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Macro-kinetics of biphasic hydroformylation of 1-dodecene
catalyzed by water-soluble rhodium complex
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Abstract

Hydroformylation of 1-dodecene was studied in a biphasic system using water-soluble rhodium complex, RhCI(CO)
(TPPTS) (TPPTS:P(m-CsHsSOsNa)s), as catalyst in the presence of cetyl trimethyl ammonium bromide (CTAB) as sur-
factant to enhance the reaction rate. The reaction was carried out in a batch reactor at pressures from 0.9 to 1.3 MPa and
temperatures from 353 to 373 K. An orthogonal experimental design was adopted to study the effects of operating variables
on reaction rate, selectivity and normal/isomeric aldehyde ratio. The optimal reaction conditions were derived by margin and
variance analyses. The analysis of mass transfer indicates that in some cases the gas—liquid mass transfer rate is still a control
ling factor. An empirical kinetic equation was developed after correcting the effect of mass transfer. Combining mechanisms
of homogeneous hydroformylation with interfacial reaction of biphasic hydroformylation, a semi-empirical kinetic equation
was also obtained. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction complexes as the catalyst. This technique provides
a simple method for the separation of the reaction
Hydroformylation of olefins with CO and His products in the organic phase from the catalyst in

an important commercial process for the production the agueous phase immediately after the reaction
of aldehydes and alcohols. Homogeneous catalysts[1,2]. When it is applied to the hydroformylation
such as Cg(CO)s and HRh(CO)(PP¥)3 are widely of higher olefins, the reaction rate becomes very
used for this reaction. A striking drawback of this low for practical insolubility of higher olefins in
process is the difficulty in separating and recover- the aqueous phase [3-6]. However, the addition of
ing catalysts from the mixture of reaction products cosolvent or surfactant enhances the reaction rate
and solvent, especially for expensive catalysts made [3-7].
from noble metals. Therefore, it is preferred to use  The biphasic hydroformylation of higher olefins
heterogeneous catalysts to overcome this difficulty. occurs in a typical gas—liquid-liquid system. The
The biphasic (aqueous—organic) hydroformylation of nature of new catalytic complexes and ligands will
propylene has been successfully commercialized to certainly determine the intrinsic activity and selectiv-
produce butyraldehyde using water-soluble rhodium ity of such catalysts. However, an equally important
factor is the effectiveness of contact between gas and
"+ Corresponding author. liquid reactants and the catalyst contained in certain

1 present address: Research Institute of Petroleum Processing,PNase, as beipg d.emonStereq in the case of propylene
SINOPEC, Beijing 100083, China. hydroformylation in a gas—liquid system [8]. It largely
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concentration (kmol m3)

diffusivity (m?s1)

Henry constant (MPa)

ratio of distance between stirrer
and reactor bottom to liquid height
kinetic rate constant

gas—liquid volumetric mass transfer
coefficient (s1)

equilibrium constant

partition coefficient (kg kmot?)
molecular weight

stirrer speed (%)

gas—liquid mass transfer rate
(kmolm—3s71)

pressure (MPa)

equilibrium partial pressure with
dissolved solute (MPa)
ligand/catalyst molar ratio

reaction rate (kmol m3min—1)

initial reaction rate (kmolm3min—1)
normal/isomeric mole ratio
turnover frequency (mol mot s—1)
organic/aqueous volume ratio
weight percentage of CTAB in
water (%)

weight percentage of hydrogenation
product (%)

reaction conversion (%)

Greek letter

density (kg nT3)

P
Superscript

* equilibrium
Subscripts

cat catalyst

CO carbon monoxide

di 1-dodecene

G gas phase

H> hydrogen

I liquid—liquid interface
@) organic phase

S solvent

T total

W aqueous phase

depends on the hydrodynamics of gas—liquid-liquid

dispersion, interphase mass transfer, solubility and
phase equilibrium, interfacial properties, as well as
the intrinsic kinetics of the reaction concerned. Hence,
a comprehensive investigation of macro-kinetics,

which is incorporated with the interaction between

the mass transfer and the reaction rate, is of great
importance.

