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11%. The range was 0.32 ppm for a series of nine
determinations,

At the 20.0 ppm conen level, the standard deviation
was 0.76 ppm, giving a relative standard deviation of
3.8%. The range was 2.7 ppm in this series of 17
determinations.
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The Energetics of Micellar Solubilization

A. M. MANKOWICH, U.S. Army Coating and Chemical Laboratory, Aberdeen Proving Ground, Maryland

Abstract

Micellar solubilization, an action of the deter-
gency mechanism, is considered from the stand-
point of quasi-thermodynamics. The basis of the
approach was suggested by the similarity of micel-
lar solubilization and Freundlich adsorption
isotherms. F'ree energy change (AG), heat of
solubilization (AH) and change in entropy (AS)
for the micellar solubilization of Orange OT are
caleulated using two-phase theory and the Gibbs-
-Helmholtz equation. It is postulated that the dye
conen in the solution (monomer) phase is that at
the critical micelle conen. The dye concn in the
solubilized phase is computed for the dye-pene-
trated portion of the micellar volume. Calculated
values of AG in anionic and nonionic surfactants
are of the order of magnitude of a physical ad-
sorption. The positive AH values indicate the
process is not an adsorption. The positive AS
values point to inereased randomness or possibly
to decreased energy effects due to iceberg water
molecule structure surrcunding the hydrophobic
dye molecules. The loss of the water structure
around the latter in the solubilization process
would result in their acquiring increased configu-
rational entropy.

Introduction

AJI‘HOUGH MICELLAR solubilization is usually as-
signed & minor role in the detergency mechanism
(1), research at this Laboratory has indicated that an
important empirical relation exists between this phys-
icochemical factor and hard surface detergency in the
practical soil removal range of ca. 90-100% (2).
Establishment of the relation, a linear function, made
it desirable to investigate the energetics of the variable,
the micellar solubilization of the water-insoluble dye,
QOrange OT.

Some years ago, Lambert and Busse called attention
to the correspondence of dye solubilization—conen
functions and Freundlich adsorption isotherms (3).
Work at this Laboratory revealed no correlation of
polarity of dye with the log-log slope of the funetion
nor with the magnitude of solubilization (4). How-
ever, Harkins’s speculation (5) on the existence of an
adsorption type of solubilization suggested that treat-
ment of the process as an adsorption would permit

thermodynamic constants to be calculated, and that
the latter would give a clue to the validity of the
postulation. Accordingly, the free energy change for
micellar solubilization could be ecaleulated by the
equation:

s
AG =-2.3 RT log 6‘? [1]
1.

‘Where Cg = the conen of dye in the adsorbed, micellar
phase, and Cr —the dye conen in the non-micellar,
monomer phase. The heat of micellar solubilization,
AH, could then be determined by the Gibbs-Helmholtz

equation with the slope of the (érpg) Vs, (%) function

giving AH directly. The ehange' in entropy, AS, for
the process would follow from the equation:
A fu— P
ASZET—A('}- [2]
This paper calculates the free energies, heats, and
entropy changes of the micellar solubilization of
Orange OT in aqueous solutions of an anionic and a
nonionic surfactant.
Theory

Several assumptions must be made in order to utilize
equation 1. First, we accept Shinoda’s model of
micellization as an equilibrium between micellar and
monomer phases (6), the latter being the maximum
molecular concn, the so-called eritical micelle conen
(CMCQC). It is reasonable then that Cp, should be taken
as the dye concn at the CMC. Such a solubilization is
small, and has been attributed to the adsorption of
single dye molecules on single surfactant molecules by
Klevens (7). Cr is expressed as ‘‘molecules Orange
OT per A3’ a unit into which the conventional ‘‘mg
Orange OT/100 ce solution’’ is readily converted. Cg,
the dye concn in the miecellized phase, is expressed in
the same units. However, the calculation of Cg in-
volves a different treatment of the data. While Cy
is a value based on the bulk surfactant velume, Cg
is based on the part of the micellar volume available
for solubilization of dye molecules. In this study we
also accept Klevens’ postulate (7) that dye solubiliza-
tion consists of the incorporation of the solubilized
molecules into the micelle with their long axes lying
approx parallel to those of the adjacent detergent
monomers, oriented as the latter with respect to the
hydrophilic and hydrophobic ends, and with the dye



