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SUMMARY

I. Adsorption .of Surfactants on Reservolir Minerals

Our previous studies have shown considerable adsorption
of the sulfonates on reservoir rocks, the e#tent of adsorption
being dependent on’several system parameters such as pH, temp-
erature, ionic strength, type of inorganickcations and anions,
etc. The adsorption isothermsywere'also found to exhibit a
maximnm in the region around critical‘micelle'concentration
under certéin conditions. Most importantly, the'nature_of
adsorption or depletion (which also includes the surfactant,
that is lost by precipitation, entrapment or‘any.othertptOCessi
from the ligquid phase) was found to depend markedly on the .
pretreatment received by minerals as well as thé surfactant.
It was clear that in as much as adsorption (depletion) of
surfactants with reservoir rock minerals is a complex pheno-
menon involving several types of interaCtions,ka reliable
understanding of it is possible)only with well chatacterizéd
mineral/surfactant systems. As none of the sulfonates that
were nbtéined from commeréial or academic circles was‘found
to be isomerically pure, a procedure was developed. during
- the last year, with considerable effort,‘fnr the purifica—)
tion of the sulfonate using high performance liquid chromo-
tography.

Adsorption experiments conducted with the purified and

the as-received sulfonate indicated purification to roduce,

xiv



but not eliminate, the extent ofkmoximum. The extent of ab-
straction of the sulfonate due to precipitation was also de-
termined under certain conditions.and found torcontribute‘~
differently for the purified and unpurified systems. Also
adsorption experiments with a mixture of surfactants (normal
and branched chain sodium dodecylbenzenesulfonate) showed
the latter to act as an impurity in controlling adsorption
when present in Smaller amounts.

Since precipitation was often obcerved during the ad-
sorption experiments, its’role on ‘the shépe ofvthe isotherm
was invesﬁigatéd; Résults showed that the surfactant when
added to solutions containing inorganickelectrolyteskfirSt
precipitates and then, depending on the type of the inorganic
ions présent, redissolves as surfactant concentration is in-
creased. The redissolution of the précipitate is being in-
vestigatcd’now in dctail and is considered to be due to
solubilization by the micelles. Interestingly, the maximum
in prccipitation was found to correlate with thé méximum in
the abstraction isotherm. Adsorption isoﬁherm obtained by’
isolating precipitation from abstraction still exhibited a
maximum, although lessrsharp.

The effect of the presence of’oil in the system was in-
vestigated underrcertain conditions this year. A study of
three éystems (Na—kaolinite/Na—dodecylhenzenesulfonate/nroctané,
n-decane, n-dodecane) that has already been completed showed

the addition of o0il to decrease both the adsorption and pre-



cipitation. Increase in the chain length of the oil also
decreased the adsorption of sulfonate considerably. As the
effect of oil is possibly the most important one determining
the surfactant loss in reservoir systeﬁs, it will be studied

in detail with relevant mineral/surfactant/oil systems.

II. Solution Chemistry of Surfactants

A. Chemical Equilibria in Surfactant Solutions -
and Their Role in Adsorption at Interfaces

‘Solution chemistry of surfactants has a major fole in
determining various interfaciel processee such‘as adsorption
and it is the objective of this work to study such solution
chemistry by analyzing thekchemical equilibria'in surfaetant_
solutions. Towards this goal, most importantly, a basic
understanding of various associative interaCtions in suﬁ—
factant solutions, especially in the pre and neer;micellarb,
concentration range is necessary.

‘In this study, species distribution’diagrams’haveybeen
obtained for some of the‘most’widely4used surfactants such
as Na-dodecylsulfonate using the thermodynamic data that:ere
available in the literature and the estimates of energy of
interaction between molecules. A model has been develeped
for the comparison of the surfacefactivities of certain
types of surfactant complexes.

Tt is shown that some of the complexes such as acid-soap

and dimer can play an important role in governing the inter-



- facial adsorption even when the concentration of such com-
plexes in soluticn,is six or eight orders of magnitude lower
than that‘ofﬂthekmonomers,

A thermodynamic model of the surface tension behavior
of surfactant solutions incorporating the formation of asSoci-
ation complexes_such as dimers as a,function of pH and total
concentfatiOn has been developed.' It has been shown that the
general equationkcan be reduced to simplerfforms depending
upon solution conditions. These equations are used to evalu-

‘ate the}formaticn constants. of association ccmplexes under
selected conditions.f'

: Surface tension behavior of potassium oleate solutions
underuhigh pH and ionic strength gconditions has been ex-
plained using the thermodynamic model developed here. Also
the?dimerization;constant‘for this;syétem haé been evaluated
using the present data. Surface tension results in

combination with surface potential values suggest the

- saturation of 1iquid/airVinterface,aticoncentrations

- that are an crder~of magnitude lower than the CMC. Hence
the changas in slope of y vs. ng CT above this con-

centration region have been attributed to dimerization

in the bulk.

The above’resulﬁs clearly. show thé importance of the

above model for developing aicomplete understanding of

thc chemical equilibria in surfactant solutions‘and in

further elucidating the mechanisms governing processes

such as adsorption.
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B. Precipitation/Redissolution Phenomena

The effect of inorganic electrolytes on the behavior of
surfactants inrporous‘média is of considerable interest be-
cause reservoir fluids contain significant‘amounts of véri— 
ous mond and multivalent inorganic ions. Interaction of
these ions withvthe surfactant spécies in the bulk solution
during chemical flooding caﬁ lead to surfactant’precipita-“
tion and in turn to substantial amount of surfactant depie—
tioh and possibly eveﬁ plugging of reservoir cores.

It was found earlier that multivalent species such as'
tpose of Ca and Al can cause precipitation of sulfonate.and
subsequent redissolution at some concentration above its
equivalent concéntration of sulfonate; Unlike multivaleptt‘
ions, the precipitate obtained with monovalent ions, however,
did not redissolve‘in’the'concentration range studied. In
order to gain a better understanding of the precipitation
and redissolution phenomena,'a systematic study“was initiéﬁed
thié year.

Kinetics of precipitation was also studied this year as
a function of eiectrolyte concentration. The rate of forma--
tion of precipitates is found to be dependent on experimental
conditions. An equilibrium can be obtained within a few
minutes or in several hours, depending on the type of ions
present and the degree of stirring.

Monovalént salts,Na+ and kK1, have lesser degreé of

#alt tolerance than Nﬂ4+ and Lif ralts indicating the role
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of the size Qf the ‘ion. - The solubility producﬁs,of the Ca
and Al salts of sulfonate were determined}from;turbidity
meaéurements.

Possible mechanismsfsuggestéd for the redissolution are:
solubilization of precipitates in sulfonate micelles, aggre-
gatlon of charged micelles and their redispersion, and redis-
solution by complexation. Surface tension results obtained

in the presence of 10—3M,Caclzﬂsupport the mechanism of

solubilization in micelles since precipitation occurs before
micellization. On the other hand, in the presence of 5 x

4@ Al(NO,) ; the surface tension curves exhibit an apparent

10~
micellization region before precipitation. Experiments are
~in progress at'present to confirm the above behavior under

controlled conditions such as pH.

C. Surfactant-Polymer Interactions

Surfactant-polymer interactions can lead to reduced
oil displacement efficiency of the micellar'flood and adéi—
tional loss of‘surfaétant~in~the reservoir rock. Earlier
résults~had shown that while increased additions of the sur-
factant, éodium dodechbenzenesulfonaﬁe, resulted in only a
nominal decrease in the adsorptlon~of the polymer polyacrylamide
on kaolinite, the addition of polymer produced a marked de-
Zrease on the adsorption of ‘surfactant. This yéar, surface
ténsion of sodium dodecylsulfonate has been found to de-

crease significantly in the presence of polyacrylamide indi-



cating an increase in the concentration of surféce active
species at the liquid-gas interface. Relative viscosity
measurements alsé‘suggest the 'significance of surfactant-
‘polymer intefactions in the mobility'of different phases
involved. From the preliminary investigations conducted

so far, it can be concluded that it isﬁimportant‘t0~investi—'
gate the modifications in the bu;k'and interfacial proper-
ties due to*surfactantfpblymer interactions that can lead

to minimum surfactant losses. Adsorption/desorption studies;
relative viscosity, surface tension and:conductivity‘ﬁeaéurei
ments are planned to study the mechaniSm?bf"surfactan£~'
polymer interaction and its‘implications;in‘surfaétant‘losses‘
during”micéllar.flooding, ’

IIT. Dynamic Studies of ‘the Interaction of ..

Polymer and Surfactant with Core Minerals

This part of the work focuses bnsthree‘major problemr‘
areas: an analysis of the residence time distribution of
pulse injected polymer solutions: in Berea sandstone cores;
the adsorptionycharacteristics ofxpoly(acrylamide) copolymers. -
on sodium kaolinite; and~the&observation“of,oil displacement
usingjcomputeréaided tomography . '

A Berea sandstone core (approximately 300 millidarcy .
permeability) was inserted in a liquid chromatography system

'in place of a normal column. Using an injection loop, a



pulse of solute (in volume less than 1% of the core void
volume) was injected into the core. Two test solutes were
investigated, sudrése,'a non—interactiﬁé solute perméable to
all regions of the core, and poly(acrylamide). All of the
solutes were in 2000 ppm NaCl solution. The exit conceﬁtra—’
tion profile nythe‘soiutes (répreééhtiné‘fesidehce time
distributions in the core) were measured with a differential
refractometer. From these experiments,kfotal retention of
the solute, accessible pore volume and the solute residence
time distribution were obtained. ‘Ajmodel was. constructed to
allocaée solute permeability and adsorption to the different
flow domains within the core. |

Since reténtioniwithin the core is, at least in part,
’the result of adsorption of polymer, a study/was undertaken
to chara¢terize in detail the interaction between sodiﬁm
kaolinite and poly(acrylamide). In order to isolate the
relative importance of hydrogen bonding interactions with the
surface and those due to electrostatic interactions both a
homopolymer of acrylamide and a copolymer containiné 6.8% by
molg of a sulfonate monomer were used. Analysis was made by
1abeling the polymers with carbon-14. Adsorptions measure-
‘ments were made as a function of ionic strength, solution pH
- and temperature.

Preliminary experiments were carried out using the tech- -
nique of computer assisted tomography to observed displacement

of an oil with a 1 N KI solution in a filled Berca corc.



The electron dense KI Solution‘was clearly dbservable'in

the tomographic plane. With the salt solution, about 30%

of the pore oil was recovered from the core. This solution
passed through large channels, leaving much of éhe core still
filled with oil. Surprisingly, fingers seemgd to be oriented
in a manner that indicafed some stratification in, the seem-

ingly homogeneous Berea material.
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I. ADSORPTION OF SURFACTANTS ON RESERVOIR MINERALS

A. Introduction

An understanding of‘the phenomenon of surfactant'adsorpf,
tion has indeed been recognized to be of vital importance in
investigations related ﬁo enhanced oil recovery using micellar
flooding. The past studies have however shown that the adsorp=
tion of surfactants on clays is a very complex process. Further-
" more, proper interpretation éf the experimental data for adsorp-
tion is made difficult due to large variationé that are possible
in the éharacteristics of mineral and Surfactant samples. The
experience has thus clearly shown the need for cérefﬁl character—.
ization of the starting méterials used in’the‘adsorption study.
During our past work we have placed emphasis on proper monitor-
ing of the systém in terms of composition and purity of the
minérals, surfactants and other chemicals used as well as
experimental coﬁdifions such as the type and concentration
of the added inorganic electrolyte, PpH, contact time, temp-
erature etc. This past year we have placed additional emphasis
Qn,further purifying'the surfactants and on studying the effectr
bf such purification of surfactants and then«additiOn of oil
to such purified systems.

| The oil present in the reservoir being flooded can also
be expected to influence the surfactant adsorption. A study
 of the effect of addition of oil‘on adsorption of Na-dodecyl-

benzenesulfonate -on Na-Kaolinite was therefore conducted.

* The list of symbols and abbreviations is given at the end of
the chapter. ’



— 2‘_
Adorption experiments with a series bf hydrocarbons of different
~chain length were carried out.

Finally, adsorption from solution of a mixture of surf-
actants (normal and branched dodecylbenzenesulfonates) on Na-
‘Kaolinite in dependence on the surfactant composition and
concentration was also studiéd in order to ascertain the effect
of Variationj#i theAsurfactantvcompositidn. |

A phenomenon that has- been found tb’be of much theoretical
and practical interest is the presence of maximum and sometimes
even a mihimum in the isothgrms.~The présence of maximum has
been attributed in the past to medhanisms involving micellar
exclusion from interfacial region due to electrostatic
~repulsion or structural'incompatibility,'presence of impﬁrities,
surfactant composition, adsorben£ mofphdlogy, etc. Nohe of"
these explanations is, however, fully substantiated to be.
considered as a confirmed mechanism for surfactant adsorption
from concentrated solutions particularly~due to possibilities
for serioué expérimental értifactsfafising from such processes
as precipitation and entrapment.' Indeed more than one mech-
anism can be operating in different systems or in the same
systemfunder even slightly different conditions.

Since precipitation is ofén‘observed during adsorption
teéts , the role of it in detérmining the nature of the iso-
therms was further investigétéd. rIn many cases the,phenomenon‘
of précipitation was found to be responsible to a great extent

for the amount of adsorptién as well as-its maximum, although

it could not fully account for the latter undér all conditions.



B. Materials and Methods

B.1l. MINERAL

The mineral used in thekadsorption test was kaolinite.
Its preparation‘whieh has been described‘in the previeus
annual report (July 1978) is given here in greater detail since
such details are now considered important to the experiment.

Kaolinite used was from a well crystallized sample
purchased from the clay repository at the University of
Missouri. The surface area of this sample was determined
by nitrogen adsorption and was found to be 8.35 mz/g; From
this sample the homoiohic "Na¥Kaolinite" was prepared in the‘
fqllowing hanner:

-‘As received clay was treated with distilled water
for 15 minutes. with a high speed (1750 r.p.m.) mixer at
a solid to liquid ratio of 1:2 by weight. The product
- was diluted with distilled water to about 1:30 seclid to
liquid and then allowed to settle for 24 hours. The |
clear supernatant liquid was then discarded. This process
of washing was repeated 10-12 times until thefe was a
‘negiligible change inqcenductivity of the supernatant solution.
The waehed kaolinite was repulped with‘ZM NaCl solution and
agitated at high‘solid to liqﬁid ratio(1l:2 to 1:3) for 15
minutes, and then diluted with distilled'water to about
1:30. Washing procedure was repeated‘lo—lzytimes until a
pPH of 7 was reached and the conductivity of the suspension

remained constant. NaCl treated product was repulped in



1M NaCl at pH 3 and agitated at high solid to liquid ratio
{(1:2 to 1:3) and then‘diluted and washed as before 10-12
times until a pH of 7 was reached. During the last washing
steps, the fine clay partilces were separated from the coarse
impurities,‘ The resultant Na—Kaolinite was freeze dried and

then stored dry in a dessicator,

B.2. SURFACTANTS AND OTHER CHEMICALS

Sampk$‘of sodium dodecylbenzenesulfonate, specified
to be 90% pure by Lachat Chemlcals were purifled by deoiling
recrystalllzation and 11quld chromatographlc technlques as
discussed further on in this chapter.

"Pure scdium P(1, butyloctyl) benzenesulfdnate (Texas #2)‘

purchased from UnlverSLty of Texas was used as received.

Surface tenSion versus concentration curves obtained for
n—dodecylbenzenesulfonate: recrystalllzed (Flg.I.l), purified
by 11qu1d chromatography (Fig I. l) as well as. ‘the branched
P(1, butyloctyl) benzenesulfonate (Fig; I.2) did not 1nd1cate the
presence of a minimum.

Organlc solvents used for purlficatlonkwere

A.C.S. certlfled reagents which were distilled before use.

Hydrocarbons, specified to he 99*% (Gold Label), were
purchased from Aldrich Chemical Company, Inc. Vapor phase
chromatographic analysis of the batches purchased confirmed
their purity (Figures I.3 - 5).

Inorganic salts used to adjust the ionic strength, pH
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n-OCTANE (78)

PEAK# AREA AREA%

1 8 .1017
2 23 .2924
3 7836 99.6059

7867 TOTAL

Figure I. 3, Vapor phase chromatogram (VPC) of n-octane.



n - DECANE (78)

PEAK# AREA AREA %

1 326 .0381
2 856136 99.9619

856462 TOTAL

_.—-—/LML-*

Figure I. 4. Vapor phase chromatogram (VPC) of n-decane.



n-DODECANE (78)

PEAK# AREA AREA%

1 762 0417
2 8858 4847
3 1814920 99.3211
4 2784 1523

Figure I. 5. Vapor phase chromatogram (VPC) of n-dodecane.
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and in the precipitation experiments were of A.R. Grade. The

dependence of the surface tension on the concentration of the

NaCl used was also obtained (Fig. I.6).

Triply distilled water was used in all experiments.
B.3. EXPERIMENTAL PROCEDURES

B.3.a. Purification of Na -Dodecylbenzenesulfonate

Sodium dodecylbenzenesulfonate purchased‘from Lachat
Chemicals and speoified to be §O% pure was first freed |
from non—polar organlc 1mpur1t1es by the follow1ng de0111ng
procedure. o - V

A 75 grams sample of NaDDBS was dlssolued in 375
ml 1: l mlxture of dlStllled ntthanol and trlply dlStllled
water in a large beaker uSLng a magnetlc stlrrer. The'
light yellow solution obtained.was consequently extracted
with three 200 ml portions'of petroleum'ether."The sulfonate
remains in the’polar water/methanol phase‘while oil is
extracted into the petroleum ether phase. The colorless
petroleum ether phase after evaporatlon and drylng yielded
3.3% 011 by welght of the total sample. V

USlng a rotavapor, the’ water/methanol solvent ‘was
evaporated at 50°C and 160 mm Hg pressure untll a very
viscous‘solution is obtained which was used for further |
purification by means of recrystallization and liquid’
ohromatography. | |

For recrystallization the residual viscous yellow
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substance was dissolved in 250 ml acetone and left overnight
in a freezer at about -25°C. The white crystals wefe filtered
and drieg at 50°C. Most of the’sulfonate~remained dissolved
in the a;etone;'the yield was only about 15% of the starting
materials. Recrystallization had been originaliy considered
to be inadequate by itself for the purpose of purification
since isomeric impurities can be expected to crystallize
along with the desired p-isomer of the DDBS. ‘However,‘surface
tension,'precipitationiand adsorption experiméhts’as well
as analytical liguid chromatography (Figureé I1.10-11) showed
its behavior tdbbe very“similar tokthat df thé purified,by liquid
chromatography.' Since reCrystallizatiqn procedure is‘much ﬁ
‘simpler énd faster, such sulfonate was pfeparea‘in larger
qudhtities and‘sﬁbsequently used in sbme-ofkthe experiments as
indicated. | | |

The develo?ment of prepératéry LC procedure for pﬁrificati0n
of suifonateé using Wéﬁers Associates' Prep LC/SystemVSOO Liquid -
ChromatographiWas baééd on éuidelines estabiishéd with the héip of
Analytical Liquid Chromatqgraph (ALC),’as’these’two techniques are
, identicai in princible. Thé purification étep itself involvéd
- injection of sodium dodécylbenzenesulfbnate solution intd a pre-
equilibrated BONDAPAK’Clsycolumn. Scale up work shdwed that 3 grams
of sulfonate was the maximum amount that could be injected into the
column without 1osing‘the resolution. The eluted components were
analyzed using a refractometef. Distilled and filtered solvents were

always used to prepare the mobile phase.
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The major aspects of purification of sodium do-
decylbenzenesulfonate by preparative liquid chromatography
are described below. ‘

Initially solutions of methanol or isopropanol in
water at various concentratioﬁs were used to establish
the optimum conditions for the separatioﬁ of the sulfonate
components. The exploratory work conducted at Water Asso?

‘ciates indicated that the addition of 1% acetic acid to a
solution of 50% methanol in triply distilled water as solvent
would produce satisfactory resolution. Acetic acid, by
lowering the pH, reduces the dissociation of sulfonate which
in turn causes a decrease in the adsorption of it on this
column and thus produces a better resolution. kUsing this
solvent, analytical work was done on deoiled sodiuﬁ

salt of the dodecylbenzenesulfonic acid, as received sodium
dodecylbenzenesulfonate and sodium dodecylbenzenesulfonate
previously purified in our laboratory., Figures I.7-8 indicate
that purified sulfonate is not significantly different

in chemical composition from the as'receivedksulfonate.
Indeed oil is present in the as received sulfonate

but it is not seen in the chromatoérém since it is retained
on the C-18 ALC column. Hence the similarity of the
chromatograms is not considered in this éase to indicate

that the two samples are identical in chemical composition.

