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Liquid crystals, elongated molecules with a structured liquid phase, may be used as new solvents for CO, capture. How-
ever, no molecule has been found yet with optimal properties. Therefore, mixtures of two liquid crystals and CO, are
investigated. Also, the phase behavior of some binary subsystems of the investigated ternary systems is studied for com-
parison. In the mixtures investigated, 44'-pentyloxycyanobiphenyl + 4,4'-heptyloxycyanobiphenyl +CO, and 4.4'-
propylcyclohexylbenzonitrile + 4,4'-heptylcyclohexylbenzonitrile + CO», the nematic phases form a nematic homogene-
ous solution and the solid phases form an eutectic system, leading to a material with improved properties for CO, cap-
ture. Moreover, the ternary mixture of 4.4'-propylcyclohexylbenzonitrile +4,4'-heptylcyclohexylbenzonitrile + CO,
showed an increased solubility of CO, compared with the binary subsystems. © 2015 American Institute of Chemical

Engineers AIChE J, 61: 2977-2984, 2015
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Introduction

Liquid crystals can be described as rigid rods, composed
of two or more ring structures, with one or more end groups
attached to it, which can be flexible." Because of the shape
of the molecules, they can form a so-called nematic phase
(N). This is a liquid crystalline phase in which the rod-like
molecules have orientational ordering, but no positional
ordering. This nematic phase has a similar viscosity as the
isotropic phase.’

Liquid crystals can be used as novel solvents for CO, cap-
ture process as proposed by Gross and Jansens.? This method
uses the idea that creating the orientational ordered nematic
phase, which can be obtained by cooling down the liquid
crystal in the isotropic phase (I), leads to a lower free vol-
ume of the solvent." If one absorbs CO, in the isotropic lig-
uid, it will be desorbed as a gas (G) when the nematic phase
is formed, because the solubility of CO, will be lower in the
nematic phase due to this free volume effect. Due to lack
of thermodynamic data of systems of LCs and CO,, it is cur-
rently unknown whether or not this process is economically
feasible.

Two parameters are of utmost importance for this process:
the CO, solubility and the CO, solubility difference (Ax)
between the nematic and the isotropic phases. A higher solu-
bility leads to a lower working pressure, or a reduction of
the amount of solvent needed for the CO, capture process.
In our previous work,*® we outlined the influence of differ-
ent molecular groups of liquid crystals on the solubility of
CO,. The liquid crystals with the highest CO, solubility are
4.4’'-pentylcyanobiphenyl or 4,4'-pentyloxy cyanobiphenyl
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(SOCB),4’6 molecules which can be described as weakly
polar molecules. The apolar and polar molecules investigated
have a lower CO, solubility.*® The CO, solubility difference
between the nematic and isotropic phase depends on the free
volume change and the enthalpy change of the N « I phase
transition."* A larger enthalpy change leads to a larger solu-
bility difference, according to the Van ‘t Hoff equation. The
CO, solubility difference can be determined when the com-
plete phase diagram is measured. This is performed previ-
ously for the system 5OCB + CO,.” The solubility difference
has a large influence on the amount of solvent needed for
the CO2 capture process.

None of the liquid crystals tested so far has suitable prop-
erties for CO, capture. Of most liquid crystals, the tempera-
ture range of the existence of the nematic phase is too small,
or the temperature of the N « I phase change is too low,
leading to an infeasible process. To create a liquid crystal
solvent with optimal properties, a mixture of two or more
liquid crystals can be considered. A classification of all pos-
sible phase diagrams of a mixture of two liquid crystals is
provided by Pestov et al.” It shows that if two nematic liquid
crystals are mixed, the nematic phase is in most cases a
homogeneous solution and the same holds for the isotropic
phase. Furthermore, the phase behavior of a mixture of two
liquid crystals shows a nematic solid behavior analogous to
a eutectic system. However, if the difference in polarity of
the liquid crystals used in the mixture is too large, an
induced smectic phase may form. By carefully choosing the
liquid crystals, one can create a solvent with a significant
lower solid to nematic phase transition temperature and
therefore a larger Ax.

