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a  b  s  t  r  a  c  t

Knowledge  of  the phase  behaviour  and  composition  is of  paramount  importance  for  understanding  mul-
tiphase  reactions.  We  have  investigated  the effect  of  the  phase  behaviour  in  the  palladium-catalysed
selective  hydrogenation  of  2-butenal  to saturated  butanal  in dense  carbon  dioxide.  The  reactions  were
performed  using  a 5 wt%  Pd  on activated  carbon  in  custom-designed  high  pressure  autoclaves  at  323  K.
The  Cubic-Plus-Association  (CPA)  equation  of  state  was  employed  to model  the  phase  behaviour  of  the
experimentally  studied  systems.  CPA  binary  interaction  parameters  were  estimated  based  on  the  exper-
imental  vapour–liquid  or liquid–liquid  equilibria  data  available  in  the  literature.  No  experimental  data
for the  CO2–2-butenal  binary  system  were  available  in  the  literature;  therefore,  the  bubble  points  of  this
mixture  of  varying  composition  at three  different  temperatures  were  measured  in  a  high-pressure  view
cell.  The  results  of  the catalytic  experiments  showed  that  small  amounts  of carbon  dioxide  added  to the
PA system  significantly  decrease  the conversion,  whereas  at higher  loadings  of  CO2 the  reaction  rate  gradu-
ally increases  reaching  a maximum.  The  CPA  calculations  revealed  that this  maximum  is achieved  in  the
so-called  “expanded  liquid”  region,  which  is located  near  the  critical  point  of  the reacting  mixture.  It was
also  found  that  in this  point  the  hydrogen  concentration  achieved  its maximum  in the  CO2-expanded
phase.  Furthermore,  the pressure  –  temperature  regions  where  the multicomponent  reaction  system
exists  in  one  single  phase  and  in  multiphase  were  calculated.
. Introduction

Hydrogenation reactions in general are widely used in the
hemical industry [1].  Particularly, the selective hydrogenation
f �,�-unsaturated aldehydes has been extensively studied over
he past decades, because the products – saturated aldehydes
nd �,�-unsaturated alcohols – have many applications, especially
n the synthesis of various fine chemicals [2].  The scope of the
resent study comprises the selective hydrogenation of 2-butenal
o butanal (Scheme 1). Recent findings on bifunctional catalysts

ave shown that it is the first step of the “one-pot” synthesis with
he consecutive second step of the aldol reaction of the saturated
ldehydes [3].  The present study is planned to be extended to those

∗ Corresponding author. Tel.: +45 45252859.
∗∗ Corresponding author. Tel.: +49 721 60842120.

E-mail addresses: gk@kt.dtu.dk (G.M. Kontogeorgis), grunwaldt@kit.edu
J.-D. Grunwaldt).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.07.027
© 2012 Elsevier B.V. All rights reserved.

systems as well, and some exploration in that direction has already
been done [4–6].

In molecules of �,�-unsaturated aldehydes with two  types
of double bonds, C C and C O, the former unsaturated bond is
thermodynamically more prone to hydrogenation than the lat-
ter. However, depending on the catalyst used in the process one
or the other product can be selectively produced. Thus, platinum
catalysts doped with different additives favours mainly C O hydro-
genation [7–15], whereas palladium catalysts are typically used for
C C hydrogenation. For example, using a 10 wt% Pd/C catalyst, 2-
butenal was easily hydrogenated into butanal with almost 100%
selectivity [16]. Also over 1 wt%  Pd/Amberlyst-15 and 1 wt%  Pd/C
in carbon dioxide as reaction medium selective hydrogenation of
the double bond was found [3].  Similarly, the C C double bond
in 2-hexenal is selectively converted with hydrogen on a 1 wt%

Pd/Amberlyst-15 catalyst [17].

Heterogeneous catalysis combined with the use of dense and/or
supercritical carbon dioxide provides additional opportunities to
optimise and intensify the process [18–21]. This is particularly

dx.doi.org/10.1016/j.apcata.2012.07.027
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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List of symbols

a0 CPA fluid specific parameter
b CPA fluid specific parameter
c1 CPA fluid specific parameter
g, g(�) radial distribution function
kij binary interaction parameter
n number of experimental points
P pressure
Psat vapour pressure
R gas constant
T temperature
Tc critical temperature
Tr reduced temperature
Vliq liquid volume
x, y mole fraction
XAi

fraction of free sites A belonging to molecule i

Greek letters
˛0 fluid specific parameter in CPA
ˇAiBj association volume for the hydrogen bond between

sites A and B belonging in molecules i and j, respec-
tively

�AiBj association strength between two sites A and B
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belonging in molecules i and j, respectively

nteresting for gas–liquid reactions like selective hydrogenation
22,23]. Thus, it has been shown that the reaction rate of the selec-
ive hydrogenation of 2-butenal to butanal is higher in supercritical
uids than in conventional liquid phase with or without addition of

