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ABSTRACT

A simulation technique was developed for analyz-
ing the gel filtration chromatography of surfactants.
Theoretical elution curves obtained by this technique
were compared with the experimental curves for the
following five systems: an ionic or a nomionic
surfactant of a single component, an ionic surfactant
in the presence of an electrolyte, a mixture of two
nonionic surfactants, a mixture of two ionic surfac-
tants, and a mixture of an ionic and a nonionic
surfactant. In the first four systems, good agreement
was found between the theoretical and experimental
elution curves. A possible explanation for the dis-
agreement in the last system is presented.

INTRODUCTION

Gel filtration chromatography is a powerful and conveni-
ent method for separating individual components of differ-
ent molecular size from a solution of several constituents,
and it frequently permits the estimation of the molecular
weights of the solutes. This is due to the fact that large
molecules enter gel cavities with difficulty whereas small
molecules enter almost freely; thus the ratio of populations
between gel interior and exterior is smaller for larger
molecules. When a solution containing two or more solutes
of different molecular size is injected into the top of a gel
column and subjected to the gel filtration procedure, only
the portion outside gel cavities can flow down, and
therefore, the larger molecules tend to pass through the
column more rapidly than the smaller molecules.

The same phenomenon is expected for a solution of a
surfactant or surfactants whose concentration is high
enough to produce micelles. The micelles correspond to the
larger molecules, and coexisting monomolecularly-dispersed
surfactant molecules (monomers) correspond to the smaller
molecules. In this case, however, the filtration process is
complicated by the disruption of micelles into monomers
and the conglomeration of monomers into micelles, and
thus the theoretical elution curve cannot be obtained by a
conventional mathematical technique. Using an electronic
computer, the authors have developed a simulation techni-
que which can derive the theoretical elution curve. This
paper first describes the technique in outline, and then
discusses and compares the theoretical and experimental

10ne of five papers presented at the Symposium, “Basic Aspects
of Detergency,” AQCS-ISF World Congress, Chicago, September
1970.

2Special Abbreviations: TA: the total quantity of A component
in a plate. Q4 : the quantity of A component in a mobile phase. x5
the concentration of monomeric A in a solution. Cj: the total
concentration of A component in a solution. Coa: the critical
micelle concentration of A in the absence of B. K: a constant, the
value of which is near 0.5. Vy: the volume of a mobile phase. V aq:
the effective volume of a stationary phase with respect io
monomeric A. Vy,: the effective volume of a stationary phase with
respect to a micelle. g 4=Q/Vy: the concentration of A component
in a mobile phase. tpA=TA/Vs: Note that tp is not an actual
concentration though its dimension is mole per volumne. Ppg=
Vas/Vg: the distribution ratio of monomeric A between the
stationary and mobile phases. Pp=V,/Vy: the distribution ratio of
micelles between the stationary and mobile phases. Py, =V, /Vy: the
distribution ratic of micelles between the stationary and mobile
phases. Y=(§B-xB(1+PBS);/{tA-xA(1+PAS)+tB-xB (1+PBS)}: the mole
fraction of B component in a ipixed micelle of ‘A and B.
p=CoB(1+PpRs)-Coa(1+PAs). P=C5§3 1+PBs)'Cb+K(1+PAs)‘ Simi-
lar symbols with a subscript B refer to B componen%.
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elution curves obtained for the following five systems: a
surfactant of a single component, an ionic surfactant in the
presence of an electrolyte, a mixture of two nonionic
surfactants, a mixture of two ionic surfactants, and a
mixture of an ionic and a nonionic surfactants.

Although this paper is not directly concerned with
detergency, there are several reasons why it should be
presented at the symposium on ‘“Basic Aspects of Deter-
gency”’:

1. Gel filtration chromatography and its analysis by the
simulation technique afford us with various physicochemical
data of detergents. The data obtained may help elucidate
fundamental aspects of detergent action.

