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The Ob_]CC[lVC of the present work 1s the automauon of a manual method for
the determination of anionic surfactants by ion paxr formation thh ethyl violet.
A solvent extraction/flow mjcctton a.r@lysxs apparatus is descnbed and
Characterized, utlhzxng sodium lauryl sulfate as a model compound, in terms of
o vanables such as ethyl violet concentration, buffer concentrat:on, added
.- electrolyte concentration, injection volume; and extractton coil length The ethy
violet-anionic surfactant ion pairs are éxtracted into the organic phase ar(
dctected spectrophotometrrcally at 546 nm. In the final procedure, an acetate -
buffer is used to control the pH at 4.6 and sodium sulfate is used to facnlltate the -
extractxon of the i Jon parrs into the organic phase.’ o
Several problems ing from the prope‘rttes of surface active sarnples are
discussed. Among these problems are the formatlon of a charged colJond of the. N
ethyl violet-anionic surfactant precxpltate mterfacxal adsorptxon of dye, L
' surfactant, and i iQn pair; and micellization of the surfactant. The’ system s (
desi gned in such a manner as to avoid thcse problems. N : :
Vanatlons of solubility i m toluene were observed among several batches of
erhyl violet. The batches were characterized by UV VIS, IR, proton NMR and |
mass spectroscopy as well as by melting pomt and thm layer chromatography lt -
_was concluded that the batches were chemrcally ldentlcal and dxtfered only in |
crystal structure.. i . .'
Several common amomc surfactants such as sodtum lauryl sulfate, sodium
alkyl aryl sulfonate, and sogdium dodecyl benzene sulfonate are examined and
) /fthexr callbratlon curves ebtained. Also some surface active agents utilized in the
. y | enhanced recovery of oil are analyzed and, thex(esults compared.to the values

s - obtamed viaa two-phase ntranqn method. Determmatnons are performed wrth a
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sample frequency of 30 samples/hour and a prec:sxon of 2% in contrast to the
manual method‘(vhere the sample frequency is about 5 samplesz‘hour and the
precnsxon is about the same. The dynamnc range of the method is about 1 to 100
ppm, thereby allowmg the determination of low levels of surfactants in
,envnronmemal samples or of more concentrated samples upon appropriate

'Finally, some of the advantages and drsadVantages of the present method are -

-

dilution. » -

d:scussed and some future studies are suggcsted
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CHAPTER 1

INTRODUCTION
¢ . S
1.1 Surfactants ;
1.1.1 Definition

The word surfactant is a condensation of me'descr;ip't'ive phrase "surface |
active agent”. Since thei meaning that this phraSc implies is too braad, surfactants
are often characterized by the following fundamental properties [1,2]:

(@) Amphipathic structure. Amphipathy Is the occurrance in a single molecﬁle or

~ ion of one or more groups which have affinity ("sympathy") for the phase in

which the molecule or ion is dlssolved together with one or more groups which
are antipathetic to the medlum. Thus, a surfactant is an orgamc compound that
encohpasscs in the same molecule two groups with opposing solubility
tendencies, i.e. a water-soluble and a w(ater-insolqplc moiety. _
(b) Adsorption at interfaces. The equilibrium concentration of a surfactant .
solute at a phase interface is greater than its concentration in the bulk of the
solution. This condition is caused by adsorpnon of the surfactant mo]ccules onto
the various phase interfaces of the system (liquid- hqund liquid-gas, and hqund-
solid). The adsorption process may involve chemical interactions (e.g. ion- |
exchange hydrogen bond formation) and/or occur through van der Waals'
forces between adsorbent and adsorbate |

(c) Onentatgon at interfaces. Due to their amphipathic nature, surfactants
molecules tend to accumulate at the phase interfaces in such an orientation as to
satisfy the solubility requirements ‘of each part of the molecule. In the spccifié

case of an dil-water-air systém,- for exémple, the hydrophobic ponion of the
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molecule extends into the gaseous or oil phase\s; whereas the hydrophilic portion
remains in contact with the water. A consequence of this oﬁenta_tion panem'is
that at the interfaces some of the water molecules are replaced by non-polar
gronos. Since the forces of intehnolee%r attraction between water molecules
and non-polar groups are of snlaller magnimde than‘those existing between ®
-water molecules alone, the contracting powe\r c’f the. lnterface is reduced, and so
is the interface tension. ‘ ' ‘ L

- (d) Micelle formation. Surfactants form aggregates of molec s or ions calle%
micelles when the concentration of the solute in the bulk of the dplution exceeds a
lxmmng value that is a fundamental charactenstlc of each solute-solvent system
(crmcal micelle concentration, CMC) In a&ueon,s systems a micelle can be
thought of @sj a conglomerate of as little as 20 or as many as 500 or more -
molecules, arranged in such a way as to haye a liouid core formed by associated
hydrocarbon chains with the fully ionized head groups projecting out into the
water. In non -aqueous solvents, an mverted micelle is formed with the polar "
heads in the center and the hydroearbon chams extended outdards into the

solvent : ' - : Jg

1.1.2 Properties o o

Asa consequenee' of their rather unnsual eharaéteristics, snrfactants in -
solution exhibit a combination of the followmg functional propemes [12]: g
| (a) Solubilizing power. The presence of surfactants in aqueous solutions |
mereases the solubility of insoluble or spanngly soluble organic substances.
Non-polar. compounds‘are solubilized in water When these compounds a?e .
dissolved in the hyd;'oea:bon core of the micelles; whereas sem"i"ﬁolar C( '
compounds are solubilized by orienting the molecules radially in the mxcelle

. Conversely, in non-aqueous solvents, small polar molecules and water can be



'(b) Emulsifying power. Emulsnons defined as #2terogeneous systems of one

solubilized within the micellar interior. Hydrogen bonding is thotght to be a
predominant factor in the solubilization of water. In both, aqueous and non-

aqueous systems, the amount of a given sustance that can be solubilized is a

: ot S~ .
function of polarity, polar##ability, and steric factors.

llquxd dispersed in another in the form of droplcts arg not thermodynamically
stable. Unstabilized emulsions tend to coalesce and form two ph;es 1dly,
whereas stabilized emulsions can retain a highly dxspersed internal phasaf ’,
months or years. An cmulsxon can be stabxlxzcd by the inclusion of a“surfacgz;n in

the syste\n which acts by forming a barrier delaying the coalescence of the

' droplets via a combination of steric, viscous, and elastic effects or by affecting

the electrostatic charge of the dispersed droplets causing electrical repulsion.
(c) Dispersing power. As in the case of cmulsidns surfactant; stabilize :

suspensions ( i.e, dxspersxons of solid particles in a liquid) and avoid problems of
sedxmentatnon flocculation, etc. The stability of a suspension is governed by the
same factors that control emulsions, except that coalescence obviously cannot |

occur. The surfactant adsorbs onto the'interfaces and stabilizes the suspcnsnon

through basxcally the same effects as in emulsons.

: (d) Wettmg power. When an immiscible liquid or a solnd is brought togcther

with a hquxd a process in which liquid-air or solid-air mtcrface is replaced by
liquid-liquid or solid-lidu\id ihtc'rfaf:e occurs. This process is called wetting, andv
the presence of a surfactant, which would adsorb onto the interfaces, is of  °
practical importance in the process due to the resultant changes in interfacial

tension. . )



1.1.3 Classification !

Surfactants are classified on the basis of their hydrophilic group into four
categories: anionic, cationic, non-ionic, and amphoteric [1,2].
(a) Anionic surfactants. The solubllxzmg moiety on their hydrophilic group is
ncgatwely charged. The anions most commonly found are carboxylatcs
sulfonates, sulfates, and phosphates. Typical examples are: potassium laurate
[CH3(CH2)10CO0 *K] and sodium lauryl sulfate [CH3(CH2)115S04 *Na].
(b) Cationic surfactants. The water-soluble moiety of this type is positively(f/
" charged. The most frequently encOuﬁtered cations are primary, secondary,
tertiary amines, and quaternary ammonium groups. Typical examples of this

type of surfactants are: hexadccylt"rimethyl ammonium bromide

[CH3(CH32)1 sN+(CH3)3-Br] and dodecylamine hydrochlonde '

[CHyCHpnNHz+C. . L .
(c) Non-ionic surfactants. The hydrOphjlic moiety in this type bears no charge

and usually contains hydroxyl groups or a polyoxyethylene cham Examples of -

' this type of surfactants are: Po]yoxyethylene D- -tert octylphenyl ether

[CgH; 7-C6H4-O(CH2CH20)10H] ahd polyoxye[hylene monohexadccyl ether

| [CH3(CH2)15(0CH2CH2)21OH]._

(d) Amphoteric surfactants, This type can behave ciﬂier"as anionic, catioﬁic or.

r

non-ionic species depending on the pH of the solutlon A classical example is the

zw1tterlomc form of N- -dodecyl-N,N dimethylbetain
' [C] 311%5N+(CH3)2CH2COO'] Where the positively charged ammonium group

‘behaves as a cation and the carboxylate as an anion.

1.1.4 Uses
Depending upon their properties, surfactants are used in a wide variety of

industrial applications and product_s such as laundry detergents,
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pharmaceuiicals, oil recovery, paints, cosmetics, pesticides, fibres, plastics,
foodsruffs, and toijet preparations [1,2]. Laundry detergents represent the
largest single use of Surfactants. Most detergents contain as a general rule:@
following ingredients: anionic surfactants, inorganic buxld{m morgamc fillers,
and special purpose additives. Anionic surfactants constitute typn:ally 10-20% of
the mixture and are responsible for the cleaning action of detergents. The most
widely used are linear alkyl sulfonates and fatty alcohol sulfates. Brdnched alkyl
“benzene sulfonates are no longer used dué to non- biodegradability and toxicity

related problems Inotganic builders ar_ ‘compounds tha( nhance the

: ng alkalinity, by softening the water,
or by increasing foammg and emu]snfymg power. Builders normally constitute
35-50% of the mxxture with phosphates and carbonates being the most widely
used. Phosphates have &xe disadvantage of promoting growth of algae in lakes
and nxers due to excessive fertilization. lnorgamc fillers are compounds that do

; !3
“tnbute directly to the performance enhancement of the mixture. They

are added to the product to make it easily measurable and more attractive in
appearance. In the case of liquid detergents water is the main filler; whereas for
solid detergents, sodium sulfate is used. The latter has the advantage of reducing =~ ) \
-the amount of surfactant required to reach the critical micelle conc¢entration, |
o at whlch maximum detergency is observed. Fillers consntute about 20- 50% of |
the mixture. The most common special purposa addmves are bleaching agents, ' S~
- emolients, perfumes, opucal bnghtemng agents, bactencxdes abraswe agents,
and enzymes. ' |
‘Surfactants ére, widely used in the phaﬁnac’.eutical industry as emulsifying
agents, solubilizers, and suspension stabilize;'s. Emulsions, trédiﬁona’lly
prep ‘
bfen used in pharmacies for centuries. Surféctant-stabilized emulsion?arc

naturally occurring gums such as acacia and tragacanth, have
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extensively used today when insoluble drugs must be formulated especrally for
intravenous feeding, where it is vital that partxcles remain below 1 micrometer
in diameter to avoid complications. Taking advantage of the solubilizing power
of surfactant micelles,)several insoluble or sparingly soluble drugs can be
formulated in solution form. An example of this application is a surfactant-
solubilizetl formulation of vitamins A and D. The number of insoluble drugs
that are‘ formylated with surfactants is rather large and includes predominantly
steroids, barbiturates, salicylates, antibiotics, and antibacterial compounds [1].
Pharmaceutical suspensions, which are often non-colloidal in nahire, are
frequently stabilized by the use of surfactants. The objective is to produce a
partially deﬂocculated system, where the parttcles are not so small asto
sediment and form a "cake" of closely packed particles that become irreversibly
bound to‘gether; or not so bigthat the particles settle rapidly leaving a-
preparation that appears unsightly. ’
Surfactants are also used in oil recovery [1}. Microemulsions represént an
. intermediate state between micellar solutions and true emulsiqns. They are
distinguished from emulsions by theif transparency and by the fact that they
represent thermodynamically stable solution phases; and from micellar solutions
by the fact that mtcroemulsxons have droplet size or drameters ranging from 250
t0 10 nanometers whereas micellar solutions have diameters of less than 10
nanometers Surfactant systems capable of producmg microemulsions have.
attracted attention because of their potential value in increasing the recovery of
oil from underground rdservoirs. Anionic surfactants, usually alkyl olefin
sulfonates or petroleum sulfonates, are used in conjuction with medmm cham-
Qlength alcohols (co-surfactants) and an elegtﬁﬂyte to form a system with very
~ low rnterfae‘{el tensjon. Since the co-surfactant is non-ionic, its adsorption is not
. impe&j by the ‘electrostatic field that acts as a barrier for the further adserption
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of more ionic surfactant onto theiinterface. Thus, the co-surfactant provides the
‘additional lowenng of interfacial tension necessary for microemulsion '
formation. The low viscosities ana interfacial tensions of the crude oil-
surfactant-coSurfactant mixtures aid the removal of oil from porous rock

formations.

1.1.5 Analysis

"In this section some general considerations in surfactant analysis are
presented. These are sample pre-treatment, determination by surfactant class,c
and detertnination of individual surfactants. The sample pre-treatment step can
be broadly delineated as the isolation of surfactants as a class (i.e. cationic,
anionic, or non- 1omc) from the matnx The amount of pre-treatment requrred is
determmed by the origin of the sample For example, in the production of
surfactants quality control of relatively pure samples will require v1rtually.no
pre-treatment. On the othier hand, a complex detergent mixture or an
environmental water sample to be analyzed for surfactant content wxll require a
totally, different approach. There are several schemes to accomplish the
. separation "of non-surfactant material (both organfc:— and inorganic) from the

sample and the differentiation of surfactants as aclass. Mc:st of the procedu&s
; involve predominantly solvent extraction and ion cxchange}processes but other
techniques such as centrifugation, precnpttatton and distillation are also utlllzed
[3-6]. e |

After the pre-treatment step, surfactants are often determined as a class Most
- commercial appllcatlons-of surfactants involve the use of mlxtures»t)f
homologues and isomers but full tdenttﬁcatton and quantitation of each and

every component is not always possible or required. The most common



- approach to the analysis of surfactants by class (i.e. anionic, cationic, or non-

ionic) is through antagonistic reactions of the type:

R'M* + R*X = RR* 4 M+X: (1.1)
where R*X- can be a cationic surfactant that is being determined with R-M+ |
which may be an anionic dye salt or an anionic surfactant; or, alternatively,
R-M+ can be an anionic surfactant being determined with a cationic dyeora
cationic surfactant (R+X-). Depending upon the characteristics of the sample,

- reagent, and products, as well as the means of detection, this approach gives rise
to a variety of techniques such as one-phase titrations [7,8], gravimetric -
determinations [9-14], two- -phase titrations [15-21], and spectrophotometric
methods [22-33). | N

Measurements of total surfactant content in water samples are sometimes

performed Many of the techmques used for this purpose are 'hi ghly specific, and _

little or no pre-treatment of the samples 1s required. The methodology involved
in these cases includes mass spectromet.ry [34), infra-red spectroscopy [35,36),
nuclear magnetlc resonance spectroscopy [37,38), ion selective electrode
potentiometry [39, 40] and surface tension measurements [41-43).

“When it is desired to know the identity and- abundance of individual
components,in a surfactant mixture (i.e. homologs and/or isomers), separation
techniques are employed The extensive growth of chromatography ina /ts .
different forms provides the analyst with a variety of methods that may be

~adapted to solve the majority of. problems in surfactant analysxs Thm layer
chromatography techniques are often used because of their r ease, speed and

~ specificity [44-49] Detectron is usually accomplished by spraying. the plate thh

- a sultable reagent(s) or by examination under UV light. Surfactants may be



analyzed by gas chromatogréphy provided that the compbnents in the sample are
c:mvertcd to th;:rmally stable volatile derivatives [50-58]. Gas
chromatography/mass spectrometry has also bccnﬂilizéd [59,60]. High
performance liquid chromaiograpgi\c tcchniqucs are prob‘ably the most
powerful methods to separate, identify, and quantify complex surfactant
mixtures [61:81]. Depending upon the charactérisiics of the analyte, détection
can be achieved by UV absorption, fluorescence, refractive index, conductivity,
and pre-or post-column reactors, The latter are usually based on an antagonistic
reaction. The best scparauons have been carried out by reverse-phase HPLC but
normal phase HPLC and ion exchange techniques have also proved extremely
useful.” . |
1.2 Elgtv injection analysis .
1.2.1 Description

The fact that a large number of repctitivé tests are pefformeci every day has
given rise to a-significant amount of research and considerable effort in
developing automated analyzcrs.;Two major types of automated analyzers cah
‘be readily distingtiished; batch and continuous flow. In a iypical batch ahalyzcr
| the samples pass through a number of stations where manual operatlons such as
grinding, dissolving, diluting, plpettmg, addmg of rcagcnts mlxmg, hcatmg,
‘ete, are performed followed by measurement of a property of the sample such as
 color, turbidity, electrode potential, absorbance, etc. In a continuous flow
analysis, samples are mtcrposed into a stream of fluid which is contmuously .
flowing through the analyzer At strategic pomts reagents are addcd and the -
mixing and reactnons ‘take place while the sample zone is on ns way to a detection -

device where the s:gnal is contmuously momtored
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- .the carrier streamrat a "tee”. Although details of mixing of santple componem }

g

Flow injection analysis (FIA), pioneered by Ruzitka [82] and Stewart [83],
“the early 1970’ s, 1s a type of continuous flow analysis that, unlike the Technicon‘u
AutoAnalyzer sysjem, does not use air- segmematlon of the liquid flow stream.
FIA 1s b£ed on a combination of three principles: sa‘mplc Injection, exact
timing, and controllcd dlspersxon There are some differences in approach
between Rugicka and Stewan In Ruzicka's approach the sample solution is
injected into a ﬂowmg reagent so]uuon stream. In contrast, in the Stewan
échcme the samplc solution is mjcctcd into a fion- reagent—contammg carner