 solvent [3,16,17]. Burgener et al. [24] studied the hydrogenation
f citral in supercritical CO2 and conventional solvents in contin-
ous and batch reactors. It was shown that the reaction rate and
electivity were greatly influenced by the type of the reactor, sol-
ent, total pressure, and feed composition. In many cases both
onversion and selectivity in CO2 were higher than those in conven-
ional solvents, and both depended on the CO2 pressure, whereas
ydrogen pressure mainly accelerated the reaction rate [24]. An

nteresting trend was observed when different H2: feed ratios were
sed. The highest conversion was observed when the system was
hanging from single phase to two phases at a moderate H2 concen-
ration. The authors claimed that these changes might be attributed
o the changes in the phase behaviour of the reaction mixture. All
forementioned reactions have been performed in carbon dioxide
edia but the phase behaviour during the reaction progress with its

hanging composition was not studied systematically. Note, how-
ver, that the phase behaviour for a number of other systems has
een investigated experimentally [25].

Phase behaviour plays an important role in chemical reactions in
ense and/or supercritical carbon dioxide media. It is very demand-

ng to study it experimentally, especially in situ during the reaction,
owever theoretical thermodynamic calculations may be very use-

ul in this regard. A large number of thermodynamic models have
een developed in order to predict many thermodynamic proper-
ies of mixtures, including their phase behaviour with satisfactory
ccuracy [26]. The challenge for applying them to catalysis is to pro-

ide examples that demonstrate that they are capable of predicting
ulticomponent mixtures at varying composition, as occurring

uring reaction.

Scheme 1. Selective hydrogenation of 2-butenal in dense carbon dioxide.
 General 443– 444 (2012) 67– 75

For this purpose, an advanced thermodynamic model, the Cubic-
Plus-Association (CPA) equation of state [27], is used in the present
study. CPA is one of the models that takes into account strong cross-
association between components, i.e. hydrogen bonding; and it has
been proven to be a powerful tool for predicting various proper-
ties of complex multicomponent systems at elevated temperatures
and pressures [28,29]. The CPA equation of state consists of two
parts – the Soave–Redlich–Kwong (SRK) equation of state and an
association term based on Wertheim’s first order thermodynamic
perturbation theory [30]. In the case when no hydrogen-bonding
components are present in the mixture, the association term van-
ishes and CPA reduces to the SRK functionality.

In the present reaction, all the components comprising the reac-
tion mixture – 2-butenal, hydrogen, butanal and carbon dioxide –
are non-associating, i.e. they do not form hydrogen bonds between
themselves and/or each other. For such a simple system the orig-
inal Soave–Redlich–Kwong equation of state might be used [31],
instead of CPA. However, the original SRK uses critical temperature
Tc, critical pressure Pc, and acentric factor ω as pure fluid param-
eters. On the other hand, the estimation of pure fluid parameters
for CPA is based on experimental vapour pressure and liquid den-
sity data, which means that the temperature dependency of those
important properties is captured by the model. Therefore, CPA gives
better results when describing vapour pressure dependencies with
temperature.

In order to account for intermolecular interactions one interac-
tion parameter kij is typically used in the model. It is estimated
on the basis of experimental vapour–liquid, liquid–liquid or
vapour–liquid–liquid equilibria data (VLE, LLE or VLLE) for the
binary mixtures of the components comprising the reaction system.
In many cases such data are available in the literature for binary
systems; however, no experimental data were found for the CO2–2-
butenal binary system. Therefore, the bubble point pressures of
the CO2–2-butenal binary mixture of various compositions at the
different temperatures were measured experimentally. Based on
the obtained data the binary interaction parameter of CPA for this
system was  estimated.

In summary, the present study aims at the following aspects:
(1) the elucidation of the influence of the carbon dioxide amount
on the catalyst performance, (2) the measurement of the phase
equilibrium of the CO2–2-butenal binary mixture, and finally, (3)
the application of the CPA equation of state and the parameters
obtained for predicting the phase equilibrium of the multicompo-
nent reaction systems.

2. Experimental

2.1. Catalyst preparation

A 5 wt% Pd/C catalyst was prepared using the incipient wet-
ness impregnation technique as follows. 0.1282 g of [Pd(NH3)4]Cl2
(Sigma–Aldrich) as a precursor was dissolved in 1.69 ml of
deionised water – the amount required for the complete impreg-
nation of 0.988 g of activated carbon (Sigma–Aldrich, ground
fraction 125–250 �m).  The sample was dried at room temperature
overnight, then in an oven at 373 K for 24 h, and subsequently acti-
vated in nitrogen flow containing 10 vol% of hydrogen at 383 K for
2 h. The final catalyst sample was stored in dry atmosphere.

2.2. Catalyst characterisation
The specific surface areas of the as-prepared 5 wt% Pd/C cata-
lyst was  determined using BET isotherms recorded on a BEL Japan
surface area analyser at a nitrogen adsorption temperature of 77 K.
The specific surface of the sample was measured to be 994 m2/g.
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Fig. 1. Typical TEM image of 5 wt% Pd/C catalyst.