2. In order to clarify the detergent action, it is usually
desirable to purify test materials. Gel filtration is a
powerful and convenient method to isolate the component
which has the lowest critical micelle concentration from a
detergent mixture. Simulation calculation is useful to
predict the best condition for the isolation.

3. In applied colloid science such as detergency, the
system to be studied is usually very complicated. As has
been shown in this work, simulation is a powerful tool to
investigate a complex system. it is hoped that some day the
simulation technique will be successfully used to elucidate
detergent action.

EXPERIMENTAL PROCEDURES

Only the experimental procedure in case 5 (a combina-
tion of a nonionic (A) and an ionic surfactant (B)) is
described below because those in the other cases have
already been reported in previous papers (2,4,5,7). Octyl
B-D-glucoside was synthesized by a conventional method
(9) and purified by repeated recrystallizations from a mixed
solvent of acetone and petroleum ether. High purity was
ascertained by elemental analysis, melting point (67-69) C,
IR spectra, thin layer chromatography, and surface tension
measurements. An aqueous solution of a 1:1 mixture of
sodium decyl sulfate (SDeS) and octyl glucoside was
poured slowly onto the fop of a Sephadex column
(Sephadex G-25 fine made by Pharmacia, diameter 2.5 cm,
length 45 cm, 30 C) which had been pretreated with pure
water. After the charge of the mixture, it was eluted with
water. The effluent was poured into a series of tubes by
means of a fraction collector. Each fraction was divided
into two aliquots. With one of them, the concentration of
SDeS was determined by the titration with hexadecyltri-
methyl-ammonium chloride using Eosin Red as an indicator
(10). The other one was dried in vacuo to determine the
weight of the residue.

Simulation calculation was carried out on an IBM-1620
computer by assuming K=0.5.

PRINCIPLE OF SIMULATION

To establish a quantitative theory for a natural phenom-
enon, one often proceeds by the following steps. setting up
a hypothetical model that may explain the phenomenon;
stating the results expected from the model in a mathe-
matical form, frequently in a differential equation; solving
the equation; comparing the solution with the experimental
result., If these agree with each other within the limit of
experimental accuracy, the proposed model is considered
plausible, and additional evidence supporting this model is
sought. If they do not agree, the model is rejected.
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FIG. 1. Model of gel column.

In the field of colloid chemistry, the system to be
studied is usually very complicated. Mathematical formula-
tion for the proposed model is not always possible, and
even when possible the equation obtained is frequently
insolvable. Provided the hypothetical model itself can be
simulated in a digital computer, the solution will be
calculated automatically even when the formulation is
impossible, and also when the formulated equation cannot
be solved analytically. Thus, the adequacy of the hypoth-
esis can be tested.

Our simulation technique may be best understood by
using an example in which a solution containing two
solutes, A and B, is subjected to the chromatography. The
gel column is considered to be composed of many plates
piled on top of one another, each of which consists of a
mobile phase and a stationary phase. The stationary phase
stands for the gel interior (cavities) and the mobile phase
for the interparticle void space through which the solution
flows down. For every plate, two pairs of memory fields
and descriptions of the quantities of A and B components
in the mobile phase and in the stationary phase are
prepared in a computer.

When the concentration equilibrium has been attained in
all plates, the data in the lowest mobile phase are written
out., The data written out are the quantities of both
components in an aliquot taken by a fraction collector. The
data in the other mobile phases are shifted to the
neighboring lower phases, and the quantities supplied from
a reservoir are written in the highest mobile phase as
illustrated schematically in Figure 1. This process corre-
sponds to the flowing down of the mobile phase by one
plate. After the flowing down, every plate is no more in
equilibrium, and a reequilibration process is applied as
follows.

