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I, INTRODUCTION

Synthetic detergents for household use make up over
80% of the world's production and almost all of those produced '
in Western countries are of the anionic alkyl sulfate and
alkyl aryl sulfonate type. These days, even in sewage and
effluent analysis, one 1s mainly concerned with these two
types of detergents, Likewise, in natural water, most surface
active materisls resulting from pollution are of anionic type.

Sodium alkyl sulfates, or, the paraffin-chain salts
es they are called, are anionic surfactants and display a
remarkable tendency to concentrate at interfaces, because
they contain groups which differ greatly in polarity, This
is demonstrated in & striking manner by their surface
activity in water, In addition to being wetting agents, many
of them are detergents and emulsifying agents, properties
which suggest that these substances are capable not ounly
of collecting in a 2 - dimensional film as at a surface,
but also of forming 3 - dimensional asggregates even in
fairly dilute solutlons.

Among the socdium alkyl sulfates, the one which has
been investigeted the most is sodium dodecyl sulfate, Its
behavior ag a surfacitant has been studled by a great number
of investigators. Fregquently, sodium dodecyl sulfate 1s used
as & maximum suppressor in polarographic work (B,30,55). Rut
only rarely have the other members of the homologous series

(sodium hexyl, Qctyl,‘d@cyl, tetradecyl, hexadecyl and
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octadecyl sulfates) been employed {for suppressing polaro-
graphic maxima,.

The effect of surface active substances on polarographlc
current-voltage curves is of great importance from both
theoretical and practical standpoints. As the electrode
process generally btakes place at the interface between two
separate phases, it is very wmuch affected by surface phenomena

- 1ike adsorption of surface active substances. Iu order to
investigate the physico-chemical properties of sodium alkyl
sulfates conpletely as a group and in order to compare
their behavior, it was decided to study thelr effect on
polarograephlec waves bvoth 1& the presence and absence of
maxima. The studies were carried out on polarographlc waves
of simple and complex metal lons,.

To understand the mechanism by which the anionic
surfactants suppress various kinds of maxima, both current-
voltage plots (called ®"polarograms" or "voltammograms")
and current-time curves were studied. In some cases, the
effect of these surfactants on electrocapillary curves was
also iuvestigated,

The studies were further extendecd to apply the
electrocepillary method for determiuving eritical micelle
conceuntration (CHC) of these compounds in presence of foreign
(supporting) electrolyte, CHC's ¢f sodium alkyl sulfates in
water aud in prescuce of electrolytes were also determined

by the spectral dye method,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



II. POLAROGRAPHIC MAXIMA

Polarography involves the electrolysis of solutions
containing electro-oxidizable or electro-reducible materials
between a dropping mercury electrode (DME) and some reference
electrode, usually a saturated calomel electrode (SCE).

The potential applied between the two electrodes 1s varied
and consequent changes in the current are measured, The
relationship between voltage and current {the current-voltage
curve) is automatically recorded with a recording polarograph.

The main features of a normal current-voltage curve are shown

in the figure 1,

A
- Diffusion

ﬁ : Half -wave Current
2 Potential
g Decomposition] |
O Potential

)

| .

: Residual

} d Current

Applied Potential

FIGURE 1

As the applied potential is increased from zero, an
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extremely low charging current flows through the polarographic
cell. This behavior continues until the decomposition
potential of the metal ilon in question is reached. At this
point, the reduction process begins and the current rises,
As the applied potential 1is increased further, a potential
region 1s reached in which the current becomes constant
because of the establishment of complete councentration
polarization (58) at the surface of the DME. This current,
called the diffusion current,is proportional to the concen-
tration of the material undergoiung electrolysis at the
mercury drop. The siowly increasing current at the foot of
the wave i1s known as the residual current, which,unlike the
diffusion current, is non-faradalc in nature, The potential
at the mid-point of the curve (or wave), where the current
is exactly half of its limiting value (corrected for the
residuzl current), is known a&s the half-wave potential E%.
This quantity is characteristic of a particular specles
under fixed solution conditions and thus serves for the
qualitative ldentification of that species,

The theory of a droppling mercury electrode was devel-
oﬁed by Ilkovic (19). He derived the follewing equation for
the average diffusion current, 138

13 = 607 n D%m%t%c,
Where n 1s the number of electrons taking part in the
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electrochemical reaction, D is the diffusion coefficlent
of the electroactive substance (cmz/sec.), C is its
concentration (millimoles/l)in the bulk of the Solution,

m is the mass of mercury flowing in mg per second and t
represents the life~time (drop-time)in seconds of a drop.
The terms m and t are called “capillary characteristics”
and are constant and reproducible at a fixed height of the
mercury column and aﬁplied potential, Similarly, if n and
D are constant for a particular solute species, then 1d 1si
proportional to C, that is, & linear relationship between
diffusion current and councentration is obtained,

In order to deri#e an equation which describes the
relation between current and poetential, the following
reversible process is considered: - _

M?* 4+ ne” + Hg = M(Hg)
The above equation describes the reduction“of a sinple
metal 1on; Mn+, to give metal atoms, which dissolve in
mercury to from the amalgam, M(Hg). If thermodynamic equilibrium
is very rapidly attained, the concentratiouns of the metal
ions and the metal atoms at the drop surface will conform

to the Nernst equation:

£ c°

0 RT a’‘a
Edoee =E = mln o] f Co
aHg s 8

Where % 1s the standard potential of the half-reaction,
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C: and C; are the molar conceuntrations of the dissolved ion
and of the metal in the amalgam at the mercury surface,

fs and fa are the correspornding activity coefficlients,

and agg is the activity of the mercury in the amalgam at
the drep surface, Since in the amalgam there is excess of
mercury, lts activity 1s tsken as unity., "It is assumed

that the rate of diffusion of the metal ion v

to the
drop surface, and hence the current i, is proportional to
the difference between the concentrations of Mn+ in the
bulk of the solutioun and at the electrode surface:

1 = kg (Cg » CO)
~-=w At any potential on the plateau of the wave, Cg is
virtually zero because the lons are reduced as rapldly as
they reach the electrode surface,'while the current is

equal by definition to the diffusion current i.. Hence,

d
1d = kSCS, so that, according to the Ilkovic equation, kS

is equal to 607 nsbgﬁﬁﬁ“. -==w Meanwhile, the counceuntration
of the metal atoms in the amalgam at the drop surface 1is
also proportional to the current: i = ukaCZ, where ka has
the same form as ks but iuvolves the diffusion coefficient
of the metal atoms in the amalgam instead of that of the
metal ions in the solution, Oun combining the above equations,

the followlng equation is obtained:

f k :
o] RT as /7. i
E " o= E L m;;ia 1n s emmmr e u:s:-‘ ,!,, n ATTORIA e e G0 A ey e ( 1 )
de€o e fska ni idwl

When the potentiel of the dropping electrode is equal to
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the half-wave potential E%, i = 16/2 by definition, and

since the lagt term of eguation (1) then becomes zero

f k
_ g0 BT a’s
Ed‘e0 = E% = ES - mlﬂ(— ]:E;) .

which may also be written as

one has

k

c RT 8

- E s - s - s
E% 8 it Ky

where Eg' 1s the formal potentisl of the half-reaction
under the experimental couditions (ionic strength,
temperature, etc.) employed® (70). Equation {1) can be
re-written as

. RT. 1
Ed.69 -— B% - K"F’ln"‘“‘m"i'id_

(o)
or, at 25 ,

E = E
dgec -32" Il id-’i

The above equations are applicable to reduction processes,
in which i1 is the cathodic current resulting from the
reduction of metal ions,

However, in many instances the current-voltage curves
sharply deviate from the shape predicted by equation (1). In
all such cases, the current-voltege curves show a sharp increase

in current wp to a certain voltage, followed by a sharp or sometimes
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smooth decrease in the current to values predicted by the
Ilkovic equation., This phenomenon is designated as a
polarographic maximum, These maxima which vary in shape

from sharp peaks to rounded humps (fig. 2) were first
described in detail by Heyrovsk§ and his collaborators
(8,9). In some cases the origin of the current maximum is
‘related to the mechanism of the electrode process (e.g.

as in the catalytic discharge of hydrogen ilous), but mostly,
the maxima are caused by increased traunsport of fhe depolarizer
towards the electrode surface by a streaming motion of the
solution. The streaming or tangential motlon is of two kinds
and consequently gives rise to two kinds of maxima e.g.

(a) Maxima of the first kind (curve 1 in fig, 2) and (b)
Maxima of the second kind (curve 2 in fig. 2);

Maxima of the first kind: These maxima appear on the rising

NS MRS ERCERS v

portlon of the polarographic curves and usually occur in
dilute soluticns of supporting electrolytes, Maxima of the
first kind tend to be more prominent when they occur on

waves whose half-wave potentlals are more positive than the
électpocapillary maxinum potentiallthan when they occur on
waves at more negative potentials. If the half-wave potential
of the depolarizer lies on the positive side of the E-C
curve, the meximum is described as a positive maximum and if

during the formation of the maximum, the electrode 1is
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10

negatively charged with regard to the solution, the term
negative maximum is employed. Lead and thallous ions yield
positive maxima, whereas, nickel and cobalt ilons give

rise to negative maxima. Antweller (59), who studied the
streaming motion at the surface of a droppling mercury
electrode proved that maxima of the first kind are caused
by streaming. Due to the streaming motion, far more
depolarizer is transported to the electrode than is possible
by diffusion alone. "In (60) the case of positive maxima,
the solution strzams from the neck of the mercury drop to
its bottom (i.e. from the cepillary orifice past the drop

surface into the body of the solution (fig. 34); for negative

A B

-
M

I [

Figure 3: Direction of streamiung with maxima of the first

kind: (A) Positive Maxima (B) Negative Maxima.
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11l

maxima, the streaming takes place from the bulk of the
solution towards the bottom of the mercury drocp, oun past
1ts surface to the neck of the drop and then sidewards just
underneath the tip of the capillary." (fig. 3B). Thus,
during streaming conditlions, the normal diffusion effects
are not operative and instead, there are convection effects
and these cause the rapid rise in the current. According to
Heyrovsky (9), streaming is an electro-kinetic effect,
which arises due to differences of surface charge between
the upper and lower parts of the drop (61).

Frumkin and his co-workers (10,1%4,15) have put forward
a theory of the mexima of first kind. This theory,‘which
explains the OPigin of streaming, is also supported by ‘
Stackelberg'et al.(16,17)..1n.d11ﬁte supporting electrolytes
solutions, the DME is not homogenecusly polarized when
cﬁrrent passes and a potential difference afisesdpn ﬁhe
surface of the drop, This is attributed to different current
densities at different places of the drop. Due to differences
in potentials on the surface of the-mercury électrode,
(which is screened by the tip of the capillary), differences
in surface tension are caused. This then leads to the motion
of the mercury and the surface contracts to the places
where the surface tension is high. The contraction or motion

of the surface causes the inner layer of the mercury and
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12

the adhering layers of solutlon to move, The rate of motion
of the solutlion decreases with the increase in distance

from the electrode surface, Due to the convective motion

and the diffusion; the depolarizer 1s transported to the
electrode in greater amounts and so the current rises above
the limiting diffusion current, In the case of the positive
maximum, the bottom of thé drop has a greater surface tension
than the neck (62) and the mercuryrsurface streams from

the neck to the bottom; this motion causes the solution to
flow in the same directioun. This way, due to the streaming
of the solution, fresh particles of the depolarizer are
transported to the neck of the drop, while the partially
exhausted layers of solution flow to the bottom. This process
increases still further the potential difference between the
neck and the bottom of the drop., When the mean potential of
the electrode nears-the potential at the E-C maximum, the |
differences in surface tension are minimized and the motion
of the mercury and the solution stops. For negative maxima,
the surface tension is greater at the neck of the drop and
S0 1ﬁ this case, the mercury surface moves from the bottom
to the neck and the fresh particles of the depolarizer are
brought to the bottom of the drop. Since the solution near
the neck is partizslly exhausted, the neck 1s more strongly

polarized and the potential difference on the drop surface
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decreases, When the depolarizer concentration at the electrode

surface becomes zero (i.e, as concentration polarization
occurs), the surface tension becomes uniform over the whole
drop surface and the motion of the drop stops causing the
current to drop to value predicted by Ilkovic equation,

Heyrovsk&, who originally regarded the adsorption of
the depolarizer as the process responsible for the occurrence
of maxima (a), later accepted and modified (18) a theory
of Ilkovic (64), according to which the observed motions
of the mercury surface and the maxima are caused by strong
electrolyte streamings. Thus, we see that the maxima of
first kind are caused due to the non-uniform distribution
of current over the drop surface during polarization. The
consequent differences of potential between various parts
of the drop surface lead to differences 1in surface tension
and hence to the tangential motion of the surface of mercury
drop.

It follows from the above discussion that both the
electrochemical and the hydrodynamic factors of the dropping
mercury electrode-~solution system take part in the formation
of the maxima of first kind. Due to the complexity of the
process, it is difficult to describe the maxima accurately
by mgthemgt;cal equations,

Maxima of the second kind: These maxima, which are observed
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usually in concentrated (greater than 0.2F) solutlions (13)
of supporting electrolyte, are caused by the vortex motion
of the mercury in the drop as a result of the flow of
mercury from the capillary into the growiung drop, as shown
by Kryukova (11,12), The flow of mercury from the caplllary
18 shown in fig. 4 . "The stream (63) is reflected back from
the bottom of the drop causing vortex motion within the
drop. The surface moves upward and carries the surrounding

liquid with i1t®, This way a stirring actlicn starts, that

SR O)
a 1[\

Figure 4:; Motion in the mercury drop caused by the flow
from the capillary, and motion of the solution around the
drop. (a) In 0.1N KCl at the E-C maximum potential (b) in
the same solution at a potential of -1.6v. (vs. NCE)

"transports larger amounts of depolarizer to the electrode
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and thus causes an incresse of current (or e maximum)., Thus,
the maxima of second kind have a purely hydrodynamic origin
and are not caused by any procegses at the electrode, The
tangential motion causing the maxima of second kind is most
pronounced when the mercury surface is uncharged, i,e; at
the potential of the E-C maximum. (At this potential maxima
of the first kind do not occur). The motion of the surface

. occurs at all concentratiouns of the supporting electrolyte,
At other potentials, the rate of motion depends ou the
concentration of the supporting electrolyte, namely, potassium
chloride (63).