To investigate the influence of replacing the pure liquid
crystal with a mixture of two liquid crystals, two ternary mix-
tures were chosen. An overview of the liquid crystals used is
shown in Table 1. The ternary mixture 4,4’-heptyloxycyanobi-
phenyl (70CB) + 4,4’ -pentyloxycyanobiphenyl (50CB) + CO,
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Table 1. Overview of Chemicals Used in This Study

Chemical Name Abbreviation Source Purity Purification

4,4'-Propylcyclohexyl benzonitrile PCH3 Merck >98% mass Used as received
4,4'-Heptylcyclohexyl benzonitrile PCH7 Merck >98% mass Used as received
4,4'-Pentyloxy cyanobiphenyl 50CB Alfa Aesar 99% mass Used as received
4,4'-Heptyloxy cyanobiphenyl 70CB Alfa Aesar 99.9% mass Used as received
Carbondioxide CO, Linde gas Volume fraction 0.99995 Used as received

is measured at constant 70CB/50CB composition of xs5ocp/
X70cg = 1.77 £ 0.02 with a different mole fraction of CO,,
namely xcop = 0.062, 0.138, 0.248, 0.337. Also, the phase
behavior of the ternary system of 4,4'-propylcyclohexylbenzo-
nitrile (PCH3) + 4,4-heptylcyclohexylbenzonitrile (PCH7) +
CO, with the ratio of PCH3 and PCH7 fixed at xpcyy/
xpers = 3.00, at CO, concentrations xcop = 0.138, 0.244 and
0.332, was studied. The main conclusion of this work is
that the mixture of PCH3 + PCH?7 is most promising for CO,
capture, as this mixture has highest CO, solubility and
largest Ax.

Materials and Methods

An overview of the materials used in this study is given
in Table 1. The liquid crystals used were 4,4'-pentyloxycya-
nobiphenyl and 4,4'-heptyloxycyanobiphenyl, 99 wt %
purity, obtained from Sigma-Aldrich, and 4,4’-propylcyclo-
hexylbenzonitrile and 4.,4-heptylcyclohexylbenzonitrile, 98
wt % purity, provided by Merck KGaA. CO,, purity 4.5,
was obtained from Linde Gas.

The measurements were performed using a Cailletet setup,
which is of the synthetic, visual type. A detailed description
can be found in the article of de Loos et al.® A sample is
prepared by putting a specified sample of 0.1 g liquid crys-
talline material in a measurement tube. It is degassed under
vacuum using liquid nitrogen to prevent sample evaporation.
A known amount of gaseous CO, is added to the sample
using a calibrated volume. The amount of CO, used is deter-
mined by measuring the temperature and pressure of the
calibrated volume. The number of moles of CO, is calcu-
lated using the second order virial equation. The maximum
inaccuracy of the amount of CO, added is u(x) = 0.001 mol/
mol, for a value of Xcgr = 0.062 mol/mol. The measurement

tube is sealed with liquid mercury. The tube is then placed
in a Cailletet setup, in which the temperature and pressure
can be changed with an accuracy of 0.02 K and 0.005 MPa,
respectively. Phase equilibria measured with an accuracy of
0.005 MPa and 0.02 K were the two-phase equilibria I + G
— I, N+G < N, N+I < N, N+1I < I, and the three-
phase equilibria N+I+G, N+I+G < N+I, N+I+G
— I+G, N+I1+G < N+ G. Phase equilibria involving
the solid (S) phase were the two-phase equilibria S +1 < 1,
S+ N < N and the three-phase equilibria S+ N + G and
S + 1+ G, all measured with an accuracy of 0.005 MPa and
0.05 K.

Results

To investigate the phase behavior of the ternary mixtures of
two liquid crystals with CO,, first of all the unary and binary
phase diagrams of the substances used should be known.
Therefore, the unary and binary phase diagrams will be dis-
cussed prior to the description of the ternary phase diagrams.
The results for the ternary system 50CB + 70CB + CO, will
be presented followed by the system of PCH3 + PCH7 + CO..
The tabulated measurement data are available as Supporting
Information.

