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ABSTRACT

The semlequlilibrium dlalysls method has been uged
to Investlgate the equillbrlum solubilization of o-, m-
and p-tolule aclda by 0.1N HCI aqueous solutlong of the
catlonlc sgurfactant 1-hexadecylpyridinium chlorlde
(cetylpyrldinlum chioride), throughout a range of
concentrations of the ‘Ytolulc aclds and surfactant.
. Valueg of the apparant solublillzation econstant, K, of
the neutral acids have been correlated with mole
fractions of the acld In the mlcelje X, , where K =X,
/lmonamerlc acldl. The actlvity coefflclients of both
acld and surfactant were obtalned, consistent with the

Glbbs-Duhem equatlon.
Several concluslons can be drawn from the results:
(a) For each of the three tolule acld - cetylpyridinium
chloride systems, X lg found to vary nearly llnearly
with XA , throughout the Investlgated range of acld
concentraticn. (b) The presence of both the methyl and

carboxyl groups as mubstltuents 1n the benzene rlng
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enhances the sojubilization much more than the additive
effect of both groups, uhen present separately. (c) The
pogitlon of the substituent groups with respéct'tu each
other, will affect the extent of solubilization of ihe
[nvestigated acids. (d) The dlfference in the values of
K for the three acids show a contradictjon to a group

contribution model developed recently.
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IHTRODUCTION

The solublilization of organic compounds in surfactant micelles
has been studied utillzing varlous technlques such as 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
solubllizatlen as, for example, bulk solution effects (¢10,11),
pogsible Laplace preasure effects (12,13), and the effect caused by
the interactlon between the electrlical potentlal at the.lon[c micellar
surface and polar or polarizable nonelectrolyte molecules solubl)lzed
within the mlcelle ¢14). In many applications of miceltar- based
Beparation methods, the concentration of organlc solutes In mlcelies
may be expected to be relatlively small, Thus, It will be very helpful
to be able to predict the partition coefficlent of organic moleculeg
In aqueous surfactant micelies (the solubllizatlen constant}.

A9 a contrlbution to the accumulating lnformatlon about the
solubltlzation of a varlety of organic compounds In  dlfferent
surfactants, we investlgated in Part I of this series ¢(15} the effect
of Inserting a (CHZ) n :C00 group between the hydrogen and the phenyl
group of benzene, on the extent of solublllzatlon of benzene in the
mlcelles of hexadecylpyridintum chloride (CPC). The study emabled also
the comparison of the solubllizatlon of the three aclds. To add still
rore to the accumulating informatlon of thls subject, we studied, In
the present work, the éolublllzatlon of o- , m~ , and p- toluic aclds
in CPC. Several cnnclusioﬁs could be drawn from the results ;f such a

study when compared with previous results obtalned for toluene and for
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benzoic acid, such as the effect of the nature and position of the
substltuvent groups present on the exient of solubilization. Also, the
results of the present study could be used to test the applicability
of a new approach made recently {16} attempting to predict the value
of the solubilization constant, based on a group contributloﬂ model
depending only on the nature of the organlc compound and on the groups

present as substituents or branches,

EXPERIMENTAL

The SED technigue haz been described in detall previously (4). R
0.1M HCl selution contalning known concentrations of the surfactant
and solute was placed on one gide of the membrane {retentate), and the
other slde ({permeate) contained 0.iF¥ HCL “solutlon. The 1Initlal
surfactant concentratjon is chosen to be much hlgher than the crltlcal
micelle concentratlon (emc), to ensure that most of the surfactant
micelles are present In miceilar form. The HCl solutlon 1s used
instead of an aqueous solution to reduce the concentration of free
hexadecylpyridinjun lon In the retentate solution, and also to supress
the Jonlzation of the organlc acidg wused, hence, minlmizlng any
comp}lcatlcns [n the f£flpal computations. Equlllbrlum ks usually
reached within 18-24 hours, at whlch time the activity of free organic

solute |9 the same In the retentate and pecmeate,
tolalitles were used to assure maximum accuracy in flnal
calculatlons. The 1Initlal molality of the organic solute in the
retentate varied from 0.0103 - 0.129 for o-tolulc acid (OTA), 0.0102 -
0.1022 for m-toluic aEld (HTA) and 0.0109 - 0.1135 for p-tolule acid
(PTA). The Inltial CPC concentration was 0.05 to 0.2 molal, The ¢mc of

CPG‘is 0.000868H (17).
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Ali organlc aclds used (Aldrich 99.5%) and hexadecylpyridinjum
chloride monohydrate (Hexcel), were used as received.

