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Summory

The solubility poromeiers of coiionic surfoctonts were obtoined using the inverse gos chromo-
togrophic technique. The surfoctonts didodecyl dimethyl ommonium bromide, dioctodecyl di-
methyl ommonium bromide ond dodecyl pyridinium chloride were used os stotionory phose
ond retention doto of different probe solutes were meosured ot different temperotures. The re-
sults were onolysed by the combinotion of Flory-Huggins ond Hildebrond iheories, ond the so-
lubility porometers of the surfoctonts were obtoined in o ronge of temperotures between 80 -
120'C.

lnlroduction

Solubility parameters have not been ex-
haustively used in the characterisation of
surface active agents in spite of the fact
that the theory discusses the behaviour of
emulsihers in water/oil (WO) systems in
terms of the density of cohesive energy of
the system components [, 2].

Inverse gas chromatography has been
used in the characterisation of physico-
chemical properties of a number of liquid
and solid materials [3-8]. The term in-
verse gas chromatography means that the
substance under study is placed in a chro-
matographic column as the stationary
phase and the retentions ofa series oftest
solutes are measured. The phvsicochem-
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ical parameters calculated from the reten-
tion data describe the molecular interac-
tions between the studied material and the
solutes.

In this paper, inverse gas chromatogra-
phy was used to determine solubility para-
meters of cationic surfactants of didodecyl
dimethyl ammonium bromide (DDDAB),
dioctadecyl dimethyl ammonium bromide
(DODDAB) and dodecyl pyridinium
chloride (DPC). Our purpose was to ob-
tain the Hydrophilic-Lipophilic Balance
(HLB) values with the solubility para-
meters for these cationic surfactants and
to examine the possibility that they show
a behaviour similar to a non-ionic and an-
ionic surfactants.

Theoreticol Relotionships

Solubility parameters of a volatile com-
pound can be calculated by the basic
equation:

.  ,1/ ' l

6_lLHv_-Rrl ' ' -  ( r )"- t  u!  )
where Afln is the enthalpy of vaporiza-
tion, R is the gas constant, f is the abso-
lute temperature and u! is the molar vo-
lume.

For low volatility or non-volatile spe-
cies, the use ofthis equation is not possible
and alternative methods must be used.

DiPaola-Baranyi [9, 10] presented a
procedure for the evaluation ofthe solubi-
lity parameter of polymeric substances
that uses the solute-solvent interaction
parameter xfl obtained from the Scatch-
ard Hildebrand theory [1]. They used the
following expression:

u9(á,  -  6"\2
,m -  l \ - r  |  ,@ /1\

\L)\ t , t  
RT '  rs

where ó1 and 62 are the solubility para-
meters of the solute and the solvent and

Xf is the entropic factor ofthe interaction
parameter.

Dividing this expression into v! it is
possible to obtain the following expres-
sion:

# #:(#)"-[g.sJ
(3)

Plotting the left hand side ofequation (3)
against ó1 it is possible to obtain ó2 for the
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Table I. Specific retention volume at l00oC, solution enthalpy, activity coefficient and interaction
paramete¡s values of dilferent solutes in DDDAB.

40 60 80 100 120

t ( "c)
Figure l. Retention v-r. temperalure. Toluene
(O); n-Octane (r).

non-vólatile material from the slope of the
resulting straight line.

The specific retention volume Z" is
characteristic of a particular solute, sta-
tionary phase, and a carrier gas. It is the
net retention volume at 0 "C for unit
weight ofstationary phase and is given by:

ve: 273.t5VN
(4)

wT

where w is the mass of stationary phase in
grams present in the column, Z¡¿ is the net
retention volume and Iis the column tem-
perature.

The solute solvent interaction para-
meter, yfr, from Scatchard Hildebrand
theory anll the specifrc retention volume
flrom chromatography are related by:

1.6739 g packing wrth 9.900Á "liquid"
phase (Column Al). Column (B1) also
with DDDAB was 100 cm in length and
6.3 mm in external diameter with7.9285 g
packing with9.04Y" "liquid". Column 82
packed with DODDAB (melting zone
about 84'C) as stationary phase was
l00cm in length with 7.3291 g packing
with 9.00% "liquid" and the column
packed with DPC (melting zone about
64'C), also of 100 cm in length (B3) con-
tained 7 .6780 g of packing with 9 .89% "li-
quid". The packings were kept in a dry at-
mosphere before flrlling the columns.

The chromatographic measurements
were performed in a Perkin-Elmer, Sigma
300, gas chromatograph with a thermal
conductivity detector using hydrogen as
carrier gas. The solutes were injected with
a 50 pL Hamilton syringe as vapour in
equilibrium with pure liquid.

