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KEYWORDS Abstract Capillary column inverse gas chromatography (CCIGC) was adapted to determine the
Inverse gas chromatography; thermodynamic properties of poly (styrene-co-butadiene) rubber (SBR) and various molecules,
Capillary column; including aliphatic alkanes (C6, C7 and C8), alicyclics (C5 and C6)), aromatics (benzene and
Poly(styrene-block- toluene), ethanol, tetrahydrofuran and acetonitrile. Capillary column inverse gas chromatography
butadiene) rubber; (CCIGC) was adapted to determine the thermodynamic properties of poly (styrene-co-butadiene)
Thermodynamic parameters; rubber (SBR) and various molecules, including aliphatic alkanes (C6, C7 and C8), alicyclics (C5
Nonrandom two-liquid and C6)), aromatics (benzene and toluene), ethanol, tetrahydrofuran and acetonitrile. The results
model; obtained were compared with those of the literature determined by packed column (PCIGC) and

Universal quasichemical

del by other methods. It was revealed that the values of the heat of vaporization and the Hansen sol-
mode

ubility parameter determined by CCIGC in some cases agree well with those of the literature, while
in other cases deviates significantly. The comparison of the values of the literature obtained by
PCIGC determined by different authors, significant differences were also observed in certain cases.
This gap is undoubtedly related to the experimental errors occurred during the support treatment
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and/or during the preparation of the column. The activity coefficients of the solvents at infinite dilu-
tion were calculated and compared with those obtained by fitting the non-random two-liquid and

universal quasichemical models.

© 2021 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The compatibility of polymer—solvent systems is extremely
important for determining the suitability of a polymer for a
given application. The widely used model for studying poly-
mers in solutions is based on the Flory—Huggins theory
(Flory, 1941), where the main objective is to estimate the poly-
mer—solvent interaction parameter, y. This unit-less entity is
used to characterize the thermodynamic state of a mixture of
a polymer and solvent or another polymer. In all cases, the
interaction between a polymer and another compound plays
a significant role (Horta and Pastoriza, 2005).

The determination of interaction parameters has been a
subject of extensive research. For “solvent—polymer” systems,
a large number of techniques and parameters, including the
vapor pressure of the solvent, osmotic pressure, equilibrium
of sedimentation, diffraction of light at small and large angles,
and swelling (Flory, 1941) and inverse gas chromatography
(IGC) are employed to determine these interaction parameters
(Mohammadi-Jam and Waters, 2014; Voelkel et al., 2009).
IGC is among the most efficient techniques for estimating
the thermodynamic properties of polymers, solvents, and poly-
mer—solvent and polymer—polymer systems. Additionally, ICG
is regarded as the simplest, fastest, and most precise technique
to perform physicochemical measurements on various non-
volatile materials in different forms and morphologies, includ-
ing modified silica, glass fibers, and certain pharmaceutical
products in the form of powders (Conder and Young, 1979).
However, IGC is the preferred technique for polymers and
has a wide range of applications (Mohammadi-Jam and
Waters, 2014). ICG allows the rapid and precise estimation
of the Hansen solubility parameters for solvents and polymers
and for polymer—solvent and polymer—polymer systems.
Moreover, IGC has been used to determine various other poly-
mer properties, such as the glass-transition temperature,
degree of crystallinity, activity coefficients, and adsorption iso-
therms (Guillet and Al-Saigh, 2006). In our previous work, we
used IGC to validate pervaporation results (Hadj-Ziane et al.,
2005; Moulay et al., 2006).

IGC can be performed in two different modes: (1) infinite
dilution (where Henry’s law is valid) and (2) finite concentra-
tion. IGC at infinite dilution (IGC ID) involves injecting very
small quantities of probe molecules (at the limit of detection)
to neglect interactions between the adsorbed molecules
(Voelkel et al., 2009). IGC ID allows the determination of
the thermodynamic quantities of the interactions developed
between the polymer and molecules with which it is brought
into contact. Therefore, ICG is among the simplest techniques
for measuring the solubility and diffusivity of polymer systems
with ID and polymer systems using filled and capillary col-
umns. However, the filled-column model, which was initially
employed by Gray and Guillet (Gray and Guillet, 1973), has
the following disadvantage: non uniform distribution of

polymer; moreover, the contribution of the factor linked to
the adsorption of the support is not always negligible. Conse-
quently, this method yields less-precise values for evaluating
diffusion coefficients and sorption. As a result, the reported
values of the intrinsic thermodynamic parameters related to
a same solute in terms of the vaporization heat and solubility
parameter determined by packed-column IGC (PCIGC) using
different stationary phases sometimes differ (Cai et al., 2002;
Diez et al., 2011; DiPaola-Baranyi, 1982; Hadj-Ziane et al.,
2005; Ugraskan et al., 2020). This is mostly due to the effect
of the adsorption of the support. To minimize this effect, the
support must be perfectly inert and uniformly impregnated
by the stationary phase.

However, taking into account the phenomenon of friction
between the impregnated particles during the preparation of
the column and the filling of the column, the minimization
of errors in the determination of the weight of polymer in
the column is not always ensured.

