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bstract

Inverse gas chromatography (IGC) has been applied to determine solubility parameter and its components for nonionic surfactants—polyethylene
lycols (PEG) of different molecular weight. Flory–Huggins interaction parameter (χ) and solubility parameter (δ2) were calculated according to
iPaola-Baranyi and Guillet method from experimentally collected retention data for the series of carefully selected test solutes. The Hansen’s

hree-dimensional solubility parameters concept was applied to determine components (δ , δ , δ ) of corrected solubility parameter (δ ). The
d p h T

olecular weight and temperature of measurement influence the solubility parameter data, estimated from the slope, intercept and total solubility
arameter. The solubility parameters calculated from the intercept are lower than those calculated from the slope. Temperature and structural
ependences of the entopic factor (χS) are presented and discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The concept of the solubility parameter was proposed by
catchard, Hildebrand and Scott and initially applied to sys-

ems whose cohesion arises only from dispersion forces. This
olubility parameter is the square root of cohesive energy density
CED) [1].

= (CED)1/2 =
[
�H − RT

Vm

]1/2

=
[
�E

Vm

]1/2

(1)

here δ is the solubility parameter, R the gas constant, T the
emperature, �H the enthalpy of vaporization, Vm the molar
olume, and �E the energy of vaporization. The units of solubil-
ty parameter, published in literature are (cal/cm3)1/2, (J/m3)1/2,
MPa)1/2. Preferred unit used by authors is (MPa)1/2.

The cohesive energy of a liquid is the energy of all the inter-

olecular interactions in a mole of the liquid, thus it is the energy

ecessary to break all interactions during vaporization of the
iquid.

∗ Corresponding author. Tel.: +48 61 665 3745; fax: +48 61 665 3649.
E-mail address: kaska.adamska@wp.pl (K. Adamska).

c
c
B
p

I
t

021-9673/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2006.07.066
ameters

The solubility parameter concept is related to the solution
hermodynamics. When two substances are mixed at constant
emperature and pressure, the change in the Gibbs energy of

ixing is expressed as [2]

GM = �HM − T�SM (2)

here �GM is the free energy of mixing, �HM is the heat of
ixing, and �SM denotes the entropy of mixing.
Two substances show total miscibility if the free energy of

ixing is negative. The entropy of mixing is usually positive, so
ositive or negative value of energy of mixing depends on value
f heat of mixing. The heat of mixing depends upon the differ-
nce of cohesive energies of solution and unmixed components.

HM = [VA(δA − δB)2(1 − φA)2]
1/2

(3)

here VA is the volume and φA is the volume fraction of
omponent A in the mixture, δA is the solubility parameter of
omponent A, and δB is the solubility parameter of component
. The heat of mixing is the smaller if the values of solubility

arameter of two materials are comparable [3,4].

Eq. (3) is an approximation that involves drastic assumption.
t is assumed that the interaction forces act between the cen-
ers of the molecules, the mixing is random and distribution is

mailto:kaska.adamska@wp.pl
dx.doi.org/10.1016/j.chroma.2006.07.066
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emperature independent. Additivity of the interaction forces is
lso assumed—the interaction between a pair of molecules is
ot influenced by the presence of other molecules. Besides, the
onstant pressure change of volume on mixing is assumed to
e zero; the numbers of nearest neighbours of a molecule in
olution and in the pure state are considered to be the same [2].

The thermodynamics of polymer solution can be described
n terms of Flory–Huggins theory.

On the basis of theory of solution, Flory and Huggins have
efined the athermal solution, with the excess internal energy
E = 0, the excess enthalpy HE = 0 and the excess entropy

E �= 0. The proposed model of athermal solution refers to solu-
ions that are formed with molecules similar in their chemical
ature but different in molecular size. The Flory–Huggins theory
as facilitated a description of the solution comprising a high-
olecular-weight polymeric component and a low-molecular-
eight solvent. According to Flory–Huggins, theory each poly-
er segment and each single solvent molecule occupied a lattice

ite. Flory and Huggins used a statistical mechanical treatment
aking into account the fact that the polymer segments must
ccupy adjacent sites [2].

