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SUMMARY

Precipitation/Redissolution/

Reprecipitation Phenomena

Our past studies on the interactions of sulfonates
with dissolved inorganics showed that sulfonates pre-
cipitated by multivalent ions can undergo redissolution
upon increasing either the Sulfonate or NaCl concentration.
At higher sulfonate and NaCl levels the surfactant repre-
cipitated. These studies also showed redissolution to
occur only in the presence of micélles. The role of
mechanisms involving such factors as complexation seems
to be minimal under the conditions studied.

Since the phenomenon of redissolution can be bene-
ficially used for minimizing the surfactant loss due to
precipitation, investigation of this phenomenon was
continued during the current yéar. The objectives of
this study were to develop a quantitative understanding
of the molecular mechanisms involved and to formulate
a model with predictive capabilities for the precipitation
behavior of surfactant/inorganic ions systems. Towards
this purpose, precipitation/redissolution/reprecipita-
tion behavior of sulfonates was studied as a function of

relevant variables including surfactant and salt

Xix



concentration, surfactant chain length, alcohol and oil
concentration and temperature.

Study of the precipitation/redissolution behavior of
CaClZ/Na-alkylsulfonate as a function of chain
length showed that the C18 sulfonate which did not form
micelles could not solubilize its calcium sulfonate precip-
itate. This observation supports our earlier contention that
the redissolution is caused by micelles. Most interestingly,
the solubilization patterns of Ca(Cl6SO3)2 and Ca(ClOSO3)2
in ClO sulfonate micelle were identical indicating that
the solubilization power of the micelle is independent of
the chain length of the precipitate. This led to the
conclusion that the surface of the micelle rather than
the interior plays a major role in this solubilization
process. Results obtained for the effect of chain
length were used to determine the free energy contribution
per —CHz—vgroup towards micellization (0.4 kcal/mol) and
precipitation (2.1 kcal/mol).

The effect of alcohols and oils, both of which
are relevant to micellar flooding, on precipitation/
redissolution was tested under selected conditions.
Alcohol was found to decrease the precipitation and even
eliminate it at higher levels. The solubilization power
of the micelle itself was, however, found to decrease
in the presence of alcohol or oil. Possible reasons

for these effects are discussed.

XX



Examination of the results obtained for CaClz/NaDDS
and CaClZ/NaDDBS systems showed that the precipitation
regions can be characterized by the solubility product
and the redissolution region by a term that we have called
solubilization constant. A model has been developed to
predict the precipitation behavior and the composition
of the system. The model was tested using experimental
data and was found to predict the system behavior
accurately.

The molecular mechanism for the redissolution
phenomenon, proposed on the basis of all the results
that we have obtained for the CaClz/sulfonate systems,
involves the uptake of Ca2+ by the micelle followed by
the_redissolution of the precipitate to replenish the
system with Ca2+ ions and the formation of additional
micelles by the released sulfonate.

Marked differences in the solubilization powers of
sodium dodecylbenzenesulfonate and sodium dodecylsulfonate
for their calcium salts were correlated with the charge
characteristics and counter ion bindinés of their
micelles and the resultant capability to adsorb calcium
ions.

A thermodynamic model involving the adsorption of Ca2+

on micelles was formulated to test the proposed series

of molecular processes leading to the redissolution.
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The results obtained for the dependence of precipitation/
redissolution on temperature were used to test the above
model and the temperature dependence predicted by the
model was found to be in agreement with the experimental
results.

A complete understanding of the precipitation/
redissolution/reprecipitation will result from an in-
vestigation of sulfonate precipitation with other multi-

valent and mixed salt systems,

Adsorption of Surfactants on Reservoir Minerals

Adsorption of surfactant on reservoir rock minerals
has been shown from our past studies to be a complex
process, dependent upon a number of system parameters
such as the nature and concentration of surfactants
and inorganic electrolytes, pH, temperature and solid
to liquid ratio. Also, in certain cases, the isotherms
exhibited a maximum followed by a minimum in the region
of critical micelle concentration (CMC). These studies
clearly showed the need for conducting tests with well
characterized minerals and surfactants in order to eluci-
date the mechanisms involved. During the current year,
most of our adsorption studies were therefore conducted
using isomerically pure n-alkylbenzenesulfonates synthe-
sized in our laboratory and characterized using p-NMR,

C-13 NMR and mass spectrometric techniques.
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Investigations of the effect of oils (e.g., n-dodecane)

on the adsorption of sulfonates on a well characterized
mineral, alumina, were given major emphasis during the
current year. Most importantly, in all such tests, the
uptake of oils by the mineral also was measured simul-
taneously.

Adsorption of n-dodecylbenzenesulfonate and n-decyl-
benzenesulfonate on alumina at 75°C increased with increase
in sulfonate concentration and reached a plateau above
a certain concentration. The onset of plateau as deter-
mined by the dye solubilization techniques corresponded
to CMC. Addition of NaCl to sulfonate/alumina system
increased the surfactant adsorption and shifted the onset
of plateau to lower sulfonate concentrations. Addition
of 0il, n-dodecane, did not affect the surfactant adsorp-
tion significantly under any of the above conditions.

The uptake of 0il by alumina in the presence of sul-
fonate was markedly affected by the changes in the
surfactant concentration. At low sulfonate concentrations
the abstraction of oil (initial oil - 0.5% vol) was
equivalent to about 3 to 4 monolayers. The oil uptake de-
creased with increase in sulfonate and in some cases
exhibited a minimum. The high abstraction of n-
dodecane at.low sulfonate levels is attributed to coating

of 0il on alumina surface that is partially hydrophobic
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because of surfactant adsorption. The decrease in oil uptake
above a certain sulfonate level is due to the solubili-
zation of oil by the micelles as well as decreased

coating owing to the partially restored hydrophilicity

of the solid with surfactant adsorbed with a reverse
orientation under these conditions.

At a given sulfonate level, abstraction of n-dodecane
was found to increase with increase in oil concentration.
The oil coated particles were found to agglomerate in the
system. Such agglomeration can affect the‘permeability
of the reservoir and its implications in micellar flood-
ing are discussed.

The results for the adsorption of n-DDBS and
n-DBS on alumina were analyzed using a modified Stern-
Grahame model. By COmparing the bulk concentrations re-
quired for a given adsorption density, the free energy
contribution per —CH2— group towards adsorption has
been calculated to be 1l:1 KkT.

A study on the effect of temperature on sulfonate
adsorption, in the presence and absence of 6il was
initiated during the current year. Both in the presence
and absence of oil, increase in temperature caused a de-

crease in adsorption.
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A study of the effect of alcohol was also initiated
during the current year. For a few conditions studied,
alcohol was found to decrease the surfactant adsorption
markedly.

In addition to the above studies using isomerically
‘pure n-alkylbenzenesulfonates, adsorption of a commercial
surfactant, Alipal C0-436 on alumina and homoionic sodium
kaolinite was also begun recently. This ethoxylated
sulfate is considered to be a potential surfactant for

-micellar flooding, since it has a higher salt tolerance
than alkylbenzenesulfonates. Preliminary results

obtained with thisﬂsurfactant are included.

Polymer/Surfactant Interactions

Surfactants come in contact with the polymers
during flooding and hence interactions between them can
have an influence on the efficiency of the micellar
flooding process. Polymers and surfactants can react
to form complexes and precipitates. In addition, adsorp-
tion properties of surfactants and polymers at various
interfaces can be affected markedly by the presence of
one another and this can in turn affect the wettability
of the reservoir rocks and therefore the oil displacement
efficiency. For these reasons, during the current year,

an investigation of the wettability of reservoir rock
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minerals such as quartz in the presence of acrylamide
based cationic, anionic and nonionic polymers and
surfactants was initiated. Adsorption and precipitation
of surfactants and polymers have also been determined
simultaneously under selected conditions. In order to
develop a full understanding of the manner in which the
polymeric and surfactant species interact, C-13 NMR,
p-NMR, viscosity, surface tension and conductivity
properties of solutions containing these reagents have
been successfully initiated. ‘

Wettability of quartz as measured by the Hallimond
tube flotation technique was altered markedly by the nature
of charge on the surfactant as well as polymer. A’non—
ionic polymer, polyacrylamide (PAM) which did not adsorb
on quartz was found not to influence the wettability of
quartz. A cationic polymer, aminated polyacrylamide
(PAMD) , on the other hand, was found to increase the water
wettability of quartz in dodecylaminehydrochloride (DDA-
HC1l) solutions. This is attributed to the peculiar
configuration of the adsorbed polymer which helps to mask
the adsorbed surfactant. The polymer is believed to adsorb
at the solid/liquid interface With its segments and loops
extended into the solution.

Addition of an anionic polymer, sulfonated polyacryl-

amide (PAMS) was found to decrease the water wettability
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of guartz at all levels of DDA-HCl. The effect of PAMS
at low concentrations of amine is attributed to its
influence on the solvent power of water and the conse-
quent increase in the effective concentration of amine in
the system (salting out). At high amine concentrations
where the surfactant can adsorb with a reverse orientation
at the solid/liquid interface, PAMS is suggested to bridge
the particle with bubble and thus enhance flotation.
Quartz which remained water wettable in sodium
dodecylsulfonate (NaDDS) solutions became hydrophobic
~upon the addition of the cationic polymer, PAMD. The
polymer can be considered in this case to adsorb at
the solid/liquid interface and provide adsorption
sites for the anionic surfactant and thus make the
particles hydrophobic.
In addition to changing the wettability of the solid,
PAMD and sulfonate interacted in the bulk to form a
precipitate under certain conditions. It was found that
at a fixed PAMD level, an increase in NaDDBS concentration
resulted in precipitation with further addition of the
sulfonate causing redissolution of the precipitate. This
behavior is similar to that of the sulfonates in the
presence of multivalent ions such as Ca2+. Unlike in
the case of calcium sulfonate, however, redissolution in

polymer-surfactant system appears to occur before
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micellization. This is attributed to the interaction
of the precipitate with the excess sulfonate to form

charged complexes.
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I. PRECIPITATION/REDISSOLUTION/
REPRECIPITATION PHENOMENA

A. Introduction

Interaction of sulfonates with various mono and
multivalent ions is of major importance in tertiary oil
recovery by micellar flooding. We have reported earlier
that interaction of such species can affect the loss of
surfactant due to precipitation (1;4). It was also reported
that the precipitate can be redissolved by excess sur-
factant or NaCl. During the current year, major
emphasis was placed on developing a quantitative under-
standing of the precipitation/redissolution process, the
knowledge of which can possibly be used to reduce the
surfactant loss.

The precipitation/redissolution/reprecipitation
behavior of sulfonates with mono and multivalent ions
was continued this year with the aim of quantifying
the interactions involved. Detailed investigation of
this phenomenon as a function of type and chain length
of sulfonate, ionic strength, and temperature showed
micelleg to be responsible for the redissolution bf

multivalent ion/surfactant precipitates.



A model with capabilities to predict the nature and
concentrations of various species under different solution
conditions, given the thermodynamic constants and
the initial levels of surfactants and inorganic ions,
has been developed. The model was tested using dif-
ferent sets of experimental data and was found to
predict the system behavior satisfactorily.

We have now extended the precipitation/redissolution
study to systems containing alcohols and oils.

Based upon the information that we have obtained
from the precipitation/redissolution studies and the data
for the conductivity and counterion binding to micelles,
a molecular mechanism to explain the redissolution of the
precipitate has also been proposed.

The data for the dependence of precipitation/
redissolution on temperature was used to obtain various
thermodynamic parameters such as heats of dissolution,
micellization, solubilization and calcium adsorption on
micelles. Also, the validity of the proposed molecular
mechanism for the redissolution process was tested by
developing a suitable model and testing with the results
obtained for the temperature dependence of redissolution.

The investigation of the precipitation/redissolution
process is now being extended to multi component systems

o . . 3+
containing sulfonates and inorganic ions such as Al” .,



B. Materials and Methods

Bl. SURFACTANTS AND OTHER REAGENTS

Sodium dodecylbenzenesulfonate (NaDDBS) sgpecified
to be 90% pure by Lachat Chemicals was purified by
deciling, recrystallization and desalting techn;ques (3).

Sodium dodecylsulfonate (NaDDS), (>99% purity
according to the manufacturer's chromatographic analysis)
was purchased from Aldrich chemicals and used without
further purification. Conductivity versus concehtration
data obtained for NaDDS showed the CMC to be 9.8x10 >
kmol/m3. This is in agreement with the reported CMC
values (5).

ClO’ C12’ C16’ and C18 alkyl sulfonates used in
the current study were purchased from Aldrich Chemicals
and C14 sulfonate was purchased from Pfaltz and Bauer.
All these sulfonates were specified to be >98% pure.

RadioactiVe Ca45 used in the preparation of labelled
calcium sulfonates was purchased from ICN Inc.

NéCl, NaOH and HCl used were also of A.R. grade.
When higher purity reagents were required, ultrapure
NaCl purchased from J.T. Baker Chemical Co. and CaCl2

purchased from Aldrich Chemicals Co. were used.

Triply distilled water was used in all experiments.



B2. METHODS

B2a. Turbidity Measurements

A Brinkman PC-600 probe colorimeter was used to
measure the turbidity of the solutions.. Egqual amounts
of surfactant and inorganic electrolvte solutions were
mixed in a test tube, shaken for 10 seconds and then
kept at the desired temperature in a thermostat. The
electrolyte solutions were alwavys introduced before the
surfactant solutions. The dependence of the turbidity
on the surfactant and electrolyte concentrations was
determined from the values for light transmission
(A=670 nm) 24 hours after the mixing.

B2b. Precipitation Tests

Solutions containing the surfactant and the
inorganic electrolytes in glass vials were mixed by
shaking them vigorously for about 10 seconds and were left
undisturbed at the desired temperature for 24 hours.

The vials were then centrifuged at 17,000 RPM for sixty
minutes or until all the precipitate settled. The
supernatant was analyzed for sulfonate. The amount
precipitated was determined by calculating the difference
between the initial and final sulfonate concentrations.

The analysis of the sulfonate was done by a two-
phase titration technique using a mixture of dimidium

bromide and disulphine blue as indicators.



The residual calcium concentration was determined
by standard EDTA titration using Mg-EDTA and Erichrome
Black~T the latter being the indicator.

B2c. Conductivity Measurements

Specific conductivity measurements for the deter~
mination of CMC of sulfonate solutions were performed
with a linear conductance/resistance meter (A.H. Thomas
Co., Model 275 at 1000 Hz).

B2d. Dye Solubilization

Dye solubilization technique (7,8) used here is
based on the spectral changes on either side of the CMC.
Below the CMC, the dye (pinacyancl chloride) exhibits
a pink color due to the formation of a highly insoluble
salt of the surfactant anion with the dye cation (6).
Above the CMC the solution turns blue apparently due
to the solubilization of the dye by the micelles. The
tests were conducted by mixing the surfactant solution

5 kmol/m3 dye solution, The solutions were

with a 10~
then equilibriated in the dark for two hours and
measurements were made using a Hitachi model spectro-

prhotometer.

B2e. Surface Tension Measurements

Wilhelmy plate technique was used to measure the
surface tension of solutions, A sandblasted platinum

sensor plate of known width was immersed in the solution



and the pull exerted by the solution on the sensor was
directly measured using a Cahn-2000 microbalance.
Reproducibility of the results checked using duplicate
samples was found to be *0.2 mN/m.

B2f. Free Na Ion Measurements

Orion model 96~11 sodium ion combination electrode
was used along with an Orion Model 701A digital pH/mV
meter to measure the concentration of free Na+ ions
in solution. The sodium electrode consisted of a
sodium containing glass membrane. When the membrane is
in contact with a sodium containing solution, a difference
in electrode potential is developed. The pH of the
solutions was always kept above six as recommended by
the manufacturer. Since the introduction of electrolytes
can disturb the micellar equilibrium no ionic strength
adjustment was made in this case. The required activity
corrections were made only below CMC but no such attempt
was made above it becaﬁse the activity of Na+ ions on
the micelle was not available. Depending on the
temperature, the slope of the electrode response varied
in the range of 55 to 59 mV which is close to the
Nernstian Slope. Measurements at high temperatures
(25 to 70°C) required longer equilibrium time as
compared to about 5 minutes for room temperature measure-

ments. Reproducibility of measurements was better than



+3%. After prolonged use, a hydrated layer formed on
the surface of the sodium-sensitive glass which made the
response slower. This was rectified by removing the
lhyer by a short exposure of the electrode to a dilute
ammonium bifluoride solution (9).

B2g. Free Ca Ion Measurement

The calcium electrode purchased from Orion (Model
93-20) was tried initially for the activity measurements
with no success. Since the membrane is a liquid
organic ion exchanger, the presence of micelles in
surfactant solutions renders the electrode ineffective.
A solid substrate membrane made of PVC produced by
Ionetics Inc. was finally found to pérmit measurements
of calcium activity in micellar solutions. Reproduci-
bility of the data varied,'however, in the range of

t10% to #20% the latter being for lower calcium activities.

C. Effect of Chain Length

Our previous studies of precipitation/redissolu-

systems in the

tion of NaDDBS/CaCl and NaDDS/CaCl

2 2
presence and absence of NaCl, discussed in detail in the
1980 Annual Report indicated the important role of

micelles in the solubilization of multivalent ion/

sulfonate precipitates.



