clays, and 
these can serve as primary adsorption s i t e s for anionic surfac
tants . 

There i s l i t t l e or no evidence of micelle adsorption i n 
these systems, and, indeed, i t i s not to be expected owing to the 
coulombic repulsion between the negatively charged s i l i c a or 
clay and the m i c e l l e s . Surfactant anion adsorption at p o s i t i v e 
(cationic) s i t e s followed by further surfactant adsorption induced 
by l a t e r a l a t t r a c t i o n between the hydrocarbon t a i l s to form 
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1. WALKER ET AL. Micelhr Flooding 13 

hemimicelles appears to be consistent with most of the adsorp
t i o n data a v a i l a b l e . There i s , however, the question of the 
ori e n t a t i o n of the adsorbed surfactant anions. I f the primary 
adsorption i s at p o s i t i v e l y charged s i t e s , the hydrophobic hydro
carbon t a i l of the surfactant anion would be presented to the 
sol u t i o n . This would tend to produce f l o c c u l a t i o n and to i n 
crease the contact angle at the clay-water i n t e r f a c e . Neither of 
these occurs, at lea s t i n our experience. No f l o c c u l a t i o n of 
clay has been observed when anionic surfactants are adsorbed; i n 
deed, separation of clay with adsorbed anionic surfactants are 
adsorbed* indeed, separation of clay with adsorbed anionic sur
factants has been somewhat more d i f f i c u l t than when no surfactant 
was present. Moreover, a few measurements of the contact angle 
between water and clay with adsorbed anionic surfactant have 
demonstrated that the clay remains very wettable by water. Con
t r a r i w i s e , the adsorption of a ca t i o n i c surfactant led to very 
high contact angles, i n d i c a t i n g the development of a hydrophobic 
water-clay i n t e r f a c e . 

Berg (26) has found evidence that dimers are the p r i n c i p a l 
species i n so l u t i o n below the CMC, at least when the hydrocarbon 
chain contains 12 or more carbons. He has proposed that the 
dimers form by ori e n t i n g two hydrocarbon t a i l s approximately 
p a r a l l e l with a polar head group at each end of the dimer. The 
adsorption of dimers having the configuration suggested by Berg 
appears to be consistent with a l l of the observations made i n t h i s 
laboratory. Moreover, the decrease i n CMC with either increase 
i n equivalent weight or with increase i n e l e c t r o l y t e concentration 
i s generally consistent with the s h i f t s of the shoulder of the 
adsorption isotherm. 

Conclusion 

Typical reservoir rocks are quite complex p h y s i c a l l y as w e l l 
as raineralogically. The surface of sand grains a v a i l a b l e for 
interactions with i n j e c t i o n f l u i d s i s a s i g n i f i c a n t f r a c t i o n of 
the t o t a l surface area; however, the r e a c t i v i t y of sand with 
anionic surfactants i s much less than that between clays and 
surfactants, so i n t e r a c t i o n with clays tends to dominate behavior. 

Salting-out of alkylbenzene sulfonates from r e l a t i v e l y 
d i l u t e solutions by NaCl has been found to be subs t a n t i a l i f the 
a l k y l chain contains more than about 12 carbons. S i m i l a r l y , the 
multivalent cation tolerance of alkylbenzene sulfonates i n d i l u t e 
solutions has been found to be s n a i l and strongly dependent on 
equivalent weight. In general, i f the equivalent weight exceeds 
350 ( a l k y l chain more than 12 carbons), the calcium tolerance 
appears to be extremely small. The addition of short-chain alco
hols appears to be of l i m i t e d benefit i n preventing either s a l t 
ing-out by NaCl or multivalent cation p r e c i p i t a t i o n . 

Anionic surfactants appear to adsorb on s i l i c a surfaces, 
which are negatively charged above a pH of about 2.0, only when 
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14 CHEMISTRY OF OIL RECOVERY 

significant amounts of positively charged impurities are present. 
Micelle adsorption on silica is not observed, probably owing to 
the strong coulombic repulsion between the negatively charged 
silica surface and the negatively charged micelles. The 
addition of NaCl sharply reduces the adsorption saturation level, 
partially as a result of depression of the CMC of the surfactant 
at higher ionic strengths but possibly also due to the influence 
of electrolyte of the structure of the electrical double layer at 
the silica/solution interface. Hemimicelle formation is observed 
regardless of the salt concentration. 

Adsorption of anionic surfactants on crushed Berea sandstone 
occurs on the clay only and adsorption maxima are observed. The 
addition of one wt.% NaCl to the surfactant solution results in 
greatly increased adsorption but in no significant change in 
the shape of the adsorption isotherm. 

The point of zero charge of the reservoir minerals, their 
physical structure, the surfactant equivalent weight and struc
ture, and the structure of the electrical double layer at the 
solid/solution interface appear to be major factors determining 
the mechanism of adsorption and potential surfactant losses in 
surfactant flooding. 
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Abstract 

Scanning electron micrographs of fracture surfaces of Berea 
sandstone and representative reservoir cores reveal that the rock 
surface is quite heterogeneous as to geometry and mineralogy. 
Clay and other minor constituents cover much of the sand rather 
than being concentrated in cementation bridges, thus insuring in
timate contact with the micellar fluid. Alkylbenzene sulfonates 
in dilute aqueous solution are very susceptible to salting-out by 
NaCl, especially if the alkyl chain contains more than 12 carbons. 
Cation exchange capacity measurements show that the CEC of Berea 
sandstone can be attributed to its clay fraction and that injec
tion of 1N NaCl into crushed Berea sandstone generates a calcium 
ion wave about one pore volume wide with a peak concentration 
near 1500 ppm. Measurements of the calcium tolerance of several 
sulfonates indicate that precipitation of sulfonate begins at low 
calcium concentrations (200 ppm to < 10 ppm depending on sulfo
nate equivalent weight), and that the onset of precipitation is 
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1. WALKER ET AL. Micellar Flooding 15 

not materially affected by added butanol or by sulfonate concen
tration. Negligible surfactant adsorption is found on sand, but 
it is appreciable on silica gel. The isotherm on silica gel has 
a concave toe and becomes constant near the CMC at a level which 
decreases with increasing NaCl concentration. Sulfonate adsorp
tion on clay is quite different: adsorption maxima are observed 
and adsorption is increased by NaCl. Adsorbate association (hemi-
micelle formation) is observed on both silica gel and clay, and 
some evidence for dimer adsorption is found. Both salting-out and 
multivalent cation precipitation complicate adsorption measure
ments. 
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T h e Influence of Surfactant Structure on L o w Interfacial 

Tensions 

PETER H. DOE, MAHMOUD M. EL-EMARY, and WILLIAM H. WADE 
Department of Chemistry, The University of Texas at Austin, Austin, TX 78712 
ROBERT S. SCHECHTER 
Department of Petroleum Engineering, The University of Texas at Austin, 
Austin, Texas 78712 
Introduction 

The production of a low interfacial tension between an 
oil and water can provide a mechanism for the recovery of 
crude oil unobtainable by present techniques. Theoretical 
considerations and practical results (1.2) suggest that the 
tension must be brought down near 10-3 dyne cm-1 to give com
mercially attractive recoveries. Surfactant systems which 
can achieve these low tensions have been identified in in
creasing numbers as research in the area has been stepped up 
(3-11). The real system which will exist in any final field 
process will be chemically extremely complex - consisting of 
a crude oi l , a "dirty" surfactant (most probably a petroleum 
or synthetic sulfonate) and a reservoir brine containing a 
variety of ionic species. Polymer will also be present. 

This complexity makes a study of some of the important 
variables difficult, because the chemical nature of the 
system is so badly defined. For this reason it is convenient 
to use model systems, which it is hoped will adequately du
plicate the most essential properties of the complex "real 
world" situation. 

This paper summarizes what has been learned from the 
study of the simplest possible models and then considers in 
more detail the application of these results to practical 
systems. 

The Model System 

The part of the real world system which is most often 
dispensed with is the crude oi l . From the practical point of 
view this is desirable in many cases because the dark color 
of the crude can make the phase behavior of the oil/water/ 
surfactant system difficult to observe. Crude oils are in 
any case unpleasant to work with. Hence, Healy and Reed 
(3-5), in their study of phase behavior, used a synthetic 

0-8412-0477-2/79/47-091-017$05.00/0 
© 1978 American Chemical Society 
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18 CHEMISTRY OF OIL RECOVERY 

o i l mixture. From a chemical point of view, the crude i s 
undesirable because of i t s extreme complexity and the great 
d i f f i c u l t y i n discovering, even p a r t i a l l y , what chemical 
species are present (12). 

For the work described here, n-alkanes are used as the 
o i l phase. The results which these y i e l d can be related to 
those for other o i l structures, including complex mixtures, 
by employing the concenpt of equivalent alkane carbon number, 
or EACN (13). 

The purpose of the present study was to discover the 
effect which changing surfactant structure has on the low 
tension state. This could only be done i f these surfactant 
structures were well-defined. For this reason, over sixty 
surfactants have been made by sulfonating monoisomeric 
hydrocarbons (14-16). In many cases the finished sodium 
sulfonate i s monoisomeric. In others, up to three isomers 
may be present because the sulfonation step i s not stereo-
s p e c i f i c . A l l of these materials are very simple when 
compared to the best defined of the commercial synthetic 
sulfonates, which contain a minimum of twenty or so species 
and a spread of molecular weights. 

In the simplest possible case, the systems reported on 
below contain only four components—the alkane, water, 
sodium chloride and a monoisomeric surfactant. Alcohol 
cosurfactants were not usually employed, but their presence 
does not appear to influence the results s i g n i f i c a n t l y (.14). 

Experimental Conditions 

Studies of low i n t e r f a c i a l tension have tended to divide 
into two groups—those where a r e l a t i v e l y low surfactant 
concentration i s used, t y p i c a l l y 0.2 wt.Ji or less (6,j|-l6), 
and those where the surfactant concentration i s much higher, 
above 1% (J3-^)- There are differences i n the way the two 
concentration regimes can be handled experimentally. 

When the surfactant concentration i s high, the potential 
for s o l u b i l i z a t i o n of either the o i l or aqueous phase into 
the other i s correspondingly high. For this reason, prior 
equilibration of the two phases i s essential before their 
i n t e r f a c i a l tension i s measured. 

With low concentration systems, s o l u b i l i z a t i o n effects 
are small and preequilibration can be avoided. A l l i n t e r -
f a c i a l tensions measured for this study were obtained using 
the spinning drop technique (17) and a small o i l droplet was 
simply injected into a tube containing the surfactant formu
l a t i o n without previously contacting these two phases. 
Obviously, s o l u b i l i z a t i o n phenomena s t i l l occur i n the low 
concentration systems, but dramatic effects, such as third 
phase formation or the dissolution of the o i l droplet are 
not observed. 
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2. DOE E T AL. Low Interfacial Tensions 

Recent work (18) has shown that there are no substantial 
differences between low tension behavior i n the high and low 
surfactant concentration regimes. This i s suggestive of 
there being a "third phase" present at the interface i n the 
low tension region at low surfactant concentration, as can 
be experimentally demonstrated for the high concentration, 
as can be experimentally demonstrated for the high concen
trations (.3-5,18). This extra phase may simply be too small 
i n quantity to be v i s i b l e i n the low concentration case. 

The measurements reported here are confined to a 
temperature of 26 C. There i s no evidence to date concerning 
the possible influence of temperature on the conclusions 
reported. 

The Alkane Scan 

One of the f i r s t things that was discovered about the 
low tension state was that i t i s very sensitive to changes 
i n system variables. If a low tension i s achieved with a 
given oil/surfactant pair, i t i s quickly l o s t i f a variable 
such as s a l i n i t y , cosurfactant concentration or surfactant 
molecular weight i s changed (_3-7_). 

If i n t e r f a c i a l tensions are measured against a l l or part 
of the homologous series of l i q u i d alkanes (_8-10), the effect 
of these same changes i s to change the alkane which gives 
the lowest tension. If the i n t e r f a c i a l tensions which a 
surfactant gives against each alkane are plotted vs. alkane 
carbon number, as i n figure 1, we c a l l the resulting curve 
the alkane scan of that formulation. It i s used to define 
two variables by interpolation from the experimental curve; 
η . , the alkane carbon number for minimum tension and γ . , 

minimum i n t e r f a c i a l tension. 
The low i n t e r f a c i a l tension properties of pure sur

factants w i l l be discussed i n terms of these two quantities. 
The effects of system variables on η . are easier to study 
and to understand, although ultimateTy nless important, so 
these w i l l be b r i e f l y summarized before discussing effects 

Effect of Variables on η . 
1 1 1 1 1 1 

These trends were f i r s t observed for commercial 
surfactants (8-10). In most respects pure and complex 
surfactants are similar. Both types show alkane scans with 
pronounced minima. In both cases η . i s increased by 
increasing surfactant molecular wei§riÇ (subject to structural 
modifications, e.g. ref. 11), by increasing NaCl concentration 
or by decreasing temperature (12). Addition of alcohol 
cosurfactants produces similar η . changes i n both cases 

mm 
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20 CHEMISTRY OF OIL RECOVERY 

and the EACNs of o i l s measured against a l l types of 
surfactants are the same. 

There are some differences between pure and commercial 
surfactants which should be pointed out for completeness, 
although none of them has any bearing on what follows. 
F i r s t , η . for a commercial surfactant decreases with i n 
creasing surfactant concentration. The degree to which this 
occurs depends on the complexity of the mixture and with 
single surfactant species i t i s never observed (11,19). 
Second, η . changes with time for petroleum sulfonate systems 
(20). Th¥^ naging effect i s not seen with pure materials. 
Both of the above effects are probably related to changes i n 
the r e l a t i v e abundances of various surfactant species present 
as monomer i n the solution, a r i s i n g from micelle-monomer 
equilibrium. In a single surfactant system, the monomer i s 
always 1002 of a particular species and hence no η . changes 
are observed. 

Last, the relationship between η m and "mole fr a c t i o n " 
when two commercial surfactants are nffltid i s always linear 
or very nearly so (10,21). This i s never true for a mixture 
of two pure surfactants and a variety of different-shaped 
curves has been seen. Most often, the η . value of the 
mixture i s biased towards that of the hifner η . component, 
which i s usually that of the higher molecular weight component. 
This presumably r e f l e c t s high i n t e r f a c i a l a c t i v i t y for that 
surfactant. When four or more surfactants are mixed, a near 
linear η . /mole fr a c t i o n relationship i s once again observed. 

The η . idea i s useful i n describing systematically 
the properties of the low tension state (19). It has 
similar status to the "optimal s a l i n i t y " favored by other 
authors C3-_5). The one considers the o i l required to give 
the best low tension when a l l other variables are held 
constant, the other looks for the s a l i n i t y required for low 
tension against a given o i l . Similar information about 
surfactant behavior i s yielded i n both cases. 

Both approaches, however, are limited i n that they do 
not d i r e c t l y address the problem of the magnitude of the 
minimum tension. If the question i s asked—given an o i l and 
a surfactant, what conditions give the lowest i n t e r f a c i a l 
tension?—both approaches can quickly give very close to the 
right answer. However, i f we ask—given an o i l , what 
surfactant, regardless of other conditions, can give the 
lowest tension?—they t e l l us nothing. 

This question can be answered by considering the effect 
of system variables on γ . . 47 'min 
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2. DOE E T A L . Low Interfacial Tensions 

Effect of Variables on γ . 'mm 

This i s a f a i r l y d i f f i c u l t thing to study. It has 
already been pointed out that changing any system variable 
w i l l change η . . There i s always can accompanying change 
i n γ . . However, i t i s not true to assume that i t i s the min 
change i n the variable which has altered γ . . Consideration 
of a large amount of data (14-16) has showrPBeyond reasonable 
doubt that γ . i s linked very closely to η . , but only 
somewhat looseïy to variables such as s a l i n i t y or surfactant 
molecular weight. 

To understand this a l i t t l e better, consider the 
following series of experiments. Take a surfactant formu
l a t i o n whose alkane scan gives a minimum at octane (n . =8). 
Lower the s a l i n i t y and decrease η . to 6, so that the 
lowest tension occurs at hexane. minimum tension at 
octane w i l l i n general not be the same as the minimum tension 
at hexane. In other words, γ . for the two scans i s 
different. 1 1 1 1 1 1 

Now add s u f f i c i e n t alcohol, say isopentanol, to the 
formulation to s h i f t the minimum back to octane. It i s an 
experimental observation that the two minimum tensions 
against octane w i l l be very similar. Decrease the 
s a l i n i t y once more, s h i f t η . back to 6, and the two 
minimum tensions against hexane w i l l be very close. Keeping 
everything else the same, switch to a surfactant formulation 
containing surfactant of the same structural type but of a 
higher molecular weight. The minimum can be shifted back to 
octane and a l l three γ . values at octane w i l l be close 
together. In almost a î î^cases, they w i l l d i f f e r substantially 
from the two γ . values for hexane. 

This i s a somewhat idealized description. One cannot, 
i n practice, s h i f t η . very far for a single surfactant by 
changing s a l i n i t y or^aïcohol concentration without beginning 
to lose good low tensions. However, ranges of values of 
these variables can be established within which they have 
l i t t l e effect on the γ . value of a surfactant at a 
particular η . . Outsïàë these ranges, higher tensions are , , mm 9 

observed. 
Experiments l i k e the one just described can best be 

summarized by extracting from each alkane scan the values of 
η . and γ . . A plot of η . vs. γ . can then be made and 
impound t o ^ e independent oJ nsalîniÎy n( within the range 
from 0.25 wt% to the point where the surfactant precipitates) 
and surfactant molecular weight (15,16). The shape of the 
plot i s l i t t l e affected by addition of an alcohol cosurfactant 
(14) and i s the same for mixed and monoisomeric surfactants 
of the same structure (14-16). 

The shape of the η . /γ . plot i s very dependent on the * mm 'mm ^ 
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22 CHEMISTRY OF OIL RECOVERY 

surfactant structure and three types of curves have been 
i d e n t i f i e d (14-16). These are sketched i n figure 2. In 
every case, the minimum tension i s very strongly dependent 
on the minimum position within the alkane series. This 
means that one surfactant may be very good for giving low 
tensions against a particular alkane, while another may be 
very poor, even though the experimental conditions can be 
adjusted i n both cases so that the particular alkane gives 
lower tensions than any other. In other words, η . for two 
surfactants may be ide n t i c a l , but γ . might diffSPby 
orders of magnitude. m i n 

Because of the d i f f i c u l t y of s h i f t i n g η . more than a 
limited amount for a single surfactant species, the curves i n 
figure 2 were derived by employing surfactant mixtures (14-16). 
The curves are distinguished by the value of η , the optimum 
alkane carbon number. This i s the alkane against which the 
lowest γ . i s observed and i t varies with surfactant 
structure. The need to use surfactant mixtures i n defining 
the curves means that they can only be resolved, so far, into 
the three types shown i n figure 2. The curves have been 
called preference curves (15), since they indicate that a 
surfactant prefers a l k a n e s ~ f carbon number near η to give 
very low tensions. 

The surfactants which were studied i n obtaining these 
alkane preference curves were a l l alkylbenzene sulfonates of 
various structures. The preference group to which a 
surfactant belongs can be decided i f the structure of the 
hydrocarbon which was sulfonated i s known. Consider the 
examples of figure 3. Compound a) i s a linear alkylbenzene 
sulfonate (11,14). There i s only one a l k y l group and the 
SCL group enters during sulfonation exclusively i n the para 
position (14). Compounds b) and c) have two a l k y l groups. 
The SCL group w i l l enter predominately, but not entirely, i n 
the least s t e r i c a l l y hindered position, as shown (15). By 
similar reasoning, always assuming that the sulfonate group 
enters at the position of minimum ste r i c hindrance, the 
predominant isomer present i n any finished sulfonate can be 
decided (16). 

Now, the longest a l k y l group on the molecule i s regarded 
as the major hydrophobic group. Any chain ortho to the SCL 
group i s called the interfering group, since i t can interfere 
with sulfonate-water interactions when the molecule i s used 
as a surfactant. It has been shown (.16) that the rati o of 
the number of carbon atoms i n these two groups correlates 
strongly with both the surfactant's η value and with the 
η . values of different surfactants 8f the same molecular mm, , weight. 

In other words, a great deal can be said about the low 
tension behavior of any alkylbenzenesulfonate i f i t s molecular 
structure i s known. 
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DOE E T A L . Low Interfacial Tensions 23 

π . Figure 1. Shape of a typical interfacial 
m i n tension vs. alkane carbon number plot, 

A L K A N E CARBON NUMBER defining nmtn and ymin 

n min 

Figure 2. Three types of an alkane preference curve 
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24 CHEMISTRY OF OIL RECOVERY 

HA" Ç " C T H* H i Crj"Cy 

SO, Να C , * 

(a) (b) 

Sufonated 5-phenyl dodtcar* Sulfonated 5-(p tthytphtnyl) 

Group II γ Group I 

Ou. .No 

C 4 H, 

Sulfonated 4 - ( p butylphtnyt) octant 

Group H 

Figure 3. Sample surfactant structures belonging to each of the preference groups 
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2. DOE ET AL. Low Interfacial Tensions 

a) If i t has no interfering group, i t i s preference 
group III, η = 12.5. Very low tensions are produced only 
against alkanes i n the approximate-grange decane to tridecane. 
( i . e . tensions below 10 dyne cm" ). A long n-alkyl group 
meta to the S0~ can act as an interfering group (16). 

b) If the interfering group i s short r e l a t i v e to the 
longest group, the surfactant f a l l s into preference group I, 
η =10. Low tensions are possible against alkanes from 
pentane to dodecane. (15). 

c) If the interfering group i s too long, the preference 
s h i f t s to group II, η < 5. These surfactants are very 
mediocre for giving low tensions (15,16). 

Thus, i n figure 3, compounds â~}, b) and c) belong 
respectively to groups III, I and II. The problem of deciding 
from a surfactant's structure what i t s preference behavior 
i s has been considered i n more de t a i l elsewhere (16). 

Crude O i l Systems 

The above summary of results has dealt entirely with 
i n t e r f a c i a l tensions against alkanes. It i s possible to 
infer a good deal from this about the probable performance 
of surfactants when employed against crude o i l s . The f i r s t 
step i n the argument i s to introduce the concept of equi
valent alkane carbon number (EACN). 

An EACN can be defined for any hydrocarbon, hydrocarbon 
mixture or crude o i l by using the following procedure ( 13). 
Using surfactants of the same structural type, make up a 
series of formulations, arranging for each η . value to be 
different and for these values to span as mucri nof the alkane 
range as possible. Measure the i n t e r f a c i a l tensions of each 
formulation against the o i l whose EACN i s desired. Make a 
plot of i n t e r f a c i a l tensions vs. η . . If the curve has a 
minimum, η . for that point defines nthe EACN of the o i l . 

For example, suppose the lowest tension i s measured 
against the surfactant formulation whose η . value i s 8. 
In other words, this formulation gives a lower tension 
against octane and against the test o i l than any of the other 
formulations. Hence the o i l behaves, i n a low tension sense, 
more l i k e octane than any other alkane and i t s EACN i s said 
to be 8. 

EACNs have been determined for several crude o i l s (13) 
and f e l l into a f a i r l y narrow range from 6 to 9. The EACN 
can be determined i n independent ways by using entirely 
different sets of surfactant formulations. Values checked i n 
this way always agree, confirming that the EACN i s an i n 
variant o i l property and, i n particular, does not vary with 
surfactant structure ( 19). 

If homologous o i l series other than n-alkanes are 
employed, a similar shape of preference curve for a given 
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26 CHEMISTRY OF OIL RECOVERY 

surfactant structure can be demonstrated (14). The 
minimum occurs at the same EACN as i t does i n the alkane 
series. Hence η represents a preferred EACN among o i l s of 
a similar structure, not merely a preferred alkane. 

These pieces of information can be put together to 
construct the following thesis. In any series of o i l s , any 
surfactant has a b u i l t - i n preference for giving low tensions 
against o i l of certain EACNs. There i s a much higher 
probability, therefore, of obtaining a low i n t e r f a c i a l tension 
i f η for the surfactant i s close to the EACN of the o i l . 

We can go one step further. Suppose crude o i l s are 
regarded as an o i l series of varying EACN i n the same way 
that alkanes are. Then the best low tensions against crudes 
should be obtained with surfactants whose η values are 
closest to the observed 6 to 9 range of cruâe o i l s EACNs. In 
the terminology used above, this would imply a group I 
surfactant. This prediction i s based on the assumption that 
differences i n "structure", i . e . composition, between one 
crude o i l and another are i n s i g n i f i c a n t i n determining their 
low tension behavior when compared with differences i n EACN. 

We have tested this prediction by the following method. 
We chose to compare some surfactants of group I—represented 
by compound b) of figure 3 and other of similar structure 
(15)—with some of group I I — s i m i l a r to compound c) of 
figure 3. The crude o i l s used are l i s e d i n table I, together 
with their EACNs (13). 

TABLE I 
EQUIVALENT ALKANE CARBON NUMBER FOR VARIOUS CRUDE OILS 

Crude O i l EACN 

Prudhoe Bay f i e l d 6.2 

West Ranch f i e l d 6.6 

Wasson f i e l d 7.4 

Delaware Childers f i e l d 7.7 

Salt Creek f i e l d 7.8 

Horseshoe Gallup f i e l d 8.2 

Big Muddy f i e l d 8.5 

Bradford f i e l d 8.6 
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2. DOE E T AL. Low Interfacial Tensions 27 

A series of surfactant formulations were made up, each 
of which represented type I or type II preference behavior 
and each of which had an η . value within the "crude o i l " 
range of 6 to 9. The interracial tensions cf each surfactant 
were measured against each of the crude o i l s and several of 
the lower alkanes. 

The results of one of these comparisons for a typical 
group II surfactant, sulfonated 4(diethylphenyl)nonane, are 
shown i n figure 4, The plots are of i n t e r f a c i a l tension vs. 
alkane carbon number of EACN of the crude. Another 
comparison i s shown i n figure 5, this time for a mixture of 
two group II surfactants, sulfonated 5(p butylphenyl) decane 
and sulfonated 4(p butylphenyl) octane. 

A comparison for a group I surfactant, sulfonated 
5(p ethylphenyl) dodecane i s i n figure 6. These three sets 
of data are ty p i c a l of the results. Three things may be 
noted. 

a) The i n t e r f a c i a l tensions against crude o i l s are i n 
general higher than those against alkanes. This i s a 
re f l e c t i o n of the fact that the crudes have a different 
average structure. A similar difference was noted between 
alkylbenzenes and alkanes (14). 

b) The crude o i l results scatter more around the 
smooth curves drawn through the experimental points than do 
the alkane results. This i s presumably because the alkanes 
are similar chemical species, whereas the crudes may vary 
substantially i n chemical nature (see comment e a r l i e r ) . 

c ) The lowest tensions against alkane and crude o i l 
occur at similar EACNs for a given surfactant. This confirms 
once again that EACN i s not dependent on the surfactant 
used i n i t s determination. 

The results of a l l comparisons which were carried out are 
summarized i n figure 7, where γ . against alkanes i s plotted 
vs. γ . against crudes. There^îs an obvious correlation 
between these two. Furthermore, none of the group II 
surfactants gave a n ^ i n t e r f a c i ^ l tensions against a crude o i l 
which was below 1CT dyne CÏÏT . A l l of the group I 
surfactants ( s o l i d symbols) did so.^ A l l formulations which 
gave i n t e r f a c i a l tensions below.^10 dyne cm" against alkanes 
gave values below 1CT dyne cm" against crude o i l s . 

Clearly, this particular selection of surfactants 
divides, i n their i n t e r f a c i a l tension behavior against crude 
o i l s , along the lines which were predicted by considering 
their alkane preferences. This provides support for the idea 
that estimation of alkane preference by consideration of 
hydrophobic/interfering group balance (16) can be used as a 
screening test for deciding whether a surfactant has potential 
for use i n o i l recovery. Obviously, the evidence i s s t i l l 
limited. In particular, the surfactants compared i n the 
present study have very similar structures and we cannot be 
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28 CHEMISTRY OF OIL RECOVERY 

Figure 4. Comparison of alkane with crude oil interfacial tensions for sulfonated 
4(diethylphenyl)nonane, a Group II surfactant 
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5 10 15 
ALKANE CARBON NUMBER or EACN of CRUDE 

Figure 5. Alkane/crude oil comparison for a Group II mixture, 90% sulfonated 
5(p-butyl-phenyl)decane and 10% sulfonated 4(p-butylphenyl)octane by weight 
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0.7 g/liter 5 (pet^ )C, 2 S 10 g /liter NoCI 

— Δ — Alkanes 

— G — Crude oils 

Figure 6. Comparison of alkane and crude oil tensions for a Group I surfactant, 
sulfonated 5( \)-ethijlphenyl)dodecane 
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Figure 7. The relationship between ymin for crude oils and y„lin for alkanes, 
showing that a lower tension against an alkane implies a lower tension against 

a crude for the surfactants examined 
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certain, for instance, that a l l surfactants (or even a l l 
alkylbenzenesulfοantes) w i l l give lower tensions against 
alkanes than they w i l l against crude o i l s . If this i s not 
the case, knowledge of a surfactant's alkane preference w i l l 
be of limited usefulness. 

In summary, one may cautiously conclude that a surfactant 
of preference group I w i l l be the best type for obtaining 
low tensions against most crude o i l s . Group II surfactants 
are almost certain to be ineffective and Group III 
surfactants are of intermediate status. Evidence collected 
so far (14-16 ) indicates that these good surfactants w i l l 
have a short (methyl or ethyl) group ortho to the sulfonate 
group and a r e l a t i v e l y long major a l k y l chain (10 to 16 a l k y l 
carbons, or perhaps two shorter groups ortho to each other, 
but not to the sulfonate). 

Structures l i k e these are present i n large numbers i n 
petroleum sulfonates and synthetic commercial sulfonates. 
We may remark that similar alkane preferences can be detected 
for these complex commercial mixtures. It i s also of 
potential importance to note that the EACN of a " l i v e " crude 
containing large amounts of dissolved natural gas w i l l be 
lower than those of the stock tank o i l s used i n this study. 
This would tend to favor surfactants of lower η . 
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Phase Behavior of a Pure Alkyl Aryl Sulfonate Surfactant 

Ε. I. FRANSES, H. T. DAVIS, W. G. MILLER, and L. E. SCRIVEN 
Departments of Chemical Engineering & Materials Science, and of Chemistry, 
University of Minnesota, Minneapolis, MN 55455 

The phase behavior of surfactants in water and hydrocarbon 
is the key to understanding the water- and oil-dissolving power 
of certain surfactant systems and the interfacial tension between 
the phases that form in these systems (1,2). Ultralow tensions 
less than ΙΟμΝ/m (0.01 dyn/cm) are required by one of the 
important mechanisms in various processes for enhancement of 
petroleum recovery. Much information is now in the literature 
(3,4,5,6), but most of the data are for commercial surfactants 
which are complex mixtures of surface-inactive as well as surface
-active components (7). 

Recently a University of Texas group synthesized a number of 
isomerically pure alkyl aryl sulfonate surfactants (8) which are 
structurally similar to components of practically important 
petroleum sulfonate surfactant products (8,9). The Texas group 
established (9) and we confirmed (10) that ultralow tensions can 
be achieved with certain of these pure surfactants, provided the 
right combination of surfactant concentration, sodium chloride 
concentration, hydrocarbon, temperature and experimental pro
cedure is employed. 

Few studies of pure alkyl aryl sulfonate surfactants have 
appeared (8,11c,12). The interpretation of phase behavior and 
interfacial tension data for pure, single surfactants and well
-defined surfactant mixtures is expected to be easier than for 
complex and poorly-defined mixtures. Fundamental studies on pure 
surfactants will shed light on the behavior of practically 
important surfactant systems which are impure. 

Using one of the pure alkyl aryl sulfonates with water, 
sodium chloride and decane, we are investigating simultaneously 
the phase behavior, the structure of the phases, and the inter
facial tensions between them. Ultralow tensions are observed in 
this system (10), and it is important to know why they occur, 
when they do (13). Our first aim is to establish the equilibrium 
phase diagram of surfactant-water-decane as a function of 

0-8412-0477-2/79/47-091-035$10.00/0 
© 1978 American Chemical Society 
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temperature and sodium c h l o r i d e c o n c e n t r a t i o n . In t h i s paper we 
r e p o r t the main methods we a r e a p p l y i n g t o phase b e h a v i o r , some 
o f which p e r t a i n t o s t r u c t u r e as w e l l , and our r e s u l t s to d a t e . 
I n t e r f a c i a l t e n s i o n measurements w i l l be r e p o r t e d elsewhere (10). 
The methods are the f o l l o w i n g ( f o r a d d i t i o n a l d e t a i l s see Ref. 
14): 

S p e c t r o t u r b i d i m e t r y i s simply measuring the l o s s o f i n t e n s i t y 
o f a l i g h t beam by a b s o r p t i o n and s c a t t e r i n g as i t passes through 
a sample. In terms o f t r a n s m i t t a n c e T, the r a t i o o f t r a n s m i t t e d 
to i n c i d e n t i n t e n s i t y , and t o t a l absorbance Α Ξ -log-j^T, 

A , A _A abs + s c a t 
le ~ Zc le 

where i s absorbance due to a b s o r p t i o n , A g c a t i s t h a t due 
to s c a t t e r i n g ( a l s o c a l l e d t u r b i d i t y ) , £ i s the path l e n g t h (cm) 
and c i s the c o n c e n t r a t i o n (g/cm^). S i n c e s p e c i f i c a b s o r p t i o n , 
A a b s / ^ c ' u n l i k e the s c a t t e r i n g c o n t r i b u t i o n A s c a t / ^ c ' ^ s l a r 9 e l y 
independent o f the s i z e s and c o n c e n t r a t i o n s o f p a r t i c l e s and 
aggregates p r e s e n t ( i n o r d i n a r y s o l u t i o n s i t f o l l o w s Beer's law 
and i s c o n s t a n t ) , v a r i a t i o n s o f A/£c wi t h r e s p e c t t o concen
t r a t i o n , temperature or h i s t o r y r e f l e c t changes i n s i z e s and 
amount o f d i s p e r s e d m a t e r i a l (15). Thus the method can g i v e a 
' f i n g e r p r i n t ' o f a d i s p e r s i o n . I t i s not s e n s i t i v e enough, 
however, t o d e t e c t s m a l l t u r b i d i t i e s a r i s i n g from o r d i n a r y 
m i c e l l e s o r comparable m o l e c u l a r aggregates, f o r which a l i g h t 
s c a t t e r i n g method i s r e q u i r e d (16J. But f o r t h i s reason 
s p e c t r o t u r b i d i m e t r y can e a s i l y d i s c r i m i n a t e a f i n e , n o n - s e t t l i n g 
d i s p e r s i o n from an e q u i l i b r i u m m i c e l l a r s o l u t i o n . 

P o l a r i z i n g microscopy i d e n t i f i e s biréfringent phases, f o r 
example l i q u i d c r y s t a l l i n e phases (17,18), and r e v e a l s d i s p e r s e d 
p a r t i c l e s , p r o v i d e d they are l a r g e r than about l y ( u l t i m a t e 
s e n s i t i v i t y i s about 0.3μ). 

Vapor s o r p t i o n measurements y i e l d e q u i l i b r i u m composition 
and f u g a c i t y o r chemical p o t e n t i a l ; the i s o p i e s t i c v e r s i o n (19) 
i s used t o determine the uptake o f a pure vapor by a n o n v o l a t i l e 
m a t e r i a l . T h i s technique determines e q u i l i b r i u m composition o f 
a phase which cannot be sepa r a t e d q u a n t i t a t i v e l y from the l i q u i d 
phase i n e q u i l i b r i u m w i t h i t . In our a p p l i c a t i o n , a n o n v o l a t i l e 
c r y s t a l l i n e s u r f a c t a n t specimen S i s e q u i l i b r a t e d w ith vapor 
o f V, which i s , i n t u r n , a t e q u i l i b r i u m w i t h a system o f S and 
V c o n s i s t i n g o f two phases, one r i c h i n S, and one r i c h i n V. 
At e q u i l i b r i u m , the Gibbs-Duhem r e l a t i o n guarantees .that the 
i n i t i a l specimen o f S takes up enough V from the vapor phase 
t h a t the chemical p o t e n t i a l o f S, as w e l l as o f V, i s the same 
as i n the b i p h a s i c system, and so the composition o f the phase 
formed by vapor s o r p t i o n i s the same as t h a t o f the S - r i c h phase. 
T h i s composition i s e a s i l y determined by weight measurement. I f 
the temperature were a t r i p l e p o i n t , i . e . t h r e e phases a t 
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3. FRANSES E T AL. Alkyl Aryl Sulfonate Surfactant 37 

e q u i l i b r i u m , a s a t u r a t e d s o l u t i o n and two s u r f a c t a n t - r i c h phases, 
S i and w i t h the same chemical p o t e n t i a l o f V, then the 
s o l i d s u r f a c t a n t would absorb V u n t i l composition S2 i s 
reached, whereas the d i s p e r s i o n would c o n s i s t o f phases V and 
S l e Thus i t has to be v e r i f i e d t h a t the phase produced by vapor 
s o r p t i o n i s the same as t h a t i n the b i p h a s i c d i s p e r s i o n . 

Carbon-13 Nuclear Magnetic Resonance Spectroscopy (20) g i v e s 
i n f o r m a t i o n about motion — whether f a s t o r slow, i s o t r o p i c o r 
a n i s o t r o p i c — o f s p e c i f i c carbons i n the m o l e c u l a r s p e c i e s t h a t 
make up a sample. P r o v i d e d a phase has a d i s t i n g u i s h i n g spectrum, 
i t s presence (above a l i m i t i n g mass f r a c t i o n ) can be e s t a b l i s h e d , 
whether or not i t i s f i n e l y d i s p e r s e d i n a second phase. Thus 
t h i s i s a powerful t o o l f o r l o c a t i n g phase t r a n s i t i o n s and 
p r o b i n g the phase diagram. I t can a l s o be used to h e l p e l u c i d a t e 
the m i c r o s t r u c t u r e o f l i q u i d c r y s t a l l i n e phases and m i c e l l a r 
aggregates (21). 