Recently, Deshpande et al. [9] studied the ki-
netics of biphasic hydroformylation of 1-octene
using [RhCI(1,5-CODY/TPPTS as catalyst with
the addition of ethanol as cosolvent. The cosolvent
greatly increased the solubility of 1-octene in wa-
ter, resulted in significant enhancement of the hy-
droformylation reaction occurring in the aqueous
phase.

Chen et al. [4] have investigated the biphasic hydro-
formylation of 1-dodecene using RhCI(CO)(TPP7/S)
TPPTS as catalyst in the presence of surfactant
cetyl trimethyl ammonium bromide (CTAB) under
atmospheric pressure. The molar ratio of normal
to branched aldehyde in the reaction product is
rather high (up to 20) and the reaction rate was
also significantly enhanced by the surfactant. It
was believed that the reaction took place at the
liquid—liquid interface [7,10], which is obviously
different from biphasic hydroformylation with
cosolvent.

The chemical kinetics is the basis for modeling
and design of chemical reactors. As for biphasic
hydroformylation, the mass transfer behavior in
the reactor is of equal importance to the macro-
scopic chemical kinetics. The macro-kinetics,
which contains the interaction of mass transfer
and chemical reaction under practical technological
conditions, provides the necessary basis for model-
ing and designing biphasic hydroformylation reac-
tors. Thus, the investigation of the macro-kinetics
of biphasic hydroformylation is of great signi-
ficance.

Based on the works of Chen et al. [4,10], this
paper presents a detailed macro-kinetic study of
biphasic hydroformylation of 1-dodecene with
RhCI(CO)(TPPTSYTPPTS as catalyst in the pres-
ence of surfactant CTAB under practical operating
conditions. The optimal operating conditions are sug-
gested and the mechanism of biphasic hydroformyla-
tion is discussed.
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Table 1
Experimental design of kinetic experiments with the orthogonal taly¢2t x 37)
Number Factor
[PV/[RN] Ca1 (kmolm~3) YHylYco p (MPa)  Cear (x10°kmolm3) T (K) Vo/Vw Werag (%)
1 1 (18) 1 (4.43 1 (411) 1 (0.9) 1 (0.75) 1(353) 1@3/7) 1(0.4)
2 1 1 2 (11) 2 (1.1) 2 (1.0) 2(363) 2(1/1) 2(0.3)
3 1 1 3 (U4  3(L3) 3 (L5) 3(373) 3(73)  3(0.35)
4 1 2(2.2) 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 (1.6) 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2
10 2 (30) 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1

2 Parameter value at certain level is bracketed.

2. Experimental

Hydroformylation of 1-dodecene was carried out in

imental run, the required catalyst, ligand, deionized
water and surfactant were added to the reactor, and
then the desired amount of 1-dodecene afitkcane

a stirred stainless steel autoclave with a capacity of were added, following this, the reactor was flushed

500 ml. This reactor was designed to withstand pres-
sure of 10 MPa and temperature up to 2@0and
equipped with an automatic temperature control sys-
tem consisting of an external electrical heating jacket
and an internal water cooling coil. The temperature
change could be controlled withifl K and the pres-
sure maintained constant withift5 kPa. The reac-
tor is also equipped with a sampling system and a
Rushton turbine stirrer.

The yellowish solid catalyst (RhCI(CO)(TPPTL%)
and white powder ligand (TPPTS) were provided by
Prof. X.J. Li, Sichuan University, China. 1-Dodecene
was purchased from Fluka, Switzerland and Aldrich,
USA. Syngas (mixture of CO andJfwas obtained
from Beijing Huayuan Chemical Gas Co., China.
CTAB was of analytical purity, and the solvent
n-decane was of chemical purity. Deionized water
was used in all experiments.

The experimental conditions for kinetic study were
listed in Table 1. In all cases, the total volume of
liquids in the reactor was 200 ml. In a typical exper-

with nitrogen first, and then with syngas. The reactor
was heated to the specified temperature. After that,
the syngas was introduced at the desired pressure,
which was kept constant during the run. Switching
on the stirrer started the reaction, and a liquid sample
was withdrawn at the same time. Liquid samples were
collected at regular intervals to follow the reaction by
gas chromatography.

