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Ab'st‘ract . | o
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In enhanced oil rcfzoverj,' by‘caustic waterflooding , carboxylic acids present in the crude oil renct )
with the caustic reagents of the flood water resultixig in the in-situ fotmation of surface active soap ‘—
anions-. The formation of the active soap species , its accumul;tti‘on at the interface and subsequent
desorption to the bulk oleic and aqueous phases are all influenced by the age of the interface . This
accoun.ts for the fact that such reactive systems exhibit the so-called dynamic interfacial tension
phenomenon . In order to understand precisely the mechanisms that govern the interaction of
Sa:boxylic acids with caustic reagents , we must have a precise and accurate method of measuring
dynamic interfacial tension (1F'L) . To this end , we have developed a novel experimental scheme |
. ; .

namely , photo-micropendography . Tensions in the range of 1- 40 mN/m were readily measured by -
this experimental scheme for dilute solutions of oleic and lauric acids in hexadecane contactod with

a spectrum of NaOH solutions up 10 250 mM . A comparison of data obiained by micropendography

4 . E

ot
with those obtained by spinning drop and ring tensiometries suggested that the former gave the

most reliable and consistent IFT over a

range of values . In particular, tension measurements

could be made at interfacial ages as low as'5 scconds and as high as 30 minutes .

Long chain fatty acids are practically insoluble in neutral water . As a result , conventional

1

methods for determining acid ionization constants are inapb]icahle . The proposed cquilibrinm

model for the interaction of si}gle acids with various caustic solutions enables such important

—



ionization propertics to be determined with the aid of nonlinear regression analysis . In addition , a
precise estimate of the equilibrium constant governing the formation of the non-dissociated , inactive

* soap complex could be obtained from the proposed equilibrium model . In order to explain the

. : A
dynamic interfacial behaviour associated with single acids reacting with a range of various aqueous

caustic solutions , a diffusive-kinetic mode! has been proposed . The model details the important

interfacial reactions as well as the predominant interfacial species . Species transport from the

bulk to the interface was modelled by the Nernstian theory . Tor interfacial sorption kinetics , use .
. © ) ¥

w:wuflc of the Langmuiriaﬁlf theory complemented by Gouy-Chapman’s electrical double layer

4

. £
model . The dynamic model equations consisted of a set of coupled , nonlinear ordinary differential  ~
equations supplemented with another set of global , algebraic relationships all of which had to
be solved simultancously for the applicable surfactant surface concentration’. Good estimates of®

the adsorption rate constants which were the mode! parameters , were obtained by correlating the

v
]

experimental IFT data with the aid of a sensitivity analysis of the'problem . -
Armed witl the pertinent parameters fram the single component equilibrium and dynamic mod-

3 - . . - + - ; .
els , a generalized dynamic model has been advanced in order to rationalize the interaction of a
4

thulti-component acid mixture contacting a spectrum of NaOIH solutions . A detailed analysis for
@

\ 3 .
binary mixtures of oleic and lauric acids reacting with a range of different caustic concentrations

has been carried out in order to démonstrate the validity of the proposed multi-component model .

Parameter values were determined for cach constituent acid from separate equilibrium and dynamic

single component studies . By using these values in the solution of the multi-component model
equations , it was possible to obtain theoretical values of the dynamic IFT of the mixture . Such
model predictions were compared with experimental data and the agreement was generally satis-

»

factory . The unifying approach to the study of the dyn;imic interfacial tension in reactive systems

'
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which has been adopted in this work coupled with the close agreement between model prcqlic&@gls
: . r . : - ) . ‘
and experimental data constitutes a significant contribution in the on-going efforts to understand

* .
‘

how crude oil acids interact with caustic reagents to effect drastit® loweri g of the oil/water inter
' L]
facial tension. We are now confident that if the définant acids present in the crude oil can be

quantitatively identified , models such as those proposed in this work can be used to design caustic

-

slugs that will be effective throughout the duration of the flood .
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Chapte\r 1
Introduction _ '

1.1 Enhanced Oil Recovery Practice

The production of medium to low viscosity crude oils from sub-terrancan reservoirs is conventionally
- - . n 3 ' B a
carried out by drilling wells right down to the oil bearing zone . The large pressure difference
.
between the formation and the well head is often sufficient to ensure continued flow of oil for several
- years . However , as more and more of the oil and the associated formation water are produced ,

the reservoir pressure is reduced Lo the point whcr%additional forces are needed to induce flow . At

.

this point , waterflooding is initiated in what are generally referred to as secon&ary recovery[l,?]"
operations . Secondary waterflooding may achieve an additional 5 to 10% recovery of ‘ch.e original
. . : N

oil in place . Thus, well over 50% of the oil initially s;turating the reservoir remains unproduced
even after waterflooding . In order to overcome the large capillary forces trapping the oil in the -
reservoir matrix , surfactants are added to the flood water thus giving rise to the so-called Micellar|2]
prbcusses . Miceilar processes arc usually conducted as Vtertiary r;‘covery operations[1,2] (following
secondary waterflooding) . The efﬁcacy of ihe micellar flood is greatly improved by injecting a .
polymer solution immediately after the surfactant slug . The polymer buffer bank provides the

)



&,

necessary mobility control which ensures an efficient swgep of the reservoir .

Despite high oil recoveries from micellar floods in laboratory tests, actual field trials have been -
largely disappointing . It is now very doubtful if such recovery processes can be economical al
current world oil prices . Besides , surfactant floods are limited to moderately viscous erudes awd

>

fairly high permeabilitics . Canadian crude oil reserves are largely in the form of very viscous heavy
1 ) 13 * E] + k . LN} - [} L] ~ +
oils and tar sands. Heat is required in order to initiate flow of heavy oils and this is achieved by

hot water/steamn injection or by in-situ combustion -. Heavy crudes generally contain signilicant
, i
- \

amounts of carboxylic acids and other reactive agents . Thus by adding simple caustic reagents to

the flood water , surfactant soap species are produced in-situ , by the reaction between the acids

&

and the caustic agents . It is thic presence of such in-situ produced surfactants that accounts for

the proven efficacy of caustic watefflooding of heavy oil reservoirs .

1.2 Dynamic Interfacial Tension and Oil Recovery .

o

Surfactants in general are\a.dsorbed at the oil-water interface and can thus reduce the interfacial

®
tension (IFT) SA significantly reduced interfacial tension is required to overcome the capitlary

f0r-ces retaining residual oil within the reservoir matrix . Recent laboratory studies have shown
that the IFT arising from the interaction of acids in the crude oil with caustic reagents in the Mlood
water exhibits a marked dependence on the time of contact between the two phases , as well ag on
the composition of the cr_ude oil and the caustic concentration of the flood water . Oftentimes | the
IFT starts off low , but rises subsequently to much higher values as the interface ages . To date |
the exact mechanism of dynamic interfacial tension in reactive systems is poorly u:y/stood . Yet,

this basic knowledge is fundamental to the successful design of caustic floods and thus deserves a

considerable degree of research effort .



1.3 Objectives of this Study

The first task in sceking to understand the phenomenon of dynamic intgrfacia.l tension is to develop
an accurate and reliable mcthod for its measu rem_cint . 'This is the primary bbjective of this study .
Because the identity of.intcrl'acially active at‘:ids- [‘)rescnt in crude oils is yet to be firmly esta.blishe(i, l
thig invcb;tigation deals priniarily- with artificial oleic phases in which long chain fatty acids , namely
Cli2and C18, have been dissolved . The working oleic solvent was hexadecane and a broad spectrum
of ca.usll.ic concentrations up to 250 mM formed the aqueous phase . This working concentration
range was sclected based.on average caustic levels employed in actual ficld trials' as well as all

/

possible effective concentrations as the flood progresses through the reservoir . It is envisaged that

the initial caustic level of the flood water would be reduced by as much as 70% due to dilution

-
by the connate water , reaction with reservoir fluids and adsorption and ion exchange with matrix

. R '-. - : . L
~ v minerads | -

In Part I of this report , we summarize current theories and models of crude/caustic interactions.
Details of the experimental system which has been developed are presented in Part II . Part III
deals with tl}c proposed equilibrium and ciynamic models governing the interaction of single acid
species with a spectrum of caustic concentrations . The extension of the dynamic model to the cask
of multicomponent acid mixtures is treated in Part IV , Part V discusses the experimental data

and mode! predictions .
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Literature Review
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Chapter 2 o

The Role of Caustic Reagents 'in

Enhah_ced 0Oil Recovery

2.1 Caustic Reagents and IFT Reduction

Campbell[3,4] stiifed that sodium silicate , sodium hyaroxide , sodium carbonate and sodium
phosphate are "Lhc most widely-used reagents for alkaline waterflooding . In some instances , tilesci
reagents are used merely as a preflush in the removal of multivalent cati-ons from the reservoir
matrix . However , in the‘majority of cases[5] , alkaline agentg are addo;:d to tl.-le flood water with
a view to a.chicving additional oil recovery by the i'n_teractioh of the alkali with the ;arboxylic
acids present in the crudes . Because of the higher alkalinity associated with s;ndium hydroxide
and sodium ort'hos licate , these are the prevalent alkaline flood reagents . Several researchers[6-9)
have reported IFT values below 0.01 mN/m when crudes were contacted with caustic solutions.
ansequcntiy ,.it was suggested that ultra-low If‘T was necessary for enhanced oil recovery by

caustic waterflooding . Cooke et al. [10] opined that the IFT should at least be below 2.0 mN/m

for additional oil to be recovered from a taustic flood .

5



Recent investigations[ll—lﬂ have shown that the IFT of acidic crude oil-caustig systems v;}mrius
brth with time and temperature . Indeed , ;iccérding to Castor ct. al. [11] an ultra-low 1F'T might
not Be attainable under actual deservoir conditions . They suggested a most probable ll"'l‘l range
of 1-10 mN/m . This recent assgrtion of Castor et al. , fuclled the coutroversy among rescarchors |
as to the torrtlzét.interprcta i6n of laboratory IFT data . Some workers argue that equilibrium 111
data are valid in actuakTield situations , while others contcnd that the minimum 11T obtained in
dynamic measureménts is the most applicab}c val"ue . deZabala, [18,19] obtained IFT data from
multiple contacting of fixed alkaline solution with fresh acidic crude oil . These IFT values were
much lower than in the single contact case , but the mil\nm were closer Lo tliose of the single
contact runs . deZabala thus concluded that dynamic IFT minima mos't closely represent actnal

field situations .
r

4

2.2 Mechanisms of Crude-Caustic Interactions

!

In a recent review , Johnson [20] outlined the various mechanisms which have been postulated for

1

enhanced oil recovery by caustic waterfloading . These include:-
1  Emulsification and Entrainment[21].

2 Emulsiﬁc_ation and Entrapment[8].

3 Wettability Reversal(oil wet to water wet)[22,23)].

4  Wettability Reversal(water wet to oil wet). {10,24).
Recently , Castor et al. [11] added three more mechanisms :

5  Partial Wettability Reversal from water wet to oil wet ,
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—

'8 Cliromatographic Wettability Reversal ,

7 Emulsification and Cealescence. .

These various mechanisms have been amply discussed in the’literature . Two dominant con-
‘.\'\ A . : .
cepts emerge from a rational evaluation of all these proposed mechanisms . The first one'is that

emulsification is necessary for- the release of the oil ganglia from the reservoir malrix . Secondly ,
N L]

the wettability of the reservoir has to be altered in the direction which cnsures thay the released

oil can be efficiently mabilized . 1t is important to stress that while emulsification is desirable in.
'

caustic waterflooding , too stable an emulsion is counter-productive . The oil droplets entrained in

the enmls'iou must coalesce to form a stable oil bank , and this is only possible wherg the emulsjon

-

) brudks up fpirly easily . Pa.squa.rélli and Wasan [17] found that asphaltenes in crude oils gave risé

to rigid films . Dodd et al. [25] identified metallil:érous substances in the form of pophyr.in-metal
complexes as the spec?cs responsible for surface film stability . Castor et al. [11] made a significant
contribution in the area of 'I.he- stability’of emulsions formed by the interaction of caustic reagents
£Lh acidic crudes . They reported that alkaline Qa(OI{)g prodl'u:ed as much as 44% of the wa-
terflood tesidual oil , and this they #ttributed to the en‘hal{ced instability of the in-situ formed
cmulision . Before this:i-guiﬁcant fin i;l divalent cations have. been associated with poor oil
r?:coveries due mainly to sévere c\a.ustic losses following the exchange of the Na* ions in the flood
water with the Cat, Mg™ ions of the reservoir matrix . Bunge and Radke [26] discussed in detail the

. . . ' . ", . R :
mechanisms of simultancous ion exchange and multivalent cation precipitation . They concluded
. »

that such phenomena could indeed enhance oil recovery by substituting monovalent cations for the

divalent ones present in the reservoir rock surfaces. Dormani [27] obtained significant additional -

oil recoveries when small amounts of divalent salts were added to the injected aqueous phase .

)



2.3 Salinity Effects

The role of salinity in caustic waterfllooding has been extenéi\'cly‘investigutcd‘ (7,8-10,1.4-16,28-31]. - .
Cooke ct a.l [10] surmised that the presence of brine was required for oil recovery by the wettability -
reversal (water w‘ct to oil wet) mechanism:-. ‘On the contrary, wettability reversal from oil wot to
water wet is favored in low salinity gnvironmcnts . As far as 1P rcduction' goes , high snliﬁity hias
been cons}sténtly shown to be detrimental . The only good effect of salinity at low concentrations
is that it reduces the amount of cz}ustic required to achicve the same reduction in 11V . llcyu-nd a
\‘«'cry narrow concentration range , salinity may increase IFT by several orders of magnitnde . The
optimum salinity a(':cohrding to Bansal et al. [30] corresponds to the maximum in the surface charge
density . }‘\.t' highcr NaCl levels , the surface.cl;argc density drops , IFT increases as the surface
active species are desorbed in the form of undissociated so:;p . Chan and Yen [28,29,31] came to
similar conclusions following several laboratory investigations . Dansal et al. [30] also found that
excessive levels of caustic have similar unfavorable cffects as Ligh salinity . On the basis of these
findings , we believe that salinity considerhtions may be safely excluded in laboratory investigations

o

aimed ap@wining an insight into the mechanisms of crude- caustic interactions .



Chapter 3
Ionization and Interfacial Properties

.of Fatty Acid,s

3.1 Crude Cil Carboxylic Acids
‘ | L

A knowlc(lgé of crude oil carboxylic acid chemistry is obviously desirable if the complex interactions
uccurri;lg bcAt‘wcen these acids and caustic reagents are to be properly understood . We need to
know with certainty Lllé identity of th:ese acids .a,_;ld especially that of the dominant surface-active
species . Additionally |, we l.na.ve to be able to undcrstaﬁd at least the interfacial properties of such
acids both individuaﬂ and as mixtures Some W'O‘rk has been done in this area but a lot more is still
needed . Lochte[32] articulated t;lat't;_i},\vaila.ble information on crude oil acids and stated that both
phenols and fatty acids were present . The fatty acids themselves comprised of small and long chain
aliphatic components , as well as C5 naphthenic acids . Credit for the in-depth elucidation of crude
oil fatty acid chemistry must go to Seifer-t and his co-workers[33-37]. These workers employed the
N

state-of-the art analytical techniques such as UV | IR and high resolution mass spectrometry as well

as column and gel-permeation chromatography , in their extensive analyses of Californian crude



»
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~ oils. They identified both straight and branched aliphatic acids among several other classes of acids.

The molecular weight of the interfacially-active acids ranged from 200-700 . Scifert and * ‘eeter[dd)
? N b .

-positively identified mono and poly-cyclic naphthenic acids as well as aromatic components . Also

)

positively identified were C18 acids both straight and branched , and to a less extent hetero-cyclics,

Jang et al. [38] also contributed to our present knowledge of crude oil acid chemistry . They
found that aliphatic acids both saturated and unsaturated of chain length in the range C8 -C18 \.vvrv
present as well as naphthenics and di-aromatics . Dunning et al. [39] positively correlated crude oil
interfacial activity with Ni-porphyrin complexes often associated with asphaltenes . KKhulbe ot al.
[15] found significant interfacial activity even with the j'1;11."t1te‘nc [ractions . 'T'he latter authors con-
cluded that asphaltenes per se were not responsible for all of the interfacial phenomena nssocilntud
%ith crude oil-caustic sy;tems . Indeed , the study of asphaltenes auul.nm.li;cncs' provides only a
rough indication of the amount of polar species present in the crude. There does not appear to be a

better alternative to the rigorous and painstaking approach adopted by Seifert and his ¢o-workers,

for the unequivocal identification of the surface active species that are involved in crudefeaustic

interactions .

3.2 The lonization and Interfacial Behaviour of Fatty Acids
o ‘ ‘

Much of what is known today about the properties of fatty acids has been well documented in

the series edited by Markley[40] ., Fattj -acids in general exhibit marked variation in physical

e

-

properties with increasing chain length and increasing degree of unsaturation . Although hundreds
of naturally occurring fatty acids have been identified , their physical properties are not available
in the literature except for the shorter chain , aliphatic acids whose chain lengths are less than

10 CH2 groups . For caustic enhanced oil recovery , longer chain paraffinics and naphthenics are

kY 1.0



more relevant |, hut fcgrcttab]y . vbry little is reported on important physical characteristics such as
solubility , viscosity , vapor pressures and boiling points . Even where such information is reported,

the data are oftentimes misleading,

3.2.1 Interfacial Properties

Fatty acid mpnol:tycrs have been extensively studied especially for the C10-C18 straight, paraffinic
subclass [41-48] . In general , filns.of unsaturated fatty acids spread cither on air-water , or oil-
water interfaces are more expanded than their saturated counterparts . For films of monolayers of
C18 fﬁtty acids , Wclles[4-5] reported that expansion increases in the order ;
saturated < trans-ethylenic < cis-ethylenic < acetylenic . Welles also found that the degree of
expansion was influenced ( Lhough to a lesser extent) by the poﬂﬁtﬁﬁ"éf the double and triple gonds
of ethylenjc and acetylenic acids, respectively . rl“‘erminal double or triple bonds tend to enhance the
spreading of the a_cid in water and this has been explained by the dominance of chain-water over
. chain-chain interactions . Depending on the structure of the acid , these chain-chain and chain-
solvent interactions may result in significant aggregation when the film is compressed . Tanford
[41] opined that fatty acids4®hd to associate into dimers both in the organic phase and as anionic
aggregates in alkaline solutions . _

™ .
3.2.2 Ionization of Fatty Acids
Ionization of acids generally is quantified in terms of a dissociation or ionization constant (usually
a pK value) . Such pa.ramcters‘arc determined by potentiometric titrations of aqueous solutions -
of the acid using standardized HCl or K(.)II' [19,50] . Beyond the pK, range of 2-11 , Albert and
Serjeant [50] recommexlld the use of spectrophotometric or conductometric methods . Qther meth-

ods for measuring the ionization constant of fatty acids include Raman and magnetic resonance

1

11



'\(F

* spectroscopy as well as thermometric titrations . Despite the availability of these analytical moth-

ods, only pK, values of paraffinic acids up to C10 are readily available in the literature . Higher

chain acids are practically insoluble in water, thus making the use of the above analytical nwthml‘s
unworkable . Conscqu_ently , the usual recourse is to estimate the K, values from surface pressure
data obtaj:;ed by spreading the acid on an oleic-alkaline aqueous interface .

Patil ot al.[tlﬁ] studied the interfacial behaviour of palmitic and oleic acids spread at constant
pressures in buffered alkaline solutions kept at a constant ionic strength . They r;.-portud napparent
pf\'n for the acids in the range of 8.6-9.9 , and further showed that the PR, value was influenced
by the clectrical field strength of the acid film as well as by Il , pll and the ionic strength of
the aqueous soluti-on . Ramakrishnan and Wasan [51] dev;:loped an equilibrium model with which

they obtained pK, values for crude oil acids in the range of 10-12 . They maintained that their

predicted K, values were in the range suggested by deZabala and Radke (19]) . Trujillo [13] employed

~ the Cratin correlation [52] and obtained much higher pK, values (11-13) for the crude oil system

which he studied . Hejl and Levérova [53] studica the ionization of oleic acid at concentrations
ranging from 10~! to 5.%J'>/<' 1072 N . They reported K, values of the order of 10~19 to 19-!! , but,
ihey added that the K,, values depen‘ded on pH and the oleate concentration . Chan and Yen[31]
adduced that the probable pK, of crude oil Suids is 9 + a much lower value than the figures quoted
by the above-named authors . Since the identity of the interfacially-active acids in the crude oils
used by these authors was not established , the predicted K, values must be treated with some
reservation, especially when such predictions are made by assuming that one single , yet ill-defined
species is to be representative of the acids present in the givén crude . In such complex systems like
crude oil , multi-component models are likely to yield more meaningful K, values . The controversy

surrounding the pK, of crude oil acids or indeed of higher fatty acids in general | is far from heing

12
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resolved . Definitive theories that can adeﬁuate]y handle the co-mplex‘cha.in-cha.in and chain-solvent

interactions as well as interactions among various head groups are needed .

13



Chapter 4

Mechanisms and Models of

Crude-Caustic Interactions

4.1 Models for the Transfer of Surfactants across Liquid-Liquid

Interfaces ~

England and Berg[54] pioneered the recent effarts at quantitatively explaining tl_le mechantsms of
surfactant transport across the interface separating two immiscible liquid phases . Their analyses,
though applicable to non-reacting liquid phases of infinite extent , showed that interfacial resistancos
signified by sorptive barriers were largely responsible for the ph‘cnomcnon of dynamic interfacial
tension . Mass transfer per se had relatively small effects on the observed IFT bhehaviour 'l.'h(:
authors’ use of Fickian diffusion to modél what is essentially a convective diffusion problem is
questionable , especially when Sherwood and Wei[55] had demonstrated the inadequicy of the
simple diffusion theory in situations where convection currents were involved . Other researchers[H6-

59] have shed more light on the phenomenon of convective diffusion , the most notable contribution

14



being the treatise by’S.awistowiski[SS] . Sternling and Scriven[59] outlined very clearly the conditions _
under which interfacial convection would influence inter-phase mass transfer . The conditions are

a follows: '
1. solutul transfer out of phasc of.higher viscosity ,

2. golute transfer out Qf phasc of lower viscosity , .
J.  situations where large differences in kinematic viscosity exist betwéen the phases ,

4. cases where steep concentration gradients exist near the interface ,

[ ]

when both phases have low diffusivities and viscosities ,
6. when suMage-active species are absent from the interface ,
7. when the interfaces are of large extent .

In reacting systems such as the ones we have investigated ,all of the above conditions (except 6
above) are present. Under such conditions , Marangoni instabilities[58] are generated in the inter-
face. Additionally, temperature gradients between the top and bottor.n parts of the measurement
chamber reinforce the incidence of convective dif'l'usion resulting in greatly increased mass transfer
rales,

Rubin and Radke [60] extended the analyses of England and Berg[54] to the important case
(;[ phases of finite extent . This latter model did nét address reactive systems , but the‘use
of Nernstian theory{65] to model convective diffusion was particularly significant . Rubin and
Radke[60] examined in detail the occurence of IFT minima in dynamic measurements of crude
oil/caustic systems for cases in which the interfacial area and phase volumes remained unchanged.

In a follow-up paper[61], the authors allowed for areal variations of the oil droplet spinning in

15



the capillary tube of the spinning drop tensiometer . Given the popu!nrity} of the spinﬁg drop
tensiometer(62~64) for dynamic IFT measurement , the work of Rubin and Radke[60,61] set the

stage for modelling of crude/ caustic interactions using IFT data determined with the spinning

drop tensiometer .

4.2 Equilibrium Models of Crude/Caustic Interactions
4.2.1 The Cratin Equation |

Cratin [52] studied the variation of IFT with pIl for crude oil asphaltencs and resins in acidie and
alkaline aqueous media . He n.otcd that signiﬁc‘ant IFT reductipn occurred at both the low and high
pl regimes . Conseqtiently , Cratin proposed that a zwitter-ionic species { represented by 7Z%),
was the surfactant species involved. The zwitterion is itsell not surface active but can be made so

by hydrolysis as follows:

HZ* + Oli~ = 2% 4+ 1,0 (1.1)

with an associated equilibrium constant Kp.. A second reaction occurs at low pll involving the

R

anionic species , Z7 formed at high pll as foliows:

7= 4+ 0t = 7% (4.2)

The equilibrium constant , K, ., applies to equation 4.2 . Two other variables were defined by
Cratin[52] as follows ;

a species-miole fraction , f;; , given by ;

L
(Z); .
fo; = ==l 4.3
=12, (4:4)
where
“Zy = (27]+ (2] + [2%) (4.4)
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and an interfacial activity , a; , defined as ; - R

Yo — Vi

e

~ 3
= Eac.ifc,i o (4.5}
i=1 -

==

¥

Substituting for the various concentration and activity terms in equation 4.5 , followed by algebraic

manipulations , Cratin[52] obtained the equation }

Do
w = Tios B

Lquation 4.6 results from the vanishing of at , and the fact that at high pIl , Ky ~ 0. This was -

(46)

the form of the Cratin equation employed by Trujillo[13] in his equilibrium model .

4.2.2 The Equilibrium model of Chan and Yen

“Chan and Yen [29] hypothesized that the spéctrum of erude oil acids could be represented by a

single (though ill-defined) species designated b|'y HA . They associated a dissociation constant ,
, . N :

IKs with this hypothetical acid , and further propostd an equilibrium constant » Ks , governing the

formation of the'tight , inactive soap species , NaA . A conservation equation for the active species,

» A7, led to the final working equation , namely ;

Al
(B + St 41)

Chan and Yen suggested that K,. should be in the range of 10=2 to 1, but they did not give any

(A7) = (4.7)

L

probable range for K, .

4.2.3 The Equilibrium Chemical Model of deZabala

N
de?,almﬂg\] used tlje HA concept proposed by Chan and Yen but he allowed for the partitioning

. / -
of the acid bcﬁ‘ecn’the oleic and aqueous bulk phases . The formation and subsequent dissociation

f
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of the tight soap species , namely , NaA » Was not considered by the anthor in the development of
‘his model . Rather , deZabala[18] used a charge balance in the aqueous phase to relate Cp and the

global equilibrium parameter , Kg , defined by
Kg = KKK,

with the final equation as follows ;

- .
- 1 1 ) 4K, Ao
Cpe = 1 Ciat 1 ( Cnat ) 4+ Kw(Cuia)

K K - ('LH) k
2 (1 + (Cm\jo) (1+ (C}[Ajn) Ky
At high pH | equation 4.8 reduces to the following ;
L Cp = et (1.9)

()

deZabala[18] suggested that K, could be in the range of 10° to 10", while K, took values ranging

from 10~10 o 10-12 ,

4.2,4 The Equilibrium Model of Ramakrishnan and Wasan

‘The model proposed by Ramakrishnan and Wasan[51] was the only one of-‘its kind to deal with
the electrical propcr-ties of the interface . While retaining the HA acid representation of Chan and
Yen([29] , these authors considered that the acid was initially partitioned to the-aqueons side of the
interface from where it ionized reversibly to give the active soap anions . They further proposed the -
follo\ging mechanism for the formation of the undissociated soap species NaA |, and its subsequent

'partitioning to the oleic phase , viz ;
Na* 4+ A~ = NaA,, : (4.10)

with an associated equilibrium constant K,;, given by ;

_ Cnat Cyp-

= 411
X ' CNaAw ( )
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The partitioning of NaA favours the oleic phase thus resulting in a distribution ratio given by ;

- _ CNaaw N

K= <1 (4.12)
CNaAo '

-

By combining Equations 4.11 and 4.12 , a global constant X, , was defined as follows :-

Kn = Kn!Ka2 = M ’ ‘ - . (413) -

CNato
This seemingly radical treatment of the undissociated soap species appears to have been corrob-
orated by the recent experimental results of B;)rwankar[ﬁﬁ] . Earlier on , Sharma et al. [67] had
argued on the basis of the work done by Lucassen[68] , tﬁat the undissociated soap species remained
essentially in the interface with little tende.xicy to desorb either to £11e oleic phase or to the z;queous

medium .

4.3 . Dynamic Models of Crude-Caustic Interactions

4.3.1 Trujillo’s Dynamic Model

Trujitlo{13] proposed a dynamic rﬁ_odel for the interaction of acidic crudes with caustic reagents

which leaned heavily on the diffusive-kinetic analysis of England and Berg[54] . His IFT data were

obtained with the aid of the spinning drop tensiometer but for times in excess of one hour . Trujillo

zugué(l that thermal and mechanical ccjuilibgium of the oil droplet in the tensiometer would not be
a_chievcd at times earlier t}lan ;)ne hour . The attainment of mecehanical eciﬁiliﬁrium in a reacting
ail /water system is difficult to asce;t;ﬁn , but .from published IFT data of crude/caustic systems ,
equilibrium is generz,l.lly attained f.vithin 15 minutes of spinning in the tensiometer . The standard
instructjon{69] for the use of the spinning drop tensiometer for IFT measurement stipulates at least
one hour of spinning . However , it must be remembered that the formation of the surface-active

3

soap species and its subsequent kinetic-diffusive transfer to and from the interface are expected
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“ ‘
to be réasonably fast . Trujillo may ‘indeed have missed the important transient phase of the

crude/caustic interactions .

In dealing “;'ith the int;rfacial reactions themselves , the Z\;‘ll.tlIOI‘ assumed qu‘itc rightly that the
rates were several orders of magnitude greater than the .i'a.t.cs of physical adsorption '. Literature on
the rates of dissociation of carboxylic acids[70-72] does indécd confirm this postulate , Hammett[70]
stated that the rates of proton-transfer reactions were in ti\'(!,i;:tnge of 10% to 10" 1/mole-sec |
Nuernberg and Duerbeck(70] affirmed that sarboxylic acid recombination reactions are diffusion
coitrolled and that the rate constants for such reactions should be of the ordur‘ of 4 X 10" 1/mole-

sec . Laidler[73] agreed with the latter assertion . The desorption, rate constants predicted by

»

Trujillo[13] were very much plI dependent . This too is hard to jus n the basis of conventional

theories of chemical kineties[74-77] . -

»

4.3.2 The Model of Sharma , Jang and Yen

In their own treatment of dynamic IFT in crude/caustic systems , Sharma et al. [67] incorporated
essentially all the requisite ingredients’, such as convective diffusion , electrical interfacial effects

and sorption kinetics . The problem with the model was that it included the relatively fast achd
. . \ :

ionization steps to the detriment of the slower and thus rate determining sorptive kinetic steps . In

~ -

additjon , species interphase mass transfer was modelled as psendo first-order reactions each with

its own reversible rate constants . The result was a highly multi-parameter system of first order
differential equations which were solved only by assigning arbitrary parameter values .
An obvious over-simplification of the problem was the use of the electrophoretic mobility [42,44],

¢ , Lo represent the double layer potential 1, . According to Davies and Rideal[43}, the ratio ;E: ,
can in the best of situations be about 0.5 , and in some specific cases is much less .

-~

Ve

!
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4.3.3 Thé Dynamic Model of Borwankar and Wasan'

Borwankar and Wasan(78] studied the dynamic IFT behaviour of a Californian crude in vari'ous“
aqueous canstic solutions using the spinning drop tensiometer . They employed the equilibrium
pz'xrhmeterg determined earlier by Ramakrishnan\and Wasan[51] in the formulation of their phe-.
nonieuqlogica] model . In a follow-up paper(79] , the authors extended their analysis to incorporate
ﬁowin.b,r liquid phases such as occuts in a lincar displacement of oil witl? an alkaline solation . The
authors accounted rigorously for tl}c variation of the surface area éf the spinning. drop wl(l.h tirﬁc.
Their analyses of the physical and chemical mechanisms governing the inte¥action of tlie__crude
oil “acids with NaOH contained all the pertinent diffusive-kinetic considerations . -In pa.rticular,_
‘adeqlmte attention was [;:Lid to the electrical nature of the interface . The predicted sorptive rate
constants appeared to correlate the experimenfa.l data quit(: weli . The equilibrium constants used
by Borwankar and Wasan were. der‘ivcd from a considera.tfon of a hypothetical acid A , represent-
ing the largely unknownl crude oil surface active_acids . Under such circumstances , the predictéd
rate constants have to be treated with caution simply because of the fact that the IF"l‘ manifested
by the crude oil is a complex sumit of the contributions ffom a number of acids whose widely different

.

interfacial characteristics are influenced by pH-as well as the interfacial ﬁotentia.l .

e
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Experimental Aspects
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- Chapter 5

De%igfl and Elements of the

Photo-Micropendographic System

+

1 - )

S

5.1 Experimental Design

3.1.1 Selection of the Working System S

Since naphthenic and aromatic acids are probably the most surface-active of the numerous crud? oil

L1
acids, these should the target of in-depth laboratory-studies in order to determine their ionization
behaviour, Unfortunately, these acids are not commercially available in sufficiently high purities.
Additionally, such acids do not readily dissolve in simple organic solvents such as paraflinic hydro-
carbons. In view of these difficulties,we decided to restrict our attention to C10-C18 fatty acids .
% - ' : , .
Having selected the working acids, the next step was to pick an appropriate solvent for the olejc
' . - . 1.
phase . Such a solvent would have adequate solvating power for the designated acids . In addi-

tion , modelling considerations necessitated the solvent to be uni-component , and of the highest’

purity possible . This latter requirement was in order that important transport properties such as
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diffusivity and viscosity could be determined with minimum uncertainty . Indeed | there are no
reliable correlations in standard texts[75,80,81] for the estimation of diffusivity in multi-component
solvent systems . Even for single solvents , the best corrélations are those developed for paraflinic
hydrocarbons(82] . Another criterion for selecting the working solvent was its viscosity,, Prelim-
by
‘ -
inary trials showed that the viscosity of the solvent had to be substantially greater than that of
water in order to dampen the contraction and elongation of the experimentabo drop as the [B'F
¥

changed with time . In the end, the sclected solvent was hexadecane, and this wds further purilied
by vacuum distillation.

As for the fatty acids themselves , we konsidered several fatty acids above Cl12. Saturated acids
such as stearic and palmitic have limited solubilities in the working solvent, and the purity of the

commercially available samples was considered too low. Finally, lauric and-oleic acids wore picked

and the working concentrations were 0.02 M for lauric, and 0.10-1.0 mM for oleic.

5.1.2 Experimental Strategies

The main objective of this study was to'obtain accurate dynamic IFP data for single acids dissolved
in the oleic phase and contacted with a broad spectrum of aqueous NaQll solutioly . Such data
~would be used to obtain precise parameter estimates from the various models which would also he

: ' L .,
developed at latter stages of the work . In addition , dynamic IFT mecasurements would be made
for binary mixtures of lauric and oleic acids against a spectrum of caustic concentrations in the
aqueous phase . Parameters determined from the single acid component models would be used in
the solution of the multi-component model equations in order to predict the applicable IFT values.

The adequacy of all the proposed models would then be verified by compating the experimental

with the predicted IFT values .

¥
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Str'ntegy. for Single Acid Experiments

stepl:  Preliminary runs to determine suitable working acid concentration , oil droplet volume

and the exposure time necesary to attain equilibrium .

step2: Actual IFT measurements in replicates using the pre-determined acid strength in the

oleic phase and various NaOH solutions .
step3: Determination of equilibrivin IFT values .

stepd: Data Analysis and development of the equilibrium and dynamic models .

Strntegy for the ffinary Mixture Studies

stepl: ‘ormulate binary mixtures of the two acids , namely , lauric.an'd oleic , maintaining the
same lauric acid, concentration in the mixture as ?v‘as used in the single component stud.ics .l
The effective oleic acid concentration in the mixtgre would be systematically increased gp.to
a maximum of 10 mole% consistent with'the range of IFTs measurable with the experimental

apparatus .

step2:  Perform blank runs with the actual oleic acid concentration in the mixture as was done

for the single component studies .
stepd:  Perform single component model analysis for the reference aleic acid systems in order to
,

determine all pertinent parameters . - *

’

stepd:  Carry out dynamic IFT measurements for the binary mixtures using a range of caustic

concentrations .