The as-prepared catalyst was analysed using X-ray diffraction
Bruker D8-Advance Diffractometer with a Cu K�-Anode source,

 = 1.54 nm,  angle range 20–80◦ 2�). The obtained diffractograms
id not reveal any significant reflections, which indicates that the
alladium particles are well dispersed and fairly small.

In order to support this finding, the transmission electron
icroscopy images (TEM) were obtained on a FEI Technai TEM

perating at 200 kV (Centre of Electron Nanoscopy, DTU). A typical
EM image is depicted in Fig. 1. It can be seen that the palladium
articles are evenly distributed on the carbon surface, and the aver-
ge particle size falls below 4 nm.

Temperature-programmed reduction (TPR) of the impregnated
atalyst was performed as follows: 500 mg  of the fresh sample was
laced into a quartz tube (10 mm in diameter) heated in flow-

ng N2 (air liquid, 50 ml/min) to 393 K, and held for 10 min. The
ube was then cooled in flowing nitrogen to room temperature,
2 was replaced by the carrier gas, and the TPR run was started
sing the following conditions: carrier gas 5 vol%. H2 in N2 (air

iquid) with a flow rate of 50 ml/min; initial temperature 308 K;
amp rate 5 K/min; and final temperature 433 K. The concentration
f hydrogen was detected with a GC-14A chromatograph (Shi-
adzu GmbH). The TPR experiments indicate that the palladium

onstituent of the catalyst was reduced to metallic palladium in
he temperature range 363 and 383 K.

.3. Catalytic hydrogenation of 2-butenal

The catalyst performance was tested in the selective hydro-
enation of 2-butenal using homemade stainless steel autoclaves
ith magnetic stirring bars (Tmax = 250 ◦C, Pmax = 200 bar, inner vol-
me  ∼ 125 ml). Before use, the reactors were thoroughly washed
ith organic solvents and dried with compressed air. Required

mounts of the catalyst and 2-butenal were loaded into the auto-
laves which then were tightly closed. After that, the reactors were
arefully flushed with hydrogen several times and pressurised up
o the desired pressure. Hydrogen was supplied directly from the
ydrogen cylinder via an interconnected reduction valve. As a next
tep, carbon dioxide was added using a CO2-compressor (NWA,

M-101, Loerrach, Germany), and its amount was measured by
eighing the autoclaves before and after loading. Pressure and

emperature were monitored with installed manometers and ther-
ocouples, respectively.
 General 443– 444 (2012) 67– 75 69

After the reaction, the autoclaves were quickly cooled down to
room temperature in a water bath, slowly and carefully depres-
surised, and opened.

Samples of the reaction mixture were taken out, diluted with
toluene and analysed employing a gas chromatograph (Shimadzu,
GC 2010+, polar column), which had been previously calibrated for
the reactant and possible products.

All catalytic experiments were performed at least twice. The
conversion of 2-butenal in two identical experiments by maximum
deviated by 7% relative.

2.4. Phase behaviour measurements

Phase behaviour was  visually monitored in a high pressure view
cell (15–65 ml,  SITEC, Switzerland) with a sapphire window (26 mm
diameter). The pressure was  adjusted by changing the volume of
the cell by means of a screw-type manual pump. The set up prin-
ciple is based on the so-called synthetic method [32], where the
phase transition is directly observed through the window without
taking samples. The flow chart and the set up description can be
found in Ref. [33–35]. Temperature and pressure were monitored
with a thermocouple and a Dynisco pressure sensor, respectively.
Stirring was  performed by a magnetic stirrer with a stirring bar
placed inside the cell. Temperature was controlled by means of an
oil-containing heating jacket connected to a thermo/cryostat.

Before every experiment the view cell was  thoroughly cleaned
with acetone and CO2, dried with an air jet, and left open heated
up to 323 K in the air for a minimum of 2 h. After cooling it down
to room temperature, the desired amount of 2-butenal (Aldrich,
99.8%+) was loaded into the cell. Its mass was calculated by weigh-
ing the syringe before and after loading. After charging the cell with
the liquid, it was  closed, tightened, and flushed slowly and carefully
with gaseous CO2 in order to substitute the air. CO2 was added
using a CO2-compressor (NWA, PM-101, Loerrach, Germany), and
its quantity was  measured by a mass flow transmitter (Rheonik
Messgeraete GmbH, Germany) at a constant pressure of 100 bar,
which was controlled by means of an interconnected reduction
valve. The view cell was further heated up to a desired tempera-
ture and pressurised to a pressure higher than the expected bubble
point pressure. At this stage the cell was  left for equilibrating for at
least 2 h. A first rough estimation of the bubble point was made by
stepwise depressurising the system (4–6 bar). After the first bub-
bles appeared in the top part of the cell, it was pressurised again and
left for equilibration. Small stepwise pressure drop (0.2–1 bar) with
subsequent equilibration after each step was  applied to determine
the bubble point pressure of the specific system. Since the first bub-
ble of gas phase usually appeared in the highest point of the cell, the
latter was  slightly tilted to make this point more visible. The pres-
sure at which the first bubble of the second phase appeared was
noted. All the experimental points were measured at least three
times. The difference between these points was  generally less than
0.2–0.4 bar, which was  within the accuracy range of the pressure
gauge. The temperature was  measured with a precision of 0.5 K.

