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High-Pressure Vapor—Liquid Equilibria for CO , + Hexanal at (323.15, 353.15,
and 383.15) K
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Pressure-composition isotherms are obtained for the system €Mexanal at (323.15, 353.15, and 383.15) K

and pressures between (2.6 and 14.8) MPa. The phase equilibria measurements were carried out with an analytical
method. The results were correlated by the PgRgbinson (PR) equation of state using conventional mixing

rules with two temperature-dependent interaction parameters.

Introduction Experimental Section

The production of middle-chain carboxylic acids encounters Materials. Carbon dioxide (99.996 % Cfpwas purchased
certain constraints regarding the aldehyde oxidation process adfom MESSER, Germany. Hexanal was supplied by MERCK
the principal method of commercial importance. The partial With & certified purity of 99.7 %. o
oxidation of aldehydes with the oxidation of hexanal to hexanoic 1€ helium 6.0 used as carrier gas, the synthetic air (80 %
acid being an important example is normally carried out at Nitrogen and 20 % oxygen), and hydrogen 6.0 for the GC
around 330 K in a semibatch process under slow addition of @nalysis were obtained from MESSER, Germany. For the
oxygen. The reaction is usually performed in the liquid phase COMPposition analysis of the samples, the gas chromatograph
using the salts of copper, manganese, iron, etc. as homogeneouéiewlett-Packard 5980 A) equipped with TCD and FID
catalysts but can also be feasible without a catdly3the total detectors and two stainless steel capillary columns witml
oxidation has to be avoided, thus determining a rather low Of the polyethylene glycol film from J&W Scientific (DB-WAX,
space-time yield of this highly exothermal reaction and 30 M lengthx 0.53um ID) were used. .
additional costs of the control system. Therefore, conducting _ | "€ témperature program was determined with the Chem-
this reaction in supercritical GOn a continuous process and ~ Station Software from Agilent company. The oven temperature
reducing the reaction time by elimination of mass transfer Was initially held at 343.15 K for 0.3 min and thenff"sed toa
limitations through providing homogeneity of the reactive [Inal temperature of 413.15 K at a rate of 15nKin™ after
mixture could exhibit a potential alternative. Besides its cheap- €ach injection. The end temperature of the oven was held for 3
ness and accessibility, this medium is known for its ability to ™" The inlet-port temperature was fixed at 473.15 K, and the
tune the solubility of particularly nonpolar compounds. This temperature of the detectors was fixed at 523.15 K. The flow

could be obtained by adjusting the pressure and the temperaturé;ate of the carrier gas was kept at 8.8 miin™. .
of the process, thus changing the density of the;CO Apparatus and _ProcedureThe_ so-called analytical met_hod
) . . . was used by drawing and analyzing samples from the static cells.
To identify the advantageous conditions for both, carrying The setup consists of two high-pressure autoclaves with the
out the reaction in a single phase and separation of the enrichedgction volume of around 87 mL and four radial and one axial
product in the liquid phase, the knowledge of the phase equilibria jet/outiet each. The variable volume static cells, shown in

of the reactive system would be required. Study of phase rigyre 1, were built by SITEC-Sieber Engineering AG (Maur/
behavior in supercritical CQs a long established field with a  zyrich, Switzerland). The maximum allowed operating condi-
great number of data related to mutual solubilities of hydro- tjons were 100 MPa and 870 K. A counterbalance piston

carbons or alcohols and GOThe number of publications  mounted at the top of each autoclave enabled displacing a

for these systems are the works of2daez da Silvd* The sample volume which can be withdrawn without changing the
data reported show in the investigated pressure and temperaturgressure within the autoclaves. Nitrogen from the cylinder was
region only vapor-liquid equilibria coexistence with no liquid used to provide force on the piston. The autoclaves were
liquid immiscibility. connected to the HAAKE water bath thermostats. The cell

The intention of this study is to provide experimental data blocks were heated by means of four 250 W cartridge heaters
of the phase behavior of the GfBexanal mixture as a subsystem located in holes running along the body. The temperature of
of the multicomponent reactive system for hexanal oxidation the cells was measured through the-l0ir—Ni thermocouples
in scCQ. For the data correlation, the Perl§obinson equation ~ with an accuracy of 0.1 K. The pressure in the cells was
of state with the quadratic mixing rule was implemented, and measured with the calibrated pressure transducers (WIKA, type
the interaction parameters best fitting the experimental results 891.23.510). A relief valve on the GQine was used as the

were evaluated. overpressure protection proved for the maximum pressure of
0.7 MPa.

* Corresponding author. E-mail: danuta.seredynska@itc-cpv.fzk.de. Tel.. ~ 1he alfmdaves were eva_leated b?fore loading the.compo-

+49 7247826508. nents. First, hexanal was injected into the cells using the
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Figure 1. Experimental setup for phase equilibria measurements.