For each plate, the total quantity of A component, Ty
is computed by the addition of the data contained in the
two memory fields that are assigned to A component in the
mobile and in the stationary phases. In a similar way, Tg is
obtained. Knowing T, and Ty, one can calculate, at least
in some cases, the quantities of both components, Q4 and
Qg, in the mobile phase at a newly established equilibrium;
the quantities in the stationary phase are T,-Qa and
Tg-Qp. For all plates, the four quantities thus obtained are
put into the appropriate memory fields. The above men-
tioned procedure is repeated until the whole elution curves
of both components are obtained from the data written out
successively.

This technique is applicable to any type of chromatog-
raphy in which the column can be regarded to consist of
the mobile and stationary phases, and at least in principle,
to any solution containing a finite number of solutes. If the
solution contains only one solute, the terms Ty and Qg are
eliminated. For a solution containing three or more solutes,
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additional terms must be used to express the quantities of
C, D, etc.

EQUILIBRIUM CONCENTRATIONS

In the preceding section, it has been shown that the gel
filtration procedure can be simulated in a computer if it is
possible to calculate Qu and Qg from T, and Tg. To
achieve the calculation, it is necessary to know how the
monomer concentrations in a solution vary with the total
concentrations of both components. The theory of Shinoda
(1) predicts the following relations under the definitions of
xA(xp) = the concentration of monomeric A(B), C5(Cg) =
the total concentration of component A(B), Coa(Cop) =
the cmc of A(B) in the absence of B(A), and K = a
constant, the value of which is near 0.5.

Case 1: A is an ionic or a nonionic surfactant and B is
absent (2). When CA§COA then x, =Cp , and when
CA>Coa then Xp\ = Coa-

Case 2: A is an ionic surfactant and B is a 1:1 type
electrolyte (3,4).

In xp=-Kin{xp+xg) + (1+K)in Co

xp=Cp

When the solution of the above simultaneous equations
satisfies x5 < Cpu, then x, obtained is a correct answer.
Alternatively, when the solution satisfies x5 £ Cp, then
the correct answeris x4 = Cy,.

Case 3: Both A and B are nonionic surfactants (5).

In xA =1n C oA + In {(CAXA)/(CAXA*CBXB)}

Inxg=laCgop +in {(CB -xB)/(CA-xA+CB-xB)}

Case 4: Both A and B are ionic surfactants (6,7).

Inx p =-Kin(xp+xp) (1+K)n Coa +1n((c AXA(CAX A+cB-xB))
Inxp =-Kin(x p*xp)+ (+K)in Cop +in {(Cxp)/(CAxA *C BxB)}

Case 5: A is a nonionic and B is an ionic surfactant.
(Discussion will be presented in a later section.)

In x =1n Coa + In{(CAXAN(CAX A*CBxB)}
Inxp=InCop+ {(zx+1)/(K+1)}m{(c BXB)/(CAXA*CBXB)}

For cases 3, 4 and 5, it can be shown that if x4, < Cx
then xg<Cp and also that if x4, = CA then x5 2 Cp.
Correct answers can be found out by the following claims.
When the solution satisfies x, < C,, then x, and xp
obtained are the correct answers, When the solution
satisfies x4 > Ca  then the correct answers are x4=C, and
Xg = CB'

The concentration relations for cases 4 and 5 reduce to
those for case 3 if K is equated to zero. In this sense, K may
be regarded as a measure of ionic effect.

Our problem was to calculate Q4 and Qg from T, and
Ty  However, from a practical standpoint, it is more
convenient to use “‘concentrations’ rather than quantities.
For this reason, the mathematical procedure to derive the
concentrations of A and B components in a mobile phase,
qa = Qa/Vs and qp = Qp/Vy, from ty = Ty /Vs and tg =
Tg/Vy is explained below by using the following notations:
Vg, the volume of a mobile phase; V 5(Vp,), the effective
volume of a stationary phase with respect to monomeric
A(B); V,, the effective volume of a stationary phase with
respect to a micelle; Pp s, VAs/Ve: Pos,VBs/Vei Pms Vi / Vs
The latter three stand respectively for the distribution
ratios of monomeric A, of monomeric B, and of micelles
between the stationary and mobile phases.