]
stream and, at a pomt downstream of the 1njector a reagent stream is joined fo

with reagent in the flowing stream differ in the two approachés, nevertheless
axial dispérsion functions in both cases to bring the sample component in contact
with reagent aﬁcad of and behind the initially narrow sample zone. In one case
axxal dlspcrsmn 1s the only means of contacting sample and reagent (Ruzncka)K
whxle in the other case it supplements the mixing achi q, t the, ,tee" (Stewart).
The ln_]CCUOD of the sample solution into the liquid stream can be done using a~
syringe but this technique relies heavily on expenmental skill for accuracy and
r‘e“producibilit)f. When an injection valve is used, on the other hand, the sample

is delivered in a reliable and accurate w;ay in the form of a discrete "slug” of well

Wo]ume van.d length. L e e |
~ Exact timing of the flow of reagent and sample through the system can be

achieved via a constant flow rate pump (reciprocating or syringe-type), with a

persistalt‘ick‘pump, or by the use of a constant pressure pump. Advantages of the

_ lattcr are that it renera’tes a steady pulse- frec flow, and it is relatively

‘ m@p&pensxve G the flow rate is constant, the time between sample wnjection and

Qetccuon will be highly reproducible, and successive sarhples will have the same |

.n:sndcnce time. | ; _ | ,

s
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Once the sample has been mtroduced mto the flowing stream, the sample zone
dxsperscs and reacts with the components of the stream as they move through a
reaction tube. Subsequently, the generated species is monitored by a flow- ,
through detection device. In the reaction tube, the injected sample zone spreads

(disperses) along the tube.as a result of the parabolic vélocity profile

" characteristic of laminar flow, in which the liquid in the center of the tube

moves at twice the mean speed of the fluid, whereas, the layers closer to the
walls are progressively more retarded due to frictional drag. This parabolic
velocity profile imposed by the liquid is relaxed somewRat in the sample zone by
lateral diffusion of sample molecules which results in,d'éc.:reascd axial dispersion
(see figurel). If the reaction tube is coiled, the profile is relrixed even further
due to the induction of a secondary flow in the radial direction [84]. ,

" The total axial dispersion of the sample zone is the surrt of the contributions
from the injector, the reaction tube, and the detector. Therefore, dispersion can’
be adjusted by carefully selecting parameters such‘as injection volume, flow

rate, length and radius of the reaction tube, and size of the flow-cell in the

detector [82). This adjustment of the total dispersion should be at a certain

compromise value, neither so big as to cause problems such as low sensitivity

and sampling fréquency nor so small as to cause incomplete reaction due to

insufficient mi}(ing. The role of dispersion in mixing of sample and reagent is

. . - . @
obviously more important when the sample has been injected into the reagent
stream (Ruzicka's approach). L

4

122 Devel opment of FIA : h

A major dlffzculty encountered in the development of continous flow
analyzers was intermixing of adjacent samples dunng their passage through the

systern (carryover) In 1966, Skeggs [85] introduced a flow analyzer that
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utilized air scgmentétion to divide the flowing stream into a number of short
segments separated by air bubbles. Air segmentation reduced axial dispersion of
the sample zone, and thus minimized carryover. This concept eventually lcd.to a
very popular system successfully marketed as the Technicon AutoAnalyzer.
Hdwever, air-segmented systems had several drawbacks such as the presence of
pulsating flow due to the c'ompressibility of air, the fact that air segmentation
hinders dispcpivc mixing of sample-and reagent, and the obvious neeci of an air
bubble producing device before the injector and of a debubbler befog the
detector. |
A fundamental difference bctwet;n the Technicon approach and that of FIA is
: that’inv FIA air bubble segmenftion is eliminated and the internal diameter of
tubing and other components is made smaller in order to reduge the extent of
axial dlSpCI’SlOD and carryover. As mentioned before, dispersion is adJusted ata
compromlse value in order to obtain maximum sampling frequency and
sensitivity, while allowing the reaction to take place to'a significant e,xtent. If the
sample zone is permitted to spread too much, it would intermix with the next
oncoming sample zone but, on the other hand, an insufficicntly.dispcrscd sample
zone would not be sufficiently mixed with the reagent causing severe
* incompleteness of the reaction [82]. | | C e
FIA methodology has been utilized not only as a very ﬂexiblc way to perform
a number of op,erau%r‘ls associated with the measurement step in chemical assays,
but also in conjunction with separation techniques-such as chromatography
[144,145], distillation [102], dialysis/gas diffusion [111,112], and solvent
extraction [86,87,89,95,104-1 06] aimed at improving the gelcctivity of the '

determinations. The first FIA separation procedures based on solvent extraction

" were devised independently by Karlberg [86] and Bergamin [87] in 1978 and

represented a significant advance in the automation of solvent extraction

. S
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methodology. In these solvent extraction/flow injéction analysis (SE/FIA)
systems, the sample was injected into a flowing aqueous reageﬁt stream which
was subsequently joined by an organic phase stream at a junction specially
designed to produce alternating small segments of organic and aqueous phases,
‘which flowed through the rcacuon-cxtmctyén coil. In this coil an analyte species
was generated in the aqueous segments and ‘extracted into the adjoining organic
segments by diffusion across the interfaces during its passage through the coil.
Finally, most of the organic phase was separated from the aqueous via a phase
separation device and carried into a flow-through detector for continous
monitoring of a property of the sample (absorbance, fluorescence, etc.)

Thé creation of a regular pattern of organic and aqueous segments and the
rapid and efficient separation of the phases were, obviously, of great importance
in these SE/FIA systems The earliest scgmentor proposed by Kalberg [86],

consisted of a modifi xcauon of a standard Technicon A8 connector where
segmentation was achieved by the confluence of the organic stream, via a
platinum capillary, wi& the aqueous stream in a variable-volume Teflon cavity.
Later it was realized that a simple "tee” with converging organic and aqueous
streams could also produce a well-behaved segmentation pattern [88].

The ﬁrsi on-stv'reamkphase separators were either chambers that relied on
gravi‘ty to aécomp]ish their purpose [87] orlmodificd Technicon “tee”
connectors in which: the separation took place using gravity and preferential
wetting achieved by the use of a phase guide made ad hoc of h‘y.drophobic or
hy@hilic materials [86,89]. More sophisticated phase separatqrsl were later
designed by taking advantage of the selective permeability of microporous
membranes towards a particular phase '[90-93]‘.,Sincc these devices can be used at

high flow velocities and do not require a density difference-beiwécn the aqueous L%
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and organic phases to achieve separation, they constituted a major development
in SE/FIA.

As in any FIA system, dispersion is a very important parameter in SE/FIA
systems. It has been observed that one of the consequences of the useﬂof solvent-
segmented flow is that sample dispersion and resulting carryover are minimized
within the extraction coil. This is due to the fact that the laminar flow profile is
interrupted and cagyerted to a "bolus” circulating flow within the segment b-y
the presence of liquid-liquid interfaces stretched across the tube, and thus sample
dispersion is limited by the two-phase flow. While there is some intersegment
transfer of sample via the wetting layer of solvent on.the walls of the coil
[89,92,95,96,143], thi; effect is small. Other conscqucnccs of bolys flow wi_thin
the segments are rapid mixing of rcagenf and sample Within each segment and
. m'Pid convective mass transfer of sample to the interfaces [97,98] which
increases the rate of solvent extraction.

While only slight sample dispersion occurs in the extraction coil, greater
contributions to the total dispersion of the system occur throughout the
. unsegmented regions of the system the injection valve, the phase separator
(pamcularly critical because a mixing chamber effect may be gencratcd) and
the detector ﬂow—cell By properly desngmng these components, dispersion can
be controlled and utilized as a tool in conjunction with sample injection and exact
timing, in the same manner as in FIA, to obtai‘n reproducib@bénd accurate

Q

analyses.

1.2.3 Applications
FIA and SE/FIA systems have been configured into a wide variety of
manifolds, coupled with a number of detection methods, and utilized in

conjunction with several separation techhiques. This has resulted in wide



applicability and great versatility in many areas of chemical analysis such as
pharmaceutical, agricultural, clinical, énvironmcntal, etc. The type of samples

that can be analyzed vanies greatly, and may include compounds as dissimilar as ;

surfactants [90], acids [99, 100], steroids [101], nitrogen‘[IOZ], proteins [103] 8

and vitamins [104]; to mention just a few. Spectrophotometry [92-94], atomic.
absqrption 87,1 1()], fluorescence [105], flame photometriy [106], potentiometry
with ion-selective electrodes [107], and voltammetry [108,109] are anfong the
most wi&ly used detection methods. FIA has been used with some separation

. techniques such as distillation [102], and dialysis/gas diffusion [111,112]. When
éoupled to other scparétion techniques, SE/FIA systems are most often used as
post-column reactors or on-stream derivatization aevices in conjunction with ’
HPLC [69,70,113-118]. FIA methodology is the subject of a technical fouma]
[146], of a textbook by R\zijpka and Hansen [82], and of numerous reviews [119-
125). «~ . _ ) e

N
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CHAPTER 2

OPTIMIZATION OF THE SE/FIA SYSTEM
FOR SURFACTANT ANALYSIS
2.1- Introduction
For many years, the determination of anionic surfactants as a class has been"
done by forming ion pairs with a canomc dye, extracting the ion p?/mto an
orgamc solvent, and measuring thelr absorbances. Among the dyes that have
been utl,hzed for this purpose are methylene blue, mcthyl green, azure A,
toluidine blue-O, and many others [22-33]. Of thesc, methylene blue has been
extensively employed in sevweral different versions | [126-129], and in is probably
the cationic dy¢ most frequently used. It is also the dye recommended in the
official methods in many countries for the analysis of water and wastewater
[130]. Nevertheless, this method has been reponed.to have a relatively low
sensitivity because of the small extractability of the ion pairs formed, to be
susceptible to several interferences, and to be time consuming. Imen’cr‘eﬁcés |
mBy be positive or negative and can be so serious that the analysis is officially
said to determine "Methylene Blue Active Substances" (MBAS) [130)] rather than -
"anionic surfactants". :
In 1982, Motomizu et al. [131] reported a manual solvent extraction-
| spectropﬁotometris ‘method using ethyl violet as the cationic dye to determine
trace amounts of anionic surfactants in water. Ethyl vidlct was chosen from
among malachite grcea rﬁcthylené blue anaiogues Bindschedler's green
. analogues, crystal violet, rosaniline, and othcrs as the most suitable reagent. The

selection of ethyl violet was based on stabxhty, sensmvny, specnﬁcny, and speed

17
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of the procedure involved. Motomizu also examined several extracting solvents,
addition of EDTA to reduce interferences, use of a buffer solution, and use of
sodium sulfate to acccl;:lrgte phase separation. The resulting method provided
high sensitivity, small blank absorbances, good reproducibility, and only slight
interferences. Nevenhekless, bging a manual method, it is inherently slow.

. The objective of the present thesis is the automation of Motomizu's batchwise
method by means of a solvent extraction/flow injection analysis approach,
aiming for higher analysis rates and better precision. In this adaptation, aqueous
surfactant sample solutions are injected into a cﬁm’er stream (distilled water)
which is merged and mixed with an aqueous reagent stream containing, in
addition to ethyl viblet, an acetate buffer and sodium sulfate. The resultant
aqueous stream is then segmented with an o'rgam'c stream (toluene) and the
surfactant-ethyl violet ion pair is extracted, separated, and sensed by a flow-
through absorbance detector. In this chapter, the optimization and
characterization of the SE/FIA system is pre‘scnted. Sodium dodecyl sulfate is
utilized as a model anionic surfactant to find the most favorable instrument
parameters. Later, in chapter 3, use of the method for the determination of other
anionic surfactants is described. The ion pair formed between ethyl violetand .

dodecyl sulfate is represented in equation 2.1.
2.2 Experimental

221 Chemicaiand solvents
With the exception of watc}, which was distilled from alkaline permanganate

in an all-glass still, all the chemicals and solvents utilized were used as received

from the different manufacturers
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Ethyl violet C. 1. 42600, Allied Chem. Co. Catalog number 536. Batch number
14120 (uuhzcd in all the cxpcnments except where otherwise is stated)
_Ethyl vxolctC 1. 42600, Anachcmxa LTD. Catalog number R-2260. Batch \
number 380826. ‘ , ‘oo
Ethy! violet C. I. 42600, BDH Chemicals LTD. Catalog number 331 14 Batch
number 9379960E. 7
Sodium dodecyl sulfate, Aldrich Chemical Co. Catalog number 85192-2.
Sodium alkyl aryl sulfonate, Fisher Scientific Co. Catalog number S-198. t
Sodium dodecylbenzene sulfonate, ICN Pharmaccuticais, Inc. Catalog number
311. |
Sodium Acetate tri-hydrate, ACS grade, Amachem.
Acetic acid, ACS grade, Fisher Sciemific Co.
Toluene, ACS grade, BDH Chemicals LTD.

Mcthanol, ACS grade, BDH Chemicals LTD.

2.2.2 Apparatus

The SE/FIA system, which employs a membrane phase separator and constant '

préssure pumps, is schemaucal]:?msemed in ﬁgurc 2 Nitrogen at 20 psig is -

‘used to pressurize four aluminunf cylinders in whlgh the liquids to be delivered
are contained in glass bottles. The components of the system are interconnected
with 0.3 mm i.d. Teflon tubiné,i except the extraction coil where 0.8 mm i.d. is

‘used. Access of the liquids into _th;' system is controlled by two-way valves, V1
."(part number CAV2031, Laboratoy Data Control). Flow rates are reguldted by

varying the resistance to flow whighi in turn is governed by the length of the .
f is bcing used. Vo is a thre'c-way valve (part

tubing since a constant diame

: numbcr CAV303
analycls or methanol for washmg purposes.

&N

LDC) that allows the selecuon of either tolucnc for the
C#

4
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Ejgumz Block diagram of the solvent extraction/flow injection analysis
, apparatus utilized fc;r the optimization of the system.The contents of thc
cylinders are: Toluene in the ' orgamc" distilled water in the " carrier”; ethyl
violet, a'ltetate buffer, and sodium suifate in the * ‘reagent”; and methanol in the
"rinse” cylinder. "C" is the extraction coil; "M" the membrane phase separator;

"S" a spectrophotometnc detector; and "R" is a recorder. e
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0.5 inch/min.
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The sample is injected into the aqueous carrier stream via a six-way valve
(V3) equipped with a 50 microliter loop (Cheminert R-6031SWP). The

injection loop’is filled by placing the inlet filling tube in the solution to be

' injected and drawing up on the plunger of a syringe attached to the outlet filling

tube. The aqueous reagent and the toluene streams are added via "tees” T] and

T2 (part number CJ-3031, LDC), respectively. The result is a segmented

aqueous-organic stream which then flows through the extraction cojl where the
ethyl violet- anionic surfactant ion pairs are extracted into the organic segments.
The design of the phase separator is the same as the one previously employed
in this laboratory by Fossey and Cantwell [94]. It utilizes two layers of porous
Teflon membrane with a pbrc size of '10 20 microns (Zitex, part number E249-
number K1064-122D, Chcmplast Inc.) sandwiched betwcen_ two main body
pieces made of Kel-F. By means of this phase: se}parator a portion of the toluene,
free of aqueous phase, ﬂows through the membrane while the remainder of the
toluene and all of the aqucous phasc is vented to waste. The water-free toluene _
that has passed through the membrane goes to the flowcell ( lO-mm opticalpath
length, 20-microliter cell volume) of a UV-VIS absorbance detector (Spectra-
Physics 8200). Here the absorbance is continuously monitored at 546 nm and the

outcommg sxgnal is fed to a rccordcr (Fisher series 5000) and/or an integrator

~{Hewlett-Packard 3390A).

In all cases seven replicate injections were made for each sample and
standar‘d‘ Values of peak heights, areas, and widths reported in tables and ﬁgures

are averages of the seven replicates. The recorder chart speed in all ¢ases was

-



2.3 Results and discussion

2.3.1 Verifying the manual method

First of all, for the sake of gaining familiarity with Motomizu's method and
checking that our chemicals were suitably pure, the fo]lowiné standard
procedure was tested: “Transfer 100 mL of the sample solution containing
sodium dodecyl sulfate into a separatory funnel. Add S mL of a solution
containing aéc-tatc buffer (pH= 5) and sodium sulfate (1 M); 2 mL of ethyl violet
solution (10-3 M); and 5 mL of toluene. Aftgr shaking the funnel for 10 minutes,

Agasure the absorbance in the organic phase at 615 nm" [131)]. Several sodium
dodecyl sulfate concentrations were utilized resulting in the spectra shown in
figure 3 as we!! as the calibration curves data presented in table I and figures 4°
and 5.

-

/
At all concentrations, the absorption spectra of the jon pairs obtained do not

differ significantly from those reported by Motomizu. In our spectm, two .
.maxima were observed at 613 and 543 nm; whereas i in Motomizu's, maxima
were seen at 615 and 543' nm. In the present work, the detector used in the
Optimizat?n of the SE/FIA system was set at 546 nm"but the calibration curves‘
presented in this section were obtained at 615 nm. A blank was prcpared by
shaking distilled water with the reagent, buffer, sodium 4lfate and toluene as
indicated i in Motomizu's manual method.

Motomizu reported linear calibration curves in the range from zero to
5 x 107 M for four diffcrcni surfactants. He estimated the precision of the
method (by lookmg at9 rephcate detcnnmauons of the same sample) to be about
1.6%. Our calibration curve (figure 4) was linear. Its slope was 2,03 x 106 with
a relative standard devnatlon (r.s.d.)of 2 .57%, which can be taken as a measure

of the prcclsron for the method. The mtemept was -0. 02 with a standard

[
[
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i ‘toa surfactant sample with-a conccntratlon/ of 93. 5 x 10- -8 M, ngurve B isfora
'9 35 X 10£8 M sample curve Cis a blank and curve D is pure toluene.
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* Figure 3. Absorptlon spectra of the ethyl violet- dodecyl sulfate ion pair in-
toluene| Spectrograms were recorded on a Cary 118 spectrophotometer (Vanan
Inc %ro 750°to 400 nm at a speed of. 2 Aim/sec. The maxima observed were at

613 and 543 nim. Usmg pure "toluene in the réference cell, curve A corresponds_
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[able I, Calibration curve data for the absorbance of the dodecyl sulfate-ethyl |

.violet ion pair (Motomizu's manual method).

