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MODELING OF SURFACTANT TRANSPORT AND ADSORPTION IN POROUS MEDIA

by

FrankT. H. Chung

ABSTRACT

Surfactant concentration is one of the important factors in determining foam generation and

propagation.When surfactantsolutionis flowingina reservoirformation,surfactantswillbe dilutedbyflow

dispersion,retainedin dead-end pores,'adsorbedon rock surfaces,or precipitateddue to ionexchange.

Ali these physicaland chemical aspectscomplicatethe problemof foam. The loss of surfactantwill be

detrimentalto the performance of gas foam. Informationof surfactantconcentrationprofiles in reservoir

formations is essential for gas foaming technique development. This research was designed to

investigatethetransportand adsorptionphenomenaof surfactantsin porousmedia.

The majorobjective of this research is to investigatewith mathematical models the transportand

dynamicadsorptionof surfactantsinporousmedia. The mathematicalmodelshave takeninto accountthe

convection,dispersion, capacitance,and adsorptioneffects on concentrationsof surfactants. Numerical

methodsand computerprogramshave been developedwhichcan be used to match experimentalresults

and to determinethe characterizationparameters in the models. The modelscan be included in foam

simulationprogramsto calculatesurfactantconcentrationprofilesin porousmedia.

A flowexperimentalmethodwas developed to measure the effluentsurfactantconcentration,which

will be used to determine the model parameters. Commercialfoamingagent AlipalCD-128 was used in

this study. Equilibrium adsorption and surfactant precipitation have been tested. Tracer solutions with a

nonadsorbing solute such as dextrose and sucrose were used to determine the dispersion parameters for

the experimental sandpack; thus, the adsorption of the surfactant in the test sand can be identified with an

adequate model.

INTRODUCTION

Gas flooding is an effective enhanced oil recovery (EOR) method. The displacement efficiency of

'gas flooding can be economically feasible under both miscible and immiscible conditions. The efficiency

of gas flooding has been hindered by the unfavorable mobility of injected gases as well as gravity

segregation, which results in poor sweep efficiency. Several methods have been considered to mitigate

the problem of mobility control: (1) water-alternating gas (WAG) process; (2) use of surfactants to generate

foam to reduce gas mobility; (3) polymer-enhanced WAG process; (4) viscosifying the gas phase by

means of addition of polymers as direct thickeners; (5) in situ polymerization of soluble monomers in
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means of additionof polymers as direct thickeners; (5) in situ polymerizationof soluble monomers in

supercriticalCO2; and (6) adding cosolventsin supercriticalCO2 to enhance extraction power and to

viscosifythe gas phase.

Interestinthe use of foams has resultedfromtheirpotentialapplicationas mobility-controlagentsfor

improvingoil recoveryin EOR processes. Althoughthe foamtechniqueforgas mobilitycontrolhas baen

successfullytested inlaboratorycore floodingexperiments,the applicationof foamin fieldgas EOR is still

in its primaP,,stages, primarily because of the lack of adequate models or scaling n.Hesto describe its

behavior. Several technical papers on studies of foam flow behavior in porous media have been

published. However, most of the papers deal only with phenomenological descriptions of foam behavior

in laboratory-scale models. Research is needed on the development of quantitative relationships of foam

behavior, rather than qualitative description. Some progress in the development of prototype models

describing foam flow behavior in porous media has been made. 12 Figure 1 illustrates the modeling
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FIGURE 1. - Outlineof modeling foam flow in porous media.



hierarchy. The approach employs Darcy's equation with modifications introduced in the terms of relative

permeability and viscosity by the effect of foam on gas flow in porous media. This simplified approach

provides a framework to develop a model that is computationally convenient and useful. Both the

apparent foam viscosity and the effective gas relative permeability depend on foam texture. 1"3 The

bubble size distribution, or equivalently the foam texture, is a controlling factor for the rheological

properties of foam. The number density of foam bubbles or lamella is dependent on the generation and

coalescence of the bubbles through the population balance equation. 1 The mechanisms of foam

generation and coalescence is then dependent on surfactant concentration, capillm7 pressure, gas flow

rate, and other factors. The adsorption of the surfactant comes into play in the mass balance equation for

the surfactant. The mass balance equation for the surfactant, in turn, dictates the availability of the

surfactant to generate foam.

NIPER's previous work on this project was devoted to the study of foam rheology and effective foam

relative permeability, and results were published. 4 This work is desigm;,.__to study the transport and

adsorption phenomena of surfactants in porous media and to develop mathematical models for the

prediction of surfactant concentration distribution.

One of the major problems encountered in injecting surfactants in reservoirs is the adsorption of

surfactants in formation rock, which consumes most of the injecte3 surfactants. The loss of surfactants

due to adsorption and precipitation will reduce performance and make surfactant applications

uneconomical. To design and optimize a surfactant injection process, the transport and adsorption

phenomena of the Injected surfactants in porous media must be understood. The transport and

adsorption of surfactants in reservoir formations are complicated problems. These problems are briefly

reviewed in the following paragraphs.

Surfactants are complicated chemicals which contain hydrophobic and hydrophiiic parts. The

hydrophilic groups are usually polar or ionic, whereas the hydrophobic parts are usually long-chain

nonpolar hydrocarbons. The two different types of interaction: ion-ion interaction and hydrophobic

interaction complicate the surfactant solution properties. Surfactant molecules will aggregate to form

| micelles when the concentration of surfactant is above the critical micellar concentration (CMC) of the
surfactant. Micelles do not adsorb significantly. 5 Adsorption of surfactant molecules has various

configurations. The configuration of surfactant molecules in the adsorbed phase is different from that of

the bulk fluid phase. Surfactant molecules may aggregate on the adsorbed phase to form two-

dimensional hemimicelles due to lateral attractions (hydrophobic interaction) between adsorbed

surfactants. Surfactant monomers in solution are simultaneously in equilibrium with both micelles and

adsorbate.

Reservoir fluids include oil, brine, and gases. Surfactant-brine solution is an electrolyte system

whose properties are difficult to predict. Data on the ionic composition of reservoir connate water indicate

a large amount of dissolved mineral ions such as Na+, Ca++, and Mg++. Interaction of these ions with
:_
2
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anionic surfactantcan produce precipitation.6-7 Also, the mixingof surfactantswith reservoirfluids in

porousmediacan generateothercomplicatedphases suchas emulsionsandfoam.