Pronounced differences in the solubilization capa-
city of two different sulfonates having varying structure
were also noted. To further test the generality of our
findings, we have used commercially available laboratory
grade ClO' C12’ Cl4’ C16 and C18 alkylsulfonates.
Precipitation/redissolution pattern of these sulfonates
was determined by analyzing the residual sulfonate using
the two-phase titration technique and the residual
calcium by using Ca45 labelled CaCl2 solutions. Experi-
ments were conducted at 65°C which is above the Krafft
temperature of all the Sulfonates in the absence of
salt.

The effect of chain length on precipitation/redis-

3

solution of sulfonates in 3x10 kmol/m3 CaCl2 solutions

is illustrated in Figure I:1. It is seen that theCa-«C10
sulfonate has the highest solubility and the Ca-—C18 sul-
fonate, the lowest. This is in accord with the increase
in hydrophobicity of the sulfonate with the increase in
the chain length.

The precipitation behavior of calcium salts of C14’
C

and C18 sulfonates, was, however, almost identical.

16
In the redissolution region, on the other hand, the

behavior of these three sulfonates differed markedly.
While the Cl4 sulfonate exhibited complete redissolu-

tion, and the C16 partial redissolution, the C18
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sulfonate did not undergo any redissolution. It is

interesting to note that the C sulfonate also did not

18
undergo any micellization. This finding confirms
our earlier observations that the redissolution of

multivalent ion/sulfonate precipitate occurs only in the

presence of micelles.

The solubility products of calcium sulfonates of different
chain length were calculated usinc the data for the onset of
precipitation from Figure I:1 and that for onset of turbidity
(See also Table T:1). The plot of log Ksp vs. chain length in Figure

I.2 shows two linear regions differing in slope by almost

a factor of 2. The reasons for the decrease in slope of the

log Kgp VS. n plot for chain léngths above 16 are not

p
clear at present. Similar observations have been
reported also in literature for the solubility of fatty
acids (10).

The decrease in the slope of log KSp vs. n for
higher chain lengths indiecates that the system has a
higher tolerance for calcium and sulfonate, compared to
what is expected on the basis of the behavior of shorter
sulfonates, One of the possible reasons for this is the
self association of surfactants to form complexes such

as dimers and other multimers and the resultant decrease

in the activity of the monomer in the solution.

10
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Figure 1:2. Variation of solubility product as a function

Dependence of log Ksp’ onset of precipitation, CMC, Ks and K

20

of the chain length of alkyl sulfonates.

Table 1:1

on alkylsulfonate chain length

d

Chain log Ks;* Sulfonate at CMQ, CaR2 KS=CaR2/Ccr—CCmc Kd
Length onset of pre- kmol/m Redissolved
(n) cipitation**} kmol/m
(K, /3%107°)
10 -6.62 8.94x10"3 2.3x1072 1.86x107° 0.085
12 -8.96 6.03x10"4 6.6x107> 2.97x1073 0.044
14 -10.72 8.00x10™° 2.0x1073 3.00x10"° 0.016
16 -11.36(m) | 3.81x10"° 6.9x10™4 3.00x1073 0.006 (e)
-12.87(e) | 6.71x107° 3.5x10°
18 -12.36(m) | 1.20x10°°
-14.92(e) | 6.33x10"/ "1.4%10
* (m) - measured

* (e) - extrapolated

** Calculated using the onset of turbidity

*** Indicated by arrow in Figure

11




Assuming that the variation of log Ks with n

oy

is linear and that the observed deviations in KSp at

higher chain length values are due to dimerization

alone, we have evaluated the dimerization constant for
the reaction,*

: - — 2-
2c16503 (C16803)2 (1)

2..

[(C, .S0.)5 1
X _ (16 ‘322 2)
[Cy 45051

= 3.5x10°
This value for C16 surfactant is in fair agreement

with the Kd values reported for fatty acids and amines

(12, 13) and higher by two orders of magnitude than the

constant obtained for oleic acid (18).

x . 2+ - 24 o2
car, == ca“’ + 2r", K, = [ca’"] R} (3)
2-
2™ — RrZ™ K, = ik (4)
—— / -2
2 d [R7]
Total Sulfonate = [R ] + 2Kd[R—]2 (5)

For C,. sulfonate, Kep (extrapolated) = 10"12'87, ca’t =

- -— oy =4
kmol/m3, (R) 6.7x16 6, total gulfonate = 3.8x10 °
Therefore, K4 '

3.5 x lO5

|

12

3x10~



The deviations in Kyp at higher chain lengths

p
can result also from the partial coiling of surfactant
chains. On the other hand, the inaccuracies in the
determination of the exact onset of precipitation at
such low levels of sulfonate can also contribute to
deviations in K __.
5P

The observed linear dependence of log Ksp on chain

length can be utilized to obtain the free energy con-

tribution from the vCHz— groups towards precipitation

in the following manner:

Ace e
_ - Gppt‘ — _n(\b + AGC
log Koy = 2.3 RT 2.3 RT 2.3 RT  (6)

where AGi’)pt

precipitation, ¢ is the free energy contribution per

is the free energy change accompanying the

—CH2~ group towards precipitation and AG; is the
free energy of precipitation from all other factors such
as chemical and electrostatic interactions. Using
the slope of log Ksp'vs. chain length the free energy
contribution for chain lengths up to 14 is found to
be 1.6 kcal/mol of —CHZ— group.

In the redissolution region, as mentioned earlier,
sulfonates of varying chain length exhibited marked dif-
ferences. A -comparison of the abilities of the micelles

of these sulfonates to solubilize a given calcium

disulfonate precipitate was made by examining the

13



solubilizatjon constant defined as:

CaR, Precipitate Redissolved
Ks=[ 5 P ] (7)

C - CMC
cr

where C_. is the sulfonate concentration corresponding
to complete redissolution. A plot of log KS vs.

chain length given in Figure I:3 shows that the solubil-
ization constant decreases linearly with increase in

chain length. It can be revpresented bv the equation:
log K, = -0.195n + 0.919 (8)

This equation which is valid for alkylsulfonates
was used to determine the effective number of —CH2~
groups in alkylbenzenesulfonate. Since the KS for
dodecylbenzenesulfonate/CaCl2 is known from our earlier
work, the effective 'n' was calculated from the above
equation to be 7.4. The superjor solubilization power of
NaDDBS compared to NaDDS, - thus suggests effective
number of -CH,~ groups in the benzene ring to be =-4.6.
It is interesting to note that this value is close to

the one suggested for benzene ring from the data
for adsorption of alkylbenzenesulfonates at the
solid/liquid interface (14); the implications of
the apparent lowering in chain length by 4.6, as opposed
to an increase normally suggested needs further

analysis.

14
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Figure I:3. CMC and solubilization constant of alkylsul-
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The residual concentration of the surfactant at
the onset of redissolution, as discussed earlier,
corresponded to the CMC of the system. The data for
CMC as a function of chain length can conveniently be
used to determine the contribution of —CH2— groups

to micellization. Since the free energy of micellization

can be written as:
AGe = -RT 1ln CMC, (9)

- MC = n¢ + AG®
RT 1ln CMC no AGelec. (10)

where AG; is the electrostatic free energy of

lec
micellization and ¢ is the free energy contribution per
-CH,~ group towards micellization. The plot of

log CMC vs. chain length given in Figure I:3 can

be represented by the equation

log CMC = -0.26n + 0.95 (11)

The free energy contribution per —CH2~ group
towards micellization is 403 cal/mol
at 65°C. This value is in excellent agreement with
the reported value of 418 cal/mol for the alkylsulfates
(15) . oOther ionic surfactants also yield similar
values (16).

It was pointed out earlier that the redissolution

of the calcium sulfodnate precipitates occurred only in

16



the presence of micelles. The role of micelles in
solubilizing the precipitates was further tested
by dissolving labelled solid Ca (C{(503), in

NaClOSO3 and NaC18803 sulfonates. The data

shown in Figure I:4 clearly demonstrate the superior
solubilization power of Ci0 sulfonate. This again
confirms our earlier contention that the lower chain
length sulfonate is a more powerful solubilizer for
calcium sulfonate precipitates., Most importantly, the
identical redissolution behavior of calcium precipitates
of ClO and C16 sulfonates in Ci0 micelles (see
Figures I:1 and I:4) indicates that the solubilization
power of ClO micelle (for Ca-sulfonate precipitates) is
independent of the chain length of the calcium  sulfonate
precipitate. This finding clearly suggests that it

is the exterior of the micelle rather than the interior

‘that is responsible for the redissolution in this case.

This process can be written as

x 2+ -
—>
Ca(Cl6SO3)2 (Solid) € Ca + 2Cl6(803) (12)

2+

Ca + -n+2 (13)

- Micelle]l ™ Z2 [caC Micelle]

[C10 10 °
The uptake of calcium by the micelle would
enhance reaction (12) to proceed to the right, resulting

in the redissolution of the precipitate. It should

be noted that the activity of the monomeric‘c16

17
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sulfonate is controlled only by the solubility product
of Cl6 sulfonate as opposed to the case where the
precipitate is redissolved by the micelles of the

same surfactant. In the latter case, since the monomer
concentration is fixed by the CMC of the surfactant and
the calcium in the bulk by Ksp/(CMC)z, redissolved
sulfonate has to form micelles. Therefore, when

C1g Pprecipitate is redissolved in C micelles,

10
an increase in the activity of monomeric C16 sulfonate
can be expected. Such changes should reflect in
properties like surface tension which are being
investigated at present.

The above discussion indicates that the precipitate
solubilization by micelles is initiated by an uptake
of calcium by the micelle. The redissolved surfactant
monomers may form either micelles or remain as monomers
depending upon the system. A detailed discussion of

the molecular aspects of redissolution is given in

Section G.

D. Effect of Temperature

An understanding of the effect of temperature
on precipitation/redissolution phenomenon is important
both from a practical and fundamental point of view.

Such information can be useful in predicting the

19



precipitation behavior of surfactants in reservoirs of
different temperature and even different locations in

the same reservoir. Also, the dependence of
precipitation/redissolution on temperature can yield
important thermodynamic information regarding the
process. During the current year, we have investigated
the temperature dependence of precipitation/redissolution
of NaDDBS/CaCl2 and NaDDS/CaCl2 systems, The results
have been analyzed to obtain the heats of reaction of
various sub-processes involved in precipitation/

redissolution.

The temperature dependence of precipitation of

NaDDBS and NaDDS in the presence of CaCl2 (3xlO_3

kmol/m3) is shown in Figures I:5 and I:6 in terms

of ¢ light transmitted through the solution. The
solubilities of calcium dodecylsulfonate and calcium
dodecylbenzénesulfonate are found to increase with

increase in temperaturé. The solubility products of

these sulfonates calculated from the data for the

onset of precipitation are given in Table 2. The solubility
product of Ca(DDS)2 increased by an order of magnitude for an
increase in temperature from 40° to 70°C. -On the other hand,
the solubility product ovaa(__DDBS)2 increased only by a
factor of 4 over a wider temperature range (25° to

70°). In the redissolution region, similarly the

Ca(DDS)2 exhibited é marked dependence on temperatﬁre

compared to Ca(DDBS)Z. In all these cases, the
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TABLE 1I:2

Temperature Dependence of Solubility Product, CMC
and Solubilization Constant of Ca(DDBS)2 and Ca(DDS)2

[+

T,C K CMC K

Syst ‘ [
ystems | sp -kmol/ms

40 1.2 x 10”10 8.5 x 10°°3 0.014
ca(ops), | 50 2.7 x 10710 9.5 x 1073 0.023

70 1.4 x 1072 1.1 x 10”2 0.077

25 4.3 x 10711 4.5 x 104 0.37
Ca(DDBS) ,| 50 1.03 x 10”10 5.3 x 102 0.35

70 | 1.88 x 10710 5.9 x 100% | 0.33
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onset of redissolution coincided with the CMC of the
system, thus, once again, confirming the contention that
the redissolution of calcium sulfonate precipitate
occurs only in the presence of micelles.

The data for the temperature dependence of:
dissolution can be made use of as shown below, to deter-

‘mine the heat of dissolution.

CaR, a— ca®t + 2" (14)
Kgp = [ca”"] [R7]2 | (15)
a1nKsp _ =AH (16)
(I/TY T R
1n Ksp - :%% + constant ‘ (17)

A plot of log Ksp vs. 1/T should yield -AH/R as the

slope. The log Kgp VS, 1/T plots are given in Figure

p
I:7 and the values of AHSP are
AHSP—Ca(DDS)Z = 18,500cal/mol
A 6,000cal/mol

Hsp—Ca(DDBS)2 =

These values for AHSp reflect the earlier conclusion that
the temperature dependence of dissolution of
Ca(DDS)2 is stronger than that of Ca(DDBS)Z.

The AHSP obtained above corresponds to a process
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in which the calcium sulfonate dissolves in water to

2+ and 2R ions. Redissolution of

give rise to Ca
the precipitate at higher surfactant concentrations,

however, results from the reaction

CaRr, + Micelle ¢ [CaR, Micelle] (18)
< _ [CaR2 Micelle] (19)
S [Micelle]
- [CaR2 Redissolved]
C - CMC | (20)

R-r
Thus, the solubilization constant, KS, defined
earlier is the reaction constant for the dissolution
of the preéipitate in the presence of micelles.
The temperature dependence of KS should thereforé
give the ehthalpy of dissolution of calcium suifonate

precipitate in micelles.

AlnK, - _am (21)
9 (L/T) R

- . A (22)
ans = mp T Constant

The anS for both NaDDS and NaDDBS was obtained
from the precipitation/redissolution curves given in
Figures I:5 and I:6 (see Table I:2), The values of

AHS obtained from ans vs. 1/T plots are as follows:
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AHs—Ca(DDS)Z = 12,375 cal/mol

AHs—Ca(DDBS)Z = ~4 cal/mol

It is interesting to note that the heat of re-
dissolution of Ca(DDBS), is almost zero in contrast
to the large positive value (12,375 cal/mol) for
Ca(DDS)Z.

The heat of dissolution obtained from the KSp

values, as mentioned earlier, corresponds to the reaction

24 -
CaR, "-—-)E ca”’ + 2R (23)

The héaf of dissolution in the presence of micelles,
on the othér hand, represents the heat inVolved in
the solubilization of CaRé by the midelle. This
process can be considered to be equivalent to a
dissolution reaction given by equation 23 and subsequent
adsorption of calcium on the micelle surface followed
by the formation of more micelles by the released
surfactant. A detailed analysis along these lines
to obtain the heat of adsorption of Cazi'on the
micelle and a model based upon the temperature dependence
data to teSt the validity of the above proposed mole-

cular mechanism of redissolution are given in Section G.
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E. Effect of Alcohols and Oils

Most of the past work on precipitation of sur-
factants conducted at Columbia was limited to mono and
multivalent ions/surfactant systems. Multivalent
ion/sulfonate systems upon increasing the surfactant
concentration exhibited a precipitation, redissolution
and a reprecipitation stage. The influence of alcohols
and oils on such precipitation/redissolution phenomenon
is important in micellar flooding systems, since the
former is a co-surfactant in micellar flooding and the
latter is always present under the flooding conditions.
The results for the precipitation behavior of CaClZ/
NaDDBS system in the presence of n-Propanol and
n-dodecane are included in this report and this study
will be extended to other solution conditions and to

other alcohols and oils in the future.

El. EFFECT OF n-PROPANOL

3

Precipitation behavior of NaDDBS/CaCl (3x10

2
kmol/maj at three levels of n~-propanol is given in

Figure I:8. Our past work has identified the precipitate
under these concentrations of sulfonate in CaCl2 solutions

(in the absence of n-Propanol) to be calcium dodecyl-

benzenesulfonate (8ee Annual Report, 1980).
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It is evident from the data in Figure I:8 that 6%
n-propanol reduced the precipitation and 10% and 25%
-n—propanol completely eliminated the precipitation under
all tested conditions., The onset of redissolution
at 6% n-propanol is found to coincide with the CMC of
the system determined using the dye solubilization
technique. Most interestingly, 10% n-~propanol reduced
the CMC of DDBS to a concentration below 1.35 x 10
kmol/m3 sulfonate which is the concentration for the
onset of precipitation of calcium dodecylbenzene-
sulfonate in the absence of n—propénol. (The dye
solubilization tests indicated the presence of micelles
at all sulfonate concentrations above 1.35 x lO“4 kmol/m3
in the presence of 10% and 25% n-propanol.) In these
cases, precipitation of calcium sulfonate was not
observed. Evidently, the sulfonate micelles can cause
the redissolution of the precipitates (or prevent the
precipitation).

It is clear from Figure I:8 that the effect of
alcohol is to reduce the amount of precipitate under

all the tested sulfonate concentrations. It is to

be noted that even below the CMC, n-propanol reduced
the precipitation of Ca(DDBS)Z. The effect of n-propanol
on Ca(DDBS)2 precipitation is-therefore, not only by
shifting the CMC, but also by affecting the precipi-

tation below CMC. Even though the mechanism by
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which short chain alcohols such as n-~propanol affect
the CMC has not been well established, the speculations
involve the effect of alcohol on the structure and
hence the solvent power of water as well as the in-
corporation of alcohols between the charged heads of
sulfonate in the micelle (17). . The role of the former
effect can be estimated by examining the influence of
n-propanol on the precipitation below CMC. The

role of the latter effect, i.e., the incorporation of
alcohol molecules between the charged heads of the
micelle can be evaluated by estimating the solubil-
ization constant of the micelles defined earlier, as the
amount in moles of the precipitate redissolved per

mole of sulfonate above CMC,

[CaR2 (Redissolved) ]

Cpop = CMC

where CMC is thé residual sulfonate at the onset of

i.e.,; KS = (24)

redissolution and Cp_. is the residual concentration at which

[CaRz] moles of precipitate has redissolved.

il

K_, (6% n-propanol) 0.12

1S]

i

KS (0% n-propanol) 0.3
Assuming a constant micelle size, the lower solubiliza-
tion power of micelles for the precipitates in the

presence of alcohol can be interpreted to be due to the

competition of the alcohol with precipitate for the
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micelle. On the other hand, a short dhain alcohol

such as n-propanol cannot be expected to get solubilized
within the micelle. Incorporation of alcohols between
the charged heads of the micelle is conceivable. Since
the redissolution of calcium sulfonate precipitate in-
volves either the incorporation of the precipitate

with the calcium on the exterior of the micelle and
sulfonate in the interior, or the uptake of calcium

by the micelle and the formation of new micelles by the
released sulfonate (see Section G), both of which involve
the incorporation of Ca on the chargéd head of the micelle,
the redissolution process can be expected to be influenced

by the presence of n~propanol.