The retention times (l¡) were measured
with an electronic integrator Perkin-El-
mer, LCII00, and the specific retention
volumes were calculated with the exDres-
sion:

v! : i(F" I w)(273 rs I rf)(ta - t u)

(po - p,)lpo (6)

where j is the James-Martin compressibil-
ity correction factor,p6 represents the out-
let cofumn pressure, fl is the flow rate
measured at pressure po and at tempera-
ture T¡ p* is the water vapour pressure at
T¡ atd /¿. is the dead time of the column
which was measured using the air peak
obtained from the thermal conductivitv
detector.

Results ond D¡scuss¡on

The retention of some tests solutes using
column ,A'1 was performed. DDDAB has
a melting zone between 70-80'C. Below
this temperature the solute is not ex-
pected to penetrate the surfactants and
the only retention mechanism involved
would be the absorption at the gas-solid
interface,

From 50oC, the values of h Zf de-
crease linearly with the temperature until
70 "C. At this temperature a change in the
retention is produced. Melting point de-
termination could be performed studying
the retention of a solute against the tem-
perature in 70-80"C zone. Above 80oC
the behaviour is characteristic ofa process
where the predominant retention mechan-
ism is the partition ofthe solute in the sta-
tionary phase as can be seen in Figure l.

A study of the effect of the gas flow
rate on the retention at 80'C with coluñrn
Al was made. There was no appreciable
effect on the specific retention volume of a
test solute when carrier gas flow varied be-
tween 20 and 80 m L.min-l .

The retention data used to calculate
the solubility parameter of surfactants
were determined for the solutes in Table I
using column Bl. Table II gives the para-
meter calculated using rétention data ob-
tained from column 82 and in Table III
from column 83. All the retention mea-
surement were made between 80 and
120"C and with a flow approximately
equal to 40 ml.min-1.

The heats of solution (Adf ¡ were cal-
culated using the following expression:

yT.z: rnlrrt tt^ 
f ,r,rtr,)

_ p?(¡rr - u?)
RT

where p!, M1 and

(5)

v! stand for vapour
pressure, molar mass and molar volume
of the solute, respectively. .811 is the sec-
ond virial coefficient for solute-solute in-
teractions in the vapour phase.

Experimentol

DDDAB, DODDAB and DPC were used
as stationary liquids and Chroinosorb, W,
NAW, 60/80, was used as solid support in
all cases. The surfactant was dissolved in
methanol for preparing the stationary
phases. The columns prepared with
DDDAB (melting zone about 75 "C) as
stationary phase were 180 cm in length
and 3.2 mm in external diameter with
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Solute

n-Hexane
n-Heptane
n-Octane
Cyclohexane
Methylcyclohexane
Benzene
Toluene
Dichloromethane
Trichloromethane
Carbon tetrachloride
Ethyl acetate

Vuo
(cm- g -)

L,H¡*o,
(kJmolr)

, ,A+L'
35.1 + 1.1
37.8 +0.2
31.2+0.4
34.t +0.7
33.4 + 0.3
39.1 + 0.9
32.2+0.8
45.6+0.2
35.5 + 0.3
32.1 +0.6

o6
",1

rLy?
I 1.55
11.32
8.11
8.28
4.55
4.95
2.22
0.75
2.24
9.12

" ,@L1 )

L4S
2.45
2.43
2.09
2.11
1.51
1.60
0.80
0.28
0.81
2.27

9.855
19.s9
38.82
20.28
29.66
36.96
69.43
22.94
88.27
3s.62
14.62
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The heats ofsolution correspond to a pro-
cess of transfer of one mole of solute from
an ideal gaseous phase at a pressure of I
atrnosphere to a hypothetical solution of
unit molar fraction with the interactions
of an inhnitely diluted solution I l].

The (AIIf) values obtained, as well as
their respective standard deviations, were
calculated using the Marquartd-Leven-
berg algorithm l12l and they are included
in the respective tables for each surfactant
studied.

Instead of 7m, the inhnite dilution mo-
lar fraction activity coefhcient, flñ, ex-
pressed as fraction weight is used through-
out this work because the surfactant mole-
cular weights (M) are unknown. Where
Ms is available the two activity coefh-
cients are related by:

0--Ms
?- M1

The activity coefñcients at infinite dilu-
tion were estimated accordins to Patter-
sonetal .  [13]by:

, - .^ ,ó _,-  [zz: . rsn]  p?(Bu -  u?l-" ' l tvW)- *
t9)

where p!, M1 and v! stand for vapour
pressure, molar mass and molar volume
respectively. ,81 1 is the second virial coeffi-
cient for solute-solute interactions in the
vapour phase. The vapour pressures were
calculated using Antoine equations and
the coeffrcients were taken from Riddick,
Bunger and Sakano [4]. The solute densi-
ties at different temperatures were esti-
mated from Dreisbach's compilation [15].
The second virial coeffrcient ofthe solutes
were calculated by Tsonopoulos's correla-
tion using critical constants tabulated in
Reid et al. [16].