Formationrocksare heterogeneous.Reservoirmineralsincludevariouschemicalssuchas silicates,

carbonates, halides, sulfides, and sulfates; therefore, reservoir rock surfaces can be assumed to be

composed of patches with different surface energies. Theoretical work for evaluating surface/

heterogeneity has been developed based on the so-called "patchwise model.''8-9 Investigationof

surfactantadsorptionin reservoirformationsrequiresknowledgeof the varioustypes and amountsand

positioningof mineralsinrockmatrixandinporechannels. In addition,rocksurfacesare notsmooth. Part

of the surfacearea is insidemicro-poreswithdiametersofmolecularsize. Likemolec,ular sieves,surfactant

moleculesmay not be able to penetrateintosome smallerporesand be incontac_lwith rocksurfaces, lt

has been foundthat the surfaceof a porousformationis a fractaldimension10 where the surfacearea of

the porousformationrockwillbe relatedto the fluid molecularsize;thus,the surface area determinedby

the standardBET methodmay notbe the effectivearea for surfactantadsorption.

Commercialsurfactantproductsare not isometricallypure. They are usuallymixturesof surfactants

and cosurfactants such as alcohols. Some of the observed results for the adsorptionof surfactant

mixturesshowmaximaand minimainthe isotherms,whichmay be dueto complexsurfactantcomponent

interactions.5 For basic studies, it is desirable to simplifythe problem by usingpure surfactantsand

minerals. Even for such a simplifiedcase, the adsorptionisothermis stillcomplicated. Figure 2 showsa

typicaladsorptionisothermfor surfactanton mineraloxidesurfaces.The isothermcan bedividedintofour

regions. In Region I, only unassociated,first-layer moleculesare present, and the adsorption obeys

Henry'slaw. In RegionII, aggregatesonthe surface are beginningto form hemimicelles,and adsorption

increasesmore rapidly. In RegionIII, the adsorptionincreasesslowlyandeventuallyreachesthe plateau

region (Region IV). The transitionpoint for adsorptionto reachthe plateauwas found to correspondto

the CMC of the surfactant.5 These phenomena have been observed in many surfactant adsorption

studies.5,11 This shape of adsorption isothermscannot be described by those homogeneoussurface

modelssuchas the Langmuirmodel,the BET model,andHenry's law. Scamehornet al,5 havedeveloped

a patchwise adsorption model, which incorporates bilayer adsorption, lateral interactions, and two-

dimensionalphase transitions. The model describesisothermsobservedbelow the CMC; however,this

modelstilloversimplifiessurfactantsolutionsbyassumingan idealsolution.

9ecause of the importanceof surfactantadsorptionto chemicalEOR, extensive basic researchon

the adsorption of surfactantshas been conducted under the sponsorshipof the U.S. Department of

Energy. Most of the adsorptionstudies have been on equilibriumadsorption. Seldom have these

studiesbeen conductedon dynamic adsorptionat flowingconditions.12"13 Surfactant concentrationis a

criticalfactor to foam generation. Surfactant distribution in porousmedia is affected by adsorptionand

4
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FIGURE2. - Adsorptionbehaviorfor surfactantadsorptionon mineral
oxide surfaces.

other factors such as dispersionand capacitance-retention. Trogus et al.12 firstconducted a dynamic

adsorptionstudyfor anionicand nonionicsurfactantflowthroughBerea cores. Their resultsshow that

surfactant adsorption is dynamic under flow conditions. They also presented a model to describethe

kineticsof adsorption.

The objective of this work was to study the transport and adsorption phenomena for foaming

surfactantsin porous media and to develop a model to describe these phenomena. The projectwork

includes mathematicalmodelingand experiments.
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MODELING DEVELOPMENT

Transport of chemicals in porous media has been studied in petroleum engineering, chemical

engineering, ground-water pollution engineering, and soil physics, lt has been recently studied with

reference to chemical flooding in enhanced oil recovery (EOR). Multicomponent single-phase flow

through porous media is found in many EOR processes' surfactant flooding, alkaline flooding, polymer

flooding, and microbial flooding. An important design criterion for chemical injection is the slug size that is



requiredfor optimumoil recovery. The transportof injectedchemicals or microorganismsisgovernedby

many physicaland chemicalaspects such as convection,dispersion,adsorption,capacitance-retention,
i
, pore-throatfiltration,andchemicalreaction.

This studywas focusedon the propagationof surfactantsolutionsinporous media, The purposeof

injectionof surfactantsolutionsintoreservoirformationsisto generategas foamfor gas flowcontrol. The

foam flowproblem is muchmore complicatedbecauseit deals with multicomponentand mutliphaseflow

throughheterogeneousporous media. To model foam generationand flow in reservoirformations,the

surfactant solution flow in porousmedia should first be modeled.1"2,4To simplify the proble_in this work,

the model was assumed to be a multicomponent single-phase flow with constant flow rate, and the

surfactant distribution was assumed to be affected by dispersion, capacitance-retention, and adsorption.

The porous medium was assumed to be homogeneous. A one-dimensional linear flow and radial flow

models were developed in this work.

1. Convection-Dispersion (_CD) Model

The simplest model to describe the miscible transport of chemicals through a reservoir rock is the

convection-dispersion (CD) model which cor,siders only the dispersion effect on the chemical

concentration profile. The model equation is characterized by one dimensionless parameter, the Peclet

number Pe(=VL/D). The differential equation of the model is
L

aD . aC =a_C
o_x2 AC ax o_ (1)

where C is the chemicalconcentration,D is the mass dispersioncoefficient,q the volumeflow rate, A is

the crosssectionarea, _ is the porosity,x isthe lineardistancefrom 0 to L, and t is the time scale. The

interstitialvelocity,V(= q/A _)),is constant.

