
Fluid Phase Equilibria 237 (2005) 68–76

Solubility and diffusivity of solvents and nonsolvents in
poly(methyl methacrylate co butyl methacrylate)

Hulya Eser, Funda Tihminlioglu∗
Department of Chemical Engineering, Izmir Institute of Technology, Gülbahçe Urla- İzmir 35430, Turkey
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Abstract

In this study, thermodynamic properties, namely retention volume, infinitely dilute weight fraction activity coefficient, Flory–Huggins interaction
parameter, solubility parameter of the polymer, partition coefficient and diffusion coefficients of the various solvents in poly(methyl methacrylate
co butyl methacrylate) (PMMA co BMA) at infinite dilution of the solvent have been determined by inverse gas chromatography (IGC). In this
technique, a small amount of the solvent was injected into the capillary column and its retention time was measured and used to calculate several
polymer–solvent interaction parameters which are mentioned above. The solvents used in this study were methanol, ethanol, propanol, butanol,
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ethyl acetate, ethyl acetate, propyl acetate, dichloromethane, trichloromethane, acetone, methyl methacrylate, butyl methacrylate fo
MA. The thermodynamic results, obtained from the experiments, indicated that trichloromethane and dichloromethane were the m
olvents among all the solvents studied for PMMA co BMA. The partition (K) and diffusion coefficients (Dp) of various solvents at infinite dilutio
f the solvent were calculated by using the model developed by Pawlisch et al. [C.A. Pawlisch, A. Macris, R.L. Laurence, Solute d
olymers.1. The use of capillary column inverse gas chromatography, Macromolecules 20 (1987) 1564–1578]. The optimumK andDp values

hat best fit the data were found and the model predicted experimental data very well. Vrentas–Duda free volume theory was used to
iffusion data and to investigate the effect of solvent size on diffusion process. The theory has shown to correlate diffusion data abo

ransition temperature very well for the PMMA-co-BMA–solvent system.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Molecular diffusion of solutes and monomers is important
nd finds wide range of applications in many areas including
olvent devolatilization, residual monomers stripping, packag-
ng, polymer synthesis, drying of paints and coating processes. In
hese processes it is necessary to know transport and thermody-
amic data of the polymer–solvent system. Various techniques
xist to measure these data including gravimetric sorption,
iezoelectric sorption, nuclear magnetic resonance, light scatter-

ng and inverse gas chromatography (IGC)[1,2]. Conventional
ethods like gravimetric sorption rely on bulk equilibration and
ence it is slow. Despite this, inverse gas chromatography is a

ast, reliable, accurate, simple and commonly used technique
o measure the diffusion coefficients as small as 10−13 cm2/s,

∗ Corresponding author. Tel.: +90 232 7506651; fax: +90 232 7506645.
E-mail address: fundatihminlioglu@iyte.edu.tr (F. Tihminlioglu).

applicable at both above and below the glass transition tem
ature of the polymer[1–3].

Capillary column inverse gas chromatography has been
by many researchers[2,4,5]. The principle behind this techniq
is based on partitioning of a volatile solvent between the m
gas phase and the stationary polymer phase. Due to the
transfer resistance in the polymer phase, the material i
mobile phase is swept forward while that in the stationary p
lags behind. The output elution profile of the peak from the
chromatogram gives the solubility or the partition coeffic
and the diffusion coefficient for a polymer solvent system[4].

Free volume theory which was used to correlate and
dict the diffusion coefficients, was developed by Vrentas
Duda [6] to investigate the diffusion behavior in polyme
materials. This method correlates and predicts the diffu
in a polymer–solvent system and was based on free vo
model developed by Cohen and Turnbull[7]. Vrentas an
Duda extended this theory to binary polymer–solvent sys
and derived expressions for the concentration and tempe

378-3812/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.fluid.2005.08.016
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dependence of the solvent diffusion coefficient in a polymer
solution[6].

The objective of this work was to conduct a detailed study of
the thermodynamic and diffusion measurements of poly(methyl
methacrylate co butyl methacrylate) (PMMA co BMA) copoly-
mer with various solvents over a temperature range from 150
to 200◦C by IGC. In recent years, water based polymer latexes
which have gained more attention in the coating and adhesives
industries over conventional solvent based systems. Production
of particles of methymethacrylate-butylmethacrylate copoly-
mers could be produced by microemulsion polymerization
[8–10]. Despite the industrial importance of the microemulsion
polymerization of MMA–BMA copolymers, to our knowledge
no one has reported any thermodynamic and diffusion data
for PMMA co-BMA/solvent systems. Therefore, in this study,
attempt has been made to investigate the diffusion and ther-
modynamic properties of twelve solvents in PMMA-co-BMA
at infinite dilution of the solvent. Vrentas–Duda free volume
theory was used to correlate the experimental diffusion data at
different temperatures.