. N
A,
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stepdb:  Develop the generalized dynamic model for a multi-component acid mixture . Formulate

the model equations which apply in the case of a binary acid mixture and solve them using

the parameter values determined from the individual single component studies .

Table 1 gives the specification of the reagents used in this study , while ‘Table 2 details the Tormi-

.

lation of the binary acid mixtures .

Table 1 :  Specifications of Reagents Used

NAME SPECIFICATION 7| REMARKS

Sodium Hydroxide | Fisher Certified,ACS;Tellets used as supplied

Ilexadecane B Fisher _Cert‘iﬁud redistilled under 0.1 mm

Hg vacnum | with a ro-

tavapor kit

Toluene Fisher Certified , ACS .| used as supplied

Lauric Acid Fisher reagent, 99* mole% used as supplicd
»3

Oleic Acid Fisher reagent, 99 mole% used as supplied

Water Double distilled and deionized | none

¥

5.2 Choice of Dynamic IFT Measurement System

Spinning drop tensiometry[62-64] has emerged as the most popular technique for tension measnre-

.

ments. Indeed, it is currently the only proven technique for ultra-low tension work. The governing
—1 :

I
- equation for spinning drop tensiometry involves the balance (at gyro-static equilibri um) hetween
: N ;

capillary and centrifugal forces acting on an oil droplet retained in a cylindrical capillary tube filled
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Table 2:  Formulation of Binary Acid Mixtures: Material Balances

Mixture Designation : ML | M2 | M3 | Md | Ms

Mole % oleic acid in mixture | 0.50 | 0.99 | 1.54 | 297 | 4.76

Effective oleic acid concentration in mixture, mM | 0.10 { 0.20 | 0.3125 | 0.6125 | 1.00

Volume of 0.04 M lauric acid needed, ml- 50.0 | 50.0 50.0 50.0 50.0
Volume of 0.01 M oleic acid needed, ml 1.00  2.00 | 3.13 | 6.13 {10.00
Volume of make-up hexadecane, ml ‘ 49.0 | 48.00 | 46.87 | 43.87 | 40.00
Total Volume of mixture, m} iy 100.0 lOO.[j 100.0 | 100.0 | 100.0

with the aqueous phase,viz ;

‘ 2y Apwy?
. AP = y[I/Ry + 1/Rg] = 2 - ST (5:1)
LA o,

When the length to width ratio of the spin ning drop exceeds «, Vonnegut{ 62,63] obtained a solution

to equation 5.1 for the applicable tension as follows;
Apuwy? )
v = _4_2 (5.2}

Equation 5.2 is very convenient for calculating IFT from the measured droplet diameter, the angular
velocity and the densities of the oleic and aqueous phases,

From an experimental point of view, spinning drop tensiometry is relatively simple,fast and
accurate. However, there are lingering doubts concerning the truc meaning of tension measurements
carried out by this technique. For instance, it is difficult to determine precisely the age of the
. - . q *
interface associated with a given dynamic tension measurement. Also, additional shear stresses in
the fluids due 1o the spinning action enhance mass transfer and subsequently the magnitude of the

interfacial tension. In some instances, the magnitude of the angular velocity is known to affect
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the measured tension. Even the measurements of the linear dimensions of the droplet may be in
serious error when the droplet tends to drift from one end of the tube to the other. There is also

a considerable heat generated by the rotor assembly and this tends to make temperature control

rather difficult.

-

In view of these inherent problems of the spinuiug drop {cchnique, we decided to adopt a
clili"erent measurement approach which would attempt to remedy the above-named problems while
maintaining the same or better precision and accuracy. One such techunique involﬂvcs the use of
pendant oil droplets immcrscd in a static aqueous phase, This Luchu{quc .has been shown to be
capable of givin‘g very accurate tension values especially for reacting systems, A detailed discussion

of the pendant drop technique will be presented in the next chapter.

5.3 Elements of the Photo-Micropendographic System

The experiment}ﬁ technique which has been developed for this work is hereafter rci;crrcd ay photo-
micropendogr:ibhy. Essentially, the technique is based on\frcezing the experimental pondanl ol
droplet photographically, myking coordinate measurements from high quality negatives.
These linear measurerf{énts are then used for the calculation of the houndary tension, The hardware

structure of the micropendographic experimental system consists of the following clements :

1. The Ramé-Hart contact angle goniometer equipped with standard accessories for pendant

’1/' drop measurements .

2. The Scherr-Tumico optical comparator model 20-4200 which afso has direct digital =,z

scales accurate to 0.001 mm .

3. A precise temperature control system for the measurement chamber .

28 o '



4. A precise interfacial age monitoring system .

5. Bulk property measurement apparatus such as the densimeter , the Cannon-Fenske vis-

o
conieter and the pIl meter .

-

“T'he principal software cmpld}ed for data analysis was the algorithm of Rotenberg , Boruvka and
Neumanu (RBN)(83] , which will be discussed in some detail in the next chapter . Other software
routines were taken from IMSL[84] and SAS[85] libraries that were supported on the University of

Ottawa’s Amdahl 470 main frame computer . v

5.3.1 Details of the Goniometer Measurement System

The standard components of the goniometer included the microscope and 35 mm camera units,
together with the specimen stage assembly , the environmental chamber and the micro-syringe

attachment . Modiﬁcations;werc effected on the goniometer in two key arcas , namely , the addition

P

of the ‘pendo’ cell with its associated housing unit , and the adaptation of the micro syringc to
enable upwards pendant drops to be formed . Fig. 1 is the schematic of the modified goniometer
as an integral component of the micropendographic experimental system .. Fig. 2 shows the details
of the micro-syringe and the modified oil forming needle . Design details of the pendo cell and the
pendo cell housing are given in Fig. 3. | 4

The pendo cell and its associated housing is the heart of the micro-pendographic mez'xsurement
system . The cell itsclf is a rectangular , optically flat glass vessel with a ho'l.cﬁng volume of 1
mL. This particular unit was designed to hold the requisite amount of the aqueous phase together
with the oil droplet suspended from the tip of the micro-syringe assé-mbly . The pendant oil
drop would be completely immersed in the aqueous phase but fully exposed t‘o the optical system

of the goniometer . It was also desirable to enclose the entire pendo cell unit within the original
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environmental chamber of the goniometer in order to climinate as far au. possible uxtcrm_\.l cm'n'ec.tinu
currents . Working with a much reduced cell volume enabled us to keep the phase volume ratio
within the 100~ 1000 range typical in spinning drop len's;ionwtry[(i‘z,(iil] . The hub of the stainloss
steel needle was made of teflon in order to provide an air-tight fit of the drap forming needle ta the

main micro-syringe assembly (sce Fig. 2.
&

5.3.2 The Tempergture Control System

The eiivironmental chamber within which the experiments were conducted was kept at a temper-

ature of 25 +0.1° C , by the continuous circulation of cooling water from a Haake '3 procision

temperature bath . As can be seen from Tig. 1., a heat absorbing glass ( heat shield) was installed

ahead of the measurement chamber but on the optical axis , in order to reduce the excessive radiant

heat from the hot tungsten lamp . The actual temperature of the measurement cell was monjtored

with a type K thermocouple and displayed on a Thermo-electric digital read-out .
\
5.3.3 The Density Measurement System

(

The Anton Parr Precision densimeter model DMA 02C was used for the measurement of

densities of all working solutions . The temperature of this unit was controlled to 25 £0.01°C
- . g

by means of a Techneurop Programmable, tepperature controller in series with a Neslab RT'E-4

5

Endocal refrigerated circulating bath . The densimeter cell temperature was displayed on a digital

Hewlett Packard model 2801A quartz thermomw Commédore PET model 4032 -

" computer hooked to model 4040 disk drive and an Integral Data Systems model 560 printer was

used to calculate the densities from the experimentally determined cell periods .

c
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1.” FOCUSING TELESCOPE

2. CAMERA

3. MICROSCOPE °

4. ENVIRONMENTAL CHAMBER
°5. PENDO CELL HOUSING

6. PENDO CELL

7. < SYRINGE

8. STAINLESS STEEL NEEBLE
9. HEAT SHIELD

10. GREEN FILTER

11. TUNGSTEN LAMP

1

T

Schematics of the Micropendographic System
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5.3.4 The Précision Timing System-

The age of the oil-watey interface and hence the progress of the dynamic experiments was monitored
’ ¢
by the use of a Gralab model 625 programmable timer/intervalometer . Tlie programme loaded
in the intervalometer dictated the frequency at which the photographs of the oil droplet woull
be taken in the coitse of a given experiment . In order to determine the entire duration of the
experiment , a Precision Scientific timer was connected in series with the Gralab intervalometor |
» ‘ L]

5.3.5 pH and Viscosity Measurement

§
. Viscosity measurements were made with pre-calibrated Cannon-Fenske viscometers af 25° ¢ L The

pH of the aqucous solutions was determined with the Orion Research digital ionalyzer m!n!vl 501

using the Fisher Scientific’s high pH glass clectrode in series with a calomel reference eleetrode
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'Chapter 6
Experimental Procedure

6.1 Preparation of Working Solutions

The double distilled and deionized water used in preparing the caustic solutions was deaerated
under 0.1 mm Hg vacuum for 15 minutes . In most cases , a stock solution of 250 mM NaOH
was prepared from which diluents were made to arrive at the required NaOH concentrations . The

entire solution preparation exercise was carried out under nitrogen . For the oleic phase , the stock

-

- ‘ . : N
Asolution was 0.01 M for oleic acid , and for lauric acid , it was 0.04 M . Freshly prepared caustic

_solutions were used for all experiments .

6.2 Pre-run Trials

For the given acid concentration in the oleic phase and for each working NaOIl solution , a pre-
liminary run wasrequired in order to select the most appropriate needle out of three different
sizes , namely , gauges 22 , 25 and 28 with internal diameters of 0.0406 , 0.0254 and 0.01524 c¢cm

respectively . It was also necessary to know in advance the optimum size of an ¢il drop which would

.

have appropriate shapes over the entire duration of the run . One criterion which we used to assess

.
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the apptopriaténes; of the drop was the ability to measure both d., and d, as originally specified

by Andreas et al. {86] , and illustrated in Fig. 4 . The other criterion was that the drop would

v

not approach a spherical geometry at any stage of the dynamic experiment .” Another important
information to be derived from the trial runs was the operational oil droplet volumes , the proper

selection of microscope lenses , and the expected duration of the transient IFT phenomena .

o axis of symmetry

apex

~ Figured : Shal;)e Determining Parameters of Andreas et al.

Yy g

36




6.3 Cleaning and Goniometer Assembly

A rigorous cleaning procedure for all vessels , glassware , needles and syringes that come in contact

with ecither of the two phases was mandatory . The procedure consisted of initial washing with

pm—

copious amounts of water , then followed by ethanol and finally acetone . All glassware were further

cleaned with hot chromic acid and thoroughly rinsed with water . Drying of the cells, syringes and
: | . q
glassware was cflected with air followed by nitrogen-. ‘

The oil syringe was carefully filled with the oleic phase ensuring that all the air trdpped in the
syringe and needle was expelled . Thereafter the micro-syringe sub-assembly was mounted on a

support attached to the micropendographic’system . Exactly 0.87 mL of the appropriate NaOH

solution was pipetted into the pendo cell which was subsequently covered. Next , the pendo cell s

pia{t_‘_\cu'(-l inside the pendo cell housing and the entire unit positioned under the drop forming needle.

All residual oil on the neegle tip was carefully wiped off before the Ilegdle was then lowered into

k)
the aqueous phase . The cover plate of the environmental chamber,through which the necdle would

have been passed before its insertion into the pendo cell » was then also. lowered to contact the

pendo cell cover . Finally , the environmental chamber cover was secured to the pendo cell housing

-

by means of two long bolts . After assembly , the pendo cell housing with the drop, forming needle
and the cover plate was then carefully lowered into the environmental chamber of the goniometer,
I’ order to position the drop exactly on the optical axis , the pendo cal] had to be lowered to the

buttom of the environmental chamber by rrianipulating the'supporting bolts while at the same time

lowering the microsyringe sub-assembly |
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6.3.1 Goniometer Assembly -

-
.

The combination of microscope objective and eye-piece lenses necessary to achieve the desired
magnification of the experimental drop was fixed to the microscope . The 35 mm camera back was
. 3 - ) m s-:- Ay . DY !
then loaded with the special Kodak Technieal Pan TP 135-36 film . It was found from pre-run
trials that the camera had to be operated at 200 ASA for shutter speeds as high as 17250 seconds
to be utilizéd . The alignment of the optical axis was then checked using the (ocusing telescape

] A H . . 3 . ‘ - -
attached to the manual exposurg.body of the camera unit . Simultancously , the lluminatiop/ol the
image plane was adjusted by varying the voltage applied to the tungsten lamp . The temperature
] . . . . g "
control system of the goniometer was then set Lo achieve the desired working temperature . Finally,
the intervalometer was programmed for the run and all necessary adjustments made on the optical -

system in order that very sharp images of- the experimental drop would be obtained .

6.4 Measurement Procedure

6.4.1 Photographic,Techniq'ue

N L
The experiment was started by delivering a pre-determined volume of wil by means of the micro-
. ks . '

L
13 . .
syringe unit and thereby forming a pendant drop immersed in the aqueons phase which was in turn

contained.In the pendo cell . Simultancously , the intcrva.lom_cter was started and the (JWL'
drop.was photographed at the pre-set intervals dictiated by the intervalometer . The experitiental
oil droplets had‘ equatorizl diameters in the range of 1-3 mm ,wili‘le L‘hc height of the drop was,
in the range of 2-5 I-nm. Such relatively ‘sma.ll drops did not suffer from any appreciable optical
distortion from the imaging lens. In the case of the Ramé-Hart goniotmeter, the use ol_' the flat-field
eye piece eliminated almost all of the optical distortion associated with the microscope system.

. 38



v ) iR
6.4.2 Drop Coordinate Measurement
Readying the Comparator .
With the completion of a set of experiments and having exhausted the roll of films , the latter was
then processed into negatiyes . The numbers appearing on the different frames of the negative were

matched agajnst those assigfed by the frame counter of the camera in the course of the experiment.

Each frame to be measured had to be laid flat on specially fabricé.ted , acrylic frame holders . The

‘dimensional details of the frame holders are shown in Fig. 5 . . The selected frame was first
5
4
) : :
v CARRIER PLATE MATE
' 88mm - .

, \\ | | T
I
§ [ T

26mm 38mm 24mm
| 8
mm
-
12mm
-—
Figure 5: Details of Negative Frame Holders

~
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centéred on the carrier plate (see Fig. 5 ) and secured by strips of double sided cellotape paper at
. N '

the four corners of the frame . The covering frame holder was then placed over the carrier plate-”

and their top edges were secured by means of a loffman clip . The other end of the padr of frame

! . »
holders was fixed to the vise attached to the optical comparator . ‘The enlarged image of the drop

-

. - P f . '
was then focused on the <creen of the comparator in such a way as to reveal the entire profile of

the drop including the eatremity of the stainless steel needle .

9
Coordinate Measurement

~

The axis of symmetry of the drop was determined by mcast;ring the horizontal distances to both
edges of the drop‘ ,namely , XXL and XXR ( see Fig. 6 ) » for every 2.0 mm vertical movement
away from the apex of the drop until' the base was reached . In all cases | the appropriate axis
corrc::»ponded to that setting in which pairs of values of XXR and XX for all vuluuQ of 7, did
not differ by more than 0.b2 mm . Having determined the axis of symmetry and the origin of
ihe coordinate system , the dimensions XXI and XXR were then very carcfully measured for
cach 0.50 mm vertical movement up to and including the base . Both horizontal measurements
as well as the corrqsponding vertical coordinate were dyly recorded . Usually about 30 pairs of
coordinate measurements were suflicient to span the entire pfoﬁlc of the drop . In all cases | the
data set included the point with a vertical coordinate value of de . This additional paint enabled
the same set of data ;‘.o be used to calculate IFT with the aid of the ;1':1l)lt:s developed by Andreas
et al. [86] and Stauffer[87] . The coordinate d‘imcnsions_ measured with the aid of the comparator
correspond to those of the experimental drop magnified by the optical system of the goniomaeter |
This magniﬁcation'f.a,ctor had te be determined ac.curatcly , a.nd we achieved that by photographing
a precision glass-etched scale (obtained from Ga.crtngr Corporation) placed at thé same r)hjm:t plane

as the drop .
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“\axis of symmetry

Figure 6 :  Typical Drop Coordinate Measurements .
N for use with the RBN Algorithm

6.4.3 Preliminary Data Prc;cessing

An average X-coordinate value was calculated from each pair of values of XXR aﬁd XXL (see
Fig. 6). These X-coordinate values together with the corresponding Z-coordinate measurements
constituted the data set for the working oleic/ caustic system at the interfacial age correspondiﬁg
to the experimental frame number. Before the data set was finally entered into the input file of
the data analysis programme , the measured dimensions were scaled down to .the actual size of
the droplet by dividing with the magnification factor of the optical system . Two additional input

‘parameters , namely , the densities of both liquid phases , and the local g:ra.vita.tibnal acceleration

were also required . The former was calculated by using a software package run on a Commodore

]
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micro-computer which converts the periods indicated on the Anton Parr (AD) densimeter directly

to densities using high purity water as the reference liquid , according to the equation :

p1 = P2 = Kop[T2 ~ T3] | (6.1)

The local gravitational acceleration was the value in our laboratory as determined by specialists

from Energy , Mines and Resources of Canada (EMR)., ’\"‘”/

6.5 Determination of Interfacial Parameters with the RBN Al-

gorithm

6.5.1 Principles of IFT Determination from Shapes of Pendant Drops

. (

/ . . .
The classical cquation of Young and Laplace[42,43,86-89] is given by :

~T
1
AP.:'y[l —

—_ (1.2
K, + R2] (6.2)
Bashforth and Adams[88] solved equation 6.2 for the case of a figure of revolugton in avhich the
two radii of curvature at the apex were equal using numertcal integration . For such geometry |

equation G;‘2 becomes :
AL/Ry + 1/Ry] = Apgz + 24/b , (6.3)

[l

By defining a dimensionless parameter , 3 , equation 6.3 becomes :

1 .
ain = ﬁ(?,/b) +2 . (G‘{”
{(u/v)+ ot}
The parameter 3 is defined as follows ;
Apgh?
g = rg
T
2b2 . .
= —a? ((J--))
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Bashforth and Adams obtained solutions to equation 6.4 and equa.tioq_ 65 in the form of tables of

(x/b), and (z/b) for various values of 5, and ¢ . Andreas et al. [86] were the fi:;st to extend the
(mlulion o.f Bashforth and Adams specifically to the case of axisymmetrical pendant drops , thus o
laying the foundation for the dctchnination of boundary tensions by this technique . Ambwani and
'l’umlinndn[BQ] have recently reviewed the various imprayements to the classical solution of Andreas
et al, Althquglt equation 6.4 could not be solved analytically for the pendant drop geometry by
Andreas et al. [86] , they proposed a solution scheme which they credited with 99% accuracy in the

calculated IFT values . A shape parameter , S, (see Fig. 4) was defined by the authors as follows ;

(6.6)

w
I
i

They defined yet another function II, , as follows ;

2
i, =A%) (67)

N L A

i)
g(Ap)d? .

T (6.8)

By using H, values dctcrmi;lcd from photographs of drops of special conﬂuctivity water of known
7, Andreas et al. [80] produécd the famous II-S Tables for the calculétion of IFT . Stauffer[87]
recently extended these tables to smaller S values such as would be obtained in low tension studies.

In recent times , the availability of better optical systems coupled with powerful numerical
integration schemes have greatly improved the accuracy of axisymmetrical drop ‘techniqucs for tllg
determination of boundary tensions . Rotenberg et al. [83] developed an algorithm for calculating

boundary tensions using cither sessile or pendant drops. Vos and Los{90] used the striascopic
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imaging technique in order to improve the accuracy of the coordinate measurements . Girault ot al,
[91,92] produced a micro-computer oriented routine for digitizing video images of pendant drops.

The latter authors claimed that very accurate coordinate measurements over small poiut spacings

could be made by using the digitizing technique .

6.5.2 The Algorithm of Rotenberg , Boruvka and Newmanun

The RBN algorithm[83] cnables the IFT , interfacial area and droplet volume to be determined

from the same coordinate data set . It does this by fitting a Laplacian cigvc through the measured

¢
X, Z coordinate points as illustrated in Fig. 6 .

.
N Al

Formulation of UﬁObjective Function

By considering thk\ meridian section of an axisymmetric pendant drop , Rotenberg et al. [83]

-

reformulated the Young-Laplace equation in terms of £, s ,and % as follows :
r = x(s), (6.9)
: = ofs) (6.10)

from geometrical considerations , it follows that ;

d:c. :

—_ = 6.11
i cos ¢ , (6.11)
dz = sing¢ | (6.12)
ds

1 de )
—_ = == 0.13
I ds (6.13)

all the above equations can be combined to give ;

9 _oyn, 4 Aoz _sing (011
ds v z
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Equation G.14 is the transformed Young-Laplace equation in terms of the variables z,z,s and ¢ .

-

The linear coordinates are made dimensionless as follows :

T
A = — h‘
X R
3
S =5
rl Z
2=

—

(6.15)
(6.16)

(6.17)

4 ’ H H \\\ H H
Suppose a calculated Laplacian curve , v = v(s) , differs from the experimental points , u, , by the

normal distance d(u,,v) , then the objective function is given by ;

1 & 2
E = EZ [d(una U)]
n=1

with parameters , § = (71, 72,430 %) , defined by ;

aq = X,
@ = Z,
@ o= R,

ApgRZ

M = —

v .
so that in terms of (_J. , E , becomes ;
. N
E(th%qa’qfl) = Z\‘-’n(‘h,fh,fbyfh)

n=1

where
en = 1/2d(ttn, v)?
thus for a single datum point ,

€= 1/2[((13-\'(5171,94) + (01~ X))* 4 (032(Smy ) + (02 — Zc))2]
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(6.18)
(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)



such that : - ‘ !

X (Smy ) = z : (6.25)
y | . .
WZ(Smaqs) = = (6.26)

- LA

with 2, z representing the coordinates of a point on the Laplacian curve closest to the experimental
coordinate (X,, Z.) , while S, is the corresponding value of the arc length parameter | , ab that

point . Because S, varies with (5 , it follows that ;
€= E(Sm((h:(ih 43, q-i):rh! 2,43, r1~l)

)
—t

and Egc conditions for extremum using equation 6.22 becomes ;

Ve ' Y
§E V. be '
— =) —Z =0, k=1,2,34 6.27
5(]& g 15(],(_ . ( )
and the quotient , 3‘% » will be given by the relationship , thus ;
7 de be 65, e
— = (—)—+(— G.28
b, (SSm bqy (&u-) (6.28)
and from equation 6.27 , equation 6.28 becomes ,.
SE & be, |
==Y (==)y=0 - (6.29)
0k nz::l(ﬁfn-) , :

Solving the System of Equations

In order to solve equation 6.29 for the parameters , (J , RBN([83] used thc‘Nchon-Itaph-son technique
moderated by incremental loading of revised parameter estimates . I'o this end y a Hesstan matrix

of partial derivatives had to be formulated in terms of the parameters as follows ;

§°E
barbq

N 2 .
=3 e : (6.30)
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", Additionally , the'authors em ployed the Euler integration procedure in the calculation of values of S

starting from zero to Sp, for e;mh datum point until Zimax . The complete solution of the rcg.rcssion '
problem features in the first instance ,'a sﬁbroutine that initially fits an af)proximaté circular arc.
through the data points in order to obtain_initial v.alues of § . Next , the objective function an;I
the Jacobian with Hessian matrices of partial derivatives are defined . For each datum point , the

coordinates of the calculated Laplacian curve closest to the experimental point are found by using

a very stiff convergence criterion ,viz :

| o - £l e
—_ 10 6.31
] E. 0 | (6.31)
E < 107 (6.32)

Ouce the final converged value of § has been found » ¥ is obtained from ¢, using the definition ;

Apg R}
7=—2
a4,

Calculating Interfacial Parameters with the RBN Algorithm

A listing of the above algorithm was obtained from the authors and modified for the VS Fortran
N .

Compiler of the Univcrsig of Ottawa Amdahl computer. As a further check on the accuracy of
the predicted IFT , values of de, d, taken from the coordinate measurements data set were used to
calculate § and the corresponding IFT was determined with the aid of the II-S Tables of Andreas
et al. {86] and Staufler[87) . Tension values arising from highly elongated oil droplets could not be
calculated by the RBN algorithm . The fa.ilure of the algorithm when applied to drops with an

irregular profile stems from the requirement that a circular arc has to pass through all data points

to start the curve fitting routine . In such situations , tension values .were ieadily and accurately

.
1

determined by the use of the H-S Tables . ‘
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Development of Models for Single

Component Systems



Chapter 7

N

Deve’Iopment of the Equilibrium

Model I

7.1 -Qualitative Model Description

In any tliifllsive-ki;letic analysis of chemical interactions iﬁ\;olvillg species present in two or more
phases in contact | a geometrical model of the interface is very helpful . The geometrical model,
although a hypothetical concept, facilitates the delineation of the extent of diffusive phenomena
from those associated ';viLI: sorption kinetics . Fig. 7 gives the salient features of the proposed
geometrical model . The oleic and aqueous sub-layers provide a path for the reacting 5pecies‘llto
reach the interface from the .rcspectivc bulk phases . In order to ha.ndlé: the electrical na.t'ure of the
adsortfad surfactant anions at the interface , the geometrical model also allows for the existence of
an‘eclectric double laycil; with ‘an associated potential .

Our proposed equilibrium model takes into account Ahe partitioning of the fatty acid between

the oleic and aqueous sub-layers subject to-the applicable distribution coefficient . The acid ionizes

at the aqueous side of the interface forming the surface-active soap anions . The adsorption of the

49 -
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Figure

7

A Geometrical Model of the Interface

formation of the inactive soap with its subsequent removal to the oleic phase .

anionic soap species results”iithe formation of an electrical double layer . However, the surface

concentration of the anion decreases firstly by desorption to the aqueous phase, and secondly

o

through the formation of the undissociated sodium salt . We adopt here the notion proposed by

Ramakrishnan and Wasan(51] , that this surface inactive soap complex partitions preferentially to

: ”
the oleic phase . The focus of the equilibrium model then is the determination of the pertinent

parameters such as the acid dissociation constant , and the equilibrium constant governing the

'\___,_// t
The detailed

development of the model is presented in the following sections .
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-; 1
d -
7 7.2  Interfacial Reactions and~Equilibria Relatiodships =~ -
- < ’ . ) . ‘ ?
L }"artitio'ning of the'acid , 11X , to the aqueous sublayer ;
vy HX, = HX, o (7.1)
Reaction 7.1 is governtd by the partition coefﬁc,_ient y Kp , whichris given by ; v
. . 3 ) . 4 . . T s
‘ 2 ’ : ,
: Cux : oy
‘ Kp==">31 - . T2
: : P Cux, ‘ (=2) :
~ - i N ] . | -
& 2. Dissociation of the acid at the aqueous side of the interface according to the reaction ;
S X = 0F 44X (7:3)
The ionization constant for reaction 7.3 y I8 gi'ven by ; .
Cy+ Cx-
Kiy = S =X- 74
X = i (74)
a Rl
‘The equilibrium ionic concentrations arednfluenced by the ionic product 'qgwater as follows ;
2 . B
Kw = Cy+Cop~ - Lo (7.5)
9 . v
n ) 3. Formation of the surface inactive soap'compqu at the aqueous side of the interface in
accordance with the reaction ; - _ . .
. | o , | .
. . Nat £ X" = NaX, = - *- - (7.6)
A . -
. ol 4 s . - * Y. * |
", - and thys too has an associated equilibrium constant defined as ;
L) . . -
- Nat VX -
» Kiax, = “‘Cn—" L (7.7)
- . . . NaXy i : C

[

4. Paritioning of the'soap complex to thie oleic phase with “the distribution ratio given as

- -

follows ;

KD=%"-<1, o (7.8)
' QNaX, ‘
. (A Tt 51
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. By combining equations 7.7 and 7.8, we can define a global equilibritim parameter for the desorp-

tion of X~ to the oleic phase thus : ki’
D ) - -
v = Khv K
Nax =— NaX, D
‘\4// ‘ . -t
¥ CntCx- (7.9)
C!‘Jm‘(o 3)

+7.3  Equilibrium Model Equations

7.3.1 Relating Anion Concentration to the Equilibrium Paramneters

Conservation equations for the surface active species are written as follows ;

i Mass balance for X~ ; - . ot

i %»
VwCux, + VuCx- 4+ VoCix, + ¥oCnx, = Vo(Chixo ), \2 ) (7.10)
i Mass balance for Nat : ‘

1
0

VuCat + VoCnax, = Vw(Con), . (7.11)

»

iii Charge balance in the aqueous phase ;

Cuat + Cur = Conﬁ Cx- (7.12)

—

For the working aqueous phase pH , Cy+ is negligible and Cx- is small compared to Cgyyy--.
. ?, '
A

- Equation 7.12 simplifies to ; . ] t

Y Cnat = Con- (13)

L4

By combining equations 7.9 , and 7,11, and using equation 7.13 , we obtain the following :

R,

(‘ ’ . . Crat = Cop-
I " o _ 2 (Con-)s ‘

A~

(7.14)
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From equations 7.2 and 7.4 , we may write
Kp Cux ' -
= 2 (7.13)
K}[{)x ‘CH+ Cx— )
We now use equation 7.5, to climinate Cy+ from equation 7.15 and the result is as follows ;
" KuwKp,Cx- S : | ‘
Cux, = —-—'———KB é X : : ({'&.1‘6)
- HX™OH- \ - '
*

Finally we substitute for Cy,x, using equation 7.9 , Cix, using equation 7.4,(;.;1d for Cyx, using

equation 7.16 all in'cquali-ou 7.10 . The result is the following ;

. ' (Cux.)q ( 7.1&

Ao Cx- = . K “KwK Con ‘
- [(ﬁ(l * Kﬁxgou- )) + KiixCon- + Kusx]

At the relatively high wotking NaOIl concentration range (ic. pH > 10) , the following relationship

will be generally valid |, vig):

Kw

=& 1
K« Con- '

then equation 7.17 simplifies to the following ; _
) - ’-_///\ . (C )
&/. ) Cyo = HXoJo ‘ (7.18)

x '
o et + S

KN;X

7.3.2  Relating Anion Concentration to IFT

]

We adopt an approéch sipnilar to that of Davies anfi‘Rideal[dZ&] , and write down the rates of

adsorptign and desorption for the anionic surfactant employing Langmuirian kinetics , viz :
v .

1. Rate of adsorption of X~ from the'aqueous sublayer is given by ;

dry J '
o =BG (1-T) | o

(7.19)

. \ H

2. . Rate of desorption of surfactant to the aqueous sublayer according to the following ;
dT, w .

v = Balxexp(=3x) . . (7.20)

-
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3. Using the Poisson-Boltzmann relationship,the sublayer concentration , (\; . 18 written in

~ terms of the bulk concentration , Cx- , as follows :

-
T

'LX ’1!’133 N )
RT

»

C\- = Cyx- e‘(p(— (7.21)

A

4. At cquilibrium , the rates of adsorption and desorption arce equal , thus cquation T.19 is

combined with equations 7.20 and 7.21 , and the result is as follows ;

o

' (B2/B,)Ty exp(— )
Cx-= 7.22)
g {(1—~F~L>exp( ﬁ——*“)} (

K

5. The Gouy-Chapman model is used to ca{culate thc double layer potential as follows ;

o AT, ] e 500 s
11);;_. p sinh {\/_ [1) lt"]} (7.23)

At the working temperature of 25° C , the values of the oﬂm)r physical constants , namely ,

kR,e, ‘and D, , are substituted mto equation 7. 23 aad the rcsult is as follows ;

1

1369) (7.24)

I = — inh~! [ 222
Y 51.4sinh (A\/C'_.

6.  Relating 't to the equilibrium surface pressure

Langmuir{93] proposed an equation of state for neutral species adsorbing at the oil fwater

interface . Frumkin and Volmer[43,93] modified the Langmuirian equation of state to account
for the fact that the species are adsorbed at fixed sites on the (interface . The resulting
equation then becomes ;
I, = ~— 7.25
, e (7.25)
. If the interface is charged , Davies [94) proposed an additional electrical repulsion term | II,.
Hachisu [95] cofffirmed the va.l'idity of the Davies equation and thus settled once and for all
L) . - . b )
'
54
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the controversy which had surrounded it for a while . The result which we now refer to as

the Frumkin-Volmer-Davies- Hachisu (FVDH) equation of state becomes ;

I

= H,+1,.

= T -7 - . _ .
_okr A 8D NC(kT)* [ £vo ] |
=T ln(m) + \J (__IOT COSh(QkT) 1.0 (7.26)

if ' is expressed in moles per m? , then A is'evaluited (in A2 ) as follows ;

| 1 .
A = T : (727)
. 1 . . ~

7.4 Summary of the Equilib{i‘um Model Equations

The equilibrium chemical model that describes the interaction of a fatty acid dissolved in the oleic

phase and NaOH present in the aqueous phase can be summarized as the following coupled system

. . ]
. of non-linear , algebraic equations :

L %

.
t

(i)  The cquilibrium caustic concentration in‘the aqueous Fha‘se as per cquation 7.14

) C —
- Con- = ._(3&.04); (7.29)-
- / “ w NaX
(ii) The equilibrium aqiicous phase%oncentration of the surfactaft species { equation 7.18) ;
C
Cx- = (Ciix. ), (7.30)
[1, 4 K=k c -]
Vo ' KyyCon- ' Kpux
(ili)  The surfactant surface co’ce.ntration as obtained in equation 7.22 ; 3
. \ ] ~‘
* B2/B I exp(—-%)

o - ) e ) (730

|

/ - .55 %
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(iv)  The interfacial double layer potential arising from the adsorbed anionic surfactant species

(equation 7.24) ; .

Po = —51.4sinh™! [%% - (7.32)

(v) The FVDI equation of state (equation’ 7.26) ;

_KT A $D.NC(KT)° [ e .
. I= A ln(A — Ao) + J (—TSE-Z— cosll(ZRT) = 10| ,(J.JJ) .
- .

7.5 Solution of the Equilibriumm Model Equations

7.5.1 Specification of the Reéression Problem

-

Values of Cx - are expected to be quite low. In addition , preliminary experimental data showed tlml.&,,j

the working phase volume ratios , V,/V,, , are also quite low ; such that the following relationship

\

may be assumed to be generally valid , viz :

Vo Cx-
— 1.0
V“‘ ‘Kll‘{)nx (

Fl

With this assumption , equal,ion' 7.29 simplifies to the trivial case :

Cou? = (Con-Jo

In regression analysis[96-98) , a specification of the variables of the regression problem is war-
ranted. For this problem therefore , the independent variables which are also experimentally-

determined are , Coy- , (Vu/Vs) and (Cux,), - The dependent variable is 11 , while Ky and

KR.x constitute the parameters to be estimated . The remaining variables , namely , W, K,,
B2/B), and Tpax are considered a model constants. Standard nonlinear rcéression analysis[06-98]
requires that the.dependent variable be explicitly related to one or more functions of the indepen-

deyﬁ%{-les together with the model parameters . A closer inspection of the structure of the
s :

*
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- proposed model equations shows that this requirement cannot be satisfied, since equation 7.26 in

roQ

which the dependent variable is expressed does not contain any terms in any of the independent

variables nor of the model param@fers . Thus, what we have is indeed a unique regression problem.

7.5.2 Calculation of th‘é Model Constants

These so-called model constants are evaluated based on information available from the literature.

