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Hydroformylation of propene to isobutyraldehyde and n-butyraldehyde was studied in the kinetic regime in a semibatch
stainless steel reactor at 85-1150C and 1-15 bar pressure in 2,2 4-trimethyl-1,3-pentanediol monoisobutyrate solvent with
rhodium catalyst cyclohexyl diphenylphosphine as a ligand, which showed lower normall/isometric aldehyde ratio (n/i) than
previously studied triphenylphosphine. The rate was pressure and Rh concentration dependent. The regioselectivity was
conversion independent; however, dependent on the ligand concentration, as higher ligand concentration promoted
isobutyraldehyde formation. The influence of ligand concentration on regioselectivity was investigated. A kinetic model was
proposed based on the mechanism of alkene hydroformylation and compared with experimental observations. Numerical
data fitting was performed showing good agreement of reaction rates and regioselectivity with experimental data. © 2011
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Introduction

Hydroformylation is the oldest and in production volume
the largest homogeneously catalyzed industrial process. The
hydroformylation reaction was discovered by Otto Roelen in
1938, and the reaction is also called oxosynthesis and
Roelen’s reaction.'™

Hydroformylation of alkenes with carbon monoxide and
hydrogen is a homogeneously catalyzed gas—liquid (G-L)
reaction, which is used for the production of linear and
branched aldehydes, as demonstrated in Figure 1.

A wide range of aldehydes having applications in perfumes,
surfactants, plasticizers, and solvents is produced by this reac-
tion, which is a typical case of simultaneous absorption of
two or more gases, with reaction in a liquid medium or in an
interfacial regime in the presence of a homogeneous cata-
lyst.>™'2 The catalyst used in hydroformylation is typically an
organometallic complex. Cobalt-based catalysts dominated
hydroformylation until 1970s, after which rhodium-based cat-
alysts were commercialized. The main part of the aldehydes
formed is hydrogenated to alcohols or oxidized to carboxylic
acids. Furthermore, the alcohols obtained can undergo further
reactions, such as esterification. Thus, the aldehydes are typi-
cal intermediates for chemical industry."?

In recent years, a lot of effort has been put on the ligand
chemistry, to find new ligands for tailored processes.'*" In
spite of intensive research on hydroformylation in the last 50
years, both the reaction mechanisms and kinetics are not clear
in most cases. Both associative and dissociative mechanisms
have been proposed.'*'® The discrepancies in mechanistic
speculations have also lead to a variety of rate equations for
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hydroformylation processes. The concentrations of the reactant
(substrate) alkene, the catalyst, as well as H, and CO are
included in the kinetic expressions, but very little quantitative
information on the effect of the ligands is available. Typically,
the effects of the alkene, the catalyst, and H, are positive on
the reaction kinetics, whereas an inhibitory effect of CO is
characteristic for many rate equations proposed hitherto.'” The
general feature of previous studies has been that the partial
pressures of H, and CO have not been screened systematically,
thus the exact form of the rate equation remains obscured; for
instance, the effect of CO cannot always be pcd, as proposed
in some rate equations, but a zero-order or higher order behav-
ior might become visible at lower CO pressures."”

A lot of research has been published on hydroformylation
of alkenes, but the vast majority of the effort has been
focused on the chemistry of various metal-ligand systems.
In alkene hydroformylation with triphenylphosphine (TPP)
ligand, the mechanism of hydrogen activation has been stud-
ied through in situ high-pressure Fourier transform infrared
spectroscopy (FTIR).'"® NMR spectroscopy is also a useful
tool for in situ studies."®

Quantitative kinetic studies including modeling of rates
and selectivities, that is n/i ratio, are much scarcer. In this
work, we present the approach to modeling of hydroformyla-
tion kinetics. Hydroformylation of propene with a rhodium-
based catalyst was selected as a case study. The aim of this
work is to discuss the mechanism of hydroformylation and
to compare the kinetics, which corresponds to the mecha-
nism, with experimental observations, focusing mainly on
regioselectivity and using the theory of complex reactions.””

Experimental

In a typical experiment, the catalyst precursor (acetylace-
tonato)dicarbonylrhodium(I) (99%, Alfa Aesar) and the
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Figure 1. Scheme of alkene hydroformylation.

ligand cyclohexyl diphenylphosphine (CHDPP, PA, Acros
Organics) were dissolved in 150 mL of 2,2,4-trimethyl-1,3-
pentanediol monoisobutyrate or valeraldehyde (97%,
Aldrich) in a vessel under nitrogen bubbling on a heating
plate equipped with magnetic agitation at a temperature
slightly less than the reaction temperature. After a period of
20-30 min, the ligand-modified complexes were formed as
the solution turned into yellow-green color. All chemicals
were nitrogen treated and stored under nitrogen to avoid any
contact with air to prevent oxidation.