The permeate solution was analyzed wsing N spectroscopy,
Extinction coefficienta (absorptivitles) wvere determined at 10 mm
intervals across the major CPC, OTA, MTA, and PTA absorbance peaks,
agsuming that Beer’z law applies to the very dilute sulutions_ of the
Indlvidual components. The concentrations of the organic solute and
CPC In the permrate '.n-:_re calculated similtaneously, using a nonllnear
least squares computer program €(4). Retentate concentrations were
obtained by correcting the origicat coocentratioms for the smatl

amount of solute transferred into the permeate side.

DATA MlAi.YSIS AND RESHULYS

The detalled methods of analysis of the data cbtalned were given
previously (5, 7-9). The lonlzatlon of the aclds hag been peglected,
since it was minimized by using 0.1¥ HC)l, as mentioned before. The
relationships leading to the calculatlon of the solublllzatlon
constants of the organic aclds used !n CPC, aod the calculation of the
activity coefficients of the organic aclds and surfactant can be

summarlzed in the following equations.

LAJior = TaXach + X\ 01-X,) [ePC] . tn
[CPCTtot = Yeppl1=Xy) ogpe + [OPCY . =2
K= Xa ! A G}
K=K, (1=bX,) t4)
T = 17 (K c.;) (5}
Ta=alll-bxh} {(6)

'HYCPC =| 7(-02} {b In(i-X,) - In(l-hxal] (7}

_ ret per per ret ret per
K = Q1-X,) { LA, ot ~ [AL o ¥ {EAT, e I Ay foea . |ty

=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 I9 the intramicellar mole fraction
of organle acld, and Yi and yppr are actlvity coefficlients based on
the pure component standard state for the organic 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 Iln the absence of added organlc
solute.

Table 1 lists all of the primary results for the o-, m- and
p-tolulc acid solutions in CPC, The first 2 colums 1list the
experimental values for both acid and surfactant concentratiors in the
retentate solutton. Coiumns 3 and 4 1ist the values of the acid and
surfactatnt concentratiens in the perrezate solutlon. The last column
lists the value of the concentration of the acid in the pecmeate
selutlon, as predicted from the modesl.

Table I1I ]lsts_the valuca of the least-squares parameters (Xo and

ar

p
b} derlved by fltting all of the [Alfof data for a glven toluic acld

with the above mentioned mode]l., The table also includes values forC:
and c;PC used in the analysis. The relative root-mean-square
deviatlons tabulated are those In [A%ﬂﬂfor each systenm,
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Figures 1-3 show the dependence of Y and TCPC on XA for the
three CPC-toiuic acld systems. The @ flgures are gqulte gimllar in
ShaPE.YA increases with Increasing the acld mole fractlen into the
nicelle, whereasycpc decreases In the same directlon.

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

that described previously (5}, making the assumption that the value of

X, In the permeate solutlon 1s equal to that In the retentate.