E2. EFFECT OF n-DODECANE
The effect of n~dodecane on the precipitation-re-

dissolution of NaDDBS/CaCl. was tested in the following

2
manner. n-Dodecane and an aqueous solution containing

3

Na- dodecylbenzenesulfonate and CaCl, (6 x 10 kmol/m%)

2
were taken in 1l:1 ratio in a vial and were hand shaken
vigorously for ten seconds. The vial was left undis-
£urbed for 24 hours. Subsequently, the vial was centri-
fuged for 1 hour at 17,000 RPM. Samples from the

agqueous phase were taken and analyzed for calcium

and sulfonate. Analysis of the oil phase showed the
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amounts of calcium and sulfonate in the oil phase to
be below their detection limits.

At sulfonate concentrations above CMC, a turbid
phase appeared separating the o0il and aqueous phase.
The volume of this phase was found to increase with
increase in sulfonate concentration. Centrifugation
of the system for 1 hour at 17,000 RPM, however,
eliminated this middle phase.

The ratio C_, _/C

R-r/ Cr-i 1S plotted in Figure I:9 as

a function of Cr_j- The continuous curve in this figure
represents the expected sulfonate preéipitation behavior

3

in 6 x 10~ kmol/m3 CaCl2 solution in the absence of any'

‘oil. This curve has been obtained from the data for the

3

precipitation of sulfonate in 5 x 10~ kmol/m3 and

1 x 1072

kmol/m3 CaCl2 by interpolation. It is
evident from this figure that the precipitation behavior
of CaCl2 is not affected by the presence of oil. The
onset of redissolution, however, has shifted to a
lower initial sulfonate concentration in the presence
of n-dodecane.

Thus, the effect of n-dodecane on calcium dodecyl-
benzenesulfonate precipitation/redissolution is apparent-

ly only to shift the point of onset of precipitate re-

dissolution to lower sulfonate concentrations.
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Since n-dodecane does affect the CMC of the
sulfonate, a comparison of the precipitate dissolution
in the presence and in the absence of o0il in terms of
the solubilization constant (as defined in the earlier

section) of the micelle in these systems can be useful.
Kg (in the presence of oil) = 0.21
Kg (no oil) = 0.35

These figures indicate a lower solubilization
power in the presence of o0il suggesting as in the
case of alcohol, competition of 0il molecules with
the precipitate for the micelle (see Section G).
F. A THERMODYNAMIC MODEL FOR
PRECIPITATION/REDISSOLUTION
Our work on precipitation/redissolution of multi-
valent ion/sulfonate systems conducted so far has
conclusively proved that the redissolution of multi-
valent ion-sulfonate precipitate occurs only in the
presence of micelles. Our studies have identified also
the chemical composition of the surfactant/multivalent
ion precipitates and the conditions for the formation
of mixed surfactant/mono and multivalent ions precipitates.
With this background, we have now developed a thermody-

namic model to predict the precipitation/redissolution
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behavior of multivalent ion/surfactant Systems. Given
the initial concentrations of the multivalent ion and
the thermodynamic constants involved in various sub-
processes, this model can predict the nature and
amounts of various species in the system. This model
which has been developed for a simple multivalent ion/
surfactant system can be easily, suitably modified to

predict the behavior of other multi-component systems.

Fl1. OUTLINE OF THE MODEL

The model is based upon the micellar solubilization
mechanism for the redissolution of multivalent ion/
sulfonate precipitates. A schematic diagram of the
precipitation/redissolution process indicating the regions
of various interactions is given in Figure I:10.

The equations representing the various regions are

written for the model system CaClz/NaR.

Region I. In this region, all the added CaCl2

and NaR dissociate to form the corresponding ions in

aqueous solution:

cacl, == ca®t + 201" (25)
NaR - Na® 4+ R (26)
oo

36



/uotieatdroazd syl JOo WSTUBRYOSW 9UY3 JO weabeIp OTjewsyds Y

-ssoooxd uotjejtdiosxdax/UoTinToSSTIPAI

 gw/jowy ‘NOILVHINIONOD S8ddPN
1Ol 5.0l .0l

*0T:I °2aInbtd

V10l

»-0l o]l
0

| IvisAud
| LNVLOVHYENS

¢|Q0)/S8AaoN

|

30IHOTHDY ©
WNIDTVO @
WNIgoS ® 20

JLVYNO4INS WO

Ol

37



In the case of multivalent ions such as Al3+ which
can undergo hydrolysis reactions to form various aqueous
comﬁlexes, such reactions should also be considered in
this region. Similarly, long chain surfactants can
form dimers, other aggregates and even hydrolyzed
products (18).

In CaClz/NaDDS system, the activities of Ca2+
and Cl  remain constant in this region. Na+ and R
activities increase linearly with increase in the con-
centration of sulfonate.

Region II. As the concentration of sulfonate is in-
creased, at some point, the activities of the sulfonate
and the calcium satisfy the precipitétion condition

that

= 2+ -2 ;
Ksp = [Ca” 1+ [R] (27)

Above this level of sulfonate, precipitation of cal-
cium sulfonate occurs in the system, Part of the added
sulfonate is taken up by calcium in such a manner that
the residual concentration of sulfonate and calcium
satisfy equation (27) which can be rewritten as

2
Ksp R-i T 2%) (28)
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where 'i' refers to the initial concentration and 'x'

to the amount of CaR2 precipitated. Substituting for

X as

CCa-i - CCa--r = X (29)

equation (28) can be modified to yield

Ca-r ' “R-i 2C

The above third order equation involves the initial
concentrations of surfactant, and calcium, and the

solubility product Ksp' Using a suitable computer

program (or by numerical methods) one can determine the

residual activity of calcium and in turn, that of the

surfactant.

In region II, the activity of the sulfonate will not
increase in the same manner as it did in Region I,
mainly because part of the sulfonate precipitated.
The bulk activity will, howeVer, continue to increase

and at a certain concentration the system will reach the

CMC of the surfactant. The activity of the surfactant

monomer remains constant equal to CMC above this level

39
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of sulfonate.

The changes in the activities of calcium and sulfonate
in Region II can therefore be determined using equations
(27) and (30). |

Maximum precipitation of calcium sulfonate for
any given initial level of calcium can be calculated as:

K
CaRZ“MAX = - __SpP __ (31)

Thus, knowing C K and CMC, maximum precipitation

Ca-i' “'sp’

can be determined.

Region III. 1In this region the redissolution of the

precipitated calcium sulfonate occurs. It should be
noted that the activity of the surfactant monomer in
this region is equal to CMC and the bivalent calcium
activity is governed by

K
CC - = ___S&.
a-x (CMC)z (32)

Therefore, the activities of both calcium and
sulfonate remain constant in this region. The redis-
solution of the precipitate, however, takes place in

such a way that the excess sulfonate and calcium
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introduced into the solution are taken up by the micelles.
The actual molecular mechanismr:involved in the redis-
solution process itself is discussed in Section G. Most
importantly, our past work has shown that the redisso-
lution region can be characterized by a solubilization

constant, Ks’ defined as

(Cp_,. - CMC) (33)
where Cgr-r 18 the residual concentration of sulfonate in
solution, and CaR,__ 3 is £he amount in moles of calcium
sulfonate precipitate redissolved. (The subscript

'rd' refers to "redissolved".) The residual concentra-
tion CR__r can be obtained by knowing the initial con-

centration CR—i in the following manner.

CR__r = Excess sulfonate added above the onset of
redissolution + CMC + 2(amount of calcium

sulfonate redissolved).

C, . - .

combining equations (33) and (34) and rearranging,

K

- S5 -
©8R2-ra T T2 (Cr-i " Comc! (35)
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Thus, knowing the solubilization constant, initial

sulfonate concentration and CCM (the initial sulfonate

c

concentration corresponding to the onset of micellization)

one can determine the amount of CaR2 redissolved. The
latter term CCMC can also be determined by simply knowing
the initial calcium concentration and CMC of the system.

At the onset of micellization,

X ,
C = ______E__S (36)
Ca-r (CMC)2
If the initial calcium is Coa-i’ the amount of calcium

precipitated would be
K
[CarR,] = C. _; -~ —2— (37)

Therefore,

CCMC = CMC + 2][cC - —SP_

(38)
(cme) 2

Ca-i

Using equations (36) and (38) and the CMC of the
system, the amount of calcium redissolved can be deter-
mined.

The amount of sulfonate in the micelle form can be

obtained from equations (34) and (35) as

42
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C = - 1
R-M [Cr-i = Comc) To3% (40)
s
The amount of sulfonate precipitated can be obtained

from the material balance equation as

CR-CaR2 = Cpoi - Cr-M ~— CMC (41)

Thus, the amounts of calcium and sﬁlfonate in
various forms can be determined from their initial
concentrations, the solubility product, thé-solubilization
constant and the CMC of the system.

Region IV. 1In this region, the sulfonate ekists
as monomers (activity = CMC) and micelles. The amount

of sulfonate in the micelle form can be readily calculated

as:

(42)

The activity of bivalent calcium cannot exceed
Ksp/(CMC)2 in this region. On the other hand, continued
uptake of calcium by the micelle, even above the point of

complete redissolution of CaR2 can lead to

, ‘
Ca-r < Kgp/(CMO) | (43)
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It should be noted that, while increasing the
concentration of surfactant in the system, the Na+
concentration also increases simultaneously. Therefore,
at relatively high surfactant concentrations the sodium
ions can compete with calcium for the micelle surface.

Region V. Increase in sulfonate concentration above
a certain limit leads to the precipitation of NaR

itself. This limit of precipitation can be obtained

experimentally and can be represented as

+ —
~nNa' + M n —— Na M (44)
5 .. — . (45)
NanM liquid crystals . prec1p1ﬁate

Mixed Precipitation. If the concentration of calcium

in the sYstem is significantly high, such that the CCMC
is raised (see equations (37) and (38)) then the amount
of CR—i required for complete redissolution of the
precipitate also will correspondingly increase. It

is, therefore, possible to envisage a system in which

the calcium concentration is high enough that NaR itself

starts precipitating prior to reaching the values of
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Cr-i which can bring about the complete redissolution
of the calcium sulfonate precipitate. Under these
conditions, co-precipitation of calcium and sodium
sulfonates can be expected.

On similar arguments, it is possible that at certain
levels of calcium, sulfonate activity may never become
even equal to CMC prior to the precipitation of NaRr,

in which case, no redissolution can be expected.

2+ - e

Ca + 2R i CaRZ(solid) (46)
+ -

Na + R e, NaR(so0lid) (47)

It is possible that the morphology of NaR
precipitates. obtained in this manner is different from
that formed through a micellization process.

Importance of CMC. The above discussion of the model

clearly showed that a prior knowledge of the 'CMC'

of the system under various conditions is extremely
important to be able to predict its precipitation/
redissolution behavior. CMC, on the other hand, is very
sensitive to the nature and concentration of counter

ions present. In the present study, therefore, the CMC's

of NaDDS and NaDDBS were determined under various
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solution conditions.

The techniques used for the determination of the
CMC of sulfonates under various conditions include surface
tension, conductivity, Krafftipoint solubility and dye
solubilization. Use of more than one technique was
necessary to determine the cMC, becausebno single
technique from the above was applicable fo all ﬁhe
desired solution conditions. For example,‘the éonductivity
technique was not quite sensitive under high salinity
conditions. kSurface tension technique, on the other
hand, was very sensitive even at high NaCl conditions
(see Figure fﬁll). However, this‘technique failed to
identiﬁy the’CMC in precipitation systems (for example,
see Figure I:12).

The technique that was found to be quité successful
in precipitating systems was the dye solubilization
technique. 1In this technique, the change in color of the
solution upon the solubilization of the dye-surfactant
complex in the micelle is taken as an indication of the
onset of micellization.

Even though Mukerjee and Mysels (6) have criticized that
this technique yields CMC values lower than other
techniques, it was possible, from available literature,
to identify certain dyes which were more suitable for

certain surfactants. Thus, a cationic dye (pinacyanol
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chloride) was selected for the present studies. The
performance of this technique was tested by determining
the CMC of NaDDBS at different NaCl concentrations and

by comparing them with the results obtained from the
surface tension technique. It is evident from the data
given in Table 3 that the dye technique yields CMC values
which are in reasonable agreement with those obtained from
the surface tension measurements.

The CMC of NaDDBS in NaCl and CaCl. solutions is

2
given in Figure I:13 as a function of total counter ion
concentration. The results of CMC for NaDDS/NaCl system
is also included.

The data given in Figure I:13 is fitted to a general

equation of the type

log CMC = - a log C, + b (48)

where Ci is the counterion concentration. The
dependence of CMC of NaDDS and NaDDBS can be represented

by the equations

. For NabDDS
log CMC = -0.68 log Ci - 3.4 (49)
For NaDDBS
log CMC = =0.60 log C; - 4.5 (50)
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TABLE I: 3

Comparison of CMC values of Na

DDBS determi
surface tension and dye soluki bty

lization techniques.

Added NaCl cMC, kmol/m>
Conc., kmol/m
Surface tension Dye solubilization

0 1.5 x 1073 1.55 x 1073
1073 1.25 x 10°° 1.2 x 1073
4 x 1073 7.5 x 102 7.3 x 10 %
1072 5.0 x 102 5.6 x 10
1071 1.4 x 1074 2.8 'x 10 %
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For NaDDBS/CaCl2 ,

log CMC = =-0.28 log Ci - 4.01 (51)

It is to be noted that the Ci,the counterion
concentration, used for NaDDBS in the presence of
CaCl2 was that of Ca2+ and the concentration of Na+
was not considered.

It is interesting to note that the slopes of log CMC
vS. iog (counterion) curves decrease with inérease in the
valency of the counter ion and most importantly, the slopes
appear to be in the inverse ratio of their valencies.
Similar observations have been reported for Na-dodecyl-
sulfate and Ca-dodecylsulfate systems (19).

The CMC data given in this section can now be con-
veniently used to determine the precipitation/redissolu-

tion behavior of NaDDS and WNaDDBS under various condi-

tions.

F2. COMPARISON OF THE MODEL PREDICTIONS WITH THE
EXPERIMENTAL DATA
The model for the precipitation/redissolution behavior
of multivalent ion/sulfonate systems outlined earlier
was used to predict the behavior of NaDDS/CaCl2 system
at different levels of CaCl2 (see Figure I:14). The
continuous curves in this figure represent the cal-

culated model predictions. The excellent agreement between
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the model predictions and the experimental data,
clearly demonstrates the predictive capabilities of the
model.

The results for the precipitation/redissolution

behavior of NaDDS/CaCl system at three different

2

temperatures have also been compared with the model

predictions in Figure I:15.. Again, the agreement

between the model and the experimental values. is good.
Further development of this model to multi-component

systems can be easily achieved by suitable modifications.

This will be considered in our future work.

F3. SPECIES ACTIVITIES vs. NaDDBS CONCENTRATIONS
Micellar solubilization model proposed earlier for

the precipitation/redissolution process suggests specific

variations in the activities of different species in

solution. For example, in Region I (see Figure I1:10),

2+

while the activity of Ca remained constant, those of Na+

and R increased linearly with the concentration of NaR.
In Region II, the activity variations of Ca2+ and R

are controlled by KSp and in IIT, by both KSP and

K,. In Region III, activities of both Ca2+ and R remain

constant. With the experimental data available for the

concentration of sulfonate and calcium and the activity

2+

of Na+ and Ca (obtained using ion selective electrodes)
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we have constructed a diagram showing the activities of
all the various species as a function of NaR concentra-
tion (see Figure I:16). The precipitation of CaR2
and its subsequent redissolution are also included.

The experimentally determined variations in the
activities of different species are in agreement with
their expected variations according to the micellar
- solubilization model. These results, therefore; further
confirm the validity of micellar solubilization model
to account for the precipitation/redissolution behavior

of multivalent ion/surfactant systems.

G. Molecular Mechanism of

Precipitation/Redissolution

Gl. INTRODUCTION

The results presented in the earlier sections and in
- our past report (1-4) clearly demonstraté that the redis-
solution of surfactant multivalent ion of precipitate
occurs only in the presence of micelles. We have been
referring to this process as "micellar solubilization",
since the dissolution occurs only in the presence of
micelles. It should be noted thaﬁ the above term to describe
this process is strictly within the definition of "solubili~

zation", as per the classical definition of McBain and
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Hutchinson (20) and as per the current IUPAC definition.
Solubilization as defined by McBain and Hutchinson (20},
is 'a particular mode of bringing into a solution such
substances that are otherwise insoluble in a given medium,
involving the previous presence of a colloidal solution
whose particles take up and incorporate within or upon
themselves the otherwise insoluble material.' This
definition literally is only applicable to solutions
containing micelles. Current usage of the word solu-
bilization as suggested by the definition, is ‘the pre-
paration of a thermodynamically stable isotropic solution
of a substance normally insoluble or very slightly soluble
in a given solvent by the introduction of an additional
component or components.'