3. Experimental results

3.1. Catalyst performance

A series of catalytic experiments were carried out in order to
investigate the influence of the carbon dioxide content on the
catalytic performance. Blind tests without a catalyst were also

performed, and no detectable catalytic activity was observed. The
results are presented in Table 1.

The results showed that the conversion, and corresponding
turnover frequency (TOF) reached a minimum when the amount
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Table 1
Selective hydrogenation of 2-butenal to butanal over 5 wt% Pd/C catalyst.

Amount
of CO2, g

Mole ratio
CO2:2-butenal

Total
pressure, bar

Conversion, % TOF, h−1 a

0 0.0:1 22 34.3 730
4 2.3:1 34 27.6 580

10 5.7:1 50 10.7 230
28 15.9:1 70 14.6 310
34 19.3:1 98 17.1 360
45 25.6:1 111 20.2 430
60 34.1:1 126 39.1 840
70 39.8:1 138 39.7 840
82 46.6:1 150 26.6 560
92 52.3:1 185 24.6 520

Conditions: Substrate 0.04 mol, H2:2-butenal molar ratio 2.5:1 (corresponding to a
pressure of 20 bar at room temperature), mcat = 0.01 g, temp = 323.2 K, reaction time
60 min.

a TOF[h−1] = (n × Conv .)/((m × wt )/(Mr ) × t), where n – amount of 2-
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sub cat Pd Pd sub

utenal, mol; Conv. – conversion of 2-butenal, %; mcat – catalyst mass, g; wtPd –
alladium loading, wt%; MrPd – molecular weight of Pd, g/mol; t – time, h.

f carbon dioxide approached 10 g, i.e. when the mole ratio CO2:2-
utenal was 5.7:1. When this ratio was increased, the conversion
lso went up reaching a maximum of almost 40% at a mole ratio
O2: substrate of 35–40:1. The total pressure of the reaction sys-
em, however, was almost linearly dependent on the amount of CO2
sed in the reaction. Note that in the present case the turnover fre-
uency was referred to the total number of Pd atoms: in reality only
he surface palladium atoms or even special sites will contribute to
he reaction.

.2. Phase behaviour measurements

The bubble point pressures for the CO2–2-butenal binary
ixture at four different compositions were measured at three

ifferent temperatures using the aforementioned setup and exper-
mental procedure. The results are presented in Table 2.

. Modelling with the CPA equation of state

Modelling of the reaction mixture, also during the progress of
he reaction, was based here on the CPA EoS which combines the
lassical Soave–Redlich–Kwong (SRK) equation of state with an
dvanced association term [27]. The CPA EoS can be expressed for
ixtures in terms of pressure P as follows [26]:

 = RT

vm − b
−

ao

[
1 + c1

(
1 − √

Tr

)]2

vm (vm + b)

− 1
2

RT

vm

(
1 + �

∂ln g

∂�

)∑
i

xi

∑
Ai

(1 − XAi
) (1)

The key element in the association term is XA – the fraction

i

f sites type A on molecule i that do not form hydrogen bonds
ith other active sites. It is related to the association strength �AiBj

etween two sites belonging to two different molecules, e.g. site A

able 2
xperimental bubble point pressures for CO2–2-butenal.

CO2 mole fraction Pressure, bar

313.2 K 331.9 K 350.2 K

0.3899 28.8 38.2 48.4
0.4580 34.9 46.5 59.2
0.5429 41.5 55.2 70.3
0.7081 57.4 77.6 98.8
 General 443– 444 (2012) 67– 75

on molecule i and site B on molecule j. This parameter is determined
from:

XAi
= 1

1 + �
∑

jxj

∑
BBjxBj

�AjBJ
(2)

The association strength �AiBj , in its turn, can be expressed as:

�AiBj = g(�)

[
exp

(
εAiBj

RT

)
− 1

]
bijˇ

AiBj (3)

where g (�) = 1/1 − 1.9(b�/4) – the radial distribution function,
while bij = (bi + bj)/2. bi is the temperature independent co-volume
parameter of the component i, and � is the molar density. Tr = T/Tc

is the reduced temperature, and Tc is the experimental critical tem-
perature.

In the expression for the association term (Eq. (3)), the parame-
ters εAiBj and ˇAiBj are called the association energy and association
volume, respectively. These two parameters are only used for
associating components, and together with the three additional
parameters from the SRK part (a0, b, c1) are the five pure fluid
parameters of the CPA model.