The Flory–Huggins theory takes into account a considerable
ivergence in molecular size for describing the entropy of mix-
ng. The change in the entropy of mixing for this reference
ystem is called the combinatorial entropy �Scomb

M [2]:

Scomb
M = −R(x1 ln φ1 + x2 ln φ2) (4)

here φ1 and φ2 are the volume fractions of the solvents (1) and
he polymer (2).

The difference between the entropy of mixing for a real solu-
ion and an ideal solution is called the excess entropy and the
ifference between the entropy of mixing for a real solution and
Scomb

M is described as the residual entropy:

SR = �SM − �Scomb
M = �SM + R(x1 ln φ1 + x2 ln φ2) (5)

he residual energy of mixing is expressed as

R = �GM − (−T�Scomb
M )

= �GM − RT (x1 ln φ1 + x2 ln φ2) (6)

he derivative of GR with respect to the amount of component
1) gives the residual chemical potential of the liquid:

μ1 − μ0
1)

R =
(

∂GR

∂n1

)
n2,T,p

= (μ1 − μ0
1) − RT

[
ln φ1 + φ2

(
1 − V1

V2

)]
(7)

y rearranging the Eq. (7), the relation that defines interaction
arameter between polymer and solvent molecules, is obtained:

(μ − μ0)
R

(μ − μ0)
[ (

V
) ]
1 1

RTφ2
2

= 1 1

RTφ2
2

− ln φ1 + 1 − 1

V2
φ2 = χ

(8)

is called the Flory–Huggins interaction parameter.

T
c
u

togr. A 1132 (2006) 260–267 261

In Eq. (8)

1 = x1V
∗
1

x1V
∗
1 + x2V

∗
2

(9)

2 = x2V
∗
2

x1V
∗
1 + x2V

∗
2

(10)

re the apparent volumes fractions.
The Gibbs free energy of mixing, based on Eq. (6) is

xpressed as:

�GM

RT
= n1 ln φ1 + n2 ln φ2 + χφ1φ2(n1 + mn2) (11)

here �GM is the free energy of mixing, n1 is the number of
oles of solvent, n2 is the number of moles of polymer, φ1 and
2 are the volume fractions of solvent and polymer, respectively,
is the ratio of molar volumes of polymer and solvent, and χ

s the Flory–Huggins interaction parameter [5].
Flory and Huggins polymer–solvent interaction parameter χ

eflects intermolecular interaction between a high-molecular-
eight polymer and a low-molecular-weight solvent. As men-

ioned earlier, negative value of energy of mixing �GM indicates
pontaneous mixing between polymer and solvent. The first two
erms in Eq. (11) represent entropic factor of mixing, and they are
lways negative. Therefore, for mutual solubility/mixing pro-
ess between polymer and solvent, the third term must also be
egative or very small, if positive. Interaction parameter has been
onsidered as a Gibbs free energy parameter, and such assump-
ion allows dividing interaction parameter χ into entropy χS and
nthalpy χH components [2,6]:

= χS + χH (12)

he enthalpy term can be calculated from the
ildebrand–Scatchard regular solution theory and entropy

erm, according to Flory–Huggins theory, should have a value
f approximately 0.2–0.4 [7], 0.3–0.4 or 0.34 [5,7].

According to Hildebrand–Scatchard theory, the enthalpy
omponent is related to solubility parameters of two compo-
ents, by relation:

H = V1

RT
(δ1 − δ2)2 (13)

here δ1 and δ2 are the solubility parameter solvent and polymer,
espectively and V1 is the solvent molar volume [5].

The use of Eq. (13) with Flory–Huggins Eq. (12) gives

=
(

V1

RT

)
(δ1 − δ2)2 + χS (14)

uillet and co-workers [6,8] proposed the method for estimating
he solubility parameter of polymers by modification of Eq. (14):

δ2
1

RT
− χ

V
= 2δ2

RT
δ1 −

(
δ2

2

RT
+ χS

V

)
(15)
i i

he most widely used concept is that proposed by Hansen,
alled three dimensional solubility parameters or Hansen sol-
bility parameters (HSP) [9]. According to the Hansen theory,
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he cohesive energy can be considered as a sum of contribu-
ions from dispersive (Ed), polar (Ep) and hydrogen bonding
Eh) interactions:

Ecoh = −Ed − Ep − Eh (16)

nd the total solubility parameter (δT) is expressed as

2
T = δ2

d + δ2
p + δ2

h (17)

here δd, δp, δh denotes dispersive, polar and hydrogen bonding
ontribution, respectively.