As shown in fligure 2, the current for maxima of the
second kind does not fall abruptly to the limiting current,
but decreases slowlg,and the greater the distance from the
electrocapillary zero, the slower the decrease, The rate of
flow of mercury influences the occurence of maxima of this
kind. For example, the maxima appear as soon as the linear
flow exceeds 2 cm/sec. (65); this corresponds to m = 2,14
mg/sec. for a capllilary with & diameter of 0.1 mm., Ag the
flow~rate is increased furthep, the height of the maximum
increagses approxinstely 1inear1y and this continuves till
the flow rate is 8 cm/sec; after which the growth of the
maximum is decreased. Maxima of the second kind can be sSup -

~pressed by recducing the flow-rate, i.e., by lowering the

e
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height of the mercury column, Unlike the maxima of first
kind, maxima of second kind can also be suppressed by

lowering the concentration (and the conductivity) of the
electrolyte solution. A quantitative treatment of these

maxima has been worked out by Levich (66),

SUPPRESSION OF MAXIMA BY SURFACE-ACTIVE SUBSTANCES:

The suppression of polarographic maxima is important,
because, in the presence of maxima, it is difficult to
measure accurately either the diffusion current or the
half -wave potential, And since maxima prevent the analysis
of polarographic waves, it becomes impossible even to
distinguish between irreversible and reversible processes.

There are a large number of substances known which
suppress maxims. Such substances, often known simply as
"maximum suppressors® have surface-active properties and
are usually of moderately high molecular weight. These are
preferentially adsorbed onto the surface of the mercury
drop and thus retard or prevent the motion of the mercury
surface which is the cause of streaming,‘and, hence, the
maximum formation. The suppression mechanism operates as
follows: The surface-zctive substance present 1nrthe solution
is adsorbed at the electrode surface, and the motion of the

mercury and the solution transports it to the neck of the
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drop where it gathers, This causes the surface temsion at
the neck to decrease more than at the bottom. The
difference in surface tension thus gives rise to a force
opposing the direction of the motion and the streamling,
Amehg the most common substances which have been
employed for this purpose are gelatin, agar-agar, organic
dyes like methylene blue, methyl red, methyl orange,
methyl violet and fuchsine, Triton X-100 (a noun-ionic
detergent which is a polyethyleneglycol ether of
monoisooctyl phenol), cationic and anionic soaps like
dodecyltrimethylammonium and hexadecyltrimethylammonlium
bromides, and the sodium salts of lauric and myristic &acids,
end dodecyl sulfonic acid (13,63). As indicated earlier,
emong the sodium‘alkyl sulfates, only sodium dodecyl sulfate
has been used as a éolarographic maxinum suppressor (4,30,
55). Since the other members of the series are readily
avallable and have not been explored as maximum suppressors,
it was decided to study these as g group and to compare and
contrast thelr behavior with that of scdium dedecyl sulfate,
The ability of surface-active substaunces to suppress
a maximum can be counveniently exsmined by measuring their
maximum suppression point (MSP) as shown by Colichman (1).
The MSP is defined as the minimum concentration of the

surface active substance which 1s necesgary to make the
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maximum current, im, equal to the diffusion current, 1d;
and as indicated earlier, it is determined graphically by
plotting 1m/id against the log of the councentration of the
surface active substance, The MSP's of sodium octyl, decyl,
dodecyl, tetradecyl, hexadecyl and octadecyl sulfates for
various reducible ions were measured and are tabulated in
tables 4 and 5,

In addition to suppressing maxima, maximnum sSuppressors
affect the polarograms in a number of other ways (21). For
example, they can distqrt a wave, shift the half-wave
poteuntial, split the wave or even eliminate the wave completely
and inhibit or accelerate the eleétrode reaction, To study
these effects in case of sodium alkyl sulfates, current-
voltage and currentntime studies were carried out (chapters
7 and 8) on the reduction waves of Cu(EDTA)Z", Cu(tetren)2+,
Cu(trien)2+ and Cu(tart)o complexes, The data thus obtained
enables us to understand the part played by the sodium alkyl

sulfates in connection with the electrode precesses,
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ITI, EXPERIMIENTAL

All polarograms were recorded with a Sargent POLARCGRAPH
Model XV, The capillary used in the droppinz mercury electrode
(DME) had the following characteristics: m = 1.21 mg. secfl
and t = 4,93 sec. in 0.1} KCL solution at a height of the
mercury reservolr of 70 cm., (closed circiut). An H-shaped
cell, fitted with a stop-cock for passing nitrogen gas was
used in 211 measuremenits, An external saturated calomel
electrode (SCE) with an agar bridge served as & reference
electrode, One conmpartment of the H-cell in which the agar
bridge was immersed contained only supporting electrolyte,
This intermediate compartment was necessary to insure that
no agar, which contains some surface active substances, entered
the test solution, All potentials reported are referred to the
SCE. For a run, 20 ml. of the test solution was placed in the
cell and 0,005 to 1.0 ml, of solution of the surface active
agént were added from a micrometer buret. In this way the
dilution did not exceed 5% and its effect on polarograms was
considered regligible. Except in the case of studles iuvolving
the oxygen maxinum, pure, dry nitrogen gas was bubbled for
10-15 minubtes through the solution to expel the oxygen., During
the run, the unitrogen gas wasg allowed to flow over the surface
of the solutlion. All polarograms were recorded at ambient

0

temperature,; which was maintalued at 25.0+1°C,

19
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PROCEDURE FOR DETERMINING MSP

Polarographic measurements were carried out after
taklng a known volume of the metal salt or complex metal
fon solution in the cell, adding the supporting
electrolyte and making up the total volume to 20 ml.

The polarogram was taken and then the process was
repeated in the presence of the surface-active agent

whose maximum suppression point (MSP) was to be determined
(1). Increasing amounts of the surfactant vere édded until
the maximum was completely eliminated. Except in the
case of the oxygen maximum, after each addition of the
surfactant, the'soiution was stirred by bubbling
nitrogen gas for about half a minute., A graph was

- constructed ofrim/id-(ratio of oufrent at the maximum

vand the diffusion current when the maximum was suppressed)
vs. the log of the concentration of surface active
agent, The MSP was found by extrapolation of the
straight line which was obtained to the point where
im/id is unity (corresponding to complete suﬁpression
of the maximum), For most of the MSP work, the

solutions of the surfactants used were 0,01 = 0.1% w/v.
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ELECTROCAPTLLARY CURVE MEASUREMENTS

in order to investigate the effect of sodium alkyl
sulfates on the electrocspillary meximum (or E-C maximum),
the procedure followed was the same as described by Malik,
Chand and Saleem (5). |
Twenty ml. of alr-free 0,1M KC1l was taken in the cell
and increasing potentials were gpplied from 0 to -1l.2 volts
vs., SCE, This was done manually, and at each potential the
time for 16 drops to fall was noted with a precision stopwatch,
The height of the mercury column was kept constant during
all'the measurements, Later on, increments of‘suppressors
were added to the KC1l solution and droptime measurements
were repeated at each new concentration of the suppressor,
- Freshly prepared 1% solutions of the suppressors weré
employed., Solutions of tetradecyl, hexadecyl and octadecyl
sulfates were heated to 50-60° C. This was éone'because
these materials are too insoluble at room temperature (57).
The electrocapillary curve measurements in présence
of 0.1M NaCl, EDTA and acetate buffer were also carried

out by following the above procedure,

CMC DETERMINATION USING PINACYANOL CHLORIDE

The procedure employed for determining the critical

micelle councentration of sodium alkyl sulfates was essentially
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the same as the one followed by Nichols and Kindt (2) in

case of sodium decdecyl sulfate, Stock solutions of the

detergents were made and these were diluted with a 2X10'5ﬂ
solution of pinacyanol chloride (F., Wt, = 388,5)in such a
way that in each case at the start of the photometric titration
the concentration of the detergent was higher than its reported
CMC (3). The total volume of the soluﬁion to be titrated was

- kept at 25 ml. This way the starting dye concentration was
1X10-5ﬂ. The titration was carried out in a 50-ml. beaker at
610 nm (slit width = 0.29 mm), the wavelength of maximum

5M solution of

absorption for the dye. The titrant, a 1X10~
pinacyancl chloride was added from a 10 ml. buret in increments
of 0.5 to 1 ml, After adding‘each increment, the solution was
stirred with a magnetic stirrer for 30 sec, Next, the absorbance
of the solution was noted on a Model B Spectrophotometer (Beckman
Instruments, Inc; Fullerton, Calif,). To get the CMC, the plot

between absorbance and volume of titrant was extrapolated,

CURRENToTIME CURVES OF SINGLE DROPS-

The current-time curves were measured oscilloscoplcally
using the circuit shown schematically in Appendix II. A manual
polarogreph was used to provide a constant potential. External

| read out was accomplished by passing the cell current through

é 174 ohm resistor (connecte& in series with the polarographic
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cell) avnd displaying the resulting IR drop on a2 Tektronix
Type 502 A double~beam oscilloscops. The oscilloscopilc
trace was then photographed using a Polaroid Camera and type
107 (speed 3000) Polaroid Land film pack (black and white),
Even though shielded leads were used to make the various
connections, there was pickup of 60-cycle as well as radio
frequency signals by the assembled apparatus. It became
apparent that the mercury co;umn of the DME served as an
excellent antenva. In order to eliminate this "noise from
the oscilloscopic signals, the manual polarograph, dropping
mercury electrode, and the H-Cell were all enclosed in a |

FParaday cage shielded with copper screening and a2luminum foil.
REAGENTS

1. The sodium alkyl sulfates [(octyl (Cg)s decyl (Cqp),
dodecyl (012), tetradecyl (014), hexadecyl (016), and
octadecyl (CISX] were obtained through the courtesy of Dr,
Wharten of the Proctor and Gamble Company, Cincinnati, Ohio.
These were pure white crystalline compounds and were used
without further purification. To prevent biodegradation
and hydrolysis freshly prepared solutions of these surfactants
were used throughout.

2, Potassium Chloride, Sodium Acetate (anhydrous powder),

Sodium Tartrate, Potassium Iodide, Triethylencétetramine Disulfate,
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Copper Sulfate (hydrated), Nickel Sulfate (hydrated) were
all Baker Analyzed (J. T, Baker Chemical Coj; Phillipsburg,
N. J.) reagents and were used without purification.

3. Cedmium Chloride, Agar, Ammonium Thiocyanate, Lead
Nitrate, Barium Chloride were all reagent grade and wvere
obtained from Matheson Coleman and Bell Chemical Co.,
Norwood, Ohio.

b, Tetraethylenespentanine (technioalAgrade) was from
Eastman Organic Chemicals. It was purified according to the
procedure described by Jonassen et al, (28). (Ethylene
dinitrilo) tetra-acetic acid, disodium salt and Pinacyanol
Chloride were also Eastman Organic Chemicals,

5. P-Dimethylaminoazobenzene, and Thallous Nitrate
were from Fischer Scientific Companye.

6. Potassium Nitrate (analytical reagent grede) was
from Malliuckrodt Chemical Works, N. Y.

7. Tartaric Acid and Manganous Nitrate (50% solution)
were products of Allied Chemical Co; New York, N, ¥,

8. Rhodamine 6G dye was obtained from National Aniline
Division of Allied Chemical and Dye Corporation, New York, N.Y,

9. Purified (Uoz)(N°3)2'6H2° was obtained from Eimer
and Amend Co, of New York,.

10, .Phenosafranin, Pinaverdol, Orthochrom-T and
Pinachrome were products of Hoechsi Company of Germany.

11. Double distilled water with the second distillation
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made from alkaline permanganate in an all-glass still was uséd
throughout.

12, Triple-distilled mercury was used for‘the DME,

13. The polarographlic H-cell was cleaned between each
run by washing, rinsing with distilled water, and then steaming
it upéide dovun for 20-30 minutes so that the condeunsate contli-

nually dripped from the vessel,
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IV, CRITICAL MICELLE CONCENTRATION OF SODIUM ALKYL SULFATES

The sodium alkyl sulfates which have the general
formula CnHén+ISOENa+ can be classifled as association
colloids, because thelr solutions, if sufficiently dilute,
contain only simple ions, while at higher concentrzatious
they undergo aggregation., This aggregation of ions, or
micelle formation, was postulated by McBain (31) from
studies of the electrical conductivity and other properties
of aqueous solutions of soaps. One of the cousequences of
aggregation 1nvparaffin»chain electrolytes like sodium
alkyl sulfates is a2 marked decrease in the equivalent
conductance of solutions at a characteristic "critical
concentration for micelles." Thus the existence of such a
break in the conductivity curves of the colloidal electro-.
lytes can be construed as evidence of micelle formation.
The critica1'$icelle concentration (CMC) is defiuned as
the concentration at which the presence of micelles becomés
perceptible, Most physical properties cf‘colloidal
electrolyte solutions show a change of slope wlth respect
to concentration at the CMC and thus many of these serve
to determine the critical micelle concentration, For
example,the following methods have been proposed for CMC
determination: Dye solubilization, (32,36), Spectral Dye
(2,33), Diffusion (34), Osmotic Coefficient (35),

26
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Conductivity (36), Density (37),.Viscas1ty (38), Surfaée
Tension (39), Light Scattering (36), X-rays (40), Membrane
Potential (41) and Flow Birefringeuce (42). The methods
listed above differ greatly in sensitivity, reliability
and also dégree of experimental difficulty.