The quantity of monomeric A in a plate is given by the
product of “the concentration of monomeric A” and “‘the
effective volume of the plate for monomeric A”, namely
XA(VitVag) = xaAVe(4Pp). Therefore, the quantity of
micellar A in the plate is given by Ty - x4 Ve(I+P, ). Since
the micellar A is distributed between the stationary phase
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FIG. 2. Elution curves of sodium decyl sulfate.

and the mobile phase in a ratio of Py, : 1, the quantity of
micellar A in the mobile phase must be equal to {Ty -
XA Ve(#P o)}/ (+Pp). On the other hand, the quantity of
monomeric A in the mobile phase is x , Vy. The sum of the
latter two quantities is, of course, equal to Qg4 .

QA =xaVet {TA-XAVf(l‘fPAs)}/ +Pm)

Dividing both sides by Vg,one obtains Equation I, and
in a similar way, 2.

tA - XxA(14Pag) ta Pm-Pag
qA =xA + = + XA f1]
1+Ppy 1+Py  1+Py
tg - xg(1+Pgg) ip Py - Pys
g =xB* = + XB (2}
1+ Py 1+Py  1+Py

The next section will show that the equilibrium concen-
trations in a mobile phase can be obtained by combining
these equations with the previous concentration relations,
which correlate monomer concentrations and total concen-
trations, applied to the mobile phase. When applied to the
mobile phase, C4 and Cp in these relations should be
replaced by q, and qg respectively.

CALCULATION OF EQUILIBRIUM
CONCENTRATIONS FOR PARTICULAR CASES

- For case 1, the concentration relation says that when g
2 Coa then xp = qp, and that when qa > Cpp then xy =
Coa. This implies that g4 can be expressed as a function
of tp by either of the two methods, one of which (a) is to
replace x5 by qp in Equation 1 and the other (b) is to
replace by Cpoa. Which method should be applied depends
on conditions. The condition ty S Coa(HPa) will be
examined first, If on applies method b, as a trial, Equation
1 reduces to gy = Cpa + {tA-COA(HPAS)}/(HPm). From
this relation, it follows that q,< Cpa, because the
numerator of the second term is negative or zero. This
conflicts with the requisite that method a should be applied
when g5,< Coa. In other words, he has chosen the wrong
method. Alternatively, if one applies method a, Equation 1

reduces to gqa = g +{tA~qA(]+PAS))/(1+Pm),and thus to
qa = tp/(1#Ppg). This relation combined with the condi-
tion ty < Coa(+PAs) leads to qp S Coa, showing that
method a is consistent with the requisite that when q <
Coa thenxy =qa.

Next, the condition ty > Cga (I+P4) will be examined.
If one appliesmethod a, qo = to/(I+P,) is derived from
Equation 1. This relation combined with the condition ta
> Coa(lHP4¢) results in g4 > Co 4 which requires method
b. On the other hand, if method b is applied, the resulting
equation g = Coa + (t A~ Coa(HPy )/ (4P, indicates
that go >Cg a , because the numerator of the second term is
positive. Thus, one knows that method b is the correct
method for treating this case. In summary, it is concluded
that when ty < Coa(l+P4g) then qa = ta/(14Pas), and
that when tp> Coa(14Pps) then qa = tA/(HP,) +
(Pm-Pas)Con/(HPm).

In case 2, g = tg/(+Pps) is readily obtained by
combining Equation 2 and the second concentration
relation xg = qp. On the other hand, the first relation can
be transformed into xp(xp+qp)K = CLtK. The solution of

this equation is obtained by defining F(xp) =
xa(xa+qp)¥ - CY X and applying the successive approxi-

mation method using the well known formula X4 = X,
-F(xq )/ F(x,), where x,4; and X, stand for the n+1th and
nth order approximation. (One may use Cgyp as the zero
order approximation. Similar considerations as presented
for case 1 lead to the following conclusions. When the
ultimate x, thus obtained satisfies the relation to>x,
(I#PAs), qa can be calculated by inserting this value of x5
into Equation 1. Alternatively, when the ultimate x4
satisfies the relation ty < x5 (I+Pa), g4 must be equated
to taA/(IHPAs).