However, given the friction phenomenon between the
impregnated particles during column preparation and column
filling, the minimization of errors in the determination of the
weight of polymer inside the column is not guaranteed every
time. Moreover, such effects have been highlighted during
the determination of the Flory—Huggins interaction parame-
ters involving miscible blends using PCIGC. Indeed, it was
revealed that the Flory—Huggins parameters vary according
to the nature of the probe molecule (Al-Ghait et al., 2012;
Etxeberria et al., 1994; Huang, 2006), but in principle, this
should not be assumed. In such a case, if this occurs, it is only
because of the phenomenon of adsorption linked to the sup-
port. Indeed, the adsorption of the support depends on the
nature of the adsorbed probe molecule; therefore, its effect is
projected on the values of these parameters. Using a capillary
column in which the polymer is more uniformly deposited on
the walls of the column, Pawlisch er al. (Pawlisch et al.,
1988; Pawlisch et al., 1987) proposed a more precise method
for measuring these coefficients. Since then, capillary column
IGC (CCIGC) has frequently been employed to study the
transport and thermodynamic properties of polymer—solvent
systems with ID (Balashova et al., 2001; Cai et al., 2002;
Huang, 2006; Huang, 2004). The principle of this technique
is based on the distribution of the volatile solvent between
the gaseous mobile phase and stationary phase comprising
the polymer. The most important factor is to determine the
partition coefficient, Kp, which is the ratio of the concentration
of the solvent in the polymer phase to that of the solvent in the
vapor phase.

Poly(styrene-co-butadiene) rubber (SBR) is an elastomer
that exhibits excellent chemical, thermal, and mechanical sta-
bilities. These properties enable SBR to be widely used in the
rubber industry as latex for rubber adhesives and supports
for carpets, belts, floor coverings, wires, and cables for instal-
lations (Chahal et al., 2012). Therefore, the knowledge of the
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thermodynamic properties of the SBR solution undoubtedly
make it suitable for applications in other fields.

The contributions of this study include the importance of
CCIGC for determining the thermodynamic properties of
polymers and solvents and to minimize the experimental errors
mainly due to the support treatment and/or column prepara-
tion used in the PCIGC method. In this work the CCICG tech-
nique is applied to estimate the solubility parameters of
solvents and SBR. To achieve these objectives, a capillary col-
umn that was covered on its inside surface with a thin layer of
SBR as the stationary phase was prepared via the casting
method. This column was used to estimate the retention vol-
umes of the solvents used as probes, the activity coefficients,
polymer—solvent interactions, and solubility parameters of
the copolymer and solvents were determined at different
temperatures.

2. Materials and methods

2.1. Materials

SBR (Mn = 6.0-10° gmol™!) containing 45% styrene,
cyclopentane (97% purity), toluene (99.5% purity), and etha-
nol (99.9% purity) was supplied by Sigma-Aldrich (Munich,
Germany). n-Octane, n-heptane, acetonitrile, benzene, tetrahy-
drofuran (THF), and propanol were purchased from Panreaca
Quimica SA (Barcelona, Spain). n-Hexane (99% purity) and
cyclohexane (99% purity) were provided by Fluka (Buchs,
Switzerland). All chemicals were used without further
purification.

2.2. Characterization

Knowing the thermal properties, such as the glass-transition,
melting, and degradation temperatures, of the polymer consti-
tuting the stationary phase is essential in the chromatography
domain because these parameters determine the limit under
which the column can be conditioned and used. We previously
investigated the thermal properties of SBR via differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) (Benguergoura and Moulay, 2012). The profile of the
DSC chromatogram of the terpolymer revealed that the
glass-transition temperature, 7,, and melting temperature,
T,,, were —55°C and 246 °C, respectively, and its thermal
decomposition, as determined by the TGA, started at 375 °C.

The uniformity of the internal coating and average film
thickness were estimated by scanning electron microscopy
(SEM) analyses using a JSM-6060LV microscope (JEOL,
Tokyo, Japan), and the samples were coated with a gold grid.

2.3. Column preparation

A Supelco-type capillary column comprising fused silica of
intermediate polarity (internal diameter, 0.35 mm; length,
30 m) was filled with 0.2 w/v% solution of SBR using a syringe
pump according to a previously described dynamic filling pro-
cedure (Ugraskan et al., 2020). The column was maintained at
a constant temperature by placing it in an oven specially mod-
ified for the purpose of allowing the solvent to slowly evapo-
rate and form a uniform coating.

Fig. 1 shows the micrographs of the cross-sections of a vir-
gin and SBR-coated capillary column. The cross-section of the
SBR-coated capillary column showed a thin additional layer of
SBR with a thickness varying between 1.53 and 1.64 um
according to the measurements of different sections, thus
revealing that the capillary column was successfully prepared.
Similar thickness is usually used in IGC (Bonifaci et al., 1994;
Tihminlioglu and Danner, 1999).

Prior to use, the column was conditioned at 250 °C under a
slow carrier-gas flow for 24 h. The flow rate (4 mL-min~") was
controlled with a soap-bubble flowmeter for all the probes
injected at room temperature (~25 °C).

2.4. Retention volume measurements

We used a gas chromatograph-type 17A column (Shimadzu,
Kyoto, Japan) equipped with a flame ionization detector to
measure the retention volume. Injection was performed using
a 5-ul. Hamilton syringe (Hamilton, Reno, NV, USA) and
1.0 pL of each molecular probe in its vapor state for each anal-
ysis, and the experiment was conducted thrice for each solvent
and temperature combination. The arithmetic average of the
retention times of the repeated injections (with errors of
+ 0.1 min) was used to calculate the retention volume. The
net retention volume, V', was calculated from the collected
retention times of the studied probes using the following equa-
tion (Ugraskan et al., 2020):

=0 A(7) =) M

where fz and ¢, are the retention time of the molecular probe
and the retention time of methane, which was used as the non-
retained gas (marker gas), respectively. The ¢yvalue was mea-
sured for all molecular probes at 30 °C, 40 °C, 50 °C, 60 °C,
and 70 °C. Additionally, Q is the flow rate measured at the col-
umn outlet using a soap-bubble flowmeter at temperature T, T
is the column temperature, and j2 is the James-Martin gas-
compressibility correction factor [Eq. (2)] (James and Martin,

1952):
22
3 (F) — |
3
e
where P; and P, are the pressure at the inlet and outlet of the
column, respectively.