Dispersion forces are present between all molecules, whether
hey are polar or nonpolar. These are the attractive forces arising
s a result of temporary dipoles induced in atoms or molecules.
olar forces are due to permanent dipole or induced dipole inter-
ctions. Hydrogen bonding interactions occur when a hydrogen
tom on one molecule is bound to an electronegative atom on a
econd molecule [10].

According to Hansen’s interpretation of solubility parameter,
stimation of interactions between different materials appears
o be more precise. Materials having sufficiently close three-
imensional solubility parameters should be compatible.

The solubility parameter determined for different materials
an be used for estimation of various physicochemical param-
ters, e.g. surface free energy and surface tension [11]. The
olubility parameter concept has also been used to estimate the
iscibility of different species [12]. Two materials having close

alues of solubility parameter are likely to be compatible and
hould be miscible when mixed together. Thus, the solubility
arameter has been used in coatings industry for selection of
olvents in paint formulation [13,14] or matching a binder to
igment [15], in printing industry for selection of the best clean-
ng agent for binder(s) [16] as well as for characterization of
ifferent additives (plasticizers, antistatic agents) used in poly-
ers [17]. The latest literature reports show that the solubility

arameter found an application in the investigation of the mis-
ibility of the polymeric blends [18], prediction of permeation
roperties of organic solvents in polymeric materials [19] and
lso selection of effective extraction solvents for the extraction
rocess in analytical chemistry [20].

By using Hildebrand concept the solubility parameter for
olatile compounds can be calculated from Eq. (1). It is impos-
ible for low- or non-volatile compounds. Therefore, different
ethods were elaborated to facilitate the estimation of solubil-

ty parameter for this group of materials. These were as follows:
welling measurements [7]; group additive methods [21–23],
here knowledge of the molecular structure of a material is

equired; viscosity measurements [9] and inverse gas chro-
atography (IGC) [6,8,24–27].
In inverse gas chromatography method, the investigated

aterial (stationary phase) is placed into the chromatographic
olumn. The volatile compounds (test solutes) are injected
nto the column and transported over the examined material

y a carrier gas. Each test solute interacts with investigated
aterial. Magnitude of this interaction reflects in the value of

pecific retention volume (Vg) and is further presented as the
lory–Huggins interaction parameter (χ).

c
p
d
d
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This method has been applied for characterization of a wide
ange of materials, e.g. polymers [26,28,29], surfactants [25,30],
harmaceutical powders and pharmaceutical products [31,32],
nd porous solids [33]. The relationship between chromato-
raphic and thermodynamic data is given below [27]:

= ln

(
273.15R

p0
1VgMr,1

)
− p0

1

RT
(B11 − V1) + ln

(
ρ1

ρ2

)

−
(

1 − V1

V2

)
(18)

here Mr,1, p0
1, B11, Vg, V1, V2, ρ1, ρ2 are the molecular mass,

aturated vapor pressure of the test solute, second virial coef-
cient of the test solute, specific retention volume of the test
olute, molar volume of the test solute, molar volume of the
xamined material, density of the test solute and density of the
xamined material (surfactant, polymer) at the temperature of
easurement, respectively.
Further examinations on the selection of test solutes for IGC

xperiments were also carried out with the use of Principle
omponent Analysis methods [34]. It has been shown that it

s possible to reduce the number of test solutes without the lost
f information.

The aim of this work was the determination of Hansen solu-
ility parameters by inverse gas chromatography for non-ionic
urfactants—different polyethylene glycols (PEGs): PEG 2000,
EG 10,000 and PEG 35,000. These are the non-ionic surface
ctive agents used in many industrial applications, e.g. phar-
aceutical, cosmetic and paint industry. Surfactants’ selection

rocess for a given might be difficult and time consuming. The
nowledge of the values of solubility parameter or sometimes
etter Hansen solubility paramaters facilitates selection process.
owever, the appropriate physicochemical parameters are not

lways easily available or the literature data are non-reliable.
herefore, the experimental techniques allowing the determina-

ion of solubility parameters for new materials and enlarging the
xisting database should be examined.