186 THE JOURNAL oF THE AMERICAN O, CHEMISTS  SOCIETY Vor. 42
TABLE I
Micellar Solubilization
mg Orange OT/160 cc
Surfactant % Conen,
w/v 250 300 350 42 .50 46C 500
OFPE 1.00 5.86 7.79 10.1 12.0
0.80 4.72 6.30 8.50 9.91
0.40 2.43 3.33 4.a7 5.58
0.20 1.33 1.82 2.42 3.16
0.10 0.66 0.98
0.015—CMC 0.053 0,053 0.068 0.068
SDBS 0.80 2.02 2.14 2.43 2.97 3.19 3.49
0.60 1.44 1.61 1.81 2.07 2.37 2.58
0.40 0.91 1.05 1.16 1.41 1.51 1.53
0.20 0.38 0.44 0.47 0.52 0.55 0.55
cMC 0.20 a 0.21 at 0.21 at 0.30 at 0.35 a 0.42 at
0, 123% 0.135% 0,148 0.166% 0. 172% 0.185%

molecules extending about 7 A into the micelle from
its charged surface. From the known bond distances,
the lengths of the surfactant and Orange OT mole-
cules can be calculated. Assuming a spherical micelle,
the space therein available to the solubilized Orange
OT molecules will be equal to the difference in volume
of two spheres whose radii are (Lipgy —7) and (Lpgr —
7 — Lor), where Lipgy and Loy are the lengths of the
surfactant and Orange OT molecules in A, respec-
tively.

The solubilization in ‘‘molecules Orange OT /surfac-
tant micelle’” is readily caleulated from the conven-
tional value of ‘*‘mg Orange OT/ 100 cc solution’” and
the aggregation number of the surfactant. It is to
be noted that sinee Cg is part of a large logarithmie
term, errors in its determination do not have an ap-
preelable effect on the caleulated value of AG. For
example, in determining AG for the solubilization in
a 1% (w/v) solution of a commercial, 100% active,
9.5 ethylene oxide mole ratio adduct of oetylphenol,

CHs CHs

i |
CHa—Ci"Cﬂz_(‘j—CaHA‘ (002H4) 9. 5—OH

CH; CHs

the solubilization is 5.86 mg Orange OT /100 cc at 25C;
and it is 0.053 mg Orange OT/100cc at the CMC of
0.015% (w/v) at 25C. Since the mol wt of the dye is

2

_.000053

L, ==

X 1072 X 6,02 X 10% = 12,1779 X 107

molecules Orange OT
3

A
‘With the theoretical monomer wt of 624, and the ag-
gregation number of 118 at 25C as determined in this
Laboratory (8),
00586 X % X 118 = 1.64689
262 1
molecules Orange OT

solubilization =

micelle

Now, taking Kushner’s value of 43 A for the length
of the monomer molecule (9), calculating a length of
10.3 A for the dye molecule from the bond radii (10),
and assuming a spherical micelle whose radius is 43 A,
the volume available to solubilized Orange OT mole-
cules in the micelle is, aceording to our postulation,
equal to:

4 4
=57 (43-7)° — o7 (43-7-10.3)° = 124,495 A°

1.64689 molecules Orange OT

L 05 = =1.32286 X 107

124,495 A°
o (_1.32289 X 19‘5_)
S AG =~1.987 X 298 X 2.3 1og \ 75 1779 % 107

= —5.5 keal/mole Orange OT.