The specific retention volume is vital in the calculation of
thermodynamic parameters. For all molecular probes, the
specific retention volume was calculated using Eq. (3), as
adapted from Yampolskii et al. (Yampolskii and Belov,
2015) on the basis of the Davankov works (Dominguez

et al., 2001), which was taken as the basis for novel official
TUPAC recommendations:

273.15 vV
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g T ws’
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where wg is the mass of the polymer and 7' is the column tem-
perature. The retention time can be determined either from the
maximum peak time, or from the first moment of the peak.
According to various previous studies (Balashova et al.,
2012; Davis et al., 2004; Eser and Tihminlioglu, 2005), both
the methods yield precise values with regards to the thermody-
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namic or transport properties for polymer—solvent systems.
Several models exist for estimating the retention time.

The retention time can be determined either from the top of
the peak or its first appearance in the chromatogram. Accord-
ing to previous studies (Balashova et al., 2012; Davis et al.,
2004; Eser and Tihminlioglu, 2005), both methods yield precise
values with regard to thermodynamic or transport properties
for polymer—solvent systems. Several models exist for estimat-
ing the retention time based on the mathematical processing of
elution data that correspond to the chromatographic peak of a
theoretical concentration profile, generally by means of the
Laplace transform. The simplest method is that employing
the distribution of retention times by analogy with the distri-
bution of the residence-time [Eq. (4)] and the partition coeffi-
cient, K,, expressed by Eq. (4) (Balashova et al., 2012),
which is the ratio of the concentration of the solvent in the
polymer phase to that of the solvent in the gas phase.

f::o tkC([)dt
My = Wv “)
Ky — (M) . (5)

where r is the radius of the capillary column, ¢ is the thickness
of the polymer film on the internal wall of the column, ¢,, is the
retention time of the inert gas, and g, is the start time of the
peak. The specific retention volume is also related to the par-
tition coefficient by the Laub and Pecsok equation [Eq. (6)]
(Laub and Pecsok, 1978):

Coated
colum

SEM micrographs of cross-sections of a virgin and SBR-coated capillary column.

P _ 273,15 K, ©)
g T Py ’
where T (K) is the column temperature. Moreover, p, is the
density of the polymer at the temperature of the column.
For small intervals of temperature and at constant pressure,
the density of the polymer at temperature 7 is calculated using
Eq. (7):
Py

PP 3(T—T,) O

where pj is the density of the polymer measured at temperature
T, and o is the linear thermal expansion coefficient, which is
5.8-107%°C~" for SBR (Kim et al., 2019). The specific reten-
tion volume varies with temperature. In the absence of any
change in the physical state and/or modification of the struc-

ture of the stationary phase, the plot of ln<V§73) versus the

inverse of the temperature (the retention diagram) is a straight
line. Before the T, value, the linearity presumes sorption
equilibrium in the mass of the polymer, and the molar heat
of sorption AHg; is deducted from the slope of the curve using
the following equation (Farshchi et al., 2018):

R 0V}’

757 (g)
a(7)

where R is the gas constant.
Beyond T, + ~20 °C, as in the case of SBR (T, = —55 °C),

the linearity presumes the dissolution equilibrium of the sol-
vent in the polymer, whose heat of dissolution, AHys, is

AHs(,') = —
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directly deduced from the slope of the straight line, as

expressed by Eq. (9):

AR R (31}1V§73 )
diss — 8(l) )

2.5. Determination of the weight-fraction activity coefficient

According to Braum and Guillet (Gray and Guillet, 1973), the
weight-fraction activity coefficient at infinite dilution, Q°, is
expressed by Eq. (10):

_RT

~ PN,

0
QF exp {——I(B” — V‘f)], (10)
where V| and M, are the molar volume and molar mass of the
solvent, respectively, P{ is the vapor pressure calculated from
the Antoine equation [Eq. (11)] (Boublik et al., 1984), and T
is the temperature of the system.

B

lnPl (KPa) =A- W,

(11)
where A, B, and C are Antoine’s constants and B, is the sec-
ond Virial coefficient. Voelkel and Fall (Voelkel and Fall,
1995) revealed that there is a significant change in the interac-
tion parameter when the second coefficient of Virial is chan-
ged. The latter can be obtained from the Guggenheim and
Wormald relationship (Guggenheim and Wormald, 1965),
which is expressed as follows:

B]] T( T 2
L —1,144( =) = 0,480 (
7 = 0,500 1, (T) 0, 80(T)

—0,042(5)3, (12)

where V°, T, and T° are the critical volume, temperature of the
experiment, and critical temperature, respectively. The value of
Q) characterizes the polymer—solvent compatibility. Accord-
ing to Farshchi et al. (Farshchi et al., 2018), a Q{°value < 5
indicates good solvation, a value between 5 and 10 indicates
moderate solvation, and a value > 10 implies poor solvation.