2. Theoretical

2.1. Thermodynamic properties
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The weight fraction activity coefficient of the solvent at infi-
nite dilution,Ω∞

1 , was obtained by the following equation[15]:

Ω∞
1 = RT

Ps
1V

0
g M1

exp

(
−Ps

1
(B11 − V1)

RT

)
(3)

whereΩ∞
1 is the infinite dilution activity coefficient,R is the

universal gas constant,T is the system temperature,M1 is the
molecular weight of the solute,B11 is the second virial coeffi-
cient of the solute,V1 molar volume andP1 is the vapor pressure
of the solute.

Ω∞
1 gives an idea of the polymer–solvent compatibility indi-

cating that;Ω∞
1 < 5 good solvents; 5< Ω∞

1 < 10 moderate
solvents;Ω∞

1 > 10 bad solvents[16].
The Flory–Huggins interaction parameter (χ∞

12), which was
used as a measure of the strength of interaction, and therefore
as a guide in the prediction of polymer solvent compatibility is
related to the weight fraction activity coefficient by the following
equation[17]:

χ∞
12 = ln Ω∞

1 −
(

1 − 1

r

)
+ ln

ρ1

ρ2
(4)

wherer is referred to as number of segments in polymer chain
and given as;

r = ρ1M2 (5)
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Inverse gas chromatography was used previously by
esearchers to study the thermodynamic properties of pol
3,11,12]. The parameter most often measured by this tech
s the specific retention volume at 0◦C (V 0

g ), defined as[13],

0
g = 273.2

T

(
VN

w2

)
= 273.2

Tw2
(tr − tc)FJ (1)

hereVN is the net retention volume at temperature inK, w2 is
he mass of polymer,tr andtc are the retention times of sol
nd marker gas,F is the flow rate of gas andJ is the pressu
rop correction factor which is negligible for capillary colum

The specific retention volume is related to the partition co
ient,K, which is the ratio of concentration of solvent in poly
hase to the concentration of solvent in gas phase, by th

owing:

0
g = 273.2K

Tρp
(2)

hereρp is the density of the polymer.
The retention volume data can be determined by usin

ethods: (1) from the time of the peak maximum and (2)
he first moment of the peak. It has been shown that both
ds have been useful in obtaining thermodynamic and tran

nformation in polymer–solvent systems by Davis et al.[14].
hey concluded that retention volume diagram (the natural
ithm of retention volume versus reciprocal temperature) sh
e linear if first moment is used to calculate the retention vol
nless surface adsorption makes a contribution to first mo

he retention diagram based on first moment will be linear[14].
y
rs
e

l-

o

-
rt

-
d
.
t,

ρ2M1

Here,ρi is the density andMi is the molecular weight of com
ponenti.

The values ofχ∞
12 greater than 0.5 represent unfavora

polymer–solvent interactions, while the values lower than
indicate favorable interactions[18]

The solubility parameter for the volatile solvent (δ1) is found
as follows:

δ1 =
[
�Hv − RT

V1

]1/2

(6)

where�Hv is the heat of vaporization of the solvent.
In the calculation of solvent solubility parameter at high t

peratures, vapor phase correction is neglected in Eq.(6). The
effect of high temperature on cohesive energy density [�Hv/V1],
and the need to include vapor phase non ideality correction
explained by Huang et al.[19] to estimate the solubility param
ter. At temperatures near the critical temperature, the dens
the vapor phase gradually increases, and the departure o
rated vapor from the ideal gas becomes significant and ne
be included in the definition of cohesive energy density. At h
temperatures, the saturated vapor is in an high temperatu
high density state and its internal energy departure from the
state (Eo − E)vap, should be combined with the heat of vapori
tion for the calculation of solubility parameter of the solventδ∗

1
(with vapor phase non ideality correction)[19]. The equation is

δ∗2
1 = [�Evap + (Eo − E)vap]

Vliq

= [�Hvap + (Ho − H)vap − (RT − PVliquid)]

Vliquid
(7)



70 H. Eser, F. Tihminlioglu / Fluid Phase Equilibria 237 (2005) 68–76

The dimensional ratio (Ho − H)/Tc was correlated for the
reduced vapor pressure,Psat,r, by [19];

(Ho − H)

Tc
= 6.5P0.62252

sat,r

(1 + 0.76.218(− ln Psat,r)0.536042)
(8)