If the solubilized dye molecules occupy a 25% greater
micellar volume, 155,619 A3 it can be shown that
AQ = —5.4 keal/mole Orange OT, a difference of less
than 2%

In using the Gibbs-Helmholtz equamon to obtain

AH by a plot of TG VS, —% micellar solubilization,

CMC, and micellar mol wt data are required over a
temp range. Micellar solubilizations over the 25-50C
temp range covered in this study are readily deter-
mined, as are the CMC and micellar mol wt data at

25C. However obtaining CMC and micellar size data
at the elevated temp is a laborious task. In this study
these data were obtained by applying temp coefficients
from the literature to 25C values, as follows:

CMC Temperature Dependence. Ginn et al. found
that branch-chain alkylbenzene sulphonates have a
positive CMC temp coefficient (11), Their graphiecal
representation of the temp dependence of the CMC
of sodium dodecylbenzene sulphonate (SDBS), with
a CMC of .005M at 25C, revealed a coefficient of +2%/
degree C in the 25-50C range. This figure was applied
to the CMC of the branched chain SDBS used in this
investigation, .123% w/v (.00353M) at 25C, to obtain
the CMC values at the elevated temp. Ginn et al.
also found that in general the CMC of nonionies de-
creases with increasing temperature (11). However,
important specificities were obtained with branch-chain
alkylphenol ethylene oxide adducts. In the 25-50C
range, temp sensitivity decreased with decreasing
hydrophobe chain length. The nonylphenol adduects
showed anomalous effects, the CMC of the 9.8 ethylene
oxide mole ratio (R) adduct increasing slightly and
the 15.4R and 20R adducts being temp independent.
It was therefore considered legitimate in this investi-
gation to assume that the CMC of the closely-related
9.5R adduect of iscoctylphenol was temp independent
in the 25-50C range.

Micellar Size Temperature Dependence. Kuriyama’s
work indicates that the micellar mol wt of anionic sur-
factants have a mnegative temp coefficient (12). A
typical value of —0.55% /degree C can be caleulated
from his data for sodium dodeeyl sulphate in the 30—
500 range. This coefficient was used in eomputing the
miseellar weights of SDBS in the 35-50C range.
Kuriyama also found, in accordance with the in-
verse solubility of polyethenoxy-ethers of alkyl-
phenols and aleohols and the expectation of increased
micellar size with increasing temp, that such nonionies
have a positive micellar size temp coefficient, a typical
value caleulated from his data being +0.45% /degree C
in the 20-60C range for dodecaethylene glyeol mono-
methyl monododecyl ether (13). This coefficient was
used in caleulating the micellar wt in the 35-50C
range of the 9.5R adduct of isooctylphenol used herein.
As in the other instances in this study involving esti-
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TABLE II TABLE IV
Micellar Data AG, AH and AS of Micellar Solubilization (SDBS)
Monomer . Available % Conen i keal/mole Orange OT | eal./mole
° OMQ, Micellar A Surfactant o * ¢ Kelvin deg.
Surfactant? C 9% wiv length, Wt ’l‘éﬁ?‘{g w/v AG AH AS
OPE 2 0150 ¢ ; b | 124,500 SDBS 0.80 298 —5.6 +2.4 +26.7
F S A Te.000e | TR0 303 5.7 T2a | a6
42.5 | 015° 79.800¢ 308 58 2 Rl
e . hant* ) —J. - -
50 | I8 81,800 319 —5.8 —59 | —o3
SDBS 25 123> 17.97 | 31,600P 5,390 323 —5.8 ~5.9 — 0.3
3 148 n
4;5 _%éﬁd gg'gggh 0.60 298 —B5.5 +2.9 +28.3
46 7za 28,7000 303 -5 +2.9 Jies
4 ’ B 30 —5. .
50 185 28,100 315.5 —5.8 —6.0 — 0.6
2 OPE = 9.5 mole ratic ethylene oxide adduct of isooctylphenol; 319 5.8 —6.0 — 0.6
SDBS == sodium dodecyl (branch chain) benzene sulphonate. 323 5.8 —86.0 — 0.6
b Reference (8), this laboratory.
¢ Temp independent, reference (11). 0.40 298 —5.5 +3.7 +31.0
4 Temp coeff, of +2% /°C in 25-50C range, reference (11). 308 —5.7 +8.7 +31.0
¢ Reference (9). 308 —5.8 0 +18.9
f Cale from bond radii (reference 10). 315.5 5.8 —6.9 — 3.5
¢ Temp coeff. of 4+0.45%/°C in 20-600 range for ethylene oxide ad- 319 —5.8 —6.9 — 3.5
duct, reference (13). 323 —5.8 —6.9 — 3.5
Temp coeff. of —0.55% /°C in 30-500 range for anionic surfactant,
reference (12). 0.20 298 5.4 +2.9 —+28.0
1 Oceupied by solubilized dye molecnles; based on 7 A penetration into 303 5.6 +2.9 +28.0
spherical micelle, reference (7). 308 —5.7 0 +18.5
315.5 -gg —gg — gg
. . ] . 319 —5. —8, — 9.
mated values of CMC and micellar size, small errors in 323 —~5.5 —86 — 9.4