The chromatograms also show that the purified sulfonate has one
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TIME, min ; :

g8 6 4 2 o |8 6 a4 2 o0
PURIFIED'}} | NaDDBS
NaDDBS(H2) (784)

(BY SOLV. EXTR.)

!

= T
010 0.05 )

T T
0.10 = 005

Figure I, 7. Chromatograms of as—received 
and purified Na-dodecylbenzene-
sulfonate.
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uv

INJECT

DEOILED NaDDBS | -
(M DO 2)

-RI

INJECT—\’

Figure I. 8. ALC chromatogram of deoiled
Na-dodecylbenzenesul fonate,
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A _ TIME, min
0 4 8 12 16
| | | T
NaDDBS (78A)

Ll

1 1 1 1 i

0 005 010 015 020 025 030
| TIME, h

Figure I, 9. Prep LC chromatogram of
as-received Na-dodecyl-
benzenesulfonate (10 g/100 ml) .,
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uv

" RECRYSTALLIZED NaDBBS
(M RC 1)

Figure I. 10, ALC chromatogram of recrystalllzed Na-
dodecylbenzenesulfonate.
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component in larger concentrations than the as-received
sulfonate, which could possibly be due to the conversion of
one of the components to its isomer upon continuous heatlng
of the sulfonate sample during Soxheletjextraction.

| Since as received sulfonate was conSLderably ‘Purer than
the sulfonic acid purchased separately ‘and was very

similar to the purlfled sulfonate except for the presence of
k01l in it, as received sulfonate after de0111ng was used for
the preparatlon of pure dodecylbenzenesulfonate on Prep

LC 500 with 1 Bondapak C-18 column.

Elluents #1 and #2 (indicated in FigureT.9) were
Hcollected Residues after evaporation of the solvent were
analyzed by Infrared Spectroscopy (IR) and Nuclear Magnetic
Resonance Spectroscopy (NMR). Analysis indicated that elluent
#1 is a tri-substituted benzene ring (Figures I.13-14), while
elluent #2 is the p-NaDDBS that is of interest for the present
study (Figure I.lS—lG).\ IR of as received NaDDBS is given for
comparison in Figure I.12. |

An attempt was made to confirm the structﬁre and
molecular weight of the purified p-NaDDBS, the elluent #2
'uSing Mass Spectroscopy.“ Two separate analyses of the same
batch of sulfonate showed quite dlfferent Total Ionlc Current
Patterns (Figures I.17-18) as well as dlfferent fragmentation
patterns (Figures TI.19-20). The data ln,those figures show
that the sulfonate, instead of giving a fixed fragmentation
pattern, disintegrates rapidly. ,Molecular‘weight or the

sStructure could not:therefore be confirmed by this technique;
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100

L C PURIFIED Na DDBS (G1)

LN
T ) 1 ! )
50 ' 100 150 - 200
SCAN NUMBER

Figure I. 17, Total ionic current pattern of
. ‘ p~NaDDBS, elluent #2, ,
100

4. LC PURIFIED NaDDBS (G1)

1 i |
50 100 150 200
SCAN NUMBER

Figure I, 18, Total ionic current pattern of
p-NaDDBS, elluent. %2 (repeat analysis),
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o0 | > 280X 18 5

Figure I. 13, Fragmentation pattern of p—NaDDBS, scan
#129 from Figure I. 17.
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100 o e
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100 . 1s8 zo@d 253 300
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&0’ 400

Figure I. 20. Fragmentation pattern of p-NaDDBS, scan #168
from Figure I. 18. :
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mass spéctroscopy cannot be used for compounds that
decompose before fragmenting.

Using the chromatographic procedure described above,
a 90 grams and a 60 grams batch of as-received NaDDBS were
separated and elluent #2 was collected and dried. Analysis
showed the elluent #2 product from both batches to be identical.
The yield was however only between 7 and 8%; more efficient

solvent mixtures are being investigated.

B.3:b. Adsorption Experiments

Adsorption experiments were conducted in tightly
-capped, 5 dram pyrex vials. Desired amounts of solids
were agitated on a wrist action shaker for 2 hours in the
electrolyte solution. Vials containing the mineral/surfactant
solution were subjected to wrist actioh‘shaking for
72 hours under constant conditions. At the end of the
test, the supernatant was centrifuged at 1500 G for 20
minutes, the liquid above the mineral layer Waskmixed
by inverting the tube carefully and the supernatant‘_
was analyzed for thé residual concentration of the sulfonate
by the two phase titration technique using the dimidium
bromide/disulphine blue mixed indicator gs& described@ by Powers (1)

and Reid et. al. (2,3}).

Calibration curves obtained for the titration of
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ndrmal (Fig. I.21) and branched (Fig. T.22J) dodecylbenzenesulfonates

in 0.1IN NaCl with 10-3M HTAB, are linear up to about 20y moles of

surfactant. In order to keep the quantity of HTAB used always
in the same range (about 5 u moles), the amount of surfactant
sample was varied according to its concentration. Adsorption :
density was calculated from the différence in initial and
final values of §ulfpna;e,concentratiqn and amount of clay”
used. |

'In.o:der to,investigate the effect of o0il onfadsorptiqn
of sodium dodecg;benzenesglﬁonéte on kaolinite, the surfactant
solutions were prepared as follows. Desired amount of oil
waskweighéd and added to the surfactant solution and was
subjected to ultrasonication for a given time for the
formation of an emitlsion. Some of the resultant solutions
were still’turbid, but they did clear during adsorption
tests;‘

Precipitation of surfactant during adsorption experiments
by the ions present in the clay supernatant was studied in
the following manner.

The supernatant was prepared under conditions similar
to those used in adsorption tests as described above.
Na-Kaolinite was equilibrated with the desired electrolyte
solution\at~a solid to liquid ratio of 0.2 for seventy-two
hours and then the kaolinite was removed by centrifugation
for 20 minutes. In order tb avoid any dilution effects,

the supernatant was evaporated to dryness (except in the
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cases where the 0il was not added, in which case the

surfactant solution was evaporated) and the desired

volume of surfactant solution was added. The test

soiution was then agitated on a wristoaction shaker

for twelve hours and the residual concentration of it

was determined after centrifugation for 20 minutes.
Precipitation density was calculated from the‘differences
between the initial and final values of sulfonate concentration.
In certain cases, the turbidity of the sulfonate—sﬁéernatant

mixture was measured using the Brinkmann colorimeter.
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C. Results and Discuesion

C.1l. KINETICS OF ABSTRACTION OF NaDDBS ON Na—KAOLINITE

Kinetics of abstraction ef surfactant on pre-wetted
kaolinite was described in 1977 annual report (p. 14). Here
we give additional results obtained for the rate of change of
abstraction in the'presencekof oil. Fig.I.23 snowe the results
for three concentretidns of sodium dodecylbenzenesulfonate
with different amounts of two hydrocarbons. Surfactant
concentrations were selected so that the final snlfonate
concentration would be in the region below that of the
anticipated maximum in one case, in the region of the
maximum in another, and above this region in the third case.
Chain length and the amounts of oils were selected in ‘
accordance with the high and low values used in our studies.
In all the three cases; abstractien kinetie curves exhibited
‘two distinct piateeus, the final one being attained only in
about fifty hours. It can be seen that the time required to
reach equilibrium is longer for the system with higher
surfactant and oil concentrations. Seventy-two hours of
equilibration time was selected as in all of our adsorption
studies.

The two-step kinetics cnrve obtained for the abstraction
‘of sulfonate by kaolinite is similar to whet”was obtained
previously by us (4). Such a behavior was attributed to the

slow relcase of exchangeable aluminum ions .from the mineral.
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{.2. PRECIPITATION, ABSTRACTION AND ADSORPTION

Results obtained for abstraction of isomerically pure
| sodium dodecylbenzenesulfonate from a solution upon the
equilibration of it with homoionic Na-Kaolinite are given
in Figure I.24, It can be seen that this isotherm is char-
acterized by the presence of a maximum. The data for
sulfonate abstraction upon contacting it with the supernatant
from a kaolinite suspénsion as well as the data for‘light
transmission of the sulfonate supernatant mixtures before
centrifugation are also given in this figure. They show a
good correlation; both the precipitation and transmission
curves’exhibit maxima in the concentration region of the
abstraction maximuﬁ. ‘

It is recognized that the amount of sulfonate that
will precipitate due to interaction of it with dissolved
mineral species in the presence of kaélinite need not be
equal to that which will precipitate in a supernatant from
which kaolinite has been removed; due to elimination of the
possibility for continuous equilibration of kaolinite Qith
the’solution in the latter case. It is also to be noted
that the natural pH values obtained during precipitation
tests were slightly higher than those obtained in the ab-
straction tests, again due to lack of continuous equilibration
in the presence of kaolinite. Assuming these two effects to
be minimal, adsorption isotherm was calculated from the diff-

erence between the two isotherms and is given in Figure I.24.



RESIDUAL CONCENTRATION, mM/|

ABSTRACTION, PRECIPITATION, ADSORPTION, mmol/kg(uM/g)

0) 10 20 30 40 50 60
20 1 T T T T T 0
L.C. PURIFIED NaDDBS(GI)/Na-KAOLINITE (A2)
I =10 k mol/m3 NaCl 4
SOLID/LIQUID = 0.2
T:= 31 1°C
CONTACT TIME = 72h 120
15+
A
/ Na ' -
P R A pH:=5.2+0,
A PH=5.2£01
& T T-m
| 102
n
1 : —&— ABSTRACTION n
10U - =
- —®— PRECIPITATION o
' ~ --8-- ADSORPTION <
160 +
2
S5t
)
480
-0 i
,o/,/'\s ,\-//ﬁﬁ:w =6.0% 0.3
®
0 E—'/ 1 e 1 i 1 100 .
0 10 20 30 40 50 60

RESIDUAL CONCENTRATION, mol/ m3

Figure I. 24, Abstraction, precipitation and adsorption
of LC~purified Na-dodecylbenzenesulfonate
on Na-kaolinite as a function of concen-
tration.



- 37 -

Release of mineral species is also confirmed by the
surface tension measurements made in the electrolyte sol-
ntion and the supernatant solution prepared in a similar
manner as for precipitation experiments. With the dissolution
of the mineral, ionic strength would increase, thus the CMC.
of the sulfonate solution should decreaée. The opposite was
observed (Figure I.25}, GEMC in the supernatant solution is
slightly higher than in the NaCl solution. This, it seems,
is due to the fact that precipitation of sulfonate occurs in
the supernatant solution. Since precipitation is a competing
phenomenon, and also a separatekphase, monomer concentration
would not increase until precipitation is completed, thus
higher surfactant concentration would be required to reach
CMC. Because precipitation émount is very small, plateau
is surface tension due to precipitation is missed.

It‘can be seen that the majorkpeak giving rise to the
maximum is considerably reduced in the case of the adsorption
isotherm (Figure I.24) suggesting that the precipitation of
sulfonate with the dissolved minerallspecies does indeed
contribute towards determining the shape of the abstraction
isotherm for the system'considered here. It is to be noted
that the resultant adsorption isotherm does still exhibit
a maximum, even though much less prominent. The presence of
suchhmax1mum could be attrlbuted to other mechanisms which
have been suggested, but it is pos51ble that this is due to

the absence of kaolinite in the precipitation experiments.
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As sulfonate precipitates, when kaolinite is present in the
csystem, and consumes the dissolved mineral species, more ions
would be expected to be released from the mineral due to the
~offset of equilibrium cOnditions. This suggests that in the
abstraction experiments precipitation can be higher than what
is observed during’precipitation‘experiments.f Release of ions. . .
can also be higher when the initial precipitation is rapid rather
ﬁhan when it is slow. This can cause the decrease in the ab-
straction density to be higher for the rapid precipitation

region than for other regions, which can possibly even then
eliminate the maximum completely.

| The decrease in precipitation as the surfactant concen=
tration is increased can be due to the solubilization of the
precipitate by the micelles. Mechanism for such precipitate
redissolution is still not known, but it could be due to the
~detergency action of micellar,solutions; Micellar solutiogs

are known to bring into solution, otherwise insoluble, organic
molecules. The solubilized materiél can be incorporated

into the micelle itself due to the nonpolar environment of

its interior (5}. 'Since surfactant precipitate will be
unionized, it can be axpected td béhave as a nonpolar

compdund, and thus get solubilized by the micelles.

Precipitation curve is also characterized by an in-

crease in precipitation after the initial decrease as surf-.
actant concentration is further increased. This could poss-

ibly be due to the salting out of the surfactant aH Lonjw

strength increases in the region where surfactant concentration
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is only an order of magnitude lower than the concentration

of supporting electrolyte. Precipitation in this region is
observed at concentrations above the region of maxima in sev-
eral systems. Results obtained during an abstraction exper-
iment, where the total ionic strength of the surfactant sol-
ution was therefore maintained at a constant value by aajust—

ing the NaCl addition to the system, are shown in Figure I.26.
Since salting out, caused by a change in ionic strength, has

been eliminated here, decreasing abstraction is indeed observed.
A plateau in the abstraction isothérm might be expected if the
experiments had been carried out at still higher surfactant
concentrations, whereas, at constant NaCl concentration a min-
imum would be expected. kThe abstraction isotherm is very sim-
ilar to the adsorption isotherm in Figure I.24 at high éurfactantV
concentrations. Figure I.26 also illustrates the excellent re-
producibility which was achieved for abstraction experiments
conducted several days aparf. Due to the salting out éffect

of the inorganic electrolyte, the role of precipitation should
increase with the increase of the electrolyte concentration

in the system. The results of the adsorption experiments

carried out with recrystallized sodium dodecylbenzenesulfonate
in 1 M/1 NaCl at three aifferent values of pH are shown in

Fig. I.27. As it was expected, precipitation strongly affects the
abstraction of surfactant ffom the solution under such con-
‘ditions. The résidual_concentrations measured in the clay super-—

natant after 72 hours were very low (curves 1, 2, 3). However
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most Oof the surfactant (80% or more in all cases) was
precipitated even in the absence of clay by the inorganic
electrolyte itself (curves 4,5,6 in Figure 27).

The data obtaiﬁed also show dependence of the pre-
cipitation and of the total abstraction on pH. Both in the
presence and in the absence of clay there is a minimum in
the residual concentration corresponding to the "natural”
pH which was about 4.5.

It is clear from these results that surfactants of
the sulfonate type can undergo precipitation and redissolution
upon interacting with solutions containing dissolvedlin—,
‘organic -ions and that such phenomenon can play a major réle

in producing a maximum in abstraction isotherms.
C,3. EFFECT OF PURITY AND CHEMICAL COMPOSITION OF THE SURFACTANT

The results discussed in the previous section (Ce2}
showed that the presence of a maximum in the adsorption
isotherm of purified sulfonate on clays can be accounted for
‘to a large extent by taking their precipitation into con-
sideration. However, for adsorption of sulfonates that
are not purified, other mechanisms can also contribute towards
the extent of adsorption as well as the presence of maximum.,
In fact, the data given in Figure I.28~showsﬁthat while taking
precipitation into account can reduce the extent of the
maximum, it does not eliminate it completely. When adsorption
isotherms for the unpurified and purified surfactant systems

are compared, it is clear that purification also helps to
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reduce the extent of maximum Significantly.’ As received
dodecylbenzenesulfonate contains at least unsulfonated oil

as well as a trisubstituted benzene ring suiéonate‘(see‘Fig;'
ures I.13 and Y.14). These compounds can be expected to

have properties, e.g. cMC  values and adSorption constants,
that are considerably different from the properties of pure' 
dodecflbenzehesulfoﬁate itself. Binary mixture theories of
Mysels and Otter (6), Trogus et. al. (7,8), which are

based uponweuch vast differences, and the explanations that
‘heve been put forward by Kitchener (9) on-the role of im-
purities can possibly exPlain the presence of maximum in the
adsorption isotherms of unpurified sulfonates. ‘Isomers of the
surfactant, if still present in the purified NaDDBS, are lese
likely to produce a maximum in the isotherm.

The experiments with recrystallized sulfonate and that
purifiea by liquid chromatOgraphié Separation carried out under
identical solution conditions (ionic strength, solid/liquid ratio,
tempe;ature) confirm this ‘assumption. As Figure I.29 . shows
the dependehces abstraction vs. concentration ebtained‘with
two recrystallized and two LC- purified surfactant samples
differ very little (less than 20% with respect to abstraction)
and these differences.can in fact be easily explained by
the previously reported by us ( 4 ‘and :10) dependence
of the adsorption on pH. |

Results of the adsorption experiments obtained with

branced sodium dodecylbenzenesulfonate (Texas #2) under the
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smaller amount in theAmixture acts as an impurity thus
altering the behavior of’the syétem. However, it is difficult
to judge to what extent these results correspond to the
theoretical predictions since the two sulfonates differ very
little with respect to cMC (see Figures T,1 and I.2),

the latter having been the crucial parameter in the theories

proposed in the past.

C.4.EFFECT OF OIL ON THE ADSORPTION OF PURIFIED NaDDBS ON

Na—-KAOLINITE

Results obtained for the effect of presence of a series
of pure hydrocarbons on the abstraction, precipitation and
adsorption of sodium dodecylbenzenesulfonate on Na-Kaolinite
are given in Figures L.33-35. It is to be noted that no two
abstraction isotherms are of similar shape. Addition of oil
has decreased the extent of abstraction in all cases, except
in the case of 10% n-octane. Systems with 10% n-octane showed
| the most peculiar behavior, in that its adsorption isotherm ex-
hibited two maxima and a minima. This is due to the fact that
the abstraction maximum and the precipitation maximum do not
correlate in this case. Such a behavior has not beén observed
’in the‘past, to our knowledge. This interesting observation
suggests the need for a detailed study in order to elucidate
the mechanisms for such behavior. One possibility exists that
the difference in pH might have caused the observed shift in

' precipitation maximum, for some reason, 10% n-octane system
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being more sensitive ﬁo such pH change. At higher PH values,
cation exchange of mineral wiil be lower and thus precipitation
will commence at a,higher surfactant concentration.

An interesting phenomenon can be’ho;iced'from the pre~

cipitation experiment, i.e. addition of o0il (except for the
case of 10% n-octane) has eliminated the precipitation in the
low surfactant concentration region. Precipitétion at higher
concentrafion may be due té salting out, aé discussed earlier.
The elimination of p:ecipitation could be due to either;the
partitioning of the surfactant species into é éépaiate oil
' phase present in the system or:the.dissolution of .the_ precip-
itate in the oil~pre$ent in the form of microemulsion. "In
the former case, surfactant species cén get,partitioned,beﬁWeen
the separate oil and aqueous phasesvthus reducing the surfact—'
ant concentration in the aqueous phase and conseéuently reduc—
ing also the precipitation. The latter case is similar to.
the micellar solution discusséd earlier. The difference be-
tween ﬁhe two is that’microemulsions can form below CMC
and as a reSult; solubilization can commence at surfactant
concentrations below such CMC, ‘thﬁs reducing precipitation-
and maybe even'elimihating it. Further work is needed,to.ver—
ify this hypothesis.

Results giVen in Figures I.33-35 shdw that the presence of
oil does affect the sulfonate adsorption on kaolinite. Ad- |
sorption was less in the presence of oil for all cases except
for that of 10% n-octanes Data also indicaﬁe a dependence of

this decrease on the chain length of the oils and their con-
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centration. As concentration of oil is increased from 0% to
52% adsorption dedreasesffor most surfactant concentrations
(Figure I.34). Presence of 52% dodecaﬁe decreased adsorption
more than when the same amount of octane was present (Figures
I.33-34). It is interesting ﬁo'note~thatfthe effect can
bé'even more prominent if mole % of oils were used as the basis
instead of the weight %, since dddecane has higher molecular
weight. ‘

The decrease in the sulfonate adsorption in the presencek
of 0il is probably because of the decrease in the surfactant
concentration in the aéueoﬁs phasé due to its partitioning be--
tween the oil and aqueous phase. As the concentration of fhe
oil bhase is.increased, more and moreasurfaétant can be ex-
pected to partition ihto the 0il phase thus decreasing the
‘adsorptioh, in agreement with our observations (Figures I.33
& I.34). Decrease in adsorption, wikh the incfease in the
chain length of the homologous series of oils, may be due to
the decrease in the emulsion s;ability which in turn may be
due to the increase in interfacial tension. Extent of phase
separation wouldlbe more for unstable emulsions causing higher
partitioning of surfactant, thus decrease in adsorption.

Coating or adsorption of oils on the kaolinite may be
another possibility for the decrease of sﬁlfonate adsorption
in the presence of oil. Such a coating would indeed increase
with an increase in oil concentration. One or both of these

mechanisms might be operating in the present system.



= 57 =

D. Conclusions

The results of the experiments presented in this éhapter
demonstrate the importance of studying well charaéterized
systems in order to identify the predise meéhanism of ad-
‘sorption of surfactant. Presence of impurities in the system
can cause a maximum in the adsorption isbtherm. Results
indicate the effect of longer chain (less polar) impurities
to be stronger. Presence of shorter chain impurities in the
recrystallized sulfonate did not produce such an effect.