Then, the solubility parameter of the polymer (δ2), is found by
combination of Hildebrand and Flory–Huggins Theories is[20](

δ2
1

RT
− χ∞

12

V 0
1

)
= 2δ∞

2

RT
δ1 −

(
δ∞2

2

RT
+ χS

V 0
1

)
(9)

whereδ1 is the solvent solubility parameter at infinite dilution
of the solvent,χS is the entropic contribution toχ parameter.
After χ∞

12 (χ∞
12 = χH + χS), V1 andδ1 are known, the polymer

solubility parameter at infinite dilution (δ∞
2 ) can be determined

graphically by drawing a plot of (δ2
1(RT ) − χ/V1) versusδ1

should yield a straight line with 2δ∞
2 /(RT ) as the slope and

−(δ∞2
2 (RT ) + χS/V1) as the intercept.

2.2. Capillary column inverse gas chromatography model

Various mathematical models were developed for both
packed and capillary columns[5,17]. The major disadvantage
of the packed column is the difficulty to achieve a uniform
polymer film thickness. So, capillary columns are introduced.
P llary
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[7] and modified by Fujita[21] for diffusivities in amorphous
polymers and rubbers and redefined by Vrentas and Duda for
self and mutual diffusion coefficients of solvents in polymers.
Vrentas and Duda[6] derived the following expression for the
concentration and temperature dependence of solvent self dif-
fusion in a polymer solution aboveTg;

D1 = D01 exp

(−γ(w1V̂
∗
1 + w2V̂

∗
2 ε)

V̂FH

)
(12)

herewi is the weight fraction,D01 is the preexponential factor,
γ is the overlap factor,̂V ∗

i is the specific hole free volume of
componenti required for a diffusive jump,̂VFH is the specific
hole free volume and quantityε is defined as follows:

ε = Mj1V̂
∗
1

Mj2V̂
∗
2

(13)

whereMji is the molecular weight of a jumping unit of compo-
nenti.

Vrentas and Duda developed a relationship between the hole
free volume and well defined volumetric characteristics of the
pure components in solution:

V̂FH = w1K11(K21 − Tg1 + T ) + w2K12(K22 − Tg2 + T )

(14)

whereK andK denote free volume parameters for the sol-
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awlisch et al replaced the packed columns with capi
olumns and developed a capillary column inverse gas
atography model (CCIGC) to measure diffusivities and
bilities. In this study, the model developed by Pawlisch e
as used for infinitely dilute region[5].
They developed the following expression for the conce

ion profile at the exit of the column in dimensionless Lap
omain;

CL

Cou
= exp

(
1

2Γ

)

× exp

[
−
(

1

4Γ 2 + S

Γ
+ 2

√
S

αβΓ
tanh(β

√
S)

1/2
)]

(10)

= R

Kτ
Γ = Dg

uL
β2 = τ2u

DpL
(11)

hereC is the outlet concentration of the solute in the gas ph
c = L/u, the residence time of the carrier gas,L is the length of th
olumn,τ is the thickness of the polymer film,S is the Laplace
perator,Dg andDp are gas and stationary phase diffusion co
ients for the solvent, respectively,K is the equilibrium partition
oefficient relating gas phase concentration to the polymer p
oncentration,α is a thermodynamic parameter where asΓ and
represent the gas and the polymer phase transport prop

.3. Free volume theory

Free volume concepts were used to describe the diffusi
ow molecular weight penetrants or solvents in amorphous

er. These concepts were first introduced by Cohen and Tu
-

,

e

s.

f
-
ll

11 21
ent, while K12 and K22 are free volume parameters for
olymer. The glass transition temperature of species are
y Tgi.

Eq. (12) can be used to regress experimental data forD01
ndε. Once these parameters are known, free volume can
e used to interpolate and extrapolate the diffusion coeffic
ver a wide ranges of temperatures and concentrations.

. Experimental

.1. Materials

The capillary column was prepared by the Restek Co. (B
onte, PA). The column was 15 m long with a inner diamete
.53 mm and the thickness of the polymer coating of 6�m. All
olvents, supplied by Aldrich Chemicals were used without
her purification and were injected as liquids. Random PM
o BMA was obtained from Aldrich Chemical with a molecu
eight of 75,000 and PMMA/BMA composition (weight) ra
as 85:15 and aTg of 105◦C and a density value of 1.115.