The experiments were carried out in a stirred and pressur-
ized 300-mL Parr 4561 stainless steel reactor, which was
designed to withstand a pressure of 300 bar at 350°C. It had
an internal cooling loop and was equipped with an automatic
temperature control system consisting of an external electric
heating jacket coupled to a steering unit (Parr 4843), which
was also used to control the stirring speed. The temperature
could be maintained within £1°C. The reactor had facilities
for sampling of the liquid phase as well as the gaseous con-
tent, and it was connected to reservoirs of propene (99.5%,
AGA) and nitrogen (99.999%, AGA). Synthesis gas contain-
ing a H,/CO mixture of the composition 50.5 mol % CO
and 49.5 mol % H; (99.995%, AGA) or 45.0 mol % CO and
55.0 mol % H; (99.995%, AGA) was fed at a constant pres-
sure to the reactor with a pressure controller (Brooks 5866,
Brooks 0154). The reactor was equipped with transducers for
on-line measurements of temperature and pressure (Keller
Type PA21 SR/80520.3-1), which was followed up on a PC
for continuous data logging.

After charging the catalyst solution, the reactor was sealed
tight and the heating jacket was attached. Gases fed into the
reactor were dispersed in the liquid phase by the aid of a
sinter filter for gas dispersion. Initially, the PC logging of
temperature and pressure was started and the reactor was
pressurized with 6 bar (overpressure) of nitrogen with all
valves closed to check for leakage. Thereafter, the agitation
was switched on at 1000 rpm and nitrogen was flushed
through the reactor for 3 min at atmospheric pressure to
remove any residues of oxygen before the experiment. The
pressure was increased to 10 bar and kept at this level for 10
min. After reaching equilibrium between gas and liquid
phases, the outlet was carefully opened. A propene volume
of 2 L was flushed though the liquid phase with the flow 22
L/h for 7 min at 2.2 bar and ambient temperature. The reac-
tor was kept closed for 25 min to await G-L equilibrium
resulting in ~ 0.15 mol of propene in the liquid phase and
thereafter heated to the reaction temperature while the pres-
sure increased. After stabilization of the temperature, a zero
sample was taken from the liquid phase. The stirring was
kept on during this entire procedure.

The reaction time was initialized to zero as soon as the re-
actor was pressurized with hydrogen—carbon monoxide mix-
ture. Samples of 1 mL were withdrawn from the liquid phase
at certain time intervals. The weight was measured for all
samples and the loss of the total liquid volume was taken
into account in the calculations of the concentration profile.
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The temperature was slightly increasing in the beginning of
the reaction. Typically, the conversion reached the value of
1 at 2040 min; however, the total reaction time of 180 min
was used to follow up possible changes after complete
propene conversion.

As hydroformylation of propylene involves simultaneous
dissolution and reaction of three gases in a liquid followed
by a homogeneous catalytic reaction, it is important to
ensure absence of mass-transfer limitations. In a separate
study21 that included experimental investigations and model-
ing, a reactor model was developed comprising both kinetics
and mass transfer. The reactor content was described with a
stirred tank model, that is the bulk phase has the same con-
centrations in the entire reaction volume. Consequently, the
reactor consists of three regions: the gas phase, the liquid
bulk phase, and the film region at the G-L interface. The
chemical reactions take place in the bulk liquid and—
eventually—also in the liquid film in the vicinity of the G-L
interface. An even gas bubble-size distribution in the liquid
phase was assumed. Because the reactor was operated in the
semibatch mode, the fully dynamic model was used for the
bulk phases and the liquid film.?!

The model was able to predict under which circumstances
the hydroformylation process is affected by liquid-phase dif-
fusion of the reactants. The conclusion about hydroformyla-
tion was that the process easily becomes limited by the film
diffusion and that intrinsic kinetics can be achieved under
well-controlled laboratory conditions.

In this study, the experiments included in the kinetic
model were carried out in the kinetic regime, which was
confirmed by special experiments conducted at varied stir-
ring rates.

