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ABSTRACT

The semlequilibrium dlalysis method has been used
to Investlgate the equilibrlum solubllization of o-, m-
and p-tolule aclda by 0.1N HCI aqueous solutlons of the
catlonlc surfactant 1-hexadecylpyridinium chlorlde
(cetylpyridinlum chioride), throughout a range of
concentrations of the tolulc aclds and surfactant.
Values of the apparant solubl]lzatlen constant, K, of
the neutral aclids have been correlated with mole
fractions of the acld In the micellje Xp o where X =X,
/lmoncmeric acldl. The actlvity coefflcients of both
acld and surfactant were obtalned, conslstent with the
Glbbg-Duhem equation.

Several concluslons can be drawn from the resujts:
(a) For each of the three tolulc acid - cetylpyrldlnlym
chloride systems, X 1s found to vary nearly llnearly
with XA , throughout the investlgated range of acld
concentration. (b) The presence of both the methyl and

carboxyl groups as mubstltuents In the benzene ring



Women’s Coll. Ann. Rev.

Vol. 15 (19940).

enhances the sojubilization much more than the additjve
effect of both groups, vhen present separately. (c) The
pogitlon of the substituent groups with respéct to each
other, will affect the extent of solubllization of ihe
Investigated acids. (d) The difference in the values of
K for the three acids show a contradictjon to a group

contribution model developed recently.
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INTRODUCTTON

The solubitizatjon of organic campounds im surfactant micelles
has been studied utillzing various technlques such ag vapor pressure
(1), gas chromatography {2), nmc-spin-echo technigue (3), micellar
enhanced ultra filtration <HEUF) and the semiequilibrium dialysis
method (SED) which has been recently developed and used extensively
(4-9). Some important factors are known to Influence the extent of
solubllizatlon as, for example, bulk solutlon effects (€10,11),
possible Laplace preasure effects (12,13), and the effect caused by
the interactlon between the electrical potentlal at the ionlc micellar
sucface and polar or polarizable nonelectrolyte molecules solubillzed
within the micelle (14). In many appllcations of micellar- based
Beparatlon methods, the concentration of organlc solutes !n miceiies
may be expected to be relatfvely small., Thus, [t will be very helpful
to be able to predict the partition coefficient of organic molecules
In aqueous surfactant micelles (the solubllizatlaon constant).

A9 a contrlbution to the accumutating Information about the
solublllzation of a varlety of organlc compoundg In  dlfferent
surfactants, we investlgated in Part I of this series (15) the effect
of Insertlng a (CHZ2) n +C00 group between the hydrogen and the phenyl
group of benzene, on the extent of solublllzatlon of bepzene in the
mlcelles of hexadecylpyridintum chloride (CPC). The study enabled also
the comparison of the solublilizatlon of the three aclds. To add still
more to the accumelating informatlon of thls subject, we studied, In
the present work, the solublllzation of o- , m- , and p- toluic acids
in CPC. Several conclusions could be drawn from the results ;f such a

study when cempared with previous results obtalned for toluene and for
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benzoic acid, such as the cffect of the nature and position of the
substltvent groups present on the extent of solubilization. Also, the
results of the present study could be used to teat the applicability
of a new approach made recently (16) attempting to predict the value
of the solubilization constant, based on a group contributloﬁ model
depending only on the nature of the organlc compoundg and on the groups

present as substituents or branches,

EXPERIHENTAL

The SED technigque hag been described in detall previously ¢4). A
0.14 HCI solution contalning knowa concentrations of the surfactant
and solute was placed on one gide of the membrane (retentate), and the
other slde ({permeate) contailned 0.iH HCL “solutlon. The Initlal
surfactant concentration is chosen to be much hlgher than the critlcal
micelle concentration (emc), to ensure that most of the surfactant
micelles are present In micellar form. The HCl solutlon 1s used
Instead of an aqueous solution to reduce the concentration of {free
hexadecylpyridinium lon In the retentate solution, and also to supress
the Jonlzation of the organlc acids wused, hence, minlmizlng any
compllcations [n the flnal computations. Equlllbrlum s usually
reached within 18-24 hours, at which time the actlvity of free organic
solute 13 the same In the retentate and pecmeate.