A
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DISCUSSION AND CONCLUSIOHS

The most importanl factors jnfluencing the extent and region of
eolublllzation of organic solutes into surfactant micelles, are refered
{c In (he "Introductlon®, and can be summarized as:

1- Bulk solution effects

2- Posglble Laplace pressure effects

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

The expeclted effects of these factors have been dlscussed prevlously
(7, 15, 18), explaining the agsumed structure of the lenlc micelles, and
the subsequent effect of this structure on the solublllzatlon of
different organlc campounds. Accordingly, benzene, the parent compound
of the substances investigated in the preseat study, ls distributed,
when present aa the organic solute, almost wniformly throughout the
surface and core regions of the CPC micelle (19).

in Part I of thislseries {15), it wag 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
wlth considerlng the 3 factors menticned above. Alsa, when a methyl
group, -CH3, I3 introduced inte benzene, In toluene, the aliphatlc
character in the molecule s lincreased, in additlon to the already
present 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), ¢ 125 H-jas compared wlth 40 ﬂ_s.

Women's Coll. Ann. Rev.
Vol. 15 (1990}).



In the present study, the compound usged contalns a carboxyllc acld
group and a methy! group, both introduced in the same benzene vring
(toluic acld), where its o-, m- and p- substjtuents were investigated.

It ls c¢lear from Table Il that the wvalues of : the apparent
selubliization constant K for the 3 acids arc all higher than that for
elther benzene or toluene, This indicates that the presence of both
groups, as substituents into the benzene ring at the same time, not only
does not contradict the effect of elther of them on the facters
fnfluenclng the scolubilization, but actually enhances the solubilizatlion
to 2 larger extent than the algebric addition of the separate effect of
both the -COOH and -CH3 groups with respect to the benzene molecule.

In cgomparlng the values of ¥ for the three aclds, as can be seen
from Table YI, It can be eclearly seen that the values of X vary in the
order m->p~>o- substituents. The lowest value for the o- subgsiltuent car
be explalaed on the basis that the presence of the -COOH and -CH3
groups, ortho to each other, vill impose some steric hinderence of one
on the other, thus decreasing the expected effect for each group, when
present separately, on the extent of selubilization. The fact that the
value of ¥ for the p-substituent Is Jess than that for the
m-substituent, although there i2 no steric hinderence In both, can be
explalned on the basis that when the two substituent groups are present
‘para’ to each other, there tends to be a competing effect between
surface sojubillization due to the ~COOH group, and core solubilizatlon
due to the -CH3 group, resulting In the notlced lower value for K than
that for the m~substltuent, where there 1S nelther the steric effect noc

the competing effect of the substituent groups,

Women's Coll. Ann. Rev.
Yol. 15 (1990).
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The apparent difference In the value of X for the three aclds 19 ln
ctear contradiction te a group contributlon mode! developed recently
(i6}. hccording to this model, all 3 valuea of X shoutd be,
theoretically, the same since the mode! is based on the assumptlion that
the value of K ia dependent only on a certain contribution from the
groups present, according to their nature and Irrelevant of thelr
poslition. A slmllar contradlictlon to the model was also shown In Part 1
of thls series, where, according to the model, values of K were expected
to differ because the substituents are different, but the results showed
that the ¥ values are almest the same, indicating that the extent of
golugllizaton will def}nltelw depend on several factors based on both
nature and posltlon of the substituents.

It can be generally oeen, from Flgs. 1-6, that, for aill three
tolulc acids, the solubliizatlion constants decrease, and the activily
coefflclents Increase, as the mole fraction of the acld solubliized In
the micelle increases. This is In accordance with previous results for
nighlty polar and aliphatic solutes, solubilized by lonic surfactant

mlceiles (5-9, 15).

-10-



io-

11-

12-

13-

iq-

15-

17-

Women's Ceoll. Ann. Rev.
Vol. 15 (1950},

REFEREHCES

Matheson, 1.B.C.: King, A.D.; J. Collold Interface Sci., 66, 464
{19787,

Nagargan, R.; Chalko, M.A.: Ruckenstein, E.; J. Phys. Chem., 6d,
2916 (1994).

Stilbs, P.; J. Colloid Interface Scl., 87, 358 (1982},

Christian, 5.D.; Smith, G.A.: Tucker, E.E. and Scamehorn, J.Fay
Langmuir, {, 564 (1985).

Smith, G.A.; Christian, S.D.: Tucker, E.E. and Scamehorn, J.F., J.
Solution Chem., i5, 519 (178G).