Analyses of hydroformylation products for reaction fol-
low-up were carried out by an internal standard method
using a gas chromatographic technique for determination of
isobutyraldehyde, n-butyraldehyde, propene, and propane in
2,2 4-trimethyl-1,3-pentanediol ~ monoisobutyrate  solvent.
Because of propene and propane evaporation from the sam-
ples, the required initial amount of propene was calculated
from the aldehyde products, as no side reactions were
detected. A Hewlett Packard 5890 series II gas chromato-
graph with flame ionization detector operating at 300°C and
split/splitless injector with HP GC Chem Station Rev.
A.06.03 509 electronic integrator using a J&W Scientific
DB-1 capillary column of the length 60 m and inner diame-
ter 0.25 mm with 1-pum-film thickness was used. The injector
operated in the split mode at 250°C and 1.93 bar, the oven
temperature program was 30°C (0 min), 1°C/min:60°C (0
min), 15°C/min:300°C (40 min), and the gas flow rates of 3
mL/min carried gas helium, 28 mL/min make-up gas helium,
245 mL/min air, 41 mL/min hydrogen, and 202 mL/min split
were applied.

Results and Discussion
Hydroformylation mechanism

The experimental observations collected previously for
Rh/TPP and Ph/CHDPP** could be summarized as follows.
The reaction orders in CO, propene, and hydrogen were
equal to unity, whereas a negative order was obtained in the
ligand concentration. Interestingly enough in Ref. 22, regio-
selectivity was seen to be independent on reactant concentra-
tions, displaying weak dependence on the ligand concentra-
tion, in a way that higher ligand concentration promoted
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Figure 2. Selective  hydroformylation of
through HRh(CO)(L), intermediate.

propene

formation of the normal aldehyde. An attempt to model
experimental data collected in Ref. 22 based on mechanistic
ideas was made in Ref. 23. It is generally accepted that the
active catalyst form is four coordinated intermediate
HRh(CO)(PPh3), with two ligands, thus this intermediate
was selected as the one giving selectively the normal alde-
hyde.s_7 Monophosphine complexes were considered to be
nonselective intermediates giving a mixture of linear and
branched aldehydes. Even if the description of the data was
fairly good, the model advanced in Ref. 23 contained some
deficiencies. In particular, absence of any dependence of
regioselectivity on CO concentration led to an exclusion of a
step when four coordinated intermediate HRh(CO)(PPhj;),
leaves one ligand and accepts one CO molecule. Instead, for-
mation of a RhHLCO complex with 14 electrons was pro-
posed, which in fact should be rather unstable and is often
considered as a precursor for complexes containing two Rh
atoms. Moreover in Ref. 23, the catalytic cycles were some-
what simplified excluding several intermediates through
lumping reaction steps. Finally, detailed chemistry of the
four coordinated intermediate HRh(CO)(PPhs), reaction with
the substrate giving two ¢ different alkyl intermediates lead-
ing respectively to normal and iso-aldehydes was not consid-
ered. In the present contribution, a set of data with CHDPP
as the ligand was selected at different pressures of reactants
having varying ligand concentrations with the aim to develop
a kinetic model, which will be consistent not only with
observed experimental data but also with the current views
on hydroformylation mechanism.

Regioselectivity of the catalysts based on PPh; has been
extensively studied in the literature,3’577’24’25 and it was con-
cluded that the number of phosphines coordinated to rho-
dium along with the stereochemistry at Rh determines the
regioselectivity. The structures of the rhodium complexes
that are present in the catalytic system were deduced by IR
and NMR spectroscopy.'®'9?®?7 The relative concentration
of four coordinated diphosphine HRh(CO)(L), and mono-
phosphine HRh(CO),L are controlled by ligand and CO con-
centrations. It is generally accepted that during hydroformy-
lation,>’* a large number of four and five coordinated
complexes are present in the reaction milieu, and among the
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former species, HRh(CO)(L), is a selective complex,
whereas HRh(CO),L is a nonselective one.?®

In this article, we have adopted these mechanistic views
and transformed them into tractable rate expressions.

The selective cycle involving HRh(CO)(L), species and
being in line with reaction mechanism is given in Figure 2.
The mechanism starts with addition of alkene to
HRh(CO)(L), denoted as 1-0 forming a m-alkene Complex
1-1 with 18 electrons, which is isomerized in a 16 electrons
og-Complex 1-2. The later one reacts with CO forming an
alkyl Complex 1-3, which isomerized into a g-acyl Complex
1-4, followed by addition of hydrogen and final release of
the normal aldehyde from Complex 1-5 with a return to the
initial Complex 1-0.