The P,T-diagram of pure 70CB, shown in Figure 1, was
measured in the Cailletet-setup for comparison with literature
data. The S <~ N and N « I phase transitions were meas-
ured. The S < N phase transition at atmospheric pressure
was found at a temperature 2 K higher than the literature
value, the N < I phase transition was 1 K lower.? These
uncertainties are comparable with other values in literature.’

The results of the mixture of 70CB with CO,,
Xcoz2 = 0.260, are shown in Figure 2. Phase transitions
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TIK Figure 2. P,T-diagram of the binary mixture 4,4-hepty-
Figure 1. P,T-diagram of pure 4,4-heptyloxy cyanobi- loxy cyanobiphenyl + CO, at xco» = 0.260.
phenyl. S denotes the solid phase, N the nematic phase, I the iso-
S denotes the solid phase, N the nematic phase and I tropic phase and G the gas phase. A S+N < N; [l
the isotropic phase. A S — N; B N < I; S < N phase N+I & N; [ JN+I <L X N+I+G; ¢ I+G < L
transition at P = 0.1 MPa?; + N < I phase transition at The dashed lines are added as a guide to the eye, the
P=0.1 MPa?. The lines are linear fits of the data points. solid lines are polynomial fits through the data points.
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Figure 3. P,T-diagram of the binary mixture 4,4-hepty-
loxy cyanobiphenyl + 4,4-pentyloxy cyanobi-
phenyl, X50CB/X7OCB= 1.79.
N denotes the nematic phase, I the isotropic phase. ] N

— N+I; [ ] N+I < L The solid lines are linear fits
through the data points.

measured for this mixture were the two-phase equilibria I <
I+G, N N+G, N < N+I I+« N+I, and the three-
phase equilibria N+1+ G which is located between the
two-phase regions N+ G and I+ G. The extrapolation of
this line should end in the triple point N + I+ G of the pure
LC. The coordinates of the triple point of 70CB are 347 K
at 0.1 MPa, estimated from the pure component phase transi-
tion. The S+ N < N phase equilibrium of the mixture of
70CB with CO,, xcop=0.260, was estimated to be at
T=322 K at P=5.0 MPa.

The experimental results of the binary mixture of
50CB + 70CB at x50cp/x70cg = 1.79 is shown in Figure 3.
The equilibria measured were the N < N+ I and I <+ N+ 1
two-phase equilibria. The S < S+ N < N phase transition

12

was difficult to detect visually. A slow increase of the tem-
perature at a constant pressure of P =0.91 MPa showed that
the phase transition temperature was between 7 = 300.6 and
300.8 K. The temperature range (AT) of the two-phase area
N + I is very small, AT = 0.05 K.

When CO, 1is added to the binary mixture of
50CB + 70CB, the temperature range of the N + I two-phase
area becomes larger. The temperature range for xco, = 0.062
is AT =0.15 K. Equilibria measured were N+ G <« N, [+ G
— I, N+I < I, N < I+N, and the three-phase equilibria
N+I1+G < I+ G. The system is shown in Figure 4, the
insert shows an enlargement of the N + I « I two-phase area.
The system can be described as a pseudo-binary system, com-
posed of CO, and a mixture of 70CB + 50CB with a fixed
composition, namely xsocp/X70cg = 1.77. In this case the
extrapolation of the three-phase equilibria of the ternary mix-
ture to P=0.1 MPa should yield approximately the same
point as is obtained by extrapolating the N+ 1 « I phase
transition of the binary mixture of the two liquid crystals to
P =0.1 MPa.