Bushong, D.S., Ph.D. Dissertation, The University of 0k ]ahoma,
Norman, 0K, U.S.A. (19057.

Bhat, S.H.: Smith, G.A.; Tucker, E.E.; Christian, 5.D.; Smith, W,
and Scamehora, J.F., 1 & E € Fundamentala, 26, 1217 (1987).

Smith, 6.A., Ph.D. Dissectation, The University of Oktahoma,
Norman, OF, U.S.A. (1986).

Hahmoud, F.Z., Ph.D. Dissertation, Ain Shams Universlity, Cairo,
Egypt (1908). s

Hltdebrand, J.H. and Scott,  R.L.,"Regulac Solutlens,”
(Prentlce-Hall, Englewood Cliffg, M2, U.S5.A. ¢1962). ’

Flory, P.J., J. Chem. Phys., 10, 51 €(1942); Rugging, H.L., J.
Chem. Phys., 9, 440 (1941).

Hukerjee, P., “Solutlon Chemistry of Surfactants'. X.L. Mittal,
ed., (Plenum Press., HY, 1978}, Yol. 1, p. 153,

Bolden, P.L.; Roskins, J.C. and King, A.D., J. Colloid Interface
Scl., 91, 454 (1983,

Frech, R.E., Chem. Dept, Univ, of Oklahcma, Norman, OX, U.S.A.,
unpubl ished work.,

Higazy, ¥.S.; Mahmoud, F.Z.s; Taha, A.A. and Christiam, §.D., J.
Solutlon Chem., 17, 191 (1988).

Smith, G.A,; Christlan, §.D.; Tucker, E.E. and Scamehorn, J.F.,
Langmuir, 3, 590 (1987).

Rosen, M.J., "Surfactant and Interfacial Phemcmena®, K.L. Mittal,
Ed.,{Plenum Press., NY, U.5.A., 1979}, Yol. 1.

~-11-



18- Christian, 5.D.: Tucker, E.E.; Smith, G.A. and Bushong, D.S., J.
Collold Interface Sci., 113, 439 (1986).

19~ Smith, G.A.; Chclstlan, S.D.; Tucker, E.E. and Scamehorn, J.F.,
ACS Symp. Series, In press.

Women's Coll. Ann. Rev.
Vol. 15 (1990).

_12_



Table [. Experimental and Catculated Values of Toluic Acid Concentrations
in Ihe Permeale Tor Xnowy Belentate Solutions Condoining CPC and

Acid®
o-Toluic Acid
Retentate Solution Permeate Solutien
LAl Lercl ] ECrC) [ﬁjsred