3. Results and discussion
3.1. Preliminary experiments

To ensure the reaction is in the chemical reaction-
controlling region, preliminary experiments were car-
ried out at temperature of 363 K with different stirring
speeds. It was observed that the reaction rate was en-
hanced greatly with the increase of the agitation speed
at first and then approached to a constant. However,
when the agitation speed was higher than 15 she
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Fig. 1. Plot ofXg; andRy; of hydroformylation of 1-dodecene ver- Fig. 2. Typical plot of concentrations of 1-dodecene and tridecylic
sus stirrer speech). Conditions:p = 1.1 MPa; yn,/yco = 53/47; aldehydes versus reaction time. Conditionsz 15s1; others are
T = 363K; Ccat = 0.001kmolnt3; [P/[Rh] = 18; 100ml the same as in Fig. 1.

1-dodecene; 100 ml wateW ctag = 0.3%; 2h.

olefin and surfactant, molar ratio of ligand to cata-
rate decreased as shown in Fig. 1. As reported by lyst, and the volume ratio of organic phase to aqueous
Bahrmann and Lappe [5] and Chen et al. [10], the phase. The typical concentrations of 1-dodecene and
cationic surfactant is able to attract the water-soluble tridecylic aldehydes formed versus the reaction time
catalyst to the liquid-liquid interface so that the co- were plotted in Figs. 2—4. The concentration—time pro-
ordination with olefin in the organic phase proceeds files of tridecylic aldehyde were used to determine
more easily. Besides, the presence of CTAB leads the reaction rate of the formation of tridecylic alde-
to the formation of ordered assembly of micelles in hyde at the initial time. Using a polynomial func-
favor of producing more linear aldehyde. These re- tion best fitted each concentration—time profile, the
sult in higher rate of hydroformylation reaction and
higher stereoselectivity to normal aldehyde. Too vig-
orous stirring rate might promote destruction of such
ordered assembly, reduces the reaction rate and then :lﬁ?ﬁ::ﬁ;famehyde
leads to lower ratio of normal/isomeric aldehyde. ' —O— iTridecylic aldehyde
Therefore, all the subsequent experimental runs were I
conducted at the fixed agitation speed of 1bs
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3.2. Orthogonal experimental results on macroscopic
reaction kinetics
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The biphasic hydroformylation of 1-dodecene is
a complicated gas—liquid—liquid three-phase reaction L
and the reaction rate is influenced by many factors. To 0 20 40 60 80 100 120
conduct an effective experimental investigation, an or- Time (min)
thogonal experimental design was adopted to arrange
the variables at different levels as listed in Table 1. Fig- 3. Typical plot of concentrations of 1-dodecene and tride-

. - cylic aldehydes versus reaction time. Conditions= 15s%;
The effects of the following variables on the reac- — LIMPa ymivco — BIAT: T — 373K Comt =
tion were examined: temperature, pressure, the parial g o015 kmol nr3: [pf/[Rh] — 18: 30 ml 1-dodecene: 30 ml decane:
pressure ratio of bito CO, concentrations of catalyst, 140ml water;Wcrag = 0.4%; 2h.

e
o




Y. Zhang et al./Catalysis Today 74 (2002) 23-35 27

suggesting that optimization of the reaction condi-

4r tions for enhanced reaction rate and selectivity be

of significant techno-economical importance. From

3k the calculated TOF in the last column of Table 2,

e it is observed that the TOF of hydroformylation of

3 5 "Dodecene 1-dod ith th f CTAB be well
g 2 |- | —@— n-Tridecylic aldehyde -dodecene wi e.preser_lceo_ m?-y elwe
= —O— i-Tridecylic aldehyde above 0.20s!, showing quite high catalytic activ-
Q —t— n-Dodecane ity of this biphasic system for hydroformylation of

1-dodecene. The TOFs obtained in this study are

comparable with that in Chen et al. [11].
0r o}

0 20 40 60 80 100 120
Time (min)