2.6. Determination of the Flory—Huggins interaction parameters

The Flory-Huggins interaction parameter, y; ,, is used to mea-
sure the strength of interactions and, therefore, as a guide in
the prediction of polymer—solvent compatibility. According
to Gray and Guillet (Gray and Guillet, 1973), this parameter
is related to the weight-fraction activity coefficient as follows:

1
Y1y = QY +ln<%> - (1 —r—>, (13)
V4 s

where r, is the number of segments in the polymer chain, which
is calculated as follows:
M
o=t (14)
p,M
where p, is the density of the solvent and M, and M, are the
molecular weights of the solvent and the polymer, respectively.
Theoretically, the Flory interaction parameter decreases
with increasing temperature (Flory, 1941). For a polymer—sol-

vent binary system, the y parameter is the sum of the two contri-
butions depending on the temperature, the entropic parameter
related to the free volume of the solvent (which increases with
temperature), and the enthalpic parameter related to the inter-
molecular forces between the polymer and solvent (which
decreases with temperature). Therefore, the overall dependence
is determined by the predominant effect (Diez et al., 2011).
According to the Flory—Huggins theory, a polymer is soluble
in a given solvent if the y; ,value of such a system is < 0.5
(Balashova et al., 2012), and it becomes more soluble as this
parameter approaches zero. For a i, , close to 0.5, the polymer
is only soluble in the solvent at a certain temperature (called 0-
temperature), and such a solvent is called 0-solvent.

2.7. Determination of solubility parameters

2.7.1. Solubility parameters of solvents
The solubility parameter,o;, of a compound, 7, is related to the
square root of the cohesion energy of i, E,;, which is also

related to the heat of vaporization of i. §; is then calculated
as follows (Zhu et al., 2019):

AE, )\ [AH,,u — RT]*’
5]_ _ (i) _ p(i) 7 (15)
v, v

where V; is the molar volume of i, where its variation is prac-
tically negligible in the temperature range of 30 °C to 70 °C.
From the value of the activity coefficient determined at a given
temperature, AH,,,; of the solvent i is calculated as follows:

AH i) = AH o — AH gy, (16)

mix (i)

where AHgig) is the heat of disolution of solvent i, which is
calculated using Eq. (9), and AHﬁ;x([)is the partial molar heat
of solvent 7 in the mixture, which is calculated from Eq. (17)
(Farshchi et al., 2018).
“R [8(111(9?“)}

A, o(1/T)

mix(i) (17)
The data used to determine the different thermodynamic
parameters adapted from the literature are listed in Table 1.

2.7.2. Solubility parameter of SBR

According to the Flory—Huggins theory modified by Blanks
and Prausnitz (Blanks and Prausnitz, 1964), the interaction
parameter,y; ,, can be calculated from the difference between
the solubility parameter of the solvent, d;, and that of the poly-
mer,d,, according to the following equation:

Vi

Xl.p:ﬁ+ﬁ(6l _5p)27 (18)

where P is the entropic factor most often equal to 0.34
(Marzocca, 2007). According to Di Paola-Baranyl and Guillet
(DiPaola-Baranyi, G., 1982), the rearrangement of this equa-
tion as follows:

5 RT, &> 0.34RT
- - /{l'p—5152—<p+ )»

19
2 2V (19)
This gives access to the polymer-solubility parameter,dp,
which can be easily determined from the slope and intercept
at the experimental temperature of the curve, indicating the
variation of the left-hand side of this equation versus J;.
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Table 1 Data used in the determination of the different thermodynamic parameters adapted from literature.

pi(grml™')! Vi* (em*mol ") M," (g'mol ") By,"

Temperature (°C) 30 40 50 60 70
n-Hexane 0.654 131.76 86.17 —12.37 —11.68 —11.05 —10.47 —-9.94
n-Heptane 0.684 146.49 100.20 —13.68 —12.98 —12.22 —11.58 —11.00
n-Octane 0.703 162.49 114.23 15.13 —14.29 —13.53 —12.82 —12.17
Cyclopentane 0.751 93.38 70.13 —10.81 —10.21 —9.66 -9.15 —8.68
Cyclohexane 0.779 108.03 84.15 —12.25 —11.57 —10.95 —10.38 —9.85
Benzene 0.879 89.17 78.11 —11.28 —10.65 —10.08 —9.55 -9.07
Toluene 0.866 106.39 92.13 —12.93 —12.21 —11.56 —10.95 —10.4
THF 0.889 81.11 72.10 -9.96 —9.41 —8.90 —8.43 —8.01
Methanol 0.791 40.50 32.04 —10.77 —10.17 —-9.12 -9.12 —8.65
Ethanol 0.789 58.38 46.06 —10.65 —10.06 —9.51 -9.02 —8.56
Propanol 0.803 74.83 58.07 —11.56 —10.92 —10.33 -9.79 —-9.29
Acetonitrile 0.786 52.23 41.05 —13.76 —12.99 —12.29 —11.65 —11.06

# Taken from the literature: R.H. Perry, D.W. Green, J.O. Maloney, Perry’s Chemical Engineers Handbook, McGraw-Hill, 6th edition, New

York, 1984.
® Calculated from Eq. (12).

Table 2 Specific retention volumes of probes obtained at different temperatures.

Solvent Vo(em®/g)

30 °C 40 °C 50 °C 60 °C 70 °C
n-Hexane 133.72 91.29 63.93 44.70 32.27
n-Heptane 199.51 132.23 83.08 58.89 40.94
n-Octane 184.27 119.87 79.47 53.82 37.31
Cyclopentane 311.93 207.38 135.13 94.85 65.60
Cyclohexane 276.26 188.26 120.26 81.57 54.99
Benzene 311.27 210.02 146.55 105.93 76.84
Toluene 335.38 220.55 147.19 107.64 79.19
Ethanol 13.80 10.96 11.64 11.09 11.80
THF 332.36 200.74 131.47 87.46 60.96
Acetonitrile 24.48 17.58 13.26 10.40 8.33

3. Results and discussion

3.1. Determination of thermodynamic parameters

The specific retention volume, V;“,B, of each of the investigated
solvents was calculated from the retention time at 30 °C, 40 °C,
50 °C, 60 °C, and 70 °C, which are remarkably higher than the
T, obtained from the top of the chromatogram peak and Eq.
(3). The results obtained are listed in Table 2. Additionally,
we determined the V2" of the solvents using the first moment
of the elution peak, with similar results obtained with an error
percentage of < 3%. The reported values of V" refer to the
average of the three measurements. In all cases, the standard
deviation did not exceed 2.0% of the reported value. As shown
in Table 1, the V;"of each molecular probe decreased as the
temperature increased.