[Surfactant] Absorbance at'615 nm(a)
M) (abs. upits) u
935x109 - 1.900
4.67% 109 0.889
3.74 x 109 0.728
2.80 x 10-9 0.562
1.87x 109 0.341
9.35x 10-8 0.216

(a) The ar -nces were obtained utilizing a blank in the reference cell.
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Exgu:gi Calibration curvg for the dodecyl sulfate-ethyl violat io b;r\.‘fhe
absorbanccg were obtained at 615 nm 'utiliz_ing a blank in the reference cell. The
oiank and the samples were prepared following Motomizu's manual method.
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deviation (s.d.) equal to 0.03. When higher concentrations of surfactant wc;re
used, the calibration curve was observed to deviate from linearity (see figure 5).
This was attnbuted to a combined effect of a Beer's law deviation (since the
absorbance values at which this non-linearity happened were quite high and \&gl)
beyond the region where Beer's law prevails), and/or the fact thit the mole ratio
- of dye to surfactant was not sufficiently large. ’

Once Motomizu's method was tested and our chemicals and solvents checked,
the characteristics of the SE/FIA system were studied and optimized utilizing
- sodium dodecy! sulfate as a model compound. Each injection of Samp’le resulted
in a peak (see figure 6). Variations in the properties of this peak (ie. area, height,
and width) were observed as a function of the different parameters involved in
the original manual procedure (dye, buffer, and sodium sulfate concentrations,
equilibration times, etc.), as well as of new parameters arising from the use of an
automated approach (injection volum.es, extraction coil lengths, etc.). The result

of the studies are discussed in the following sections.

232 Dye concentration
Using only ethyl violet in the "reagent" cylinder without added acetate buffer

-or sodium sulfate, the concentration of dye was varied while periodically
ﬁuectmg a constant-concentranon solutxon of sodium dodecy! sulfate, and
observing the effect on the hcight of the peaks obtained on the recorder. Since

* the sample concentration is constant throughout the experiment and only the
c;mcéntra:ion of 'the dye is being varied, a ratio of such 'concentrationé

[dyc /tsurf], can be computed and utilized as reference. Blanks were run by
mjectrn'g'dxsnlled water instead of the surfactant sample, into the system and *
observing the effect this caused on the baseline. Results are shown in table II and

8

| figure 7.
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Figure 6, Replicate injections of a 5 x 10-3 M sodium dodecy! sulfate solution.
Instrument parameterS' Extraction coil length, 230 cm; injection volume, 50 \

mlcrollters wavelength, 546 nm; dyeh surfactant ratio,'S; acetate buffer and
sodium sulfate, not present; mtrogcn pressure, 20 psig; Fo t- 2.45 mL/min;

- Fa,t=1.82 mL/min.The a\(c,rage peak height was 22.8 cm with ar.s.d of 1.08%. -
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I'able JI. Peak height as a function of dye concentration in the absence of buffer

and sodium splfate. Instrument parameters: As in figure 7

(dye] Idye)[surf]  Peak height(@) rsd. Blank
(M) | (cm) (%) (cm)
- 5.00x 106 0.10 6.4 31 0.0
100x10-5 + 020 162 25 00
-625x10°5 125 17.6 23 0.0
.250x 104 5.00 228 1.8 0.0
3.75x 104 7.50 224 18 00
500 x 104 10.0 B4 - 09 00
625x104 - 125 248 32 . 00

7.50 x 104 150 244 33 0.0

~ (a) The data were normalized using equation 2.2
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Eigur_gL Peak height as a function of dye conccntraii’on in the absence of

buffer and sodium sulfate. InStrumem parameters: Extraction coil length, 230
cm; injection volume, 50 microliters; wavelength, 546 nm; nitrogen pressure,
20 psig; Fg (= 2.45 mL/min; F3 t=1.8 mL/min.
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The peak height values obtained were normalized to an arbitrarily chosen

detector range of 0.04 AUFS by means of the following formula:

1gh v l = normalized peak height (2.2)
0.04 '

The purpose of this was to allow uniformity in reporting peak heights regardless
of the actual range setting utilized in the detector at the time of the experiment.
All the peak heights reported throughout this work will be normalized in this
way, unless otherwise is specified.

The plot of peak height as a function of dye concentration (ﬁgurc 7),
indicated that when the dye to surfactant ratios were smaller than about 5, ion
pair formation and extraction was mcomple;e. This was obviously due to the
lack of sufficient ethyl violet to react with the number of moles of surfactant
present in the system. In this plot, it could also be seen that there was no
- substantial gain in signal size using ratios higher than 5, since an almost constant-
response plateau was obtained. The baseline, on ‘the other hand, was observed to
deteriorate progressively, by becoming erratic and noisy, upon the addition of
higher amounts of dye. Asr:l'ndncated in table II, the blanks injected gave no
'response and, therefore, when plotted on figure 7 a straight line superimposed

on the X axis was obtained. A dye to surfactant ratio equal to six was chosenasa
compromise. '

In developmg his manual method, Motomizu observed a maximum and

constant absorbance using ratios of dye to surfactant ranging from 20 to 50, and .
* avalue of 40 was chosen by him for the standard procedure A direct
companson of the numerical values of [dye]/[surf'] for the two methods is
inappropriate because the ratios calculated in the present work are merely

estimates obtained by assummg that the sample zone*expenences no band



broadening. This is obviously not the case, but the transient character of the
SE/FIA system represents an obstacle to determine the actual concentration of
surfactant due to non-uniform dilution. When the sample is injected into the
carrier stream and this is in turn added to the reagent stream, dilution of the
original solution takes place ¥p to a certain (unknown) extent. In the case of the
dye, the extent of dilution can be calculated via equation 2.3 since the flow rates

of both the carrier (FC) and the reagent (FR) streams are known and the rate of

mass transfer is sufficiently large.
[dyelSE/FIA = (FR/FR+FC) [dyelfiask (23)

In the case of the sample, however, the assumption has to be made that

- multiplying the surfactant concentration in the flask by the ratio Fo/FC+FR;
would give the concentration of surfactant in the SE/FIA system, even though
this is not actually true. Nonetheless, since the dilutions are proportional as long
as the conﬁguratlon the lengths of the tubing, and the pressure apphed to the
system are kept constant, the arbm'ary values of dye to surfactant ratios
esumated under this assumption can be used to follow the bchavno,( of the signal

momtOred
»

2.3.3 Buffer ggnggunfra:igg |

Utilizing a ratio of dye to surfactant of six, an acetate buffer was ihcorporated
in the ethyl violet solution in‘ the "reagent” cylinder. The composition of the
stock buffer solution was 0.28 M sodium acetate and 0.24 M aéétic acid .
- (pH=4.8). As in the case of section 2.3.2, a ratio of the concentration of acetic
acid in the buffer to that of sodium dodecy! sulfatecan be calculated for

reference purposcs This ratio was varied by dxluung the buffer, thereby

e
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changing the concentrations of acetic aci /d (and hence also of sodium acetate),
while keeping the concentration of surfactam censLant The effect on peak height
can be observed in table 1II and figure 8. Blanks wererun for each buffer
mixture by injecting surfactant-free water.

Figure 8, a plot of peak height as a function of acetic acid concentration,
showed a gradual increase‘:in signal size with increasing concentration of acetate

buffer; but af

""'?{imcntly large ratios of acetic acid to surfactant, the response
was observed to become essenually constant. The baseline, on the other hand

was seen to be stable if acetic acid to surfactant ratlos were .,maller than 2 x 103
and to become progressively noisy if such ratios were higher. Blanks were
negligible for small ratios of acetic acid to surfactant but a small peak that
becamemcreasmgly bigger was observed for the hlgher ratios.

Motomizu studied the effect of pH on extraction. A maximum and constant
absorbance was observed for pH values ranging from 3.5 to 6.0, and a value of
pH=5 was chosen for his standard procedure. Under these conditions, the ratio

of acetic acid to surfactant was equal to 2 x 104. In our case, a pH value of 4.8

. was selected for our experiments, which corresponds to the mxdpomt in the

maximum absorbance range. A ratio of acetic acid mthe\Buffer to surfactant

-equal to 3.2 x 103 was chosen as the best compromise between the increasing

noise level and the most stable peak height observed. As mentioned in section
2.3.2, the numerical value$ of the acetic acid to surfactant ratios for both
methods should not be directly compared. -

The fact that the absorbance decreases when the pH is outside the 3.5-6.0
range may be due to the processes depicted in reaction 2.4 for ethyl vnolet
Slmxlar behavior has been observed for crystal violet, another member of the
family of triphenylmethane dyes, which has the same structure«of ethyl vxolet ‘

but bears methyl groups instead of ethyl groups [133] The products of these

34
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Table IIl. Peak height as a function of acetic acid concentration in a pH 4.8
acetate buffer. Dye to surfactant ratio, 6; sodium sulfate, absent. Instrument

parameters: As in figure 7.

R

Buffer Mixture [AA)/[surf] Peak height®  rs.d. Blank’
[SA] [AA] | (cm) (%) (cm)
(M) M) g

0.00 0.00 o - . 28 17 0.0
0.05 0.04 8.0 x 102 436 ~ 23 0.0
0.09 0.08 1.60x 103 490 08 0.0
014 012 240% 103 50.4 1.6 04
0.18° 0.16 ©320x 103 574 .28 12
023 . 020 - 400x103 . 574 17 20
0.28 0.24 480x103 596 44 3.8

>

(a) The data were normalized using equation 2.2.

Note: SA and AA stand for sodium acetate and acetic acid, respectively.
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Eigure R, Peak helght as a function of acetic acid concentration in an acetate
buffer. Dye to surfactant ratio, 6; sodium sulfate, absent. Instrument®

‘parameters: As in fi 1gure 7. Curve (0) corresponds to the sxgnal due to the -

samples whcreas curve (AS corresponds to that of the blanks
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processes w?/zfld be either unable to reaet\m'th anionic surfactants, or would
have. a diffgrent absorption spectra due to chariges in the structure of the original
rnolecule and tn Llféj lé?)mdganon of the double bonds. In both cases, the
absorbance of the surfactant-ethyt violetdon pair would be affected.

\ The small positivvevdeﬂectionsobtained upon injecting water (blanks) or
surfgctant solutions are presumably due to the fact that when the injector is
go(nfg from t}le "load” to the "inject” position, the concentration of the
Components in the combined camer-reagem ﬂow stream (dye, acetic acxd and

E sodtum sulfate) gOgs up sllghtly since the flow of carrier (distilled water) is

' momerrlanly interrupted. This conclusion was confirmed by the fact that the
magnitude of the-deflection is increased when the concenuation of buffer goes
up and by the dxsappearance of the deflection upon achieving a continous flow of

camer via installing a by-pass around the mjector

R
»

2. ‘3 4 Slegm su fate gengent@t on "
\t Sodium sulfate was used by Motomizu as a saltmﬁ out agent. He observed that
! ‘ in the absence of this agent, it took about 60 minutes forcomplete phase
| separatnon whereas one minute was enough to obtam similar-results when -
sod;urn' sulfate was present. Consequently, using a dye to surfactant ratlo of 6 -
and ah acetlcvamd to surfactant ratio of 3.2 x 103, sodium sulfate was added to
Lhe reagent in varyxng amounts. Results are sumarized in figure 9tand table I V
‘ The behavxor observed upon the addition of i mcreasmg amounts-of sedium
* 'sulfate was a gradual ‘increase in noxse level, and a bngger peak hexght for the
g sample A ratio of sodium sulfate to surfactant equal to 1.2 x 104 was chosen as a
compromxse between these two vanables smce a significant amount-of noise is
introduced into the system aftet the sodtum sulfate to surfactant ratio was higher

: than 1 5 X 104 (Motom}zu used a ratio of 1.0 x 105). Tl'us gradual increase in
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Table IV, Peak height as a function of sodium sulfate concentration. Dye to

surfactant ratio, 6; acetic acid in buffer to surfactant ratio, 3200. Instrument

parameters: As in figure 7.

(SS] [SS)/[surf] Peak height(a) rs.d Blank
M) (cm) ' (%) (cm)
0.0 0 574 28 1.0
0.2 4.00 x 103 62.8 13 10
04  800x103. 1656 3.1 - (b)
06 120x104 838 3.8 - ()
08 L60X104 . 1000 - 42 b

1.0 2.00 x 104 108.0 5.2 - ()

(a) The data were normalized using equation 2.2. |
(b) Noise was too large to permit accurate measurement of peak hejght for these
blanks.

‘Note: SS stands for sodium sulfate.
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signal size was not easy to interpret considering that if the only effect of sodium
sulfate is to accelerate the phase separation, then higher responses should not be
obtained once the ion pair formation has been completed and quantitative
extraction has been achieved. Reasbns for the observed behavior will be
considered in sections 2.3.5 and 2.3.6. ,

Blanks increased in magnitude with higher sodium sulfate concentrations.
They were measured for low sodium sulfate to surfactant ratios. Hoewever, the
noise also increased and, at higher sodium sulfate to surfactam ratios, it was so
‘bxg Lhat it literally "buried” the blank signal. In an effort to understand this
behavior, several blanks were prepared manually'a—ﬁa’ scanned from 750 to 400 )
nm. These blanks were obtained following Motomizu's procedure but were
intended to reflect the effect on absorba?uce upon the addition of dye, buffer, and
sodium sulfate in the SE/FIA system. The conditions utilized and the results
obtained are shown in table V. These data suggest that the presence of sodium
sulfate per se does not involve a higher magnitude in the blanks. This »
observation agrees with Motomizu's study on the effect of coexisting ions. In his
work, using toluene, a contribution smaller than 6.005 absori)ance units was
found for sodium sulfate at thel x 10-2 M level. In the extraction with benzene,
‘Motomizu found that the absorbances of the blank increased markedly with the
progressive increase of sodium sulfate concentrations and vthat, to avoid

_interference, the benzene extract had to be washed. ~a

23.5 Extraction coil length = .

- The influence of :le'ngth of the extraction coil in the SE/FIA system was
studied by va-rying it from 10 to 680 cm while keeping constant the rest of the
varlables inthe system Repllcate 1nJecuons of sodium dodecyl sulfate were

' made and their peak helghts and peak w:dths at half-hexght were observed. Total
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[able'V, Absorbance values of blanks for various concentrations of dye, acetate
buffer, and sodium sulfate. Blanks were prepared following the manual

procedure [131].

Absort_)'al—hce
| [dye]) Buffer [SS] at546nm  at615nm

M) (M) M) (absorbance units)
50x106 0 0.0 0.005 0.009
3.0x 104 0 0.9 ,_ 0015 0.023
75x104° 0 0.0 0.032 0.047
.30x104 0 » 0.0 0.015 0.023
30x 104 0.18 SA & 0.16 AA 00 - 0029 £ 0.049
30x104 0.28 SA & 0.24 AA 0.0 0.040 0.057
3.0x104 0.18 SA & 0.16 AA 0.0 0.029 0.049
3.0x104 0.18 SA & 0.16 AA 06 0030 0.052

30x104 - 018SA&O0I6AA 10 0031 - 0054

Note: SS, SA, and AA stand for sodium sulfate, sodium acétate, and acetic acid,

N
respectively.
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flow rates of the aqueous (Fj 1) and organic (Fo,t) phases were also monitored,

and residence times were obtained with a manual stop-waich. In an effort to
“understand the role of the acetate buffer and of sodium sulfate in the SE/FIA
system, the variable extraction coil length experiment was performed uﬁdcr
" three differerent sets of conditions: (i) utilizing the dye, the acetate buffer, and
sodium sulfate; (ii) in the absencé of sodium sulfate; (iii) in the absence of both
the acetate buffer and sodium sulfate. The data obtained from these experiments
(presenggin tables VI, VII, and VIII) were called “raw data” since no special
handling was done with such data. Afterwards, and due to the fact that flow rates
were allowed to change during the experiments, a covrre'ction of the "raw dxz;nam" .
was performed. In the case of peak heights, the data was multiplied by the ratio
of the total flow of organic phase to the flow of carrier, as required by a recently
derived equation [147]. Fer peak areas, calculated from peak height and peak
width at half-height, the effect of changing flow rates was compensated by
multiplying the data by the total flow rate of organic phase [94]. These corrected
~data are presented in tables IX, X, and XI; as well as in figures 10 and 11.
The plot of corrected peak hcigfns versus extraction coil length (figure 10)
indicates that under the three sets of conditions employed, peak height increases
‘'sharply with longer extraction coils at coil lengths ghortgr than about 320 cm,
but after this point height becomes more or less constant. Figure 11, a plot of
corrected peak areas versys extraction coil length, shows essentially the same
pattern. ‘ | | '
Drawing an analogy between the extraction coil lerigth in the SE/FIA system
and the effect of shaking time in the manual separatory funnel method can be
uséful. At very short coil lengths the extraction of the ion pair is incomplete, but
approaches anv"equilibrium" value as coil length is increased. In this view a coil

about 320 cm long would 'c'orrcspond to the attainmént of "equilibrium". _

*
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[able VI . "Raw data” of peak heights and peak widths at half-hgigtht as a
function of variable extractioncoil length. Instrument pal'"ameters: Injection
';/olume, 50 microliters; wavelength, 546 nm;dye concentration, 3 x 10-4 M;
buffer composition, 0.18 M sodium acetate and 0.16 M acetic acid; sodium

sulfate concentration, 0.6 M: surfactant concentration, 5 x 10-3 M.

Extraction Peak rsd. Peak’ r.s.d. Fop Fat Residence

coil length  height(@) width(b) time
(cm) (€m) (%) (m) (%)  (mUmin)  (sec)
10 81 42 017 41 23 13 11
20 147 45 016 3.1 23 13 11
50 298 13 015 20 23 13 15
80 389 . 08 0I5 200 22 13 17
110 474 = 08 015 0.0 21 12 20
140 543 13 015 0.0 20 12 23
170 60.5 15 015 2.0 20 12 26
200 648 09 016 0.0 19 L1 30
230 713 10 017 18 19 11 33
260 71303 017 4 18 18 LI 36
320 748 22 018 1.7 17 10 43
40 . 700 " 23. 024 0.0 17 09. - 65
“s60 671 08 0287 11 15 09 90 -

680 " 716 06 029 10 14 08 115

(a) Peak height data were normalized using equation 2.2.

