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A B S T R A C T

Polymer for coating such as epoxy and alkyd resin use additives for enhancing physical properties,

hardening acceleration, and decreasing viscosity. Therefore, diluent selection is important for blending

of additives in the resin. The choice of these solvents is determined by comparing the solubility

parameters. In this study, it is a measure of the intrinsic viscosity of epoxy resin by Ubbelohde

viscometer and epoxy resin is calculated solubility parameter through intrinsic viscosity. The epoxy and

alkyd resins’ solubility parameters were calculated from their intrinsic viscosities to be epoxy resin

(d2d ¼ 16:55, d2 p ¼ 5:98, d2h ¼ 6:53) and alkyd resin (d2d ¼ 19:11, d2 p ¼ 3:96, d2h ¼ 4:86), respectively.

Their total solubility parameters were calculated to be epoxy resin (d2t ¼ 18:77) and alkyd resin

(d2t ¼ 20:11), respectively.

� 2012 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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1. Introduction

Prediction of material’s solubility parameter, an intrinsic
physicochemical parameter, is useful to pharmaceutics, cosmetics,
emulsion processing, assessing polymer’s compatibility and
developing functional nutrients [1]. Solubility is determined by
the combined effect of the different forces that act between
neighboring molecules to cause molecular aggregation, including
van der Waals forces, dipole moments and electrostatic attractions.
The cohesive energy (Ecoh) can be expressed by the following
equation and represents the change in internal energy per mole [2].

Ecoh ¼ DU ¼ DHvap � PDV � DHvap � RT (1)

Cohesive energy can be expressed as cohesive energy per unit
volume, that is, as following:

CED ðJ=cm3Þ ¼ Ecoh

V
(2)

The cohesive energy density (CED) can be used to define
dissolubility numerically by the Hildebrand solubility parameter.
The solubility parameter is the energy required to evaporate 1 mL
solvent at a certain temperature. The Hildebrand solubility
* Corresponding author. Tel.: +82 31 8005 3559; fax: +82 31 8005 3536.
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parameter can be calculated by following equation [3].

d ¼ ½CED�1=2 ¼ DH � RT

Vm

� �1=2

¼ DE

Vm

� �1=2

(3)

Dissolution of a solute in a solvent with a similar solubility
parameter will be thermodynamically more favorable. However,
the Hildebrand solubility parameter is the only parameter which
can determine dispersion forces between molecules [4]. Cohesive
energy between the molecules of the solvent and the solute is
influenced by polar forces, hydrogen bonding, and dispersion
forces [5]. The entire cohesive energy can therefore be expressed as
follows by considering the interactions of the three factors
together:

Ecoh ¼ Ed þ E p þ Eh (4)

where Ed, Ep, and Eh are contributions by dispersion forces, polar
forces, and hydrogen bonding, respectively [6]. Therefore, the total
solubility parameter (Ecoh) is given by the following three-
dimensional equation dispersion forces, hydrogen bonding and
polar forces [7].

dt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

d þ d2
p þ d2

h

q
(5)

where dd, dp, dh indicate the solubility parameter reflecting each
component: dispersion forces, polar forces and hydrogen bonding
[8]. The most simple way to predict the solubility parameter is the
group contribution method proposed by Hoftyzer and van
Krevelen (VKH), In which each molecule is regarded as a
combination of functional groups and calculated separately for
ing Chemistry. Published by Elsevier B.V. All rights reserved.
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Table 1
Hansen solubility parameters of various solvents [13].

Solvents d1d,

MPa1/2

d1p,

MPa1/2

d1h,

MPa1/2

d1t,

MPa1/2

Acetone 15.5 10.4 7.0 19.94

Methyl ethyl ketone 16.0 9.0 5.1 19.05

Methyl isobutyl

ketone

15.3 6.1 4.1 16.97

Benzene 18.4 0.0 2.0 19.69

Toluene 18.0 1.4 2.0 18.16

o-Xylene 17.8 1.0 3.1 18.10

Ethylbenzene 17.8 0.6 1.4 17.87

Acetic acid 14.5 8.0 13.5 21.37

Ethyl acetate 15.8 5.3 7.2 18.15

n-Butyl acetate 15.8 3.7 6.3 17.41

Benzyl alcohol 18.4 6.3 13.7 23.79

di-n-Butyl phthalate 17.8 8.6 4.1 20.19

Chloroform 17.8 3.1 5.7 18.95

Tetrahydrofuran 16.8 5.7 8.0 19.40
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Fig. 1. Variation of efflux time with the concentration of epoxy resin.
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each functional group [9]. That is calculated by quantifying the
degree to contribute to the entire molecule. The solubility
parameter for each effect is represented as follows.