Even though micellar solubilization has been identified
as the major mechanism for the precipitate redissolution,
the micro-processes (molecular mechanisms) involved in
the redissolution have not been discussed so far. For a
complete understanding of the precipitation/redissolution
process, it is important to know as to what happens to the

calcium sulfonate upon dissolution.

G2. MOLECULAR MECHANISM
Solubilization by micelles can be brought about in
three-possible ways: (1) the uptake of the material by

the micelle within its interior (2) incorporation of
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the material, in a manner similar to mixed micelle
formation and (3) the uptake of the material on the
micelle surface (21). Non-polar substances such as
hydrocarbon oils are dissolved in the interior of the
micelle. Amphipathic solubilizates such as long
chain alcohols are incorporated into the micelles with
the hydrocarbon chain in the palisade layer and the polar
heads projected on the micellar periphery. Polar
solubilizates adsorb on the surface of micelles with
probably some penetration into the palisade layer (22).
A number of factors - polarity, polarizability, chain
length and branching, molecular size, shape, and
structure - have been shown to affect the solubilization
capacity of substances in surfactant micelles (23).
Klevens and McBain suggest that the addition of an elec-
trolyte will increase solubilizing power toward non
polar materials but will decrease solubilizing power
toward polar materials (24, 25), With this background,
and with the available experimental data, the solubiliza-
tion of calcium sulfonate is examined from a molecular
point of view in the subsequent sections.

Calcium sulfonate is amphipathic in nature.

Moreover, during the redissolution of CaR., in micellar

2
solutions, the activities of both bivalent calcium and
sulfonate cannot increase appreciably (since surfactant

monomer activity is almost a constant equal to CMC and
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calcium is controlled by Ksp/(CMC)z, With these
restrictions, the dissolved calcium and sulfonate of
CaRr, should become part of the micelle. This can happen
in two possible ways: (1) incorporation of CaR2 into
the sulfonate micelle such that the hydrophobic part of
it is in the- interior. ef the micelle and the calcium
is on the micelle surface (similar to mixed micelle fqrm-
ation) and (2) the uptake of Ca2+ by the micelle
(adsorption of positively charged species on negatively
charged surface), followed by the replenishment of the
Ca2+ in solution by the dissolution of CaR2 and finally
the formation of micelles by the released sulfonate ions.
It should be noted that both of the above micro processes
are thermodynamically indistinguishable and equivalent.
Possible methods to distinguish between these two micro
processes were examined by critically analyzing the
experimental data given earlier. The solubilization
constant (see section C for definition) which is an
indicator of the capacity of the micelles to solubilize
the precipitate is used for the comparison of test
results. The major conclusions from the earlier
sections are reproduced below.

1. The solubilization constant of NaDDBS/CaC12

system decreased from 0.3 to 0.08 upon addition of

2

3x 10 kmol/m3 NaCl.
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2. Solubilization constant decreased with
increase in the concentration of CaClz.
3. Presence of 6% n—propanol’in NaDDBS/CaCl2
system decreased the solubilization constant from 0.3

to 0.12.

4. Increase in the chain length of sulfonate de-
creased the solubilization constant. Most importantly,
the redissolution behavior of Ca—(c16303)2 and
Ca—(ClOSO3)2 in C-10 sulfonate micelle was identical
indicating that the chain length of the sulfonate did

not affect the solubilization constant of C sulfonate

10
micelle.

5. Solubilization constant was found to decrease
also in the presence of n-dodecane.

6. Solubilization increased with increase in
temperéture for NaDDS/CaCl2 system. On the other
hand, a marginal decrease in KS was observed in the
case of NaDDBS/CaCl2 system.

7. The solubilization constants for NaDDS/CaC12
and NaDDBS/CaCl2 differed markedly. The latter exhibited
superior solubilization power for the calcium sulfonate
precipitates compared to the former.

A decrease in the solubilization, in spite of the

enhanced micellization with increase in NaCl indeed sug-

gests that electrostatic interactions are important in

61



the redissolution process. Similarly, increase in
CaC12 will result in ‘an increase in the amount of NaR
required to reach the onset of micellization and
consequently will lead to a highér Na+ concentration
in the system. Also, the ionic strength will be increased
because of the increase in NaCl. Effect of Na+ and
ionic strength again reflects the significance of
electrostatic interactions in the redissolution process.
n-Propanol, as discussed in section El, cannot be
expected to get solubilized in the interior of the
micelle. However, it can be expected to interact with
the surface of the micelle and hence compete with other
reactions that occur on the micelle surface. The decrease
in the solubilization constant in the presence of n-
propanol, suggests that the surface of micelles does
play a significant role in the redissolution. It is
assumed in this analysis that the size and shape of
micelles are not affected by n-propanol.
The fact that Ehe redissolution of C,,. and C

16 10

calcium sulfonates occurs in an identical manner in.ClO

micelles shows that the interior of the micelle does not

take part in the redissolution process. On the contrary,

the effect of o0il on Ks suggests that the interior
of the micelle also has a role in the redissolution.

It is, however, possible that the solubilization of oil
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within the micelle leads to changes in the shape and the
size of the micelle which can indirectly affect the
interactions at the micelle surface.

The effect of temperature on solubilization cannot
be directly interpreted, since it can affect the
electrostatic interactions, solubility, and hence, the
concentration of ions and the CMC of the system. A de-
tailed analysis of temperature effects is given in‘ a
subsequent section.

The above series of arguments appear to suggest
that the redissolution of calcium sulfonate involves
adsorption of Ca2+ on the micelle surface and the
subsequent dissolution of CaR, followed by the micellization
of the released sulfonate. The changes in ionic strength
and counterion concentrations can indeed influence‘
the adsorption of Ca2+ on the micelle surface.

The molecular mechanisms discussed above can be

represented as:

2+ . — 2+ : ,
n Ca + Micelle o (; Caad . Mlcell%) (52)
n CaR, g“§ n ca’t + 2nw” (53)
- e 2n ..
2nR G _EE [Micellel (54)
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where 'm' is the number of monomers in a micelle. Since
: . 2+ . . s .
the activity of Ca under redissolution conditions is

governed by

K
CCa—r = 8P

(cMC) 2 (55)

adsorption of calcium according to equation (52) will
cause redissolution of CaR2 and micellization of (12)

according to equations (53) and (54).

G3. ANALYSIS OF THE DIFFERENCES IN THE SOLUBILIZATION
POWERS OF NaDDS AND NaDDBS

In the light of the above discussion on the
molecular mechanisms of redissolution, it would now be
interesting to examine the significant differences in
the solubilization powers of NaDDS and NaDDBS for their
corresponding calcium salts. Since the adsorption of
calcium on the micelle surface can be markedly influenced
by the charge on the micelle, the charge characteristics
of the micelle of NaDDS and NaDDBS were determined
by measuring conductivity of respective solutions.

G3a. Conductivity Results

The results for the conductivity of NaDDS and NaDDBS
solutions as a function of surfactant concentration
are given in Figure I:17. It is interesting to note
that, while the slope of the conductivity vs. concentration

curve decreases above CMC in the case of NaDDS, an increase
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in slope is observed in NaDDBS solutions.

Conductivity of solutions is dependent upon the
concentration and mobility of various ionic species in
the system. Aggregation of surfactants to form micelles
leads to a reduction in the viscous drag force (due
to lower area exposed by micelle to the solution compared
to an equivalent number of monomers constituting the mi-
celle). This reduction should result in an increase
in the mobility and hence, the conductivity of the
solution. On the other hand, the stability of the
micelle requires the neutralization of charges by counter-
ions to a certain degree which decreases the mobility
of micelle. 1In addition, the relaxation effects Caused
by the ionic atmosphere around the micelle, further de-
crease the micelle mobility. The size of the micelle
also can influence the mobility. The net result of
all these effects on NaDDS micelle appéars to decrease
its mobility and on NaDDBS micelle to increase it.

G3b. Extent of Na ion binding

Since the differences in the conductivities of
NaDDS and NaDDBS can arise from a number of reasons, the extent
of counterion binding on the micelle was determined
independently by measuring the activity of free Na+

using a sodium ion electrode. The results given in

Figure I:18 show that the degree of Na+ binding is lower
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in the case of NaDDBS compared to NaDDS. The lower
+ . \ . .
degree of Na binding on NaDDBS micelle would permit the

a2+ ions on the micelle

accommodation of larger amounts of C
surface and this indeed can make NaDDBS micelle a better
solubilizing agent for calcium sulfonate.

Furthermore, the available literature results for
the aggregation number of micelles show that the aggre-
gation number of NaDDS is about 54 (26) and that of
NaDDBS (p-NaDDBS) is 24 (28). The lower aggregation
number would result in more number of micelles for the
same number of monomers - in other words, larder micelle
area would be available in the case of NaDDBS.

Tﬁe above arguments indicate that the micelles of
NaDDBS have a higher adsorption capacity for Ca2+
compared to the micelles of NaDDS. According to the
earlier proposed molecular mechanism, therefore, the
NaDDBS micelles should have a higher solubilizatiqn
capacity for the calcium sulfonate. This is in
agreement with the experimentally observed superior solubili-
zation capacity of NaDDBS compared to NaDDS.

The results given in Figure I:18 also show the
effect of temperature on Na+ binding. It is interesting
to note that the Na+ binding in the case of NaDDBS is
not affected at all by temperature compared to that of NaDDS.
Again, these results are in agreement with the experimentally
observed dependence of redissolution on temperature (see

Section D). The conductivity and Na+ ion binding data support
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the earlier proposed mechanism of precipitate redissolution
involving the adsorption of Ca2+ on the micelle and the sub-

sequent dissolution of CaR,.

G4. HEAT OF ADSORPTION OF CALCIUM ON MICELLES

An understanding of the micro-processes involved
in the redissolution process now makes it possible to
further analyze and evaluate more thermodynamic informa-
tion from the data for the dependence of precipitation/
redissolution on temperature, given in Section D.

Based upon the temperature dependence of KSp and
Ks,the heat of reactions AHSp and AH, were calculated
for both NaDDS and NaDDBS in CaCl, solutions. While
the former, AHSP, refers to the dissolution of CaR,

2+ and 2R ions, the latter corresponds

to yield Ca
to the micellar solubilization of the precipitates.
Since the available results strongly suggest that the
redissolution occurs by a process involving the ad-
sorption of Ca2+ on the micelle and the consequent
redissolution of CaR,, one can obtain the heat of adsorption
of calcium on the micelle in the following manner.

As the heat of any reaction is independent of the
path taken to achieve -the final state, but depends only

on the initial and final states (Hess's Law), one can

write (see the schematic diagram given below)
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CaRZ(ppt.)

”
(3)
0
s
N
)

MICELLES

AN . i
/,CaRz Micelle

AH + 2AHM

ad

Since the values of AHSp and AHM have already been
calculated and since'AHM can be:calculated from the

‘dependence of CMC on temperature, one can determine the

heat of adsorption of calcium on the micelle,

= - - (56)
AH_4 = AH_ AHSP 2AHy, :

The CMC of NaDDS/CaCl, was determined from the

2
Conductivity data given in Figure I:19. 1In the case
ofNaDDBS/CaCl2 system, the CMC was determined in the’
following manner., The CMC of NaDDBS was determined at
different temperatures using the dye technique.

Assuming a similar dependence of CMC on temperature for
NaDDBS/CaCl2 system, and by knowing the CMC of the latter

at 25°C, the rest of the values were determined. The heat

of micellization itself was obtained using relations

3ln cMc _ My (57)
o (1/T) R
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and

AH

In CMC = RTM + constant (58)

The values of heat of micellization of NaDDS and NaDDBS
are respectively -1848 and -1210 cal/mol. These values
are in agreement with the reported values of AHm (16) .
Using the experimental values of AH_, AHSP and AHm
in Equation (56), the heat of adsorption of Ca2+ on the

micelle was calculated as

A = "= 2429cal/mol

Ha - Ca(DDS),

AH_ 4 _ ca(DDBS) - 3584cal/mol

2

The heat of adsorption of calcium on the micelles
of NaDDBS and NaDDS comes out to be large negative values,
the latter being higher by about 1000 cal/mole than the

former.

G5. A CALCIUM ADSORPTION MODEL FOR TEMPERATURE
DEPENDENCE OF REDISSOLUTION

For the above series of calculations, it was
hypothesized that the redissolution of the precipitate

occurs due to (a) adsorption of calcium by the micelle
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and (b) the dissolution of calcium sulfonate to

replenish the solution with calcium according to the solubil-
ity product expression and (c) the formation of micelles

by the released sulfonate upon the dissolution of calcium
sulfonate. If the above series of reactions in fact

lead to the redissolution of the precipitate, then the
amount of precipitate redissolved should be proportional

to the adsorption of calcium on the micelle.

Ks (1)) « T(T)) | (59)

where K (T;) is the solubilization constant at
temperature (T;) and P(Ti) is the adsorption of calcium
on the micelle. For two different temperatures, this can

be modified as:

g (T

1) _ .I'(Tl)
KS(TZ) ‘ ]."(T2) (60)

Adsorption of calcium can in turn be expressed as:
F(Tl) = K__°C (61)

where K 4 is the adsorption constant and Cog2+ 1S the

concentration of. calcium in the solution. Combining

Equatibns (60) and (61l), we obtain
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K, (T)) ) Kad(Tl) o CogalTy) (62)
K_(T,) Kag(Ty)  Con(Ty)

The concentration of calcium in the redissolution
region is governed by the solubility product of calcium
sulfonate and the CMC of the surfactant, i.e.,

= 2

(63)

Also, using the Clausius/Claypeyron Equation for the

dependence of Kad and Ksp on temperature in the following

form and rearranging them one can obtain,

57(1/7) - R’ - (e4)
1n Eiﬁgzl) = -AHad[l -1

K_4(T,) R T, T, (65)
Kep(Tp) | T8 5

1n X (7)) R [T T ] (66)
sp "2 1 2
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K AH _ T
—ad{Ty) - "Fad R (Ty) | ~ (87
K_4(Ty B Kep(To)
AHaq
AH
KaéTl) Ksp(Tl) sp (63)
K dTy) Ksp(Tz) ,

Substituting for Kad(Tl)/Kad(Tz) and (cCa(Tl)/CCa(TZ) in
Equation (62) from Equation (68) and (63), the final ex-

pression can be obtained as:

AE a4 | 2

p—
KS(?ll _ Ksprl) .,AHSP " QMC(TZ) (69)
K (T, | KSP(TZ) CMC(T,)

Since we know all the parameters on the right hand
side of the above expression, the ratio of Ks(Tl)/Ks(TZ)

can be estimated.

K (40° ¢)
=S = 0.62
Ks(50 c)

The experimentally obtained value of KS(40)/KS(50) for
this system is 0.61, and is in agreement with the

‘predictions.
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K_(25° Q)
S = 0.99
K (50%C) )

The experimentally obtained value (=1.04) is again
in agreement with the predicted value based upon the ad-
sorption of calcium on micelle.

The results for the dependence of precipitation/
redissolution on temperature, thus, have been used to
determine the heat of dissolution of the calcium sul-
fonate precipitate in water, and in the presence of
micelles. Also, the heats of micellization and adsorption
of calcium on micelles have been estimated. A model
is proposed to check the validity of the calcium adsorption
for the redissolution process. The experimental results
and the model predictions are in agreement with each
other, thus indicating the redissolution process to be

caused by the uptake of calcium by the micelle.
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II. ADSORPTION OF SURFACTANTS ON RESERVOIR MINERALS

A. Introduction

A complete understanding of the phenomenon of sur-
factant adsorption on reservoir rock minerals is of
critical importance in enhanced oil recovery by micel-
lar flooding. Our past work has demonstrated the com-
plex nature of the surfactant adsorption on reservoir
minerals. Specifically, adsorption tests using industri-
al, laboratory, and purified sulfonates on minerals
such as Berea sandstone, limestone, and as-received and
purified kaolinites showed adsorption to depend upon
several system variables such as the nature and concen-
trations of surfactants and electrolytes, pH, tempera-
ture, and solid to liquid ratio. Such studies clearly
revealed also the need for conducting tests with charac-
terized surfactants and minerals in order to elucidate
the mechanisms involved. During the current year most
of the adsorption tests were therefore conducted using
isomerically pure n-alkylbenzenesulfonates which were
synthesized and characterized in our laboratory. Re-
sults for the adsorption of isomerically pure n-dodecyl=-

benzenesulfonate on alumina as a function of surfactant
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concentration, salinity, and temperature are included

in this report. The studies on the effect of surfactant

chain length on adsorption have also been initiated.
Adsorption of surfactants on reservoir minerals

can be expected to be affected by o0il which is present

in the reservoir. Major emphasis was therefore placed

during the current year on studying the effect of oil

on the adsorption of surfactants on minerals. Effect
of n-dodecane, a hydrocarbon oil, on the adsorption of
n-dodecylbenzenesul fonate (n~DDBS) and n-decylbenzene-
sulfonate (n-DBS) on alumina has been tested as a func~-
tion of surfactant concentration, salinity, solid to
liquid ratio, and temperature. Most importantly, in

all such tests, the uptake of o0il by the solid has also

been simultaneously determined. The study of the up=-
take of oil along with that of the surfactant is neces-
sary because of the influence of the former on surfac-
tant adsorption and the wettability of reservoir rocks.
Moreover a complete understanding of the influence of
0il on sulfonate adsorption is possible only if data
for partitioning of the oil into various regions is
available.

