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7 ABSTRACT: The phase equilibrium of the binary system (CO, + 10
8 propionic anhydride) was determined experimentally at temperatures of 9 r .
9 308, 313, and 323 K and pressures up to 10 MPa. Measurements were 8 r _ ,//"_ﬂ
10 carried out in a high-pressure visual cell with variable volume. The % 7 | et A 4
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11 experimental data were modeled using the Peng—Robinson equation of = 6 e -
12 state and the Mathias—Klotz—Prausnitz mixing rule. A good correlation £ 5 | T
13 was achieved with this model, with a total average absolute deviation of £ 4 p==""
14 0.21%. N
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15 l INTRODUCTION removal of one the product favors product formation."”™"* 47

16 Propionic anhydride is a simple acid anhydride, highly reactive
17 and therefore widely used in organic synthesis for the
18 production of dyes, pharmaceuticals, agrochemicals, and
19 fragrance chemicals.'™ It is produced from the dehydration
20 of propionic acid, an important candidate to C; platform
21 chemical, as it can be derived from biomass* or biosynthesized.®
22 This possibility opens up renewed opportunities of applications
23 for both propionic acid and its anhydride.

24 As part of the ongoing interest in exploring CO, as solvent
25 for the enzymatic resolution of sec-alcohols, using propionic
26 anhydride as the acylating agent, we report here the phase
27 behavior of the binary system CO, + propionic anhydride. To
28 the best of our knowledge, this is the first time that the phase
29 behavior of CO, + propionic anhydride is reported in literature.
30  Supercritical CO, (scCO,) is an attractive medium in which
31 to perform and control biocatalytic reactions.””” Moreover, it
32 has the potential to provide considerable improvements to the
33 sustainability of a process, mainly due to its nonflammability,
34 low toxicity, and high availability."” The application of scCO, to
35 chemical processes, allows to partially or totally eliminate the
36 use of organic solvents, to integrate product separation steps
37 and to enable catalyst reutilization. On the other hand, scCO,
38 can decrease mass transfer limitations by decreasing viscosity
39 and increasing diffusivity of reaction systems, or even totally
40 remove phase barriers when above the critical line of the
41 mixture. In fact, with manipulation of operation conditions, it is
42 possible to perform reactions in high pressure CO, in a single
43 phase system or in a two phase system.'' Although faster
44 reaction rate can be normally achieved in a single phase system,
45 biphasic systems can in some circumstances present some
46 advantages when integrating reaction/separation or when the
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Finally, some authors have manage to change selectivity by 4s
manipulating the phase state of a reaction,'* while others have 49
manage to develop fully integrated continuous process with so
product recover.">~® 51

In this work, high-pressure measurements were carried out at s2
temperatures of 308, 313, and 323 K, in a pressure range from 5 s3
to 10 MPa. These data were fitted with the Peng—Robinson s34
equation of state (PR EOS)'” and with the Mathias—Klotz— ss
Prausnitz (MKP)*° mixing rule. The capability of the model s6
was tested in the correlation of the phase behavior of the binary s7
system with the multicomponent mixtures of the experimental ss
da;;la, using the program package PE2000 developed by Pfohl et so
al. 60

B EXPERIMENTAL SECTION 61

Materials. The specifications of chemicals used in this work 62
are presented in Table 1. Propionic anhydride (>99%), CAS 63t
[123-62-6], was supplied by Sigma-Aldrich, and carbon dioxide 64
(N48, with a high purity of 99.998 mol %), CAS [124-38-9], 65
was supplied by Air Liquid. The chemicals were used as 66
received, without any further purification. 67