Also experiments with addition of hydrocarbons to the system
confirmed this possibility. In the presence of nonpolar
components more pronounced maximum is found to appear in

the adsorption isotherm. O0il decreases surfactant adsorp-
tion and even completely eliminates precipitation of surf-
actant inbmost of the cases studied. Increase in chain
length or concentration of the homologous series of oilé

also decreased adsorption.

Precipitation of surfactant due to its interaction with
the dissolved mineral speéies contributes to the presence
o§ maxima observed in the adsorption isotherm. It is nec-
essary to conduct precipitation and abstraction experiments
ﬁnder identical environments in order to infer adsorption
densities from them.

' Adsorption experiments conducted with the purified and
as-received sulfonates indicated that purification also can

reduce the extent of the maximum. There is ‘indeed a dire



- 58 =

need for work to continue in this direction so that better
solvents can be developed:for improving the efficiency of
purification by liquid(chromatography and/or for further

purifying the sodium dodecylbenzenesulfonate.
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Symbols and Abbreviations

ALC Analytical Ligquid Chromatography.

LC ' Liquid Chromatography.

HPLC High Performance Liquid Chromatography.
NaDDBS sodium dodecylbenzenesulfonate.

Na .p(l, BO)BS sodium p(1l, butyloctyl)benzenesulfonate.
RC . : Recrystallized. |

VPC . " Vapor Phase Chromatography.



II. SOLUTION CHEMISTRY OF SURFACTANTS *

A. Chemical Equilibria in Surfactant Solutions

and their Role in Adsorption. at Interfaces

A.1l. INTRODUCTION

A fundamental characteristic of surfactant species is
their amphiphilic nature, i.e. the presence of nonpolar and
polar moieties in the samé’molecule‘or ion. This dual nature
gives rise to their adsorption at various interfaces. The
same amphiphilic tendency causes them to also undergo asso-
.ciative interactions in aqueous solutions'to form micelles.
Similarly,lformaticn of low molecular weight aggregates such
as dimers have beenvpostulated in the past. Analysis of the
’literature on premicellar aggregation, however, revealed
the conflicting nature of the existing information. For
example, the species distribution computed as a function of
pH for potassium oleate solutions using different sets of
available data as well as the estimates of energy Qf interactions
between various species for thé formation of complexes showed
that the ratio of acid-soap to monomer (RzH— to R ) varied
from 10_6 to 10 depending upon the set of data used. Since
the complexes such as dimers and acid-soaps are expected to
have different surface activities, a knowledge of the relative
abundance of these species and their surface activities is
important in understanding the mechanism of adsorption at various

interfaces. Our investigation aimed towards identifying

*List of symbols and abbreviations is given at the end of the
chapter. :
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such complexes and towafds determining the relevant
thermodynamic data for them involved the measurement of surface
ténsion of surfactant solutions ﬁnder selected solution cond-
itions such as pH. Preliminary resuits presented in last year's
anﬁual report indicated the aggregation of surfactants in the
premicellar region in potassium-oleate solutions. A minimum
possible value for the dimerization constant was also evaluated
dﬁring the above study.

A general thermodynamic model incorporating the formation
of association complexes such as dimers for the dependence of
surface tension of surfactant éolutions as a function of con-
centration and pH was developed during the current year. A
model was suggested for the purpose of comparing the surface
activities of certain major types of suffactant complexes.

In addition, sutface tension measuréménts weré extenaed to

other solution conditions. Surface poﬁéntial was also measured’
V_simuitaneously with surface tenéion. The combination of surface
’tensiOn'and surface potentialrproved to be a powerful technique

for the investigation of solution chemistry of surfactants.
A.2. SURFACE :ACTIVITIES OF SURFACTANT COMPLEXES

Species distribution as a function of pH for potassium
oleate solutions presented invfhe 1978 Annual re?qrt and re-
produced in Figure II.l indicates the maximum ratio of acid-

soap to monomer (RZH_ to R") to be about 10~% - 1073

in the
neutral pH region. Similar distribution computed as a function

of pH using the literature value of dimerization constant and
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the estimated value for acid-soap formation constant for sodium
dodecylsulfonate and sodium dodecylsulfate are presented in
Figures II.2 and II.3. They both indicate the presence of
significant amounts of R22_~along with R_‘throughout the pH
region, with acid-soap and neutral acid being present in com-
parable amounts at very low pH values.

An interesting question in determining the role of the
above species is what would the relative concentrations of
various species be for the solution properties to be affected
to a significant extent. In this section an attempt is made
to compare the surface activities of RH, R and RZH-' Oleic
acid is used as a specific example to point out the import-
ance of association complexes.

Boltzmann's equation for adsorption of vérious species at

the interface is given by . .

=
Cqg b

concentration of the species at the interface

Exp (-AGP /RT) | (1)
ad

=
)
0
R
[0)
Q
il

Cp = concentration of the species in the bulk

‘Ang. = free energy change due to the transfer of a surf-
actant from bulk to interface

Ang for the case where the adsorbed molecules do not
interact with each other can be written as (3) :

. = n. @

AGq = 1. ¢CH2 * Ay zey,,

where

n = no. of ‘CHQA groups in the hydrocarbon chain
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$oy - = free energy change due to the transfer of a single

—CH2 = group to the interface

A =‘free energy change due to the transfer of the polar
group to the interface
Z = charge on the species
e = electronic charge
and Y = monolayer potential.
Using equation (2)

o ¢—CH2— Ay - (3)

R- _n¢-CH2f eyt Ap (4)
If the polar group is ionized, according to Davies and

Rideal (3), the electrostatic term outweighs the AP(polar group)

COntribution and hence can be negiected. Therefore the 'AP'

can be dropped from equation (4).

O

R,H

of RCOOH or RCOO- . Even though the number of -CH,~ groups

AG - cannot be estimated so easily as for the case
has doubled, the chain length has not necessarily doubled,
the molecular size has indeed increased.

The free energy of transfer of hydrocarbon chains to the
interface for a given homologous series of surfactants, haé
been established to be proportional tovthe number‘of —CH2—
groups in the chain. (3) This canvbe examined from another
point of view.

Since the tendency of hydrocarbon molecules is to

decrease the interfacial area exposed to water, it is rcason-



able to expect the hydrophobic energy involved in such an inter-
action to be proportional to the interfacial area, i.e.
Hydrophobic free energy = A.¢'CH

2

where A is the interfacial area and ¢' the free energy change

CH2

per unit area.

For a long chain hydrocarbon, the hydrophobic area can
be expressed as (neglecting the one end area as it would be
negligible in comparison to the lateral area):

A = 27r nl0
where

‘ rlis the diameter of the hydrocarbon chain, and

1, the length of-a single —CH,= group.

For a given homologous series of surfactants (assuming
straight chain), 21rr1O remains constant and hence the variation
in free energybamong the homologous series will be proportional
to the number of —CHZ— groups in the surfactant. Thus, the
use of the concept of interfacial area to be a property that is
proportional to the change in free energy as opposed to the
number of carbon atoms is in no contradiction to the existing
results. Hence,

A =n . ¢
2 RH CH2 (6)

Using this approach, it is possible to evaluate the

t
RH ° ¢ CH

number of effective —CH2— groups in an acid-soap molecule

as follows,

A - .4)‘ - ‘
R H CHy ~ RoH e, (7)

#hich leads to,



T 00 .

n - =12 - «n : ' (8)
Rl ere. RoH Ril
AL |
where ARH and AR gy~ represent the ‘interfacial area of RH and
2

,R2H_1respectively.

Thus, a knowledge of the changes in interfacial area due
to association is necessary to use this approach. A good‘estimate
of area can be obtained by using molecularly scaled models (4).

Assuming that ¢—CH2— =700 cal/mole AP = 437 cal/mole(3) and
on the basis of solubility considerations, approximating oleic
acid, the C18 fatty acid with a double bond to be equivalent to
a C16 straight chain'fatty‘acid

AquH = -11637 cal/mole.

Assuming that the monolayer potential is .about 100 mv

which acéording to the Gouy theory corresponds to a system

. 2 :
where area for ionogeneir molecule is‘abaut 100a°  and the.

ionic strength is 107 M
MGy = -8895 cal/mole.

Normally the area per molecule can be expected to be lower
than 100A°2, resulting in a higher monolayer potential and
hence a higher electrostatic repulsion for the adsorption of
ionic groups.

RH RH taken from éétimates of interfacial area

2
made on molecularly scaled models are 275A02 2

:A and A
and 490A°

respectively (4). This yields the value of n to be 28 and

AGp g~ = =-17730 cal/mole.
R,
Therefore at 25°C
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s-ru ~ % rg 1 exp (19.5)} (9)
Cgp™ = Sp_g- 1 exp (19.5)} - (10)
and cs—RZH— =~cb_R2H—{.exp(29.7)} (lll

For equal adsorption of RH and RZH— the concentration

ratio in the bulk will be

. _ |
P=RyH - exp(=10.2) = 3.7x107° (12)
cb—RH
Similarly
°b-R.H~ -7 -
-2 = exp(~14.8) = 3.73X10 (13)
°p-R"

The above simple calculation shows that even if RZH— con-
centratlon is five orders of magnitude lower than that of RH
or seven orders of magnitude lower than that of R 1ts adsorp—
tion at the liquid/air 1nterface can be 51gn1flcant These
calculatlons can be modlfled by con51der1ng other factors
such as the 1nduct10n effect that minimizes the contrlbutlon
‘of the -CH2- group near the 1on1c/polar group to hydrophoblclty.
Most 1mportantly, the above calculatlons 111ustrate the p01nt |
that the adsorptlon of R2H can be~very 51gn1f1cant even lf 1ts
relatlve concentratlon is very low. |
Examination of Figure II l shows that around the neutral

pH region, Cr H /cR— is about 10 -3 F 10-4 and hence the adsorptlon
2 . ,

can be expected to be much hlthT fhan that of R .
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2
R2 on the other hand, has ionic heads at the opposite

ends, and hence a direct comparison of its surface activity

2
can adsorb at the water/oil or water/air interface with an

with other species becomes difficult. At low coverages R

inverted 'U' configuration, thereby allowing the ionic heads
to be in aqueous solution and the hydrocarbon chains in oil
or air. At high surface coverages however it is reasonable
to expect the adsorétion of this dimer to be less probable
compared to that of individual monomers. On the contrary,
adsorption of Rg— at the solid/liquid interface can always
be considered'to:be-energetically-favorable, as it can orient
one hydrophilic end toward the mineral and the other towards
the bulk solution. In fact, it is interesting to note that
such effects can possibly contribute to the decrease invmin—
eral non-wettability often observed at higher surfactant
conéentrationé. In the past, thisrhas been attributed to
a number of féctdrs such as the adsorption of é second layer
of surfactant with a reverse orientation, decreaSe in the
size of droplet or bubble and the saturation of the surface
of the droplet or the bubble and solid/liguid interfaces
with surfactants which can possibiykmake the droplet and the
bubble incompatible with the hydrophobic surface of the
mineral. | | | |

Distribution diagrams presented above give ah estimate
of the activities of various species in solution. Estimation

of the surface activities of these species show that the
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association.complexes even if present in very small amounts,
can make significant contributions to the adsorption charéc—
teristics of the surfactants. This suggesté the need for a
careful study as well as experimentation for obtaining reliable

values for the thefmodynamic constants of association complexes.



A.3 THERMODYNAMICS OF SURFACE TENSION OF SYSTEMS CONTAINING

SURFACTANT COMPLEXES

A number of solution properties.of surfactants such as
conductivity, molar volume and hydrolysis can yield information
on bulk chemical equilibria. Yeﬁ another property which has
not been exploited for this purpose fully is the surface tension
behavior of surfactant solutions. This method can reveal not
only information on the bulk equilibria but also on the surface
activities of different specieg. Surface tension has been
known to be highly sensitive to surface active impurities.

As a result, this method is normally avoided lest there are
complications arising from possible contamination. On the
'other hand, if the property is very sensitiﬁe to the presence
of even traces of impurities, it should be possible to exploit
the Changes in it for detecting associations in the system.
With this view, a thermodynamic model taking into account the
forﬁatiOn of dimers and acid-soaps is developed for the surface
tension behavior of surfactant solutions. This model discussed

below is a more generalized one than that described earlier(1l).

Theory

Let us consider an anionic surfactant RH in an aquedus
solution in the presence of an indifferent electrolyte MX.

' Species to be considered in this system are: RH, R, RZH—’
27 4+ -
RS , MY, X7, H,

tetramers have not been considered in this treatment at this

o, H+ and OH . Multimers such as trimers and



stage, as they are not likely to exist in significant amounts
(below CMC), becausé of the accentuated repulsion betwéen the
charged heads which must now be placed closer to one another.
If necessary, higher multimers can however be easily included
in this treatment; The folléwing bulk chemical equilibria and

the corresponding equilibrium constants can be written for this

system:
RH. + R- +HY, RK' = R 7 [H'] , K_ = Cr- Cg+  (14)
aq « ' Toa RH a T
[*2] RH
_ - _ [R.H™ | _ Cpom
R+ RH 3 Ry, Kip = [%2* ] _ Kap = EB%%__ as
[R7] [RE] RTRH
- - _ [R,” _ Ch2T
| ‘ [R7] Ci-
Mx T wmt o+ X a7y
N i ,
HZO Z B + OH (18)

where terms in the square brackets indicate the respective
activities and 'Ci' refers to the bulk concentratién of species
'i'. The Gibbs Equation<for,adsorption of various species at
the interfacial‘region at constant temperature can be written

as:

-3y = [ T8u; | 19)

where vy is the surface tension, Fi and n; are the Gibbs excess

and the chemical potential of the species 'i' regpoectively.,



- 74 -

Gibbs equation for this System with the standard convention

r = 0 is:
H,O
-0y =Tpgdugg + Tr~ *Fr-" Trgp~ VR - - (20)
TrRYT O MRDT * Ty+ g+ * Top-94on~
.
b Onpe T Txe g

Assuming thaﬁ the chemical potential 6f the solvenf_
‘dbes not change appreciably and incorporéting the appropriate
rélations'for the.éhemical potential of Qarious species
‘from bulk equilibria, the above equations can be simplified to

obtain:

-3y =T, + 2T + 2T pee + Too (21)

RH = “ R,H™ R

.
X RH

—ZF—_—P—"‘I‘ auH+

+ T H™ R, R OH™

+ = T
H R2

+ TM+ BUM+ + Px_ Bux_

This equation involves the~chemical potential>of only
a single surfactaﬁt species namely, RH. It will be convenient
to rewrite this in terms of the total surfactant concentration
and this can be done as follows. Since the adsorption at

the interface can be considered not to affect the bulk con-
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centration appreciably, one can write:

C. =20C + C + 2CR2H‘ + 2CRE' : (22)

where CT represents the total surfactant .conteéntration in

solution. Using Equations 14—18Aand 22, C,, can be expressed

T
as:
C. . c2
CT = CRH + Ka RH + ZKAD Ka RH _ (23)
CH+ CH+

4+ 2K K2 <¢RH)2
D a ‘6—
HT

Solving this quadratic equation for‘CRH and noting that

CRH is >0,

- : 2
(1 + KH) +‘ (L + KH) + BcTz

Cpy = (24)
RH 47,

where

Z =K, K, + K K (25)

and

Ky = K /Cyt (26)

The expression for CRH can be differentiated to yield

9lnCp, = 431InCp + P lnCH+ ‘ ' (27)



where o and B are given by

- 1+ KH
o= % + k :
(1 + KH) + BZCT
1 - K
B —_ ;Li ‘—- ;i _ H T l ’ C29)
.J (1 + KH) + Sch ,
1 1 + K
+ . KD KH ‘ﬁ“ A i : 5 .
) 27 J (1+KH) + 8ZCT N

Thus, CRH depends upon CT and CH+ as indicated above.
Noting that o

Bupy = RT 31nCpy + RT dln f . 30)

and assuming that dlnf= o for dilﬁﬁe'solufions,

_, _ ) .

| ﬁ%‘ . FR-T~~~[aalnCT + BBlnCHf] (31)
N - ) L )

[FH+ - rRZH_ ZFR%_ rOH_W 31nCyy+

+ Tys 3InCyy + Ty 31nCy-

where r =T
R-T IRH +,FR- + 21"R?H_ + ZFR%'

This general equation. describes the surface tension behavior
of aqueous surfactant solutions as a function of pH and con-
centration. Coefficients o and B account for all the associative
interactions. It would therefore be interesting to evaluate

their limiting values.
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a. Complete Association

Kap - Ky + KpKyy = 2 > = | | (32)

Lt a = %,
Ziroo

b. No Association (Z- 0)

it o= 1. (33)

The value of 'a' lies between 1 and %, the former correspond-
ing to no association and the latter to complete association.

Similarly the value.of 'g' for the tase of no association
is |

Lt g _ . __1 (34
Z~+0 1+KH

This latter limit of B depicts the situation where only
RH and R are the surfactant species in solution.

Thus, o and B reflect the degree of association in the
bulk. Equation 31 can be simplified for certain cases. Some
of the possible cases are discussed below.

a. High pH Conditions (also for highly ionizable surfactants)
4191 pH

Z can be written as

7z = Ky Ko (1 + K, /KK | - G33)

As discussed earlier, KAD/KD is not known very accurately,

but can be as high as 104 (1. Using this high Valuﬁp above PH



4 - -
Kap/Kp-Ky = 10°.10 11/10-5 << 1.
7 = K K2 ' (
bRy (36)
Similarly, 1 + Ky= K (37)
and
Kap * 2KDKH o 2KDKH (38)

With these simplifications, « and B can be written as,

N = L 1 , -
TEE s 1 B o= 1. (39),
. (40)
Jl + 8K _C,,
Equation 31 then becomes,
sy =T YRR 1 51nC 41
== R-T L — T (41)
Jl + BKDCT
+[FH+ *Tre T TR, "Tom-  |alncyy
+ T+ 31nCpy + T 31nCy-

For constant C conditions the first term in (41) can
be dropped. Similarly the second can be dropped for constant
PH.

Under high pH conditions FRH and FR g~ can be expected
2
to be small since C and C - are present in negligible
RH R2H

amounts. If CT is also maintained constant,

- - - (42
ay (Pt “Tog=) 21nCuy | )

+ T 7 ;
Tyt dlnCM+ + FX_ )lnCX_



- 79 -

This equation is applicable also for the case of highly
ionizable surfactants such as sulfonates and sulfates under
most pH conditions where hydrolysis reactions can be assumed
to be negligible, Variations in y with the totalusurfactant
concentration for highly ionizable surfactants and for hydrol-
yzable anionic surfactants under high and constant pH con-

ditions can be written as

=m R=T

-3y =T L+ X L ] 31nC,, (43)
T : J 1 + 8K ‘ :

D™T i

-t

+ T, + 31nCM+ + T alncx_

M X~

Equation'43 can be used for cationic surfactants also
under coriditions of completé ionization. In fact, the equation
derived by Rignbout(5) for hexadecyltrimethylammonium bromide

is similar to 43 and is a special case of 31.

b. Constant adsorption density conditions
It has been suggested that the adsorption density at the 1iquid/
air interfacé attains a constant value at concentrations as
low as 1/3 cmc(5). The manner in which this situation can
be exploited to yield information on associative interaction
has been discussed in the earlier reports. Briefly, under

high ionic strength, high pH conditions, if PR— remains constant,

T
1 3 1nC (44)

T
’l + BKDCT

At very low concentrations, when 8KDCT < <1, o (term in

=y =T,
2T3RT R-T | % + %

the square bracket) = 1, and as the concentration increases,
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a begins to decrease resulting in a decrease of the product
FR—T .a. This suggests that when y vs log CT is plotted;one
may observe a constant slope region followed4by‘a region where
a decréaée in slope as cmc‘is approached. Thus, the changes
in the Slope of vy vs 1og CT can be used for determihing’KD.

Equation 44 can be integrated to yield,

- - |
- Y = % log cTJl 8KpCp 1 (45)
2.3 RTT,_ | |
R-T 1+ 8K Cp +1

+ constant.

This equation describes the surface tension behavior as
a function of CT under constant high pH, high ionic strength
and constant temperature conditions.

Using the maximum slope as the limiting value of T

R-T

and assuming the observed decrease in the slope’at higher con-
centrations to be due to thé deérease in a,‘it is possible to
estimate the minimum possible value for K. The cbnstant Slope
region in fact could have reéulted frdm the’coméénsating effects

of increase in T and decrease in d. In other words, the

R-T
limiting PR_T calcglgtéd from the»constaht slopéergion ih;, -:
fact could be iower than the actual saturation'adsorﬁﬁioﬁ
densiﬁy.‘ This would make tﬁé’KD frém_these’calculations "the
minimum."