The Xf, values obtained from the
chromatogiaphic data at 100 oC have
been included in Tables I, II, and III.
These values allowed an estimation of the
solubility parameter ó2 of the DDDAB,
DODDAB and DPC cationic surfactants
using Eq. (3). Plotting the left hand term
of this expression against the solubility
parameter of solvents (ó1), gave the slope
to calculate the 62pafameter of the surfac-
tant. The ó1 values were calculated at dif-
ferent temperatures using the derivative
expression of Haggenmacher [17], The cri-
tical constants of Antoine's equation were
obtained from references (1a) and (16).

Tables I, II and III show that the heats
of solution for all the solutes have devia-
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tions of less than 2%", wifh values below
l% in most cases. The heat of solution of
the different solutes in DODDAB are
higher than those in DDDAB which in
turn are higher than those in DPC.

The highest deviations from ideality
correspond to solutes in DPC The inter-
mediate deviations correspond to solutes
in DDDAB and the lowest to solutes in
DODDAB. In all cases the chloro-
methanes give low values of f)- which is
less than unity for trichloromethane in all
the surfactants. This corresponds to the
negative values of the interaction para-
meter for these solutes in the three sta-
tionary phases.

Using the left hand term of Eq. (3) and
the solubility parameter of the solvents
(ó1), we obtain the solubility parameter of
the surfactant ó2. Ifwe use all the solutes
in Table I in the regression, we obtain a
correlation coeffrcient of 0.88 with the
chloromethanes aligned between them. If
the chloromethanes (trichloromethane,
dichloromethane and carbon tetrachlor-
ide) are discounted in the regression, we
obtain a correlation coefflrcient higher
than 0.96 for all the temperatures. The
same characteristic is observed if we use
the values in Table II for DODDDAB
and in Table III for DPC. In these cases.
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the correlation coefficient of 0.91 with all
the solutes included is poorer than 0.97 if
the chloromethanes are excluded.

In Figure 2 the left hand term of Eq. (3)
is plotted against the solubility parameter
of the solutes used, except for the chloro-
methanes with DODDAB as the station-
ary phase.

The solubility parameter of the surfac-
tant 62 - 6,8 + 0.5 (cal mol-1)1/2 has been
calculated from the values ofthe slope ob-
tained for the different solutes for DOD-
DAB at 100'C.

From the values at all the other tem-
peratures it is possible to express the de-
pendency of ó2 with the temperature in oC

by the equation: 62 = 8.2563 = 0.0143 . t.
From the extrapolation af 25oC the value
of ó2 is 7.90 (cal  mol- l ; t rz.

For DODDAB, using the values in
Figure 2, the solubility panameter, 62, at
100'C is 7,1 + 0.6 (cal mol-t)lt2. 62 af
25"C is 11,58 (cal 661-1;t/2 from the
equation 6z= 12.8515- 0.0510. l.

For DPC the solubility paramefer, 62,
of the surfactant at 100'C is 7.06 * 0.5
(cal mo1-1)1/2. The equation 6z = 8.3540 -
0.0129 . I gives a value of 8.03 (cal

-ol  
I ) ' "  at  25'C.

Little [8], presented a correlation be-
tween the solubility parameter of surfac-

Table II. Specific retention volume at 100 oC, solution enthalpy, activity coefficient and interaction
parameters values of different solutes in DODDAB.

Table III. Specific retention volume at 100'C, solution enthalpy, activity coefficient and interaction
parameters values of different solutes in DPC.

(8)

Solute

"+I*'*"n-Heptane
n-Octane
Cyclohexane
Methylcyclohexane
Benzene
Toluene
Dichloromethane
Trichloromethane
Carbon tetrachloride
Ethyl acetate

vO

(cm"g ')

13.15
26.54
53.36
25.s4
39.24
39.07
77.28
25.20
8t.29
38.02
14.25

LH¡Lo.
(kJmol ')

303 + 03
37.9 +2.1
38.1 + 0.2
30.5 + 0.1
33.1 + 0.5
32.6+0.2
36.',7 +0.2
31.6 + 0.6
45.3 + 1.1
33.5 +0.2
3r.4+0.2

" ,@L1 )