Conductimetry o f aqueous s o l u t i o n s and d i s p e r s i o n s o f i o n i c 
s u r f a c t a n t s which are s t r o n g e l e c t r o l y t e s i n monomer form i s a 
s e n s i t i v e i n d i c a t o r o f t h e i r s t a t e o f a g g r e g a t i o n , because the 
e q u i v a l e n t c o n d u c t i v i t y o f even an extremely f i n e d i s p e r s i o n i s 
much s m a l l e r than t h a t o f e q u i l i b r i u m m i c e l l e s which, i n t u r n , 
i s s m a l l e r than t h a t o f m o l e c u l a r l y d i s p e r s e d i o n s i n water ( l i b ) . 
The c o n d u c t i v i t y o f a m i c e l l a r s o l u t i o n i s due p a r t l y to the sub
s t a n t i a l percentage o f the gegenions which are not bound to the 
m i c e l l e s , whereas a d i s p e r s e d phase must r e t a i n so much l a r g e r a 
percentage as t o l e a v e f a r fewer gegenions. The percentage o f 
f r e e gegenions i n m i c e l l a r s o l u t i o n s depends on the s u r f a c t a n t 
head group, m i c e l l e s i z e , and c o n c e n t r a t i o n . T y p i c a l v a l u e s are 
10 t o 40% ( l i b , 2 2 ) . Furthermore, m i c e l l e s c o n t r i b u t e s i g n i f i 
c a n t l y to the c o n d u c t i v i t y (23), whereas the l a r g e p a r t i c l e s o f a 
d i s p e r s e d phase do not. 

U l t r a c e n t r i f u g a t i o n and u l t r a f i l t r a t i o n are means o f 
s e p a r a t i n g d i s p e r s e d p a r t i c l e s of one phase from another and 
e s t i m a t i n g p a r t i c l e s i z e . O r d i n a r y s m a l l m i c e l l e s do not 
sediment q u i c k l y ; moreover they r e - e q u i l i b r a t e c o m p a r a t i v e l y 
r a p i d l y a f t e r u l t r a c e n t r i f u g a t i o n . The nature o f u l t r a f i l t r a t i o n 
membranes used i n our a p p l i c a t i o n i s d e s c r i b e d i n Ref. 24. 

APPARATUS AND PROCEDURES 

A Cary 15 U V - V i s i b l e (200 to 800 nm) Spectrophotometer was 
used. The c e l l h o l d e r was t h e r m o s t a t t e d (±0.2°C). Temperatures 
up to 60°C were measured w i t h a B a i l e y s u r f a c e microprobe (±1°C); 
those between 60°C and 90°C were est i m a t e d (±2°C) from the 
thermostat temperature. C e l l temperature was homogeneous w i t h i n 
these l i m i t s . T o t a l absorbances were measured w i t h an a c c u r a c y 
o f 0.003 and a s e n s i t i v i t y o f 0.002. They were u s u a l l y taken a t 
wavelengths between 750 and 350 nm, where s c a t t e r i n g i s dominant. 
However, to have s e n s i t i v i t y i t was sometimes necessary to work 
between 350 and 240 nm, where a b s o r p t i o n by the s u r f a c t a n t 
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38 CHEMISTRY OF OIL RECOVERY 

becomes s i g n i f i c a n t . The l a t t e r was e v a l u a t e d a t c o n c e n t r a t i o n s 
so low t h a t s c a t t e r i n g was n e g l i g i b l e . Absorbances a t the UV 
a b s o r p t i o n maxima (271.5, 267, 261, 255 and 223 nm) were a l s o 
measured and used f o r a n a l y t i c a l purposes a f t e r b e i n g c o r r e c t e d 
f o r s c a t t e r i n g , as determined by e x t r a p o l a t i o n from the non-
ab s o r b i n g r e g i o n o f the spectrum. C o n c e n t r a t i o n s found t h i s way 
should never be more than 10% above the t r u e v a l u e . 

Measurements were re c o r d e d o n l y a f t e r t o t a l absorbance 
v a l u e s a t s e v e r a l wavelengths were c o n s t a n t f o r a t l e a s t two 
hours. F o r b i p h a s i c d i s p e r s i o n s t h i s was done a t s e v e r a l tem
p e r a t u r e s and a s o l u b i l i t y phase boundary was taken t o be the 
temperature a t which the absorbance due t o s c a t t e r i n g f a l l s 
s h a r p l y t o 0.02 o r l e s s . T h i s i s the ' s y n t h e t i c 1 method f o r 
d e t e r m i n i n g s o l u b i l i t i e s (_25) . 

M i l l i p o r e (M) and Nuclepore (N) u l t r a f i l t r a t i o n membranes 
wi t h pore s i z e s 0.05 t o 0.22y were used t o s e p a r a t e d i s p e r s e d 
p a r t i c l e s . A l t e r n a t i v e l y o r i n a l t e r n a t i o n a Beckman L3-50 
p r e p a r a t i v e u l t r a c e n t r i f u g e w i t h an SW-1 swinging bucket r o t o r 
was used. I n i t i a l s o l u t i o n s and d i s p e r s i o n s were s t i r r e d mag
n e t i c a l l y f o r a t l e a s t 12 hours. 

A L e i t z p o l a r i z i n g microscope equipped w i t h a Nikon photo-
m i c r o g r a p h i c attachment was employed w i t h e i t h e r a s l i d e -
c o v e r s l i p arrangement o r a square c a p i l l a r y specimen c o n t a i n e r . 
Some specimens were taken from e q u i l i b r a t e d b i p h a s i c systems and 
some were produced by vapor s o r p t i o n of water o r decane by pure 
s u r f a c t a n t . 

For vapor s o r p t i o n measurements a the r m o s t a t t e d vapor 
s o r p t i o n apparatus (Worden Quartz Products, Inc.) was used (26). 
A s m a l l pan c o n t a i n i n g about 100 mg o f s u r f a c t a n t was suspended 
by a q u a r t z s p r i n g , the e x t e n s i o n o f which was f o l l o w e d by means 
o f a t r a v e l i n g microscope. The s p r i n g was c a l i b r a t e d under 
vacuum. Pure s o l v e n t s (water or decane) were used i n s t e a d o f 
s a t u r a t e d s o l u t i o n s i n the vapor s o r p t i o n experiment, because 
vapor p r e s s u r e l o w e r i n g due t o d i s s o l u t i o n o f s u r f a c t a n t was 
est i m a t e d t o be l e s s than 0.01%, whereas temperature v a r i a t i o n s 
o f 0.01°C change the vapor p r e s s u r e o f water by 0.06%. To a v o i d 
weight e r r o r because o f co n d e n s a t i o n on the s p r i n g o r on the 
s u r f a c t a n t c r y s t a l , the s u r f a c t a n t specimen was kept about 1°C 
above the temperature o f the s o l v e n t . Thus a s m a l l s y s t e m a t i c 
r e l a t i v e e r r o r o f 5 to 10% i n the sorbed amount was i n t r o d u c e d . 
The steady s p r i n g r e a d i n g , u s u a l l y a t t a i n e d w i t h i n 4 t o 12 hours 
a f t e r a i r e v a c u a t i o n , was taken to be the e q u i l i b r i u m v a l u e . 
T h i s was confirmed by r e p e t i t i o n , p a r t i a l d e s o r p t i o n and r e -
e q u i l i b r a t i o n and temperature c y c l e s . 

A V a r i a n XLFT-100 F o u r i e r Transform nmr Spectrometer i n t e r 
f a c e d w i t h a V a r i a n 620-L minicomputer w i t h magnetic tape s t o r a g e 
p r o v i d e d h i g h - r e s o l u t i o n , proton-decoupled s p e c t r a o f n a t u r a l 
abundance carbon-13 a t 25.2 MHz. For i d e n t i f i c a t i o n o f carbon 
peaks, c h l o r o f o r m - d s o l u t i o n s o f s u r f a c t a n t ( s o l u b i l i t y about 20 
wt%) were p r e p a r e d . Chloroform-d a l s o s erved f o r a deuterium 
f i e l d l o c k . Samples o f s u r f a c t a n t i n water o r decane were p l a c e d 
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3. F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 39 

i n 12 mm nmr tubes w i t h a c a p i l l a r y i n s e r t c o n t a i n i n g e i t h e r D2O 

o r acetone-d^ as l o c k s o l v e n t . The chemical s h i f t r e f e r e n c e s 
were TMS ( t e t r a m e t h y l s i l a n e ) i n c h l o r o f o r m - d and acetone-d^, and 
TSP (2,2,3,3, t e t r a d e u t e r o - 3 ( t r i m e t h y l s i l y l ) - p r o p i o n i c a c i d 
sodium s a l t , by Merck, Sharp and Dohme) i n D 20. Same samples 
(Spec t r a 1,2,5 and 6 shown below) were put i n 5 mm NMR tubes and 
then an e x t e r n a l l o c k on 1 9 F was employed. The t r u e s p e c t r a l 
w idth was 5120 Hz (or 5656 Hz), the a c q u i s i t i o n time was 0.8s (or 
0.727s, r e s p e c t i v e l y ) , and the s e n s i t i v i t y enhancement time con
s t a n t was 0.8s. For most s p e c t r a , the RF p u l s e width was 60 ys, 
c o r r e s p o n d i n g t o a 45° p u l s e f o r a l i p h a t i c carbons and a s m a l l e r 
one f o r aromatics; the e x c e p t i o n s a r e S p e c t r a 18 and 19, 100 ys, 
and Spectrum 5, 113 ys. O r d i n a r i l y no p u l s e d e l a y was used. 
The F o u r i e r t r a n s f o r m l e n g t h was always 8192 words. Samples were 
spun a t about 20 Hz. 

B i p h a s i c s o l u t i o n s were homogenized by b a r - s t i r r i n g a f t e r 
l o a d i n g i n t o nmr tubes. S i n g l e - p h a s e , s u r f a c t a n t - r i c h samples 
were prepared by e q u i l i b r a t i n g s u r f a c t a n t c r y s t a l s i n s i d e the 
nmr tubes w i t h water o r decane vapor (200h f o r Spectrum 6, 150h 
f o r Spectrum 13) u n t i l weight remained c o n s t a n t . The tem
p e r a t u r e o f most o f the nmr s p e c t r a i s 37°C, the temperature to 
which the samples are heated by the RF power o f the decoupler 
when t h e r e i s no temperature c o n t r o l . However, temperature was 
c o n t r o l l e d f o r one-phase systems. The number o f t r a n s i e n t s (T) 
and temperatures (°C) are r e p o r t e d below w i t h each spectrum. 

S o l u t i o n r e s i s t a n c e s were measured a t 1000 Hz w i t h an AC 
Wheatstone b r i d g e ; an HP 200 AB o s c i l l a t o r p r o v i d e d the i n p u t and 
a tuned a m p l i f i e r w i t h a n u l l d e t e c t o r was used to f i n d the 
b r i d g e balance (with simultaneous r e s i s t a n c e and c a p a c i t a n c e 
b a l a n c i n g ) . A homemade c e l l w i t h P t e l e c t r o d e s was used, 
s i m i l a r to the one d e s c r i b e d i n Ref. 27a. The c e l l was c a l i 
b r a t e d w i t h 0.10N NaCl s o l u t i o n s . 

MATERIALS 

The s u r f a c t a n t i s the sodium s a l t o f 8-phenyl n-hexadecyl 
p - s u l f o n a t e (molecular weight 404.6 d a l t o n ) . One sample was 
g e n e r o u s l y p r o v i d e d by P r o f . W. H. Wade o f the U n i v e r s i t y o f 
Texas, A u s t i n . Another b a t c h (Research Sample 8727J) was k i n d l y 
p r o v i d e d by C o n t i n e n t a l O i l Company, Ponca C i t y , Oklahoma. 
T h i s 'Conoco sample 1 was found t o c o n t a i n an i m p u r i t y i n s o l u b l e 
i n c h l o r o f o r m . The c h l o r o f o r m e x t r a c t was evaporated and d r i e d 
i n a vacuum oven. The p u r i f i e d Conoco sample gave i d e n t i c a l 
13c nmr s p e c t r a (see F i g u r e 6 ) , the same UV a b s o r p t i o n maxima, 
and the same p o l a r i z i n g microscope t e x t u r e s as the Texas sample. 
The phase b e h a v i o r and i n t e r f a c i a l t e n s i o n s were s i m i l a r , 
a lthough not always the same (10). Because the f i r s t sample was 
l i m i t e d i n amount, the Conoco sample was used f o r some o f the 
experiments r e p o r t e d here, as i n d i c a t e d by a s t e r i s k s . Both 
appeared t o be o f h i g h p u r i t y i n the l i g h t o f the s y n t h e s i s 
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40 C H E M I S T R Y O F O I L R E C O V E R Y 

method (8_,9) and t h e i r 1 3 C nmr s p e c t r a , which evidenced no c a r 
bon peaks o t h e r than those a t t r i b u t a b l e to the presumed s t r u c t u r e 
(see F i g u r e 6 ) . The o r i g i n o f the y e l l o w i s h n e s s o f both samples 
was not i d e n t i f i e d . S p e c t r o t u r b i d i m e t r y was conducted a t such 
low c o n c e n t r a t i o n s (<0.7 wt%) t h a t the y e l l o w i s h n e s s d i d not 
i n t e r f e r e . The s u r f a c t a n t samples were d r i e d a t 70°C i n a vacuum 
oven f o r a t l e a s t two days and were s t o r e d i n a d e s i c c a t o r . The 
decane and hexadecane used were 99+% pure Gold L a b e l from A l d r i c h . 
The c h l o r o f o r m was S p e c t r o A.C.S. from Eastman, and the c h l o r o -
form-d was 99.8% D-pure from Merck, Sharp and Dohme. The sodium 
c h l o r i d e was C e r t i f i e d A.C.S. from F i s h e r S c i e n t i f i c . D i s t i l l e d 
water was drawn through a M i l l i p o r e f o u r - s t a g e c a r t r i d g e system 
which reduces c o n d u c t i v i t y to 0.05 y S cm -!; c o n t a c t w i t h the 
atmosphere and glassware r a i s e s c o n d u c t i v i t y a g a i n , however. 
Glassware was prewashed, soaked o v e r n i g h t i n s u l f u r i c a c i d -
sodium chromate c l e a n i n g mixture, r i n s e d p r o f u s e l y w i t h p l a i n 
d i s t i l l e d water, and f i n a l l y r i n s e d w i t h M i l l i p o r e c o n d u c t i v i t y 
water. Abnormally h i g h c o n d u c t i v i t i e s d e t e c t e d subsequently i n 
some s o l u t i o n s i n d i c a t e d t h a t ions were leached from the g l a s s 
over p e r i o d s of weeks or months. 

RESULTS: SURFACTANT-WATER-SODIUM CHLORIDE 

V i s u a l and M i c r o s c o p i c O b s e r v a t i o n s 

S t i r r i n g 0.7 wt% s u r f a c t a n t i n water f o r s e v e r a l hours p r o 
duced a t u r b i d b l u i s h - w h i t e system. A specimen under the 
microscope and between c r o s s e d p o l a r i z e r s r e v e a l e d numerous 
biréfringent s p h e r u l i t e s 5 to lOOy i n diameter, with c h a r a c t e r 
i s t i c Maltese c r o s s e s . S i m i l a r t e x t u r e s were a l s o observed w i t h 
0.3 o r 1.0 wt% NaCl p r e s e n t . F i g u r e 1 i s a photomicrograph o f 
t y p i c a l s p h e r u l i t e s t o g e t h e r w i t h s o - c a l l e d m y e l i n i c f i g u r e s 
(17b), which are caused by i n t e r f e r e n c e phenomena. 

Dry s u r f a c t a n t never showed s p h e r u l i t e s between c r o s s e d 
p o l a r i z e r s but d i d d i s p l a y i n t e r f e r e n c e c o l o r s i n t h i c k samples, 
and b r i g h t and dark r e g i o n s i n t h i n samples. Thus the dry s u r 
f a c t a n t was p o l y c r y s t a l l i n e and s t r u c t u r a l l y d i f f e r e n t from the 
s p h e r u l i t e s (see F i g u r e 7 ) . Pressed v i g o r o u s l y between s l i d e s , 
dry s u r f a c t a n t d i s p l a y e d c h a r a c t e r i s t i c e l l i p s e s between c r o s s e d 
p o l a r i z e r s (17a). E v i d e n t l y s u r f a c t a n t i n water absorbed enough 
to a l t e r markedly i t s s t r u c t u r e . E v i d e n t l y too the s o l u b i l i t y o f 
s u r f a c t a n t i n water was l e s s than 0.7 wt%. 

Though a f t e r s t i r r i n g the 0.7 wt% system looked homogeneous 
to the naked eye f o r a few days, i t then s t a r t e d s e t t l i n g . Some
times a f a i r l y sharp boundary developed between the upper and the 
t u r b i d lower l a y e r . In one such example the lower c o n t a i n e d 1 
wt% s u r f a c t a n t and the upper, 0.14 wt% s u r f a c t a n t ; the o v e r a l l 
c o n t e n t was 0.19 wt%. Under the microscope both l a y e r s were 
heterogeneous, though th e r e were f a r more s p h e r u l i t e s i n the 
lower l a y e r than i n the upper one. In the absence o f s a l t , many 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
, 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

1.
ch

00
3

In Chemistry of Oil Recovery; Johansen, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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s p h e r u l i t e s w i t h diameter o f s e v e r a l microns remained d i s p e r s e d 
f o r weeks o r months; no doubt submicroscopic fragments were even 
slower to sediment. The s c a t t e r i n g c o l o r s o f the d i s p e r s i o n s 
were b l u i s h to g r e y - b l u i s h , i n d i c a t i n g R a y l e i g h to R a y l e i g h -
Debye type s c a t t e r i n g (15), which i s caused by submicroscopic 
p a r t i c l e s . So even when p a r t i c l e s cannot be r e s o l v e d i n the 
l i g h t microscope the s u r f a c t a n t may not be t r u l y d i s s o l v e d , but 
suspended i n s t e a d and the s i z e , number d e n s i t y , and r e f r a c 
t i v e index c o n t r a s t o f the suspended p a r t i c l e s may be too s m a l l 
to g i v e s c a t t e r i n g d e t e c t a b l e by eye. S e v e r a l w e l l - s t i r r e d s y s 
tems (0.10, 0.06, 0.025, 0.014 wt% s u r f a c t a n t ) looked t r a n s p a r e n t 
through 2 cm path l e n g t h under o r d i n a r y i l l u m i n a t i o n , u n l i k e 
systems w i t h h i g h e r c o n c e n t r a t i o n s (0.14, 0.22, 0.32, 0.7 wt%), 
i n which a second phase was confirmed. To t e s t f u r t h e r , water 
was l a y e r e d onto 0.09 wt% dry s u r f a c t a n t without s t i r r i n g : a f t e r 
s i x months o n l y p a r t o f the s u r f a c t a n t had d i s s o l v e d ( i n c o n t r a s t , 
water l a y e r e d onto 25 wt% d r y sodium d o d e c y l s u l f a t e d i s s o l v e d i t 
a l l i n l e s s than two weeks). S t i r r e d , t h i s c o m p o s i t i o n appeared 
to be t r a n s p a r e n t . I t i s t h e r e f o r e p l a i n t h a t t r a n s p a r e n c y and 
l a c k o f s e t t l i n g i n s t i r r e d s o l u t i o n s do not guarantee t h a t o n l y 
one phase i s p r e s e n t . Moreover, path l e n g t h and i l l u m i n a t i o n 
v a r y w i t h l a b o r a t o r y and o b s e r v e r and a r e r a r e l y r e p o r t e d . For 
these reasons s p e c t r o t u r b i d i m e t r y , u l t r a f i l t r a t i o n and u l t r a -
c e n t r i f u g a t i o n were used to d e t e c t submicroscopic p a r t i c l e s . 

M i x t u r e s c o n t a i n i n g i n a d d i t i o n from 0.1 to 10 wt% NaCl were 
a l s o examined f o r p a r t i c l e s and s c a t t e r i n g . I t was found, 
q u a l i t a t i v e l y , t h a t the s o l u b i l i t y o f s u r f a c t a n t i n aqueous s a l t 
s o l u t i o n decreased d r a s t i c a l l y w i t h i n c r e a s i n g s a l t c o n c e n t r a t i o n . 
The s o l u b i l i t y was l e s s than 0.01 wt% s u r f a c t a n t i n the presence 
of 0.3 wt% s a l t . Upper estim a t e s o f s o l u b i l i t y are summarized i n 
Table I I below. 

Order o f mixing i n f l u e n c e d the s t a t e o f the d i s p e r s i o n (see 
F i g u r e 4 and Table I I I ) . In one example, an i n i t i a l l y t r a n s 
p a r e n t p r e p a r a t i o n o f 0.077 wt% s u r f a c t a n t i n water was mixed 
wi t h a 3.0 wt% s o l u t i o n o f sodium c h l o r i d e . T h i s y i e l d e d a s y s 
tem with 0.30 wt% s a l t and 0.070 wt% s u r f a c t a n t , which i n one 
hour looked b l u i s h , then s l o w l y turned t u r b i d - b l u i s h and, i n a 
few days, developed v i s i b l e h a i r - l i k e biréfringent p a r t i c l e s and 
biréfringent s p h e r u l i t e s . The v e r y same composition when p r e 
pared by d i s s o l v i n g the s a l t , then adding the s u r f a c t a n t , and 
f i n a l l y s t i r r i n g f o r 24h, turned out t o be much more t u r b i d and 
to c o n t a i n p a r t i c l e s most o f which s e t t l e d w i t h i n days. T h i s 
p r e p a r a t i o n was found to c o n t a i n a l a r g e number o f biréfringent 
s p h e r u l i t e s , s i n g l e o r aggregated, o f s i z e 5 t o 20y ( s i z e s 
depended on the d e t a i l s o f s t i r r i n g ) . U l t r a s o n i c a t i o n a t 88 kHz 
f o r 10 min made the p r e p a r a t i o n s l i g h t l y o p a l e s c e n t , and under 
the microscope o n l y a few s m a l l (2-3μ) s p h e r u l i t e s c o u l d be seen. 
S p e c t r o t u r b i d i m e t r y showed a t e n - f o l d decrease i n t u r b i d i t y . But 
a f t e r a few hours, v i s i b l e p a r t i c l e s reappeared, i n d i c a t i n g t h a t 
the s u r f a c t a n t was not d i s s o l v e d by u l t r a s o n i c a t i o n but r a t h e r 
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the s t a t e o f d i s p e r s i o n o f the b i p h a s i c system was changed. 
The supernatant l i q u i d s o f a l l u n s t i r r e d b i p h a s i c systems 

were t r a n s p a r e n t . A l l s t i r r e d systems which looked o p a l e s c e n t o r 
b l u i s h - w h i t e p r e c i p i t a t e d upon s t a n d i n g ; i n the u l t r a c e n t r i f u g e 
they y i e l d e d a t r a n s p a r e n t upper l a y e r and a p r e c i p i t a t e which 
d i d not r e d i s p e r s e spontaneously even a f t e r a month o r more. 
Thus f o r these systems, opalescence and t u r b i d i t y v i s i b l e over 
a 2-cm p a t h l e n g t h i n o r d i n a r y i l l u m i n a t i o n , i n d i c a t e d the 
presence o f a second phase i n d i s p e r s e d form. However, systems 
o f the same composition looked d i f f e r e n t not o n l y when mixed i n 
d i f f e r e n t o r d e r s , but a l s o a f t e r h e a t i n g and r e c o o l i n g , e v i 
d e n t l y because o f d i s s o l u t i o n , s u p e r s a t u r a t i o n , n u c l e a t i o n and 
phase growth which l e d to d i f f e r e n t p a r t i c l e s i z e d i s t r i b u t i o n s 
(15). A p a r t from these t e s t s systems were o r d i n a r i l y p r epared 
by d i s s o l v i n g the s a l t and then adding the s u r f a c t a n t , a t con
s t a n t temperature, i n o r d e r t o a v o i d n o n e q u i l i b r i u m e f f e c t s 
a r i s i n g from s u p e r s a t u r a t i o n , slow n u c l e a t i o n and s l u g g i s h phase 
growth. 

C e r t a i n t r a n s p a r e n t , one-phase systems a f t e r s t a n d i n g f o r 
two months o r more became o p a l e s c e n t and threw a l i q u i d 
c r y s t a l l i n e p r e c i p i t a t e : see 0.014 and 0.025 wt% e n t r i e s i n 
Table I. T h e i r c o n d u c t i v i t i e s were found to have r i s e n markedly, 
i n d i c a t i n g t h a t i o n s had been le a c h e d from the g l a s s v i a l s , as 
d i s c u s s e d i n the f o l l o w i n g s e c t i o n on c o n d u c t i v i t y . T h e r e f o r e 
the l a t e - f o r m i n g p r e c i p i t a t e was regarded as an a r t i f a c t and o n l y 
the o b s e r v a t i o n s and measurements on specimens l e s s than a month 
o l d were r e p o r t e d . 

In summary, v i s u a l examination and p o l a r i z i n g microscopy 
e s t a b l i s h e d t h a t a t 25°C the s u r f a c t a n t - w a t e r phase diagram con
s i s t s o f an o p t i c a l l y i s o t r o p i c phase which i s d i l u t e i n s u r f a c 
t a n t , a biréfringent phase which i s r i c h i n s u r f a c t a n t , and an 
e x t e n s i v e two-phase r e g i o n between. The b i r e f r i n g e n c e and 
c h a r a c t e r i s t i c m i c r o s c o p i c t e x t u r e mark the s u r f a c t a n t - r i c h phase 
as l i q u i d c r y s t a l l i n e (17); moreover i t i s f l u i d , as observed i n 
vapor s o r p t i o n experiments d e s c r i b e d below. In aqueous s o l u t i o n 
o f 2 wt% NaCl or l e s s , d i l u t e suspensions o f the l i q u i d 
c r y s t a l l i n e d r o p l e t s s e t t l e d downward i n t o a white o r b l u i s h -
white f l o e l a y e r , whereas i n 3 and 10 wt% NaCl, s u r f a c t a n t 
p a r t i c l e s looked to the naked eye l i k e c r y s t a l l i t e s o f dry 
s u r f a c t a n t . However, under the microscope the p a r t i c l e s showed 
i n t e r f e r e n c e c o l o r s between c r o s s e d p o l a r i z e r s (none between 
p a r a l l e l p o l a r i z e r s ) , biréfringent s p h e r u l i t e s and m y e l i n i c 
f i g u r e s , i n d i c a t i n g t h a t the s u r f a c t a n t - r i c h phase remained a 
l i q u i d c r y s t a l even i n e q u i l i b r i u m w i t h 10 wt% NaCl s o l u t i o n 
d e s p i t e i t s s o l i d appearance. 

As the p r o p o r t i o n o f s u r f a c t a n t i n c r e a s e d i n a b i p h a s i c s y s 
tem made g r o s s l y homogeneous by magnetic s t i r r i n g , the v i s c o s i t y 
i n c r e a s e d . A t 14.5 wt% (no s a l t ) the system was a v i s c o u s p a s t e . 
A t 23 and 30%, i t was g e l - l i k e ; e.g. when tu r n e d u p side down f o r 
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3. F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 43 

Table I. S p e c i f i c absorbance of surfactant-water mixtures 
at s e v e r a l wavelengths. A i s t o t a l absorbance, 
A a b s t n a t d u e t o absorption, A - A

a b s t n a t d u e t o 

s c a t t e r i n g ; I i s pathlength and c i s co n c e n t r a t i o n 

S u r f a c t a n t V i s u a l Absorbance S p e c i f i c absorbance, cm /g 
con c e n t r a t i o n appearance measure Wavelength, λ, nm 

wt% 700 500 436 350 300 

0.014 transparent A/fcc n.d. a n.d. n.d. n.d. 70+15 b 

0.025 transparent A/£c n.d. n.d. n.d. 16+8 68+8 b 

Α-A c 

0.061 transparent — 1 0 + 3 14+3 2 3+5 25+10 29+12 

Α-A c 

0.14 opalescent — 9 + 1 24+1 34+1 70+10 110+12 

. . , Α-A c 
0.70 Γ* ? , 38+1 86+1 112+1 217+10 350+12 

bl u i s h - w h i t e le _ _ _ _ _ 

(a) absorbance not d e t e c t a b l e at 1 cm path length, i . e . l e s s than instrumental 
s e n s i t i v i t y o f spectrophotometer used. 

(b) s i n c e s c a t t e r i n g was not d e t e c t a b l e at these c o n c e n t r a t i o n s , A ^ /&c was 
taken as 16+8 at 350 nm and 70+10 at 300 nm and 0 at 436, 500 an§ 700 nm. 

(c) with A
a b s / ^ c as explained i n b. 
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a day i t d i d not flow. In none o f these was there any s i g n o f 
s e t t l i n g even a f t e r months, although m i c r o s c o p i c a l l y they looked 
heterogeneous, w i t h biréfringent s p h e r u l i t e s i n a background o f 
biréfringent and n o n - b i r e f r i n g e n t patches. The 14.5% system 
d i l u t e d w i t h s a l t s o l u t i o n to 13.5 wt% s u r f a c t a n t and 1 wt% 
sodium c h l o r i d e , changed from a t r a n s l u c e n t , t u r b i d , v i s c o u s 
paste to a f r e e - f l o w i n g , m i l k y , l o n g - l i v e d d i s p e r s i o n . F u r t h e r 
i n c r e a s e of s a l i n i t y to 10 wt% gave a f r e e - f l o w i n g d i s p e r s i o n o f 
c o a r s e r p a r t i c l e s which tended to s e t t l e upward (the d e n s i t y o f 
the b r i n e was 1.07 g/cm 3). 

S p e c t r o t u r b i d i m e t r y 

Systems which appear to be t r a n s p a r e n t may n e v e r t h e l e s s be 
b i p h a s i c . R e p r e s e n t a t i v e measurements o f absorbances o f t u r b i d 
as w e l l as t r a n s p a r e n t systems are r e p o r t e d here to demonstrate 
the a p p l i c a t i o n o f s p e c t r o t u r b i d i m e t r y . A system was regarded 
as b i p h a s i c i f one or more o f the f o l l o w i n g c r i t e r i a were met: 

(i) The wavelength dependence o f absorbance was l e s s s t r o n g 
than Ι/λ̂  i n the range 700 > λ > 350 nm. In t h i s range 
a b s o r p t i o n by the s u r f a c t a n t i s n e g l i g i b l e and absorbance 
i s due almost e x c l u s i v e l y to s c a t t e r i n g . T h i s wavelength 
dependence corresponds to Rayleigh-Debye o r Mie 
s c a t t e r i n g (15), which i n d i c a t e s p a r t i c l e s i z e s g r e a t e r 
than 0.1μ (14), whereas s m a l l e r p a r t i c l e s g i v e R a y l e i g h 
s c a t t e r i n g , w i t h wavelength dependence Ι/λ^ (15). 

( i i ) Absorbances though c o n s t a n t over measurement p e r i o d s o f 
hours depended on the o r d e r o f mixing, age, and thermal 
h i s t o r y o f specimens o f the same o v e r a l l composition. 

( i i i ) The t u r b i d i t y , i . e . s p e c i f i c absorbance due to s c a t t e r i n g , 
( A - A a k s ) / l c r a t 436 nm was l a r g e r than 15 cm 2/g. As 
e s t i m a t e d from data on sodium dode c y l s u l f a t e (16), t h i s 
corresponds to many thousands o f s u r f a c t a n t molecules per 
p a r t i c l e i f a l l o f the s u r f a c t a n t i s aggregated and thus 
to p r o p o r t i o n a t e l y more per p a r t i c l e i f o n l y a f r a c t i o n 
o f the t o t a l s u r f a c t a n t c o n c e n t r a t i o n i s aggregated i n t o 
p a r t i c l e s . In any case t h i s t u r b i d i t y i n d i c a t e s par
t i c l e s c o n s i d e r a b l y l a r g e r than even the l a r g e s t r e p o r t e d 
e q u i l i b r i u m m i c e l l e s i n s i m i l a r systems ( l i b ) . When 
absorbances had t o be measured a t l e s s than 436 nm the 
r e s u l t s were e x t r a p o l a t e d to 436 nm i n o r d e r to apply t h i s 
c r i t e r i o n . 

R e p r e s e n t a t i v e r e s u l t s are shown i n Table I and F i g u r e s 2 
and 3. At 0.014 and 0.025 wt% s u r f a c t a n t no s c a t t e r i n g was 
d e t e c t a b l e and these systems s a t i s f i e d none of the t h r e e 
c r i t e r i a . Furthermore t h e i r s p e c i f i c absorbances a t 300 nm were 
independent o f c o n c e n t r a t i o n (so were t h e i r s p e c i f i c absorbances 
a t the UV a b s o r p t i o n maxima (14)). I t was concluded t h a t 
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F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 

Figure 1. Photomicrograph (χΙΟΟ), with crossed polarizers, of liquid crystals 
produced by equilibrating dry surfactant crystals with 0.3 wt % aqueous solution 
of NaCl between two ghss slides. The appearance is the same at NaCl concentra

tions from 0 to 1 wt %. 

i.o 

0.8 

0.6 

c 0.4 

0.2 

0.0 

x Increasing Temperatures 

• Decreasing Temperatures 

20 30 40 50 60 
Temperature, C 

70 80 90 

Figure 2. Temperature dependence of total absorbance at 600 nm over 1 cm 
path length of a biphasic dispersion of 0.70 wt % surfactant in water: bars indi
cate fluctuations about average absorbance, which was steady for 2 hr or more; 

arrows indicate direction of temperature change. 
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absorbances o f these d i l u t e systems were due t o a b s o r p t i o n alone 
and c o u l d be used to c o r r e c t f o r a b s o r p t i o n i n a r r i v i n g a t the 
t u r b i d i t i e s (A-A^^/lc o f the h i g h e r c o n c e n t r a t i o n samples. The 
samples w i t h 0.061, 0.14 and 0.70 wt% s u r f a c t a n t were thus found 
to have t u r b i d i t i e s a t 436 nm l a r g e r than 15 cm 2/g. Moreover, 
they showed wavelength dependence weaker than Ι/λ 4. For example, 
a t 0.14 wt% the r a t i o o f t u r b i d i t i e s a t 350 and 700 nm i s 8 ± 2 i n 
comparison with (700/350) 4 = 1 6 . So by c r i t e r i a ( i ) and ( i i i ) 
t hese systems are b i p h a s i c . The d i f f e r e n c e s i n t u r b i d i t y and i t s 
wave-length dependence i n these t h r e e systems r e f l e c t e d wide 
v a r i a t i o n s i n the mean and d i s t r i b u t i o n o f p a r t i c l e s i z e s (15). 
I t s h ould be noted t h a t the specimen w i t h 0.061 wt% looked q u i t e 
t r a n s p a r e n t . 

The dependence o f t u r b i d i t y on temperature and thermal h i s 
t o r y i s shown i n F i g u r e 2 f o r 0.70 wt% s u r f a c t a n t , which i s 
c o m p l e t e l y d i s s o l v e d a t 90°C, and i n F i g u r e 3 f o r 0.14 wt%, which 
i s c o m p l e t e l y d i s s o l v e d a t 45°C. A f t e r a s t e p i n c r e a s e i n tem
p e r a t u r e , average absorbance r e q u i r e d a few hours t o become 
steady, whereas a f t e r a s t e p decrease the time r e q u i r e d was from 
5 to 48h. O c c a s i o n a l l y the absorbance would f l u c t u a t e around a 
steady average v a l u e . T h i s i s i n d i c a t e d i n F i g u r e 2 by b a r s . 
F l u c t u a t i o n s arose from v a r y i n g s c a t t e r e r amount i n the volume 
t r a v e r s e d by the l i g h t beam. 

S o l u b i l i t i e s were determined by a p p l y i n g the f o r e g o i n g 
c r i t e r i a to a specimen drawn from the uppermost l a y e r o f each 
system a f t e r i t had been s t i r r e d w e l l (by magnetic s t i r r i n g bar) 
and allowed to s e t t l e f o r two days or more. Table I I summarizes 
the r e s u l t s : the v a l u e s l i s t e d are the h i g h e s t c o n c e n t r a t i o n s a t 
which a second phase was not d e t e c t e d by each o f the methods 
l i s t e d . When a second phase had p r e c i p i t a t e d , c o n c e n t r a t i o n s 
were determined by UV a b s o r p t i o n . 

The e f f e c t o f the o r d e r o f mixing o f s u r f a c t a n t and s a l t i n 
water was f o l l o w e d w i t h s p e c i a l a t t e n t i o n because o f a c o r r e s 
ponding e f f e c t on the i n t e r f a c i a l t e n s i o n o f r e s u l t i n g system 
a g a i n s t a drop o f decane (10) . F i g u r e 4 shows the time dependence 
of t o t a l absorbance a t s e v e r a l wavelengths, o f a system which i s 
b i p h a s i c i n e q u i l i b r i u m a f t e r the s a l t c o n c e n t r a t i o n was r a i s e d 
from 0 to 0.3 wt%. T u r b i d i t y c o n t i n u e d to r i s e f o r 80h, 
e s p e c i a l l y a t lower wavelengths, a t which s c a t t e r i n g i s s t r o n g e r . 
Although the system began s e t t l i n g a f t e r 80h, the t u r b i d i t y con
t i n u e d i n c r e a s i n g f o r a week, and i t a l s o c o ntinued to i n c r e a s e 
a f t e r u l t r a f i l t r a t i o n . 