. Materials and methods

The examined surfactants were polyethylene glycols with
ominal molecular weight: 2000, 10,000 and 35,000 (MERCK).
easurements were carried out using iGC SMS (Surface Mea-

urements Systems, London, UK) gas chromatograph equipped
ith a flame ionization detector (FID) and thermal conductivity
etector (TCD). Helium was used as a carrier gas at flow rate
0 ml/min.

The PEGs were dissolved in methanol, mixed with inert solid
upport (Chromosorb P AW-DMDCS 100/120 mesh, Supelco)
nd then the solvent was evaporated using a rotary evaporator.
he loading of the column was about 20%, i.e. column filling

ontains 20% of the appropriate excipient and 80% of the sup-
ort. The amount of PEG that has been coated onto support was
etermined by Soxhlet extraction. The column parameters are
escribed in Table 1.
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Table 1
The column parameters

Loading (%) PEG mass (g)

PEG 2000 19.6 0.092
P
P
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b
shown in Fig. 1.

Regions where melting process occur determined with the use
of two different test solutes agree and give comparable values of
Tg. The melting point regions for all PEGs determined by IGC
EG 10000 20.2 0.095
EG 35000 20.8 0.098

The packing material was packed into the glass columns
30 cm length, 2 mm i.d.). The column was ended by glass wool.
he measurements were made above mp (melting point) of each
EG. The temperature of measurements were 85, 95 and 105 ◦C.
ach column was conditioned at each temperature overnight
efore use.

Different organic solvents, selected to represent the abil-
ty of different intermolecular interactions, were used as
he test solutes: dispersive–(n-alkanes); polar–acetonitrile,
oluene, 2-butanone, 2-pentanone, 1,2-dichloroethane and 1-
itropropane; hydrogen bonding—ethanol, 1-propanol, 1-
utanol, 1,4-dioxane, pyridine and chloroform.

For each probe, three injections of vapor of each test
olute were made. The retention data were calculated from the
aximum of the symmetric peak and then used to calculate
lory–Huggins interaction parameter (χ) from Eq. (18).

Second virial coefficients (B11) were calculated from the rela-
ion [35]:

B11

VC
= 0.500 − 1.144

(
TC

T

)
− 0.480

(
TC

T

)2

−0.042

(
TC

T

)3

(19)

here VC and TC are the critical molar volume and the critical
emperature of the solute, and T is the column temperature (K).

Solute vapor pressures (p0
1) were calculated using the Antoine

quation [36]

og p0
1 = A − B

(t + C)
(20)

here p0
1 is the vapor pressure in mmHg, t is the temperature

◦C) and A, B, C are constants.
Solubility parameter was calculated by using the Eq. (15)

roposed by Guillet et al., where δ1 is the solubility parameter of
he consecutive test solute. Plotting the left hand of this equation
ersus δ1 lead to δ2 of the examined material calculated from
he slope and the intercept of the straight line.

However, value of solubility parameter δ2 can be estimated
rom the intercept of Eq. (15). To use this way of calculation,
ne should make any assumption concerning the value of the
ntropic factor χS. The values of this component most often
ound in the literature are 0.2–0.4 or 0.6. We have not used the
ne constant χS value but checked the influence of changing

ntropic factor (0.2, 0.3, 0.34 and 0.4) on the resulting δ2 value.

ntercept =
(

δ2
2

RT
+ χS

Vi

)
(21) F

g

togr. A 1132 (2006) 260–267 263

Eq. (21) may also be used for estimation of value of entropic
actor by using solubility parameter value (δ2) calculated earlier
rom the slope of Eq. (15). It may be done assuming that there is
lso just one value of solubility parameter, and it cannot depend
n the way of calculation. It leads to value of χS varying from
est solute to test solute.

According to Flory–Huggins theory, value of Vi should be
he smallest among molar volumes of the solvents or examined

aterials (e.g. polymers, surfactants) [37]. In this work, it was
he value for acetonitrile Vi = 52.6 cm3/mol.