.2. Experimental set-up

The gas chromatograph used was Schimadzu 17A equ
ith a thermal conductivity detector (TCD), a flame ioniza
etector (FID), an electron capture detector (ECD), on co

njector, air-circulating oven. Small amounts of solvent w
njected through the rubber septum of the injection port into
arrier gas (helium) using a Hamilton 1�l syringe and marke
as (methane) by 10�l syringe. The output signal from the det

or was stored and recorded in a computer.
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3.3. Data analysis

The raw data stored in the computer were converted into
ASCII format. Then the data were corrected for baseline off-
set. After the baseline correction, the elution curve was inte-
grated using a FORTRAN program to determine first and second
moments. These moments were used as initial estimates of the
partition and diffusion coefficients,K and Dp. The Laplace
transform equation was then numerically inverted using an algo-
rithm. The predicted response curve was then compared with the
experimental elution curve. The residual was minimized using
a nonlinear regression package to findK and Dp that best fit
the experimental elution curve. This analysis is derived for an
infinitely dilute concentration of solvent in the polymer and this
method was used by many authors[2,4,22]. Each experimental
point (data) reported in this article is the average of five experi-
mental measurements.

4. Results and discussion

Both thermodynamic (retention volumeV 0
g , infinitely dilute

activity coefficientΩ∞
1 , polymer solvent interaction parameter

χ, polymer solubility parameter,δ2, and transport properties (dif-
fusion coefficientDp, partition coefficientK) of 12 solvents in
PMMA co BMA were determined by inverse gas chromatogra-
p ◦
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Fig. 1. Example of a retention diagram for dichloromethane-PMMA-co BMA
system aboveTg.

ally Vg decreased linearly as temperature increased. This linear
behavior showed that the peak maximum is equivalent to the
first moment at temperature range studied which was aboveTg.

The weight fraction activity coefficients (Ω∞
1 ) of the sol-

vents in PMMA co BMA were determined by using Eq.(3) and
tabulated inTable 2. Activity results showed that, among the
solvents studied, trichloromethane had the lowest activity coef-
ficient at the same temperature and methanol had the greatest
value in a significant manner. According to our findings based
on the 12 solvents studied in this polymer, we can say that
trichloromethane is the best solvent for this polymer. Although
Ω∞

1 exhibited a maximum at 200◦C, it was found thatΩ∞
1 was

not a strong function of temperature.
Flory–Huggins interaction parameter values (χ) for 12 sol-

vents with PMMA co BMA were calculated by using Eq.(4)
at four different temperatures (150, 170, 180, 200◦C). A close
inspection of the tabulated interaction data revealed useful infor-
mation about the degree of compatibility between PMMA co
BMA and the various solvents used in this study. When the sta-
bility analysis was applied to the Flory–Huggins equation, com-
plete polymer solubility exists only whenχ is less than 0.5[18].
If the χ parameters inTable 3were examined, trichloromethane
appeared to have the minimum value forχ at all temperatures
except 150◦C at which dichloromethane had the lowest value.
Thus, one may predict that trichloromethane is the most suitable
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hy from 150 to 200C.

.1. Thermodynamic properties

Retention volume (V 0
g ) is a key parameter to obtain t

hermodynamic properties of the system by inverse gas
atography.Vg of the solvents for the polymethyl methacryl

o butyl methacrylate at four different temperatures were d
ined using Eq.(1) using the peak maximum method a

eported inTable 1. Vg of the solvents were also found by us
he first moment of the elution peaks. The retention diag
ased on the peak maximum and the first moment was l
oth methods gave a similar result with a less than 5% erro
ll the solvents studied.Fig. 1shows an example of a retenti
iagram of dichloromethane-PMMA-co BMA system. Gen

able 1
etention volumes for PMMA co BMA-solvent systems

olutes V 0
g

150◦C 170◦C 180◦C 200◦C

ethanol 4.25 3.03 2.69 1.61
thanol 5.22 3.86 3.35 2.08
-Propanol 7.72 6.29 5.55 3.3
-Butanol 12.03 10.08 7.37 5.2
ethyl acetate 4.12 3.57 2.97 1.9
thyl acetate 4.93 4.42 3.87 2.3
ropyl acetate 6.85 6.12 5.64 3.8
ichloromethane 6.60 4.95 3.94 2.7
richloromethane (chloroform) 7.58 7.58 6.25 4.3
cetone 4.50 3.65 3.10 2.1
MA 7.76 7.23 6.33 4.36
MA 21.35 20.52 16.84 11.10
able 2
eight fraction activity coefficients for PMMA co BMA-solvent systems

olutes Ω∞
1

150◦C 170◦C 180◦C 200◦C

ethanol 88.31 83.09 77.89 92.5
thanol 16.88 15.56 15.18 18.2
-Propanol 10.21 8.64 8.33 10.4
-Butanol 11.20 8.75 9.93 10.0
ethyl acetate 11.73 10.27 10.93 13.1
thyl acetate 13.34 10.92 10.86 13.7
ropyl acetate 16.79 10.51 10.86 12.
ichloromethane 4.66 4.86 5.46 6.3
richloromethane 4.70 3.74 3.78 4.3
cetone 13.70 12.80 13.34 15.3
MA 14.18 10.82 10.60 11.59
MA 16.98 10.86 10.61 10.80
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Table 3
Interaction parameters of PMMA co BMA-solvent systems