The analytical solutions for various boundary conditions are well known,14 The effluent

concentration profiles of this model are nearly symmetrical around the breakthroughof 50% of the

injection concentration. Figure 3 is a typical breakthrough curve of the effluent concentration. The 50%

concentration appears at the outlet when 1 PV is injected. The parameter-Peclet number characterizes

the dispersion of the concentration profile curve. When Peclet equals infinity (i.e., no dispersion), the

flow becomes a plug flow. lt has been shown that molecular diffusion, mass tortuosity, and mechanical

• mixing contribute to the mass dispersion coefficient D. A relationship for the mass dispersion coefficient

= was proposed as15

D = Drn(1+'_m)+ a(V)0¢ (2)
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FIGURE 3. - Effectof dispersion on effluent concentration profiles (CD model).

where Dm is molecular diffusion coefficient, _m is mass tortuosity,a is a constant,and c¢is a parameter

which is between 1 and 2.16 Several studies performed on consolidated packed beds and Berea

sandstoneshow ¢xto be approximately1.25.17"19

The model is suitablefor the case suchas the injectionof aqueous solutionswith a nonadsorbing

soluto such as sucrose into a sand-packed column, where adsorptionand dead-end effects can be

ignored. Sucrose has been injectedwithsurfactantsas a tracer to determinethe mass transtercoefficient

for the injected surfactant.

2. Convectlon-DIsDerslon-CaDaclt_ince (CDC) Model

Many experimentsof corefloodingexhibitasymmetryof the effluentconcentrationprofile. Because

the dead-end poreshaveoccupiedsome void space,the actualvoidspace for flowphase is lessthanthe

actual pore volume. Therefore, the breakthroughof the 50% concentrationoccurs significantlybefore

1 PV is injected.20-21 To describe this phenomenon, Coats and Smith14 proposed the convection-

dispersion-capacitance(CDC) model. This model considersa zone of stagnant fluid which exchanges

mass with the mobile fluid. The model has three parameters:Peclet number (Pe), the fractionof pore

volumeoccupiedby mobilefluid (f), andthe dimensionlessStantonnumber (St=kL/v) which relatesmass

transfer (between mobileand stagnantfluids)andconvection. The diriurenttalequationsof thismodelare

givenas

_-- --_a2c--q-ac=fac+(1- ac"
ax2 A_pax a--t- f)at-- (3)

7



(1- f)_c--_k (c-c')
_t (4)

where C* is the concentration in the stagnant space and k is the mass transfer coefficient between the

mobile fluid and the stagnant fluid, This model has been used to determine the dead-end space of a core

from the shift of the breakthrough of 5'0%concentration point. Solution of equations 3 and 4 depends on

boundary conditions. Several different, types of boundary conditions have been proposed. 14,22 The

following two types of boundary conditions(B.C,) are more reasonable for this model,

B.C. ! - for finite medium23

VCo= VC - I__
atx =0 (5)

=0
ax atx =L (6)

B.C. 2 - tor semi-infinitemedium16

VCo= VC -
ax atx =0 (7)

C-->0 at x-_oo (8)

B.C. 2, which Includes an exit boundary condition asx -_ oo,is a,ppropdate for solving the differential

equation analytically, but it cannot be explicitly imposed to solve the finite difference torms of the

equationsof the CDC model. An analytic solutionfor the CDC model with B.C. 2 was given by Coats and

Smith.14 Numerical solution was developed for equations 3 and 4 with B.C, 1, The behavior of the model

is shown in figure 4 for different sets of parameters. The breakthrough curve comes out earlier as the

value of f decreases, and increasing', the mass transfer rate (St number) will make the effluent
'd

conc,_ntration,profile tailing.

The CDC model has been used extensively in the petroleum industry for quantifying dispersion and

tailing in consolidated porous media. Jasti et al.24 performed coreflOod experiments using radioactive

'_ tracers to investigate the capacitance effects 'ontracer tailing. They found that tracer tai;,:_gis a functionof

the ratio of the moleculardiffusivity to the flow rate. Their study also indicated that the CDC model displays_

realistic residence time distribution behavior for tracer. However, ¢,auti0nshould be exercised in fitting the

parameters: f and k. The flowing fraction f should be independent of the interstitial velocity. The CDC

8
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FIGURE4. - Effects of dispersion and capacitance on effluent concentration
profiles(CDC model).

model has alsobeen appliedfor multiphaseflow in porousmedia. Salter and Mohanty25 studied two-

phase flow, where tracers were added to both the wetting and nonwettingphases. The effluenttracer

profilesfrom corefloodexperimentswere fittedwith a modifiedfour-parameterCDC model, whichdivides

each phase intothree fractions:flowing,dendritic,and isolated.

3. Convectlon-DIsDerslon-AdsorDtion (CDA) Model

In additionto the effectof capacitance,adsorptionwilldelay the effluentprofile:the breakthroughof

the 50% concentration occurs after 1 PV is injected. To interpret this experimental fact, several

._ authors9,36"37presentedthe convection-dispersion-adsorption(CDA) model. The adsorptionterm has

been usually modelled by the Langmuir isothermwhich assunles instantaneousequilibriumcompared

with the rate of convection and dispersion.36 But Trogus et al.9 observed dynamic adsorption for

commercialsurfactantsand have proposeda kineticadsorptionm_'Jelfor surfactantadsorption. A general

modelwhichemployedthe dynamicadsorptionmodelwas givenas15,27

_D___C.qaC=_aC_.A_a__
o_x2 A(I)ax at 4) at /9)

_Cs = ka(Qs- Cs)C- kdCs
at (_o)



where Cs isthe chemic,al concentrationon the solidsurface(per unitsurface area), Asis therockinterstitial

area per unitvolume(totalvolume),Qs is thetotaladsorptioncapacityofthe adsorbent,andka and kdare

adsorptionand desorption rate constants, respectively. The surfactantconcentrationof the injected

solutionis Co. The CDA model which has four dimensionless parameters: Peclet number (Pe),

adsorptioncapacity number (La=AsQs/_Co), flow rate number (J=V/LkaCo), and kinetic adsorption

number (E=kd/kaCo),does notconsider the retentionof chemicals in dead-end pores. Ramirez et al.15

conductedsingle-phasesucrose-tracerdisplacementtestson a firedBerea corewithpermeabilityof 810

md and porosity of 22%. Their results show that for fired Beret :he dead-space volume is very small

(approximately 3%), and the capacitance effects are negligible. The dimensionless form of equations 9

and 10 are given in appendix A. There is no analytical solution for the set of nonlinear differential

equations with the boundary conditions of equations 5 and 6. Different numerical techniques have been

used to solve the set of equations. The Barakat-Clark finite-difference method28 was used by Satter et

al.,27 and the Crank-Nicolson finite difference method29 was used by Ramirez et al,15 The effluent

concentration profiles of the model are shown in figure 5. The profiles are delayed by adsorption. By

lowering the kinetic adsorption number (E), i.e., lowering the desorption rate relative to the adsorption

rate, will retain the chemical inside the porous media and thus make asymmetric tailing of effluent

concentration profiles. The effects of the adsorption capacity number (La) with the Peelernumber (Pe) orl

the effluent concentration profile are shown in figure 6.
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FIGURE5.- Effects of adsorption on effluent concentration profiles
at constant dispersion (CDA model).
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effluentconcentrationprofiles(CDAmodel).