The components of total solubility parameter were calculated
rom the slope of straight line, plotted according to Eq. (15)
or the respective group of solvents representing different inter-
olecular interactions. These values were calculated by using

he following relationships [38]:

(a) δd = mn-alkanes × RT

2

(b) δp = (m1 − mn-alkanes) × RT

2

(c) δh = (m2 − mn-alkanes) × RT

2

(22)

here mn-alkanes is the value of the slope for n-alkanes; m1
he value of the slope for aromatic hydrocarbones, ketones, 1-
itropropane, acetonitrile, and 1,2-dichloroethane; m2 the value
f the slope for alcohols, 1,2-dioxane, pyridine and chloroform.
he value of the total solubility parameter was obtained from
q. (17).

. Results and discussion

It is important to carry out IGC experiments in the tempera-
ure range where the retention mechanism is dominated by the
ulk retention. The checking can be done by the injection of test
olutes (here: hexane and toluene) onto the column at the dif-
erent temperatures of IGC column. The inflection of the curve
ndicates the melting point or better Tg (region) of the examined
aterial. The temperature in our experiments varied between

5 and 105 ◦C (isothermal conditions). The exemplary relations
etween retention data of the test solute and temperature are
ig. 1. The example of retention diagram for toluene and hexane on polyethylene
lycol 10000.
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Table 2
Melting point range for PEG 2000, 10,000 and 35,000

Melting point data (◦C)

PEG 2000 50–53
PEG 10,000 62–65
PEG 35,000 64–66

Table 3
χ parameter values found for the test solute/PEG 2000 pairs

Test solute 85 ◦C 95 ◦C 105 ◦C

C6 2.349 2.206 2.161
C7 2.244 2.065 1.935
C8 2.298 2.130 1.973
C9 2.388 2.201 2.010
Toluene 0.601 0.568 0.517
2-Butanone 0.884 0.838 0.776
2-Pentanone 0.894 0.844 0.769
1-Nitropropane 0.414 0.390 0.359
Acetonitrile 1.595 1.579 1.746
1,2-Dichloroethane −0.345 −0.321 −0.312
Ethanol 1.119 1.033 0.945
Propanol 0.919 0.841 0.743
Butanol 0.853 0.774 0.669
Pyridine 0.133 0.120 0.088
1
C

m
a
c
t
r

o
e

F
l

T
χ

T

C
C
C
C
T
2
2
1
A
1
E
P
B
P
1
C

Table 5
χ parameter values found for the test solute/PEG 35000 pairs

Test solute 85 ◦C 95 ◦C 105 ◦C

C6 2.567 2.592 2.202
C7 2.418 2.315 1.947
C8 2.408 2.308 1.854
C9 2.456 2.240 1.837
Toluene 0.769 0.731 0.347
2-Butanone 0.947 0.979 0.134
2-Pentanone 0.953 0.932 1.109
1-Nitropropane 0.508 0.469 0.149
Acetonitrile 0.994 0.993 0.661
1,2-Dichloroethane −0.173 −0.145 −0.481
Ethanol 1.254 1.169 0.833
Propanol 1.034 0.938 0.603
Butanol 0.949 0.829 0.487
Pyridine 0.308 0.122 −0.130
1
C

c
m
c
o
v
P
c
s
e
f
i
t

s
l
t

,4-Dioxane 0.299 0.271 0.228
hloroform −0.843 −0.782 −0.740

ethod are in agreement with literature data. At temperature
bove melting point for all PEGs, a straight-line relationship
an be observed. This region corresponds to bulk absorption of
he test solute in surfactant (stationary phase). The melting point
egion for all PEGs are collected in Table 2.

Retention data of test solutes are first converted into the values
f Flory–Huggins interaction parameter χ. Data found for the
xamined PEGs are given in Tables 3–5.
For all examined PEGs, the highest values of the
lory–Huggins interaction parameter were found for nonpo-

ar test solutes, n-alkanes. These high values reflect the poor

able 4
parameter values found for the test solute/PEG 10000 pairs

est solute 85 ◦C 95 ◦C 105 ◦C

6 2.317 2.306 2.261
7 2.195 2.134 2.009
8 2.213 2.150 1.945
9 2.302 2.139 1.915
oluene 0.544 0.506 0.468
-Butanone 0.816 0.751 0.724
-Pentanone 0.827 0.768 0.739
-Nitropropane 0.261 0.258 0.237
cetonitrile 0.692 0.711 0.693
,2-Dichloroethane −0.480 −0.440 −0.439
thanol 1.055 0.966 0.903
ropanol 0.841 0.777 0.705
utanol 0.754 0.687 0.595
yridine 0.050 0.003 0.008
,4-dioxane 0.187 0.172 0.137
hloroform −1.002 −0.919 −0.855