In Figures 5-7, the influence of adding a larger amount of
CO; to the binary mixture of SOCB and 70CB is clearly visi-
ble. In Figure 5, xcor =0.131, in Figure 6, xcop, = 0.248 and
in Figure 7 xcop = 0.337. The N + I two-phase area becomes
wider and shifts to lower temperature. The three-phase area
N +1+ G is made visible in Figure 6; its width is approxi-
mately 0.005 MPa, which is close to the experimental error.
Though this is a very small difference, the N+1+G «
N + G phase transition was measured at a lower pressure than
the N+ 1+ G < I+ G three-phase equilibrium, independent
of the measurement method. Other phase transitions measured
for these mixtures were [+ G <= I and N+ G < N.

The other system investigated was the system
PCH3 + PCH7 + CO,. The pure component phase equilibria
of the liquid crystals at P=0.1 MPa are published in
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Figure 4. P,T-diagram of the ternary mixture 4,4-heptyloxy cyanobiphenyl + 4,4-pentyloxy cyanobiphenyl + CO,,

X5003/X7OCB = 177, Xco2 = 0.062.

N denotes the nematic phase, I the isotropic phase and G the gas phase. [[f N+I < N; [J]N+I <I; X I+G < N+I+G; ‘
N+ G <N; O I+ G < L The solid lines are fits through the data points.
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Figure 5. P,T-diagram of the ternary mixture 4,4-hepty-
loxy cyanobiphenyl + 4,4-pentyloxy cyanobi-
phenyl + 002, XSOCB/X7OCB =1.77, Xcoz2 = 0.131.
N denotes the nematic phase, I the isotropic phase and
G the gas phase. I N+1 < N; (JN+1I <I; X I+G
— N+I1+G; ’N+G —N; O I+ G < L The dashed
line is added as a guide to the eye, the solid lines are fits
through the data points.

literature.> For comparison, the pure component phase equili-
bria have been measured and are shown in Figures 8 and 9
together with the literature data. Pure PCH3 has a S <~ N and
a N < I phase transition at T=316.5 and 319.5 K, respec-
tively.” Pure PCH7 has a phase transition from S < N and
from N < I at 7= 306 and 332 K, respectively.2 PCH3 has a
smaller temperature range of the nematic phase than PCH7.

The binary phase diagram of PCH7 + CO, at xcop, = 0.213
is shown in Figure 10. Phase equilibria measured were the
SN NN<—I+N,I<Nand [ N+G < N, I+G <
I, and the three-phase equilibria S+ N+ G and N+ 1+ G.
For this liquid crystal the three-phase curve S+ N+ G does
not end in the pure components’ triple point. This is an indi-
cation that another solid phase has crystallized. Unless the
phase diagram is fully known, we cannot judge if this solid
phase is stable at this conditions. Compared to the binary sys-
tems 50CB + CO,’ and 70CB + CO, (this work), this liquid
crystal has a broader N + I two-phase area.
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Figure 6. P,T-diagram of the ternary mixture 4,4-hepty-
loxy cyanobiphenyl + 4,4-pentyloxy cyanobi-
phenyl + 002, Xm/X7QCB = 1.76, Xcoz2 = 0.248.
N denotes the nematic phase, I the isotropic phase and G
the gas phase. I N+1 < N; (I N+I <L X I+G <
N+I+G; O N+G < N+I+G; @ N+G <N; ©
I+ G < L The solid lines are fits through the data points.
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Figure 7. P,T-diagram of the ternary mixture 4,4-hepty-
loxy cyanobiphenyl + 4,4-pentyloxy cyanobi-
phenyl + COQ, XSOCB/X7OCB =1.77, Xcoz2 = 0.337.
N denotes the nematic phase, I the isotropic phase and G
the gas phase. I N+1 = N; [ JN+I <L XI+G <
N+I+G; O N+G < N+I+G; @ N+G <N; ©

I+ G < I The dashed line is added as a guide to the
eye, the solid lines are fits through the data points.