Molalitles were used to assure maximum accuracy in flnal
calculatlons. The Initlal molality of the organic sotute in the
retentate varfed from 0.0103 - 0.12% for o-tolulc acid (OTA), 0.0102 -
0.1022 for m-toluic a;ld (NTA) and 0.0109 - 0.1135 for p-tolulc acid
(PTA). The Inltial CPC concentration was 0.05 to 0.2 molal, The cmc of

CPC ‘is 0.00086K (17).
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All organlc aclds used (Aldrich 99.5%) and hexadecylpyridinium
chloride monohydrate (Hexcel), were used as received.

The permeate solution was analyzed using UV spectroscopy,
Extinction coefflicients (absorptivitles) vere determlned at 10 mm
Intervals across the major CPC, OTA, MTA, and PTA absorbance peaks,
agsuming that Beer’s law applies to the very dilute su!utiom? of the
Individua)l components. The concentrations of the organic solute and
CPC In the permeate ué,re calculated similtaneously, using a nonllaear
least squares computer pregram (4). Retentate copcentrations were
obtalned by correcting the original cencentratioms far the small

amount of solute transferred into the permeate side.

DATA MIPILYSIS AND RESHLTS

The detalled methods of analysis of the data obtalned were given
previously (5, 7-9), The lonlzaticn of the aclds has been peglected,
since it was minimized by using 0.14 HCl, as mentioned before. The
relatlonships leading to the calculatlon of the soiublllzatlon
constants of the organic aclds used In CPC, and the calculation of the
activity coefficients of the ocrmanic acids and sucfactant can be

summarized in the following equations.

DAlior = YaXaGR + X/C1-X,) [ePCI . ()
erely iy = YCPC("XA)CEPC+ ECPCJ'ic 2)
K= X! A )
K=K, (!-bXAJ t4)
Tp= 17K c;) (5)
TA=a/l!-bXA) {6)

'"Yepe =1 M/ O-D2 [ In(i-X) - In(1-bX,)} (N

e ret per per ret ret per
K= Xy) { [A]Tof - [A:lfofy {[AJM [CPCJ-ic- [”m l:u’c:l_ic] (8)

=5~
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[R},4¢+ and [CPC), . denote the total concentratlon of the organlc acld
and surfactant, respectlvely. [CPC), ;. Is the molar concentration of
the surfactant in the micelle, Xy Io the intramicellar male fraction
of organle acld, and Y5 and yppr are actlvity coefficlents based on
the pure component standard state for the organkc acid and the pure
micelle standard state for the surfactant. ci ls selected to
approximately equal to the concentration of monomeric organic acld at
which the partial pressure or fugaclty of acld Is equal to that of
pure actd at the s;me-temperature. CEPC l=s the concentration of
monemeric surfactant In the bulk phase In the absence of added organlce
solute.

Table 1 lists all of the primary results for the o-, m- and
p-tolulc acid solutions in CPC, The first 2 columns 1list the
experimental values for both acid and surfactant concentrations in the
retentate solutton. Coiumns 3 and 4 1igt the values of the acid and
surfactatnt concentratiens in the perezate solutlon. The last column
lists the value of the concentration of the acid in the permeate
selutlon, as predicted from the model.

Table I1I ]lsts_the valuca of the least-squares parameters (Ko and
b} derlved by fltting all of the [A]:z: data for a glven toluic acld
with the above mentioned model, The table also includes values forC:
and ¢ used in the analysis. The relative root-mean-sgquare

€PC
deviatlons tabulated are those In [Alﬂjﬁor each systenm,
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Figures 1-3 show the dependence of Y and TCPC on XA for e

three CPC-toiujc acld systems. The 3 fligures are qulte gimllar in

shape, Y. Increases with Increasing the acld mole fractlen into the

A
nicelle, uhereasxcpc decreases In the same dlrectlon.

Figures 4-6 are plots of K agalnst XA , the straight llnes
corresponding to the values of K and b for each system. The points
Indicate values of K calculated point by point by a method simllar to

that described previougly {5), making the assumption that the value of

X

A In the permeate solution ls equal to thaf. In the retentate.
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DISCUSSION AND CONCLUSIONS

The most important factors influencing the extent and region of
eolubllization of organic solutes into surfactant micelles, are refered
to In <he "Introductlon®, and can be summarjzed as:

1- Bulk solutlion effects

2- Posglble Laplace pressure effects

3- The effect caused by the Interaction between the electrical
potential at the Jonic micellar surface and polar or polarizable
nonelectrotyte molecules solubilized within the micelle.