Solutes χ12

150◦C 170◦C 180◦C 200◦C

Methanol 3.00 2.88 2.79 2.89
Ethanol 1.29 1.16 1.10 1.22
1-Propanol 0.76 0.54 0.47 0.62
1-Butanol 0.92 0.64 0.74 0.71
Methyl acetate 1.05 0.85 0.88 0.98
Ethyl acetate 1.16 0.91 0.87 1.04
Propyl acetate 1.40 0.89 0.90 0.95
Dichloromethane 0.47 0.45 0.54 0.60
Trichloromethane 0.64 0.36 0.35 0.44
Acetone 1.03 0.90 0.90 0.95
MMA 1.30 0.99 0.95 0.99
BMA 1.47 0.99 0.95 0.94

solvent for PMMA co BMA. On the other hand, considering all
of the solvents studied in this study, methanol had the high-
estχ value at all temperatures. This indicated that methanol had
very poor solubility characteristic among the studied solvents for
PMMA co BMA showing no affinity to this polymer as mani-
fested by their relatively highχ values and the decreasing values
of Ω∞

1 with increasing temperature. Previously the highestΩ∞
1

values also proved that methanol was the unsuitable solvent for
PMMA co BMA. In the alcohol series, propanol has the min-
imum value but still all of its values at these temperatures are
higher than 0.5. The monomers of PMMA co BMA gave similar
interaction parameters and the values were higher than 0.5 at all
temperatures.

A least-square analysis of plots of (δ2
1/(RT) − χ12/V1) ver-

sus δ1 was carried out to obtain the PMMA co BMA solu-
bility parameters at 150, 170, 180, 200◦C. These plots give
a slope of 2δ∞

2 (RT) and an intercept of−(δ∞2
2 (RT ) + χV1).

Fig. 2 shows the solubility parameter calculation of polymer
at 200◦C without vapor phase correction. Derived values of
δ∞

2 at 150, 170, 180, 200◦C were 15.22, 13.81, 13.37, and
11.79 (J/cm3)1/2, respectively. The temperature dependence of
the solubility parameter obtained for PMMA co BMA is shown
in Fig. 3with a linear correlation coefficient greater than 0.993.
The solvent solubility parameters calculated without and with
nonideality correction were listed inTables 4 and 5, respectively.

Fig. 3. Solubility parameter of PMMA co BMA as a function of temperature.

Table 4
Solute solubility parameter data (δ1)

Solutes δ1 (J/cm3)1/2

150◦C 170◦C 180◦C 200◦C

Methanol 21.97 20.22 19.22 16.83
Ethanol 20.17 18.72 17.90 15.92
1-Propanol 18.07 16.75 16.01 14.33
1-Butanol 17.69 16.59 16.00 14.71
Methyl acetate 13.93 12.67 11.95 10.19
Ethyl acetate 13.60 12.56 11.98 10.65
Propyl acetate 13.72 12.87 12.41 11.39
Dichloromethane 14.31 12.94 12.16 10.29
Trichloromethane 14.43 13.48 12.95 11.78
Acetone 14.37 13.05 12.29 10.42
MMA 14.39 13.55 13.10 12.13
BMA 14.24 13.68 13.39 12.77

It can be seen that, the corrected solute solubility parameters
were slightly higher than noncorrected ones. The calculated val-
ues ofδ∗∞

2 at 150, 170, 180, 200◦C were 16.00, 15.10, 14.88,
and 13.76 (J/cm3)1/2, respectively. At these temperaturesδ∗∞

2
also showed a linear relationship with temperature. Again, the
correction of vapor phase non ideality gave higher solubility
parameter for the polymer. Without the correction, the solubility
parameters of solvent and polymer tended to be underestimated

Table 5
Solute solubility parameters with correction (δ1

a)