Forthe casethatadsorptionanddesorptionreachequilibriuminstantaneously,equations9 and 10

canbe combinedas27

Da2C _q_aC [ A_a ]_)C
ax2"(A*)_-_:[1 + _l+bC)2J"_-- (11)

where a (=kaQs/kd)and b (=ka/kd)areconstantsin Langmuiradsorptionisotherm. The behaviorof this

equilibriumadsorptionmodel is shownin figure 7 as comparedwithtime-dependadsorptionmodel(eq.

10).

4, Convectlon-DIsDers!on-AdsorDtlon-CaDacltance (CDACI Model

A generalmodelwhichtakesintoaccountconvection,dispersion,adsorption,andcapacitance

mechanismswas proposedby Bidnerand Vampa.30 The modelcontainsali six dimensionless

parameters:Pe,St, f, La,E, J,alreadymentionedinthepreviousmodels.Thephysicalmodelisillustrated

. in figure8.

For a one-dimensionalsingle-phaseflow through porous media, the model encompassesthe

followingdifferentialequations,

(1) Macroscopicbalanceequationfor chemicalinflowingspace

= go_2C.___BC__ __ __°_CAsBCs)+(1 *
=f(o_t+ ¢ at

_f_k_C _C _

o_x2 A_,ax (12)
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(2) Mass transferbetweenthe flowingspace andthe stagnantspace

k(C-c')=ac",
at (1) at (13)

(3) Adsorptionkineticon the surface of flowingspace

aCs _ kaC(Qs. Cs)- kdCs
at (14)

(4) Adsorptionkineticon the surface of stagnantspace

aCs _ kaC*(Qs- Cs)- kdC_s
at (15)

where Cs* is the concentrationof chemical adsorbedon the surface in the stagnant space. Ali other

symbolsarethe same as previousmodels.

The general CDAC model can be reduced to the above-mentioned models: CD, CDC, and CDA.

When there is noadsorption,i.e., Cs = Cs=0, the CDAC model reducesto the Coats-Smith'sCDC model

of equations3 and 4. If the flowingfractionf is equal to 1, the CDAC model reducesto the CDA modelof

equations9 and 10. If there is no adsorptionand stagnantspace,the CDAC modelwill reduceto the CD

model of equation 1. The dimensionless forms of the CDAC model and other models are given in

appendixA.

5. One-Dimensional Radial Flow Model

The general CDAC model can be convertedto a one-dimensionalradial flow model This model

could be applied to the radialcore experimentor near-wellborecase to predict surfactantconcentration

near wellbore. The physicalmodel is shownin figure9.

Under the assumptions of homogeneous porous medium and constant injection rate, the

macroscopicbalanceequationfor surfactantsolutioncanbe writtenas

Lyg r--_- _ -_.+ + (l-f) +--(I) at J L ar (I) (16)

and the microscopicbalanceequationsare the same as equations13 to 15. The boundaryconditionsare

changed to

Atr=ro, fort >0

VoC- VoCo= DaC
ar (17)
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FIGURE9. - Physic,al modelof radialcore.

At r= R,fort> 0

_---=0
_)r (18)

where Vo, the flow velocity at the wellbore inlet, is constant and ali other notations are the same as the

linear CDAC model except the macroscopic balance equation iswritten in cylindrical coordination (r, e, Z).

Since the porous m_ium is homogeneous in porosity and permeability, there is no variation in flow in the

_direction and Z-direction (ignoring gravity segregation). Therefore, the interstitial velocity, V, is a

function of the radial distance r,

V(r)= qo =Voro
2_rh_ _r (19)

Thus, the velocityhas to be updatedwith eachspace increment. The dimensionlessformfor the balance

equation isgiven inappendixA.

6. Numerical Solution Method

The Crank-Nicolson method29 was used to solve the four simultaneous equations.1215 The

methodis convergentand more stablethan the forwardand backward difference method.28 However,

numericaldispersionis stilla problem,especiallyfor large Pe. The numericalerrorcaused bynumerical

dispersionis dependent on the numericalincrementsof time and space, AXand At. For the convection-

dispersion equation, it was foundthat there is no oscillationif _x<2L/Pe.31 To test the accuracyof the

, numerical solutions, various time and space increments were tested. In this work, the sizes of the

14



reduced space increment and the reduced time-step size were chosen to be 0.01 and 0,002,

respectivellfl The finite differencesolutionfor the set of equationsis given in appendix B. To verifythe
_J

numerical !_ethod, the CDAC model was tested with the experimental data reported by Coats and
Smith,14 and Baker.18 Coats and Smithhave conductedmiscibledisplacementtests by Injectingcalcium

chloride into sandstone cores and unconsolidatedsandpacks to displace sodium chloride. Figure 10

showsthe effluentconcentrationprofilesof calciumchloridefrom two experiments.The fitted parameters

for the two tests are alsogiven inthe figure. Bakerhas conductedmiscibledisplacementexperimentsina

vugularlimestonecore of a permeabilityof 5.4 md and a porosityof 11.9%. Xylene was injectedintothe

core of 9.4 cm lengthto displace benzene at a flow rate of 702 cm3/sec. Figure 11 shows the effluent

concentrationprofileof xylene andthe fittedresults. No adsorptionwas assumedfor bothcases. A case

withdispersionand adsorptionwas reported by Huang and Novosad.26 Their data were fitted withthe

CDA model (eq. 11) as shown in figure 12 with ali parameters. So far, no experimentaldata have been

reported for combined effects of three mechanisms: dispersion, adsorption, and capacitance.