We then calculated the activity coefficient at ID of solvent
QY from the V" values at the same temperatures using Eq.
(10) (Table 3). The data revealed that the weight-fraction activ-
ity coefficient varied along with temperature and depending on
the nature of the molecular probe. Furthermore, the Q}° of the
alkanes slowly fluctuated, whereas those of the aromatics and

acetonitrile slowly decreased, that of ethanol significantly
decreased, and that of THF slowly increased. This could be
attributed to the polarity of the molecular probes; the Qf° of
ethanol was reduced by ~ 4-fold due to its high polarity. These
findings were expected, given that increases in temperature
reduces the repulsive interactions between the polymers, non-
polar (SBR), and polar (ethanol) molecules. This is explained
by the y,,values of this system presented in the following
section.

As shown in Table 3, the values of Q}° for polar solvents,
such as ethanol and acetonitrile, were higher than those of
nonpolar solvents, indicating their incompatibility with regard
to the SBR copolymer. Toluene, which has the lowest Q°
value, represents the best solvent for this copolymer. Impor-
tantly, note that the parameter is strongly dependent on tem-
perature in the case of non polar and weakly-polar solvents.

This observation agrees with that reported by Balashova
et al. (Balashova et al., 2001). However, ethanol, which has
the highest polarity among all of the probes, is usually used
as a precipitant for SBR; its Q° dramatically decreases when
the temperature increases. This phenomenon is attributed to
the fact that an increase in the temperature of the ethanol-
SBR mixture weakens the strong repulsive forces between
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Table 3  Activity coefficient at infinite dilution, Q}° obtained at different temperatures.

Solvent QF
30 °C 40 °C 50 °C 60 °C 70 °C
n-Hexane 7.23 7.16 7.12 7.28 7.38
n-Heptane 7.63 7.56 8.15 8.01 8.22
n-Octane 8.26 8.34 8.52 8.76 9.02
Cyclopentane 4.88 4.82 5.01 4.97 5.13
Cyclohexane 5.51 5.31 5.63 5.78 6.12
Benzene 4.89 4.76 4.62 4.45 4.38
Toluene 4.54 4.53 4.60 4.38 4.25
Ethanol 110.30 91.23 58.19 42.53 28.52
THF 4.58 4.98 5.15 5.39 5.52
Acetonitrile 62.18 56.85 51.07 45.32 40.38
Table 4 Flory-Huggins interaction parameters of the SBR—solvent systems at different temperatures.
Solvent Xip
30 °C 40 °C 50 °C 60 °C 70 °C
n-Hexane 0.59 0.58 0.57 0.59 0.61
n-Heptane 0.68 0.67 0.75 0.73 0.76
n-Octane 0.79 0.80 0.82 0.85 0.88
Cyclopentane 0.33 0.32 0.36 0.35 0.38
Cyclohexane 0.31 0.28 0.33 0.36 0.42
Benzene 0.49 0.46 0.43 0.39 0.38
Toluene 0.40 0.40 0.41 0.37 0.33
Ethanol 3.50 3.31 2.86 2.54 2.14
Tetrahydrofurane 0.44 0.52 0.55 0.60 0.62
Acetonitrile 2.92 2.83 2.72 2.60 2.49
the hydroxyl group of ethanol and the alkyl groups of the 35
macromolecular segments. @ n-Hexane
n-Heptane
3.1.1. Effect of temperature on the Flory interaction parameters 3.0 = A n-Octane
The y, , values calculated in this study using Eq. (13) are sum- O Cvclonentane
marized in Table 4. As expected, these results were consistent 2.5 + Cuclohexane
with those of Q}° (Table 3), as they are closely and proportion- ; Benzene
ally related to y, , according to Eq. (13). x, , well translates the Yoluene
’ . L 2.0 < Ethanol
extent of polymer—solvent affinity, as its smaller value trans- &
lates to greater compatibility. For example, the y, , for a SBR/- i ;HFt -
. - . - cetonitrile
toluene system agrees with that reported by previous studies 1.6
and determined using other techniques (0.38-0.41) (Abd-El-
Messich and Abd-El-Nour, 2003; Cho et al., 2000; George 1.0 -
et al., 1999; Scuracchio et al., 2004; Traeger and Castonguay,
1966). The y,, for SBR-solvent systems involving cyclohex- 0.5
ane, cyclopentane, toluene, and THF range from 0.31 to ’
0.44, thus revealing moderate affinity for SBR at practically
all investigated temperatures. Benzene is considered an - L ' ' '
0 2.0 4.0 6.0 8.0 10.0

solvent; however, ethanol and acetonitrile, having an 1, lar-
gely > 0.5 at all the investigated temperatures, are considered
precipitants. n-Hexane and n-heptane are considered non-
solvents.