Investigation of the adsorption behavior of com-

mercial sulfates on reservoir rock minerals was also
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continued during the current year. Adsorption of
Alipal Co-436 (an ethoxylated sulfate which is reported
to have a high tolerance to multivalent ions and conse-
quently a potential surfactant for micellar flooding)
on Na-kaolinite and alumina was tested as a function of
surfactant concentration and salinity. Additional
tests to determine the adsorption behavior of this sur-
factant are in progress at present.

Since alcohol is used as a co-surfactant in micel-
lar flooding, it is important to study the adsorption
behavior of surfactants in the presence of alcohols al-
so. We have currently initiated}a study of the effect
of alcohol on surfactant adsorption. Preliminary re-
sults obtained for the adsorption of n-dodecylbenzene-
sulfonate on alumina in the presence of n-propanol are

discussed in this report.

B. Materials and Methods

Materials and Methods used in our investigation
have been described in detail in earlier reports (1,2).

Only the salient points are repeated here.
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Bl. MINERALS

Bla. Kaolinite

Homoionic Na-kaolinite prepared from well crystal=-
lized kaolinite samples purchased from the clay reposi-
tory at the University of Missouri was used for adsorp-
tion tests. A detailed procedure for the preparation
and characterization of homoionic Na—kaolinite is des~
cribed elsewhere (1,2). Surface'arga of the kaolinite
sample determined by the nitrogén'adSOrbtion technigque
was 9.0 mz/g.

Blb. Alumina

Alumina used in the present study was a‘Linde high
purity sample obtained from Union Carbidé Corp. The
electron micrograph of the alumina sample given in
Figure II:1 shows the irregular shape of the particles.
The surface area determined by nitrogen adsorption was
15 mz/g. Solubility of this sample'waS‘also measured
under different solution conditions and is given in

Figure II:2.

B2. SURFACTANTS AND OTHER CHEMICALS

B2a. n-Na alkylbenzenesulfonates *

n-Na dodecylbenzenesulfonate and n-Na decylben-
zenesulfonate were synthesized, purified and character-

ized using procedures described elsewhere (see Section

IIB3).

* Alkylbenzenesulfonates are given in the subsequent section,
with a code VS-1. This indicates the batch number of synthesis
and the person who synthesized it.
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II:1. Electron Micrograph of Linde Alumina

Magnification (x10,000)
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B2b. Recrystallized Na dodecylbenzenesul fonate

Samples of Na dodecylbenzenesulfonate (>90% puri-
ty) purchased from Lachat Chemicals were purified by
deoiling, recrystallization, and desalting techniques
to obtain the recrystallized NaDDBS (see references 2,3
for a description of the procedure used).

B2c. ALIPAL® co-436

This surfactant is an ammonium salt of sulfate
ester of an alkyl (CX) phenoxy poly (ethylene oxy)y
ethanol. The reported values (4) of x and y for this
surfactant are 9 and 3 respectively. Equivalent weight
of this surfactant is ~493 gq.

B2d. Hydrocarbon 0ils

n-dodecane (>99% pure) and n-phenyldecane (>97%
pure) were purchased from Aldrich Chemicals Company,
Inc. 1l-phenyldodecane (>97% pure) was obtained from
Pfaltz and Bauer. C-14 labelled n-dodecane (>99% pure)
was purchased from ICN Chemicals. |

B2e. Alcohols

n-propanol (ACS certified) was purchased from
Fisher Scientific Co.

B2f. Inorganic Reagents

Inorganic reagents such as NaCl, NaOH and KOH were
of ultrapure grade and were purchased from Aldrich

Chemicals Company, Inc.
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B2g. Water

Triple distilled water (conductivity <1O6 mhos)

was used for preparation of all solutions.

B3. SYNTHESIS AND CHARACTERIZATION OF ISOMERICALLY
PURE n-ALKYLBENZENESULFONATES

B3a. n-Na Dodecylbenzenesulfonate

The recrystallized NaDDBS, as discussed in our
1980 Annual Report, was a mixture of 1¢, 2¢, and 3¢
dodecylbenzenesul fonates. The separation of individual
isomers from laboratory grade sulfonate was found to be
difficult even with techniques such as liquid chromato-
graphy. Therefore, during the current year, an attempt
was made to synthesize pure n-dodecylbenzenesulfonate.
The procedure obtained from the Department of Energy*
for the synthesis of n-decylbenzenesulfonate and 2-do-
decylbenzenesulfonate was modified suitably for the
synthesis of n~dodecylbenzenesulfonate.

sulfonation of n~-dodecylbenzene was carried out in
a three-necked flask containing 60 g of n-dodecylben-
zene and maintained at an initial temperature of 4°C by
adding an equivalent amount of fuming sulfuric acid
drop by drop into the system. The liquid in the reac-

tion vessel was stirred continuously. The reaction

*Thomas E. Burchfield, private communication.
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product solidified during the addition of H, S0 and at

4
that stage the temperature was raised to 30°C and the
rest of the H,S0, was added. After adding all the
H,80,, temperature was raised to 55°C and it was main-
tained at that level for 90 minutes. Finally, the
reaction product was cooled to 4°C and was neutralized
using 20% NaOH and was left undisturbed over night.
The,precipitate thus obtained was washed, scrubbed with
cold water (4°C), and then recrystallized from 40%
ethanol solution and twice from triple distilled water.

The sulfonate prepared in the above manner was
characterized using p-NMR, C-13 NMR, and mass spectro-
metry techniques. Principles of thése techniques and
the methods of interpretation of the results from such
techniques were described in detail in the 1980 Annual
Report (3). Only the spectra of the sulfonate prepared
and the conclusions are included in this report.

' For the purpose of characterization, sulfonate was
converted to sulfonic acid and was analyzed using the
above techniques. p-NMR, C-13 NMR, and mass spectra of
this compound are given in Figures II:3=5. p-NMR and
C-13 NMR results exhibited only those peaks expected
for n-dodecylbenzenesulfonate and thus‘confirmed the
absence of short chain, long chain, and isomeric impuri=-

ties.
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Mass spectrometry showed the molecular weight of
the sulfonate to be 349. Elemental analysis of the
sulfonate was in agreement with’the expected values for
NaDDBS (see Table II:1). Based upon the above analy-
sis, it was concluded that the synthesized n-NaDDBS is
98-99Y% isomerically pure. CMC of this sulfonate at
65°C was determined, using the conductivity technigque,

3

to be 1.2 x 10~ kmol/m3 (see Figure I1I:6).

B3b. n-Na Decylbenzenesulfonate (h;NaDBS)

. n-NaDBS was synthesized in é similar manner with
minor modifications. The initial reaction temperature
in this case was 75°C as opposed:to the 5°C used in the
case of n-DDBS preparation. Alsé} the solvent for re=-
crystallization was a 1:1 mixture of ethanol and water.
Final recrystallization, as in the case of n-DDBS was
carried out from triple distilled water.

As in the case of n-DDBS, n-DBS was ﬁsed in the
sulfonic acid form for characterization purposes.
p-NMR, C-13 NMR, and mass spectrometry results for
n-DBS are given in Figures II1:3,6,7-8. It was conclu-
ded from these results that the prepared sulfonate is
isomerically pure (purity >98%).

CMC of this sulfonate at 65°C, as determined by
the conductivity technique, is 3.4 x 1073 kmol/m3 (see

Figure I1I:6).
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TABLE II:1

Results of Elemental Analysis of n-NaDDBS

Element , n-NaDDBS Theoretical
c 61.85 + 0.04 62 .04
H 8.52 + 0.02 8.39
S 9.11 + 0.06 9.20
Na 6.38 + 0.01 6.60
Subtotal , 85.86 + 0.13 86.23
0 14.24 13.77
Total 100.10 100.00
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B4. ADSORPTION EXPERIMENTS

As during the preceding years, adsorption tests
were conducted in tightly capped 5 dram vials (1-3).
The vials containing the mineral and the reagents were
subjected to wrist action shaking at the desired tem-
perature. Conditions used for adsorption tests with
alumina and Na kaolinite are given in Table II:2.

After contacting the mineral with reagents for the
desired time, the solids were separated from the liquid
by centrifugation and the supernatant was analyzed for
its surfactant concentration by the two-phase titration
technique (5).

Alipal Co-436, which has sulfate as the functional
group was also analyzed using the above two phase ti-
tration technique. The calibration curve obtained for
the analysis of Alipal Co-436 is given in FigurekII:9.

The possibility of experimental artifacts due to
the adsorption of sulfonates on the walls of the con-

' tainer and centrifuge tube was checked by conducting
several blank experiments (adsorption tests conducted
under identical conditions as the actual tests, but in
the absence of the solid) under different solution con-
ditions. The results of these tests did not indicate
any such complications. Also there was no interference
of hydrocarbon oils or polymers with the two-phase ti-

tration analysis of the sulfonate.
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TABLE II:2

Experimental Conditions for Adsorption*

Alumina Na Kaolinite
Preconditioning time 1% h 2 h
Conditioning time
with surfactant 4 h 72 h
S/L ratio 0.05 0.2
Centrifugation time 1h % h
Centrifugation speed 4,500 RPM 17,000 RPM
Natural pH 8.2 £ 0.2 ' 5.%

*Centrifugation was done at the same temperature at
which the adsorption tests were conducted.
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Adsorption of n-NaDDBS and n-NaDBS were conducted
at 65° and 75°C. The relatively low solubility of
these isomerically pure sulfonates compared to that of
the recrystallized sulfonate was one of the reasons for
selecting higher temperatures for adsorption tests.
Such tests are relevant also to practical systems be-

cause of the higher temperature of reservoirs.

B5. ADSORPTION TESTS IN THE PRESENCE OF OIL

0il was introduced into the adsorption system folé
lowing the procedure described below. Desired amount
of oil (C-14 labelled) was pipetted into the surfactant
solution and the mixture was subjected to ultrasonica-
tion for fifteen minutes. The resultant emulsion was
used for adsorption tests. A sample of the emulsion
was analyzed using the liquid scintillation counter to
determine the initial concentration of oil. For deter-
mining the concentration of o0il after adsorption tests,
the supernatant was removed from the centrifuge tube,
ultrasonicated, and analyzed using the liquid scintil-
lation counter. The calibration curve for the oil is

given in Figure II:10.
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C. Results and Discussion

Cl. KINETICS OF ADSORPTION OF n-NaDDBS ON ALUMINA
Kinetics of adsorption of the isomerically pure
n-NaDDBS on alumina was determined mainly .for the pur-
pose of establishing the contact time required for
equilibration. Results obtained for sulfonate adsorp-

tion as a function of time at two levels of sulfonate

4 3 2

(7 x 10™% kmol/m> and 5.5 x 107> kmol/m’) at 10~

n> NaCl are given in Figure II:11. It is evident from

kmol/

this figure that the equilibration time for adsorption
is about 2 to 3 hours. 1In order to ensure the attain-
ment of equilibrium a contact time of 4 hours was
selected for all the experiments.
C2. KINETICS OF n-DODECANE UPTAKE BY

ALUMINA IN n-NaDDBS SOLUTIONS

Results of the uptake of n-dodecane as a function

of time at 2 x 1073

kmol/m3 n-NaDDBS and at two levels
of NaCl (0 and 1071 kmol/m3) are given in Figure II:12.
At O kmol/m3 NaCl oil uptake appears to increase even

1 kmol/m3 NaCl, however, oil up-

after 48 hours. 1In 10~
take attained equilibrium in less than five hours.
Since over 90% of oil uptake took place in less than 5
hours even in 0 kmol/m3 NaCl, a contact time of five

hours was‘selected for all tests with oil.
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A comparison of the kinetics of uptake of oil and
adsorption of n-NaDDBS on alumina (see Figure II:13)
shows that, while 75 of the equilibrium adsorption of
sulfonate is attained in zero time*, no measﬁrable
uptake of oil is achieved during this time. This could
be either due to the slower kinetics of adsorption of
n-dodecane on alumina or due to the need for a partial-
ly hydrophobic surface for oii abstraction. The latter
explanation stems from the currently accepted postulate
that neutral molecules such as that of n-dodecane can
only co-adsorb on a hydrophilic’surface along with a
surfactant.

C3. ADSORPTION OF ISOMERICALLY PURE
n—ALKYLBENZENESULFONATES ON ALUMINA

C3a. n-Na Dodecylbenzenesulfonate

ReSulté for~the adsorption of n-NaDDBS on alumina
at three levels of NaCl at 75°C are given in Figure
I1I1:14. Sulfonate adsorption is found to increase with
increase in the suéfactant concentration and to attain

a constant value above a particular concentration. The

onset of a plateau region, as evident from this figure,

* "Zero time implies zero mixing time followed by 1
hour of centrifugation. It is to be noted that there
can be some adsorption during the addition of the
solid to the surfactant solution as well as during
centrifugation.
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shifts to lower sulfonate concentrations with increase
in NaCl. Furthermore, increase in NaCl produced an in-

crease in sulfonate adsorption, only in the

rising part of the isotherm.

An increase in adsorption of sulfonate with in-
crease in bulk concentration is in agreement with the
Boltzmann distribution law,

_AG;ds)

S5 = O eXP(—gr (1)

S concentration of surfactant in the interfa-
cial region

£
5
e
H
1]
Q
Il

Cy, = concentration of surfactant in the bulk
R = Gas Constant

T = Absolute Temperature

AG? the free energy of adsorption, is given by

ads’
[+] — [+] [}
AGads - AGelec + AGchain-chain +
o o ‘
AGS 1, * AGY + . . . ‘ (2)

The total free energy of adsorption is a sum total of
contributions arising from factors such as electrostatic
interaction, chain-chain interaction, solvation and de-
solvation of the surface and the adsorbate species, hy-
drogen bonding, etc. In the present system, under the
tested pH conditions, the alumina surface is positively
charged, hence electrostatic forces would play a maior‘

role in determining the sulfonate adsorption. This
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mechanism has been discussed earlier for the adsorption
of dodecylsulfonate on alumina (6). In addition to
electrostatic forces, lateral interaction among the ad-
sorbed surfactants (hydrophobic chain-chain interaction)
was also considered to contribute towards enhanced sul-
fonate adsorption above a certain concentration (6).

The two-dimensional surfactant aggregates resulting
from such chain-chain interaction were referred to as
hemi-micelles, since this process is analogous to the
formation of surfactant micelles in solution. The hemi-
micellization which occurs at surfactant concentrations
that are about two orders of magnitude lower than the
CMC is accompanied by a marked increase in the slope of
the adsorption isotherm. Presence of such regions in
the adsorption isotherm for the n~DDBS/alumina system
can be ascertained only after the data that would ade-
quately cover the dilute sulfonate concentration region
is determined. -Additional adsorption tests are now
being conducted for this purpose at lower sulfonate con-
centrations. = Since the hemimicellization phenomenon
has been studied and analyzed thermodynamically in de-
tail in the past (6) it is not further discussed here.

Plateau Region. Constant adsorption density re-

gions, such as those given in Figure II:14, can result

from either the saturation of the solid/liquid inter-
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face, or the attainment of a constant activity for the
adsorbate species. Since the onset of plateau at all
three levels of the NaCl region waskfouhd to coincide
with the CMC of the surfactant as determined by the dye
solubilization technique, the plateau,fegion,in this
system is attributed to the constant activity of the
sulfonate monomers.

Effect of NaCl. The increase in ionic strength is

found to increase sulfonate adsorption at all sulfonate -
concentrations studied (see Figure I1I1:14). Changes in
ionic strength can be expected to affect surfactant ad-

sorption due to (a) the compression of the electrical

double layer and resultant decrease in the electrosta-

tic potential for sulfonate adsorption and (b) the in-
crease in the effective concentration of sulfonate in
the system, this increase being due to the solvatioh of
Na' and €17 ions and the resultant decrease in the sol-
vent power of water. While the former effect is to de-
crease the adsorption, the latter is to increase~it at
any given level of splfonate. The net effect in the
present case is evidently to increase the adsorption.
These opposing effects are being treated quantitatively
using suitable models. |

It is to be noted that the decrease in surface

tension and CMC of surfactant solutions upon adding
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NaCl is also due to a similar decrease in the solvent
power of the medium and the consequent "salting out" of
the surfactant. 1In this case ionic strength further

enhances the adsorption by reducing the electrostatic

repulsion in the monolayer.

C3b. n-Na Decylbenzenesulfonate

Adsorption tests using n-NaDBS are the first in a
series of experiments designed to investigate the ef=-
fect of chain length and branching of surfactants on
adsorption. This investigation is of major practical
and fundamental importance for the following reasons:

(a) Most of the commercial sulfonates being con-
sidered for micellar flooding are mixtures of sulfo-
nates of different chain lengths and branching. In or-
der to understand the behavior of such mixtures, pure
sulfonates of different chain length, brahching, etc.,

should be investigated individually as well as in syn-
thetic mixture forms. The study of the effect of the
chain length is a first step in that direction.