Hamilton syringe, and then carbon dioxide was compressedidentical in both cells to obtain the solubility curves of each
through the diaphragm-type SITEC compressor (maximum phase investigated.
discharge pressure, 100 MPa) and pressed in the cells via the To reassure that the sample was withdrawn from the
high-pressure needle valves (SITEC). predetermined phase (gas or liquid) of the corresponding
Samples were withdrawn via a pneumatic sampler system. aytoclave, the ends of the capillaries were placed in the way
The sampler (ROLSI) was connected to the cell through the enabling observation in the window of the cell. In the opposite
coated RESTEK tubing (Silcosteel, 1/16 in. 0D0.030 in.  end of the capillary, a fine titanium needle was placed sealing
ID). A six-port Swagelok valve enabled the switching between the capillary and providing the constancy of pressure inside the
the samplers. Another six-port Swagelok valve was used for cell under the counterpressure of the compressed air ((0.2 to
switching between the carrier gas constantly flowing through 0.6) MPa) while taking the sample.
the sampler line and argon used to purge the tubing. Because
the equilibrium measurements were carried out in separate

autoclaves for gas and liquid phases, the capillaries had dlfferentConstant values, which normally occurred afé after loading

lengths enabling the sample to be withdrawn from the upper the cells. The samples were directly transferred to the gas

gas phase from one of the autoclaves and the lower liquid phasechroma'[o raph and quantitatively analyzed. With one run lastin
from the other. The temperature set in both autoclaves was grap d y yzeu. g

. . e 15 min, 15 to 25 samples were taken and averaged for one data
identical as was the injected amount of the aldehyde ((12 to P g

15) mL) t de th libri diti Th d point. The composition was measured based on the external
) mL) to provide the same equilibrium conditions. The en standard calibration method. The uncertainty of the measured
pressure values, however, changed to some extent due to th

luti th d value taken for th lculati ole fraction was estimated to be 3 %. The reproducibility of

solution process, so the end vaiue taken for the cajculation was, gas chromatograph within one data series was (1 to 2) %.
not necessarily identical for both autoclaves. This fact did not
affect the equilibrium within each autoclave because in the

) . Results
binary system it only depends on the temperature as long as
the volume and the pressure are determined and the mutual The experimentally measured phase compositions for the CO
saturation of both phases is assured through a sufficient amountt hexanal system at (323.15, 353.15, and 383.15) K are
of the solute. As a consequence, the pressure had to not be heldummarized in Table 1 and shown in Figure 2.

The moment of reaching equilibrium was determined as the
moment when the relative peak areas of the spectra showed
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Figure 2. Vapor—liquid equilibrium diagram®, Xco,, Yco,) for the system C@+ hexanal. Comparison of the experimental d®a323.15 K;®, 353.15

K; a, 383.15 K) with calculations—=) obtained with the PR-EOS.

Table 1. Experimental Equilibrium Data for the System CO; (1) + Hexanal (2) at (323.15, 353.15, and 383.15) K

P/IMPa Xco, P/IMPa yco, P/MPa Xco, P/IMPa yco, P/IMPa Xco, P/MPa yco,
T=2323.15K T=2353.15K T=2383.15K
2.6 0.2406 2.3 0.9913 34 0.2387 3.2 0.9849 5.2 0.3098 4.9 0.9751
34 0.3298 3.6 0.9945 4.5 0.3106 4.6 0.9879 7.8 0.3912 5.4 0.9741
3.8 0.3675 4.2 0.9979 5.8 0.3992 55 0.9857 10.6 0.5258 8.1 0.9718
5.1 0.4798 55 0.9976 7.4 0.4880 7.3 0.9870 13.6 0.6798 10.3 0.9732
6.8 0.6251 6.4 0.9932 8.5 0.5413 8.9 0.9859 14.8 0.7316 14.0 0.9480
7.9 0.7388 7.5 0.9968 10.0 0.6217 10.2 0.9814 15.2 0.9456
8.9 0.8410 8.2 0.9933 10.8 0.6789 111 0.9840
8.9 0.9702 12.4 0.7915 12.8 0.9735

Table 2. Critical Pressure P, Critical Temperature T, and Acentric
Factor o of the Components

component TJK Pd/bar w
carbon dioxide 304.72 73.74 0.2258
hexanal 5928 34.@ 0.3778

a Ref 6.P Ref 7.¢ Calculated with the Lee Kesler methdd.

The data were modeled with the Perigobinson equation
of state (PR-EOS)using the gquadratic mixing rule with two
interaction parametellg; andl; as given below

_ RT a
P_U—b v(v+b)+ by —b) @
where
a= Z Z ZZa; 2)
T T
b= z z zzb; 3)
T T
and
a; = (ag)" (1 — k) (4)
b + b,
by = T(l =1y (5)

The critical propertiesT, Pc) and acentric factor) of CO,

Table 3. PR-EOS Binary Interaction Parameters,k; and I, and
Corresponding Values of the Relative Root-Mean-Square Deviation
(RRMSD) for the System CQ + Hexanal at Measured

Temperatures
TIK ki lij RRMSD
323.15 0.0740 —0.0060 27107t
353.15 0.0715 —0.0049 1.310t
383.15 0.0660 —0.0026 12101

The parameters of the equation were obtained by minimizing
the following objective function (OF)

o 10 giexptl _ ‘Sicalc 2 3
B F]Z exptl ( )
i= &

wheren is the number of experimental points agef?! and

gealed gre the experimental and the calculated mole fraction of
CO; in each phase, respectively. The interaction parameters best
fitted to the experimental data and the corresponding values of
the objective function for all temperatures measured are sum-
marized in Table 3.

Conclusions

High-pressure phase behavior data are obtained at (323.15,
353.15, and 383.15) K and for pressure ranges of (2.6 to 14.8)
MPa. In the temperature and pressure ranges measured, this
system showed an immiscibility region with no occurrence of
a second liquid phase. The phase behavior of the binary
experimental data was correlated with the PR equation of state.
The fitted binary temperature-dependent parameters for each

and hexanal used to calculate the parameters for the PR-EOSsotherm are reported, and the correlation between the experi-

are given in Table 2.

mental ant theoretical results is presented.
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