The binary phase diagram of PCH3+ CO, at
Xcoz = 0.050, which is quite close to the quadruple point
composition, is shown in Figure 11. At pressures lower
than the I+ G < I phase equilibria the two three-phase
curves S+ 1+ G and N+ 1+ G intersect with each other.
The third three-phase equilibrium, S+ N+1, is partly
measured and should intersect with these two lines as well,
but as the concentration of CO, is slightly higher than the
CO, concentration at the quadruple point, this curve is
intersected by the two-phase equilibrium S +1 < 1. The
N+1I < I and the N < N + I two-phase equilibria as well
as the N+ 1+ G are partly stable, at the right side of the
S + N +1 three-phase curve, and at the left side they can
only be measured if the solid phase is not crystallizing. The
N + G < N equilibria are also metastable. The S+ N < N
phase equilibrium should intersect with the intersection of
the N+1 < N and the three-phase curve S+ N +1, but
this was not measured.
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8. P,T-diagram of pure 4-heptyl-4'-

cyclohexylbenzonitrile. S denotes the

solid phase, N the nematic phase and I
the isotropic phase.

A S < N;HEN < I; S < N phase transition at

P=0.1 MPa?; + N < I phase transition at P=0.1
MPa? . The lines are linear fits of the data points.

Figure
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Figure 9. P,T-diagram of pure 4-propyl-4'-

cyclohexylbenzonitrile. S denotes the
solid phase, N the nematic phase and |
the isotropic phase.

A S — N;,HEN < IS < N phase transition at

P=0.1 MPa?; + N « I phase transition at P=0.1
MPa” . The lines are linear fits of the data points.

The binary P T-phase diagram of PCH3+ CO, at
Xcoz =0.214 is shown in Figure 12. Only equilibria involv-
ing the solid phase, the isotropic phase and the G phase are
stable, because the concentration is higher than the quadruple
point concentration. The equilibria measured for this sub-
stance are [ +G «—~ I, S+~ Tand S+1+G.

To create a mixture with a larger nematic temperature
range, ternary mixtures of PCH3, PCH7, and CO, are con-
sidered at a composition xpcy7/Xpcuz = 3.00 with a varying
amount of CO,. In Figure 13, the binary phase diagram of
PCH3 and PCH7 is shown at the aforementioned composi-
tion. Phase equilibria for this system are S+ N < N and
N+1I + N and N+1I < I The N+1I two phase area is
quite small, AT =0.04 K. An insert in Figure 13 shows the
two-phase area N + I. The mixture is liquid at room temper-
ature, for the S + N < N phase transition is at 282 K.

The pseudobinary system PCH3 + PCH7 + CO, at xpcp7/
Xpchs = 3.00 shows similar behavior as the pseudobinary
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Figure 10. BT-diagram of the binary mixture 4-heptyl-
4'-cyclohexylbenzonitrile + CO, at xco2=
0.213. S denotes the solid phase, N the
nematic phase, | the isotropic phase and G
the gas phase.

AS+N < N; AS+N+G;lIN+I < N; [ JN+1I
<3 X N+I+G; & I+G < L The solid lines are
first and second order polynomial fits through the data
points.
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Figure 11. B T-diagram of the binary mixture 4-propyl-4'-
cyclohexylbenzonitrile + CO, at xco2 = 0.050.
S denotes the solid phase, N the nematic
phase, | the isotropic phase and G the gas
phase.
A S+HT - LEN+I - N[ JN+I+I; x S+N «

L@ N+I G; OI+G < L. The solid lines are first
or second order polynomial fits through the data points.

system SOCB + 70CB + CO,. Phase equilibria measured for
this system were the two-phase equilibria I+ G «<~ I, N+ G
— N, N <& N+I, and N+1 < I. Three-phase equilibria
measured are N+1+G < N+l and N+I1+G < [+G
and N+1+ G < N+ G. Figures 14-16 show the results of
Xcoz2 = 0.138, 0.244, and 0.332, respectively.