U l t r a c e n t r i f u g a t i o n and U l t r a f i l t r a t i o n T e s t s 

T a b l e s I I I , IV, and V show u l t r a v i o l e t a b s o r p t i o n - b a s e d 
d e t e r m i n a t i o n s o f c o n c e n t r a t i o n s a f t e r c e n t r i f u g a t i o n (C), u l t r a 
c e n t r i f u g a t i o n (UC) and u l t r a f i l t r a t i o n (UF). The e f f e c t o f the 
o r d e r o f mixing on s i z e of d i s p e r s e d p a r t i c l e s , as evidenced by 
d i f f e r e n t responses t o the same treatment, i s p l a i n i n Table I I I . 
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0.4 r 

? 0.3h 
ΓΟ 

0.2 h 

ο.ι 

O.OL 

x,+ Increasing Temperatures 
• Decreasing Temperatures 
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Figure 3. Temperature dependence of total absorbance at 340 nm over 1 cm 
path length of a biphasic dispersion of 0.14 wt % surfactant in water: each point 
is the steady value observed for 2 hr or longer; arrows indicate direction of tem

perature change. 

Figure 4. Time dependence of absorb
ance over 1 cm path length at several 
wavelengths, of precipitating surfactant 
system of 0.070 wt % surfactant and 
0.30 wt % NaCl in water, prepared by 
adding 3.0 wt % NaCl solution in time 
zero to 0.077 wt % surfactant in water 
(transparent). The initial total absorb
ance is predominantly by absorption, the 
increase by scattering from the separat

ive, h ing phase. 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20036 
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Table II. S o l u b i l i t y (wt%) of surfactant in water and 
sa l t water as determined by different c r i t e r i a 

Temperature NaCi. 
°C 

25 

30 

45 

60 

90 

25 

90 

25 

wt% 

0 

0 

0 

0 

0 

0. 30 

0.30 

3.00 

Visual 

0.10-0.14 

0.13 

0.22 

°·3ι 
0.75 

<0.008 

<0.008 

<0.0008 

C r i t e r i a c d 

Microscopy Spectroturbidimetry U l t r a f i l t r a t i o n 

<0.0008 

0.06 

0.10 

0.14 

0.23 

0.70 

<0.008 

<0.008 

<0.0008 

0.05-0.09 

0.001-0.002 

(a) Below the concentration c i t e d no p a r t i c l e s were v i s i b l e in l i q u i d 
s t i r r e d well and allowed to s e t t l e . At 25°C observations were made 
in a sequence of closely spaced concentrations; at higher temperatures 
s o l u b i l i t y was defined as the t o t a l concentration, at which no v i s i b l e 
p a r t i c l e s remained after heating to the ci t e d temperature. 

(b) Above the upper l i m i t , p a r t i c l e s were observed at 100X: below the lower 
l i m i t no p a r t i c l e s were observed. 

(c) Non-Rayleigh scattering, history-dependent scattering, or scattering 
in excess of a certain amount: see text. 

(d) Concentration determined by u l t r a v i o l e t absorbance after f i l t r a t i o n 
through M i l l i p o r e u l t r a f i l t r a t i o n membrane of nominal pore size 0.05y: 
See Tables 4 and 5. 
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Table I I I . C e n t r i f u g a t i o n (C) and u l t r a f i l t r a t i o n (UF) t e s t s of 
surfactant s o l u b i l i t y (wt%) and p a r t i c l e s i z e of 
three-days-old samples mixed i n d i f f e r e n t orders: 
i n A f i r s t the surfactant and then the s a l t , i n Β 
vice-versa (25°C). 

Treatment 

h. P r e c i p i t a t i o n B. Dispersion 
0.070 wt% sur f . 0.30 wt% NaCJl 
0.30 wt% NaCi. 0.070 wt% surf. Remarks 

C: 200g, l l h 

UF: 0.22y,Mb 

UF: 0.22u,M 

UF: 0.22μ,Μ 
then UF: 0.10u,M 

C: 200g, l l h ; 
then UF: 0.22u,M 

0.070 

<0.065a 

so.oes 1 

S0.063 2 

$0.047 

<0.045 

0.070 

<0.03 

<0.053 

<0.045 

$0.020 

A s c a t t e r s l e s s than Β 

A s c a t t e r s more than Β 

1,2,3 r e f e r to order 
of f i l t r a t i o n through 
the very same f i l t e r 

(a) Concentrations determined from 
u l t r a v i o l e t absorption maxima; 
c o r r e c t i o n and i s estimated to 

sc a t t e r i n g - c o r r e c t e d absorbance at 
the uncertainty i s introduced by the 
be l e s s than 10% of the value given. 

(b) M i l l i p o r e u l t r a f i l t r a t i o n membrane (M) of nominal pore s i z e 0.22μ. 
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Table IV. U l t r a f i l t r a t i o n (UF) and ultracentrifugation (UC) 
tests of surfactant s o l u b i l i t y and p a r t i c l e size 
of surfactant-water systems, which were s t i r r e d 
well and allowed to sett l e for two days at 25°C. 

UF: 0.05u,M 0.05 

I) 0.089 wt% surfactant; neither p a r t i c l e s nor s e t t l i n g observed; transparent 

UF: 0.05μ^Γ 

UF: 0.05μ,Μ 
same f i l t e r as above 

0.067 
same f i l t e r as above 

0.067 
new f i l t e r 0.05u,M 

0.055 

J new f i l t e r 0.05μ,Μ 
0.047 

J same f i l t e r as above 
0.047 

UF: 0.05μ,Μ 0.07̂ ^ 0.08? 0.086 0.09Q 

J UF: 0.05μ,Μ 
0.06„ 

same f i l t e r as above 
0.08^ - part i c l e s v i s i b l e ; 

increased scattering 

III) 0.135 wt% surfactant; s l i g h t l y turbid; no pa r t i c l e s observed 

UC: 40,000g, 3h UF: 0.05μ, 
^ UF: 0.05μ^,Μ 

o.oe, ο. ι Λ 
0.1„ 

(a) Samples 1,2,3,4 correspond to 2 cm aliquots of the same stock preparation 
f i l t e r e d successively, in the order 1 to 4, through the very same f i l t e r . 

(b) Nuclepore u l t r a f i l t r a t i o n membrane (N) of nominal pore size 0.10μ. 
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Table V. U l t r a f i l t r a t i o n (UF) and u l t r a c e n t r i f u g a t i o n (UC) 
t e s t s o f s u r f a c t a n t s o l u b i l i t y and p a r t i c l e s i z e 
o f s u r f a c t a n t - w a t e r - s a l t systems; samples were 
w e l l s t i r r e d and allowed to s e t t l e (25°C). 

I) 0.30 wt% NaCl f i r s t s u r f a c t a n t , then s a l t ; 
0.084 wt% s u r f a c t a n t three weeks a f t e r p r e p a r a t i o n , 
supernatant l i q u i d , opalescent, t u r b i d , c o n c e n t r a t i o n not determined 

UF: 0.05μ,Μ 

"^θ1θ3 ( f i l t e r plugged) 

II) 0.30 wt% NaCl f i r s t s a l t , then s u r f a c t a n t ; 
0.018 wt% s u r f a c t a n t three days a f t e r p r e p a r a t i o n , 
supernatant l i q u i d , t r a n s p a r e n t , c o n c e n t r a t i o n not determined 

0.0014 0.0016 

III) 3.00 wt% NaCl f i r s t s a l t , then s u r f a c t a n t ; 
0.0095 wt% s u r f a c t a n t three days a f t e r p r e p a r a t i o n , 
supernatant l i q u i d , t r a n s p a r e n t , 0.0008 wt% 

J UF: 0.05u,M 

0.0002 wt% 
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The systems were examined t h r e e days a f t e r p r e p a r a t i o n and were 
g e n t l y shaken up b e f o r e sampling. I t i s s i g n i f i c a n t t h a t a con
s i d e r a b l e p r o p o r t i o n o f the s u r f a c t a n t , which i s d e f i n i t e l y not 
i n s o l u t i o n (the s o l u b i l i t y i s l e s s than 0.008% and i s p r o b a b l y 
0.002%: see Table II) passes through a 0.10μ f i l t e r , which i s 
claimed by the manufacturer to r e t a i n most p a r t i c l e s l a r g e r than 
0.12μ. In s e v e r a l cases p a r t i c l e s were d e t e c t e d i n the f i l t r a t e 
by t h e i r s c a t t e r i n g h a l o s ( l i k e d ust p a r t i c l e s ) which suggested 
t h a t they were l a r g e r than the nominal pore s i z e o f the M i l l i p o r e 
u l t r a f i l t r a t i o n membrane. 

The r e s u l t s shown i n Table IV f o r systems c o n t a i n i n g no s a l t 
r e v e a l e d t h a t a g i v e n f i l t e r does not perform r e p r o d u c i b l y . 
Moreover, u l t r a c e n t r i f u g a t i o n f o l l o w e d by u l t r a f i l t r a t i o n d i d 
not always y i e l d a s m a l l e r s u r f a c t a n t c o n c e n t r a t i o n i n the 
f i l t r a t e than u l t r a f i l t r a t i o n a l o n e . A new, prewashed (with d i s -
s t i l l e d water) f i l t e r always decreased the c o n c e n t r a t i o n i n the 
f i l t r a t e a t f i r s t but soon l o s t i t s e f f e c t i v e n e s s ; the h i g h e s t 
r e t e n t i o n was always from the f i r s t a l i q u o t . A d s o r p t i o n i n the 
f i l t e r might w e l l have been r e s p o n s i b l e . T h e r e f o r e Nuclepore 
f i l t e r s (N) o f much s m a l l e r s u r f a c e a r e a were a l s o employed. 
These have s t r a i g h t pores and are much c l o s e r to s u r f a c e f i l t e r s 
than are the M i l l i p o r e f i l t e r s w i t h t h e i r h i g h l y interwoven 
s t r u c t u r e and g r e a t e r t h i c k n e s s (120μ v s . 1 2 μ ) , which make them 
depth f i l t e r s i n essence (24). R e t e n t i o n on Nuclepore f i l t e r s o f 
the same pore s i z e was g r e a t e r , however, and t h i s argues a g a i n s t 
r e t e n t i o n by m o l e c u l a r a d s o r p t i o n . And i n some cases the 
s c a t t e r i n g was s t r o n g e r a f t e r f i l t r a t i o n . D e s p i t e these problems, 
the d a t a i n Tables IV and V were used t o estimate s o l u b i l i t i e s , 
w i t h r e s u l t s which are l i s t e d i n Table I I and which do not 
c o n t r a d i c t the v a l u e s found by o t h e r means. 

Conductimetry 

E q u i v a l e n t c o n d u c t i v i t i e s were f i r s t measured o f the systems 
c o n t a i n i n g 0.014 and 0.025 wt% s u r f a c t a n t (0.35 and 0.62 mM) to 
shed l i g h t on why they threw p r e c i p i t a t e s months a f t e r they had 
been prepared, t e s t e d , and c l a s s i f i e d as s i n g l e - p h a s e . The 
r e s u l t s a t these and h i g h e r c o n c e n t r a t i o n s are g i v e n i n F i g u r e 5, 
where data f o r sodium dode c y l s u l f a t e (28) (which were confirmed 
t o w i t h i n 10% a t low c o n c e n t r a t i o n s , 5% a t c o n c e n t r a t i o n s h i g h e r 
than 5 mM) and f o r sodium c h l o r i d e are p l o t t e d f o r comparison. 
At low enough c o n c e n t r a t i o n s t h a t the s u r f a c t a n t i s t o t a l l y d i s 
s o l v e d and u n a s s o c i a t e d , the apparent e q u i v a l e n t c o n d u c t i v i t i e s 
o f sodium 8-phenyl-n-hexadecyl-p-sulfonate ought to be about the 
same as the e q u i v a l e n t c o n d u c t i v i t i e s o f sodium d o d e c y l s u l f a t e 
(SDS), because they have the same c a t i o n and t h i s i o n c o n t r i b u t e s 
the most (around 51/71 = 75%) to the c o n d u c t i v i t y . I t f o l l o w e d 
t h a t the much l a r g e r e q u i v a l e n t c o n d u c t i v i t i e s measured i n sam
p l e s s i x or more months o l d c o u l d be a t t r i b u t e d n e i t h e r to the 
s u r f a c t a n t alone nor to a s u r f a c t a n t i m p u r i t y , because they d i d 
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not c o r r e l a t e to the s u r f a c t a n t c o n c e n t r a t i o n . However, f o r s o f t 
g l a s s — the m a t e r i a l o f the v i a l s employed — c o n t a c t e d by pure 
water f o r s e v e r a l months, some 100 ppm o f leached s o l i d s have 
been observed (29). Such a c o n c e n t r a t i o n o f i n t e r f e r i n g i o n s can 
account f o r the excess c o n d u c t i v i t y observed (27b). Given the 
h i g h observed s e n s i t i v i t y o f s u r f a c t a n t s o l u b i l i t y to sodium i o n , 
i t was e s t i m a t e d t h a t the above l e v e l o f i o n s c o u l d indeed reduce 
the s o l u b i l i t y t o l e s s than 0.014 wt% and thus c o u l d induce the 
p r e c i p i t a t i o n mentioned above. F i g u r e 5 a l s o shows t h a t d e s p i t e 
the i n t e r f e r i n g c o n d u c t i v i t y r i s e , the e q u i v a l e n t c o n d u c t i v i t y 
o f the p r e s e n t s u r f a c t a n t f a l l s p r e c i p i t o u s l y w i t h i n c r e a s i n g 
c o n c e n t r a t i o n , a t 0.7 wt% (17m mol/ ) r e a c h i n g 11.2 S cm" 2 m o l " 1 , 
which i s o n l y 16% o f the low c o n c e n t r a t i o n v a l u e f o r SDS. T h i s 
c o u l d be accounted f o r by the c o n c e n t r a t i o n o f d i s s o l v e d 
s u r f a c t a n t — 0.06 t o 0.1 2 wt%, a c c o r d i n g to Table 2 o r , i n f a c t , 
l e s s because o f the i n t e r f e r i n g i o n s — and p a r t l y by i o n i c 
c o n t a m i n a t i o n . What i s most e v i d e n t from F i g u r e 5 i s the marked 
d i f f e r e n c e i n c o n d u c t i v i t y between an o r d i n a r y m i c e l l a r s o l u t i o n 
o f s u r f a c t a n t and the aqueous p r e p a r a t i o n s o f the p r e s e n t 
s u r f a c t a n t . 

Vapor S o r p t i o n 

The amount o f water sorbed by i n i t i a l l y d r y s u r f a c t a n t g r a i n s 
was 23 wt% a t 25°C (the water r e s e r v o i r was a c t u a l l y a t 24°C, as 
d e s c r i b e d above). The d i f f e r e n c e between t h i s v a l u e and the 30 
wt% sorbed by s u r f a c t a n t i n an nmr tube (Spectrum 6 below) 
a p p a r e n t l y arose i n poor temperature c o n t r o l . A f t e r water 
s o r p t i o n the s u r f a c t a n t g r a i n s fused i n t o a continuous f i l m , 
which i n d i c a t e d the f l u i d nature o f the l i q u i d c r y s t a l l i n e 
m a t e r i a l . 

Carbon-13 Nuclear Magnetic Resonance Spectroscopy 

Carbon-13 s p e c t r a f o r s u r f a c t a n t i n chloroform-d are shown 
i n F i g u r e 6. A l l carbon resonances f o r the Texas (Spectrum 1) 
and Conoco (Spectrum 3) samples c o i n c i d e . Spectrum 2 i s f o r o f f -
resonance p r o t o n - d e c o u p l i n g (20b), i n which s p i n - s p i n c o u p l i n g 
should cause peaks o f carbons bonded to hydrogen to s p l i t — 
CH^-peaks i n t o q u a r t e t s , CH 2-peaks i n t o t r i p l e t s , CH-peaks i n t o 
d o u b l e t s , whereas peaks o f non-protonated carbons should remain 
s i n g l e t s (20b). The carbon resonances correspond to i n d i v i d u a l 
carbons i n the s u r f a c t a n t molecule. The assignments a r e : 
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0 4 8 12 16 20 24 
Concentration, m mol/1 

Figure 5. Concentration dependence of equivalent conductivity, at 25°C, of 
SDS, an ordinary micellar solution, and aged aqueous surfactant (S). One 
mmol/L of surfactant (S) corresponds to 0.0405 wt %. The critical micelle con
centration of SDS is 8 mmol/L. For comparison, equivalent conductivities of 

sodium chloride and sodium ion, at infinite dilution, are shown. 
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Figure 6. 13C, 1II-decoupled NMR spectra of surfactant in chloroform-Ό: con
centrations are tot % surfactant (S); S* denotes the Conoco sample; temperatures 

are reported in ° C; Τ stands for number of transients. 
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A B E D D D C F G F C D D E B A 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CH 3CH 2CH 2CH 2CH 2CH 2CH 2CH 2CHCH 2CH 2CH 2CH 2CH 2CH 2CH 3 

I • CH CH < I 
I I 

H y CH CH < H 

SO-Na + 

Assignments o f peaks A through G were made on the b a s i s o f pub
l i s h e d v a l u e s o f chemical s h i f t s o f hydrocarbons (30) and 
comparison w i t h the spectrum o f decane ( c f . F i g u r e 9, S p e c t r a 12 
and 14). S e v e r a l l i n e s were r e s o l v e d i n the group resonance 
l a b e l e d D. Peaks H and I correspond t o p r o t o n a t e d benzene c a r 
bons, and peaks J and Κ correspond t o non-protonated benzene 
carbons, by v i r t u e o f comparisons w i t h the spectrum o f p - i s o p r o p y l 
b e n z e n e s u l f o n i c a c i d , which has the same b a s i c s u b s t i t u e n t s on 
the benzene r i n g as the p r e s e n t s u r f a c t a n t . Assignments f o r t h i s 
compound were made by u s i n g an e m p i r i c a l e q u a t i o n (31) and pub
l i s h e d v a l u e s o f chemical s h i f t s o f the compounds i s o p r o p y l -
benzene and b e n z e n e s u l f o n i c a c i d (30). The assignments agreed 
w i t h the r e s u l t s o f the o f f - r e s o n a n c e experiment, s i n c e A peaks 
s p l i t to a q u a r t e t , G, Η and I t o d o u b l e t s , and Β, E, D appeared 
to be u n r e s o l v e d t r i p l e t s (the non-protonated benzene and 
chlor o f o r m - d peaks showed some minor s p l i t t i n g , v e r y l i k e l y an 
exper i m e n t a l a r t i f a c t ) . The chemical s h i f t s o f the r e s o l v e d 
peaks i n Spectrum 3 a r e , i n a l p h a b e t i c a l o r d e r and ppm d o w n f i e l d 
from i n t e r n a l TMS, as f o l l o w s : 14.1 3, 22.7 5, 27.7 2, 29.3 6 t o 
29.9 4, 32.0 7, 36.6!, 45.9 7, 126.5 5, 127.6 2, 140.6Q and 149.7 Q. 
Those o f chlo r o f o r m - d were 75.87, 77.I3 and 78.4!· I t i s con
v e n i e n t t o group A, B, D and Ε as C l a s s I carbon peaks and a l l 
o t h e r as C l a s s I I carbon peaks. 

As shown i n F i g u r e 7, o n l y C l a s s I peaks were observed and 
r e s o l v e d i n Spectrum 4, which i s o f a d i s p e r s i o n o f s u r f a c t a n t 
i n water, 2.3 wt%. A c c o r d i n g t o Table 2, t h i s system c o n t a i n e d 
around 0.06 wt% d i s s o l v e d s u r f a c t a n t , the remainder b e i n g i n the 
form o f d i s p e r s e d l i q u i d c r y s t a l . The s i g n a l from the d i s s o l v e d 
s u r f a c t a n t was too s m a l l to be d i s t i n g u i s h e d from the n o i s e , as 
was e v i d e n t from Spectrum 5, which i s o f 0.1 wt% s u r f a c t a n t , f o r 
a comparable number o f t r a n s i e n t s . In the middle o f Spectrum 5 
a n e g a t i v e peak due to the nmr probe carbons appeared, o n l y 
because o f the l a r g e number o f t r a n s i e n t s and the extremely low 
sample s i g n a l . The c o n c l u s i o n was t h a t the observed resonances 
i n Spectrum 4 came from the d i s p e r s e d l i q u i d c r y s t a l l i n e phase. 
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#4 
2.3% S 
37 C 
5S000Τ 

#5e 

0.10% S 
37 C 
73300 Τ 

ED B A 

7o|L 
37 C 
3050 Τ 

Ε DB A 

#7 
100% s 
37 C 
soso τ 

"7Λ 

Figure 7. 13C, 1H-decoupled NMR spectra of surfactant-water samples: (#4), 
dispersion in aqueous solution; (#5), transparent sample; (#6), liquid crystal 
produced by water vapor sorption by crystal; (#7), dry crystal (u stands for un

resolved resonances). 
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#8 
14.6 % S 
37 C 
4400 Τ 

TSP 
ED 

#9 
14.0% S 
37 C 
4000 Τ 
15s pulse delay 

Β ̂  

#10 
14.6% S 
81 C 
4000 Τ 

#11 
13.3% S 
1.0 % NaCl 
37 C 
7400 Τ TSP 

Figure 8. 13C, 1H-decoupled NMR spectra of surfactant-ioater samples: relative 
peak heights are not significant. 
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3. F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 59 

In Spectrum 6, which i s f o r the s u r f a c t a n t - w a t e r l i q u i d c r y s t a l 
produced by vapor s o r p t i o n , o n l y C l a s s I peaks were observed; 
moreover they were r e s o l v e d , as i n Spectrum 4 o f the d i s p e r s e d 
l i q u i d c r y s t a l (the broad u n r e s o l v e d peak u appeared i n 6 but 
not i n 4, p r o b a b l y because o f the l a r g e r (-6-fold) amount o f 
s u r f a c t a n t i n the nmr t u b e ) . By t h i s evidence the c o n c l u s i o n was 
t h a t the d i s p e r s e d l i q u i d c r y s t a l and the l i q u i d c r y s t a l produced 
by vapor s o r p t i o n were the same. 

Spectrum 8, which i s f o r 14.6 wt% s u r f a c t a n t was the same as 
t h a t o f 23 wt% s u r f a c t a n t , o f the Conoco sample (not shown), and 
both were the same as S p e c t r a 4 and 6. T h i s was c o n s i s t e n t w i t h 
both samples b e i n g b i p h a s i c and o n l y the l i q u i d c r y s t a l phase 
g i v i n g an o b s e r v a b l e s i g n a l . 

A p u l s e d e l a y o f 15.0s was used to t e s t the s e n s i t i v i t y o f 
the s p e c t r a to the p u l s e parameters: see Spectrum 9. Except 
f o r s m a l l changes i n r e l a t i v e peak h e i g h t s , which are o f l i t t l e 
s i g n i f i c a n c e i n F o u r i e r Transform s p e c t r a (20), the spectrum 
remained unchanged. Changing the p u l s e width to 20 ys a l s o l e f t 
the spectrum (not shown) unchanged. 

At 81°C o n l y about 0.6 wt% o f the 14.6% s u r f a c t a n t was d i s 
s o l v e d i n water (Table II) and thus most o f the s u r f a c t a n t was i n 
the l i q u i d c r y s t a l l i n e s t a t e . T h i s i s e v i d e n t from Spectrum 10. 
F i n a l l y , the spectrum looked the same when the aqueous phase 
c o n t a i n e d 1.0 wt% NaCl (Spectrum 11). 

The sharpness o f the C l a s s I peaks suggested t h a t the 
m o l e c u l a r motion o f the c o r r e s p o n d i n g segments o f the s u r f a c t a n t 
molecule i n the l i q u i d c r y s t a l l i n e phase i s f a i r l y f a s t and 
p r o b a b l y i s o t r o p i c . In c o n t r a s t , the m o l e c u l a r motion o f the 
segments c o r r e s p o n d i n g to C l a s s I I peaks i s much more r e s t r i c t e d , 
as evidenced by the f a c t t h a t the carbon peaks were too broad to 
be observed and r e s o l v e d . T h i s d i f f e r e n c e was l i t t l e a f f e c t e d 
by temperature, i n the range 25 t o 81°C, or by s a l i n i t y i n the 
aqueous phase from 0 to 1 wt%. T h i s p a t t e r n o f m o l e c u l a r motion 
stemmed from water a b s o r p t i o n by the s u r f a c t a n t , as can be seen 
by comparing S p e c t r a 6 and 7 o f hydrated and dry s u r f a c t a n t , 
r e s p e c t i v e l y . These d a t a were c o n s i s t e n t w i t h the p o l a r i z i n g 
microscopy evidence o f marked s t r u c t u r a l changes accompanying 
uptake o f water. 

RESULTS : SURFACTANT-DECANE 

By the s p e c t r o t u r b i d i m e t r y and v i s u a l o b s e r v a t i o n c r i t e r i a , 
the s o l u b i l i t y o f s u r f a c t a n t i n decane was found to be s l i g h t l y 
l e s s than 0.04 wt% a t 25°C and about the same a t temperatures up 
to about 50°C. Around 50°C, b i p h a s i c systems c o n t a i n i n g 0.046, 
0.12 or 7.7 wt% s u r f a c t a n t became c l e a r . The white p a r t i c l e s o f 
s u r f a c t a n t - r i c h phase appeared to melt. A 15.5 wt% sample 
remained b i p h a s i c between 50 and 80°C, i n which temperature range 
the s o l u b i l i t y was e s t i m a t e d t o be about 9 wt%. The b e h a v i o r o f 
s u r f a c t a n t i n hexadecane was s i m i l a r : the s o l u b i l i t y was about 
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60 C H E M I S T R Y O F O I L R E C O V E R Y 

0.008 wt% a t 25°C, changed l i t t l e up to about 65°C, and r o s e 
d r a m a t i c a l l y above 65°C. These sharp changes i n s o l u b i l i t y 
were r e v e r s i b l e , though w i t h time l a g . When the decane s o l u t i o n s 
were c o o l e d back down to 25°C, they remained t r a n s p a r e n t f o r one 
to t h r e e days; a 0.012 wt% sample i n hexadecane remained s p e c t r o -
t u r b i d i m e t r i c a l l y unchanged f o r more than t h r e e days. But a f t e r 
the i n i t i a l i n d u c t i o n p e r i o d , the s u r f a c t a n t - r i c h phase began to 
form v i s i b l e p a r t i c l e s which took a week or more to s e t t l e , 
depending on the o v e r a l l c o m p osition and the thermal h i s t o r y o f 
the sample. 

By the i s o p i e s t i c method the amount o f decane taken up by 
s u r f a c t a n t c r y s t a l s a t 25°C was 19 wt% (decane l i q u i d was h e l d 
a t 24°C). The time r e q u i r e d f o r e q u i l i b r a t i o n was about 12h. 
C r y s t a l s o f the Conoco sample e q u i l i b r a t e d w i t h decane vapor i n 
an nmr tube f o r 150h sorbed about 18 wt% decane, i n agreement 
w i t h the r e s u l t o f the i s o p i e s t i c method. A f t e r e q u i l i b r a t i o n 
the c r y s t a l l i t e s , though they kept t h e i r i n d i v i d u a l i t y , looked 
g l o s s i e r , seemingly wet. In the p o l a r i z i n g microscope, these 
c r y s t a l l i t e s o f s u r f a c t a n t - d e c a n e phase were biréfringent and 
had a t e x t u r e s i m i l a r to t h a t o f the d r y s u r f a c t a n t . Pressed 
between s l i d e s , they deformed more r e a d i l y than d r y s u r f a c t a n t , 
which suggested t h a t they were l i q u i d c r y s t a l l i n e . 

In 1**C n m r s p e c t r a (see F i g u r e 9) the chemical s h i f t s o f 
the decane-carbon resonances o v e r l a p one-by-one w i t h C l a s s I 
resonances (A, B, D, and E) o f the s u r f a c t a n t , p r o v i d e d the f o l 
l owing assignments a r e made: 

Thus C l a s s I resonances correspond t o e i t h e r s u r f a c t a n t c h a i n s o r 
to decane or t o both. Spectrum 12 i s from a b i p h a s i c 15.5 wt% 
d i s p e r s i o n a t 37°C. No C l a s s I I peaks were observed w i t h 1000 
t r a n s i e n t s , nor d i d the s i t u a t i o n change w i t h 10,000 t r a n s i e n t s 
(nor d i d expanding the s c a l e , as i n F i g u r e 10, Spectrum 15, make 
any d i f f e r e n c e ) . Thus the c o n c e n t r a t i o n o f d i s s o l v e d s u r f a c t a n t 
was too s m a l l t o be d i s t i n g u i s h a b l e from the n o i s e , i n a c c o r d 
w i t h the 0.04 wt% s o l u b i l i t y measured a t t h i s temperature. 

The c o n t r i b u t i o n o f d i s s o l v e d s u r f a c t a n t , whose c o n c e n t r a t i o n 
was o n l y 0.001M, compared to 7M o f decane, to the observed C l a s s 
I peaks must have been n e g l i g i b l e . C l a s s I I peaks were not 
observed i n Spectrum 13 o f the biréfringent phase, and C l a s s I 
peaks were broadened ( l i n e w i d t h about 30 Hz) compared to the 
peaks i n Spectrum 12 ( l i n e w i d t h l e s s than 5 Hz). T h e r e f o r e i t 
seems q u i t e p o s s i b l e t h a t the d i s p e r s e d biréfringent phase d i d 
g i v e C l a s s I peaks i n Spectrum 12, but t h a t these peaks, due to 
e i t h e r the s u r f a c t a n t o r to absorbed decane o r t o both, merged 
wi t h those o f the decane i n the i s o t r o p i c phase. 

A B E D D D D E B A 

CH 3CH 2CH 2CH 2CH 2CH 2CH 2CH 2CH 2CH 3 
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F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 

#12 
15.5% s 
3T C 
1··· τ 

#13 
12 % S* 
23 C 
45·· Τ TSP 

#14 
15.5% S 
71 C 
1151 Τ 

Κ J IH G F 

DB 

Figure 9. I 3 C , 1H-decoupled NMR spectra of surfactant-decane samples. The 
sample with 82 wt % surfactant was produced by equilibrating surfactant crys

tallites with decane vapor. 
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#15 
7.7 % S* 
37 C 
1100 Τ 

4 VWUv 

Κ J 

#10 
7.7 % S* 
65 C 
1000 Τ 

IH 

#17 
7.7 % S* 
37 C 
1000 τ 

TSP 

Figure 10. 10C, 1H-decoupled NMR spectra over a temperature cycle of 7.7 wt % 
surfactant in decane: (#17), 1 hr after cooling; different noise levels are not sig
nificant. Vertical scale expanded fivefold over scale of Spectra 12 and 14 (Figure 
9), for comparable signal of Class I peaks, to increase sensitivity for Class II peaks. 
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3. F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 63 

The peaks observed i n Spectrum 13 i n d i c a t e h i n d e r e d 
m o l e c u l a r motion i n the biréfringent phase. F u r t h e r work i s 
needed to r e s o l v e which molecules gave the observed s i g n a l . That 
the peaks appear t o be s u p e r p o s i t i o n s o f a narrow peak and a much 
broader one i s t a n t a l i z i n g . 

Above 50°C, the s o l u b i l i t y o f s u r f a c t a n t i n decane i n c r e a s e d 
to about 9 wt% and C l a s s I I peaks were r e a d i l y observed a t 71°C 
and 15.5 wt% (Spectrum 14) and a t 65°C and 7.7 wt% (Spectrum 16). 
I t was noted t h a t C l a s s I peaks were much more i n t e n s e than C l a s s 
I I peaks whenever the l a t t e r were observed (Spectra 14 and 16), 
e v i d e n t l y because they came from both s u r f a c t a n t and decane. The 
l a t t e r was p r e s e n t a t 3 0 - f o l d h i g h e r molar c o n c e n t r a t i o n than the 
d i s s o l v e d s u r f a c t a n t . 

An hour a f t e r the 7.7 wt% sample was c o o l e d back down i t 
looked as c l e a r as a t 65°C. However, Spectrum 17 shows t h a t the 
s u r f a c t a n t molecules were no l o n g e r m obile. E v i d e n t l y they had 
formed a phase d i s p e r s e d i n t o u n i t s so s m a l l — no l a r g e r than 
s e v e r a l hundred Angstroms, p r o b a b l y — t h a t t h e r e was no v i s i b l e 
s c a t t e r i n g . A f t e r weeks o f s t a n d i n g o n l y a b i t o f white p r e 
c i p i t a t e appeared, a s m a l l f r a c t i o n o f the t o t a l s u r f a c t a n t 
p r e s e n t . I t f o l l o w s t h a t the growth o f some o f the submicro
s c o p i c u n i t s to v i s i b l e , s e t t l i n g s i z e was the slow s t e p i n the 
subsequent p r e c i p i t a t i o n o f the s u r f a c t a n t - d e c a n e phase. 

RESULTS : SURFACTANT-WATER-DECANE 

Only a p r e l i m i n a r y s e t o f experiments was completed. 
P o l a r i z i n g microscopy o f two well-mixed systems c o n t a i n i n g sub
s t a n t i a l amounts o f s u r f a c t a n t , one c o n s i s t i n g o f 11.9 wt% 
s u r f a c t a n t - 2 1 . 4 wt% water-66.7 wt% decane and the o t h e r o f 21%-
71%-8% o f the same, r e v e a l e d biréfringent r e g i o n s and some 
e l l i p s e s r e sembling f o c a l c o n i e s (17a), b u t no s p h e r u l i t e s . 
Textures such as the one shown i n F i g u r e 11 c d u l d be a l t e r e d by 
rubbing the sample between s l i d e and c o v e r s l i p . Comparisons 
w i t h the t e x t u r e s o f d r y s u r f a c t a n t , o f s u r f a c t a n t - w a t e r l i q u i d 
c r y s t a l , and o f s u r f a c t a n t - d e c a n e biréfringent phase, i n d i c a t e d 
t h a t the biréfringent m a t e r i a l seen i n F i g u r e 11 and o t h e r cases 
must have been a s u r f a c t a n t - r i c h phase which had absorbed both 
water and decane; however, the samples may have c o n t a i n e d more 
than one phase. On s t a n d i n g , the sample c o n t a i n i n g 11.9%-21,4%-
66.7% separated i n t o a t r a n s p a r e n t upper l a y e r which was p r e 
dominantly decane, and a t u r b i d , t r a n s l u c e n t , v i s c o u s lower l a y e r 
o f composition which was estimated t o be 17%-33%-50% on the b a s i s 
o f the r e l a t i v e volumes o f the lower l a y e r and the upper l a y e r 
(taken as v i r t u a l l y pure decane). The second system (21%-71%-8%) 
was g e l - l i k e : i t d i d not f l o w p e r c e p t i b l y when i t was turned 
upside-down f o r two days, and i t showed no s i g n o f s e t t l i n g a f t e r 
more than a month. 

Samples prepared w i t h lower s u r f a c t a n t content, y e t more 
than the sum o f what would be s o l u b l e i n the water alone and what 
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would be s o l u b l e i n the decane alone, d i s p l a y e d no b i r e f r i n g e n c e . 
F i g u r e 12a p o r t r a y s a sample which o r i g i n a l l y c o n t a i n e d 0.2 wt% 
s u r f a c t a n t i n water and to which decane was added (the sum o f the 
separate s o l u b i l i t i e s f e l l between 0.07 and 0.1 wt%). A f t e r 
s t i r r i n g , the upper l a y e r which formed was m i l k y and v i s c o u s ; i t 
d i d not change n o t i c e a b l y over more than f o u r months; and i t 
proved to c o n t a i n a l a r g e number o f n o n b i r e f r i n g e n t d r o p l e t s , o f 
diameter 10 to 40y, which were almost cl o s e - p a c k e d . These 
d r o p l e t s were s u r e l y r e s p o n s i b l e f o r the i n t e n s e l i g h t s c a t t e r i n g 
and h i g h v i s c o s i t y o f the l a y e r . A t 250X m a g n i f i c a t i o n no t h i r d 
phase c o u l d be seen; but s i n c e no t r a n s p a r e n t l a y e r s o f water or 
decane were ever d e t e c t e d , even a f t e r f o u r months, i t seemed 
l i k e l y t h a t the s u r f a c t a n t had not a c t u a l l y d i s s o l v e d completely 
i n the water and decane, b u t was i n c o r p o r a t e d i n an undetected 
t h i r d phase. Moreover, i n a sample which o r i g i n a l l y c o n t a i n e d 
0.30 wt% NaCl and 0.070 wt% s u r f a c t a n t , and to which decane was 
added (the sum o f the se p a r a t e s o l u b i l i t i e s was about 0.01 wt%), 
th r e e phases were observed ( F i g u r e 12b); these were a t r a n s 
p a r e n t , d e c a n e - r i c h upper l a y e r , an o p a l e s c e n t , w a t e r - r i c h lower 
l a y e r , and a f l o e o f white p a r t i c l e s . The p a r t i c l e s were n e i t h e r 
biréfringent nor s p h e r i c a l — i n f a c t they were dimpled — and 
they c o u l d e a s i l y be d i s t i n g u i s h e d i n the microscope from the 
decane m i c r o d r o p l e t s which were o f t e n e n t r a i n e d d u r i n g sampling 
through the upper phase and which though a l s o n o n b i r e f r i n g e n t , 
were s p h e r i c a l and c o n t r a s t e d d i f f e r e n t l y w i t h the aqueous back
ground. I t was concluded t h a t the f l o c c u l a t e d white p a r t i c l e s 
were a t h i r d phase r i c h i n s u r f a c t a n t which had absorbed, i n 
a d d i t i o n to water, s u f f i c i e n t decane to change from more dense to 
l e s s dense than the aqueous s o l u t i o n , and to change i n s t r u c t u r e 
from biréfringent s p h e r u l i t e s to n o n b i r e f r i n g e n t , n o n s p h e r i c a l 
p a r t i c l e s . 