dd ¼
SFd

V
; d p ¼

ffiffiffiffiffiffiffiffiffiffi
SF2

p

q
V

; dh ¼
ffiffiffiffiffiffiffiffiffiffi
SEh

V

r
(6)

A polymer’s Hildebrand solubility parameter is generally
determined by taking the mid-point of the range of solubility
parameters where the polymer is soluble, using three types of
solvents with poor, moderate and high hydrogen bonding
abilities [10]. This method cannot quantify the degree of
polymer–solvent interaction in each type of solvent. Other
experimental assessments include measuring refractive index,
turbidity, swelling and intrinsic viscosity is the gas chromatog-
raphy [11,12]. Given polymer’s mixtures of chain lengths, the
group contributions method is not suitable and many experi-
mental methods require special equipment and can be time
consuming.
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Fig. 2. Variation of efflux time with the concentration of alkyd resin.
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The calculation of solubility parameters from measuring
intrinsic viscosity [h] assumes that intrinsic viscosity will
maximized when a polymer’s solubility parameter is equal to
that of the solvent. It is a simple and accurate method. This work
reports the prediction of polymer’s solubility parameter from
intrinsic viscosity measurements, so as to overcome the inappli-
cability of the group contribution method.

2. Experimental

2.1. Chemicals

Epoxy (YD-128) and alkyd resin (391A) were the products of
Kukdo chemistry Co. The purpose of solvents in this experimental
work was to dissolve the resin. 14 solvents were used: ketones –
acetone, methyl ethyl ketone, methyl isobutyl ketone – aromatic
solvents – benzene, toluene, o-xylene, ethylbenzene – and others –
benzyl alcohol, chloroform, di-n-buytyl phthalate, ethyl acetate, n-
butyl acetate, tetrahydrofuran, acetic acid. Table 1 lists the
solvents’ Hansen solubility parameters. Table 1 [13].
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2.2. Measurement of intrinsic viscosity

Resins’ intrinsic viscosities were measured by using an
Ubbelohde viscometer. The epoxy and alkyd resins were dissolved
at units of g/dL in each of the solvents and placed in the viscometer.
Solutions’ efflux times from the viscometer were measured. The
pure solvents were similarly assessed. The solutions’ relative and
specific viscosities were calculated by using Eqs. (7) and (8). In this
case, more than seven kinds of solutions with four different
concentrations of solution were used.

3. Results and discussion

3.1. Prediction of solubility parameter

The intrinsic viscosities of solutions of alkyd resin and epoxy
resin at concentrations in different solvents were used to
calculate the resins’ solubility parameters. The intrinsic viscosi-
ties of solutions of 0.0–16.0 g/dL epoxy resin (Fig. 1) and 0.0–
20.0 g/dL alkyd resin (Fig. 2) were measured at 298.15 K using
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Fig. 4. hsp/c and ln hr/c with respect to the concentration of alkyd resin.
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an Ubbelohde viscometer, which recorded efflux times.
The efflux time of the Ubbelohde viscometer was improved
by using following solvents at the temperature of 298.15 K in
ascending order of performance: chloroform < acetone < ethyl
acetate < methyl isobutyl ketone < toluene < benzene <

ethylbenzene < o-xylene. Efflux time increased with the in-
creasing concentration of either resin. Efflux times for epoxy
resin in each solvent were ranked: acetone (16.65), ethyl acetate
(19.24), methyl isobutyl ketone (25.06), toluene (24.10),
benzene (25.51), and ethylbenzene (26.86). Ubbelohde visc-
ometers’ efflux time is increased by increasing the concentration
of the epoxy resin.