Discussion

To determine the best solvent for CO, capture, both the
overall solubility and the solubility difference between the I
and N phases, Ax, should be examined. To compare the solu-
bility of CO, for the six different LC solvents, P,x-diagrams
at a constant temperature of 330 K are created and shown in
Figure 17. The solubility of CO, is larger in PCH3, PCH7,
and the mixture of PCH3 + PCH7 than in the other materi-
als. If we examine the different materials further, it shows
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Figure 12. B, T-diagram of the binary mixture 4-propyl-4’-
cyclohexylbenzonitrile + CO, at xco>=0.214.
S denotes the solid phase, N the nematic
phase, | the isotropic phase and G the gas
phase.
@ S+1 - L OI+G < L A S+I+G;. The solid
lines are first or second order polynomial fits through
the data points.
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Figure 13. BT-diagram of the binary mixture 4-propyl-
4'-cyclohexylbenzonitrile + 4-heptyl-4'-
cyclohexylbenzonitrile, XpcH7/XpcHa = 3.00.
S denotes the solid phase, N the nematic phase and I

the isotropic phase. A S+ N < N; I N < N+1; []
N +1I < L The lines are linear fits of the data points.

that the mixtures of 50CB + CO,, 70CB + CO, and
50CB + 70CB + CO, have an almost comparable CO, solu-
bility, whereas for PCH3 + CO,, PCH7+ CO,, and
PCH3 + PCH7 + CO, it seems that mixing the two liquid
crystals leads to a lower [ + G < I equilibrium pressure, and
thus to a higher CO, solubility. This may be explained by
the difference in size between PCH3 and PCH7, which is
larger than that of 5OCB and 70CB. Based on this size dif-
ference, the mixture of SOCB and 70CB is more ideal than
of PCH3 and PCH7.

The proposed CO, capture process is a process at constant
pressure.3 T x-diagrams at constant pressure show the total
amount of CO, which can be removed during one
absorption-desorption cycle. In next paragraphs the T x-dia-
gram of the binary mixtures of one liquid crystal with CO,
are compared with the T,x-diagram of its ternary mixture.
The pressure of the 7,x-diagrams was chosen such that the
N + 1+ G equilibrium was above 300 K. The reason for this
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Figure 14. P, T-diagram of the ternary mixture 4-propyl-

4'-cyclohexylbenzonitrile + 4-heptyl-4'-cyclo-
hexylbenzonitrile + COZ, XPCH7/xPCH3 = 2.93,
Xco2 = 0.138.
N denotes the nematic phase, I the isotropic phase and
G the gas phase. I N+I < N; (JN+I <L XI+G
— N+I+G; ON+G < N+I+G; @ N+G <N;
& I+ G < L The solid lines are fits through the data
points.
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Figure 15. BT-diagram of the ternary mixture 4-propyl-
4'-cyclohexylbenzonitrile + 4-heptyl-4'-cyclo-
hexylbenzonitrile + COs, XpcH7/XpcHs = 2.99,

Xco2 = 0.244.
N denotes the nematic phase, I the isotropic phase and G
the gas phase. I N+1 & N; (JN+I <L X I+G <

N+I+G; O N+G < N+I+G; @ N+G <N; &
I+ G < L The solid lines are fits through the data points.

is that such a process does not need cryogenic cooling.
Therefore, the pressure of T,x-diagram of the ternary mixture
50CB + 70CB + CO, is P =4.00 MPa, and for the ternary
mixture PCH3 + PCH7 + CO,, P =2.00 MPa.

The data used for creating the T x-diagram of
50CB + CO, were taken from our previous publication.5 In
Figure 18, the T,x-diagram is shown. Absent in this figure is
the N + 1+ G equilibrium, because the three-phase equilib-
rium S, + N +1 is more stable than the N + 1+ G equilib-
rium. As explained in the introduction, the presence of the
N+ 1+ G equilibrium is essential for the CO, capture pro-
cess. Therefore, at this pressure 5OCB is not suitable for
CO, capture.