their estimation have no appreciable effect on the cal-
culated values of AG because of their appearance in
large (ca. 10%) logarithmic terms.

Experimental

Materials. The surfactants were commercial, 100%
active materials. The anionic agent was a branch-
chain sodium dodecyl benzene sulphonate (SDBS).
The nonionic was a 9.5 ethylene oxide mole ratio ad-
duet of isooctylphenol (OPE).

Methods. Micellar solubilization was determined by
a modification of the dynamic method of Lambert and
Busse (3), the details of which have been described
previously (4,14).

Miecellar mol wt of the SDBS and OPE at 24-26C
were determined in a previous investigation at this
Laboratory (8). Absolute turbidifies were measured
with a Brice-Phoenix light scattering photometer
unsing 5460 A radiation. Refractive index increments
were obtained with the same radiation using a Ray-
leigh interferometer. Details of the techniques have
been reported (15). Micellar wt of 73,500 (aggrega-
tion number = 118) and 31,600 (aggregation num-
ber = 91) were obtained for OPE and SDBS, re-
spectively. Aggregation numbers were based on theo-
retical monomer wt.

CMC values of OPE and SDBS at 25C were deter-
mined graphically from surface tension-log concen-
tration plots in a previous investigation (8). Values
of 0.015% and 0.123% were obtained for OPE and
SDBS, respectively.

Calculation of AG. The calculation of the free energy

TABLE IIT
AG, AH and A8 of Micellar Solubilization (OPE)

keal/mole Orange OT | eal./mole

Surfactant | %6080 | o gayin deg.
wiN AG AH AS

OPE 1.60 298 —5.5 +4.0 +31.9

308 —5.9 +4.0 ~+B82.1

315.5 —6.1 +4.0 -+31.9

3238 —6.3 +4.0 -+82.0

0.80 208 —5.5 +4.4 4-88.2

308 ~5.9 +4.4 -+538.4

315.5 —6.1 +4.4 -+38.2

323 —6.4 +4.4 +833.2

0.40 298 —5.5 +5.0 -+35.8

308 —5.9 +5.0 -+85.4

318.5 —6.1 +5.0 -+88.2

328 —6.4 +5.0 -+85.3

.20 298 —5.6 +5.2 +36.1

308 —6.0 +5.2 +86.1

315.5 —6.2 +5.2 +86.0

323 -—6.5 +5.2 -+86.1

change of micellar solubilization, AG, by equation 1
has already been indicated. Tables I and II give the
necessary solubilization and micellar data in the 25-
50C range studied.

Calculation of AH. The Gibbs-Helmholtz equation is
given by
2 AG
T

It follows {reference 10, page 284) that
AG _AH 4G

AH=AG—T[

T T T
and, AG
o(F) __am
2(T)y = T
Hence, a(ﬁ)

°(r)
Therefore, the slope of the (i%Gr—) vs. (%) function

gives AH. Table III contains the calculated AG data

at the various surfactant conen studied. Figures 2 and

. AG 1
3 are graphical representations of the (—'i‘—) vs. (?)