Solutes δ1 (J/cm3)1/2

150◦C 170◦C 180◦C 200◦C

Methanol 22.36 20.78 19.90 17.82
Ethanol 21.16 20.23 19.75 18.70
1-Propanol 18.96 18.11 17.68 16.81
1-Butanol 18.17 17.34 16.92 16.08
Methyl acetate 15.32 14.66 14.31 13.57
Ethyl acetate 14.53 13.91 13.59 12.93
Propyl acetate 14.29 13.70 13.40 12.80
Dichloromethane 16.10 15.43 15.10 14.41
Trichloromethane 15.54 15.03 14.78 14.29
Acetone 15.79 15.08 14.71 13.88
MMA 14.93 14.31 14.01 13.40
BMA 14.40 13.92 13.68 13.21

a With vapor phase non ideality correction.
Fig. 2. Estimation of PMMA co BMA solubility parameter at 200◦C.
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[19]. Therefore, at high temperatures, vapor phase non ideality
should be taken into account for the calculation of the solubility
parameter of the solvent.

By comparing the solvent solubility parameters,δ1, listed
in Tables 4 and 5with the estimated PMMA co BMA sol-
ubility parameter, one could distinguish between solvents
and non solvents. Good examples were dichloromethane and
trichloromethane which possessed the closest solubility param-
eters to that of PMMA co BMA, indicating their strong solvency
power, just as predicted through the other interaction parame-
ters. Alcohols, especially methanol, on the other hand, with their
higher solubility parameters were poor solvents of PMMA co
BMA, in agreement with the conclusions based on the other
parameters.

In general, the prediction of the degree of compatibility of the
various solvents with PMMA co BMA using the solubility con-
cept agreed well with that obtained through the stability analysis
approach by usingχ12 parameter.

4.2. Diffusion measurements of PMMA co BMA-solvent
systems

The partition and diffusion measurements of twelve sol-
vents were performed in PMMA co BMA over a tem-
perature range of 150–200◦C, which was well above the
g ◦
T nol,
p etate,
d acry-
l -
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g
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F MA
c

Table 6
Partition coefficients for solvent-PMMA co BMA system

Solutes K

150◦C 170◦C 180◦C 200◦C

Methanol 6.34 4.60 3.96 2.96
Ethanol 8.47 6.12 5.10 3.89
1-Propanol 14.41 10.34 8.78 6.31
1-Butanol 24.38 16.73 13.97 9.89
Methyl acetate 7.74 5.66 4.17 3.68
Ethyl acetate 10.40 7.56 6.40 4.79
Propyl acetate 15.70 11.49 9.43 7.24
Dichloromethane 10.55 7.78 6.47 5.07
Chloroform 15.75 12.93 10.20 7.96
Acetone 7.90 6.08 5.01 3.89
MMA 17.94 12.68 10.73 7.87
BMA 50.97 35.44 28.82 19.76

acetate, propyl acetate, dichloromethane, trichloromethane, ace-
tone, methyl methacrylate, butyl methacrylate at 150, 170, 180,
200◦C at infinite dilution were tabulated inTable 6. Table 6
exhibited that partition coefficient increased as temperature
decreased indicating that the solvent solubility was inversely
related to the temperature of the system. The change in partition
coefficient was greater at lower temperatures. An error analy-
sis onK values was also performed. When standard deviation
were calculated, it was in the range of 0.06–0.4. For PMMA co
BMA/methyl acetate system, the change of partition coefficient
with temperature was shown inFig. 5. This figure exhibited that
the results were reproducible.

Clearly, the functionality of log (K) with temperature is linear
for all solvents studied at temperatures above the glass transi-
tion of the polymer as expected and found by other researchers
[2,5,23]. For the alcohols butanol had the highest partition coef-
ficient and methanol had the lowest partition coefficient since the
molecular weight of butanol was greater than methanol. Acetates
reflected the same behavior for the molecular weight dependence
of partition coefficient propyl acetate had the highestK value at
all temperatures among the acetates supporting this idea.

Among the partition coefficients for dichloromethane,
trichloromethane and acetone, trichloromethane had the great-
est value and acetone had the lowest at all temperatures.
This demonstrates that PMMA co BMA was more soluble in
trichloromethane than dichloromethane and acetone.
lass transition temperature of the polymer (Tg = 105 C).
he diffusion and partition coefficients of methanol, etha
ropanol, butanol, methyl acetate, ethyl acetate, propyl ac
ichloromethane, trichloromethane, acetone, methyl meth

ate, butyl methacrylate at 150, 170, 180, 200◦C were deter
ined by flame ionization detector.
Fig. 4shows the theoretical and experimental elution pro

f methanol at 170◦C. The points and solid lines in this fi
re represent the experimental and theoretical data, respec
he partition (K) and diffusion coefficients (Dp) were obtaine
y regressing these curves. The good agreement between

mental and CCIGC model accurately describes the chrom
raphic process.