p
s
a
f
i
1
i
(
f
o
t

b
δ

m
t

(
l
t
i
t

,4-Dioxane 0.487 0.424 0.035
hloroform −0.683 −0.621 −0.902

ompatibility/miscibility of n-alkanes with the examined poly-
ers. For polar and hydrogen bonding test solvents, χ data are

onsiderably lower than those for nonpolar test solutes. In case
f the polar test solvents, 1,2-dichloroethane exhibits negative
alues of χ, which reflects stronger interaction with examined
EGs. It can be noticed that the strongest interactions (good
ompatibility with polymer) are found for chloroform. This test
olvent exhibits the most negative value at all temperatures for all
xamined PEGs. Relatively strong interactions were also found
or pyridine-solvent representing ability to hydrogen bonding
nteractions. Values of pyridine/examined PEGs pairs are close
o zero.

Solubility parameter value (δ2) for PEGs, calculated from the
lope according to Eq. (15), decrease with increasing molecu-
ar weight. Solubility parameter values decrease with increasing
emperature of IGC measurement. Values of corrected solubility
arameter for all PEGs are higher than those calculated from the
lope. Relation between corrected solubility parameter values
nd temperature or molecular weight of PEGs is not so evident as
or δ2. Slight decrease of δT solubility parameter’s with increas-
ng of the temperature is found for PEG 2000. However, for PEG
0,000 and 35,000 a slight increase of δT solubility parameter
s observed with increase in temperature and molecular weight
Fig. 2). The lowest value of total solubility parameter obtained
or PEG 2000 at 105 ◦C is equal to 18.0 (MPa)1/2 and the highest
btained for PEG 35,000 also at the same temperature is equal
o 24.9 (MPa)1/2 (Table 6).

Similar behavior is observed for dispersive (δd) and hydrogen
onding component (δh) determined for PEG 2000. Values of
d and δh parameters decrease with increasing temperature of
easurement whereas for PEG 10,000 and 35,000, values of

hese components increase with increasing temperature.
Value of polar component of solubility parameter for all PEGs

δp) increases both with the increase of temperature and molecu-

ar weight of surfactant. The increase of δp and δh with increasing
emperature of measurement for PEG 10,000 and PEG 35,000
s probably due to different arrangement of PEGs chain on
he surface of the support. The effect of variable arrangement



K. Adamska, A. Voelkel / J. Chromatogr. A 1132 (2006) 260–267 265

F
s

m
m

i
1
t
s
f
f
p
u

(
m
i

T
C

P
P
P

P
P
P

P
P
P

ig. 2. Values of solubility parameter calculated from the slope and corrected
olubility parameter at 89, 95 and 105 ◦C.

ay influence the availability of etheric oxygen atoms by the
olecule of test solute.
Comparison of solubility parameter data estimated from the

ntercept is presented in Fig. 3. It can be noticed that for PEG
0,000 and 35,000, values of solubility parameter at the same
emperature and for the same value of entropic factor are very
imilar. Values of solubility parameter for PEG 2000 calculated
rom the intercept at all temperatures are higher than those found
or PEG 10,000 and 35,000. For all PEGs values of solubility
arameter calculated from the intercept, assuming different val-
es of χS, are lower than those calculated from the slope.

The entropy factor values were calculated according to Eq.

21) and listed in Tables 7–9. χS increase with the increase of
olecular weight of PEG and, for each PEG, decrease with the