’

Since this informatigh is often of a more general nature , the accuracy of the calculated values

is questionable .

cally , the constants should be estimated together with the designated model
p.'tr;imcturs . However , this would lead to multiparametization , and as has béen amply demon- l
strated by Bard_[E}S‘] » brecise parameter estimates may not be realised, and even when possible; such
estimates may tyrn out .to be quite inaccurate . McLean[99] agrees with Bard that parsimonious

parametization is probably the only way to go in order to arrive at realistic solutions .

Determination of K|,

Tanford [41) propesed that at sufficiently dilute acid concentrations (when activity coefficients are

close to one ) , the following relationship holds ;

e . X
Fiio = Wy = RTIn - (7.34)

Tanford(41] also-found thit the term (ufo — pfy) was a linear function of the chain length , and
‘ %

for saturated fatty acids in the range C8~C22 , this linear relationship was roughly as follows ;

Hiig — #y = 4260 — 825n, S (7.35)

By combining equations 7.34 and7.35 and converting to SI units , we obtain the following ;

RTIn 2. = _RTIn K,

J\ | XHe ‘

17807 — 3449n, (7.36)
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Equation 7.36 applies strictly to saturated , straight chain paraffinic acids wl'licl.x were H(lldi;‘.(l by
Tanford . Indeed , data reported in Ref. 41 for oleic and linolu't; acids indicatc(.l that the etiuation
would not be quite appropriate for, unsaturated acids . However ) fl‘ruubc's"lh;lu[-l:!] makes an
exceptioh_for the presence of a double bond in the hydrocarbon Lll:ain . In fact | we fuunﬂ exceliont
~agreement in n, valu?s ai)plica.b]e in Equation 7.35 with sinlil;it“L values g:alculatcd by the use of
Traube's Rule . Thus, in order to use equation 7.36 to calculate the partition coefficient for the.

oleic acid system , the value of n. has to be 17 as recommended by Traube’s Rule . For lauric acid,

n. takes the value of 12 .

Evaluation of W and B,/B,

Davies and Rideal [43] analysed the adsorption-desorption phenomena associated with jonic surfac-
tants and concluded that the ratio , By/B; is independent of the hydrodynamics of the adsorplion
process. They-assigned the value of 20 A to this ratio based on considerations for the thickness of

the adsorbed film .

Another relationship developed by Davies and Rideal[43] enables W to be evaluated as follows;
W=new : (7.37)

For the oil-water interface , w takes the value of 810 cals (3385 1), and n is evaluated by the use

of Traube's Rule . - T v

N . . ' -
i “

Determination_ of I'nax

There are wide differences in the values of [,y or alternatively , A, , that have been proposed iu
" *the literature . For example , reborted A, values for oleic acid or sodium oleate range from 22 to

35 A2 per molecule . In this study , we have used 30A2 per ion for the minimum area of the oleate -
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jon . van Voorst Vader[100] found the A, value for sodium laurate at the heptane-water interface

to be 45A2 per jon . This value was also used for the laurate jon in this study .

7.5.3 The Solution Methodology

One of the most powerful nonlinear parameter estimation routines-is the algorithm of Levenberg

and Marquardt[10]1,102] . This algorithm is aJs..o widely used and tha.t accounts for the fact that
it is rea.dily .availablc through various software vendors . The IMSL routine ZXS5Q[84] does not
) require analytical derivatives and was thus very convenient for this estimation problem . As .in al|

parameter estimation problems , good initial guesses are warranted . Kittrell et al. [103] discussed

various ways of obtaining good initial guesses inciuding the use of grid searches and linearizing the

cquations . However , due to the complexity of the problem , classical parameter search techniques
could not be used . Rather , it-was far more efficient to obtain good initlial guesses by solving the
model equéﬁ.ions manually using a trial agd error approach . .‘

The” outline of the solution procedure adopted is roughly as follows : Manual calculations
provided starting parameter values as well as initial guesses for A , and ¥, . Inéut data included the
pertinent NaOH céncentra.l.ions , the initial acid concentration in the o{eic pliase , the experimentally
determined surface pressures as well as the phase volume ratios and. the model conctants . For any

.given acid/ caustic system , all relevant input data are supplied from a data file . .The ‘main

programme reads the data and then initiates a call to the routine ZXSSQ. For each pair of values

of Coy and II, \t/l}e appropriate value of 1, has to be calculated as a first step in the solution of

the model equations. To this end, equations 7.24 and 7.26 are solved simultaneously by means of
a Newton-Raphson iteration téchnique and executed in a separate subroutine . Thereafter , the

"

model equations were then solved strictly in the following order ; equation 7.18 ,,7.22 and 7.26
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in order to obtain new estimates of the surface pressure for cach and every data point. Finally,

the residuals are evaluated as well as the sum of the squares of the fesiduals, In the next and

.y
subsequent iterations, ZXSSQ sceks to minimize SSR by automatic adjustment of the parameter

values until convergence is achicved . The convergence criteria were a dilference of 1075 between

o

successive residual sum of squares , and an agreement in successive parameter estimates up to the

fifth significant digit .
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Chapter 8

Development of the Dynamic Model

8.1 General Model Formulation Principles - ',. ‘
Since species transport from the bulk to the interface and vice versa must be accounted for in a
dynamig model , the geometrical model of Fig. 7 was particularly usefult The diffusion boundary

layers shown in Fig. 7 represent the path for convective diffusion in accordance with Nernstian

theory . All interfacial reactions oceur between the two sub-layers . The model which is detailed

-

_below consists of the following clements :

(i)  Transport of the reacting species from the bulk phases to the interface by convective cfiﬁ'usion;
- \;‘ N

(ii)  Interfacial reactions and associated equilibria leading to the formation of the surface active

SOAp species ;
(iii)  Transfer of -reaction products from the interface to the bulk phases by convective diffusion ;

(iv)  Surfactant adsorption and desorption resulting in time dependent changes in surface excess

-

. » . . .
concentration and consequently the interfacial tension .

=¥ -



8.2 Interfacial Kinetics and Sorptivé Equilibria

) ) .
The chemical reactions of interest are essentially those outlined in the last chapter. However,Lhe
reactions per se are‘reasonably fast and thus are not rate limiting., The rate limiting reactions are

the sorptive ones. These.and the associated equilibria are outlined as follows :

(1)  Adsorptive dissociation of acid in accordance with the following cquation ;

Ky
HX,, = I* 4 X2, . (8.1)
(2)  Desorption of X~ to the aqueous sublayer as follows i . 4 f
K
. X = X5, (8.2)

(3) Removal of X~ to the oleic-sublayer as the inactive complex NaX, , thus ;
K
X, + Nat = NaX,, (8.3)

(4) Desorption of X~ to the 'aqueous sublayer as IIX,, in accordance with the reaction ¢

Kux,, . )
X+ 2T HX,, (8:4)

8.3 Sorption Kinetic Rate Equations <,

We employ Langmuirian sorption kinetlcs to describe the adsorption and dc'sorption of the surface

active anion to and from the interface in accordance with the reactions outlined in the preceding
. Fl . " ] M
. . o
section .

(a) Net rate of adsorption of X~ from the 3queous sublayer in accordance with equation 8.2 ;
-

L : . E‘l,l)o""“.'? I... - .
— e — — — . _ 8.!"
Riax) = kiCx,exp ()1 - ) .k 11 (8.5)

G\-'T‘
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» - F | |



A rearrangemext of equation 8.5 results in the following ;

‘I’z—-l anx

o (8.6)

Riax) = [Cx. eXI’( )(anx -T) ~

" Equation 8.G suggests that the adsorption rate constant , k; , and the sorptive equilibrium

: !/
constant , Kx may be reexpressed as follows ;
k|
kx = ki/Thax - ; (8.7)
KK = kI/k--lrmmc (88)

-

In terms of these newljr-dcﬁrlcd rate constants , cquation 8.5 becomes the following ;

T
N Rinx) = kx| Cx, exp (322 )(rm D- & (89)

A

(b)  Net rate of adsorption of HX, from the oleic sublayer in accordance with equation 8.1 .

Using a similar argument as in part(a) , we can write ;

Riatix,) = knx, [CHXD,.(Fmax (8.10)
(c) | Adsorption of X, from the aqueous sublayer in accordance with reacticm 8.4 ;
' T :
Riapixa) = kux, [CHx,,.(me -I)- X (8.11)
~ . X w

(d)  Adsorption of NaX, from the oleic sublayer according to equation 8.3 ;

R(a Nnxo) = I\NaX. [CNAXQ. (Pmax P))"

- It has been su.ggested [66] that an equilibrium exists in the aqueous phase between the acid and -

=

the anion in accordance with the ionization reaction and its associated equilibrium constant , Viz ;
Khix . h
HX, = H*4X3 ' - (813)

- _ _ _, 63 : o

] (8.12) |
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B The fact that reaction 8.13 occurs ratir rapidly gi\jes_ credence to the above propo:."ilinn e

{. M . * » d L ~ i N -
view of this relationship , we can combine the rate expressions for X~ and 11X, by means of an

association parameter{66] , « , given by ;

C : )
- a=1+_—4L \ (8.14)
. Khix : - g
’ Firstly , equation 8,9 is rearranged as follows ; - G
£ £ )
Riaxy OXP)—( l:‘b kx [C)\ (Cmax = T) - ~—c*(p-—( 4 )] (8.15)
. . \ ' -
Next , equation 8.15 is multiplied by %5—:— y and the result is the followi ng e &
H '
C evo,Cuit  _ - e
R(a,x) exp —( 17 Kb = Rapxay ¥ ;o d
- 11C[i+ i E'J)n ] y |
= k Tiax = ') = —— - ©(8.16
X [Cnx..,.( ' ’\é ) Kirx., exp —{ T } ( .J)
Finally, combining equations 8.15 and 8.16 leads to the joint 'sorpl,io‘n rate equation for X7 and
‘ : +
HX, as follows ; v | :
( ’ 4 : | - ’ R
Riax+tXy) = Reaxyexp ( )ﬂ ' ' \f:/'
- = kxa[cx.(rmu D)= e (1‘:1?)] (8:17)

!

8.4 épecies Bulk Transport by Convective Diffusion
TFollowing the analysis of Levich[65] , a gcgcrhl expression for the transport of any species from

« the interior of the bulk phase to the sublayer by Nernstian convective diffusion may bl writlen ag

follgws ; . .
‘ “ dC;  A.D; oo
VIE - _—6— C C] ') ' (8.18) .

Equation 8.18 can then be expanded for all the relevant interfacial species of the dynamic system

as follows, : . - c
. o .
« w. . < ‘ . . .

[
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1. Transport of IiXo . .
dCuix AuDii, : '
V, d‘?" = - ‘6,:!\ (Chx, =~ Cux,,) (R.19)
-2, For the transport of X ,
dC Y Aul) {
Ve—ir = e Xwioe LCxLl) - (8.20)
dt by ‘ b
3. Similarly for the transport of HX,, ,
e = "
dCux. ADnx,, . :
Ve—ate = 20 (oye — Cuixa,,) (8.21)
dt Swo . s
4.  And lastly for the transport of NaX, , —
A -
ICax, _ AdDy |
C nXo s L NaX, - .
Vo (Tt‘{ = - 6N X2 (Cpax, — Crax,,) (8.22)

Equations 8.20 and 8.21 can be combined by means of the a parameter defined in the previous

section ; this gives the combined bulk transport equation for X5 and HX,, as Tollows :

dCy A,aD, . -
/wa dt - Ew (CXw - CXWll) ‘ (H‘z")
. -
* where
Dw =Dyx = Djix (8.21)

8.5 Differential Equations of the Dynamic Model

)

If there is to be no net species accumulation in the sublayers , then the following relationship must

hold , viz :

o

R = 6_:(Ci - Cin) (8.25)

.-
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I'Iqu:xtiqel 8.25 can now be used ‘togcthcr with each of the sorptive kinetic rate expressions to solve
. . ! LY

’ . . '
for the sublayer concentrations ; namely , Cux,, , CNax
- ' i e

o

and Cx, . Thereafter , the expressions

for the sublayar concentrations are substituted into equations 819 , 8.22 and_8.23 respectively .

o

The resulyng differential equations are as follows :

(1) I)illl'usivu-ltinctic cquation for X, ; J |

s

dCix, _ Dyx, Aukiix, { ' T £ }
Vol T {knxofo(Cmax = T') + Dux, ] Citxe (Trmax = T) Knx Crir exp =( kT )
| i (8.26)
(ii)  Diffusive-kinetic equation for species NaX, ; »
dCiin, " Divax, Askiax { o r 7 e }
V“ dt . B [anx 6o(l‘nmx - F) + DNnxol CNM{Q(-I‘n‘l‘a-x i F) KNAX CN‘# oxp ( kT
(8.27)
(iii)  Diffusive-Kihetic equation for (X5 + HXW); l 7
dCx D Akx { T £, }
w = - Cx 1‘ ax — P — = eXp -\l
At [kxbw(Tmax = T) + Dy exp —(55)] ( e = 1) = i (37
(8.28) -

(iv) Diffusive-kinetic equation governing surfactant surface concentration , I' :-

e o

- A overall mass balance for all species transferring from the bulk phases to the interface leads

to the following equation , viz :- ’
/ v

~ ar & p;
= : 5_1(01 - GCis) | (8.29)

N
We now expand the above equation for the various interacting species to obtain the following;
dI D

_Dixe,n A DnaX, B ]
i = . {Cuix, Cl|:\.,,.)+—60 (CNax, — Cnax,,) +

D.o
bw

(Cx - Cx.) (8.30)
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When the prcvious{f obtained expressions for the sublayer concentrations are substitiiied into

equation 8.30 , the resulting equation gives the dynamic surface concentration as a function

of the concentrations of the various interacting species as follows ;

dl Dx, kux, { ‘ . P e }
dt "~ [kkx,8o(Tmax — I') + Dhix,) Citxa (Finee = 1) = Kux, Cus exp —(7)
. Daxknax { o . v et
:-F [kNax&o(Tmax = T') + Dyax] COax (Tax ~T) RO St ')}
r v A ) .
o D.okx { 1 £V
+ 7 ; Cx{Tinax = ') = = exp - T)} 8.31)
[k}{fsw([‘max - r) + Dw exp -—(%ﬁ‘)] ( nx Kx ( kT (

In order to complete the model , T' has to be related to the dynamic surface pressure . We minke

the assumi)tion that the instantancous surfacc.conccnt.ration df the anionic surl'uctanl.ﬁ?’nﬁ[u:&i-
equilibrium with the prevailing surface pressure . Under such circumstuncu:; , the FVDIH equation
of state f<-)r charged monolayers will apply . Also , the interfacial potential , v, , will e given by
the Gouy-Chapman cquation (scti cquation 7.24) . Thus the system consisting of c_\giutiuns 8.26,

-8.27 , 8.28, 8.31, 7.24, and 7.26 is the proposed dynamic model . ~——
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Chapter 9

Solution of the Dynamic Model

Equations - .. i

9.1 Specification of the Model Parameters

-As outlined in the preceding chapter , we have a system of four coupled nonlinear ordinary dif-
ferential equ'a.tions(cdilatious 8.26 10 '8.28) , which must be solved simultancously along with the
algebraic equations 7.24 and 7.26 : The parameters of the regression problem are the adsorption

rate constants , kjix, , Knax, and kx . The specification of the other variables in the model is as

follows :

(a)  Independent (experimentally determined ) variables , namely , Vo , Vi , Asy Cu+ » Con-»
L Y

and Cnp+ -

(b)  Model constants Type 1, namely , the equilibrium parameters , such as Kyx, , Knax » Kx

and Kax .

(¢} Model constants Type 2, (the boundary layer thicknesses ) , which are §, and §,, .

68
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first two named correlations 7ere considered .

\
a -
; . a
e os ¥ \
\ - Yy
(d)  Model constants Type 3 , the Fickian diffusion coeflicients , namely , Dyx, , Dyax, and
Dy . -, o s
o : - T

8

- The independent variables-, Cy+ , Cnat » and Cop-~ are known from the aqueouns phase caustic

composition and the ionic product of water . Other independent variables are the interfacial arca

and droplet volume which are determined fegm the analysis of the experimental data with the RIIN

algorithm . The theories underlying the calculation of the various model constants are ‘presented

in the following sétions

9.2 Calculation of Diffusion Coefficients .

According to Reid et al. [81] , the best known corrclations for the cstin'a‘a;\t.ion of liguid-liguid

diffusivities are the following ;
(i)  the correlation of Wilke and Chang [104] ,
(ii)  the correlation of Hayduk and Minhas [105],

(iii)  the correlation of Tyn and Calus [106] .

[T

In Chapter 3 of Ref. [107] , Hayduk reviewed the currcqtly available correlations for the estimation

of diffusivities in liquids. He also considers the correlations named above to be the best general

-ones that can be used for both polar and non-polar systems . .All the above-named correlations

require a good estimate of solute molar volume at the normal boiling point . The correlation of

a

Tyn and CaMs[106] requires surface tension data of dilute solutions of the solutes’in the working

solvents to be provided . Since such surface tension data were net measured in this work , only the

\ y
t /
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' 9.2.1 Determination of Solute. Molar Volumes

. . Three slightly different methods were used for the estimation of solute molar v_olumes . These were

recommended by Reid et al. [81] and are as follows :
1. the additive method of Schroeder ,
2. the method of Le Bas.,

3. and the correlation of Tyn and Calus .
- )

r

The correlation of Tyn and Calus for the estimation of solute molar volumes was the one thativas
strongly recommended by Reid ct‘. al. [81] Bcsides., the molar volumes calculated by the use of
the method of Schrbcdcl.' di‘ﬂ"ered substantially from the figures obtained when the method of Le
Bas was employed ( sce Appendix C ). As a result of this discrepancy , the correlation of :I'yn'and -
Calus was used for the determination oi.' solute molar volumes , and the applicable rela.lﬁionship is

as follows ;

Vp = 0.285V1 018 ' (9.1)

In order to obtain critical volumes required in equation 9.1 , use was made of Vetere’s method [81].’

9.2.2 Estimation of Diffusivities
- B

(a)  DifTusivities in hexadecane :

The generalized Wilke-Chang correlation[104) can be written as follows ;

7.4 x 1078y /{waMp)T N (9.2)

(-}
Pan = V3

and for non-associated solvents , wq assumes the value of 1.0 .

The Hayduk-Minhas correlation valid for solutions in normal paraffinic solvents[105] is given
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by 5
: 13.3 % 107871147 g _ ,
AB = VO (9.3)
A
where .
10.2
A
(b)  Diffusivities in water :
L . ]

The Wilke-Chang correlation namely equation 9.2, retains the same form when water is the

- solvent' . The only thing that changes is wq for which the value of 2.6 was assigned by the
I

authors . A different correlation was proposed by Hayduk and; Minhas for uquuoué solutions

» '
as follows ;
Dip = 1.25 x 1078(V{%1? — 0.202) 1'% (9.5)
where
x = QVEj\s -1.12 (9.6)

S 9.3 Calculation of the Equilibrium Sorptive Rate Constants

It can be shown that once the equilibrium -parameters , namely -, -l\'ﬁ'x , and l\'gux-:m-wull ag-the---

constants ['pez and K, are determined from the equilibrium model | all the equilibrium sorptive
+

rd

rate constants can be calculated starting from Kx . The mathematical analysis leading to the

calculation of these equilibrium rate constants is presented helow :

—

4
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9.3.1 Calculation of Ky

In chapter 8 , Kx had been defined according to equation 8.8 . Irom equation 8.2 , Kx can also

be expressed in concentration terms as follows ;

v R |
Kx = ﬁ | . . (9.7)

qﬁ

. Close inspection of equation~ 7.19 and 7.20, leads to the following ;

-

K. = I'Trax
X Cx.—(rmnx - I‘) e
e~ Bl
L | o B (9.8)
: = B, cxp(—%

/ By comparing cquations 8.8 and 9.8 , we sce that Kx can be expressed in terms of previously

: \detc?mi:ied constants as lollows ;

E" ex ﬂ
Ky = (5y) exP(er) (9.9)

rmu

9.3.2 Calculation of Kyx, --

Following a procedure similar to that used in the preceding section , we write in accordance with

- .equation 8:1; the following relationship for Kpx, ;

-

- XS]
Kix, = X} (9.10)
~
By definition , KPIX is simply the following ;
-p_ _ XS)H]
I\HX - [IIX“] (9.11)
and for K, , the definition is as follows ;
- _ [HX,]
Kp = (X (9.12)



By combining equations 9.10 = 9.12¢, we obtain the following ;

Knx Kp _ [X7 :
— P . adel = |y 9.13)
KRy  (Xwal (9:13)

It follows from equation 9.13 that Ky, is given by :

Kx Ky
a Kyyx, = ~—S~1X (9.14)
: Kp . ~
9.3.3 Determination of Kyax,
Similarly , using equation 8.10 , an expression for Kyn,x, may be written as follows ;
4
X [Nat] ' ’
K = [_ndL.._ 9.15
NnX, [NE\.XU] (J I ))
recalling the definition of I{Enx , thus ;
Na*)(X"] .
KR.x = “NaX _ (9.16)
then the combination of equations 9.15 and 9.16 leads to the following relationship , viz ;
Knax X, .
ks _ Daal _ D)
and the expression for Knax, becomes ;
Knax, = KR.xKx (9.18)
9.4 Calculation of the Boundary Layer Thicknesses
The general convective diffusion equation can be written as follows ;
éc 2 .. R L
5t + ¥ .grade = DV*c - - - (9.19)
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For a ﬁni-éi’mcnsiona.l diffusion boundary layer , Levich[GS] showed that at steady state , the

convective,diffusion equation becomes ;
"

5c §c 62¢ -0
vx&—+vy T

—=D— 9.20

By making some simplifying assumptions , Levich obtained an approximate solution to equa-
tion 9.20 which is valid for a flat plate. For such a geometry, the diffusioh qunda_gy layer thickness

6, is given as ;

- - . §aDit (X (9.21)
' . U ‘

.

Nernst[G5) had suggested that the convective diffusional flux could.be represented by an equation

similar to equation 8.25 . lle however gave no clues as to how the boundary layer thickness could

be calculated a priori . The analysis of the convective difTusion problem by Levich[65] not only

jl_istilicd the-classical equation of Nernst but went further to show the variables that influence the

magnitude of § . An expression similar to equation 9.21 has been derived for § in a rather djfferent

context[108] .

- It follows.therefore from equation-9.21.that-in a static system-;é will be given roughly as-follows;-. ... |
: § o Dip*é ' (9.22)

It is p(!'l;l.i nent to note that cqualtion 0.22 has also be shown Lo be valid even for a spherical geometry.
Thus , t&:i;rcla.tionship (equation 9.22), can be used to calculate é for any given system , provided
)] ‘t.he value for a reference systerﬂ (with known values of D and v* ) is available . The reference
system used in this-study was the _crude oil system studied by deZabala{18]. The mathematical
analysis leading to the evaluation of pertinent variables was de\:elopcd on the basis of the work
done by deZabala[18] as well as Rubin and Radke[60] . The ﬁajled calculations for the boundary

layer thicknesses are shown in Appendix C .

L
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9.5 Solving the Modelling Problem | | -
9.5.} General Concepté . * ) .

The dynamic model being considered here consists of a set of four coupled , noplinear differential
equations alongside four other algebraic relationships . At the same time |, there are three model
L]

parameters to be estimat . In essence , we have a non-linear regression problem-invstving ordinary
) ‘

differential equations as weli as algebraic relationships which must be solved in order Lo obtain
-~

sa.tisfactory parameter estimates . Ideally | the procec.lure for Wealing with such a problem is to
solve the differential equations and estimate the pamme!;ers thereafler . Such an il[)]ll‘l)il{dl)(?ﬁ
not work for the problem at hand , since th(; parameters must be known in order to solve tljz
equations . Undt.:r such circumstances , one woul'd then try to solve the equations and at the same

time estimate the parameters . To date , there are no proven algorithms that can succensfully

execute such a task . We aigﬁesptcd to combine a differential equation solving routine with i non-
linear parameter estimation one . While the solution of the differential cquations was successful,

the p.a,ra.meter estimation aspect was a failure , thus rendering that approach unworkable

. . . -
PR L . Tme e el e .

problem at iiand.

After a careful examination d_f the structure of the model equations as well as the experimen-
tal data set , it became clear that the primary objective had to be the accurate solution of the
differential equations . This then meant that the parameters would be estimated by a trial and
error a.pl;roa.ch . A further complication was the fact that good initial estimates of the parameters
were not _a.va.ila.ble . Worse still , there is inadequate theory in the literature to determine what
range of parameter values are applicable for the systems under consideration . The only way that
satisfactory parameter ;:stimates could be achieved under the circumstances was to perfurrﬁ iL sen-

sitivity analysis of the problem . For this aspect of the work , we relied entirely on the procedure

~
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outlined by Bard[98] , and the detailed farmulation of the sensitivity equations is given in the next

]

subsection . Q

9.5.2 Sensitivity Analysis of the Dynamic Problem

We employ Bard’s notation[98] and write; —

f = [ kux  knax  kx 15 a vector of the 3 model parameters ,
F = [Cux, CNax, Cx T J, . avector of 4 state variables ,
& o= | (Cllx ), 00 0.0 0.0 ls a vector of initial values of the state variables .

The above definition implies that 12 sensitivity equations need to be l'ormula.ted.and then solved si-
multancously with the 4 original ordinary differential equations . The original differential eqnations

can be written in terms of the recently-defined variables as ;

)

=h(¢ 7 7 ) | (9.23)

Q-IQ-
=

By differentiating equation 9.23 with respect to \f}. employing the chain rule , the following relation-

d (55‘) §h 6hés’ )
— ===t = 9.24
dt \ 56 60 0550 (9:24)

“ship-is-obtained , viz;

The sensitivity equations now follow from the expansion of equation 9.24 as {ollows :

dt 80, dt Skrx, —_—
D} x . As o
- ) X CH 'o Pma - P
: Vo [knxoﬁo(rmur -0+ ‘DHX.,]2 {Crex ( * }
D?. A _ r . ”
+ A { T ool }
V" [kaoJO(rmar - r) + Don]Z I\HXO H+ €XPp ( kT)

_ (-6C}IA'°) D xoAskixo(Tmaz = T')
Skux, / Volkux,60(Tmax —T) + Dax,)
( 8T ) CixoDix,Askrx, {1 __ knx,60(Tmaz —T)
6kirx,/ Volkux,60(Cmar = T) + Dix,] [k x,80(Tmaz — T) + Dux,]

} (9.25)

r
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' +( 6T ) Cri+ exp =(F#)Drx. Auknx, { ']‘k]-f.\'uﬁn . }
6krx,/ Volkirxobo(Tmaz — ) + Dyx, ] Kux. rrxobolTimar = Y+ Dy

d bs2, _ d CNax,

. EE(EQ_I E( Sknx, )

_ DNaXoAakNuX(Fmar = F) acNu.\'., )
Va [chxéo(Fmgx - F) + DNGXo] 6"‘:}{.\'6 ‘

( oI ) -DNaX,,A.skNaXCNa.\'n {1 _ kN:l.\"ﬁo(l‘mn.r - ]-1) }
6kHX.;. VokNa,\'éo(l‘muz - 1‘) [kNu.\' 60“‘111(:1.‘ - 1‘) + DNu.\'nl

( 5T ) Dnax,AsknaxCyat exp —(55) [ | Péaknax
5_":!14\'9 Vo [kNaX ‘So(rmnx - F) + -DNa.\'u] I{Nn.-\' [kNm\' 60(1‘111:11‘ - l‘) + DN.; .\'..] N

(9.26)

-+

-+

a'50,) S @ Gy,
_ D Ankz\'(rma;""r) 5Cx~ )
Vo [kx6u(Cmaz = T) + Dyexp —(54)] “Sharx,

(9.27)

+( éT ) w!l,’n\é)g | — I\w m( max I)‘
6k"Xo Vu_, [kx(sw(rmar - r) +-Dw CXp "'(Ef:%?) [L\éw(l maxr — I' ) + D.,,(\I) —('[L)]

8T DyA n!uY cXp ( ) Ik\ém
( ) L 1
5kHX'., Vw [k,\‘ 6w(I‘ma,_. - I‘) + Dw qxp —(z—ié}‘ﬁ) I\.X [k,\’ 6w(1\1rm.z: - + l)m' X "'( ﬁf)]

ddas 4 (L)
dt 86,’ = dt \bkyyx,)
‘ _Dhx, .. - - - sees ke
S e e - TS o C Pma =T
["'on o(Pmax - F) + D ]'2 [ HA ( i )]
_ D},,,{o TCy+ exp —(542)
(k8 x,80(Tmgs’ — T) + Dyrx, )2 Kux, -

Dy x&ux,(Lmazr = T) 5CHX,,)

+ ['_k Xoﬁo(rmaz: et r) + DH.XO] 5kux,, F;
+ DNQXOchXD(Pma: - P) (CNuXa ) 5
[kmo(rma: - P) + DNa.Xo] 5]\71])(0
Dukxa(lmes =T)  80x
[kx6u(Tmaz = T) + Du exp ~(%)] knx .
+ ( 8T ) Dux.kux.Crx, { ki x,00(Tmaz ~ T) _ 1.0}
6kx,/ [kaxo8o{Tmaz ~ I') + Dux,] L[krxo0o{lmaz — T) + Dirx,)
_ ( 6T ) Dy x.kux,Crr+ exp ~($F) { 0+ Chirx,0 }
6kirx,/ (kitx,00(Fmaz = T} + Dux, ) Kyyx, U " lenxobo(lmaz - 1)+ Pux,)
. ( 8T ) Dyax,knaxCnax, { knaxbo(Tmaz —T) —1 0}
dkpx,/) thnax8o(Tmaz — T) + Dnax,) LkNaxbo(Tmaz — )+ Drax,]
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By DNaxkNaXChas exp —{552) 1 Tk yax b, -
- ( : , 0 (9.28)
bhirx, ) (knuxo(Pmazr — ')+ Dnax,] Knex, (kNax8o(Tmaz — I} + Diax,]

( a2\ ) ' DykuaCyx " Kuwbu(Tmaz = T)
f”':llz\'n [k,\‘.’ﬁw([‘rrmr - P) 4+ Dyexp _(‘7:3%?) [Aa\ 6w(rmax - F) + Dy exp = (‘_".ia

é oI
W x,

dds o 6Cux,

dt 80y dt Sknex,
Dyrx, Ak x,(Paz — T') or

-1.0

Du,kwaexp—(%%) 1.0+ Tkxé }
xbu(Tar = ) + chxp-(%z) Kx [L\é mar — T) + ch:\‘p—-(%—}%)]

A}

- Vo [klh\'uéo(l‘mar - 1‘) + DHXO] 6kNuX ) .
+ ( s ) Dux, Askirx,Cux, { N knx,0o(Cmaz — 1) } " (9.29) .
Sknvax /) Vo ki x,80(I'maz — ') + Dirx,] [k1rx60(Tmaz — 1) + Drx,]

S +( 4T ) Dyix, Asksin,Crre exp —(58#) {10 Tk x.0o }
- Sknex /) Volknx,66(Tmaz — )+ Dy x, ] Kirx, Frx,00(Tmez = T) + Du\ o)

i bsg d dCnux,
‘50, = T Fhex o
o A DNa.\ { - (Caz ~ T) = I'Cia+ exp—(%@)}
Vo [knaxo(Limas = T) + Dyax, P | oo mo? Knax,
DNqu Asknax (F!IIGI = F) 6CNaAu
B Ve [kNu)\'ﬁo(I‘rna:: - I‘) + DNaXo] §knax . . )
+ ( 6T ) DNn,\'o-flskNﬂXCNaXo { _ kNu;\'ao(Fma:r: - F) } (9.30) .
knax /) Vs [kNﬂX 60(Fn|ar - r) + DNGXG] [kNa.\' 60(anz -_ F) + DNQXO]
+ 6T ) Dnax,Asknax Cnat eXp "(%) { L4 Téoknax }
gﬁkm,\’ ValkNax 6o(Imaz = T') + Dnax,] Knax, (knax 6o(Cmaz — T') + Divax,)

d sy d 60y
(“(602 T odt fknax
DyAkxy(Praz — T) 6Cx

— Vw [k,\'ﬁw mar — F) + Dw(}.‘{p —(%ﬂ-)] 6kNa,\'

)

+( N ) Dy AkxCx Jio- w(lmaz = T)
Oknax / Vi, [kx8u(Tmaz — T) + Dy exp —(558)] [x 8u(Comaz = T) + Dy exp —(5)]

.. (e .
+( 6T, ) Dy Askx exp —(FF) . (9.31)
8knax )V, [kx6u(Tmas ~ T) + Dy exp —(55)] Kx
+ ( &r ) Dy Akyx exp —-(‘—,:%?) . Tkxé,
8knax / ¥y [kx8u(Pmar — ) + Dy exp —(582)] Kx | [kx8u(Tmaz — T) + Dy exp - (e_%)]
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d(63| .d'( §T )
4168, = @t \Gknax

DNm\,, ‘ »
[kNm\fS (Pazr — T) + Dyax u]z {Crux (anx -T )} /%

_ Diax, {FCNu+ exp — ﬁ'r)} -
[kvax6o(Trmaz — T) + Dnax,)? Knax, ' - '
Dux, ki ko(Cmaz — I') 5011,\'.,) _ : ' ‘

[kH.Xo'so(Fmar - F) + DHXD] 6kNuX \ \
DNuXokNuX(anr - F) 5C'N“_\',, i

* [kNa.Xé-o(qur - F) + DNu...\",] Ian;\' )
. Dykyx Q(Fmax - P) 6Cx ) e
[kxaw(rmnx —T)+ Dyexp “(%“l)] 1kNax
+ ( 6T ) Dlh\'okHXoCH.-\'o { k!h\'.,‘so(l‘rrmx - l‘) -1 0}
5k~ax {krrx,86(Tmaz = T) + Dux,] W ki x,80(Toas — ) + Dirx,] _
( ) Duxokirx,Cir+ exp —(55#) {1 0 I'kyrx,d, } -
JLNax [*ux.60(Tmaz = T) + Dux,] K T Rux8o(Tiar = 1) + Diiy,]
( ) DnaxokNax CNaxX, {( kNax 8o{Cinar — I') _ 1.0}
6knax / [kNaX0o(Tmaz — T) + Dnax,) L[kNSx o(lar — 1) + Dy,
( 6T ) DyaxoknaxCrat exp = () { 04t Ihenay Bo }
6knax / [kNax0o(Tomaz = I') + Dnax,] KNax, evaxfo(Tinaz = 1) + Dyax,|
6T ) DukwaCx Kubu(Tmas = ') }
knax L xau,(r,m,r —T)+ Dy exp— —‘!]n)] [k X6u(Pnae = 1) Dy oxp —(55)|
( 6T ) Dyk,aCyx _
5kax ) kx fu(Tmaz - T) + Ducxp —(%%)] )
( ér ) Dykyaexp —(F4 { _ V'ly b, }
Sknax / [kx8u(Tmaz = T) + Dwexp —(50)] Kx | [Fxbullmas = 1) + Duexp ()]
( T ) Dykwaexp —(e) (9.5
Sknax an Pz — U) + Duoxp ~(547)] K x
d 6s1. d 6Cux,
7 g™ @t bkx ) o
_ __ Dux,Askix,(Pmez = T) 5011,\',,) -~
Vo kux,00(Cmaz = T)+ Dpx,)” Skx . .o
+ ( 6T ) Dyx,Askux,Crx, { 0 ki x,60(lmaz = 1) 1
6kX Va [kHXaéo(Fmaz - r) + DHX.,] [kﬂxoﬁo(l‘mur - ]‘) + DHXU]I
. ( 6T ) Dy x, Askix,Crr+ exp —~(5#) { Thprx,ba }
6kx ) Volkx,80{Tmoz — T)+ Dux,) Kurx, Vknx,00(Tmaz = ) + Pux.,]
-
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+ ( 5[1. ) Dux,Asksx,Cr+ exp -(EE%?)

skx / Vo [kHXoéa(Fmax - r) + -DHX.,] I(HXO (9.33)
d b3y d 6Cnax, :
a5, = & oy
- DNchAaLNnX(Fmar - P) (6CNaXo ) -
Volknax6o(Tmaz = T) + Dyax,]” 6kx T
+ ( or ) DNaXaAakNuXCNaXo { | _ kﬁaxao(Dniaz - F) . } ;(934
6kX Vo [kNuX 60(1‘ma.r - P) + DNnXa] [AN.uX éo(rfﬁ;!.r - F) + DNaXo]
N ( 5T ) DiaxoAsknaxCrat exp =(5#) {1 0 Téoknax }
Sky J Volknaxbo(Umex — T) + Diax,] Knax, (knax8o(Tmdz — T) + Dnux,)

d oy _ d(ac,\
TR

- D% A, exp —(§%) . {CX(I‘ o I‘).‘— I exp —(%ﬂ)}
Va [kx6u(Tmaz — )+ Duexp~(0)] L " Kx |

N Dy Askx(Pmaz — T) (
Vi [kxéw(l‘,,m ~T)+ Duexp—(5)]

5Cx)‘
Skx '

61‘ ) P D A L\CA w(rnmz r)
6""1\ L,\&w(rmar - I‘) + -D cxXp (e kT ] [k\é‘ mar — I-‘) + ‘D exp — (%)]

- ;
+ ( 6T ) . DAy ’»\CA
6“')‘ LJ& Pinar' — r) +ID pr ('[‘kk)]
+(6[‘) Dy Aky exp ( Thxé
8kx ) Vy [kx6u(Tmaz = T) + Dy exp ~(58)] Kx | [kx6u(Tmaz — T) + Dy exp —(5)]
. ¢ ’
6T D, A,k (s
+ (s ) xow (50 - (9.35)
Vi [kx8u(Tmas = T) + Dy exp —(558)] Kx \

d by 4 (L)
W Codt \bkx
T D2 aexp —(‘—L"L-I"l)
[kX 5w(l‘maz - P) + Dy exp —(%‘?)]
_ DZaexp ~(55) {Fexp—(%’.ﬂ)} -
. ) -
[kxﬁw(bmu ~ I} 4 Dy exp -(%&L)] Ky
Dixoktixo(Limax = T) 56'}1,\'.,)
[kut\'ob-o(rmax - F) + D}L\'o] 6kx

+ DNa.\'oanX(Fmar - F) GCNaXn )
[an.\' 6o(rma: - F) + DNa,\',,]‘ 6kx

2 _{CX(Fma:c - r)}
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Dwk,\-acxp'—(%?) . §Cx ., , -

kX‘sw(qux - F) + Dw exp _(E}E{f{[‘n

(
( oI ) DykxaCx -
-(

¥ [kxaw(rm,_ ~T)+ Dyexp ..(ak‘gg)] (ot ) . NN
+ ( ) Dyx kux,Cix, { ki xo00( Dpnar = 1) }
ka [kt xo00(Tmaz = T) + Drrx,] Ukzrx,00(Tinaz = 1) + Dy,
( ) Dyx kux,Cux,
6]5)( L}IXo'so(Pma: - r) + fo.\'o]
( 6T ) Drrx kix,Cr+ exp —(55#) { Lhyrx, 8 ' }
6kx / (*rx,80(Pmez = T) + Dix, ) Kux, Lkax,60(lmas— 1)+ Dpx,] §
( 6T ) Dy x.kux,Cr+ exp =(58)
6kx ) kux.60(Tmez = T) + Dux,) Kux,
+ ( or ) DNm\ kNg YCNaXO { ‘ kNa‘\'ﬁo(rmnx - l‘) }
6kx / [kNax6o(Cmaz — ) + DNax,] L [Evax8o(Timaz = 1) + Dyux,]
( 6T ) Dyax,kNaxCNaX,
JL.X [LNaXG (rma: - r) + DNa.’iu]
( 6T ) Dpax,kNax Crat exp —(55F) { Thpax 6o ' }
6kx / [kNax0o(Tmaz = ) + Dnax,) KNaxs UENaxdo(Umar = 1) 4 Dyax,]
( 6T ) DNax,kNaxChat exp —(5F) -
GLX [LNuxao(rma: - P) + DNaJ\'o] I{Nnxo
T ) DykxaCyx Wby (Uez = 1)
+
hx )]{ }

[k x0u(Tmaz = 1) + D oxp — (5 )]

bkx kxﬁ,‘u(rmu —T)+ Dy exp _(%ﬂ)]

6T ™ Dykyxaexp -~ (‘—%?) ' { Lkxb., }

JI\'.X) -be‘ (rmaz — I‘) + Dw exp — ('E%g ] le [Lxéw(rmar - r) + Dw pr_(‘ik?)]