The values of infinitely dilute partition coefficients (K) of
ethanol, ethanol, propanol, butanol, methyl acetate,

ig. 4. Comparison of experimental and theoretical elution profiles for PM
o BMA-methanol system at 443◦K.
 Fig. 5. Error analysis for methyl acetate-PMMA co BMA system.



74 H. Eser, F. Tihminlioglu / Fluid Phase Equilibria 237 (2005) 68–76

Table 7
Diffusion coefficients for solvent-PMMA co BMA system

Solutes Dp (cm2/s)

150◦C 170◦C 180◦C 200◦C

Methanol 2.20× 10−7 5.64× 10−7 8.05× 10−7 1.38× 10−6

Ethanol 4.36× 10−8 1.34× 10−7 2.08× 10−7 4.91× 10−7

1-Propanol 1.48× 10−8 5.25× 10−8 8.62× 10−8 2.41× 10−7

1-Butanol 8.20× 10−9 3.38× 10−8 6.24× 10−8 1.94× 10−7

Methyl acetate 2.54× 10−8 8.48× 10−8 1.39× 10−7 3.41× 10−7

Ethyl acetate 1.25× 10−8 4.53× 10−8 8.43× 10−8 2.34× 10−7

Propyl acetate 7.24× 10−9 2.94× 10−8 4.64× 10−8 1.45× 10−7

Dichloromethane 3.34× 10−8 9.81× 10−8 1.86× 10−7 4.42× 10−7

Chloroform 8.70× 10−9 2.81× 10−8 6.12× 10−8 1.27× 10−7

Acetone 2.37× 10−8 7.90× 10−8 1.36× 10−7 3.49× 10−7

MMA 7.01× 10−9 2.86× 10−8 5.25× 10−8 1.63× 10−7

BMA 2.55× 10−9 1.17× 10−8 2.30× 10−8 8.68× 10−8

The diffusion coefficients (Dp) of methanol, ethanol,
propanol, butanol, methyl acetate, ethyl acetate, propyl acetate,
dichloromethane, trichloromethane, acetone, methyl methacry-
late, butyl methacrylate at 150, 170, 180, 200◦C were deter-
mined at infinite dilution and tabulated inTable 7.

The diffusion coefficients were correlated with the free vol-
ume theory to analyze the temperature dependence of diffusion
coefficients. The free volume parameters for PMMA co BMA
were determined using the data reported by Tonge et al.[24].
Tonge et al. calculated the pure PMMA and PBMA free volume
parameters using viscosity versus temperature data. Free volume
parameters of PMMA co BMA were calculated using the mixing
rule and found asK22 = 93.44 K,K12/γ2 = 1.4× 10−4 cm3/gK,
V ∗

2 = 0.7659 cm3/g [24]. All diffusion data were regressed
using two fitting parameters,D0 andξ, using non linear regres-
sion analysis.

The comparison of experimental diffusion coefficients and
the correlated values with the free volume theory are shown in
Figs. 6–9. The data were well correlated with Vrentas Duda
free volume theory. These figures pointed out that besides tem-

.

Fig. 7. Temperature dependence ofDp for acetates-PMMA co BMA system.

perature effect onD, molecular size had an effect on diffusion
coefficient. As molecular size increased, diffusion coefficient
decreased.

The regressed parameters (D01 andε) of PMMA co BMA-
solvent systems were tabulated inTable 8. From Table 8and
Fig. 10, one can also see that with increasing molecular size of
the solvent molecule,D0 andξ also increased.

In literature, to our knowledge, no one studied the diffusion or
thermodynamic properties of PMMA co BMA polymer–solvent
system. Diffusion data of MMA and BMA monomers in PMMA
and PBMA homopolymers were studied using the pulsed field
gradient (PFG)–NMR sorption technique by Tonge et al.[24].
They obtained the self diffusion coefficients at 298 and 313 K.
The diffusion coefficients of MMA in PMMA at 298 and 313 K
were in the range of 3× 10−9–0.5× 10−10 m2/s in the polymer
weight fraction of 0–0.4. The diffusion coefficients of MMA in

F e,
a
Fig. 6. Temperature dependence ofDp for alcohols-PMMA co BMA system
ig. 8. Temperature dependence ofDp for dichloromethane, trichloromethan
cetone in PMMA co BMA.
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Fig. 9. Temperature dependence ofDp for MMA, BMA in PMMA co BMA.