. (b) Peak widths rehui‘;cd no normalization.
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Table VII. "Raw data” of peak heights and peak widths at half-height as a

function of variable extraction coil length in the absence of sodium sulfate.

Except for the sodium sulfate concentration, the instrument parameters are the

same as in table VI.

13

r.s.d.

Extraction Peak rsd.  Peak Fot Fat Residence
coil length  height(a) width(®) time
(cm) (cm) (%) (cm) (%) (ml/min) (sec)
10 78 31 019 26 23 14 1
20 11.7 37 017 S1 23 14 11

50 . 200 34 019 27 23 14 14
80 27.1 23 017 17 21 12 17
140 334 22 019 16 20 12 23
170 38.2 1.8 019 16 20 12 26
200 443 100 019 16 19 12 30
230 466 06 - 019 00 19 12 33
260 495 18 021 14 19 11 37
320 572 12 021 14 18 1.1 44
440 . S82 15 024 13 17 10 63
560 652 20 025 12 16 09 85

’ 16 14 09

680 - 68.2 1.9

0.31

r]lo‘

(a) Peak height dagh were normalized using equation 2.2.

(b) Peak widths rcq\biired no normalization.

Note: FZ),( and Fp ¢ stand for total flow rates of organic and aqueous phases.

o
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Table V]I, "Raw data” of peak heights and peak widths at half-height as a
function of variable extraction coil length in the absence of sodium sulfate and )
buffer. Except for the sodium sulfate and the buffer concentrations, the

Instrument parameters are the same as in table VI.

Extraction Peak rsd. Peak r.s.d. Fou Fay Residence

coil length  height(2) width(b) . time
(cm) (cm) (%) (cm) (%) (mL/min) (sec)
10 0.9 93 039 55 24 14 11
20 24 21 034 29 23 13 13
50 72 58 026 19 22 13 15
80 133 29 020 25 22 13 17
110 -~ 179 - 26 0.18 33 2.1 12 17 7
170 23.7 08 019 16 20 12 27 -
200 293 20 019 43 19 1.1 3]
230 325 20 019 16 19 11 34
320 . 332 15. 023 - 00 17 09 47
40 276 15 024 21 . 15 09 69
560 30.5 17 028 11 15 08 92
680 299 36 036 14 .13 08 120

\// (a) Peak height data were normalized using equation 2.2.

(b) Peak width required no ndrmalization’. o
Note: Fo 1 and Fp ¢ stand for total flow rates of Qfganic and aqueous phases.
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Table IX, Corrected peak heights and peak areas as a function of variable

extraction coil length. Instrument parameters as in table VI.

»

" Extraction coil length Peak height x Fo, Peak area? x F,
— 't , e
(cm) (cm) (cm2 mL min-1)
10 28.66 3.17
20 52.01 541
50 105.45 10.28
80 131.66 12.84
110 i 165.90 1493
140 181.00 16.29
170 201.67 18.15
200 223.85 19.70
230 24631 23.30
260 23334 - 21.82
320 254.32 22.89
440 264.44 28.56
560 223.67 28.18
680 ©250.60 29.07

. (a) Peak areas were calculated from heights and peak widths at half-height.

Note: Fq t and F¢ stand for total flow rate of organic phase and flow rate of

carrier, respectively.
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Table X. Corrected peak heights and peak areas as a function of variable
extraction coil length in the absence of sodium sulfate. Except for the sodium

* sulfate concentration, the instrument parameters were as in table VI.

a

Extraction coil length Peak heightxFoy = Peakarea?x F
Fc
(cm) (cm) (cm2 mL min-1)
10 2563 3.41
20 38.44 4.57 '
50 65.71 . 874 /
80 ~ 94.85 9.67
140 S 1133 12.69
170 213 14.52
- 200 14028 15.99 .
230 147.57 16.82 -
260 17100 19.75
320 ) 18720 21,62
440 197.88 23.75 L
560- 23218 2612
680 212.17 | 29.60

. , _
(a) Peak areas were calculated from heights and peak widths at half-height.

Note: Fo,t'/and F¢ stand for total flow rate of organic phase and flow rate of /_\,

carrier, respectively. » oo

Q‘AJ::
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Table X1, Corrected peak heights and peak areas as a function of variable

extraction coil length in the absence of sodium sulfate and buffer.Except for the

sodium sulfate and the buffer concentrations, the instrument parameters are the

same as in table VI.

Extraction coil length |

Peak height x Fj, ;

Peak aread x Fy

F. -
(cm) (cm) (cm2mL min-1)
10 3.08 0.84
20 8.49 1.88
50 2437 4.12
80 45.01 5.85
110 62.65 6.77
170 79.00 901
200 101.22 10.58
230 112.27 11.73
320 125.42 12.98
e 0 92,00 9.94
- 560 114.37 12.81
680 97.17 1399

(a) Peak areas were calculated from heights and peak widths at half-height.
Note: Fo,t and F¢ stand for total flow rate of organic phase and flow rate of

carrier, respectively.
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Figure 10, Corrected peak heights as a function of variable extraction coil
length (@) in the presence of dye, buffer, anc \sodium sulfate; (m) in the absence of

sodium sulfdte; and (A) in the absence of sodiulp sulfate and the buffer.

* Instrument parameters: Injection volume, 50 mitroliters; wavelength, 546 nm;

nitrogen pressure, 20 psig; sample, sodium dodecyl sulfate.
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Figure 11. 'Corrected peak areas as a function of vanable extraction coil length
(@) in the presence of dye, buffer, and sodium sulfate; (m) in the absence of |
‘sodium sulfate, and (a) in the absence of sodium sulfate and the buffer. *

| Instrument parameters Injection volume, S0 mlcrohters wavelength 546 nm;

nitrogen pressure, 20 psig; sample, sodium dodecyl sulfate.
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Nonetheless, the fact that the plateau value observed on figures 10 and 11
depends 6n the set of conditions utilized clearly indicates that a distribution
equilibrium is not being attained and LhAat an unexpected effect is involved. Such
an effect may be related to adsorption of a certain amount of surfactant and/or of
1on .pair onto the wallsoof the SE/FIA system or at the organic-aqueous
interfaces; to the formation of charged aggregates such as colloids or micelles;
orto dth:cr processes that may{@lgpete or interfere with the extraction of the ion
pair: This interpretatibn is suggeétéq by the fact that the efficiency of extraction
is greatly enhanced upon increasing the ionic strength in the systgm via the
addition of the buffer and/or sodium sulfate. i .
" Even though an extraction coil l%ngth of 0.0 cm is physically unattainable, an
extrapolation of the data plotted on figures 10 and 11 seems to indicate that a *
"non-zero responsé would be obtained. This Suggests that ion pair extraction
occurs, to a certain extent, in the segmentor and/or the phase separator. Since in
all the SE/FIA expcriménts described so far an extraction coil length of 230 cm
has been used and this length is in the regiori of increasing response, a longer coil
“was used on all subsequent sfudiés to ensure that the system was working on the

{
constant response range.

236

In his work, Motomizu added “sodi_um sulf;te in order to decrease the time
requ’ired' for_pha_se.separation. In the-absence of sod\ium'sulfate, it took about 60
. minutes for con_}piéfﬁ'c' phase separation after shaking; while in the presence of
sodium sulfate, a standinéit'ime of onie minute was sufficient for complete phase
Scparation. In the present work, sodium,sulfafe has been observed to increase the
signal sjze whenever it has be(;n {né.orporatcd’ into the SE/FIA system. In order

-
*
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to understand the role of the buffer and the sodium sulfate electrolytes the
following tests were performed. v

The instrument used was essentially the same as the one described in section
2.2.2, except that an extraction coil length of 680 cm was utilize:i. Either a
5 x 10-5 M sodium dodecyl sulfate solution or distilled water was utilized in the
“carrier” cylinder. The amounts of dye, buffer, and sodium sulfate employed |
were adjusted to give the familiar ratios of 6, dye to surfactarit; 3.2 x 103, acetic
acid to surfactant; and 1.2 x 104, sodium sulfate to surfactant. The extraction
coil was disconnected from the phase separator. In some experiments toluene
was flowing (“toluene” cylinder open) and in others there was no toluene
("toluene” c;lindcr closed). The system was allowed to stabilize and a sample of
the one or two phase I{Quid was collected at the end of the ex;faction coil-either
to form a thin layer of solution to be visually examined for the presence of
precipitate (when toluene was absent); or to measure the 'abs;orban'ce of the
toluene phase at 546 nm (when toluene was present). The results obtained are
summarized in table XII. | ‘

In the absence of sodium sulfate, no precipitate (absorbance = 0.007) was
detected for a blank (te%t’s 1 and 2); but in the presence of surfactant, a small )
.amount of precipitate (absorbance =b.282) was observed (tests 3 and 4).

Similarly, when sodium sulfate was incorporated into the system, no precipitate
- (_absorbarlc;c = 0.015) was observed for the blank (tests 5 and 6); while in the |
* presence :)f surfactant, a large amount of precipitate (absorbance = 0.425) was
-seen (tests 7 and 8). |
It may be concluded from these tests (1-8), that "salting-out” of the dye-
surfactant ion pair ig the i)}esence of only the buffer does occur to some extent
since a smail amount of preéipitate “;as observed in test 3; and that sodium

sulfate produces a greéter "salting out" effect since the amount of precipitate

-
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Table XII. Electrolyte effect. Instrument parameters: Dye to surfactant ratio,

6; acetic acid to surfactant ratio, 3200 (pH= 4.8); sodium sulfate to surfactant

ratio, 12000; wavelength 546 nm; injection yolume, 50 microliters: extraction

coil length, 680 cm; nitrogen pressure, 20 psig; injection frequency, one

injection/10 sec; "carrier” cylinder, distilled water

Test Surfactant "Reagent” Toluene - Observations
cylinder cylinder

1 0 dye + buffer closed,  noppt

2 dye + buffer open abs.= 0.007

3 5x105M  dye + buffer closed small amount of ppt-
4 5x105M dye + buffer open abs.= 0.282

5 dye + buffer + SS  closed no ppt

6 0 dye + buffer + SS  open abs.=0.015

7 5x105M dye + buffer + SS  closed ppt

8 5x10-5M dye + buffer + SS  open abs.= 0.425

- Note: ppt stands for precipitate.
.
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obtained in test 7 was considcrably larger than that obtained in test 3. The -

precipitate observed in the surfactant-containing solutions in the presence of . -

&n

buffer and sodium sulfate, as well as the increased absorbance of the toluene
phase in these systems, could be due to either o’f two causes: (1) it could be a
simple salting-out effect in which the solubility of a solute such as the dye
surfactant compound is reduced in the presence of electrolyte, or (ii) it could be
that the dye-surfactant compound is present in the aqueous phase at low i.Qngg' v
strengths in the form of a charged colloid which cannot be observed by eye but
which coagulates in the presence of higher electrolyte conceéntrations. This latter
phenomenon has been observed for tctxa-alkylammonium@cratcs [155], where
it was also found that the rate of extraction of the tetra-alkylammonium ion pair
into chloroform occurs much more rapidly at higher ionic strengths. This could
explain the behavior observed in section 2.3.5 (extraction coil length), since
charged colloid formation would compete ‘with the extraction process.
Considering that the extraction constant of the sodium dodecyl sulfate-ethyl
violet ion pair in toluene is on the range of 167; a salting-out effect, as utilized in
the usual sense, woulc_i not account for the behavior seen on section 2.3.5 because
this extraction constant is so large thai the raising of the ionic strength should not
-make the extraction any more quantitative. This subject will be discussed further

in the next section.

237 Sample injection volume

Utilizing co‘nstant instrument parameters in the SE/FIA system, the volume of |
sample injected was varied (by changir;g the volume of the loop in the injection -
vélYéj under three different sets of conditions: "(ui) utilizing a low surfactant ’
concentration and the dye dissolved in water, (i'i)‘ using a relatively high

surfactant concentraiion with the dye dissolved in water, and (iii) employing a



medium surfactant concentration and the dye dissolved in toluene. Thc; volume
injected by each loop was determined in.a separate calibration experiment using
spectrophotometry [132]. As the injection volume was varied, the effect was
monitored in terms of peak area (measured via a HP-3390A intcgrato’r), peak
height, and peak width at half-height. A normalization of these data was carried
out for inter-comparison purposes among the three sets of conditions used. Since
peak areas are independent of the absorbance range value used in the detector
during the experiment, this normalization was done by dividing the data
obtained by the surfactant concentration. Peak heights were normalized by

multiplying the data by the range setting used, and dividingrby the surfactant

con?cnumxon Peak widths at half-height are independent of the range set on the

detector, and of the surfactant concentration; thus, po normalization was
required. The conditions u;cd and the results obtained are shown in tables XIII,
X1V, and XV; as well as in figures 12-17.

Theoretically, a plot of peak area versus injection volume should yield a
straight line with zero-intercept since peak area is directly proportional to the
number of moles of sample injected. For the first set of conditions, utilizing a-
relat{yely high surfactant concentration (5 x 10-5 M) and the dyc dissolved in
water, such a plot (figure 12) was linear with a slope of 5.72 x 109
(r.s.d.=1.62%) and an intercept of -2.72 x 1010 (5.d.=2.50 x 1010). A plot of
peak height and peak width versus injeciion volume (figure 13) shows that peak'
height increases with sample volume untita plateau is reached at about 300
mxcrohters while peak’ wxdth is nearly constant for sample volumes below about
150 microliters, and later it increases with the higher sample volumcs'.‘ This
behavior can be rationalized ;as has been done in the past [94]. Wheh injection
volumes are sufficiently small (less than about 150 microliters), peak width at
half-height remains ésséntially i(:onstihl due to the fact that a mixing chémber

LY
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Table X11I. Variations of peak area, height, and width with injection volume |
for "high” surfactant concentrations, utilizing the dye dissolved in water.
I’nstrﬁment parameters: Surfactant concentration, 5§ x 10-3 M: extraction coil
length, 450 cm; nitrogen pressure, 20 psig; wavelength, 546 nm; dye
concentration (dissolved in water), 4.5x 104 M; buffer composition 0.18 M
sodium acetate and 0.16 M acetic acid; sodium sulfate concentration, 0.6 M;

injection volume, variable:

a5
Injection . Peak area rsd. Peakheight x range r.s.d. Peak r.s.d.
volume [surf] [surf] width
(uL) aiu x1011 (%) cm AUFSx104 (%) (cm) (%)
; \ v e M
477 © 267 20 58 37 025 20
78.5 435 47 7.2 . 42 027 27
. 142 7.38 38 132 36 028 13
J\ 369 210 3.0 216 - 29 057 12

445 252 26 ’ 20.6 07 075 0.5

" Note: Peak areas ‘were normalized by dividing them over the concentration of
- surfactant; whereas peak heights were normalxzed by multiplying them by the
ratio of the range setting utilized in the detector to the surfactant concentration:
" Peak widths were not normalized.
Noté: AUFS siands for absorbance units ‘at full scale; whereas aiu. stands for

arbitrary integrator units.
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- Figure 12." Normalized peak area versus injection volume for "high" surfactant

coricentratibps, and the dye dissolved in water. The concentration of surfactant
‘was 5 x 10-3-M and the dye concentration 4.5 x 10-4 M. Instrument parameters:

~ Asin table XIII. ; . |
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Figure 13, | Peak widths (&) and normalized peak heights (o) versus injection
volume for "high" surfactant conccntranons and the dye dlssolved in water.

. Surfactant. concentration was 5% 10-5 M and the dye concentration 4.5 x 10-4
‘M. Instrumem parameters Asin table XL |
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Table XIV, Variations of peak area, height, and width with injection volume
for "low” surfactant concentrations, utilizing the dye dissolved in water. The
instrument parameters were the same as those indicated in table XIII, except that

e

the surfactant concentration was S x 10-6 M.

Injection Peak area r.s.d. ieh ne rs.d.  Peak r.s.d.
volume [surf] [surf] v width

(UL ain x 10! (%) cmAUFSx 104 (%) (m) (%)

M M

b4

477 . 568 49 132 18 023 00

785 - 7.88 3.9 15.6 1.8 025 25

142 . 133 29 214 24 035 40

369 343 - 12 28.8 39 071 00

445 - 422 1.7 273 28 090 - 2%

s

7

Note: Peak areas were normalized by dividing them ovér the concentration of
_ surfa'&ant; whereas peak heights were normalized by multiplying them by the
. ratio of the range setting utilized in the detector to the surfactant concentration.
‘Peak widths were not normalized.
 Note: AUi:S stands for absorbancc units-at full scale; whereas a.i.u. stands for

- . arbitrary integrator units.
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concentrations and the dye dissolved-in wafer. The co i ntration of surfactant

was 5 x 10-6 M and the dye concentration 4.5 x 10-4 M. lnstrugwnt parameters: -

As in table XIIL. °
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- volume for "low" surfactant concentrations and the dye dissolved in water.

Surfactant concentration was 5 x 10-6 Mand the dye concentration 4.5 x 10-4

M. Ifstrument parameters as in tablc XIII
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Table XV, Variations of peak area, height, and width with injection volume for
"medium” surfactant concentrations, utilizing the dye dissolved in toluene. The
instrument parameters were the same as those indicated in table X1, except that

the surfactampwas dissolved in toluene and its concentration was 2 x 10-5 M.

Injection E;ak_a[;g rs.d. Peak height x range . r.s.d. Peak r.s.d.

volume [surf] [surf] width
ML) aiwxIOM (%) mAUFSXI* (%) (m) (%)
M M

47.7 582 14 124 07 022 16
78.5 7.61 0.7 15.7 07 025 1.1
142 133 0.5 24 0 ®32 09
369 324 0.2 278 08 067 04
445 . 399 0.4 283 08- 086 03

Note: Peak areas were normalized‘by dividing them over the concentration of
surfactant; whereas peak heights were normalized by multiplying them by the -
ratio of the range setting utilized in the detector to the surfactant concentration.
‘Peak widths were not normalized. |

Note: AUFS stands for absorbance units at full scale; whereas a%.u. stands for

arbitrary integrator units.
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rsdel 74%, intercept=0. 71 x 1011, 5.d. —O 43 x'1011); and the plot of
" normalized peak hexght and peak w1dth versus mJectxon volume (figure 15),

. respecuvely

66
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sample zone. When the injection volumes are large enough (more than about 400 *

cffect in the phase separator and a laminar flow effect in the unsegmented

regions of the SE/FIA are sufficiently larg'e to act upon the whole length of the

-microliters), the two effects mentioned above affect only the leading and trailing

edges of the sample zone. Since the centraf portion is not affected, peak height

‘becomes independent of injection volume; whereas peak width becomes

proportional to it. For injection volumes between 150 and 400 microliters, an
1ntennedxate1behav1or is observed.