L1i¡
2.t4
2. l l
1.85
1.83
1.46
1.49
0.70

-0.21
0.74
2.25

.)@
" " l

Lgl
8.52
8.23
6.39
6.26
4.30
4.45
2.02
0.81
2.11
9.53

Solute

n-hexane
n-heptane
n-octane
Cyclohexane
Methylcyclohexane
Benzene
Toluene
Dichloromethane
Trichloromethane
Carbon tetrachloride
Ethyl acetate

v0

(cm'g ')

g/ t6

18.66
36.03
18.79
28.44
39.51
74.90
25.93
r53.6
40.35
t'¡.95

A,Hp t o.
(kJ mol- ')

n.r+0,1
32.2+0.1
36.4 + 0.1
28.6 + 0.1
30.9 + 0.1
31.9+0.1
36.8 + 0.1
30.6 + 0.1
39.3 + 0.1
30.8 + 0.1
30.4 + 0.1

r)6
""1

t4.n
13.99
14.00
10.03
9.9r
4.88
5.37
1.57
0.36
2.20
9.01

. ,@
LI t

L66
2.64
2.64
z--) |

2.29
1.59
1.68
0.45

-1.02
0.79
2.20
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Figure 2. Solubility parameter of DODDAB
obtained from Xf, parameter calculated from
chromatographic ilata at 100 "C.

tants and the Hydrophile-Lypophile Bal-
ance (HLB). He obtained solubility para-
meters calculated for non-ionic surfac-
tants using the Hildebrand's rule and the
respective values of HLB taken from the
bibliography. The method of Little [8]
was proved applicable for non-ionic and
anionic surfactants. For all the cationic
systems studied in this paper, we obtained
different values from those calculated in
the bibliography and even a negative va-
lue in one case.

Conclusions

The solubility parameters of cationic sur-
factants were obtained using inverse gas

chromatography. There appear to be no
data available in the literature to compare
with our results. For all the cationic sys-
tems studied, the method of Little [18] was
proved to be not applicable for these sur-
factants.

Acknowledgements

This work was supported by a grant of the
Universidad Nacional de Tucumán. E.L.A.
is a member of the Consejo Nacional de In-
vestigaciones Científicas y Técnicas de la
Republica Argentina (CONICET).

Refercnces

[] Hildebrand, J.H.; Scott, R.L."The solubi-
lity of nonelectrolytes",3'd edn., Reinhold,
New York, 1950.

[2] Little, R.C. J. Colloid Interface Sci. 1966,
21,266-272.

[3] Fernández Sánchez, E.; Fernández
Torres, A.; García Dominguez, J.A.; Ló-
pez de Blas, E. J. Chromatogr. A 1993,
6s5, t t  -19.

[4] Danner, R.P.; Tihminlioglu, F.; Surana,
R.K.; Duda, J.L. Fluid Phase Equilib.
1998.148.171-188.

[5] Jagiello, J.; Papirer, E. J. Colloid Interface
Scil99l,142,232-235.

[6] Tian, M.; Munk, P. J. Chem. Eng. Data
1994.39.742 755.

[7] Kamdem, D.P.; Riedl, B. J. Colloid Inter-
face Sci.1992, I  50,507 516.

[8] Voelkel, A.; Janas, J.; García Dominguez,
J.A. J. Chromatogr. A 1993, 654, 135-
t4t.

Di Paola-Baranyi, G.; Braun, J.M.; Guil-
let, J.E. Macromolecules 1978, 11,224-
229.
Di Paola-Baranyi, G.; Guillet, J.E.
Macromolecules 1978, I 1,228-232.
Meyer, E.F. J. Chem. Educ. 1973, 50,
l9l-r94.
Marquartd, D.W. J. Soc. Appl. Mat.1963,
2.43t -43s.
Patterson, D.; Tewari, Y.B.; Schreiber,
H.P.; Guillet, J.E. Macromolecules 1971,
4,356,359.
Riddick, A.R.; Bunger, W.B.; Sakano,
T.K. "Organic. Solvents. Techniques of
Chemístry", 4'" Ed., Wiley-Interscience,
NewYork, 1986.
Dreisbach, R.R. Advances Chemístry Ser-
res, publishing by A.C.S., 1955.
Reid, R.C.; Prausnitz, J.M.; Sherwood,
T.K. "The properties of Gases and Li-
quids",3'" Ed. McGraw-Hill, New York,
1977.
Hoy, K.L. "The Hoy, Tables of Solubílíty
Parameterg Solvents & Coatings Materi-
als", S. Charleston, W. Virginia 25303,
1985.
Little, R.C. J. Colloids Interface Scí.1978,
ó5,587,588.

Received: ñtg21,2002
Revised manuscript
received: Nov 6,2002
Accepted: Decll,2002

532 Chromatographia 2003, 57, April (No. 7/8) Original