R e p r e s e n t a t i v e l ^ C nmr s p e c t r a are shown i n F i g u r e 13. In 
Spectrum 18, which i s f o r the 17 wt% s u r f a c t a n t - 3 3 wt% water-50% 
decane sample mentioned above (9:1 molar r a t i o o f decane to 
s u r f a c t a n t ) , o n l y C l a s s I peaks were observed. I t was not c l e a r 
how many phases were a c t u a l l y p r e s e n t , a s i d e from the biréfrin
gent surfactant-water-decane phase. For t h i s phase, which 
c o n t a i n s most o f the s u r f a c t a n t , absence o f C l a s s I I peaks i n d i 
c a t e d h i n d e r e d motion, as i n the s u r f a c t a n t - d e c a n e and the 
s u r f a c t a n t - w a t e r biréfringent phases. C l a s s I I peaks were not 
observed i n the spectrum o f the 11.9-21.4-66.7% sample (not 
shown) which separated i n t o two l a y e r s , the upper one b e i n g 
t r a n s p a r e n t and predominantly decane. Thus the d i s s o l v e d amount 
o f s u r f a c t a n t i n the decane which l a t e r s e parated i n the presence 
o f water was a l s o too s m a l l to g i v e a d e t e c t a b l e s i g n a l . In 
Spectrum 19, which i s f o r the same sample as above a t 71°C, no 
C l a s s I I peaks were observed e i t h e r . By comparing S p e c t r a 19 and 
14, which i s f o r a sample w i t h no water p r e s e n t , i t was i n f e r r e d 
t h a t the presence o f water i n s u r f a c t a n t - d e c a n e samples had one 
o f the f o l l o w i n g e f f e c t s a t 71°C: e i t h e r i t decreased the amount 
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3. F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 

Figure 11. Photomicrograph (χ 100), with crossed polarizers, of a gel-like sample 
containing 21 wt % surfactant, 8% decane, and 71 wt % water, between slide and 

coverslip 
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biréfringent Ί 
erulites J 

Add decane 
stir well 

milky upper layer 
LQpTT^— no birefringence 
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Figure 12. Schematic of phase behavior and structural changes after mixing a 
surfactant-brine biphasic dispersion with decane in volume ratio of approximately 
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#1* 
17 % S 
33 % W 
50 % D 
37 C 
2000 Τ 

TSP 

#19 
17 % S 
33 % W 
50 % D 
71 C 
2000 Τ 

TSP 

#20 
21% S* 
71%W 

37 C 
6800 Τ 

Figure 13. 13C,1Η-decoupled NMR spectra of surfactant (S)-water (W)-decane 
(D) systems. All samples were translucent to turbid. Sample 20 was gel-like. 
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3. F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 67 

o f d e c a n e - r i c h phase to an u n d e t e c t a b l e l e v e l , o r i t a l t e r e d the 
s o l u b i l i t y o f the s u r f a c t a n t i n the d e c a n e - r i c h phase, o r i t 
simply a l t e r e d the molecular motion o f d i s s o l v e d s u r f a c t a n t i n 
the d e c a n e - r i c h phase. Spectrum 20, f o r a d i f f e r e n t molar r a t i o 
(1.1:1) o f decane to s u r f a c t a n t , i s q u i t e s i m i l a r to Spectrum 18, 
i n d i c a t i n g the most o f the s u r f a c t a n t was not mobile e i t h e r . 
F u r t h e r work i s needed to r e v e a l the number o f phases p r e s e n t and 
the m o l e c u l a r motion o f s u r f a c t a n t and decane i n each o f them. 

DISCUSSION AND CONCLUSIONS 

S u r f a c t a n t S o l u b i l i t y 

The s o l u b i l i t y o f sodium 8-phenyl-n-hexadecyl-p-sulfonate i n 
water i s q u i t e s m a l l , 0.06 wt% a t 25°C and 0.7 wt% a t 90°C. 
These a r e the v a l u e s by s p e c t r o t u r b i d i m e t r y , the most r e l i a b l e 
technique of those used a t these c o n c e n t r a t i o n s . The s o l u b i l i t y 
f a l l s r a p i d l y w i t h i n c r e a s i n g sodium c h l o r i d e c o n c e n t r a t i o n . The 
s o l u b i l i t y i s o n l y 0.0002 wt% i n 3 wt% NaCl s o l u t i o n a t 25°C 
(determined by u l t r a f i l t r a t i o n and a n a l y s i s by UV a b s o r p t i o n ) . 
O b v i o u s l y a common-ion e f f e c t i s i n v o l v e d i n t h i s h i g h s e n s i 
t i v i t y t o Na + c o n c e n t r a t i o n (32a), but t h e r e may be o t h e r f a c t o r s . 
Thus s m a l l amounts o f s a l t i m p u r i t i e s which can be leached from a 
g l a s s v i a l (29), can cause s i g n i f i c a n t e r r o r s i n s o l u b i l i t y . 
S o l u b i l i t y can depend on the s i z e o f the u n d i s s o l v e d phase, though 
t h i s e f f e c t i s u n l i k e l y to be important f o r u n d i s s o l v e d p a r t i c l e 
s i z e s l a r g e r than about 1μ when i n t e r f a c i a l excess energy i s on 
the o r d e r o f up to 0.03 J/m 2 (30 erg/cm 2)(32b). S o l u b i l i t y 
measurements can be confounded by the presence o f submicroscopic 
u n d i s s o l v e d p a r t i c l e s i n s t a b l e suspension. In t h i s study the 
e x i s t e n c e was demonstrated o f s u r f a c t a n t suspensions i n water 
which are s t a b l e f o r weeks o r more, y e t to the naked eye are 
c l e a r and t r a n s p a r e n t over p a t h l e n g t h s o f one and two c e n t i 
meters. 

T h e r e f o r e i t i s necessary to b r i n g s e v e r a l methods t o bear 
i n s o l u b i l i t y d e t e r m i n a t i o n s o f s u r f a c t a n t s such as the one 
s t u d i e d , and i t must be r e c o g n i z e d t h a t d i f f e r e n t methods may 
g i v e somewhat d i f f e r e n t r e s u l t s . S p e c t r o t u r b i d i m e t r y and nmr 
s p e c t r o s c o p y h e l p d i s c r i m i n a t e between d i s s o l v e d and d i s p e r s e d 
s u r f a c t a n t , on the b a s i s o f p a r t i c l e s i z e and m o l e c u l a r motion, 
r e s p e c t i v e l y . U l t r a f i l t r a t i o n and u l t r a c e n t r i f u g a t i o n s e p a r a t i o n s 
are v e r y u s e f u l , b u t the former s u f f e r the danger o f m o l e c u l a r (or 
m i c e l l a r ) a d s o r p t i o n i n the f i l t e r and the l a t t e r runs the r i s k o f 
f i e l d - o r pressure-dependent phase e q u i l i b r i u m . And to i n t e r p r e t 
the r e s u l t s o f e i t h e r r e q u i r e s s p e c t r o t u r b i d i m e t r y and a means of 
q u a n t i t a t i v e chemical a n a l y s i s , such as UV a b s o r p t i o n s p e c t r o 
scopy. F o r t u n a t e l y , o r d i n a r y e q u i l i b r i u m m i c e l l e s i n s o l u t i o n (33) 
seem to be u n a f f e c t e d o r to r e - e q u i l i b r a t e q u i c k l y a f t e r up to 3h 
a t 40,000g (16) and a f t e r passage through a 0.1μ u l t r a f i l t r a t i o n 
membrane (34). These f i l t r a t i o n r e s u l t s were confirmed i n t h i s 
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68 C H E M I S T R Y O F O I L R E C O V E R Y 

l a b o r a t o r y by p r e l i m i n a r y t e s t s w i t h aqueous sodium dodecyl s u l 
f a t e below and above the c r i t i c a l m i c e l l e c o n c e n t r a t i o n (system
a t i c study i s under way). Whether m i c e l l e s o f the a l k y l a r y l 
s u l f o n a t e are p r e s e n t i n water a t c o n c e n t r a t i o n s lower than i t s 
s o l u b i l i t y i s c u r r e n t l y b e i n g probed by conductimetry. F o r 
s o l u b i l i t y the method t h a t i s u s u a l l y most r e l i a b l e , when i t i s 
p r a c t i c a b l e a t a l l , i s the spontaneous d i s s o l u t i o n o f s u r f a c t a n t 
i n the absence o f a l l c o n v e c t i o n , whether caused by s t i r r i n g , 
n a t u r a l c o n v e c t i o n , o r s w e l l i n g phenomena ( d i f f e r e n t i a l s w e l l i n g 
may be unavoidable, as f o r example i n the fo r m a t i o n o f m y e l i n i c 
f i g u r e s ) . Though the time r e q u i r e d t o rea c h s o l u t i o n e q u i 
l i b r i u m by d i f f u s i o n , even i n a s m a l l volume, can be q u i t e l o n g , 
t h i s method i s b e i n g t r i e d t o o. 

The s o l u b i l i t y o f the s u r f a c t a n t i n decane i s a l s o q u i t e 
s m a l l a t 25°C, about 0.04 wt%, but over a narrow temperature 
range around 50°C i t r i s e s d r a m a t i c a l l y , as i n the K r a f f t p o i n t 
range o f a s i n g l e - c h a i n s u r f a c t a n t i n water (11a). Such a 
phenomenon w i t h a s u r f a c t a n t i n a nonpolar s o l v e n t i s not uncommon 
(35). I n c i d e n t a l l y , the absence o f a K r a f f t p o i n t range f o r the 
s u r f a c t a n t i n water between 10 and 90°C argues f o r the absence o f 
m i c e l l e s i n s o l u t i o n . Abrupt change i n the s l o p e o f such a 
p r o p e r t y as s u r f a c e t e n s i o n v e r s u s c o n c e n t r a t i o n (9) can be due 
to p r e c i p i t a t i o n o f a new phase as w e l l as to onse t o f a p p r e c i a b l e 
m i c e l l e f o r m a t i o n , and so does not c o n s t i t u t e c o n c l u s i v e evidence 
f o r the l a t t e r . 

S u r f a c t a n t s o l u b i l i t i e s i n water i n the presence o f decane, 
and i n decane i n the presence o f water are important t o the 
t e r n a r y phase diagram and are c u r r e n t l y under study. 

E q u i l i b r i u m Phases 

The s a t u r a t e d aqueous s o l u t i o n o f s u r f a c t a n t a t 25°C i s i n 
e q u i l i b r i u m w i t h a l i q u i d c r y s t a l l i n e phase which c o n t a i n s about 
25 wt% water. T h i s phase d i s p e r s e d i n s o l u t i o n i s the same as 
the phase formed by water vapor s o r p t i o n i n t o i n i t i a l l y d r y 
s u r f a c t a n t , a c c o r d i n g t o -^C nmr spe c t r o s c o p y (which v i r t u a l l y 
e l i m i n a t e s the p o s s i b i l i t y , mentioned i n the I n t r o d u c t i o n , o f a 
c o m p l i c a t i n g t r i p l e p o i n t i n the two-component system). T h i s 
hydrated l i q u i d c r y s t a l i s p r o b a b l y l a m e l l a r , t o judge by the 
s i m i l a r i t i e s i n t e x t u r e w i t h l a m e l l a r l i q u i d c r y s t a l s o f 
p h o s p h o l i p i d s and water (36). I t i s not uncommon f o r s u r 
f a c t a n t s f o r form l i q u i d c r y s t a l l i n e phases by a b s o r p t i o n o f 
water, o r hydrocarbon, o r both (_37) . Moreover the t r u e s o l u 
b i l i t y o f many o t h e r s u r f a c t a n t s ( p a r t i c u l a r l y a l k y l a r y l 
s u l f o n a t e s ) i n water, i n s a l t water, and i n hydrocarbon i s s m a l l , 
sometimes as s m a l l as 0.003 wt% i n water, below the K r a f f t p o i n t 
(38,39). Hence the p r e s e n t f i n d i n g o f l i q u i d c r y s t a l l i n e phase 
i n e q u i l i b r i u m w i t h i s o t r o p i c aqueous s o l u t i o n a t s u r f a c t a n t 
l e v e l s above 0.1 wt% may be r e p r e s e n t a t i v e o f broad c l a s s e s o f 
s u r f a c t a n t s , i n c l u d i n g some o f i n t e r e s t i n c o n n e c t i o n w i t h 
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3. F R A N S E S E T A L . Alkyl Aryl Sulfonate Surfactant 69 

s u r f a c t a n t - b a s e d chemical f l o o d i n g p r o c e s s e s f o r o i l r e c o v e r y . 
The presence o f l i q u i d c r y s t a l l i n e phases, t h e i r i n t e r m o l e c u l a r 
s t r u c t u r e and e s p e c i a l l y t h e i r s t a t e o f d i s p e r s i o n d e f i n i t e l y 
can a f f e c t i n t e r f a c i a l t e n s i o n s and i n t e r f a c i a l t e n s i o n 
t r a n s i e n t s (10), and may a l s o i n f l u e n c e o t h e r f a c t o r s such as 
v i s c o s i t y and the r e t e n t i o n o f s u r f a c t a n t d u r i n g flow through a 
porous medium. 

The uptake o f water to form l i q u i d c r y s t a l has pronounced 
e f f e c t s on s u r f a c t a n t m o l e c u l a r motion and i n t e r m o l e c u l a r 
geometry. The a l i p h a t i c carbons near the c h a i n ends move w i t h 
c o n s i d e r a b l e freedom and g i v e sharp l ^ C peaks whereas 
motions i n the benzene r i n g and i t s p r o x i m i t y on the c h a i n are 
s e v e r e l y r e s t r i c t e d and g i v e peaks too broad t o be observed. 
One consequence i s t h a t nmr s p e c t r o s c o p y i s a powerful t o o l f o r 
r e v e a l i n g the presence o f d i s p e r s e d l i q u i d c r y s t a l l i n e phase even 
when i t i s f i n e l y s u b d i v i d e d or i n e x t r i c a b l y i n c o r p o r a t e d i n 
g e l - l i k e m a t e r i a l . 

S u p e r s a t u r a t i o n and Phase Growth 

Su p e r s a t u r a t e d s o l u t i o n s o f the s u r f a c t a n t can be prepared 
i n the u s u a l way by h e a t i n g a b i p h a s i c suspension t o a tem
p e r a t u r e a t which a l l o f the s u r f a c t a n t d i s s o l v e s , and then 
c o o l i n g to the o r i g i n a l temperature. They are a l s o generated 
by mixing s a t u r a t e d or n e a r l y s a t u r a t e d s u r f a c t a n t s o l u t i o n i n 
water w i t h aqueous NaCl s o l u t i o n so t h a t the s u r f a c t a n t s o l u 
b i l i t y i s reduced — and the s o l u b i l i t y i s v e r y s e n s i t i v e 
indeed to s a l i n i t y . In both cases the r e s u l t i n g s o l u t i o n i s a t 
f i r s t v i s u a l l y c l e a r and t r a n s p a r e n t and a t room temperature 
remains so f o r hours o r days o r , i n the most extreme cases, 
weeks. I t may be t h a t n u c l e a t i o n o f the p a r t i a l l y o r d e r e d , 
l i q u i d c r y s t a l l i n e , s u r f a c t a n t - r i c h phase i s slow. 

However, w i t h i n an hour o f h e a t i n g 8 wt% s u r f a c t a n t to 
d i s s o l u t i o n i n decane and r e c o o l i n g the nmr spectrum o f the 
d i s s o l v e d s u r f a c t a n t d i s a p p e a r s . V i s i b l e p a r t i c l e s appear a f t e r 
a few days and b e g i n to s e t t l e . Thus even though primary 
n u c l e a t i o n o f the new phase occurs w i t h i n an hour, the ensuing 
growth o f the p a r t i c l e s i s extremely slow. P o s s i b l y the degree 
o f s u p e r s a t u r a t i o n decreases s u b s t a n t i a l l y i n the f i r s t hour and 
p a r t i c l e growth i s by Ostwald r i p e n i n g i . e . d i f f u s i o n o f s u r 
f a c t a n t from s m a l l e r to l a r g e r p a r t i c l e s owing to the s i z e -
dependence o f s o l u b i l i t y which i s low (32b), o r by agglomeration, 
which can be slow too. 

In g e n e r a l , another p o s s i b i l i t y i s t h a t primary n u c l e a t i o n 
l e a v e s the s o l u t i o n s u b s t a n t i a l l y s u p e r s a t u r a t e d y e t p a r t i c l e 
growth i s slow; i . e . the system takes a l o n g time to reach 
e q u i l i b r i u m . I t may be p o s s i b l e to r e s o l v e these i s s u e s by com
b i n i n g s p e c t r o t u r b i d i m e t r y to d e t e c t changes i n s t a t e o f 
d i s p e r s i o n w i t h nmr s p e c t r o s c o p y to e s t i m a t e amounts o f d i s s o l v e d 
o r p r e c i p i t a t e d s u r f a c t a n t . 
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Mechanical Dispersion and Settling 

CHEMISTRY OF OIL RECOVERY 

The dispersibility of sodium 8-phenyl-n-hexadecyl-p-sul-
fonate in water is high. Simple agitation by means of a 
magnetic stirring bar readily converts 0.2 wt% surfactant in 
water at 25°C into a turbid suspension that persists for days. 
Dispersions of 1 wt% and higher surfactant proportions in water 
at 25°C start settling within hours. Given sufficient time the 
microcrystallites or microdroplets of the dispersed liquid 
crystalline phase can sediment to produce distinguishable floe 
layers which seem permanent and in which the overall surfactant 
concentration is relatively high. Such layers are concentrated 
dispersions, not equilibrium phases, as the tests by light 
microscopy, vapor sorption, and l^c nmr spectroscopy prove. 

Dispersibility diminishes when the water contains sodium 
chloride, especially above 0.3 wt% NaCl. Mechanical dispersion 
of surfactant in decane is also noticeably more difficult. 
These observations suggest that ionic effects may enter the pro
cesses of swelling and subdividing the surfactant into micro-
crystallites or microdroplets, and that the tendency of the 
latter to flocculate is influenced by electric double layer 
phenomena (40). 

Stirring systems containing more than 15 wt% surfactant in 
water produce viscous pastes and gel-like materials which do 
not settle detectably in months. Dissolving sodium chloride in 
the aqueous solution can transform a gel-like sample to a low 
viscosity dispersion. 

The explanation for widely discussed but rarely reported 
effects of the order of mixing alkyl aryl sulfonate surfactant 
and salt into water (41) appears to be the marked differences 
in the states of dispersion of liquid crystalline material. At 
one extreme are systems that continue to develop turbidity for 
weeks after a transparent surfactant stock preparation is mixed 
with salt solution. At the other are the mechanical dispersions 
which settle within hours of being generated by gently stirring 
surfactant into salt water. 

ABSTRACT 

Spectroturbidimetry, conductimetry, ultrafiltration, ultra-
centrifugation, vapor sorption, polarizing microscopy, and 
nuclear magnetic resonance spectroscopy were used to study phase 
behavior of pure sodium 8-phenyl-n-hexadecyl-p-sulfonate in water 
as a function of temperature and sodium chloride concentration, 
and in decane. The first four techniques gave information on 
solubility and states of dispersion ranging from visible, 
settling suspensions to transparent, stably dispersed submicro
scopic particles. Surfactant solubility in water was only 0.06 
wt% at 25°C, increased 11-fold at 90°C, but decreased 300-fold 
with 3 wt% salt at 25°C. The surfactant-rich phase in 
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equilibrium with isotropic aqueous solution was shown by 
polarizing microscopy to be a liquid crystal, probably lamellar; 
13C-nmr-aided identification and vapor sorption gave its water 
content as about 25 wt% at 25°C. Changing the order of mixing 
of surfactant and salt in water altered the state of dispersion 
of the liquid crystal present. 

Surfactant solubility in decane was 0.04 wt% at 25°C and 
about 9 wt% at 50°C. The surfactant-rich phase in equilibrium 
with isotropic decane solution was birefringent. About 20 wt% 
decane was vapor-sorbed by dry surfactant at 25°C. Preliminary 
polarizing microscopy and nmr results point toward the existence 
of liquid crystalline states in surfactant-decane and surfactant
-decane-water systems. 
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Colloidal Properties of Sodium Carboxylates 

W. H. BALDWIN1 and G. W. NEAL2 

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Tall oils are obtained in large quantity from the pulping of 
soft woods to make paper. Hoyt and Goheen (l) state that in 1964 
the yield of fatty and rosin acids exceeded 400, 000 tons. Tall 
oil contains about 94% total acids and 6% alcohols. The fatty 
acid fraction contains oleic ~ 24% and linoleic ~ 23%, of which 
~ 4% is conjugated linoleic of the tal l o i l . The rosin acid 
fraction contains abietic acid ~ 14% and related acids 33% of the 
total (2). An extensive literature on general aspects of the 
colloidal chemistry of compounds in this class is available (see, 
for example, references 3, 4, 5, and 6). 

The large supply of tal l oils and the well-known surface 
properties of many of the components have led to several sugges
tions to use them or their derivatives in micellar flooding (7,8, 
9). However, there are, so far as we know, no extensive labora
tory investigations underway nor plans to test these possibili
ties in the field. In view of the contribution tal l oils might 
make to enhanced recovery i f they could be used, a survey of 
interfacial tension properties of aqueous/hydrocarbon systems, 
similar to those which have become common with the petroleum sul
fonate and other surfactants under consideration for micellar 
floods, seemed worthwhile. 

The recent popularity of interfacial tension measurements is 
largely attributable to the development of the spinning drop ap
proach into a practical technique by Cayias, Schechter, and Wade 
(10). Gash and Parrish (11) have increased the utility of the 
method by designing a variation that is capable of making meas
urements with several samples simultaneously, with the sacrifice 
of accuracy of the Cayias, Wade, and Schechter device in some 
ranges of interfacial tensions, because of the constraint of a 
single rotational velocity. 

In the work described here, sodium oleate was selected as 

1 Current Address: Rt. 1, Erie, TN 
2 Current Address: Apt. #12, 585 E. Parkway S., Memphis, TN 

This chapter not subject to U.S. copyright. 
Published 1978 American Chemical Society 
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the model for intensive study of several variables, and other 
carboxylates have been included to indicate the effect of struc
ture . 

Experimental 

The acids: (Figures 1 & 2) 95 and 99% o l e i c , 95% l i n o l e i c , 
99% l i n o l e n i c , 99% e l a i d i c and cholic acids "were obtained from 
chemical supply houses. Mixed rosin acids were a commercial pro
duct, Acintol R type S (2_). Sodium salts of fatty acids were 
formed by electrometric t i t r a t i o n of an aqueous-ethanol solution 
with sodium hydroxide, evaporated to dryness to remove ethanol 
and stored dry or as an aqueous stock solution. A sample of 
mixed rosin acids was assayed electrometrically with potassium 
hydroxide i n benzene-ethanol. A stock solution was then pre
pared i n water from a weighed quantity of Acintol R and the 
amount of sodium hydroxide calculated from the assay. Other 
materials were reagent grade chemicals. 

I n t e r f a c i a l tension measurements were made on one or both of 
the devices mentioned (10,11). Spinning of the samples was con
tinued u n t i l successive readings were constant; usually 2h hours 
was s u f f i c i e n t . A l l measurements were made at 30°C. Plots of 
equivalent alkane number versus i n t e r f a c i a l tension were made 
with pure n-alkanes - no mixtures were used i n results reported 
here. 

Precision of Measurements. Aliquots from a stock solution 
of 0 . 1 M sodium oleate (five months old) were used to prepare 
aqueous test solutions that were 0 . 0 1 M i n sodium oleate and 0 . 1 
M in sodium chloride pH 9 · 5 . I n t e r f a c i a l tensions were measured 
against n-undecane without pre-equilibration. The second solu
t i o n was made and measured one week after the f i r s t and the t h i r d 
solution two weeks after the f i r s t . The results i n Table I 

Table I 
Precision of I n t e r f a c i a l Tension Measurements 

0 . 0 1 M Sodium Oleate, 0 . 1 M Sodium Chloride pH 9-5 
vs η-Undecane 

I n t e r f a c i a l Tension (dynes/cm) 

Multi-drop 
constant 
vel o c i t y 

Run I 
0 . 0 6 5 
0 . 0 5 8 
0 . 0 8 5 
0 . 0 6 2 
0 . 0 7 0 
0 . 0 6 8 
0 . 0 9 8 

± 0 . 0 0 9 

Run II 
0.1U0 
0 . 0 7 0 
0 . 0 6 8 
0 . 0 6 8 
0 . 0 7 7 
0 . 0 8 5 
0 . 0 9 ^ 

± 0.022 Avg 
Single-drop 

variable 
v e l o c i t y Avg. 0 . 0 9 1 ± 0 . 0 0 7 

(a) A i r bubbles appeared. Results discarded. 
(b) The range i s the average deviation from the mean. 

Run III 
0 . 0 6 2 
0 . 0 5 M a ) 
0 . 0 6 2 
0 . 0 8 0(a) 
0 . 0 6 8 
0.06k ± 0.003(b) 
O.O8O 
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FATTY ACID STRUCTURES 

OLEIC ACID 

c=c 
CH 3 (CH 2 ) / s (CH 2 ) 7 C00H 

ELAIDIC ACID 
H N /(CH 2) 7C00H 

CH 3 (CH 2 ) 7 H 

LINOLEIC ACID 

H v ,Η H Jn 
/=c Nc=c 

CH 3(CH 2) 4 C H / (CH 2) 7C00H 

LINOLENIC ACID 

C=C C = C C = C 
CH 3 CH 2

 N C H / V C H 2

 S(CH 2) 7 COOH 

Figure 1. Fatty acid structures 

CYCLIC CARBOXYLIC ACIDS 

ABIETIC ACID 

Figure 2. Cyclic carboxylic acids 
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indicate a lover average obtained -with the multisample apparatus 
than with the single-sample unit, although scatter i n the two 
sets overlapped. Most points f a l l within ±0.02 dynes/cm of the 
overall average, or within about 30%. Although the uncertainty 
appears large, the accuracy i s nevertheless adequate to id e n t i f y 
conditions corresponding to the millidyne values favorable for 
enhanced o i l recovery. These low i n t e r f a c i a l tensions t y p i c a l l y 
occur only for a narrow range of compositions, outside which ten
sions are orders of magnitude higher than the minimum value. 

Results 

1. Effect of Surfactant Concentration. Figure 3 compares 
results of alkane scans for three concentrations of sodium oleate 
at constant sodium chloride concentration and pH. The 0.002 M 
solution i s derived from 95% o l e i c acid, the 0.01 M and the 0.1 M 
solutions are derived from 99% oleic acid. Both the magnitude 
and the alkane position of minimum i n t e r f a c i a l tension (n^ = 11) 
are essentially concentration independent under these conditions. 
Wade, et a l (12) reported a similar invariance i n n^ with a pure 
al k y l benzene sulfonate, although there was more change i n the 
minimum value of i n t e r f a c i a l tension with the sulfonate concen
tr a t i o n than i s observed with the carboxylate. The i n t e r f a c i a l 
tension at n^ for 0.01 M sodium oleate i s i n the range of the 
values of Table I. Very high i n t e r f a c i a l tension (> 10 dynes/cm) 
was found at 0.0001 M sodium oleate i n 0.1 M sodium chloride. 
This presumably r e f l e c t s the fact that the surfactant concentra
ti o n i s almost certainly below the c r i t i c a l micelle concentra
ti o n (13). 

2. Effect of Sodium Chloride Concentration. Figure k com
pares i n t e r f a c i a l tensions of several different surfactant con
centrations verses n-undecane i n the presence of 0.1 M sodium 
chloride with values obtained without s a l t . Salt reduces the 
i n t e r f a c i a l tension at a l l surfactant concentrations. Aqueous 
potassium oleate has a c r i t i c a l micelle concentration of ^0.001 
M (13). It could be inferred from Figure k that 0.001 M sodium 
oleate with no added salt i s below the cmc, because of the high 
i n t e r f a c i a l tension. I f so, the much lower i n t e r f a c i a l tension 
in the presence of 0.1 M sodium chloride stems from reduction of 
the cmc expected i n the presence of added salt (ΐΛ). 

In Figure U , i n t e r f a c i a l tensions at 0.01 and 0.1 M sodium 
oleate and 0.1 M sodium chloride are higher than i n Figure 3. 
However, the desired surfactant concentration i n Figure h was ob
tained by dissolving the required quantity of sodium oleate and 
pH was not controlled. Data from Figure k are not d i r e c t l y com
parable to Figure 3 for t h i s reason. 

Table II i l l u s t r a t e s the effect of varying the sodium chlor
ide concentration on i n t e r f a c i a l tension for one surfactant con
centration. Between 0.01 and 0.2 M sodium chloride there appears 
to be a small decrease i n i n t e r f a c i a l tension. Increasing the 
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Figure 3. Interfacial tension—sodium oleate 
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Figure 4. Interfacial tension—concentration of surfactant 
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sodium chloride concentration much above 0 . 2 M leads to gel fo r 
mation (15.). 

Table II 
In t e r f a c i a l Tension as a Function of Sodium Chloride 

0 . 1 M Sodium Oleate, pH 1 0 . U , vs n-undecane 
Sodium Chloride I n t e r f a c i a l Tension 

(m/l) (dynes/cm) 
0 . 0 1 0 . 3 3 
0 . 1 0 . 2 6 
0 . 2 0 . 2 3 

Measurements with a commercial petroleum sulfonate surfactant are 
included i n Figure h for comparison with sodium oleate. 

3 . Effect of pH. Alkyl carboxylic acids are weak electro
l y t e s , the dissociation constant i n general becoming smaller with 
increasing molecular weight. It therefore seemed appropriate to 
determine the effect of the pH of the aqueous solution on i n t e r -
f a c i a l tension. 

Figure 5 summarizes the results for two concentrations of 
sodium oleate of varying the pH on i n t e r f a c i a l tension. One trend 
i s that the lower the solution pH the lower the i n t e r f a c i a l ten
sion. Harkins et a l ( l 6 ) have demonstrated that the i n t e r f a c i a l 
tension between benzene and aqueous sodium oleate i s lower when 
the benzene layer contains oleic acid. Since the p a r t i t i o n co
e f f i c i e n t of oleic acid between alkane and aqueous sodium oleate 
greatly favors the alkane phase (lT)> any oleic acid from hydroly
sis would tend to p a r t i t i o n into the alkane phase. Thus lowering 
the solution pH would consequently increase the concentration of 
oleic acid i n the alkane phase and bring about lower i n t e r f a c i a l 
tension. 

Another trend i n Figure 5 i s that the 0 . 0 1 M sodium oleate 
i s more sensitive to pH effects than the 0 . 1 M sodium oleate. 
Mansfield (17) found that an aqueous solution of high ionic 
strength or of high pH inhibited the transfer of ole i c acid from 
paraffin o i l to the alkaline aqueous phase. The higher i n t e r -
f a c i a l tensions of the 0 . 0 1 M sodium oleate solutions i n com
parison with 0 . 1 M sodium oleate at pH above 1 0 . 5 may r e f l e c t a 
lower concentration and ionic strength. Or i f , as Mansfield 
suggests, kinetics of transfer between phases at high pH i s slow, 
equilibrium may not have been reached i n these experiments. 

In Table III the results of adding excess acid to sodium 
oleate solutions are given. These data are not d i r e c t l y compar
able to Figure 5 since the aqueous phase contains cosolvent and 
the solutions were preequilibrated before testing. However, the 
trend to lower i n t e r f a c i a l tension with increasing additions of 
oleic acid (and thus lower pH) i s p a r a l l e l to Figure 5-
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Table III 
In t e r f a c i a l Tension as a Function of Added Oleic Acid 

0 . 0 1 M Sodium Oleate, 0 . 1 M Sodium Chloride, 
5% Isobutyl Alcohol Pre-equilibrated with 

Equal Volume of n-undecane 

Oleic Acid Added I n t e r f a c i a l Tension 
(m/l aqueous) (dynes/cm) 

0 0 . 6 5 
0 . 0 0 1 0 . 5 3 
0 . 0 0 2 0 .U2 
0 . 0 0 5 0 Λ 8 
0 . 0 0 8 0 . 3 2 
0 . 0 1 0 . 2 3 

h. Effects of Alcohols. Alcohols are common additives to 
many surfactant formulations being considered for o i l recovery. 
Wade (12) has studied the effect of alcohol additions on in t e r -
f a c i a l properties and phase behavior for pure a l k y l benzene 
sulfonates. 

Salter (l8) divides the alcohols into three main groups on 
the basis of th e i r oil/water s o l u b i l i t y . Isopropyl alcohol i s of 
the water soluble group, isobutyl alcohol i s of the intermediate 
group, and 2-hexanol i s of the o i l soluble group. Table IV gives 
some results for alcohols of each class. No strong effect was 
seen. We have previously reported (15.) on the a b i l i t y of alco
hols to reduce the vi s c o s i t y of sodium oleate gels. 

Table IV 
Effect of Added Alcohols 

Sodium Oleate, 0 . 1 M Sodium Chloride, pH 1 0 Λ 

vs. n-undecane 

Sodium Oleate Co-Solvent I n t e r f a c i a l Tension 
(m/l) (% aqueous) (dynes/cm) 

0 . 0 1 None 0 .19 
5% Isobutyl alcohol 0 . 6 2 

0 . 1 None 0 . 2 6 
1% Isopropyl alcohol 0 . 3 3 
1% 2-Hexanol 0 .17 

5. Effect of Unsaturation. Alkane scans for C-^q carboxylic 
acid salts are compared i n Figure 6 . The alkane position of mini
mum i n t e r f a c i a l tension (n^) increases with the degree of unsatu
ration. Increasing i n t e r f a c i a l tensions are found i n the order 
oleate, linolenate, linoleate. Sodium stereate, the corresponding 
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Figure 5. Interfacial tension—pH 
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Figure 6. Interfacial tension—sodium carboxylates 
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Figure 7. Interfacial tensions—cyclic carboxylate acids 
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saturated isomer, i s too water insoluble to test. Klevens (13) 
found that increasing unsaturation "brought about a small increase 
in the cmc of fatty acid salts of the same chain length. Compari
son of oleate with elaidate gives an idea of the effect of c i s -
trans isomerism. Sodium eleaidate gave high i n t e r f a c i a l tensions 
over the alkane range tested. Studies on the molecular packing of 
fatty acids i n monolayers indicate that the trans isomer (e l a i d i c 
acid) forms condensed films with greater ease than the cis isomer 
(oleic acid( (19). Sodium elaidate i s also much less water 
soluble than sodium oleate. 

6. Rosinate and Cholate. These carboxylates were included 
because of t h e i r different (from fatty acid) structure; rosin 
acids compose about half of the t a l l o i l acids and cholic acid i s 
a representative b i l e acid that i s important i n the animal meta
bolism of fats. Salts of these acids had i n t e r f a c i a l tensions 
that were s i g n i f i c a n t l y higher than oleate; no minima were found 
(Figure 7 ) . 

Discussion 

Pure carboxylate salts of fatty acid components of t a l l o i l s 
lower i n t e r f a c i a l tensions between aqueous solutions and hydro
carbons. Sodium oleate, used preponderantly i n the measurements, 
exhibits minima i n i n t e r f a c i a l tension as a function of molecular 
weight of alkanes as well as other behavior analogous to petro
leum sulfonates and pure a l k y l benzene sulfonates. Previous 
investigations ( l 6 5 2 0 ) have shown i n t e r f a c i a l tensions i n the low 
millidyne region between some hydrocarbons and aqueous solutions 
i n presence of carboxylates. However, the minimum i n t e r f a c i a l 
tensions attained under conditions we have t r i e d are over an 
order of magnitude higher than the millidyne values thought neces
sary for enhanced production of o i l . Values obtained with the 
mixtures of several acids occurring i n commercial t a l l o i l s were 
not lower. 

In view of the fact that one would expect interference with 
surfactant action by C a ( l l ) , Mg(ll), and other multivalent ions 
to be more severe with carboxylates than with sulfonates, the 
high i n t e r f a c i a l tensions observed are discouraging from a prac
t i c a l point of view. However, there are interesting effects of 
structure between the salts studied, i n particular between the 
cis and trans isomers, elaidate and oleate, and between compounds 
of different degrees of unsaturation. We are now preparing 
derivatives of these acids, i n order to get more information on 
the effect of minor structure modifications. In addition, the 
p o s s i b i l i t i e s of b e n e f i c i a l effects of cosurfactants have been as 
yet l i t t l e explored. We believe i t premature to conclude that 
carboxylate surfactants are of no u t i l i t y . 
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5 

Experimental Thermochemistry of Oil Recovery 

Micellar Systems 

R. L. BERG, L. A. NOLL, and W. D. GOOD 
U.S. Department of Energy, Bartlesville Energy Technology Center, 
Bartlesville, OK 74003 

The U.S. Department of Energy Bartlesville (Okla.) Energy Technol
ogy Center has a comprehensive program of supporting research for enhanced 
oil recovery. As part of this research, methods are being developed to 
improve the characterization of surfactant interactions which occur in oil
field flooding. The thermodynamic properties are being investigated under 
various background conditions of brine, cosurfactant, rock surfaces, and 
temperatures. 

The initial work at Bartlesville has concentrated on measurements of 
enthalpy changes from dilution and adsorption for surfactant systems. From 
the observed dilution enthalpy changes, critical micelle concentrations 
have been determined, and standard state enthalpies of micellization have 
been calculated. In the studies on adsorption, several properties are of 
interest: the enthalpy of adsorption, the amount of surfactant adsorbed, the 
surface area of the solid and determining whether the adsorption is reversi
ble. The kinetics of adsorption and desorption are also of interest. 