When the CPA is used for mixtures, the conventional mixing
rules are employed in the physical term (SRK) for the energy and
co-volume parameters. The geometric mean rule is used for the
energy parameter aij. The interaction parameter kij is the only
binary adjustable parameter of CPA:

a =
∑

i

∑
j

xixjaij, where aij =
√

aiaj(1 − kij) (4)

b =
∑

i

xibi (5)

4.1. Pure fluids

The CPA pure fluid parameters (a0, b, c1) were estimated using
saturated liquid density Vliq and vapour pressure Psat data from
DIPPR [36] or, when it was possible, they were obtained from the
literature (Table 3). Due to the fact that all the components are non-
associating, the association energy and volume (εAiBj and ˇAiBj ) are
equal to zero. The pure fluid parameters are presented in Table 3.

4.2. Binary mixtures

The reaction mixture consists of four components (CO2, hydro-
gen, 2-butenal, and butanal) therefore, six interaction parameters
are required for the six binaries occurring in the system. As it was
previously mentioned, for estimating kij parameters some experi-
mental data are required.

Unfortunately, the experimental data were not available for all
the binaries, specifically, for the binaries with 2-butenal no data
were found in the literature. However, due to the strong similari-
ties between the structure of 2-butenal and butanal, the following
assumptions were made: (1) the kij for the hydrogen–2-butenal
binary was assumed to be equal to that of hydrogen–butanal, and
(2) for the 2-butenal–butanal system kij was  set to zero. The binary
interaction parameters are presented in Table 4.

The CPA model describes quite satisfactorily the phase
behaviour of the CO2–hydrogen binary mixture, however, slight
deviations between the model predictions and experimental data
are observed at higher hydrogen concentrations, as shown in Fig. 2.

For the CO2–butanal binary mixture a temperature indepen-
dent kij parameter was estimated based on the experimental VLE

data. The first attempt to measure and predict the phase behaviour
of this system was made by da Silva et al. [37]. In their work
the authors used the SRK and Peng–Robinson (PR) equations of
state, in both cases employing the quadratic mixing rules with two



N.E. Musko et al. / Applied Catalysis A: General 443– 444 (2012) 67– 75 71

Table 3
CPA parameters for pure fluids.

Tc , K a0, L2 bar mol−2 b, L mol−1 c1 %AAD a in Psat %AAD in Vliq Ref.

Carbon dioxide (Tm − 0.9Tc)
304.2 3.5079 0.0272 0.7602 0.2 0.8 [47]
Hydrogen (0.5Tc − 0.9Tc)
33.19 0.2664 0.0194 0.0474 1.6 4.4 This work
2-Butenal (0.4Tc − 0.9Tc)
565.0 18.9939 0.0728 0.8140 4.8 1.9 This work
Butanal (0.4Tc − 0.9Tc)
537.2 16.6777 0.0758 0.8803 2.2 0.8 This work

a %AAD = 1
n

∑
i

∣∣∣ Xcal
i

−Xexp
i

Xexp
i

∣∣∣ × 100, where X stands for Psat or Vliq and n is the number of experimental data points.

Table 4
CPA binary interaction parameters for binary mixtures. All kij are independent of temperature.

System Temperature range, K kij %AAD in P %AAD in y1 Data ref.

CO2–H2 278.15–290.15 −0.0323 6.9 17.9 [48]
CO2–butanal 303.2–313.2 −0.2859 10.0 0.6 [37]
CO2–2-butenal 313.2–350.2 −0.0180 1.4 − a This work
H2–butanal 293.15–393.15 −0.0436 7.3 − a [49]
H2–2-butenal – −0.0436b − − No lit. data
2-Butenal–butanal – 0 − − No lit. data

a Calculations based on experimental P–x–T data, therefore, %AAD in y1 were not estim
b The interaction parameter for this binary mixture is set equal to the interaction param

F
a

a
t
s
a

F
d

ig. 2. Hydrogen–CO2 VLE. Experimental data (points) at different temperatures
nd CPA calculations (lines) with a temperature independent kij = −0.0323.
djustable parameters, i.e. kij for the energy parameter and lij for
he co-volume. The authors report that the employed equations of
tate quite accurately described the experimental data. However,
t higher concentrations of carbon dioxide in the mixture (0.9–1.0

ig. 3. CO2–butanal VLE. Experimental data (points) at different temperatures and CPA cal
ioxide–butanal VLE in the CO2-rich region.
ated.
eter of the H2–butanal binary.

CO2 molar fraction) a large difference between the model predic-
tion and experimental data is observed. This might be due to the fact
that the experimental data in this range are not accurate enough.
One of the sets of data was measured at a temperature of 303.2 K,
which is very close to the critical temperature of pure CO2 (304.2 K
[36]). This means that at high concentrations of CO2 the vapour
pressure of the mixtures should be close to its critical pressure
(73.83 bar [36]), however, it is nearly 20 bar lower than that. More-
over, the second data set was  measured at 313.2 K, which is 9 K
higher than the critical point of CO2, but the vapour pressures of
the mixtures with a significant excess of CO2 are still lower than its
critical pressure.