When the cOncentratlon of surfactant was lowered by afactor of 10 while
keeping the rest of pararnieters constant, the vanable injection volume
expenment yielded sxmllar results as th'osp obtained when the concentration of
‘surfactant was 10 times hxgher The plot, oﬁ normahzed peak.area- versus

injection volume (figure 14) was again obse{rved to be linear (slope=9 22 x 109,

followed the same pattem of ﬁgure 13. However, as gan be seen by comparing

_. tables Klll and X1V, at.the Iower surfactant concentranon (5 X 10'6 My,
. nonnallzcd areas were observed to be about 80% hlgher on ave@ge than they *
o were for the hlgher surfactant concentxanon (5x 10—5 M). Sxmxlarly, average

| mcrements of abqut 75% and 10% were 'seen. for peak herghts and‘peak W1dths
It appeam that y\/hen the surfac&nt concentratxon is relatnvely hlgh a
supstantial fractlon of the dye-surfactant ion pa:r is "jost" resultmg in an ‘
atlenuated sensmvxty Conversely, when low surfactant concentratnons are
utdxzad the fractlon of dye surfactant jon pau‘ bemg formed. and” loss" is
;maller thus the sensmvxty is not so“severely affected Such a "loss" of ion pair -

mnght be consnstent wnth the \new thaf Jhe formatton of a charged colloxd

-~ . &



competes with the extraction process and that the colloid once formed extracts
only very slowly. If the attenuated sensitivity is attributed to the competitive
formation of a charged colloid b§ the dye-surfactant compound, avoidance of
this behavior can be achieved by dissolviﬁng the dye in the organic phase rather
‘than in the-aqueous phase. If the dye were dissolved in the organic bhase, the
following sequence would take place: (a) the dye would transfer to the aqueous
phase very quickly as soon as both phases were brought together; (b) if there
kVwere no sugfctant present, the dye would stay dissolved in the aqueous phase;
(c)if surfa%tfnt were present, the transferred dye would react very rapidly with
it to form the surfactant-dye ion pair and, subsequently, extraction of this ton
pair into the organic phase would take placs " without the surfactant having been
present together with a hrgh dye concentratron in the aqueous ghase €
In an effort to fmd out if the use of the organic phase as solvent for the dye
would reduce the concentration dependence of the sensmvxty that was observed
when the aqueous phase was utlltzed the organic solvent stream (toluene) was: .
: replaced by a solutton of the dye dissolved in toluene. The concentratron of this
solution i 1s such that after takmg into account the mdxvxdual ﬂow rates from the
f orgamc “and "reagent cylmders, the net amount of dye is still the same (see

* figure 2). In this experxment the aqueous reagent" cylmder wluch used to

contain dye buffer and sodium sulfate new contams only the buffer and the -

sodium sulfate Keeping the rest of the parameters the same as those used when
-t the dye was dtssolved in water, and utlhzmga surfactant concentratlon of *
2x10-5 M the variable- mjectlon volume test was perf ed again. This
» concentratxon value was mtended to deprct the behavxor f the system when
' nexther so large nor sp low concentratlons of surfactant were utxlnzed Results

i are sumanzed in tz%f‘) > 1

E3
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(
" Asin figures 12 and 14, the plot of peak area versus injection volume (figure
16)-was again linear, with a slope of 8.59 x109 (r.s.d.\:l .75%) and an intercept
of 1.20 x 1011 (s.d.=0.41 x 1011); whereas the plot of peak height and peak
wtdth versus injection volume (figure 17) indicated that the same general trends
are followed as in figures 13 and 15. However, a thantitative comparnson of the

rnagnitude of the signal obtained under the three sets of conditions, showed that

the normalized values of peak areas, peak heights, and peak widths observed

when the dye was dissolved in toluene rather than in water were cornpafable to
the hlgher sensitivity obtained for the low surfactant concentration in table XIV.

Asa consequencc of these expen'ments toluene was adopted as the solvent for
the dye since it provxdes an enhanced sensitivity. An injection volume of 50

microliters was chosen for subsequent studies since it represents a favorable

‘ compromlse between maximum samplipg f{equency (small peak widths) and an ,

. unnecessary sacnftce 1n sensmvxty (large peak hetghts)

L . I

238£:a_tznatmmcs_w_:m_su

- Calibration Curves were obtamed at various stagcs dunng the development of

. the SE/FIA system. These cumes ‘were tntended to nge an evaluauon of the

- ,status of the system, as t.he optimization steps were carned out, based on

- parameters such as mtercept values relative standard deviation of the slope and

dynamic range A total of four caltbratton curves, presented in tables XVI- XIX
and ﬁgures 18 21, weére obtamed under a vanety of dtfferent workmg

condnttonsby uuectmg several sodtum dodecyl sulfate SOlUthIlS overa wx.de

“ xange of concentrations Expenmental clondmons are gwen tn the ﬁgure and

'table capttons : S

‘v

. After the ex ctton coxl length study was perfonned (sectxon 2. 3. 5), it

f beCame appare t that the col’kg“glh utlhled before was mapPl‘OP“ﬂ‘e s:nce A‘ -
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[able XV], Calibration curve #1. Instrumént parameters: Dye concentration;
3x 10-4 M (aqueous)' sodium sulfate concentration, 0.6 M; buffer composition, .,
O 18 M sodium acetate and 0.16 M acetic acid; wavelength, 546 nm; extraction

c011 length, 450 cm; nitrogen pressure, 20 psig; injection volume, 50 .

microliters; sample, sodium dodecyl sulfate.

[Surfactant] Peak height(a) rsd. 7 Peak area Jr.s.d.
™ (cm) (%) (@iu.x106) (%)
10x104 . 114 26 . 183 sl
75x105 838 7.1 146 59
5Qx 105 . 55.9 22 934 24
2.; 10-5 o355 3.5 593 25
10x105 - 205 37 330. . 20
S0x106° o1 43 14 54
10x106 . 35, . . 134 071 - 222
50x10°7 . Not detcctable s | Nb_t detectable

(a) The data were normalized using equation 2.2
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1
Table XVIL Calibmtion cu/rve #2. Instrument parameters: As in table X V],
except that the dye concenu{ation was4.5x 10-5M (aqueous).
'\\ | |
[Surfacianr] . Peakheight(®  rsd. Peak area . r:&i ¢
™M) . (cm) B @iux109), (%)
1.0 x 104 125 83 206 59 o .
7.5x10-5 929 = 54 16.9 a5
50x105 600 56 - 18- 115
2.5x10°3 365 29 615 40
c1.0x105 215 \"2.4. -7 313, 28
A(a) The data were normalized using equation 2.2 »
r e
%
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Table XVIII. Calibragion curve #3. Instrument parameters: As in table XVi,
exce ¢t that the dye concentration was 6 x 10-5 M dissolved in tplu‘én’c i

?ujvalcm toa3x 104 M aqueous dye solution). *

‘ / {Surfactant]  Peakheight  (tsd) - Peak area* rsd.
™ . (em) (%) (@iv.x106) (%)

1.0 x 104 140 0.7 219 S L

“75%105 . 126 12, ;35T - pa
C50x105 114 14 189 R

L 25x105 - 576 0 - 9.78 07

1.0x 105 - 239 . 1 394 -~ 08

50x 106 16 17 197 .17
255106 57 .19 . 0e1 . 24

N - Mx106° 23 4y 0 Tos 24
- Yoasxol Not dejgetable .. Notdetectable

. . ° s
e . o " f -
. . . . oo . d N ‘ . )
- hl T
¢
3 '
.

" .(a) The data were normalized u$ing {:i;’uatidn 22
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- Table XIX. Calibration curve #4, Instrument parameters: As in table XVI,

except that the dye toncertration was 9 x 10-5-M dissolved in toluene (equivalent

H

t0ad5x104M aqueous d ‘e solution). ’ _ -

[Surfactant] Peak height(a) r.s.d. Peak area rs.d.
M (cm) (%) C(@iuwx100) (%)
10x104 - - 224 0.7 49 16
75x105 199 0.7 290 -+ 10
50x105 ‘ 138 0.7 212 09
2.5x10°5 606 .. 10 9.40 09 .
10x105 232 T g0 4.06 05
50x106 . 118 17 2.31 24
10x107 296 - 51 072 a4
[ 4 ) ’ . o .
75x10°7 Not detectgble _ Not detectable
(a) The data were ﬁormali»zed'usirig equation 2.2 o . .
/ .,"_,
N | .
p \'\\ L
I
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distribygion equlibrium had not been aitained at the short coil lengths used. A

tr

&on curve was obtained usmg a soluuon of dye in water and employmg an
€xtraction coxl of 450 cm. The results are presemed in table XVI and figure 18
In addition to peak helghts measured manually frem a strip chart recorder,
peak areas were also obtamcd by means of an integrator. Peak heights were
normalized using equatio'n 2.2. Since peak areas are independent of the range
setting-in the detector and of the attenuation value used in the mtegrator no
normalization was:equxred The range of concentrations studned was from

1 x 10 TMto1 X ;O*“ M and.the results obtained were as follows: Between

1 x 10-6 M'and 1 2104 M, a linear relationship was 6bserved for both peak
heights and areas. Concentratnons at and below 5% 10- IM were undctectable
For hexghts the slope was 1 x 106 (r.5.d.=3.30%) and the mterccpt was 6.15
(s.d.=1.79); whereas for areas, the slope was 1.75 x 1011 with a relative \
standard dev:atlon of 3. 04% #nd the intercept was 1 06 X 106 wnth a standard
devnauon equal to 0 28 x 106.+ ' ; ..
 A'second callbratlon curve was obtamcd under condmons sxmnlar to ‘the flrst

cxcept that the concentrauon of dye in the aqueous phase was raised from

/3x 10-4M t04.5 x 104 M (table XVII and figure 19). The behavnoroftfie '

» systcm was momtored in terms of peak hexghts and peak areas, and it was found

- areas (slope= 1_.99 x 1011, r.s.d.,of the s_lope- 4.08%, intercept= 1.40 X 106, sd.

that the dynafmnc range was narrower thar that +which had been seen in ﬁgure

18. Thxs was due to a substanhal increase m the. nonse level, whnch also caused the .

precns:on of this curvc (estxmated as the relative standard devxatlon of the slope)

- to detenorate Surfactaﬁ; conceﬁtraﬁons smaller than 1 x 10'5 M werc not

.

detegabk and lmcanty was obtamed for peak hexghts (slope- 115 106 rs. d.

of the slope- 4 28%, mterccpt— 7.35, s d. of the mtercept-3 02) and for peak

-

Py . ’ T : »
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of the intercept= 0.50 x 106) when working at surfactant concentrations ranging

between 1 x 10-3and 1 x 104 M. N o .
After realizing that the formation of a charged colloid df the ion pair is likely

when the dye is present in the aqueous phasé (see gccnons 235-237),a

calibration curve was obtained starting with thc dye in the tolucne phase. The

"\‘dyq concentration in toluene was 6 x 10-5 M whlch_ isgquivalent toa 3 x 104 M

aquedus dye solution. The equivalence arises from a difference in flow rates. S

The results are prescmcé in table XVIII and figure 20. f’}ak heights and peak

~ areas were used to monitor the experiment. The detection limit waé found to be

1 x 10-6.M and linearity in the calibration curve was observed in the

7

concentration range between 1 x 10-6 and 5 x 10-5 M surfactant. This
represented a narrower dynamic range than in previous calibration curves but,
in contrast, the precision of the curve was extremely good. For peak heights, the
relative standa‘rd deviation of the slope was 0.60% (sl‘ope= 2.27 x 106,
.' inté;—bcpt= 0.40, standard deviation of the intercept= 0. 32)°-threas for peak
areas, a value of 0.85% was found @lope- 3.78 x 1011 mtdrcept= 0.11 x 106,
s.d; of intercept= 0.07 x 106). _ ’ SR

In an effort to cxpand the hmlted dynamic range obtamed on cahbratlon

»

“curve #3 whnle keepmg the excellent lmeanty, a new cahbranon curve (table
XIX and ﬁgure 21) was obtained utilizing a more concentxated solution of the -
. dye dxssolvcd in toluene. The concentration used was 9x 10'5 M in toluenc
whnch would beequlvalent t0 4.5 x 10’4 Min water,’ and the rest of the T, ]
- mstmmcnt vanables were kept as m calxbrauon curve #3. Asa result a limit of /
detection equal tolx 10'5 M was found, and a linear relationship was observed
for both pcak heights and.areas in the concentration range from 1.0 x 10'6 to
7.5 x 10-5 M surfacfant Eyen though an expanded dynam:c range was obtained,
the precxs:on of the curve detenorated t02.14% for ' peak heights (slope=



SN

o 270 x 106, intercep't= 2.20, s.d. of the'i"ntercept= 33), and 3.20% for peak
%areas (slope=3.92x 1011, mtercept 0.28 x 106, s.d. of the mtercept- -

0.48:x 106).

A <comparison of the calibration curves shown above indicated that,_ based on
relative standard deviation of the slope, interce‘pt, and standard deviation of the .
intercept, the best calibration ctirve would be curve #3 (see figtrre 20). h

However, the dynamic range of this curve was not very broad, thereby i ungnsmg

a restriction on the anhlyncaﬁ‘hethod For the purpose of dtscoverlng the

reasons for this limited dynamic range, several hypotheses were postulated and e

exatmined. The results obtained are prese‘nted thbugho_ut ‘the follq‘wing sub- -
sections (2.3.8.1 - 2.3.8.5). '
- 23.8.1 ine: "

) ‘separatory funnel takmg care to pre- saturate e toluene with an aqu' :
= solution of sodium sulfate and buffer, so as tZ!nphcate theSE/FIA co e f'“v‘
Afterwar‘ds, serial dllutlon was employed to prepare a senes of dye solptxons of
decreasmg concentratron in pre-saturated toluene The absorbance values of

these solutions were measured usmg both the ﬂow-through FIA detector

»

79

'(Spectxa—Physncs 8200 at 546 nm) andaspectrophotometet(Cary 118; scanning = ‘

from 750-t0 400 nm). The observed values are presented in table XX and on

~ figures 22 and 23, where it Can be seen that the absoxbance measqrements

‘ obtamed with the SE/FIA detector and with the spectrophotometer were found -
to agree reasonably well Lmear response

‘ ciose agreement was observed for

~ both detectors when measunng absorbance : _A ues mngmg from 0. l to l S Foi
htgher absorbance values, it could not be estabhshed if the mne*remmblancc

| | existed because the maximum absorbance scttmg m the SE/FIA detector was e
128 AUFS thereby making the maximum abso:banee value that couldbe
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measured 1.28 absorbance units. However, since calibration curve #3 (see figure
20) was observed to flatten out at an absorbance value of about 0.3, while the
SE/FIA detector was able to handle values of up to 1.1, it was concluded that the
hypothesis of detector non-linc;irity 1S not true. '

It was observed during this experiment that if a dye solution is left exposed to
light, slight decomposition seems to occur. The spectrum of a freshly rﬂéde dye
soluti;n or of a solution that has been protected from the light shows only two
maxima at around 613 and 543 nm; whereas the spectrum of a dye solution
exposed to light for about 24 hours or more shows an additional small peak
between 575 and 425 nm. Fortunat’ely, for experimental purposes in the SE/FIA

system, a freshly made solutxon of dye is prcpared and introduced into a cylmder

where it is protected from hght _ \'/ |

2.3. 8 2 Chemical deviation from ngrs lgw

To find out if the calibration curves were flattening out as a consequence of a

" chemical devnauon from Beer's law, two experiments were done. In the first- o

experiment, a dyc surfactant ion pair stock solution was prepared in a
separatory funnel emulating the FIA condmons, namely, the organit to aqueous
phase ratio, the dye to surfactant molar ratio, and the buffer and sodium sulfate
concentrations. A shaking time of 5 min was used after a test showed that there
was no difference in the absorbance of the stock solution when shaking times.
ranging from 3 to 30 min were utilized. The stock solution was then diluted to
‘obtain several dye-surfaciant ion pair solutions, and their spectra recorded in a
-spcctrophoiometer The absorbance values of these solutions at 546 nm'are
presented in table XXI and figure 24, where it can be seen that a lmear
relationship between absorbance and concentration exists (slope= 6;1 x 104,

r. s,d. of the slope= 1.57%, intercept= -0.01, s.d. of the intercept= 0.01).

83
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Table XXI. Data for Beer's law plot for the dye-surfactant ion pair. A stock
sample solution was prepared manually (see text for details) and diluted to

obtain several dye-susfactant ion pair solutions. Their absorbances were

measured in a spectrophotometer at 546nm.
[Hon pair] “ Absorbance at 546 nm ,
M) . (Abs. units)
/

100x106 - 0.602
8.00x106  — 0.475
6.00x10-6 0.359

5.00 x 10-6 0.277

3.00x 106 0172
2.00 x 10-6 0.112 )
1.00 x 10-6 ~0.051

<,

o
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. ' 0. 2.5 5.0 75 76

Eom_ PAIR] X 19""*( M)

E)gm;g& Becrs law plot for thc dye surfactant ion pair. A stock sample
solunon was prcpared manual,ly (see text for detaxls) and diluted to obtain,
Y
cveral dye-surfactant ion pair solutlons Thexr absorbances were measurcd ina

‘ .
5

spcctrophbtometcrat546nm D o - o
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~ I the second expen’ment, the ion pair formation and extraction was done
individually for a series of surfactant concentrati'ons; in contrast with the
previous experiment where only one such operation was done and the rgsulting
solution subSequently diluted. A shaking time of one min was utllized in the
present experiment to mimic more closely the SE/FIA system, where the whole
proéess from injection to detection takes 64 sec. The results obtained are shown
inltable XXII and figure 25. Linearity between absorbance and concentration
, was also observed in' this case (slope= 4.91 x 104, r.s.d. of the slope= 1.34%,
_ \ intercept= -0.001, s.d. of the intercept= 6.004). :

Despite the apparent similarity between conditions in the present experiments -
and those in the SE/FIA system, the absorbance-concentration behavior was not
similar. In the former, no deviation from'linean'ty was observed in absorbances
ranging from 0.01 to about 0.6; whereas in the latter, non-linearity was present
at an absorbance value of about 0.3. As a consequence, the hypathesis of non-
linearity being caused by a chemical deviation from Beer's law was discarded.
23.8.3 Di menzapgn QerQrmgnQn of higher aggregates

The possibility, was investigated that {‘ormatxon of dlmers or higher
aggregates might be’ takmg place in the orgamc phase at high concentrations of
“ion pairs. If tl'us were occurring it mlght reduce absorbahce values and,
therefore,’ cause the non- lmear behavxorc observed in our SE/FIA cahbratton
curve. The presence of aggregates can often be inferred when changes occur in
~ the spectraof solutn@ with mcreaslngly higher concentratlons Therefore the
| 'spectra obtained in sub-sections,2.3.8.1 and 2. 3.8. 2 for dye and dye surfactaqt ‘.

soluuons were exammed (see ﬁgures 26 and 27) Thxs was done by calculatmg

the ratio of ' absorbance of peak’to absorbance of valley for the two maxima at

613-nm and 543 nm- and the valley at 580 nm for all the different cdncentrations
\Jmhzed in ea\ch set of soluttons The celculated ratios were found to be



Table XX1]. Data for Beer's law plot for several dye-surfactant ion pair

solutions. Sample solutions were prepared manually (see text for details) and

their absorbances obtained via a spectrophotometer at 546 nm.