The expected effectzs of these factors have been dlscussed prev)ously
(7, 15, 197, explaining the agssumed structure of the lonlc micelles, and
the subsequent effect of this structure on the solubillzatlon of
different organ!c campounds. Accordingly, benzene, the parent compound
of the substances Investigated in the present study, [s distributed,
when present as the organic solute, almost uniformly throughout the
surface and core regions of the CPC micelle (19).

in Part 1 of thls‘series (15), it was found that X for benzoic acid
s congiderably larger than that for benzene ¢ 72 H-]as compared with
40H_%, which was attributed to the fact that the -COOH group is
intensily charged and capable of hydrogen bending with water, together
with considerlng the 3 factors mentioned above. Alse, when a methyl
group, -CH3, Is Introduced inte benzene, In toluene, the aliphatic
character in the molecule ls increased, in addition to the already
pregent aromatic character of the benzene molecule, resulting in an
apparent alteratlon of the 3 factors, such that K for toluene Is much

higher than that for benzene (8), ¢ {25 H-las compared wlth 40 H_B.
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In the present study, the compound used contalns a carboxyllc acid
group and a methy! group, both Introduced in the same benzene ring
(toluic acld), where lts o-, m- and p- substituents wece investigated.

It s clear from Table 1I that the values of : the apparent
solubllization constant K, for the 3 acidg arc all higher than that for
elther benzene or toluene. This indicates that the presence of both
groupg, as substituents into the benzene ring at the same time, not only
does not contradict the effect of elther of them on the factars
influencing the solubilization, but actually enhances the solubitization
to 2 larger extent than the algebric addition of the separate effect of
both the -COCH and -CH3 growps with respect tou the benzene molecule.

In comparing the values of X for the three aclds, as can be seen
from Table I, It can be clearly seen that the values of X vary in the
order m~>p->o- substituents. The lowest value for the o- subsiltuent can
be explained on the basis that the presence of the -COOH and -CH3
groups, ortho to each other, will impose some steric hinderence of one
on the other, thus decreasing the expected effect for each group, when
present separately, on the extent of solubilization. The fact that the
value of K for the p-substituent ls Jess than that for the
m-substituent, although there is no steric hinderence in both, can be
explained on the basls that when the two substituent groups are present
‘para’ to each other, there tends to be a competing effect between
sur face solublllzatlon due to the -COCH group, and core solubilization
due to the -CH3 group, resulting in the notlced lower value for ¥ than
that for the m-substltuent, where there |3 nelther the steric effect noc

the competing effect of the subst!tuent groups.

Women's Coll. Ann. Rev.
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The apparent difference In the value of K for the three aclds lg In
cltear contradiction to a group contributlon mode! developed recentiy
(16}. MAccording to this model, all 3 values of K shoutld be,
theoreticaliy, the same since the model is based on the assumption that
the value of X is dependent only on a certaln contribution from the
groups present, according to thelr nature and Irrelevant of their
pesition. A slmllar contradlctlon to the model was also shown in Part 1
of thls series, where, according to the model, values of X were expected
to differ because the substituents acre different, but the results showed
that the X values are almost the same, indicating that the extent of
solubllizaton will deflnltely depend on scveral factors based on both
nature and posltlon of the substituents.

It can be generatly seen, from Flgs. 1-6, that, for aill three
tolulc acids, the solubllizatlion constants decrease, and the activity
coefflcients {ncrease, as the mole fraction of the acld solubliized In
the micetle increases. This is [n accordance with previous results for
highly polar and aliphatic solutes, solubllized by lonic surfacglant

micelles (5-9, 15).
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Tabie [. Experimental and Calculated Values of Toluic Acid Concentrations
In lhe Peraicale for Knowy Relentate Solutions Conlaining CPC and