3.3. Margin analysis and variance analysis

3.3.1. Margin analysis
Fig. 4. Typical Plot of concentrations of 1-dodecene and tride- _The margir_1 a_mal_ysis was exploit_ed to O_'G_ter'
cylic aldehydes versus reaction time. Conditions= 15s71; mine the qualitative influence of reaction conditions
p = 09MPa; yp,/yco = 797/20.3; T = 353K; Cear = on the reaction indexes (initial reaction ratp;
0.00075 kmol n73; [P}/[Rh] = 18; 60 ml 1-dodecene; 140 m| wa- molar ratio of normal/isomeric aIdehydE.;]i; Weight
ter; Werag = 04%; 2h. percentage of hydrogenation produd¥). For con-
venience and accuracy of qualitative comparison,
reaction rate was obtained from the derivative of the the initial rate of reaction was calculated by plot-
fitted concentration—time curve. The experimental re- ting the concentration of tridecylic aldehyde as a
sults under the reaction conditions listed in Table 1 function of time in the region with the conversion
were summarized in Table 2. of 1-dodecene below 15%. The larger the margin,
As given in Table 2, the initial reaction rates the more important is the factor to the index. As
vary markedly with different reaction conditions, shown in Table 3, the most important variableRg

Table 2
Experimental results on macro-kinetics of hydroformylation of 1-dodecene
Number Rg (kmol m=3min—1)2 ro (kmolm=3min—1)b Rui Wy (%) TOF (s1)
1 0.01356 0.00407 36.5 18.1 0.13
2 0.00765 0.00383 5.6 0.0 0.13
3 0.00678 0.00474 3.8 0.0 0.18
4 0.00118 0.00082 3.8 1.90 0.05
5 0.05492 0.01648 4.0 0.0 0.26
6 0.00271 0.00136 3.1 0.0 0.06
7 0.00772 0.00386 10.4 2.43 0.13
8 0.00185 0.00130 4.2 0.0 0.07
9 0.01156 0.00347 4.1 0.0 0.06
10 0.00927 0.00464 38.7 7.76 0.10
11 0.00144 0.00101 4.9 0.0 0.07
12 0.01034 0.00310 3.8 0.0 0.07
13 0.00070 0.00049 105 2.07 0.02
14 0.02241 0.00672 4.1 0.0 0.21
15 0.00894 0.00447 3.9 0.0 0.15
16 0.03024 0.00907 11.2 4.86 0.22
17 0.00256 0.00128 6.8 0.0 0.03
18 0.00276 0.00193 4.0 0.0 0.14

aRy: initial reaction rate calculated based on organic phase volume.
bro: initial reaction rate calculated based on the total liquid volume.
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Table 3
The relative importance of variables to indexes of hydroformyl&tion
Index Important Less important
Ro Factor Vo/Vw T YH,lYco p Ca1 Wetae  Ceat [PV[RN]
Level 37 373 1/1 11 22 0.4% 0.0015 18
Rii  Factor yHlYco Ca1 Weras Ceat Vo/Vw p T [PVIRN]
Level 4/1 4.4 0.4% 0.0015 1/1 1.3 353 30
Wy Factor sz/yco Cyq1 WeTaB Vo/Vw p Ceat T [PV[RN]
Level 11 2.2 0.35% 713 11 0.001 373 30

aThe optimum factors and levels are ordered according to their importance to obtaining the ma&jranohR,;, and the minimumiy.

was volume ratio of organic phase to aqueous phasetance to the production of aldehyde. Among these, the

(Vo/Vw), followed by temperatureT], partial pres- reaction rate is the most important. Based mainly on
sure ratio of hydrogen to carbon monoxide{/yco), the initial reaction rate in appropriate compromise with
total pressuref), concentration of 1-dodecen€d}), normal/branched ratio of aldehyde and hydrogenated

weight percentage of surfactatW¢rag), concentra- product, the optimal hydroformylation reaction condi-
tion of catalyst Ccay), and molar ratio of ligand to  tions are as follows:

catalyst ([PJ/[Rh]). ForR,i, the order wasyn,/yco,

Cd1, WeTas, Ceatr Vo/Mw, p, T, and [P]/[Rh]. As for T =373K p=11MPa yn,/yco=1/1,

Wy, the sequence wagi,/yco, _Cdl, Wetas, Vo/Vw, . Ceat = 1.5 x 10-3kmol m~3,

p, Ccat T, and [P)/[Rh]. The importance of a vari- 3

able changes for different indexes. Meanwhile, the [P1/[Rh] =18 Cay=2.2kmolm™, Vo/Vw = 3/7,
optimum level of a factor was determined by com- Wctag = 0.4%