Goetie (3) listed various physical methods, which
have been employed by different workers for the determination
of CMC of sodium alkyl sulfates, However, the CMC values
reported by Goette were mostly for the aqueous solution of
these detergents at low lonic strengths, As all of this
authorts work was performed in the presence of supporting
electrolytes like potassium chloride, sodium chloride and
potassium nitrate, and since salts are known to have a
slgnificant effect upon the aggregation and hence the CMC
of paraffin chain salts in agueous solution (43,44), it
was essentisl to know the CHMC of sodium alkyl sulfates in
presence of salts. A survey of the literature (2,29,45,46)
revesled that many researchers had studied the effect of
salts on the critical micelle concentration of sodium dodecyl
sulfaete., However, since the CMC values of other members
of the homologus serles iun the presence of salts are not
avallable, it was decided to carry out their determination
in the presence of 0.1} NaCl by using speciral dye method

(2,33). This method was chosen bacause it is very simple and
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eagy to perform; According to Corriu and Harkins{33), ﬁthe
sultabllity of a dye as an indicator in the determination
of critical concentration for the formation of micelles in
soap solutions is related to the existence of an equilibrium
mixture of the dyz in aqueous solution from which one form
is preferentially solubllized by the sozap micelle. In
addition,; the charge oun the dye ion must be gpposite to
that on the micelle,” Accordingly, the followlng catiounic
dyes were tried: Pinacyanol chloride, Bhodamiue 6G, Pheno-
safranin, Plnaverdoel, and Pinachrom (see Appendix I for
their structural formulae), However, the color of the
solutions of only the first two dyes were affected by the
addition of sodium &lkyl sulfates (33) and thus these two
(Pinacyanol chloride and Rhodamine 6GC)were selected for the
determination of CMC by the spectral dye method. The method
was also vtilized to confirm the CMC values of sodium alkyl
sulfates in water and salt solutions a3 reported by Goette (3)
and other workers (29,46)., The experimentally determined |
and the litevature values of the CHC*sgs are listed in table 1.
The effect of salts upon the critical concentration
for the formation of wicelles in solutions of long-chain
electrolytes can be considered by applyiung the mass law to
the equilibrium between the unasscciated long-chain ions,

counter (or "gegen") lons agnd the aggregates. For example,
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ABLE 1

CRITICAL MICELLE CONCENTRATIONS OF SODIUM ALKYI, SULFATES

Experimentai Values Literature Values(3)
Sod. Alkyl 1In water In 0,1M Nacl - In 0.1} Kecl In water In 0.1M Nacl
sulfate X 103y X 1077y X 10"y x 10" x 107y
Cg 98.6(23%)%  33.8(23%)* 33.3(23°)% 130(25%)# -
€y 29.15(28%)%  13.08(26%)%  12,77(23°)% 31(25°%)w -
Cyp 6.18(24°)¢  1.2(28°)# 1.05(23°)% 8.1(250)%%  1.35(25)
| 6.9(21%)@ 1.55(29)
Cqy 0.98(230)%  0.35(230)# = 0.47(23°)% 1,6(40%)a -
0.97(237)# 0.43(23%)# 2,5(607)@
Cig 0.21(2k2)%  0,145(242)%  0.155(23°)% 0.4(40%)a -
0.25(24°)# 0.162(24°)# 0.6{607)@
Cig 0.083(230)%  0.,077(23%)#  0.070(23°)% 0.30(602)8 -
0.103(23°)# 0.17(60°)1(22)

Legend: #*Spectral dye method (Pinacyancl Chloride); #Spectral dye method (Rhodamine

6G); **Conductivity method; @Osmotic pressure method; !Surface tension method;

%Electrocapillary curve method,

N
O
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the formation of micelles in case of anionic detergents
can be represented by the following equations

mA~ + th;:ﬁ-MnAm“(m-n) ------ (1)
where A™ represents the long-chain anion and M+, the counter
lon, which might be any cation, m aud n are the number of
pareffin-chain and counter lons respectively, entering into

one micelle, The activity procduct relation for (1) can be

o ) (o)
(?MnAm>

Based on their experimental studies, Corrin and Harkins

written as

(46) reported that “if this formulation 1s correct the

activity coefficient of the aggregate cannot be a function

of the ionic strength of the solution, since the behavior

of neutral long chaln electrolytes at conceuntrations lower

than the critlcsl concentration is similar to that of strong
~electrolytes,

In agqueous solutions of ordinary electrolytes the
charge on any 1lon is always lnsufficlent to prcduce enough
repulsion between the ions of like charge to keep them
apart at very large distances, At the interionic distances
exhibited in dilute solutions (mean thickness of the ionic
atmosphere about 20 ﬁ. for a uni-univalent electrolyte at

an ionic strength of 0.01) the repulsion betweeu ions of
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like charge 1is increased as the charge per lon increases
in such a way as to glve the relatlions ezpressed by the
principle of ionic strength and the related Debye-Hickel
theory.

In the case of a colloidal electrolyte the relations
are different, The charge on the surface of the aggregated
colloid lon is relatively large and may be consldered as
distributed in a sheet, with distances between charges in
the sheet on the order of 4.5 A, for an ordinary soap. The
repulsion between the ions in this sheet and the adjacent
salt ions of like charge 1s here sufficiently great to
produce a greater separation than that considered above for
simple salt lons of like charge, The result of this increased
interionic distance is that the magnitude of the charge on
each ilon becomes much less sigﬁificant and the effect is
determined by the total charge. As a result those principles
which indicate a large variation with the charges of
individual lons now beodme invalid,."

Thus 1t 1s shown that the behavior of the colloidal
aggregates of long chain electrolytes cannct be described
in terms of principle of lonic strength or the related
Debye-Huckel relationships.

Corrin and Harkins (46) also reported that addition
of salts results in lowering of the CMC of colloidal |
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electrolytes, They pointed out that depression of the
-eritical concentratiou 1s related only to the concentration
of thatrion of an added salt which bears a charge opposite
to that on the colloidal aggregate and the nature of the
other ilon is without effect., It was proved that the
logarithm of the CMC of a colloidal electrolyte is a linear
function of the logarithm of the total concentration of the
ion opposite in charge to that on the aggregate,
Iater, Goddard and coworkers (45) proved that the
effect of univalent cations on micelle formation in case
of anionic surfactents, depends not only on the ooncentfation
of the gegenions, but also on the structure of the lon
and how closely 1t approaches the charged head groups of
the detergent anlons. According to them "the smaller the
screening action on the charges of the micelle, the
greater the depression of the critical concentration,"
Stigter and Mysels (71) have indicated that on adding

a salt, both the size aund charge of the micelle increase,
but the degree of ionization remalns constant within the
uncertalnty of the determination. However, the addition of
salts sﬁill caused lowering of the CNC.

' The effects of sslt addition on experimentally dete-
rinined ClMCs in the present work are indicated in table 1,

Also as can be seen, the CMC values by the spectral dye
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method came out tb be lower than those determined by other
methods. This observation was also made by Klevens (67),
who said that the spectral change method ylelds lower CMC
values because the use of a dye involves a degree of solu-
bilization, which, like the effects of added hydrocarbous
(68), decreases the CHMC, Or slternatively, the dye acts
like a salt and thus causes a decrease in the CMC values,
Another reason for the slight decrease in the author?'s
experimentally determined CMC values 1s the lower temperature
at which the measurements were carried out, According to
Flockhart and Ubbelohde (69), a rise of temperature usually
increases the CMC,

Later, during the course of this study, CMC values
of sodium alkyl sulfates were determined using the
electrocapillary curve data (page 39). And as can be seen,
the values obtained by the spectral dye method and the
droptime method based on the shift of electrocapillary

curves, as given on page 29, agree reasonably well,
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V. ELECTROCAPILIARY CURVES IN PRESENCE OF SCDIUM ALKYL SULFATES

The curves represéntiag the variation of surface (or
interfacial) tension of mercury in en idesl polarized
electrode with the potential difference imposed across the
interface are called electrocapillary curves (6) and are
of ten almost parabolic in shape as shown in figure 5.

Electrocapillary
maximum (E.C.M.)
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Applied Potential vs. SCE

FIGURE 5

In all the electirocapillary curve studies which are done
using a dropping mercury electrode (DME), the surface tension is
substituted by the droptime, the time taken by each mercury drop
to form. The drdptime (which is proportional to the surface
tension), varies with the height of the mercury column. The peak

on the electrocaplllary parabola, which 1s called the potential at

34
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the electrocapillary maximun (E-C maximum) corresponds to
the uncharged mercury surface, Thus, the E-C maximum, which
lies et ~0,56v (vs, SCE.) in 1N KC1l may be regarded as
approximately absolute zero (7), l.e. the potential at which
the charge on the electrode 1s zero, However; the electro-
cepillary zero for mercury is nol a universal constant and
varies upon adding surface-active substances, The shape of
the curve is explained as follows: The original positive
charge on the mercury is neutralized by cathodic polarization
and the surface tension increases (the positive, rising part
of the curve)., At the meximum, the posltive charge is Jjust
neutralized, and the electrode bears zero charge, Beyond the
electrocapillary maximun, the mercury is negatively charged
and its surface tension, consequently, decreases,

The deformable enions (Br~, I , CNS™, S etc.), acld
dyes and negative colleids cause a change in the shape of
the positive part of the curve and ghift the E-C maximum
to more ncgative potentials. This is because, when these
ions approach the electrode, they decrease the thickness
of the electrical double layer and thus its capacity is
increased. For the same applied voltage, the charge on the
electrode is increased; and this 1n turn causes a decrease
in the surface tension, AU the potential at which the
electrocapillary curve shows a maximunm for weakly adsorptive

electrolytes, adsorptive arions are still strongly

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

adsorbed and thus the maximum is shifted to & more negative
potential. Oun the descendling part of the E-C curve, the

anions are repulsed and thus they do not elfect the shape of
this part of the curve, Likewlse, adsorptive caticuns deform
the negative paff of the curve aud shift the E-~C maximum to
more positive potentials. Neutral substances that are stroungly
adsorbed do not effect the shape of the curve, but decrease
the surface teusion in the neighborhood of the peak on the |
curve,

Since the electrocaplllary curves give valusble
information, especlally about adsorption phenomens, the effect
of surface-active substances on the electrode surface can be
studied by electrocapillary measurements, Tamamushli and
Yamenzake (4) studied the effect of sodium dodecyl sulfate on
electrocapillary curves resulting from a 0.1l KC1 soiution.

In this work, to compare the behavior of socdium
dodecyl sulfate with other members of the seriles,
electrocapillary measurements were carried out in the presence
of sodium octyl, decyl, tetradecyl, hexadecyl anéd octadecyl
sulfates., Also, the work with sodium dodecyl sulfate (SDS)
was repeated and the resulits obtained were found to be in
complete agreement with those reported by Tamamushi and
Yamanaka (i), For example, it was noticed that the addition
of sodium dedecyl sulfate (SDS) more than 8.6X10"5ﬂ in its

concentration flattensed the E=C curve and shifted the maximum
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to a more negative potential as shown in Tig. 6., This
clearly confirms the evidence that SDS is strongly adsorbed
and is, therefore, potentially a good maximum suppressor,

On incressing the councentration of sodium dodecyl sulfate, a
further decrsase in the interfacial tension (droptime) was
noticed. This continued up to the suppressor concentration

of 1.05x1o'3

Mo After this a further increase in the
concentration of surfactent did not cause any appreciable
chenge in the droptime. In fsct at_a concentration of
3.99%10™

more than that obtained in case of 1.05X1G

M, the droptime at various applied poteutlials was
3§ solution, (for
data see table 2). This behavior is explained by sayiﬁg that
et a concentration of 1,OSX10"3ﬂ which is close to the CMC
(1.45%107M) of sodium dodecyl sulfate (29), the DME is
completely covered by the surfactant and that is why a
further iuncrease in the counceutration of suppressor did not
produce any change in the interfacial tension at the mercury-
solution interface., As shown in figures 7 and 9, a similar
behavior was observed in case of sodium octyl, decyl,
hexadecyl and octadecyl gulfates, Thus, in all these cases,
on adding & small amount of suppressor to the potassium
chloride solution,; a decrease iu the interfacial tension
(droptine) was ébserved; This decrvease was relatively greater
in case of scdium decyl and dodecyl sulfates and clearly
indicates that these two surfactant are strongsr than the

other meuwbers of the series. As in the case of SD5, on
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FIGURE 6

Electrocapillary curve in presence of dodecyl sulfate
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TABLE 2

ELECTROCAPILLARY CURVE IN PRESENCE OF VARIOUS CONCENTRATIONS OF SODIUM DODECYL SULFATE

Potential Droptime in secouds® (for 10 drops) in presence of
(volts) 0.1 Kel 8.60 x 10"531 1.05 x 10'3§ 1.28 x 10"3_»_1_ 3.99 x 10"3_13; b,9% x 1077y
-0.20 51.66 50,68 49,05 49,10 49,40 49.50
-0.L40 53.97 51.32 49.48 49,52 49,53 L9,71
-0.50 54,03 51,37 49,48 49,46 49,45 59.65
-0.60 53450 51.38 49,72 L9.65 49.65 L9.76
~0.70 53410 51,07 49,38 49,36 49.38 49,60
-0.80 52,22 50,78 49,25 49,26 49.36 49,49
-1.00 49,90 © 49.k0 48.78 48,98 48,98 48.95

* The values shown in the table are aun average of at least two measurements,
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raisiug the concentration of the surfactent beyond their CMC
values, the interfacial tension 4id not change much and in
fact a slight increase was observed, As explained earlier,
when the concentration of & particular surfactant exceeds 1its
CHC value, the mercury drop gets coupletely covéred and &
further increass in the surfactent concentration produces no
change iu the droptime or interfacial tension,

As cau be seen in flgures 8 and g9, addition of sodium
tetradecyl; hexadecyl and octadecyl sulfates produces very
little change (decrease) in the interfacial tension at the
mercury-solution interface. From this, onre concludes that
they are only weakly adsorbed and, cousequently, are likely
to be poor suppressors. The chiefl reason for this weak behavior
of long-chained alkyl sulfates 1s the turbidity or white
precipitate which resulted on the addition of these surfactants
to the electrolyte solution, Most probably, the precipitate
appeared because of the formation of insoluble potassium salt,
However, since the turbidity formation was observed when the
suppressor concentrations were in the vicinity of thelir respe-
ctive CHC vélues {(table 1) it can be gaid that due to formation of
micelles (aggregates) one observes the "streamy® ﬁhite precipi-
tate which settleg down ou standing. In order to further
establish the true nature of the turbidity, electrocapillary

measurenents were carrled out by using 0.1M NaCl solution.
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In this case, the addition of sodium tetradecyl sulfate to
the sodium chloride solutiocn didé not result in any turbidity,
however, some "cloudlness® was observed in case of hexadecyl
end occtadecyl sulfate, And as & result of this, sodlium
tetradecyl appeared to be more strongly adsorbed and it
lovwered the interfacial tension even more than the sodium
dodecyl sulfate (fig. 10). The formation of slight turbidity
in the form of "cloudiness® in case of hexadecyl and
octadecyl sulfates indicates the presence of micelles,

Due to their aniounic nature, the sodium alkyl sulfates,
were more strongly adsorbed at less negative potentials and
as a resﬁlt, the positive leg of the E-C curve was the
portion most affected by the increasing concentration of
surfactants, This is understandable, becsause at potentials
less negative than the iscelectric point (E-C zero), excess
of positive charge on mercury surface pronotes the adsorption
of anlonic polar groups iu the surfactant molecules, And when
the potential 1c mede more negative, it becomes luncreasingly
difficult for the anlionic polar group to be adsorbed end the
E-C curve begins to coincide with the normal curve,

Jacobsen and Kalland (30) had studied the electro-
capillary curves in 0.2} ascetate buffer (in the pH range
3-7.5) in the preseunce of sodlum dodecyl sulfate (SDS), Triton
X-100 and Armeen 12D, a catlioulc suppressor. They indicated

that all of these were strougly adsorbed at the dropping mercury
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FIGURE 10
Electrocapillary curve in 0.1M NaCl
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electrode., It was reportsd that a 0,017 (= 3.46X10'u§)
solutlion ¢f SDS caused a large decrease in the droptime
over a congiderable potential range. In order to check

the adsorption behavior of other homologs of the serles,

it was decided to repeat the experiment of Jacobsen and
Kalland. An alr-free solution of 0.2} acetate buffer at

PH of 4,50 was employed and droptime for 10 drops was
recorded in the absence aud presence of all the surfactants
at 25°Ce The concentration of each suppressor in the
solution was kept at 0.01%.,

On plotting the droptime vs. the applied potential
(fig.1l), & behavior similar to that observed in the case
of 0.1M NeCl was noticed. Since addition of sodium tetradecyl
sulfate to the acetate buffer solution did not result in
eny turbidity, and although its molar concentration (3.16
Xlowu) was lower than that of sodium dodecyl sulfate ’

qﬁ), it caused a larger

(vhose concentration was 3.46X107
decrease in the droptime in the potential range 40,20 «
«1.50 v, (vs. SCE). Oun mixing scdium hexadecyl or octadecyl
sulfates with the buffer, once again turbidity of white
preclipitate was formed and this rcduced their adscrptive
ability conslderably and as a result these two surfactants
did not decrease the droptime muche

The electrecapillary measurenents described above were
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FIGURE 11

Electrocapillary curve in 0,21 acetate buffer
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made in the presence of 0,01% solutlonus of surfactants and
gince the molecular welght of each suppressor is different,
it was declided to compare their activily at the same molar
concentration, viz, 3.46X10“um, which corresponds to 0.01%
SDS, The droptime vs. potenﬁlal plot (figlz)obtained in
this case clearly showed that tetradecyl sulfate was much
more stirongly adsorbéd than the decyl and dedecyl sulfates,
(The droptime values are showa in table 35.