Note, however, that the CPA model predictions account for this
behaviour and show reasonable vapour pressures for the CO2-rich
mixtures. This is due to the fact that the CPA pure fluid param-
eters are fitted to the pure compound vapour pressure. In the
present work only one adjustable parameter kij is considered for

the CO2–butanal binary, as shown in Fig. 3.

The temperature independent binary interaction parameter
was estimated for the CO2–2-butenal system based on the P–x–T
experimental data obtained in the present study. The CPA model

culations (lines) with a temperature independent kij = −0.2859. On the right: carbon
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ig. 4. CO2–2-butenal VLE. Experimental data (points) at different temperatures
nd CPA calculations (lines) with a temperature independent kij = −0.0180.

redictions are in good agreement with the bubble point pressures
f the binary mixtures of different composition at three different
emperatures, as shown in Fig. 4.

The phase behaviour of CO2–2-butenal resembles that of the
O2–butanal binary mixture. However, the vapour pressures of the
O2 binaries with butanal are lower than those with 2-butenal at
he same composition. This might be explained by the fact that
-butenal is more polar than butanal, dipole moment 3.66 versus
.72 D, respectively [36]. Carbon dioxide, in turn, is a non-polar
ompound, and therefore, less polar components, such as butanal,
re more soluble in it, which explains the lower vapour pressures
f binary mixtures.

The kij parameter for the hydrogen–butanal system was  esti-
ated using available P–x–T data at different temperatures. The
2–butanal mixture had been previously investigated by Ke et
l. [38], where the authors used the Peng–Robinson equation of
tate which required a temperature dependent kij. However, due
o its small value they set it to zero in their further calculations.

hen using the CPA model one temperature independent param-
ter is sufficient, as shown in Fig. 5. Again, due to the similarity of
PA with SRK for non-associating components, this improvement

s attributed to the inclusion of vapour pressure data in the pure
ompound parameter estimation.

.3. CPA predictions for the multicomponent reaction system

The catalytic results have shown that the conversion of 2-
utenal is dependent on the amount of CO2 loaded into the reactor
Table 1). There are multiple effects caused by the addition of CO2 to
he system. Firstly, the more carbon dioxide is used in a batch auto-

lave the higher the reaction pressure. The partial pressures of the
eacting components, however, do not change and, therefore, the
hermodynamic equilibrium is not affected by the increasing pres-
ure, as seen in Scheme 1. What possibly happens is that the amount

able 5
hase composition of the reaction mixture before reaction.

T, K P, bar Feed composition, mol N

CO2 H2 2-Butenal 

323 22 0.00 0.1 0.04 2 

323  34 0.09 0.1 0.04 2 

323  50 0.23 0.1 0.04 2 

323  70 0.64 0.1 0.04 2 

323  98 0.77 0.1 0.04 2 

323  111 1.02 0.1 0.04 2 

323 126 1.36 0.1 0.04 2 

323  138 1.59 0.1 0.04 1 

323 150  1.86 0.1 0.04 1 

323  185 2.09 0.1 0.04 1 
and  CPA calculations (lines) with a temperature independent interaction parameter
kij = −0.0436.

of CO2 determines the number and composition of the phases co-
existing in the reactor as well as the dissolution power of hydrogen
in the CO2-expanded liquid reactant phase. The liquid (or more gen-
eral, the denser phase) is of particular interest, because it is in direct
contact with the solid catalyst at the bottom of the autoclave and,
therefore, the reaction occurs in this dense fluid. In order to deter-
mine the initial concentrations of the components in the 2-butenal
hydrogenation reaction, the CPA equation of state together with
the binary interaction parameters estimated in the present work
were used. The concentrations of the components and the number
of phases present in the reactor before reaction are presented in
Table 5 and underline the presence of a CO2-expanded reactant
phase. The amount of CO2 increases with pressure, whereas for
hydrogen in only increases between 70 and 138 bar.

Table 5 shows that in most cases the reaction started at bipha-
sic conditions and only when a large excess of CO2 was used, the
reaction ran in the single phase regime.

However, at this point another question arises, i.e. whether
the number of phases changes as the reaction proceeds. In this
regard, P–T regions where the multicomponent reaction mixture
exists in one or two  phases depending on the conversion were
calculated with CPA. It was assumed that the mole ratio of the com-
ponents in the initial mixture was CO2:H2:2-butenal = 25:2.5:1. No
conversion, 20, 40, 60, 80% and full conversion were considered.
The corresponding compositions of the mixtures are presented
in Table 6, and the obtained P–T diagrams are shown in Fig. 6.
According to this figure and the phase behaviour calculations, if
the mentioned above initial reaction mixture starts to react, for
instance, at 313 K and 175 bar, it means that before the reaction

(t = 0) it exists in one single phase, and it will stay in one phase even
after all 2-butenal has converted. If the reaction occurs under the
same conditions but at a pressure in the system of around 130 bar,
the predictions imply that the initial system is bi-phasic, however,

umber of phases Composition of the liquid (dense) phase, mole fraction

CO2 H2 2-Butenal

0.000 0.007 0.993
0.178 0.006 0.816
0.367 0.006 0.627
0.604 0.006 0.390
0.770 0.014 0.216
0.817 0.021 0.162
0.911 0.043 0.045
0.919 0.057 0.024
0.930 0.050 0.020
0.937 0.045 0.018
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Table 6
Composition of a reaction mixture with a ratio CO2:H2:2-butenal:butanal at differ-
ent  conversion.