Table 1. Specifications of Chemicals Used in This Study

chemical name source certified purity
propionic anhydride Sigma-Aldrich >99%
CoO, Air Liquid 99.998 mol %
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Apparatus. Phase equilibria experiments were carried out in
a high-pressure apparatus, from New Ways of Analytics GmbH
(Germany). The experimental apparatus is described else-
where.™ In summary, the visual cell is composed by two
sapphire windows, on both sides of the cell. This allows for the
observation of any phase transition. The internal volume of the
cell is controlled by moving the sapphire window placed on the
back of the cell, which acts as a piston. This is accomplished by
using a hydraulic fluid pump. The viewing cell has an internal
volume of 38—70 mL and can operate at temperatures up to
453 K and at pressures up to 70 MPa. The control of
temperature is achieved with a PID controller (Eurotherm
2216e) (Pt100, 1/16 Din). The temperature is measured
directly from the fluid inside the cell with an accuracy of 0.1 K.
Pressure is measured by an Omega DP41-E230 transducer with
an accuracy of +0.005% RDG. Mixing inside the cell is achieved
with a magnetically coupled stirrer.

Experimental Methods. Experimental measurements were
performed using the static synthetic method, with phase
transitions being visually determined by the appearance of a
new phase (dew/bubble point) when slowly decompressing a
homogeneous mixture of known composition.

To each composition, specific quantities of propionic
anhydride and CO, were loaded into the cell. Briefly, the cell
is loaded with the propionic anhydride (solute) with the help of
a syringe. The syringe with the solute was weighed before and
after loading the cell, to determine the weight of the solute that
was placed inside the cell. The uncertainty associated with the
solute measurements is +0.002 g. CO, was then added by
means of a manual screw pump at a temperature of 273 K and
its amount controlled by means of volume variation in each
rotation, as described by Podila et al.”* The volume variation of
each rotation has been previously calibrated. To determine the
amount of CO, loaded into the cell, CO, densities were
calculated using the Span and Wagner EOS.*® The uncertainty
in the composition was estimated to be +0.005 mole fraction.

After reaching the desired experimental temperature, the cell
was pressurized by moving the back sapphire piston forward.
After the system reaches a single phase, stirring is maintained
for 30 min. At this point, stirring is stopped, and pressure is
decreased moving the piston backward until the first bubble/
drop is observed (formation of a second phase). Each
experimental point is an average of at least four measurements.
The uncertainty in pressure is less than 0.05 MPa. The
experimental data has an average absolute deviation of 3.5%.

Bl RESULTS AND DISCUSSION

Table 2 shows the experimental data obtained for the bubble
and dew points of the (CO, + propionic anhydride) binary
system at 308, 313, and 323 K and pressures ranging from S to
10 MPa. These results are further illustrated in Figure 1. As it
was to be expected as pressure increases, the solubility of scCO,
in propionic anhydride increases, and the solubility of propionic
anhydride in scCO, also increases. The same is observed with
decreasing temperature. Because no experimental data on the
phase behavior of CO, + propionic anhydride is available
elsewhere, it is impossible to compare with literature.
Propionic anhydride is here presented as an alternative
acylating agent in (trans)esterification enzymatic reactions in
scCO, media. Therefore, it is important to compare the
solubility of scCO, in propionic anhydride with the solubility in
similar acylating agents such as propionic acid’* and methyl
propionate,25 commonly used in this type of reactions. The

Table 2. Experimental High-Pressure Phase Equilibrium of
the Binary System CO, (1) + Propionic Anhydride (2)
Expressed in Mole Fraction of Carbon Dioxide (¥co,)”