[lon pair] ) | Absorbance at 546 nm
™ . " (Abs. units) :
| €
i 10,0 x 106 0.486
8.00 x 10-6 0.395
‘ 4.00 x 106 0.195 R
2.00x 106 | 0.09%
N
g
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Figure 25. Beer's law plot for several dye-surfactant ion pair solutions.
Sample solutions were prepared manually (see text for details) and their
-

absorbarnces obtained via a spectrophotometer at 546 nm.
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Figure 26, Spectra of ethyl violet solutions. The samples were prepared
manually as described in section 2.3.8.1 and scanned in a spectrophotometer

(Cary 118. Varian Inc.) from 750 to 400 nm at a speed of 2 nm/sec.
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esSentially constant for both the dye and the ion-pair solutions, and this was

interpreted as an indication that dimers or higher aggregates were not formmg

However, these tests do not represent conclusive ptoof bccausc it 1s possible,

though unllkely, that an aggregate might exhibit the same absorption spectrum

-as the original species.

BES

2384 icien raction

The study of the cffect of extraction coil length performed in section 2.3.5

- showed that the use ofK;O cm coil length allowed the attainment of a

dlstnbutxon equilibrium. However, this experiment was performed using the
dye dissolved in water. Therefore, it was hypothesized that utilizing the dye
dissolved in toluene, there might not be enough time for the attainment of
equilibrium sinée an extra step (extraction of the dye into water) is involved in
the process. In ofder to find out, a variablé extraction coil length study was
performed under the same conditions as those used in calibration curve #3. The
results obtained are shown in tables XXIII and XXIV as well as on figures 28

and 29. As in section 2.3.5, the data obtained directly from the experiment was

-called "raw data'." (see table XXIII). The "corrected” data were obtained in the

same manner as in section 2.3.5; t.hat is, peak heights were corrected for flow
rate variations by’ multiplying them times the ratio of total flow rate of organic

phase to the flow rate of the carrier (see figure 28), while peak areas were

- calculated from peak heights and peak w@at half-height and subsequently

corrected by multiplying the values obtained times the total flow rate of organic

"phase (see figure 29).

A companson of ﬁgures 28 and 29 with ﬁgurcs 10 and 11 indicates that the

- distribution equxlxbnum attainment occurs at approximately the same coil length

‘regardless of whether the dye is dissolved in tolanc\pr in water. This suggests
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Figure 29." Corrected peak areas as a function of variable extraction coil

length. Instrument parameters: As in figure 28.



that the rate of extraction of the dye into the ajueous phase is quite large, and
that a lgnger coi\! length is not required. o

Incidentally,"gt was noted that when extraction coil lengths smaller than 20 cm
were used, the organic phase was observed to remain s‘{rongly colored instead of
becoming colorless. This was obviously caused by the fact that at such short coil
lengths, the dye is not quantitatively transfered into the aqueous phase.

In conclusion, after examining several possibilities, there was no
immediately obvious reason for the rather small dynamic range on calibration
curve #3 and no obvious mean to improve this situation. Nevertheless, taking
_ calibration-curve #3 as it was obtained, it can be said that a set of conditions was
available for the analysis of sodium do@ecyl sulfate and, hopefully, other anionic
surfactants with a precision of 1%.

The fggtors which have been investigated so far do not shed light on the
reasons mer dye concentration gives either a smaller dynamic range or

greater noise, or both. The subject will again be addressed in chapter 3.

L.

239 Ethyl violet |

After completing the work described up to this poinf, the batch of ethyl violet
with \?:/hich all the experiments had been pcrfphned ran out. This batch was
manufactured by Allied chemical but the product was no longer being produced
“~by this company. Therefore, two new batches from different companies
(Anachemia and BDH) were purchased. Unfortunately, it was immediately
noticed that Whilé the old batch had a solubility in toluene of at least 9 x 10-5 M,
the two new batches were much less solubive. Naturally, in order to continue '
working on the present projcét it was necessary to clucidéte the reason for this
Yolubility difference. |

96
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Ethyl violet, methyl violet, malachite green, and a number of other dyes are
members of the triphenylmethane group of dyes, wh\ich are acid;basc indicators.
These compounds act like very weak bases and consequently they are sometimes
used as indicators in non-aqueous titrations of weak bases. In aqueous solutions,
their use is very limited because the color change/is not sharp [133]. The Color
Index Numbers ranging from 42000 to 44900 belong to the triphenylmethane
dyes. Number 42600 corresponds tp ethyl violet, also known as basic violet 4
[134]. Its molecular formula is C31H42N3Cl and its synthésis is usually v-ifa the
reaction depicted in equation 2.5 [135]. ,

Since the reason for the different solubility observed for the different batches
could be chemical in nature (different compounds or isomers, decomposition
products, etcetera) or it could be physigal, as in the case of different crystalline
forms, several physico-chemical tests were performc‘d with the "old" material
(from Allied cilemical) and one of the "new"” batches (from BDH). The former
was identified as batch 0-1 and the latter as batch N-2.

UV-VIS spectra, These spectra were obtained by preparing soluﬁons of both
batches in water and scanning them from 200 to 800 nm in a Cary 118
spectrophotometer (Van'an Inc.) at a"specd of 1 nm/sec. The maxima observed
and their absorbances were the same for both samples. For the'visible region, it
has been reported [136] that ethyl violet should have two maxima at 597 and 547
nm. In the present experiment, the maxima observed were 596 and 547 nm for
the visible region; and 307, 253, and 207 nm, fgr the UV region (see figu're‘30-). ’
When methanol was utilized instead ;>f water, the observed maxima were shifted °
slightly but their wavelengths”and intensities were again the same for both -
batches.

- Thin layer chromatography, Four different solvent systems, chosen from the

literature [137-140], were used on silica gel plates (0.25 x 5 x 20 mm, Silica gel
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ABSORBANCE

200 320 440 560 680 800
WAVELENGTH CNMI
| Eigure 30, UV-Y_IS absorption ipectra of ethyl violet. Scannings were ﬁme on
a Cary 118 spectrophotometer (Varian Inc.) from 800 to 200 nm at a sPecd of 1
nm/sec. Sample solutions were prepared m water; the outer spectrum
corresponds to batch 0-1 (concei?;atiom 10.3 mg/L) and the inner spectrum to

~-batch N-2 (concer‘ltration=.9.7 mg/L).
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Pes

60, incorporated fluorescent dye, catalog nqmber 7410, E. Merck Co.) to

. analyze the two batches of ethyl violet by TLC. The plates were developed inside

a pre-equilibrafed rectangular glass chamber equipped with a solvent saturation

pad and afterwards were visually examined under ordmary light, short and long

~wave uv light, xodme vapors; and finally, aftlr spraying with phosphomolybdic |

acid. The results were the same regardless of the visualization method and are

'y . presented in table XX\V . An impurity (RF‘=~0.'08) was detected in batch N-2 with
tﬁe'n-butﬁnol-eﬂménol—v&ater solveht system, but it was estimated to constitute
only a small percentage of the rmxture *

Melting point, This determmatlon was performed in a melting pomt apparatus

-;equ1pped with a mlcroscope (Dynamxc Opucs AHT, catalog number 702043).

Both batches were observed as dark green crystals that melted into a blue liquid

which, if kept hot, eventually became brown. The melting range was takenas . »

<y

being from the femperature wh}e—egastals first started to melt to the

~ temperature where all crystals disappeared. For batch 0-1 this range was
179-180 OC whereas that for batch N-2 it was 219-221 °C. ' ~

IR spectra. Two different types of spectra were obtained on an FT-IR -

| spectrophotometer (Nicolet rﬁodel- 7199). In the first 'one the samples were
dissolved in methanol, whereas in the second case a suspension of the samples
was prepared in Nujol. The spectra of the two batches in methanol were found to
be virfually identical to one another (see figures 3i and 32). On the other hand,
the Nujol mull spectra showed small differences in the fingerprilnt 'region. of the
speetrum (see figures 33 and 34). Examples of these disimilarities are: The

© presence of doublets in the spectrum of batcl;' 0—1 at 1577, 1410, and-1180 cm-!
where singlets were found in the spectmrq of batch N 2 (the opposite was true at
820 cm-1); and the presence of an absorption band at 1300 and 850 cm-! for
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V, Thin layer chromatography retention factors of ethyl violet
batches 0-1

d N-2 (See_text for details on the analysis).

2
~ i
. : , <

Solve\nkiyitem # of times Baich  Bdtch
developed  O-1 N-2

Retention factor

g3

4:1= Carbon tetrachloride: methanol 3 0.13 0.13
9:1:1= n-Btanol: ctl}gndl: water 1 042 0.42
4:1:5= n-Butanol: acetic acid: water : ' 1 | 0.57 0.57
2:2:1= Meqthyl ethyl ketone: acetic acid: isopropanol 1 0.50 0.50

X
A 4
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Figure 31. IR absorption spectrum of ethyl violet batch 0-1 ’in methanol The
spectrum was obtained on a Nicolet model 7199 FT-IR spectrophotometer. The

sample solution was prepared on a.qualitative basis.
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Figure 32, IR absorption spectrum of ethyl violek\batch N-2 in methanol. The
spectrum was obtained on a Nicolet model 7199 F'Iz-IR spectrophotometer. The

sample solution was prepared on a qualitative basis.
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Nuclear magnetic resonance. High field proton NMR spectra of the samples

were obtained in a 400 MHz instrument (Bruker model WH-400) after
preparing solutions of the two batches in deuterated acetone.
Deuterochloroform was not used because it contains about 0.2% of chloroform
which would give a signal that may have interfered with the signal of the
benzylic protons of ethyl violet. No significant difference was observed in the
spectra of the two batches (see figures 39 and 49). The chemical shifts,
multiplicity, coupling constants, and numbgr of hydrogens integrated were the
same for the two samples, indicating that from a chcmicai viewpoint the two
batches were identical and making it unlikely that the batches represented two
different isomers. The chemical shifts obtained were: 1.27 (triplet, J=7.0 Hz, 18
H), 3.72 (quartet, J=7.0 Hz, 12 H), 7.08 (doublet, J=9.0 Hz, 6 H), and 7.43
(doublet, J=9.0 Hz, 6 H). A series of very small peaks seemed to indicate the
presence of low levels of impurities in both batches. These impurities appear to
be different for each batch. The group of peaks with a chemical shift of about
2.1 ppm is due téTEE/prescnce of hydroge;x atoms at different positions in the
deuterated acetone molecule. The peak obtained around 3.0 ppm is probably due
1o the presence of a small amount of wat#. | |
Based on the above tests, it is likely that from a chemical viewpoint the two
samples are identical. This conclusion is based on the facts that the UV-VIS
spectra were identical in two different solvents (even thbugh this test does not
distinguish small structural differences); on the TLC vesults in four different
solvent systems',(despité the 'ficnhauetcption factors do not provide conclusive
proof on the identity of two compounds/); on the identical IR spectra obtained in
methanol; and on the sixﬁilarity of thé NMR spectra. It is considered likely that
the difference between the two batchés was of crystallographic origin. This was

suggested by the different melting points obtained for the two batches, by the
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small differences observed in the Nujol mull IR spectra, and by the fact that a
different response was seen in the mass spectra when volatilized as a powder
(differences in the crystalline form result in different vapor pressur# and hencc
different volatilities) or as a solution (the two samples dissolve up to.a different.
extent in glycerol). Since batch N-2 has a high melting point with a small range
and a reduced solubility in’cenain solvents such as toluene and glycerol, it is
postulated that this compound has a highly ordered crystalline structure with a
lower free energy. On the other hand, batch 0-1 with a lower melting point, a
very wide melting range, and an increased solubility, has a less ordered
structure (perhaps a metastable polymorphic form) with a higher free energy.
Since the "old" form of the dye seemed :fo be unavailable commercially and
the "new" form éxhibited a solubility in toluene too low to prepare the desired
concentration for use in SE/FIA system, some attempts were made to transform
the "new” dye into the "o0ld"” dye. One attempt to do this involved preparing a
saturated solution of the former and "seeding” it with crystals of the latter to
induce recrystallization. The choice of the solvent to prepare this saturated
solution is critical as it should dissolve a large amount of dye when hot and a
small amount when cold, and also have a moderate volatility to prevent thermal
decomposition of the p"roduct during drying. In order to choose the most o
appropriaft solvent, the solubility of ethyl violet batch N-2 was tested in several
solvents at room temperature on a serhi-quantitative basis (the results obtained
are showh on table XXVI). This was done by attempting to prepare a solution
containing about 2 mg of the dye per mL of the solvent under careful visual
observation. If a homogeneous solution was easily obtained under these |
conditions, the solubility Was termed "good"; if the solid was only partially
dissolved, the solubility was designated "rpédium"; and if the dye did not ~

dissolved, the solubility was called "negligible”. Based on the solubility data

4
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Jable XX V] Sdlubiiit/y of ethyl violet t;atch N-2 Tests were perforn;cd at

room temperature on a semi-quantitative basis.

r

¥

...,\i

Solvent *Boiling point - Dielectric constant Solubility
. (90) (Debye units)
Toluene 111 2.4 Negligible
Methanol .65 33.6 Good
Water 100 80.4 Good
Acetone \ 56 20.7 Good
Ethanol . 78 24.3 Good
Dictﬁyl ether - 35 43 Negligible
Chloroform 61 438 Good
THF 66 7.6 Medium
Carbon tetrachloride 78’ 22 Negligible
Ethyl acetate 77 60 Medium -
Benzene 80 23 Negligible
Cyclohexane 81 20 Negligible
" Isopropanol 82 18.1 Good
Dioxane - 102 22 Medium

Note: The solubility,was evaluated by preparing a solution containing about 2

mg of dye per mL of solvent under scrutiny. If a homogeneous solution was

obtained, the solubility was termed "good"; if the solid was only partially

dissolved, the solubility was designated "medium"; and if the dye did not

dissolved, the solubility was called "x{egligiblc".
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obtained, a supersaturated §olution of ethyl violet batch N-2 in ethyl acetate was
: rprcpared, filtered, cooled, and seeded with old dye crystals. Then it was kept in
the freezer for 12 h and the resulting solid isolated and dried for 3 h under
vacuum. Afterwards, its solubility in toluene was tested and found to have
incrc‘::lsed‘from “negligible” to "medium”, but could not be made "good". |
following exactly the same procedure but using THF instead of ethyl acetate, a
material with a "negligible” solubility in toluene was obtained.

Another potential way of transforming the new batch of dye into a form more
like the old batch might be péssiblc through a very rapid precipitation, in an
effort to obtain an amo’rphous precipitate. Therefore, a supersaturated and hot
solution of the new dye in dioxane was added to a beaker containing cold
cyclohexane in an ice bath. The resulting precipitate was isolated and dried for 3
h under vacuum. The solubility of this material in toluene was found to be
"medium”, and its melting range was intermediate between that of the new and
the old material. The dark green solid melted into a blue liquid in the range from
205-209 0C, and it decomposed at 213 ©C (brown liquid). This melting range
. does not correspond to the value observed for eithef batch 0-1 (179-190 OC ) or
for batch N-2 (219-221 ©C).

Sin;:e none of the above approaches yielded a sufficiently soluble product
from the new dye material, it was decided to add a strong solvent'to toluene in
order to achleve adequate dye solubllxty It was found that a binary system-
containing 99.5% v/v toluene and6 5% v/v methanol produced a solution of new
dye in the concentration range req ired to 9p’e}ate the SE/FIA.systcm. This
solution was prépared by dissolving29~.~§/f/ng of dye in 5§ mL of methanol and
diluting to 1 L with toluene. ‘

Once it was known that the two batches of ethyl violet (0;l and N-2) were the
same from a chemical viewpoint, that their different solubility in toluene was

e



probably due to a difference in crystal structure, and that this obstacle could be

surmounted by using a co-solvent, the question of how the presence of methanol

 affects the functioning of the SE/FIA system had to be addressed. To do this, a

" calibration curve was obt'aTn‘e’d under the same con;iitions utilized in calibration
curve #3 (see figure 20)~{cxcé[pt that instead of having a solution of the old dye in
toluene, a solution of the new dye in 99.5% v/v toluene and 0.5% v/v methanol
was utilized. The conditions used and the results obtained are shown in tablfe\ ,
XXVII and in figures 41 and 42. Manually measured peak heights and peak areas
obtained from an integrator were utilized to monitor and evaluate the effect of
introducing methanol into the system by comparing the results obtained versus
those obtained in figure 2Q. The dynamic range was found to be frbm 1x10-6 M
(detection limit) to 1 x 10‘4 M, since higher concentrations produced a non-
linear response. The linear regression analysis for peak heights was: Intercqpt:
4.25, s.d. of the intercept= 1.22, slope= 1.25 x 106, and the r.s.d. of the slope =
1.71%. For peak areas the following was obtained: Intercept= 0.52 x 109, s.d.of
the intercept= 0.16 x 106, slope=2.00 x 1011, and the r.s.d. of the slope=
1.43%. In comparison with calibration curve #3, chosen as the best fitting curve
from section 2.3.8, the present calibration curve has a dynamic range twice as
big but the prcéision of the determination (ex ressed as the r.s.d. of the slope of
this curve) has deteriorated by a factor of gb/ozt 2. On a moge general basis, it

- can be said that the amount of methanol added as a co-solvent to solubilize the
dye has no Signiﬁcam negative effect on.the functioning of the SE/FIA system.