In the work presented here, these processes have been studied primar
ily by calorimetry. Planned measurements of partial specific heat and 
partial molal volume will give additional thermodynamic data on the struc
ture of micellar systems. Heat capacity measurements will allow "simple" 
extrapolation of measured enthalpy terms to higher temperatures. In addition, 
a direct measure of the effect of temperature variation is of interest for 
solution structure studies. Partial molal volume measurements give informa
tion on the packing of surfactant monomers and micelles within the water 
structure. The effect of cosurfactants on the partial molal volume will be of 
particular interest. 

This chapter not subject to U.S. copyright. 
Published 1978 American Chemical Society 
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88 CHEMISTRY O F OIL RECOVERY 

Experimental 

Compounds of particular interest for these studies are of the general 
type used in oilfield flooding. These surfactants are generally complex 
mixtures of alkyl and alkyl aromatic sulfonates. The compounds discussed 
in this paper are sodium dodecyl sulfate and the sodium salts of decyl and 
dodecyl sulfonic acids. Sodium dodecyl sulfate was used as an initial test 
surfactant for the calorimeter system. The comparison of dodecyl sulfate 
with dodecyl sulfonate indicated the effect of change of the head group on 
the properties of the surfactant. The comparison of dodecyl sulfonate with 
decyl sulfonate showed the effect of varying the alkyl chain length. It was 
expected that considerable differences would be observed for structural 
changes of the surfactant. A commercial sample of sodium dodecyl benzene 
sulfonate was used for the first studies of adsorption phenomena. This 
material is a mixture of isomers and has been used to obtain values for en
thalpies of adsorption on well-characterized surfaces such as silica gel. 

Apparatus. The apparatus used in the solution calorimetric study has 
been previously described in detail (1,2). Briefly, the instrument is a heat-
conduction-type flow calorimeter with a power resolution of 0.2 microwatt. 
Measurements were made at 20°, 25°, 30°, and 35° C ±0.01° C. 

Two types of measurements are made with the adsorption calorimeter, 
also previously described (3). In the batch mode a dry-solid surface is 
covered with a solution. In the flow mode the enthalpy changes result 
from a solution flowing through a bed of adsorbent. The flow system uses 
an LKB 10200 Perpex pump (reference to specific trade names does not imply 
endorsement by the Department of Energy) with a flow rate of approximately 
12 g h~^. Because the silicone tubing on the pump may adsorb surfactant, 
the pump is placed at the output of the flow system and draws the solution 
through the cel l . An Altex six-way valve is at the input of the flow system, 
and any one of six solutions can be selected to flow through the cel l . M in
imum detectable heat pulse is 4.5 χ 10"^ cal for the batch and minimum 
power output is 2.4 χ ]0~? cal sec"^ for the flow mode. Measurements 
reported for the adsorption study were made at 25° and 30° C ±0.05° C. 

Materials. The studies reported here have been made with monoiso-
meric sodium dodecyl sulfate, sodium dodecyl sulfonate and sodium decyl 
sulfonate prepared by Professor E. J . Eisenbraun of Oklahoma State Uni 
versity. The sodium dodecyl benzene sulfonate was a commercial sample 
purchased from Research Organic/Research Inorganic Chemical Corp. Al l 
materials used for background solutions were prepared from reagent grade 
materials, and the water was distilled from permanganate. Solutions were 
prepared on a mass basis with corrections for buoyancy. 
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5. B E R G E T A L . Oil Recovery Micellar Systems 89 

Two solid surfaces were investigated in the adsorption work, silica 
gel-Davison No. 62 and solid glass beads. Equilibrium studies have been 
made on the materials (4), and specific surfaces have been measured. 

Strategy. The enthalpy effect measured in the studies of micellar 
solution structure is due to dilution and demicellization. This can be ex
pressed by 

AH(meas) = (final concentration) - L^(initial concentration) 1) 

where the terms are relative apparent molar enthalpies. These terms 
include contributions from dilution, demicel lization, and ion pairing. 

In adsorption studies, the flow system measures the enthalpy of 
adsorption of a material whose surface is wet. The measured enthalpy 
includes, among other terms, the enthalpy of replacement of the water by 
the adsorbate. The adsorbent may be exposed to a series of solutions of 
increasing or decreasing concentration, thus approximating the differential 
enthalpy of adsorption; or it may be exposed to a sharp increase in concen
tration to determine integral enthalpies of adsorption. The batch system is 
designed for determining enthalpies of immersion of a solid into solutions. 
For all the calorimetric studies, the measured enthalpy is determined by 

AH(meas) = £ χ S/n 2) 

where ε is a calibration constant, S the measured signal, and η the amount 
of material reacting. 

Results and Discussion 

Solution Work. Results of measurements of enthalpies of the surfac
tants are shown in Figures 1 through 7. The observed critical micelle 
concentrations are tabulated in Table I. For several surfactant-cosurfactant 
systems, the surfactant was not sufficiently soluble to allow determination of 
the critical micelle concentration. 

The lack of data reported in the literature prevents comparing thermo
dynamic measurements of micellization enthalpies. Although numerous 
calorimetric studies have been made, many times the measured enthalpies 
have been mathematically manipulated to give a value for the enthalpy of 
micel lization. Although valuable in testing theories, such manipulation 
obscures the use of different methods for treating data. As a result, each 
method may have produced a different value. The methods briefly summar
ized are as follows: 
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ure 1. Sodium dodecyl sulfate enthalpy curves at various temperatures 
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Figure 3. Sodium dodecyl sulfate enthalpy curves in 5% n-butanol 
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Figure 4. Sodium dodecyl sulfonate enthalpy curves in 5% n-butanol 
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Figure 5. Sodium dodecyl sulfonate enthalpy curves at 35°C in alcohol back
grounds 
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Figure 6. Sodium dodecyl sulfate enthalpy curves in salt background 
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Figure 7. Sodium dodecijl sulfate enthalpy curves in high-salt concentration 
background 
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TABLE I 

Background 

5% n-Butanol 
H 2 0 

5% n-Butanol 
5% i-Butanol 
3% n-Butanol 
1% n-Butanol 
4% n-Propanoi 
H 2 0 

5% n-Butanol 
5% i-Butanol 
3% n-Butanol 
1% n-Butanol 
4% n-Propanol 
H 2 0 

CRITICAL MICELLE CONCENTRATIONS 

-1 3 
cmc, mol (kg H 2 0 ) χ 10 , ±0.5 

Sodium dodecyl sulfate 

20° C 

3.6 
8.1 

25° C 

2.5 
8.3 

Sodium dodecyl sulfonate 

4.9 
7.2 

3.2 
6.0 

5.5 

Sodium decyl sulfonate 

9.5 
9.8 

13.5 

23.8 

30° C 

8.4 

3.8 
7.5 
6.2 
8.9 

35° C 

8.3 

3.0 
5.2 
6.3 
6.5 

10.2 

12.8 
16.6 
13.2 
38.0 
30.0 
41.8 

where 

L^(above cmc) - L^(below cmc) , 3) 

L^ (above cmc) - L^° , 4) 

L^(above cmc) - AH(ion-pairing) - L^(dilution) , 5) 

L (above cmc) - L (below cmc) , 6) 

L (above cmc) - L° , 7) 

L (above cmc) - AH(ion-pairing) , 8) 

L = + l m * ( d L ^ / d m * ) . 9) 
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98 CHEMISTRY O F OIL RECOVERY 

The L terms are partial molal enthalpies defined by Equation 9. Another 
method which calculates the enthalpy change for adding 1 mole of monomer 
to the micelle has also been used. Additional explanation of these methods 
can be found in the literature (1,5). 

Table II lists the results from our study in which we used relationship6. 
For each study in which water was used, the L term reached a nearly con
stant value soon after the critical micelle concentration. In alcohol back
ground such a constancy was not observed. In salt backgrounds (Figures 6 
and 7) the leveling occurred even more rapidly. 

TABLE II 

TENTATIVE VALUES FOR THE ENTHALPY OF MICELLIZATION 
IN H 2 0 AT 35° C FROM EQUATION 6 

Δ Η , cal mol ^ 

Sodium dodecyl sulfonate -1440 
Sodium decyl sulfonate -140 
Sodium dodecyl sulfate -1780 

Only a slight temperature dependence was noted for the cmc. The 
temperature dependence of the enthalpy terms was large. This indicates 
that calorimetry is a sensitive tool for detection of changes in solution 
structure, and implies that temperature control is critical for studying the 
properties of micel Iar systems. 

The premicellar region for the three surfactants studied showed a 
steeper slope than the expected 1:1 electrolyte slope. A possible explan
ation of this slope by the existence of a dimer in solution has been previous
ly discussed (1). Additional work in this area is required. 

The comparison studies of decyl and dodecyl sulfonates show the strong 
dependence of the enthalpy terms on chain length. The cmc for the decyl 
salt is considerably higher under all conditions than the dodecyl salt. The 
planned heat capacity and partial molal volume measurements will be of 
interest in this comparison. 

Adsorption Work. In the adsorption work, glass beads were used as a 
blank to determine whether the heat of dilution of the surfactant or changes 
of flow pattern lead to a thermal effect. At both 25° and 30° C , the heat 
effect of flowing an increasing concentration from 0.1 to 2% in five steps 
was not detectable. Since the amount of adsorption to solid glass beads is 
small, it can be concluded that there is either very little mixing of the two 
solutions as the interface between them moves through the ce l l , or if there 
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is mixing that the heat effect is too small to affect the adsorption measure
ments. 

Table III gives typical results from an adsorption run. In all cases the 
heat effects were small, which suggests that only certain sites bind the 
surfactant and not the entire surface. In addition, there was no evidence 
that the sites on the surface were saturated, even when a 2% surfactant 
solution was used. 

TABLE III 

ENTHALPY OF ADSORPTION OF SODIUM DODECYL BENZENE 
SULFONATE O N SILICA GEL 

- Δ H (adsorption), cal χ 10 (g Davison 62) 

25° C 30° C 

H 2 0 —» 0 .1% 5.5 5.5 
0 .1% - 0.2% 4.8 4.5 
0.2% —• 0.4% 5.7 4.8 
0.4% - 1.0% 11.0 8.4 
1.0% —» 2.0% 13.4 9.3 
2.0% —• H 2 0 -41.6 -38.0 

Within the experimental limits there is little temperature dependence 
for the lower concentrations. However, no firm conclusions can be drawn 
without running the system at other temperatures. An interesting comparison 
from Table III is the following: 

- Σ Δ Η , cal χ 10 2 g " 1 

25° C 30° C 

Adsorption 40.4 32 t5 
Desorption -41.6 -38.0 

The results show fairly good additivity for 25° C and poor additivity at 
30° C. The pattern, also shown in Table IV, may be explained by consider
ing the shape of the observed enthalpy curves, Figure 8. The results of 
allowing the surfactant to flow through glass beads show that the above 
results need no corrections for mixing of the solutions, and suggest that when 
the concentration changes, one solution replaces the other completely. The 
shape and width of the curve show that adsorption onto the surface is slow 
with respect to the flow of liquid through the ce l l . About 1.5 minutes is 
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Figure 8. Flow adsorption calorimeter entlicdpy curve  P
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TABLE IV 

ENTHALPY OF ADSORPTION AND DESORPTION OF SODIUM 
DODECYL BENZENE SULFONATE O N SILICA GEL AT 30° C 

- Δ Η , cal χ 10 3 (g Davison 6 2 ) - 1 

Adsorption Desorption 

0 .1% 5.5 -6.2 
0.2% 10.0 -11.2 
0.4% 14.8 -16.7 
1.0% 23.2 -30.4 
2.0% 32.5 -38.0 

required to allow sufficient liquid to flow to fill the ce l l , whereas the curve 
shown represents 35 minutes. The peak followed by a long tail suggests that 
not all the sites are equivalent either kinetically or energetically—in 
simple terms the surfactant is adsorbing from a solution containing micelles. 
The net reaction is taking surfactant from micelles and binding them to the 
surface. The heat of replacing the water molecules from the surface is 
diminished by the heat of demicel lization. This is clearly seen in the dip 
at the end of the pulse, where the net heat effect is endothermal; the heat 
of demicel lization is greater in magnitude than the heat of adsorption. 
When water is returned to the cell it flushes micelles from the cell faster 
than desorption can occur, and the heat effect is taking the surfactant from 
the surface to a solution concentration below the cmc. 

This procedure is not a good test of the reversibility of binding, since 
the reaction is not a simple reversal of the process within the space of the 
calorimeter. We are now experimentally checking the reversibility of 
binding by alternating flows of solutions of comparable concentration—that 
is, 2% solution, then 1% solution, then 2% solution—so that the concen
tration never falls below the cmc. It may be possible to deduce some 
kinetic information from the shape of the curve, but measurements of the 
concentration of surfactant near the outlet of the cell would give this 
information more readily. Considerable additional work is needed in this 
area. 

Summary 

This paper summarizes the on-going research program in thermochem
istry of oil recovery at the Bartlesville Energy Technology Center. Informa
tion has been gained on the structure of micellar solutions and of interactions 
with surfaces. In order for thermodynamics to make a greater contribution 
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to the understanding of oil recovery considerable additional studies at 
Bartlesville and in other laboratories must be made with idealized systems 
and with real systems. This report is only a sketch of what could be inves
tigated. The understanding of the mechanisms of surfactant loss by 
adsorption, micellar system stability, and phase behavior will be of great 
value in the improvement of flooding processes for enhanced recovery of 
petroleum. 
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Participation of Selective Native Petroleum Fractions in 

Lowering Interfacial Tensions of Aqueous Alkaline 

Systems 

P. A. FARMANIAN 
AMINOIL USA, Huntington Beach, CA 92645 
N. DAVIS, J. T. Κ WAN, R. M. WEINBRANDT, and T. F. YEN1 

University of Southern California, Los Angeles, CA 90007 

The presence of carboxylic acids (1), phenols (2), or 
porphyrins (3) in petroleum is believed to be beneficial to 
oil recovery in the presence of dilute base due to the low 
interfacial tension exhibited. It has been recognized that 
the first type of compound is responsible for the recovery 
efficiency of alkaline water flooding (4). Seifert and 
Howells (5) fractionated the many acid components of the 
California crude oil into minute quantities to ascertain their 
interfacial activities. However, none of the isolated frac
tions revealed surface tensions lower than the original crude 
oi l . Furthermore, wherever the surface tension is signifi
cantly lower for a few fractions, the value is highly depen
dent on the alkaline concentrations. Hence, the exceedingly 
narrow range of pH levels precludes any given practical use. 

Apparently, higher acid number of a given crude, either 
by nature or due to the addition of known acid, would lower 
its interfacial tension. However, Cooke, Williams, and 
Keledzne (4) found that although in-situ oxidation with air 
further increases the acid number of a given crude, this 
artificially-made high acid number crude could not be suc
cessfully flooded with alkaline water. 

The caustic method as a means of improved waterflooding 
for enhanced oil recovery is a complex process. Johnson has 
outlined four recovery mechanisms (6). Presumably, besides 
the ultralow tension mode, there are other requirements to 
ensure efficient and stable recovery of an oil in a given 
reservoir. To name a few: spontaneous emulsification, 
entrainment, entrappment, wettability reversal in both dir
ections, etc. In order to maintain a particular set of pro-

2To whom all correspondence should be addressed, USC, Dept. of 
Chemical Engineering. 

0-8412-0477-2/79/47-09M03$05.00/0 
© 1978 American Chemical Society 
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104 CHEMISTRY O F OIL RECOVERY 

perties, the component which i s responsible for the pa r t i c u l a r 
a c t i v i t y i n crude petroleum should be examined. For example 
i t i s possible to have a p a r t i c u l a r fraction i n crude as a co-
surfactant, or as a negative surfactant (counter surfactant) be
sides the active surfactant. It i s also possible to id e n t i f y 
a p a r t i c u l a r fraction of crude as responsible for maintaining 
a stable emulsion or regulating the flow of the emulsion, A 
possible component i s the resin or asphaltene cut. 

Two approaches can be used to study the nature of a mix
ture consisting of a multi-component c o l l e c t i o n of various 
molecules. The f i r s t i s to select a sample model compound 
which possesses certain physical properties for simulating 
the behavior of the mixture. The second approach i s to sepa
rate the complex mixture into gross fractions and to inves
tigate the properties of each individual fraction for synthe
s i z i n g the properties of the composite. The f i r s t approach 
has been used by many investigators. Cash and co-workers (7) 
used the concept of equivalent alkane carbon number (EACN) for 
modeling crude o i l s . Radke and Somerton (8) used synthetic 
systems (oleic acid i n Ottawa Sands packs) for caustic flooding 
research. To the knowledge of the authors, l i t t l e work has 
been done and reported on the second approach. 

Hence, we conducted the present preliminary work of 
separating production crude into gross fractions at lower 
temperatures. Each fraction i s separately examined for 
i n t e r f a c i a l tension and associated properties. 

Experimental 

Sample description 

For our experiments, we u t i l i z e d fresh crude petroleum 
samples from AMINOIL USA's production wells at the Huntington 
Beach f i e l d (figure 1). The Huntington Beach f i e l d i s a 
major o i l accumulation lying on the C a l i f o r n i a coastline 
approximately 20 miles southeast of Los Angeles. The f i e l d 
has a length of seven miles along Newport-Inglewood Fault Zone 
and a maximum width of three miles. Production in the o f f 
shore area i s from f i v e major zones with the upper zone 
assisted by steam injection while three of the lower zones are 
under waterflood and the remaining lower zone i s producing on 
primary. The samples that we employed were produced from the 
lower Main Zone reservior (Well No. S-47), 
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HUNTINGTON BEACH 0I_ FELD 
OFFSHORE AREA 

Figure 1. Various production zones at the Huntington Beach field 
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106 CHEMISTRY O F OIL RECOVERY 

Region Well No. Recovery Stage Depth, ( f t . ) 

Upper Zones 
Upper Main 

Zone 
Lower Main 

Zone 

UJ-255 Water Flood 3500 
426-104 Primary 4500 

S-47 Water Flood 4800 

Recovery from t h i s r e s e r v o i r i s by water flood. This petroleum 
i s representative of a t y p i c a l C a l i f o r n i a crude. The crude was 
i n i t i a l l y d i s t i l l e d at atmospheric pressure to remove excess 
water and low-boiling v o l a t i l e components ( D i s t i l l a t e cut #1). 
The remainder was vacuum d i s t i l l e d at 0.4 mm Hg. to y i e l d 
D i s t i l l a t e cut #2 (46 to 110 C) and D i s t i l l a t e cut #3 (118 to 
156 C). D i s t i l l a t e cut #3 was further fractionated by u t i l 
i z i n g open column chromatography with s i l i c a g e l . This sepa
r a t i o n scheme gave two f r a c t i o n s : (a) a benzene-eluted f r a c 
t i o n and (b) an ether-eluted f r a c t i o n . The benzene-eluted 
f r a c t i o n was composed of 90% by weight of the o r i g i n a l D i s t i l 
l a t e cut #3 and the ether-eluted f r a c t i o n was composed of the 
remaining 10%. The remaining residue a f t e r d i s t i l l a t i o n was 
subjected to solvent f r a c t i o n a t i o n i n t o gas o i l (pentane-
soluble, propane-soluble), r e s i n (pentane-soluble, propane-
i n s o l u b l e ) , asphaltene (pentane-insoluble, benzene-soluble) 
carbene plus carboid (benzene-insoluble) according to the 
scheme f o r coal l i q u i d (9) and shale o i l (10). 

Properties 

The measurement of i n t e r f a c i a l tension (IFT) was performed 
through the spinning drop method as described by Cayias (11). 
A l l measurements were conducted i n an aqueous a l k a l i n e s o l u t i o n 
of sodium o r t h o s i l i c a t e unless otherwise indicated. The aqueous 
for a l l samples also had a 7500 ppm NaCl concentration, t h i s 
being an optimum s a l t concentration to minimize sodium ortho-
s i l i c a t e requirements. In a l l cases, the drop s i z e was consis
tent and the data repeatable. 

Proton NMR spectra were obtained from a Varian T-60 spec
trometer. The solvent used was 99.8% CDCl^ containing trime-
t h y l s i l a n e as a marker. Infrared spectra were obtained with 
a Beckman Acculab-6 spectrometer. The elementary analyses 
were determined by Elek M i c r o a n a l y t i c a l Laboratories, Torrance, 
C a l i f o r n i a . A Waters high pressure l i q u i d chromatograph was 
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also used to study the changes in composition. 

107 

Results 

The weight recovery of a l l bulk fractions i s l i s t e d in 
Table I. Evidently, the r a t i o of the v o l a t i l e s to non-volatiles 
of the two samples which have undergone water flooding i s 
consistent (3:1), when compared with rhat (2:1) of the primary 
recovery. In order to test the consistency of a l l the f r a c 
tions, both NMR and IR techniques were applied. In Figure 2, 
the H/C atomic r a t i o obtained from elemental alnalysis i s 
plotted vs. the carbon aromaticity, f a , obtained from NMR C.12,13) 
and the extent of hydrogen saturation (h s) obtained from IR (14), 
The l i n e a r i t y within the fractions suggests that no cracking or 
condensation occurred during the separation process. 

TABLE I 

PERCENT OF BULK FRACTIONATION OF PETROLEUM SAMPLES 

Primary Waterflood 
426-104 S-47 UJ-255 

D i s t i l l a t e I 8.1 16.8 16.8 
D i s t i l l a t e II 7.1 25.1 10.1 
D i s t i l l a t e III 50.4 30.5 48.2 
Non-volatile 

Gas 11.3 12.6 6.9 
Resin 14.3 0.7 
Asphaltene 3.6 7.7 2.7 
Benzene-insoluble 0.2 9.6 

Surface tension data were measured in both d i s t i l l e d water 
and 7500 ppm salt solution with an a l k a l i n i t y of sodium ortho-
s i l i c a t e ranging from 60 to 60,000 ppm. As an example, frac
tions of samples S-47 of the Lower Main Zone were investigated. 
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Figure 3 compares the i n t e r f a c i a l tension of D i s t i l l a t e cut #2 
and D i s t i l l a t e cut #3 to the o r i g i n a l Lower Main Zone crude. 
D i s t i l l a t e cut #1 showed no IFT a c t i v i t y . The i n t e r f a c i a l ten
sion measurements i n Figure 3 are the minima of a time depen
dent function. I t i s important to note that the low-tension 
values of the o r i g i n a l crude are exceedingly narrow i n pH range. 
However, for D i s t i l l a t e cut #3, t h i s narrow gate has been 
widened considerably. I t i s to be noted that i t s i n t e r f a c i a l 
tension i s lower than that of the o r i g i n a l crude. 

Figure 4 compares the D i s t i l l a t e cut #3 chromâtοgraphed 
fractio n s to the o r i g i n a l D i s t i l l a t e cut #3. The ether-eluted 
frac t i o n s had a density greater than water and therefore we 
were unable to obtain IFT data using the spinning drop method. 
However, the IFT a c t i v i t y of a reconstructed cut containing 95% 
of the benzene-eluted f r a c t i o n and 5% of the ether-eluted f r a c 
t i o n was examined. The figure indicates that the IFT a c t i v i t y 
of the benzene eluted cut was i n s i g n i f i c a n t . However, the 
excellent IFT a c t i v i t y of the o r i g i n a l D i s t i l l a t e cut #3 was 
p a r t i a l l y restored by the reconstructed cut. This figure ten
t a t i v e l y indicates that the ether-eluted f r a c t i o n i s p r i m a r i l y 
responsible f o r the IFT a c t i v i t y of D i s t i l l a t e cut #3. 

The time dependence of surface tension at the minimum 
value has been investigated within the range of 2-40 minutes. 
The r e s u l t s are summarized i n Figure 5. 

Discussion 

I t i s obvious from Figure 3 that the ultra-low tension 
values of the t o t a l crude are exceedingly narrow i n pH range. 
For D i s t i l l a t e cut #3, which accounts for 30% of the t o t a l 
crude, the narrow "gate" nature (15) has been broadened con
siderably i n a l k a l i n i t y range. I t i s possible that under 
certa i n conditions, the very low i n t e r f a c i a l tension l e v e l s 
obtainted from the caustic solution-crude o i l i n t e r a c t i o n 
enabled the o i l to be entrained i n a continuous flowing a l k a l i n e -
water phase, r e s u l t i n g i n a substantial reduction i n r e s i d u a l 
o i l saturation (16,17). 

The study of the age of the i n t e r f a c e , as i l l u s t r a t e d i n 
Figure 4, c l e a r l y demonstrates that D i s t i l l a t e #3 undergoes 
spontaneous e m u l s i f i c a t i o n . England and Berg (18) a t t r i b u t e d 
t h i s to the t r a n s f e r of surfactant across the interface with a 
large desorption b a r r i e r when tension dropped continuously. In 
the present case, the rapid increase i n tension accompanied by 
the single drop i n s t a b i l i t y may also suggest a rapid coalescence 
process for e m u l s i f i c a t i o n . As pointed out by Schechter and 
Wade (19), the systems which emulsify and r a p i d l y coalesce 
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sponstaneously give better o i l recovery than those which form 
stable emulsions spontaneously. 

D i s t i l l a t e cut #3 obtained from bulk separation i s s t i l l 
dark colored which may indicate the presence of small quantities 
of asphaltic material (20). Figure 3 indicates that i t i s 
possible that a composite of compounds, besides carboxylic acids, 
may be required to y ie ld optimal recovery. In order to under
stand the mechanism of o i l recovery, the contribution of a given 
individual fraction to ultra-low surface tension characteristics 
and the contribution of various combinations of individual frac
tions contribute greatly to viscosi ty behavior. Therefore, 
in terfacial rheology may be dependent on the appropriate com
position of the crude o i l . 

It is hoped that the preliminary phase of this work w i l l 
stimulate other necessary studies so that the correct and 
essential mechanisms of recovery can be understood. At this 
stage, there are no re l iable c r i t e r i a to decide which crude may 
be a good candidate for alkaline water flooding. Hence, iso
lat ing components that play a role in alkaline flooding may 
provide insight into the mechanism through which alkaline 
flooding recovers o i l . Identifying essential components in 
crude o i l i s pract ical for alkaline flooding. In other words, 
i t i s possible to develop a screening device in which the 
presence of certain native components in the crude w i l l indicate 
the potential for alkaline flooding. Final ly i t i s hoped that 
this preliminary work may assist in developing a new class of 
naturally-occurring surfactants. 
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Spontaneous Emulsification and the Effect of Interfacial 

F l u i d Properties on Coalescence and Emulsion Stability 

in Caustic Flooding 

D. T. WASAN, S. M. SHAH, M. CHAN, K. SAMPATH, and R. SHAH 
Department of Chemical Engineering, Illinois Institute of Technology, 
Chicago, IL 60616 

Surfactant or micellar flooding is one of the more promising 
tertiary oil recovery techniques currently being developed. This 
process employs an aqueous surfactant slug followed by a mobility 
buffer (usually polymer-thickened water) to displace oil locked 
in small pores. The role of the surfactant is to reduce the 
interfacial tension between the entrapped oil and the flooding 
fluids. The present state-of-the-art reveals that surfactant 
selection for a tertiary oi l recovery process is made on the basis 
of ultralow interfacial tension between the crude oil and the 
aqueous phase. Although such ultralow values of interfacial ten
sion may be necessary to ensure displacement of the oil from the 
porous rock, this low interfacial tension can, on the other hand, 
also result in considerable emulsification or dispersion of the 
oil in the water. The resulting emulsions can be quite stable and 
therefore, both difficult and costly to separate. A number of 
recent studies suggested that the poor efficiency of oi l recovery 
was due to emulsion stability problems (1, 2, 3, 4, 5). 

We have recently reported (6, 7) that those surfactant for
mulations which yield good oi l recovery exhibit both low inter-
facial tensions and low interfacial viscosities. Our experiments 
have shown that surfactant formulations which ensure low inter-
facial viscosity will promote the coalescence of o i l droplets and 
thereby decrease the emulsion stability, thus enhancing the for
mation of a continuous oil bank. It has been demonstrated that 
the requirements for emulsion stability are the presence of an 
interfacial film of high viscosity and a film of considerable 
thickness. We have observed that the surfactant concentration 
which minimizes the interfacial tension may not simultaneously 
minimize the interfacial viscosity. Hence, our results indicate 
both interfacial tension and interfacial rheology must be con
sidered in selecting surfactant formulations for tertiary oil re
covery. 

The idea of utilizing the natural organic acids present in 
crude oil to produce in-situ surfactants and displace oil by the 
injection of caustic solutions has been thought to be economically 

0-8412-0477-2/79/47-091-115$06.50/0 
© 1978 American Chemical Society 
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116 CHEMISTRY O F OIL RECOVERY 

a t t r a c t i v e . There are several proposed mechanisms including 
emulsion formation and s t a b i l i t y by which alkaline water flooding 
may improve o i l recovery (8., 9, 10, 11, 12., 13, 14, 15). 

This paper presents observations on the difference i n be
havior of emulsification processes which can occur during surfac
tant and caustic flooding i n enhanced recovery of petroleum. 
Cinephotomicrographic observations on emulsion characteristics 
generated at the Ca l i f o r n i a crude o i l - a l k a l i n e solution interface 
as well as i n the I l l i n o i s crude oil-petroleum sulfonate system 
are reported. The interdroplet coalescence behavior of oil-water 
emulsion systems appear to be quite different i n enhanced o i l re
covery processes employing various alkaline agents as opposed to 
surfactant/polymer systems. 

In this paper we report f i r s t the spontaneous emulsification 
mechanisms i n the petroleum sulfonate and caustic systems. This 
i s followed by the kinetics of coalescence i n alkaline systems 
for both the Thums Long Beach (heavy) crude o i l and the 
Huntington Beach (less viscous) crude o i l . Measurements of in t e r -
f a c i a l v i s c o s i t y , i n t e r f a c i a l tension, i n t e r f a c i a l charge and 
micellar aggregate distributions are presented. Interrelation
ships between these properties and coalescence rates have been 
established. 

Spontaneous Emulsification Mechanisms i n Sulfonate and Caustic 
Systems 

The mechanisms of emulsification i n o i l reservoirs when 
chemical slugs are injected into the reservoir are largely un
known. This study was conducted to understand and characterize 
these mechanisms by microscopic observations and high speed cine-
pho tomicrography. 

The spontaneous emulsification mechanisms were determined 
for the 3% (Active) Petrostep 420 and 1.5% NaCl and 0.58% n-
hexanol versus non-pre-equilibrated Salem crude o i l (Sulfonate 
System). The mechanisms were also determined for Thums Long 
Beach Crude O i l (Well 108 B) versus 0.05 M (0.2% by weight) 
NaOH and 1% NaCl (Caustic System). The process of emulsification 
was observed through the Nikon LKe Interference Phase Microscope 
(magnifications of 400 and 1,000). The action was captured by 
high speed cine-photomicrography (64 frames/second) for the 
caustic system and normal speed (24 frames/second) for the s u l 
fonate system. 

The procedure used for studying spontaneous emulsification 
was the following. A droplet of crude o i l was placed on a clean 
glass s l i d e . The droplet was covered with a coverslip (0.17 mm 
thick). The size of the o i l droplet was chosen such that 
approximately half of the volume between the cover s l i p and the 
glass s l i d e was occupied by the crude o i l . The microscope was 
focused at the o i l - a i r interface. A sample of the non-pre-
equilibrated aqueous phase was taken i n a pasteur pipet. The t i p 
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7. W A S Α Ν E T A L . Spontaneous Emulsification 117 

of the pipet was placed at the edge of the coverslip and a small 
quantity of the aqueous phase was allowed to flood the space be
tween the coverslip and the glass plate which was not occupied by 
the crude o i l . The aqueous phase thereafter came i n contact with 
the crude o i l under c a p i l l a r y pressure. 

Upon contacting of Salem Crude with the sulfonate system a 
mutual dissolution of the phases ( o i l , surfactant, co-surfactant 
and water) takes place. The phase which contains the mutually 
dissolved (or dispersed) components of the system does not possess 
the same phase contrast between i t and the aqueous phase as be
tween the crude o i l and the aqueous phase as seen from Figure 1A. 

The second stage of emulsification as shown i n Figure IB i n 
volves the development of a very thick i n t e r f a c i a l f i l m around the 
mutually dissolved phase. This f i l m i s approximately five microns 
in thickness (Figure 1C). 

The third stage occurs when small droplets of o i l start 
appearing i n the mutually dissolved phase and i n the i n t e r f a c i a l 
f i l m (See Figure ID). There i s coalescence between these small 
droplets. The mutually dissolved phase thereafter becomes i n d i s 
tinguishable from the surfactant f i l m . 

In the la s t stage of spontaneous emulsification the i n t e r -
f a c i a l f i l m disintegrates as shown i n Figure IE. In this, the 
longest of the stages, the inter-droplet f i l m disintegrates into 
surfactant micelles (with or without co-surfactant) and small o i l 
droplets (which either coalesce with larger o i l droplets or are 
released into the continuous aqueous phase). This mechanism i s 
most closely related to the mechanism of d i f f u s i o n and stranding 
(16). 

In the caustic system the mechanisms of spontaneous emulsifi
cation lead to the formation of both an oil-in-water and a water-
i n - o i l emulsion. A representative photomicrograph has been i n 
cluded i n Figure 2. 

The mechanism of formation of the water-in-oil emulsion pro
ceeds i n the following manner. F i r s t , fingering of the aqueous 
phase into the o i l phase leads to the formation of large aqueous 
droplets inside the o i l phase. These large droplets thereafter 
exhibit a revolving motion during which they disrupt into small, 
more stable aqueous droplets (See Figures 2A, 2B and 2C). Via 
spontaneous emulsification by i n t e r f a c i a l turbulence threads of 
o i l are thrown into the aqueous phase where they disintegrate into 
droplets as i l l u s t r a t e d i n Figure 2D. 

Another mechanism of formation of the oil-in-water emulsion 
was observed. This involved the development of buds of o i l at the 
oil-aqueous interface which were immediately pinched off to form 
an oil-in-water emulsion (See Figure 2E). 

Therefore, the mechanism of spontaneous emulsification i n 
the caustic system i s i n t e r f a c i a l turbulence. The mechanisms for 
the sulfonate system are d i f f u s i o n and stranding. 

Two features of these emulsification systems worth noting 
are that the sulfonate system only formed an oil-in-water emulsion 
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118 CHEMISTRY OF OIL RECOVERY 

Figure 1. Emulsification phenomena in Salem crude oil-Petrostep 420 containing 
n-hexanol: (a) solubilization and diffusion; (b) development of interfacial film; (c) 
presence of thick films around droplets; (d) coalescence of snuûl droplets; and (e) 

disintegration of interfacial film. 
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7. W A S A N E T A L . Spontaneous Emulsification 119 

Figure 2. Spontaneous emulsification in Long Beach crude oil-caustic system: 
(a) initiation of fingering action and formation of water in oil droplets; (b) termi
nation of fingering action and formation of water in oil droplets; (c) threads of oil 
droplets; (d) formation of very thin strings and appearance of oil droplets in aque

ous phase; and (e) appearance of buds of oil at the oil-cqueous interface 
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while the caustic system formed both oil-in-water and water-in-
o i l emulsions. 

For the sulfonate system the rate of emulsification was 
r e l a t i v e l y slow and yielded an unstable emulsion. The emulsifi
cation process with the caustic system was much faster and pro
duced quite stable emulsions. 

With the surfactant-cosurfactant system, i t has been ob
served (6) that the best o i l displacement e f f i c i e n c y i s achieved 
when the surfactant system spontaneously emulsifies with the o i l , 
followed by rapid coalescence of the emulsified o i l droplets (2). 

For the caustic systems used for recovering heavy o i l s i t 
has been observed that the formation of stable emulsions by spon
taneous emulsification i s desirable (10, 11). The stable emul
sions formed during caustic flooding tend to lower injected water 
mobility, viscous fingering, and water channeling while improving 
the sweep effi c i e n c y of the injected f l u i d s . The produced f l u i d s 
from this recovery technique are emulsions and must be demulsi-
f i e d . 

Kinetics of Coalescence for Caustic Systems 

A very careful study of the kinetics of coalescence of an 
oil/water emulsion using photomicrographic droplet size analysis 
was done by Lawrence and M i l l s (17). They prepared their emul
sions by homogenization. Their technique was recently modified 
by us to determine emulsion s t a b i l i t y i n petroleum sulfonate sys
tems of interest i n chemically enhanced o i l recovery processes. 
These observations are given elsewhere (6, 7). 

The objective of the experiments presented here i s to i n 
vestigate effects of sodium hydroxide and sodium chloride on 
emulsion s t a b i l i t y , and to establish the dynamics of spontaneous 
emulsification i n a caustic system. 

Emulsions of crude o i l i n aqueous alkaline solutions were 
prepared by a hand homogenizer. Immediately after homogenization 
a representative sample of the emulsion was placed i n a hemo-
cytometer and photographed through the microscope. The hemocyto-
meter had a specified grid volume of 10~^mls. It was designed 
for a magnification of approximately 400 ( i . e . 40X objective). 
The chamber of the hemocytometer did not apply a pressure on the 
emulsion and i t prevented the emulsion from flowing i n any 
direction. 

The Nikon LKe microscope with interference-phase-contract 
was used to observe the emulsion. The Koehler illumination and 
the phase plates were aligned with a centering telescopic lens. 
The retardation of the l i g h t waves was adjusted with a 1/4 wave
length plate and the analyzer to develop the desired interference 
colors, thereby improving the contrast between the o i l and 
aqueous phases (as seen through the microscope). A Bausch and 
Lomb stage micrometer was used to standardize the magnification 
of the microscope. The pl a i n photomicrography was done with 
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Kodak photomicrography f i l m No. 2483. 
The coalescence of o i l droplets i n the emulsion was followed 

by photographing the emulsion at various intervals of time. The 
time i n t e r v a l between exposures was set according to the s t a b i l i t y 
of the emulsion. For emulsions which took more than one hour to 
appreciably coalesce, samples of the emulsion were pe r i o d i c a l l y 
placed between a glass s l i d e and a cover s l i p and photographed. 