paring its average index value among different levels,

and the optimum level sets of operating conditions |t is worthwhile to point out some new exper-
for three indexes were also determined as shown imental findings valuable for exploring the mech-
in Table 3, which indicated the optimized reaction anism of biphsic hydroformylation of 1-dodecene.
conditions to reach the maximuR, andR,j or the From data in Table 2, it is noticed that the high

minimum Wy. volume ratio of the aqueous/organic phases is in
favor of hydroformylation rate. It is now difficult
3.3.2. Variance analysis to explain such a striking feature by the reaction

The significance of variable to index was deter- mechanism, but light may be shed on this matter
mined by variance analysis of the orthogonal table. by an in-depth understanding of the role of mi-
The importance of factor to the index is also revealed celles formed when surfactant CTAB is added into
by its corresponding value of tife-distribution func- the biphasic system. Secondly, it is observed that
tion at a certain level (as shown in Table 4). the normaliso-aldehyde ratio in the product is sig-

The high reaction rate, high normal/isomeric ratio, nificantly correlated with the rate of hydrogenation
and less hydrogenated product, are of great impor- of 1-dodecene, especially when the ratio of partial

Table 4

The relative importance of factors to indexes by variance analysis

Index Important Less important
Ro  Vol/Vw T YH,/Yco p WeTtaB Ca1 Ceat [PVIRN]

Ri  YHplyco Cu1 WeTa Vo/Mw  Ceat T p [PV/[RN]

Wa  yHpfyco Ca Weras VolVw P Ceat T [PVIRN]
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pressures of BtCO is 4:1. The parallelism between
the formation of these two species bears certain
implication on the hydroformylation mechanism. Fur-
ther efforts are necessary to get a satisfactory inter-

pretation.
3.4. Macro-kinetic equation
The initial reaction rates were correlated with
all variables using the following empirical kinetic
model:
Az A3 A4 A5, A
Ro= Ao exp(A1/T) p{i2 pcdCeailCar Wetas
[P1\"" (Vo)™ W
X [R— —_—
[Rh] Vw

parametersAg—Ag were optimized with a simplex
method based on the least average error

| J
between the rates calculated from Eg. (1) and the ex-
perimental rates listed in Table 2. The following equa-
tion was found to be the best, which could represent

the experimental data under all reaction conditions
studied:

18

fmin = Z

j=1

Roexpj — Rocalj
pJ J (2)

Ro expj

573 0.625,0.225
Dc Ccat

Ro=15.935x 103 exp(—7420/T) p%

2

[P] —0.532 V. —1.437
« C0:296yy,2.202 Yo A3)
dl CTAB [Rh] Vv

The comparison between the experimental and
calculated rates is shown in Fig. 5 and the aver-
age deviation is 13.7%. The activation energy of
hydroformylation reaction derived from Eqg. (3)

is 61.7 kI mot L.

3.5. Effect of mass transfer

To ensure that the kinetic data were obtained under

29
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Fig. 5. Comparison oRyca calculated by Eq. (3) witlRoexp.

reactor (oxygem-decane/sodium sulfite solution with
CTAB dispersion at 301K) [12]
ka=1.12x 10711,828

()
()

Wi
When the above correlation was used to evaluate
the possible gas—liquid mass transfer resistance, the
effects of gas properties and temperature on diffusiv-
ity were taken into account. Henry’s law was used to
evaluate the solubility of hydrogen and carbon monox-
ide necessary for the purpose of kinetic modeling.
Neglecting the effect of gas film on gas-liquid-liquid
mass transfer rate and ignoring the changes of liquid
properties due to gas dissolution, the mass transfer
in biphasic hydroformylation of 1-dodecene was an-
alyzed. In doing this, the fact that the liquid—liquid
dispersion system was composed of oil droplets in
water for both the oxidation of sodium sulfite and the
hydroformylation of 1-dodecene with the presence of