T/K P/MPa Xco2 phase transition”
308 S.21 0.7052 BP
5.66 0.7625 BP
6.17 0.8128 BP
6.21 0.9983 DP
6.55 0.8578 BP
7.03 0.9159 BP
7.17 0.9373 BP
7.17 0.9974 DP
7.66 0.9752 BP
7.72 0.9808 BP
7.75 0.9885 BP
7.75 0.9857 BP
7.76 0.9961 DP
7.78 0.9926 BP
313 5.66 0.9974 DP
5.76 0.7052 BP
6.07 0.9979 DP
6.34 0.7625 BP
6.55 0.7934 BP
6.86 0.8221 BP
7.24 0.8615 BP
7.59 0.8985 BP
7.79 0.9977 DP
8.00 0.9943 BP
8.03 0.9373 BP
8.21 0.9900 DP
8.30 0.9699 BP
8.41 0.9839 BP
323 5.55 0.5704 DP
5.5 0.9942 DP
6.55 0.6677 DP
6.55 0.9947 DP
7.48 0.7625 DP
8.10 0.8117 DP
8.59 0.8615 DP
9.10 0.8985 DP
9.38 0.9903 DP
9.38 0.9430 DP
9.79 0.9752 BP
9.81 0.9857 BP

“Estimated uncertainties u are u(T) = 0.1 K u(p) = 0.05 MPa and
x(CO,) = 0.005. “BP — bubble point; DP — dew point.

comparison is presented in Figure 2. It can be observed that
CO, has a higher affinity toward methyl proprionate followed
by propionic anhydride and propionic acid. It is also interesting
to notice that the affinity of CO, to propionic anhydride is very
similar to propionic acid. Although differences in solubility are
more pronounced at lower pressures (less than 7 MPa), near
the critical point of the mixture, the solubility of scCO, in both
compounds is basically the same. The higher affinity of CO,
toward methyl propionate was to be expected due to its lower
polarity when compared with the other two.
Thermodynamic Modeling. The VLE data for CO, +
propionic anhydride system was correlated with the PR-MKP
model. The interaction parameters were calculated by
minimizing the deviations between the calculated and the
experimental data. The absolute average deviation (AAD)
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Figure 1. Comparison of VLE data for the CO,/propionic anhydride
binary system at 308 K (A), 313 K (), and 323 K (X).
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Figure 2. Comparison of the solubility of carbon dioxide in methyl

propionate” (@), propionic anhydride from this work (CJ), and
propionic acid (+).**

145 between the calculated and the experimental data was
146 determined using eq 1.

1 n
M J LS - o
i=1

148 with z = &, y and n = number of data.
149 Critical temperature (T.), critical pressure (p.), and acentric
150 factor (@) of the pure components, presented in Table 3, were

151 used to determine the parameters Kj, ; and 4;.

(1)

147

Table 3. Pure Compound Physical Properties™®

compound T./K P./MPa 0]
propionic anhydride 623 3.27 0.560
CO, 304.1 7.38 0.239

152 The optimum binary interaction parameters obtained and the
153 respective AAD values are given in Table 4. As can be observe
154 in Figure 3, the PR-EOS/MKP-MR model is in good
1ss agreement to the experimental pT,, data. An AAD of 0.21%
156 was obtained.

Table 4. Optimized Interaction Parameters for the CO,/
Propionic Anhydride Binary System at 308 K (A), 313 K
(O), and 323 K (x) with the Peng—Robinson EOS and the
Mathias—Klotz—Prausnitz Mixing Rule

T/K 308 313 323
Kii 0.0217 —0.1081 —0.4191
l,) —-0.0157 —0.0949 —0.3464
/1,7 0.0301 —0.1555 —0.6083
AAD (jguid phase) (%) 0.008 0243 0.148
AAD (g prase) (%) 0.090 0.155 0.366
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Figure 3. Fitting of the pTxy experimental data (symbols) for the CO,
/propionic anhydride binary system by the PR-EOS/MKP-MR model
(lines) 308 K (A), 313 K (O), and 323 K (X).

B CONCLUSION 157

In this work the phase behavior for the system CO, + propionic 158
anhydride was determined, showing that both the solubility of 159
scCO, in the liquid phase as the solubility of propionic 160
anhydride increased with increasing pressure and decreasing 161
temperature. The experimental data were fitted with the PR- 162
EOS/MKP-MR model, and an excellent correlation was 163

obtained with a total AAD value of 0.21%. 164
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