After the above conclusion was reached, calibration curves for two different

anionic surfactant sampleS were obtained under these conditions of analysis. The
first sample Was sodium alkyl aryl sulfonate, sold by Fisher Scientific as a white
flaky powder. Alky! aryl sulfonates can be divided into linear or branched,
depending upon the-characteristics of the alkyl chain. The linear family is widely
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Table XXVII. Sodium lauryl sulfate calibration curve data. The instrument

parameters were the same as those described on figure 41. -

[SLS] Peak height(@) r.s.d. - Peak area r.s.d.
M) (cm) [ (%)  (aiu. x106) (%)
1.00x 106 3.20 \2.9 0.46 34
5.00x 10°6 12.6 16 137 1.5
10.0x 106 17.5 13 217 12
200x 106 313 10 5.20 | 1.0
300x106 285 10 6.78 092
400x 106 - 556 1.1 8.74 0.85
500x 106 66.6 0.6 10.4 © 0.68
60.0 x 10-6 783 1.0 ~ 125 0.93
70.0 x 1&6 95.1 1.1 146 " 0.89
80.0x106 109 10 16.3 1.0
90.0x 10-6 116 1.1 182 ° 13
100 x 106 129 13 208 14
v

(a) The data were normalized using cquatioﬁ 2.2, c
* Note: "SLS" stands for sodium lauryl sulfate and "a.i.u." for arbitrary

integrator units. _ ' . -
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parameters Dye concentration, 6 x 10-5 M'in 99. 5% toluene and 0.5% methanol
_ (equrvalent to3 x 104 M in water); buffer composmon 0.16 M acetic acid and
0.18 M sodrum acetate; sodium sulfate concentratron O 6 M; extraction coil-
length, 450 cm; injection volume, 50 mlcrolrters nitrogen pressure 20 psig;
wavelength 546 nm.
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SNNA TS ham o alky anvn sulfonate cahibration curve data. Instrument
o iure '
%4’:‘ I -
Cooav s onate Peak arca rs.d.
AL (@iu. x 106) (%)
F1Sa 100 051 ‘ 45
RO 100 1.03. 2.1 .
1S x 106 1.71 13
3148106 2.58 14
) K6 106 4.86 039
O 157 x 106 10.2 0.91
M6 x 106 17.0 0.74
AN 100 24.0 0.60
s 93 x 106 30.6 0.41
. 472x 100 36.8 . 1.7
s 550 x 106 422 1.6
Y O 69x106. 47.7 12
™~

4+ Ihese values were estimated assuming a molecular weight of 318 [130].

Note aru’ostands for arbitrary integrator units.
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successive dilution and injecting them into the SE/FIA system, the results
presented in table XXIX and figure 44 were obtained. The dynamic range was
found to be from 0.5 ppm (detection limit) to 125 ppm, after which deviation
from linearity was observed. The peak area regression analysis gave: Intercept=
3.53 x 104, s.d: of intercept= 5.35 x 105, slope= 3.41 x 105, and the r.s.d. of the
slope= 2.66%. If the sample 1sra=ssumcd to be 100% pure, an estimate of the
concentration range exprcsscd in terms of molarity can be calculated (see table

XXIX).

124
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Table XXIX, Sodium dodecyl benzene sulfonate calibration curve data.

Instrument parameters as in figure 41.

Sodium dodecy! benzene sulfonate Peak area r.s.d.
(ppm) M)(@) (aiu. x 106) (%)
0.5 1.43 x 106 ~— 0.67 10
I'e) 2.87 x 10-6 1.03 45
5.0 144 x 106 2.84 22
10.0 28.7 x 10-6 3.97 0.9
15.0 43.0x 100 498 1.8
25.0 71.7 x 106 7.61 1.6
50.0 143 x 106 14.8 2.1
75.0 215 x 106 244 1.8
100 287 x 10-6 35.0 12 /
125 359 x 10-6 43.8 1.7

(a) Th;sc values were estimated assuming a molecular weight of 348.5 and a

purity of 100%.

Note: "a.i.u.” stands for arbitrary integrator units.

9
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CHAPTER 3

DETERMINATION OF SURFACTANTS

3.1 Introduction

The optimized SE/FIA conditions for the analysis of anionic surfactants
described in the last chapter are applied in the present chapter to determine three
different samples of surface active agents which are utilized in the enhanced
recovery of oil..These samples were commércial formulations containing
petroleum sulfonates, which are intended to reduce the interfacial tension at the
oil-water interface and produce a microemulsion for the augmented thermal
recovery of heavy oils [1]. The samples were obtained from the Alberta
Research Council, where the method used to quantify them is a two-phase ion
pair titration utilizing as indicator a mixture of dimidium bromide ‘and
disulphine blue, and as titrant p-tc\rtf‘octylpﬁénoxycthoxyeLhyldimethylbenzyl
ammonium chloride [148]. The prscision of this mixed indicator method is
reported to be 1-2%. There are many variations of the two-phase titration -
technique utilizing different indicators, titrahts, and methods of standardization
[2,15-21, 149-154). |

3.2 Experimental
321Ch£mi£als_andmlmxs

The following samples and standards were supphcd by E. Isaacs and C.
McCarthy from the Oil Sands Rescarch def)artmcnt in the Alberta Research
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Council, and were used as received: Suntech IV, Sun Refining and Marketing
Co.; Enordet AOS, Shell International Chemical Co.; TRS 10-80 sample
material; TRS 10-80 standard material; and 1-Dodecansulfonic acid sodium salt.
Serva Feinbiochemica Heidelberg. These commercial formulations contain a
mixture of anionic surfactants (such as linear alpha olefin sulfonates, natural
petroleum sulfonates, disulfonates, synthetic sulfonates, etc.), some unsulfonated
organic matenal, a small amount of sodium sulfate, and water. The identity of
the surfactant mixture or its composition is never fully revealed by the
manufacturers.

In addition to these samples, the following chemicals and solvents were also
utilized as received from the suppliers:
Ethyl violet C.1. 42600, BDH Chemicals LTD. Cat. number 34114 (batch N-2).
Sodium dodgcyl sulfate, Aldrich Chemical Co. Cat. number 536.
Sodium acetate tri-hydrate, ACS grade, Amachem.
Acetic acid, ACS grade, Fisher Scientific Co.
Sodium sulfate, ACS grade, Fisher Scientific Co.
Toluene, ACS grade, BDH Chemicals LTD.
Methanol, ACS grade, BDH Chemicals LTD.

Water was distilled from alkaline permanganate in an all-glass still.

3.22 Apparatus
The SE/FIA system utilized for the determination of the surfactant samples is

depicted in figure 45. This system is quité similar to the one described in section
222 (ﬁgure 2) except that the dye, which formerly was present in the "reagent”
éylin_der as an aciueoué solhution, is now contained in the "organic” cylinderina
%ture of toluene-methanol; the cylinder that was called "reagent” now

contains only the buffer and sodium sulfate; and the injector has a by-pass loop.
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Eigure 45, Block diagram of the SE/FIA‘ apparatus utilized for the analysis of
surfactant samples. The contents of the cylinders are: Methanol in the "Rinse”

" cylinder; acetate buffer and sodium sulfate in the "Buffer" cylinder; distilled
water in tﬁe "Cérrier"' and an ethyl violet solution prepared with a mixture of
99.5% v/v‘uene and 0.5% v/v methanol in the "Organic” cylmder "C" is the
extraction coil; "M" the membrane phase separator; "S" a spectrophotometnc

detector; and "I is an integrator.



All of these changes were discussed 1n chapter/Z dunng the optimization of the
system.

Another apparatus (shown in figure 46) was used to determine interfacial
adsbrplion. This instrument is similar to the one previously used in this
laboratory to perform two-phase titrations [19,141]. The two-phase chamber
was a beaker made of glass with a Teflon lid held in place with two screws and
wing nuts. Several holes in this lid provided access into the chamber for the
filter probe, the return-line, and of a non-rotating spoiler which was used to
minimize vortex formation and facilitate efficient dispersion of one phase into
the other. A mixture of toluene, methanol, water, and the constituents present in

the SE/FIA system (dye, buffer, sodium sulfate, and sample) were placed inside
the two-phase chamber together with a 1.5-inch Teflon covered stirring bar. A
magnetic stirrer equipped with a powerful magnet (model 4815, Cole-Parmer
Instrument Co.) controlled the stirring bar either at;—r;h\ig“\speed to achieve
distribution equilibrium rapidly and produce a large amount of 'in‘tcrfacial area
where adsorption can occur, or at very low speed to study desorption which
occurs upon the disappearance of the interface by coalescence. The end of the
filter probe was covered with a porous membrane consisting of three layers of
Teflon cloth (Zitex, pore size 10-20 microns, catalog number E249-1 22,‘ .
Chemplast Inc.). This probe was immersed in the upper (toluene-methanol)
layer of the two phase system, and connected to a peristatic pump (Polystaltic
pump. Buchler Instruments). Preferential wetting of the teflon membrane by the
organic phase allowed successful filtering of water out of the organic phase. The
peristaltic pump moved organic phase from the two-phase chamber, via the
\filter probe, and passed it through the flowcell of the detector (Sp¢ctra-Physics
8200, set at 546 nm) which produced a signal fed to a recorder (Recordall series

5000. Fisher Scientific). The organic phase returned from the detector into the
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Figure 46, Diagram of the apparatus used to determine interfacial adsorption.
The components of this instrument are: (1) Magnetic stirrer, (2) stirring bar, (3)
lid, (4) two-phase chamber, (5) spoiler, (6) filter-probe, (7) return line, and (R)

recorder.



two-phase chamber via a return line. All the tubing interconnecting the pump,

detector, and chamber was made of TeﬂonéO.S mm 1.d.) but the pump itself had

ifon rubber.

-~

an 18-cm long, 1.14 mm i.d. tube made of

3.2.3 Procedure

Prior to the SE/FIA determination, three sample solutions were p?&)ared to
contain around 1000-2000 ppm, by weighing appropriate amounts of the sample
supplied by the Alberta Research Council and diluting with distilled water.(
From each of these three sample solutions, two sub-samples (around100-200
ppm) were prepared by further dilution. The procedure utilized in the SE/FIA
determination involved injecting repeatedly standard and sample solutions into
the sySfem (one standard for every two samples) with a frequency such as to
allow a particular peak to elute completely before injecting the next one. The
response (peak area) obtained from these injections was used to calculate the
assay value of the sample via the follow;hg relationship:

_ Peak arca of sample / [sample] — x puritydfsmdafd - (3.0

Average area of standards / [standard)

where concentrations are expressed as molarities, peak areas as arbitrary -
integrator units, and purity values as percentages. Finally, an avéragc value for
the assay was computed along with the r.s.d. among samples. As previously, the
results of seven replicate injections were averaged when reporting peak
parameters. L

To carry out the determination of interfacial adsorption, the paraméters and
conditions utilized in the SE/FIA system were mimicked whenever possible. The
procedure involved placing in the two-phase chamber a 6 x 10-5 M dye solution

(the solvent used 'was 99.5% toluene and 0.5% methanol), an aqueous buffer
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solution containing 0.18 M sodium acetate and 0.16 M acetic acid, a 0.6 M
solution of sodium sulfate in water, and an aqueous solution of the sample. This
was done in sueh.a way as to simulate the conditions used in the SE/FIAsystem in
terms of order of addition, the volume ratio of organic to aqueous phase, the
molar ratio of reageut to sample, and the amounts of buffer and salting-out
agent. Once all the components were inside the two-phase chamber the stirrer
was sct at a high load mode causmg a very vigorous agrtatron whrch in turn
brought about the transfer of the dye from the organic into the aqueous phase,
the reaction between the dye and the sample, and the extréctionof the ion pair
inta the organic phase. At this high stirring speed, the distribution equilibrium -
was rapidly achieved and a large amount of interfacial area was created in the
two-phase system. The peristaltic purpp was then turned on, thereby cjr;culat‘ing_
the organic phase through the.detector for the céhtinuous monitoring of its’
absorbance. The detector/recorder had previously been set to zero usmg a

" mixture of 99.5% toluene and 0. 5% methanol in the. reference and sample cells
of the detector After attamment of extraction equilibrium with rapid stirring,
the stirrer was then set at a stlmng speed 50 low that the two phases coalesced
and the amount of organic-aqueous mterface dropped to a minimum. The
high/low stirring cycle was repeated a fcw times while menitoring the

ab;orbance via the reCOrder 2
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Thns material i is composed of a mixture of petroleum sulfonates with an

average molecular weight of 418. Srqce a standard and a sample material of TRS

10-80 were both available, the latter was compared to the former during the



determination. The standard matenal was a creamy powder witha poee,
reported to be 100%, whereas the sample was a very viscous syiup with o
80.8% content of active matter estimated by the Oil Sands Research depaee -
via two-phase titration. Before the actual determination of the sarpie tocd
place, a calibration curve of the standard matenal was obtaned on the SE 1
system shown in figure 45. The conditions used (refered (0 as 10t
conditions”) and the curve obtained are shown in table XXX and in tigure 4°
where it can be seen that the detection limit was 1 ppm and that lincanty wa.

after the 250 ppm level. Linear regression analvsis showed that the interie; w

~-1.10 x 105 with a standard deviation of 4.26 x 105, and that the slope was ...

to 1.86 x 103 with a relative standard deviation of 1.88%

A'I'hc TRS 10-80 sample was determined by first prepanng three concentrate -
stock solutions (of about 1000 ppm). Three were prepared to determine if the
viscous sample syrup was homogeneous. From each of these stock solutions. tw.
sample solutions of about 200 ppm were prepared by dilution. The assay valucy
were: 75.30 and 75.93% for samples 1A and 1B; 76.74 and 78.73% for 2 A an.!

' 2B; and 74.55 and 76.44% for3A and $B. From these data, an average assay

value of 76.3 + 1.4% was computed, which was comparable to the result

obtained by the two phase titration method 280.8%). Sample inhomogeneity was

" nota problem since no significant difference was found among the diluted

solutions (the relative standard devidtion among samples was 1.9%).

3.3.2 Enordet

Enordet, a mixture of linear alpha olefin sulfonates with an average
molecular weight of 356, is physically a yellow liquid with a large amount of
white precipitate suspended in it. In order to avoid sampling problems from thi

inhomogeneity, the whole sample was heated to about 35 OC to dissolve the
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suspended matenal. Once a homogeneous liquid was obtained, two solutions of

about 1000,ppm were prepared, and from eachof these two further dilutions

were made at about 500 ppm. Since a standard of the §prf}if\ts in Enordet was
e SE'FIA

‘not available, SLSN was utilized as a reference material in
determination of Enordet samples. In the two phase titration method,
dodeca_msﬁlfonic acid sodium salt (also referred to as sodium lauryl sulfonate,
SLSN) is often used for calibration purposes in the analysis of petirolcum
sulfonates. This compound is utilized as a reference material due to its chemical
similarity with the samples and its availability in a étate of high punty. Using the
same conditions as in section 3.3.1, a SLSN calibration curve was obtained first,
with the results shown in table XXXI and figure 48. The response signal was
found to be linear from 0.5 ppm to about the 50 ppm level, with a slope equal to
2.09 x 106 (r.s.d. of slope= 0.98%) and an intercept equal to 9.72 x 105 (s.d. of
intercept= 5.95 x 105). The determination of Enordet versus SLSN standards (in
the concentration range from 25 to 40 ppm) was carried out in the SE/FIA
system depicted in figure 45 under the initial conditio’ﬁs utilized in section 3.3.1.
The following values were obtained: 6.55, 6.61, 6.49, and 6.68% for samples
IA, 1B, 2A, and 2B, respectively; from which a final average purity value ¢f
6.58 + 0.08% and a relative standard deviation among samples of 1.2% were
éomputed. |

‘ When this value was compared to the value obtained at the Alberta Research
Council via the two-phase titration method (29.5%), an obvious disagreement
was observed. It was .suspected that this discrepancy might be related to the fact
that Enordet is more surface active than the reference material SLSN.
Therefore, Enordet was rc-dctehnined under the same conditions in the SE/FIA
system but this time using the TRS 10-80 standard material as a reference. The
values obtained were: 30.86, 30.i 1,29.36, 28.73, 30.54, and 31.56% for



Table XXXI. Sodium lauryl sulfonate calibration curve data. Instrument

parameters: As in table XXX.

Sodium lauryl sulfonate Peak area r.sd.
(ppm) (M )H@) (aiu. x 100) (%) .
/ ~N
0.51 1.87x 106 1.19 4.1
1.03 3.79x 106 2.19 1.7
5.13 189 x 106 11.1 1.1
103 37.7x 106 29 2.2
154 56.7 x 106 34.0 12
20.5 75.5x 106 440 13
25.7 94.3 x 10-6 54.9 1.2
3038 113 x 106 679 0.72
359 132 x 100 76.0 0.86
41.1 151 x 106 . 87.4 0.87
46.2 170 x 106 972 14
513 189 x 106 106 0.81

(a) Calculated using a molecular weight of 272.



o ’
%

(SN

‘DH
'0
.~
X 1 .
J
g -
. 4
W
i {-
q
b4 .
q /
uw
a
0 i i i___° i
0 12 24 36 48 60 .
" CSLSND . (PPWD

Figure 48, Sodium lauryl sulfonate calibration cuive. Instrument pafameters:
As in table XXX. |

139



140

samples 1A, 1B, 2A, 2B, 3A, and 3B, respectively. From these data, an average
punty value of 30.2 + 1.0% was obtained, in agreement with the two-phase

titration value (29.5%).