1L2978E-01  2.7185E-01 IS @ ~‘1n;-ﬂa 35S0
}. 2887661 * 2.21858-0] i ;4;;5 3 7.9030E-65 3, 5407E~u3
6. 1434E-02  1,134%E-01 3, 1397E-03 g,ggqggifu 3 REFEI I
B ASTRE-02 ). )34%E-0 2.98356-03 UL UOOREHID 3, 35HRE-93
5.98276-02 1, 10376-01 29733E-05  S.EVICE-05 T 1522643
5.7854E-02 1, 109RE-0) 2,94E3E-03 5. 1155E-05% 3 1535E-43
2,733BE-02  5.3831€-02 T aI03E<iT  LARARE-0S PRI TS
2.70536-02 5. 3836E-02 2.6334E-03 2.94;45-94 2,0302E-03
LOQLEE-G] 2. 170BE-04 2.8757E-03 0. 00A0F40% I, 9u0&E-03
1 !ﬁ’!“-ﬂl 2. 1903E-01 2 EBIE-0]  3.3370E-05 30229603
SMATE-02  1.08KJE-0] 2.57T4E-03 0. 00EEH9D 2. 0356E-03
a3 34 =02 1.0Ba3E-0) LERITE-03 ) T2IAE-0F 2.8398E-03
5.0028-97  1L05%E-DI 2, 4589603 4, ITISE-05 2,7133E-43
5o 0320E-02  1.05BEE-0) 7,44736-03  0,20205400 2. 72715E-03
1.92108-02  4.2857€-02 UATE-03 [ 4s85E-06 2, 3505603
1.9226E-02  4.2B60E-02 2ATNLAE O, QOUDE+ul 2. 3550E~03
B.6024E-02  2,2079E-0) 1. 9654E-03  5.3330E-05 2,2537€-93
B.6033E-07 2, 20B0F-01} 1,95463E-03  4,5273E-49 2, 2590603
§.2293E-02 [, 11Q0E-0 1.93958-03  2.7083E-05 2. 14356-03
.230BE-02 1, 1099E-u) 19235603 3.1997E-05 2. [346E-u3
b LOTIE-02 2, 2208E-0) 13988603 7.4137E-05 [.S445E-03
&, HIG9E-(2 E.EEBQE-GI £.30056-03 4. 91FCE-05 1. 5MTE-03
2.8087E-07  [.6474E-01 L23EE-03 2. 7510E~05 1,1538E-03
4.3658E-02  2,16T4E-01 1OA03E-03  1.1233E-1d L 13%E-63
2,01056-02 1, 0209E-01 9.9785E~M  5,9573E-05 1, 0553803
20106E-02 £, 0240E-04 9,5734E-04  f, 0BI4E-LS 1.0563E-03
2.0510E-02 2, 1U33E-0) 4,5237E-04  9.5693E-05 5. 2558E-04
- 2UA2E-02 2.1032E-01 A.70476-04  1LOTZ4E-(4 5, 7514604
1L GRE-02  1.0918E-0L 1,33996-00 b, 3735605 5. 0314E-04
L OWE-02 LL0915E-0f 1,4390E-04 6. 1587E-05 5. 0B31E-04

®All concentrations In rr:ol--l_I

bCalcula‘l‘ed results obtained by fitting the activity coefiicient with
equations 5 & 7, using constants in Table Il.
Women's Coll. Ann. Rev.
Vol. 15 {1990).
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Table I.

(continued)

Retaentate Solution

LA

CCPCT

8.0572E-02= |.0830E-01

2.940G4E-032
2.9455E-02

1.0217E-01-

f.e2AE-01
9, 4931E-07
5. 4718E-02
8.BB54E-92
9 8a21E-02

§,3217E-07

4, 32196112
b. 3778502
5, 3383E-03
3.055{E-02
3, 0985E-02
4,40B4E-02
4. 4092E-02
2.33826-0)
2, 3397802
2, 1171E-02
2.118%9E-92
[.6201E-02
LET01E-02

)
All concentrations in mol-1)

9.3030E-02
. J0F1E-(2
2. 360ZE-01
2. 3600804
1 035BE-(1
1, 933%E-0
1. UAE-01
2. AE-0)
L.O3IEE-0]
[.0714E-ul
2, 2u23E-11
2. 20ME-01
L.ugdE-m
1. 0p42E-04
2.1958E-01
2. 1958E-01
§OE792E-0)
[ 17928-0¢
2, 153%E-u]
2. 15356~y
1L UG35E-0¢
1.G594E-0

m-Toluic Acid

LAl
ATHE-43
LSTSUE-03
CLTASIE-0F
AGBUE-D3
.4g58e-03
ST HIE-G3
L 3840E-03
. G23E-03
L 29703
LTICE-DD
HRE-1G
LBD33E-ul
LTTR2E-04
LOEGE-B3
L PA73E-04
6. BS83E-04
b, BI7SE-04
b.bT04E-14
b, 5237E-u4
2.F0¥5E-14
2.5352E-04
2,737k~
2.73E-G4

g e D D e e bwm bt e Pt s Bm amm e R

-1

C[CPC]
L3TE-0G
B#243E-US
CFUdZE~05
1. I1R33E-04
1.2877E-04
8. 10gRE-05
1370303
10754
1,419%E~1H
. S3946E-05
1. 0972E-05
. za0%e-09
1345286~
0.3276E-035
T.a%E0-45
1. 2254204
12350
8. 501E-13
7.754BE-03
{1, 1593E-ud
' IT9IE-
7.Z614E-05
5, 8132805