Figure 3 shows a representative photomicrograph of the 
Huntington Beach crude o i l - a l k a l i n e emulsion taken at 400 magni
f i c a t i o n i n a continuous aqueous phase. The emulsion contained 
one part by volume of o i l phase to twenty parts aqueous phase. 
This photograph i s for a non-equilibrated system containing 0.06% 
NaOH and after the emulsion had been formed for f i f t y hours. The 
drop size d i s t r i b u t i o n varies from about 3 to 20 microns. 

The size d i s t r i b u t i o n of the o i l droplets i n an emulsion was 
determined by counting and sizing the droplets from enlarged 
micrographs of the sample. The sizing was done from the micro
graphs taken at different time intervals after emulsion prepara
tion. Figure 4 represents the cumulative percentage for d i f 
ferent sizes on log-probability plot. The straight l i n e behavior 
of the two samples indicates that the i n i t i a l size d i s t r i b u t i o n 
of the o i l droplets can be represented by a log-normal d i s t r i b u 
tion function. The v e r t i c a l distance between the two straight 
li n e s i s a representation of the faster coalescence of droplets 
i n the sample which contained 0.06% NaOH. It should be noted 
that the log-probability plots of drop size distributions for the 
two samples exhibited similar behavior at higher times also. 

Figure 5 shows the kinetics of coalescence for the caustic 
(0.05M NaOH, 1.0% NaCl), Thums Long Beach (heavy) crude o i l sys
tem, with and without the co-surfactant n-hexanol (0.5%). This 
data shows that the mean droplet volume (which i s proportional to 
1/number of droplets) increases with time. The addition of 
hexanol alters the kinetics of interdroplet coalescence to a 
l e v e l that the emulsion almost t o t a l l y coalesces within ten days. 

Reisburg and Doscher (18) reported that the suppression of a 
semi-solid f i l m formation at the oil-water interface played an 
important role i n improving o i l recovery by caustic flooding. 
Our recent experiments with the co-surfactant n-hexanol have 
shown that i t reduces the thickness of the surfactant f i l m and 
enhances the rates of inter-droplet coalescence i n surfactant 
systems (6). Figure 5 shows that our findings with the petroleum 
sulfonate systems could be extended to alkaline systems. 

A series of experiments were conducted to determine the 
emulsion s t a b i l i t y i n caustic systems. Figures 6 and 7 show data 
for the kinetics of coalescence and hence emulsion s t a b i l i t y for 
the crude o i l from Huntington Beach (Lower Main Zone), C a l i f o r n i a 
( o i l gravity of 23°API and o i l acid number of 0.65). Figure 6 
shows data for a nonequilibrated system and for a very low con
centration of NaOH (0.003%) and 1% NaCl. This emulsion i s un
stable. Figure 7 shows data for two different concentrations of 
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Figure 3. Microphoto graph of Hunting
ton Beach crude oil-caustic emulsion 

1 5 ib~ 50 9δ 9^ δ4·9 

X Less than stated size 

Figure 4. Drop-size distributions for Huntington Beach crude oil-caustic emul
sions 
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Figure 5. Kinetics of coalescence for nonequilibrated sample of Long Beach 
crude oil-caustic system 

Figure 6. Kinetics of interdroplet co
alescence for caustic system 
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NaOH(0.02% and 0.06%) and 1% NaCl. These data are for e q u i l i 
brated samples which have been pre-equilibrated for twelve hours. 
There i s a pronounced effect of caustic concentration on emulsion 
characteristics as seen from this figure. 

Effect of I n t e r f a c i a l Properties on Emulsion S t a b i l i t y 

One of the main objectives of this study has been to deter
mine the effect of i n t e r f a c i a l properties on coalescence, 
emulsion s t a b i l i t y and o i l recovery efficiency for various sur
factant and caustic systems. We have recently reported (6, 19) 
that for a petroleum sulfonate system there i s no direct cor
r e l a t i o n between rates of coalescence and i n t e r f a c i a l tension or 
i n t e r f a c i a l charge. However, a qualitative correlation has been 
found between coalescence rates and i n t e r f a c i a l v i s c o s i t i e s . 

The i n t e r f a c i a l tension for the crude o i l - c a u s t i c system was 
measured by the spinning drop technique. The instrument used i s 
similar i n design to the one reported by Schechter and Wade (2). 

We measured the electrophoretic mobilities of crude o i l 
droplets i n alkaline solution using a Zeta Meter (20). Since the 
droplet sizes were larger than one micron, the zeta potentials 
were calculated from electrophoretic mobilities using 
Smoluchowski*s formula. 

Figure 8 shows the values of electrophoretic mobility and 
i n t e r f a c i a l tension as a function of the NaOH concentration for 
the Long Beach crude o i l which has been equilibrated with the 
alkaline solution. This figure shows that the electrophoretic 
mobility increases and then decreases with increasing caustic 
concentration. It should be noted that the maximum i n electro
phoretic mobility appears to correspond to a minimum i n i n t e r -
f a c i a l tension. This finding i s consistent with our recent 
results for surfactant systems (6) and those of Shah and Walker 
(21). 

The i n t e r f a c i a l tension values reported for the caustic sys
tem i n Figure 8 are comparable to the values reported recently 
i n reference (22). Our experiments which have been conducted 
at a room temperature of about 25°C show that 0.1 to 0.4 weight 
percent concentrations of NaOH and 1.00 weight percent NaCl can 
lower the i n t e r f a c i a l tension between the aqueous solution and 
the crude o i l substantially below a value of 0.01 dynes/cm or 
that required for emulsification. We have previously discussed 
the s t a b i l i t y of these emulsions (Fig. 5). In the experiments 
run on f i r e d Berea cores, i t was reported that a concentration 
of 0.1% NaOH and 1% NaCl i n the caustic crude o i l system re
sulted i n a drastic reduction i n residual o i l saturation. The 
details of these tests are given i n reference (22). 

Figure 9 shows the i n t e r f a c i a l tension between the 
Huntington Beach crude o i l and sodium hydroxide as a function of 
the age of the interface. The i n t e r f a c i a l tension i s found to 
increase with the age of the interface. This behavior i s similar 
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Huntington Beach Crude 
5 r PftE-EQUILIBRATED, 1X NaCl 

! · 0.06% NaOH 

I ο 0.02% NaOH 

4 L OIL /AQUEOUS RATIO 1 /20 

0 5 10 15 20 25 3 0 35 40 

TIME (MINUTES) 

Figure 7. Kinetics of coalescence for equilibrated samples of Huntington Beach 
crude oil-caustic systems 

V* NaOH (WT) 

Figure 8. Effect of caustic concentration on electrophoretic mobility and inter-
facial tension of an equilibrated sample of Long Beach crude 
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to the one reported by McCaffery (23) for the heavy crude o i l s 
contacted with caustic solutions. It has been suggested that 
this behavior i s due to the migration away from the oil/water 
interface of the sodium soap products, which are formed when 
acidic compounds i n the crude o i l react at the interface with 
sodium ions i n the aqueous phase. 

Figures 10 and 11 display both the i n t e r f a c i a l tension and 
electrophoretic mobility data for Huntington Beach crude as a 
function of NaOH concentration i n aqueous solutions containing 
1% NaCl. It i s to be noted that as i n the case of the Long Beach 
crude, the minimum i n i n t e r f a c i a l tension corresponds to the 
maximum i n electrophoretic mobility and hence i n t e r f a c i a l charge. 
It should be further stated that this behavior i s the same for 
both the equilibrated system (Figure 10) and for the non-
equilibrated system (Figure 11). In the l a t t e r case, the in t e r -
f a c i a l tension reported here i s the i n i t i a l value at a given 
NaOH concentration. It i s observed that the minimum i n t e r f a c i a l 
tension for the pre-equilibrated system l i e s at about 0.06% NaOH 
whereas the minimum for the non-equilibrated sample i s between 
0.003% and 0.005% NaOH concentration. Furthermore, the minimum 
i n t e r f a c i a l tension i n this case i s below 0.001 dynes/cm. 

Figure 12 shows plots of i n t e r f a c i a l tension and electro
phoretic mobility for samples containing no sodium chloride for 
both equilibrated and non-equilibrated systems. It i s interest
ing to note that the electrophoretic mobility values are about 
the same for both these systems over a wide range of concentra
tions of NaOH. However, the i n t e r f a c i a l tension behavior i s 
quite different from that expected. It should be noted that the 
maximum i n electrophoretic mobility does not correspond to the 
minimum i n i n t e r f a c i a l tension. In addition, the electrophoretic 
mobility values are much higher for those samples containing no 
sodium chloride compared to those which contained NaCl (Figures 
10 and 11). The minimum i n t e r f a c i a l tension occurs at much 
lower NaOH concentration for samples containing NaCl. 

Figure 13 exhibits both i n t e r f a c i a l tension and electro
phoretic mobility for the Huntington Beach F i e l d crude o i l 
against sodium orthosilicate containing no sodium chloride. The 
i n t e r f a c i a l tension values are observed to be higher for the 
non-equilibrated sample i n this case than for the caustic system 
reported i n Figure 12. The minimum i n t e r f a c i a l tension of 0.01 
dynes/cm occurs at about 0.2% sodium s i l i c a t e as opposed to a 
value of less than 0.002 dyne/cm at about 0.06% NaOH. It i s 
interesting to note, however, that the maximum electrophoretic 
mobility i s the same for the two systems. Once again, i t should 
be noted that a maximum i n electrophoretic mobility does not 
correspond to a minimum i n i n t e r f a c i a l tension for those samples 
which contained no sodium chloride. 

In an attempt to evaluate the effect of ele c t r o s t a t i c i n t e r 
action on the s t a b i l i t y of crude o i l - c a u s t i c or ort h o s i l i c a t e 
emulsions, the t o t a l interaction energy (V t) between two o i l 
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Figure 9. Effect of the interface age on interfacial tension 
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Figure 10. Effect of caustic concentration on electrophoretic mobility and inter
facial tension of nonequilibrated sample of Huntington Beach crude 
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HUNTINGTON BEACH CRUDE 

IX NaCl 
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Figure 11. Effect of caustic concentration on electrophoretic mobility and inter-
facial tension of equilibrated sample of Huntington Beach crude 
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Figure 12. Effect of caustic concentration on electrophoretic mobility and inter-
facial tension with no NaCl 
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droplets has been calculated using Verway-Overbeek theory (24). 
In such a calculation, the Hamaker constant i s assumed to be 
10 - 1^ erg; o i l droplet size i s taken as 1 micron and zeta poten
t i a l i s -50mv for 0.06% NaOH with 1% NaCl and -96.5 mV for 0.06% 
NaOH with no sodium chloride. Figure 14 shows plots of V t vs. H, 
the closest distance between the surfaces of the two droplets. 
At 1% NaCl, there i s a monotonie increase i n attractive potential 
energy, therefore, o i l drop f l o c c u l a t i o n i s i r r e v e r s i b l e and o i l 
droplets can be brought together at contact distances. For the 
system with no sodium chloride, there i s a repulsive energy 
barrier between o i l droplets at i n t e r p a r t i c l e distances below 
600A , therefore, oil-drop f l o c c u l a t i o n i s reversible, and hence 
conditions are extremely unfavorable for coalescence. Thus the 
emulsion i s extremely stable. 

We have attempted to relate the emulsion s t a b i l i t y test 
results as reported for caustic systems i n Figure 7 with in t e r -
f a c i a l properties to gain a better understanding of the importance 
of these properties i n alkaline water flooding. Table 1 sum
marizes the values of i n t e r f a c i a l tension, electrophoretic 
mobility and zeta potential, and i n t e r f a c i a l shear v i s c o s i t y for 
equilibrated samples of Huntington Beach crude o i l against 0.02% 
and 0.06% NaOH containing 1% NaCl. The i n t e r f a c i a l v i s c o s i t i e s 
for crude o i l - c a u s t i c solutions were measured using the deep-
channel viscous traction i n t e r f a c i a l viscometer according to the 
new method outlined by Wasan et a l . (25, 26)· This table c l e a r l y 
shows that an emulsion of o i l i n 1.0% NaCl and 0.02% NaOH with 
an i n t e r f a c i a l tension of 2.6 dyne/cm and zeta potential of -45mv 
produced more stable emulsions than i n 1.0% NaCl and 0.06% NaOH 
with an i n t e r f a c i a l tension of 0.6 dyne/cm and zeta potential of 
about -50mv. It i s most interesting to note that the sample with 
0.02% NaOH has an i n t e r f a c i a l v i s c o s i t y value of 8.04 χ 10~ 2 sp. 
as compared to 5.83 χ 10" sp. for the 0.06% NaOH sample; hence, 
the higher the i n t e r f a c i a l v i s c o s i t y , the greater the emulsion 
s t a b i l i t y . This finding for the caustic systems i s similar to 
our recent results for emulsions of crude o i l i n petroleum s u l 
fonate solutions as mentioned e a r l i e r i n this paper. We made no 
attempt to correlate the emulsion s t a b i l i t y results for non-
equilibrated caustic samples with i n t e r f a c i a l v i s c o s i t i e s as 
these have yet to be measured. 

Micellar Aggregate Distribution 

Micelle size and structure are st a b i l i z e d by surfactant 
interactions and bonding. Therefore additives that destabilize 
micellar structure also disrupt the interactions and bonding of 
the surfactants adsorbed at the oil-aqueous interface. The d i s 
ruption of the surfactant interactions and bonding at the int e r 
face leads to a weakening of the i n t e r f a c i a l f i l m and thereby 
promotes coalescence. The micellar aggregate size distributions 
for surfactant systems under consideration for chemical flooding, 
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Figure 13. Effect of orthosilicate on electrophoretic mobility and interfacial ten
sion with no NaCl 
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Figure 14. Energy of interaction vs. separation distance between two droplets 
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to our knowledge have not been reported i n l i t e r a t u r e (6, _7, 27). 
The determination of micellar aggregate size distributions for 
three phase systems could be used to understand the interactions 
which make these systems desirable for enhanced o i l recovery. 
The micellar aggregate size d i s t r i b u t i o n i s also important be
cause large micellar aggregates plug reservoir pores with small 
throat diameters (28). This plugging may cause poor o i l recovery. 

The objectives of this study was to determine the changes i n 
micellar aggregate size distributions caused by oil/water r a t i o , 
co-surfactant and three phase development i n petroleum sulfonate 
systems and by a co-surfactant i n a caustic system. 

In the study of micellar aggregate size and structure atten
tion was focused on the large micelles of various surfactant 
systems. Mukerjee (29) c a l l s large micelles "association 
c o l l o i d s " because they result from the association of small 
molecules. 

A Model TA-II Coulter Counter with the population accessory 
was used to measure size distributions of micellar aggregates. 
The aperture tube with the 30 micron o r i f i c e was attached to the 
counter. A 1.5% NaCl solution was f i l t e r e d with a 0.22 micron 
Millipore f i l t e r . The Coulter Counter was flushed with this 
solution. A sampling time of f i v e seconds (equivalent to 0.05 
mis) was selected. The channels of the counter were standardized 
with 2.02 micron polymer beads. The o r i f i c e of the aperture tube 
was examined by the microscope attached to the counter and by 
the oscilloscope. The micellar aggregate size distributions for 
the aqueous samples were determined i n channels 2 through 15 by 
d i f f e r e n t i a l counting i n each channel. The micellar aggregate 
size distributions determined by the Coulter Counter were 
v e r i f i e d by the Nikon LKe transmitted l i g h t microscope. The 
magnification of 1,000 (with o i l immersion) was used along with 
a green l i g h t f i l t e r to improve resolution. To prove that the 
"p a r t i c l e s " being sized by the Coulter Counter were surfactant 
micellar aggregates and not o i l droplets the interference-phase 
contrast technique and ultra-sonication were applied. 

The phase difference between he " p a r t i c l e s " (which were 
detected by the Coulter Counter) and o i l droplets of the same 
size was determined. This phase difference was large. This 
meant that the refractive index of the " p a r t i c l e s " was d i f f e r 
ent than the refractive index of the crude. The " p a r t i c l e s " 
therefore were not o i l droplets. This only leaves the possi
b i l i t y that they were micellar aggregates of surfactant. However, 
i t i s possible that there was some crude o i l dissolved i n the 
hydrophobic cores of the micelles that constitute these aggre
gates. 

The presence of large micellar aggregates was also v e r i f i e d 
as follows. The particles were disrupted by sonic energy using 
an ultra-sonicator (Labline, Inc.). The decrease i n the micellar 
aggregate sizes due to sonication was monitored by the Coulter 
Counter. However, within a period of two days the " p a r t i c l e s " 
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had grown back to their o r i g i n a l size d i s t r i b u t i o n . The refor
mation of these " p a r t i c l e s " can not be explained i f they were 
considered to be o i l droplets. 

Szabo (28) has reported that the plugging of pores by sur
factants could be p a r t i a l l y a lleviated by the addition of an 
alcohol ( i . e . co-surfactant). This would indicate that the co -
surfactant disrupts the structure of the surfactant micelles. 

It has been shown i n our recent publications (6^ 7̂  27) 
that the addition of a co-surfactant greatly enhances the coales
cence rates of o i l droplets. The co-surfactant must have d i s 
rupted the surfactant interactions at the oil-aqueous interface. 
We have also previously reported the s i g n i f i c a n t changes i n 
micellar aggregate size d i s t r i b u t i o n caused by the equilibration 
of the aqueous surfactant solution against the crude o i l . 

The equilibrium phase behavior of systems of o i l and water 
containing appreciable amounts of surfactant i s characterized by 
the presence of microemulsions. The microemulsions are stable 
oil-water dispersions caused by the incorporation of amphipathic 
molecules (surfactants and co-surfactants) i n the o i l and water 
phases. 

When an aqueous system containing a surfactant, co-
surfactant and of intermediate s a l i n i t i e s i s allowed to e q u i l i 
brate with crude o i l , the mixture sometimes separates into three 
phases. One of these phases i s the aqueous phase which contains 
very l i t t l e surfactant. This i s called the lower phase. The 
second phase i s called the middle phase. This phase i s a micro-
emulsion which contains large amounts of both o i l and water and 
nearly a l l the surfactant. The third (upper) phase contains the 
o i l . Systems of o i l and aqueous phases which show this phase 
behavior are said to exist i n the "beta" region of the phase 
diagram. The "beta" type systems have been shown to form the 
least stable emulsions and thereby result i n enhanced o i l re
covery (30). 

The "beta" system developed i n the 3% Petrostep 420 +1.5% 
NaCl + 0.58% hexanol system upon equilibration of the aqueous 
phase with Salem crude o i l at an oil/aqueous r a t i o of 1/4. The 
Coulter Counter and microscopy techniques mentioned e a r l i e r were 
employed to characterize this three-phase formation ( i . e . a 
s h i f t to the "beta" region). 

Figure 15 compares the micellar aggregate size d i s t r i b u t i o n 
for the aqueous phase containing 3% Petrostep 420, 1.5% NaCl and 
0.58% hexanol with the size d i s t r i b u t i o n of micellar aggregates 
i n the middle and lower phases which developed when the aqueous 
phase was equilibrated with crude o i l . This figure shows that 
most of the surfactant i s contained i n the midele phase after 
equilibration. The middle phase was examined by interference 
phase contrast microscopy. It was observed that the middle 
phase consisted of an oil-in-water emulsion. The size of the 
o i l droplets i n the emulsion ranged from 2 to 3 microns i n dia
meter. The o i l droplets were encapsulated i n a thick f i l m of 
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surfactant. 
The oil/aqueous r a t i o was found to be important for three 

phase development and disruption. Three phases were formed for 
the Petrostep system at an oil/aqueous r a t i o of 1/4, but the 
system had only two phases when the ratio was increased to 1/2 
(27). This behavior indicates the very complex nature of the 
oil/aqueous interactions which also must be understood i n order 
to analyze the processes important for enhanced o i l recovery by 
surfactant systems. 

The very low i n t e r f a c i a l tensions reported for many crude 
o i l - c a u s t i c systems should permit substantial reduction of 
residual o i l saturation by the mobilization of trapped o i l . We 
have discussed e a r l i e r that crude o i l - c a u s t i c tension i s low 
i n i t i a l l y where reactants meet at a fresh interface but the 
i n t e r f a c i a l tension increases as reaction products diffuse into 
the bulk phases. The technique of determining micellar aggregate 
size distributions could be used to study the dif f u s i o n of the 
reaction products into the aqueous phase. 

The reason for understanding the effect of n-hexanol on the 
micellar aggregate size d i s t r i b u t i o n i n the caustic systems are 
similar to those for the sulfonate systems presented e a r l i e r . 

Figure 16 shows that the presence of the co-surfactant 
hexanol resulted i n the formation of much smaller micellar aggre
gates of the natural surfactant than those formed i n the system 
which did not contain hexanol. The caustic systems contained 
0.05 M NaOH (0.2% by weight) and 1% NaCl. These observations 
are similar to those made for the sulfonate system (19, 27). 

Surfactant Film Characterization 

Many crude o i l s contain surface active compounds that w i l l 
c o l l e c t at an oil-water interface to form a r i g i d f i l m . Since 
i n t e r f a c i a l films are important i n the displacement of o i l by 
water i n reservoir rock, the presence of r i g i d films i n the 
reservoir could a l t e r the recoverable o i l by water invasion (31). 

When the aqueous phase contains a surface active compound, 
the compound c o l l e c t s at an oil-water interface to form a sur
factant fi l m . This f i l m may or may not be r i g i d . The physical 
properties of this f i l m affect emulsion s t a b i l i t y and thereby 
influence the y i e l d of crude o i l by surfactant floods. 

The determination of the molecular orientation and the 
thickness of this surfactant f i l m i s very important i n under
standing the basic factors which affect emulsion s t a b i l i t y (32). 

There are various types of molecular orientations possible 
i n the surfactant f i l m . The surfactant molecules may be i n the 
form of crystals, isotropic gels or one or more of several d i f 
ferent types of mesophases (33). The techniques which may be 
used to study the molecular orientations inside these surfactant 
films have been reviewed by Singer (34). 

Phase contrast microscopy at a magnification of 1000 was 
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Figure 15. Micellar aggregate distribu
tions for Petrostep 420 with n-hexanol, 
three-phase si/stem. For the aqueous 
phase containing 3.0% P. 420 + 1-5% 
NaCl + 0.58% hexanol, nonequilibrated 
(O), and equilibrated for a Salem crude 
oil/aqueous ratio of 1/4, Middle Phase 

(A) and Lower Phase (•). 

45r 

DIAMETÇR OF MICELLES 
microns 

Figure 16. Natural crude oil surfactant 
micellar aggregate size distributions for 
Long Beach crude/caustic system. The 
aqueous phase containing 0.05M NaOH 
without hexanol (Φ) and with 0.50%) 

hexanol 
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used to qua l i t a t i v e l y examine the r i g i d i t y of the films for the 
equilibrated 3% Petrostep 420-Hi-hexanol system. This system 
formed very f l e x i b l e films which were observed to rupture readily 
upon contact of two o i l droplets (6, 7). 

The formation of surfactant crystals ( i . e . l i q u i d crystals) 
at the oil-aqueous interface can be easi l y determined by the 
use of polarized l i g h t microscopy (35). 

Liquid crystals have been observed i n the surfactant (20, 
27) films surrounding o i l droplets for the TRS 10-80 system 
employed by Strange and Talash (3) and Whiteley, et a l . (4, 5) 
for the Salem low tension water flood f i e l d tests. The crystals 
were v i s i b l e through crossed polarizing plates at a magnification 
of 400. The presence of crystals i n these films indicates that 
the surfactant molecules are highly organized for this system. 
This would tend to make the interface r i g i d and thereby lower 
coalescence rates. The TRS 10-80 system had very poor coales
cence as reported previously by us (6). 

Liquid crystals were also observed i n the i n t e r f a c i a l films 
of water-in-oil emulsions present i n Thums Long Beach crude o i l 
produced by secondary o i l recovery. 

Fig. 17 shows a photograph of a crude o i l droplet dispersed 
i n non-equilibrated aqueous phase consisting of .02% NaOH and 1% 
NaCl. The droplet i s approximately 16 microns i n diameter. 
The f i l m around the droplet appears to be thicker than those 
observed i n the case of petroleum sulfonate systems (6). The 
emulsion was found to be more stable. 

Conclusions 

(1) The mechanisms of a spontaneous emulsification i n 
petroleum sulfonate and caustic systems have been described. 
The differences i n behavior i n surfactant and alkaline solutions 
have been characterized by high speed cinephotomicrography. 

(2) Preliminary results on the kinetics of coalescence of 
both the Long Beach and the Huntington Beach crude o i l droplets 
i n caustic systems have been presented. 

(3) The effects of i n t e r f a c i a l tension, i n t e r f a c i a l charge 
and i n t e r f a c i a l v i s c o s i t y on coalescence, and emulsion s t a b i l i t y 
for crude o i l emulsions i n alkaline solutions have been assessed. 
It was observed that the NaOH concentration which yields higher 
i n t e r f a c i a l shear v i s c o s i t y also results i n higher emulsion 
s t a b i l i t y . 

(4) Further data on the effect of i n t e r f a c i a l v i s c o s i t y on 
emulsion s t a b i l i t y and i t s subsequent effect on o i l recovery 
efficiency by alkaline water flooding are needed. 
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Figure 17. Interference phase contrast 
micrograph of crude oïl in caustic solu

tion 
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(5) The maximum electrophoretic mobility or zeta potential 
corresponds to the minimum interfacial tension for the caustic 
systems containing 1% NaCl but this correlation is not valid for 
systems which do not contain NaCl. 

(6) The interfacial tension between the crude oil and the 
alkaline solution is a strong function of the age of the inter
face. The interfacial tension increases with the age of the 
interface. 

(7) The interference phase contrast technique combined with 
high resolution optical sectioning needs to be developed further 
to measure the thickness of the film surrounding oil droplets in 
caustic systems. The film thickness and the molecular packing 
in the film need to be correlated with the stability of an 
emulsion system. Preliminary results obtained to date are quite 
encouraging. 

(8) Micellar aggregates with relatively large diameters have 
been found for both the petroleum sulfonate and the caustic flood
ing systems. The role of these micellar aggregates in enhanced 
oil recovery by chemical flooding needs to be established. 

Abstract 

In this paper we present microscopic observations and high 
speed cinephotomicrographic examinations of spontaneous emulsi
fication phenomena in both surfactant and caustic systems. We 
also report results of laboratory experiments involving acidic 
crude oils from both Thums Long Beach (Wilmington field) and 
Huntington Beach containing natural surface-active agents which 
greatly influence interfacial rheological properties and emul
sion stability. The crude oils are contacted with caustic 
solutions containing electrolytes and alcohols. Data on inter-
facial viscosities, interfacial tension, interfacial charge, 
micellar aggregate distributions, and the microscopic observa
tions of inter-droplet coalescence of oil-in-water emulsions 
are reported. Photomicrographic observations of the rate of 
coalescence-rupture processes with droplet size determinations 
provide an insight into the stability of emulsion systems. 
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8 

Comparison of Solution Properties of Mobi l i ty Control 

Polymers 

ESREF UNSAL, JOHN LARRY DUDA, and ELMER KLAUS 
Department of Chemical Engineering, The Pennsylvania State University, 
University Park, PA 16802 

Showing the technical f eas ib i l i ty of polymer flooding or 
testing a polymer for mobility control in an o i l reservoir re
quires five steps. The f i r s t step is to determine the solution 
properties of this polymer. This investigation which can be car
ried on in a laboratory is the most inexpensive step and i t can 
also produce the most fundamental data. The second step in the 
process of evaluating a polymer is to determine the in jectabi l i ty 
of a polymer solution. Tight reservoirs require the solutions to 
be injectable without leading to plugging. Formations with per
meabilities in excess of 200 or 300 md may not require this step. 
The f ina l three steps all involve actual porous media tests and 
they tend to be more tedious and more expensive, nevertheless es
sent ia l : preliminary tests with inexpensive porous media that 
simulate the actual reservoir rock (filter papers, metal porous 
media, paral le l cap i l l a r ies , e tc . ) , tests with cores in the lab
oratory, and field tests. The more understanding that i s obtained 
in the first three steps, the less of the lat ter two steps that 
have to be carried out. It i s desirable to develop methods to 
correlate the information obtained in the first three laboratory 
tests with the results of the lat ter tests in order to minimize 
the number of expensive experiments required for the design of a 
flood. 

This paper will address itself exclusively to the first of 
the above mentioned steps, namely, the solution properties of mo

bility control polymers. The polymers investigated cover quite a 
spectrum: Kelzan®- XC (xanthan gum), Pusher®-700, Collois®)xH 0 

and XH 3 , and Na t roso l® 250 HHR. The brief descriptions of these 
polymers are given below: 

a. Pusher®: This is a par t ia l ly hydrolyzed polyacrylamide 
which has been the most widely employed polymer in enhanced oil 
recovery applications. It has some undesired characteristics such 
as vulnerabil i ty to mechanical degradation and sensi t ivi ty to sa l t . 

b. Xanthan gum: This is a biopolymer which also has been 

0-8412-0477-2/79/47-091-141$07.50/0 
© 1978 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
, 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

1.
ch

00
8

In Chemistry of Oil Recovery; Johansen, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



142 CHEMISTRY O F OIL RECOVERY 

u t i l i z e d widely even though biodégradation and i n j e c t i v i t y to 
ti g h t o i l sands have been sources of concern. Xanthan gum i s the 
exocel l u l a r biopolysaccharide produced i n a fermentation process 
by the microorganism Xanthomonas campestris (1) . Three d i f f e r e n t 
monosaccharides have been found i n xanthan gum: mannose, glucose, 
and glucuronic acid (2). The main chain of xanthan gum has B-D-
glucose units linked through the 1- and 4- positions (1). 

c. Colloid®: This polymer i s a polysaccharide produced by 
conventional chemical treatments as opposed to fermentation. I t 
i s a combination of sodium c e l l u l o s e s u l f a t e esters i n which the 
substituents are uniformly d i s t r i b u t e d over the macromolecule (3). 
Many properties of t h i s polymer are s i m i l a r to the properties of 
other polysaccharides. 

d. Natrosol®: This i s a hydroxy ethyl c e l l u l o s e derived 
from c e l l u l o s e with a nonionic character (4). I t w i l l be shown 
that t h i s polymer provides some advantages over the three polymers 
mentioned above. 

The l i t e r a t u r e on m o b i l i t y control polymers includes many 
ove r - s i m p l i f i c a t i o n s concerning the behavior of these polymer 
solutions such as: polysaccharides are i n s e n s i t i v e to s a l t , and 
polyacrylamides e a s i l y degrade i n a shear f i e l d . This study w i l l 
show that the differences between solutions are a matter of de
gree and the basic behaviors and the mechanisms are common to a l l 
m o b i l i t y control polymers. 

The block of data concerned with t h i s area generally does not 
consider the developments concerning the s o l u t i o n behavior of non-
mobility control polymers which has been reported i n the polymer 
l i t e r a t u r e . I m p l i c i t l y , one i s led to believe that the mo b i l i t y 
control polymer solutions are unique and have l i t t l e i n common 
with more conventional polymer solutions. This study w i l l show 
that there i s a d i r e c t q u a l i t a t i v e c o r r e l a t i o n between the be
havior of mo b i l i t y control polymer solutions and other solutions 
of macromolecules. In p a r t i c u l a r , i t i s demonstrated that the 
viscous properties are d i r e c t l y related to the hydrodynamic s i z e 
of the polymer chain; and the influence of system c h a r a c t e r i s t i c s 
such as s a l t concentration, shear ra t e , etc., can be correlated 
with the e f f e c t i v e s i z e of the polymer molecule i n s o l u t i o n . Con
sequently, t h i s study suggests that more emphasis should be placed 
on the measurement of the molecular si z e of mo b i l i t y control poly
mers i n s o l u t i o n i f a fundamental understanding of these solutions 
i s to be developed. 

Molecular Size i n Solution 

The dominate factor which controls the s o l u t i o n properties of 
mobility control polymers i s the configuration (and hence size) 
that the molecule assumes i n a given environment. Although the 
v i s c o s i t y of a polymer s o l u t i o n i s related to the hydrodynamic 
siz e of the polymer molecules, i t i s d i f f i c u l t to determine the 
unique r e l a t i o n s h i p between v i s c o s i t y and s i z e . However, exten-

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
, 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

1.
ch

00
8

In Chemistry of Oil Recovery; Johansen, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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sive studies indicate that the so l u t i o n property referred to as 
i n t r i n s i c v i s c o s i t y i s related to s i z e i n a simple universal man
ner (5). This discussion w i l l focus on how to determine i n t r i n 
s i c v i s c o s i t i e s and molecular sizes for the polymers being i n 
vestigated. 

The i n t r i n s i c v i s c o s i t y [ ] indicates how the v i s c o s i t y 
changes with polymer concentration at i n f i n i t e d i l u t i o n : 

l i m 
0 

2 - - 1 
Ρ (1) 

η 

% 
[η] 

polymer concentration, g/1 
v i s c o s i t y , cp 
v i s c o s i t y of solvent, cp 
i n t r i n s i c v i s c o s i t y , 1/g 

The i n t r i n s i c v i s c o s i t i e s are obtained by making v i s c o s i t y mea
surements at d i f f e r e n t polymer concentrations and by p l o t t i n g the 
above expression against the concentration. The l i m i t that t h i s 
quantity assumes as the i n f i n i t e d i l u t i o n i s approached i s the 
value desired. Polymer solutions e x h i b i t a Newtonian behavior at 
low shear rates, changing to a non-Newtonian flow at higher shear 
rates (6). The i n t r i n s i c v i s c o s i t i e s should be determined at the 
low shear rate range. The most commonly used equation that r e 
lates the i n t r i n s i c v i s c o s i t y and the molecular weight of a macro-
molecule i s the Mark-Houwink equation: 

[η] = Κ χΜ α (2) 

The constants and α can be either measured by an overlap of i n 
t r i n s i c v i s c o s i t y data and another technique of measuring molecu
l a r weights or can be estimated from the considerations of molecu
l a r configurations. 

The molecular weights and the sizes of the polymers i n v e s t i 
gated i n a 200 ppm NaCl so l u t i o n at 25°C are given i n Table 1. 
The values for xanthan gum were also reported i n an e a r l i e r work 
(7). The molecular sizes were obtained by using the Flory r e l a 
t i o n (8). There are alternate discussions as to what the config
uration and the s i z e of xanthan gum molecules i n so l u t i o n are. 
Whitcomb, Ek, and Macosko have presented an i n t e r p r e t a t i o n of the 
i n t r i n s i c v i s c o s i t y data assuming a c y l i n d r i c a l rod conformation 
(9) . The K-j- and α values for Pusher®are given by Lynch and Mac-
Williams (10). I t should be noted that a range of Κχ and α values 
for polyacrylamides can be found i n the l i t e r a t u r e (11). 

The i n t r i n s i c v i s c o s i t y of C o l l o i d ® i s close to the value 
for xanthan gum. The Kj and α values are not a v a i l a b l e , hence 
the molecular weight and siz e are not calculated. These numbers 
are expected to be s i m i l a r to that of xanthan gum. The actual 
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molecular weight of C o l l o i d ®samples range from 1 to 2 m i l l i o n 
based on the conversion of the reaction and the degree of s u b s t i 
t u t i o n (3). The K l and α values for Natrosol are obtained from 
the polymer l i t e r a t u r e (12). 

Table 1 

Molecular Weights and Sizes of Polymers 

Polymer 

Pusher® -700 
Kelzan® -XC 
C o l l o i 
Natroso®-250 HHR 1.8 0.95x10 "0.87 

[η] 
(1/g) 

,-4 9.9 3.73x10 0.66 
-5 8.7 1.18x10 

8.2 
0.85 

Molec. Size 
(A) 
2950 
3290 

1020 

Molec. Wt. 
(x 1Q-6) 

5.0 

8.0 

(1-2) 
1.2 

The i n t r i n s i c v i s c o s i t y (hence the molecular size) of the 
mobility control polymers i s a strong function of the environment 
or the e l e c t r o l y t e concentration of the sol u t i o n and the tempera
ture. The size i s also affected by mechanical degradation. As 
shown i n Table 2, increasing the s a l t concentration leads to a 
smaller s i z e i n polyacrylamides. This effect i s more d r a s t i c at 
low s a l t concentrations. 

Table 2 
(S) 

Effect of NaCl on Molecular Size of Pusher^ 
NaCl Concentration I n t r i n s i c V i s c o s i t y Size 

(ppm) (1/g) (A) 

200 9.90 2950 
1000 7.18 2650 

10000 6.42 2550 

Preparation and Evaluation of Solutions 

Mixing. Dissolving a polymer i s a slow process which occurs 
i n two stages. F i r s t , a gel i s produced when the solvent molecul
es s t a r t to solvate and associate with the polymer chains (_5) . 
Then t h i s gel disintegrates into a molecular dispersed s o l u t i o n . 
Different polymers exhibit quite d i f f e r e n t c h a r a c t e r i s t i c s during 
t h i s process, and th i s process i s influenced by variables such as 
shear rate, temperature, and s a l t concentration. 