ncreasing temperature of measurement. χS values depend, of

able 6
omponents of total solubility parameter at 85, 95 and 105 ◦C

Solubility parameter data [MPa]1/2 at 85 ◦C

δd δp δh

EG 2000 19.4 ± 0.4 1.6 ± 0.3 1.2 ± 0.4
EG 10000 20.5 ± 0.3 2.1 ± 0.3 2.4 ± 0.3
EG 35000 22.6 ± 0.3 4.8 ± 0.3 3.9 ± 0.3

Solubility parameter data [MPa]1/2 at 95 ◦C

δd δp δh

EG 2000 19.0 ± 0.1 1.8 ± 0.1 0.8 ± 0.1
EG 10000 20.8 ± 0.4 2.9 ± 0.4 2.7 ± 0.4
EG 35000 23.2 ± 0.3 5.9 ± 0.3 4.8 ± 0.3

Solubility parameter data [MPa]1/2 at 105 ◦C

δd δp δh

EG 2000 17.7 ± 0.3 2.9 ± 0.3 0.4 ± 0.2
EG 10000 22.0 ± 1.4 4.4 ± 1.4 4.0 ± 1.4
EG 35000 23.5 ± 0.5 6.0 ± 0.5 5.7 ± 0.5

Fig. 3. The comparison of solubility parameter values calculated from the inter-
cept for different values of entropy term at 85, 95 and 105 ◦C.

Table 7
Values of the entropy term χS calculated from the intercept, at different temper-
atures, for polyethylene glycol 2000

85 ◦C 95 ◦C 105 ◦C

Hexane 0.22 0.08 0.03
Heptane 0.24 0.09 0.03
Octane 0.27 0.10 0.04
Nonane 0.29 0.10 0.04
1,2-Dichloroethane 0.13 0.05 0.02
Toluene 0.17 0.06 0.02
Ethanol 0.10 0.03 0.01
Propanol 0.12 0.04 0.02
Butanol 0.15 0.05 0.02
2-Butanone 0.15 0.05 0.02
2-Pentanone 0.16 0.06 0.02
1-Nitropropane 0.15 0.05 0.02
Pyridine 0.13 0.05 0.02
Acetonitrile 0.09 0.03 0.01
1,4-Dioxane 0.14 0.05 0.02
Chloroform 0.14 0.05 0.02
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Table 8
Values of the entropy term χS calculated from the intercept, at different temper-
atures, for polyethylene glycol 10000

85 ◦C 95 ◦C 105 ◦C

Hexane 0.32 0.27 0.24
Heptane 0.35 0.30 0.27
Octane 0.39 0.32 0.29
Nonane 0.42 0.36 0.32
1,2-Dichloroethane 0.19 0.16 0.14
Toluene 0.25 0.21 0.19
Ethanol 0.14 0.12 0.11
Propanol 0.18 0.15 0.13
Butanol 0.22 0.18 0.16
2-Butanone 0.22 0.18 0.16
2-Pentanone 0.23 0.20 0.18
1-Nitropropane 0.21 0.18 0.16
Pyridine 0.19 0.16 0.14
Acetonitrile 0.13 0.11 0.10
1,4-Dioxane 0.20 0.17 0.15
Chloroform 0.19 0.16 0.15

Table 9
Values of the entropy term χS calculated from the intercept, at different temper-
atures, for polyethylene glycol 35000

85 ◦C 95 ◦C 105 ◦C

Hexane 0.71 0.62 0.57
Heptane 0.78 0.68 0.63
Octane 0.86 0.74 0.70
Nonane 0.94 0.81 0.76
1,2-Dichloroethane 0.42 0.37 0.34
Toluene 0.56 0.48 0.45
Ethanol 0.31 0.27 0.25
Propanol 0.40 0.34 0.32
Butanol 0.48 0.42 0.39
2-Butanone 0.48 0.42 0.39
2-Pentanone 0.52 0.45 0.42
1-Nitropropane 0.47 0.41 0.38
Pyridine 0.43 0.37 0.34
Acetonitrile 0.28 0.24 0.23
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ourse, on the nature of test solute (solvent) used in IGC exper-
ment. The highest values of the entropy term are observed for
-alkanes. The free volume effect and specific interaction influ-
nce the entropy term values. When the molecular weight of
EGs increases, the difference between the free volume of sol-
ent and polymer also increases causing the increase of the free
olume contribution to χS. Highest values of the entropy term
ere obtained for PEG 35000. It can be assumed, that the large
ositive value corresponds to an increase of order on forming a
olymer–solvent mixture. It can also be noticed, that the entropy
erm of the interaction parameter might depend on the size and
hape of the solvent molecules and also on values of those param-
ters for polymer groups.
. Summary

This work has shown that inverse gas chromatography can
e applied for the estimation of solubility parameter for PEGs.