H
H>

(4)

the conditions that mass transfer was not rate-limiting, CTAB was assured [13]. The following two cases are
the actual reaction rates were compared with the considered to shed light on the value of gas—liquid
maximum rate of gas-to-liquid mass transfer. The mass transfer coefficient.

gas—liquid mass transfer rate was calculated using the

following empirical correlation obtained by oxida- Case 1. Chemical reaction in agueous phase (oxida-
tion of sodium sulfite solution in the same autoclave tion of sodium sulfite)
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Fig. 6. Gas-liquid mass transfer for organic phase dispersed in
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The solubility of gas in water can be expressed as

p
Ciy=—""—C 5
GW Hy WS ( )

As sketched in Fig. 6, the mass transfer rate of gas to

agueous phase can be written as
N = (kLa)*(C&w — Ciy)
= (kLa)gw(Céw — CW) (6)

where the superscript 1 denotes Casela)gw de-

Y. Zhang et al./Catalysis Today 74 (2002) 23-35

Considering that

(kLa)3(C&w — Ca) = R

the actual concentration of dissolved gas at the aque-
ous side of the interface may be calculated by

2R

_ 11
(kLa)x )

2

Cw = Cow

According to Henry’s law, the equilibrium pressure of

a gas component in the aqueous phase at liquid—liquid

interface can be expressed as
2

Cii

> (12)
C\%VI + Cws

1’\2/\7| =
By combining Egs. (11) and (12), the following equa-
tion can be obtained:

C&w — 2R/ (kLa)}
C&w — 2R/ (kLa)t + pws/Mws
The calculated ratio of initial reaction rate to the maxi-
mum mass transfer rate of gas-to-liquid was presented

in Table 5, which indicates that in some cases the mass
transfer limitation is important to gas reactants, espe-

P = (13)

notes the measured mass transfer coefficient. There-cia"y to carbon monoxide.

fore
(7)

namely, only the resistance related to one liquid film at
the gas—liquid interface was measured in the oxidation
of sodium sulfite.

(kLa)t = (kLa)ow

Case 2. Chemical reaction at the organic—aqueous in-
terface (biphasic hydroformylation of 1-dodecene)

The mass transfer rate of gas to liquid-liquid inter-
face was

N = (kLa)3(C&y — C&)) = (kLa)ew(Cew — C3)
= (kLa)§y(Cq — C&) =R €)

Under the condition that volumetric mass transfer co-
efficients for each liquid film, kg a)cw and &_a)w,
were equal, the following relation could be obtained:

(9)

Furthermore, combining Egs. (7) and (9), the follow-
ing equation is obtained:

(kLa)% = (kLa)T

(kLa)F = J(kLa)ow

(10)

The effect of mass transfer rate of liquid-to-liquid
on overall reaction rate is unimportant owing to very
large liquid-liquid interfacial area in the presence of
surfactant and intense stirring [13].

Table 5
Results of mass transfer analysis of macro-kinetics
Number Ro/(kLaC,’f'Z) Ro/(kLaC¢p)
1 0.0572 0.6347
2 0.0411 0.1303
3 0.1600 0.1191
4 0.0120 0.1355
5 0.2279 0.7188
6 0.0352 0.0256
7 0.0317 0.3486
8 0.0267 0.0830
9 0.1081 0.0793
0 0.0430 0.4690
1 0.0161 0.0509
12 0.1106 0.0807
13 0.0052 0.0560
14 0.0702 0.2197
15 0.2147 0.1587
16 0.0449 0.4936
17 0.0243 0.0756
18 0.1062 0.0779
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3.6. Modified macro-kinetics 0.1¢

As mentioned above, the partial pressures of carbon i °
monoxide and hydrogen do not directly represent the
effects of dissolved gas concentration on reaction rates
due to gas-to-liquid mass transfer resistance. More
precisely, the kinetic equation should be correlated
with the corrected gas partial pressure from Eq. (13).
The modified kinetic equation is obtained as follows:

Roexo (kmol/m®/min)
o
2
T

o
m
w

an

()

Ro=2.5485x 10 exp(—8533 ) (p; > (p£3?)