This possibility raisesian interesting,guestiqn-a§ygq

whether the constant slope often reported in the}literatgre _3
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is due to constant adsorption or due to the compensating effects

discussed above. Measurement of surface tension combined with other

techniques such as' surface potential {for ionized monolayers) or direct

measurement of adsorptlon at interfaces should yleld more in-

formatlon on this problem.

Dependence of Surface Tension on pH

a. Conditions of precipitation of RH:

If RH is precipitating, then

du = 0
RH
) - (46)
Equation 21 then becomes,
~3y =[T.4 -T . =2r.2" -r__ -r__7] a3y (4
_L H R, H~ R R OH ] q+

+ I‘M+ 8uM+ I‘X_ aux

using the electrical neutrality condition for the interface,

; = - + - - )
Pt + Tyt Fp- + 2PR§ PRZH + Tog= + Ty- (48)
T [rx- 'FM"] Pt T Tage Bupt Ty Buy- ENCCI

under high ionic strength conditions,

-0y = [I‘X_ —PM+_J 3uH+
or

8y = T -T
2.3 RT 2JpH

(50)
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Since the ionic strength of the solution is relatively

high,

Cy+ = Cy= - : , ~ (51)
Also, ;

Py = Cy--d.Exp (§59) - 62)
and

Tyt = Cot - d. Exp(—ewo) | (53)

where wo is the monolayer potential and 'd' is a parameter similar

to the thickness of the adsorbed layer.

3y = : (54)

Since the monolayer potential will be negative for anionic

surfactants,

Y o (55)
SpH |

Thus, vy should decrease with increase in pH under the precipi-
tation conditions for RH.
This is in agreement with the reported surface tension

measurements (6).
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The sign of 9y can be similarly obtained in the alkaline

§pH
range in the following manner.

b. No Precipitation:

Under high pH, high ionic strength and constant CT conditions,

_T R-T H L H" 'R RZH RS OH- H
= [PH+ *T +PR'2H- 'TOH‘] 8lnCy+ . (56)
3 = 4, LT _T
—Y + Ty e - (57)
2.3RT3pH H RH R,H OH

Since the righthand side sum is positive for an anionic

surfactaht,
3y >0 | o
’5pH (58]

Since 3 YA pH is nedative on one side and positive on the
other, a minimum in y vs pH can be expected. The exact position of
the minimum and the corresponding value of’'y will depend upon the
adsorption of various species including that of surfactant com—
Plexes., The reported data for y vs PH in fact exhibits a minimum,
in accordance with the above predictions (6). At high pH values,

neglecting PRH and FR e apd‘pqtlng that CH+ = Kw/COH—

2
oy a4 : d‘
—t——— = C,4 Exprevo, - Kwd - Exp,eyjo .
2.3RT3pH H () - (=) (59)
L u

Surface tension dependence on pH in the intermediate

range under constant CT and high ionic strength conditions can

be written as:



-3y _ ' ey
RF TRz 8t Cys 24 5inh (%9) |alnc,, 0)
| oY _ . e .
* 2.3RTapH ER—T + 2C,, dSinh (E¥§) (61)

‘where B is given by Equation 29. This simple derivation
assumes that only electrostatic forces bind the counter ions
to the interface. |

| In Equation 61, both FRrT and wo can be measured exper-

imentally (for e.gq., PRrT using labelled surfactants and wo

by measuring’ surface potential). These results, along with
the surface tension vs. pH data, can be»used to e&aluéte B.
Since KD can be determined independently under high pH condi- ;
tions, 61 can be used to estimate KAD' On the other hand,

Y vs. log CT in the neutral pH region (around pH 8.5) can also
be used to estimate o and thus KAD'
Equations have been derived for the dependence of surface
tension on pH and surfactant concentration. Possible experimental

conditiohs under which the thermodynamic constants can be
evaluated are‘also discussed. The above analysis shows that
studies of surface tension can reveal bulk association and
this technique, coupled with surface potential and surface
adsorption can be a powerful experimental tool'in studying

the chemical equilibria in surfactant solutions and the adsorption

characteristics of surfactants at interfaces.
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A.4 EXPERIMENTAL
Methods

Surface Tension

Wilhelmy plate technique described in detail in the
earlier reports was used to determine the surface tension.

Surface Potential

The potential difference measured between a reference
electrode in solutibn and an air electrode just above the
solution surface is the surface potential. At a clean surface
of pure water, the measured potential corresponds to that of
the dipoles at the surface. In the presence of an ionized
monolayer the potential will be the sum of the contributions
due to the charges and the dipoles of the surfactant and the
solvent.

Most of the past work on surface potential has been on
spread monolayers as opposed to adsorbed monolayers as is in
the present investigation. One of the techniques to measure
the surface potential is the so-called "ionization electrode
technique" in which a radioactive air electrode and a reference
electfode are used in combination with a high impedance electro-
meter. Preliminary ex@eriments in the case of adsorbed mono-
layers also showed that the above technique yielded reproduc-
ible results.

A schematic diagram of the equipment used is given in

Figure II.4, Air electrode—-Am241 was placed about 5 mm, from
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the solution surface. Am24l emits B-rays which ionizes the

air between the electrode and the solution surface. A silver
wire coated with AgCl (obtained by the electrolysis of HC1
between two silver wires at a voltage of about 1.5v) was used
as the referénce electrode‘in soiution. The voltage developed
between the air and the reference electrode was measured using
a high impedance electrometer (kiethly-603), the output of
which was recorded using a Safgent recorder.

To avoid the interference from all the external electricai
noises, 1t was necessary to isolate the system totally from
the surroundings. The cell assembly was placed inside a wooden
box lined with an aluminum sheet and wés well grounded. Sim~
ilarly, the leads from the electrometer were also covered with
aluminum foil and grounded.

The  difference between the measured voltages of the solu-
tion containing surfactant and the one without it under identical
conditions with respect to other parameters such as pH and
salt concentration (reference solution) was taken as the’
surface potential of the surfactant solution. It was necessary
to check the potential of the base solution frequently during
a series of measurements since it was found to drift over
a period of hours.

Poisoning of the reference electrode by surfactant ad-
sorption wasrchecked»frequently by measuring its voltage
against a clean Ag wire in distilled water.

Volume of solution (40 ml.) taken for each test was kept



constant so that the distance from the electrode to the solu-
tion surface is not altered.

Materials

Oleic acid of > 99.9% purity according to the manufactures
chromatographic analysis was purchased from Applied Science
Laboratories and was used without further purification. All

other inorgahic chemicals, (KOH, HNO and K HPO4), were of

3 2
reagent grade purchased from Fisher Scientific Company.

All the agueous solutions were prepared using deaerated
triple distilled water. Potassium oleate stock solutions of

6.5 X 1073

m/1 concentration were stored under a nitrogen
atmosphere in the refrigerator.

A.5 RESULTS AND DISCUSSION

Surface tension results of potassium oleate solutions

in the presence of K HPO4/KOH buffer at pH 11.4 is given

2
in Figure II.5. Surface potential values obtained from

tests conducted under identical conditions using the same
‘solution are also plotted in Figure II.5. An examination

of the surface tension curve indicates a linear region in
certain concentration region followed by a decrease in slope
at higher surfactant concentration. Surface potential however
reaches a plateau above a certain concentration and remains
constant even under conditions where a decrease in slope of

Y Vs 1ogCT is observed. This behavior of surface potential:

suggests a constant adsorption density at the liquid/air



89 -

*nox/Yoaut

M ST I933nd

 *p93307d OST® ST SUOT3ITPUOD swes 9yj JIapun pasnsesw Teriusiod soevFang
*$°1T Hd 3 UOT3IBIZUSOUOD D3IESTO JO UOTIOUNF B SB SONTeA pauTelqo
ATTejusutaadxs 9Yy3l Y3 TM UOTSUD] SOBIINS PajeTnoTed syl JO UOTIRIIIIO) °G

gw/lowy “31v370-% 40 NOILVHLINIONOD
g Olx€ ¢-Ol

o OLXE

~ IVIN3WI¥3dX3 o
NOILYNO3 WOH4 31VINITVI) ——

YOdH®Y/HOXY ¥344n8
| 'O F tLL = Hd

gw/jowy (0 = I
31V310-M

I
O
14D ]
oV4HNS

,.OL
0
E ozt
P
n
>
(@]
m
o Ot
O
l
m
P4
.
3
<
os |
oot
5O

1 : 1
g _OLXE GOl
I/W 31Y370-% 40 NOILVYINIONOD

oL

- 02

O O
w0 <
NOISN3lL 3

O
©

(wo/auhp) w/Nw®

104

*I1 =2anb1al



- 90 =

interface. Therefore, thesdecrease in the slope of y.vs 1og-‘CT
curve at higher surfactant concentration is attributed to
dimerization in the bulk. According to Equation 44, which

governs the surface tension behavior under these conditionms,

1
Y1+ 8KDC

-9 = X &
RN SN "R-Tot I

RlenCT

(44)
T

At low concentrations where the term 8KDCT is not appreciable

in comparison to unity, 3v/91ln CT can be expected to remain constant.

As the term 8KDCT increases with the increase in C o will decrease

TI

and 3 y/ 1n C,, will decrease. In the present case Equation 45 can

T
therefore be used to explain the surface tension behavior with
concentration. This has been done by trial and error by using

various values of K_ and the slope in the linear region of y vs.

D
log CT curve. KD= 5X 103 fits the curve well and quality of the fit
‘can be seen from Figure II.5. This is in good agreement with the |

3

value 6 X 10° estimated from our earlier measurements (1). The

fact that a’single K. can explain the complete curve up to

D
cmc indicates the absence of higher multimers in significant
amounts at larger concentrations. Otherwise, a continuously

increasing K. would have been required to fit the curve up

D
to cmc.

If the formation of dimers is not taken'into consideration
in this system, an apparent adsorption density would have
resulted from calculations using the y vs. log CT data curve

and this is shown in Figure II.6. The curve in Figure

shows a maximum in adsorption density which cannot normally
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be explained. On the other hand, the consideration of dimer-
ization enables one to explain the anomalous behavior of the
‘ system.

Analysis of the experimental results using the thermody-
namic procedure discussed earlier has proved to be fruitful for

identifying surfactant complexes and for obtaining thermody-
namic information for them.

A.6 CONCLUSIONS

A generalized thermodynamic tréatmént'for the dependence.of
surface tension on pH as well as the concentration of surfactants
in solutlons containing assoc1atlon complexes such as dimers
‘_have been developed. A comparison of surface activities of
5pecies such as acid-scaps and monomers by a new‘technique
suggested during the present study shows that certain cemplexes
even if present in concehtrations seven oOr eight'brders of
magnitude lower than that of the monomer, can affect the inter-
facial adsorption signifieantly. |

Surface tension vs log concentration curves for potassium
oleate solutions under high pH and high ionic strength conditions
exhlblted an abnormal decrease in 3:y/ 9 log C above a certain
concentratlon region. Surface potential measured under the Same
- conditions however remained constant even in the region where
- 9y/8 log Cop decreased. This suggests the association of surf-
actant species in the bulk prior to micellization. The decrease

' in slope was attributed to dimerization and a thermodynamic



constant for the formation of dimers was estimated.
Surface tension measurements are being extended to other

surfactants such as sulfonates and sulfates.
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B. Precipitation/Redissolution Phenomena

B.1l INTRODUCTION

Our earlier studies on solution chemistry led to the
confirmation of the precipitation/redissolution phenomenon
with the increase in the concentration of the surfactant in
the case of dodecylbenzenesulfonate/multivalent ion system.
The role of this phenomenon in determining the nature and
the shape of the isotherms of adsorption on clay is discussed
in chapter I (section C.2). The investigation of the precipi-
tation/redissolution process itself was continued during the
current year with the aim of understanding the mechanism in-
volved. Precipitation studies were extended to sulfonate
systems containing different ions such as aluminum, calcium,
and ammonium. Early experiments showed that the formation
of precipitates and their growth were time dependent processes
and hence kinetics of precipitation was also tested under
selected conditions. In addition, surface tension of surf-
actant solutions in the presence of multivalent ions, which
may possibly yield some information on the interaction of
multivalent ions with the surfactant species céusing precipi-
tation and redissolution, is also being pursued at present.

These aspects are discussed in the following sections.
B.2 KINETICS OF PRECIPITATION

The rate of formation of precipitates is dependent on



!
experimental conditions such as the concentration of both
surfactant and inorganic electrolYtes added, the type of ions
present and the degree of stirring. The extent of precipi-

tation was determined by measuring turbidity using a Brinkman

PC~600 probe calorimeter according to the procedure described

in our earlier report (1). Figure II.7 illustrates the develop-

ment of turbidity as measured’by4absorbance as a function of
time. As indicated in this Figure, 10—3'M/1 of Texas #2.
sulfonatedis mixed with solutions containing various concen-
tration of CaClz. It was observed that at higher cqncentrations
of electrolyte'additions development of turbidity is almost
instantaneous‘and an equilibrium is reached?in a few minutes.
At lower’concentrations, however, the initial rate of the
turbidity‘deveioument is relatively slow and an equilibrium
is reached only in hours. At very low coneentrations of”'ﬁ
Ca++ (. 4:10 M/l) prec1p1tate is found to appear only after
several days. Slmllar observatlons were. made when the surf—:
actant concentratlon was varled with the Ca + concentratlon
kept constant The results show the dlfflculty in arr1v1ng
at an equlllbrlum tlme 1nterval that is sultable under all i~
concentration cond;tlens. For most concentrations where ‘
turbidity'developﬁent was relatively fast, an equlllbr}um
time of 30~minutes;Was found to be adequate. Ottewil EEQEE°~
(7 ) have alsoAre§0rted similar?kinetid,studies“for tetra?’
decylsulfate/barium nitrate systen, ‘However, in their case

it was assumed that equilibrium was reached within 90 seconds.
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The rate of stirring is another factor which can produce
considerable effects since it can enhance the coagulation of
the predipitate particulates that are already formed. In the
present study the system was maintained under static conditidns
to eliminate such possible artifacts.

It is interesting to note from the results obtained here
that it might not be possible to use the. data obtained for
the concentration at which the turbidity becomes appreciable
for the evaluation of the solubility products of the sulfonates
~unless special care is taken during the initial stages df
turbidity development. Because of such 1QW turbidities the
accuracy of the method is not enough.

Precipitation of Sulfonates with Monovalent Ions

Results obtained for the light transmission of sodium

dodecylbenzenesulfonate solutions in the presence of various

monovalent lons are given in Figure.TZ.8. It can be seen that
,Na+ and X' ions behave quite similarly, but interestingly,

NH4+ and Li' salts exhibit much larger degree of salt tolerance.
Similar differences were also obtained previously with NaCl

and NH4NO3 solutions to which different amounts of sodium

- dodecylbenzenesulfonate were added.

There are no established mechanisms yet for the presence

- of such differences ip salt tolerances. It is however possible

- that the size of ions which in turn can influence’their~interadtions

with the surfactant species is a major contributing factor.
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B.3 PRECIPITATION AND REDISSOLUTION OF SULFONATES WITH MULTIVALENT

JONS .

As discussed earlier, a precipitate was found to be formed
upon adding increasing amount of sulfonate to salt solutions
with the precipitate redissolving in the case of salt containing
multivalent cations. The redissolution of the precipitate
was at a concentration of sulfonate that is higher than the
equivalent concentrations of the cation. In addition, the
precipitate obtained in monovalent solutions did rédissolve
when water was added. However, addition of water did not
interestingly cause immediate redissolution of the multivalent
ion sulfonate precipitate.

Results obtained for the light transmission of 7.5 X ZLO—3
M/1 CaCl2 solution as a function of sulfonate (Texas #2)
concentration are given in Figure II.9 where precipitation/re-

- dissolution phenomenon is clearly seen. It is to be noted

that the decrease in turbidity begins at about equivalent
quantities of sulfonate to calcium, while complete redissolution
takes place only at sulfonate concentration that is several
times (n5) higher than that of the calcium.

Trivalent ions such as aluminum also undergo precipitation/
redisgolution phenomenon as illustrated in Figure II.10. - Although
the concentration réquired for 'precipitation in this. case was
much lower than that was required for Ca++ ions, the complete

redissolution occurred only at much higher sulfonate
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concentrations. This is probably a result of the specifié
associative interactions between the sulfonate and counter
ions. Since the formation of dimers is more prdbablefthan
trimers or multimers of sulfonate, the complete neutralization
of a17"F ions requires larger concentrations of sulfonate.

The complete redissolution of aluminum sulfonate takes place
only at a sulfonate to aluminum ratio of about 100.

The solubility product of the salts of the sulfonate
was calculated with the help of the turbidity versus log
concentfation plots and the‘expression relating solubility
product, Ks’ to concentrations of ions:

% =[am[e ]

where Cypy, and Cg- represent the salt cation and sulfonate

respectively. Using the data for the concentrations that
correspond to the initial increase in turbidity, the solubility

11 M’for calcium and 4X10-19,

product was calculated to be 2X10~
M for aluminum sﬁlfonates.

Increase of the concentration of AlCl3 to a sulfonate
solution on the other hand was observed to cause partial
'redissolution only at higher concentrations. This decrease
in turbidity which reéulted in apparent partial redissolution
is essentially dependeﬁt on the kinetics of coagulation of

+ .
ions

. .. ++
precipitates. Introduction of sufficient amounts of Al
can be expected to produce a charge reversal of the precipitate
particulates above a certain concentration where the formation

of positive sol occurs; this in turn can indeed cause redispersion
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of the precipitate and decrease the turbidity of the solution.
Similar observations were also made with calcium ions

as shown in Figure II.ll. It is seen that at lower concentrations

of sulfonate, addition of CaCl2 produces maxima and minima

in the turbidity versus log calcium salt concentration curves.

Interestingly these effects disappear at higher concentrations of

sodium dodecylbenzenesulfonate(14.35 -mM).

B.4 ADDITION OF MONO AND MULTIVALENT SALT MIXTURES

The effect of NaCl additions on calcium sulfonate precipitates
‘that have already been formed in solution is illustrated in
Figure IX¥.12 where transmission of the suspension is plotted as
~a function of the concentration of NaCl. In the absence of

NaCl, addition of-5x10"ég~@a€12 results, in isignificant precipitation

of 1073 3

M and 5X10° M sodium dodecylbenzenesulfonate solutions.
However, as the concentration of NaCl is increased, turbidity
of the resultant suspensions gradually decreases and finally

at about SXlO_2

M of NaCl a clear solution is obtained. In-
- creasing the conceﬁtration~of NaCl above 0.3 M apparently causes
the sysfem to exceed the solubility limit of the sodium sulfonate
and hence to precipitate out.

An explanation for this interesting effect of NaCl salts
can become evident when examining the possible role of mi-
cellization/solubilization phenomena in the present-system

"under investigation here. For Cthleﬁe redissolution of calcium

sulfonate precipitates, it has been found earlier that at least
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five times of sulfonate to calcium ratio is required. Since
fthe solution considered here contains only 10-3M of sulfonate, it
is evidently unable to cause redissolution of the precipitates.
If the redissolution mechanism is due to the formation of
micélles and subsequent solubilization of precipitates in them,
~addition of NaCl can however be expected to 1ower the cmc of
ksu;fonate énd in turn enhance the formation of micelles. Then
‘such enhanced micellization due to the addition of NaCl can

be expected to cause redissolution by solubilization.

The implication of these phenomena of precipitation and
redissolution to adsorption is important since NaCl is generally
added as brine solution to adsorption systems. Release of
multivalent ions such as Ca++, Mg++ dr arttt in the presence
of NaCl can produce precipitation and redissolution regions
and thereby generate apparent adsorption maxima or minima
in adsorption isotherms. Furthermore, precipitation of sulfonates
can conceivably lead to plugging of pores or reservoirs with-
serious consequences. The potential role of redissolution in

such cases appears to deserve careful examination.
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C. Mechanisms of Precipitation/Redissolution

Phenomena: Surface Tension Studies

C.1l INTRODUCTION

The redissolution of the surfactant/multivalent ion
precipitates at high surfactant concentrations:rcan be caused by

a number of possiblé reasons such as (1,8):

a) Solubilization of the precipitates in snmfactant
micelles which are formed in solution at some concentration

above the equivalent surfactant concentration for the complete

precipitation of multivalent ions.