(b) From a fundamental point of view, the effect
of chain length on adsorption can yield information on
the hydrophobic interactions involved. Similar data
for alkylsulfonates, alkylammoniumchlorides and per-
fluoro hydrocarbons have been obtained in the past

(7-9). Results for the adsorption of n-DBS on alumina
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at 75°C are given in Figure II1:15. Adsorption, similar
to that of n-DDBS, is found to increase up to a certain
concentration above which it remained constant. Sulfo-
nate concentration at the onset of plateau, as detected
by the dye test, again corresponded to the CMC of the
system. The effect of the increase in NaCl at any
given sulfonate concentration is to increase the sulfonate
adsorption and to shift the onset of the plateau region
to lower sulfonate concentrations. These are again in
agreement with the results (Quarterly Report, December,
1980) for n-DDBS discussed earlier (see Figure 1I1:14).

C3c. Chain Length Effect and Free
' Energy of Hemimilcellization

Comparison of the results for adsorption of n-DDBS
and n-DBS on alumina given in Figure I1I1:16 shows that
the adsorption of n-DDBS is significantly higher than
that for n-DBS. These observations are in agreement
with the expected surface activities Cip and Cio sul-
fonates. It is possible to use this data to evaluate
the contribution of —CHZ— groups to the free energy of
adsorption in the following manner. For sulfonate/

alumina system (6,7),

Zeys + N
Cg = Cp €xp (= ——px ) (3)

where Z = valency of the adsorbate species
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e = fundamental unit of charge
Ys = Stern layer potential
n = number of straight chain alkyl groups in the
surfactant
and ¢ = free energy per mole of —CHZ— groups for

hemimicellization.

Under conditions of constant adscrption density,
the above equation can be rewritten for n-decyl and

n-dodecylbenzenesulfonates as

“b-DDBS _ ze(¥5_ppps ~ ¥5-DBS) . (12 - 10)¢
c - exP kT KT (4)
b-DBS

Since pH (8.2 + 0.2) and ionic strength (10_1

kmol/m3 NaCl) of these systems are maintained constant,
under constant adsorption density conditions one can

write,

¥s-pDBS ~ ¥5-DBS (5)

Equation 4 then reduces to

C

b=-DDBS +20
In[/————] = (6)

Ch-DBS kT

Substituting the values for bulk concentrations

5

corresponding to an adsorption density, T' = 107~ mol/g

(see Figure 11:16),
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¢ =-1.1 KT per -CHz— group

-758 cal/mol -CHZ- group

This value for free energy contribution per -CH,-
group (1.1kT) is in excellent agreement with the value
reported by Somasundaran et al (6,7) for alkyl sulfo-
nate adsorption on alumina.

¢3d. Plateau Adsorption-Comparison
Between n-NaDDBS and n-NaDBS

A comparison of the plateau adsorption of n-NaDDBS
and n-NaDBS on alumina shows that the effect of NaCl on
the saturation adsorption is more pronounced in the case
of n-DBS than in that of n-DDBS (see Figures I1I:14,15).
Tﬁis might possibly be due to the relatively high sur-
face coverage by surfactant at 0 NaCl itself in the case
“of n-DDBS as a result of which any increase in coverage
with increase in NaCl is not significant. This is sup-
kported by the consideration that the sulfonate adsorp-
tion for a monolayer coverage on alumina assuming a park-

2

s} -
ing area of 30A“ for sulfonate is about 8.5 x 10 > mol/g.

The plateau adsorption at 0 kmol/m3 NaCl in the case of

n-DDBS is about 5 x 107>

mol/g. The plateau adsorption
density in the case of n-DBS at 0 NaCl is, however, only
2 X 10-5 mol/g, which is much lower than that required
for saturation adsorption. Since more sulfonate can be

accommodated on alumina surface in the case of n-DBS,
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the increase in plateau adsorption with increase in
NaCl is sufficiently pronounced in this case.
C4. EFFECT OF OIL ON SURFACTANT

ADSORPTION AND THE UPTAKE OF OIL

Results obtained for the adsorption of n-NaDDBS
and n-NaDBS on alumina in the presence of n-dodecane
and for the uptake of n-dodecane under the same condi-
tions are given in Figures I1:17-20. Major conclusions
from these data are: (see also Table II:3)

(a) The shape of the sulfonate adsorption iso-
therms in the presence of oil is similar to that in the
absence of oil.

(b) Increase in ionic strength increased the sul-
fonate adsorption and shifted the onset of the plateau
region to lower concentrations.

(c) Abstraction of n-dodecane at a bulk concentra-
tion of 0.5% (vol), exhibited a minimum as a function
of n-NaDDBS concentration. No such minimum was ob-
served when the bulk oil concentration was 2.5% (vol).
Also, in the presence of n-NaDBS, even at 0.5% (vol)
n-dodecane no minimum was observed as a function of

surfactant concentration.

(d) In most cases, sulfonate concentration corresponding
£8 onset of decrease in cil uptake is slightlv lower then the
onset of plateau region in the sulfonate adsorption isotherm
(see Table II:3b).
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TABLE II: 3a
PLATEAU ADSORPTION OF SULFONATE ON ALUMINA

SURFACTANT PLATEAU ADSBORPTION mol/g x 105
0 kmol/m> 10 “kmol/m> | 10 “kmol/m°
NacCl NacCl NacCl
n-DDBS No 0il 5.0 6.0 5.6
o
757¢C n-Dodecane
(0.5% by vol) 5.0 7.0 7.5
n-DBS No 0il 2.0 3.2 ‘5.2
75%¢
n-Dodecane 2.0 3.3 5.2
(0.5% by vol)
n-DDBS No 0il 5.2 -
65°¢C n-Dodecane 5.4 . 16.0
(0.5% by vol)
TABLE II:3b
BREAK POINTS IN SULFONATE ADSORPTION AND n-DODECANE ABSTRACTION
*
ISOTHERMS (solid-alumina)
SULFONATE CONCBNTRATI%N AT %REAK
SURFACTANT POINTS, ijl/m x 10
0 kmol/m? 10" “kmol/m3 [10~lkmol/m3
Nacl NaCl acl
No 0il onset cf plateau 17 4 (3.8) 1 (0.95)
n-Dodecane |onset of plateau 12 (10) 8 (7.25) 1.5 (0.85)
. (0.5% vol)
n-DDBS
o " " onset of Gecrease 7.5 2-3 0.75-0.8
75°C in o0il uptake
" " minimum in oil 15 6-15 1.2
uptake
No 0il onset of plateau 32 (29) 24 (22) 11 (10)
n-dodecane | onset of plateau 38 (37) 32 (28) 7 (7.3)
DBS (0.5% vol.)
2goc " " onset of decreaskt ‘
in oil uptake 35-38 24 8-15
" " minimum in oil - - -
uptake
*INo 0il onset of plateau 12-13 3.2-5
‘ DBES n-dodecane ‘
Zggc 0.5% vol. | onset of plateau 12 8-10.5 2.3
" " onset of decreaseée
in o0il uptake 2.5-5 1.5-3 1.3-2
" " minimum in oil
uptake 12-15 6 1.8-3

*Numbers in the bracket indicate points of intersection of plateau and rising

part of isotherm.
indicated.

Whenever the break point is not clear, a range is
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of n-DDBS on alumina at 75°C.
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presence of n-DDBS at 75°C.
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Cd4a. Effect of 0il on Sulfonate Adsorption

The effect of n-dodecane on the plateau adsorption of
n~-NaDDBS and n-NaDBS on alumina is given in Table II:3a. It is
clear from theée figures that n-dodecane did not significantly
affect the plateau adsorption behavior of n-DBS under the tested
conditions. However, in the case of n-DDBS at 75°¢ presence
of n-dodecane resulted in an increase in sulfonate adscrption
at 1072 and 10”1 kmol/m3 Nacl. Similarly, at 65°C and at
10_2 kmol/m3 NaCl n-dodecane enhanced the sulfonate adsorption
in the plateau region.

C4b. Abstraction of 0il

In contrast to the effect of oil on sulfonate ad-
sorption, abstraction of oil was influenced significant-
ly by the presence of surfactant and particularly by
the amount of it in the system. Oil abstraction charac-
terized by high values at low surfactant concentrations
and a decrease in abstraction above a certain surfac-
tant concentration followed, in some cases, by an

. increase in abstraction at higher surfactant concentra-
tions indeed suggests the complex nature of interac-
tions in this system. Additional information régarding
the state of emulsions, partitioning of surfactant and
0il between the emulsion and aqueous phase, etc., is,
however, required for a full analysis of the results of
adsorption of sulfonates and uptake of oil in the
presence of one another. Nevertheless, based upon the

available results as well as the present knowledge of
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the system, an attempt is made below to examine possi-
ble mechanisms of the observed effects.

Abstraction of n-dodecane (0.5% vol) at low sur-
factant concentrations is almost 100% (abstraction 2 4

4

x 107" mol/g) and is independent of the chain length of

the surfactant. This adsorption, assuming an area per

,02
molecule of 20 A

for the hydrocarbon o0il (vertical
orientation), would correspond to more than 3 monolay-
ers. Such a multilayer adsorption of oil is possible
on a solid surface which is made partially hydrophobic
due to the surfactant adsorption.

Multilayér coating of the solid by n-dodecane is
further supported by the data given in Figure II:21
which shows that the abstraction continues to increase
with increase in the percentage of o0il in the bulk. The
abstraction was also found not to be influenced significantly
by the salinity of the system.

Examination of the solids after adsorption tests
clearly indicated that they aggregated to form larger
spherical particles (see Figure II:22). The size of
the aggregate was found to increase with increase in
the o0il concentration. This phenomendn is similar to
the "spherical agglomeration" process which is known to
be caused by the coating of oil on the particles.

Preliﬁinary experiments conducted with silica (Bio-Sil)
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(that does not adsorb sulfonate to any measurable
extent), n-DDBS and n-dodecane did not result in spher-
ical agglomeration of silica, indicating that adsorp-
tion of surfactant is a requirement for the coating of
oil on such solids.

‘Aggrégation 6f fine particles in the presence of
surfactants and oil, may be deleterious for enhanced
0il recovery process, if such aggregates can block the
micropores and thus prevent the micellar fluid from
entering such pores.

At intermediate surfactant concentrations, as men-
tioned earlier, abstraction of oil was found to de-
crease above a particular surfactant concentration.
This is considered at present to be due to the solubi—
lization of oil by the micelle; ‘Decrease in oil ab-
straction can also occur due to possible decrease in
the hydrophobicity of the solid under the conditions
where sulfonate molecules can adsorb at the solid/
liquid interface with a reverse orientation. This
possibility can be easily tested by examining the ag-
gregation tendency of particles under such conditions.

The reasons for the increase in oil abstraction
above the minimum at 0.5% n-dodecane is not clear at
present. Precipitation of sulfonates and the subse-

quent coating of the hydrophobic precipitate by oil or
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the co-precipitation of oil with the surfactant are two
of the possible reasons for such increase at high
sulfonate concentrations. On similar grounds, the
absence of minimum in oil uptake in DBS solutions can
be attributed to the absence of sulfonate precipita-
tion, owing to the higher solubility of n-DBS compared
to n-DDBS.

According to the above reasoning, one should ex-
pect a minimum in oil uptake from 2.5% n-dodecane solu-
tions also. This is, however, contrary to the experi-
mental evidence given in Figure I11:23. The only pos-
sible explanation in this case is that the abstracted
amount of oil is relatively small compared to the
amount in the aqueous phase, hence a reversal in the
0il uptake is not observed.

Additional experiments as a function of key vari-
ables that might be helpful to elucidate the mechanisms
of oil uptake in the presence of surfactants are in
progress at present. The results for the effect of one
such variable, namely solid to liquid ratio, on adsorp-
tion are given in Figure II:24. Adsorption of n-DDBS
and abstraction of n-dodecane at fixed levels of resi-
dual sulfonate are plotted in this figure as a function
of the solid to liquid ratio. The two levels of sulfo-

nate were selected such that the lower one (2.4 x 10-4
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kmol/m3) corresponded to the plateau region in the oil

3

abstraction and the upper (2.4 x 10~ kmol/ms) to the

plateau region on the sulfonate isotherm.

Abstraction of o0il is found to decrese with in-
crease in solid to liquid ratio at both the levels of
sulfonate. On the other hand, the sulfonate adsorption
decreased with increase in solid to liquid ratio only
at high sulfonate concentrations.

"Real adsorption" from a thermodynamic point of
view should not be affected by the solid to liquid ra-
tio, unless the solid content is high enough to cause
double layer type interactions. On the other hand,
precipitation, entrapment, coating (multilayer adsorp-
tion), etc. can be dependent upon the solid to 1iquid
ratio.

The fact that only the oil uptake is dependent
upon solid to liquid ratio at low levels of sulfonate
is in agreement with the earlier conclusion that the
high abstraction of o0il under these conditions is due
to a multilayer coating. The increase in oil abstrac-
tion above the minimum (i.e. at high sulfonate concen-
tration) was suggested to be due to the coprecipitation
of 0il along with the surfactant. The observed results
that both oil abstraction and surfactant uptake under
these conditions depend upon solid to liquid ratio

support the above consideration.
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C5. EFFECT OF TEMPERATURE

Temperature is one of the parameters that is known
to affect the surfactant adsorption at interfaces. The
effect of temperature on surfactant adsorption on re-
servoir rock minerals is important in micellar flooding
mainly because of the reported variations in tempera-
ture among reservoir fields which may affect the per-
formance of surfactants. Moreover, thermodynamic in-
formqtion such as the heat and entropy of adsorption
which is necessary to elucidate adsorption mechanisms
can be evaluated from the data on the dependence of
adsorption on temperature.

Adsorption tests discussed in the previous sec-
tions were conducted at 75°C. The results for the
adsorption of n-DDBS on alumina at 65°C, given in
Figure II:25 show that the isotherm, like that at 75°C,
consists of a rising part and a plateau region. Effect
of NaCl, again similar to that at 75°C, was to increase
thé adsorption of sulfonate.

Comparison of figures II:14 and II:25 shows the
adsorption to increase with decrease in temperature.
This observation is in agreement with the reported de-
pendence of dodecylsulfonate adsorption on alumina
which was considered to be primarily electrostatic in

nature (6). The temperature effect appears to be
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pronounced in the rising part of the isotherm and
marginal in the plateau region.

Adsorption of n-DDBS ih’the presence of n-dodecane
and the uptake of the latter under the same conditions
have been determined at 65°C also. Results given in
Figures I1I1:25,26 show that the adsorption of n-DDBS, at 10-2
kmol/m3 NaCl is enhanced by the presence of n-dodecane.
Also, the uptake of n-dodecane (Figure II:27) exhibits
a minimum as a function of sulfonate concentration.

These observations are in agreement with those made at

75°C and possible reasons for such effects were dis-

cussed in section I1I:C4.

C6. EFFECT OF ALCOHOL

Alcohols are used as co-surfactants in micellar
flooding. It is therefore important to determine the
effect of alcohol on the adsorption and precipitation
of surfactants under micellar flooding conditions.

- Preliminary results for the effect of n-propanol, a
short chain alcohol, on the precipitation/redissolution
behavior of recrystallized NaDDBS/CaCl2 system are dis-
cussed in section IEl.

Results for the adsorption of n-NaDDBS on alumina
in the presence of n-propancl at 75°C are given in Figute
II:28. For the purpose of comparison n-DDBS adsorption
in the absence of n-propanol is also included in this

figure.
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Figure II:28. Effect of alcohol, n~-propanol, on the adsorp~-
tion of n-DDBS on alumina at 75°C.
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Adsorption is found to decrease significantly in
the presence of n-propanol. Also, the slope of the
rising part of the isotherm is reduced by n-propanol.
CMC of n-DDBS was found to be reduced by propanol.
Contrary to the earlier observation that the CMC coin-
cided with the onset of the plateau region on the ad-
sorption isotherms, in this case the CMC appears to be
on the rising part of the isotherm. It is possible
that the dye solubilization technique has its limita-
tions in detecting the presence of micelles in n-propanol
solutions. CMC of the surfactant in n-propanol solu-
tions is therefore being determined at present using
other techniques such as surface tension.

The reduction in surfactant adsorption caused by
n-propanol is possible due to the increased solvent
power of the water for amphipathic materials such as
surfactants. Any such increase in solvent power of the
medium can be expected to decrease the tendency of the
surfactants to adsorb at interfaces. This would indeed
be beneficial in reducing surfactaht loss due to adsorp-
tion at the solid/liquid interface. On the other hand,
presence of n-propanol can reduce the surfactant adsorp-
tion at the oil/water interface also, in which case the
interfacial tension lowering, and hence the oil dis-

placement efficiency, can be deleteriously affected.
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Therefore, the determination of the optimum amount of
alcohol which can reduce the surfactant loss without
affecting the efficiency is important for micellar
flooding.

A detailed investigation of the effect of alcohol
as a function of its concentration and other relevant
variables is planned for the coming year.

C7. ADSORPTION OF ALIPAL CO-436

ON ALUMINA AND Na-KAOLINITE

Surfactants which have a high salt tolerance and
low adsorption capacity for solids are preferable for
micellar flooding, provided they can also bring about
the necessary oil/water interfacial tension lowering
required for oil displacement. In this regard, poten-
tial use of ethoxylated surfactants which are reported
to have a higher salt tolerance (10) compared to
n-alkylbenzenesulfonates is being explored by industry

at present. Adsorption properties of such ethoxylated
surfactants have, however, remained unexplored, to our
knowledge, so far. We have now initiated a study of
the adsorption of ethoxylated surfactants on reservoir
rock minerals. Preliminary results for the adsorption
ovalipal Co-436, a sulfate ester of (alkyl)9 phenoxy
poly (ethylene oxy)3 ethanol, on alumina and Na-kaoli-

nite are reported here.
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It is evident from the kinetic data given in Fig-
ure II:29 for the adsorption Alipal Co-436 on Na kaoli-
nite and alumina (at 25° and 75°C) that these systems
attain equilibrium in about an hour. Since contact
times used for n-alkylbenzenesulfonates on alumina and
Na kaolinite were four and seventy-two hours respective-
ly, similar time intervals were chosen for the study
with Alipal also.