For cases 3, 4 and 5, the concentration relations can be
transformed into

ta - xaA(1+Ppg)
Inxp =InCgop +1n [3a]
tA -XA(1+PAg) + tg - XxB(1+PRs)

tp - xp(1+Pps)
Inxg=inCgp+in [3b]
ta -xa(1+PAg) + tp - xp(1+Ppg)
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FIG. 3. Elution curves of sodium dodecyl sulfate (8, surfactant)
and sodium chioride (A, added salt). Application volume 40 ml,
void volume 70 ml, PsSPAs = 1.71, P,=Pps= 1.21, Pm = 0.08, Coa
= 8.60 x 10-3 moles/litex.
inxa =-Kin(xa+xp) + (1+K)In Cop +

tA - xA(1+PAQ)

tA - XA(1+Ppg) + tg - Xg(1+PRg) [4a]

in

In xg = -Kin(x p+xp) + (+K)in Cop +
tg - xg(1+Ppgg)
In [4b]
tA - xA(1+Ppg) +tg - xg(1+PRg)

ta - xA(1+Ppg)
Inxpa=InCpp +In [5a]
ta - xA(1+Ppg) + t - xp(1+Ppy)

2K+1 tp - xg(1+Pgg)
Inxg =In Cop+ In [5b]
K+1 tp-xa(1+Pag) + tg - xg(1+Pgg)

by substituting{_t A -Xa(HP As)}/(l"’Pm) for qa -x4 and g;B
- xB(l-t-PBS)}/(HPm) for qg - xg. (cf. Equations 1 and 2).
Similar considerations as in case 1 lead to the conclusion
that when the values of x5 and xp obtained by solving
simultaneous Equations a and b satisfy the relation t,>
xa(#Py¢) or tg > xp (HPpg), then g, and qp can be
calculated by inserting these values into Equations 1 and 2.
When ty S x5 (1+P ) is satisfied, g = to/(1+PA4) and qp
= tp/(1+Pg) are deduced.

The remaining problem is the mathematical method for
sclving Equations a and b.

SOLUTION OF SIMULTANEOUS EQUATIONS a AND b
Equations 3a and 3b

Defining Y = {tg - xp(+Pp)}f{ta - Xa(HPAg) + tp
xp(1+Pp,)}, one obtains x4 = Cpoa(I-Y) from equation 3a
and xg = CopY from Equation 3b, Insertion of these
expressions into (1-Y)/Y = {t A - Xa(+P s)}/{tB - xg(l+Pg,
yields(1-Y)/Y ={ta - Coa(HPAs)(1-Y){tp - Cop(+Pps)Y}).
From this relation, one gets

pY2 - (pHA+tg)Y +tp=0

under the definition of a constant p = Cgg(l+Pg,)-
Coa(l#Pp). The proper solution of Y is given by

VOL. 48
Y =tg/(tpttg) forp=0

Y ={p+ta+tp-\(p+ta+tp)? - 4ptp}/2p for p %o,

One can obtain q, and qp by the following steps;
calculation of p, calculation of Y by the former formula if
p = 0 and by the latter formula if p #0, calculation of x =
Coa(1-Y) and xg = CpopgY, calculation of q4 and gqg by
inserting x, and xg into Equations 1 and 2 if tp>
Xa(1+Ppg), calculation of qn = ta/(1+Psg) and qg =
tp/(HPRe) if tA < x A (1HP44).