- b) Recharging and the consequent redispersion of the
almost neutral, coagulated micelles, the regharging being
due to the adsorption (or solubilization) of the charged mono-

mers on the micelle.

c}l Formation of charged complexes between the precipitate
and the surfactant monomer - eg. |
Car, + R < cary”
It is possible that more than one mechanism may govern
the redissolution process. A characteristic property that
may yield important information on the mechanisms of redissolution
process’is the surface tension of surfactant solutions in the

presence of various multivalent ions. For example, if mechanism

(a) governs the process, the surface tension vs log (concentration)
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curve can be expected to exhibit 4 regions -~ initial decrease. in
vy followed by a region of constant ¥y corresponding to the pre-
cipitation region, a third region where 9y will be same
as or higher than that of region 1 and fiiggiy an almost constant
Y region corresponding to micellization. PRrecipitation region followed
by a dectease in v where 3y is lower than that of region
0 logC

1l may suggest mechanism (c}. gince (b) involves micellization
before precipitation, no significant decrease in Yy can be
expected in the fedissolution region., It appearé that surface
tension results can be‘useful in ihvestigating the mechanisms
of redissolution process.‘ In addition, these studies can also
yield information on the energy of interaction of mﬁltivalent
ions with the charged sutrfactant interfaces. Since micellar/
solution interface is smilar to the liquid/air interface (but for the
differences in curvature), such results may be useful in re-
vealing the specific nature of counter ion adsorption at the
micellar surface. A mathematical approach described below
suggests how surface tension results can be exploited to study
the counter ion adsorption at charged interfaces.
C.2 THEORY |

Consider the surfactant RM in solution in the presence of
(a) a uni=-univalent ihorganic electrolyte MX and (b) a bi-uni-
valent inorganic electrolyte BX,. Let RM be a highly ionizable
surfactant such as sulfonate or sulfate. Aqueous species in-
cluded in the following treatment are: R, M, X, B2+, H',

OH  and H.O. Species such as RH and R,H are expected to influence

2 2
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the surfactant behavior in the near micellar region only at
pH values below about 3 (9). Premicellar aggregates such as
dimers (Rg—) have not been included in the model at present.
If necessary, they can be incorporated in the treatment as
and when more thermodynamic information about them becomes
available.

Gibbs equation for the adsorption of various species at
the interface (see equation 19) can be applied to this system"
with the standard convention that PH20=0. Using a similar
procedure outlined in section A for the uni-univalent electrolyte/
surfactant system (a) and the bi-univalent electrolyte/
surfactant system (b) separately, the relevant equations relating
the surface excess to surface’tension and chemical potential
of different species can be obtained. Since thevspecific
adsorption of H+ and OH are not to be expected in the case
of a highly ionizable surfactant and since the concentrations
of H+ and OH are relatively low compared to M+ and X ions,
the terms involving PH+ and TOH— can be neglected. VBy
incorporating the conditions from bulk chemical equilibria
as well as the electrical neutrality at the interface, the
mathematics of the system can be furthervsimplifiéd.  The

resulting expressions are:

For system (a)

e -
- 9y _ - . Cq-
BT — FR" PX' . R 3 lnCR-
Cc. -
X
i 7
Cu+
+ T + + Px' * _M
cx" 3 lan_
L .

(62)
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and for system (b)

-y '+ 1t TJsinc.
RT LRﬁ M+4 R
+ FB2+ + FX__: d 1'nc:Bz+
s T P I o] B1n £
+ _}Bz+ 31n £, (63)

where fl and f2 are the activity coefficients for singly charged
and doubly charged ions respectively. Systems (a) and (b)
are analyzed separately in the following sections.

System (a) Uni-univalent electrolyte and surfactant. Equation

62 under constant CR- conditions can be reduced to:

- oY = I'M+ + 11 + 2. a.;]ﬂ_fl
RT 3 InC 9 lnCM""'
Mt c (64)
r . c c - '
X Mt / X

Since the monolayer potential is expected to be negative,
FX— can be assumed to be negligible and hence’FM+ can be eval-
uated from the experimental data for y vs CM+ using equation
69. The above assumption can be checked by measuring PX—
independently using labelled electrolytes.

Under constant CM+ conditions,

- 3 = T = T c_/C.- (65)
RT 1nCR_ R X- . R X
Since 31n £ = 0 when CM+ 1s constant and approximately two

orders of magnitude higher than CR—. Since CR—/CX— also would
be small under these conditions, the 2nd term on the right

hand side can be neglected. Therefore,

66)
- Y = T (
RT BlnCRf ~ RT
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Thus, surface tension results under appropriate
conditions can yield both FR— and PM+.

System (b) Bi-univalent electrolyte and surfactant.

Equation which is applicable for this system can be

written under constant Cr™ conditions as:

l 2 3 1n fl 3 1n f2
—3y = T o4 1+ -7 + ——=
RT 5 In Cpypy B T In Cyo+ 3 1n Cha+
3 1In fl
(67)

+PX"' + 2TM+ g—m;2+
For the case where BX, concentration is relatively large
compared to RM, FM+ can be considered to be negligible.
in comparison to that of PBZ+. TX— is also expected
to . be small, but if necessary can be estimated. Thus,
surface tension data can yield information on the adsorption
of B2+ ions at the interface. |

If CBX2 is constant,

3 1ln CB2+ = 0 and . « (68)
3 1n Cym =0 (69)

If the concentration of BX, is high enough to control

the ionic strength of the system, 9 1ln f1 = 0 and 3 1ln f2'= 0.
Thus, equation 72 can be reduced to the form,
_B-Y
= TI__ + T.4 (70)
RT 3 1n Cg- R = M |

Thus the surface tension measurements under appropriate
conditions can yield the adsorption of different species
at the interfacc. This valuable information from the

surface tension data can be further analyzoed using ap-
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propriate models for the adsorption of counter ions at charged
interfaces. 1In the present treatment, as a first approach
the Stern model for adsorption has been used as discussed below.
Assuming that the penetration of counter ions into the

charged monolayer is negligible,

c = I _ . e | (71)

-0 R
where O is the charge density of the monolayer and e is the

fundamental unit of charge. If 01 and o, are the charge densities

at the stern layer and the diffused double layer,

40‘0 = C‘l"l' 0‘2 i R (72)
= 2T + T 4
| B2+ Mt (73)
Also,using the following relations from Davies and Ridel (3), .
o) D' [ -
ars o §J (74)
and
Vg = 2kT Sinh*l 92 (5007 % (75)
e i DRT
i

-

where D' is the dielectric constant in the fixed part of the
double layer (stern layer), D is the bulk dielectric constant,
§ is the thickness of the stern layer, R is the gas constant
and T is the absoluté temperature; |

The variables from the above equations are: Tp_, Tp+,
FBZ+, Oqr Opr Ogyy wo and wé‘ The thickness of the stern 1a¥er
§ can be estimated from the considerations of the size of the
ions. Equations 67 and 70 to 75 provide only seven relations

among the eight variables mentioncd above and hence onc more
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equation 1s necessary to obtain the solution. Measurements
of surface potential cannot solve this problem as it would
introduce the dipole moments Qf the adsorbed species aé new
variables.

If the assuﬁptions that bivalent idns areksﬁrongly ad-
sorbed in the stern layer and that monovalent ions are presentk
in the double layer (which are reasonable) are made, then,
| | g, = 2lz2+ e (76)
and, o, = Iyt e (77)

This sys£em can now be solved satisfactorily to obtain
the various parameters involved. In addition, the spzcific
adsorption energy of multivalent ions can be dbtained using

the equation for adsorptlon in the stern 1ayer (3)

2.e, w
1000

B ™ M Coo4
where M is the méiecular weight of the solvent and w the specific
interaction energy of the multivalent ion.

The discussion above clearly shows that surface tension
data can be interpreted to yield useful information on thé inter;
action of multivalent ions with the Charged interfaces. Since
the micellar solution interface is charged, interaction of multi-
valent ions with the micellar surface can be similar to that with
the liguid/air or oil/water interfaces provided, the effect of
shape of the micelle can be accounted for. It is important to
note thét such an approach can help in pfovidinq one with the
mechanism involved in the interaction of micelles and multi-

valent ions, leading to precipitation/redissolution phcnomenon.
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C. 3 EXPERIMENTAL

Investigation of the surface tension behavior of dodecyl-
benzenesulfonate solutions in the presence of multivalent ions
is in progress at presént. Wilhelmy plate technique is em-—
ployed for surface tension measurements. Under the precipi-

- tation conditions, the surface tension measurements are con-
ducted With the supernatant solution obtained aftér the settling

or the centrifugation of the precipitates.

C.4 RESUYLTS AND DISCUSSION

The data obtained for the dependence of surface tension on
the total concentration of dodecylbenzenesulfonate solutions

in the presence of 1073

M calcium chloride are plotted in Figure
II.13. The surface tension curve, in addition tb a minimum in
the region of precipitation, exhibits several regions with
distinctively different slopes. In region 1, as shown ih
Figure II,13, vy decreases and Byﬁ‘&lgg'cm increases with increases
in the sulfonate concentration.

In region 2, thé surface tension continues to decrease,
but 3v/3 log CT is also found to decrease upon increasing the
concentration. This behavior continues even into the. precipi-
tation region till the added sulfonate conceﬁtration attains

the value that is equivalent to calcium present in solution for com-

plete precipitation. Further increase in sulfonate concen-
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tration results in an increase in surface tension, till complete
redissolution of the precipitate is achieved. At still higher

concentrations in the tested region, y remains constant.

It is evident from Figure II.13.that in lO-BM Ca(C12)2 solutions,
a distinct micellization region does not occur prior to the

precipitation of Ca-dodecylbenzenesulfonate. This suggests that
the kraft point for Ca-dodecylbenzenesulfonate is above 25°c.

The decrease in 9v/ 3 log CT in region 2 can be due to |
the~increased association of sulfonate species in the bulk,
possibly‘to form Ca=-dodecylbenzenesulfonate species in
splution. The thermodynamic treatment of surface |
ténsion in the presence of association complex .as discussed
earlier supports the contention that the decrease in 3y/ dlog Copn
could be due to such association of surfactant.species in the
bulk.

| In the region of precipitation, the monomer activity is
éxpected to remain constant. Also, precipitation is expected
fpfcontinue till the level of calcium is brought below a value
that is determined by the solubility product of Ca-dodecyl-
benzenesulfonate. Further addition of sulfonate will indeed
cause an increase in the activity of sulfonate species in solution
and will élso lead to the formation of micelles in the system. In
such an event, micelles can solubilize the precipitates of Ca-
dodecylbenzenesulfonate and result in their redissolution.
Iﬁcrease in monomer activity, however, should be expected to

decrease the surface tension further which is contrary to the



actual observation. This anomaly could be explained if the role
of Ca-sulfonate in this system can be considered to be analogous
to that of a surface active impuritey in a normal surfactant
system. The impurity gets adsorbed at the L/A interface prior
to miceliization and gets solubilized in the micelle at higher
concentrétion. Such a phenomenon can mask any possible‘decrease
in surface tension due to the increase in monomer activity.
Thus, the surface tension behavior of Na-DDBS in the presence of
10—3g calcium chloride seems to support the mechahism of re-
dissolution by a solubilization process with micelles.

Unlike in the presence of calcium chloride; the surface

tension vs log C
4

p curve (see Figure II.14) in the presence of

5 X 10 M Al(NO3)3 exhibits an apparent micellization region. The

following interesting features of this curve should be noted:

1. ’The value of apparent CMC under .these conditions is
approximately two orders of magnitude lower than that for pure
Na-dodecylbenzenesulfonate.

2. The surface tension in the above region here is about
50 dynes/cm which is almost 15 dynes/cm higher than the correspond-
ing value for pure NaDDBS.

3. "A significant decrease of about 20 dynes/cm is pbsefved
in the initial part of the visible precipitation region. Surface
tension however remained constant from 2 X 10_4guto 2 X 10—3§
sulfonate where procipltates c:ulf\f’L.‘{un‘s.u’l,,xi;n vemain atable,  Tn the

redissolution region an increase in surface tension of about 3

dynes/cm is observed.
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It was found that the rates of surface tension decay in
regions 1 and 2 (Figure I1I.14) were low when compared to those
in regions of higher sulfonate concentrations. In regions 1 and
2, as much as one hour was needed for equilibrium to be attained .
where asi about ten to twenty minutes were sufficient in the other
regions.

Surface tension measurements were conducted under natural pH
conditions. The pH of different test solutions varied in the
range of 3.8 to 5.1 in a random manner. It is recognized that such
a change in prcan influencg the nature and form of aluminum
species in solution and hence can affect their interactions with the
sulfonate. It might be noted that Surface tension of dodecyl-
sulfate, has also been reported in the past to be influenced by pH
below 4 (9}. Experiments are inbprogréss at present under
constant pH conditions in order to isolate the effects of pH
changes from the real interaction effects.

The results for the surface tension behavioerquulfonate
solutions in the presence of aluminum species indeed exhibit
an interesting behavior and are expected to yield valuable
information on the precipitation/redissolution phenomenon.

Any mechanistic interpretation of these results will have to
await the results from further experimentation under controlled

conditions.
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C.5 CONCLUSIONS

Kinetics of precipitation was studied as a function of

electrolyte concentration. It was found that the equilib—
raticon time was markedly dependent on the experimental-con—
ditions‘such_as degree of stirring.

Monovalent cations such as Na+ caused the precipitation
of sulfonates upon increasiﬁg the sulfonate concentration.
Sulfonate exhibited lesser tolerance to Na' and K' ions when

+ . .
compared tovNH4 and Li+ ions, Multivalent ions such as Ca++,

Attt

, on the other hand, precipitated and then redissolved

upon a further increase in sulfonate concentration. It appears
that the concentration at which complete redissolution occurs

is a function of the valency of the multivalent ion. The sol-
ubility products of the salts of sulfonate were determined from the
turbidity measurements; calcium and aluminum sulfonates have the

solubility products of 2 X 1071 19

M and 4 X 10 " M respectively. In the
case of mono and multivalent ion mixtures, an interesting observation
was made when’NaCl was added to an already formed calcium sulfonatg
precipitate. Addition of NaCl caused the redi;sqlution of the
calcium sulfonate precipitates. Addition of_Na+ ions is bef

lieved to lower the cmc of sulfonate and lead to the formation

of micelles in which the calcium precipitates can get solu-

bilized.

Possible mechanisms suggested for the redissolution pheno-
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menon are: solubilization of precipitates in micelles, re-
dissolution by complexation and redispersion of the already
coagulated micelles due to the development of charge result-
ing from the adsorption of sulfonate on the precipitates.
Surface tension results obtained in the presence of calcium
ions support the mechanism of solubilization in micelles,
whereas results obtained in the presence of aluminum salt seem
exhibit precipitation/redissolution after’ the micellization
process. Further investigation along similarblines is ex-
prected to yield more information towards the understand-

ingyof the precipitation/redissolution process.

to
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D. Surfactant-Polymer Interactions

D.1 INTRODUCTION

In micellgr flooding, surfactant-polymer interactions can
lead to precipitationlof surfactant or polymer and phase separations.
If the interfacial tension between the sulfonate containing
phases is sufficient then additional loss of the surfactant
could occur due to phase trapping in the porous matrix. Further-
more surfactant-polymer interactions can modify the adsorption
behavior of both the polymer and surfactant on the reservoir
rock and also produce changes in the interfacial rheological
behavior in such a way so as to become a significant factor
in determining the:recovery of surfactant trapped in the rock(10).
Earlier results (11) had shown that while increased additions
of the surfactant can result in general only in a nominal de-
crease in the adsorption of the polymer on kaolinite, the ad-
dition of polymer can produce a marked decrease on the adsorp-
tion of surfactant itself. Adsorption of sulfonate in the
presence of polymer was in fact negligible under the only con-
‘dition that was studied for exploratory purposes at that time.
.The results had at least shown that it is important to in-
vestigate the modifications in the bulk and interfacial prop-
erties due to surfactant-polymer interactions that might lead

to minimum surfactant losses.
D.2 RELATIVE VISCOSITY MEASUREMENTS

Surfactant-polymer incompatibility can result in the formation
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of :phases of different viscosities and mobilities. Modifi-
cations in bulkiproperties due to interaction between surf-
~actant and polymer molecules have been investigated in the
past by surface tension (12-14), precipitation (12-13), dye
solubilization (15), electrophoresis (16), conductivity (14,17)
and reiative viécosity measurements (12-14,17].

"Viscosity behavior\of sodium dodecyl sulfonate (NaDDS) was
studied'during the current yvear as a function of polyacrylamide
(PAM) concentration using a capillary viscometer. It can be
seen in Figﬁ?e II.15 that relative viscosity of a given con-
centrétionvof the polyacrylamide (1000 ppm) did not change sig-
nificantly Qhen up to 2.5 X 10_3 M/1 of surfactant was present
in the mixtﬁre. The preliminary results obtained here suggest
that further work in a wider concentration range of the surf-
actant at different levels of ionic strength, temperature and
pH might provide information that could prove useful in develop-
ing our understanding of the role of polymer-surfactant inter-

- actions under conditions relevant to micellar flooding.
D.3 SURFACE TENSION STUDIES

Surface tension data can be profitably used for..evaluat-
ing driving forces for different molecules to migrate preferent-
ially to solid-fluid interfaces. |

Surface tension of sqdium‘dpdecyl sulfonate (NaDDS), poly-

acrylamide (PAM) and of a mixtpte of. the two was measured using
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the Wilhelmy Plate method. As shown in Figure II.16, poly-
acrylamide did not produce any significant change in surface
tension indicating absence of surface activity. Surface tension
of sodium dodecyl sulfonate, however, decreased significantly in
the presence of polymer indicating‘ah increase in the concen-
tration of surface active species;at the liquid—-gas interface.
Presence of polymer molecules can modify surface tension be-
havior Qf sulfonate solution as discussed below:
| 1. No surface interaction between nonionic polymer and anionic
surfactant. Presence of polymer molecules .can change the solvent |
power of the aqueaus medium making it more favorable for surf-
actant molecules to migrate to the liquid-gas interface and
thereby producing a decrease in the surface tension. It can
also result in mutual association of the surfactant molecules
in the bulk which may or may not affect the surface tension behavior
2. Surface Association between surfactant and polymer
molecules: Hydrogen bonding of surfactant molecules to charged
sites of pol&mer or hydrocarbon chain interaction between poly-
mér and surfactant molecules can result into the formation of
polymer surfactant complexes. :Generally this type of:association‘
ié expected to result in an increase in the surface tension of
Sﬁrfactant solution undew preséﬁt experimental conditions.
Since a significant decrease in surface tension of surfactant
solution is observed in the presence of polymer molecules, effect{

of polymer on solvent power of the aqueous medium seems to be a
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predominant factor which is also supported by the relative
| viscosity measureménts. Further work is required to under-
stand the mechanistics of polymer—surfactant interaction and
its impact on the surfactant trapped in the porous matrix as

well as oil displacement efficienty 6f'the micellar flood. -
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Symbols and Abbreviations

A, Hydrocarbon chain area of the species 'i'
exposed to solution.

ALC Analytical Liquid Chromatography.

Cb—i Concentration of species 'i' in the bulk.

Ci’ci Concentration in moles/liter of species i,

Comi _Concentration of species 'i' at the surface.

CT Total surfactant concentration.

D Dialectric constant of the bulk solution.

D! Dielectric constant at the interfacial region

d a parameter related to the thickness of the
adsorbed layer.

e Fundamental unit of charge.

fl Activity coefficient of singly charged ions.

fz Activity coefficient of doubly charged ions.

Ka Acid dissociation constant.

KAD Acid~-soap formation constant.

K; Dimerization constant.

K, Solubility product.

k Boltzmann Constant.

LC Liquid Chromatography.

1o Length of a single —CH2— group in a hydrocarbon
chain.

M Molecular weight of the solvent.
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NaDDSs Sodium dodecylsulfonate

NaDDBS | Sodium dodecylbenzenesulfonate
n Number of —CH2- groups in the hydrocarbon
chain. :
PAM polyacrylamide
R Gas Constant
RC Recrystallized.
r Cross sectional radius of .the hydrocarbon
chain,
T Absolute temperature.
w Specific Interaction Energy.
oz Charge on the species.
a Coefficient that accounts for the associative

interactions in solution.

B Coefficient that accounts for the associative
interactions in’ solution.

Fi Surface excess of species 'i'.

‘FR—T Total surface excess of surfactant.

Y Surface tension.

AG° Standard Free Energy Change.

8 ‘ Thickness of the Stern layer.

AP - Free energy change due to the transfer of
the polar group to the interface.

My : Chemical potential of species 'i'.

‘co Charge Density of the Monolayer.

g

1 Charge Density of the Stern layer.
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Charge Density of the diffused double layer.
Free enerqgy change due to the transfer of a 51ngle

—CH2— group to the interface.

Free energy change due to the transfer of ‘unit area
of hydrocarbon chain to the interface.