If we examine the T,x-diagram of the ternary mixture of
50CB + 70CB + CO,, shown in Figure 19, at the same
pressure as the binary mixture of SOCB + CO,, it is clear
that this ternary mixture at the aforementioned conditions is
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Figure 16. B T-diagram of the ternary mixture 4-propyl-
4'-cyclohexylbenzonitrile + 4-heptyl-4'-cyclo-
hexylbenzonitrile + CO5, XpcH7/XpcHs = 3.02,

Xco2 = 0.332.
N denotes the nematic phase, I the isotropic phase and G
the gas phase. I N+1 < N; (I N+1 <L X I1+G <

N+I+G; O N+G < N+I+G; @ N+G <N; ©
I+ G < L The solid lines are fits through the data points.
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50CB + 70CB + CO2. Right: Bx-diagram of the 1+ G < | equilibria of PCH3, PCH7 and CO.. [l
PCH7 + COy; [ | PCH3 + CO,; & PCH3 + PCH7 + CO2.
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Figure 18. T,x-diagram of the binary mixture 4,4-penty-
loxy cyanobiphenyl + CO, at P=4.00 MPa,
S; and S, denote the solid phases, N
denotes the nematic phase, | the isotropic
phase and G the gas phase.
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Figure 19. T,x-diagram of the ternary mixture 4,4-hep-
tyloxy cyanobiphenyl + 4,4-pentyloxy cyano-
biphenyl + CO,, Xs50ce/X70cB = 1.77 £0.02 at
P =4.00 MPa. N denotes the nematic phase,
| the isotropic phase and G the gas phase.
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suitable for CO, capture, as the three-phase curve N+ 1+ G
is present. The main difference between Figures 18 and 19 is
the phase transition temperature of the solid to nematic
phase transition. In Figure 18, the solid to nematic phase
transition is clearly visible within the range of the T,x-dia-
gram, but in Figure 19 it is not. For the binary mixture of
50CB + 70CB measured in this study, with Xxsocp/
x70c = 1.77, the solid to nematic phase transition is approx-
imately 300 K, whereas the phase transition temperature of
pure SOCB and pure 70CB are 325 and 327 K, respectively.
The S < N phase equilibria of the binary system SOCB and
70CB ends in a eutectic point.'® This behavior is analogous
to melting point depression. The N <« I phase transition
behaves analogous to a zeotropic liquid vapor equilibrium.
The liquid crystals are in both the isotropic and the nematic
phase miscible at all compositions. For molecules that are
very similar in structure, like the mixture of 50OCB and
70CB, the temperature of the N « I phase transition can be
approached by a linear relation between the phase transition
temperatures of the two pure liquid crystals. Combining this
fact with the “melting point depression,” this leads to a
larger temperature range of the nematic phase of the binary
mixture of two liquid crystals compared to the unary
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Figure 20. Schematic T,x-diagram of the binary mixture
4-propyl-4'-cyclohexylbenzonitrile + CO,, at
P =2.00 MPa. S denotes the solid phase, N
the nematic phase | the isotropic phase and
G the gas phase.
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Figure 21. T,x-diagram of the ternary mixture 4-propyl-
4'-cyclohexylbenzonitrile + 4-heptyl-4'-cyclo-
hexylbenzonitrile + COs, XpcH7/XpcHs = 3.0+
0.1 at P=2.00 MPa, S denotes the solid
phase, N the nematic phase, | the isotropic
phase and G the gas phase.

systems. This increases the amount of CO, which can be
desorbed during one cycle, as the two-phase area N +1
becomes wider when more CO, is added. Still the maximum
amount of CO, absorbed and desorbed is small, only
0.008 mol CO,/mol.

The schematic T,x-diagram of PCH3 + CO, at P =2.00
MPa is given in Figure 20. The basic idea of this T,x-dia-
gram is comparable with the T,x-diagram of 50CB + CO,
shown in Figure 18. The main difference is that this binary
mixture has a smaller temperature range of the nematic
phase, leading to an even lower quadruple point concentra-
tion, only 0.050 mole CO,/mole. At a CO, concentration at
less than 0.050 mole CO,/mole the N + I+ G equilibrium is
stable, at higher concentration the three-phase equilibria
involving the solid phase are more stable, leading to the con-
clusion that above this concentration PCH3 cannot be used
for CO, capture.