Kinetic modeling of just this one cycle is rather compli-
cated especially when all the steps are considered to be re-
versible. A catalytic cycle with 6 reversible steps was dis-
cussed in Ref. 29 leading to a following rate expression

W1 W2W3W4W5W6 — W_1W_,0_30_40_50_¢
r= D Ceat (D

where r is the rate for propene hydroformylation according to
the mechanism in Figure 2, while the denominator in Eq. 1 in
its more general form should contain 36 terms. Simplification
for the case when all the steps are irreversible gives

W1 W2 W34 W5W¢
r= chal (2)

with

i
D" = w1345 + 01W20304W6 + 01203506+

MWW M5W6 + W1 MW3W4M5M6 + (D345 (3)

where ;, and so forth are called frequencies of steps,®®
for example rates of these steps divided by concentrations
of intermediate complexes. For example, for Figure 2, w;
= k{Paxene> Whereas w_; = k_ ;. If all steps are considered
irreversible than the rate expression of a following
type can be obtained in a straightforward way from Egs.
2 and 3
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W1 W34 W¢

= T 30405 W1 (2M3M50¢ @)

W W3W4W5We6
W1 W4 MW5W¢

W34 W5W¢
W1 W3W4W5We

W W3W4W5We
W34 MW5W¢

W W34 W5We¢ W W3W4W5We6 W W3W4MW5W¢

giving
(] Ccat
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- k1 P Ceat
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1+ klPalk(E+H+E+k3Pco + kSPHz)

(5)

Analysis of Eq. 5 demonstrated that it does not lead to
first-order in all reactants. To circumvent this discrepancy, it
is required to suppose that Steps from 1 to 5 are quasi-equi-
librated, whereas Step 6 is controlling the overall rate.
Detailed derivation will be presented below.

In addition to the cycle, demonstrated in Figure 2,
HRh(CO),L. (Complex 2-0) should be involved in a cycle
leading to aldehydes.
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HRh(CO),(L) intermediate.

Similar to the case of HRh(CO)(L),, intermediate Steps
1-5 will be considered quasi-equilibrated, whereas Step 6 is
the rate-determining step. Following the original work of
Wilkinson and coauthors,?®%730-31 hydroformylation through
the cycle involving monophosphine intermediates given in
Figure 3 was considered’’® not selective. Therefore in
order to account for regioselectivity, two cycles involving
two spatially different intermediates HRh(CO),(L) should be
proposed leading to either normal or iso-aldehyde. Such
intermediates were discussed in the literature® and will be
denoted here as HRh(CO)»(L)pro-iso and HRh(CO)»(L)pro-normal-
As already mentioned, the concept of one cycle very selective
to normal aldehyde and two cycles leading to mixed aldehydes
is required to explain regioselectivity dependence on the ligand
concentration.

The link between two cycles can be envisaged in different
ways. A simple interconversion (Figure 4a) will result in
regioselectivity dependence on partial pressure of CO. In
Refs. 5-7, such transformations were supposed to occur
through species containing two CO and two phosphine spe-
cies (Figure 4b) in the case of phosphine ligands.

It should be kept in mind that the catalyst precursor in
this work was (acetylacetonato)dicarbonylrhodium(I), which
reacts with the ligand forming first HRh(CO),(L). This pre-
cursor is often used in hydroformylation reactions with dif-
ferent ligands and as aforementioned various spectroscopic
data confirm that Rh(acac)(CO), under the action of syngas
turns into a coordinatively saturated hydride complex with
the chelating ligand L (HRh(CO)L,).*>"73%3 Logically, dis-
placement of acetylacetonate by ligand occurs through for-
mation of a monophosphine complex. As experimental pro-
cedure in this study was a typical one used in hydroformyla-

+CO
RhL,(CO)H —= RhL(CO),H
1-0 2-0
-L

a)

tion, it can be safely assumed that (HRh(CO)L,) and
(HRh(CO),L) were also synthesized in this work.

In order to explain dependence of regioselectivity only the
ligand concentration, but not on the partial pressure of CO,
in the current work a sequence of equilibria steps was pro-
posed as demonstrated in Figure 5.

Species 4 are terminal ones, not leading to any reaction prod-
ucts. Finally, all these cycles can be combined together com-
prising an overall reaction graph. As one of the steps in Figure
5 is nonlinear, thus a simple two-dimensional (2-D) representa-
tion of the reaction graph is strictly speaking not possible, thus
a somewhat simplified version is presented in Figure 6.