Equations 4a and 4b
From [4a] and [4b] one obtains

tA -~ XA (1+P
XA = (XA+XB)'KC2‘;AK A A( AS)

tA - XA(1+PAg) + tg - xp(1+Ppg) (51

tg - xp(1+Ppg)
+
xp =(x a+xp) KCHH

{6]
tA - XA(1+PAg) + tg - xB(1+Pgg)

Division of [5] by [6] gives

xa/xp = CHX A - xa(+P A9} ICBES {ts - xB(+Ppy)}
from which one can derive
_ ~A1+K
XB = COB thA/(CS:\K tA+PxA) (71

where P = COK (14ppg) - e ppg.

Up to the present, no restriction has been imposed on
the notations of surfactants; either of them may be denoted
by A. We shall now specify the notations as to make P
positive. Then, it is easy to show that xp is a positive
increasing function of positive x 5. On the other hand, the

addition of [5]/CL%K and [6]1/CLK gives

1+K 14K,
(xa+xp)R(xa/Co," +xB/Cop ) = 1

which can be transformed into

F (xpxp) = (XA*'XB)K(C(I)-'I_BKXA"’C(I)RKXB) - Cg;\KC(l);K =0
It is apparent that F (X,,xp) is an increasing function
with respect to positive x5 and xp.

Suppose a value of x, in a range from zero to Cpa,
calculate the corresponding value of xg by Equation 7, and
insert these values into F (xu,xg). if F (xp,xp) thus
obtained is equal to zero, the correct answer has been
obtained accidentally. Generally, however, F (x.xg) is
not equal to zero. The value of F (x4 ,xp) is negative at
x5 = 0, increases monotonically with an increase in x, and
is positive at x4 = Ca. Therefore,if F (x,,xp) obtained
is positive, the correct x4 must be somewhere between zero
and the supposed x5 ;if F (x4 ,xp) is negative, the correct
X is between the supposed x4 and Cp 4. In 2 similar way,
one can successively limit the range of x, to be examined
and approach the correct solution. This procedure may be
called the limiting-range method. When a sufficiently
accurate solution has been obtained, g, and qp are
calculated as described in the preceding section.

Equations 5a and 5b
From [5a} and [5b] one gets
{tax AQ+PASY{tAX AG+PAG) X B(+PRg)} = xA/COA
{t B-XB(1+PBs)}f{tA-XA(1+PAs)+tB-XB(HPBs)} =
(xB/Cop){K+1)/(2K+1)

The first equation can be transformed into
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Coata
XA

_ 1
XB= W{t AtR-(1+PAdx A- + COA(1+PAS)} {8}

Addition of both equations results in

(xA/CoA) + (xp/Cop) KHICEKH) = 4
which can be transformed into

F (xpxp) = CoaxpKH KD KD

) CoACg(g-l)/(zKH) -0

It is obvious that the solution of [8] and F (x4,xg)=
0 satisfies [5a] and [5b] simultaneously. Examination of
the mathematical features of [8] and F (xp,xp) reveals
that the limiting-range method is applicable also to this
case. The value of x, that satisfies [5a] and [5b] must be
larger than

{ta*tp+Coa(1+PA9) -

V{tA+tB+COAU+PAL)? - 4(1+PAJCOATA J2(1+PAg),

and smaller than both of Cga and ta/(1+P ). This means
that the higher end of the range of x5 is Cpa if Coa <
tA/(14P4g), and is 14/ (1+PA ) if Coa>ta/ (1+P4;). The
value of F (x4,xp)} is negative at the lower end, and
increases with an increase in x,. When the higher end is
Copa the value of x, which satisfies F(x5,xg) = 0 can
always be found, because F(xp.xg) at x5 = Cgp is
positive. When the higher end is t,/(1+P,), the value of
F(xaxg) at this point is not necessarily positive. If it is
negative, g, must be equated to tp/(1+P, ) and gg to
tg/(1+Pg). In any event, one can calculate g and qg for
any combination of t, and tg,