3.1.2. Effect of the molar mass of the molecular probe on the
Flory interaction parameters

Fig. 2 shows the variation in the Flory interaction parameter
according to the molar mass and carbon number of the molec-
ular probes. Furthermore, Fig. 2 shows that y,, increases

Carbon number

Fig. 2  Variation in the Flory interaction parameter according to
the molar mass and carbon number of the molecular probes.

along with the molar mass of the probe. Additionally, solvents
containing the same carbon number, both aromatic and cyclic,
are more compatible with the polymer.
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3.1.3. Determination of solubility parameters

We calculated the Hildebrand and Scott solubility parameter
of each compound using Eq. (15) and the corresponding heat
of vaporization. AH,,; is obtained from AH,; and
AH,, ), which are deducted from the slope of the plots of
LnV; and Ln QY versus the inverse of temperature, respec-
tively (Figs. 3 and 4). For all of the volatile compounds inves-
tigated, AH i) AHsfix(i)7 and AH,,,; were obtained with an
R? > 0.9. For comparison, Table 5 lists the different heats
obtained in this study and the enthalpy of vaporization of sim-
ilar organic molecules reported previously (Diez et al., 2011)
and those calculated from the Watson model (Watson, 1943).

We obtained AH ;) and AH,,;; values over a tempera-
ture range of 30°C to 70°C. The results reveal that the
exothermic molar enthalpy of sorption for the aliphatic and
aromatic hydrocarbons increased along with the chain length,
indicating that hydrocarbons with the highest number of car-
bon atoms were better appreciated by the copolymer. How-
ever, the molar heat of sorption of the probes was directly
affected by the polarity and chemical structure of the probe.
Therefore, ethanol, which has the highest polarity among the
investigated molecules, was minimally appreciated by SBR.
Moreover, for the SBR/THF system, the AH,,.; was highly
exothermic, indicating that THF exhibits strong interactions
with SBR.

Furthermore, Table 5 shows that the AH, for all of the
probes was generally comparable with those previously
reported (Daubert and Danner, 1985; Diez et al., 2011;
Dritsas et al., 2008), which were determined by PCIGC and
confirmed by those calculated through the Waston approach
(Watson, 1943). However, the difference between the different
AH,; values obtained through the PCIGC method (although
minimal in certain cases) is mainly attributed to the experimen-
tal errors occurred during the support traitment and/or the
column preparation.

7.0
4 n-Hexane n-Heptane A n-Octane [ Cyclopentane
+ Cyclohexane @ Benzene O Toluene & Ethanol
6.0 ~ ATHF Acetonitrile
50
&m
~ 40 |-
~
3.0 -
20 -
| | | | |
28 29 3.0 341 3.2 33 34

10%T(K)

Fig. 3  Variation in LnV versus the inverse of temperature for
different solvent—SBR binary systems.

6.0 ‘ n-Hexane M n-Heptane A n-Octane [J Cyclopentane
| + Cyclohexane @ Benzene O Toluene <> Ethanol
A THF Acetonitrile
50
4.0
8 -
o 3.0 |
g N N
25 [
20
1.5 [~
] ] ] ] 1
2.8 29 3.0 3.1 3.2 3.3 3.4

10>T(K)"

Fig. 4 Variation in LnQ;° versus the inverse of temperature for
different solvent—-SBR binary systems.

To verify this, it is possible to compare the values of AH,;
determined by PCIGC. Indeed, the presence of a significant
gap in the heat of vaporization in certain cases, such as ace-
tonitrile (2.3 KJ-mol™"), ethanol (1.9 KJ-mol™"), THF (1.1
KJ-mol™!), and n-octane (1.1 KJ-mol™!), is closely related to
treatment of the support and column preparation. In many
cases, controlling the complete coverage and inert character
of the support particles is difficult. Table 6 shows the J; values
obtained from Eq. (15) and those determined previously using
PCIGC and other techniques (viscosimetry and swelling meth-
ods). To confirm these findings, it will be necessary to compare
the results obtained in the present study with those obtained
using the same technique (CCIGC) but employing stationary
phases other than SBR. Currently, the absence of such studies
precludes a comparison here.

It is important to underline here, that the experimental
errors have nothing to do with the method itself, on the con-
trary according to Braum and Gillet (Braum and Gillet,
1975) the PCIGC technique seems to be more adapted to this
kind of work. Here we only report those experimental errors
that can be made person to person in the stages of column
preparation when it is a packed column.

These results indicated that the §; values determined for
certain solvents, such as n-hexane, cyclohexane, benzene,
toluene, THF, and acetonitrile, generally agreed well with
those previously reported and determined by PCIGC and vis-
cosimetry and swelling techniques (Koenhen and smolders,
1975; Scott and Magat, 1949; Hansen, 1967). However,
anomalies in these values were also observed, despite use of
PCIGC to determine certain solubility parameters, such as
those provided by Sreekanth (Sreckanth et al., 2012), Lim
(Lim et al., 2014), and Sreekanth and Reddy (Sreckanth and
Reddy, 2008). In these cases, these values were relatively
underestimated. These anomalies appeared to be a conse-
quence of different factors, including imperfect treatment of
support and column preparation. Because, insufficient treat-
ment leads to adsorption of the probe molecule by the support



Capillary column inverse gas chromatography to determine the thermodynamic parameters 9

Table 5 Different enthalpic parameters of solutes estimated in the temperature range of 30-70 °C and those obtained by the packed

column inverse gas chromatograph (PCIGC) and Watson approach.

Solvent AH jjss(zy (KJ.mol™") AH,;(;y (KJ.mol ") AH ) (KJ.mol ")
This work PCIGC Watson model’

n-Hexane —31.16 —0.80 30.36 = 0.20 29.9% 29.5° 31.3
n-Heptane —34.85 —1.76 33.09 + 0.22 35.5% 34.6° 36.2
n-Octane —35.00 —0.89 34.11 £ 0.18 40.4%; 39.3" 40.9
Cyclopentane —34.17 -2.15 32.02 + 0.23 27.7%; 28.0° 28.0
Cyclohexane —35.58 —3.44 32.13 £ 0.22 31.1% 32.0° 32.1
Benzene —30.52 2.52 33.04 £ 0.22 32.7% 32.2° 33.5
Toluene —31.62 7.57 39.20 + 0.18 37.0%; 36.4° 36.6
Ethanol —2.77 38.82 41.59 = 0.15 38.9%; 40.8" 38.6
THF —37.03 —5.57 31.46 + 0.19 31.7%; 30.6¢ 31.1
Acetonitrile -23.52 9.49 33.01 £ 0.21 32.39; 30.0° -

? Diez et al. (2011).

b Dritsas et al. (2008).