Results obtained for the adsorption of Alipal Co-
436 on alumina and Na kaolinite are given in Figures
I1:30~-31. These isotherms are similar to those presen-
ted earlier for n-alkylbenzenesulfonates and consist of
a rising part and a plateau region. NaCl again, as in
the case of alkylbenzenesulfonates, increase the sur-
factant adsorption. However, the plateau adsorption on
alumina did not increase significantly above 1072 kmol/
m3 NacCl.

The effect of salinity on Alipal Co-436 adsorption
at a fixed initial surfactant concentration can be seen
from Figures II:32,33. Adsorption is found to increase
with NaCl concentration. Surfactant precipitation was
observed to occur at about 0.45 and 0.425 kmol/m3 NaCl
at 75° and 25°C respectively. It is to be noted that
DDBS (recrystallized) precipitates at about 0.5 kmol/m3

NaCl»at 25°C indicating that the tolerance of DDBS and
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ALIPAL ABSTRACTION, mol/g
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Figure II:31. Adsorption of Alipal Co~-436 on Na-kaolinite
at three levels of NaCl at 27°C.
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TABLE II: 4

Comparison of Plateau Adsorption on Alumina

NaCl : ' ‘ Plateau Adsorption
conc. p— - - ;

5 ALIPAL h-DDBS h-DBES
kmol/m ] mol/g mol/g ! mol/g
0 | 4 x 107° 5.0 x 10°° 2 x 107°
1072 5 x 10° 6.0 x 107° i3.2x 107>
1071 . 5x107° 5.6 x 107> 5.2 % 107°

143




Alipal Co-436 for NaCl are almost identical. This is
contrary to the currently accepted belief that the
ethoxylated surfactants have a higher salt tolerance
compared to the alkyl sulfonates. Tolerance of these
sulfates to multivalent ions will be tested in the
future. |

A comparison of the plateaﬁ adsorption of Alipal
Co0-436, n-DBS and n-DDBS on alumina, given in Table
I1I:4, shows that the saturation adsorption of Alipal is
about the same as those of the other two surfactants.

Detailed tests to determine the adsorption behavi-
or of Alipal Co-436 and similar surfactants are in

progress at present.
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ITT. POLYMER-SURFACTANT INTERACTIONS

A. Introduction

Interactions of polymers and surfactants with one
another are of major importance for a number of reasons
in tertiary oil recovery by micellar flooding. For
example, polymer/surfactant interactions can lead to
precipitation of surfactant or polymer or even that
of polymer~surfactant complexes. All such interactions
will affect the concentrations of’the surfactant and the
polymer in the system and thus influence the interfacial
tension lowering at the oil/water interface and the
viscosity of the polymer slug (both from their expected
values in the absence of any interaction). In addition
to the above,; polymer-surfactant interactions can
modify their adsorption at the reservoir rock/liquid
and the oil/aqueous phase interfaces. While the
former can affect the wettability of reservoir rocks
and the loss of surfactants and polymers due to adsorp-
tion, the latter can affect the oil/water interfacial
tension reduction and hence the efficiency of the oil
displacement process.

Our preliminary work (l) on the adsorption of

polymer (polyacrylamide) and surfactant (sodium
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dodecylbenzenesulfonate) on kaolinite has given
indications for the presence of some interactions bew«
tween these two reagents as adsorbates, but these tests
also showed several precautions to be‘taken during

such a study and could be considered only as exploratory
in nature.

During the current year, a detailed investigation
of the interactions of acrylamide based nonionic (poly-
acrylamide) ; anionic (sulfonated polyacrylamide) and
cationic (aminated polyacrylamide) polymers with
anionic (dodecylsulfonate) and cationic (dodecylamine-
hydrochloride) surfactants has been initiated. Specifi-
cally, adsorption of surfactant and polymer at the solid/
ligquid interface, and the wettability of the solid
subsequent to its contact with polymer-surfactant solu-
tions were determined under selected conditions. In
addition, surface tension, viscosity and precipitation
behavior of certain combinations of surfactants and
polymers mentioned above were also tested under specific
conditions. The results of these investigations are

discussed in the following sections.
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B. Wettability of Reservoir Rock Minerals in

PolyMerﬁSurfactant‘Solutions

Bl. INTRODUCTION
Since the wetting characteristics of reservoir
rocks and alterations in them during micellar flooding
can influence the displacement of o0il from micropores;,
an understanding of such properties is important in
enhanced oil recovery by micellar flooding. Our past
work (1, 2) on water wettability and oil wettability
of Berea sandstone, Agricultural limestone and Na-
kaolinite upon contacting them with Mahogany sulfonate-
AA and Na-dodecylbenzenesulfonate clearly showed that
the wettability, in all these cases as a function of sur-
factant concentration, exhibited a maximum and was in-
fluenced significantly by the surfactant concentration.
Alterations in wettability brought about by the
surfactant can be influenced by the presence of other
components such as polymers. The changes in wettability
in these cases can also depend upon the order in which
the rocks are exposed to different chemical environments.
Apart from the practical implications of understand-
ing the changes in wettability of reservoir rocks in
the presence of chemicals, the wettability studies can

also yield information on the orientation of surfactant
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molecules at the solid/liquid interface. This informa-
tion will be useful in revealing the nature of polymer/
surfactant interactions that occur at the solid/liquid
interface.

During the current year we have initiated a study
to determine the wettability of reservoir rock minerals
in the presence of polymers and surfactants. The results
for the wettability of one of the reservoir rock mineral,
gquartz, in the presence of surfactants such as dodecyl-
aminehydrochloride and dodecylsulfonate, and polymers such
as polyacrylamide, sulfonated polyacrylamide and aminated

polyacrylamide are included in the subsequent sections.

B2. METHODS AND MATERIALS

B2a. Materials

- Quartz. Brazilian quartz purchased from Wards
Natural Science Establishment was crushed using a roll
crusher. The -28 +65 fraction was separated from the
crushed product and was subjected to magnetic separation
and dilute HNO, leaching. After leaching, the product
was washed using triple distilled water until the material
was free of acid and was finally stored under triple
distilled water.

Polymers. Polyacrylamide (PAM), sulfonated poly-
acrylamide (PAMS), and aminated polyacrylamide (PAMD)

were synthesized in our laboratory according to the
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procedure discussed elsewhere (3). The molecular weight
and charge density of these polymers are given in
Table III:l1.

”Surfactants. Sodium dodecylsulfonate (NaDDS)

(>99.9% purity) was purchased from Aldrich Chemical
Co. Dodecylammonium hydrochloride (DDA.HCl) was
purchased from Eastman Kodak Co. and was used without
furthér purification.

B2b. Methodg_

Wettability. Wettability was determined by conduct-

ing flotation tests and the % floated was taken as
an indicator for the degree of non-wettability by
water (hydrophobicity). The reasons for using flotation
as the hydrophobicity index as opposed to conventional
parameters such as contact angle, have keen discussed in
our earlier Annual Reports (1, 2). Briefly, flotation
tests permitted use of irregular particles whereas
contact angle measurements required use of smooth polished
surfaces that cannot be considered representative of £he
rock surface,
Flotation tests were conducted in a Hallimond
tube using a prccedure described elsewhere (1).
Approximately 1 g of the mineral Was reagentized
in a 1Q0 cm3 volumetric flask for ten minutes. At

the end of ten minutes the contents of the flask were
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" TABLE III:1

Properties of Polymers Used in the Present Investigation

Polymer Molecular Charge
weight density (mol%)
6 | |
PAM 2 x 10 -
PAMS ' 2 x lO6 3%
PAMD - 10%
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transferred to the Hallimond tube and flotation was
conducted. For tests with polymers and surfactants
together, the solution was premixed (without the mineral)

for two hours prior to its use for flotation.

B3. RESULTS AND DISCUSSION

B3a. Wettability of Quartz in Amine‘Solutions

Results obtained for the hydrophobicity of quartz
as a function of DDA-HCl are given in Figure III:1.
It is evident from this Figure that the flotation in-
creases with increase in concentration up to a certain
value and decreases above it. The surfactant concen-
tration corresponding to the maximum flotation is

4kmﬂhﬁ]mAﬂmL

3.4-4.0 x 10~

Since minerals such as quartz must be made hydro-
phobic for flotation to occur, the increase in flota-
tion observed up to the maximum must be due to the
increase in hydrophobicity of the surface resulting from
surfactant adsorption. The sharp increase in flotation
above a certain amine concentration has been attributed
to the formation of two dimensional surfactant aggregates
at the solid/liquid interface (4),

The decrease in flotation above the maximum with

increase in amine concentration does not, however,

imply that the adsorption density at the solid/liquid
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interface is decreasing. This is because, in addition

to adsorption density, the hydrophobicity imparted to

the mineral depends also upon a number of other factors.
For example, at high concentrations, surfactant can
adsorb forming a bilayer, the second layer having its
ionic heads oriented towards the solution. Similarly,
adsorption of doubly charged dimers (5) with their

ionic heads at the opposite ends can also have ionic
heads exposed to solution. In both these cases, flota-
tion can decrease with further increase inlsurfactant
concentration. It is to be noted that the surfactant
adsorbs at the liquid/air (bubble) interface during
flotation with the ionic heads towards the solution.
Therefore, under conditions of high adsorption density

at both solid/liquid and liquid/air interfaces, there can
be incompatibility between these two surfaces for attach-
ment. Finally, at high surfactant concentration,

the bubble size decreases and as a result the particle-
bubble aggregate may not be able to levitate to the sur-
face. Thus, the decrease in flotation at high surfactant
levels can be due to any one or a combination of the above
factors. It would be interesting to détermine changes
brought about by the polymer in the wettability of quartz

in amine solutions, and particularly that above the

flotation maximum.
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B3b. Non-ionic Polymer

The effect of the non-ionic polymer, PAM, on the
wettability of quartz at different levels of DDA-HC1
is shoWn in Figure III:2. It is clear from the figure
that PAM alone does not impart any hydrophobicity to
quartz. Also, PAM (up to about 100 mg/kg at the
tested levels of amine does not appear to influence
the flotation significantly. At 1000 mg/kg of PAM and

5 kmol/m3 DDA-HCl, a marginal increase in

3.6 x 10
flotation is observed.

PAM is a hydrophi;ic polymer and hence, even if
it adsorbs on quartz, it cannot be expected to impart
any hydrophobicity to the mineral. Moreover, based
upon the results for the adsorption of PAM on quartz
and silica (See Figure III:3 and Table III:2) signi-
ficant adsorption of PAM cannot be expected. Therefore,
the absence of any major effect of PAM on amine flotation
of guartz can be due to its relatively low adsorption
at the solid/liquid interface.

The observed small increase in flotation at 1006
mg/kg of PAM is possibly due to the increase in the
effective concentration of surfactant resulting from the
decrease in the solvent power of water under these condi-
tions. The latter effect is caused by the hydration
of polymer and the consequent decrease in the amount

of "free water".
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TABLE III:2

Adsorption of PAM Under Natural pH Conditions

Initial PAM Concentration 533mg/kg

Mineral Adsorption Density
(mg/qg)

Quartz 0.3

Biosil(Silica) 0

Hematite 9.2

Alumina 7.2
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B3c. Cationic Polymer

Cationic PAMD, as shown in Figure III:4, is found
to depress the amine flotation. Flotation is com-
pletely depressed at an addition of 10 mg/kg of PAMD.

PAMD, being éatiohic, can be expected to adsorb
on quartz and in fact, the results of PAMD adsorption
on silica (Figure III:5) show this to be the case.
PAMD can compete with amine for’adsorption sites on
quartz even though studies on a similar surfactant/
polymer system suggest the effect of competition on
surfactant adsorption to be minimal (6). In addition
to any possible competition with amines for the sur-
face sites, polymer can also mask the effect of adsorbed
surfactants as shown in Figure III:6.

It is interesting to note that, while competition
effects can reduce the loss of surfactanté at the
ekpense of polymers,,the effect due to masking results
in loss of both surfactant and the polymer. Deter-
mination of the adsorption of both polymers and sur-
factants simultaneously can distinguish between the
above two proposed mechanisms. Such tests are in‘pro—

gress at present.

B3d. Anionic Polymer

The effect of sulfonated PAM (PAMS) on the

wettability of quartz is given in Figure II:7. PAMS at
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DEPRESSION OF CATIONIC FLOTATION
OF QUARTZ BY PAMD

HYDROPHILIC FIELD

QUARTZ

Figure III:6. A schematic diagram showing the polymer,
PAMD, masking the effect of the adsorbed
DDA+ on quartz.
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low concentrations (1 and 10 mg/kg) does not appear

to have any significant effect on the amine flotation

of quartz. However, at 100 mg/kg polymer, quartz flota-
tion is enhanced at low surfactant concentrations and
most interestingly, at high surfactant levels, the
depression in flotation observed in the absence of

the polymer is eliminated in the tested range. Thus,
the anionic polymer appears to increase the range of
amine concentration over which the system exhibits
maximum non-wettability for water.

PAMS, which has both acrylamide as well as sul-
fonate functional groups may not adsorb in significant
amounts on quartz, since both acrylamide (as evident from
PAM adsorption on silica) and sulfonate (because of the
negative charge) are not expected to cause significant
’adsorption. On the other hand, the opposite nature
of charges ©on the polymer and surfactant can result in
electrostatic interactions between them in the bulk.
Such a surfactant/polymer complex formed can be surface
active, and may also adsorb at interfacés. At the
solid/liquid interface polymer can adsorb under
conditions when surfactant is adsorbed with a reverse
orientation. Apart from such electrostatic inter-
actions in the bulk and at interfaces, presence of

polymer can influence the system behavior also by
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decreasing the solvent power of the medium. A decrease in

the solvent power of the medium is equivalent to an apparent
increase in the concentration of the surfactant in the system.
Based upon the above considerations, the following mechanism is
proposed for the observed effects in this system.

The enhancement of flotation at low surfactant
concentration is attributed mainly to the increased
adsorption of the surfactant at the solid/liquid inter=
face, the increase being due to the decrease in the
solvent power of the medium. The adsorption of polymer/
surfactant complex itself is not considered under these
low surfactant concentration conditions, since such
adsorption requires surfactants either at the solid/liquid
interface or on the sulfonate sites of the polymer with
their polar heads oriented towards the solution. 1In
either case, determination of the adsorption of polymer
and surfactant in the presence of one another can dis-
tinguish between these two mechanisms.

As mentioned earlier, the decrease in flotation at
high surfactant concentrations can be due to the
formation of a bilayer at the solid/ligquid interface
and to the incompatibility of the bubble/particle for
attachment. Presence of an oppositely charged polymer,
in such a system can cause aggregation between the

bubble and the particle (see Figure III:8). Such a
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POSSIBLE PAMS-AMINE INTERACTIONS

1. "SANDWICHING EFFECT

BUBBLE

== FLOTATION

BUBBLE

=5 FLOTATION 4

Figure III:8. A schematic diagram showing the aggregation
between the surfactant coated bubble and
quartz in the presence of a polymer charged
oppositely to the surfactant--the aggregation
process is referred to as "Sandwiching
Effect."
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bridging of the bubble and particle can prevent excessive
depression in flotation. Preliminary results for the
adsorption of PAMS on silica {6) elearly show that

the polymer can adsorb on silica in the presence

of amine. ¢Suech adsorption can lead to bridging

between particles and similarly charged bubkkles to cause
flotation. It is also possible that the effect of
polymer is to decrease the activity of the surfactant
monomer in the system by complexing it. This effect,
however, should be balanced to some extent by the effective
increase in surfactant concentration due to the changes
in the solvent power of the medium.

The results presented so far have shown the effects
of polymers such as PAM, PAMS, and PAMD on the wetta-
bility of quartz in dodecylaminehydrochloride solutions.
In this system, the surfactaﬁt by itself adsorbs on
the surface. We have tested the effect of polymers
on the wettability of quartz in the presence of an

anionic surfactant, dodecylsulfonate.

‘B3e. NaDDS/PAMD/QUARTZ

The wettability of quartz in solutions containing
both PAMD and sulfonate is shown in Figure III:9. Both
PAMD and sulfonate independently do not impart any
‘non—wettability to quartz. This is expected because,

- (a) the negatively charged NaDDS does not adsorb on
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quartz, and (b) the adsorption of positively charged
PAMD will not alter the hydrophobicity of the surface.
However, in the presence of PAMD, flotation is found to
increase with increase in sulfonate concentration up to
a certain value and to decrease above it. This behavior
is similar to the increase in non-wettability of quartz
in sulfonate solutions in the presence of multivalent

ions such as Ca2+, Fe2+, and A13+.

The increase in
flotation of gquartz in sulfonate/PAMD solutions is
attributed to the activation of quartz surface by PAMD
for sulfonate adsorption (see Figure III:10). Again,
adsorption tests for both sulfonate and PAMD are in
progress to elucidate the mechanisms.

In addition to activating the adsorption of NaDDS
on quartz, a cationic polymer such as PAMD can be ex-
pected to interact with the anionic sulfonate also in the
bulk solution. This aspect of polymer/surfactant

interaction in the bulk is discussed in the next

section.