Corefloodingexperimentwithconsolidatecore can providethe data for the studyof the combinedeffects

of the three mechanisms.
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: FIGURE 10. - Fitted resultsfor CDC model with Coats and Smith data.24
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FIGURE 12.- Effluent concentration of surfactant (AOS C1618) through 30-cm-Iong
Berea ce,re36 and the fitted Langmuir model.
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7. Parameter Determlnatloq

The parameters in the modelswere determinedby matchingthe effluentconcentrationprofiles. This

procedureis usuallycarried,out by trial-and-error. Severaltechniqueshave been developedfor automatic

historymatchingwhichcould generate a set of optimizedvaluesfor the parameters. The methodsinclude

a least-squaresandlinearprogrammingmethod;32 an optimalcontroland gradientoptimizationmethod;33

regression analys,s and steepest descent algorithms;34"35 an error-weightedgradient method;36 the

Gauss-Newton least,squares method;37 and quadratic programming.38 Some authorsutilized the

combination of two or more algorithms.39"44 Each method has applicationlimitations. Among these

methods, the least-squaresand linearprogramming(LSLP) methodwas tested and appliedto this work.

No furthereffortswere made intestingother matchingmethodsinthisstudy.

The basic assumptioninvolvedin the LSLP methodis a linear relationshipbetween the parameter

values and the simulationresults. Thus, the qualityof the generated optimal parametervalues depends

on how closely this linear relationshipapproximates the actual functional dependence between the

parametersand simulatedresults. In the general CDAC model,some of theparameters suchas P6 and

can be determinedseparatelyfromthe tracer's effluentconuentrationprofile.

To obtain the optimized values for those parameters in the above-mentioned models, several

: simulation runs are required to match a Getof experimental data. Each run has a random set of parameter

values. The number of data points (I) should be greater than the number of parameters (J). We set an

upper limit Xju and lower limit Xjl for each parameter xj. Thus, Xjl< xj_<Xju. The errors between the

calculated values and the experimental data points (_i) are assumed to be linearly dependent on the

parameters (x j). Thus, for each data point, we have a linear equation

J
Ei -- aio + _, aij xj, i+1,2,....,I I = numberof datapoints

j=l

The coefficients alj are determined by least squares. Defining the deviation as

J

DI =Ct- T. aijx[, r=1,2,.....N N = numberof simulation runs
j=o

and applying the least-squares technique, i.e.,

N

_ (Dr)2 = rain, ',
r-I

: we can obtain

- ::E:xr,,xa,j= n=O,J
j=0 j-0 j=o i=1, I

_ r

=

- 17



For any i, the above equationcontainsJ + 1 simultaneouslinear equationswith J + 1 unknowns, alo, all,
i

aLj. Thls system can be solved as

Whure [B] is a matrix of coefficientsbnj, [B]"1isthe inverseo; [B], ._ is a columnvector, so is

N
bnj = _ X_,XI

r=l

N

r=l

Once atjare determined, linear prograrnming techniques will be used to c_.P.:ulatethe optimal values for xi.

I

To determine a _et xj* that minimized the sum _ wil¢ll subject to constraints on xj is the classical lineari=1

programming problem,42 i.e.,

J
alixj + xJ+l - XJ+l+i= - aio, i = 1,2,.... I

j,,1

xj > Xjl j= 1,2.....J.
xi<Xju

I
wi (xJ+i + XJ+l+i)= rain.

1=1

The terms wi are weight factors. Computer coding for the LSLP technique has been developed.

8. Influence of Parameters

The effect of the characteristic parameters on the dimensionless concentration profiles and

adsorptionof the two zones were analyzedusingthe CDAC model. The influenceof the Peclet numberis

shown In figure 3 from the CD model, and the capacitance effects are shown in figure 4 from the CDC

model. Here, emphasis is placedon the effects which have not been previouslyanalyzed. The effect of

the kinetic rate of adsorptionand desorptionis shownin figure 5. Under the same adsorptioncapacity

number (La) and flow number(J), loweringthe kineticadsorptionnumber(E), i.e., loweringthe desorption

rate relativeto the adsorption rate, will retain the chemical insidethe porous media, and thus make the

concentrationprofile tailing. The effect of dead-end pore ( parameter f) and adsorption on the effluer_t

concentrationprofileis shownin figure 13.
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After ali model parameters have been determined from the effluent concentration matching, the

model can be used to estimate the surfactant distributionInside the core, Figure 14 shows a case of

surfactantdistributioninsidea 2-ft-longlinearcoreat a specifictime, Inthe radialflqwmodel,the surfactant

concentration profile near the wellbore isshown In figure 15. Note that the surfaotantconcentrationdrops ,

faster than in the linear flow case, The informationabout surfactant concentrationprofiles In reservoir \
t

formations is Important for the process design of surfactant Injection, The CDAC model can provide this

information, The model can also be used to study underground water pollution problems and can be

extended to other chemical EOR processes such as polymer flooding and alkaline flooding with some

modifications, For multiphase flow, we just need to Includewater saturation In ali the balance equations,

Effect of dispersion, ¢apaci' Emc,e, and adsorpllor__ "" _ --0

,'11" I
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FIGURE 13.- Effects of capacitance dispersion and adsorption on effluent
concentration profile.
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stagnant space of a 2-fl radius radial-flowcore.

20
.

=



EXPERIMENTS

The adsorption of surfactants in reservoir formations Is a dynamic process. Trogus et al.,12

perfo_mingexperimentswith commercial surfactants,observed dynamic adsorption, The amount of

surfactantadsorbeddepends on the rate of adsorptionand the rate of desorption, Flowtests often are

used to determine surfactant dynamic adsorption, whereby the surfactant concentration profile is

measuredat the effluentpointusinga refractoryindex (RI) detectoror UV detector. This experimenthas

been used to studythe transportof surfactant in porous media. The experiment can be conducted at

reservoirconditionswith reservoirrock. Accompanyingthe eXperimentalwork,an adequatemathematical

model is requiredto describethe transport and adsorption phenomena of surfactant in porous media.