Severe shear conditions are required to disperse the gels 
formed by xanthan gum (7). Figures 1 and 2 show a comparison of 
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Society of Petroleum 

Engineers of AIME 

Figure 1. Mixing in impeller system (7) 

Society of Petroleum 

Engineers of AIME 

Figure 2. Mixing in orifice blender (7) 
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the dispersion of xanthan gum molecules i n o r i f i c e and impeller 
systems. These two devices represent two mixing modes. S t i r r i n g 
with propeller i s a mild means of dispersion without s i g n i f i c a n t 
mechanical degradation. O r i f i c e blending represents severe mix
ing with d i f f e r e n t extents of downstream c a v i t a t i o n depending on 
the s i z e of the o r i f i c e . Solution v i s c o s i t i e s are chosen as the 
c r i t e r i o n for evaluation of mixing. Since a l l the polymer buffer 
solutions e x hibit non-Newtonian v i s c o s i t y properties, the compar
isons have to be made at a fi x e d shear rate. A shear rate of 10 
s e c ~ l was chosen for comparison since t h i s corresponds approxima
t e l y to a t y p i c a l chemical flood of 0.3 ft/day i n a t i g h t reser
v o i r . In propeller blending, v i s c o s i t y increases r a p i d l y to a 
high value as can be seen on Figure 1. Examining the q u a l i t y of 
dispersion by measuring the v i s c o s i t i e s of u n f i l t e r e d solutions 
can be misleading. Most of the v i s c o s i t y i s l o s t a f t e r a 1.2 μΜ 
f i l t r a t i o n . This shows that the gels that form contribute to the 
v i s c o s i t y but they are f i l t e r e d out as soon as the s o l u t i o n i s 
passed through a hole of s i z e 1 or 2 μΜ. Severe shearing i s re
quired to dissolve these gels. The v i s c o s i t i e s of f i l t e r e d pro
p e l l e r solutions go up as mixing time i s increased and they f i n a l 
l y l e v e l off at long mixing times. 

In o r i f i c e blending, the v i s c o s i t y increases as the s o l u t i o n 
passes through the o r i f i c e as shown on Figure 2. The v i s c o s i t y 
loss upon f i l t r a t i o n i s small i n t h i s case, i n d i c a t i n g that t h i s 
high shear f i e l d device i s required for the dispersion of xanthan 
gum. 

The number of passes required through an o r i f i c e to form a 
well-dispersed s o l u t i o n depends on the polymer concentration. The 
reservoir c h a r a c t e r i s t i c s are needed for the f i n a l design of the 
o r i f i c e mixing system. Details of mixing of xanthan gum solutions 
were presented i n an e a r l i e r study (7). 

C o l l o i d ® solutions can be prepared by impeller s t i r r i n g and 
o r i f i c e shearing. Figure 3 shows that the v i s c o s i t y of Colloid® 
solutions increase as the s o l u t i o n i s passed through the o r i f i c e . 
The gels formed i n t h i s case dissolve more r e a d i l y than the ones 
formed from xanthan gum. Consequently, even a r e l a t i v e l y gentle 
propeller s t i r r e r can be u t i l i z e d to obtain solutions which are 
f i l t e r a b l e through a 1.2 μΜ f i l t e r . C o l l o i d ® solutions seem to 
have good mechanical s t a b i l i t y as w i l l be discussed. This pro
vides a choice of o r i f i c e s with d i f f e r e n t extents of shear i n the 
mixer. 

The difference i n the dispersions of C o l l o i d ® achieved i n 
propeller and o r i f i c e mixers can be seen by examining Figure 4. 
In t h i s f igure the f i l t r a t i o n times of the two samples are plotted 
against the volume throughput. The o r i f i c e samples require short
er f i l t r a t i o n times i n d i c a t i n g better dispersion. The propeller 
samples not only exhibit longer f i l t r a t i o n times but increasingly 
so. A plugging tendency i s observed for these batches. 

Hydroxy ethyl c e l l u l o s e requires long hydration times p r i o r 
to dispersion. The formation of the gel i s the c r i t i c a l step i n 
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mixing t h i s polymer. Once the solvent molecules are associated 
with the polymer chain, the dispersion proceeds with ease (see 
Figure 5). The r e s u l t s of propeller mixing are shown i n t h i s f i g 
ure. A s i m i l a r s i t u a t i o n e x i s t s for solutions prepared by the 
o r i f i c e mixer. The hydration time i s necessary. Severe shearing 
i s not necessary for mixing hydroxy e t h y l c e l l u l o s e s o l u t i o n s , 
however; at l e a s t two hours of soaking time for hydration i s es
s e n t i a l without adding a base to increase the pH. Severe shear 
conditions are not detrimental to the v i s c o s i t y of these solu
tions . 

Polyacrylamides are extremely s e n s i t i v e to shear f i e l d s as 
pointed out i n the l i t e r a t u r e (13,14). Any o r i f i c e mixing breaks 
up the chains of polyacrylamides. The v i s c o s i t i e s of Pusher ® 
solutions are plotted against the number of cycles through an o r i 
f i c e i n Figure 6. Even with a 1/16" o r i f i c e (which has less than 
a 10 p s i pressure drop across i t ) , the v i s c o s i t y drops from 14.1 
cp to 10.9 cp showing more s e n s i t i v i t y than the other polymers. 
A g i t a t i o n with a propeller at low speeds (less than 500-600 rpm) 
i s a proper mixing mode for polyacrylamides. 

F i l t r a t i o n . Many of the plugging problems associated with 
flooding o i l reservoirs with polymer solutions o r i g i n a t e from i n 
e f f i c i e n t p r e i n j e c t i o n procedures. The importance of dispersion 
was presented i n the preceeding section. In t h i s discussion, the 
importance and the consequences of f i l t r a t i o n w i l l be presented. 

In general, reservoir engineers do not flood a formation with 
a surfactant or polymer s o l u t i o n that has not been f i l t e r e d . F i l 
t r a t i o n may be necessary because plugging of any portion of the 
reservoir decreases o i l recovered. This plugging may be caused 
by polymer gels which were not completely dispersed during mixing 
or impurities which act as centers for agglomerations. Proper 
f i l t r a t i o n w i l l remove both of these undesirable species. Our 
studies indicate that the most popular and e f f e c t i v e means of f i l 
t r a t i o n i s diatomaceous earth. Lipton and Burnett also state t h i s 
f i n d i n g (15,16). Figure 7 shows the e f f e c t of diatomaceous earth 
(DE) on i n j e c t i v i t y of xanthan gum. The degree of i n j e c t i v i t y i s 
measured as the extent of decrease i n flow rate observed as a cer
t a i n volume of f l u i d i s passed through a f i l t e r paper (1.2 μΜ i n 
t h i s case) at a c e r t a i n pressure drop across the paper (20 p s i i n 
t h i s a p p l i c a t i o n ) . The e f f l u x time for 50 cc of u n f i l t e r e d s o l u 
tions exceeds 120 sec when 150 cc has passed through the f i l t e r . 
The corresponding e f f l u x time i s approximately 10 seconds (even 
a f t e r 1000 cc has flown through) for a s o l u t i o n that has been 
f i l t e r e d through a bed packed with 20 g of DE. The data show that 
f i l t r a t i o n through DE increases the ' i n j e c t i v i t y 1 of a s o l u t i o n . 
There are three kinds of behavior that can be observed i n a DE 
bed; plugging (too much throughput or extensive contamination), 
i n e f f e c t i v e f i l t r a t i o n (too l i t t l e throughput or clean s o l u t i o n ) , 
and proper f i l t r a t i o n (correct amount of f i l t e r capacity for given 
throughput and r i g h t f i l t e r q u a l i t y ) . As indicated previously, 
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solutions prepared by propeller show some extent of plugging 
while the o r i f i c e samples are cleaner. The DE used was Speedflow 
® with an e f f e c t i v e f i l t e r s i z e of 0.50 μΜ i n the absence of 
major change i n the bed permeability. The v i s c o s i t i e s of the con
centrated polymer solutions discussed i n t h i s paper refer to the 
u n f i l t e r e d samples. 

F i l t e r a b i l i t y . E f f e c t of f i l t r a t i o n on s o l u t i o n v i s c o s i t i e s 
i s important because one wants to remove only a minimum number of 
well-dispersed molecules while f i l t e r i n g out a l l undesired spec
i e s . F i l t e r a b i l i t y can be defined as the percent v i s c o s i t y main
tained a f t e r f i l t r a t i o n through a paper with a small e f f e c t i v e 
pore s i z e . F i l t e r a b i l i t y of polymer solutions i s shown i n Figure 
8. The C o l l o i d ® samples prepared by the impeller mixer lose an 
appreciable portion of t h e i r v i s c o s i t i e s when f i l t e r e d through 
0.45 μΜ f i l t e r s . On the other hand, the o r i f i c e samples maintain 
the same v i s c o s i t y they had p r i o r to f i l t r a t i o n through a 0.45 μΜ 
f i l t e r . F i l t e r a b i l i t y of xanthan gum i s noted i n Figure 8. K e l -
zan-XC OP does not undergo an appreciable v i s c o s i t y loss when mixed 
properly i n an o r i f i c e blender. Hydroxy ethyl c e l l u l o s e i s af
fected by f i l t r a t i o n quite severely. Almost a l l the polymer i s 
retained on the f i l t e r paper when a 0.45 μΜ e f f e c t i v e pore s i z e 
i s u t i l i z e d . This may be due to the high polymer concentration 
used i n the s o l u t i o n . A higher concentration of hydroxy ethyl 
c e l l u l o s e i s required to achieve the l e v e l of v i s c o s i t y obtained 
by u t i l i z i n g 500 ppm of the other polymers mentioned. P o l y a c r y l 
amides undergo sharp v i s c o s i t y decreases even when 1.2 μΜ f i l t e r s 
are employed i n the f i l t r a t i o n . The associations between the 
molecules account for t h i s observed unfavorable f i l t e r a b i l i t y i n 
t h i s case. 

In conclusion, these studies show that i f Colloid® and xan
than gum are prepared i n an o r i f i c e blender, the solutions can be 
f i l t e r e d through f i l t e r s as f i n e as 0.45 μΜ without a substantial 
loss of polymer. On the other hand, polyacrylamide and hydroxy 
ethyl c e l l u l o s e solutions lose an appreciable part of t h e i r v i s 
c o s i t y upon a s i m i l a r f i l t r a t i o n as indicated above. 

V i s c o s i t y Measurements. Low shear rates down to 1 s e c ~ l can 
be observed i n t i g h t o i l sands l i k e Bradford, Pennsylvania No. 3 
o i l sands. To measure v i s c o s i t i e s at these low shear conditions 
accurately, a c a p i l l a r y viscometer has been designed and u t i l i z e d 
(17). The schematic of t h i s viscometer i s shown i n Figure 9. 
Hagen-Poiseuille law describes the flow of a Newtonian f l u i d 
through the c a p i l l a r y . The Rabinowitsch correction i s introduced 
to obtain the shear rate at the w a l l for a non-Newtonian f l u i d 
that obeys the Ostwald-de Waele model (7). A comparison of t h i s 
viscometer and the Mechanical Spectrometer® (a sophisticated 
r o t a t i o n a l viscometer) i s shown i n Figure 10 (24). The good agree
ment between the two instruments indicates that they are both 
capable of accurately determining the effect of shear rate on 
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VOLUME THROUGHPUT, cc 

Figure 7. Effect of DE filtration on injectivity 

Figure 8. Effect of filtration on viscosities 
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Figure 9. Schematic of capillary viscometer (7) 
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v i s c o s i t y . The Mechanical Spectrometer i s an easier instrument 
to operate for covering a large shear rate range but the c a p i l l a r y 
viscometer i s inexpensive. A comparison of the Brookfield ®Vis
cometer (which i s employed i n t h i s kind of an ap p l i c a t i o n quite 
frequently) and the Mechanical Spectrometer ® i s provided i n F i g 
ure 11. The main disadvantage of the Brookfield ® type viscometer 
i s that the v i s c o s i t y over an average range of shear rate i s mea
sured, and i t i s not possible to determine the actual v i s c o s i t y -
shear rate r e l a t i o n s h i p . The Brookfield ®viscometer provides 
r e l a t i v e v i s c o s i t i e s while the data from the c a p i l l a r y unit and 
the Spectrometer® are absolute. The cone and plate geometry i n 
the Mechanical Spectrometer assures that the shear rate i s 
nearly constant throughout the sample. A discussion of r o t a t i o n a l 
viscometers i s presented by Whitcomb, Ek, and Macosko (9). 

A l l v i s c o s i t i e s (except those i n the temperature study) were 
measured at 77°F with the c a p i l l a r y viscometer and they were cor
rected to 10 s e c ~ l i f not noted otherwise. The c a p i l l a r y viscom
eter has an accuracy of 0.1% for a 10 cp f l u i d at 10 s e c ~ l . 

Comparison of Non-Newtonian Behavior 

A l l the polymers that have been suggested as mob i l i t y control 
agents are pseudoplastic, i . e . , they are shear-thinning. The ex
tent of pseudo-plasticity i s d i f f e r e n t for polyacrylamides, poly
saccharides, and hydroxy ethyl c e l l u l o s e . V i s c o s i t i e s of these 
polymers are plotted against shear rate i n Figure 12. One model 
that describes the shear-thinning behavior observed i s the Ost-
wald-de Waele r e l a t i o n s h i p : 

η = K y n _ 1 (3) 

γ = shear rate, sec 

n = Ostwald-de Waele power law index 

This equation predicts a st r a i g h t l i n e on a log-log plot of v i s 
c o s i t y and shear rate with a slope of [n-1]. A hori z o n t a l l i n e 
or n = 1 indicates a Newtonian f l u i d . The f l u i d s that obey the 
Ostwald-de Waele model are c a l l e d power-law f l u i d s and n i s re
ferred to as the power-law index. 

Polyacrylamides and xanthan gum show pseudoplasticity up to 
shear rates of about 300-500 s e c ~ l . Above t h i s shear rate, a 
Newtonian zone appears. One would expect another Newtonian zone 
at very low shear rates (6). This was not observed over the range 
of shear rates considered i n t h i s study; however, Mungan showed 
the existence of t h i s zone for polyacrylamides (18). 

For C o l l o i d t h i s low-shear Newtonian zone can be observed 
since the v i s c o s i t y of these solutions does not change appreciably 
up to about 100 sec*~l. From hereon the - v i s c o s i t y decreases as the 
shear rate i s increased. I t has been noted by Mungan (18) and 
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Middleman (19) that as the molecular weight of the polymer or the 
average molecular weight of the so l u t i o n i s decreased, the low-
shear Newtonian range i s seen at higher shear rates. This may be 
why C o l l o i d which has a smaller molecular weight than xanthan 
gum and polyacrylamides enters the Newtonian region at higher 
shear rates. 

Hydroxy ethyl c e l l u l o s e shows a Newtonian-like behavior as 
shown i n Figure 12. This i s the case for a l l the concentrations 
of Natrosol investigated. The index [1-n] which indicates the 
deviation from Newtonian behavior i s around 0.1 for NatrosolnL). 

The xanthan gum solutions e x h i b i t more non-Newtonian charac
t e r i s t i c s at higher polymer concentrations (see Figure 13). This 
i s i n agreement with the expectation because non-Newtonian behav
i o r i s associated with high molecular weight systems and the av
erage molecular weight of the sol u t i o n increases as the polymer 
concentration goes up. The c o r r e l a t i o n between [1-n] and polymer 
concentration for xanthan gum solutions i s 

(4) [1-n] = 0.33 l o g i o C p d - 0.48 
Cpd = polymer concentration, ppm 

For C o l l o i d , the index [1-n] increases as the polymer concen
t r a t i o n goes up i n a s i m i l a r way (see Table 3). A s i m i l a r trend 
for polyacrylamides has been shown by Mungan (18). 

Table 3 

POWER LAW INDECES FOR DIFFERENT POLYMER SOLUTIONS 

(200 ppm NaCl, Colloio®-XH0) 

Polymer 
Concentration 

(ppm) 

[1-n] 

(10-20 sec 1 range) 

[1-n] 

(200-2000 sec" 1 range) 

125 
250 
500 

1000 

0.13 
0.14 
0.17 

(500 ppm Pusher®-700) 

0.00 
0.13 
0.23 
0.28 

NaCl Cone. 
(ppm) [1-n] Mode of Mixing [1-n] 

200 
1000 

10000 

0.46 
0.29 
0.20 

propeller 0.29 
90 p s i - o r i f i c e 0.15 

380 p s i - o r i f i c e 0.05 

The dependency of non-Newtonian character on molecular s i z e 
was mentioned above. This can be seen by examining the non-New-
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Figure 13. Influence of polymer concentration on power law indices 
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tonian behavior of solutions with varying amounts of s a l t i n them 
or solutions prepared by d i f f e r e n t shears. Table 3 shows that 
[1-n] goes from 0.46 to 0.20 for polyacrylamides as the s a l t con
centration goes from 0.02% to 1.0%. The s a l t dependency of the 
power law index of polyaerylamide solutions has been observed by 
Mungan (18) also. 

The e f f e c t of the mixing mode on the power law index i s also 
shown i n Table 3. The polymer chains dissolved i n a r e l a t i v e l y 
mild impeller mixer have been mechanically broken the l e a s t ; con
sequently, these solutions have large [1-n] values. The molecules 
that have been subjected to severe shearing conditions (380 p s i 
across the o r i f i c e ) e x h i b i t a Newtonian behavior i n d i c a t i n g that 
the polymer chains have been broken down into short segments. 

From t h i s discussion one can see that the power law indeces 
obtained from Ostwald-de Waele equation for these polymers give a 
good i n d i c a t i o n of the v u l n e r a b i l i t y of the chains to re v e r s i b l e 
and i r r e v e r s i b l e changes. The ranking of the polymer solutions 
according to t h e i r degree of non-Newtonian behavior i s hydroxy 
ethyl c e l l u l o s e , C o l l o i d R, xanthan gum, and polyacrylamides where 
hydroxy ethyl c e l l u l o s e i s e s s e n t i a l l y Newtonian and polyacryla
mides are highly non-Newtonian. This ranking i s v a l i d for fresh 
solutions or solutions with low s a l t concentrations. E l e c t r o 
l y t e s and mechanical degradation decrease the non-Newtonian char
acter of the solutions. Higher polymer concentrations lead to 
more pseudoplasticity for a l l the solutions investigated except 
hydroxy ethyl c e l l u l o s e s o l u t i o n s . Power law index and polymer 
concentration can be correlated as shown for xanthan gum by Equa
t i o n (4). 

Screen factor (a commonly used quantity) provides information 
only on polyacrylamides among the four types of polymers i n v e s t i 
gated (and maybe for other polymers with high e l a s t i c i t y (see 
Figure 14)). I t i s s u r p r i s i n g that the screen viscometer data can 
be correlated with o i l recovery from cores because the shear rates 
encountered i n a screen viscometer are higher than flooding con
d i t i o n s by orders of magnitude. 

The i n v e s t i g a t i o n on designing and u t i l i z i n g a 'porous media 
viscometer 1 i s i n progress by the authors. This viscometer w i l l 
provide information on mo b i l i t y control at the low shear rate 
range c h a r a c t e r i s t i c of flooding conditions. The properties of 
the porous medium can be r e a d i l y changed i n t h i s instrument. 

Effect of Polymer Concentration on V i s c o s i t y 

V i s c o s i t i e s of d i l u t e polymer solutions increase as the poly
mer concentration i s increased (21). Several c o r r e l a t i o n s between 
these two variables have been suggested. A widely used r e l a t i o n 
ship i s the Huggins equation which r e l a t e s the v i s c o s i t y to con
centration i n a quadratic f u n c t i o n a l i t y as follows : 
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+ a 0C 2 pd (5) 

The comparison of the data and t h i s equation i s shown i n Figure 
15 for the four polymers investigated (the s o l i d l i n e s ) . A 
s t r a i g h t l i n e on log-log plot of v i s c o s i t y and polymer concentra
t i o n also seems to f i t the data w e l l . This corresponds to a 
power r e l a t i o n s h i p of the form: 

where D2 lies^between 1.1 and 1.6. In the presence of 200 ppm 
s a l t , Pusher solutions are the most viscous ones for a given 
polymer concentration; xanthan gum, C o l l o i d , and hydroxy ethyl 
c e l l u l o s e follow polyacrylamides. These comparisons are made at 
low shear rates. 

Factors That Aff e c t Molecular Size and V i s c o s i t y 

Polymer chains i n s o l u t i o n can undergo r e v e r s i b l e and i r 
r e v e r s i b l e changes. Covalent bonds can be broken mechanically 
(shear degradation), by a combination of chemical and b i o l o g i c a l 
means (chemical degradation or bio-degradation) or thermally (high 
temperature depolymerization and other d e t e r i o r a t i v e r e a c t i o n s ) . 
Also, the chains may be taken out of s o l u t i o n by p r e c i p i t a t i o n or 
adsorption, and a decrease i n v i s c o s i t y w i l l r e s u l t . These chan
ges i n v i s c o s i t y are i r r e v e r s i b l e ; the molecular weight and/or 
polymer concentration decreases and the s o l u t i o n experiences a 
permanent loss of v i s c o s i t y . 

On the other hand, there are some changes that take place 
r e v e r s i b l y . These correspond to temporary v i s c o s i t y losses as
sociated with a change i n the s p a t i a l conformation of the chains 
i n s o l u t i o n . Increasing the shear rate l i n e s up the molecules i n 
the flow f i e l d and causes the drag on the molecules to decrease. 
This causes a v i s c o s i t y loss as discussed e a r l i e r i n the paper. 

The addition of e l e c t r o l y t e s to a s o l u t i o n decreases the v i s 
c o s i t y of a fresh polymer s o l u t i o n as w i l l be discussed i n the 
next section. High temperatures less than the thermodegrading 
conditions (less than 70-100°C depending on the polymer) cause a 
drop i n the v i s c o s i t y . This i s also a r e v e r s i b l e change assoc
iated with the change i n the conformation of the chains i n so l u 
t i o n . The temperature e f f e c t on s o l u t i o n v i s c o s i t y w i l l be discus
sed. The e f f e c t s of s a l t , temperature, severe shear, and aging w i l l 
be discussed from the standpoint of v i s c o s i t i e s and chain confor
mations i n s o l u t i o n . F i r s t of a l l , the factors causing tempor
ary v i s c o s i t y losses w i l l be presented. 
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Figure 14. Screen factors 

POLYMER CONCENTRATION, P P M 

Figure 15. Viscosity vs. polymer concentration 
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Salt S e n s i t i v i t y . The v i s c o s i t y of m o b i l i t y control poly
mers i s a strong function of t h e i r environment. The i o n i c compo
s i t i o n of a petroleum reservoir determines the conformation that 
the polymer chains assume i n i t . This very fact i s one of two 
reasons why the s a l t s e n s i t i v i t y of the polymer solutions need to 
be studied. The second incentive for an i n v e s t i g a t i o n of t h i s 
kind i s the p o s s i b i l i t y of using the water produced from a f l o o d 
ed f i e l d i n making the new polymer s o l u t i o n . Since the produced 
water contains many s a l t s and minerals, knowing how the v i s c o s i t y 
changes as a function of ion concentration i s important. 

The v i s c o s i t y of a l l the polymers used i n enhanced o i l re
covery decreases upon addition of s a l t . This v i s c o s i t y loss can 
be related to the s a l t concentration as shown i n Figure 16. I t 
i s well-known that the polyacrylamides are very s e n s i t i v e to s a l t 
(20,22). Polysaccharide and polyacrylamide solutions are a f f e c 
ted by s a l t more than solutions of hydroxy ethyl c e l l u l o s e . This 
phenomenon i s related to the i o n i c nature of the polymer. In 
fresh water, the i o n i c d i s s o c i a t i o n of p o l y e l e c t r o l y t e s leads to 
large repulsive forces among the charged groups present i n the 
chain (5). These repulsive forces give r i s e to greatly expanded 
conformations and large molecular dimensions. E l e c t r o l y t e s that 
are i n the s o l u t i o n s h i e l d forces and polymer s i z e i s decreased 
r e s u l t i n g i n a drop of v i s c o s i t y . A f t e r a l l the s i t e s on the 
polymer are shielded by cations, any a d d i t i o n a l e l e c t r o l y t e s are 
r e l a t i v e l y i n e f f e c t i v e i n decreasing the v i s c o s i t y . Bivalent 
cations a f f e c t the v i s c o s i t y to a larger extent than monovalents 
as shown on Figure 16 since they are more e f f e c t i v e i n s h i e l d i n g . 
Polyacrylamide i s the most i o n i c polymer among the four studied 
and consequently e x h i b i t s the largest v i s c o s i t y loss i n the pres
ence of e l e c t r o l y t e s . MacWilliams, Rogers, and West showed t h i s 
by comparing the s a l t s e n s i t i v i t y of polyacrylamide solutions to 
that of xanthan gum solutions (20). 

Effect of Temperature on V i s c o s i t y . The v i s c o s i t y of mobil
i t y control polymers decreases with increasing temperature and an 
Arrhenius type r e l a t i o n s h i p i s obeyed: 

η = A exp [E^/RT] (7) 

The a c t i v a t i o n energies for the four polymers are quite d i f f e r e n t 
(see Figure 17). The a c t i v a t i o n energy for hydroxy ethyl c e l l u 
lose i s around 5.9 kcal/gmole. For the two polysaccharides, the 
a c t i v a t i o n energy i s around 3 kcal/gmole. Consequently, a hy
droxy ethyl c e l l u l o s e s o l t u i o n having the same v i s c o s i t y as 
C o l l o i d (R)at 15°C w i l l have only half the v i s c o s i t y of C o l l o i d 
at 50°C. Polyacrylamides have two a c t i v a t i o n energies. The low 
a c t i v a t i o n energy at low temperatures indicates that v i s c o s i t i e s 
do not change much with temperature. This i s the case up to about 
35°C. In the range of i n t e r e s t , polyacrylamides have the lowest 
a c t i v a t i o n energy. One possible explanation might be that the 
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SALT CONC, P P M 

Figure 16. Effect of salt on four polymers 
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Figure 17. Viscosity vs. temperature 
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molecular conformation does not change appreciably at moderate 
temperatures for large polymers, e s p e c i a l l y the ones with i n t e r -
molecular associations. 

Mechanical Degradation. A l l polymers have segments on the 
chain that are subjected to d i f f e r e n t shear conditions i n a flow 
process. They undergo mechanical breakdown to d i f f e r e n t extents 
depending on the kinds of bonds involved. The mechanical degra
dation depends to a large degree on the extent of c a v i t a t i o n 
present (the pressure drop) and the duration and frequency of t h i s 
c a v i t a t i o n (passes through the o r i f i c e p l a t e ) . 

Mechanical degradation of xanthan gum i s demonstrated i n 
Figure 18. Relative molecular weights are the numbers calculated 
from i n t r i n s i c v i s c o s i t i e s . At 90 p s i pressure drop across the 
o r i f i c e , there i s l i t t l e degradation. At 500 p s i , severe mechani
c a l degradation takes place and 30-40 passes through the o r i f i c e s 
seem s u f f i c i e n t for reaching a terminal v i s c o s i t y l e v e l . Relative 
molecular weight drops from 8 m i l l i o n to less than 2 m i l l i o n i n 
t h i s case. 

Mechanical degradation of hydroxy ethyl c e l l u l o s e i s i l l u s 
trated i n Figure 19. Again 100 p s i pressure drop leads to some 
degradation; however, 500 p s i pressure drop across the o r i f i c e 
decreases the molecular weight by more than a factor of 2. 

The summary of the mechanical degradation data i s presented 
i n Figure 20. Percent v i s c o s i t y loss i s calculated by taking the 
difference of the i n i t i a l and terminal v i s c o s i t i e s and d i v i d i n g 
by the i n i t i a l v i s c o s i t y . 

Polyacrylamides are broken into segments even at mild pres
sure drops across the o r i f i c e such as 10-50 p s i . Even a propel
l e r r o t a t i n g i n excess of 1000 rpm i s capable of breaking up the 
chainsof polyacrylamides. 

Colloidviy and xanthan gum are affected by the severity of 
shearing to a small extent i f the pressure drop i s less than 100-
150 p s i . At 350-500 p s i range, major degradation takes place r e 
s u l t i n g i n a v i s c o s i t y loss of 30-80%. C o l l o i d ® i s the more 
re s i s t a n t of the two and two l e v e l s of mechanical degradation seem 
to take place for t h i s polymer. 

For pressures under 300 p s i , hydroxy ethyl c e l l u l o s e seems to 
be the most r e s i s t a n t polymer (see Figure 20). Since hydroxy 
ethyl c e l l u l o s e has the lowest i n t r i n s i c v i s c o s i t y and s i z e i n 
s o l u t i o n , t h i s r e s u l t should have been anticipated. I t should be 
noted that the Natrosol ©concentration used i s higher than the 
concentration of the other polymers. The polymer concentration 
may have a major ef f e c t on the mechanical degradation. 
Long Term S t a b i l i t y 

Polyacrylamides do not undergo biodégradation but are vulner
able to a slow chemical (oxidative) degradation. In the experi
ments conducted, no appreciable v i s c o s i t y loss was observed over 
a period of several months (see Table 4). 
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Figure 18. Mechanical degradation (7) 
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Figure 19. Mechanical degradation of Natrosol 
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Figure 20. Viscosity loss vs. pressure drop 
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Figure 21. Influence of aging on viscosities (7) 
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Table 4 

Aging of Pusher 

Pusher ^Cone. NaCl Cone. Time V i s c o s i t y @ 10 sec 
(ppm) (ppm) (days) (cp) 

1000 200 0 57.4 
1000 200 155 57.4 
500 1000 0 12.8 
500 1000 48 11.8 
500 1000 75 11.6 
500* 1000 0 7.5 
500* 1000 145 7.4 

^Sheared i n o r i f i c e . 

The s t a b i l i t y of C o l l o i d ^ m o l e c u l e s i s a strong function of 
the mode of dispersion used i n d i s s o l v i n g them. Table 5 shows 
that the solutions prepared by mild a g i t a t i o n age slower than the 
ones prepared by severe shearing (380 p s i across the o r i f i c e ) . 
The l a t t e r solutions contain more separate polymer segments, and 
hence more ends. A mechanism of aging based on adsorption or 
reaction of the ends would explain t h i s observed phenomenon. 
Schweiger suggests that an enzymatic degradation might be respon
s i b l e for t h i s behavior (23). The conclusions concerning the 
f i l t r a t i o n of xanthan gum solutions p r i o r to aging i s also v a l i d 
for C o l l o i d ® . Gel Permation Chromatography investigations of 
aged solutions are consistent with the v i s c o s i t y measurements for 
C o l l o i d <s>. As i n the case of xanthan gum, the i n j e c t i v i t y pro
f i l e s of C o l l o i d ® solutions become more unfavorable upon aging 
unless the solutions are r e f i l t e r e d . 

Table 5 
(S) 

Long Term S t a b i l i t y of C o l l o i d ^ 
(500 ppm CXH^S) -200 ppm NaCl) 

(Unfiltered batches i f not otherwise noted) 
Preparation Aging Time Vise. @ 10 sec ̂ 

(days) (cp) 

Propeller 0 9.3 
47 9.3 

18 p s i - o r i f i c e 0 7.7 
50 7.6 

55 p s i - o r i f i c e 0 7.6 
30 7.4 

( f i l t e r e d ) 5 2 ^ g 
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Table 5 (continued) 

Preparation Aging Time Vise. @ 10 sec ̂  
(days) (cp) 

55 p s i - o r i f i c e 0 7.7 
30 7.5 
52 3.9 

180 p s i - o r i f i c e 0 6.2 
51 3.3 

380 p s i - o r i f i c e 0 5.8 
51 2.2 

Hydroxy et h y l c e l l u l o s e undergoes a severe biodégradation i f 
a biocide i s not added to the s o l u t i o n . The biocide that performs 
the best i s formaldehyde (see Table 6). Sodium hypochlorite i s 
detrimental to the v i s c o s i t y . 

Table 6 

S t a b i l i t y of Natrosol®250 HHR Solutions 

Composition i n 
Addition to V i s c o s i t y (cp) 

1400 ppm Natrosol Time i n Weeks 
200 ppm NaCl 0 1 2 3 4 5 

500 ppm Sodium 6.86 6.51 6.45 6.39 6.29 5.96 
Benzoate 

5000 ppm Sodium 6.96 6.65 6.51 6.29 4.85 4.65 
Benzoate 

5000 ppm Mercury 6.82 6.50 6.30 6.18 5.90 5.45 
Chloride (HgCl) 

1000 ppm Sodium 5.14 1.68 1.48 1.36 0.97 0.97 
Hypochlorite 

5000 ppm 6.86 6.66 6.67 6.75 6.82 6.31 
Formaldehyde 

Blank 6.87 6.22 5.27 4.01 2.66 2.60 

The xanthan gum solutions that are f i l t e r e d p r i o r to aging 
do not lose t h e i r v i s c o s i t y to an appreciable extent over a period 
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of 6-8 months (7) . R e f i l t e r i n g these aged solutions i s necessary 
when determining t h e i r i n j e c t i v i t i e s . A combination of biodégra
dation and polymer p r e c i p i t a t i o n probably creates agglomerates 
which must be removed before i n j e c t i o n studies. Consequently, the 
major change that takes place during the long term storage of 
xanthan gum solutions i s the formation of large agglomerates 
which need to be f i l t e r e d out but do not appreciably decrease the 
number of dispersed molecules i n s o l u t i o n . Preliminary studies 
conducted recently on i n j e c t i v i t i e s of xanthan gum solutions i n 
dicate that sodium hypochlorite improves the i n j e c t i v i t y , but 
hypochlorite appears to chemically degrade the polymer molecules 
and hence reduce the v i s c o s i t y . 

Conclusions 

In t h i s paper the s o l u t i o n properties of a spectrum of mo
b i l i t y c o n t r ol polymers have been compared. Polysaccharides, 
polyacrylamides, and hydroxy e t h y l c e l l u l o s e show v a s t l y d i f f e r e n t 
s o l u t i o n behavior. Despite t h i s , the properties investigated can 
be correlated by noting one molecular c h a r a c t e r i s t i c of these 
polymers, namely molecular s i z e . 

Pusher -700 and^xanthan gum have larger molecular sizes i n 
sol u t i o n than Colloid® and hydroxy e t h y l c e l l u l o s e . The dimen
sions i n s o l u t i o n decrease with increasing s a l t concentration. 
Polyacrylamides are affected most severely by the presence of 
e l e c t r o l y t e s . Polysaccharides are also affected by s a l t , but 
not to the same extent as polyacrylamides. Hydroxy e t h y l c e l l u 
lose i s the most i n s e n s i t i v e polymer to s a l t . Temprature can be 
inversely correlated with v i s c o s i t y . Polyacrylamides have low 
a c t i v a t i o n energies for viscous flow. In order of decreasing 
temperature dependency are xanthan gum, Colloid® , and hydroxy 
ethyl c e l l u l o s e . 

In addition to e l e c t r o l y t e concentration and elevated temp
eratures which a f f e c t the v i s c o s i t i e s temporarily, there are 
factors which a l t e r the v i s c o s i t i e s permanently: mechanical 
degradation and aging. Aging can be caused by a combination of 
chemical, b i o l o g i c a l , and adsorptive mechanisms. 

Polyacrylamides are extremely vulnerable to severe shearing 
while xanthan gum, Colloid® , and hydroxy e t h y l c e l l u l o s e are 
affected to a lesser degree. 

The v i s c o s i t i e s of xanthan gum solutions can be maintained 
quite w e l l for 6 or 8 months i f the solutions are mixed properly 
and f i l t e r e d p r i o r to aging. The degradation a f f e c t s the i n j e c -
t a b i l i t y of these solutions rather than the v i s c o s i t y . 

Natrosol® i s s e n s i t i v e to b i o l o g i c a l degradation and f o r 
maldehyde seems to be a good preservative. While sodium hypo
c h l o r i t e may prevent biodégradation, i t has a detrimental i n f l u 
ence on v i s c o s i t i e s of the s o l u t i o n . 

The v i s c o s i t i e s of C o l l o i d ©solutions that are prepared by 
gentle mixing can be maintained stable for at lea s t two months. 
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Polyacrylamides are also stable for months under the conditions 
studied. 

Dispersion and filtration are two important steps in the 
preparation of enhanced oil recovery agents. Xanthan gum re
quires severe shearing in blending. Colloid ® and hydroxy ethyl 
cellulose solutions can be prepared by a variety of techniques; 
however, hydroxy ethyl cellulose requires a significant hydration 
time. Polyacrylamides have to be blended gently if the molecules 
are not to be broken. High viscosities versus filterability is 
a trade-off since very viscous solutions may not be filterable 
through fine porous media. It may be advisable to sacrifice 10-
15% of viscosity to obtain an injectable solution. Natrosol® 
and Pusher ® are not as filterable as xanthan gum and Col lo id® . 
Pusher® has intermolecular associations which (when coupled with 
high molecular dimensions) lead to this behavior. The concentra
tion of Natrosol®required for high viscosities are appreciable. 
In general, concentrated polymer solutions are not filterable. 

Polyacrylamides are extremely non-Newtonian particularly at 
low salt conditions, while polysaccharides and hydroxy ethyl 
cellulose show less pseudoplasticity. The non-Newtonian behavior 
of al l of these solutions can be described by a power law model. 
Many variables such as salt concentration and polymer concentra
tion influence the extent of pseudoplasticity. 