Mixture Conversion, % Composition of the reaction mixture, mol

CO2 H2 2-Butenal Butanal

1 0 25 2.5 1.0 0
2 20 25 2.3 0.8 0.2
3  40 25 2.1 0.6 0.4
4 60  25 1.9 0.4 0.6
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tration of the substrate stays almost unchanged; thereby possibly
explaining the decrease in the catalytic activity. Furthermore, the
excessive amounts of carbon dioxide at high reaction pressures may
5  80 25 1.7 0.2 0.8
6  100 25 1.5 0.0 1.0

s the reaction proceeds, at some point the phase transition will
ccur and the system will become mono-phasic. Finally, if the reac-
ion pressure is 90 bar, the reaction will begin in the two phase
egion and it will stay like this even after all substrate has reacted.

. Discussion

The results of the catalytic studies (Table 1) show that the pres-
nce of small amounts of carbon dioxide in the reacting system
eteriorates catalytic performance; however, higher amounts of
arbon dioxide added to the system leads to higher conversion.
s mentioned above, this might be due to the concentration and
hase behaviour effects arising when more CO2 is added to the sys-
em. The calculations performed with CPA show that the amount
f CO2 used in the reaction determines the number of phases, their
omposition and total pressure in the reaction, as shown in Table 5.

Most of the time, the reactions occurred in the biphasic region.
his means that the initial reaction kinetics was determined by the
nitial concentrations of the components in the liquid phase, which
s in direct contact with the catalyst. The reaction pathway in the
iphasic region might be easily impeded by mass transfer limita-
ions, i.e. diffusion of the components (particularly hydrogen) from
he gas phase to the liquid and further to the catalyst surface. Under
ingle phase conditions, the concentration of all the components
as constant in the whole volume of the reaction mixture due to

ntense stirring, therefore, possible external mass transfer limita-
ions were minimised. However, as it was shown by the calculations
he maximum catalyst activity was observed at a CO2:2-butenal
atio near the critical point of the reaction mixture, where the
hase transition occurred. Further dilution of the system with CO2
aused a decrease of catalytic activity. In other words, even though

he reaction conditions were in favour of higher conversion, i.e.

inimised mass transfer effects, the opposite was observed.
A similar observation was made by Burgener et al. [24],

here they found that at higher hydrogen concentrations the

ig. 6. CPA predictions of the bubble and dew point curves for the reaction mixtures
uring the selective hydrogenation of 2-butenal in carbon dioxide. The composition
f  every mixture is shown in Table 6.
 General 443– 444 (2012) 67– 75 73

catalytic performance decreased, which was against the expec-
tation from reaction thermodynamics and kinetics. A significant
change occurred when the system moved to an “expanded liquid”
where maximal conversion was obtained. Unlike in the present
study, this phase transition occurred due to the fact that hydrogen
decreased the dissolution power of carbon dioxide, and as a conse-
quence, the one phase system split into two phases. Furthermore,
in an earlier study by Tschan et al. [39], the authors investigated
the selective semi-hydrogenation of propargyl alcohol in supercrit-
ical carbon dioxide. They concluded that in the two phase region
excessive amounts of hydrogen are required in order to maintain
a sufficient supply through the liquid layer to the catalyst sur-
face, whereas when working in a single phase lower hydrogen
concentrations are needed for the selective semi-hydrogenation of
propargyl alcohol due to the minimised mass transport limitations.
In both studies the concentrations of hydrogen in the reaction phase
was speculated to be crucial.

In the present study, thermodynamic calculations were used
to provide insight into the behaviour during the hydrogenation
of 2-butenal. Table 5 suggests that the concentration of 2-butenal
gradually decreased when more CO2 was  added to the system,
whereas the concentration of hydrogen was more or less stable
at the very beginning and after a certain point it started to rise
to the point where the phase transition occurred, as shown in
Fig. 7. At this point the concentration of hydrogen in the dense
layer was  maximal, and then it started to decrease gradually. The
maximum concentration of hydrogen coincides with the maximum
catalytic activity. Interestingly, only C C-hydrogenation and not
carbonyl hydrogenation was  observed despite the group of Arai and
co-workers [40,41] have shown that there is a strong interaction
between CO2 and unsaturated aldehydes such as cinnamaldehyde,
which affects the selectivity. Therefore, due to the fact that the
concentration of 2-butenal was decreasing at the beginning while
the concentration of hydrogen in the liquid layer was constant the
reaction rate was decreasing as well. After the point where the
concentration of hydrogen started to increase, the reaction rate
increased as well. These observations are in line with the conclu-
sions for the abovementioned reactions studied by Burgener et al.
[24] and Tschan et al. [39]. Fig. 7 further shows that in the one phase
region the concentration of hydrogen decreases while the concen-
Fig. 7. Mole fractions (CPA lines) of hydrogen and 2-butenal in the liquid (dense)
phase which is in contact with the catalyst and conversion of 2-butenal (bars)
depending on the initial CO2:2-butenal mole ratio. Conditions: 2-butenal 0.04 mol,
H2:2-butenal mole ratio 2.5:1, mcat = 0.01 g, T = 323.2 K, reaction time 60 min. Shaded
area – one phase region.
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ause its strong adsorption on the catalyst surface, which competes
ith the adsorption of hydrogen and 2-butenal. In addition, both