The parameters in the model are determined by matchingthe effluentsurfactantconcentrationProfile,

The modelwill then be usedto estimatesurfactantconcentrationdistributioninsidethe porousmedium.

1, Experimental Procedure

Dynamic surfactant adsorption tests were conducted in a packed column, The experimental

apparatusis showninfigure 16. Stainlesssteel tubes (1/8'in. lD) of various lengths(1, 2, and 4 ft long)

were packedwith crushedrocks. The packed columnwas connectedwith a sample injectionvalve (Valco

8-portvalve) at the inletend and with a RI detectorat the outlet. The effluentchemicalconcentrationwas

monitoredby a RI detector with a chartrecorder. However,the RI detectorwas notspecificin detectionof

surfactantconcentrationsbecause the RI detector also respondedto NH4+ counter ions resultingfrom

surlactantdissolutionand otherionssuch as Ca++ and Na+ displacedfromthe sand packing. Therefore,

]1 a fraction collector was used to collect sample fractions of the column effluent. These sample fractions

were subsequently measured for surfactant concentration by chemical titration or other analysis methods.

Before the sample injection, the packed column was evacuated and continuously flushed with deionized

water until the column was stable and no peaks for impurities appeared. A specified slug size of sample

was injected by switching the sample injection valve to the sample loop for a specific time and then

switching back to the water line. Surfactant solutionswere Injected at constant flow rates of 4 to 10 mL/hr.

Crushed rocks of Berea sandstone, a dolomitic-limestone, and a reservoir sandstone (Liao He

reservoir from China) were sieved and measured for specific surface area by the BET method. These

sands were chosen to determine if there was a relative difference in surfactant loss due to rock type and

surfacearea.

The apparatus can be used for surfactant adsorption tests at high temperatures and pressures with

only minor modifications. Because of limited time, ali experiments of this work were conducted at ruom

temperature (75° F) and ambient pressure.
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FIGURE 16. - Experimentalapparatus.

The transport of surfactant insidea porous medium is govemed by many physical aspects: convection

flow, dispersion, pore scale diffusion, and adsorption. Ali these factorswill affect the shape of the effluent

concentration profile. To Identify the effect of adsorption, other fluids, which have negligibleadsorption in

packed sand, were used as tracers to determine the dispersion and diffusion parameters. The dispersion

created at the inlet and outlet of the volume was minimized by shortening the connecting line. The

retention time and dispersion caused by the void volume at the Inlet and outlet section were also

determined and used for calibration.

2._ Results aqd Discussion

Before the experiments for surfactants,dextrosesolution(0.2 wt % in DIW) was used tc test the

effectsof capacitanceand adsorption, lt was assumedthat dextrosedid not adsorb on Berea sand and

that the sandpackcolumncontainedno dead-endvolume. The effluentconcentrationprofilesare shown

infigure 17. The 50% concentrationpointdoes appearat the outletwhen 1 PV is injected. This verifies

the assumptionthat there is no dead-end volumeeffect. The effluentconcentrationprofilesare slightly

asymetrical. Tailing is partlycaused by a smalldegree of adsorption. Flowexperiments were performed for

the two nonionic surfactants: 2-(2-butoxyethoxy)ethanol and TRITON X-100. The column was packed

with washed Berea sand (80-100 mesh). A 0.5-PV.slug of 2-(2-butoxyethoxy)ethanol solution (0.05 wt %

in DIW) was injected at a constant flow rate of 7.6 mL/br to displace DIW from a 2_-Iong packed column.

The concentration profile at the outlet is shown in figure 18. The concentration profile
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was slightly dispersedand delayed. The result was matched with a Langmuir model of equation 11,

describedin the abovesection, and the determined parameters are: D = 4.7x10"4 cm2/sec, a = 0.015

cm3/g-sand, and b = 0.02 cm3/mg. For TRITON X-100, a 1-ft-longcolumn was used because of the

strong adsorption._The effluent concentrationprofile for 1 PV slug injection is shown in figure 19.

Compared with that of figure 18, the two concentration profiles are significantly different. The

concentrationof TRITON X-100 was reducedto less than 10% of the injectedconcentrationafter flowing

through a 1-ft-long packed column. Obviously,the surfactantwas retainedon the solidsurface strongly,

and more than 15 PV of water was required to elute it. The effluent concentration profile has two peaks,

which show that two components were separated chromatographically in the column.

A dynamic flow experiment for a dolomitic-limestone packed tube was conducted. The injected

surfactant solution was 0.2 wt % of Alipal CD-128 in deionized millipore water. The effluent surfactant

concentration measured by RI detector as well as HPLC analysis is shown in figure 20. The HPLC

measured surfactant concentration pro.file was lower than the RI response. The breakthrough curve

shows that the 50% concentration appeared at 1.15 PV injection. The delay of the response curve was

caused by adsorption. Another flow test was made for Alipal CD-128 solution (0.4 wt % in DIW) on a Berea

sandpacked column 2 ft long. The Berea sand was not prewashed, and the average grain surface was

about 0.64 m2/g. The effluent concentration was monitored by Ri detector, i Also, samples were taken for

chemical titration analyses. These results are shown in figure 21, where the chemical titration analyzed

concentration closely followed the response of the RI detector except for a small delay in time. The delay

was due to the time lag in sampling. However, there was a large discrepancy between the HPLC

measured concentration and the concentration measured by chemical analysis. The HPLC analysis

indicated a much greater surfactant loss contrasted with the chemical titration method. The discrepancy

might be caused by the fine particles from the unwashed Berea sand which were suspended in the

solution and carried out by surfactant molecules. Because the fine particles will not pass through the

HPLC column, the surfactant adsorbed by the fine particles will not be detected by the HPLC method, but

these surfactant moleculeswill respond in the RI detector and titration analysis.

The retention time of the effluent concentration curve is critical for the adsorption determination.

The RI response curve must be corrected by subtracting the retention time due to the void volumes in

both inlet and outlet connecting lines. Although using a longer column can mitigate the error, it will

increase experimental time and require a large amount of su.'lactant solution. The design of using a

sample injectior_ valve enables one to accurately measure the injection sample size and eliminate the

pressure effect on response curve. Before each test run, a slug of the surfactant solution was injected

into the system withoutthe packed column to obtain the reference response peak which corresponds to

the originalsolutionconcentrationCo, andto measurethe retentiontime causedby the voidvolume.
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I _i;__'"',', 'T',' ' """ ' ' ' _....._'-"'_l"i""_"'-'O'ii' "'° I I "8 0.8I:-................I...............__-oi_i__:;___i_o_ia:i_,;

................ I....,............. ......... nn...........:.........""*"". .......I-o...............