Table 8
Free volume parameters for various solvents

Solutes D0 (cm2/s) ξ

Methanol 2.28× 10−04 0.17
Ethanol 3.54× 10−04 0.23
1-Propanol 4.59× 10−04 0.26
1-Butanol 1.06× 10−03 0.29
Methyl acetate 4.11× 10−04 0.24
Ethyl acetate 6.96× 10−04 0.27
Propyl acetate 4.63× 10−04 0.28
Dichloromethane 5.35× 10−04 0.24
Trichloromethane 2.38× 10−04 0.26
Acetone 5.37× 10−04 0.25
MMA 8.44× 10−04 0.29
BMA 1.20× 10−03 0.33

PBMA was in the range of 3.5× 10−9–1× 10−9 m2/s at 298 K
and 6× 10−9–1× 10−9 m2/s at 313 K in the polymer weight
fraction of 0–0.4. In the same polymer weight fraction,Dp of
BMA in PBMA was in the range of 1.5× 10−9–0.4× 10−9 m2/s
at 298 K and 1.3× 10−9–0.5× 10−9 m2/s at 313 K. Also,
Arnould [25] reported diffusion of various solvents (methanol,
acetone, methyl acetate, ethyl acetate, propyl acetate) i

Fig. 10. Effect of molecular size onDo andξ.

PMMA homopolymer at infinite dilution of solvent and
they have obtained diffusion coefficients in the range of
1.29× 10−7–7.22× 10−10 cm2/s at 433–343 K.

5. Conclusion

Polymer–solvent interactions, partition and diffusion coeffi-
cients at infinite dilution of solvent were obtained for various
solvents in poly(methyl methacrylate co butyl methacrylate)
(PMMA co BMA) by inverse gas chromatography (IGC). Since
IGC technique is rapid, simple, reliable; this technique has been
preferred by many authors to obtain polymer–solvent interac-
tions. In this study, both thermodynamic and diffusion measure-
ments were performed by this technique.

Thermodynamic results obtained in this study were revealed
useful information about the degree of compatibility between
the polymers and the various solvents used. The weight fraction
activity coefficientΩ∞

1 , Flory–Huggins interaction parameters
χ of various solvents in PMMA co BMA were determined and
trichloromethane and dichloromethane were obtained as the
most suitable solvents for the polymer. The solubility param-
eters of both solvents (δ1) and polymers (δ2) the polymer were
also estimated. The prediction of the degree of compatibility of
the various solvents with PMMA co BMA using the solubil-
ity concept agreed well with that obtained through the stability
analysis approach by usingχ parameter.
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The mathematical model derived by Pawlisch et al.[5]
or calculating the partition and diffusion coefficients of s
ents in polymers at infinite dilute of solvent was used.
ptimum K and Dp values that best fit the data were w

ound and the model predicted the experimental data
he effect of temperature on partition and diffusion co
ients was investigated and it was observed that as tem
ure increased partition coefficient decreased where as diff
oefficient increased. Vrentas–Duda free volume theory
sed to correlate the diffusion coefficients and free vol
arameters of various solvents in PMMA co BMA polym
ere calculated by regression method. The results indi

hat the diffusion data were well correlated by the free vol
heory.

ist of symbols
solute concentration in the gas phase (mol/cm)

′ solute concentration in polymer phase (mol/cm)
mutual diffusion coefficient (cm/s)

g solvent diffusion coefficient in the mobile pha
(cm2/s)

p solvent diffusion coefficient in the polymer pha
(cm2/s)
equilibrium partition coefficient

11 solvent free-volume parameter (cm/g K)
21 solvent free-volume parameter (K)
12 polymer free-volume parameter (cm/g K)
22 polymer free-volume parameter (K)
i molecular weight of the componenti (g/mol)

gas constant (J/mol K)
radial direction (cm)
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S Laplace operator
t time (s)
T temperature (K)
Tgi glass transition temperature of componenti (K)
u mean velocity of the carrier gas (cm/s)
VFH specific hole-free volume (cm/g)
V ∗

i specific critical hole free volume of componenti (cm/g)
z axial direction

Greek letters
α nondimensional thermodynamic parameter
β nondimensional polymer phase diffusion parameter
γ overlap factor which accounts for shared free volume
Γ nondimensional gas phase diffusion parameter
δi solubility parameter (J/cm3)1/2

ξ ratio of solvent and polymer jumping units
τ film thickness in the capillary column (cm)
χ Flory–Huggins polymer–solvent interaction parameter
Ωi weight fraction of componenti
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