( ) D anexp (kT) r H
- {9.36)
6kx [kX"sw(ana: - Fj'i' Dw exp "(%“l)] ]\4\' . -

\

9.5.3 Solution Procedure

There are a total of 16 nonlinear , coupled differential equations (12 sensitivity , and 4 state ) which
‘must be solved simultaneously for the sensitivity coefficients , namely , a'i% ) Hﬁﬁ y and m—ll—- .
The IMSL routine DGEAR[84] was used for the solution of these equations , but in view of the

stiffness of the problem , an analytical Jacobian matrix of partial derivatives is required. . ‘This

matrix of partial derivatives is obtained by differentiating equation 9.24 with respect to cacli state
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variable , i. e. , we scek partial derivatives of the form :

)]
§5% Ldt \ 58

‘ : - ) - L) . ’ 1] L] . a .~
where ﬂﬁvector , §* , includes the 12 sensitivity coefficients in addition to the 4 state variables .

. .

Thus , tha Jacobian matrix of partial derivatives consists of 256 { 16 x 16 ) differential equations .

I'or the solution of the sensitivity cqua;tions , all the afore-mentioned input data such as the
viriGus m?del constants , the initial p‘ara.mel,er estimates and the independent variables were sup-
plied. At cach cxpcrimeﬁtally determined time interval , the routine DGEAR([84] was called and the
calculated values of the relevant sensitivity coeflicients as well as the state variables were recorded.

Once the sensitivity cocflicients were available , it was then possible to see which parameters
inflluenced T II-IOI‘C than the otllcré, and at the same time , one could determine the direction in
which any parameter affected the state variables gr any. given caustic concentration and ifitial
acid conce_nitra.tion . The programme written for the purpose of solving the sensitivity equations
was then mo?}iﬁed go as to calculate the surface pressure corrcspon:(ling to cach experimental time
interval . The paramejers were adjusted in order to minimize the difference between the calculated

and experimental surface pressures at each and every time interval for the given initial caustic and

acid concentrations .



Part IV | o

|

Dynémic Model for

I\/Iultir-Componéht Systems

t

——



" Chapter 10

Development of a Dynamic. Model
: ’ 4

for Multi-Component Systems

We now sc\(to extend the single component dynamic model of chapter 8 to cases of a mixiure of
several ncid? in the oleic phase interacting with a spectrum of aqueous NaOH solutions .

-

10.1 Basic Assumptions

. *
There are a number of basic assumptions which underly the development of the single component

models presented in part III . In formulating the multi-component model equations , additional

assuntptions must be made , some of which are the following :

(i)  Surface coverage is limited to a monolayer.
™ .
(ii)  Ideal behaviour for all interacting species in the bulk phases and the interface .

This means that the concentrations of all surface-active species both in the respective bulk

phases and in the interface are so dilute that steric and coulombic forces of repulsion between

4
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particles of the different species are minimal .

(iii)  Each acid species present Mmixture undergoes the various interfacial reactions dis-

cussed in chapter 8 without any interference from other acidie constituents .

(iv) Transport.and sorption kinetic rate parameters determined from the single component
equilibrium and dynamic models will be valid for any given mixture constituent and its

associated surface active species .

(v) In keeping with Nernstian convective diffusion theory , cach acid in the mixture together
with its associated surface active species sets up unique dilfusion boundary layers which are

not influenced by those of other mixture constituents .

10.2 Generalized Sorption Kinetic Rate Equations n

The interfacial reactions outlined in section 8.3 are valid for cach acid in the mixture . We cdn

' a
write down the rate expressions for any given acid component , i, using the arguments presented
-

in chapter 8 as follows ;

(a)  Adsorptive dissociation of acid from oleic sub-layer;

I ' 1,
Rinhx, ;) = kiix,; [Cnxo_i.,(I‘mu -I)- Ku;c Cpi+ exp —(%)] (10.1),
ol
(b)  Adsorption-of X{" from the aqueous sublayer ;
E¢Q - I‘i ' 1 o
R(u,xi-) = kxi [CXiln( kT )(rmx - 1 ) - —Iz'x—‘} : (]U.ZJ

(¢)  Adsorption of NaX,; from the oleic sublayer ;
R(a,NaXOJ) = kNaX; [CNnX°,|,.(rmx - r) -
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(d)  Adsorption of HXy; from the aqueous sublayer »

P - T Y
Riatixn) = KiiXu, [Cnx..,,,.(f‘mx -T)- i Chi+ exp -(k_’;)] (10.4)

wik

o

We combine cquations 10.2 and 10.4 by the use of the o parameter defined in chapter 8 , and the
- :

result is ab follows

£t Ch+
: Rinxisnixey = Reaxpyexp~(p) [1 ¥ KHx-]
= kxiﬂi [Cxi.a(rmnx - r) - i"\_— exp ""( }jf;: )] (105)

13

10.3 Species Bulk Transport Equations

The Nernstian convective diffusion theory is used to obtain the bulk transport equations for all
' . o

relevant species of the multi-component system=Afi accordance with equation 8.16 as follows :
f

]

(i) $ransport of 11X, ; to the oleic subla'ycr ;

»

dCnx,;  Dux, As
. Vo dt T by [C”xo.i“cllxo,i,.] (10.6)

(ii)  Transport of NaX,; to the oleic sublayer ;

4

dCNaXas _  Diax, A

vo dt - Eo,i 5 CNnx"vl . CN“xo.i.l] (10.7)

(iii) Transport of X{™ to the aqueous sublayer ; '

Ve

dCx;’ - DxrAB [Cx— _c,.

dt T by ] - (108)

v

(iv)  Transport of HX, ; in accordance with the following equation ;

dChx,, _ Duxu,
dt - Ow,i

¥

Vi

~

A [Cux.; - Cix,.] ¥ (10.9)
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Equations 10.8 and 10.9 arc then combined using a; , and the result becomes H

Ve d:' _ _Duwitugy [C\- \‘] (10.10)

10.4 The Equations of the Multi-Component Dynamic Model

. o ) . .
Following the procedure“adopted for the single component analyses , we solve for the various

sublayer concentrations and then resubstitute the same into the bulk transport equations . The

resulting diffusive-kinetic equations are as follows :

1. for the species HX,; ; .
dCux, ; Dux, ; Asknx, | , \ VI £
Vo dt == - . . CIIXDJ(I- mnx = 1 ) - I iie C’IH‘ exXp “( r:"[".")
[kl-lx.,,[ﬁo,i(rmnx -T)+ ano,,] MHX,
| (10.11)
2. for the species NaX,, ;
dCnax, DNaX,; AskNax, . , y
Vo dth L= - d 4 [C’Ni\an([ max 1)]
: [anX., ;6oi(rmnx - F) + DNnXu,i] .
a k i (] '
Dniatty; AskNaXo, [ i s oxp —(e k’!} )] (10.12)
[kNaX, .60 l(rmax - r) + DN:\.X 1] KN“X" i .

\
3. for the combined aqueous phase species ; (X‘“ + 1IX)w,i , the equation becomes ;

Vw dCXE = - Dw.iAakX[ [CXi(rmnx - ]‘) - CXp— E?/“ )]
dt [lcx; w3 (Tmax — T) + Do exp ~ ()] I\x.
(10.13)
4.  an overall species mass balance equation can be written thus ;
i 3 .
- = Z;R(,m =12 O (10.04)
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M.

“The expansion of equation 10.14 leads to an expression for each individual T; , as follows ;

Y et
—_— = CiiXoy (Tmax.= L) — w—==Cyy+ exp —(= )}
dy _[k“xﬂ'l,s,,_i(r,,,,,,(-1‘)+D,,x‘,.l { REma =7 Knx kT

-~

dIy Duxo,‘k!!xo,i

o,
. DNax, ; KNaX,
[k}‘lnx,.“so,i(rmnx - P) + DNnK‘,.;

{CNAX.,J (anx - F)}

. ‘D o k n . . R
_ N xo.l N 3(u,| {K 'r'I CNu"‘ CX[) _(%)} (10-15)
[kNﬂxo.l 6q,i(rmlxx -1 ) + DNl\xo.i‘ WNaXo, -
 Dwjiaiky T £o

4 * {Cxi(r‘mnx - r) ~ I pr—( G )}
[k}(;‘sw,i(r‘mnx - F) + Dw.i exp _(%?')] l\x' kT

In addition to the above differential equations , the following global algebraic relativnships charac-

terize the overall interfacial behaviour of the multi-component system |, viz : (

(a)

()

(d)

The overall surfactant surface concentration , ', which is given by ;

M,

r=5.1n Y10.16)
i=1 .

-

The surfactant surface concentration expressed in units of A per ion as follows ;

_ 16603 x 1078

I x 10— (10.17)

R

- The global interfacial potential , ¢, , given by the Gouy-Chapman model as follows ;

b3

o = —51.4sinh™? [Alj% ' (10.18)
And finally, the r-‘rumki'n-volmer-Da.vies-uachi@ (FVDII) equation of state ;
I = v-x | .
= }‘;—'l;ln(};i\Ao) + J (%@i) [cosh(%) ~ 1.0 " (10.19)

R
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'Chapter 11

Solution of the Model Equations for

a Binary Mixture

In order to test the validii?ul‘ the generalized dynamic model proposed in the fast chapler , we now

examine the case of a binary mixture of oleic and lauric acids in hexadecane . ‘Uhiese saume ncids

-

-were used in the single component studics . A

11.1 Specification of the System of Equations

-
According to the analyses presented in chapter 10 , we have two components , hence M, = 2.
Thus , 8 diffusive-kinetic equations are necessary in order that all relevant'surface aclive species

of the mixture aré considered . The relevant equations are obtained sitnply "by writing each of
\
equations 10.11, 10.12 , 10.13 , and 10.15 twice , ( one cach for each mixture cotnponent and

its associated surface active species ) . Additionally , the four global relationships , namely |

equations 10.16-10.19 must be solved simultaneously with the 8 differential equations .

~



11.2 Solving the Equations for the Binary Mixture

’

—
" P

L4

In Eumparison to the single component dynamic model , there are now twice t.he number of dif-
ferential equations . However , since no par\ameter estimation is required , sensitivity analysis is
not necessary . Thus , we have a smaller number of pa.‘rtial di‘ﬂ'erential equations to handle . The
partial differential eq!mtions arise from the analytic Jacobiaﬁ 'matrix of partial derivatives which
m.l.u;:t be supplied to the IMSL routine DGEAR[84] . : p

The cight state v‘;trijmblcs of the problem are as follows ; Cux, o » Cux:'m,.‘: » CNoX, oreic
C!r\;,.x“.,wit + CXuraic + Cxpaonie » Toteic 5 Ulauric - The Jacobian matrix of partial derivatives is t;btaincd
by diﬂ.'er(':-ntiating cach of the cight differential equations with respect to cac;lx of the cight state
variables . The number of equations involved comes to 64 . One important property of the equations
. ’ L. ! .
is the fact that I is a function of I'; and must be so treated jn taking the partial derivatives . The
si.ze of the Jacobian matrix prohibits the listin‘g t:.)f thevp.crtinent equ’@_tipns in the text .

AA computer pm_éam written for the purpose of solving the model equations starts by supplying
the values of the relevant cquilihlriu‘rh and dynamic parameters which would have been determined
fron.x the single compqneﬁt. mc;dels . Tnitiul values of the state variz.Lbles arc—also speciﬁed . Because
the parameter 1,!).,‘ must be a.vz}ila.blc in or-c,le'r_ to solve ahy of the' diflerential equations , we had to
compute its value from equations 10.16-10.18 , -for e;a.ch and e\.lrery step size utilised in the solution
scheme . Finally ,- at cach desired time interval , the global value of T is calculated in ac;ordance
with equation 10.16 . The surfacé pressure , II , corresponding to that value of I' is determined

from cquation 10.19 . Subsequently , the dynamic interfacial tension for the system at the dexired

interfacial age can be easily determined once II is known . ‘ A

.
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Part V

Resglts, Discussion and Conclusions
’
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Chapter 12

Physical Properties of Working

Solutiohs | | /“

. o

12.1 Propg{tie_g of the Aqueous Solutions =

Physical characteristics such as pll , density , and viscosity were measured for all the aqueous
solutions involved in this study . Table Al of Appendix A lists the property values for the solutions
in question . Similar data for tllp various oleic solutions can be found in Table A2 . Table Al shows
that at NaOlH concentration of 0.25 mM , the bulk phase pH was 10.34 . Neutral water used in
preparing the caustic solutions had a pIl of 7.06 . Spink{47] work...g with fatty acids of chain length
in the range of C14-C18 , found that the ionization of the acjd generally commenced at a pH in
| the range of 9-10 . Thus one can expect a considerable degree of .iox1~i.za,tion even in the presence
of NaOH concentrations as low as 0.25 mM . The data presented in Table Al also shows that the
pH increases with higher caustic concentrations in the aqueous phase . The actual experimental

pH values are quite close to the 7eoretical ones based on the ionic product of water at ambient
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. conditions . For example , at 25° C, the jonic product of water is piven as follows ;
Ky = [H¥on") =10 L12.1)

Thus at 250 mM NaOll y equation 12.1 yields the pl of the solution as follows ;

- .
)

—log[Ht] = pll = 13.40 =~

. -

/ The experimental pll value at this caustic concentration was 13.17, which attests to the acearacy |
/ . .

\
- - » -.
of the solution preparation scheme as well as the pll measurement procedure itself,

The density data also given in Table Al were all close to the value for neutril water . The

v

small but definite increasing trend in the density values with increase in NaOIl concentration is also

expected . The viscosity data also followed a trend similar to that ol density . At the highest caustic
.concentration used in the study , the viscosily increased by just 10% relative to thal of.meutr:nl
water. Th'e increase in density was even smaller , a mere 1% . These physical measurements conlirm
that the aqueous solutions were indeed dilute . If we should adopt Hildebrand’s[109] definition of
an ideal solution as onc in which no keat of mixing or change in total volume oceurs |, then we

could also claim that the aqueous solutions were ideal .

12.2 Physical Property of Oleic Solutions

The density and viscosity data for the va,ripus oleic solutions including the binary mixture systems
are listed in Table A2 . The densities of the single a,cida;olutions in hexadecane differed only slightly
from that of the solvent. However , for the oleic acid solutions , there was a signiﬁéant increase in
density as the acid concentration was raised . For example , the density of 0.10 mM oleic acid was
_ 770.1109 kg/m? , while the corresponding value for 1.00 mM acid solution was 770.1715 kg/m?.

As can”also be scen from Table A2, the density of 20 mM lauric acid solution in hexadecane was
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17?:6.6251 kg/m? -. This explains why the densities of the binary a.cid mixtures were all close to the
 value measured for 0.02 M lauric acid solution . Even with the nﬁxture systems , we find also an
increasing trend in the dc‘nsities with the increase in.'th_t:-:'flolcic aci_(‘l content. Mixture“ M1, wlich
v contained only 0.50 mole% of oleic acid , had a den;ity of 770.6250 kg/m® , while M5 with an oleic
acid content of about § mole% had a density of 770.6733 k-g/m3 .
The visrcosity data for the oleic solutions-were also quite consistent as can be scen from Table
‘A2 . Again , ir} the case of the single acid solutions , the‘viscosities were all close to the value
mé:usurc_d for llelxaulcca.nc . With the oleic acid solutions , the increasing trend in the viscosities as
the acid concentration was raised is also apparent from the data ofyTable A2 . It is important to
note the difference in the viscosities of 10 mM oleic and lauric acids respfgﬁval)_)( . The former had
a viscosity of 3.0434 mPa. s | while tl‘lc corrcspou‘ding value for the latter was 3_.0213 mPa.s . From
Ref. 40 , tha viscosity of olcic acid at 25° C was given as 27.6 mPa. s , and for lauric acid at 70°

»

C, the value was 7.3 mPa. s . Such a large difference in the viscosity of the two acids means that

Y

cven in very dilute systems, oleic acid solutions should be more viscous than lauric acid solutions of
com [.)a.rablc concentralions . As was the case for the bine.ry acid mixture densities , the viscosities
differed only slightly from the value determined for 20 mM lauric acid . Ad&itiona.lly , @ small
increase in the viscosities of these mixtures with increase in oleic acid content can also be noticed
in the data of Table A2 . 'i‘h'e fact }t;l‘a.t the mixture properties{ﬂid not differ substantially from

those of the constituent acid solutions showed that no irregular behaviour or synergistic tendencies

were manifested . - . =
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Chapter 13 ° e | | .

Single Component E(iuilibi'ium )

Studies

13.1 Interfacial Data of the Oleic Acid Systems

In most cases , the equilibrium interfacial data were determined by running dynamic inca.surumcnis
until steady state conditions prevailedj . Where it was not possible to establish the exact time Lo
equiiibrium , additional runs were tl:en made within the vicinity‘ r‘)f the anticipated equilibriun
point. A ﬁnal check was carried out by independent IFT mea.suréments‘using the ring and spinning
drop tensiometers . Be'cause of the IlJrocedur-e used to obtain most of the equilibrium data , we have
included the equilibrium IFT data among those obta.ir_lcd in the course of the dynamic studies , the
latter appearing in a series of Tables in Appendix‘ B as EQﬁBIl values.
The pertinent interfacial data for 0.3125 mM oleic acid in hexadecane in contact with virious
~ NaO solutions are given in Table 3 . The NaOH concentrations as well as the ph:usq volume ratios
and the surface pressures for each experimental run are all included in Table 3. By definition (see

“equation 7.26), II is the difference between columns 1 and 4 entries for the first experimental drca»
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{drop no. 1}, while for the sccond experimental drop, IT is obtained by subtracting column 7 from

column 1.PFr0m Table 3, we see that even ak NaOH concentration pf 0.25 mM , the IFT dropped

g / . .
hy as much as 11 mN/m from the neutral‘vala.ter tension of 36.5 mN/m . As expected , the IFT

dropped as the NaOIH concentration was increased , resulting in tensions of about 7 mN/m at

caustic concentration of 25 mM . Measurements at higher caustic levels were not carried out due

to the instn_.bi]il.y of the pendant oil dr?plel.s in such high caustic cnvironmcnt; We also sec in
Table 3:  Equilibrium Data for 0.3125 mM Oleic Acid in Hexadecane/Caustic Systems

Oil/Water | NaOlI DROP NO 1 DhOP NO 2
It Conc‘ Vul/Ve | Oil/NaOIl Surf Press || V,/V, Oil\{i‘IaOI/I/_T ffiurfiPrcss

(mN/m) | (mM) || ml7m! { [FT (mN/m)- H.(mN/m) ml/ml | IFT (n:I:T;m) ‘i(nZlN/m)
36.56 0.25 62._1‘4 25.57 10.99 58.00 | 2:5.44- 11.12
306.56 1.25 72.50 21.63 14.93 72.50 21.64 Ei14.92
36.56 2.50 || 219.50 21.48 15.08 | 217.50 21.03 15.53
36.56 12.50 290(I'J£ ;.-‘ 9.33 27.23 290.0 9.62 26.94
36.56 25.0 .1087:’:‘ 6.97 29.59 366.7 7.63 28.93

}

Table 3 , that the phase volume ratio increased from a value of 62 at NaOH concentration of 0.25

mM to about 1000 at the caustic concentration of 25 mM . That this is a direct consequence of the

decrease in IFT with the rise in aqueous caustic concentration can be demonstrated as follows :

We recall the Adams-Bashforth equation (equation 6.3 ) which for a pendant drop becomes ;

D

AP = Apgi —
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Considering the apex of the drop , at which AP =0, we then find from cquation 13.1 that ;

R,A . o
= 2 fE 2”?'3 , (13.2)

Hence , v &« Ry ; thus , a decrease in 4 means the size of the pendant drop decreases |

The IFT of hexadecane with neutral water was found to be 43‘mN Jm . This value w:ﬁ also
confirmed by the use of the ring tcn.;iomctcr. A§ the initidl stages of this study, the litcr:u.ur(;
v_alues for the IFT of bothlbenzene and toluene in neutral water had been well rcprmlucc:t by our
experimental system . However, work carried out by Neumann{110] 01‘1 a series of paradling ranging
from heptané to tetradecane indicated that the IFT of pure hexadecane in pure water should be
about 52 mN/m. The relatively lower value of 43 mN/m indicates the -Ij;rcscncc of impurities in the
solvent. For the purpose of this investigation, it was only necessary to vprify that the impurilics
were inert to caustic within the working NaOll councentrations employed in our studies. For the

0.3125 mM oleic acid solution in hexadecane contacted with neutral water , the drop in 1T was

as much as 6.5 mN/m , an indication of the effectiveness of the acid as a surfactant even at such
%

by

low concentrations . From a practical point of view , it can be deduced -t'ha.t even irace amounils
of highly surface-active acids in crude oils contacted with a mildly alkaiine flood water may be
sufficient to eflect significant additional oil recoveries .

Additional equilibrium interfacial studies were carried out with the reference oleic acid solutions
for the binary mixture experiments . Data for each applicable oleic acid concentration in the varions
alkaline media have also been compiled and they appear in appropriatc tables of Appendix B . 'T'he
trend in both IFT and phase volume for these other oleic acid solutions was similar to that found
for 0.3125 mM system . For example , t.h(; IFT in neutral water obtained with 0.10 mM aud 0.20
mM oleic acid solutions was about 41.5 mN/m , substantially higher than the 36.5 mN/m measurad

at the acid concentration of 0.3125 mM . However , the neutral water IFT was lower when the oleic

-
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acid concentration was increased above 0.3125 mM . Data taken {rom Appendix B gives the neutral
water 1FL for 0.6125 mM and 1.00 mM oleic acid as 36.8 and 34.2 mN/m respectively . For these

same oleic acid solutions , the equilbrlum IFT at 25 mM NaOll was 5.4 and 3.9 mN/m respectively,

13.2 Interfacial Data for the Lauric Acid Systems

Only one single working concentration of 0.02 M was used for the lau;ic acid single component
study , as well as the binary mixture experiments . The equilibrium interfacial data for this acid
system are given in Table 4 . information contained in Table 4 is of the same form as the one
given in Table 3 f(;r the oleic acid system . Other e:-cperimental details can be found in the relevant
tal;lcs of Appendix B. Two different values for the IFT in‘neufral water wefe given in Table‘ 4,
namely , 32.63 and 34.43 mN/m . The difference in the tension values arose from a slight variation

Y

in the chemical composition of the distilled water used during the carlier part of the study from

-

that used at the latter stage . This dif}'erence in water quafty was as a result of repair work that
was carried out on the distillation apparabus . Table 4ﬁ\shows that the phase volume ratio for this
acid system also increased as the NaOH concentration of the €queous phase was raised . However,
the increase in the phase volume ratio was smaller when compared to the values obtained for the
oleic acid system . For example , at NaOH concentration of 0.25 mM , V., /V, was 45 , and at the
caustic level of 25 mM , the ratio i'ncreased to 217 . The corresponding values! for the oleic acid
system , (Table 3) were 62 and 1000 . Consistent with this modest increase in the phase volume
ratio, we find that the IFT dropped only marginally even at very high NaOH concentrations . For

example , in contrast with the 11 mN/m drop ir IFT found with the 0.3125 mM oleic acid system

at the caustic level of 0.25 mM, the drop in IFT for the lauric acid system at the same NaOlH

/
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Tabli 1:  Equilibrium Data for 0.02 M Lauric Acid in HexadecaneACaustic Systems
Qil/Water | NaOH DROP NO ONE DROP NO TWO
IFT Conc || Vu/V, | Oil/NaOIl Surf Press || Vi,/V5 | Oil/NaOH Surl Pross
(mN/m) |' (mM)} |[ ml/ml | IFT (mN/m) | I (mN/m} || 'ml/ml [T (mN/m) | Ul (inN/ln)
32.63 0.25 45.08 30.77 | 1.86 45.08 321 Loi2
32.63 1.25 62.14 24.15 B.18 G2.14 25,14 TA9
32.63 2.50 62.14 . 24.45 8.18 62,14 22.83 ‘ 9.80
32.63 12.50 174.0 22.66 9.97 174.0 22.44 10,14
34.43 25.0 217.5 22,19 12.2;’1 ~f290.0 22.20 12,23
34.43 100.0 435.0 18.27 16.16
3443 | 125.0 || - - . 511.8 15.6:4 1879
34,43 150.0 669.2 13.44 20.99 669.2 13.01 21.42
34.43 200.0 870.0 9.72 24.71 870.0 9.97 2040
34.43 250.0 790.9 9.98 24.45 -

-

concentration was just 1 mN/m. When the caustic concentration was increased to 250 mM | the

equilibrium IFT Was a mere 10 mN/m, which is substantially higher than the 7 mN/m obtained for

the 0.3125 mM oleic acid at NaOH concentration of 256 mM . It shoudd be noted that the working

lauric acid concentration of 0.02 M is 64 times the oleic acid concentration of 0.3125 mM. That large

concentration ratio , notwithstanding , did not compensate for the poorer surfactancy behaviour

of lauric acid compared to oleic acid as evident from the IFT data of Tables 3 and 4 .
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13.3 Parameter Estimates from the Equilibrium Model

The single component equilibrium model was discussed in chapter 7 . The development of the
model equations was based on the acid ionization reaction togegher with its associated equilibrium
constant. Additionally , we also considered ihe interfacial rcact’ions leading to the formation of the
iliactive toap species and its subsg_qucnt; desorption to the oleic phase , all of which are governed
by a salt dissociation constant . As a result , we chose Lhe equilibriumténst_ants associated with
the acid and the inactive salt | nam-cly , Kﬁx , and Kgax respectively , as the model parameters to
be precisely estimated by non-linear regression . Table 5 lists the values of these two paraméﬁ:’rs
for all the single component acid systems involved in the study . Parameter values for the lauric
acid system were included in Table 5, ;Jut it must be pointéd out that precise estimates could not
he le.a.ined for this a.c_:id because of the dominance of thq independent variables over the model
paramelers . In order to demonstrate this peculiar problem , we reexamine the relationship between

the anion concentration and the model parameters given earlier as cquation 7.18 . This equation

is reproduced as follows;

, Cx- = (KC':{L)" = (13.3)
Vv wip %H"
{Vj:L + KixCon- t+ Krax }

In equation 13.3 , the value of K, for lauric acid was 1.36 x10* , by far smaller than the cor-
responding value for oleic acid , which was 1.43 x107 . The result was that the phase volume
ratio completely dominated the denominator of equation 13.3 for all values of Coy~ , thus making
the other terms statistically insignificant . When the experimental data for this acid system were
analysed with the non-linear regression routine , namely ZXSSQ[84], the parameter estimates were
highly unrealistic . Because the preliminary parameter estimates which were found by a manual

solution of the model equations were 'quite close to the final values obtained by regression analysis

Tor the oleic acid systems , we believe that the figures for the lauric acid system given in Table 5
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are as precise as can be expected given the peculiar nature of the model equations as well as the
' _
|

cons;ta.nts for the acid in question. | f
' B " Table.5:  Parameter Estimates from the Equilibrium Model
| System Identity Naoi[ Conc. (mM) Kﬁg (M x107) | KR, (M x 10Y)
0.10 mM Oleic in IID/‘Na.OII 0.25-200.0 5.70 0.67
0.20 mM Olecic in WO/NaOH | .  0.25-125.0 7.74 0.55
0.3125 mM Oleic in D /NaOH 0.25 —25.0 2.14 116
0.6125 mM Oleic in I'ID7NaOII 0.25~ 25.0 1.21 B W
1,00 mM Oleic in HD/NaOH 0.25 — 25.0 162 - - 0.04
0.02 M Lauric in IID/NaOII 0.25- 2.50 - 0.01 2.00
0.02 M in.}uric in HD/NaOI~ 2.50-250.0 0.0005 2.00

13.3.1 Parameter Estimates for the Oleic Acid Systems

The parameter values which are listed in Table 5 were estimated by the use of the Levenberg-
\Marquafdt algorithm [101,102] . This algorithm was available as the IMSL routine ZXSSQ[84] .
Both parameters were estimated simultaneously and the final estimates were those that resulted
in the minimum sum of squ;a.res of residuals , as well as satisfying the convergence criteria which
had been given earlier in chapter 7 . A further check in the precision of the estimates was made |
by using starting values which were within 95% of the final estimates and verifying that in every
case the final converged parameter value remained unchanged . It was also desirable to verif y the
usual assumption of constant variance[97] associated with least square analysis. This \;.r:u; doune by
N

residual plots as shown in Figs. 8-17, and these plots provided an additional check on the adequacy

of the proposed model. As shown in Appendix C , the covariance matrix was also calculated in
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order ;) obtain standard errors of the parameter estimates at the 95% confidence interval .

In Table 5, the prcdict;zd diséociation constant of oleic aﬁid varied ‘markedly with the initi.al
acid congen atjon of the o_}eic phase . The value of KDy for th‘e 0.10 mM and 0.20 mM oleic acid
solutions in hexadecane was 5.7 x10~7 and 7.7 ><10"'r M , respectively . Fo% 0.3125 mM oleic
acid , the estimated dissociation cdnstant was 2.14 x10~7 M , substahtially lower than the valut;s
obtained at lower acid concentrations . The dissociation constant dropped even further at higher
oleic acid concentrations , viz ; 1.21 x10™7 at acid concentration of 0.6125 mM , and 1.62 x10~7 .
at 1.0 mM . The equilibrium constant associated with the inactive salt , K}i}nx , did not exhibit
such a dramatic concentration dependence as the acid dissgciation consta,nt‘ . However , the data
of Table 5 show a small but significant increase in the salt equilibrium consltant with the increase
il; oleic acid concentration, Ramakrishnan and Wasan[51] ‘were the first to assign an equilibrium
constant to the formation of the inactive salt and its subsequent pa.rtitioniné to the oleic phase . In
view of the pa.ucit'y of reported data on this equilibrium constant , it is difficult tb say what its true
value should be . Indeed , additional theoretical work will be necessary in order-to establish the true
nature of this equilibrium constant . Consequently , our estimates of the salt equilibrium constants
Wad to be constrained to the range of the values reported by Ramakrishnan and Wasan[51]‘ from
their stu-dy of crude oil-caustic s_w,"stems . 4

When the acid ionization gonstants are interpreted in terms of pK, , we find that at lower oleic
acid concentrations (ie. below 0.3125 mM) , the pK, was about 6 , but at Iiigher concentfa.tions,
the value was closer to 7 . Several researchers[13,51,53] working mostly with crude oils reported

pK, values in the r;:.nge of 11-13 . Chen and Yen([31] were the only ones to suggest that the pK,

of crude oil acids might not be as high as were being reported . They opined that the pK, value

[\
L 4
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"could be no more than 9 . Patil et al. [46] also estimated the pK, of C14-C18 fatty acids to be in

the range of 8-9 , but pointed out that the value depended on the applied su1.'fa|'.ce pressure as well
as the field strength of the aqueous phase . The data presented in Tabic 5 for the oleic acid systems
corroborate the assertion of Paﬁl et al. [51] and are also in agreement with the data published By
Hejl and Levorova(53] . ‘

.With regards to the estimates for the salt equilibrium constant KR,x » the trend evident in
Table 5, in which higher KR, « were obtained at higher oleic acid concentrations , is an important
factor in the interpretation of the equilibrium ten;ion data . While the pi{n values increased at

higher acid levels in the oleic phase, the higher values of KR x were needed to prevent the reduced

: amount of active anions from desorbing to the oleic phase ir, the form of undissociated soap . In this

way, it was possible to get lower IFT values at increased acid concentrations despite the reduced

ionization potential .