The study of elecirocaplillary curves was extended
further and measurements were carried out in 0.25M EDTA,
which too can act as a supporting electrolyte, As in the
earlier three cases, ounce agaln the additlion of hexadecyl
and octadecyl sulfates lead to the formation of %streamy®
or *wavy" precipitate and as a result these two surfactants
were only weakly adsorbed as shown in the E-C plot (fig.l3).
Unlike in the case of supporting electrolytes 0,1M NaCl and
acetate buffer, the addition of tetradecyl sulfate to EDTA
solution did produce the turbidity and becausc of this it was
| less strongly adsorbed than the sodium dodecyl sulfate,

The electrocepillary data in the case of 0.1} NaCl,
0.2} acetate buffer and 0,250 EDTA were obtained at a surf-
actant concentraticn of 301#6}{10‘%1, e figure which is close
to the critical micelle concentration of tetradecyl sulfate

and excecds those of hezadecyl aud octadecyl sulfates
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FIGURE 12

Electrocaplllary curve in 0.,2M acetate buffer
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TABLE 3

ELECTROCAPILLARY CURVE IN C,2M ACETATE BUFFER OF pH 4.5 AT 250 CENTIGRADE

Potential Alr-free Droptime in secounds (for 10 drops)¥* in presence of
(volts) 0.2M Ac 3.46x10‘4ﬂ 3.46x10'“g 3.46x10“&g 3.46x10'4g 3.u6x10'4ﬂ 3.u6x10'gﬁ
30k buffer ‘s 10 12 Ciu 6 €18
+0.149 42,00 42,25 42,06 41.55 39.85 41.50 42,02
+0430 44,90 44,70 Ls5.k45 43,87 40.05 44,85 L5.26
+0.20 47.95 47,85 46.40 46.50 44,80 47.20 46,75
-0.02 52.35 52,20 50.85 50.15 47.20 51.15 52.03
~0.20 54,20 53.58 52.25 50.60 48.30 52,80 54,10
~0.40 55.25 54,72 53.35 51.50 %9.08 54,00 55.05
-0.50 55.33 ,  5%.90 53.60 51.18 49.20 54,15 55,05
-0.60  55.05 5475 53.55  51.16 49.10 53.95 54,85
-0.80 53.90 53455 53.25 50.95 k9,00 53.15 53.55
-1.00 51,75 . 51.28 51.25 50,40 48,60 50.90 51.45
-1.20 48,60 48,10 48.12 48,10 47.50 48,20 48,38
-1.50 42,50 f 42,00 41.75 42,00 41,66 41.20 42,20

# The values reported represent an average of atleast two measurements,
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(see table 1 for experimentally determined values). And,

since addition of these three surfactants resultsd 1in
}turbidlty formation, 1t can be sald that formation of micelles
in the presence of salt soluticuns causes the turbldity or

the "wavy" preciplitate and comnsequeuntly affects their
adsorbability. However, in the case of potassium chloride, the
formation of an insoluble potessium salt of the alkyl sulfates
also contributed to the formation of turbidity. This was
proved by an independent experiment in which increasing
~concentrations of sodium dodecyl sulfate were added to a 0.1M
KCl solution, Surprisinglj enough, even in this case at a

surfactant coucentration of 0.25}{10'3

M, turbidity was formed,
Since this coucentration figure is far less than the CHMC
(1.#5X10”33) of sodium dodecyl sulfate in presence of
electrolytes, 1t 1s evident that precipitation of potassium
salt of alkyl sulfates occurs especially when the surfactant
concentration is very high.

Roe and Brass (29), who had carried out surface tension
measurenents on sodium dodecyl sulfate solutlons had suggested
that the CHMC of the surfactant could be determirned by plotting
the surface tension agalnst the log of the surfectant
coucentration, The point where the twe branchezs of the curve

intersccted was taken as the critical micelle concentration.

Later, Malik et 2l. (5) utilized the same technique and
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measured the CMC of wnon-lonic surfactants by plotting the
droptime measurements at various potentials against the log
of the surfactant concentration., Followling the procedure

of Malik et al., the author obtained the CMCs of sodium
alkyl sulfates by plotting the droptimes vs. log SAS counc.
(figures 14-19). The CMC values thus obtained are listed

in table 1 and as pointed cut earlier, these values agreed

well with those obteiuned by the spectral dye method.
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Droptime vs, Log(3AS conc,) plot in case of Clo‘
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FIGURE 13

Droptime vs, Leg(SA3 core,) plot in case of Cyp

53¢ 504
A,_,,D .
) ' =04 50 Vo
,: 5300@”“" o g Mmﬂi"mg -«O.gO Ve
o 7
2 52,50l G0 OO i =06 60 ¥,
53]
>
o
6y 52,00["
eal
]
51,50k
3 - 2 8 i “0980 Ve
5100k 0o OO OecteOmreemea) =020 Vo
) . . \ &’LI’C-O 15’}(10“31‘4

-k, 76 Y ~3.96 -3,)6 ~3.16

b

LOG(Surfactant conc,)

FIGURE 19

Droptime vs., Log(SAS conc,) plot in case of 018'

52,50}
“goio
52,00}= 040 V“A~\\\ m\\\\\ a
. ~0.60 v
51050}~ A0 .
c>h\~*l“-§o A“‘"‘"v-'&n_m_A
51,00 o

DROPTIME(Sec.)

50‘90 - “0020 Ve ! "
) . o O__ (e

4o, .50k
9.5 g»cmc:o,o7ox1b‘3m
. \ . 1C= 0 "M

"L"q 79 “hoag "3099 "‘3059

4
LOG(Surfac%@nt conc, )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




VI. DETERMINATTION OF MAXTMUM SUPPRESSION POINTS

RESULTS AND DISCUSSION
OXYGEN MAXINMUM:

The oxygen maximum 1s obtained by employing alir-
saturated solutiouns of potassiuvm or sodium chloride. The
height of oxygen maximum depends on the amount (concentration)
of oxygen present in the solution, In thelr study of the oxygen
maximum by current-time curves, Barradas and Kimmerle (53),
had employed 0.,1M KCl solution and they obtained very large
(of the order of about 120 microamp) current at the eund of
the drop life. On usiug an air-ssturated 0.1 KCl solutlon,
the author could not obtain the oxygen meximum and the
iimiting current did not exceed 10 microamp. Thus, it was
decided to employ a 0.01M KC1l solution. In order to study
the dependence of the maximum on the concentration of
dilssolved oxygen, MSP determlnations were also carried out
with air-saturated 0,01} NaCl solution., The MSP values of
various surfactants obtained in both cases are listed in table &,

The formation of the oxygen maximum is explained as
follows: The oxygen preseat in the solution is first adsorbed
at the nmercury-solution interface., As increasing negative
potential 1s applied, reduction of the adsorbed oxygen takes
place and the current rises sharply. The curve "a* in fig.

20 shows the first oxygen maximum in case of 0,01l KCl., When

a maximum suppressor in introduced into the solutiong it is

57
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. TABLE 4
MAXIMUM SUPPRESSION POINTS OF SODIUM ALKYL SULFATES IN CASE OF Pb2+,02 & N12Y
MAXIMA USING DIFFERENT SUPPORTING ELECTROLYTES
Depolarizer aud MSPx10+6§‘at 2500.
Supp.Electrolyte C8 , C10 C12 014 C16 C18
1) 0, in 0.01M Nacl 193 39.9 20.65 25,7 45.8 153.7
0.01M Kel 97.0 15.33 12.08 20,4 159.3 200.3
2
2) Pb"'in 0,14 Licl 43.0 7.66 6,90 11.00 28,8 7641
0.1} Nacl 53.8 8.71 6.90 9.kb 28.8 3640
0012"[_ Kcl 1}207 9058 6003 11.15 3“’05 -
3) 002" in 0.1 Hol 10.5 0477 0.52 0.79 5,08 6.16%
(30-31%) (26°c) (30-31°C) (26°C)
%) N1%* 1n 0.1 Kels usPx10™
| 8.32% (1)3.20 (1)1.32%  1,82% 5.25% 10.33%
- (28°C) (28°c) - (28°C)
(11)2.13 (11)0.944
| (27°¢) m
(6]
(111)1.25"

* Extrapolated Values,

“ Value obtained by using a 2.5:{10-3

M Ni (II) solution,
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preferentially adsorbed and pushes out the oxygen from the
interfacial film (the lsysr around the mercury drop) and
thus causes a deficiency of oxygen in the adsorbed layer,
This phenomenon 1s termed as "concentration polarization
and this results in rounding and suppression of the curve
er the maximum as shown in curve "b" of figure 20. When the
electrode surface is covered by a mounolayer of the surfactant
(53), the streaming phenomena associated with the oxygen
maximum are halted and the maximum is completely suppressed.
At this stege a small limiting diffusion current results
(curve "d" in fig, 20); its value being determined by the
Ilkovic equation;

As shown in table 4, the MSP values of haxadecyl and
octadecyl sulfates in case of potassium chloride solution
were much higher than those obtaluned in case of sodium
chloride solution. This is due %o the turbldity or
precipitate formation iu case of potassium chloride, As a
résult of the precipitation, the effectiveness of the
surfactants as maximum suppressors is reduced and thus one
obtaiuns very high MSP valueé for these surfactants.

The 1MSP values of other suopressors obtained 1in case
of 0.01}M KC1 were considersbly lower than those obtained
in the case of 0,01M NaCl. Probably, these &lfiference are
due to different coucentrations of oxygen in the two

supporting electrolytes,
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LEAD MAXIMUM:

A 3‘75X10“3ﬂ.Pb2+ solution in 0.1M KCl was employed to
obtaln the positive (break-off poteuntial = -0,52+0.01 v. Vs,
SCE) lead maximum, The maximum wes saslly suppressed on
adding sodium cctyl, decyl, dodecyl and tetradecyl sulfates,
The MSP values obtained are shown in table 4, Contrary to
expectations, the MSP value in the case of tetradecyl sulfeate
came out to be slightly higher than that of decyl sulfate,
One reéson for the higher MSP walue of tetradecyl sulfate
can be the slight turbidity which resulted on adding this
surfactant to the solution containing lesd lons in potassiunm
chloride (supporting electrolyte). The turbidity, which
probably was due to the formation ¢f ingoluble potassium or
lead selt of the soap caused an erratic drop-time behavior,
This led to distortion in the limiting current region of the
current-voltage plot, Due to the errvatic drop-time behavior,
the limiting current rose sharply and sometimes it exceeded
even the height of the mazimun. The turbidity also resulted
in case of hexadecyl and octadecyl sulfates; the distortions
in case of octadecyl suvlfate are deplcted in figure 21, Due
to greater distortious in case of hexadecyl and octadecyl
sulfates, the maximum suppression polnts in these two cases
could not be located precisely. In case of sodium hexadecyl
sulfate, the ISP was estimated to be 3.45X10"5ﬂ and in the

case of octadecyl sulfate, due to the wesk adsorbablility
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of the surfectant, the maximum could not be eliminated com-

Sy

-

pletely even with the suppressor concentration of 6,41X10°

Due to heavy distrotions in the limiting curreat plateau,

it was impossible to obtaln even an approximate MSP value,
In order to avoid the effects of turbidity, MSP deter;

mination in case of lead maximum was also carried out using

0.1M solutions of NaCl anﬁ LiCl as supporting electrolytes.

The MSP values obtained for sodium octyl, decyl, dodecyl

and tetradecyl sulfates were almost the same as those obtained |

when KC1l was used as supporting electrolyte. As exéected,

no turbidity resulted on the addition of sodium tetradecyl

sulfate and thus no distortions in the C-V plot were observed

(fig, 22). However, in case of hexadecyl and octadecyl sulfates,

slight turbidity was observed and this led to slight distortion,

Since the amount of distortion was not much, MSP values

could be easily obtained. Whereas the MSP values for hexadecyl

sulfate were the same in all threc supporting electrolytes,

octadecyl sulfate yielded different MSP values. The higher

MSP vslues obtalued in case of hexadecyl and octadecyl

sulfates clearly show that these two are weak maximum

suppressors, Besides, their MSP values tecd to approach their

experimentally determined CMC values in presence of sodium

chloride (see table 1) Thus it cau be said that before the

maximum is completely suppressed, i.e,, MSP value is reached,

the CHC of Clé and C 8 is reached and this causes the micelle

!
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FIGURE 22

Effect of sodium tetradecyl sulfate on Lead maximum
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formation,‘which we see in the form of ®“streamy® precipitate
or white turbidity. The rest of the suppressors are

strongly adsorbed and their MSP and CMC values are much
different from each other.

The large difference between the MSP values of sodium
alkyl sulfates and thelr ClHC values clearly suggests that
the suppression of the polarographic maximum concerns not
only the change in the interfacial tension due té the
presence of surface sctive substances but also the change
in the structure of the electriczl double layer,

Since the lead maximum occurs in the vicinity of
électrocapillary zerc, the resistance offered to the
adéorption of the suppressors is very little, with the
result that relatively small amounts of the surface-active
agents are used to eliminate the maximum.