¢ Vincent et al. (2012).

4 Luo et al. (2019).

¢ Daubert and Danner (1985).

f Watson (1943).

and heterogeneity in the thickness of the polymer layer cover- P 1 . 2
ing the support can distort the value of the weight of the poly- Ina = lan = in(1 = ¢,) + (1 a ;> 2+ 12 (20)

mer inside the column which is estimated from the ratio of the
initial polymer/solvent mixture. Additionally, the friction of
the particles of the impregnated support during preparation
and loading of the column can generate debris or polymer
powder, which can result in underestimation of the weight of
the polymer in the column.

Thedp of SBR determined from the slope and the intercept
of the curve of Fig. 5 revealed a value of 16.27 + 0.12 MPa’?.
The absence of data in the literature on the solubility parame-
ter of SBR containing the same composition in comonomer
units did not allow a rigorous comparison of our results with
others, nevertheless the presence of data on the SBR with other
compositions allows to give an idea on the real value of this
parameter. Table 7 shows the solubility parameters of SBR
containing different styrene/butadiene ratios determined by
different methods.

As can be seen from these data, the value of the solubility
parameter of SBR containing 30% styrene determined by vis-
cosimetry seems to be closer to the value found in this work.
On the other hand, that of SBR containing 40% styrene, deter-
mined by a swelling method, although the ratio of styrene unit
in the copolymer is close to that used in this study, shows a
higher value. The comparison of the two solubility parameters
of the SBR containing the same styrene ratio (30%), one
obtained by Diez et al using the PCIGC technique and the
other by Ovejero using the viscosimetric method reveals signif-
icant deviation (~5%).

3.2. Prediction of activity coefficients

3.2.1. Prediction using the non-random two-liquid (NRTL)
model

The Flory-Huggins thermodynamic model expresses the
relationship between the solvent activity, a;, and the inter-
action parameter, y,,, as expressed by Eq. (20) (Flory,
1941):

where P and P| are the vapor pressure of the solvent in the
polymer solution and that of the pure solvent, respectively,
and ¢, is the volume fraction of the polymer.

We used this model to calculate the experimental equilib-
rium data of polymer—solvent solutions according to a previ-
ously described method (Ovejero et al., 2009). Estimation of
P-xy values was possible using the polymer—solvent interaction
parameters determined at a given temperature from these IGC
experiments. Using the experimental values of y,, and the
hypothesis that the vapor pressure of a polymer is zero, we
obtained the nonlinear fit of the NRTL model according to
Eq. (21) (Renon and Prausnitz, 1968) using the Solver tool
in Microsoft Excel software (Microsoft Corp., Redmond,
WA, USA). We then adjusted the parameters of the NRTL
equation (12, 721, G2, and G, ) and maintained oy, = 0.3, which
is ideal for nonpolar mixtures.

Ln(Q%) =x2|1y ( Guz )2 + B
1 ) NRTL 2 X + x2Gy (x1G12 + xz)z

where GIZ = exXp (—0612‘[12); Gz] = exXp (—0612'521).
Table 8 shows the experimental values of Q. obtained

from the IGC measurements and those obtained from the
regression of the estimated P-xy data (Q)yzr;)). In all the
cases, we obtained a residual root-mean square error
of < 4.67%, indicating a very good fit for the NRTL model.

3.2.2. Prediction using the universal quasichemical
(UNIQUAC) model

The estimated P-xy was also fitted to the UNIQUAC model
according to Eq. (22) (Prausnitz et al., 1999) using the Solver
tool in the Microsoft Excel software (Microsoft Corp.):
oo ¢ Z O ri
n(Q7) yyiouac = x,-ln;i + zq,lngi +opl i — lp;
— qlln(G), — @p'Ep,‘)
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Table 6 Solubility parameters of solutes deducted at 30 °C
and their comparison with those obtained by PCIGC and other
methods; *Conversion 1 MPa% = 2.0455 Cal®>-cm™'~.

0.14
0.12 |-
wn
=) e
~
&
S 0.10 |-
ST R
i
><|> 0.08 [~
| B -
w |
0.06 |-
0.04 |-
| | | | | | |
12.0 14.0 16.0 18.0 20.0

&,(MPa’?)

Fig. 5 Variation in 07/2 — (RTy,,/2V;) with the solubility
parameters of the solvents. Estimation of the solubility parameter
of SBR.

Table 7 Comparative data of Hansen solubility parameters

Solvent 81 (MPa)***
This PCIGC Other methods
work

n-Hexane 1427  14.90%; 14.80% 14.93™; 14.87";
+0.12  10.83%14.90°; 14.817

15.35%14.818

n-Heptane 1439  13.70%; 11.82% 15.2° 15.24™; 15.34"
+0.18 15.30%; 15.30"; 15.18¢

n-Octane 13.66  11.80%; 15.40°; 15.6% 15.42"
+0.15 15.50%; 15.70"; 15.44¢

Cyclopentane 18.03 12.28% 16.6"; 13.89'; 16.57"
+0.18 16.40"; 16.56°

Cyclohexane 16.76 16.70°; 13.34%; 16.77™:16.73";
+ 0.14 16.80%16.80"; 16.732 16.737

Benzene 18.44 19.60%; 18.70°%; 18.72™; 18.45";
+ 0.13  18.80%18.40"; 18.72%; 18.72P