{

]

13.3.2 Parameter Estimates for the Lauric Acid System

In 'l‘a.hlq‘l': , the pK, value for lauric acid at NaOH concentration below 2.50 mM is roughly 9 ,
but that increases to 10 at higher caustic levels . We now get clﬁser to tlie range of pk, values
reported earlier by dtujillo [13] , also by Rama.krishn#n and Wasan[51] . It is also important to
note that the above authors worked at the ]_1igher caustic concentration range , namely , 2.50-250
mM. The reason that wide diﬂ'crénccs exist in predicted values of the dissociation constant of fatty
acids is because of differences in the modelling of the inte‘raction of the acid with alkaline reagents.
Additionally , the interfacial data for various crude oil/caustic systems differ substantially with
the result that conflicting parameter estimates are almost imperative , while the true value of the
dissociation constant remains clusive . It does not appear that we can eliminate the effects of
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the acid concentration nor the caustic concentration ( employed for the IFT or surface préssure
mfmumments) , on the estima,tc(i dissocia.t“ion constants for any given acid system . Tnitford_
[41] assérted that fa.‘l.ty‘a.c.ids and their associated anions tend to aggregate in both the oleic and
aqueous environments , and that the higher the species concentration , the more will be the degree
of aggregation . Greater degree of aggregation at higher concentrations will lead to 10\~;cr jonization’
constants as we find for the two acids investigated here . It scems logical then that the true pK,
value for.long chain fatty acids can only be obtained by working at low acid concentrations and
By using the appropriate level of alkalinity in the aqueous phase for the generation of experimental

IFT data . The determination of the true value of the dissociation constant of crude oil acids is

therefore contingent upon a proper identification and quantization of the constituent acids .

.

13.4 Interfacial Potential and Equilibrium IFT

As stated in chapter 7, the interfacial potential , 1, , at each caustic concentration , has heen cal-
culated by the use of the Gouy-Chapman double layer the(;ry . The Gouy equation ( equations 7.23,
7.24 ), relates the prevailing potential to the surface concentration of the surfactant anion and the
tétal electrolyte toncentration . In the solution of the equilibrinmn model equations , we found that
in general , 9, , gradually decreased from about 200 mv at 0.25 mM NaOIl to about 160 mv a1 25
mM NaQOIl . Tl;c reason for this tréng lies in the complex functional relationship between 3, and
both T and Cgy- as can be seen from equation 7.24 . Low initial anion surface conceutmtinn at
low caustic levels , results in high valu;es of ¥, in the absence of any other swamping clect;ulyteﬁ .
Bansal et al. {30] measured electrophoretic mobility in crude oil/caustic systems and found that the

zeta potential increased with increase in the caustic concentration to a maximum around 250 mM

NaOll and then decreased thereafter . The authors showed that the maximum in electrophoretic
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mobility coincided with the minimum in TFT and consequently the ma‘ximum sﬁrfa.cta.nt_ adsdrp-
tion . Within the caustic concentration range covered in this in'vcstigati.on , we did not find any
cycli;: Lrénda in the values of the interfacial potential . Bansal et al. [30] also ;:ontended'that low
linitia.l surface polentiais would favqur additional surfactant adsorption z;.t the interface. At ‘higher
conccnt'}a}ipns of the adsorhed surfactant , the formation of the non-dissociated soap species would
reduce surfactant adsorption ,resulting in an increase in IFT . From our analysis , it appears that
the initially high interfacial potential does not inhibit surfactant adsorption . The reason for this
is that at the shear plane , the value of the potential falls off very rapidly to the extent that anion
" accumulation at the interface is still possible . However at high concentrations of the adsorbed
anjons , a combination of steric and coulombic repulsion forces will force some of the surfactant
ions back to the bulk . The formation of the non-dissociated soap species will also accelerate the
removal of excess adsorbed anions from the interface . The overall effect is a.n increase in IFT
until an equilibrium is established . it has to be emphasized that the electrophoretic mobility and
the interfacial potential are not exactly identical and should not be confused in theia.na.lysis of the

clectrical phenomena associated with reactihg systems .
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Chapter 14

Single Component Dynamic Studies

Part I: Interfacial Data

14.1 Interfacial Data for the Oleic Acid Systems '

As with the equilibrium ;'.tudies , the interfacial vartables of interest are the II'T', the interfacial area
and droplet volume for each workingl,&iid concentration and any given caustic solution . All the
above information was simultaneously obtained by the use of the micropendographic meas\trdcmcnt
: : /

system . The complete set of interfacial data for all the oleic acid solutions and for each working
NaOli solution is presented in the various tables of Appendix B . In the case of 0.3125 mM oleic
acid solution in hexadecane , the IFT data have been plotted as a function of interfacial age as
shown in Figs. 1823 . Other oleic acid concentrations were investigated only as part of the binary
mixture studies . Consequently , the resulting IFT vs time plots appear in Figs. 57-61 along with
the data for the various mixtures .

Fig. 18 gives the dynamic IFT plot when 0.3125 mM oleic acid is exposed to double distilled

water . In this figure , as well as in other similar plots , the data points are the average values from

]
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at least two replicate experiments gnd/ﬁr repeat coordinate rt‘rensurénmnm . Flags in the plots are
indicative of t_l_le range of values associated with any given data point . In Fig. 18, the IFT at
an interfacial age of 5 seconds was about 42 mN/m , but with extended contact time , the 1
dropped rqonotonica.lly to an equilibrium value of 33.6 mN/m attained in an interfacial age of 15
minutes. At the caustic concentration of 0.25 mM , we find in Fig. 19, a similar dccreﬁsing trend
in IFT until the equilibrium value of 24 mN/m was attained . When the ca.ustic concentration
was raised to 1.25 mM , Fig. 20 shows that the minimum in IFT dropped to 21 mN/m but this
was attained much sooner , at an interfacial age of 5 minutes . In Fig. 2L , the working NYOII
concentration was 2.50 mM , the IFT goas through a characteristic minimum reached just after 3
minutes of phase contact . Therealfter ,&he boundary tension slowly increased to about 21 mN/m
after 15 minutes contact time . With a further increase in the caustic concentration to 12.5 mM
(see Fig. 22 )-? the IFT minimum dropped to 9. mN/m and was reached at an interfacial age of just
30 seconds . Beyond this minimum , the rise in the tension value was rather sha.rh . At a caustic
concentration of 26 mM , no IFT minimum was observed as can be scen from Fig. 23. The [T
after 5 seconds of phase contact was only 2 mN/m but it rose slowly but steadily to values around
10 mN/m at the interfacial age of about 3 mimutes .-

In neutral water , at the dleic acid concentration of 0.1 mM , Fig. 57(a) shows that the I1']'
remained nearly constant at 42 mN/m . In Fig. 57 (b), for this oleic acid concentration contacted
with 0.25 mM NaOH , a small drop in IFT was manifested as the cquilibrium value of 35 mN/m
was reached after 20 minutes contact time . It was only when the caustic conc.cntration roscto 2.50
mM , that we found a sharp drop in IFT to 2 minimum of 21.5 mN/m , reached after 3 minutes of
phase contact . Beyond that interfacial age , the IFT again rose very sharply (see Fig, 57 (d) ) .

At a caustic concentration of 12.5 mM , the IFT again exhibited a minimum afler a contact time
. ) .
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of one minute but the subsequent tise in the interfacial tension was more gr than in Fig. 57
(d) . For this acid concentration , an increasing IFT -trend was manifested at NaOH levels eyond

25 mM similar to the behaviour of 0.3125 mM oleic acid at NaOH concentration of 25 ml :

particular , as can be seen from Fig. 57(g) , the IFT remained fairly constant at about 3 mN/in in
the prcscnc; of 200 mM Nabll .o . , /\

For the 0.2 mM olelc acid system , the dynamic IFT vs time data are plotted within the collection
of sub-plots depicted in Fig. 58 . There were ;10 significant differences in tension values at this acid
concentration from those found for 0.1 mM acid strength for all working NaOH concentrations. It
took a much higher acid concentration , namely 0.6125 mM ; for the IFT at the caustic concentration
of 0.256 mM to attajin values close to 20 mN/.m_ at an interfacial az.:;e;f Beyond 10 minutes (see Fig.
G0 ) . The IFT dropped to 2 mN/m for this oleic acid concentration exposed to 12.5 mM NaOH

' «
solution at an interfacial age of about 20 seconds and showed only a small rise at longer times .

The trend observed for the 0.6125 mM acid concentration was basically repeated when the level of

acid in the oleic phase rose to'1.0 mM .

-

14.2 Interfacial Daté for the Lauric Acid Systems

Tables B2.1-B2.10 of Appendix B contain the relevant experimental-dynamic interfacial data for
0.02 M lauric acid contacting several aqueous NaOH solutions . The corresponding IFT vs time
plots are given as Figs. 24-32 . In neutral water , as can be seen from Fig. 24 , the IFT remained
high ami relatively const.,a.nt at about 33 mN/m . In contrast with 0.3125 mM oleic acid in the
same neutral water , the drop in IF'T with time was qu'ﬁe significant . ’l“here was hardly any drop
in IFT for the lauric acid i-n contact with 0.25 mM NaOH solution , and the dynamic IFT values

were little cha.lnged from the figures obtained for neutral water . Even at a caustic level of 1.25
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mM, the IFT at an interfacial age of 5 seconds was/still as high as 28 mN /m as can be scen in Fig.

26.
N

In Fig. 27 , the working NaOl concentration was 2.50 mM . l_We observe a shallow drop in

tension to a minimum value of 20 mN/m at an interfacial age of 3 minutes . Beyond this contact

. . L)
time , the IFT rose gradually . No characteristic'minimum in IFT was apparent ay the caustic
concentration of 12.5 mM as can be seen from Fig. 28 . The boundary tension rose continually

from an initial value of 13 mN/m to an equilibrium value of 25 mN/m . A'similar trend was also
oberved at a caustic concentration of 25 mM ( see Fig. 29 }. In Fig. 31 , the caustic concentration
used was 150 mM , and the IFT after 5 deconds of contact between the two phases dropped to
7 mN/'m . Thereafter , the IFT‘rose continually to about 15 mN/m after an exposure time of 5
minutes . There was })'racti;:a]ly no difference in the IFT data obtained with 200 mM NaOH from

the tension data using 150 mM NaOH , and the trends in both scts of data were very similar .

It is apparent from the IFT data obtained for th .

3d_systems in comparison to those
found for the lauric acid solutions , that at all w;rking caustig/solution the olcic acid was a superior
surfactant generator than lauric acid . The fact that th working laurit acid concentration was 64
times t.l;at of 0.3125 mM oleic acid did not improve the\interfacigl eflectiveness of the former in
the a.lka.liﬁe aqueous systems used in this stu;ly . One may thus infer from these rather qualitative
results , that oleic acid may have a higher acid dissociation constant or that the oleate anion
once adsorbed at the cil-water interface is not readily desorbed to the bulk phases . From this
observation , it may be inferred that in any given acidic crude oil system , unsaturated long chain

acids are most likely to be interfacially more effective than saturated acids of the same or shorter

chain , when the oil is contacted with an alkaline aqueous medium .
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14.3 Dynamic IFT Data by Ring.and Spinning Droi:) Tensiome-
tries : ;

Dynamic IFT measurements were carried out for the 0.3125 mM oleic acid/ caustic systems using

two additional but independent methods , namely , ring and®pinning drop tensiometries . The aim

e
N

&
of this supplementary study was to check the accuracy of the data obtained by the micropendo-

graphic technique . The Fisher’s model 215 ring auto-tensiomat was used and the general procedure

for IFT measurements Sy this technique had been described elsewhere[l] . The only notable differ-

N
- A
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. it
ence in the experimental procedure for these dynamic measurements wal.s that the oleic and aqueous
phases were not pre—e;luilibratcd prior to actual measurements . For the spimltiug drop ten_sio:nuu.‘r
(SDT) , the University of Texas model 500 instrument was' used , and the procedure for dynamic
tension measurement with the'_ irslst.rumcnt was recently outlined by Reive[l11] . No SD'I' tension
data were obtained when the acidic solution was contacted with neutral water . The oil droplet
remained firmly attached to tll;.‘. wall of the capillary tube and could not be readily disiodged .
Comparative IFT data for the 0.3125 mM oleic acid in hexadecane with various caustic solut.iunﬁ
arising from these independent measurements were plotted as shown in Fig. D1 of Appendix D,
" In Fig. D1 (a) as well as in other sub-plots of Fig. D1 , we find that there are no 1M values

determined by ring tensiometry for f'ionta'ct times less than two minutes . The reason for that way

.

-
the finite tin&e required for the ring to contact the interface and then be pulled through it into the

oleic phase. SDT tension data plotted in Fig. D1 were calculated by using virious solution schemes

-~

which included the following :

-

(i)  The Vonnegut's solution [62] , which is strictly valid for infinitely long droplets ;

_ ApTyl

v 7 | : (14.1)

FE-
Gardner and Hayes[69] proposed that the droplet width as measured with the spinning drop
tensiometer should be corrected for the refractive index of the aqueous phase (usually water).

Following this recommendation , Reive{l111] modified equation 14.1 as follows ;

r *3
= __—_0"’2?‘,52”‘1 (14.2)

(i1) For finite drops (ie. length to width ratio less than 4.0 ), Slattery and Chen[G4] proposed

their widely used equation 32 of reference 64 . On the introduction of the refractive index
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correction factor , this equation becomes the following ;

d* 3 AP 2 ‘
=05 (2r*mx) =E (14.3) -

(iii)  Princen et al. [62] proposed a‘scries of equations in addition to Table 1 of reference 62
for calculating IFT from SDT data for ﬁnite and semi-infinite drpps . However , despite
the elegance of their work the. authors’ proposed solution scheme is not widely used for the
simple reason that there was no systematic method for utilizing the various equations in order
to quickly calculate IFT . It is not even clear from their paper which experimental data will

be required to successfully calculate the boundary tension .

The spiuning'drop tensiometer expesimental data and the IFT calculated by -these alternative
soltl.tion schemes are listed in Tables D1-D3 of Appendix D .

For the 0.3125 mM oleic ;.cid in neutral water , the tension data obtained by ring tensiometry
were quite close to the values determined by micropendography . In Tig. D1 (a) for the NaOH
concentration of 0?25 mM , we find that the ring tensiometer data were lower but showed a similar
trend to that obtained by miéropendography . On the othc; hand , the solution schemé of Slat-
tery and Chen[64] provided the closest agreement with the miﬁropcndographic data at this NaOll
concentration . lHowever , the trend in the IFT values obtained by spinning drop tensiometry
at longer contact times was different from that of the micropendographic tension data . In Fig.
DI(b), the workir;g NaOH concentration was 1.25 mM , and the agreement in all three experimental

methods was satisfactory . As the caustic concentration was raised to 2.50 mM , we sce in Fig.

D1{c) that the data obtained by ring tensiometry deviated considerably from the other two , while

‘SDT IFT data calculated by the method of Princen et al. [62] were closest to those obtained by

micropendography . Fig. D1(d) shows that at the higher &austic concentration of 12.5 mM , the

ring tensiometer data were completely off , while the agreement between micropendography and
I
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spinning drop tensiometer data got even better . At NaOI levels beyond 12.50 mM | the oil drops
were sufficiently long to permit IFT calculation with Lthun-ucgut’;: equation and the agreement

with the data obtained by micropendography was also quite satisfactory .

14.4 Precision of Tension Measurements

The reason for carrying out all our measurements in replicates was to justily the precision expected,
from the micropendographic system, On the average, the precison of the experimental technique is
about 5% . As can be scen from Figs. 18-31 and also from the data presented in Appendix B, the
precision in the reported tension values decreases as the 11T dr0|.)s' due mainly to ln_y;tlr()(ly|1zu11i<:
instabi‘lities associated with the pendant drop. For the same reason, precision is also poorer at longer
contact times between the two phases especially when higl.l NaOH concentralions were cm]:]n‘yutl.
As expected, the use of widely different drop sizes li!«'ould lead to loss of prccisim; particularly when
the drop size is not appropriate for the applicable range of tcnsicqt\ values. In all cases um:uuutcrgcl
in this study, bigger drops always gave more consistent tension values.

With regards to a.ccur#cy, the comparative measurements obtained with the ring and spinning
‘drop tensiometers corzfirmed that the micropendographic tcchni.{lue is as gOO(f‘if not better than
other available methods use(i for dynamic tension studies. The uncertainty in the tension values
reported in Appendix B is within 10%. Here agz'xin, the error in the measurement increases at
longer contact times and when relatively low tensions are involved. Indecd ,as can be seen from

,the SDT data in Appendix D, the spinning drop tensiometer is grossly inaccurate when tenssions

are above 20 mN/m and the viscosity of the oleic phase is not substantially different from that of

water.
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14.5 | Evaluation of SDT Alterna‘tive Solution Schemes

4

Ordinarily , the best and perhaps the easiest way to obtain accurate SDT tension data is' to use
infinitely long oil droplets.go that the simple Vonnégut’s solution will readily apply . However ,

"

il'l‘ }sumc instances such a‘g,l.he-systems involved in this study , the tensions are not low enough for
/ .

infinitely long oil dropl«.{tf to be obtained even at very llig‘h angular velocities . Thus , the alternative
solution schemes which involve finite drops will have to be used . Ha,v.ing examined a number of
proposed solutions , we found that a scheme based on the procedure outlined by Princen et al.
[62] gave the most consistent and reasonably accurate tension values over a wide range of droplet
length and width measurements . Thc‘da.t:i presented in Tables D1~D3J attest to the reliability of

'

this scheme . Fig. D2 is a simplified flow diagram of our proposed solution scheme based on the
analysis of Princen et al. [62] . The flow chart also contains the requisite experimental data which
are V, 24, ,2), , and w . According to Fig. D2, the radius r is first calculated , t.hen ‘followed by.
the ratios -1;“, -);:}\, and %g . In order to calcula.t‘.e‘the parameter cr? , data froml Table 1 of referen?:c
62 are needed . :’ sixth degree polynomial fit of the cr? vs %“ data taken from Table 1[62) , was
cmployed as illti;c;tlcd in Fig. D2 . With this polynomial expression , one can readily interpolate
for cr¥ using the experimentally-determined value of lrﬂ for values of the latter less than 2.209 . At
higher values of ’-\;ﬂ , equation 32 of reference 62 is then used to obtain cr® . Finally , ¢ islobtaine(l

from cr? and the interfacial tension is finally calculated by the use of the following equation ;

2 ~

(14.4)

For the oleic acid system which has been investigated , we found tH¥t a length to width ratio
near 2.9 was satisfactory for the Vonnegut's equation to be used in tension calculation . At length

to width ratios below this , our proposed algorithm , namely Fig. D2 , has been found to give

sufliciently accurate tension data in nearly all the instances examined in this work .
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Chapter 15

Single C'ompo'nent Dynamic Studies

Part IT : Model Predictions B

15.1 Invariant Quantities of the Dynamic Model

The invariant guantities of the dynamic model are considered to be those constants whose valuek

are independent of the working acid concentration in the oleic phase . For the oleic acid systems |

the invariant quantities are listed in Table G . In Table 7 , we listed the variant quantities for the
oleic acid systems . Since only one working‘conccntmtion was employed for Jaurie acid |, the acid

dissociation constants as well as the sorptive equilibrium constants were considered independent, of

the acid concentration although some dependence on caustic concentration was manifested , We

4
now examine the values of these quantitics in the following subsections .

-

15.1.1 Nernstian Boundary Layer Thicknésses

The applicable relationships based on the Nernstian convective diffusion theory as perfected by

.

. Levich[65] were discussed in chapter 9 . A detailed calculation procedure for the evaluation of

¢
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Table 6: Invariant Quantities insthe Dynamic Model for the Oleic Acid in :I-ID/Caustic Systems

Quantity Symbol Value | ¢ Units K
0Oil side Nernstian film thickness do 2,60 x 10'6’10 m
Water side Nernstian film thickness S 2.60 x 107° m
Saturition adsorption Pinaz 5.53 x 108 mole/m?
Acid Diflusivity in oil - Dyix, 9.86 x 10~7 _ m?/hr
Salt Dif[‘usivityt in oil Dnax, 9.86 x 10~7 , m?/hr
Anion I)ilfusivity in water. Dux,,,r,D“r 1.64 x 106 ; m?/hr
Acid dissociation constant KRx 2.14 x 10~ mole/m?
Acid Partition coeflicient . K, 1.43 x 107 -

the boundary l;.Lycr thicknesses , namely , §, , and §,, is presented in Appendix C3 . In Table G,
calculated values of 6§, , and &, for oleje acid were 2.6 and 26 A respectively . Corrcspon.ding
figures for lauric acid as can be seen fI'O&I Table 8 were 2.8land 28 A respectively . deZabala[18]
considered that the water side llenry’s law constant should be of the order of the thickness of an
adsorbed monolayer film (approxilllmtel‘y 20 A ) . Rubin and R:ulk(.:[(i{]] also showed that due to
higher convection currents in the oleic phase , the Nernstian film thickness for the oil side would be
much smaller than the value for the water side . The boundary layer thicknesses given in Tables G

and 8 are abnormally small. Hlowever, Levich[65] considers that values of 1073-10"% ¢m suggested

by Nernst are definitely too large.

15.1.2 Diffusion Coeflicients

The applicable correlations whi,f:h were used for the evaluation of the diffusion coeflicients were

A
outlined in chapter 9 . The cal‘:ulationa.l procedure has been detailed in Appendix C2 . Solute
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Table 7:  Variant Quaﬁtities for the Oleic Acid in IID/Caustic’ Systems
6lcic Acid Conc. | Acid Sorptive Equilibriuml Salt Sorptive Equilibrium | Acid Dissociation
(mM) Con.stant , Kixo / Constant , Knax o Constant , Ky
0.10 1.76 x 10~* 2.95 x 10° - 6.70x 1071
0.20 2.39 x 10~1 © 244 x 108 1 T x 10t
0.3125 6.60 x 10-5 o 5.12 x 10° 2.14 x 107
0.6125 373X 10-5 7.05 % 105 o l2lx 10
1.00 499%10° | 413 x 108 1.62 x 10~

molar volumes calculated by the methods of Schroeder and Le Bas[81] differed by more than 20%,
thus necessitating the use of the correlation of Tyn and Calus[81} . A close examination of the

diﬂ'usivities estimated by the use of the correlation of Wilke and Chang[l()-'l]\for both acids in
both working solvents showed that the estimates had t.l‘lc desired rélntionship w_ith the Vih‘cusit_\;
of the solvents . Conveﬁtioxta] molecular diffusion tlleolry[75,80,81] predicts that the diffusivity
should be lower in the more viscous solvent . The correlation of ayduk and Minhas[105] gave
diffusivities within the range of those calculated by the equations of Wi!ku and Chang wxcept, that
the diﬂ'usiviti?s in hexadecane (viscosity 4 c.stokes) were all higher than the corresponding values
in water for both acids . Fur.t-hermore » Amoudam and I:addha[112} measured the diif[lsivity of oleic
acid in butanol which was within 98% of the value estimated by using the correlation of Wilke and
Chang[104] . Also , the calculated diffusivities in water using this same correlation were generally
in ine range reportedlby Weinheimer et al. [ 113] for sodium dodecyl sulfate . Indeed | in the
opinion of Reid.et al. [él] , the correlation of Wilke and Chang is probably the most accurate for
estimating diﬂ"usivitics.. of long chain acids . Thus , the diffusivity values listed in Tables G and 8
A -
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;l‘ablc 8: Inva..riant.Quantitics in the Dynamic Model for the Lauric acid/Caustic Systems

Quantity Symbol Value Units

Oil side Nernstian film thickness - 6o ¢ 260 x 10710 m
Water side Nernstian film thickness bw 2.80 x 10~? m
Saturation adsorption ' Timaz ‘ 3.69 x 10"6- mole/m?
Acid diffusivity in oil Dux, 1.21 x' 10-6 m?/hr |
—~— . ) .

Salt diffusivity in oil , Dyax, "1.21x% 10°¢ m?/hr
Anion diffusivity in water o Dix, » Dw 201X 10"6 . m?/hr
Acid partition coefficient w Kp 1.36 x 10* -
Acid  Sorptive Equilibrium | constant ;| for Kux, 5.25 x 1077 -

NaOII conc. < 2.50 mM
Aéitl Sorptive LEquilibrium constant, for §Hx., 2.63 x 1¢°8 -

NaOH conc. > 2.50 mM

Sodium salt Sorptive Equilibrium constant Knax, 1.43 x 10° -
Anion Sorptive Equilibrium constant Kx 7.14 x 10° m?®/mole
Acid dissociation constant , for caustic conc. . KBy 1.00 x 10-¢ mole/m?

< 250 mM

Acid dissociation constant , for caustic conc. KBy 5.0 x 1078 mole/m?3

> 2.50 mM
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were all determined by the use of the correlation of Wilke and Chang .

15.1.3 Sorptivé Equilibrium Constants

In chapter 9 , we outlined the procedure for the evaluation of the sorptive equilibrinm constants

.

sta.r‘tin-g. from {he equilibrium model parameters , namely , Kltl’x y and I\'Rnx . The calculated values

of Kx for oleic and lauric acids as quoted in Tables 6 and 8 respectively were -LA1% 10% and/7.1:1x 109
m?/mole , Since values of the acid ionization constants as well as the equilibrium constants for the

desorption.of the inactive soap species varied with the effective oleic acid concentration | it followed
: /

that the sorptive equilibrinm constants evaluated therefrom would also differ as can be seen in
Table 7 . Just a.s the dissuciation constant decreased with increase in,oleic acid concentration , the
values of Kyx o also decreased as the oleic acid concentration increased . Table 7 also shows that
the values of Kn,x followed the same trend as l:ga.t exhibited by K x listed in Table 5 .

In Table 8, the calcula.t-ed value of Kjx o for lauric acid at NaDII conccm;;“il,'ictns beiuw 2.5 mM
was 5.25 X 10"7. cbmpa.red to the value of ﬁl.GOx 1075 given in Table 7 for 0.3125 mM oleic acid . "T'he
difference in the calculated sorptive equilibrium constants could be ascribed to Lhe afore-mentioned
differences in the valfes of Kx as well as K; . Even for the same lauric acid concentration | the
calculated values of Kfjx , at NaOH concentrations below™.5 mM differed substantially from the

figures obtained at higher caustic concentrations . jThe reason for this is the difference in the acid

dissociation constants over the same caustic concentration range .

15.2 The Sensitivity Coefficients

All the quantities listed in Tables 6-8 , were expressed in S.I. units . However , the working unit

of time used in the numerical solution of the model equations was in hours . By working with
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such a large unit of time , small time steps could then be used in the solution of the differential
cquations of the dynamic model . By using small time steps , large round off errors in the overall

,

solution could be substantially reduced . The sensitivity coeflicients of interest in this problem are

s¢_ _sr

g
, and AL . These are the coefficients that directly influence the value
x? dknax Fkx .

the following ;
of the surfactant surface concentration , namely T' , and hence the dynamic IFT . As expected ,
the exact values of these coeflicients would depend on the starting acid c;oncentration , the caustic
concentration and the illtc;‘fadiﬂ age . Weillustrate the nature of the information furnished by ..
'.tlu_- sensitivity analyses by cxmnixiing the coefficients calculated for (.3125 mM oleic acid solution
in contact with .25 mM NaOH over the experimental contact time of 15 minutes . Values of
£

f% were mostly positive and ranged from 1.2 x 1071 to 4.7 x 10712 , all expressed in units of
mole?.hr/m® . On the other hand |, values of 3%"; were all negative and ranged {rom 5.5 x 10717 to _
1.9 x 10718 | As for ﬂ% , we obtained alsc negative values ranging from 3.2 X 10~% to 2.4 x 1072,
"T'he sign of the cocfficients was as important as the values the.mselves . A positive coefficient would
mean that an increase in the value of the parameter would lead to a higher value of T', while a
negative sign would lave the opposite effect .

Since values of 3'5& were very small compared tq those o‘f the other t;.vo coeflicients, o‘ne could
infer that the parameter kx had the least effect on the magnitude of T . A similar conclusion was
also reached by Borwankar,and Wisan(79] following their modelling of the crude oil/caustic system.
it was thus clear that only the acid and salt adsorption rate constants, namely , kyx and knax ,
needed to Bc varied , though in different directions in order to attain a..dc.zsircd value of T' . Thi's‘

was the important clue which was needed in order to simultaneously solve the model equations and

cstimate precisely the parameters of the model .
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Table 8: Final Parameter Estimates for the Single Component Dynamic Model

System Identification Adsorption rate constants , ( m®/mole — hr )
- kux | knax kx
Oleic acid in HD/Caustic for all acid and NaOH | 815.0 | 800.0 1000.0
concentr_ations | . .
0.02 M- Lauric acid in HD/Caustic ( for NaOH | 880.0 940.0 l(jl)(}.()

Conc. in the range 0.25-12.50 mM )

3

0.02 M Lauric acid in HD/Caustic { for NaQOll | 1800.0 | 600.0 1000.0

Conc. in the range 25.0~250.0 mM )

15.3 Estimates of the Model Parameters

The final parameter estimates in accordance with the solution scheme described in chapter 9 appear

the parameter estimates ,especially for the oleic acid systems, is the fact that the largely disparate
¥

\ set of experimental data could be correlated with one single set parameter values . In order to
demonstrate t agreement between the expérimental and predicted dynamic IFT values , compar-
ative plots were re.pa.red as shown in Figs. 33-42 for 0.3125 mM oleic acid in contact with various

. caustic solutions . Similar plots for the lauric acid systems are given as Figs. 43-56 . These figures

/ contain replicate plots for any given acid concentration and the working NaOll concentration . The

\. differences in the replicate experiment;.s.l data are highlighted in Appendix I3 and they arise from

'

the slight variations in the actual drop size used for the given expcrimcnt. . . ,,,j

‘——..__-/—\
: T os

~
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In Table 9 , predicted values of kyjx and knax for the oleic acid systems were nearly equal and

o

fairly large ( approximately 800 m?/mole.kr) . Large acid adsorption rate constants are NCCOSNATY

in order to accumulate sufficient’ a;:t.ivc anions at the inlerfacc. subject to the prevailing interfacial
potential The interfacial potential in turn is determined by the effective caustic concentration in
the bulk . However , if the desorption .ra,tc constant for the inactive soap complex is also high, then

the surface concentration of the anion is quickly depreciathg in a fast increase in 11 at
extended contact times . Such was the case with tlle. oleic acid fcaustic systolms as evident ih‘igs.
3342 .

In the case of the lauric acid systems , Table 9 shows one setl of parameler values lor caustic
concentrations less than 25 mM, and a different set of figures when higher NaOH solutions were
uscdl . An in-depth -:?xa.mi'nation of the experimental [T data in the case of this acid will reveal
why the parameter estimates turned D;ltklo be (lepenrdent en the caustic concentration. At the
lower end of the caustic concentration spectrum (sce Figs. 43-463, the 1I'T rémained relatively
constant or dropped very slightly with extended contact time between the two phases. For this
lower caustic conc;ntra,tion range, the predicted value of k”x_was; about hall the value obtained at
the higher NaOH levels. Table 9 also shows that the predicted value of ky,x at higher NaQH levels
was roughly 67%‘01' the value at the Jower end of the caustic concentration. spectrum. Consequently,
the active anions do not accumulate at the interface to any considerable extent due to the relatively

- .
high desorption rate constant associated with the inactive soap. Under these circumstances, the

IFT remains high and relatively unchanged at extended contact times. The reason why lower [FT

values were obtained at higher caustic concentrations is because of the higher acid adsorption rate

constant aided by a lesser tendency to desorb in the form of the non-dissociated lso:;p' complex.,
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Figs. 3942 show a significant discrepancy between the experimental and predicted 187 tor

. the oleic acid system at NaOIl concentrations beyond 2.50 mM . 'ltis _;;qureut deviation of the”

experimental from th‘e predicted dynamic tension valucs may be due in part to a greater uncertainty
in the experimental Idzz.ta arising l'rorﬁ the hydrodynamic instability of small pendant drops at
extended residence times in the aqueous p-hase « At high canstic concentrations, the it;itiatl Il-"l“*is
quite low . However , as the boundary tension i‘ncrcuscs at a rather fast rate, the already small and
-elongated oil droplef becomes increasingly spherical. Because of this sudden change in the shape
of the droplet after only a short contact time, the radius of the fitted Laplacian curve becomes
‘ ; , P et
relatively bigger and this translates to much higher IFT values than wéuld be obtained in the
absence of hydrodynamic instabilitics. The onset of this instability problem corresponded o the
interfacial age at which measurements of both d. and d, (see Fig. 4) could _not"[nﬁht;tinqd [rom
photographs of the pendant dlrop. Notwitllslt?.ndiug, the agreement between the predicted
experimental IFT values ,as can be seen from Figs. 33- 56 , is salislactory chf the rather short
';1uration in which the dynamic‘IFT phenomenon c-quld be menitored , for both oleic and lauric
a./cid systems. Within these limits , one can reasonably claim that the proposc(i mechanisimsg and
models for the interaction of single fatty acids with a spectrum of aqueons caustic solulions are
indeed valid. Thus, diffusive-kinetic considerations as demonstrated in this study , hold & ot of
promise asm to unravel the mysterious way in which crude oil acids interact, with‘t::ulstic

-

" reagents in order to reduce oil-water interfacial tensions .

15.4 Interplay of Diffusion , Viscosity and Sorption Kinetics

-

The work of Rubin and Radke[60] showed among other things that large desorption barriers pre-

i . . . - .
.__Verted rapid removal of adsorbed surfactants from the interface separating two immiscible liquids,

/
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and consequently led to the incidlence of IFT minima . The authors used a parametric study to

a
show that convective diffusion did not influence IFT Eo any appreciable extent . In this work , WE S

~ did not perform a parametric study as such . However, in order to determine if hjgher values of the

.

Nernstian boundary layer thickness might influence the model predictions, we used § values three
e . .

orders of magnitude farger than those given in Tables,§ and 8. There was no significant change’

in the results obtained with the smaller & values r_egartdless_df which acid or caustic concentration

v o |
was involved. A, similar treatment of other variables such as the sorptive rate constants and the

et{uﬂibrium parameters resulted. in signiﬁ_ca.ntly large changes to the predicted IFT values . Thus , .

_the pa.rameters that are a.ssocmted with sorptlon kinetigcs c.lea.rly influence the predicted IFT more

,than the dxﬂ'uswe ones . These are the quantities that need to be properly estima.ted in' dealing |
with crude oil/caustic interactions . ) e

The eﬂ;ect. of viscosity on the dynamic IFT of reactive systems can be quite remarkable from

an experiﬁental p,oixﬁ of view . In 2 recent study , Neale et al. [114] found that the addition of
_ Iy '

‘ polystyrene to augment the oleic phase viscosity slowed down the rate of contraction of the spinning
I -
oil droplet and that led to a smaller rate of i 1ncrea.se in IFT . 'I‘hus_, a difference in the v1sc051ty of a

given crude cul could lea.d to subst&ntlally different dyna,nuc IFT data . As 2 matter of fact , a good

number of t'he systems whose .mte.rfa.mal behaviour was studied by using the micropendogr@\}’)hic

mea‘surement apparatus CO?.lld Pot be adequately_follgwed with the spinning drop ten.s_iorﬁete‘r,‘due

to the low viscosi.ty of both phases . 'i’he shape of the drop cha.nged 50 qlﬁcld?v;rith time espe;:ially

“at higher caustic concentratmns that measuremé'nts could be made only after freezing the drop

A.photograpluca.lly At the momenl: ther? is no direct involvement of viscosity'in fundamental
..

-equnuons (such as that of Young and Laplace[41,42]) used for the calculatlon of interfacial tensions.

In the hght of this work , there i is the need to modify ex.lstmg theories in order to allow for the

effect of viscosity in the detem}ination of boundary tensions .
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Chapter 16 \/g .