Ubbelohde viscometer in accordance with changes in the
concentration of the alkyd resin in order to measure the intrinsic
viscosity of each solvent shows the efflux time (Fig. 2). The
efflux time of the Ubbelohde viscometer was improved by the
following solvents at a temperature of 298.15 K in ascending
order of performance: acetone < methyl ethyl ketone < methyl
isobutyl ketone < toluene < benzene < o-xylene. Efflux time
increased with the increment of concentration of either resin.
Efflux times for alkyd resin in each solvent were ranked: acetone
(16.38), methyl ethyl ketone (18.76), methyl isobutyl ketone
(23.48), toluene (23.54), benzene (24.30), o-xylene (31.00).
Ubbelohde viscometer’s efflux time is increased with increment
of the concentration of the epoxy resin.

Relative viscosity (hr) and specific viscosity (hsp) were
calculated from the efflux times from equations (7) and (8)
[14,15].

hr ¼
t

t0
(7)

hs p ¼ hr � 1 ¼ ðt � t0Þ
t0

(8)

where t is the efflux time of the resin solution, and t0 is the efflux
time of the pure solvent.



Fig. 5. Resins and solvents’ calculated solubility parameters in 3D space.
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Intrinsic viscosity (h, dL/g) can be calculated from the relative
viscosity (hr) and specific viscosity (hsp) using the Huggins and
Kraemer equations. The concentration of the solution, c is
expressed by g/dL [16].

hs p

c
¼ ½h� þ kH½h�2c (9)

lnhr

c
¼ ½h� þ kK ½h�2c (10)

where kH and kK are the Huggins and Kraemer constants,
respectively [17]. In this study, the sum of kH and kK was assumed
to be 0.5 constantly according to Martin’s proposal [18]. Quadratic
curve fitting of the resins’ relative viscosity (hr) and specific
viscosity (hsp) with respect to their concentration were used to
calculate their intrinsic viscosities from the curves’ intercept
values. The resins’ relative viscosity’s (hr) and specific viscosity
(hsp) were changed according to the type of solvent (Figs. 3 and 4).
Intrinsic viscosity was calculated from the intercept of the change
curve of ln hr and hsp according to the concentration of the region
[19].

The intrinsic viscosities of epoxy resin were determined by types
of solvents as following: acetone (0.0300), methyl ethyl ketone
(0.0203), methyl isobutyl ketone (0.0244), benzene (0.0288),
toluene (0.0287), and ethylbenzene (0.0298). Those of alkyd resin
were determined by types of solvents as following: acetone (0.0560),
methyl ethyl ketone (0.0449), methyl isobutyl ketone (0.0649), n-
butyl acetate (0.0663), benzene (0.0603), toluene (0.0670), and o-
xylene (0.0493). The intrinsic viscosities were then used to calculate
the resins’ solubility parameters. The pure solvents’ Hansen



Table 2
Chi parameters of epoxy resin and alkyd resin.

Solvents V̄, cm3/mol x12 for Epoxy

resin

x12 for Alkyd

resin

Acetone 74.0 0.0409 0.0009

Methyl ethyl ketone 90.1 0.0029 0.0408

Methyl isobutyl ketone 125.8 0.1644 0.5004

Benzene 89.4 0.0024 0.0923

Toluene 106.8 0.0160 0.1638

o-Xylene 121.2 0.0219 0.1975

Ethylbenzene 123.1 0.0402 0.2492

Acetic acid 57.1 0.1557 0.0366

Ethyl acetate 98.5 0.0153 0.1527

n-Butyl acetate 132.5 0.0989 0.3897

Benzyl alcohol 103.6 1.0532 0.5660

di-n-Butyl phthalate 266.0 0.2164 0.0007

Chloroform 80.7 0.0011 0.0438

Tetrahydrofuran 81.7 0.0130 0.0166
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solubility parameters (Table 1) were used in equation (11) to
calculate constants for the resins. The parameters were calculated by
using Polymath [20].

ln½h� ¼ C0 þ C1d1d þ C2d
2
1d þ C3d1 p þ C4d

2
1 p þ C5d1h þ C6d

2
1h (11)

Each constants obtained through the expression was applied to the
equation (11). The constants for epoxy resin and alkyd resin were
computed to be C0 ¼ 28:54; C1 ¼ �3:90; C2 ¼ 0:12; C3 ¼
�0:055; C4 ¼ 0:0046; C5 ¼ 0:053; C6 ¼ �0:0041 and C0 ¼ 9:14; C1 ¼
�1:16; C2 ¼ 0:030; C3 ¼ 0:072; C4 ¼ �0:0092; C5 ¼ �0:58; C6 ¼
0:059 [21].