The reaction mechanism in Figure 6 can be utilized for deri-
vation of the rate equations. To check the correctness of the
reaction graph in Figure 6, an equation of Horiuti-Temkin®’
was used, which relates the number of basic routes, P (equal
to three in the graph in Figure 6) with number of step S, the
number of balance (or link) equations W, and the number of
intermediates /, in a following way P = S + W — I. Balance
(link) equations determine the relationship between intermedi-
ates. Such equations can correspond to the total concentration
of intermediates equal to the initial catalyst concentration.

According to the rule of Horiuti-Temkin, the number of
independent routes can be determined by subtracting from
the number of steps, equal to 21 (1’ to 6, 1i to 6i, 1n to 6n,
7, 8, and 9), number of intermediates, equal to 20 (six in
each of three cycles in addition to Complexes 3 and 4) and
adding the number of balance equations. One balance equa-
tion relates concentration of all rhodium containing inter-
mediates. Following this rule it can be concluded that there
should be another link equation, which must relate concen-
tration of Species 4 with other reaction intermediates. It can
be easily seen that as in Step 9 (Figure 6), equimolar
amounts of 1-0 and 4 are produced, such balance equation
links Species 4 with the sum of species of Type 1.

Cs=Ci0+Ci1+Ci2+Ci3+Ci4+Ci5s+Ci
(6)

where C, is concentration of Complex 4, and so forth.

Rate equations

Equilibria in the Route I of the reaction graph lead to the
following equations for the concentrations of intermediate
complexes

Co1n = K1-nPpCoopro—ns Co—20 = K11 K2, PyCo_pro—n,
Cy 3, = Ky K>, K3_,PyPcoCa_opro—n
Co 4y = K1 4K K31 K4—nPyPcoCa—opro—n»
Co—sy = Ki_uKo_ K3 K4 K5_,PyPcoP,Co—opro—n  (7)

RhL(CO),H,o normal
2'0pro-normal L
| i —— RhL,(CO)H
RhL(CO),H, 4 s ’
2'0pro-iso

b)

Figure 4. Interconversions between ligands (a) direct and (b) through HRh(CO)5(L),.
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Taking into account equilibria of Step 7

_ C270pr07iso

K7 ®)

C2—0pro—n

Concentrations of the intermediate complexes in the Route
II could be written

Cr_si = Ki1_iK7P,Co_opro—n; Co2—2i = K1_iK>_iK7PpC2_opro—n,
Cr 3 = K1 K> iK3_iK7P,PcoCaopro—n,
Crsi = K1_iK>_iK3_iK4_iK7PpPcoCr_opro—n»
Corsi = K1_iK>—iK3_iK4_iK5_iK7P,PcoPy, Co—opro—n  (9)

Equilibria 8 and 9 can be defined without distinction

Similarly to the Routes I and II quasi-equilibria for the
Route III result in

Cio1 = K(PyCi0,C1 2 = K1KyP,Cy o,
C173 = KiKéK;Pppcocl—O: C1*4 = K;KéKgKiPppcoclioy
Ci_s = K;K;K_QK:‘K_QPPPCOPHZQ—O (11)

From Egs. 6, 10-12, one arrives at

C3 = K3(1 4+ K7)Co—opro-nCL (12)

and

C? (1 +K\Py + K| K,P, + K KyKLPyPco
+ K| K, KK PyPco + KKy K3 K KSPyPcoPy,)

between 2-0 complexes = KoKs(1+ K7)2C§—Opro—nCL (13)
Cs . .
Kg = © TC JC ; As the reaction orders in propene, CO, and hydrogen are
2~0Opro=n 2~ Opro~iso /L equal to unity, concentrations of Complexes 2-0 and 1-0 are
Ko = Ci-0C4 (10) larger than other concentrations in the respected cycles
(C2-0pro—n + C2-0pro—iso)C3 (routes), which means that in Eq. 13, for example unity is
+H, 2-4n 4n
\
‘/Sn +H 14 ~ 4
2-5n 2-3n 2 I NG
Idehyd i ‘/5
n- aldehyde 3n | +CO 1-5 1-3
6n A
/ I 2-2n n- aldehyde 3 | +CO
/ °
2n VA /1;2
alkene 2-1n
o
RhL(CO)ZHpro—:o?maI +RhL(CO) H alkene 1-1
2
2-Opro-normal +L 2-0 %
7 T ——=Rh(COH =—— RhL,(CO)H + RhL,(CO);H
8 9 .
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alkene 2.1i
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251 +H,
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Figure 6. Reaction scheme of propene hydroformylation.
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Table 1. Values of the Estimated Parameters for Rh/CHDPP

Catalyst

Parameter Estimated Value
A, 0.618 x 1073

Ap 0.435 x 1072

Cc 0.188 x 107!