A common feature during the MSP determination was
the shift of the break-off potential of the maximum to
more positive potentials on addition of the surfactants to
the depolarizer solutiou,

Finally, it was observed that the identity of the
cations did not influence the shape of the maximum., In other
words, by using LiCl, KC1l or Nagl, no change in the shape of

the curves or ium the height of the maximum was noticed.
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2+
UO2 MAXIMUMs

A 2.5x10°

-

3 solution of (002)(N03)2.§H26 in 0.1M HCl
(supporting electrolyte) yields a large and sharp breaking
(break-of f potentisl = -0.36+0.01v. vs, SCE) maximum. Since
the break-off potential in this case 1s more positive than that of
thelead maxzimum, the MSP values for sodlum alkyl sulfates in
this cese did come out much lower (table 4) than the correspon-
ding values 1in case of the lead maximum. Except in the case of
018, the maximum was suppressed very easlly and completely by
using small amounts of 0.01% suppressor s»>lutions. The lower MSP
values (as compared to those of lead maximum) clearly show that
the anlonlic surfactants are adsorbed very strongly and efficlently
at positive potentials. And due to adsorpticn of surfactants,the
interfacial viscosity 1s enhanced and this hinders the passage
of the electro-reducible louns, decreases the current,and thus
contributes partislly towards the elimination of the maximum.

As was observed during the suppression of lead maximum,
the break-off petential in case of U02+max1mum also shifted to

2
more positive potentials on increasing the councentration of the

suppressors. (fig. 23)

NICKEL MAXIMU:

-3 . 2
A 5x10 N Niz+ solution in 0.1M KC1 ylelded a negative
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(break-off potential = =1.23+0.03v. vs, SCE) maximum

(fig. 24), Unlike the positive maxima of 05, UO§+, and

sz+ ions, the nickel maximum was very hard to suppress,
This 1s easy to explaln because the charge on the mercury
surface and the suppressors have the same (negative) sign.
Even though 1% solutions of the suppressors were utilized,
it was hard(except in the case of dodecyl sulfate)to
suppress the maximum completely. As & result, the MSP values
were obtained by extrapolation (1), Accordiungly, the MSP
values for various suppressors in table 4 are marked with

an asterisk, (The MSP values for 0,, UO§+, and sz+

maxima
ere observed values and represent the minimum concentration
of surfactants at which the maximum is conpletely suppressed
suppressed---28 observed from the current-voltage plot).

On comparing the MSP values in table 4 it can easily
be seen that the values in case of the unlckel maximum are
greater than the values in case of the lead and oxygen
mexime by en order of approximately 103° This observation
is in agreement with the MSP value for the nickel maximum

reported by Tamamushi and Yamanska (4). For dodecyl

sulfate, they reported a MSP value of 1.1X10"3& at 25°C°
3

This compares well with our observed value of 0.944%X10" !
gt 27°C and extrepolated value of 1.32X107°H at 25°C,

According to Tamamushi and Yamanska, the higher MSP

value of dodecyl sulfate ig due to the fact that at large
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negative potentials, i.e; in the vicinity of the maximum,

the suppressor is no longer adsorbed, but is degorbed,
Alterunatively, 1t can be sa&d that the amount cf the soap
solutions required to suppress maximum of the same sign is
greater than one possessipg unlike charge. Thls is so because
adsorption of the suppressor on the mercury drop is likely

to be hindered due to similariiy of charges.

Se(IV) MAXIMUM:

Selenlcus acld yields en acute negative maximum, which
is reproducible (23). Lingene & Niedrach (24) investigated the
polarcgraphic characteristics of +4 oxidation state of selenlum
over a wide range of pH. They had carried out thelr studies
in the presence of citrate, phosphate & borate-carbonate
buffers, which served as supporting electrolytes,

In order to study further the effects of anionic surfac-

tants on a negaltive maximum, MSP determlinations were carried
cut by employing & 4x10m3§_solution of selenium dioxide in
0.3M acetate buffer of pH5, The resulting maximum had a
break-off potentisl of -0.93+0.01v (vs. SCE). Unlike the
negative nmaximum due to nickel, the meximum due to Se(IV)
could be suppwesséd completely. (See MSP values in table 5).
Since the bresk-off potential of Se(IV) mexiuum 1s more

positive than that of the nickel marlimum, the MSP values in
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TABLE 5

MAXIMUM SUPPRESSION POINTS OF SODIUM ALKYIL SULFATES IN PRESENCE CF DIFFERENT IONS

MsP x 10+0%
- )
ions B.(gg§t§§t. Temp. C C8 C10 C12 014 Clé 018
1) Tt ~0.73 25-26  456% 19,12 11.2 1)i8.85 570 -
11)14,17
2L 371
2) Se (IV) =0,93+0.01 23-24 101 21,0 6.92 18,8 ~65.4 ~140.5
MSP X 107N
3) Cdli- "Oo?gi0.0l 25-26 llo?% 1633* 0.1014'* 40?9% 17035* -

#Extrapolated values,

Tl
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the present case came out to be less than those for the
nickel maximum,

The addition of hexadecyl and octadecyl sulfates
resulted in white turbidity. In case of hexadecyl sulfate,
the slight turbidity did not cause much distortion but in
case of octadecyl sulfate, the distortion was too much and
as a result the MSP value was hard to determine., Thus, the
MSP values for these two suppressors are approximate,

A plausible mechanism for the removal of the maximum
based on the considerations of the profile of the douvle
layer can be easily glveus: The area or zone adjécent to the
mercury drop is called the Helmholtz zone and cousists of
unsolvated ions which may be specifically adsorbed there,

A little further from it exists a layer of solvated cations
and aniouns, In other words, the Helmholtz layer 1s a duplex
structure consisting of unsolvated lons and solvated lous.
At the locus of the centers of the solvated ions, there is
a diffuse layer called the Gouy or cuter Helmheoltz plane,
On addition of surface-active substances the configuration
of the double layer is altered, Unlike the noniocnic surfac-
tants like gelatin and Triton X-100, the 1ong-chains of the
anionic socdium aikyl sulfates bearing the polar head groups
cannot penetrate deep into the Helmholtz zone, This is

partly due to the orientation of the negative water-seeking
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head groups and partly due ﬁo the repelling action of the
negative mercury surface on these groups. However, because

of the eleétrostatic attraction between solvated long and

the negative polar heads, some penetration 1s possible, In
such a dase the ions of the depolarizer do get a passage
through the pores of the surfactant and the normal conditions
of concentration polarization are achieved and thess thus

eliminate the maximum,

Cdxz" MAXIMUMs

L

Malik and Chand (25) reported that a 2.5x1o“3ﬂ CaI,
solution in 0.1M KI gave a maximum at about -0.70 volts
(vs., SCE)., They employed LDC(Lauric Acid-Diethanolemine
Coundensate), a noun-ionic soap to suppress the maximum,
Since the potential at whlch this maximum occurs 1s less
negative than that at which the nickel and Se(IV) maxima
appear, it was decided to investigate the effect of sodium
alkyl sulfates on this presumably “less uegative® maximum,.
The MSP determination was carried out by the usual procedure
and the values obtained by extrapolation procedure are
listed in table 5.

On comparing the MSP values obtained in case of carz-

maximum with those obtained for N12+ maximum, it is found

that values for decyl and dcdecyl sulfates in the present

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

case are, as expected, lower than their corresponding

values for the Niz+ maximum, The extrapolated M3P values

for Cg, Clh and C,. 1in the case of Cdlﬁ' maximum came out
higher than the values obtained for nickel maximum. The
mexinmum could not be suppressed at all by sodiunm octadecyl
sulfate, Even for the suppressors for which the NSP values
are listed in the table 5, large volumes of the suppressors
were needed to cause suppression, Our high experimental

MSP values coufirm the observation made by Kolthoff and
Lingane (26} who reported that lodide-cadmium complex gave
a prounounced maximum which wes difficult to suppress,
Likewise, Malik and Chand (25) reported that large amounts
of aniounic soaps (sulfonated pheuyl, tolyl and xylyl stearic
acids) were ueeded to eliminate the meximum. One reason

for the higher MSP values in the case of CdIi' maximum as
compared to nickel meximum ig the fact that the cadmium
lodide 1s & large ion, whereas the nickel ion is very small,
And since the MSP values of the surfactants obtalined in the
precent case are close to theilr CHC values, we can also

say that the resdiness with which the iculc micelles are
formed should play an lmportant role in the suppression of
the maximum, The formation of nicelles takes place at a
certain critical concentration of the soap solutlon, which in
turn ig highly influenced by (a) the presence of complex ions

(1ike C4I;,”) in the solution, (b) possible interaction between the
v
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metel lons and the soap (which leads to turbidity formation
in some cases), and (c) on the extent to which the

suppressor undergoes ionization.

THALLIUM (or T1¥) MAXINUM:

Monovalent thallium lous produce a large and
sharp-breaking (break-off potentisl = -0.73v. vs. SCE)
maximum (27) in presence of potassium nitrate as the
supporting electrolyte. Sodium decyl, dodecyl and tetradecyl
sulfates all of which appéar to be falrly strong maximum
suppressors eliminated the 1% meximun easily. (See
table 5 for MSP values). However in the case of sodium
octyl and hexadecyl sulfates, the maximum was hard to
suppress. And since addition of sodium octadecyl
resulted in turbidity and consequent distortions in the
C-V plot, the MSP could not be determined in this case,

Since the break-off potential of the thallium
maximum is more negative than that of the lead maximum,
the MSP values in the present case came out somewhat
higher, This is in line with the argunents presented
earlier that dve to the anlonlc nature of sodium alkyl
sulfates, the negative maxima are suppressed with

difficulty.
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VII. EFFECTS OF SODIUM ALXYIL SUIFATES ON POLAROGRAMS OF COMPLEXES

The N.S.P. data (table L,5) for sodium alkyl sulfates
in case of 02, Pb2+ and Uo§+ maxima clearly proves that
these anionic soaps are very effective for the suppression
of positive maxima and are not SO efficient for suppressing
the negative maxima, In fact, the high M.5.P, values obtalned
in case of nickel and Cdlﬁ' maxima indicate that these
surfactents cause an inhibiting or distorting effect 1) when
the depolarizer has the same charge as the adsorbed layer of
the surfactant 2) when the polarographic wave is due to a
large complex ion, which pcnetrates the pores of the adsorbed
layer with difficulty. : |

In order to investigate the distorting effects of
sodium alkyl sulfates in detall, work was carried out on the
d.c. polarographic waves of the following chargedv& unchare
~ged complexes: (1) Triethylenetetramine~copper(II)complex
ion or @u(TrienEZj (11) Tetraethylénepentamlne-copper(II)

. 2
complex icu or [Cu(Tetren) j

(111) Ethyleunediaminetetra-
acetato-copper(II)complex ion or [@u(EDTAI]Z; (iv) (Tertrato)-
copper{II) or {?U(Tartilo complex,

A literature survey showed that gimilar investigatious
were carried out on the noun-icnic surfactant, Tritom X-100
by Meites and Meites (47) and Schmid & Reilley (21).

Jacobsen & Kalland (30) did wiork on sodium dodecyl sulfate

76
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and studied its effects using C=V plots, In the present work,

effects of dodecyl sulfate and other homologs have been
studied both by current-voltage and current-time plots,
The current-time curves are discussed in the next chapter,
The results based oh C-V plots are presented below. (See

discussion on page 99).
RESULTS

EFFECT ON POSITIVELY CHARGED COMPLEXES:

Cu(II) when combined with triethylenetetramine
(trien) and tetrasthylenepentamine (tetren) forms
Eu(trien]2+ andl@u(tetrenﬂz+ respectively. Both these
complexes are reported to be reversibly reduced (48) at
the DME, Following the procedure of Jonassen et. al (48),
technical grade samples of triethylenetetramine and
tetraethylenepentamine were purified by converting them
into respective chlorides., The white sblid chlorides thus
obtained were used to make 10"2m Trien and Tetren solutions,
These were miked with solutions containing Cu2+1ons to

obtain the complexes,

[Cu(tetren]] *" coMPLEX:

This positively charged complex is reversibly reduced
and the wave has a half-wave potential=-0.17v (vs,., SCE).

The solution used to rum the polarogram had the composition:
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2+, 0.8X10"2ﬂ Tetren in 0.16M acetate buffer of

1X10™7) Cu
pH = 4.50, The limiting current resulting from the above
solution 1n the absence of any surfactant has a value of
b;7b ua at -0.60v (fig. 25), Although not reported by

Jonessen et, al (48), the reduction wave of @u(tetrenﬂ2+
complex is sometimes accompanlied by & slight maximum,

which can be easily suppréssed by adding small amounts of
surfactants, The effects observed with various members of

the homologous,series'are described below:

Cas

rThe slight mazximun obtained was easily suppressed in
the presence of 0,0005% sodium octyl sulfate, As the counce-
rtration approached 0.00795%, a slight turbidity was noticed
in the solution. However, on stirring the solution by
bubbling Nz gas, the turbidity disappeared & the addition of
sodium octyl sulfate had practically no influence on the
pblaﬁogram. When the concentration of'the surfactant was
raised to 0.0477%, the upper part of the wave wes slightly
drawo cut (fig. 25), indicating that the reactioun becomes
irreversible at this councentration, The half-wave potential
was not affected by the addition of sodium octyl sulfate.

ClO:

e

Here too, the additlon of surfactant did not produce
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any significant chaunge in half-wave potential of the limiting

current. Turbidity occurred when the C1 concentration was

0
approximately 0,01%.

Cypt
On edding 0900@7% sodium dodecyl sulfate, a slight

turbidity resulted, but on stirring the solution it

disappeared, Again; the presence of the surfactant did not

influence the polarogram, except of course, the wave did

look slightly drawn out.

The addition of 0,000696% surfactant produced some
cloudiness, but this did not cause any distortion in the
region of limiting current platesu, In fact, even upto a

suppressor concentration of 0.0477%, the shape of the wave

was unaffected,

Cigt
The slight meximum in the abseuce of the suppressor
was eliminated by adding 0.0005% sodium hexadecyl sulfate,
Further additions of the surfactant caused turbidity and
~that resulted in distortionsv(fig. 26). When the suppressor
concentration was 0,002%, thick clumps of white precipitate

could be seen floating in the solution. However, in snite

of the distortions in the C-V plot, the E; did not change
. 2
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even when the concentration of the suppressor was increased
to 0,0477%,

C18’

In this case the maximum on the reductlion wave could
not be suppressed and like scdlum hexadecyl sulfate, addition
of octadecyl sulfate produced thick white preciplitate and
distortion on the limiting current plateau, However, here

tco, the half-wave potential did not seem to be affected,

[Cul(trien)] 2+ COMPLEX:

2

2* ana 10~%y

When a solution containing 10'3ﬂ Cu
Trien in 0,20 acetate buffer of pH 4,5 was cmployed to
cbtain a polarogram, the resulting wave was accompained by
a maximum, which had a break-off potential of about -0,40v
(fig. 27). Jacobsen & Kalland (30), who studied the effect
of sodium dodecyl sulfate on[@u(trienﬂ2+ at pH 4.6 did not
report the appearance of any maximum., The following effects
wére noted in the presence of different sodium alkyl sulfates,

Cq:

e

The maximum, as reported above was eliminated easily
by adding 0.00025% surfactant. The addition of sodium
octyl sulfate did not change the half-wave potential and
also produced no turbidity [pnllke in the case of Cul(tetr-

2
en) + complei]. In the preseunce of 0.0477% 08’ the upper
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part of the wave began to be drawn out.