are near 2¢10,

INPUT FOR COMPUTER

Gel filtration chromatography is usually carried out by
the following steps: pretreatment of the column with pure
water, charging an aqueous solution of certain A and B
concenirations slowly, and elution with pure water, In
some cases, however, a solution containing A or B, or both,
is used for the pretreatment or the elution, or both.
Therefore, these six concentrations are required as input
data, The amount of charge can be expressed by the
number of plates to be charged if one specifies beforehand
the number of plates which are supposed to constitute the
whole column. For the latter, too large or too small a
number is not recommended, because the larger the
number, the more accurate the result but the longer the
calculation time. It is the authors’ experience that 200
plates can produce reasonably good results in most cases.

Aside from the above-mentioned input data, five param-
eters, Coa, Con, Pas, Prs and Py, must be determined.
This can be done by the filtration experiments of two
solutions containing A or B alone. The experimental elution
curve of the solution of A is compared with the theortical
one which is obtained by assuming a set of values of Cpy 4,
Pas and Py,. By the trial and error method, one secks for a
set that brings excellent agreement between both curves.
This is not as difficult as might be supposed. After several
trials, one can find the required set of values. The Cp 5 thus
obtained agrees well with the cmc determined by other
methods, and Py is far larger than P, when a suitable gel,
such as Sephadex G-25, is employed. These facts support
the adequacy of the concentration relation assumed in case
1. Using the other solution, one determines Cog, Ppg and
P,,. The arithmetical mean of the two Py,’s thus obtained is
regarded as the P, of the mixture of A and B. The
adequacy of the concentration relations assumed in cases
2-5 can be examined by comparing the experimental
elution curves with the theoretical ones which are obtained
by using these five parameters.

IDEAL CONDITIONS ASSUMED IN THE THEORY
The ideal conditions assumed in the theory are uniform
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FIG. 6. Elution curves of oatyl g-D-glucoside and sodium decyl
sulfate, Application volume 39 ml, void volume 70 mi, PAs = 1.34,
Pgs = 1.54, Py = 0.08, Coa = 2.50 x 10-2 moles/liter, Cop = 3.35
x 10-2 moles/liter.

packing of the column, no flow of solution in gel cavities,
no adsorption on gel surface, rapid establishment of
concentration equilibrium between mobile and stationary
phases (this requires rapid establishment of exchange
equilibrium between micelles and monomers), no vertical
diffusion along the column, no convection in the column,
and constance of P, throughout the whole course of
chromatography, in spite of possible change of micelle
structure. In practice, these conditions can not be fully
realized.

COMPARISON OF THEORETICAL AND
EXPERIMENTAL ELUTION CURVES

Figure 2 represents the elution curves of SDeS. Different
amounts of an agueous surfactant solution were applied to
a column and eluted with pure water. Generally speaking,
the agreement beiween the theoretical and experimental
curves seems satisfactory. The concentration in the plateau
region coincides with the cmc (8.7 mg/mi). In all examples
shown in Figure 2 (and in other figures), the slope of the
tailing part of the experimental curve is steeper than that of
the theoretical curve, which converges asymptotically to
the abscissa. This may be due to the incomplete realization
of the second condition assumed in the preceding section.

In the presence of sodium chloride, the theoretical
elution curve of an ionic surfactant, sodium dodecy! sulfate
(SDS), becomes more complicated, as shown in the lower
half of Figure 3. It rises sharply from zero to a definite
value exceeding the concentration of the applied solution.
The curve remains at this level for a short period, then it
drops sharply to a value close to the cmc. In line with the
elution of NaCl, the concentration decreases further and
finally converges to zero. The above mentioned features are
recognized also in the experimental curve, which displays,
however, a slight recovery after the elution of NaCl has
been completed, This difference of behavior is probably
due to the adsorption of SDS promoted by the presence of
NaCl; the surfactant adsorbed on gel surface is desorbed
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after NaCl has been eluted out. It may be said that the
theoretical and experimental elution curves show fairly
good agreement on the whole, in spite of the over idealized
conditions, especially the third condition assumed in the
theory.