D 0.284 x 1072

A, 0.300 x 1072

E 0.252 x 10°

s

Dimensions: [A,] = min (dm*/mol)*; [4;] = min (dm*/mol); [¢] = (dm?/
mol)“m; [d] = dm*/mol; [A.] = min (dm’/m01)3; and [E,] = kJ/mol. SRS =
0.2146 x 10" and R? = 94.23%.

larger than other terms containing adsorption constants and
partial pressures of reactants, leading to

CRh ~ CI*O + C270pr07n + CZ*Oprofiso + C3 + C4 (14)
where

Ci-0 = VKoK3Cpr(1 4+ K7)Ca_gpro—n, Ca = C1 g (15)
and thus
Crn

1 + K7 + 2v/KoKsCL(1 + K7) + Ks (1 + K7)CL
(16)

CZ—Opro—n =

The generation rate for the normal aldehyde, ry is given
by the relation

N = kenCasp + kgCios =
= kenK1-nKr—nK3_nK4—nKs5_,PpPcoP,C2_opro—n
+ KK KKK LK LPyPeoPy,Cr_o
= (kenK1-nKr—nK3-nKs—nKs_nPpPcoPu,
+ kgKiK;KgKLK;PPPCOPHZ VKoK3Cpr(1 + K7))Co—opro—n
= (kenK1-nK>-nK3-nKs—nKs_PpPcoPu,

+kyK1 K5 K5 K, K5PyPooPy, VKoKsCr(1 + K7))

1+ K7 + 2v/KoKsCr(1 4+ K7) + Ks (1 + K7)CLCray

(17)

Analogously for the isomeric aldehyde

11 = k6iCas5i = keiK1 ;K> iK3 K4 K5 iK7PyPcoPu,Caopro—n
kiK1 —iKy K3 K4 K5 iK7P,PcoPh,

T 14K+ 2VKoKsCL(1 + K1) + Ks(1 + K7)Cp "
(18)
Lumping constants together we get finally
. — (Cl + b\/CL)PPPC()PH2 o é'PPPC()PH2
YTl e/Corde M T T Th /e vde
19)
With
g = Kok sko ko Kok ) KeKIKGKGKGKS VKoK
14+ K7 ’ 1+ K7 ’
keiK1—iKy—iK3_ Ky iKs_ ;K
CZZ\/IT[Q;,d:Kg; e:6111213141517
1+ Ky
(20
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Figure 7. Parity diagram of the kinetic model in hydrofor-
mylation of propene with Rh/CHDPP catalysts.

As solubility data of H, and CO in the 2,2,4-trimethyl-
1,3-pentanediol monoisobutyrate solvent are available,34 the
liquid-phase concentration of H, and CO was used instead
of pressure. Similarly, the initial concentration of propene is
calculated from the final product concentration. Thus, the
rates become

(a -+ b\/CL)CPCCQCH2 X €CPCCOCH2
N = Crn, m=———F+—=———-—Cgrp
1+ cy/CL +dCyL, 14 c¢y/CpL 4+ dCy,
(21)

where C,, (mol/dm?), Cy, (mol/dm?), Cco (mol/dm?), Cgy, (mol/
dm3), and Cp (mol/dni3) denote concentration of propene,
hydrogen, carbon monoxide, rhodium, and ligand. The kinetic
constants a, b, and e in Eq. 21 follow the Arrhenius dependence

A —E, (1 1
a=A,ex = —
“P\ Rgss \T ~ Tnean
—E, /1 1
b:AbeXp< a<7— ))
Rgas T Tmean

. —E, (1 1 22)
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Figure 8. Normal-to-isometric ratio vs. ligand concen-
tration.

Rhodium concentration: (¢) 0.000912 mol/dms, <)
0.00228 mol/dm®.
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Figure 9. Comparison of predictions of the kinetic model (solid line) with experimental data (markers) for hydrofor-
mylation of propene with Rh/CHDPP catalyst.