18.82°

Toluene 17.52 17.80%; 14.93%; 18.20™; 18.21";
+0.15 18.20/;18.23%; 18.20¢ 18.237

Ethanol 22.80  23.00%; 23.01"; 26.52";  26.55"; 26.52!
+0.12  26.19% 26.10°

THF 19.35  19.50%; 19.46'; 16.18", 19.47"; 16.80'
+ 0.10

Acetonitrile  24.10  24.40%; 24.4%; 24.96°; 24.43"; 24.34P
+ 0.11 24.60%; 24.96°% 24.80"

kVay et al. (2011).
? Lim et al. (2014).
® Smith (1950).
¢ Sreekanth et al. (2012).
4 DiPaola-Baranyi (1982).
¢ Jackson et al. (1994).
£ Zhu et al. (2019).
& Ghosh (1971).
" Morales and Acosta (1996).
! Sreekanth and Reddy (2008).
J Ni et al. (2016).
! Adamska et al. (2020).
™ Scott and Magat (1949).
" Koenhen and Smolders (1975).
P Hansen (1967).
9 Adamska and Voelkel (2005).

Tpi Tip
+0Opq; - , 22
v (®i — Optp; Oy + ®iTiP) (22)
where Z is the coordination number, which is assumed to be
equal to 10. Additionally, ¢; and r; are the relative molecular
surface area and relative molecular Van Der Waals volume
for pure solvent, i, respectively. These values were calculated
using the group-contribution method (Reid et al., 1987), and
I; was calculated from ¢; and r; values using Eq. (23):
li==(ri—q)—(ri—1). (23)

For a polymer, rp and ¢, can also be calculated using the
group-contribution method (Reid et al., 1987). ¢, and ©®, are
the volume and surface fractions of solvent i, respectively.
The value of ©; is calculated from ¢, using the following
equation:

for SBR containing different compositions determined by IGC,
swelling and viscosity measurements taken from the literature.

SBR composition Jp Method Ref.
styrene (%) (Mpa®?)
60 17.73 Swelling Scott and
measurement Maya (1949)
40 17.50 - Brandrup et al.
(1999)
40 17.79 Swelling Scott and
measurement Maya (1949)
25 17.59 Swelling Scott and
measurement Maya (1949)
30 triblock 17.60 PCIGC Diez et al.
(2011)
30 triblock 16.70 Viscosity Ovejero (2010)
measurement
31triblock 17.60* PCIGC Romdhane
et al. (1992)
45 16.27 CCIGC This work
* Obtained at 35 °C.
0, = M7 (24)
> Oi(g;/r:)

where 7;, and tp; are adjustable parameters and fitted using
nonlinear regression on the P-xy data. The activity coefficients
for all of the solvents determined at different temperatures
using the UNIQUAC model (Q7;y00.4¢)) are listed in Table 8
along with those obtained by IGC (Q{(;5¢,) for comparison. In
this model, we obtained a residual root-mean square error of
9.79%.
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Table 8 Experimental values of the activity coefficient Q) and Q7yyou4c) Obtained with non-linear regression.

Temperature 30 °C 40 °C 50 °C 60 °C 70 °C
QP Qr Qr Qr Qr
CAL? EXP" CAL? EXP" CAL? EXP" CAL? EXP" CAL? EXP"
n-Hexane 6.30 7.23 6.24 7.16 6.20 7.12 6.35 7.28 6.43 7.38
n-Heptane 7.08 7.63 7.02 7.56 7.56 8.15 7.42 8.01 7.62 8.22
n-Octane 7.80 8.26 7.88 8.34 804 8.52 8.27 8.76 8.51 9.02
Cyclopentane 5.12 4.88 5.06 4.82 5.25 5.01 521 497 5.38 5.13
Cyclohexane 4.98 5.51 491 5.31 5.09 5.63 5.22 5.78 5.52 6.12
Benzene 5.98 4.89 5.82 4.76 5.65 4.62 5.45 4.45 5.36 438
Toluene 5.43 4.54 5.42 4.53 5.50 4.60 5.25 4.38 5.10 4.25
Ethanol 132.40 110.30 108.24 91.23 67.63 58.19 48.81 42.53 32.34 28.52
THF 5.86 4.58 6.35 4.98 6.56 5.15 6.86 5.39 7.02 5.52
Acetonitrile = 62.18 = 56.85 = 51.07 = 45.32 = 40.38
2 CAL: UNIQUAC.
b EXP: CCIGC.
4. Conclusion Funding

In summary, we demonstrated successful determination of the
thermodynamic parameters of SBR using a capillary column
filled with a thin layer of SBR, followed by investigation of
both polar and nonpolar solvents using CCIGC. The obtained
solubility parameter of the SBR—solvent system was consistent
with those previously determined and using different tech-
niques. Comparison of the solubility parameters and the heats
of vaporization of the investigated molecules with those
obtained by PCIGC using different stationary phases revealed
in the most studied molecules similar values. The gap observed
between some values of the solubility parameters and the heat
of vaporization obtained by CCIGC and those reported in the
literature or between those of the same PCIGC method
obtained by different authors seems to be due to the experi-
mental errors occurred during the support traitement and/or
the column preparation.

Furthermore, comparison of the activity coefficients of the
solvents at ID and obtained by CCIGC with those obtained by
fitting the NRTL and UNIQUAC models revealed excellent
correlation. These results demonstrated the increased reliabil-
ity of the CCIGC technique, as well as its speed and accuracy,
relative to similar methods that use packed columns containing
supports impregnated by the polymer. Moreover, use of the
proposed method completely eliminated side effects related
to the support.
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