‘Monolayer potential.
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III. DYNAMIC STUDIES OF THE INTERACTION OF POLYMER AND

SURFACTANT WITH CORE MINERALS

A. Adsorption Characteristics of Poly(acrylamide) on Sodium Kaolinite

A.1l INTRODUCTION

High molecular Weight polymers play a major role in water
treatment,! flocculation of colloidal suspensions,2r3? and
mobility control in micellar-polymer flooding technology.%s5 These
aéplications have been the_subject of recent reviews.B‘8
'Poly(acrylamide) and its copolymers hold special importance because
of their use in all of these areas. However, as mobility_Contrpl’
agents in enhanced oil recovery techniques, the efficiency of
poly(acrylamide) is reduced:for two reasons. Fifst, the polymer
is degraded in the shear flow that is most severe at the points
of injection into the‘well; ~second, the polymer is irreversibly
retained within the porous structure of the reservoir material. 910
Its retention results from physical entrapment and chemical
adsorption on the mineral surfaces. This report will focus on the
probléms of polYmer adsorption. |

Polymer interaction with solid suffaces is well documented in
the literature.!! The adsorption of highly charged polyelectrolytes
such as poly(styrene sodium sulfonate)‘to latex particles has been
studied.!? Thé charactefistics of the adsorption of poly{vinyl
alcohol), a non-ionic hydrophilic polymer, has been studied in
relation to several different surfaces — for example, silver
iddide,13 aluminum oxide,!* and silica.!5 Studies of the adsorption
of poly(acrylamide)’and its hydrolytic decomposition products have
also been conducted for a large number of different substrates,
including calcium carbonate,!® china clay,!?” calcium phosphate,!®

cellulose,!® and kaolinite.20-2%4
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”4HoweVer, in most of these instances, the characterization of
the surface or of the polymeric component is not always complete.
In this report, we will focus on the adsorption of poly(acrylamide)
on well characterized sodium kaolinite. Although the mineral in
most oil reservoirs is Berea sandstone, the adsorption of polymer
in this strata is most often due to the presence of minor éémpo—
nents, such as clay. Aithough present only in small amounts, the,
clay component comprises a large fraction of the exposed surface
area within the reservoir. (Griffith?2?% indicates that common
Berea sandstone contains about 3-7 percent kaolinite with minor
amounts of montmorillonite and illite.) Thus, this work investi-
gates the effects of ionic stréngth, PH, and polymer charge on the

adsorption characteristics of poly(acrylamide).cbpolymers.

A.2 EXPERIMENTAL PROCEDURES

A.2.a Preparation of Acrylamide Copolymers

Acrylamide (Eastman, electrophoresis grade) and,2—acrylaﬁido—
2-methyl propane‘sulfonic acid (Lubrizol Chemicals, rese&rdh
grade) were obtained as ¢rystalline powders and used without
further purification. Acrylamide labeled in theil-position with
carbon-14 was obtained from New England Nuclear with a specific
activity of 0.1995 millicuries per millimole. It was used also as

a received.

Because of the difficulty of purifying polymer and radio-

active monomer in a solution polymerization, the tagged



- 133 -

poly(acrylamide) PAM and its copolymer with the sulfonated
monomer, PAMPS, were prepared following the procedure for a preci-
pitation polymerization as descfibed byVWada, Sekiya, and Machi.26

Acrylamide (19.9 gm) and | C-14 labeled acrylamide
(0.06 gm) were dissolved in an acetone water solution (45/55, v/v)
to yield a solution that was 2.5 molar in monomer. The solution
was placed in a polymerization tube where nitrogen was bubbléd for
30 minutes under conditions which did not alter the monomer or
. solvent composition. The‘reaction mixture was sealed and‘irra-
diated with a cobalt 60 irradiation source at a dose rate of
0.6 krad/hr for a total dose of 28.8 krad (48uhours)f The polymer
yield was 87 percent. The unreacted monomer was removed by
repeated washing of the precipitate in a blender with acetone.

The polymer was then freeze-dried to a fine white powder and
stored at 4° prior to use.

A similar procedure was followed in the preparation of the
sulfonated copolymer. Acrylamide (15.94 gm), tagged acrylamide
'(0.06 gm), and the AMPS monomer, 2-acrylamide-2-methyl propane
sulfonic acid (4 gm), were dissolved in an acetone water mixture
(50/50,. v/v) and polymerized for a similar period of time to‘give
a 67 percent yield of polymer. The polymerizations were repeated
for untagged materials with similar yields. All polymers were
characterized by measuring their intrinsic viscosities in either
water or NaCl solution at1300, -Elemental analysis indicated,that_
the PAMS polymer was 6.8 percent AMPS, which agrees well with the .

overall starting composition (12 percent AMPS).
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Intrinsic viscosities were measured at 30° in a standard
Ubbelohde-viscometer. The data reported here were not corrected
for the shear rate effect on the viscééity, which is expected to
kbe small but significant for high molecular weight polymers such
as those used in this work. 1In distilled water, the Mark-Houwink
viscosity parameters for poly(acrylamide) are K = 6.31‘xf103 dl/gm.
and a = 0.8 at 30°.27 Similar parameters are not available for

the acrylamide copolymers.

A.2.b Preparation of Sodium Kaolinite

Our starting material was a well crystallized’sample of
Georgia kaolinite (from the University of Missouri repository),
having a surface area .of 9.82 m?2/gm as determined by nitfogen ‘
adsorption. The dry clay was treated with watér for 10 minutes
in a high speed mixer at a solid-to-liquid ratio of 0.5, then
‘diluted with distilled water to 5 percent solids ana allowed to
settle. The kaolinite was repeatedly washed with intense agitation
until there was no change in the conductivity of the supernatant
water. A Na;l solution (2M) was added to the solids and agitated
at a high solid-to-liquid ratio for 30 minutes, ghen diluted and
agitated again for 2 hours, allowed to settle, and the supernatant
'~ decanted. The washing procedure was repeated until a pH of 7 and
a constant conductivity were observed in the supernatant. The
kaolinite was repulped with 1M NaCl at pH 3, agitated for another
30 minutes, diluted with water, agitated for 2 hours, allowed to

settle, and washed with distilled water to pH 7 and constant

supernatant conductivity. The ion exchange procedure was repeated
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'twice with the 1M NaCl, each ﬁime beingkfollowed ?ith ﬁhe same
washing procedure. The final washings were ' | with triple
distilled water. The fine clay particles were then separated from
the course ones by decantation. The fine particles were recovered
and repeatedly washed witﬁ triple distilled‘water until the con-
ductivity of the clay suspension became identical to that of the
triple distilled water. The sodium kaolinite was allowed to
settle, and the thiék suspension was freeze-dried to yield a k

powder that was stored in a dessicator prior to use.

A.2.c Procedure for Polymer Adsorption

- Approximately 1 gm of freeze-dried sodium kaolinite was
weighéd into a glass vial having a : Teflon-lined
'screw cap. A 2000 ppm polymer solution in the appropriate
eledtrolyte concentration was prepared. To the clay in the vial
was added 2.5 ml of the supporting electrolyte (polymer'free);
this solution was'kept at 30°‘with agitation for 2 hours. HC1l or
NéOH was then added to adjust the pH of the SOlﬁtion. After this
vconditioning step,'a solution comprising a mixture of the polymer
solution and a polymer-free solution having the same electrolyte
coﬁcentration with the required polymer amoﬁntias added to the
clay. The total liguid volume was 10 ml.

The adsorption time Segan at this point. The vial was
agitated for a time in a constant teﬁperature incubator. At the
end of the experiment, the sample was centrifuged at 1500 g for
20 minutes. A 1 ml sample of the supernatént was mixed with 13 ml
of Aquasol-2 liquid scintillation cocktail (dioxane-based, New

Englénd Nuclear) in a polyethylene scintillation vial. The
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sample was analyzed in an LS-100 C ligquid scintillation system.
This scintillation procedure could tolerate iohic strengths up to
3M. Using 1 ml samples of 10 ppm pure tagged polymer solutions in
the absence of adsorption, the poly(acrYlamide),polymer, PAM, gave
178 cpm and the copoiymer containing the sulfonate, PAMS, gave 150
cpm.

When experiments were performed at 60°, the procedure was
slightly modified. The samples were equilibrated with the sodium
kaolinite at 60° with shaking for 24 hours. The sampies still at
- 60° were allowedbto settle for a period of 24 hours. The super-
natant was centrifuged in an insulated centrifuge tube for 10
minutes, during which time the temperature was observed to fall
about 8° to 52°.\ A 1 ml aliquot of this solution was used for the

scintillation measurement.

A.3 DISCUSSION OF RESULTS

Before considering the interaction between the polylacryl-
amides) and the sodium kaolinite surface, it is necessary to
describe the properties of each material as it exists alone in the
expefimental medium. The properties of both components are |
dependent on the néture of the'medium, the ionic’strenqth, pH, and
temperature. Kaolinite is an’aluminosilicate (AluSiquo(QH)e)
whose crystal structure contains alternate sheets of éluminarandu
silica oxides.‘ As the crystalkunits bhave planarkhabité, there
aré two principalisurfaceé: the edge éontaining‘expoééd métal
ions, and the oxide surfaces. Kablinite exchanges éatidhé and, in
this work, the sodium form ofbfhe mineral was prepared. Buchanan

and Oppenheim?® investigated the stability of kaolinite in aqueous
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suspensions. With pH < 4, the aluminum cations may be dissolved
from the lattice; in thepH range 4-9, a Si(OH), entity in some
form is leeched away; and at higher pH values, the aluminate ions
beeome freed. In our preparation of sodium kaolinite, care was
taken to maintain the clay during the washingﬁand conditioning
steps between pH 4.5 and 7 in order to minimize the leeching of
eluminum ions from the’crystal matrix. However, despite carefullyf
controlled conditioning’steps, kaolinite is unstable in electrelyte
solutions such as those used in the adsorption experiments here'
considered. As determined by Williams and Williams?22 and by
Hunter and Alexanaer30 from electrophoretic mobility measurements,
the surface charge ef kaolinite is a function oﬁysolution pH and
solution ionic stfength. At’high pH, the surface is negatively
charged; the magnitude of the charge drops slightly as the ionic
strength is increased from lb'“ to 16'2 molar NaCl. At pH 5, the
surface chafge, still negative, is nearl? ihdependent of the
electrolyte ionic strengthf At pH 3, theksurfaee is slightly
negatively charged in fhe.preeence of electrolyte, but becomes
positive at very dilute electrolyte concentrations. The positiQe
charge is attributedbto the metal ions on the edges of the kao-
linite crystal iamallae. Although heterogeneous surface charge
is indicated from crystal structure considerations, in this work
we will interpretkthe results solely in ﬁerms of the overall kao-
linite surface charge. No measurements have been made in this
work on‘the electrophoretic mobility of sodium kaolinite to which

polymer is adsorbed.
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Polymerization was carried out with initiation by

Y irradiation in a medium free of all components but the
monomers and solvent system. The polymers so produced were freé
from impﬁrities which might alter theif“interactions with adsorbing
surfaces. At the low doses used, no significant branching océurs
during the radiation-induced synthesis. A combination of chains
scission and chain branching ié expectéd as side reactions at muéh
higher levels.’3 Alﬁhough the reacE}vity ratios for this copoly=
merization are not known, ﬁhey mayube reasonably appro#imated by
those for acfylamide (r1f= 1.1) and sodium agrylate'(rz = 0.3), as
reported by Plochocka and Wojnarowski.”*,75 The ideal copolymer
equation predicts that the initial copolymer composition from a
‘lZ\percent by mole AMPS monomer mixture in acrylamide would be
10 percent AMPS, and that the compositién of copolymer beiné
produced at 60 perceht conversion would be about 13 percent.
Although the analyzed composition of 6.8 perceht AMPS is sbmewha£-
lowef, it nevertheless is consistent with the predictions of the
copolymer equation.v Because of the economics of making C—i4
labelea materials, these copolymerizations were taken to a.high
conversion. The application of the ideal copolymer equation is

not strictly correct, since precipitation occurs during the growth
of the polymer chain. In order to interpret the adsorption results
for the copolymer, we will assume homogeneous polymer composition
and molecular weight. |

Two poly (acrylamide) polymers were used in the adsorption

studies—- a homopolymer PAM, and a copolymer PAMS contaiﬁed

6.8 percent of the AMPS. The PAM was prepared as an uncharged
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polymer without any significant deg;ee’of‘hydrolysié of the
pendant amide groups to carboxylic acid form. The intrinsic
viscosity of PAM determined at 30° (Fig. 1(a)) is independent of the
ionic strength of the solution in which the viscosities were deter-
mined. This intrinsic viscosity is a measure of the
effective hydrodynamic volume of the polymer'coil in solution.’8
For the PAM in these experiments, the expansion of’the coil is
independent of the electrolyte concentration. However, the PAMS
cohtaining 6.8 percent by mole of monomer with a strongly ionic
sulfonate group have an intrinsic viscosity that increases sharply
as the ionic strength of the solution décreases to 1072 molar
NaCl4(Fig. l1(a)). Coulombic repulsion along the polymer chain
.becomes more significant at low concentrations of supporting
electrolyte.’’+78 This electrostatic repulsioh causes an expansion
of the polymer coil and an increase in its effective hydrodynamic
volume in solution. In contrast to the PAM, the PAMS is expected
to exclude coions from the domain of the polymer coil in a Donnan-
like manner at 1ow ionic strengths of the supporting electrolyte.
Figure 1(b) shows the effect of pH on the intrinsic viscosity
of PAM, PAMS, and a copolymer of acrylamide and acrylic acid
having approximately the same compqsition as the PAMS. The PAM's
intrinsic viscosity at both low and high ionic strengthris inde-
pendent of the solution pH. The PAMS has a significantly higher
intrinsic viscosity which passes thfougb a shallow maximum at pH 6.
The sulfonate polymer, while exchanging its cqunter‘ionskreadily
as the pH cﬁanges, is much less éensitive’to pH tﬁan is the

corresponding carboxylate-containing ¢opolymer, The'weakly acidic
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carboxylate-containing copolymer has an intrinsic viscosity at low
pH‘which approaches that of the PAM. Most of the carboxylate
groups are in the associated hydrogen form. However, at high pH,
as they ionize with the sodium counterion, the polymer coil is
expanded and the intrinsic Viscosity approaches that of the PAMS.
The ionization of the PAMS is believed to be independent of pH.
Since thé aasorption experiments extended over long periods
of time, it was necessary to consider the possibility that the
polymers used in this work had decomposed under experimental
conditions. Palit and coworkers’? have presented data which
indicate rapid hydrolysis of PAM in strongly alkaline solutions.
Under milder conditions; Shyluk and Stow®? have shown that PAM
undergoes an aging‘which results in a drop in solution viscosity.
In Fig. 2, the relative specific viscosities are given for a
12000 ppm PAM solution as a function of equilibration time at‘the
indicéted conditions. &Equilibrium adsorption measurements
normally required 72 hours contact time with the kaolinite
suspension. At both 30° and 60°, PAM retained its viscosity near
its initial value. Over longer times at 60°, an increase in vis-
cosity was observed when measured in a solution of zero ionic
strength.‘ At the same equilibration conditions (save for being in
1 molar in NacCl), the PAM retained a’more constant relative vis-
cosity. Hydrolysis is indiéated. In the absence of NaCl, the
polyélectrolyte effect causes an increase in’viscosity. In salt,
this expansion of the coil is not observed. This constant
' viscosity,rhoweVEr, indicates that no cﬁain scission occurs during

the eqguilibration time. Under conditions of high pH and
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long equilibration times, it was sometimes observed that the
amount of polymer adsorbed slowly decreased over time42, Thig
decline may be attributed to the effects of hydrolysis and of the
hydrolysis products en the adsorption equilibrium.

In Fig. 3, the amount of PAM adsorbed on sodium kaolinite is
plotted as a function of time for experiments performed at 30°.
The ionic strength (I) refers to concentration of NaCl in ppm. In
all but one of the experiments, the solid-to-liquid ratio (S) was 0,1
The amount adsorbed (mg/g) was less whee the solid-to-liquid ratio
was high'for a given initial polymer eoncentration. All other
‘conditions being the same, the final equilibrium polymer concen=
tration was iower for higher sclid-to-ligquid ratio. The reported
pH represents the final hydrogen concentration which resulted from
the adsorption process as in Fig. 3 ne ajustment was made in the
solution pH. The rate of adsorption of PAM on sodium kaolinite was
rapid — approximately 80 percent occurring within the initial
15 minutes of contact time. An adsorption plateau was established
after 100 minutes, and was maintained With‘only a slight drift
over a long period of time. The rate of adsorption was independent
of initial conditions. During these adsorption experiments, the
concentration of polymer in solution'drepped to a low value. The
analysis by Jankovics 18 of the kinetics of a Langmurian adsorptioh
' was not applieé to these data because the adeorption was too
rapid. Although data at very short times is most useful for
‘determining the adsorption kinetic parameters, it was not obtained.
To ensure full equilibration of the surface with the components in
solution, equilibration times of 72 hours (4320 minutes) were used

in adsorption experiments performed at 30° with both PAM and PAMS.
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In Figs. 4(a)=-(e), adsorption isotherms at 30° for PAM on
sodium kaolinite are plotted as a function of the equilibrium
polymer concentration. Isotherms are given for adsorption at
patural pH (resulting when no HCl or NaOE are added to the system)
énd for higher and 1ower pH values (regulting from addition of
acid or base to the kaolinite during the conditioning step). The
pH did not shift more than 0.2 pH units during the course of a |
typical absorption experiment; all of the reported pH data refer
to the final equilibrium pH of the solutions. |

The adsorption studies were performed in a supporting electro-
lyte, NaCl, which varied in concentration from 0 (for distilled
water) to 3M. 1In solutions of high ionic strength (Fig. 4(a)),
the adsorption isotherm shifts to lower absolute adsorptions as
the solution pH inéreases. At low ionic strengths, the decrease
in adsorption that accompanies a change ih pH from pH 2.2 to
pH 7.2 is small. A very significant drop occurs in the high pH
ranges. Under these experimental conditions, the essentially non-
ionic PAM does not sionificantly change its equilibrium shape in
- free solution. This is confirmed by the intrinsic viscosity data
for PAM in these same polymer solutions. Michaels and Morelos?3
have reasoned that the interactions between PAM and surfaées<such
as kaolinite result from hydrogen bondihg between the amide
’ hydrogen atoms and the oxygen groups on the aluminosilicate
‘surface. In the absence of any significant charging effect on the
PAM, this surface interaction results in a vefy favorable
partioning of the polymer from its condition in free solution to
an aggregation in a domain next to the mineral water interface.

" The pH effect observed results from the changes in the surface.



- 143 -

character of the kaolinite. Between pH 2 and 7, the kaolinite has
a surface charge which changes from a near positive to a moderately
negative value.?® Under these conditions, there is only a slight
shift in the adsorption of the PaM, implying only a slight
alteration of the interaction between the kaolinite and the PAM.
However, when the surface charge on the kaolinite reaches highly
negative magnitudes, the basic attractive interaction of the
uncharged PAM with the kaolinite surface is weakened. The kao-
linite-PAM interaction is reduced in the strongly ionic domain of
the interface at high pH conditions. The slight drop in PAM
adsorption, as the ionic strength is increased at constant pH, is
also consistent with this. The natural pH of adsorption of PAM

on sodium kaolinite is a function of solution ionic strength. In
Fig. 4(a), ionic strength 3 molar NaCl, the natural pH is 4.4. As
the ionic strength is reduced to zero (Fig. 4(e)), the natural pH
shifts to 6.9. At high electrolyte concentration, there is an
exchange of the hydrogen ions of the clay with the sodium ions in
the water resulting in a lower pH.