‘Multi-Component Studiés: AF
Interfacial Data and Model

Predictions

- 16.1 - Interfacial Data

h

The various binary mixtures of oleic and lauric acids in hexadecane were formulated according
to the scheme given in Table 2 . The experﬂhntal strategy for this phase of the study wag also

outlined in chapter 5 . A sequence of tables starting {rom Ta.Kle B7.1 to Table B1L.G of Appendix I
‘ F) , :

W T N
contains the experimental interfacial data for all the binary mixtures contacted with vatious caustic

solutions . Following an approach similar to that used in the single co‘mponcnt dynamic study , we
. , . . ‘
have’plotted the experimental IFT as a function of interfacial age for each mixture and for each

working NaOH concentration . These plots appear as Figs. 57-61 .-
. v, .

L

( Fach of Figs. 57-61 consists of several sub-plots depicting the dynamic IFT obtained when the

. o - "8
o . ,
o L1490 :
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designated mixture was contacted with a spectrum of NaOH solutions . In addition , we have
;.Llso interposed the IFT data of the constituent acids as previously obtained in separate single
component measurements. Thus , in Fig. 57(a)J we &ve plotted the IFT values for 0.10 mM oleic |
acid , 0.02 M lauric acid as well as the mixture M1, :;ll exposed to neutral water . The mixture had
a fairly constant IF'F()!' about 33 mN/m which in turn was also the value measured for the 0.02 M

lauric acid . On‘the other hand , the 0.10 mM oleic acid reference system maintained a much higher

- IFT close to 42 mN/m . One may then conclude that in neutral water , mixture M1 behaved as

the NaOll concentration was increased to 2.50 mM for the same acid mixture , we see in Fig. 57(d)

that.the two constituent acids exhibited IFT minima of 21 mN/m at an intérfacial age of three
minutes . Beyond this minimum , the IFT rose rapidly for both acids while the mixture maintained
a c’onstant IFT near 21 mN/m . The .10 mM referencé oleic acid started to produce markedly
lower IFT \;a.lues than 0.02 M lauric acid when the cz;nstic concentration reached 12.50 mM and
beyond (see Fig. 57(c-h)) . At these higher caustic levels , both acids showed a rising trend in IFT
with contact time between the phases . So also did the mixtl{xre except that its tension values were
now close Lo those exhibited by the more surface active oleic acid .

Fig. 58 gﬁés tl.m IFT data for mixture M2 and the reference acid éystems . The trend in the IFT
obtained With various NaOII concentrations was similar to that observed for the M1 systems except
th;;t the tension values were marginally lower . The reference oleic acid whose effective cor;-;entration
in the mixture M2 was 0.20 mM , vielded the ‘Iowest tension values at caustic co.z}centrations above

2.50 mM and the mixture produced IFT values which were very close to those of the oleic acjd .

When the oleic acid concentration in the mixture increased to 0.3125 mM as in Fig. 59, the tension
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values given by the reference :;cid alone dropped .a&)preciably even at lower caustic concentralions,
For example , at the NaOH concentration of 1.25 mM , (sce Fig. 59(c)) , the drop in IFT for the
-re.fercnce: oleic acid was 10 mN/m within 7 minutes contact time of the l\\'u_ph;\sus . The tension
lowering efficacy of oleic acid at this working concentration influenced the interfacial belaviour of
- the mixture to the extent that tensions showed a decreasing trend even thuugh.tlm IFT associated
with the lauri(i acid did not drop appreciably . For this same ;\l:.l mixture , we see also in g,
59(d-f) that dut; to the greater interfacial activity of the oleic acid component , the 1T values at
higher caustic levels were very close to the values measured for the oleic acidl alone . The lauric acid
produced“tensions that were generally far greater than the \_':ﬂues measured for the mixture . The
'appa.ren; indication here is that the lauric acid has been complelely pushed out of the interface by
the more surface aétive oleic acid species .

The reference oleic acid concentration for mixture M4 was 0.6125 mM . ‘T'he [FT dath for I.,.hu M

. i .
systems were plotted in Fig. 60 . For all working NaOH concentralions , the sil;lilatrity }ﬁ IF'I' trends
- with the M3 systemsis apparent by comparing Figs. 59 and 60 . }\b noted carlier, the IFT values
were generally lower when the oleic acid proportion of the mixture incrc.usml. I;l highly alkaline
environments ( see Fig. 60(e—f)) , tensions for the M4 systems rem ained in the range of 0-10 mN /s,
and exhibited the characterjstic but gradual increase with extended contact time of the plinm:s.ali
is important to note that the actual duration of the dynamic IF'T phunon.u-nox.: ]::Lrticul'urly in -high
N '

caustic environments is quite short ,'often less than three minutes. _I-‘Qr example, the pendant oil
drop of mixture M4 in 25 mM Na.Ol{. solution ma.intain;:d an acceptable slmpﬁ for only 80 seconds
and thereafter the drop became inappropriate for tension-calculalions by the micropcm}c')gmphic

e N,
data treatment spheme . . s

IFT data for mixture M5 systems were plotted in Fig. 61 for the various taustic solutions . The

d
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trends in the data observed for the M3 and M systems were also repeated in this particular case .«

Also at NaOH concentrations above 2.50 mM , the mixture behaved interfacially like the reference

N\ .

- _
oleic acid . Tension values measured for the lauric acid as a single component were markedly higher

than the values obtained for the mixture as can be seen in Fig. 61 (d-f} . The pattern which is

quite evident in these binary mixture systems is one in which the mixture behaved interfacially like
1
the 1a.u‘1;i'c’: acid component at caustic levels below 2.5 mM | but at-higher caustic levels , the TH1

-

values #or the mixture systems were very much the same as for the oleic acid constituent . With
further increase in the oleic acid proport.ion of the mixture y tensions generally Gdged lower and
the mixture tended to follow the patiern set by the more interfacially active oleie acid over all the
caustic concentrations invcstigatéd_ . This aobservation is remackable because of the uxtrdnw]y‘ high
mole ratio of lauric ac-id comp;red to oleic acid {200 in M1 and 20 in M5 ).

The implication of these acid mixture studies in enhanced oil recovery is thal a specteim t.:[ acids
is likely tominﬂuence oil/water ini;é‘rl'acial tensions depending on the prevuil’ing caustic concentration
at the leading edge of the caustic lood . If the caustic concentration remains high throughout the

life of the flood , then the longer chain , more surface active acids will dominate over shorler chain

acids . However , il as will normally be expected , considerable dilution of Lhe caustic solution

N

occurs , then the more abundant but less surface active acids in the crude oil will influence the

oil/water interfacial tensions . Since tensions are generally lower when the longer chain acids are

dominant , it follows that oil recoveries will be favored under such circumstances .

16.2 WModel Predictions

_In chapter 11, we outlined the applicable model equations and the proposed solution procedure

for the specific case of a binary acid mixture . The rationale here was teo solve the model equations

162



A

using parameter values which,would have been determined from single component analysis of the

-2, constituent acids at the apprbpriatc copcentzations . The resulting IFT determined from the model

—*

N

o ) ‘ - 3 - » -
~—-were then compared with the experimental values . Such comparative plots for the mixture systems

are given as Figs, 62-87 ,
. -f"figs. 62-G7 are the comparative IFT plots for mixture M1 exposed to various NaOH solutions.

Al; .;:‘aust'ic concentrations below 12,50 mM , (Figs. 62-64) , the agreement between experimental
teusli;;m values and those predicted by th&model is quite good . Some discrepancy between the
) . )

(lzxpcrimcnta.l and predicted IFT values is evident at higher caustic concentrations for the M1
mixture ( see Figs. 65-67 ). I.[owcver , these discrepancies are well within the limits of experimental

errors of the measurement system . ‘The prc.dic—ted IFT values at early contact times in Figs. 65-67

were generally higher than the measured values , but at extended times , the reverse appears to be

- the case . The problem may be due in part to the nature of the differential equations themselves

as well as to the numerical integration routine . Due to the fact that the IPT changes at a faster
rale when Itigher caustic concentrations are involved, the integration time steps were rather too

small for the numerical sowtion scheme to predict the desired large changges in surfactant surface
-~
concentrations and subsequently in the dynamic IFT. This problem does not arise at lower caustic

levels where tensions clmnge(i rather slowly, thus allowing bigger time steps to be used.
Coniparative IFT plots for mixture M2/caustic systems are presented in Figs. 68-73 . Ilere
’ .

again tlhc agreement between the expcrin}ental and predicted IFT valucs was good at the lower
| ~
range o}' the working NaOII concentration spectrum. There are discrepancics between the predicted
: | )
and experimental tension values at NaOH concentrations above 2.50 mM. For example, in Fig. 71,

al a caustic concentration of 12.50 mM , the predicted IFT values were relatively uhchanged at

longer centact times whereas the experimental values tended to increase monotonically . In Figs.
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72 and 73 , the departure of the predicted values from the experi_meMad tensions is quite apparent -

at early contact times but the mismatch is considerably reduced at longer times .

a

Comparative IFT plots for mixture M3/caustic systems are given in Figs. 74-78 , As with

’

the M1 and M2 systems , the. agreement between ‘experimental and predicted 18T valugg was
satisfactory at caustic concentrations below 12.5 mM . In Iigs. 77 and 78 , the predicted 1FT

‘values for the mixture at NaOIl concentrations of 12.5 mM aund above varied markedly from the

i .
[
a

experimentally determined tension values . This considerable variance can be traced to imperfect
single component parameter.estimates as evident from Figs. 39-42 for 0.3125 mM oleic acid reference

system . Since the dynamic model did not correlate the experimental data perfectly well-at Lhis
T -

oleic acid concentration ; it follows that an even greater discrepancy would appear in the binary
mixture predictions . The agreement between the predicted and experimental 1FT values for Md -

and M5 mixtures was better than was found for M4 at higher NaOH concentrations .

# ‘ . -

The multicomponent acid mixture model as outlined in chapter 10 and demonstrated for a

binary system in the present chapter , is indeed simplistic-in ‘the-senseé that id@il behaviour.is

assumed in both the interface/and the bulk of both oleic and aqueous phases . Real systems such

as crude oils are not ideal pblutions and may not respond very well to the model without applying

correction factors to accounfor departure from ideal behaviour . For the binary mixtures of oleic
and lauric acids examined ip. this study , no correction factors whatsoever were employed . T'he
close agreementtbetween the experimental and predicted tension values for all the various mixture

compositions in the presence™f a wide spectrum of caustic concentrations , lends a considerable

1]
)

‘ ,
credence not only to the proposed multi-component model but the single component dynamic

and equilibrium models as well . After all , the mixture model is merely an extension-of the
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single component dynamic model \;hich in itself leaned heavily on ‘the equilibriym model .H.lld.
. ) .
the_: associated tlieories and mechanisms for the interaction of the fatty acid with\different NaOll
solutions. Previous ﬁlodels of the dynamic interfacial tension of acidic erudes with caustic solutions
had relied on a fictitious representative acid rather than a mixture of acids of dillerent chain lengths
and different ionization constants. The unifying approach :;ulnplvtl i this work ull'ur.v; a plansilile
and novel'way of dealing with the complex behaviour of acidic crude/feaustic systems. At the same
time, currently held theories in classical interfacial phenomena, sorption kinetics and interphase
mass transfer have been tested in an attempt to rationalize the mechanisms of dynamic interfacial

I

tensions in reactive systems of ~pecial relevance to oil recovery by caustic waterflooding.




o~

Chap_ter 17 | ’

-Conclusipns and Recommendations

.

A novel experimental scheme , namely p]lot;-micropcndography , has been Yeveloped for precise
and accurate nllcas'urement.' of dynamic interfacial tensions in reactive systems . Tgtsions ranging
from 1 to 40 mN/m could be accurately measured by this technique folr dilute solutions of oleic and
lauric acids in hexad;:cané in contact with a spectrum of Nabﬁ solutions . Phase volume ratios
éncountcregi in micropendogmphy‘Were generally in th'g same range as those obtainable in spinning
drop tensiometry ( usually 100-1000 ). Th‘is new experimental scheme affords a more precise and
accurate means of monitoring the age of the interface compared to spinning drop tehsiometr;lr . In

addition , IFT data can be obtained by micropendography at an interfacial age as low as 3 seconds

and as high as 30 minutes. ’ -

IFT data determined by mi.cropendography were compared with those measured with the ring
and spinning d;op tensiometers for tho: same oleic/caustic systems . Réliable'measurements could
not be easily obtained with the Spiﬁning drop tensiometer for teﬁsious above 30 mN/m. Such
tensilons were readily measured with the ring tensiometer a‘nd the agreement between the ring

auto-tensiomat’s tension data and results obtained by micropendography was satisfactory. On the

other hand , when tension values dropped below 20 mN/m , the ring tensiometer gave extremely
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low and rather inaccurate results , while the spinning drop tensiometer yiclded tension values which
were quite close to those measured by micropendography . Hydrodynamic instability associated

with small pendant drops severely limits both the range of measurable 18T and the dWration over
)
which the dynamic tension behdyiour can be ac'curatgly followed . When the initial surfactant

1

surface concentration is high , arfd consequently the IFT is very low , an extremely small pendant

L
drop will be sustained at the tip of the drop forming needle . However , il tensions should drop

much further at extended contact times , the drop clongates to the point where it is completely
detached. On the other hand , if tensions should increase quickly , then the drop tends to a more

spherical and thus unacceptable shape . More work is thus needed to solve this hydrodynamic

problem .

.

An equilibrium model governing the interaction of a single fatty acid dissglved in i known oleic

phasc and contacted with a spectrum of NaOIl aqucous solutions has been proposed . The model
r

specifies the important surface active species which result from the reaction between the acid and

the alkali . Also , the cﬁ'cctiv‘e surface concentration of the active seap il!li(_ljtls was determined by
Langmuirian sorption kinetics while the FVDH equation of state was used to evaluate the eouilib-
rium surface pressure . The key parameters of the equilibrium mode! were the acid dissociation
constant and the equilibrium constant associated with the formation of the undissociated 5O
complex. These parameters were precisely e_stima.ted by non-linear regression analysis . The calcu-
lated ionization constant for oleic acid in the concentration range of 0.10 to 1.00 mM varied from

\

7.7 X 107 at the lower concentration range to 1.2 x 10~7 at higher acid concentrations . For .02

M lauric acid , the pK, value determined from the model at caustic concentrations helow 12.5 mM
was 9 , and it increased to 10 for higher NaOT levels up to 250 mM .

f

A dynamic model for single acids in the oleic phase contacting various caustic concentrations in
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!
Hic treatment in which convective -

file sorption Kinetics was tr‘ea.ted by
the Langmuirimt approach . lInterfaci;’Ll'lmteni.ia] associatdd with the adsorbed soap anions were
calculated by the use of the Couy-Chap.man model . The equations that comprised the proposcci
.(lynamic model were a set of first ord:(jr , non-ljinear ordinary differential equatidhns combinc.d Witil
another set of algebraic relationships . The formér.accountcd for the varialion in the concentration
of the interfacial species with time , while the latter related the instantaneous surfactant surface
concentration to surface pressure via the FVDH equation of state . Sensitivity analysis was used
to facilitate the solution of the model equatit;ms and at the same time obtain good estimntés‘of
the model parameters . The parameters of particular significance in the dynamic model were the

adsorption rate constanis for the various Gurface active species . The final parameter estimates

- ¢

correlated the experimental data reasonably well .
In extending the proposed dynamic mfﬁlcl to the case of mixtures of several acids in the oleic
* phase , it was assumed that i(lczltl behaviour prevailed both in the interface and in the main bulk
of the phases in contalct . Furthermore , we assumed that all relevant inderfacial parameters of
all constituent acids of tl‘m mixturp determined from separate single component analysis, would be
viid in the mixture . In other words , the dynamic IFT exhibited by the mixture at a.nyhgiven
caustic _conccntrati-on would sin.lply be a summation of the contributions from the constituent acids
and their associated interfacial species . This broad hypothesis was then put to test by solving the
multi-component model cqua&gns for the special ;:asc of binary mixturcsff oleic and lauric acids
contacting a spectrum of caustic solutions . The agreement between predicted and experimental IFT
values was surprisingly very close though not perfect. Because such a close agreement wz}s:‘g-béajned

over a wide' range of mixture compositions and different caustic concentrations, the proposed mwti-
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component mh as well as the single component equilibrinm aﬁd\dgmmic models have been
. e : . ‘ ~
validated. The success of the entire modelling effort is of particular significance in enhanced oil
recovery by caustic waterflooding . The extension of the analyses carried out in this stwly to
’ e - )
the crude oil system can be readily effected once the key surface active acids preseat in a given
crude ate quantitatively identificd. Since a wide range of probable caustic conceutrations of the

! flood water have been taken into account in our treatment, it is thus possible to predict realistic

oil-water interfacial tensions that will apply throughout the life of a projected alkaline lood .
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‘[ Table Al: Physical Properties of Aqueous Solutions at 25° C ]

Identification pH Density Viscosity

> - - (kg/m3) (mPa. 8)
Double distilled Water | 7.06 | 997.0292 0.8904
0.25 mM NaOH 10.34 | 997.0627 0.8905
- 1.25 mM NaQH 11.10 0.8905
2.50 mM NaQH 11.40 0.8919
12.50 mM NaOH 12.06 0.8948
25.0 mM NaOH 12.33 0.8961
50.0 mM NaOH 12.64 0.9006

100.0 mM NaOH 12,95 | 1001.4251 0.9119

125.0 mM NaOH 12.98 | 1002.5016 0.9142
\ 150.0 mM NaOH | 13.09 | 1003.5625 - 0.9269
. 200.0 mM NaOH 13.14 | 1005.6123 0.9513
1007.6435 0.9859

N\ 250.0 mM NaOH 13.17

\

ES

| Table A2:  Physical Properties of Oleic Solutions at 25° C

=

Identification

Density (kg/m”)

Viscosity (mPa. s)

Vacuum redistilled Hexadecane

0.19 mM Oleic Acid in Hexadecane
0.20 mM Oleic Acid in Hexadecane
0.3125 mM Oleic Acid in Hexadecane
0.6125 mM Oleic Acid in Hexadecane
1.00 mM Oleic Acid in Hexadecane
10.00 mM Oleic Acid in Hexadecane
10.00 mM Lauric Acid in Hexadecane
20.00 mM Lauric Acid in Hexadecane
Mixture M1(0.10 mM Oleic + 0.02 M Lauric
in Hexadecane)

Mixture M2(0.20 mM Oleic + 0.02 M Lauric
in Hexadecane)

Mixture M3(0.3125 mM Oleic + 0.02 M Lau-
ric in Hexadecane)

Mixture M4(0.6125 mM Oleic + 0.02 M Lau-
ric in Hexadecane)

Mixture M5(1.00 mM Oleic + 0.02 M Lauric
in Hexadecane )

770.1094
770.1109
770.1124
770.1253
770.1348
770.1715
770.3041
770.3487
770.6251
770.6250

770.6262
770.6308
770.6323

770.6733

3.0206

3.0206

3.0237
3.0256
3.0282
3:0300
3.0434
3.0213
3.0370
3.0293

3.0306

3.0430

3.0443

3.0472
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Dynamic terfacial Data

'B.1 Interfacial Data for 0.3125 mM Oleic in Hexadecane/Caustic
Solutions
IR N
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| Table B1.1: Interfacial Data for the System: 0.3125 mM Oleic in 11D /Distil Water I
Time DROP NO 1 DROP NO 2 _
in IFT Surf Area | Drop Vol IFr Surl Area Drop Vol
(Sees) [ (mN/m) | (m?x 10%) | (m® x 107) || (mN/m) | (m? x 104) (m*x 107)
5.0 44.46 0.321 0.230 + 41.80 0.334 0.242
5.0 42.17 0.321 0.230 39.30 0.328 0.234
60.0 40.00 0.316 0.223 41.30 1.336 (l.‘.!-w
60.0 39.18 0.318 0.226 - . -
180.0 39.15 0.317 0.224 - - -
300.0 | 37.67 0.319 0.224 37.11 0.329 0.235
300.0 35.46 0.318 - 0.222 35.35 0.326 -1 - 0,231 -
480.0 - - - 38.75 0331 {1,248
480.0 - - - 36.93 0.327 , 0.232
600.0 37.45 0.312 0.226 - - -
600.0 36.03 0.321 ) 0.226 ° - - .-
720.0 : - /- - 37.21 0.329 =048
720.0 - - - 36.33 0.327 0.232
900.0 37.07 0.320 0.226 36.65 0.330 T0.235
900.0 36.07 0.320 0.225 28.88 0.322 (0,224
1200.0 36.46 0.323 0.228 36.89 1.330 (0,235
1200.0 33.80 0.318 0.222 30.25 (0.325 (1,226
EQUBR | 36.52 - v - 36.60 - !

y -

| Table B1.2: Interfacial Data for the System:0.3125 mM Oleic in HD /0,25 mM NaOlf |

Time DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol Irr Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10* ) | (m® x 107) || (mN/m) | (m? x 10% ) { (w3 x 107)
5.0 37.14 0.227 0.139 36.82 0.242 (0.153
60.0 34.50 0.227 0.139 35.36 0.245 0.154
300.0 31.78 0.229 0.140 31.86 0.246 0.154
600.0 2842 |- 0.233 0.142 - 27.58 0.245 0.152
900.0 26.81 0.235 0.143 25.85 0.248 N 0.153
1200.0 24.33 0.235 0.141 25,03 (1.249 0.154
EQUBR | 2557 - | - 25.44 - -
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| Table B1.3: Interfacial Data for the System: 0.3125 mM Olelc in HD / 1.25 mM NaQH |

Time DROP NO 1. 1. DROP NO 2 .
in IFT Surf Area | Drop Vol IFT Surf Area Dzop Vol
(Secs) | (mN/m) | (m? x 10%) [ (m® x 107 ) || (mN/m) | (m2 x 10*) | (m® x 107)
5.0 27.43 0.216 0.128 24,82 0.214 0.124
5.0 25.79 0.215 . 0.126 - - \ -
300 | 2547 0.217 0.128 23.40 0.214 0.124
60.0 | 24.94 0.218 0.128 21.21 0.213 0.122
60.0 | "23.28 0.215 0.125 - - -
180.0 23.61 0.218 0.127 - - -
180.0 21.30 0215 | 0.124 - - -
3000 [ 22.30 0.215 0.124 22.33 0.219 0.127
- 300.0 21.72 0.215 0.124 - - -
420.0 21.78 0.215 0.124 - - -
420.0 21.13 0.213 0.122 - - -
600.0 - | '22.76 0.216 0.125 20.25 0.217 0.124
600.0 21.63 0.214 0.123 - - -
720.0 21.62 J0.214 0.123 - - -
900.0 21.64 0.213 . 0.122 21.64 0.217 0.125
1200.0 | 21.70 0.213 0.122 - .- -
EQUBR | 21.63 - - 2164 |/ - -
' hY
[r—
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Table B1.4; terfacial Data for the System:; 0.3125 mM Oleic in HD /2.50 mM NaOH
Time DROP NO 1 : DROP NO 2
" in IFT | Surf Area | Drop Vol TFT | Sur Area Drop Vol
(Secs) “| (mN/m) | (m? x 10%) | (m3 x 10*) | (mN/m) { (m? x 10° ) | (m? x 10°)
5.0 19.84 0.879 0.340 23.10 0.970 0.396
160.0 19.42 0.886 0.344 18.20 0.958 0.386
-120.0 17.74 0.878 0.338 18.02 0.968 0.391
120.0 16.96 0.877 0.337 17.14 0.957 0.384
180.0 17.20 0.867 0.332 17.19 - 0.963 0.384
240.0 18.25 0.867 0.332 T - -
240.0 16.78 0.861 0.328 - - -
300.0 18.26 0.861 0.329 16.70 - 0.959 0.384
300.0 18.08 0.862 * |~ 0.330 16.32 0.959 0.384
420.0 | ,19.16 0.855 0.326 - - -
420.0 |  17.78 0.850 0.328 - - -
600.0, 20.28 y 0.854 ) 0.327 20.81 0.963 0.390
600.0 20.06 0.853 0.326 18.50 0.944 0.377
720.0 . [ 21.28 0.859 0.330 . - -
7200 | 19.04 0.844 0.320 - - -
900.0 21.68 0.875 0.340 20.00 0.957 0.388
900.0 | 21.11 0.872 0.337 22.49 0.946 0.381
EQUBR | 21.48 - - 21.64 - -
.f‘
[ Table B1.5: Interfacial Data for the System: 0.3125 mM Oleic in HD /12.50 mM NaOH |
Time "DROP NO 1 - DROP NO 2
in IFT Surf Area Drop Vol IFT Surf Area Drop Vol
(Secs). | (mN/m) | (m?x 10°) | (m® x 10%) || (mN/m) | (m? x 105 ) | (m3 x 108 )
5.0 9.33 - 0.712 . 0.243 - - -
10.0 - - - - 8.43 0.836 0.301
600 _| 7.62 0.745 0.254 6.57 0.862 0.305
120.0 8.60 |- 0.743. 0.255 - - -
120.0 8.54 0.742 . 0.255 - - -
180.0 9.11 0,731 0.251 8.42 0.836 0.301
180.0 9.08 0.730 0.250 . 6.47 0.806 0.280
300.0 -| 10.28 0.695 0.237 10.82 0.800 0.289
EQUBR | 9.33 - - 9.62 - -

!/

L
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Table B1.6 1 Interfacial Data for the System: 0.3125 mM Oleic in HD /25.0 mM NaOH

Time- DROP NQ 1 | DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area .| Drop Vol
(Secs) | (mN/m) [ (m?x 10% ) | (m® x 10°) || (mN/m) [ ( m® x 10° ) | (m® x 109)
5.0 - o . é.73 0.209 0.400
30.0 205 | 0.277 0.572 227 0.218 0.419
60.0 2.85, - 0.281 " os02 279 0.217 -0.423
90.0 3.99 0.280 0.613 4.56 0.219 0.436
120.0 5.67 0.25;7 . 0.646 4.32 0.222 . 0.445
180.0 6.57 0.291 0659 |l 737 | 0.214. 0.427
EQUBR | 6.97 - - 763 - .

203 .




B.2 Interfacial Data for the 0.02 M Lauric Acid/Caustic Systems

AN

-

N\
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| Table B2.1: Interfacial Data for the System: 0.02 M Lauric in HD /Distilled Water

A

Timme DROP NO 1 DROP NO 2
(5(': IFT | Surf Area Drop Vol IFT Surf Area Drop Vol
s} | (mN/m) [ (m?2x 10*) | (m®x107) || (mN/m) | (m? x 104 )} | (m® x 107 )
5.0 34.13 - 0.355 0.258 32.68 0.344 0.246
30.0 33.88 0.357 0.260 - - -
60.0 32.82 0.355 0.257 33.91 0.344 0.247
120.0 32.32 0.352 0.254 - 33.41 0.343 0.246
180.0 32.35 0.357 0.258 - - -
300.0 32.92 - 0.355 . 0.257 31.88 0.343 0.245
420.0 33.60 0.359 0.262 - - -
600.0 32.07 0.355 0.256 32.86 0.345 0.247
720.0 32.54 0.360 0.262 32.41 0.344 0.246
900.0 32.06 0.361 0.262 33.41 0.348 0.251
1200.0 31.52 - 0.362 0.263 33.97 0.349 0.252
EQUBR | 32.06 - - 33.21 - -7

| Table B2.2: Int;arfacial Data for the System: 0.02 M Lauric in HD /0.25 mM Na_QH

Time DROP NO 1 DROP NO 2
in IFT Surf Area Drop Vol "‘ﬁ?T Surf Area Drop Vol
(Secs) | (mN/m) | (m* x 10" ) [ (m3 x 107 ) || (mN/m) [ (m? x 10%) | (m® x 107 )
5.0 33.12 0.289 0.195 32.72 0.290 0.195
30.0 33.05 0.289 0.194 32.55 0.289 0.194
60.0 31.81 0.290 0.195 32.26 0200 o 0.194
120.0 30.99 0.290 0.195 30.50 0.289 0.193
4 180.0 31.55 0.290 0.104 32.57 0.200 0.194
300.0 31.97 0.291 0.195 29.00 0.287 0.190
680.0 30.08 0.285 0.188 31.30 0.288 0.192
900.0 31.15 0.287 0.190 - - -
1200.0 31.68 0.288 0.101 - - -
EQUBR | 30.77 . ; 31.21 -
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[_Table B2.3: "lnterfacial Data for the System: 0.02 M Lauric in HD /1.25 mM NaOH |

Time DROP NO 1 — DROPNO 2 ~ ]
in IFY Surf Area Drop Vol IFT Surf Area Drop Vol
(Secs} | (mN/m) | (m? x 10} | (m® x 107) | (mN/m) | (n® x 104 ) | (m® X 107 )
5.0 2730 | - 0.231 - 0.139 20.25 0.235 0.144
30.0 25.29 0.230 0.138 29.18 0.236 0.145
60.0 24.61 0.230 0.138 27.36 0.235 0.143
120.0 25.56 0.232 - - - -
180.0 25.83 0.232 0.139 26.74 0.238 0.145
300.0 24.90 0.229 0.136 2514 0.237 __0.144
600.0 24,29 0.228 0.136 25.71 0.236 0.143
900.0 24.01 0.226 - - - " -
EQUBR | 24.15 - - - -
. . )
| Table B2.4: Interfacial Data for the System: 0.02 M Lauric in HD /2.50 mM NaQll ]
Time DROP NO 1 DROP NO 2 :
. in IFT | Surf Area Drop Vol IFT Surf Area Drop Vol
- (Secs} | (mN/m) | (m? x 101 ) | (m® x107 ) {{ (mN/m) | (m? x 104 ) | (m® x 107)
5.0 24.25 0.208 ° 0.119 23.87 0.235 0.140
30.0 21.39 0.205 0.205 22.20 0.235 0.139
30.0 20.72 0.206 0.116 21.13 0.235 0.139 -
60.0 22.50 0.207 0.118 22.07 0.238 0.142
60.0 21.43 0.207 0.117 20.71 0.238 0.142
180.0 20.73 0.206 0.116 20.02 .0.238 0.141
300.0 22.62 0.207 0.118 22.03 0.243 0.146
- 300.0 21.00 0.206 0.116 20.56 0.237 0.139
420.0 22.79 0.205 0.116 - -, .-
600.0 - - - . 23.47 0.238 0.143
EQUBR | 24.45 - - 22.83 - -

Table B2.5: _Interfacial Data for the System: 0.02 M Lauric in HD / 12,50 mM NaOH |

Time DROP 1 DR&P NO 2 -

in IFT " | Surf Area Drop Vol IFT Surf Area Drop Voi
(Secs) | (mN/m) | (m? x 104 ) | (m® x 108 ) || (mN/m) [ (m? x 10* ) | (m® x 108 )
5.0 13.26 0.119 0.518 13.05 0.122 0.533
30.0 14.68 . 0.118 0.518 ' 15.60 0.126 . 0.555
30.0 13.78 0.118 0.514 14.05 0.121 0.534
60.0 19.86 0.120 0.539 - - -
90.0 20.09 0.118 0.530 18.99 0.122 0.548
120.0 21.59 0.117 0.523 20.56 0.123 0.562
150.0 22.95 0.117 0.524 22.01 0.122 0.556
210.0 - - - 22.86 0.120 0.543
300.0 22.37 0.112 0.492 25.69 0.120 0.541

EQVBR | 22.66 - - 22.44 - -
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| Table B2.7: Interfacial Data for the System: 0.02 M Lauric in HD /50.0 mM NaOH | _

-

- Time DROP NO 1 , DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10%) | (m® x 10%) || (mN/m) | (m® x 10°) | (m® x 10%)
5.0 10.45 0.742 0.257 10.41 0.689 0.232
‘30.0 10.24 0.737 0.255 10.72 0.639 0.232
60.0 10.94 0.724 0.249 11.62 0.677 0.228
120.0 13.51 " 0.708 0.244 - - -
180.0 16.65 0.682 0.233 20.19 0.639 0.214
300.0 20.28 0.650 0.218 27.23 ‘ 0.609 0.200
EQUBR | 21.36 - . 26.05 - -

| Table B2.6: Interfacial Data for the System: 0.02 M Lauric in HD /25.0 mM NaOH |
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Time DROP NO 1 DROP NO 2
. in IFT Surf Area Drop Vol IFT Surf Area Drop Vol

(Secs) | (mN/m) | (m? x 10° ) | (m® x 108 ) (mN/m) | (m?x10%) | (m®x10%)
5.0 - - - 14.40 0.796 0.291 -
30.0 13.32 0.998 0.400 14.62 0.788 0.286
"60.0 15.05 0.994 0.400 15.70 0.768 0.277
120%0- 17.93 0.978 0.395 - - -
180.0 19.44 0.966 0.389 20.06 0.711 0.250
2400 | 21.55 0.958 0.386 - - -
300.0 26.22 0.959 0.389 24.34 ~ 0.665 0.227

EQUBR | 22.19 . i 2220 M . -

g




‘Table B2.8: Interfacial Data Tor the Sys-
tem: 0.02 M Lauric in HD /100.0 mM NaOH |
Time | IFT Surf Area Drop_Vol_
(Secs) | (mN/m) | (m? x 10%) | (m3 x 10° )
5.0 6.41 0.594 0.180
30.0 6.88 0.590. 0.180
60.0 | 6.84 0.585 0.178
90.0 7.62 0.571 0.173
120.0 9.48 0.561 0.172
150.0 | 11.12 0551 N 0.168
180.0 13.17 0.542 0.166
210.0 14.20 0.531 0.162
240.0 17.99 0.531 0.162
EQUBR 18.27 - .
v
~
Table B2.9: Interlacial Data Tor the Dys-
tem: 0.02 M Lauric in HD /125.0 mM NaQMN
Time IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10%) | (m3 x 108)
5.0 8.94 0.602 - 0.190
30.0 6.74 0.560 0.168
60.0 6.68 0.544 0.161
90.0 8.51 0.534 0.160
120.0 10.50 0.518 0.154
150.0 11.79 0.506 0.150
180.0 13.70 0.500 0.148
210.0 15.92 0.492 0.145
240.0 15.35 0.481 0.141
EQUBR | 15.64 - -
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I Table B2,10: Interfacial. Data for the System: 0.02 M Lauric in HD /150.0 mM NaOH

Time |- DROP NO1 | DROP NO 2

. in TFT Surf Area | Drop Vol | IFT Surf Area Drop Vol
(Secs) | (mN/m) [ (m? x 10%) | m® x 108) || (mN/m) (m? x10%) | (m? x 108)
5.0 6.07 0.459 0.126 6.37 0.501 0.143
30.0 6.32 0.454 . 0.124 6.57 0.500 0.141
60.0 6.70 | 0.449 0.123 6.67 0.480 0.134
90.0 8.39 - 0.431 0.117 8.22 0.453 0.126
120.0 10.93 0.418 0.113 9.89 - 0.436 0.120

©150.0 - 13.50 0.405 0.109 12.00 0.421 0.115
180.0 13.38 0.392 0.104 14.01 0.408 - 0.110

EQUBR | 1344 | - . 13.01 . .