Acid®
o-loluic Acid
Retentate Solution Permeate Solution
CAd crc) LAl LCrCl [J\J::red_
1.2976E-01  2,7195E-0 LI BLeDTGE-05  3.5348E-01
§.2387E-01 * 2.21858-0] 32375603 7.993(E-05 35407843
8, 4434E-02 1, 1345E-61 3397E-03 0. 0U00F 460 3. H7SE-03
£.4599E-02 1, )349E-0] 2.9B35E-03 L 0OOUEHD 3. 3560E-03
5.9027E-02 1. 1037€-01 LYTIE-03  S.EPIEE-05 T 152E-43
5.7854E-02 ). 107RE-01 2.9483E-03  S.11555-05 3453543
2,7336E-02  §5.3831€-02 AIME-ET 3ABRNE-0S 2.EndE-03
2.70556-02  5,38348-92 2.6334E-03  2.94F9E-05 2,0302E-03
1101560 2, 1708E-00 2.82576-03 0. 0000E+i 3,9U04E-03
1 B21E-01 7, 1905E-0! 2,76B3E-0]  3,3370E-05 3.0979E-03
. HATE-02  1.085dE-0] 2,5774E-03 0. 009¢E1490 2. 8356E-03
5.3445€-02  1,0853€-0) C2SRITE-03  1.T2RAE-US 2.8398E-93
JAUZE-02 1LOSHE-0 24559603 4, 325805 2, 7233643
5.0720E-02  1.05HEE-0) 2,08756-03  9.20208 400 27275E-63
1L9210E-02  4,2857E-02 204906-03  [.485E-06 2.3509E-03
1.9276E-02  4.7869E-02 24329003 0, QOUDE+ul 2.3550E-03
B,6024E-02  2,2079E-0) 1.9454E-03  5.4336€-45 2,25376-03
B.6033E-02 2, 20B0E-0L 1.9563E-03  4,52336-03 2,2590E-03
4,2293E-02 1,1 190E-0] [.93986-05 2. 2033E~05 2. 1435€-03
4, 2368E~02 1. 109YE-u) 1,92358-03 3. 1E97E-05 2. 154bE-03
b, 1099E-02 2, 2299E-0] 1.39B4E~03  7.4127E-05 [.5445E-03
b, 11OFE~02  2,77BEE-g] . 3A956-03 6. RIT(E-09 1. 5447E-03
2,8082E-02  [.0474E-01 1L23EE-03  2,75M0E-05 1.4838E-03
4.3858E-02 2, 1674E-01 1L OKIE-03  1.1233E-id 1. 1439E-03
2,0105E-02  1,0209E-0) 9.57B5E~8  b.9573E-0F 1, 05538035
2. 0106E-02 1, 9240E-0] B.5734E-04 6, 0A34E-US 1. 0563803
20510802 2, 1033E-0] 4.5037E-04  9.5893E-05 5. 2558E-04
2,04926-02  2.1032€~01 4.70476-04  1.0724E-03 5, 2504E-04
LGRE-02 10918601 §,33956-04 &, 4735665 5., 0314E-04
L O39IE-02  1.0915E-0 3,4390E-04 6. 15Q7E-05 5. 005IE-04

. -1
®All concentrations in mol-|

bCalcuIaTed results obtained by fitting the activity coefiiclent with
equations 5 & 7, using constants in Table Il.
Women's Coll. Ann. Rev.
Vol. 15 {1390).
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Table |.

(continued)

Retentate Solution

LAl

CCPC]

5. 0572E-02= 1.0630E-01

2.94G6E-02
2. 9433E-02

1.0217e-01-

L.0214E-0f
9, 4931E-07
4. 47318E-02
8.8034E-92
£.8321£-02

.JLITE -02

K & T
6 37765-92
5, 18“E 07
3 [F-fl"’
3, u?BJE u?
4, 4UB4E-07
4,4092E-02
2.3382E-¢7
2, 3597E-02
2, 1191E-02
2.1109E-02
[.6201E-02
L 42018-02

o
All concentrations in mol-1|

3.3030E-92
2. 3063IE-(2
L. 38UTE-0)
2.3600E-01
f. !3;BE )]
1.033%E=-01
T U 20E-UE
LULSE-0!
JSISE-0]
CUTHIE-ul
» 223E-1
LAG2E-UY
LBE-0]
L0842€-04
. 1932€E-0)
L 1758E-0)
IT9ZE-0
7930t
A bITE-u]
L183%E~-4)
uSaSE 0t

05S4E-01

.—.—erJ—H'.J'-J..-"PJM-—-—-PJ

LAl
ATHE-S
SISUE-U3
LT2526-03
LAGBUE-03
4§58E-03
LOTHIE-03
, 3840E-03
. G33E-G3
L397E-03
J2TIZE-(3
L ITSTE-Q3
LB033E-u4
JTTIZE-04
LOEGE-R3
L7973€-04
6.B533E-04
6. B175E-04
6.6704E-04
f, 5237604
2. 9095E-14
2.9342€-04
2.737:E-04
2,733E-44

“Q = oD O e me v b e B e bm e e B

-1

m-Toluic Acid

44E -UG
?'31E"UJ
I IF23E-04
1.3877E-04
8. |0uBE-05
1.3703E-40
1.0754E-09
1. 4195E-54
6. 5946E-05
7.0772E-05
[.z427¢-04
1.242¢E-
8.3778E-03
7.49950-45
1.2354E-14
1.2332E-
9.3341E-435
7.7548E-05
1,1593E-14
' I7IE-GY
7.2684E-05
5,8:82E-05