Polyacrylamides and hydroxy ethyl cellulose show widely dif
ferent solution properties while polysaccharide solutions fit in 
between these two extremes. All these properties have been cor
related. 
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Abstract 

Polymers that have been suggested for mobility control in oil 
reservoirs include polyacrylamides, hydroxy ethyl cellulose, and 
modified polysaccharides which are produced either by fermentation 
or by more conventional chemical processes. In this paper the 
solution properties of these polymers are presented and compared 
for tertiary oil recovery applications. Among the properties dis
cussed are non-Newtonian character for different environmental 
conditions (electrolytes and temperature), filterability, and long 
term stability. The behavior of these water soluble polymers in 
solution can be correlated with the effective molecular size 
which can be measured by the intrinsic viscosity technique. A 
low-shear capillary viscometer with a high precision and a capa
bility of covering low shear rates (such as 10 sec-1 for a 10 cp 
fluid) has been designed to measure the viscosities. The measure
ment of viscosities at such slow flow conditions is necessitated 
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by the flooding rates in the sandstone. Mixing has been studied 
carefully because tight oil sands such as Bradford No. 3 require 
good dispersion of the polymer molecules to avoid plugging. 
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INDEX 

A 

Aabu/ic, specific absorption 36 
A S cvr / i c (Scattering absorption) 36 
A - Â a l l , / 2 c (Turbidity) 44 
Activation energies for mobility 

control polymers 160 
Adsorption 98 

of anionic surfactants on clays 8,10,12 
on Berea sandstone 10 
in cores, surfactant 5 
of deoiled sodium alkylbenzene 

sulfonates at 3 0 ° C 11/ 
enthalpy of 87 
experiments, equilibrium 5 
isotherms of SDBS 9 

equilibrium 10 
isotherms of TRS-10-410, 

equilibrium 10 
kinetics of 87 
measurements, equilibrium 8 
measurements, salting-out and 4 
in micellar flooding 1 
micelle 12 
of SDBS 

equilibrium 9 
on silica gel 9 

enthalpy of 99* 
at 3 0 ° C lOlt 

on silica, mechanism of anionic 
surfactant 12 

sodium alkylbenzene sulfonates at 
3 0 ° C 11/ 

of surfactants on reservoir sands .... 8 
Age of interphase at the lowest I F T 

distillate cut 112/ 
Aging of Pusher .165* 
Aging of viscosities, influence of 164/ 
Alcohols on IFT, effect of 81* 
Alkaline 

emulsion, Huntington Beach 
crude oi l - 121 

water flooding 103 
-water phase 109 

Alkane 
carbon number 

(n 0) optimum 22 
(n m i n ) 19 
plot, I F T vs 23/ 

Alkane (continued) 
-crude oil comparison for a Group 

II mixture" " . . . 29/ 
and crude oil tensions for a Group 

I surfactant 30/ 
preference curve(s) 22,23/ 
scan(s) 19,78 

n-Alkanes 18,76 
Alkyl aryl sulfonate surfactant, phase 

behavior of a pure 35 
Alkyl sulfonates 88 
Alkylbenzene sulfonates 22 

calcium tolerance of 6 
crude 6, It 

Anion, hydrocarbon tail of the 
surfactant 12 

Anionic surfactant(s) 
adsorption on clay, mechanism of . 12 
adsorption on silica, mechanism of . 12 
aqueous 4 
on clays, adsorption of 8 
precipitation of 5 

Aqueous 
-alkaline systems, lowering IFTs of 103 
anionic surfactants 4 
NaCl solutions 4 
surfactant slug 115 

Aromatic sulfonates, alkyl 88 
Association colloids 132 

Β 

Batch mode 88 
Benzene 

carbons, nonprotonated 56 
carbons, protonated 56 
-eluted petroleum fraction 106 

Berea sandstone 1,9 
adsorption on 10 
electron micrographs of 2/ 
fracture surfaces of 1 

Beta system 133 
Big Muddy Field 26* 
Biphasic 

dispersion of surfactant in water . 45/, 47/ 
solutions 39 
systems, unstirred 42 

Biréfringent phase(s) 36,60 
Biréfringent surfactant-water-

decane phase 63 
Blending, orifice 146 

171 
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Bradford field 26* 
Brine, reservoir 17 
Brookfield Viscometer 153 
Bulk fractionation of petroleum 

samples, percent of 107* 
Bulk separation of distillate 113 
5% n-Butanol, sodium dodecyl sulfate 

enthalpy curves in 92, 93/ 
5(p-Butylphenyl) decane, sulfonated 27 
4(p-Butylphenyl) octane, sulfonated 27 

C 

Calcium tolerance of crude alkyl
benzene sulfonates 6, 7* 

California crude 106 
oil-alkaline solution interface 116 

Capillary viscometer 152/ 
comparison of Mechanical 

Spectrometer and 154 
Carbon(s) 

aromaticity (f a) 108/ 
nonprotonated benzene 56 
number, (n„) optimum alkane 22 
peaks, identification of 38 
protonated benzene 56 
resonances 53 
in the surfactant molecule 53 

Carbon-13 nuclear magnetic 
resonance spectroscopy 37, 53 

Carbon-13 spectra for surfactant 
in chloroform-D 53 

Carboxylate 
acids, IFTs and cyclic 83/ 
salts of fattv acid components of 

tall oils 84 
salts on IFT, effect of 84 

Carboxylic acids, cyclic 77/ 
Cation(s) 

exchange in micellar flooding 1 
exchange and micellar slugs 5 
multivalent 5 
precipitation of surfactants, 

multivalent 6 
surfactant precipitation by 

multivalent 5 
Caustic 

concentration 
with no NaCl, effect of 128/ 
on electrophoretic mobility, 

effect of 125/ 
of Huntington Beach crude .... 128/ 

on Huntington Beach crude, 
effect of 127/ 

emulsions, drop-size distributions 
for Huntington Beach crude oil - 122/ 

emulsion, microphotographs of 
Huntington Beach crude oi l - 122/ 

Caustic (continued) 
flooding research 104 
solution-crude oil interaction 109 
solutions, interfacial viscosities for 

crude oi l - 129 
system(s) 

determination of emulsion 
stability in 121 

for heavy oil recovery 120 
interfacial properties for the 

crude oi l - 131* 
kinetics of coalescence for 120 

equilibrated samples of Hunt
ington Beach crude oi l - .... 125/ 

nonequilibrated sample of 
Long Beach crude oi l - 123/ 

kinetics of interdroplet 
coalescence for 123/ 

mechanism of spontaneous 
emulsification in the 117 

spontaneous emulsification in 120 
in Long Beach crude oi l - 119 
mechanisms in 116 

surfactant micellar aggregate 
size distributions for Long 
Beach crude- 135/ 

Thums Long Beach (heavy) crude 
oil system, kinetics of coales
cence for the caustic 121 

Chemical 
flooding 129 

processes for oil recovery, 
surfactant-based 69 

potential 36 
properties of isolated fractions 108/ 
shifts of the decane-carbon 

resonances 60 
Chloroform-D 

carbon-13 spectra for surfactant in .. 53 
'H-decoupled N M R spectra of 

surfactant in 55/ 
solutions of surfactant 38 

Cholate 84 
Class I resonances 60 
Clay(s) 

adsorption on 10 
anionic surfactants on 8 

mechanism of anionic surfactant 
adsorption on 12 

-water interface 13 
C M C (Critical micelle concentrations) 97* 
Coalescence 

in caustic 
flooding, effect of interfacial 

fluid properties on 115 
systems, kinetics of 120 
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Coalescence in caustic systems (continued) 
kinetics of ( continued ) 

interdroplet 123/ 
Thums Long Beach (heavy) 

crude oil system 121 
effect of interfacial properties on .... 124 
for equilibrated samples of Hunt

ington Beach crude oil-caustic 
systems, kinetics of 125/ 

for nonequilibrated sample of Long 
Beach crude oil-caustic system, 
kinetics of 123/ 

of an oil/water emulsion, 
kinetics of 120 

rates of oil droplets, cosurfactant 
and 133 

Colloid(s) 142 
association 132 
cycles through orifice by 147/ 
defiltration of 147/ 
stability 165* 
X H 141 

Colloidal properties of sodium 
carboxylates 75 

Commercial surfactants 19 
differences between pure and 20 

Common-ion effect 67 
Compounds, surface active 134 
Concentration dependence of 

equivalent conductivity of 54/ 
Conductimetry 37, 52 
Conductivities of sodium dodecyl 

sulfate (SDS) 52 
Conductivities of sodium 8-phenyl-

n-hexadecyl-p-sulfonate 52 
C O N O C O (Continental Oil 

Company ) 39 
Continental Oil Company ( C O N O C O ) 39 
Core samples, electron micrographs of 2/ 
Cores, surfactant adsorption in 5 
Cosurfactant(s) 104 

and coalescence rates of oil droplets 133 
on the partial molal volume, 

effect of 87 
Coulter Counter 132 
Critical micelle concentrations 

( C M C ) 97* 
Crude oil 

-alkaline emulsion, Huntington 
Beach 121 

-alkaline solution interface, 
California 116 

California 106 
-caustic 106 

emulsion, microphotograph of 
Huntington Beach 122/ 

solutions, interfacial viscosities 
for 129 

Crude oil caustic (continued) 
caustic (continued) 

system(s) 
coalescence for equilibrated 

samples of Huntington 
Beach 125/ 

interfacial properties for the .... 131* 
kinetics of coalescence for non-

equilibrated sample of 
Long Beach 123/ 

spontaneous emulsification in 
Long Beach 119/ 

surfactant micellar aggregate 
size distributions for 
Long Beach 135/ 

comparison for a Group II mixture, 
alkane- 29/ 

E A C N for 26* 
effect of caustic concentration on 

electrophoretic mobility of 
Huntington Beach 128/ 

effect of caustic concentration on 
Huntington Beach 127/ 

Huntington Beach 116 
I F T behavior of surfactants against 27 
modeling 104 
-petroleum sulfonate system 116 
Salem 133 
systems 25 

kinetics of coalescence for the 
caustic Thums Long Beach 
(heavy) 121 

tensions for a Group I surfactant, 
alkane and 30/ 

Thums Long Beach (heavy) 116 
Crystalline phase, liquid 68 
Crystals 

formations of surfactant 136 
liquid 45/, 136 
at the oil-aqueous interface, 

formation of surfactant 136 
Cyclic carboxylate acids, IFTs and .... 83/ 
Cyclic carboxylic acids 77/ 

D 
D E ( see Diatomaceous earth ) 
Decane-carbon resonances, chemical 

shifts of 60 
Defiltration of Colloid 147 
Degradation, mechanical 162,163 

of Natrosol 163 
Delaware Childers Field 26* 
Demicellization 89 
Deoiled sodium alkylbenzene sulfo

nates at 30°C, adsorption of 11/ 
Desorption 99 

kinetics of 87 
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Desorption (continued) 
of SDBS on silica gel at 30°C, 

enthalpy of 101* 
Diatomaceous earth ( D E ) 148 

bed behavior 148 
filtration on injectivity, effect of 151 
and the injectivity of a solution 148 

4( Diethylphenyl )nonane, 
sulfonated 27,28 

Diffusion 117 
Dilution 89 

enthalpy changes 89 
Dimers 13 
Dirty surfactant 17 
Dispersed biréfringent phase 60 
Dispersibility of sodium 8-phenyl-n-

hexadecyl-p-sulfonate in water 70 
Dispersion, mechanical 70 
Dissolution of minerals 6 
Distillate 

bulk separation of 113 
cut(s) 106 

age of interphase at the lowest .... 112/ 
I F T activity of 109 
from lower main zone by spin

ning-drop method, I F T 
properties of 110/ 

spontaneous emulsification of 109 
Distributions for Huntington Beach 

crude oil-caustic emulsions, 
drop-size 122/ 

Drop-size distributions for Hunting
ton Beach crude oil-caustic 
emulsions 122/ 

Droplet size analysis, photomicro-
graphic 120 

Ε 
E A C N (see Equivalent alkane carbon 

number) 
E D X A ( Energy dispersive x-ray 

analysis) 3 
Electrolytes, precipitation of 

surfactants by 3 
Electrolytes, salting out of 

surfactants by 3 
Electron 

micrographs of Berea sandstone 2/ 
micrographs of core samples 2/ 
microscopy of reservoir core 

samples 1 
Electrophoretic mobility 

data for Huntington Beach crude 126 
effect of caustic concentration on .... 125/ 
as a function of the N a O H 

concentration 124 

Electrophoretic mobility (continued) 
of Huntington Beach crude, effect 

of caustic concentration on 128/ 
for samples containing no sodium 

chloride 126 
Emulsification 

in a caustic system, spontaneous .... 120 
mechanism of 117 

of distillate, spontaneous 109 
in Long Beach crude oil-caustic 

system, spontaneous 119/ 
mechanisms in caustic systems, 

spontaneous 116 
mechanisms in sulfonate systems, 

spontaneous 116 
phenomena in Salem crude oil— 

Petrostep 420 containing 
n-hexanol 118/ 

procedure used for studying 
spontaneous 116 

spontaneous 103,115 
systems, features of 117 

Emulsion 
Huntington Beach crude oi l -

alkaline 121 
kinetics of coalescence of an oil/ 

water 120 
mechanism of formation of the 

water-in-oil 117 
size distribution of the oil droplets 

in an 121 
stability 

in caustic flooding, effect of inter-
facial fluid properties on 115 

in caustic systems, determina
tion of 121 

effect(s) of 
interfacial properties on 121,124 
sodium chloride on 120 
sodium hydroxide on 120 

Energy dispersive x-ray analysis 
( E D X A ) 3 

Enthalpy (ies) 
of adsorption 87 

of SDBS on silica gel 99* 
at 3 0 ° C 101* 

changes, dilution 87 
changes for surfactant systems 87 
curves 

in high-salt concentration back
ground, sodium dodecyl 
sulfate 96/ 

in 5% n-butanol, sodium dodecyl 
sulfate 92, 93/ 

in salt background, sodium 
dodecyl sulfate 95/ 

at various temperatures, sodium 
dodecyl sulfate 90/ 
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Enthalpy(ies) (continued) 
at 3 5 ° C 

in alcohol backgrounds, sodium 
dodecyl sulfonate 94/ 

sodium decyl sulfonate 91/ 
sodium dodecyl sulfonate 91/ 

of desorption of SDBS on silica 
gel at 3 0 ° C 101* 

effect in micellar solution structure 89 
of micellization in H 2 0 , tentative 

values for the 98* 
of micellization, standard state 87 
of the surfactants, measurements of 89 

Entrainment 103 
Entrappment 103 
Equilibrium 

adsorption 
experiments 5 
isotherms of SDBS 10 
isotherms of TRS-10-410 10 
measurements 8 
of SDBS 9 

composition 36 
field-dependent phase 67 
phase(s) 68 

diagram of surfactant-water-
decane 35 

pressure-dependent phase 67 
Equivalent alkane carbon number 

( E A C N ) 18,25,104 
for crude oils 26* 
preferred 26 
conductivity of SDS, concentration 

dependence of 54/ 
Ether-eluted reconstructed cut, I F T 

properties of 111/ 
5(p-Ethylphenyl) dodecane, 

sulfonated 27 

F 
f a (Carbon aromaticity) 108* 
Fatty acid components of tall oils, 

carboxylate salts of 84 
Fatty acid structures 77/ 
Field-dependent phase equilibrium ... 67 
Film characterization, surfactant 134 
Filterability 150 
Filtration 148 

consequences of 148 
importance of 148 
ineffective 148 
on injectivity, effect of D E 151/ 
proper 148 
on solution viscosities, effect of 150 
on viscosities, effect of 151/ 

Floe layers 70 
Flocculation, oil drop 129 

Flooding 
for enhanced oil recovery, 

surfactant 8 
micellar 75,115 
polymer 141 
research, caustic 104 
surfactant 115 

Floods, surfactant 134 
Flory relation 143 
Flow mode 88 
Fluids, power law 153 
Four-component surfactant system .... 18 
Fractions, chemical properties of 

isolated 108/ 
Fracture surfaces of Berea sandstone 1 
Fugacity 36 

G 

Gibbs-Duhem relation 36 
Glenn Sand 1 
Group I surfactant(s) 22 

comparison of alkane and crude oil 30/ 
Group II mixture, alkane/crude oil 

comparison for 29/ 
Group II surfactants 22 
Group III surfactants 22 

H 
^-decoupled N M R spectra of 

surfactant 
in chloroform-D 55/ 
-decane samples 59/ 
-water 57/, 58/ 

H 2 0 , tentative values for the en
thalpy of micellization 98* 

Hagen-Poiseuille law 150 
Hamaker constant 129 
Heavy oil recovery, caustic systems for 120 
Hemimicelle formation 12 
Hemocytometer 120 
Heterogeneity of reservoir cores, 

mineralogical 1 
Hexadecane, behavior of surfactant in 59 
n-Hexanol 121 
Homogenization 120 
Horseshoe Gallup field 26* 
Muggins equation 157 
Huntington Beach 104 

crude oil 
-alkaline emulsion 121 
caustic 

emulsions, distributions for .... 122/ 
emulsion, microphotograph of .. 122/ 
systems, coalescence for 

equilibrated samples of .... 125/ 
effect of caustic concentration on 127/ 

on electrophoretic mobility of 128 
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Huntington Beach (continued) 
crude oil (continued) 

electrophoretic mobility data for 126 
IFT data for 126 
less viscous 116 

Field, production zone at the 105/ 
Hydrocarbon tail of the surfactant 

anion 12 
Hydroxy ethyl cellulose 146 

I 

I F T (see Interfacial tension) 
Illinois crude oil-petroleum sulfonate 

system 116 
Impeller stirring 146 
Impeller system, mixing in 145/ 
Index (ices) 

influence of polymer concentration 
on power law 156/ 

for polymer solutions, power law .... 155* 
power law 153 

Ineffective filtration 148 
Injectivity, effect on D E filtration on .. 151/ 
Injectivity of a solution, D E and 148 
Interaction energy ( V t ) , total 126 
Interdroplet coalescence for caustic 

system, kinetics of 123/ 
Interface age on IFT, effect of 127/ 
Interface, formation of surfactant 

crystals at oil-aqueous 136 
Interfacial 

fluid properties on coalescence in 
caustic flooding, effect of 115 

fluid properties on emulsion 
stability in caustic flooding, 
effect of 115 

properties 
on coalescence, effect of 121 
for the crude oil-caustic system .. 131* 
on emulsion stability, effect of .... 121 
on oil recovery efficiency, 

effect of 124 
tension (IFT) 17 

activity of distillate cuts 109 
vs. alkane carbon number plot ... 23/ 
of aqueous-alkaline systems, 

lowering 103 
behavior of surfactants against 

crude oils 27 
and concentration of surfactant .. 79/ 
and cyclic carboxylate acids 83/ 
data for Huntington Beach crude 126 
distillate cut, age of interphase 

at the lowest 112/ 
effect of 

alcohols on 81* 
carboxylate salts on 84 

Interfacial tension (IFT) (continued) 
effect of ( continued ) 

the interface age on 127/ 
p H on 80 
sodium chloride concentration 

on 78 
sodium oleate on 78 
surfactant concentration on 78 
unsaturation on 81* 

as a function of 
the N a O H concentration 124 
oleic acid 81* 

sodium chloride 80* 
influence of surfactant structure 

on low 17 
low 115 
measurement ( s ) 75,106 

precision of 76* 
and p H 82/ 
properties 

of distillate cuts from lower 
main zone by spinning-
drop method 110/ 

of ether-eluted reconstructed 
cut 111/ 

of pure surfactants, low 19 
salt and 78 
for samples containing no sodium 

chloride 126 
and sodium carboxylates 82/ 
and sodium oleate 79/ 
studies of low 18 
ultralow 115 
values 124 

turbulence 117 
viscosities for crude oil-caustic 

solutions 129 
viscosities, low 115 

Interfering group 22 
Interphase at the lowest I F T distillate 

cut, age of 112/ 
Intrinsic viscosity 143 
Ion pairing 89 
Isotherms 

of SDBS, adsorption 9 
of SDBS, equilibrium adsorption . . . 10 
of TRS-10-410, equilibrium 

adsorption 10 

J 

j m i n 21 

Kelzan-XC (xanthan gum) 141 
Krafft point range for the surfactant 

in water 68 
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L 

Liquid crystalline phase 68 
Liquid crystals 45/, 136 
Long Beach Crude oil-caustic system 

kinetics of coalescence for non-
equilibrated sample 123/ 

spontaneous emulsification in 119/ 
surfactant micellar aggregate size 

distributions for 135/ 
Long Beach ( heavy ) crude oil system, 

Kinetics of coalescence for the 
caustic Thums 121 

Long-term stability 162 
of Colloid 165 

Low 
I F T properties of pure surfactants 19 
IFT, studies of 18 
tension state 11 

Lower Main Zone Reservoir 104 
Lower main zone by spinning drop 

method, I F T properties of 
distillate cuts from 110/ 

Lowering IFT of aqueous-alkaline 
systems 103 

M 
Mark-Houwink equation 143 
Measurement of I F T 106 
Measurements, partial molal volume . 87 
Mechanical 

degradation 162,163/ 
of Natrosol 163/ 

dispersion 70 
Spectrometer 150 
and capillary viscometer, 

comparison of 154/ 
Micellar 

aggregate 
distribution(s) 

for Petrostep 420 135/ 
size distributions 

for Long Beach crude-caustic 
system, surfactant 135/ 

for surfactant systems 129 
for three-phase systems, 

determination of 132 
sizes, sonication and 132 

flooding 75,115 
adsorption in 1 
cation exchange in 1 
surfactant precipitation in 1 

slug(s) 1 
cation exchange and 5 

solution structure, enthalpy effect in 89 
systems, thermochemistry of oil 
recovery 87 

Micelle(s) 
adsorption 12 
size stabilized by surfactant bond

ing and interactions 129 
structure stabilized by surfactant 

bonding and interactions 129 
surfactant 117 

Micellization in H^O, tentative values 
for the enthalpy of 98* 

Micellization, standard state enthal
pies of 87 

Microemulsions 133 
Microphotograph of Huntington 

Beach crude oil-caustic 
emulsion 122/ 

Microscopic observations of sur
factant-water-sodium chloride .. 40 

Microscopy, phase contrast 134 
Microscopy, polarizing 36 
Mie scattering 44 
Mineralogical heterogeneity of 

reservoir cores 1 
Minerals, dissolution of 6 
Mixing 144 

in impeller system 145/ 
of Natrosol 149/ 
in orifice blender 145/ 

Mobility buffer 115 
Mobility control polymers 

activation energies for 160 
comparison of solution properties of 141 
effect of salt on 161/ 

Modeling crude oils 104 
Molal volume, effect of cosurfactants 

on partial 87 
Molal volume measurements, partial 87 
Molecular 

size 
factors affecting 158 
of pusher, effect of NaCl on 144 
in solution 142 

viscosity, factors affecting 158 
weights and sizes of polymers 144* 

Multivalent cation(s) 5 
precipitation of surfactants 6 
surfactant precipitation by 5 

Myelinic figures 40 

Ν 

n m i n (alkane carbon number) 19 
effect of variables on 19,21 

n„ (optimum alkane carbon number) 22 
NaCl 

effect of caustic concentration 
without 128/ 

effect of orthosilicate without 130 
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178 CHEMISTRY O F OIL RECOVERY 

N a C l (continued) 
on molecular size of Pusher, 

effect of 144* 
solutions, aqueous 4 

N a O H concentration, electrophoretic 
mobility as a function of 124 

N a O H concentration, I F T as a func
tion of 124 

Native petroleum fractions 103 
Natrosol 142 

mechanical degradation of 163/ 
stability 166* 
250 H H R 141 

Negative surfactant ( counter 
surfactant) 104 

N M R spectra of surfactant 
in chloroform-D, ^-decoupled 55/ 
-decane samples, ^-decoupled 59/ 
-water samples, ^-decoupled ...57/, 58/ 

Nonprotonated benzene carbons 56 
Non-Newtonian behavior 156/ 

comparison of 153 
Nuclear magnetic resonance 

spectroscopy, carbon-13 37, 53 
Nucleation, primary 69 

Ο 

Off-resonance experiment 56 
Off-resonance proton decoupling 53 
Oil(s) 

-alkaline emulsion, Huntington 
Beach crude 121 

-aqueous interface, formation of 
surfactant crystals at 136 

-aqueous ratio 134 
comparison for a Group II mixture, 

alkane/crude 29/ 
crude 17 
drop flocculation 129 
droplets, cosurfactant and coales

cence rates of oil 133 
droplets in an emulsion, size 

distribution of 121 
E A C N for crude 26* 
I F T behavior of surfactants against 

crude 27 
modeling crude 104 
recovery 

caustic systems for heavy 120 
efficiency, effect of interfacial 

properties on 124 
micellar systems, thermochem

istry of 87 
surfactant-based chemical flood

ing processes for 69 
surfactant flooding for enchanced 8 
techniques, tertiary 115 

Oil(s) (continued) 
Salem crude 133 
system, kinetics of coalescence for 

the caustic Thums Long Beach 
(heavy) crude 121 

systems, crude 25 
tall 75 
-water emulsion, kinetics of coales

cence of an 120 
-water interface 121 

Oleic acid, I F T as a function of 81* 
One-phase systems, transparent 42 
Optimal salinity 20 
Optimum alkane carbon number (nG) 22 
Orifice 

blender, mixing in 145 
blending 146 
by Colloid, cycles through 147 
shearing 146 
viscosities of Pusher solutions vs. 

cycles through 149 
Orthosilicate with no NaCl, effect of .. 130/ 
Ostwald-de Waele equation 153 

Ρ 

Partial molal volume, effect of cosur-
factants on 87 

Partial molal volume measurements .. 87 
Petroleum 106 

enhanced recovery of 116 
fraction, benzene-eluted 106 
fractions, native 103 
samples, percent of bulk frac

tionation of 107* 
Petrostep 420 containing n-hexanol, 

emulsification phenomena in 
Salem crude oi l - 118/ 

Petrostep 420, micellar aggregate 
distributions for 135/ 

p H 80,82/ 
Phase(s) 

behavior of a pure alkyl aryl 
sulfonate surfactant 35 

biréfringent 36 
contrast microscopy 134 
diagram, surfactant-water 42 
equilibrium, field-dependent 67 
equilibrium, pressure-dependent .... 67 
surfactant-rich 60 

8-Phenyl n-hexadecyl p-sulfonate 39 
Photomicrographic droplet size 

analysis 120 
Plugging 148 
Polarizing microscopy 36 
Polyacrylamides 142 
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I N D E X 179 

Polymer(s) 
activation energies for mobility 

control 160 
comparison of solution properties of 

mobility control 141 
concentration on power law indices, 

influence of 156/ 
concentration, viscosity vs 157,159/ 
effect of salt on mobility control 161/ 
flooding 141 
molecular weights and sizes of 144* 
solutions, power law indices for 155* 
solutions and shear rates 143 

Polysaccharides 142 
Power law fluids 153 
Power law index (ices) 153 

influence of polymer concentration 
on 156/ 

for polymer solutions 155* 
Precipitating surfactant system 47/ 
Precipitation 

of anionic surfactants 5 
by multivalent cations, surfactant .. 5 
of surfactant(s) 

-decane phase 63 
by electrolytes 3 
multivalent cation 6 

Preference curve(s) 22 
alkane 22,23/ 

Preferred E A C N 26 
Pressure-dependent phase equilibrium 67 
Pressure drop, viscosity loss vs 164/ 
Primary nucleation 69 
Production zone at the Huntington 

Beach Field 105/ 
Proper filtration 148 
Proton decoupling, off-resonance 53 
Protonated benzene carbons 56 
Prudhoe Bay field 26* 
Pseudoplastic 153 
Pure and commercial surfactants, 

differences between 20 
Pusher 

aging of 165* 
effect of NaCl on molecular size of 144* 
solutions vs. cycles through orifice, 

viscosities of 149/ 
-700 141 

R 

Rabinowitsch correction 150 
Raleigh-Debye scattering 44 
Recovery, caustic systems for heavy 

oil 120 
Recovery of petroleum, enhanced 116 

Reservoir 
brine 17 
cores, mineralogical heterogeneity 

of 1 
core samples, electron microscopy of 1 
sands, adsorption of surfactants on .. 8 

Resonances, chemical shifts of the 
decane-carbon 60 

Resonances, Class I 60 
Rosinate 84 
Rotational viscometers, comparison of 154 

S 
Salem crude oil 117,133 

-Petrostep 420 containing n-hexanol, 
emulsification phenomena in .. 118/ 

Salinity, optimal 20 
Salt 

Creek Field 26* 
and I F T 78 
on mobility control polymers, 

effect of 161/ 
sensitivity 160 

Salting out 
and adsorption measurements 4 
occurrence of solution 4 
by sodium chloride, surfactant 3, 7* 
of surfactants by electrolytes 3 
of surfactants by NaCl 1 

Sample description 104 
Sand, Glenn 1 
Sands, adsorption of surfactants on .... 8 
Sandstone 

adsorption on Berea 10 
Berea 1,9 
electron micrographs of Berea 2/ 
fracture surfaces of Berea 1 

Scattering 
adsorption ( A s c A T / l c ) 36 
Mie 44 
Raleigh-Debye 44 

Screen Factor(s) 157,159/ 
SDBS (see Sodium dodecylbenzene 

sulfonate) 
SDS (see Sodium dodecyl sulfate) 
Shear rates, polymer solutions and .... 143 
Shearing, orifice 146 
Silica gel 

adsorption on 9 
enthalpy of adsorption of SDBS on 99* 
at 30 °C, enthalpy of adsorption of 

SDBS on 101* 
Silica, mechanism of anionic sur

factant adsorption on 12 
Size distribution of the oil droplets in 

an emulsion 121 
Slug, aqueous surfactant 115 
Slug, micellar 1 
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180 CHEMISTRY O F OIL RECOVERY 

Sodium 
alkylbenzene sulfonates at 30°C, 

adsorption of 11/ 
deoiled 11/ 

carboxylates, colloidal properties of 75 
carboxylates, I F T and 82/ 
chloride 

concentration on IFT, effect of .... 78 
electrophoretic mobility for 

samples containing no 126 
on emulsion stability, effects of 120 
IFT as a function of 80* 
I F T samples containing no 126 
surfactant salting out by 3, 7* 

dodecylbenzene sulfonate (SDBS) 4,88 
adsorption isotherms of 9 
equilibrium adsorption 9 

isotherms of 10 
on silica gel, enthalpy of adsorp

tion of 99* 
on silica gel at 30°C, enthalpy of 

desorption of 101* 
dodecyl sulfate (SDS) 52, 88, 97* 

concentration dependence of 
equivalent conductivity 54/ 

conductivities of 52 
enthalpy curves 

in 5% n-butanol 92, 93/ 
in high-salt concentration 

background 96/ 
in salt background 95/ 
at various temperatures 90/ 
at 3 5 ° C 91/ 

in alcohol backgrounds 94/ 
hydroxide on emulsion stability, 

effects of 120 
hypochlorite and viscosity 166 
oleate 75 

on IFT, effect of 78 
IFT and sodium 79/ 

orthosilicate 106,126 
pentadecylbenzene sulfonate 

(SPBS) 4 
8-phenyl-n-hexadecyl-p-sulfonate, 

conductivities of 52 
8-phenyl-n-hexadecyl-p-sulfonate 

in water, dispersibility of 70 
Solubilities, synthetic method for 

determining 38 
Solubility determinations of 

surfactants 67 
Solubility, surfactant 67 
Solution(s) 

aqueous NaCl 4 
biphasic 39 
D E and the injectivity of a 148 
evaluation of 144 

Solution(s) (continued) 
molecular size in 142 
power law indices for polymer 155 
preparation of 144 
properties of mobility control 

polymers, comparison of 141 
resistances 39 
salting out occurrence of 4 
and shear rates, polymer 143 
stirred 41 
viscosities, effect of filtration on 150 

Sonication and micellar aggregate 
sizes 132 

Sorption measurements, vapor 38 
Sorption, vapor 36, 53 
SPBS (Sodium pentadecylbenzene 

sulfonate) 4 
Specific absorption A a b s /Zc 36 
Spectrometer, Mechanical 150 
Spectroturbidimetry 36,44 
Spinning drop approach 75 
Spinning-drop method, IFT properties 

of distillate cuts from lower main 
zone by 110/ 

Spontaneous emulsification 103, 115 
in a caustic system 120 

mechanism of 117 
of distillate 109 
in Long Beach crude oil-caustic 

system 119/ 
mechanisms in caustic system(s) .... 116 
mechanisms in sulfonate systems 116 
procedure for studying 116 

Stability 
colloid 165 

long-term 165* 
long-term 162 
Natrosol 166t 

Standard state enthalpies of 
micellization 87 

Stirred solutions 41 
Stirring, impeller 146 
Stranding 117 
Sulfonate(s) 

alkyl 88 
aromatic 88 
system, mechanisms for the 117 
systems, spontaneous emulsification 

mechanisms in 116 
Sulfonated 

5(p-butylphenyl) decane 27 
4(p-butylphenyl) octane 27 
4 ( diethylphenyl ) nonane 27, 28/ 
5(p-ethylphenyl) dodecane 27 

Supersaturated solutions of the 
surfactant 69 

Supersaturation and phase growth 69 
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Surface 
-active components 35 
active compounds 134 
-inactive components 35 
tension data 107 

Surfactant(s) 
adsorption 

on clay, mechanism of anionic .... 12 
in cores 5 
on silica, mechanism of anionic . 12 

anion, hydrocarbon tail of the 12 
aqueous anionic 4 
-based chemical flooding processes 

for oil recovery 69 
bonding, micelle size stabilized by . 129 
bonding, micelle structure 

stabilized by 129 
chloroform-D 

carbon-13 spectra for 53 
^-decoupled N M R spectra of .... 55/ 
solutions of 38 

on clays, adsorption of anionic 8 
commercial 19 
comparison of alkane and crude oil 

tension for a Group I 30/ 
concentration on IFT, effect 78 
-cosurfactant system(s) 89,120 
counter surfactant (negative) 104 
crude 6 
against crude oils, IFT behavior of 27 
crystals, formation of 136 
-decane 59 

phase, crystallites of 60 
phase, precipitation of the 63 
samples, ^-decoupled N M R 

spectra of 59/ 
difference between pure and 

commercial 20 
dirty 17 
by electrolytes, precipitation and 

salting out of 3 
film characterization 134 
flooding 115 

for enhanced oil recovery 8 
floods 134 
Group I, Group II, and Group III . 22 
in hexadecane, behavior of 59 
interactions, micelle size stabilized 

by 129 
I F T and concentration of 79/ 
low IFT properties of pure 19 
measurements of enthalpies of the 89 
micellar aggregate size distributions 

for Long Beach crude/caustic 
system 135/ 

micelles 117 
molecule, carbons in the 53 

Surfactant ( s ) ( continued ) 
multivalent cation precipitation of .. 6 
by NaCl, salting out of 1 
phase behavior of a pure alkyl aryl 

sulfonate 35 
precipitation 

of anionic 5 
in micellar flooding 1 
by multivalent cations 5 

purified 8 
on reservoir sands, adsorption of .... 8 
-rich phase 60 
salting out by sodium chloride 3, It 
slug, aqueous 115 
solubility 67 

determinations of 67 
structure on low IFT, influence of .. 17 
structures, sample 24 
supersaturated solutions of the 69 
system(s) 

enthalpy changes for 87 
four-component 18 
micellar aggregate size distribu

tions for 129 
model 17 
precipitating 47/ 
water- and oil-dissolving 

power of 35 
in water, biphasic dispersion of 45/, 47/ 
in water, Krafft point range for the . 68 
-water 

-decane 63 
equilibrium phase diagram of . 35 
phase, biréfringent 63 

phase diagram 42 
samples, ^-decoupled N M R 

spectra of surfactant-water 
samples 57/, 58/ 

-sodium chloride, microscopic 
observations of 40 

-sodium chloride visual observa
tion of 40 

Synthetic method for determining 
solubilities 38 

Τ 
Tall oils 75 

carboxylate salts of fatty acid 
components of 84 

Temperature on viscosity, effect of 160 
Temperature, viscosity vs 161 
Tension state, low 19 
Tensions, ultralow 35 
Tertiary oil recovery techniques 115 
2,2,3,3, Tetradeutero-3 (trimethyl-

silyl)-propionic acid sodium salt, 
(TSP) 39 
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182 CHEMISTRY O F OIL RECOVERY 

Tetramethylsilane (TMS) 39 
Thermochemistry of oil recovery 

micellar systems 87 
Three-phase systems, determination 

of micellar aggregate size distri
butions for 132 

Thums Long Beach (heavy) crude oil 116 
system, kinetics of coalescence for 

the caustic 121 
T M S (tetramethylsilane) 39 
Total interaction energy (V*) 126 
TRS-10-410, equilibrium adsorption 

isotherms of 10 
TSP (2,2,3,3, tetradeutero-3 (tri-

methylsilyl ) -propionic acid 
sodium salt 39 

Turbidity ( A - A a b s ) / l c ) 44 
Turbulence, interfacial 117 

U 

Ultracentrifugation 37 
tests 46 

Ultrafiltration 37 
tests 46 

Ultralow IFT 115 
Ultralow tensions 35 
n-Undecane 76* 
Unsaturation on IFT, effect of 81* 
Unstirred biphasic systems 42 

V 

V , (Total interaction energy) 126 
Vapor sorption 36, 53 

measurements 38 
Verway-Overbeek theory 129 
Viscometer 

Brookfield 153 
capillary 152/ 
comparison of Mechanical Spec

trometer and capillary 154/ 

Viscometer ( continued ) 
comparison of rotational 154/ 

Viscosity (ies) 
for crude oil-caustic solutions, 

interfacial 129 
effect of 

filtration on 151/ 
solution 150 

polymer concentration on 157 
temperature on 160 

factors effecting molecular 158 
influence of aging on 164/ 
intrinsic 143 
loss vs. pressure drop 164/ 
low interfacial 115 
measurements 150 
vs. polymer concentration 159/ 
of Pusher solutions vs. cycles 

through orifices 149/ 
sodium hypochlorite and 166 
vs. temperature 161/ 

Visual observations of surfactant-
water-sodium chloride 40 

W 

Wasson field 26* 
Water flooding, alkaline 103 
Water- and oil-dissolving power of 

surfactant systems 35 
Water-in-oil emulsion, mechanism of 

formation of the 117 
West Ranch field 26* 
Wettability reversal in both directions 103 

X 

X-ray analysis ( E D X A ) , energy 
dispersive 3 

Xanthan gum, (kelzan-XC) 141 
Xanthomonas campestris 142 
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