3.
[
oy
1
i

Permeate Solution

ﬂ?3‘E o3
L3293E~114
. 92b7E~04
1GIE-04
o EFIE-Y
L7TTE-04
LS7TIE-Y
3.44687E-04
J. 8556504

n
£l

e hl —4 ~ ﬁd

. Lﬂ LJ &d L

Calculafed results obtained by flTTrng the activity coefficient with
equations 5 & 7,

using constants in Table 11.

—-14-
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Table 1. {(continued) Women's Coll. Ann. Rev.
Yol 15 (1890).
p-Toluic Acid

Retentate Salution FParmeale Solution
- b

LAl ceeed Cal £cPCl AL g,
5.9054E-02  1,0439E-¢) 2.M26E-43 9, 7050E-99 1 2.0985E-03
S.9068E-02  1,0450E-05 T.316E-97  9,84805-04 2. 093BE-03
2807352 5.1118E-92 LO7S5E-93  9.3285E-04 13853800
2.B016E-07  5.]1093E-02 Z1340E-03 D, S599E-04 1, 9AGAE-03
1.0348E-01 2L 2881E-0) 21125E-03  9,4BICE-04 1.9088E-02
1 I347E-01  2.2BH2E-0) LIB2E-03 9.3232E-04 1. UB7E-03
5. 1662E-00 1, 0558E-0) 2078003 5.3157E-04 L E7E-03
5.744E-02  J.U582E-DI 1.9575E-03 A, 1530E-04 1L B507E-03
B.71BIE-92  2,2224E-D1 VSOUGE-D3 4, 7497E-04 1.5421E-03
B TISIE-02  2.2275E-01 1AYB2E-03  4,4713E-04 1.5421E-03
4.34736-07  1.129%E-0) LAISIE-03  4.14756-04 1.4933€-03
4, 3485E-02  1.12378-0) LOSOBIE-03 &, 2413E-04 1. 49E9E-03
6. 2899E-07  2,14375-01 LA763E-03  5.9H1E-0§ 1. 1652E-03
5, 720bE-02  2.1451E-0) 1. 1892E-03  5,5409E-04 [ 1651E-03
3 0086E-02 1. 0BSLE-0 I I227E~03  5.0897E-04 L 1291E-03
3 063E-02 1. 0662E-0) EA252E-03  4,0483E-04 1. 1209E-03
. H03E-02  2.14576-01 7.4325E-04 4, 1847E-04 8,051 IE~04
8. 2094E-02 2, 1457E-0f 7.5193E-00 4, ID24E-qt4 B, 0493E-04
2.1843E-07  1.1292E~0) T 13528~ 3,5840E-04 7.8178E-04
2.1Bb3E-07  [.1294E-04 T,A295E-04 3, 3595E-04 7.8185E-4
2.1994E-02 2. 1A20E-0f LATZ0E-04 2, 4494E-04 4,265BE-1H
2,1934E-02 2, 14)%E~i1 33957600 7,4244E-04 4, 2630E-04
1,0947E-02  1.0945E-01 S AI02E-08  2,2258E-04 A 130GE-04
1.0945E-02  [,0914E-04 J.4533E-04  2.1921E-04 1. 1271E-04

a . . -]
All concentrations #n mol-1|

b
Calculated results obtained by fitting the activity coetficient with
gquations 5 & 7, using constants in Table 1.
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Table I1I: Least SquaTes Parameters for Toluie Acids in l-Hexadecylpyridinium Chloride at 25°¢,

b 5 -
Solute Ko(M-1)8 b Ca nmmn 10~ ° RMSDS
o- Toluic Acid 185 1.244 C.0475 0.88 mn 4.768 mo1-1-1
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 o 3.298 mol-1-1

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

vmmﬂ.msmnmn in equation 4.

~16-

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