10°

The maximum was suppréssed on adding 0.00031% Clo'
After this, addition of this surfactant up to a
concentration of ¢.,00477% did not influence the polarogranm
~much, No turbidity was noticed.

012’

The maximum was suppressed on adding‘o.OOOOS%
sodium dodecyl sulfate, After this, further additions
of the surfactant up to a concentraticn of 0,0015% did
not produce any change in the shape of the curve, At this
stage, the wave was slightly drawn out (fig. 27). When
the concentration of suppressor was ralsed to 0.0031%,
the first signs of white turb;dity were noticed and this
resulted in erfatlc droptimes betwecn the potential
fange ~0.10 and -0.,40v. (curve & of fig. 27). Jacobsen
and Kalland (30) did uwot report any turbidity formation
in acidic solutious, Also, they reported the f*drawn-out!
behavior of the wave when the surfactant concentration
was 0.01%7. (vs. 0,0015% as indicated above by the author).
As shown in the fig. 27, in the presence of 0.,00477% Cqns
the wave wag heavily drawn outb,
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Ciu®

The addition of tetradecyl sulfate to ths purple--
colored BCutrleni]2+ solution did produce turbidity,

but did rot cause any distortions in the C~V plot. Even

in the presence of 0.,00477% Cqys the half-wave potential

was unaffected,

Eléi

As in the cage of [@u(tetreni]2+ complex, the
.addition of hexadecyl sulfate to [Cu(tfien[]2+ solution
produced a heavy amount of white precipitate, and as a
result of this, a slight distortion of the wave in the
‘limiting current reglon was caused, The distortion
disappeared at potentials greater than -~1.0v. Due to
distortion between 0 and -l.0v, the half-wave poteuntial

could not be determined precisely. However, it did not

seem to be changed even up to a suppressor concentration

of 0,02LL%,

Cig?

The maximum on the reduction wave of Cu-~trien complex
could not be climinated. When the suppressor conceutration
was 0.,002%, a thick white precipitate resulted and caused
distortions in the C-V plot. However, luspite of the distor-
tion in the limiting curreunt region, the half.wave
potential seemed to be unaffected by the addition of

sodium octadecyl sulfate,
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pu(EDTAﬂz' COMPLEX

Schmid & Reilley (21) reported that current-voltage

curve in case of Cu - EDTA complex is distorted in the
_presence of Triton X-100. Jacobsen and Kalland (30)

reported a similar behavior in case of sodium dodecyl
sulfate (SDS). According to them, when the coucentration
of dodecyl sulfate was increased above 0,003%, the Cu -
EDTA wave in acetate buffer of pH 4.5 was split into two
parts aud in the presence of 0,005% SDS, only a penetratitn

wave (E;, = -0,8v) appeared on the polarogram., In order to

h g
T
explore the behavior of other homologs, polarograms were

obtained by using a solution containing 2.26X10"3ﬂ

zﬂ EDTA in 0.1M acetate buffer of

Cu(C10y), and 2X10~
pH k.5, The resulting C-V plot showed a sharp maximum
(break-off potential = -0,48v). The maximum could be elimi-
nated by 2dding 0.0002% SDS. Im order to avoid the maximum,
a‘tartrate buffer was tried. However, due to the low solub-
111ty (0.37 g/100 ml.) of potassium hydrogen tartrate (49)
used for making the buffer solution, it was difficult to
prevent its slow precipitation and thus even this buffer
solution was found to be unsuitable, Finally, following the

suggestion of Pecsok (50) it was decided to use EDTA

itself zs the supporting electrolyte. A solution containing
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110774 CuS0,.5H,0 1n 0,251 EDTA was prepared and 1ts pH
was measurad and was found to be 4,32, When a polarogram
of this solution was taken, a reversible-~looking wave
’with a half-wave potential of -0,32v. was obtalned
(curve fig, 28), On adding 0.1% solutions of the
surfactants to this negatively-charged depolarizer
solution, the following effects were observed:

Co:

——cr,

In this case, & 0.1% solution of the surfactant
was found to be too dilute. Even on employing é 1%
solution of sodium octyl sulfate, the penetration wave
(30) with a half-wave potential of ~0.66v did not result
until & suppressor concentration of 0.091% was reached
(fig. 28). This clearly shows that sodium octyl sulfate
is not adsorbed on the mercury surface very strongly.

%10}

The original Cu-EDTA wave was split when the
supprecsor concentration was 0.,0029% (fig. 29). As more
surfactant was added, the half-wave potential was shifted
to more negative potentials and in the preseunce of 0.0029%
surfactant, a penetration wave with E% = «0,72V appeared.,

This wave was fully developed in the presence of 0,0091%

surfactant (curves 3 and 5 in fig. 29),.
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c ?S

The Cu-EDTA reduction wave was split into two parts
(figz.30) in the presence of 0,00196% surfactant (vs. a
value of 0,003% SDS reported by Jacobsen and Kalland (30)
for Cu-EDTA wave in acetate buffer). By increasing the
dodecyl sulfate concentration to 0,0070%, it was possible
to shift the half-wave potential to =0.90v (curve S_in
T1g.30).

El“’ 016’ 018:

The addition of tetradecyl, hexadecyl and octadecyl
sulfates to Cu~EDTA solutions resulted in turbidity form-
ation in each case and as a result of this the C.V plots
in the region of limiting current plateau were greatly
distorted (fig,31) and this prevented/ﬁhe exact measure-
ment of half.wave pétentlals of the peunestration waves,

The turbidity formation and the consequent distortion took
place at the following approximate surfactant concentrations:
Scdium Tetradecyl Sulfate: 0.0029% (= 9.20X10"5ﬂ);

Sedium Hexadecyl Sulfate: 0,00196% (= 5.71X16‘5ﬂ);

Sodium Octadecyl Sulfate: 0.00148% (;4.0}(10"514_).

[Cu(Tart)] ® COMPLEX: .

Sehmid and Reilley (21) described a neutral complex

that is formed between Cu2+1ons and tartrate buffer at .
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pH 4. In order to-study'the effects of anlonic surfactants
on this uncharged complex, polarograms were obtained with

the following solution: 10 ml. of 2x1o‘3

M CuS0,.5H,0+10 ml.
of 0.2M tartrate buffer of pH 4, (0.0603 moles of disodium
tartrate and 0.0396 moles of tartaric acid were mixed to
obtain the buffer solutiou. These number of moles were
‘theoretically calculated). Contrary to expectations,

the resulting C-V plot showed a large, sharp-breaking
meximum at -0,20v (fig.32). However, the maximum could be
suppressed by adding different amounts of the sodium alkyl
sulfates, After the suppresslion of the maximum in each
case, increasing amdunts of surfactants were added to the

depolarizer solution and the following effects were noted:

Co:

On adding a small amount (0.0005%) of sodium alkyl
sulfate, the break-of{ potential of the maximum shifted
to -0.36v. Further additions of the suppressorvshifted
the break-ofT potential to stlill less negative potentials
(f1g.32). The MSP value came out to be 10.31X10™ M.
After the suppression of maximum, more surfactant was
added, but E% remained unaffected (curves 4 and 5 of £ig.33).
E.l—.Qi

The addition of first increment (0.00005%) of sodium

decyl sulfate shifted the break.cff potential to nore
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positive (-0.38v) potential. Iikewise, further additions
of the suppressor shifted the break-off potential to still
more positive potentials, This behavior continued till the
maximunm was completely suppressed, The MSP value in this
case was = 10.27X10"5ﬁ. After the maximum was completely
suppressed, further increase in the coucentration of the
surfactant did not produce any change in the half-wave
potential, Also, the limiting curreunt was not affected
much. The insignificant decrease in the limiting current

was caused by dilutlon,

Ciot
The shift of the break-off potential of the maximum
1n this case was even greater than that observed in case
of octyl cr decyl sulfates, For example, 0,00005% SDS
shifted the break-off potential to -0,.34v, The maximum was
completely suppressed when concentration of dodecylvsulfate
was 0.00099% (= 3;#25X10~5ﬂ). Even when the concentration
“of the suppressor was raised to 3.14X10"uﬂ, the Ey was
unaffected and the limiting current was very insignificantly
reduced,
EL&i
The addition of tetradecyl éulfate produced the same
effect as observed in case of decyl sulfate, As no turbidity

resulted on adding the surfactant to the depolarizer, the
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MSP value in this case came out to be lower (5.1.3x10"5g)
‘than in the case of decyl sulfate, After the suppression
of the maximum, the couceuntration of the surfactant was
raised to 2.87x1o"4§_, but this did not change the half-
wave potential even slightly. It remained constant at

-0,050v (curves 4 and 5 of fig.34).

When hexadecyl sulfate solution was added to the
ISOIution containing Cu2+1ons in tartrate buffer, a white
precipitate was formed when the surfactént concentration

Was 0;145X10'3

M. On raising the suppressor concentration,
the amount of precibitéte increaéed. In the presence of
5.?1X10"&ﬂ sodium hexadecyl sulfate, & white gelatinous
precipitate was obtained. Thls resulted in very slight
distortion on the limiting current plateau. Howevér, E%
seemed to be unaffected even when the surfactant concen-
tration was raised to 10385X10¢3ﬂ,

As in the case of hexadecyl sulfate, turbidity resu-
lted in thig case too, This became appareunt when the
surfactant concentration was 1¢6OX10'4ﬂ9 However, the C-V

plot looked distorted even before the turblidity was noticed,

Due to distortious, an exact MNSP value could not bte obtained,
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The approximate MSP value was 5092X10”uﬂ. Due to distortions

in the region of limiting current plateau, E% could not

be measured accurately.
DISCUSSION

As indicated above the addition of sodium alkyl sulfates
to Cu(tetren)2+ and Cu(trien)2+ solutions did not cause
any change in the limiting curreant and half-wave potentlal.
This is easy to understand. Since these depolarizers are
positively charged and the adsorbed layer of the surfactants
on the mercury drop has a negative charge, the depolarizers
can pass through the pores bf the adsorbed layer almost
without any hindrance and thus the C-V plots are unaffected.
However,-as was also reported by Schmid and Reilley (21),
the presence of adsorbed film of aniounlc surfactants at
the electrode-solution interface decreases the rate of the
electron-transfer reaction and this increases the irrever-
slbility of the reaction,

The eddition of the surfactants to Cu-EDTA solutions
shifts the half-wave potential to more negative potentials,
As suggested by Jaccbsen and Kalland (30), this is because
the depolarizer, Cu(EDTA)z", in the present case has the
same charge as the adsorbed layer and so it is electrosta-

tically repelled by the surface of the mercury drop., or

in other words, the depolsrizer has to cross a potential
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energy barrier before being reduced, and, as & result of
this, its wave is shifted to more negative potentials,

- The formation of turbidity on mixing the alkyl
sulfates with the trien and tetren solutions &t pH 4.5 is
most 1likely due to formation of an insoluble salt of the
trien and tetren and the paraffin chain ion of the surfac-
tants. At this pH the trien and tetreu exist as protonated
positively charged ions. The turbidity was produced even in
absence of copper.

The turbidity formation in Cu(EDTA)Z' and Cu(tart)O
systems can be ascribed to formation of insoluble copper

'salts of alkyl sulfates. As reported on page 96 of this
chepter, addition of equivalent amounts of the first
three members of the homologous series shifted the
half-wave potential of Cu-EDTA wave to increasingly
negative potentials., The shift was greatest for dodecyl
sulfate and least in case of octyl sulfate, This again
¢learly shows that with increase in the carbon chain-
length, the adsorptlon of & surfactant iucreases, Or, in
cther words, sodium octyl sulfate 1s mildly adsorbed and
sodium dodecyl sulfate 1s strongly adsorbed.,

Since the addition of alkyl sulfates to Cu-Tartrate
éystem did uot affect the half-wave potentisl, it can be
said that 1like the positively charged Cu(trien)2+ and

Cu(tetren)2+ complexes, the neutral Cu(tart)o complex has
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no difficulty in passing through the adsorbed layer of the
surfactants and thus, the half.wave potentlial remains
unaffected even in the presence of large amounts of surfa-
ctants., And again, as in the case of positlvely charged
complexes, due to the presence of the adsorbed film of the
surfactants, deceleratioé of the electron transfer is
caused and this nmakes the reductlion wave look more drawn

out or irreversible,
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VIII, CURRENT-TIME CURVES

RESULTS AND DISCUSSION

When a dropping mercury electrode is brought into con-
tact with a solution, surface forces at the mercury-solution
interface can cause adsorption of dissolved substances. The
adsorption is of two kinds 1) The depolarizer or its electrode
‘reaction product is adsorbed, 2) Some other component of the
solution is adsorbed. If the other component is a surface
active substance, then its adsorption can cause a shift,
deformation or split in the polarographic wave, In the present
study, the effects resulting from the second kind of adsorption
were studled, ‘

In the earlier chapters, the effects of electroinactive
substances were explained'with the help of electrocapillary
and current-voltage curves., In this chapter, the changes in
the shape of current-time curves during the 1life of a single
drop are discussed. The oscillographic current-time determin-
ations at a constant potential provide much more information
than the convential polarograms and were thus used to inves-
tigate the effect of surfactants on electrode processes,

According to Loshkarev and Kryukova (51), adsorption of
surfactants on electrodes leads to the formation of a compact

film, the permeability of which toward the depolarizer lous

102
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depends on the charge, lounic radius aund chemlical nature of
the depolarizer, Any repulslion between the lons of the depo-
larizer and the particles of the adsorbed layer results in
inhibition of the electrode process,.