(@) propene, (H) isobutyraldehyde, and (A) r-butyraldehyde. Conditions: (a) T = 100°C, p = 10 bar, Cg; = 0.000912 mol/dm3, Cy
= 0.00087 mol/dm?>, (b) T = 100°C, p = 10 bar, Cg; = 0.000912 mol/dm>, C; = 0.003483 mol/dm>, (¢) T = 100°C, p = 10 bar, Cgy,
= 0.000912 mol/dm®, C; = 0.00872 mol/dm>, (d) T = 100°C, p = 10 bar, Cg, = 0.000912 mol/dm?, C;=0.017484 mol/dm>, (e)
T = 100°C, p = 10 bar, Cg;, = 0.00228 mol/dm>, C; = 0.017484 mol/dm>, (f) T = 100°C, p = 10 bar, Cg;, = 0.00228 mol/dm>, C,
= 0.035145 mol/dm>, (g) T = 100°C, p = 10 bar, Cg;, = 0.00228 mol/dm’, C; = 0.071006 mol/dm?, (h) T = 100°C, p = 10 bar, Cg,
= 0.00228 mol/dm®, C;=0.120225 mol/dm>, (i) T = 100°C, p = 10 bar, Cg;, = 0.000456 mol/dm>, C;=0.071006 mol/dm?>, (j) T =
100°C, p = 10 bar, Cg, = 0.000684 mol/dm>, C;=0.071006 mol/dm®, (k) T = 100°C, p = 10 bar, Cg; = 0.000912 mol/dm?>,
Cr. = 0.071006 mol/dm>, (I) T = 85°C, p = 10 bar, Cg;, = 0.000912 mol/dm?, C; = 0.017484 mol/dm>, (m) T = 115°C, p = 10 bar,
Cri, = 0.000912 mol/dm?®, C;, = 0.017484 mol/dm>, (n) T = 100°C, p = 12 bar, Cg;, = 0.000912 mol/dm’, C; = 0.071006 mol/dm°,
(0) T = 100°C, p = 15 bar, Cg;, = 0.000912 mol/dm>, C;, = 0.071006 mol/dm>.

In the expression above, A,, Ap, A,y Ey, Ryas, T, and Tpean ments. The parameters a, b, and e in Eq. 21 have the same
denote frequency factor, activation energy, the gas constant, activation energy FE,, as the selectivity is not dependent on
reaction temperature, and mean temperature of the experi- temperature. The constants to be estimated by regression
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Figure 9. Continued

analysis are frequency factors and activation energy for the
kinetic constants a, b, and e in Eq. 21 (hereafter referred to
as A,, Ay, A.) as well as constants ¢ and d in Eq. 21. The
solubility of H, and CO in 2,24-trimethyl-1,3-pentanediol
monoisobutyrate solvent follows the dependence

B
In(xy) =A+-——=+ CIn(T/K) (23)
( g) (T/K)
where A, B, and C are 10.972, —1466.01, and —2.3931 as well
as 17.413, —1398.4, and —3.419 for H, and CO, correspond-
ingly. The pressure dependence of the gas solubility is at low-
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solubility and moderate pressure given by Henry’s law. The
total concentration of the liquid phase was calculated to 5.315
mol/dm® and the concentrations of H, and CO in the liquid
phase are obtained by multiplication of solubility with total
concentration.

The sum of generation rates of the reaction products
n-butyraldehyde and isobutyraldehyde denoted by ry and
11, respectively, is equal to the consumption rate of propene

dCp dCy  dCy
@ @ ar o Nth 24
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Cx and Cp are concentrations of linear and branched
aldehydes.

A non-negligible amount of propene, a volatile component,
is present in the gas phase, thus a failure to account for it will
lead to serious errors in the quality of the data obtained as well
as in the values of CO and H, partial pressures used in rate
analysis. The initial propene concentration, that is the number
of total moles of propene per reactor volume, is the sum of the
asymptotic concentrations of the products. The initial molar
amount of propene in the gas phase was calculated from the
ideal gas law. The G-L equilibrium was calculated from
the number of total moles of propene per reactor volume and
the molar number of propene in the gas phase. The liquid-
phase concentration of propene, Cp in Eq. 24, is thus a function
of the total propene amount obtained from the product concen-
trations according to the molar balance, which is decreasing
with reaction time. Knowing the pressure of the synthesis gas
fed into the reactor, G-L equilibrium and the partial pressure
of propene, the partial pressures of CO and H, as a function of
the reaction time are then easily calculated.

Calculations

The systems of differential Eq. 21 and 23 portraying the
kinetic model was solved numerically in the parameter esti-
mations with the backward difference method by minimiza-
tion of the sum of residual squares, SRS, with non-linear
regression analysis using the Simplex and Levenberg—Mar-
quardt optimization algorithms implemented in the software
Modest.” The sum of squares was minimized with respect
to using a step size of 1 x 10~* and a value of 1 x 10~'®
for both the absolute and relative tolerances of the Simplex
and Levenberg—Marquardt optimizer, starting with Simplex
and thereafter switching to Levenberg—Marquardt.