In most cases, the adsorptidn increased sharply as the
equilibrium solution polymer concentration increased to 100 ppm.
The isotherms did not, however, level off to a plateau of constant
polymer adsorption, but slowly increased as the polymer in solution
rose to 500 ppm. For PAM, only at the very high values could a
definite piateau limit in the adsorption be observed. Using the
standard correlation, these adsorption data did follow a
Langmurian pattern. No evidence ©f a multilafer adsorption of the

PAM was encountered. Adsorption isotherm shape for the PAM
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indicates no significant cooperative interaction between the PAM
oh the interface and those about to be adsorbed from the solution.
The PAM on the surface occupy lattice spaces independently of the
other polymer molecules already on the surface.

| In Figs. 5(a)-(b), the equilibrium adsorption isotherms are
given for the ionic PAMS polymer as a function of polymer concen-
tration, solution ionic strength, and pH. Although the shape of
the adsorption isotherms is similar to those of the PAM, two
important differences should be noticed as polymer concentration
is increased. For a given ionic strength in the supporting
electrolyte, the adsorption drops off in a regular manner as the
pH is increased from 2 to 9. This reflects the increase in
Coulombic repulsion as the surface charge on the kaolinite becomes
more negative in the regions of high pH. The ionic character of
the PAMS backbone does not change substantially as the pH is
~changed in this region.

| In addition to the pH effect, there is a very strong ionic
strength effect on the absolute amount of polymef adsorbed. At
low ionic strengths, the adsorption is near zero as the electro-
static repulsion between polymer and surface is high. As the
“ionic stfength is increased, the supporting electrolyte suppresses
the ektent to which the fixed charges on the polymer and surface
can dominate the interactions. In a 1 molar solution, although
the effect of pH is’still observed, the absolute adsorption of the-
PAMS is in the same range as that observed for the uncharged PAM.
Figufe 6 summarizes the adsorption characteristics of the two

polymers on sodium kaolinite at an equilibrium polymer



- 145 -~

concentration of 100 ppm. Unlike the PAM, the PAMS has an
adsorption‘which is supéressed under conditions of low ionic
strength in the supporting electrolyte. The absolute adsorption
of the PAMS increases at high ionic strengths into a region
comparable (although still lower) to the PAM. The effect of ionic
;Strength on the adsorption of the PAMS follows a commonly encoun-
tered pattern for electrostatic rejection of a charged body from a
similarly charged polyelectrolyte. |

It was difficult to measure the adsorption of these polymers
at elevated temperatures because a roem temperature centrifuge had
to be used. With proper insulation of the centrifuge tube, a
temperature drop of less than 8° was observed. The data in
Figs. 7(a)-(b) refer to experiments that were,performed at 30° and
60° as a function of polymer concentration solution and ionic
strength at natural pH. The solutions were equilibrated at 605‘
for 24 hours, allowed to settle for another 24 Hours, and the
supernatant was centrifuged under conditions where the final
solutien temperature after centrifugation was about 52°. This
change in the temperature has an insignificant effect on the
observed equilibrium isotherms. There is no observed change in
the adsorption of PAMS as a function of temperature for solutions
of different ionic strength, even in the region of high ionic strength
where  much of the Donnan repulsion is suppressed. The
Coulombic effects still dominate the adsorption in a manner where
tempevatine does net change the isntherm. In Fig. 7(b), similar
data are given for the uncharged rAM, IFor both conditions ol low

and high ionic strength, the adsorption isotherm is lowered as the
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temperature is increased from 30° to 660. Significant hydrolysis
of the PAM under these conditions is doubted because of the data
given in Fig. 2; and becagse a hydrolyzed PAM being ionic should
give a temperature effect analogoue to the PAMS. This reduction
in the adsorption isotherm for the uncherged polymer is consistent
with the hypothesie'that a form 6f hydrogen bonding is responsible
for the attraction of the PAM to the sodium kaolinite. Such |
interactions are‘exothermic and thus are‘expected to weaken as the
temperature is increased.

Adsorption of flexible chain polymers such as poly (acrylamide)
is rapid and,‘in most reports, the reverse desorption under normal
conditions isbvety slow. At moderate pH, this adsorption is
independent of ionic etrenqth'of the solution. This suggests a'
form of hydrogen bonding as the basis of the interaction between
polymer and surface. However; it is generally believed that a
‘ randomly coiled polyer such as poly(acrylamide), if associated
with a surface, cannot have a significant fraction of its chains
attachments to the surface without a resultino very large decrease
in configurational entropy. SilberberqBl has presented a picture
of chain segments attached at soecific points along the chain with
long loops of polymer in a more or less random conformation |
~ extending out into solution.' However, with poly(acrylamides)'
there is no reason to suspect that any one site on the polymer
chain has any more preference for the‘suriace than any other one.
Given the kinetic turmoil that exists witnin a random coil as it
moves through its ensemble of conformation shapes, it is

reasonable to suspect that the interactions with the surface are
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transient.  The hydrogen bonding at different sites is being -
continually made and broken, although on the average maintaining a
- certain nuﬁber of interactions with the surface. The interaction
between the oxygens of the surface and the acrylamide may be
analogous to the intéeractions that occur in solution Eetween the
oxygens of poly(oxyethylene) and the carboxylic acid hydrogens of
unionized poly(acrylic acid.)®2 These polymers form a coacervate
in aqueous solution. The interaction energy between the ether
dxygens and low molecular weight carbdelicvacid groups has been
found from melting point depression measurements to be about
6 cal/cc and exothermic.?3 As with PAMS, a change in the
'ionic chatacter of the poly (acrylic'acid) leads to a weakening of
the association between the two components.

f'Desorption of polymers from sﬁch a surface is slow, as it is
highly unlikely that all of the points of interaction of the
polymer and surface will be simultaneously broken. For hiéh mole-
cular weight polymers in which there are on'aVerage a great number
of interactions with the sites on the surface,-total desorption of
the molecule is impossible. This does not mean that the polymer
molecule cannot move over the surface as the coverage of the
surface increases. Surface diffusion envisioned as a rolling of
the random polymer coil over the surface can easily occur without
any need for total desorption of the polymer coil from the
surface.

The effects of charge on the polymer-surface interaction may

be viewed as a secondary interaction between the components whose

effect is superimposed. The negative surface charge and the
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negative pdlymer fixed charge cause a reduction in the abilityvof
the amide groups to hydrogen bénd with the surface.

The electrostatic repulsions keep more of the chain elements
- of the coil away from the surface, particularly at conditions of
low ionic strength. This makes it more difficult for polymer-
surface hydrogen bonds tojform. The result is a reduction in the
effective adsorption at a given polymer concentration. As the
supporting electrolyte concentration is increased, the Debeye layer
is suppressed, the polymer can approach the surface more closely,
and the amide groups along the PAMS chain can once again form a
complement of bonds with the surface. The absolute adsorption of
the PAMS to the surface is reduced somewhat from that of the PAM~
at conditions of high ionic strengths because this polymer contains.
10 percent by mole of a non-hydrogen bonding monomer in its back-

bone.
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Figure 1(a) Intrinsic viscosity of poly(acrylamide) and the
copolymer PAMS as a function of ionic strength.
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Figure 1(b) Effect of solution pH on the intrinsic viscosity
of poly(acrylamide) and its copolymers ‘
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B. Polymeric Flow Distributions in Consolidated Sandstone

B.1l INTRODUCTION

In order to study the -interactions during the flow of reagents
through a‘reservoir; we have selected a virgin Berea sandstone core
as the basic matrix. Since the‘flow d?stribution is important and
since tﬁe flow distfibution is ih fact controlled by the poly-
meric mobility control agent, we have selected to begin our inves-
tigaﬁion Wiﬁh a study ef the interaction of the polymer within
the core. - Fromythevoufput concentration profile, the following

information can be derived:

1. From the area of the peak, the total polymer
retained in the core (related to retention due to

physical processes and adsorption) can be calcu-
lated. :

2. From the average residence time, the inaccessible
‘pore volume can be calculated in those cases where
adsorption is not a problem.

3. From the shape of the peak characterized by the
various moments of the residence time distributions,
some physical parameters are obtained.

- The shape of the output,is useful to describe the structure
and the ph ’sical processes that are occurring in the micro-
env1ronments within the porous matrix of the Berea core. We
'must assume that the change in shape of the pulse 1n3ected into
the core during 1ts re51dence in the core is related to the

following factors:

l. Within each channel there is local Poiseuille flow,
and thus, within a given channel there is a tendency
for the solute molecules at the center line to move

- faster than those next to the walls.

2.  There is a distribution in the size of thec channels. .
and thus there is a distribution in the average
solute velocities in channels of different sizc.
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For a given pressure drop, the flow will prefer
the larger channels.

3. In addition to the convective terms described,
there is molecular diffusion in which solute in
regions of high concentration will diffuse 1nto
regions of low solute concentration.

These factors tend to spread out the solute pulse that was injected

into the core. However, there are other phenomena which must be

tax er 1nto account.

4, A core is not a series of single capillaries of
‘different sizes. It is a series of channels which
converge and diverge in a periodic manner as the
flow progresses around and through the granular
texture of the conglomerate. Thus, there is mixing

- of the streams passing through the channels of
different flow velocities.

5. Since there is a range of size in the channels,
there is for the large polymeric solutes a range
of pore regions which are inaccessible due either
to a physical exclusion or to a double layer.
exclusion. It is observed that a high molecular
weight poly(acrylamide) is accessible to only
about 70 percent of a Berea core under ideal
conditions. :

6. In the regions in which the polymer can reach (or
any other solute for that matter), there is an
interaction between the mineral surface and the
solute which leads either to a physical retention
or to an actual adsorption.

In order to analyze in any rational manner the dynamic data
that is obtained from a core experiment, it is necessary to construct
a model whlch contalns the elements discussed above. Since we do
not know the relatlve importance of these factors, it is necessary
to postulate a model with many parameters in it and devise experi-
ments which permit some evaluation of the magnitude of their effect.

In the figure below, we diagram in the simplest sense the con-

verging and the diverging flows which characterize a porous medium.
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O
It is reasonable to'cohsider an array of capillaries of different
size (reflecting the permeability distribution and diverging
regions) which are connected by a mixing zone (representlng the
converglng p01nts) The phy51cal size of these parameters must be
described in terms of available experimental data. This complexity
is not warranted if only the shape of a given output is required. |
However, in the present work we are concerned more with a study of
the detailed structure of the various regions of the core. Thus,
from many different experimental outputs we will attempt to describe
the complex components of a core. This analysis will ultimately
permit the analysis of binary interactions between solutes such as
polymer-surfactant. At present, we do not easily expect to be
able to introduce two-phase flow and the surface tension effects

associated with the actual flooding operation.

B. 2 EXPERIMENTAL DEVELOPMENT

B.2.a Background

B.2.a.l Polymer Flooding

In#estigators have conducted 1éborat0ry:experimen£sffor core
floodings.31r32,33 Economic, process, and operational difficulties
haveﬂbeen recognized ih connection with polymer flooding. Not all
the polymer that is injected is recovered. This phenomenon wésr
attribﬁted to adsorption by some authors who'stﬁdied static poly-

mer adsorption on solid surfaces.3%/35/36 polymer loss may also be
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due to retention in the pores.’’r38 The second problem associated
~with polymer flooding is the fact that the polymer cannot pene-
trate into certain parts of the porous mediumz3? These constricted
regions are termed the inaccessible’pOre volume (IPV), The oil
trapped in the IPV (about 20-30 percent of the totalkpore‘volume)
will not be drlven by the mlcellar—polymer flood ’The third |
| problem w1th the polymer is its plugging some - porous space in the
reserv01rs, 1ts degrading due to shearlng, scission, or thermal

and/or bacterial attack.

B.2.a.2 Porous Media

Permeability, which is a measure of the fluid~conductivity,
‘is one of the most important charaoteristics’of porous media.
Darcy was the first investigator to study the permeability effect

in water purification.“? Darcy's law is:

(1)

=Iix

. &
L

e
|

where

permeability constant of the medium
flow rate

cross=sectional area

pressure gradient

viscosity of the fluid

(|| I VI

P/L

- >POX

The permeability unit is a "darcy" (in length sqﬁared) which
defines the case of a fluid with a viscosity at one oentipoise
moving ecross al cm2 with a low rate of 1 cm3/sec under 1 atm/cm
pressure gradient. |

Kozeny*! developed another expression for k as he assumed

that the porous medium consisted of an array of parallel
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capillaries. Muskat “2:43 adapted the equation of continuity and
the equations of motion for porous media. Numerous authors have
investigated the continuous permeability distributions within a

single porous medium, i.e., sandstone cores.*4r45,46

B.2.a.3 Residence Time Distributions
Danckwerts“’ was one of the first investigators who studied
residence time distributions through tracer-eXperiments. The

total tracer eluting by a carrier solvent is given as:

‘ @ S '
Tout = /Q Cout dt (2)
N o ; ‘ v ,

where C is the exiting concentration and Q is the flow rate.

out
‘The average residence time is defined as the first moment of the

exit age distribution, or,

]
ry A '/O‘t Cout dt
~“conc = (%) d , , (3)
: f Cour dt
°

‘The variance (02) about the mean is the difference between the

second moment of the exit age distribution and the square of the

mean residence time.

B.2.b Apparatus

The System, giVen in Figure 8;'is modified liquid chroma-
tography where a packed célumn is replaced by a cénsoliaated Berea
sandstone core (2" diameter and 10" long). Solutes that are
‘injected into the core by an injection valve are eluted through
the continuously pumped salt solution. Thé transient concentration

is monitored by a differential refractometer and the output signal
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Figure 8
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Core Permeability Test with Nitrogen Gas (49)

Berea Sandstone, 333 millidarcy.
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is plotted on a strip chart recorder. Thus,kthe’indicator
dilution technigque is‘applied to study adsorption and dynamic flow
thfough porous media. For a more detailed review of the experi-
mental design,‘the reader is referred to the Annual Report of

July 1978.48

- List of Apparatus

Solvent reservoir

Pump (Instrumentation Specialties Company)

Injection valve (Glenco Scientific, Incorporated)

Core assembly (Berea sandstone core: Cleaveland Quarries
Company; aluminum holder: machined in Chemical Engi-
neering Shop) : ; ‘

Differential refractometer (Laboratory Data Control)

Strip-chart recorder (Leeds and Northrup),

Constant temperature circulatory bath

B.2.c ~ Experiments

The experiments described here were conducted initially by
Dick Jung,*® who was an M.S. student and my predecessor on the

projecf.

B.2.c.l Calibration
‘The individual instruments were calibrated in order to convért
output signals into concentration units. Details are to be found

in the Annual Report of July 1978.%8

B.2.c.2 Characterization of the Core

B.2.c.2.a Permeability

The volumetric flow réﬁes of nitrogen through the core at
low pressure drops were measured and plotted (Fig. 9). The
average permeability of the core was calculated (Eq. 1)*0 from

the slope of this plot through linear regression.
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B,2.c.2lb TotalvPore:Volume

After thercbré was evacuatéd,ritvwas saturated with a saline
solution‘(l996,ppm NaCl in‘distilled wéter). The amount of salt
sclution that penetrated ﬁhe cote wés measurédVvolumetrically and :
compared to the value obtained from the weight difference of the

core before and after saturation. The latter is known as the

imbibition method. 59

B.2.c.3 | Dynamic Flow‘through'the Core

B.24c.3.a Sucrose Runs

1.39 ml of a solution consisting of,4990 ppm sucrose ink
1996 ppm NaCl solution was injected into the core and the concen-
tration as a function of time was cdntinuously recorded, These
runs served two purposes. The pore volume was obtained from the

following equation:

vV = To | (4)
where Q is the flow rate and t is the mean residence time calcu-
lated from Eg. (3) in which the experimental concentration profile
is substituted. The integrals are approximated by the trapezoidal
rule. Percent solute recovery was calculated from:

% Recovery = {100) Ty : ’ (5)

Tin

where T_. is obtained from Eg. (2) and T;, is the total solute

t

injected:
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where Cg is the initial concentration and tin is the time interval

j
for.injection. |
The pore volume V was very close to the ﬁotalkpore volume

measured above. % Recovery was very high. Thus, since sucrose
kbehaved like an ideal tracer, the experimental concentration A
profiles could be compared to the propqsed.model (Section B.3)
results. - !

}B.2.c.3.b Polymer Runs

1.39 ml of a polY(acrylamide) solution (2120 ppm in 1996 ppm

NaCl solution) was injected into the core and the concentratio?

~was plotted continuously on the strip chart recorder. The acces-

sible pore volume was calculated from Eg. (4), Vacc =V polymer.
The percentage of inaccessible pore volume (IPV) was:
IPVS = YL:L%QEEL (100) | (6)

where V was obtained from the sucroée runs. The total amount of
polymer recovered could be approximated from Eg. (5). Therefore,
these experiments allowed the calculation of the IPV and amount of
polymer adsorbed. By incorporating these parameters into the
model (Section B.2), theoretical and experimental results can be

compared.

B.2.d Results and Discussion

B.2.4.1 The Total Pore Volume
The total pore volume (Vp) was méasured tb,be 108 + 2 ml.
This volume is compared to the pore volume (V) obtained from the

mean residence time of a tracer (i.e., sucrose).
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TABLE 1 TABLE 11
Sucrose Run I48 Polymer Run I4%
c 3 c _t
t (min) € (ppm) Cuax T t (min) CuAX X
149.67 0.0 0.0 0.604 405 0.0 0.457
159.67 0.81 0.00692 0.645 455 0.0526 0.513
169.67 17.2 0.147 0.685 505 0.187 0.569
179.67 44.9 0.384 0.725 555 0.330 0.626
189.67 76.9 0.657  0.766 605 0.391 0.682
199.67 82.1 0.787 0.806 i 655 0.534 0.738
209.67 102.8 0.879 0.846 ; 705 0.717 0.795
219.67 113.4 0.969 0.887 755 0.869 0.851
229.67 117.0 1.000 0.927 ) 805 1.000 0.907
-239.67 114.9 0.982 0.968 : 855 0.889 0.964
249.67 110.4 0.944 1.008 905 0.848 1.020
259.67 104.3 0.891 1,048 855 0.798 1.077
269.67 95.2 0.814 1.089 1005 - 0.686 1.133
279.67 83.0 0.709 1.129 R 1055 0.534 1.189
289.67 67.8 0.579 1.169 1105 0.503 1.246
299.67 52.5 0.449 1,210 1155 0.330 1.302
30%.67 44,9 0.384 1.250 1205 0.269 1.358
319.67 34.1 0.291 1.291 1255 0.228 1.415
329.67 28.0 0.239 1.331 1305 0.197 1.471
339.67 20.3 0.174 1.371 1355 0.177 1.528
349.67 12.5 0.107 1.412 1405 0.0421 1.584
359.67 6.31 0.0539 1,452 1455 0.0 1.640
369.67 3.18 0.0272 1.492
379.67 0.0 0.0 1.533
Q= 25 ml/hr " : ’ Q=5 ml/hr
Dose = 1.39 ml of 4990 ppm solution Dose = 1.39 vl of 2120 ppm solution
RI Scale "2", 20 mv F.S, ; RI Scale "2", 5 mv F.S.
= 117 ppm . . B = 38.0 ppum
= 247.7 minutes = 38,0 ppm
Vaccess = 103.5 ml Vaccess = 73.9 ml (IPV = 28.47)

Recovery of solute injected = BQ,52

TABLE III
Experimental Results

Vace
Flow Rate Dose Volume for P IPVZ Retention 4

Solute (ml/br) for § (ml) (w1) for P Volume (ml) Recovery

s 25 103.5 - - 62.4 80.5
s 25 102.3 - - 55.0 9.2
s 10 110.3 - - 63.7 109.0
s 35 17.4 - - 61.7 100.2
s 20 108.7 - - 55.0 102.8
s 5 103.2 - - 64.7 102.5
P 5 - 73.9 28,4 33.8 514
P 5 - 66.7  35.4 16.5 45.5
s 5 93.9 - - 5.9 72.6
P 5 - 4.8 60.0 4.2 33.5

§ = Sucrose (4990 ppm) ‘ ‘ P = Polymer (2120 ppm)
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B.2.d.2 Average Porosity and Permeability

The average porosity (¢) is VP/VB52 where Vp is the bulk
volume measured from geometrical dimensions in this case. ¢ is
calculated to be 0.21. The average permeability (k) from Darcy's
law was 333 i 5 md. Both the porosity and permeability are signi-
ficant pafameters charaeterizing a consolidated Berea sandstone
core. Porosity and permeability distributions for porous material
have been obtained in the literature. /50 The permeability as a
funetion of porosity can be representatiVe of a flow distribution
as well.%® Thus, the mean values obtained experimentally can be

compared to mean values obtained from distributions of actual

field studies.

B.2.4.3 Sucrese Runs

A typical sucrose run data is presented in Table I. The
summary of the calculated results are given'in Table III. The
retention volume is éefined as the initial value of the volpme
increment where the solute can be first detected. ThefaQerage
pore volume of the ten runs is 108 + 5 ml. It can be deduced from
this that sucrose floWS‘throﬁgh all the pores of the core. ;The
average recovery is 96 percent, indicating that there is no eigni-
ficant interaction betweehitﬁe ebfe and sﬁerbée. Thus;fthe sucrose
can be considered an excellent tracer to characterize the flow
through the core. The % recovery exceeding 100 percent could be
due to inaccuracy of measuring concentration (from the chart
paper) due to noise in the input signal. quever, when the %

recovery is averaged out over a large number of runs, the
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measurement errors tend to phase out each other, The last run
was between two polymer runs. The decrease in the retention
volume implies the possibility of the core being partially

plugged by the polymer.

B.2.d.4 Polymer Runs

Table II represents a typical set of data on polymer runs.
Table III gives the summary of results obtained from the polymer
runs. The average IPV for the polymer was 32,4 percent (based on
VV =v103.2 ml). This result is in excellent agreement with reported
values."7s%8:/49,51 There is a trend of decreasing accessible volume
and retention volume for the chronological polymer runs. The last
sucrose run yielded a low recovery, probably due to entrapment of
sucrose in pores plugged by the polymer.

In Fig. 10, the polymer. and sucrose are plotted on the same
set of coordinates. Concentration is dimensionalized by the
maximum value. The polymer eluting sooner than the sucrose is
gonsistent with the idea of inaccessible‘pore volume. However,
the two curves are quite superimposable., This implies that the
core has a consistent porosity and permeability distribution, even
though there are small pores which the polymer cannot penetrate

due to steric hindrance.