TABLE V
Sample Calculation

Given: 8, 1% OPE at 25C = 5.86 mg Orange OT/100 ce
8, 0315% OPE at 250 = 0.053 mg Orange OT/100 cc
Mol wt Orange OT = 262
Mol wt OPE = 624
Aggregation number OPE = 118 at 25C
Lor =103 4
Lope =48 &

4 4
Vimew (43 — 732 ——7 (43 — 7 —10.3)% = 124,495 A3
3 3

Cp == %%925—3 K 1072 X 6.02 X 108 = 121778 X 10~
molecules Orange OT
A3

00586 624 118 1
Cg = X X K e 22
1 1 124,495

262
molecules Orange OT
1.32286 X 10-5 —EE

. - 1.32286 X 10-5
LAG = 2.8 X 1.987 X 298 log 151779 % 10-
=z 5.5 keal

‘mole Orange OT

It V is 25% greater, or 155,619 AS, thea
AG = —5.4 keal

mole Orange OT
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funqtions based on these data. The slopes of the lines,
obtained by least squares treatments, give the corre-
sponding AH values which are also shown in Table
I11.

Calculation of AS. Change in entropy, AS, is calcu-
lated by equation 2, and results are given in Table ITL

Results

Micellar solubilization values are given in Table I.
Figure 1 shows that log solubilization-log conen plots
of these data are linear in the 25-50C range. It is to

-18.4 | -
-18.8 -
=
5 .
q
-19.2 -
-19.6 | i
0.4% o
-20.0 0.270 f | | . |

3.05 3.20 3.35
i000/T, oKt

Fie. 2. Gibbs-Helmholtz AH functions for OPE, showing least
squares lines.

0, 02%; O, 0.4%; A, 0.8%; @, 1.0%.

Vor. 42

-2 |

-17.6 |-

4AGTT

-18.0

-18.4

-i18.81_

3.05 3.20
1000/t oKt

F16. 3. Gibbs-Helmholtz AH function for SDBS, showing least
squares lines.

be noted that for each surfactant the slopes at the vari-
ous test temp are substantially equal.

Table II1 gives the calculated thermodynamic con-
stants for the Orange OT micellar solubilization proc-
ess. In the nonionic OPE solutions, AH and AS are
positive in the 25-50C range, with both values decreas-
ing as the stoichiometrie surfactant concentration in-
creases. Mean values of AG in this temp range are
constant at —6.0 keal/mole as the surfactant concen
varies from 0.2-1.00% w/v. For the anionic surfac-
tant SDBS, mean values of AG in the 25-50C range
are practically constant at —5.7 kecal/mole in the
0.20-0.80% conen range. Figure 3 indicates that AL
for all conen of SDBS is positive between 25 and 35C,
and that it is negative in the 35-50C range. The change

in slope of the (AT—G) vS. (%) function occurs at ca.

35C. Positive values of AS are obtained at 25-35C
for all conen of SDBS with negative values at all
conen in the 42.5-50C range.

Discussion

The free energy changes obtained for the micellar
solubilization of Orange OT are of the order of mag-
nitude of a physical adsorption. However, the positive
AH values, at 25-50C for nonionic OPE and at 25-30C
for anionic SDBS, indicate the process is not a true
adsorption. Since adsorption is characterized by con-
siderable packing or crowding of adsorbed molecules
into an adsorbed film, the attendant restriction in
movement should result in a negative AS, and there-
fore (by equation 2) in a negative AH. It would seem
reasonable to expect the micellar solubilization process
also to oceur with a negative entropy change because
of the erowding of dye molecules into the surfactant
micelle, and to also expect the process to be exothermiec.
The positive AS values indicate that the expected nega-



MarcH, 1965

tive entropy effect is more than counteracted by in-
creased randomness or increased configurational en-
tropy of the solubilized dye molecules. Several in-
vestigators, notably Frank and Evans (16) and
Nemethy and Scheraga (17), have postulated water
molecule structures partially surrounding nonpolar
hydrocarbon molecules or groups, with van der Waals
interactions lowering the energies of both hydrocarbon
and water molecules. The breakup of this structure
about surfactant monomers in the micellization process
with consequent increased configurational entropy of
the monomers in the micelle has been suggested as the
cause of positive entropy changes in micellization by
Schick (18) and by Goddard et al. (19). It is sug-
gested now that the positive AH values of micellar
solubilization may be attributed in part to similar
water structure effects about the dye molecules.