Schmid and Reilley (21) studiled the inhibitory effects
of surface active compounds on complexes with the help of
current-time curves and reported that the chemical reaction
or the electron-transfer taking place near the electrode
surface was retarded by the adsorbed layer, They related the
extent of inhibition of & given electrode reaction during the
life of a drop to the extent of coverage of the electrecde
surface. And according to them, the extent of film formation
was governed (1) by the rate of diffusion of the surfactant,
(2) by the adsorption equilibrium, and (3) by the rate of
adsorption and the adsorptioan equilibrium. Depeunding upon
these factors, three different types of current-time curves
were obtained. Schmid and Reilley (21) had used Triton-X-100,
camphor, eosin and thymol and investigated thelr effects on
a solution containing 0,001M CuEDTA, 0.009M EDTA and 0.1M

Tartrate buffer in the pH range 3.5-4.6,
in order to study the behavior of sodium alkyl sulfates

in the case of the Cu-EDTA system, current-time plctures were
obtained at & constant potential of -0.60v (vs. SCE). The
solution employed had the following composition: leO'Bﬂ,Cu(II)
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and 0,254 EDTA. The pH of the solution was 4,32, Since EDTA
is a good electrolyte and has a reasonable buffer capacity
at this concentration and pH, no auxiliary buffer solution

was employed., The following results were obtalned:

SODIUM DODECYL SULFATES

Figure35 shows the current-time curves with the various
anounts of dodecyl sulfate present. Increasing concentrations
of the surfactant teraminated the electrode reaction (the
point where the current drops to zero) at shorter and shorter
time intervals, However, as can be noticed, durlng the 1n1t1a1
growth of the drop, the curves always followed the patterm
of the normal, diffusion-contrclled curreunt-time curves,

. This behavior can be explained as follows: In the beglnuing
of the droplife, the amount of dodecyl suifate which reaches
the electrode surface by diffusion and adsorvs on it, is
not enough to retard the electrode reactlion and therefore no
deviation from the diffusion-controlled current is observed.
However, later 1ﬁ the droplife, enough surfactant is adsorbed
on the exparnding mercury drop to decrease the reaction rate
considerably and cause the current to decrease. When the drop
i1s completely coverad with a monolayer of the surfactant, the
current falls to zero. As indicated above, the higher the

concentration of surfazctent, the shorter is the time required
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to cover the drop, The current-time behavior described above
is similar to those obtained by Schmid and Reilley (21) in
case of Triton X-100 and eosin under the assumptlion that the
rate of covering the mercury drop with the surfactants was
governed by diffusion.

According to Koryta (52), the time required to cover
the surface completely with a surfactant on a fresh mercury

\ drop is iuversely proportional to the square of the bulk

concentration of the surfactant, He derived the following
equation, which relates the time =), at which the drop surface
1s completely covered, to C, the bulk concentration of the

surfactant in moles/liter:

2.
G = 1.82}(10@(1;2 ~~~~~~~~~ (1)
DC

2
T is the number of moles of surfactant per cm of the

mercury surface and D is the diffusion coefficient of the

surfactant in cnsec™t

o The "1,82" is a constant geometrical
factor, In deriving the equation he assumed 1) that the
adsorption equilibrium is reached very rapidly arnd that the
adsorpticn coefficient is very large, and 2) that the
current suddenly vanishes at the instant when the surface
is completely covered, |

As suggested by Schmid and Reilley {21), the validity
of equation (I) can be tested by assuming9; the time when

the surface of the drop is completely covered, is equal to
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the time to, the time when the current reaches zero in

the current-time curves. To find t°, the descending branch
of the current-time curves is extrapolated linearly to zero,
A plot of t® versus l/C2 should, according to equaticn

(1), yield a straight line passing through the origin. On
plotting £° VS 1/C2, {see table 6 for data) in the case of
dodecyl sulfate, a straiéht line was actually obtained
(fig. 41) with the slope of 2.04X1O-8 mole’ sec.liter—2.
According to equation (I), this slope is equal to the

2
coefficient 1.82X106XTZ/D.

In order to calculateTs for sodium dodecyl sulfate,
its diffusion coefficient D is needed. A& search of the
literature yielded the following two values of Dm, the
diffusion coefficient of dodecyl sulfate micelles (72,73):
6

(1) D, = 0.,914X10~ cmz/sec. at 25° in presence of 0.1M NaCl
(72)5 (11) D = 1.1?X10'6cm2/sec. at 30° in presence of

0.2M NaCl (73). Since the current-time studies in case of
dodecyl sulfate were carried out at concentrations below its
CMC (that is, in the absence of micelles), it was necessary
to know Do’ the diffusion coefficient of the unmicellized
(monomeric) dodecyl sulfate,

According to Courchene (73), D° and Dm are related as

follows:
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where D i1s the apparent diffusion coefficient; C is the bulk

concentration of the surfactant and C0 is the concentration

of the unmicellized form. Since {73) "below the CMC, C = Co‘

and Dm =0, 50 D = Do‘ Above the CHMC, C0 is nearly a counstant

(C. CMC)e Thus a plot of the observed D vs 1/C will counsist

o
of two straight lines: one intersects the ordinate at D, , the

micellar self-diffusion coefficient, and one is parallel to

the abscissa at D = Do’ the monomer self-diffusion coefficient,

From the D vs 1/C plot of Courchene (73), a value of 6.2)(10"6

cmz/sec. for Do was obtained, Since this value of Do is at

3000, a value of Do at 25° was estimated as shown below:

D, at 25° D_at 30°
Do at 25° = bo at 30°

On substituting the Dy and D, (at 30°) values, the D, at

25° was calculated to be 4.8}’(10"6 cmz/sec. Using this value of

D., the F was calculated from the following relation:

8

o!
(slope of line in figure 41) = 1.82X106157D.
-10

2.,04X107
The value of |7 , thus obtained was equal to 2.32X10

mole cm'z.

SODIUM OCTYL SUIFATES

The current-time curves showing the effect of octyl
sulfate on Cu-EDTA system (fig. 36) were similar to those
obtained by Schmid and Reilley (21) for thymol. Both sodium

octyl sulfate and thymol are weak surface active asgents and
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decrease the diffusion current- onl& when present in large
molar concentrations. For example, the limiting current in
fhe absencé of suppressor (fig., 36A) is 4.83ua and in the
presence of 0,0384%(= 1.66X10"3§), it is decreased to

3.57u8 (fig. 36C). Likewise, a 1,7X107 M solution of thymol
decreased (21) the limiting current by approximately 2.5ul,
And unlike in the case of sodium dodecyl sulfate, the devia-
tion from the normal diffusion-controlled current-tinme

curve occurred almost from the start of drop forwation i.ej
early in the drop life. As the concentration of octyi sulfate
was increased further, the shape of the current-time curves
deviated from a sixth-order parabola, In other words, it

can be said that in the present of large concentrations of
the surfactaut (e.g. 0.056% or 2.44X10“3g CB ——— curve D

in fig. 36) the current behaves as a kind of kinetic current,
A similar behavior for thymol wés reported by Schmid and
Reilley (21). According to them, surface active agents

(1ike thymol) with small adsorption coefficients never cover
the drop surface completely, but do so only partially right

from the beginning of the drop life,

SODIUM DECYIL SULFATE.

As was shown earlier by means of electrocapillary

curves and MSP studies, decyl sulfate is a strouger suppressor
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than octyl sulfate, but is weaker than decdecyl sulfate,
Thus, as expccted, the current-time curves (fig. 37) at
smaller concentrations of decyl sulfate resembled those of
octyl sulfate and at larger concentrations approached the
shape of current-time curves due to dodecyl sulfate, Howevef,
as In the case of dodecyl sulfate, at smaller concentratiouns
of decyl sulfate, the current did not fall to zero, but
‘only decreased a little. (see curves C and D in fig. 37a).
The decreaée in current was falrly sharp aund the time

- perlod in which the current fell, decreased as the concen-
tration of the surfactant was raised further, This'can be
explained by saying that up lo a councentration of 2.17X1O'4m
(curve D in fig. 37a), decyl sulfate decreases the feaction
rate only slightly. And when its concentration is increased
further (curves E and F in fig. 37bL the behavior of decyl
sulfate closely resembles that of dodecyl sulfate and now
the current drops to zero in shorter and shorter time

intervals. The curves ¥ and F in fig. 37b were taken at a

higher sensitivity setling on the oscilloscope panel,

SODIUM TETRADECYT, HEXADECYI, AND OCTADECYI, SULFATES :

As pointed oul earlier in chapter 7, addition of these
three surfactants to Cu-EDTA scolutions causes turbidity,

which lesds to dilstortions in the reglon of the limiting
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current plateau, The current-time curves (figures 38-40)
show the concentrations at whichk the distortions begin in
each case, The distortions in the case of tetradecyl sulfate
were the least and but for these, the overall beha§1or
of tetradecyl sulfate resembled that of dodecyl sulfate,

" The plot of t° vs. 1/02 data (table 6) ylelded a straight
line passing through the origin (fig. 41). The slope of
the line was 7.50X10-8molezsec,liter”z. Since Korytats
equation is followed even in this case, 1t can be safeiy
sald thaet in spite of the distortiouns resulting from
turbidity formation, diffusion goverus the rate of covering
the mercury drop surface with the tetradecyl sulfate.

Since a value of Do in the case of sodium tetradecyl
sulfate was not avallable from the literature, it was
decided to calculate k in the present case by using the.
estimated Do value of dodecyl sulfate, This approximation
should not introduce too much error because the chain
length in sodium dodecyl aund tetradecyl sulfate differs by
only two carbon atoms and thus the Do valueg for the two
surfactants should not be too much different from each
other. The s value for sodium tetradecyl sulfate was thus
calculated to be 4,45%10" 0n01¢,0m™2, T values for dodecyl
and tetradecyl sulfates thus determined, are comparable with

those of eosin {21) and Tritous X-45, X-100 and X-305 (53).
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FIGURE 39: i-t curves for a solution containing
1X10771 cu(II), 0.25M EDTA, pH 4.32. (1) 0;
-5 -
(2) 2.88X10771; (3) 4,30X107°N Sodium

hexadecyl sulfate,
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FIGURE 39(Contd.)s éa) 5@71X10-5ﬁ; (5) 8.47x10™y
(6) 2.64X10™"M Scdium hexedecyl sulfate,
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FIGURE 40: 1=t clfvcu for solution containing
1X10™H Cu(II),0.25H 5DTH, pH h.32.(1) 03
(2)9,1X10 5r~z~(3)1 03X20™*Y Scdiun octa-
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FIGURE 50{Contd,}:{4)1,16X10 J’g;_;(g)};,&}sxm &g
Sodiunm octadeeyl sulfate, ’
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TABLE 6
Surfactant té(sec.) C(mOIGS/l)X10+4 16%/02
Sod. dodecyl sulfate:
5420 0.343 8455
4,10 0.678 2.18
2,00 1,01 0.99
0.80 1.65 0.37
0.55 1.96 0.26
0.30 2,42 0,17
Sod. tetradecyl sulfate:s.zo | .50 0.1t
1.60 2,14 0.22
0.90  2.88 0.121
0.20 4,70 0.045
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Too much distortions in case of hexadecyl and octad-
ecyl sulfates prevented an accurate measurement of £° and

hence t° vs, 1/C2 plot could not be obtained,

CUBRENT-TINE CURVES IN CASE OF Cultetren)>t CONPLEX :

It was shown in chapter 7 that sodium alkyl sulfates
do not effect the E% or the limiting current in the case
of the positively charged Cu(tetren)z+ and Cu(trien)2+
complexes, To check this behavior further, current-time
measurements were carried out using the same solutlions
as employed earlier for current-voltage studies,The
figures (42-48) show the current-time curves in the case of
sodium octyl, decyl, tetradecyl, hexadecyl and octadecyl
sulfates, Except for slight distortions due to turbidity
formation in case of hexadecyl and octadecyl sulfates, the
presence of surfactants did not seem to affect the shape

of the current-time curves. Very slight decrease in limiting

current is probavly due to dilution effects,

CURRENT-TIME CURVES SHOWING POLAROGRAPHIC MAXTMA

The experimental data for the current-time curves
in the case of Cu-EDTA and Cu-Tetren systems were obtained
in the potential regions corresponding to diffusional

transfer of the surfactants from the bulk of the solution
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FIGUEE 42: 1=t curves in case of Cu«~Tetren system
coutaining (1) 0; (2) 3.42X10°u§3 (3) 2.05
X10™7M Sodium octyl sulfate.
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FIGURE 43: i~t curves in case of Cu-Tetren system
containing (1) 0; (2) 5?(58}(165”5 KM; (3) 1.83
X10 M Sodium decyl sulfate.
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FIGURE 44: 1-t curves for a soln. containing 1X10'3ﬂ
Cu(II); 1X10™°M Tetren in 0.16M acetate buffer,
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2,31X10° M3 (%) 1,38X10 M Sodium hexadecyl 50y«
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FICURE 46s i-t curves in the case of CuaTetrenhsystem
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FICURE 473 1~t curves in the case of oxygen (in 0,01M
KC1) meximum. (1) O3 (2) 2.15; (3) k.27; (%)

¢ 43. (§) 5.94710 M Scdium octyl sulfate,
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to the electrode surface, Under these conditions (in the
absence of polarographic maxima), the time at which the
current fell to zero was related to the surface coverage
by Koryta's equation (1). However, Koryta's equation does
- not apply in the region of polarographle maxima, because
here the mass transfer is not diffuslon-controlled, but,
instead, takes place under hydrodynamic or streaming
conditions. InAother words, in the preseunce of maxima,
the mass transfer 1s convection-controlled., Due to the
turbulent streaming motion of the solution, the
depolarizer and the surfactant are transported to the
electrode surface'by convection, To obtain an estimate of
the amount of adsorption of surfactant during streaming
in case of oxygen maximum, Barradas and Kimmérle (53) had
derived an equation which related the surface coverage,
diffusion coefficients of the depolarizer and the
surfactant, total charge passed, and the concentrations
of the depolarizer and the surfactant. Later, Phillips
(54) modified the complicated equation of Barradas and
Kimmerle and derived the following simplified equation:
T = D%’icv/g’ ----------- cwmue (II)
In equation II, the termsT!, D, C and 1% have the same
significance as in equation I, is a constant (53). Phillips

tested the validity of equation II in the case of the oxygen
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maximum obtained by using 0.002M KC1l solution, He used
cysteine as the surfactant, On plotting %(or to) against
1/C, he obtained a straight line passing through the
origin and thus concluded that equation (II) which was
derived to predict adsorption under streaming conditions,
was adequate enough to describe the physicochemical situa-

tion corresponding to the oxygen maximum,

OXYGEN MAXIMUM

In order to check the behavior of sodium alkyl sulfates
with regard to equation (II), current-time measurements
were made, However as in the case of C-V plots, instead of
using 0.002M KCl, an air-saturated 0.,01M KC1 solution was
employed and current-time data was obtained at -0,30v
- (vs. SCE), a potential on the rising part of the polarogra-
phic maximum., The resulting current-time curves depicting
the effect of various alkyl sulfates are shown in figures 47-
52. Except in the case of sodium octyl sulfate, the current-
time curves observed were similar to those obtained by
Phillips (54). In all cases, in the early part of drop life
the curves followed the same paths as those in the absence
of surfactant, but as the surfactant concentration was incr-
eased gradually, the current fell to a constant value in

shorter and shorter intervals, This behavior is easy to
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FIGURE 48: 1-t curves in the case of oxygen (in 0.01M
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FIGURE U49: 1.t curves in the case of oxygen (iun 0.0lM
KCL) mamimum. (1) G3 (2) Y1.733 (3) 3.45; (%)5.18;
5) 6.9