LN

[ Table B2.11: _Interfacial Data for the System: 0.02 M Lauric in HD / 200.0 mM NaOH |

 Time DROP NO 1 - DROP NO 2
- in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs} | (mN/m) i (m?x10%) [ (m®x 10%) | (mN/m) | (m?x10%)| (m3 x 108)
5.0 5.07 0.413 . 0.106 3.37 0.432 0.114
20,0 5.18 0.403 0.103 - - -
40.0 5.41 0.400 0.102 - 5.43 0.423 0.111
60.0 6.06 0.395 0.101 5.89 - 0415 0.109
80.0 6.81 0.387 0.099 7.02 0.409 0.107
100.0 7.85 0.380 0.097 7.99 0.399 0.104
120.0 9.29 0.375 0.096 9.92 0.392 0.102
140.0 10.15 0.368 0.094 10.02 0.380 0.098
EQUBR 9.72 - - 9.97 - -
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B.3 Interfacial Data for Binary Mixture Reference\ Systems

B.3.1 Data for 0.10 mM Oleic Acid in Hexadecane/Caustic Systems
‘ , 7
w g
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[ Table B3.1: Interfacial Data for the System: 0.10 mM Oleic in HD /Double Distilled Water |

Time "DROPNO1 DROPNO 2
in IFT "Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10* ) | (m® x 107) || (mN/m) | (m2? x 10%) (m3 x 107)
5.0 43.65 0.302 0.211 4%67 0.297 0.207
30.0 42.29 0.301 0.210 - - -
60.0 42.40 0.304 0.213 ,42.74 - 0.292 0.201
180.0 42.16 _-0.303 0.212 42.37 0.293 0.203
300.0 - 42.96 0.303 0.212 41,46 0.292 . 0.201
420.0 42.01 0.304 - 0.213 - - -
480.0 - - - 41.40. 0.294 . 0.203
600.0 42.48 0.304 - 0213 41.57 0.292 0.203
720.0 40.94 0.303 0.211 - . -
900.0 41.17 0.303 0.212 - 41.90 0.294 0.203
1080.0 41.89 0.304 0.214 .- - -
1200.0 40.55 0.302 0.211 41.17 0.291 0.201
EQUBR | 40.54 - - 41.76 - -

| Table B3.2: Interfacial Data for the System: 0.10 mM Oleié in HD /0.25 mM NaOH | ‘

Time “DROPNO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol .
(Secs) | (mN/m) | (m®*x 10*) | (m® x 107) || (mN/m) | (m? x 10*) | (m® x 107)
5.0 3991 | .0.265 0.174 42.09 0.271 0.182
60.0 36.48 0.264 0.172 39.55 0.269 0.180
180.0 36.93 0.263 0.172 39.70 0.271 0.180:
300.0 3531 [ 0.263 0.171 - 37.47 0.273 0.182
480.0. 35.10 0.262 0.170 37.48 - 0.273 0.182
600.0 *35.13 0.264 0.172 36.22 0.273 0.182
720.0- | 35.37 0.265 0173 | - - .
900.0 3343 0.264 0.171 35.62 0.275 0.184
1200.0 34.93 0.266 0.173 34.34 0.272 0.180
EQUBR | 35.25 - - 34.98 - -
™~
TN |
N |



| Table B3.3: Interfacial Data for the System: 0.10 mM Oleic in HD /1.25 mM NaOH |
Time B DROP NO 1 DROP NO :
in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10 ) | (m® x 107) || (mN/m) | (m? x 104 )] (m? x 107)
5.0 31.41 0.241 0.149 28.89 0.247 0.154
30.0 29.52 0.242 © 0,150 .27.89 0.249 0.155
60.0 28.88 0.241 0.148 26.65 0.247 0.153
180.0 26.58 0.240 0.148 27.15 :0.247 0.154
300.0 27.61 0.242 0.149 26.62 0.245 0.151
420.0 26.09 0.241 0.148 - - -
480.0 - - C- 26.77 0.243 0.149
600.0 26.78 0.241 0.148 28.53 0.247 0.153
720.0 27.18 0.242 0.149 26.23 0.242 0.148
900.0 25.77 0.241 0.147 28.30 0.244 0.151
1080:0 - - - 26.38 0.243 0.149
1200.0 26.71 0.241 0.147 - - -
EQUBR | 26.95 - - 27.16 - -
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Table B3.4: Interfacial Data for the System: 0.10 mM Oleic in HD /2.50 mM NaQOH

Time "DROP NO 1 DROP NO 2

in IFT Surf Area | Drop Vol [FT Surf Area | Drop Vol
(Secs) | (mN/m) [ (m? x 10%) | (m3 x 10%) || (mN/m) | (m3 x 104) | (m? x 107)

5.0 29.23 0.167 0.887 28.34 0.197 0.111
30.0 27.15 0.169 0.895- - - -
60.0 25.57 0.169 0.891 23.04 0.197 0.110
120.0 | 23.68 0.168 0.883 - - -
180.0 22.31 0.168 0.878 20.83 0.196 0.110
300.0 22.88 0.167 0.870 22.44 0.198 0.110
4200 | 23.88 0.165 0.860 - - -
480.0 - - - 24.26 |  0.194 0.107
600.0 25.31 0.163 0.850 24.29 0.192 0.106

EQUBR | .27.61 - - 24.30 - .

| Table B3.5:  Interfacial Data for the System: 0.10 mM Oleic in HD /12.50 mM NaOH

Time . DROPNO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m?x 104 ) | (m? x 108) || (mN/m) | (m? x 104 ) | (m®x109%)
5.0 20.27 0.160 0.809 16.90 0.134 0.618
30.0 15.46 0.161 0.794 15.25 0.136 0.627
60.0 14.76 0.161 0.788 14.07 0.136 0.620
120.0 15.05 0.162 0.794 - - -
180.0 . 15.25 0.160 0.789 14.40 0.135 0.618
240.0 15.55 0.180 0.778 - - -
300.0 16.34, 0.158 0.776 16.21 0.133 0.610
420.0 17.67 0.157 0.778 18.57 0.132 0.610
600.0 19.46 0.155 0.776 20.37 "0.131 0.610
720.0 20.07 0.155 0.770 2098 | 0131 0.603

EQUBR | 19.76 - - 20.68 ) - -

| Table B3.6: " Interfacial Data for the System: 0. ).10 mM Ole1c in HD /25.00 m! oM Naq:l

Time DROP NO1 DROP NO 2
in IFT Surf Area | Drop Vol || IFT Surf Area Drop Vol
Secs) | (mN/m) | (m? x 10%) | (m® x 108) || (mN/m) (m?x105) | (m®x10%)
5.0 18.47 0.857 0.328 17.25 0.878 0.338
30.0 11.99 0.866 0.326 12.51 0.893 0.340
60.0 12.02 0.867 Q.325 11.37 0.884 0.339
120.0 12.09 0.363 0.323 11.98 0.877 0.332
180.0 13.12 0.864 0.226 14.57 0.872 0.332
240.0 14.08 0.860 0.325 14.90 0.861 0.327
300.0 14.53 0.853 0.322 16.67 0.856 0.326
420.0 - - - 120.45 0.854 0.327

EQUBR 17.66 . ; 18.56 - -
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" | Table B3.7: Interfacial Data for the System: 0.10 mM Oleic in HD /125.00 mM NaOH | (
- Time | DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT | Surf Area Drop Vol
(Secs) L (mN/m) | (m?x105) | (m3x 10%) [[ (mN/m) | (m®x 10%) | (m® x 107)
9.0 1.76 - - 1.10 - -
30.0 2.35 0.270 0.580 1.63 - -
60.0 4.08 0.265 0.578 2.37 0.238 0.490
90.0°* 4,22 0.250 0.532 3.81 0.225 0.457
120.0 6.25 0.244 0.522 5.70 0.215 0.434
150.0 10:10 0.240 0.520 — - v :
EQUBR | 10.23 - - - -
Table B3.8: Interfacial Data for the System: 0.10 mM Oleic in 1D /200.00 mM kOH [
Time DROPNO1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area Drop Val
(Secs) | (mN/m) | (m? x 10% ) | (m® x 10%) || (mN/m) | (m? x 10%) (m? x 10%)
20.0 6.98 0.311 0.730 2.50 0.257 0.542
40.0 2.87 0.317 0.721 1.10 - -
600 | 1.97 . . 1.06 - \-
30.0 291 0.335 0.781 1.12 - -
100.0 2.61 0.312 0.702 2.52 0.262 0.554
120.0 - - - 3.35 0.253 0.533
140.0 3.09 0.300 0.661 3.62 0.243 0.507
160.0 3.99 0.304 0.698 - - -
180.0 4,10 0.300 0.670 - - -
214
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| Table B4.1: . _Interfacial Data for the System 0.20 mM Oleic in HD / Double l)lstllled Water_]

“Time . DR.OP NO1 DRO" NO 2
in IET Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10%) (m X 107) | (mN/m) | (m? x 10%) (;n""/x 107)
5.0 43.98 0.287 0.196 43.12 0.276 0.190
300 | 4435 0.285 0.194 . -
60.0 42.45 0.285 0.194 || ,44.78 0.273 0.183
180.0 43.20 0.284 0.192 44.97 0.270 0.180
300.0 43.53 0.234 0.193 44.08 0.267 - 0.177
420.0 42.28 - 0.280 0.188 Sy - .
4800 | - - . 45.g 0.261 0.171
600.0 42.54 0.280 | " 0.188 d4.8T 0.259 0.169
©720.0 |+ 41.88 0.278 0.187 42.41 . 0.257 0.168
900.0 41.21 0.280 0.188 43.25 0.255 0.166
1080.0 41.65 0.280 0.189 - - -
1200.0 41.23 0.280 < 0.188 44.02 0.256 0.164
EQUBR | 40.02 - - 43.25 0.256 0.164
! y
| Table B4.2: Interfacial Data for the System: 0.20 mM OQleic in HD /0.25 mM NaQH |
Time DROP NO 1 - - DROP NO 2
in [ IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10* ) | (m® x 107) (mN/m) | (m?* x 10" ) | (m® x 107)
- 5.0 35.67 0.254 0.162 35.55 0.248 0.157
60.0 37.23 0.254 0.163 36.05 0.247 0.156
© 180.0 35.07 0.253 0.162 - 33.77 0.242 0.151
300.0 31.40 0.248 0.157 34.15 0.240 0.149
480.0 | 32.99 0.251 0.159 31.19 0.235 0.144
600.0 34.45 0.253 0.161 31.46 0.234 0.143
720.0 33.23 0.253 0.161 29.00 0.233 0.141 -
" 900.0 32.75 - 0.253 0.160 29.17 0.233 0.142
1200.0 32.07 0.255 0.161 - - -
EQUBR | 32.07 - - 30.32 -
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{ Table B4.3: Interfacial Data for the System: 0.20 mM Oleic in HD /1.25 mM NaOH |

Time DROP NO 1 : DROP NO 2

in | IFT Surf Area | Drop-Vol IFT Surf Area Drop Vol
(Secs} | (mN/m) | (m? x 10%) | (m® x 107). || (mN/m) | (m? x 10* ) | (m® x 107)
5.0 24.91 0.216 0.125 27.15 0.217 0.127
30.0 25.35 0.217 0.126 25.67 | .0.215 0.125
60.0 | 24.86 0.216 0.125 25.45 0.216 0.125
180.0 24,25 0.214 0.124 24.50 0.215 0.125
300.0 24.82 0.214 | 0.124, 24.33 0.214 0.124
420.0 2331 0.211 P.m - - -
480.0 - - s 24.68 0.210 0.121
600.0 24.56 0.211 0.121 25.77 0.210 0.120
720.0 25.76 0.211 0.121 26.16 0.210 - 0.121
900.0 24.76 0.210 0.120 25.29 0208/ o119
1080.0 . . - 26.51 0.209 0.121

EQUBR | 25.75 - - 25.99 - -
=% -

[ Table B4.4: Interfacial Data for the System: 0.20 mM Oleic in HD /2.50 mM NaOH |

IO Time DROP NO 1 DROP NO 2
in [FT Surf Area Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10% ) | (m® x 10%) || (mN/m) | (m? x 104 ) | (m3 x 108)
5.0 2415 0.153 0.790 23.22 0.160 0.810
30.0 21.63 0.154 0.780 - - -
60.0 21.48 0.154 - 0.770 21.12 0.158 0.800
180.0 20.57 0.150 10.740 18.81 0.154 0.760
300.0 21.01 0.150 0.720 21.41 0.153 0.760
4200 24.15 0.145 0.710 - . -
180.0 . . - 23.78 0.150 . 0.740
600.0 | 24.70 0.144" 0.700 || 25.25 0.148 0.730
720.07 | 23.13 0.141° 0.700 23.61 0.146 0.730
900.0 21.24 0.141 0.680 25.97 '0.145 0.720
| 1080.0 | 23.08 0.140 0.670 - - -
EQUBR | 23.79 ' .- z 24.65 - -
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| Table B4.5: Interfacial Data for the System: 0.20 mM Oleic in HD /12.50 mM NaQH |

Time DROP NO 1 — DROP NO 2
in’ IFT  |.Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) [ (m? x 10%) | (m? x 108) || (mN/m) (m?x10%) | (m®x108)
5.0 11.96 0.820 0.300 12.40 0.860 0.320
30.0 8.53 0.320 0.300 - 83.43 0.860 0.320
60.0 779 0.830 0.300 7.72 0.870 0.320
120.0 - - - 7.63 0.840 0.301
180.0 9.21 0.780" 0.280 9.95 - 0.820 0.294
240.0 - - - 12.13 0.800 0.200
300.0 14.80 0.760 0.274 14.58 0.780 0.290
EQUBR 14.80 - - 13.36 - -
| Table B4.6: Interfacial Data for the System: 0.20 mM Oleic in 11D /25.00 mM NaOil |
Time DROP NO 1 : DROP NO 2
in IFT Surf Area Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10° ) [ (m® x 108) (mN/m) | (m? x 10% ) | (m” x 108)
5.0 10.13 0.540 0.164 12.32 0.430 0.110
30.0 5.95 0.550 0.163 7.89 0.435 0.120
60.0 6.24 0.550 0.163 7.21 0.430 - 0.116
90.0 6.97 0.540 0.163 1.79 0.420 0.113
120.0 7.93 0.541 - 0.163 10.09 0.410 0.112
150.0 | #8.19 0.530 0.160 10.67 0.410 0.110
180.0 10.03 0.540 0.162 12.77 3.410 0.110
EQUBR | 11.37 - - 11.51 - -

| Table B4.7: Interfacial Data for the System: 0.20 mM Oleic in HD /125.00 mM NaOH |

Time DROP NO 1 - DROP NO 2

in IFT Surf Area |. Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m} | (m?x 10°) | (m® x 10%) || (mN/m) | (m? x 10 ) (m?* x 109)
5.0 5.77 0.160 0.280 7.19 * 0.160 0.300)
20.0 0.98 - - 1.05 N -
40.0 1.13 0.160 0.260 1.05 - -
60.0 1.58 0.150 0.250 1.56 0.160 0}.280
80.0 3.16 0.140 0.220 1.78 0.150 -0.250
100.0 4.78 0.146 0.250 1.91 0.140 - 0.210

ot
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B.3.3 Data for 0.6125 mM Oleic Acid/Caustic Systems
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[ Table B5.1: Interfacial Data for the System: 0.

6125 mM Oleic in HD [Double Distilled Water ]

Time DROP NO | _ "DROP NO 2

in . IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10*) | (m® x 107) || (mN/m) { (m? x 10%) (m3 x 107)

5.0 39.26 0.280 0.188 44.16 0.293 0.204
30.0 41.33 0.281 0.190 - - -
60.0 41.30 0.281 0.190 42.16 0.293 0.203
180.0 40.73 0.281 0.190 41.75 0.292 0.203
300.0 39,50 0.281 0.190 39.77 0.293 0.202
420.0 \/?9(:3 0.282 0.191 - - -
480.0 - - - 40.94 0.294 0.204
600.0 38.16 (.284 0.193 41.62 - 0.293 0.203
720.0 36.66 0.285 0.194 40.25 0.295 0.205
900.0 3737 0.284 0.193 40.54 0.295 - 0.205:
1080.0 | - . - o || 4105 0.296 0.206°

EQUBR 36.86 0.285 0.194 - 40.94 - -

- | Table B5.2: Interfacial Data for the System: 0.6125 mM Oleic in HD /0.25 mM NaQH
Time DROP NO 1 B DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10*) | (m® x 107) | (mN/m) | (m?* x10*) { (m®x 107)
5.0 33.25 .207 0.121 38.92 0.219 0.133
30.0 31.58 .206 0.120 - - -
60.0 31.60 0.207 0.121 33.35 0.217 0.130
180.0 28.23 0.206 0.120 30.18° 0.218 0.130
300.0 25.50 0.207 0.120 20.73 0.220 - 0.131
420.0 22.59 0.208 0.120 - - -
4800 | - ; . 24.31 0.223 0.131
600.0 19.67 0.210 0.120 21.36 0.224 0.131
EQUBR | 19.94 R © - 20.03 L -
t N
{ \
. SR N . —~

c
\
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| Table B5.3: Interfacial Data for the System: 0.6125 mM Oleic in HD /1.25 mM NaOH |

Time DROP NO 1 _ ‘ DROP NOQ 2
in IFT P Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) [ (m2x 10%*) | (m3 x 10%) | (mN/m) | (m?*x 104 )| (m® x 107)
5.0 19.29 - 0.181 0.964 18.92 0.199 0.110
300 | 18.30 0181 | o096 I/ - . .
60.0 18.87 - 0.182 0.970 18.02 0.199 0.110
180.0 17.64 0.180 0.960 18.17 0.200 0.110
~300.0 18.35 0.181 0.960 18.07 0.198 0.109
420.0 18.58 0.180 0.950 - - -
480.0 - - - 18.67 0.195 . 0.107
600.0 19.50 0.181 0.964 19.59 0.195 0.107
720.0 19.27 0.180 0.950 +19.74 0.195 0.107
900.0 19'50.& 0.180 0.9§U 19.90 0.1%4 0.106
1080.0 % 19.89 0.184 0.980 20.00 0.193 0.106
EQUBR | 19.53 - .- .19.81 T -

-

| Table B5.4:  Interfacial Data for the System: 0.6125 mM Oleic in HD /2.50 mM NaOH |

Time \\ DROP NO 1 : DROP NO 2
in [FT Surfl Area | Drop Vol IFT Surf Area Drop Vol
(Sees) | (mN/m) | (m2x 10% } | (m® x 108) || (mN/m) | (m? x 10 ) | (m3 x 108)
5.0 12.93 0.123 0.546 13.10 0.156 0.760
30.0 12.53 0.125 0.550 - 12.79 0.156 0.758
60.0 11.55 0.124 - 0.547 11.96 0.155 0.745
120.0 . . . - 11.84 0.155 0.743
180.0 12.44 0.123 0.546 11.67 0.156 0.740
300.0 13.80 0.123 0.546 12.83 0.153 0.740
420.0 15.70 0.122 0.545 17.09 | 0.154 0.760
600.0 17.93 0.121 0.542 " 18.76 0.152 0.760
EQUBR | 18.39 - - 18.80 - -
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Table B5.5: Interfacial Data for the System: 0.6125 mM Oleic in HD /12.50 mM NaOli |

Time DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surfl Area Drop Vol
(Secs) | (mN/m) | (m?x10%) | (m® x 10%). || (mN/m) | (m? x 105 )| (m® x 10%)
5.0 2.18 0.280 0.600 1.48 -
20.0 2.42 0.271 0.580 1.56 -
40.0 2.53 0.261 0.560 1.36 -
600 | 273 0.242 0.500 1.51 - B
80.0 - - - 3.65 0.280 0.620
100.0 - - - 7.02 0.270 0.600
EQUBR 7.39 9.04 - -

| Table B5.6: Interfacial Data for the System: 0.6125 mM Oleic in HD /25.00 mM NaOH ]

222

Time DROP NO'1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10% ) | (m® x 10%) || (mN/m) | (m? x 10° ) (m? x 109)
3.0 1.05 |- - - 1.16 - )
10.0 1.12 - - 1.84 0.198 '0.370
20.0 1.58 0.220 0.440 1.90 0.197 0.371
30.0 1.86 0.218 0.422 2.25 0.199 0.380
40.0 2.26 0.210 0.400 2.55 0.185 0.340
50.0 3.45 0.200 0.380 4.62 0.182 0.340
60.0 6.%)%/ 0.196 0.377 . - .
EQUBR | 10. : - - -

!
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~ (Table B6.d: Interfacial Data for the System: 1.00 mM Oleic in HD /Double Distilled Water |

Time - DROP NO 1 DROP NO 2

in IFT Surf Asea | -DProp Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10* ) | (m® x 107) || (mN/m) [ (m? x 10*) (m® x 107)
5.0 40.26 0.284 0.193 40.83 - 0.279 0.188
30.0 40.40 0.284 -0.193 40.93 0.278 0.186
60.0 39.62 0.283 0.191 - - -
120.0 - - - 38.29. 0.276 0.184
180.0 38.68 0.281 0.188 39.28 0.276 ' 0.184
300.0 39.05 0.280 0.187 38.61 0.274 0.183
420.0 38.54 0.279 0.186 - - -
480.0 - - - : 37.49 ° 0.274 . 0.182
600.0 37.44 0.278 0.184 % 37.76 0.273 0.181
720.0 - 37.66 0.278 0.184 35.93 0.272 0.180
900.0 37.56 0.278 0.186 36.99 0.272 0.180

EQUBR | 34.19 - - 36.06 - -

[ Table B6.2: Interfacial Data for the System: 1.00 mM Oleic in HD /0.256 mM NaOll |
Time DROP NO | DROP NO X
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Sg%S) (mN/m) | (m? x 10 ) | (m® x 107) || (mN/m) | (m? x 10*) | (m” x 107)
5.0

35.64 0.193 0.111 35.12 0.250 0.158
30.0 33.72 0.191 0.110 30.38 0.246 0.154
60.0 32.44 0.192 0.110 30.24 0245 0154 4
180.0 26.78 0.192 + 0.110 - 26.82 0:249 0.157

300.0 26.55 0.195 0.110 -ff© 27.77 0.250 0.156

420.0 _ - - 25.69 0.252 0.156
600.0 . - . 22.38 0.253 0.1
EQUBR [ 22.81 - - 20.26 - T -
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| Table B6.3: Interfacial Data for the System: 1.00 mM Oleic in HD /1.25 mM NaOH |

Time DROP NO 1 DROP NO 2 _
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10% ) | (m® x 108) || (mN/m) | (m?® x 10%) | (m® x 10%)
- 5.0 17.18 0.180 0.950 15.27 0.170 0.880
30.0 15.36 0.178 0.920 - - e
60.0 15.28 0.178 . 0.923 15.01 0.172 0.880
180.0 14.74 ' 0.177 0.912 15.56 0.172 0.879
300.0 15.19 0.177 0.912 15.52 0.171 0.870°
420.0 15.32 0.175 0.900 - - -
480.0 - - - - 15.22 0.170 0.850
600.0 16.56 0.175 0.905 15.71 0.168 0.852
7200 | 16.12 0.174 0.900 16.49 0.168 0.857
900.0 16.99 0.174 0.900 16.81 -+ 0.168 - 0.852
| 1080.0 16.77 . 0.174 0.903 17.15 0.167 0.850
EQUBR | 16.88 - - 16.82 -0 -
A

i

[ Table B6.4: Interfacial Data for the System: 1.00 mM Oleic in HD /2.50 mM NaOH |

225

Time DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area | .Drop Vol
(Secs) | (mN/m) | (m? x 10° ) | (m® x 10®) || (mN/m) [ (m? x 10°) | (m3 x 109)
5.0 8.52 0.970, 0.380 954 |  0.990 0.390
30.0 8.14 0.987 0.385 9.35 0.991 0.392
60.0 7.85 0.981 0.381 8.27 0.995 0.392
120.0 - - , 8.54 0.987 0.387
180.0 8.76 0.960 0.374 8.67 0.961 0.374
300.0 10.33 0.940 0.370 10.13 0.940 0.362
- 420.0 14.05 0.930 0.370 . - -
480.0 - - ; 13.14 0.920 0.360
600.0 14.05 0.900 0.360 15.24 0.900 0.360
EQUBR | 14.05 T . 14.35 - | o .- -
_ i
A
ﬁ .
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| Table B6.5: Interfacial Data for the System: 1.00 mM Oleic in HD /12.50 mM NaOH .
[ Time DROP NO 1 DROP NO2
in IFT Surf Area | Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10° ) {-(m3 % 10%) || (mN/m) | (m? x 105 ) | (m? x 10%)
5.0 0.97 - : 129 | 0.160 10,280
10.0 - - C. 1.51 0.167 0.2690
20.0 1.77 0.189 ‘0.350 2.15 " 0.164 0.290
30.0 S : : 5.39 0.163 0.294
40.0 2.80 '0.181 - 0.340 2.27 0.161 0.291
60.0 5.28 - 0.180 0.340 - - -
80.0 4.80 0.180 - 0.330 . - .
EQUBR 9.42° - - 8.23 - -
1

-

| Table B6.6:Interfacial Data for the System: 1.00 mM Oleic in HD /25.00 mM NaOH |

Time DROP NO 1 DROP NO 2
in IFT Surf Area Drop Vob IFT | Surf Area |’ Drop Vol
(Secs) | (mN/m) | (m? x 10° ) | (m® x 10%) | (mN/m) [ (m? x 105 ) | (m? x 10%)
3.0 1.01 0.140 0.226 1.18 - 0.160 0.268
100 J 111 0.140 0.224 1.20 0.160 0,267
20.0 1.31 0.140 0.230 1.06 0.154 0.250
30.0 1.67 0.140 0.230 1.94 0.157 0.260
40.0 2.80 0.143 0.240 3.21 0.152 0.260
-+ 50.0 2.13 0.134 0.220 4.88 0.152 0.260
60.0 3.52 . 0.140 0.230 2.26 0.144 0.240
70.0 2.72 0.138 0.230 2.70 0.144 0.240
EQUBR 5.20" - - - - -
.
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B.4 Interfacial Data for the Binary Mixture Systems .

—
B.4.1 Data for M1/Caustic Systems
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Table B7.1: Interfacial Data for the Syst®m: M1/Double Distilied Water

Time DROP NO 1 DROP NO 2

in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 104 ) | (m® x 107) || (mN/m) | (m? x 10%) (m3 x 107)

5.0 34.47 0.283 0.189 34.95 . 0.283 0.191
300 | 33.78 0.282 - 0.188 . - .
60.0 | 31.19 - 0.280 0.186 32.62 0.282 ~ 0.188
180.0 33.20 0.283 0.189 J2.62 0.282 0.189
300.0 32.13 0.281 0.187 33.63 0.283 (.189
420.0 32.56 0.281 0.186 - - .-
480.0 - . - - 34.34 0.283 (.189
600.0 32.30 0.281 0.186 33.53 0.283 0.187
720.0 33.26 0.282 0.188 33.88 0.281 0.186
900.0 32.90 0.282 0.188 35.27 0.283 0.189
1080.0 34.55 0.284 0.190 35.11 0.282 0.189
1200.0 | 33.19 0.284 0.190 34.60 0.283 0.189

\ ] g
=
[ Table B7.2: Interfacial Data for the System: M1/0.25 mM NaOH |

Time DROP NO 1 DROP NO 2

in IFT Surf Area | Drop Vol IFT .| Surf Area | Drop Vol
(Secs) | (mN/m) { (m? x 10* } | (m® x 107) || (mN/m) | (m? x 10* ) | (m® x 107)
5.0 31.15 0.263 0.170 32.04 0.272 0.178
30.0 30.23 0.262 0.168 - - /
60.0 32.69 0.265 0.172 32.41 0.273 0.179
180.0 31.75 0.263 0.170 30.83 . 0.270 0.176
300.0 31.73 0.264 0.170 31.63 0.271 0.177
420.0 29.64 0.260 0.166 - - -
480.0 - - - 31.59 0.271 0.177
600.0 31.04 0.262 0.168 32.17 0.272 0.178
720.0 30.68 0.264 0.170 31.17 0.271 0.177
900.0 | 30.42 0.261 0.167 31.03 10.271 0.176
1080.0 30.21 0.261 0.167 - - -
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Interfacial Data for the System:

] Table B7.3:

M1/1.25 mM NaOH

Time DROP NO 1 - DROP NO 2

in - [FT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 104 ) | (m® x 107} | (mN/m) | (m? x 10% } | (m3 x 107) -

5.0 - Oy - 2744 0.243 0.150
300 | 28.25 0.245 0.151 . 27.03 0.243 0.150
600 | 27.96 0.244 0.151 27.08 0.242 | 0.148
1200 | 26.79 0.243 0.150 . - L.
180.0 | 26.43 0.245 0.151 26.86 0.242 0.149
300.0 | 26.89 0.244 0.151 || 26.12 0.242 0.148 ¢
420.0 | 25.57 0.243 0.149 .- . . \
480.0 - - - 25.01 0.241 0.146
600.0 | 26.82 0.244 0.150 25.46 0.240 0.146
720.0 | 27.70 0.244 0.150 26.10 0.241 0.147
900.0 | 27.90 0.244 0.151 124,67 0.240 0.145
1080.0 . - . 26.25 0.240 0.146

|_ Table B7.4: Interfacial Data for the System: M1/2.50 mM NaOH |

Time DROP NO 1 . DROP NO 2

in IFT Surf Area Drop Vol IFT Surf Area | Drop Vol
Secs) | (mN/m) | (m? x 10*) | (m® x 107) || (mN/m) | (m? x 10* ) | (m® x 108)
5.0 24.89 0.200 0.114 23.26 0.168 0.880
300 | 23.98 0.200 0.113  |* 21.784 0.167 0.870
60.0 | 2349 |  0.200 0.112 22.56 0.168 0.880
120.0 - . . 22.09 0.168 0.881
180.0 | 22.78 0.260 0.111 21.36 0.168 0.875
3000 | 22.81 0.200 0.112 21,28 0.167 0.866
4200 | 21.89 0.198 0.110 - - .
480.0 | - . 21.14 0.166 0.860
600.0 | 22.62 0.198 0.111 21.57 0.167 0.870
7200 | 2196 0.197 0.110 20.60 0.166 0.852
900.0 | .23.46 0.198 0.111 21.01 0.166 0.862
1080.0 | - - - 21.24 0.167 0.864

-

~
)
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[ Table B7.5: Interfacial Data for the System: M1/12.50 mM NaQH |

Time DROP NO 1 T DROP NO 2

in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10* ) | (m® x 10%) || (mN/m) | (m? x 10" ) | (m? x 108)
10.0 13.26 0.106 .0.430 - - -

30.0 | 10.42 0.104 0.420 12.74 0.113 0.170
60.0 10.18 0.104 0.410 11.74 0.1 0.170
120.0 10.29 0.100 0.400 12.19 .0.,109 0.-450
180.0 12.86 0.100 0.403 14.16 0.108 0450
240.0 13.48 0.099 0.395 14.31 0.105 0.440
300.0 13.93 0.086 0.380 15.96 0.104 0.-130
360.0 15.89 0.095 0.376 16.72 0.104 0.430
420.0 16.79 0.094 0.370 | - - -
480.0 - - - | 20.94 0.103 0.125

[ Table B7.6: Interfacial Data for the System: M1/25.00 mM NaQH |

Time \, DROPNO 1 DROP NO 2

in IFT Y\ Surf Area | Drop Vol (FT Surf Area | Drop’ Vol
(Secs) | (mN/m) | (m?x 10% ) | (m3 x 10 || (mN/m) | (m? x 10% ) | (m?® x 10%)

5.0 6.40 0.350 0.870 .- - -

10.0 - - - \ 7.72 0.620 0.196
30.0 5.38 0.347 0.851 7.33 0.620 0.195
60.0 J 6.29 /9.340 0.824 7.37 - 0.612 0:192-
120.0 9.44 |- 0.330 0.806 8.81 0.589 0.184
180.0 | 12.13 / 0.324 0.787 11.92 0.591 0.188
240.0 i ( ; . 13.46 | - 0.581. 0.185
300.0 -1 - - 15.56 0.574 0.182
360.0 - - T 14.82 0.563 0.180
420.0 - - - 15.85 0.565 0.178
480.0 - - 17.90 0.565 0.179




.
[ Table B7.7: Interfacial Data for the System: M1/125.00 mM NaOH |
Time . DROP NO'1 ' DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) [ (m? x 105 ) | (m® x 10%) || (mN/m) | (m? x 10%) | (m® x 10°)
5.0 4.59 0.240 | 0.500 . - -
130.0 3.69 0.240 0.490 5.57 0.350 0.850
60.0 3.77 0.234 .0.477 3.34 0.320 0.700
90.0 " | . 4.87 0.225 0.455 3.65 0.302 0.6%0 |71
120.0 | 6.83 0.221 0.450 5.37 07300 0.673
150.0 | - 8.46. 0.213 0.430 6.15 0.283 0.640
210.0 - - . 7.97 * 0.260 0.560
Ran
[v]
. k]
[ Table B7.8: Interfacial Data for the System: M1/200.00 mM NaOH |
Time DROPNO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m)-| (m? x 10%) | (m® x 10°) || (mN/m) | (m? x 10° ) | (m® x 10°)
50 |. 4.03 0.210 0.500 4.50 0.380 0.950
20.0 3.76 0.240 0.500 4.10 - 0.380" 0.940
40.0 3.94 » 19.240 0.500 4.03 0.372 0.920 )
60.0 3.64 0.240 0.481 4.25 0.360 0.380 ™
80.0 3.62 0.234 0.470 4.16 0.355 0.860
100.0 4.12 0.231° 0.465 4.31 0.350 0.840
140.0 4.10 0.222 0.440 . 4.72 0.340 0.802
160.0 | 4.06 0.220 0430 ‘| 5.04 0.330 0782 |
180.0 | - - . - . 5.18 0.331 0.782
. {
-~
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B.4.