B.3 MODEL DEVELOPMENT

B.3.a Background
Investigators have developed theoretical models describing
transport through porous media. Three major trends in these

developments can be detected. The first type of design is known
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as the capillary bundle model.’? The second and third types of
consideraﬁions can be divided as diffusional and mixing cell models.

In the aapillary bundle model, the porous medium consists of
an array of parallel tubes of varying sizes.*! Each tube can |
represent a different permeability. The bundle as a whole diablaya
an average permeability representing the entire medium. The capil-
lary model has been modified by various investigators.>2:53/5% This
mocel has Leeh guite recently applied to an actual oil field con-
sisting of various horizontal rock permeabilities.>®

The diffusional models make use of the equation of continuity 2®
Plug flow with constant physical properties is assumed and the
reaction terms are omitted since inert tracers are used. From the
equation of continuity, the transient concentratioh functions
which are the responses to various inputs into consolidated cores
are .obtained.®’®! In liquid chromatography, where this approaéh
has been used, analogous profiles are given for unconsolidatad
packing.52

In the mixing cell models, networks of ideal CFSTRs are
'arranged in series and/or in parallel. The first model. consists
of a series of CFSTRs.57+61  Other investigators have modified
this arrangement to include stagnant regions.§2766 Levich®5 also
compares the equations obtained from diffusional and mixing models.
Rogers and Gradner®’ developed a model consisting of finite stages
with a repeating unit in which there are two'ihﬁefcdnﬁectéd”(one
of which incorpprates stagnant regions) Cfoﬁa’infseriea with a %

plug flow4tank.
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- B.3.b Mathematical Development

'B.3.b.1 Analytical Solution

The original model was proposed by Jungeénd Gryte.*? The core
consists of' M number of repeating units. The repeating unit con-
sists of two capilléry bundle sections connected by a mixing
‘chamber. Aall the‘chambers are CFSTRs. The input flow is split by
a hypothétical zero volume splitter block in analogy to ‘a physical
divergent flow around solid regions. The two capillary bundles
each consist of N number of parallel mixing chambers which are
accessible to polymer flow. In addition, as Dawson and Lantz pro-
posed, a core consists of COnstricted pores inaccessible to the
polymer.3? These regions are also’incorporated into the capillary
bundles. The flows exiting the capillary chambers are joined in a
zéro volume hypothetical adder b1o¢k unit. . This is analogous to
fintérsecting and instantaneously mixing streams; The existing
sﬁream from the adder enters an actual mixing chamber, which can
incorporate radial or prolonged mixing. This unit haska physical
significénce, since all streams will mix eventually before exiting.
In all the chambers, the adsorption is assumed to be a homogeneous
reaction governed»by Henry's Law for dilute solutions.

The transfer function for the core consisting of MArepeating

units in series is derived as:3%

- M
' M
Cout _ A, A, 8 ,
Cin [s + g * s + 92] (s + bM (7)
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where A. = Q1/0
T Vi/0%

| Vi ads
5 = Q/Vy
b = +
Q/VM 'kads
; éout' éin = the concentration profiles in the Laplace

domain of the streams exiting from the last
stage and entering the first stage, respec-
tively. ‘ -

In the original model, there are two parallel chambers besides the .

inaccessible pore volume, This repeating unit is given in

Fig. 11.3% The input function, approximated as the unit impulse

function,ehas the following Laplace transform,

Cin = Co tinj ‘ “(8)
where Co = the initial concentration
Atinj = the time of injection

(This approximation is valid since tips v 17 minutes, while the

]

width of the response is about 1000 minutes. Recall Fig. 10.)
In the previous work, this Laplace transformvwas inverted

analytically, making use of the binomial expansion, the convolution

theorem, and incomplete y functions. The final exiting concen-

tration profile in dimensional form was obtained as:3%
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M-1 (3 M-1-§ _-br | 2M-1 Mt 2
Cour = Co tiny 8 Y e i W
‘»  jep  (M-1-D1 g1 1o (RO 21 (1-1)1 (9)
[2M-2-1 K ‘
[ (-1) ( (e+k-1)1 Y {2M-k-24], (g)-b) £}
k=0 (M-2-1-K)1 k1 \ (gp-gp) "¢ (gpebyPMk-R)
TS e AR TN e S
_ z (2+k-1) | Y(m-ﬁj-l,(gz-b)t} : AiZH Y'{zmj.(gl-b)t}
0 (HeloDl (gp-g) ™ (gp-n)TTHIL ST onyyy (g)-b) 2}

A2 y(2m5, (g,-b) )
(2M-1)1 (gp-b)2MH].

+

‘where yfie thevineomplete Y functioﬁﬁ

Due toﬁthe complexityeof this;funetion,ﬂit.was not possibie
to simulate the'dutputfinkthe eom§ﬁ£e£ effiéiently within‘the
given time limitation. Therefore, we have investigated alternate
ways of computing the concentration time function by inverting the

following expression:

Q[C(t)] = ,V Eout = ;Gin f e'sitx C(t)dt (10)
. v 0 ; ,

'ﬂB;31£.§7ﬁﬁmetiéalysdlﬁtiaﬁ7‘:biw
The Laplace transform is inverted;numerically by adapting
Seinfeld's and. Lapldus 568 rev1sed ver51on of Plessen s algorlthm
The Legendre—Gauss quadrature 1s applled to approxlmate the Laplace
llntegral.a Furthe:more, the Vandermonde coefflelent matrix is
inverted using the method which was developed by Bellman ct g}.,7°

and later modified by- Picssens. A morerdetailed discussion can be
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found in the doctoral proposal presented in May, 1979.7! The
readers are also referred to Carnahan’? and Seinfeld$® for

further information on the development of this approach.

B.3.b.3 Modification

Withkthe numerical solution, the model can he modified to
yield a more realistic approach to the actual determination of
the phy51ca1 situation.

The first modificatlon is the replacement of 51ngle parallel
mixers in the capillary bundle element with several mixers in
series, as shown in Fig. 12. The specific case tried was ten
mixers in series, and two of these series in parallel in addition
to the 1nacceSSible pore volume. The results related to this
’modification are given in Section B.3.c (Fig. 21). The adsorptlon
in the pores takes place along the length of the pores. By incor-
porating quite a few mixers in series, the plug flow reactorhis |
approached. The flow rate is constant and if the mixers are
.assumed to be of equal volume, no new critical parameters are
introduced into the model. |

The number of the parallel flow chambers can be 1ncreased to
‘modify the radial dlspers1on of the branching streams. However,
with each parallel chamber, two new parameters — namely, the volume’
of'the chamber‘ano.the'flow rate associated with it — are intro-
duced. Therefore, a method shoulé be devised to estimate the
parameters before modifications increasingrthe number of unknown

variables are incorporated into the model.
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B.3.b.4”Estimation of ‘Parameters -

' In order to obtain.a ‘good correlation between experimental
and theoretical“resUIts}’thexparaméters have toxbe'optimally
selected. The parameters of the model may be grouped in three
categories- (l) the experlmental set or determlned parameters,
(2) estlmated parameters by optlmlzatlon,Aand (3) calculated
parameters by solving 1dent1ty functlons The technlque 1n"l
kapprox1mat1ng the parameters in the second category w1ll be :
adapted from the recent work ofkRogers and Gardner 67 |

All the parameters and the way they are obtalned are‘sum—‘
marlzed 1n Flg l3 The orlglnal model has the follow1ng para?-
meters _ flow rates (Q, Ql, Qz), holdups (Vl, V2, V ). and the:
number of stages M. Flrst of all Q 1s experlmentally flxed
'and V 1s the total pore volume whlch can be determlned from the

*experlmental concentratlon proflle. From 1dent1ty relatlonshlpsr

Q = o +Q . an
and |

2 = MVy+2MV, +2MV, - 2 4(12)

Furthermore, the standard deviation for the model can be shown to

be: "9

2o (?-MV1 + 2MV2)2 | (2le)2 w2l w? o (13)
; 2Q2M B MQ , Q; Me
: Eq;fl3'is an ‘inequality constraint because o2 cannot be less -
than zero. The ratio of the total volume of the mixing chambers
to the total volume of the capillary bundle chambers approaches a

verylhigh value for high M values to meet this criterion. Thus,
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aithough parameters like M, Q. Vl, and Vi are'toibe optimized,
still Vv, and VM are not independent. In the case of polymer runs,
the additional parameters, kads and IPV%, can be determined from
experimental results. IPV% was described earlier in the experi-
mental section. The ratio of the polymer elutrng from the Mth
stage to. the polymer injected is~[Pout/Pin]M and can be calculated
from experimental outputs. Assuming’all the rest of the para-
metersdare estimated, k 34 can be.calculated from this%experimental
ratio and the following expression:

[Enm'_‘={z_\l +‘£\z] [¢] :, E (12)

An analogous equatlon is derlved 1n Jung s the51s,“'9 where he has

made use of the. propertles of Laplace transforms.

B.3.C Theoretical Results and Discussion

In this section, the effect of the model parameters on the
output is studied. In some cases, the model results aredcompared
to.eaperimental data.  All the figures, with the exception of
Fig. 24, were obtained from the~numerical inversion. For the case
of nine stages for sucrose when“thefanalytical and numerical
results were compared, a maximumf% deviation of 0.15 was obtained.
The concentrations for the polymer and sucrose solutions are nor-
malized by the corresponding experimentally determined maxima.
:However,,the time is dimensional.

The effect of number of repeating units M is given in Fig. 14.

As M increases, the maximum concentration increases and shifts to
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Figure 15 Effect of Mixing Volume Fraction PM on Model

M = 18; Q = 25 ml/hr; Q1 = 8.5 ml/hr.
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the right on the positive time SCale., The peak sharpens to
comply with the mass balance. The variables that are kept constant
are shown on the graphs.

The ratio of the volume of thewmixers to the total volume is
represented as PM. The effect of varylng PM is shown in Fig. 15,
keeping the rest of the parameters constant As PM decreases in
the range~0 9 - 0.5, the max1mum conCentratlon 1ncreases and moves
to the rlght in the p051t1ve tlme dlrectlon.f The peak sharpens
again- to keep the mass balance. However? 1n the range 0 5~-0.1,
decrea51ng PM: decreases the maximum concentratlon and broadens the
curve. ‘ " | |

:Fig 16 shows a set of parameters which yield a good fit in
comparlson to the experlmental data.l At M = 18 ‘no effect of flow
rates 1nto 1nd1v1dua1 chambers 1s deplcted - .

Fig. 17 represents a comblnatlon of effects. ﬁAs PM decreases,
.the effect of changing M is diluted. In other words, with small M
and PM values, it is also poSsible to get a good approximation.
‘Changing the flow rates does not produceva great effect; however,

a larger change is observed at lower PM values. As the ratio of
‘the two flow rates‘increases, therﬁaximum concentratfon increases
and the peak sharpens; S N 5

Fig. 18 shows the effectfof changing flow rates at a

different (iower) M wvalue. When M= 10 as the ratiogof the two

flow rates is increased, the max1mum concentratlon 1ncreases with

some peakrsharpenlng. Houever, the p051tlon of the max1mum in

&

time remains constant. i
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3

Fig. 19 depicts the effect of the model parameters for one
stage (M = 1). The flow rate effect is within 2 ppm. As the PM
value decreases, the maximum concentration decreases and shifts to
the right on the time axis. The peak broadens as dispersion
increases.

-The effect;of the parameters of the specific computer program
is shown in Fig. 20. A is a parameter changing the amplitude of
‘iterations As A increases; the oscillating concentrations at the
tails of the peak dampen and negative concentrations are thus nulled
out. NUM is the order of the approx1mation for the polynomial in
inverting the transform. As NUM‘aecreases, the model profile does
not approach the experimental profile. |

Fig. 21 introduces a'modification intoythe.model. The
single parallel capillary chambers are replaced by tengmiXers in
series. The effects of A and flow rates are studied in comparison
to the otiginal'model.'~The new model which approaches plug flow
behavior yields a higher maximum, shifted to the right‘in com-
parison to‘the‘old'one; Flow rates do not produce a large
deviation. Increasing A causes the dampening of the oscillations.

Fig. 22 is a representation of outputs from cores w1th
varying sizes. The fixed parameters are obtained from a set of
tesults yielding a good fit.” The first curve is for ancore of
one repeating unit; the second, two units; the third, éour; the
fourth, six; the fifth, eignt; and finally, the last_cnrve is for
a core with ten repeating units. The signal:mones to the right on
the positive time soale.-*The firstnone is very snarp and very

similar to the response of a CFSTR. As M increases, the peaks
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broaden and spread. Since these were obtained for sucrose, the
area under each curve remained the same. |

In Fig. 23, the polymerband fhe sucroée are plotted on the
same set of axes. The total inW raté’is slower. The pblymer
elutes sooner than sucfQSe. 4The effect of increasing M gives the
same result as before. The parametersfselécféd do nbt'rep:esent
a good fit in either case. ‘

Fig. 24"% shows the effect of the adéofptibn consfant.’ As
the adsorption Coﬁstént'iﬁcreasés, a lower mékimum shiftéd to thé.’
, Ieft in the positive time scale is obtained. The péak broadens
in accordance with the material balance.

| In this aevelopméht, the nﬁﬁber‘of discrete stages (M) and
the ratio of the volume of the mixers to the total volume (PM)
were the péréﬁéters‘that"affected the oﬁtpdt mbst; The ihdividuai
flow raﬁés intokthe'paréilel dapillaries dia hot-have é_substantiai
influence. By modifying the model, the pefmeability effect will
be incorporated. Although Certain combinations of parameters
yield results in good agreement with the experimental results, the
variables are not unique. This is especially observed when the
flow rate is altered or the polymer is used; the experimental and
theoretical results diverge (i.e., Fig. 23). Optimization is
essential for the estimation of unique parameters. Fig. 20 shows
‘that varying the core sizes will be a significant experiment
showing the extent of dispersion. Fig. 24 shows that adsorption
is an unresolved phenomenon. We must design‘experiments to

characterize polymer core interactions further.
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SYMBOLS - IN THE FIGURES

A = distance between interpolatidn points

C =’¢oncehtration of séluté‘ih ppm -

Cmax‘= maximum concentration qf solute in ppm

ads = adsorption constaét”in hr’?

M % number_of repgating units

Na; = number of'assumed repeating units |

NUM é.ofder of approximation of interpolating polynomial '

NUMM = number of data points | | |
- PM A=’ratio of volume of mixing chambers to the total volume

Q = flow rate of stream gbingkintokthe'répeatihg unit in ml/hr
Q4 'k= fiow4rate of Stream going intokfirst flow chamber in ml/hr
Q; = flow rate of streém going into second flow chamber in ml/hr
QI; ’=;£13grraﬁe of - stream goipg int9’the;inaccess}ble’region in |

T = time in hr
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C. Tomographic Observation of 0il Displacement

.C.1 INTRODUCTION

Computer axial tomography (CAT) is a technigue whereby the
electron density over a planar surface can be reconstructed from
the 1nformatlon supplled by a multitude of transmission X-ray
measurements. A tomographic plane or slice is divided into
picture elements (pixelles). hIt ls the purpose of this method to
calculate the electron density of each element and thereby to
reconstruct an,image>of the‘cross-section. By convention, the
electron density is given in CT numbers. These are proportional
to thetdeviation of the pixelle xeray linear attenuation coeffi-
cient from that of water (C'I‘HZO = 0). In the present~instrument ,
the plxelles have dlmen51ons 0.75 x 0 75 mm in the plane of the
slice and 1 cm in depth | The depth is related to the X- ray beam
width and detector geometry ThlS plxelle volume represents the
Vresolv1ng power of the machlne, since the electron densrty in each.
plxelle 1s assumed to be unlform. The present machlne 1s optlmlzed
for patlent use, thus the exPosure dose is mlnlmal and the compu—
tatlon code is optimal for electron den51t1es characterlstlc of
anlmal tissue (CT numbers of 100) Since silica has a hlgher
atomic number, its CT values are in the range 1000 2000 , Thus,
all measurements of X-ray den51ty must be calibrated, since we are
operating out of the linear range of the machine. fThis’technique
was first uSed in a medical environment in 1973 at the Mayo Clinic

for the purpose of identifying tumor regions in the brain.
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.2 PROCEDURE

C.2.a Calibration of CAT Scan

Solutions were-prepared having different characteristic
electron4densities. Toluene and carbon tetrachioride and their
mixtures represent extremes in electren density for hydrophobic
oil—like components. For agueous systems,,solutions of both KI
and KCl1 at 0.1 N and 1.0 N weregused as’electrolytes.

Ottawas sand (20-60 mesh) was mixed with a solution and
poured as a slurry into a test tubek(25 mm I.D. x 20 cm) and
allowed to settle, Sand was continuously added until there was,
'no free liquid remaining-at the top of the tube; Similar tubes
were prepared for all of the m1nera1 solutlons (36 in all). These
: tubes were stoppered and placed in a cyllndrlcal contalner |
(20 cm I.D. x 23 cm depth).. The spaces between the test tubes
were;fiiled with drv sandv The contalner, ‘which was covered and
sealed, was ‘used as a test object for the CAT scannlnq exnerlments.‘
It was p051tloned in the scanner w1th the axis of the cvllnder
normal to the dlrectlon of the tomographlc plane, in such a way
that the Slice would cut through the mid-point of all the test
tubes. The results for the CT numbers found at the centerp01nt of

the different tubes given in Fig. 25.

C.2.b CAT Scan of 0il Displacementk

A Berea sandstone core (300 millidarcy, air; 2 inch diameter,
10 inch length; dried 24 hours, vacuum 100?; from Cleaveland
Quarries) was encapsulated with a thin coat of epoxy (Epon 828).
As illustrated in Fig. 26, an epoxy endcap (0.5 inches thick) was

formed at one end of the core. After curing, the exit end was cut
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off‘to expose the virgin Bereé sandstone. The endcap was drilled
and tapped for a 1/4 inch stan@ard;pipe to tube connector. At
the entrance region, a hold was made épproximatély 0.75 ihches
into the core to provide an entry region. The core was evacuated
to 100 microns and filled with a light oil (from Texaco, -

Dr. Morduchowitz). The oil flow-pressure drop was measﬁréd using
thisufiltered oil.

A 1 N KI solution was prepared and pumped at a rate of 7 cc/hr
~into the core. The volume of oil and water coming out of the
core was collected. After,loo cc had passed through the core
(30 of o0il recovered), the apparatus was stopped and the core was
taken to the St. Luke's Hospital Center for the CAT Scan" The

scan was made approximately 1 hour’after'the flow was stopped.

C.3 DISCUSSION OF RESULTS

In Fig. 25 the CT numbers repfesent the average over to the
domain within the sand-packed tﬁbes. The void spaces contain the
' indicated solutions. Fbr example,‘there.are tubes containing
toluene of carbon tetrachloride.‘ The one containing pure CClu
and sand has thé highest electron density and thus a CT number of
1500. The tube with toluene and sand has a corresponding cT
number of 920. The mixtures of these solutions havé'eléctron
densities as indicatéd’in Fig.25. Though these data are taken in'
a region in which the SCAT scanner is not calibrated, the data are
reasonable. Within the calibrated zone.(CTlless than 1000), thé
CT nﬁmbers are accurate’to within + 0.5 percent. It isvevideht
’ that one‘Sees the interface between CCl, and toluene.v_In fact,

it is evident that with this technique, many of the common fluids
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used in o0il recovery technology have electron density differences
which permit their direct observation with CAT scanning techniques.
In Fig. 27, a photographic representation of scans is given

for the four positions on the core identified in Fig. 26. These
- scans were taken one after another within about a 20 minute
period during‘which time thereiwasvno flow through the core. In
the initial scan, the ehtry wellyis observed. The 1 N KI solution
is seen as a black region. Evidently.there is an air bubble in
the injectiOn well. It is seen as a white region. The KI solution
has permeated the domain around the 1njectlon well, and we feel
that only the narrow band around the core perlphery is oil flllEd
-In the succeeding sections, the«flngerlng of the 1 N KI solutlon
iskevident. The dark zones are KI rich; the light regions are oil
rich. It is evident that there are definite,preferred,paths,and
~that these paths are aligned in definite directions. That this
is‘nct;a maehiee_artiﬁact-was'proven by a rotation of the‘cqte ;\
‘sample; ’fhe,stratif;eation of the porous regions'mey be oﬁ_t,f
'geologic origin, :quever, tﬁis was an‘isoleted~core‘and thus,’
~more work is needed te confirm this‘obeervation; There is a
definite correlation of'the pattern from slice.to slice and thus,
one conclﬁdeskthat the KI regiens;represent continuous channels in
‘theyBetea etructure. u |

| Although area histograms were not available at the time of
writing this report, it is possible to do an intensitg survey to
ailocate the number ofvpixelles in eech of the different CT_, 
categories. In addition, we ant1c1pate ‘carrying these experihents

in a dynamic mode and contlnuously observ1ng the development of
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the displacement geometry, not only with water flooding but also

with micellar and polymer flows.
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