[
[
[
[
[

togr. A 1132 (2006) 260–267

uillet and co-workers’ procedure was used for calculation of
he solubility parameter from the slope and intercept, assuming
ifferent values of the entropy term. On the basis of Guillet’s
ethod, Voelkel and Janas procedure was applied to determine

ispersive, polar and hydrogen bonding components. Corrected
olubility parameter, were calculated from these components
ccording to the Hansen’s equation,. Values of determined sol-
bility parameter (δ2, δT) or HSP (δp, δh, δh) depend on the
tructure of examined PEGs and the temperature of IGC exper-
ment.

cknowledgements

This study was carried out within the project PROFORM
“Transforming Nanoparticles into Sustainable Consumer Prod-
cts Through Advanced Product and Process Formulation” EC
eference NMP4-CT-2004-505645) which was partially funded
y the 6th Framework Programme of EC. The contents of this
aper reflects only the authors’ view. The authors gratefully
cknowledge the useful discussions held with other partners
f the Consortium: BHR Group Limited; Karlsruhe University,
nstitute of Food Process Engineering; Bayer Technology Ser-
ices GmbH; University of Loughborough; Unilever UK Central
esources Ltd.; Birmingham University School of Engineering;
arsaw University of Technology, Department of Chemical and

rocess Engineering; Poznan University of Technology, Institute
f Chemical Technology and Engineering; Rockfield Software
imited; Centre for Continuum Mechanics.

eferences

[1] J.H. Hildebrand, J.M. Prausnitz, R.L. Scott, Regulated and Related Solu-
tions, Van Nostrand Reinhold Co., New York, 1970.

[2] A.F.M. Barton, CRC Handbook of Solubility Parameters and Other Cohe-
sion Parameters, CRC Press, Boca Raton, FL, 1983.

[3] Y.Z. Wang, J. Polym. Sci. Part B: Polym Phys. 41 (2003) 2296.
[4] P.A. Small, J. Appl. Chem. 3 (1953) 71.
[5] R.F. Blanks, J.M. Prausnitz, I & EC Fundam. 3 (1964) 1.
[6] G. DiPaola-Baranyi, J.E. Guillet, Macromolecules 11 (1978) 228.
[7] G.M. Bristow, W.F. Watson, Trans. Faraday. Soc. 54 (1958) 1731.
[8] K. Ito, J.E. Guillet, Macromolecules 12 (1979) 1163.
[9] C.M. Hansen, Hansen Solubility Parameter: A User’s Handbook, CRC

Press, Boca Raton, FL, 2000.
10] A.L. Companion, Chemical Bonding, Second Ed., McGraw-Hill Inc., 1979.
11] M.W. Samaha, V.F. Nagar, Drug Dev. Ind. Pharm. 16 (1990) 1135.
12] D.J. David, T.F. Sincock, Polymer 33 (1992) 4505.
13] C. Carr, Eur. Polym. Paint Colour J. 181 (1991) 112.
14] C.M. Hansen, Chemtech (September 1972) 547.
15] C.M. Hansen, J. Paint Technol. 39 (1967) 505.
16] D. Rasmussen, E. Walmstrom, Surf. Coat Int. 8 (1994) 323.
17] C.M. Hansen, Prog. Org. Coat. 51 (2004) 109.
18] Y.Z. Wang, J. Polym. Sci. 41 (2003) 2296.
19] K.M. Evans, J.K. Hardy, J. Appl. Polym. Sci. 96 (2004) 2688.
20] Y.H. Lang, Z.M. Cao, X. Jiang, Talanta 66 (2005) 249.
21] D.W. van Krevelen, Properties of Polymers, Elsevier, Amsterdam, 1990.
22] P. Sakellariou, R.C. Rowe, E.F.T. White, Int. J. Pharm. 31 (1986) 175.
23] D. Karst, Y. Yang, J. Appl. Polym. Sci. 96 (2005) 416.

24] G.J. Price, I.M. Shillcock, J. Chromatogr. A 964 (2002) 199.
25] P. Choi, T. Kavassalis, A. Rudin, J. Coll. Int. Sci. 180 (1996) 1.
26] J.Ch. Huang, J. Appl. Polym. Sci. 94 (2004) 1547.
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