503 (5) B.65 ,(7) 10,375 (8) 1?.2x1a‘5§_0120
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FIGURE 50: 1-t curves in the case of oxygen (in 0.,01M
KC1) maximuma. (1) 03 (2) 2.21; (3) 6.30; (&)
9.&5X10”6ﬂ Sodiun tetradecyl sulfate,
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FIGURE 51: i-t curves in the case of oxygen {in 0,01M
KC1) meximum, (1) 03 (2) 0.73; (3) L.45;3 (&)

2

2,333 (5) 8,73%10 “M Sodium hexsdecyl sulfate,
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understand, because during.the early part of the drop life,
very little surfactant is adsorbed on the drop surface and
this does not alter the streamlng process or the shape of
the 1-t curve. However, as the drop grows, enough surfactant
reaches the electrode surface and it gradually suppresses
the streaming motion and eventually stops it altogether,

In the case of sedium‘hexadecyl and octadecyl sulfates,
at higher conceuntrations some distortion was caused in the
1-t curves., As explainéd earlier during the discussion of
C-V plots, This behavior is caused by the turbidity which
results on adding these long-chained paraffin salts to
electrolyte solutious,

| In order to obtain £° vs. 1/C plots, in every case,
the time at which the current fell to the constant plateau
was taken as a measure of to. As showu in figure 53, straight
lines passing through the orlgin were obtained in the case of
decyl, dodecyl, tetradecyl, hexadecyl and octadecyl sulfates,
As a further test of equation (II), the products of C and £°
were calculated in each case and as can be seen in table 7,
were fouud to be reasonably constant in case of decyl,
dodecyl and tetradecyl sulfates, The quantity Cto was not
constant in case of hexadecyl and octadecyl sulfates and
this could be due to the distortions as reported above, Due
to the different nature of i-t curves of sodium octyl

sulfate, the product ct® could not be obtained, In the case of
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Je Sod. tetradecyl sulfate:

L, Sod. hexadecyl sulfates
(Data with 0.01M Kcl)

(Data with 0,002M Kel)

5, Sod. octadecyl sulfate:

TABLE 7 {(Contd.)

2.21
6.30
9.47
14,55
7.27
23.30
87.30
19.90
25.83
29,80
39.60
59.20
78.40
13.46
26,8

40.3

80.6

152,90

5.00
1.70
1.05
1.80
2,90
1,00
0.40
0.80
0.60
0.55
0.45
0.32
0.25
2.70

175

1.50

0.65

0. 40

11.05
10.70
9.95
26.2
21.1
k3.6
34,92
15.92
15.52
16.38
17.82
18.94
19.60
36.35
k7.0
60.5

52.4
60'8

0.453
0.159
0.106
0,069
0.137
0.0%3
0,012
0,050
0.039
0,034
0.025
0,017
0,013
0,074
0,037
0.025

0.012
0.007

o€t
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sodium dodecyl and hexadecyl sulfates, i1-t data was obtained
using alr-saturated 0.002} Kcl and t° vs 1/C plot in these

cases also gave linear relationships.

cu[{Tart)] © MAXTINUM;

As reported in chapter (7), the reduction wave of
Cu[}Tarti}o complex 1s accompanied by a 1arge maximum,
which breaks off at -0.40 v (vs, SCE). To check the validity
of equation(II)in case of this maximum due to the reduction
of a complex ion, current-time measurements were made (at a
constant potential of -0.25 v) using a 1X1O"3ﬂ Cu(II) solution
in 0.1M Tartrate buffer of pH, 4.0 both in the absence and
presence of sodium alkyl sulfates, As expected, the shape
of the i-t curves (fig. 54-55) resembled those obtained
earlier in case of oxygen maximum and t° vs 1/C plots (fig. 56)
yielded straight lines passing through the origin, The
experimental data is shown in table 8. The counstancy of the
product term (cxt®) and the 1linear relationship in the

tO

vs 1/C plot not only lend support to the validity of
equation II, bubt also coufirm the author's observation that
the reduction of Cul{Tart]® complex is accompanied by a
maximum. As mentioned earlier, Schmid and Reillley (21) did’

not report the occurrence of such a maximum,
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FICURE 54B: i~t curves at =0.25 v, for 2 solution
-2
contalning 1X10 “M Cu(ll) in 0,14 tartrate
busier, roH = 4 in presensze of (1) 03 (2)
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FIGUZE 55A: 1-t curve at 0,25 v, for a solution containing
1X10'3g Cu(II) in 0,1} tartrate buffer, pH = & in
presenca of (1) 2.90X10'5§; (2) 5.81X10-5ﬂ; (3)
8.65X10°5ﬁ; (%) 1.45X10"3ﬂ Scdium hexadecyl sulfate,
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FIGURE 55B: i-t curve at «0.25 v. for a solution containing
1X10 M Cu(II) ium 0,1M tartrate buffer, pH=4, (1)
6072X107%H; (2)1. 352107713 (3)4.03K1077 i1 (4)8.06X10" 513
(5) 2.66x10”#§ Sedium cetsdecyl sulfate,
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Plot of data in table 8
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LEAD MAXTIMUM3

The lead nmaxinum wés studied in the precence of
sodium decyl, dodecyl and tetradecyl sulfates‘ The shape
of the current-time curves in all the three cases was
somewhat similar to that obtalned 1u the case of the
oxygen maximum and the sodium decyl sulfate (fig. 37a).
Since dus to the presence of surfactants the curreat did
not drop to zero, Phillips® equation could not be applied
rigorously, However, using the values of time at the
inflection points of the curves, t vs. 1/C plots were
obtained. In the case of decyl and tetradecyl sulfates
reasonably good stralight lines passing through the origin
were obtained. The data in the case of dodecyl sulfate

yielded points and few of these wsre widely scattered,
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IX, CONCLUSIONS AND SUMMARY

Sodium alkyl sulfates, which are anionic surfactants,
contain polar and non-polar groups. As a result, they show
surface’active behavior and adsorb at electrode-solution
laterfaces, This property of sodium octyl, decyl, dodecyl,
tetradecyl, hexadecyl and octadecyl sulfates was utilized
to suppress polarographic maxima due to oxygen and Pb(II),
Ni(II), U0§+, T1+, Se(IV) and CdIi" ions, In order to compare
thelr behavior and to 1nvestigate their physico-chemical
properties as a gfoup, their effect on polarographlic waves
toth in the presence and absence of maxima was studied, To
understand the mechanism by which the anionic surfactants
suppress various kinds of maxima, both current-voltage
plots and current-time curves were studied., The adsorption
behavior was further compared by carrying out electrocapillary
measurements, On the hasis of the data obtained, the following
conclusions are made: |

Scdium octyl sulfate is very weakly adsorbed on the
mercury surface, This is evlident from its high maximum
suppression point (MSP) values and its very sm2ll effect on
electrocapillary (EC) and current-time curves., Sodium decyl
and dodecyl sulfates are strongly‘adsorbed and tend to
flatten the E-C curve, The addition of tetradecyl, hexadecyl

and octadecyl sulfates to potassium chloride solution

137
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resulted in turbldity, which sharply reduced the adsorbabil-
ity of thege three surfactauts. By cérrying out electrocap-
illary measurements in 0.2l acetate buffer, the turbidity
was avoided in case of tetradecyl sulfate., As & result of
this, the latter was very strongly adsorbed on the mercury
surface and decreased the interfacial tension (droptime)
even more than the dodecyl sulfate, The appearance of
turbidity is due to the formation of micelles in the presence
of the relatively high concentration of supporting
electrolytes. During MSP determinations, the presence of
this turbidity resulted in such erratic droptimes that
reproducible polarographic waves could not be obtalned, The
turbidity formation also resulted in high MSP values in the
case df tetradecyl, hexadecyl and octadecyl sulfates., When
sodium and lithium chlorides were employed as supporting
electrolytes, no turbidity formation was observed in the
case of tetradecyl sulfate and the amount of turbidity in
the case of hexadecyl and octadecyl sulfates was conslderably
reduced. On the basis of this observation, it is clear that
turbidity is caused by 1) formation of an insoluble
potassium salt of the alkyl sulfates 2) formation of micelles,
Contrary to what was reported by Colichman, namely,
that MSP values and values of the critical micelle concen-
tration (CHC) for surfactants are essentially identical,

the MSP values of the alkyl sulfates were found to depend
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strongly on the poteuntial at which the maximum occuré. Since
the anionic surfactants are strongly'adsorbed in thé vicinity
of the electrocapillary maximum, the MSP values
for the positive maxima of oxygen, lead and UOS+ ions were
far below the experimentally determined CMC values for the
same alkyl sulfates under the same conditiocuns. When the
alkyl sulfates were used to suppress the maxima on the redu-
ction waves of increasingly negative half -wave poténtial,
larger and larger amounts of sﬁrfactants were required for
suppression and as a result, the MSP values in case of N12+,
Se(IV) and Cdli" maxima came out to be very high, The high
MSP values in case of negative maxima are ascribed to the
following two reasons: (a) At high negative potentials, due
to similarity of charges on mercury drop and the surfactants,
the adsorption of the suppressor on the mercury drop is
hindered, or in other words, the surfactants are desofbed
when the potential is sufficlently negative; (b) the negative
charge and the large size of the depolarizer in the case
of Cdli- ion, hinders its penetration into the adsorded
layer of the surfactants,

| The addition of surfactants to solutions containing
positively charged copper-Trien and Tetren complexes did

not cause any appreciable change in the diffusion current

and also it did not effect the half.-wave potentials, However,
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at higher surfactent coneéntrations, the upper part of the
reduction wave was slightly drawn out indicating that the
electrode reaction beconmes irreversible, The turbidity

which resulted on adding sodium alkyl sulfates to Cu-Tetren
and Cu-Trien solutions, is due to the formation of an
insoluble salt between the tetren or trien and the paraffin
chain lon of the surfactants., The reduction waves of
Cu[}trien§]2+ and Cu[}tetreni}2+ complexes were accompanled
by maxima, which, except in thé case of octadecyl sulfate
were easlly suppressed. Likewlse, the reduction wave of
Cu(tart)0 complex was accompanied by a large maximum., AS in
other cases the addition of surfactants shifted the brezsk-coff
potential of the maxima to more positive potentials. In each
case, after the maximum was completely suppressed, addition
of more surfactant did not effect the half-wave potential or
the limiting current, The shift in the break-off potential
for the same concentration of surfactant followed the following
orders: C12> C10:>C8’ This proves fhat with increaze in the
carbon chain-length, adscorption of surfactant increases,

The addition of sodium alkyl sulfates to Cu-EDTA
solution caused a split in the reduction wave and on
increasing the surfactant concentration further, the E% was
shifted to more negative potentials. In the presence of
large surfactant concentrations, a penetration wave was

obtained, This 1s because the depolarizer and the adsorbed
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layer of surfactant have ﬁhe same charge. Thus, the
negative Cu-EDTA complex has to crcsé a potential energy
barrier before being reduced at the DME,

Unlike the other surfactants, a very high
concentration (0.091%) of sodium octyl sulfate was required
to produce the penetratlon wave, which again shows that
this surfactant is not adsorbed oun the mercury surface
very strongly.

The critical miceile concentrations of sodium alkyl
sulfates were determined both in water and in the
presence of electrolytes. The CMC determinations were
carried oubt using two methods: (1) The spectral dye
method using Pinacyanol chloride and Rhodamine 6G (2)
Electrocapillary curve method. The two methods ylelded
nearly identical results.

The distorting effects of sodium alkyl sulfates on
reduction waves of'complexes were studied with the help
of current-time (i-t) curves. The data in case of Cu-EDTA
complex and scdium dodecyl and tetradecyl sulfates was
obtained under diffusion controlled conditions and was
found to correspond to Korytats equation, Using an
estimated value for the diffusion céeffioient'ﬁ values
for dodecyl and tetradecyl sulfatesz were calculated., These

T values wers found to be comparablc to those of eosin
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and Tritons X-45, X-100 &nd X-305, Sodium octyl sulfate
and sodium decyl sulfate did not cause any appreciable

- change in the shape of i-t curves in the case of Cu-EDTA
system, And erratio droptimes due to turbidity formation
in the case of hexadecyl and octadecyl sulfates
prevented accurate measurement of to, the time in which
the current falls to zero,

The current-time curves in the‘case of positively
charged Cu-Tetren and Cu~Trien complexes were not affected
much by the addition of sodium alkyl sulfates,
| The currentntime studies were also carried out under
streaning conditions in the case of oxygen rmaximum and
the maximum on the reduction wave of Cu(Tart)o complex.

In both cases, the data was found to correspond to
Phillips! equation,

In the case of the lead maximum even iu the presence

of surfactants, the current did not drop to zero and so

the Phillips' eQuation could not be applied toc rigorously.
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APPEMDIX I

| ‘ SN J/ A
1) Pinscyanol chloride %.~{H2CH“CHw\V | //

éng . Ceg ' éa.“s

2) Rhodamine 6G

3) Pheunosefranin

i)  Pinaverdol

£)  Pinachreom
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APPENDIX IX

Procedure and conditions used for taking current-time pictures.x

1) Key 1 was kept pressed during the entire experi-
ment,

2) Before each experiment the manual polarograph (sete
up enclosed in dotted lines) was standardized by setting
the potenticmeter at 1,019 v, --~ potential of the standard
Cd cell.

3) The following settings were employed for taking
the picturess

(A) On Camera: (i) Position'T} Seusitivity equal to
1 mv/cm. "f* setting = 16. Exposure time = 10 sec, For
taking picture at setting "T",. the shutter is pressed and
then released immedliately for the length of time for which
the exposure is needed (in the present case, this was 10
seconds), At the end 10 seconds, shuttervis pressed once
more and then again released instantly, After this, the
white and yellow tabs in the film caétridge are pulled
straight out one after the other., After pulling the yellow
tab, a developing time of approximately 20 seconds 1is
given and then the picture is separated from the chemical-
coated disposable paper. (11i) Position "B"; for teking

pictures at this setting the shutter is kept depressed for

#See schematic diasgram after two pages.
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the length of time the exposure is needed and then released

at the end of that period (10 seconds).

(B) On Oscilloscope panels

Upper focus = 4,5
Intensity = 4.5
Intensity balance = 5.0 or 5.5
Power & Scale 1illumination = 5,0 or 6.0
Trigger selector = "=¥ |
Line switch (kuob) = at -upper AC
Triggering level = at "Automatic®
Upper beam = at *A" on "DC" half side
Beam sweep rate = 1 cm/sec,

Note: For schematic dlagram showing the circult, see the

next page.
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