0.6 _- T "I'"'_"[---.-----"--Rl-respons+ I , .

oo,i...........i......................... ,.....!
o F, ,_,._, .... I .... i, _,,_, i .... I ....

o.s 1 1.5 2 2,5 3 3.5 4

INJECTION,PV

FIGURE21. - Resultsof AlipalCD-128 effluent concentrationfrom different
analysis methods during continuous injection.

SUMMARY AND CONCLUSIONS

1. Mathematical models arid computercodingsfor surfactanttransport and adsorption in linear

core and in radial-flowcore were developed. Effects of dispersion,adsorption,and capacitancewere

studiedusingthe developed models.

2. A flow experimental method to study the transport and dynamic sorptionof surfactants in

sandpack columnswas developed. The adsorptionand desorptionrate constantscan be estimated by

matchingthe effluentconcentrationprofilewitha suitablemathematicalmodel.

3. The effectsof dispersion,adsorption,and capacitanceon the effluentconcentrationprofileare

not independent. To determine each of these parameters, 'lhe effect of each parameter must be

Identified. A tracer test method can be used to determine the dispersion and capacitance parameters

before surfactant Injection.

4. The accuracy of the measJJredretention time of the breakthrough curve is critical to the

determination of the capacitance and adsorption-desorption parameters. A longer sandpacked column

would be more accurate in the retention time measurements.

5. The radial flow model shows that the surfactant concentration drops sharply near the injection

wellbore, which poses the question of whether foam can be generated at a distance far away from the

wellbore.
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6. Fromthe resultsof dynamic sorptiontests, the adsoq_tionrate of TRITON X-100 is much greater

than the desorptionrate, and the adsorptionsof Alipal CD-128 in Berea sands and limestoneare not

significant.

7. There is a discrepancyamong the measured effluent su,-factantconcentrationusing different

analysismethods. The HPLC analysismethodmay notto be goodfor certainsurfactantanalysis. Further

research is needed to clarifyand understandthe reasonfor thisdiscrepancybetweenthe HPLC analysis

andthe chemical(hyamine)titration.
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APPENDIX A

DIMENSIONLESS EQUATIONS AND CHARACTERISTIC PARAMETERS

A. General Convectlon.Dlsnersion.J_isorDtlon-CaDacltance (CDAC) Model

, Dimensionlessvariables:

= Cs, * Csn =_-,_"=, y =C, y' =__ Ys YsCo Co _ss =,.--'O' ' *'S

Dimensionlessparameters:

Pe ,.VD-_-,PecletNumber

St =VI_--, StantonNumber

La = As Os, AdsorptionCapacityNumber
_o

E = kd , KineticAdsorptbnNumber
ka Co

j =,,, V FlowRateNumber
LkaCo'

Equations12, 13, 14, and 15 become

Pe _2 _ _ + "-__-_J _)_J (A-I)

• Y._B]
[OY' + La = _ (Y" Y')
L_)_ ' (A-2)

o_Y__..ss=1 [Y(1- YB)-E Ys]
J (A-3)

c)Ys= I_[y'(1.y;)"EY's]
o_'_ J (A-4)

The boundary conditions are

Y(t,o) -I---_-I =1,o<'c<_I
Pe o_l 'q=l = 0, '_1 (A-5)
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_-Y-YI =0
a'rl _=1 (A-6)

B.. Convectlon-Dlsnerslon-Adsorntlon (CDA_ Model

When f = 1, (thus,Y* andYs* disappear),the CDAC modelreducesto the CDA model,and

equationsA-1 to A-4 reduceto

2 __ aYs1 a Y aY =aY +La-
' Pe a_2 a'rl ac a,_ (A-7)

aY._s=_Ey( I Ys)" EYs]_ (A-B)

. Equations A-7 and A-8 are the dimensionless forms ofequations 9 and 10.

For the case that adsorptionreachesequilibriuminstantaneously,equationsA-7 and A-8 reduce lo

1..!_°q2Yo_Y 11+ LaE,Io_Y

which isthe dimensionless form of equation 11.

" C. Convectlon.DIs.Dersion-CaDacltance (_CDC) Model

When there Is no adsorption, i.e., La = 0, the CDAC model reduces to the CDC model, and

equations A-1 to A-4 reduceto

I _2y _y =f___y+(I-f)_Y---_'
Pe a'q2 a,q a,_ al: (A-10)

aY*

a'_ (A-11)

Equations A-10 and A-11 are the dimensionless forms of equations 3 and 4.

- D, Corwect!on-DIsDerslon (CD) Model

When f = 1 and La = 0, i.e., no adsorptionand capacitance effects, equations A-1 to A-4 reduce to

1 a2Y aY =a__Y_Y

Pe a,rl2 aTI al; (A-12)

which is the dimensionless form for the CD model, equation 1.
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E. R_Jlal Flow Model

f

Dimensionlessvariables:

e

= V_ y" C,*,ys Cs Ys Csx =r-to t, Co Qs' QsL R-ro' _=_'' _=_ = =_ * =-_

DimensionleSsparameters:

Pe =v-V-_L
D

e

S =KEL_
Vo

La = As Qs,
@Co

E= Kd
KaCo

j= Vo
L ka' Co

Equation 16 becomes

+ =f _aYs]+(1t) ,La
Pe o_12 11+11oo_ _ + o_ J
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APPENDIX B

NUMERICAL SOLUTION FOR THE CDAC MODEL

1, Crank-Nlcolsonfinite difference method

______1__(,_.2¥p+_._+_ .2¥p+_+,_)
o_q2 2h2 " (B-l)

aY_ I (Y_I "'_1 +'_11 "Y_l'tl) .
o_ 4h (B-2)

a_=l (_. yp)
a_ e (9-3)

y =1_.(yll+l + y[_)
2 (B-4)