The mean values of Cg, the dye conen in the micellar
phase, for both surfactants give a possible clue to the
cause of the negative entropy changes of the anionic
SDBS in the 42.5-50C range. The maximum value of
Cs for the nonionic OPE is 3.39 X 105 molecules
Orange OT/A3 at 50C. This conen does not involve
enough crowding to make the concomitant negative
AS predominate over the positive entropy change ef-
fects previously mentioned. Cg values for SDBS are
considerably larger, ie., 6.05, 6.86 and 7.59 X 10-5
molecules Orange OT/ A% at 35, 42.5 and 50C, re-
spectively. One can speculate, therefore, that at a
micellar packing of 6.86 X 10 dye molecules/A3
(AS negative), the negative entropy change due to
restricted movement becomes larger than the positive
entropy change effects involved. It is of interest to
estimate the degree of packing at this point by deter-
mining the volume actually occupied by the micellized
dye molecules. The molecular volume of Orange OT
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may be calculated from its mol wt and bulk density,
as follows:

10™ X 262
6.02 X 10® X .54
The volume of (6.86 X 10-5) Orange OT meolecules is
then 0.055 A%. Hence, it seems that the negative AS
effect begins to predominate when solubilized dye
moleeules with a volume of 0.055 A® are contained in a
1 A3 gpace.

It is of interest to note that the reversal of sign in
AH and AS with increasing temp for the micellar solu-
bilization of Orange OT by anioniec SDBS duplicates
similar sign reversals in the micellization of ionie sur-
factants as reported by Goddard and Benson (20) and
Flockhart (21).

Molecular volume, Orange OT = =810 A*®
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The Effect of Tallow-Based Detergents

on Anaerobic Digestionl

E. W. MAURER, T. C. CORDON, J. K. WEIL, M. V. NU§EZ—PONZOA, W. C. AULT, and A. J. STIRTON,
Eastern Regional Research Laboratory,? Philadelphia, Pennsylvania

Abstract

Bight anionic detergents from three general
classes (aleohol sulfates, a-sulfo fatty acid esters
and alkylbenzenesulfonates were tested for bio-
degradability wunder anaerobic conditions of
sludge digestion. The alcohol sulfates were found
to be readily and completely degraded. The
a-sulfo fatty acid esters did not degrade but had
no adverse effect on bacteriological digestion
while the alkylbenzenesulfonates used for control
purposes did not degrade and disrupted the nor-
mal digestion process.

Preliminary lysimeter studies showed that so-
dium isopropyl a-sulfostearate is completely de-
graded, linear alkylbenzenesulfonate 83%, and
ABS 35%.

Introduction
Recent studies by this laboratory have reported on

ﬁ—Presented at the AOCS meeting, Chicago, 1964.
2 B. Utiliz. Res. Devel. Div,, ARS, USDA,

the biodegradation of some tallow-based surface active
agents in river water (9) and in activated sludge (1).
The present study is concerned with the effect of
tallow-based surfactants on the anaerobic digestion
process. T'wo preliminary approaches have been made.
First, the use of anaerobic sludge digesters and sec-
ond, the use of lysimeters utilizing local soil.

The effect of detergents on the anaerobic biodegra-
dation process-is an important consideration in septie
tank operation and seepage from a septic tank to
saturated soil.

Experimental
Materials

The preparation of sodium isopropyl a-sulfostearate
C16H33CH(SO3Na)CO,CH (CH3) s, disodium 2-sulfo-
ethyl o-sulfostearate C;eH33CH(SO3Na)CO,CoHy-
SO03Na, sodium methyl a-sulfostearate C;cH3CH-
(80O;3Na)COCH;, sodium 9,10-dichlorooctadecyl sul-
fate CgH;CHCICHCI(CH,)-CH:080;Na and hy-
drogenated tallow alcohol sulfates (HTAS) has been