The T.x-diagram of the ternary mixture of PCH3 +
PCH7 + CO, at P =2.00 MPa is shown in Figure 21. At this
pressure a stable N + 1+ G equilibrium is measured. More-
over, the solid phase does not interfere with the N+1+ G
equilibrium. If one would use this mixture for a CO, capture
process, the maximum amount of CO, released during one
desorption cycle is 0.013 mol CO,/mol. Compared with the
T x-diagrams of the mixture 5SOCB + CO2 and the ternary
mixture of SOCB + 70CB + CO,, as given in Figure 18 and
Figure 19 respectively, the T,x-diagram of the ternary mix-
ture PCH3 + PCH7 + CO, and the P,x-diagram shown in
Figure 21 lead to the conclusion that PCH3 + PCH7 is most

beneficial for CO, capture. First of all, the Ax value is larg-
est of all the liquid crystals measured. This is in agreement
with the phase transition enthalpy of the N «<» I phase transi-
tion: this enthalpy value is significantly higher for the PCH-
type molecules. Moreover, the solubility of CO, in this
material is higher than any of the other mixtures. Second,
the mixture is liquid at room temperature, making the han-
dling more easily than the other mixtures.

Conclusions

The combination of PCH3 and PCH?7 is in this case more
promising for CO, capture than SOCB and 70CB because
the phase transition enthalpy of the first mentioned system is
higher. Also, the CO, solubility in PCH3 and PCH7 is lower
than for 5OCB + CO, and 70CB + CO,. The drawback of
using liquid crystals for CO, capture is the low phase transi-
tion enthalpy of the N « I phase transition. This leads to a
small difference of absorbed CO, in the two phases, namely
Ax =0.013. This Ax value is probably too small to realize a
feasible process for CO, capture. However, without a proper
process design this is difficult to judge.

S+I < L N+I < N;N+I <, S+N+I, N+I1+G;
1+ G < I The solid lines are first and second order polyno-
mial fits through the data points.

Literature Cited

1. Oyarzun B, van Westen T, Vlugt TJH. The phase behavior of linear
and partially flexible hard-sphere chain fluids and the solubility of
hard spheres in hard-sphere chain fluids. J Chem Phys. 2013;138:
204905.

2. Vill V. The Landolt-Bornstein database Group VIII: Advanced Mate-
rials and Technologies. Berlin Heidelberg: Springer-Verlag, 2003.

3. Gross J, Jansens PJ. 2008 Patent WO2008147181-A1; NL2000654-
C2.

4. de Groen M, Vlugt TJH, de Loos TW. Phase behavior of liquid crys-
tals with CO,. J Phys Chem B. 2012;116:9101-9106.

5. de Groen M, Matsuda H, Vlugt TJH, de Loos TW. Phase behavior
of the system 4’-pentyloxy-4-cyanobiphenyl + CO,. J Chem Therm.
2013;59:20-27.

6. de Groen M, Ramaker BC, Vlugt TJH, de Loos TW. Phase behavior
of liquid crystal + CO, mixtures. J Chem Eng Data. 2014;59:1667—
1672.

7. Molotchko VA, Pestov SM, Lidine RA. Classification des systemes
aux cristaux liquides nematiques. Mol Cryst Lig Cryst. 1996;287(1):
47-56.

8. de Loos TW, van der Kooi HJ, Ott PL. Vapor-liquid critical curve
of the system ethane + 2-methylpropane. J Chem Eng Data. 1986;
31:166-168.

9. Acree WE Jr, Chikos JS. Phase change enthalpies and entropies of
liquid crystals. J Phys Chem Ref Data. 2006;35:1051-1330.

10. Hulme DS, Raynes EP. Eutectic mixtures of nematic 4’-substituted
4-cyanobiphenyls. J Chem Comm. 1974;3:98-99.

Manuscript received Dec. 4, 2014, and revision received Apr. 21, 2015.

2984 DOI 10.1002/aic

Published on behalf of the AIChE

September 2015 Vol. 61, No. 9 AIChE Journal