C. PAMD/NaDDBS - Interactions in Bulk

Solution: Precipitation/Redissolution Phenomenon

Cl. INTRODUCTION
PAMD, being cationic, can be expected to interact

electrostatically with the anionic sulfonate in the
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ACTIVATION OF ANIONIC FLOTATION
OF QUARTZ BY PAMD

R S G SR S S S
' QUARTZ :

HYDROPHOBIC FIELD

+ + + +
- S-S S S-S -
QUARTZ

Figure III1:10. A schematic diagram showing the activation

of the adsorption of DDS~ on quartz in PAMD
solutions.
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bulk solution. In fact, during the preparation of
solutions containing both PAMD and NaDDS for the
wettability studies, precipitation was found to occur
under certain conditions. Visual examination clearly
indicated the fibrous, gel-like structure of the pre-
cipitate, as opposed to the needle-like crystalline
surfactant precipitate. This observation led to a

series of tests to study the precipitation behavior of the

PAMD/sulfonate system.

C2. MATERIALS AND METHODS

C2a. Materials

" surfactants and other chemicals used for the
precipitation tests were the same as those described
in the section on wettability (page 149). The PAMD used
was tagged with C-14 for the purpose of analysis.

C2b. Methods

Precipitation. Precipitation tests were conducted

according to the procedure described in Chapter I.

The polymers used for precipitation tests were tagged
with C-14 and hence the analysis could be done

easily using the liquid scintillation counter (Beckman
LS 100cC).

Surface Tension. Surface tension of polymer/

surfactant solutions was measured using the Wilhelmy
plate technique. (See Chapter I for details of the

procedure).
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Viscosity. Viscosity measurements were carried
out using a suspended level Ubbelohde Capillary Visco-

meter.

C3. RESULTS AND DISCUSSION

C3a. NaDDBS/PAMD Precipitation Behavior

Results obtained for the precipitation behavior
of PAMD upon increasing the NaDDBS concentration are
given in Figure III:1l. It is evident from this figure
that precipitation of both the surfactant and polymer
took place upon increasing the sulfonate and most interest-—
ingly, the precipitate redissolved above a certain surfac-
tant concentration. This phenomenon of the redissolution
of polymer/surfactant complex appears to be similar to
the redissolution of multivalent ion/sulfonate precipi-
tates discussed in Chapter I. Unlike the latter system,
in this case the polymer precipitate did not undergo
complete redissolution. About 20% of the polymer
remained in the precipitated form even at high sulfonate
concentrations in the tested range.

The results for the relative viscosity of PAMD/NaDDBS
system showed a minimum with increase in sulfonate
concentration and the position of the minimum corres-
ponded to the poiﬁt of maximum polymer precipitation
(see Figure III:i2). These observations are in agree-

ment with the expected changes in the viscosity due
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to the precipitation and the redissolution of the polymer.
Since the above tests were conducted at 0 kmol/m3
NaCl (without controlling the ionic strength), it is
difficult to distinguish between the specific interactions
of sulfonate with the polymer from that due to the changes
in ionic strength. Therefore, similar data was gener-
ated as a function of NaCl (see Figure III:13). The
onset of polymer precipitation in this case was around

le_3 kmol/m3 NaCl. The amount precipitated remained

3 1

constant (= 20%) from 4 x 10 ° to 1.5 x 10

kmol/m>
NaCl. A marked increase in precipitation was observed

above 1.5 x 10_l

kmol/m3 NaCl. This two stage precipi-
tation clearly suggests the presence of two components
in the polymer, possibly differing in molecular weight.
Comparison of Figures III:11 and 13 shows that the
precipitation in certain sulfonate concentration regions
ris more than that in NaCl solution. This indicates
the specific nature of interaction between PAMD and
sulfonate and the precipitation of polymer/surfactant
complex. Most importantly, in the redissolution region,
the system could not cause the redissolution of about

20

oo

of the precipitate which is the same amount that
was found to precipitate in NaCl solutions. Thus,
the precipitation of 20% fraction is attributed to the

ionic strength effect.
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The interaction of the polymer with the surfactant

leading to precipitation can be represented as:

+ - —
P’ 4+ nrRT T PR (1)

+n n

= [P ] [R] (2)

K
sp

log [P+n] = log KS - n log[R ] (3)

p
Therefore, it is possible to obtain a reaction

constant for the precipitation by plotting log(R ) vs.

lOg(P+n). It should be noted that such a value can be

considered only as an apparent solubility product,

+(n—-x)

since a number of other charged complexes such as PRX

and PR;(y—n) where x < n and y > n may exist in the

aqueous phase. Recognizing such problems and noting

that 20% of the precipitation could be due to a high

molecular weight fraction, we have obtained a value of
-10

K = 1.4 x 10 and n
s5p

be taken as an indication of 1l:1 binding of PAMD

1.2. This value of n can

and sulfonate for precipitation.

The redissolution of the multivalent ion/sulfonate
precipitates, as discussed in Chapter I occurred only
in the presence of micelles. 1In order to determine the
onset of redissolution in the present case, surface

tension of PAMD/NaDDBS solutions was measured (see
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Figure III:14). The onset of precipitation and point of
complete redissolution (for the 80% fraction) are
indicated. In the presence of PAMD, the surface tension
of NaDDBS is reduced significantly up to about 10'-3
kmol/m3 NaDDBS. Also, the slope of the surface tension
vs. log (concentration) curve is reduced in the presence
of PAMD. Most importantly, the onset of redissolution

is below the CMC of the surfactant. This behavior is
different from that observed in multivalent ion/sulfonate
systems where the redissolution was found to occur only
in the presence of micelles.

The surface tension lowering of sulfonate solutions
due to the addition of PAMD to the system is caused
either by the "salting out" of the surfactant or by
the adsorption polymer-surfactant complex at the
interface. The decrease in By/BlogcT, on the other hand,
suggests that the monomer activity in the bulk is not in-
creasing in the presence of PAMD in a manner similar to
that in the absence of it. This is also conceivable
since part of the added sulfonate is being used by the
polymer to form the polymer/surfactant complex.

CMC of the PAMD/sulfonate system, as detected by
the dye solubilization technique coincided with the
onset of redissolution of the precipitate. Since it

is known that the solubilization of dye can occur
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much before the conventional micelle formation (7), the
dye solubilization observed at the onset of redissolution
was not considered as indicative of micelle formation.

Since the redissolution of the polymer/surfactant
complex takes place below the CMC, it must be due

to a complexation process such as

— —a

PR, + aR = PR,

Such a reaction can result from the chain-chain inter-

action of a surfactant molecule with another surfactant

“which is already electrostatically bound to the polymer.
Interaction of doubly charged dimers, which are expected
to form at high surfactant concentrations (5), with the

polymer can also result in soluble complexes.

C3b. Effect of NaCl on PAMD/NaDDBS Precipitation

The effect of addition of NaCl to PAMD (500 mg/kg)
and NaDDBS (7.5 x 10-4 kmol/m3) is given in Figure III:13.
Concentrations of PAMD and NaDDBS selected for these
tests correspond to the maximum precipitation condition
in Figure III:11l. Increase in the NaCl concentration is
found to cause a decrease in precipitation up to 3 x iO_l
kmol/m3 NaCl. Further increase in NaCl, however, resulted
in increased precipitation. Similar effects of NaCl

have been observed also for CaClZ/NaDDBS system (see

Chapter I, also References 1-3).
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The reasons for the observed effects of NaCl on
the precipitation behavior of PAMD/NaDDBS system are not
clear at present. "Salting-out" of the surfactant
by NaCl can enhance also the precipitation and redissolu-
tion reactions given earlier (see Equations 1 & 2).
Therefore, both precipitation and redissolution can
occur in NaCl solutions at lower surfactant concentrations
than in the absence of NaCl, According to this hypothesis,
the redissolved species will have an excess negative
charge (see Equation 2). On the other hand, the salting-
out effect may simply result in lowering the monomer

activity (also CMC) in which case, the reverse of reaction

PR T==—> PP 4 R~ (4)

can take place. The charge on the precipitate under these
conditions would be positive. The former hypothesis of
enhanced complexation is equivalent to moving to the
right of the curve in Figure ITI:11, and the latter,

to the left. Measurement_of charge on the precipitate
upon adding NaCl can indicate the nature of interactions
responsible for the redissolution of PAMD/DDBS

complex.

C3c. Effect of CaCl, on PAMD/NaDDBS Precipitation

The precipitation/redissolution behavior of CaClZ/

NaDDBS system both in the presence and absence of
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is given in Figures III:15 and 16. Comparison of
these figures clearly shows that PAMD did not affect the
precipitation/redissolution behavior of the calcium/
sulfonate system. However, the presence of calcium
increased the onset of precipitation as well as that of
redissolution of the polymer to higher initial sulfonate
concentrations. Also the range of sulfonate concentration over
whiqh:the polymer complex was stable was increased significantly
by the presence of calcium.

The need for higher initial sulfonate concentration
for the precipitation of PAMD/sulfonate complex is expected
since a significant amount of surfactant is used up by
calcium to form the calcium sulfonate precipitate. With
further increase in sulfonate concentration, the monomer
activity increases significantly to cause reactions such

as

- e @
PRn + aR —= PRa+n - (5)

leading to the redissolution of the polymer precipitates.
The calcium sulfonate redissolution will occur once the
monomer activity reaches the CMC.

It is not possible from the data given in Figure
ITI:15 to distinguish between the onset of redissolution
of the polymer precipitate and calcium sulfonate, particu-

larly because of the low sulfonate requirement for the

181



*UOTIBIJUSOUOD SJBUOCITNS JO UOTIOUNJT

B S wWalsis Nﬁumu\mmmnmz Jo Iotarysq uoTyelTdroaid GT:III 2anbTa

cW/lowy ‘NOILVHLNIONOD SEAAPN TV.iO0L
-0l 2-0L ¢-Ol -0l

I IR I [rrrror i i i [rever vl I LR

(] a 1-0Lx¢
v v 2-0OlX €
) o o

—

SISATTVNY  SISATVNY gll/jowy
WNIOTTVYD JLVYNO4TINS  "ONOD IDONY

DG =1

2,-8'G = Hd

2100) g/ oo _OIx €
IDON/21202/S8AadoN

1 __.____ ] 1 | I 0 I 1 | I | 1 Lt 11

vo

o749

90

80

oL

182



TUOTIRIJUSIOUOCD IJRUOITNS JO uoTidouny e
se wolsks aWvad /°ToeD/SEAdeN JOo IoTAeysaq uoT3elTdrosad 9T:III 2Inb1d

cw/louwy ‘NOILVHLIN3ONOD S8AAoN TVLOL

2.0l el ,-Ol <0l o
L I __-a___ 1 J _______ 1 L LI 1 1 I 4
WNIDTVD ©
awvd e

J1YNO4INS o

1900 cw/jowy ¢ _Olx €
awvd bi/bw 006G
0062 = 1

awvd/?1902,/s8Qaaen

L1 RN I I S

183

19/ ¥




redissolution of the polymer-surfactant complex (see
Figure III:11).
The absence of any significant influence of PAMD

on calcium sulfonate precipitation/redissolution
clearly indicates the dominant effect of calcium in the
system. This is further supported by the surface tension
data given in Figure III:14 which is also not affected
by the presence of PAMD.

| Some of the effects discussed in this section could
be better understood by conducting experiments with higher
charge density polymers which would require larger amounts
of sulfonate for complexation. Additional tests are
in progress to elucidate the mechanisms of polymer/surfactant
interactions in this system as well as in other polymer/

surfactant systems.
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IV. FLOW DISTRIBUTIONS IN CONSOLIDATED SANDSTONE
UTILIZING A TOMOGRAPHIC TECHNIQUE

A. Introduction

In the past fifteen months, my laboratory at Columbia
University has been using CAT scanning to observe the possi-
bilities for core research. We use the Delta 50 (Ohio
Nuclear) CAT scanner on the campus, located at St. Luke's
Medical Center. It scans a core with a collimated 120 Kev
X-ray beam. We recover the binary data matrix on the
scanner PDP-11 system on magnetic tape. Although experi-
ments can interrupt the hospital machine at night, our needs
for data analysis and reconstruction exceed its capacities.
We are seeking capital funds to assist in our construction
of an adequate facility.

B. Fluids that Can Be Observed
in Berea Sandstone

We have demonstrated the quantitative nature of the CAT
scan method for a number of different fluid combinations. 1In
each experiment, displacing and displaced fluids are defined.
Table 1 summarizes the fluid pairs having significant vari-
ations in X-ray attenuation. From these combinations, it is
evident that the principal fluid and rock parameters can be

independently controlled.
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Table IV:1

Displacing Fluid/Displaced Fluid Combinations

that Can Be Observed in Berea Sandstone

Fluid One

Fluid Two

Aqueous 1 Molar KI

Agueous 1 Molar KI with
polymer such as poly(acryl-
amide) or with sucrose

Exxon-1 Micellar Fluid in
1 M KI

Carbon tetrachloride

- Chlorinated polyisobutylene

Aqueous 1 M NaCl
0il or other hydrocarbon

Agueous 1 M NacCl
0il or other hydrocarbon

0il or other hydrocarbon

Polystyrene in toluene
Toluene
0il

Polystyrene in toluene
0il or other hydrocarbon
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The parameters to be the primary subjects of this

proposal include the following:

1) Viscosity may be identified either by polymeric or low
molecular weight species.

2) The fluid character may be either water displacing oil,

water displacing water, or oil displacing oil. Rock-
fluid interactions will vary depending on the extent to
which there is differential wetting.

3) The interfacial tension effect can be observed directly

by comparing the oil-water and oil-oil combinations.
4) Bed porosity may be characterized by observing 1 M

aqueous KI displace 1 M NaCl solution.

Tomographic observation of these cases will contribute
to our unde:standing of oil displacement and mobility control.
Given our ability~to measure composition quantitatively, we
can measure the local response of the pixel domains to the
external flow parameters.

C. Initial Results for 1 M KI
Displacing Oil from Berea Core

Initial experiments were performed with a Berea core
(300 millidarcy, 6.3 cm diameter, 20 cm long, initially
filled with 15 cp oil). This o0il was displaced with a 1 M KI
solution at a flow rate of 10 cc/hour (3 ft per day). Scans
were taken as a function of position and time. Figure 1

shows a cross-section image of the core after 3 pore volumes
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of flow. Dark regions are KI rich, and lighter regions are
oil-rich. 1In Fig. 2, a traverse (series of pixels along one
diameter trace) through this cross-section is presented as a
function of position. One observes that the local X-ray
attenuation coefficient varies in a periodic manner across
the core. In the same figure, traverses are given for
similar core filled with only oil and only 1 M KI. By
assuming a linear relationship with compo;ition, these data
may be used to compile the pixel average composition. The
nonuniformity of the reference trace is the result of beam
hardening due to the extent of X-ray absorption. In Fig. 3,
the data for locai oil fraction in this traverse are
observed to vary across the cross-section of the core.

These data show a periodicity that reflects the bedding
planes in the initial Berea sandstone material. We have
observed similar nonuniform distributions of flow in all of
our experiments. We estimate that the uncertainty in our
local composition is + 5 percent. Some problems remain near
the air/core interface due to the catastrophic change in the
X-ray attenuation.

In Fig. 4, oil fraction traverse data are presented for
the time at which any 3 percent of the core volume has been
displaced. The KI was injected from a point source. One
observes traces at planes 2.54 cm, 3.5 cm, 6.5 cm, 8.5 cm,
and 12 cm from the injection point. One observes spreading
of the KI about the injection point,'the wide neck of the

advancing water, and its development into narrow fingers as
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it proceeds, down the core. All of these daﬁa have been’
manually extracted from the 32,000 obtained for these tomo-
graphic traces. Automation of déta manipulation is a key
requirement if future studies are to take full advantage of
these experimental data.

In Fig. 5, we have illustrated pixel composition data
for a constant cross-section at three different times during
KI injection. In order to visualize the effect most clearly,
we have employed a "hidden lines removal subroutine"
developed and written by the laboratory of Cyrus Levinthal.
This software was originally intended for reconstruction of
all shapes taken from electron micrographs of thin sections
of biological material. We extend use and interact widely
with this laboratory. In Fig. 5(a-c), the height of the
cylindrical object is the local pixel oil fraction. The
"canyons" that develop in the surface reflect the invasion
of the aqueous KI solution into that region of the cross-
section.

By looking at a specific pixel position as a function of
time, we may measure its compositional change and determine
the rate of change as a function of time from the slope.

From Fig. 6, it is evident that pixel composition changes
slowly as the displacement proceeds, depending on the region
in which the pixel is located.

CAT scan results may be compared with other displacement
experimental results. The added information from digital

data is evident. In Fig. 7, the area average composition is
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plotted as a function of axial position for different degrees
'ofkrecovery. 1 M‘KI is displacing oil as it would in
conventional brine flooding. One observes the startling
result that, in this core sample, fingering is‘so extensive
that core composition is almost constant with position. As
time evolves, the geometry of the fingers widens. One does
not observe the characteristic breakthrough profile observed
in the measurement of output flows. 1In this figure, the bar
on the right indicates the measured average core composition
after three pore volumes of 1 M KI have passed through the
core.

These data indicate thé extent to which local pixel
composition can be deterﬁiﬁed by CAT scan methods without
disturbing the flow. In fact, within the core, the tech-

niques yield core composition, as a function of x,

Cpixel’
y, z, and t. These results form the basis for employing the

CAT scan method in our study of flow in porous media.
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Initial attempt at graphic representation of cross-section
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