3.3.3 Suntech IV

This sample is a mixture of natural petroleum sulfonates and synthetic
sulfonates with an average molecular weight of 418. It is marketed as a
seemingly homogeneous yellow liquid, from which 3 samples of approximately
2000 ppm were prepared. These were analyzed versus SLSN standards in the
SE/FIA system presented in figure 45 under the condition§ utilized in section
3.3.1. As was the case of Enordet, a discrepancy of results between the SE/FIA
and the two-phase titration methods was found to exist: 0.64 + 0.01% using the
former against 14.98% utilizing the latter. This was attributed to the fact that the
standard is less surface active than the samplé.The explanation was thought to be
as follows: Since SLSN is less surface active, the SLSN-dye ion pair is also less
active than the Suntech IV-dye ion pair and the SLSN-dye ion pair is adsorbed to
less extent at the organic-aqueous interface. As a consequence, the concentration
of SLSN-dye ion pair in the bulk organic phase is disproportionally high. This,

in turn, produces abnormally "high” response factors which, when compared to

“the "normal” response factors of surfactant samples, yield artificially low

results. However, when the determination of Suntech IV was performed
utilizing as reference the .TRSA10-80 standard, which was believed to be more
surface aétive than SLSN, the result obtained (5.52 + 0.11%) was still quite far
from the accepted value (14.98%). Therefore, it was thought that this
discrspancy mjght arise from a different relative amount of interfacial
adsorpfion, and ,.that a more detailed’and quantitative investigation of interfacial

) . . e
adsorption was required.

E
o R
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Interfacial adsorption was measured on the following materials: TRS 10-80
standard material, SLSN, Enordet, and Suntech IV. The study involved the .
creation and disappearance (using stirring and non-stirring conditions) of a
large amount of interface between a toluene-water system containing a
surfactant-dye ion pair, while monitoring the absorbance of the organic phase.
A typical plot of absorbance versus time is presented in figure 49. The fact that
there is a dependence of organic phase absorbance upon degree of agitation in
this type of systems has been reported before [19). During vigorous stirring, the
organic-aqueous interfacial area is increased by several orders of magnitude. If
the bulk organic phase contains an ion pair prone tc be adsorbed at the interface,
then this increase in the amount of interface causes a decrease in the
concentration, and hence the absorbance, of such an ion pair in the bulk solution.
Conversely, in the absence of vigorous stirring, the multitude of droplets
present in the aqueous-organic system coalesce and give rise to a state of
minimum interfacial area; thereby forcing the ion pair into the bulk solution
again, and causing its absorbance to increase. The results obtained for the four
samples are pre’scntcd in table XXXII.

If the absorbance values obtained in this study are utilized in conjunction with
the concentrations of each sample, the assay values presented in table XXXIII
are obtained. From the data of these two tables it can be inferred that all four
samples are adsorbed onto the interface to approximately the same extent (since
all four samples have roughly the same absorbance decrement and this reflects
the extent of interfacial adsorption); that in this system, as opposed to the
_SE/FIA system, the use of TRS 10-80 or SLSN as reference material produces
~essentially the same result; and that the reason for having different results when
different standard materials are used in the SE/FIA system is not pri>mari]y due

to the degree of adsorption at the interface.
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JTable XXXII, Interfacial adsorption data. Instrument parameters: Wavelength

of detection, 546 nm; dye concentration, 6 x 10-5 M (dissolved in 99.5 %
toluene and 0.5 % methanol); btiffer composition, 0.18 M_sodium acetate and
0.16 M acetic acid; sodium sulfate concentration, 0.6 M; volume ratio of organic

to aqueous phase, 1.8; molar ratio of dye to sutfactant, 6. See text for details of

‘the procedure.

Sample [ion pair](a) Absorbance Absorbance  Absorbance
under non- under dccremf;nt(b)
Stirring stirring
copditions conditions
(M) (abs. units) (abs. units) (%)
TRS10-80  993x 100 0.56 021 62
SLSN 9.65x 10-6 0.58 0.19 67
ENORDET 102x106 0.59 0.13 78
SUNTECH 974x106 - 0.0 0.24 60

(a) In the bulk drganic phase assuming quantitative (100 %) extraction.

(b) Calculated as follows:

[-1 - (abs. under stirring cond. / abs. under nAOn-stirring cond.) ] 100



Table XXXIII, Assay values under non-stirmng/stirring conditions. Instrument

parameters as in table XXXII.

Standard Sample Assay under Assay under SE/FIA
non-stirring stirring assay
conditions(@)  conditons(a) valuc(b)

(%) (%) (%)
TRS10-80 SLSN 107 93.1 B
TRS10-80 ENORDET 30.8 18.1 302
TRS10-80 SUNTECH 164 175 5.5
SLSN TRS 10-80 938 107 _
SLSN ENORPET 28.9 194 6.6
SLSN ~ SUNTECH 154 188 06

“

(a) Assay values were calculated using equatiox; 3.1 but absorbance values were
utilized instead of peak greas. ' |

(b) SE/FIA values are shown for comparison purposes.

Note: The two-phase titration assay data are: 80.0% for TRS 10-80, 29.5% for
Enordet, and 15.0% for Suntech IV. . |
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A possible explanation for the differences observed in the SE/FIA system for
SLSN and TRS 10-80 may be ascribed to a different extent of coalescence of the
two phases in the chamber of the phase separator. If coalescence is faster for one
of these compounds than for the other, then the amount of interface at the time
of phase separation, and thus the concentration of sample in the bulk organic
;ﬂhase, would be different thereby causing different response factors.

Considering the above results, it was clear that the reason for the discrepant
assay values had not yet been discovered. Consequently, several experimental
variables were investigated in order to find a clue to the reason for this
disCrepancy.

3.33.1 Extraction ¢oil length. _

The bettavior of the SE/FIA system shown in figure 45 as a function of
extraction coil length was studied on chapter 2 under the same ("initial")
conditions that are currently being utilized. In those experiments, it was found
that a coil length of 450 cm was enough to attain distribution equilibrium.
However, this was done utilizing sodium lauryl sulfate as a model compound and
it was thought that, perhaps, the experiment could not be extrapolated to the o
other surfactants that are being used in this part of the project. Consequently, the
extraction coil length was increased from 450 to 750 cm and the assay of Suntech
IV repeated using SLSI*{ as a standard. The assay value was found 1o increase
from 0.64 + 0.01% for the shorter coil to 1.25 + 0.03% for the longer coil.
Even though this may seem ic indicate that equilibrium had not been attained
using the extraction co:] length of 450 cm (the assay value increased présumably
because a lbnger coil allows a closer approach to extraction equilibtium), the
fact that the purity value was still much too low in comparison with the expected
two-phase titration value (14.98%) clearly indicated that coil length was not the

main fac’causing low assay values.

&% 2]



146

3.3.3.2 Insufficient ethyl violet concentration.

Since the last test suggested that equilibium was not being attained, it was
postulated that perhaps our low purity values were caused by an insufficient
amount of ethyl violet in the system. Therefore, the Suntech I\i samples were re-
analyzed versus SLSN under the conditions utilized in subfsc/ction 3.3.3.1 but
with the concentration of dye doubled. The new assay value increased shghtly to
1.60 + 0.03%, suggesting again that equilibrium may not have been achieved
yet. However, the increment was so slight that it suggested the dye concentration
was not the major cause of low purity values. '
3333 pH. —_

Another possible explanation for the disagreement observed between the
SE/FIA and the titration methods was thought to be pH. As indicated in chapter
2, the range of maximum absorbance for the surfactant-ethyl violet ion pair
octurs when the pH is between 3 and 6. Since the pH of Suntech IV in the
original sample was found to be 8.6 (9.7 for Enordet), a new hypothesis was
postulated. If the pH of the sample were outside the maximum absorbance range
and the amount of buffer present in the system were not enough to overcome it
and bring the sample into this range, then a "reduced” absorbance would be
obtained for the sarggple and a "normal” absorbance for the standard, thereby
causing low as&'y‘%alues. To check this hypothesis, the following tests were
performed. (1) A measurement of the pH of the standard and sample solutions
utilized for the preceding analyses (prepared by dilutiné the original compounds
with distilled water) gdve as a result 5.8 and 6.3 for SLSN and Suntech IV,
respectively. (ii) If instead of using distilled water to dilute the sample, a
mixture of acetate buffer and sodium sulfate at the concentration levels uscé in
the SE/FIA system was employed, the observed pH values were 4.6 for both the
standard and the sar‘rlple.’Upon analysis of these solutions in the SE/FIA system
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®
under the conditions utilized on sub-section 3.3.3.1, a decreased assay value of
0.70 + 0.03% was found. During the preparation of these solutions, it was
-noticed that the sample solution was very cloudy whereas the standard solution
’was clear. If no sodium sulfate was used to prepare the sample and standard
solutlons but only the acetate buffer; cloudiness of the sam_p_lg_mlulmnm,sull
observed. (iii) When the sample and standard solutions were prepared using
distilled water acidified with one drop of acetic acid, the pH of both solutions
was found to be 3.9; and o cloudiness was observed in either solution. Analysis
of these solutions under the conditions described in sub-section 3.3.3.1 gave an
assay value equal to 1.30 + 0.03%. The fact that the pH values of the standard
and sample solutions were nearly within the range of maximum absorbance, and
that low assay values were obtained even when such solutions were brought into
this range; clearly indicated that pH was not responsible for the low-response
problem.
3.33.4. Micelle formation.

The cloudiness observed when the sample was prepared in the acetate buffer
or the mixture of buffer and sédium sulfate provided a new hypothesis based on
the fact that the presence of salts in surfactant solutions lowers the critical |
micelle concentration [1). If micelle formation occurs when the surfactant
‘sample comes in contact with the buffer-sodium sulfate mixture in the SE/FIA
system, the rate of reaction between the micellized sample and the dye would be
slower than when the sample is not present in the form of micelles, thereby
making the extraction incomplete in the time available. Since the standard
solution did not show any cloudiness, micelle formation does not occur and,
thus; its cxtraction is not affected. The fact that augmented assay- values were
obtained upon unhzmg a longer extraction coil (sub- -section 3.3.3. 1) ora

, doublcd dye concentratxon (sub—sectnon 3.3.3.2) seems to corroborate this-



hypothesis since the inhibited dye-micellized surfactant reaction would have a
longer time/higher probability to occur. Also, when the buffer-sodium sulfate

» mixture cortained in the "t?uffer" cylinder in the SE/FIA system was replaced by

distilled wuter the sample and standard solutions prepared utilizing only

distilled water, and the determmatlon of Suntech IV repeated; the assay value
mcreased to4 4,4’ + 0.04%, in spite of the fact that in the absence of the buffer

and sodium sulfate there was no "salting-out” of the ion pair. This enhanced
recovery of surfactant is presumably due to the elimination of micelle formation

_ prior to the mixing of dye with the surfactant.

3.3.3.5 Avoiding micellization.

In order to avoid micelle formation while still retaining the buffer and
sodium sulfate which are ngécssary to control the pH and to "salt out" the ion
pair, a rearraugement was made in the configuration of the instrument (see
figure 45). So far, the sample-containing carrier stream has been mixed first
with the emerging flow of the buffer-sodium sulfate solution and then with the
reagent-containing organic phase In order to minimize mlcelle formation, the
buffer-sodium sulfate solution was combined thh‘the carrier stream after the
] carrier had merged with the dye-containing organic phase. This was done by
adding an extra tee, which allows the introduction of the buffer-sodium sulfate
solutlon into the extmctnon coil at a point located downstream from the
segmentor as shown in ﬁgure 50. Thus, the dye was transferred from the
organic into the aqueous phase, where the sample was contained, and the ion pair
formation occurred before the buffer-sodium sulfate mixture was incorporated.
In this new conﬁguratnonz the distance between T2 and T3 was expected to
influence the results of the assay. On the one hand, if it were too small it would
\allow micellization to occur, while on the other hand, if it were too long it would

cause incomplete salting out and-pH control. Therefore, several tests were
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performed using various lengths of tubing between T) and T3 and from T3 to

the phase separator. The instrument conditions and the results obtained can be
seen on table XXXIV. It was observed that a distance from T to T3 equal to 50
cm gave the highest éssay value of Suntech IV yet obtained in the SE/FIA system
when ilsmg SLSN as standard. However this value of about 6.8% was still too

low when compared to the two-phase titration value of 14.98%. Increasing the

distance between T and T3 (tests 1-4) did not further increase the assay values. ‘

Furthermore, if the distance from T3 to the phase separator becomes shorter

than 600 cm (tests 4 and 5), the assay values drop, pressumably due to
incomplete salting out ana pH control. It was only when TRS 10-80 standard was
substituted for SLSN (test 6), that the content of active matter in Suntech IV
evaluated via SE/FIA was finally consistent with the results of the twg-phase
utration. The assay values were: 14.96, ‘14.91, 14.34, 14 .84, 15.01T§nd 15.18%:;
which produced an average value of 14.88 + 0.29%.

3.3.3.6 Final conditions versus initial conditions. ,

Even though the TRS 10-80 and Enordet samples had at this point already
been successfully analyzed via SE/FIA, the fact that the Suntech IV sample could
only be analyzed satisfactorily under the conditions dgveloped to avoid
miccilization suggested that all of our samples should be re-run under such
conditions. The results of these analyses are presented in table XXXV, in which
“initial conditions” refer to the ones utilized previously (see sections 3.3.1 and
3.3.2) and "final conditions" refer to the ones developed to avoid micellization
utilizing a distance of T to T3 equal to SO cm.

The use of the so-called final conditions made it possible to qdantita;ively
determine all three samples (TRS 10-80, Enordet, and Suntech V) with results
in agreement with the values obtained via thé two-phase titration }metl.)od.

Nevertheless, the fact that satisfactory results for Suntech IV could only be
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Table XXXIV, Avoiding micellization of Suntech IV. Instrument parameters:

Dye concentration, 6.x 10-5 M (dissolved in a mixture of 99.5% toluene and
0.5% methanol); sodium sulfate concentration, 0.6 M; buffer Composition, 0.18
M sodium acetate and 0.16% M acetic acid; total extraction coil length, 750 cm
(see figure SO)% ,i'njection volume, 50 microliters; wavelength, 546 nm; nitrogen

pressure, 20 psig.

. Test  Standard Tp- T3 distance . T3- PS distance Assay(@) r.sd.

| (cm) (cm) (%) (%)
1 SLSN 50 700 6.8 16
2 SLSN 100 650 6.2 33
3:  SESN 150 600 6.9 3.5
4 ° SLSN 300 450 37 4.0
5  SLSN 150 300 3.6 5.5
6 TRSI0-80 50 700 14.9 22

» Note: PS stands for phase separator.

(a) Assay by two phase titration= 15.0%



Table XXXV, Assay of samples under "initial conditions™ (instrument
parameters as in table XXX) and "final conditons”, ‘insu;mcm parameters:
Injection volume, 50 mvicroliters; wavelength, 546 nm, nitrogen pressure, 20
psig; sodium sulfate concentration, 0.6 M; buffer compositron, 0.16 M acetic
acid and 0.18 M sodium acetate; dye concentration 6 x 10-5 M (batch N-2

dissolved 1n 99.5% toluene and 0.5% methanol); total extraction coil length, 750
cm (T2-T3 distance= 50 cm, T3-phase separator distance=700 cm. See figure

Si).

TRS 10-80(a) ENORDET(P)  SUNTECH IV(c)

INITIAL CONDITIONS
Using SLSN as std. (%) . 66+0.1 06+00
Using TRS 10-80 asstd. (%) 763 +1.4 302410 ° 55+0.1

FINAL CONDITION

Using SLSN as std. (%) . - 68101

Using TRS 10-80 asstd. (%) 7991 1.6 29.7+0.5 149403

1

(a) The two-phase titration assay was equal to 80.8%.
(b) The two-phase titration assay was equal t0 29.5%.

(c) The two-phase titration assay was equal to 15.0%.
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obtained when the TRS 10-80 standard material was used (and not when using
the SLSN standard material), clearly indicated that the choice of an appropniate
standard is of utmost importance for obtaining correct assay values. When a
particular sample is to be analyzed, and a reference material of the same
compound is available, the analysis can be readily performed without
complications. If, however, the same material is not available in pure‘ form for’
use as a standard, then a very careful selection of a standard material has to be
made by tn'al—anld-error expeniments involving a comparison of results to tlhose
determined by a reliable, though less convenient method, such as the two-phase
titration. Further study is required to fully understand the cause of the non-
equivalence of different standard materials and to develop SE/FIA conditions

under which various standards are equjvalent.

3..3.4 Comments |

In summary, a set of SE/FIA conditions is now available for Lhe
determination of anionic surfac;\dﬁts by ion pair formation with ethyl viélct, :
with all the inherent advantages of an automated method. This method follows
logically from Motomizu's manual method [131] and from the semi-automated
version based on a combination of manual and FIA téchnique's proposed by Hirai
etal. [142). | h - S

Several rather "imique" features of the behavior of surfactants in SE/FIA
determinations by ion pair citmction have been examined, z;nd their effect on
the efficiency of extraction has been evaluated. Among these featufcs, the :
adsorption of dye, surfactant, and ion pair onto the liquid-]iéﬁfd and liciixi‘d-solid
interfaces of the system; the formation of charged colloidal ion pairs; and the-
micellization of surfactant in the aqueous phase at high ionic strength, have

proved important,
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a

The method can be used to determine about 30 samples/h with a precision of
2%,-evaluated from the relative sthndard deviation of the slope in several
calibration curves, and from the relative standard deviation among samples
observed during their analyses. The dynamic range is estimated to go from
about 1 to 100 ppm, thereby allowing the determination of surfactants in
-envi.romental samples without pre-concentration or in more concentrated
samples upon appropriate dilution. )

- The fact that standard materials are not equivalent indicates that further work
is still required. Some recommended future studies are the following:

(1) The extent of coalé\scénce of the phases in the phase separator chamber

should be examined as a function of the type of surfactant employed. It may be

that coalescence is faster with some surfactants, thereby causing-higher
concentratidns in the bulk’ phase present in the phase separator.

(2) A study of the mass transfer processes in segmented flow involving
reagents, solutes, and products that may form micelles/ or colloidal ion pair
precipitates, and which are sﬁrface active, would b;:xtremely useful.

(3) Long term future work should probably focus on ihterfaci_ng the SE/FIA
‘system with separation techniques to allow the determination of each surfactant

in complex mixtures.
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