A mixture of two nonionic surfactants, decyl- and
dodecyl-dimethylamine-N-oxides, gave the elution curves
reproduced in Figure 4. The effluent at an early stage
consists of pure dodecyl homolog, the cmc of which is
lower than that of the partner surfactant. At a later stage,
the effluent is rich in the decyl homolog, but includes a
small but measurable amount of the other component. The
heights of elution curves in the plateau region agree with
the monomer concentrations of both species in the applied
solution,

Figure 5 illustrates the elution curves of a mixture of
two ionic surfactants, SDeS and SDS. Three regions appear
in this figure because a fairly large amount was applied
(When a small amount was applied, the shape of the elution
curves resembled Figure 4 (7)):the flowing out of a solution
of pure SDS whose concentration is higher than that in the
applied solution, a solution whose composition is the same
as that of the applied solution, a solution in which the
concentrations of both components are equal to the
concentrations of monomeric surfactants in the applied
solution, A small hump in the experimental curve of SDS
may be ascribed to the desorption promoted by the
diminution of the partner surfactant.

Excellent agreement between the theoretical and experi-
mental curves in the above examples and in some additional
examples reported in previous papers (2,4,7) supporis the
adequacy of the concentration relations for cases 1-4. The
same is not true for case 5. Figure 6 shows the elution
curves of a mixture of an ionic surfactant SDeS and a
nonionic surfactant octyl (-D-glucoside. The agreement
between the theoretical and experimental curves is unsatis-
factory. The heights of curves of both components at the
plateau region show a great discrepancy between theory
and experiment. The discrepancy is too large to be ascribed
solely to the experimental inaccuracy or the mathematical
inaccuracy pertaining to the solution of Equations Sa and
5b, or both; the concentration relations derived for case 5
must be inapplicable to a mixture of SDeS and octyl
glucoside. The derivation of these relations shall, therefore,
be outlined and reexamined below.

Shinoda has derived an equation which correlates the
monomer concentration and total concentration of an ionic
surfactant in the presence of a solubilizate such as a long
chain alcohol (8). In other worlds, he derived a concentra-
tion relation for a system in which B is an ionic surfactant
but A is a nonionic solubilizate. Supposing the case where
A is a nonionic and B is an ionic surfactant, the authors
have traced his logic and arrived at the same relation for
component B. (Assuming K = 0.56, Shinodareplaced the
coefficient (2K+1)/(K+1) with 1.36.) On the other hand, an
appropriate relation for component A has been derived on
assuming ideal mixing of the components in mixed micelles
(5). As shown in a previous section (Equilibrium Concentra-
tions), the latter relation has the same form as that of the
relations for case 3.

The derivation has been performed by considering a
mixed micelle composed of an ionic and a nonionic
surfactants, The electrical potential of the micelle surface is
proportional to the square of charge density. Therefore, the
electrical work required to bring a surfactant ion from the
surrounding water phase into the micelle changes with the
micellar composition. The required work was estimated asa
function of the mixing ratio by taking into account only
the change of charge density and disregarding the change of
dielectric constant. If the size of the hydrophilic group of
the nonionic surfactant molecule had been small, this
treatment would have been allowable.
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In the present case, the nonionic surfactant is octyl glu-
coside. A considerable portion of the micelle surface must be
covered with bulky glucose residues. In the proximity of
the micelle surface, the effective dielectric constant may be
lowered from that in the water phase. The degree of
the lowering depends on the mixing ratio. The bulki-
ness of the hydrophilic group may bring about another
effect. The mechanical work to transfer a nonionic
surfactant molecule from the water phase into the
micelle may vary with the mixing ratio in a compli-
cated manner. These effects are difficult to evaluate and
were neglected in the calculation. The neglect of these
effects may have led to the inadequate concentration
relations.
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