Permeate Solution

uitZE uE
LO73LE-03
L9253E-14
<I2B7E~04
L2151E-0d
L IEE-0]
STTIE-
..7? 18 ~113
3.4687E-04
3. 4566E-04

-J_-.——v-_—-._--.-—.—-—-p;j]-‘lr_l
« o = 4« = & W = Fl

"ll'-"l(.“.-ll_"lt_ﬂ

.—,.lpla.l-u-..r

4

Calculafed results obtained by flfflng the activity coefficient with

equations

5 & 7, using constants in Table |I.

-14-



Table 1.

(continued)

Retentate Salution

[A]

9. 9056E-02
5. 955E-02
2.807385-42
2.8016E-02
1. 1348E-04
1, 1347E-01
3. 1642E-02
5.1751E-02
8.7189E-02
8. 7191E-02
4.3473€-07
4,34146E-02
6. 2899E-02

6, 2206E-02
3, 0948E-02
3. 0063E-02
4. H03E-02
4.2094E-02
2.1363E-062
2.1B63E-02
2.1994E-02
2. 1934E-02
1, 0947E-02
}.0945E-02

a . .
All concentrations in mol-I

ccecl

1.0439€-0)
1. 04502-0]
5. 1H1BE-02
5. 1095E-02
2. 2861E-41

2,28626-0)
1. 0584601
1.U583E-0
2, 2224E-01
2. 222561
1. 1283E-0)
1. 1237E-01
2, Ha7E-01
2. 1451£-01
1. 0Bb1E-0]
1. 0662E-0}
2. 14S7E~01
2. 14STE-01
11292601
£ 1294E-01
2. 1820E-01
2. 1815E-01
1.0945E-01
[.0914E-01

p-Toluiec Acid

CAd

U
ORSE-0
0785E-93
130k -03
1125803
2.1182E-C3
JOISAE-03
1.%075E-03
L, SOUAE-03
1.3982E-03
F.4754E-03
1. 50E3E-03
A765E-03
572E-03
JE~03

Fa B3 g R ey
. - -

et

L

Ma KT

b B el g
-
[, e SO

L Bl 2 I K |

. e
I ra O
= ]
m
)
—_—
pret

-

e ~ IR T |

:Al(.-dwt..-lws.;\;

- .

N = vee
o
~1
m
)
<
)

S
LY o
N .
ol

<

T

=

La

=[]
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Permeale Solution

ceecl

9. 7058E-04
9.9480E-14

9. 32856~
B. SZ79E-04
9.4BIZE-03
9.32326-04
5.8157E-04
B.1530E-(4
5,7437€-04
8.467136-04
6.1475E-04
6, 2413E-04
5. THIE-04
5. 3409E-~04
3.0687€-04
4.9463E-04
4. 1847E-04
4. 1024E~04
3.5340E-04

2. l?ZlE-U#

b
I:A:Ipred.

20995803
2.09490E-03
L IBLIE-0D
1,9B34€-03
1.9088€E-03
1.9487E-03
L. 3307E-03
FBSUIE-03
1.5421E-03
1.0421E-03
1. 4733E-03
). 49L5E-V3
1. 1652E-03
[.1651E-03
1.1271E-03
1. 120%E-03
8.05l1E-0d
B.0495E-04
7.8178E-04
7.8105E-04
4.265BE-44
4.2640E-04
4.130CE-04
1. 1271E-14

Calculafed results obtained by titting the activity coefficient with

equations 5 & 7, using constants in Table 1.
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Table II: Least Squares Parameters for Toluie Acids in l-Hexadecylpyridinium Chloride at 25°¢,

- b 5 -
Solute Ko(M-1)8 b Ca ommn 10™2 RMSDS
o- Toluic Acid 185 1.244 C.0475 0.88 mnm 4.768 mol-1-1
m- Toluic Acid 275 | 1.241 0.0261 0.88 mn 6.542 mol-1"1
p- Toluic Acid 229 0.754 0.0573  0.88 mm 3.298 mol-1"1

mHnnmwnmvn of a plot of the solubilizatcion constant, K, vs. the mole fraction of acid
in the micelle.

vwmﬂmn_mnmﬂ in equation 4.

~16-

Root medn square deviation in acid concentration in the permeate solution, fitted with
model described.
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