Modeling results

The values of the estimated parameters of the kinetic model
are presented in Table 1. Modeling of the hydroformylation
with Rh/CHDPP catalyst resulted in SRS and R* values of
SRS = 02146 x 10' and R* = 94.23%, correspondingly.
The numerical solver proposes an activation energy of E, =
25.2 kJ/mol. The degree of explanation is larger than 0.9,
although the number of parameters has been suppressed sig-
nificantly. It can be concluded that the kinetic parameters are
physically reasonable and in accordance with qualitative
observations. A parity diagram of the model is presented in
Figure 7. The model describes the observed concentrations
well at all propene concentrations, although there are some
random deviations. In the calculation procedure minima of
the objective function were found for all the parameters.

The normal-to-isometric ratio as a function of CHDPP
concentration is presented in Figure 8. The model predicts
this dependence very well. Some selected graphs, presenting
the data fitting between the kinetic model and the experi-
mental points for the Rh/CHDPP catalyst, are illustrated
in Figure 9. In all cases, a rather good agreement of the
experiments with the model predictions can be observed.
Increasing the CHDPP concentration resulted in lower over-
all reaction rate. At the same time the selectivity to isobutyr-
aldehyde decreased, as seen in Figures 9a—d, e-h. Moreover,
the rate increased with the Rh concentration, while the regio-
selectivity remained at a constant level, as shown in Figures
9i-k. The rate increases with temperature as shown in
Figures 91-m. Varying the pressure in Figures 9n—o did not
influence the regioselectivity.
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Finally, it can be noted that the earlier mechanism for
alkene hydroformylation was proposed in accordance with
literature data and experimental observations to account for
kinetics of this reaction. The reaction network was supposed
to contain multiple mechanistically different cycles, each of
them giving linear or branched products. A complicated
mechanism involving different intermediates was translated
into tractable rate expressions. The general kinetic scheme
was somewhat simplified while deriving kinetic equations by
assuming one rate-determining step in each catalytic route,
which was justified by the obtained kinetic regularities.

Conclusions

The kinetics of propene hydroformylation to isobutyralde-
hyde and n-butyraldehyde was studied in a semibatch stain-
less steel reactor over Rh/CHDPP catalyst using 2,2,4-tri-
methyl-1,3-pentanediol monoisobutyrate solvent. The influ-
ence of syngas pressure, rthodium concentration, and ligand
concentration was investigated. The rate was pressure de-
pendent, whereas Rh concentration showed first-order kinetic
dependence. The regioselectivity was dependent on the
ligand concentration. The n/i ratio vs. conversion always
showed a linear dependence. The ligand concentration was
the only variable affecting the n/i ratio. Rate increased and
nfi ratio decreased when the ligand concentration was
decreased. A mechanistic model was proposed based on the
mechanism of alkene hydroformylation and compared with
experimental observations. Numerical data fitting was per-
formed showing good agreement of reaction rates and regio-
selectivity with experimental data. The experimental system
was described as a perfectly mixed semibatch gas—liquid re-
actor. The concentrations of propene, isobutyraldehyde, n-
butyraldehyde, carbon monoxide, and hydrogen were used in
the parameter estimation. The kinetic model showed the R>
value of more than 0.9, and it was possible to find minima
of the objective function for the parameters. The model pre-
dicted the propene hydroformylation kinetic system very
well.
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Notation
Rh/CHDPP = rhodium/cyclohexyl diphenylphosphine
n/i ratio = normal/isometric aldehyde ratio
rs = regioselectivity
N(i) = independent basic route i

P = number of basic routes

number of stages

number of balance equations

number of intermediates

reaction rate

pressure

concentration

ligand

unit time

concentration of compound i
constant in gas solubility dependence
constant in gas solubility dependence
constant in gas solubility dependence
as solubility

inetic constant

inetic constant [min(dm>/mol)?]
inetic constant [min(dm>/mol)]
inetic constant [(dm>/mol)"/?]
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= kinetic constant [dm*/mol]
= Kkinetic constant [min(dm3/m01)3]
equilibrium constant
= frequency factor
E, = activation energy
Ry, = the gas constant
T = reaction temperature
Tmean = mean temperature of the experiments
SRS = sum of residual squares
R? = R-squared value
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