Data for M2/Caustic Systems
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[ _Table B8.1: Interfacial Data for the System: M2/Double Distilled Water |

Time DROP NO 1 DROP NO 2
. in “IFT Surf Area | Drop Vol IFT - |..Surf Area | Drop Vol i
(Secs) | {(mN/m) | (m? x 10* ) | (n x 10%) || (mN/m) | (m? x 10¢ ) | (m® x 107)
5.0 35.00 0.169 ' 34.25 0270 [ 0.180
30.0 34.70 . 0.167. 3530 | 0.270 0.180
£0:0 33.24 - 0.166 34.61 0.270 0.177
180.0 | 32.78 0.164 3327 - 0.270 0.177
300.0 | 33.92 . 0,163 © 34.08 0.270 0.177
T420.0 33.57 0.161 - . ;
480.0 . - - 34.54 0.269 0.176,
600.0 | 36.51 0.162 0.852 33.29 1 0.269 0.177
720.0 | 35.47 0.160 0.840 33.18 0.268 0.175
900.0 - . - . 34.08 0.269 0.177
1080.0 . . I 33.40 0.270 0.177
o«
/ F)
AN -
I Table B8.2: Intérfacial Data for the System: M2/0.25 mM NaOH —|
Time DROP NO 1 . DROP NO 2 ,
in IFT Surf Area Drop Vol IFT Surf Area Drop Vol
(Sees) | (mN/m) | (m? x 10* )\| (;n3 x 107) |} (mN/m) | (m? x 10% ) | (m® x 107)
5.0 32.50 0.246  [~—0:154 33.36 0.262 0.170
30.0 33.21 0.246 0.155 - - -
600 | 32.94 0.247 0155 ||®33.15 | 0263 0.171
180.0 | 33.38 0.245 "0.153 32.94 - 0.261 0.169
300.0 | 34.17 0.243 0.152 32.96 0.260 0.167
420.0 | 33.23 0.241 0.150 . - -
480.0 . - - 33.21 . 0.257 0.166
600.0 | 32.39 0.239 0.148 33.32 0.258 0.166
7200 | 32.77 0.239 . 0.149 32.31 0.258 0.166
900.0 | 31.48 0.238 0.147 32.88 0.257 0.165
1080.0 { 32.03 0.239 0.148 33.21 0.261 0.170
1200.0 { 31.83 0.239 0.148 - - .
) 233
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[ Table B8.3: Interfacial Data for the System: M2/1.25 mM NaOH |
Time DROP NO 1 DROP NO 2
in IFT Surf Areca Drop Vol IFT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10%) |.(m® x 107) || (mN/m) | (m? x 10%) (m3 % 107)
5.0 27.92 - 0.234 0.142 30.59 0.238 0.116
30.0 28.90 0.235 0.144 20.14 0.238 0.146
60.0 28.03 0.234 0.142 30.11 0.238 0.147
180.0 25.72 0.231 0.138 26.85 o 0.234 0
300.0 26.97 0.231 0.139 27.51 0.232 0L
420.0 | 26.43 0.228 0.136 - . -
480.0 - - . 26.66 0.231 0.139
600.0 25.78 0.225 0.134 26.00 0.228 0.137
720.0 28.45 0.227 0.136 .. 26.29 0.229 0137
900.0 | 29.58 0.227 0137 [[*o7.24 0:228 0.136
1080.0 27.51 0.224 0.134 27.69 0.227 0.1.36
K : .
2
B Table B8.4: Interfacial Data=for the System: M2/2.50 mM NaOll ]
Time DROP NO 1 DROP NQO 2
in IFT Surl Area | Drop Vol - I[FT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10" ) | (m3 x 10%) || (mN/m) | (m? x 10* ) | (m3 x 107)
5.0 29.11 0.160 0.860 23.86 0.193 0.107
30.0 29.11 0.160 0.854 23.87 0.191 0.106
60.0 27.09 0.161 0.830 23.84 0.191 0.106
180.0 26.20 0.156 0.800 23.22 0.190 0.104 ¢
300.0 26.20 0.153 0.770 22.33 0.188 0.102
420.0 24.15 0.150 0.750 - .- -
480.0 - - - 22.96 0.188 0:103
600.0 21.81 0.147 0.720 20.53 0.186 0.101
720.0 23.38 0.147 6.730 19.96 0.187 0.100
900.0 - - - 19.68 0.187 0.101
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'fable BS:'S':_’ [nterfacial Data for the System: M2/12.50 mM NaOH

|

Time S DROPNO 1 DROP NO 2
~in IFT [~Surf Area Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10°-) | (m3 x 10%) || (mN/m) | (m? x 105 ) | (m® x 10%)
5.0 - 8.63 ) U.QTO 0.220 - 9.03 0.698 0.230
30.0 7.75 0663 0.216 8.02 0.707 0.236
60.0 8.24 - 0.650 0.211 8.02 0.700 0.232
120.0 9.64 0.623 0.200 9.28 0.700 0.232
| 180.0 12.11 0.588 0.188 - 11.32 0.672 0.230
240.0 18.60 0.581 - 0.186 13.20 0.664 0.224
300.0 18.38 0.550 0.180 12.46 0.652 0.222
360.0 - - - 19.54 0.656 0.222
-‘.
N
I Table B8.6: Interfacial Data for the System: M2/25.00 mM NaOH |
Time DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10° ) | (m® x 10%) || (mN/m) | (m? x 10% ) | (m® x 108)
. 4.88 0.557 0.163 5.62 0.440 0.118
3.65 - - 4.76 0.439 0.117
4.50 0.564 0.163 4.59 0.439 0.117
*4.86 0.536 0.163 6.21 0.428 0.116
5.61 0.550 0.162 7.09 0.427 0.115
9.53 0.541 0.164 10.02 0.423 0.115
11.50 0.540 0.165 13.64 0.420 0.114
14.19 0.537 " 0.165 - - -
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Table B8.7: Interfacial Data for the System: M2/125.00 mM NaOIli

Time ' DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
\{Secs) (mN/m) (Ar_n2 x 10% ) | (m® x 10°) Il (mN/m) | (m? x 10° ) | (m? x 10%) |
/ 5.0 2.95 0.190 0.340 3.64 0.212 010
200 [ 265 | 0.200 0.374 3.00 0220 0.430
00 | 258 | 0207 0.389 2.59 0.223 0.431
60.0 | 2.8 0.205 0.389 299 | 026 0.416
800 | 368 | 0210 0.407 434 0.215 0.420
100.0 | 4.80 0.214 0.423 5.84 0.213 0.419
120.0 | 4.86 0.216 0.428 | 7.85 0.214 0.426
140.0 | 6.07 0.220 _0.440 8.80 0.214 0.426
N

——
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B.4.3

Data for M3/Caustic Systems
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L Table B9.1: Interfacial Data for the System: M3/Double Distilled Water |

Time DROP NO 1 DROP NO 2

in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10% } | (m® x 107) || (mN/m) | (m? x 10* ) | (m3 x 107)

5.0 34.76 0.269 | 0.176 © 3547 0.292 0.108
30.0 35.53 0.269 0.176 - - .
60.0 33.85 - 0.268 0.175 34.73 0.291 0.197
180.0 34.21 0.266 0.173 34.18 0.200 0.195
300.0 34.66 0.266 0.173 35.91 0.292 0.197
420.0 33.36 0.264 0.172 - . -
480.0 - T - 34.28 0.289 0.194
600.0 | 33.79 0.264 0.171 35.18 0.290 - 0.195
720.0 33.82 0.264 0.171 34.97 0.289 0.195
900.0 34.41° 0.265 0.172 34.74 0.289 0.194
1080.0 : - . 35.40 0.291 0.196
1200.0 | 33.33 0,265 0.172 - - -

AN
B Table B9.2: Interfacial Data for the System: M3/0.25 mM NaOll |

Time DROP NO 1 DROP NO 2

in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) [ (m? x 10*) | (m® x 107) | (mN/m) | (m? x 104 ) | (m?® x 107)

5.0 32.46 0.202 0.117 33.08 0.240 0.14%
60.0 31.40 0.202 0.117 30.91 " '0.239 0.148
180.0 32.04 0.202 0.117 30.32 0.238 0.147
300.0 31.45 0.201 0.116 30.23 0.237 0.146
420.0 31.12 0.200 0.115 - - -
480.0 - - - 30.86 0.237 0.146
600.0 31.22 0.200 0.115 29.69 0.237 0.144
720.0 31.58 0.201 0.116 31.16 - 0.237 0.146
900.0 31.40 0.200 0.115 29.74 0.235 0.144
1080.0 | 31.07 0.200 © 0.115 31.54 0.236 0.145
12000 | . - - - 30.66 0.235 0.144
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; [_ Table B9.3: Interfacial Data for the System: M3/1.25 mM NaOH _
j Time DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10%) | (m3x 107) || (mN/m) (m? x 104 ) | (m® x 107)
5.0 26.34 0.213 0.124 27.58 |  0.218 0.128
308, | 26.71 0.214 . 0,125 - - -
60.0 | 24.60 0.213 0.124 25.93 0.218 0.128
180.0 | 24,92 0.215 0.126 24.77 0.216 0.126
300.0 | 25.07 0.216 0.126 24.77 0.216 0.126
420.0 | 23.42 0.213 0.123 - . -y
480.0 . T . 24.09 0.215 0.125 ./
600.0 | 21.93 0.212 0.122 24.40 0.215 0.125
720.0 | 21.72 0.212 0.122 24.68 0.215 0.125
900.0 | 22.79 0.215 0.124 25.56 0.216 0.126
1080.0 | 22.40 0.215 0.124 . 25.06 0.214 0.124
| Table-B9.4: Interfacial Data for the System: M3/2.50 mM NaOH
Time DROP NO 1 "DROP NO 2
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10*) | (m® x 10%) || (mN/m) | (m? x 10% ) | (m® x 108)
50 | 23.54 0.100 0.420 25.64 0.153 0.770
30.0 | 22.86 0.100 0421 [~ 25.01 0.153 0.770
60.0 | 25.03 0.102 0.430 22.07 0.152° 0.760
120.0 | 21.65 0.099 0.411 - . -
180.0 | 18.05 0.099 0.407 -22.61 0.151 0.756
300.0 | 13.66 0.099 0.401 19.86 0.149 0.740
420.0 | 13.27 0.099 0.405 .19.78 0.149 0.740
600.0 | 15.03 0.100 0.412 15:30 0.151 0.740
720.0 | 15.05 0.098 0.403 13.58 0.152 0.735
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Table BI.5:

Interfa.ma.l"Data lor the Sys.
tern: M3/12.50 mM NaOll '
Time IFT Surf Area Drop Vol
Secs) | (mN/m) | (m? x 10°) | (m® x 10%)

R ) 5.23 0.620 0.195

' 30.0 4.85 0.640 0.200
60.0 6.77 0.631 0.200
120.0 9.37 0.622 - 0.200
180.0 7.31 0.600 0.189
240.0 12.31 0.604 0.195
300.0 | 14.31 0.589 0.189
360.0 15.30 0.580 0.185

./

&

Table B9.6: Interfacial Data for the System:
M3/25.00 mM NaOH

Time IFT Surf Area Drop Vol
(Secs) [ (mN/m) | (m? x 10%) | (m® x 10° )

5.0 1.39 - - i
20.0 1.29 - -

40.0 1.52 - -

60.0 2.05 - -

80.0 3.56 0.310 0.730
100.0 |  4.45 0.305 0.710
120.0 5.99 0.308 0.722
140.0 7.27 0.305 | 0.713
160.0 8.80 0.300 0.703
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B.4.4 Data for M4/Caustic Systems
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[ Table BIO L: Interfacial Data  for the System M4/ Double Distilled Wa.ter_,
Time ~ DROPNO 1 1 DROP NO 2
in IFT Surf Area | Drop Vol || IFT Surf Area | Drop Vol
(Secs) mN/mS (m?x 10*) | (m*x 107) | (mN/m) | (m? x 10%) | (m® x 107).
5.0 39.23 0.280 0.190 36.54 0.280 0.190
300 | 36.26 0.280 | 0.188 . - -
60.0 | 37.93 0.281 0.189  |[¥ 34.61 0.281 . 0.187
180.0 | 35.68 0.273 0.180 35.10 0.280 0.186
300.0 34.48 0.270° 0.176 34.50 0.277 0.184
420.0 33.99 0.266 0.174 - - -
480.0 - - - 32.79 0.275 0.181 -
600.0 35.38 0.266 0.174 3498 | 0.276 0.183
720.0 35.65 0.264 0.173 33.76 ., 0.275 0.181
900.0 | 34.71 0.262 0.170 3461 || 0275 0.182
1080.0 - - - 33.94 / 0.274 0.180
1200.0 34.60 0.261 0.170 - / - -
|
P
-"'/'I . v

[ . Table B10.2: Interfacxal Data for the - the System: M4/0:25 mM Na.OH

[ Time | ~ DROP ] NO1 'DROP NO 7

in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10*) | (m3 x 107) || (mN/m) | (m? x 10* ) | (m? x 107) |

5.0 32.75 0.215 0.128 33.16 0.224 0.136
60.0 31.84 - 0.214 0.127 31.93 0.224 0.136
180.0 32.27 0.214 0.127 32.65 0.224 0.136
300.0 | 32.57 0.215 ° 0.128 32.88 0.224 0.136
420.0 31.02 0.213 0.125 - - -
480.0 - - .- 31.25 0.222 0.132
600.0 30.81 0.212 0.125 32.38 0.220 0.132
720.0 33.13 0.213 0.126 31.52 0.221 0.133
900.0 31.30 0.211 0.124 32.52 0.220 0.132
1080.0 31.10 0.211 0.124 33.30 0.220 0.132
1200.0 - - - 32.74 0.220 0.132
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| Table B10.3: Interfacial Data for the System M4/1.25 mM Na.OH |

243

T:me " DROPNO 1 DROPNO 2 |
in IFT Surf Area | Drop Vol IFT Surf Area | Drop VoF
{Secs) | (mN/m) | (m? x 104) | (m® x 107) || (mN/m) | (m? x 104 ) | (m3 x 107)
5:0 28.32 0.206 0.119 28.57 0.189 0.105
30.0 26.34 0.205 0.118 - - -
60.0 25.43 0.204 0.117 27.40 0.188 0.104
180.0 25.30 0.206 - 0.118 25.31 0.187 0.104
300.0 22.96~ 0.203 0.115 26.25 0.138 0.104
420.0 23.76 0.205 0.117 - - -
480.0 - - - 23.50 0.184 0.101
600.0 23.34 | " 0.204 0.116 24,30 . 0.186 0.102
720.0 22.97 0.205 0.116 " 23.94 0.186 0.102
}900.0 | 23.14 0.204 0.116 24.88 0.186 0.102
1080.0 | 24.02 0.205 <y 0117 24.55 0.186 0.102
1200.0 - -/ - 24.47 0.185 0.101
4
L Table B10.4: Interfacial Data for the Svstem M4/2.50 mM NaOH
Time ~ DROPNO 1 DROP NO 2
in [FT | Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10% ) | (m® x 10%) || (mN/m) | (m2? x 104 ) | (m® x 108)
3.0 27.58 0.159 0.820 23.33 0.147 0.730
30.0 22.97 0.156 0.800 25.06 0.148 0.740
60.0 22.91 0.158 0.800 ©23.81 0.147 0.732
180.0 20.94 0.158 0.802 19.90 0.146 0.720
300.0 17.93 0.157 0.790 15.03 0.148 0.720
420.0 17.50 0.158 0.792 - - -
480.0 - - - 12.54 0.151 0.721
600.0 16.04 158 0.789 - - -
720.0 11.79 0.160 0.776 . - -
1080.0 | 11.27 0.162 0.785 | - -
o g
~
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[ Table BI0.5: Interfacial Data for the System: M4/12.50 mM NaOH
Time - DROP NO 1 DROP NO 2 -
in IFT Surf Area | Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 10°) | (m® x 109) || (mN/m) (m? x 10°) | (m® x 10%)
3.0 1.15 - - - -
10.0 0.89 - - 0.99 - -
20.0 1.05 - - 1.22 - -
30.0 2.01 0.230 ~0.460 1.98 0.240 0,190
40.0 | 2.52 0.230 0.440 2.56 0.233 0.470
50.0 4.07 0.224 . 0.455 3.05 0.227 0.4160
60.0 4.70 0.220 0.441 4.46 0.224 0.460
70.0 6.89 0.220 0.444 6.83 0.227 0.474
80.0 7.04 0.220 0.435 5.50 0.220 0.450
90.0 9.64 0.220 0.437 7.06 0.221 0.452
c
- \ i
,
L - Table B10.6: Interfacial Data for the System: M4/25.00 mM NaOll
Time DROP NO 1 DROP NO 2
in IFT Surf Area | Drop Vol [ T Surf Area | Drop Vol
(Secs) | (mN/m) | (m® x 10° ) | (m® x 10%) || (mN m) | (m? x 10%) | (m® x 10%)
3.0 0.88 . - - - -
10.0 1.14 - - 0.87 - -
20.0 1.23 - - 1.27 - -
30.0 1.40 - - 2.58 0.193 0.360
40.0 2.04 0.240 0.490 3.20 0.180 0331
50.0 2.03 0.234 0.470 3.45 0.170 0.304
60.0 3.01 0.235 0.485 5.56 0.166 0.301
70.0 423 0.235 0.486 - - -
!
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- | Table B11.1: “Interfacial Data for the System: M5/Douhle Dié_t:_illed Water |
_ Time | = . DROPNO 1 . DHOPNO 2
in IFT Surf Area .| Drop Vol IFT Suﬂ'}ﬁ’? Drop Vol -
(Secs) | (mN/m) | (m? x 10* J | (m3 x 10%) (mN/m) | (m? x 10% ) | (m® x 107)
5.0 40.49 0.28%3 0.191 36.63 0.262 0.170
60.0 37.94 0.285 - 0.192 35.77 0.261 0.170
A80.0 | 36.85 0.283 0.190 34.81 0.261 0.169
3000 | 37.23 | *0.984 0.191 35.31 0.261 0,169
420.0 | 37.01 0.285 0.192 . . .
480.0 - - - 33.54 0.260 0.168
600.0 | 37.71. 0.287 0.194 35.08 0.264 0.172
720.0 | 38.79 0.288 0.196 35.04 0.264 0.172
900.0 | 36.08 0.288 0.195 34.29 0.263 0.171
1080.0-| © - - - 33.07 0.263 . 0.170
1200.0 | - 37.61 290 0.199 34.31 0.265 0.172 .
§
.
[ Table B11.2: . Interfacial Data for the System: M5/0.25 mM NaOIl ]
Time DROP NO 1 DROPNO 2
in _ IFT Surf Area Drop Vol AIFT Surf Area | Drop
(Secs)\| (mN/m) | (m? x 104) | (m® x 107) | (mN/m) | (m? x 10% ) | (m3 x %
/SIT | 31.87 .0.196 0.112 32.24 0.214 0.127
60.0 32.4% 0.197 0.112° |  30.97 0.213~ 0.126
180.0" | 33.24 0.198 0.113 30.47 0.214 0.126
300.0 | '31.61 7 0.197 0.113 30.12 0.214 0.126
420.0 | 28.05 0.195 0.111 . = t.e
480.0 - ? - - 32,12 0.216 0.128
600.0 | 32.52 0.1p8 0.124 29.99 0.215 0.127
720.0 | 31.31 97 0.113 . || ~28.69 0.213 0.125
900.0 31.66 041 0.113Y |. 30.50 0.213 0.126
11080.01 29.90 0.197 0.113 30.95 | < 0.215 - 0.127
. 4
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1 Table BIL.3: Interfacial Data for the System: M5/1.25 mM NaOH

[ Time "DROP NO 1 . DROP NO 2
in IFT- Surfl Area Drop Vol IFT Surf Area | Drop Vol
(Secs) | (mN/m) | (m? x 101) | (m2 x 108) (mN/m) | (m? x 104 ) | (m3 x 107)
5.0 - [ 29.58 0.177 0.967 27.80 0.190 0.106
30.0 28.12 0.178 _ 0.967 - - -
60.0 28.12 0.178 0.970 - 25,78 '0.190 0.106
180.0 26.66 0.180 0.980 24.81 0.191 0.106
- J00.0 25.08 0.179 0.970 . 22,99 0.189 0.105
420.0 26.05 0.180° 0.980 - - -
480.0 - - - 24.19 0.189 0.105.
B 600.0 25.57 0.180 - 0.987 22.77 0.188 0.104
720.0 24,71 © 0.180 0.981 23.09 0.189 0.104
900.0 | 23897 |  0.180 0.981 23.87 0.188 0.103
1080.0 24.01 | 0,182 0.991 22.83 0.188 0.103
1200.0 - - - 23.64 0.180 0.105
S 9

2| Table BI1.4: Interfacial Data for the System: M5/2.50 mM NaOH S ]

Time | DROP NO 1 DROP NO 2

in IFT Surf Area Drop Vol iFrT Surf Area Drop Vol
(Secs) | (mN/m) | (m? x 10% )| (m® x 10%) || (mN/m) | (m? x 10 ) { (m3 x 10%)
%0 24.13 0.111 0.486° 2485 | - 0120 .| 0550
-30.0 | 20.99 0.110 0.478 27.82 0.119 0.542
60.0 | 22.29 Oy111 0.484 . || 26.12 0.119 0.539
1200 | 22.30 0.111 » | _D.488— . - -
180.0 | 16.41 0.111 <[ 0.481 21.66 0.118 0.535
3000 | 9.21 0.116 0.490 18.06 |* 0.120 0.538 -
420.0 8.37 0.119 0.499 \{3.46 0.121 0.542
600.0 | 7.54 0.119 0.487 12.48 0.124 0.552
720.0 | 9.01 0.119 0.503 10.70 0.124 0.547
900.0 | 10.27 0.115 0.487 1[)7.77' . 0.132 0.545

| | N ,
bt .
-
247




| Table B11.5: Interfacial Data for the System: M5/12.50 mM NaOH

Time DROP NO 1 . DROP NO 2

in IFT Surf Area Drop Vol ||, IFT Surf Area Drop Vol
(Secg) | (mN/m) | (m? x 10%) | (m® x 10°) || (mNym) | (m? x 10% ) | (m® x 10°)
3.0 "0.61 - - 0.57 - -
10.0 | #0.96 - - 1.23 .0.180 0.318
20.0 1.57 0.168 0.294 1.72 -0.180 0.331
30.0 2.13 0.170 0.305 2.18 0.173 0.310
40.0 [ .2.34 0.171 ° 0.306 117 0.160 0.260
50.0 2.04 0:168 0.300 1.69 0.160 0.275
60.0 237 0171 0.306 2445 0.161 0.281
70.0 2.59 0.169 0.304 5.54 0.162 0.288
90.0 4.09 0.168 -0.303 - - .

’ T

I Table B11.6: Interfacial Data for the System: M5/25.00 mM NaOH

Time DROP NO1~ - . DROP NO 2

in IFT Surf Area Drop Vol IFT Surf Area Drop Vol
Becs) | (mN/m) | (m2 x 10° ) | (m® x 10%) || (mN/m) | {m? x 10° ) | (m® x 10°}
3.0 062 | - - 0.66 - -

100 | 132 | 0.140 0.240 0.95 . -
20.0 2.16 0.140 0.242 1.46 0.180 0.330
30.0 4.00 0.138 0.233 1.53 0.173 0.310
40.0 - - - 1.58 0.164 / 0.287
50.0 3.77 0.130 0.220 3.22 0.164 0.299
640 - - - 3.25 0.160 0.260

f - -
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Appendix C

Model Calculations

’ &.1 Standard Errors of the Equilibrium Model'Est{rmat'es

C.1.1 ' Calculation of Pure Error Variance

Pure error variance is defined as follows [96,97];

m

a?=3 (yu-7)7/m-1 ()

u=l1

Since we have two replicates per run, m = 2, and the associated pure error variances for each run
become ; ! ‘

(Run 1) for 0.3125 mM Otleic in HD / 0.25 mM NaOH R

yo = 10.99,11.11 mN/m
§ = 1105 mN/m

from equation C.1, we then have that :

o? = 0.0072 - (C2)
(Runs 2&3) Coy = 1.25,2.50 mM respectively . For Run No 2 , the followi‘ng obtains ; |
- . Yo =14.92,1492 mN/m !
- and hence, o2 = 0.0

however for Run No 3 , we have the following ; 7 N g ' ?

Yo = 15.0815.53 mN) . *

¥ = 15305 mN/m
o} = 010125

(Run 4) Coy = 12,50 mM

\ : "

Yu = 27.23,26.94 mN/m

1 ¥ = 27.08 mN/m
02 = 0.04205
[
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The‘gloh.z'a.llpui-‘e' error variance is given by ;

/

"2
%p

sinck, | =
2 =

p

1 o .
i~1 ,2 m; —
>~ et 3 1\
4,

4

-

Z o? /4
i=1
0.1505/4
0.0376

C.1.2 Calculation of Residual Sum of Squares Less Pure Error

-~

The residual sum of squares corrected for pure error is given by Bacon[96] as the following ;

$

N
X_: (Y;. - }'"u)2

Il

N N N
2 e (yu= )
u=1

u=l

! ,
= SSR"'GEZmi -1

i=1

n

(C.3)

(C.4)

The value of SSQ determined from our parameter estimation rduting was 52.5077 ; thus the cor-

rected residual sum of squares becomes ;

>

w = ¥u)? = 52.3572

C.1.3 Calculation of R.
The ratio R, is given by the following ;

R=3 (vu-

T
y"u)z/(N -p- Zmi -1)
i=1

plugging the already calculated quantities , the result becomes ;

v R

52.3572/(8 - 2 - 4)
26.18 "

We now compute the degrees of freedom for the F-distribution as follows ;

" =

I =

The ‘F-distribution at 1% level , F,, ., =

L
N-p- =

p E(m \L
2

1
> (mi-1)

i=1

4

18.00 .
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C.1.4 Thé Covari‘ance Matrix

Imtigear least square regression , the covariance matrix is given as ;

) | V@) = (XTX) o2 v O (o)

~with & defined as follows ;

0% = SSR/(N = p) = (C.7)
substituting previously determined values in equation C.7 we finally obtain the value of the }mre
errog, variance as follows ; P /

a2 52.5077/6
= 8.7513

Bard[98] has suggested that for nonlinkar AXTX) may be approximated by the Ilcssian,
]Ii(é) . It the IMSL’s Levenberg-Marquardt algorithm , ZSSQ , the Hessian is approximated by
2J1J; , for small values of SSR {84] . The matrix JTJ; as determined from our parametcT eslimation
routine had very large clements . Thus matrix inversion was done manually employing the procedure
outlinc(l'by_IIo;:nbeck[l 15) . The inverse Hessian thus becomes ;

-1 _ -9
. . H7 =10 [-0.113035 0.200634

0.336838  —0.113085 ]
Substituting into equation C.6 , we obtain the covariances for the parameters thus ;

V(61) = 0.336838107° x 8.75128

SE(8) = JV(6)

= 5.429 x 10~
similarly for 8; , the result is as follows : , /
‘ SE(f) = V()
\ | /'-"" 4,283 x 1073

C.1.5 Confidence Intervals °
For cach parameter, the confidence interval is given as follows ;
. . . _
i £ t(v,1 - 1/2a)S.E.(6;) . _ (C.8)

where v s defined as ; T )
y=N-p - C(co)

The 95% confidence level of the t- distribution gives ;

t(6,0.05) = 2.447 ' . (C.10)

— D
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Thus , substituting in equation C.8 , we obtain the following ;

61 = 10738 & 2.447(5.420 x 10°%)]
6, = 107%[6, £ 1.3285 x 10™]

in other words , the 95% confidence limits for KRy becomes.;

I;Ex =[2144£133 x 1077 M, ’ (C.11) .
similarly the confidence interval based on 65 becomes ; ) k
KRux = [1.16 + 1.05] x 10~* M RSRTCRT)

C.2 Calculation of Diffusion Coéi’ﬁcients

C.2.1 Estimation of Molar Volumes
By Schroeder’s Method

* Pertinent group contributions for the elements that make up the molecular structure of each acid

are taken from Table 11 of Ref[81] . Thus for lauric acid , Schroeder’s method gives the following
result ; .

Il

4 : Vi 12X T+ 24X7T4+2x7

= 226 cm®/mole

similarly for oleic acid , the molar volume becomes ;

Vi = 18X T+MXTH+2xT7+7
= 385 cm®/mole

By the Method of Le Bas

H

Group contributions were also taken from Reid et al. {81] and for lauric acid , the molar volumne
estimated by this method is as follows ;

Vi = 12x14.8+4+24x3.7+2x24
= 3144 cm®/mole

for oleic acid , Le Bas method yields the following result ;
. Ve 218X 148+34% 3.7+ 12 x 2
‘ = 4162 em®/mole

NN

Since there is a significant disparity in the above estimates of molar volumes of the acids , We now
employ the correlation of Tyn and Calus (see equation [9.1]) as detailed below.

A
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Group AV, M; AViM; .
—-CHl3—- 3360 15.03 50.50
-CH,- 3.360 14.03 47.14

-CHOOH 1.652 45.02 74.37

Group AV, M; AViM;
—CHz~  3.360 15.03  50.50
~CHp—~ 3360 14.03  47.14
~ClH= 2940 13.02 3828
-CHOOH " 1.652 45.02 74.37

The Correlatic')n of Tyn and Calus

We begin by estimating the critical volumes of the acids by the Vetere’s method[81] as follows ;

For lauric acid, the table of property values is as follows ; The contributing groups for oleic acid
are necessarily different from those of lauric and the pertinent table becomes the following ; The
expression for the critical volume then pecomes ;

1.029

Ve=33.04 4+ [3_AVIMi] - (C.13)

By substituting values obtained from the above tables.in equation C.13 , the critical volume of
" lauric acid becomes ; :

Ve = 33.04 + 596.271.0% ‘.
= 750.7199 cm®/mole ;
and for oleic acid , the cri tical volume is given as follows ;
- Ve 33.04 + 823,1110%° g
= 1033.0542 cm®/mole
Fihally in accordance with equation 9.1, the solute molar volume for lauri;'acid is given by ;
V, = 0.285 x 750.71991:048
= 294.0 cm®/mole
the corresponding value for oleic acid becomes ; _

Vi, = 0.285 x 1033.05421:%48
= 41081 cm®/mole

C.2.2 Calculation of Diffusivities by the Wilke-Chang Correlation

Diffusivity in Hexadecane

The correlation had already been,presented as equation 9.2 . The requisite quantities for the
evaluation of the diffusivity are as follows;

Mp = 22645

ng = 3271 cp
wg = 1.0
T = 298 K

253



0

-/

N

f .

+

*

The molar volume of lauric ggjd as estimated in the previous section was 204.0 cm®/mole , while
the corresponding value for oleic acid was 410.81 cm®/mole . We now subatitute all the quantities

" into equation 9.2 and the acid diffusivities are evaluated as ;

Disuric-tip = 3.351 X 10~ cm?/s
cdeic-HD = 2.742x107% cm?/s

=
-

Diffusivities in Water

For water the relevant parameter values are as follows ;

o

wg = 2.6
Mp = 18.02
ng = 08937 cp

’

A similafsubstitution in equation 9.2 yields the diffusivities as ;

Di:‘m.u’iv::—wntcl'i = 5.577 x 10-8 .'Cmg/S
gleic—-water = 4.562x 10~ cm’/s‘

Diffusivities in Hexadecane

C.2.3 Calculation of Diﬂ'usivities with the Hayduk-Minhas Correlation

The Hayduk-Minhas correlation[105] applicable to paraffinic hydrocarbons was given in chapter 9
as equations 9.3 and 9.4 . Firstly , we evaluate molar votume function, ¢ , Which for lauric acid
takes the value of -0.7563, while the corresponding value for oleic acid is -0.7662 . Equation 9.3 can
then be solved and the resulting diffusivity of lauric acid , namely , Df, . pn , is 4.161 x 1079,

cm?/s . The corresponding value for oleic acid + Dateic—pp » becomes 3.242 x 1078 , cm?/s .
¢ - .

Diffusivity in Water

N
LY

~
For diffusivities in water , Hayduk and Minhas[105] proposed a different set of equations which
was presented as equations 9.5 and 9.6 . The function €* was evaluated for lauric acid as -1.0874,
while the corresponding value for oleic acid became -1.09668 . Plugging the values of all relevant

quantities in equation 9.5 , we obtain the acid diffusivities thus ;

D!:uric—wucr =' 3.879 x 10°¢ qmzls
gleéc-wa.ter 2.178 x'10‘° cm2/s

-,
M

C.3 Calculétion of Nernstian Film Thicknesses

&

In chapter 9 , a simplified relationship | (equation 9.22'3), for the estilmation of Nernstian boundary
layer thicknesses , namely , é, and §,,, was derived. Reference values of the boundary layer thick-
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of deZabéﬂa.[lS] . Two dimensionless rate parameters were proposed by Rubin and Radke[60] as
follows; -
M = 8&i/He ' (C.14)
‘ Az = 6fHea : (C.15)
The value of these rate parameters used consistently by the autiiors throughout their work was
0.10 . deZabala[18] also rationalized that for oil-water systems , the Henry’s law constants should
have roughly the following values ; - o
Hep = 1077 em
Hpo = 2x107% cm
By substituting into equations C'14 and C 15 , we obtain the following ;
b6 = 107% cm '
O 2x1077 cm
" For wuter difffusivity , Dw , deZabala[18] used the value of 2 x 105 , cm?/s . The crude oil studied
by deZabala was 40 times more viscous than water . Its diffasivity, Do, was quoted as 5.0 x 10~%",

cm?/s . Thus, we have completely specified the reference system which will then enable the use of
equation 9.23 to calculate the boundary layer thickness for our system .

Film Thicknesses for the Oleic Acid System

‘The diffusivity and viscosity for the working oleic acid system are as follows;
Dolic-HD = 2.742x 107® cm?/s
Doleic—water = 4.562 X 10~ cmz/s
. Voy = 4.06196 c. stokes

‘ Viater = 1.00 c. stokes
by a simple substitution into equation 9.23 , the results are as follows,

60,0]&1:/ ao.cmde = 2.60 ‘
thus  foolic = 2.60x107% cm 1
In a similar manner , the result for the aqueous phase is given by ;

bwoleic = 263 X 1077 cm , \\

'Film Thicknesses for the Lauric Acid System

The transport gara.meters determined in Appendix C2 were as follows ;

Diauric-bp = 3.351x 1075  cm?/s
. \ D!auric—wn:er = 5.577Tx10°% cm2/s

Using the same prockdure as was employed in the oleic acid case , we then obtain the corresponding
values for lauric acid as follows ; ) "

‘- Oolauric = 2.77 X 10°% em -
Swlawic = 281 %107 cm
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Appendix D l

Comparative IFT Data from
Micropendography, Ring and
Spinning Drop. Tensiometries
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IFT (mN/m) at 25 °C

':‘ Fig. m(u)
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0.3125 mM Ofeic in Hexa/1.25 mM NaOH
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Figure D1: IFT Data”obtained by Mzcropendqgraphy, Ring
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‘and Spinning Drop Tensiometries
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NO ™
. ) : '\‘ i
- DO POLYNOMIAL CALCULATE Cr3
FIT OF TABLE 1 WITH EQN. 38 '
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" Figure D : Flowchart Showing Calculation of IFT

| . Wwith the Solution Scheme of Princen et al.
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Table

Dl

SDT [¥Ts usin

g varioﬁs solution .schemes tor the System: 0.3125 mM Oleie

|_2cid/0.25 mM NaOH. Droplet Volume =,1.5 L, Temp = 96.0 £0.2° C~

— e

| Time || Droplet Dimensions | Period . IFT Calculated by

in Length .| Width T || Vonnegut’s | Slattery & Princen et al
Secs || x10% em | x10? em msec/rev | Equation { Chen’s Soln | Table 1 | Equation 38
500 23.106 17.603 6.59 14.88 32.52 8.57 19.08
900 23.818 17.615 6.59 14.91 26.78 " 7.89 17.98
1300 23.211 17.699 6.60 15.08 33.06 8.44 19.05
1500 23.359 17.799 6.60 15.33 33.55 8.29 19.03

~

: . . . . : o
#lable D2: SDT IFTs using various solution schemes for the oystem:,0.3125 mM Oleic

" acid/1.25 mM NaOH, Droplét Volume = 1.5 uL, Temp = 27.2 £0.2° C

Time | Droplet Dimensions || Period IFT Calculated by

in Length | >Width T Vonnegut’s | Slattery & Princen et al
Secs *|| x10% em | X102 cm || misec/rev | Equatian | Chen's Soln | Table 1 Equation 38
240 | 19.834 | 16.480 6.58 12.25 3720 | 23.03 - 14.07
530 || 20.000 | 16.363 .| 6.59 , 11.95 33.77, 22.18 13.60 -
930 (| 18.681 | 16.666 '6.60 12.59 -« | ,'50.75 '27.05 | 17.85°
1140 | 18.665. | 17.788. 6.60 15.57 |~ 167.09 32.11 17.92>
1320 || 18.768 | 16.800 '|  6.60 12.90 62.94 27.28 17.49.

"Ta.ble Dé: SDT IFTs using various solution schemes for the dystem: 0.3125 mM Oleic

acid/2.50 mM NaQ

H, Droplet Volume = 2.5 uL, Temp = 27.4 +0.1°'C

Time || Droplet Dimensions Period IFT Calculated by ]
in Length Width T Vonnegut’s | Slattery & Princen et al
Secs || X102 ¢m | %102 em msec/rev | Equation | Chen’s Soln Table 1 | Equation 38
120 24020 17.829 6.57 15.56 31.36 21.76 30.37
180 | 24.974 | 16.991. ] 6.60. - 13.34 2237~ | 1887 | 25.50
250 23.175 17.299 6.60 14.08 28.87 24.65 30.43
340 23.530 17.312 6.60 14.11 27.86 23.26 29.58
400 23.511 17.386 6.61 14.25 28.47 23.2¢ 29.78
470 23.499 17.399 6.61 14.27 28.54- 23.30 29.86
530 23.426 17.442 6.61 14.39 29.40 - 23.58 30.19
600 23.189 17.409 6.61 14.31 29.87 24.52 30.69
670 23.307 16.518 6.61 12.22 22,25 24.04 27.43

. 720 23.256 | 16.455 661 12.08 21.92 24.24 27.35
300 22.970 17.645 6.61 14.90 33.46 2545 32,15
370 22.815 17.502 6.61 14.54 32.05 26.16 32.06
930 22,948 17.658 6.61 14.93 33.72 25.53 32.26
1000 22.880 17.478 6.61 14.48 31.94 25.86 31.79
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