hao et al. [42] and Burgener et al. [43] found reaction of CO2 and
ydrogen under single phase conditions on noble metal particles.

Further CPA calculations of the P–T regions of co-existing phases
Fig. 6) showed that the system phase transition at a constant tem-
erature and elevated pressures decreases towards lower pressures
s the reaction proceeds. This means that if the initial reaction mix-
ure (at t = 0) was in a single phase it stayed in one phase even after
ll the 2-butenal had reacted. However, depending on the compo-
ition, T and P, in some cases the reaction may  begin in the two
hase region, but at a certain conversion the phase transition may
ccur and the system will become single phase. These changes of
he phase behaviour as a result of concentration changes during
eaction have to be considered for proper interpretation of reac-
ion kinetics and the CPA calculations proved to be an elegant tool
or this task.

Usually, carbon dioxide is considered as an inert reaction
edium, however, some recent findings revealed that under cer-

ain conditions, i.e. in the presence of hydrogen and noble metals
lready at relatively low temperatures, CO2 can react with hydro-
en in the so-called reverse water–gas shift reaction and form
arbon monoxide and water [43,44]. The former acts as cata-
yst poison especially for low coordinated metal sites [45], and
hereby sometimes changes the catalyst selectivity [46]. Despite
oisoning by CO might be the case in the present study, this is
ardly the main reason because of the too strong drop in con-
ersion when excessively large amounts of CO2 were used. As it
as pointed out by Burgener et al. [43], the reverse water-gas shift

eaction takes place in many hydrogenation reactions and under
ydrogenation conditions metal surfaces are partially covered with
O, however, this effect is mostly restricted to low coordinated
t-sites.

Another type of intermolecular interactions can play an impor-
ant role when reactions are performed in scCO2. Carbon dioxide,
ossessing electron-accepting properties, can easily interact with
ther functional groups in organic molecules, such as aldehy-
es, ketones, esters, etc. Such interactions and their pressure
ependency have been studied using high-pressure FT-infrared
pectroscopy [40,41].  It was found that CO2 is capable of activating
f carbonyl groups in organic aldehydes and this effect is different
or saturated and unsaturated ones [41]. Thus, in the hydrogena-
ion of benzaldehyde the conversion into benzyl alcohol is merely
ecreasing with increasing CO2 pressure due to dilution of the
ystem, whereas for cinnamaldehyde conversion reaches a max-
mum. The authors attribute it to the activation of C O bond in
innamaldehyde by CO2 at low pressures, and at elevated pres-
ures this effect disappears and conversion decreases due to the
ilution of the system. Despite in the present study another type
f hydrogenation is relevant, i.e. C C bond saturation, the presence
f intermolecular forces between CO2 and aldehydes is indirectly
ndicated by binary interaction parameters kij (Table 4), which
s attributed to the non-ideality of the binary systems. The sig-
ificance of such interactions is that they determine the phase
ehaviour of the system, which in turn determines the catalyst
erformance as it was discussed above.

. Conclusion

The influence of the phase behaviour on the palladium-catalysed
elective hydrogenation of 2-butenal to butanal was  investigated.

or this purpose the CPA equation of state was successfully used
nd directly provided a correlation between the concentrations
f the reactants in the fluid phase and the reaction rate. The
nteraction parameters for three binaries were estimated using

[

[

[
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experimental data from the literature. The binary mixture car-
bon dioxide–2-butenal was  experimentally studied in order to
find the bubble point pressures at different temperatures. Based
on this experimental data the binary interaction parameter was
obtained.

The CPA model is shown to be a powerful tool allowing ther-
modynamic calculations with high precision and accuracy. Using
CPA the number of co-existing phases was  predicted, and the con-
centrations of the reacting components in coexisting phases were
calculated. These data are very important and useful for further
kinetic studies where knowledge of concentrations in individual
phases is a key element.

Furthermore, calculations using CPA gave insight into the phase
behaviour during the reaction, showing that the pressures and tem-
peratures at which a one phase region exists are decreasing as the
reaction proceeds.

The catalytic studies showed that maximum conversion was
achieved when the reaction mixture changed from one-phase to the
two-phase regions, near the critical point of the system. The con-
centrations of the components in the reaction mixture, calculated
with CPA, were shown to cause such behaviour.
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