d2d ¼ � C1

2C2

� �
; d2 p ¼ � C3

2C4

� �
; d2h ¼ � C5

2C6

� �
(12)

Therefore, the two resins’ solubility parameters were calculated
using equation (12) to be d2d ¼ 16:55; d2 p ¼ 5:98; d2h ¼ 6:53 and
d2d ¼ 19:11; d2 p ¼ 3:96; d2h ¼ 4:86, respectively. Finally, the total
solubility parameters were obtained from the Eq. (13) [22].

d2t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

2d þ d2
2 p þ d2

2h

q
(13)

Total solubility parameters were calculated by epoxy resin
(d2t ¼ 18:77) and alkyd resin (d2t ¼ 20:11). The optimal solvent for
each resin can be found from a 3D plot of the calculated solubility
parameters (Fig. 5). In the plot, nearest solvent to the resin is
considered optimal [23]. The plot shows that the optimal solvent
for epoxy resin was ethyl acetate and that butyl acetate and
tetrahydrofuran appeared similarly effective. Benzene was closes
to alkyd resin and n-butyl acetate and o-xylene also appeared very
close in suitability.

3.2. Chi parameter

The dissolution of a solute in a solvent can be explained by the
Gibbs free energy change (DGm). The Gibbs free energy of a system
can be analyzed though separate contributions by dividing the
enthalpy effects as follows [24].

DGm ¼ DHm � TDSm (14)

A two-component mixing enthalpy of dissolution can be
expressed using the Hildebrand-Scatchard equation. The solubility
parameters of solvent (1) and epoxy resin (2) were applied as follows.

DHm ¼ V̄ðd1 � d2Þ2f1f2 (15)
The mixing entropy was also expressed by the Flory–Huggins
interaction parameter as follows

DSm ¼ kTN1f2x12 (16)

The chi parameter (x12) in equations (15) and (16) can be
expressed by the following equation.

x12 ¼
V̄ðd1t � d2tÞ2

RT
(17)

where V̄ is the molar volume of the solvent, d1t and d2t, are the
solubility parameters of the solvent and solute, respectively. The
chi parameter, x12, represents the interactions between the solute
and the solvent molecules. If the chi parameter is smaller than 0.5,
the solvent is proper for a particular solute [25]. The solubility
parameters calculated from the calculated intrinsic viscosities and
the chi parameters of each solvent with epoxy resin and alkyd resin
are listed in Table 2. The calculated chi parameters of epoxy resin
and alkyd resin can be used to assess the effectiveness of the
solvents as additives for a variety of purposes, such as thinning
since most of the solvents used in this study satisfy the conditions
of x12 < 0.5 [26]. The solvents used in this study could be used as
thinners or additives to strengthen or harden the resins, reduce
their viscosity, or improve their performance. The method
presented here is also applicable to other polymers used for
coatings and is expected to allow the efficient selection of diluents
and additives.

4. Conclusion

The solubility parameters of polymers, which cannot accurately
be described by the group contribution method, were estimated
from the polymers’ intrinsic viscosities.

1. Intrinsic viscosity was calculated from the efflux times by using
an Ubbelohde viscometer. The intrinsic viscosity of epoxy resin
was found to be 0.02–0.04 and that of alkyd resin was found to
be 0.04–0.07.

2. The epoxy and alkyd resins’ solubility parameters were
calculated from their intrinsic viscosities to be epoxy resin
(d2d = 16.55, d2p = 5.98, d2h = 6.53) and alkyd resin
(d2d ¼ 19:11; d2 p ¼ 3:96; d2h ¼ 4:86). Their total solubility
parameters were calculated to be epoxy resin (d2t = 18.77)
and alkyd resin (d2t = 20.11), respectively.

3. The resin’s chi parameter calculated and used to show the
compatibility (x12 < 0.5) of selected solvents with each resin for
used as additives such as thinner.

Overall, this method of finding polymers’ solubility parameters
through measuring viscosity at different concentrations could fine
applicability in various fields.
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