2, The finite difference expressionfor equation A-1 Is

' (4-_'+ 2hI Pe')Y[H'I + [_ + _ +(1 "f) St La f (1 "Yns_'l/2)]Y_l+lh2 Pe 2 + 2--'J"

= +(4-!_h''",2h2Pe )yr_l =(l_+2h2,.Pe)y_l.1 +[L" 1 -(_StLaf(l"Yns_'l/2)]--h2Pe 2 "--2J

(4--_" )'_1 +(1-f)StY; n+1/2 +LafE _+i/2
=

The variablesY' and Ys at time step n+1/2were usedto solveequationB-5. Taylorexpansions

truncated afterthe second termwere employedto obtain the valuesof y,n+l/2 and Ysn+1/2. Time

derivatives were obtained from equations A-2 and A-4.

y;n+l/'2 =y;n +_2{St(Y _ .y;n). L--&r"*n(1JLq "Ys_)- EYs_]} (B-6)

_t_ =_t+_[_(1-_l) E_j
I ' (B'7)

= At the inlet boundary (i=1)

+P._..&+I+ 1 +(1-f) St +La.__ff(1._s_.l/2 y_l 1 .. 1 _2+1
2 h h2 Pe 2 2J h2 Pe

= [_. P_..&e.1 .___!_._..(1" f)St, La___[(1- yns_l/2)]Y_I+ 1__1_. _22 h h2 Pe 2 2J h2 Pe (B-8)
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d

Al tlieJouilot boundary (I=R+I)

h2 Pe h2 Pe ' 2 2--J" SR+t1] Ynml

__._1___,_R+ .__1__ (1-I)S t fLa (1 vn+l/2_l yn +(1 f) St YF_+I1
= ..... ' SR+IlJ R+I "h2 Pe I'I2 Pe 2 2J

+IL___E,4,+1/2
2J SR+l

3, '7_s_"1was obtained from equation A-3

.
4J 4J 2 2J

4. For the values of y*_+l andYIn+l Iteration method is needed to solve the following two equationsl

from A-4 and A-2

1 +t) +YI n) + y*#+l 1 + YIn) *n e(Y; n+l +Y_n)" = " --+ Ysl + ""
4J 4J 2J

(1 +0S'/'Zn+121"i = (1 "--JY'2est/ 'n + 0St2(y_l+yr) "La(Ys_+1 +Ys_)
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APPENDIX C

_ ,,

BATCH EXPERIMENTAL I_E_,iULTS

Equilibrium adsorption Isotherms for AIIpal CD-128 surfactantson Berea sand were determined at

750 F, Surfactant oonoentratlons tn deiontzed water range from 10 to 1,000,000 i.t-mol/L, Results are

shown in figure; C-1 The adsorption isotherm shows several regions. At low concentrations, the

adsorption of surfaotant Increased slightly with surfaetant conoentration, At higher concentrations, the

adsorption increased rapidly with surfactant concentration and then reached a plateau at surfaotant

concentrations higher than about 10,000 I_ mol/L, This behavior Is similar to the adsorption of surfactant

on pure mineral oxldes (fig 2) Because the total surface area for each sand sample may not be the same

(sand grain size from 80 to 100 mesh), the measureddata had greater scatter.

The losses of Allpal CD-128 on limestone, kaolinite, and Berea sandstone were compared on a

surface-area basis (fig, C-2) The surfactant loss data were measured by equilibrium tests and chemical

analysis using the hyamine titration method The lossof the surfaetant due to adsorption and precipitation

on llmestc:newas much higher than that on Berea sandstone and kaolinite. Adsorption appears to be only

oneof several mechanisms that contributed to high surfactant loss, Lime_tone is largely calcite and will

dissolve In water to produce Ca++, CO3" ", HCO3", H2CO3,H+,OH", CaOH+, Ca(OH)2, Interactionof these

Ions with the anionic surfactants can produce precipitation 6-7

00 ................................. • ........................................................................E
Adsorption o AIIpal CD-128

on Berea san( (80-100 mesh)750 F, 1atm, salinity = 0%

,o......................................................................:i.........:.:I
0 1 _°"°*°' ........ °'°°°°'*'°°°'°° .... °°°'°°°°°°"°'°°°°'° °'°°°°'°°°°° ....... °.,°°°'°'"°°"°°°°'°'°°',°°o'
rf/

u) 0,01 ..... , i i i ili,l i . i__JL._L_L.LJil i ....I i , lllll

100 1000 104 105_

RESIDUALSURFACTANTCONCENTRATION,I_nol/L

-c

FIGURE C-1. - Adsorption isothermfor Alipal CD-128 on Berea sand.
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5
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SURFACTANT'CONCENTRATION,wt%

FIGURE C-2. - Alipal CD-128 losson various media as a function of surface area.

The effects of pH, alkalinity,salinity, alcohol, and temperature on surfactant adsorption were tested

for Alipal CD-128 on kaolinite, The pH was measured for mixtures of deionlzed water (DIW) and various

materials used in this work. Results are given as follows:

Material pH

DIW + washed Berea........ 6.66

DIW + unwashed Berea.... 8.33

DIW + kaolinite ................. 4.16

DIW + limestone............... 8.88

There was no significant change of the pH-value for the DIW after adding Alipal CD-128. The

effect of pH on the adsorption of Alipal CD-128 is shown in figure C-3. The pH-values were adjusted by

adding acid (HCI) or base (NaOH) into the solution, lt can be seen that the adsorption of Alipal CD-128 is

higher at low pH than at high pH values. Many studies have concluded that at constant monomer

concentration, the adsorption of anionic surfactants on mineral oxides increases with decreasing pH,

because of the increased electrostatic attraction between adsorbate and surface. 5,45-48 With low-pH

alkaline agents such as sodium bicarbonate (NaHCO3), surfactant adsorption is reduced significantly, as

shown in figure C-4, and may be one of the beneficial aspects of surfactant alkaline flooding.49 Because

of the reduction of surfactant adsorption in the presence of alkaline agents, the surfactant-alkaline

-_ injection method facilitates the use of lowconcentrationsof surfactants.
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FIGURE C-3. - Effect of pH on Aiipal CD-128 adsorption on kaolinite.
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FIGURE C-4. - Alkalineeffectof AlipalCD-128 adsorptionon kaolinite,
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