032041201 ([P *7 (Vo7

XCeat Ca1~ WcTas <ﬁ> (W) (14)
As observed from Eq. (14), the reactant and cata- v
lyst concentrations are raised to fractional exponents, R (kmol/m® /n'“n) '
that is in accordance with Eqg. (3). The activation Ocal
energy calculated from Eq. (14) is 70.9kJmbl
which is higher than 61.7 kJmot obtained from
Eqg. (3). This means that the effect of temperature on
reaction rate is more pronounced after the effect of deviation between the predicted and experimental
mass transfer resistance on reaction rate is removed.rates is 15.1%.
This phenomenon is consistent with the principles
of chemical reaction engineering that the effect of 3.7. Reaction mechanism and interfacial kinetics of
temperature on mass transfer rate may be depictedbiphasic hydroformylation
by an activation energy much lower than the intrin-
sic activation energy of a typical chemical reaction.  The mechanism of homogeneous hydroformylation
Among other variablesWctag and Vo/Vw are the  as shown in Fig. 8 is widely accepted [14]. As for
most important ones as suggested by their large valueshiphasic hydroformylation in the presence of a cationic
of exponent. A comparison of the experimental and surfactant, no report has been published. Larpent et al.
predicted rates is presented in Fig. 7, and the average[7] and Chen et al. [10] reported that the reaction of

Fig. 7. Comparison oRyca calculated by Eq. (14) witlRoexp-

RhH(CO)L,
T .
RhCI(CO)L, RhH(CO)L, RhH(CO),L, RhH(CO),L
A
RCH=CH, RCH=CH,
RCH=CH, RCH=CH,
—RCHO RhH(CO),L, 7£1H(CO)2L
Rh(CO),L,(CH,CH,R)  Rh(CO),L(CH,CH,R)
f fi-
RAH,(CO)L,(COCH,CH,R) ===Rh(COJL{(COCH,CH,R) === Rh(CO),L,(CH,CH,R)

2 ﬂ co
Rh(CO),L,(COCH,CH,R)

Fig. 8. Mechanism of homogeneous hydroformylation (L: £)Ph
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hydroformylation occurred mainly at the interface be- @

tween organic and aqueous phases, for the cationic sur- (B
factant molecules enriched at the liquid-liquid inter-

face could attract the water-soluble catalyst with neg-

ative charge to the interface by electrostatic attraction @\

(as shown in Fig. 9). This results in effective contact Rh—CO
between the water-insoluble higher olefins with the O
water-soluble catalyst and significant enhancement of Organic @ Aqueous
reaction rate. Phase Phase

By combining the homogeneous catalytic mech-
anism with interfacial reaction, the biphasic hydro-

formylation mechanism is sketched in Fig. 10, where ®

L and L denote TPPTS and cationic cetyl trimethyl RhQ
ammonium (CTA) ions respectively. This mechanism @/ \CO

is too complicated to derive a kinetic equation analyt- @

ically. In addition, the chemical reaction equilibrium N
constants and reaction rate constants of intermediates AAAAAN® : CHy(CH)ig(CHoIN
are all unknown. A simplified mechanism sketch, as /AN AV 1-Dodecene
shown in Fig. 11, is attempted which contains the main —(O : [P(m-CH,S03),1*

reaction steps. The hydrogenolysis of intermediate 6
or the addition of olefin to produce acyl complex 6 is Fig. 9. Biphasic hydroformylation at liquid—liquid interface with
assumed as a rate-controlling step, other steps are fasETAB for oil in water dispersion.
reactions.
HRh(CO)(TPPTS, the concentration of which is

Case 1. Hydrogenolysis of intermediate 6 is the denoted by the tern€;. Co—Cg represent the con-
rate-limiting step [15]. centrations of the intermediates labeled in Fig. 11,

Assumption is made that the starting intermedi- HRh(CO)Ly, [L'][HRh(CO)Ly], [L']2[HRh(CO)Ly],
ate species at the reaction interface is the complex [L']2[HRh(CO)L2] and [L']2[Rh(CO)Ly(COCH,

RhCI(CO)L,+ H, _Hel RhH(CO)L, ==== RhH(CO)L,
l
[L'[RhH(CO)L,]
1L L coO -L ,
[L,[RhH,(CO)L,] [L'LIRhH(CO)L,] [L',IRAH(CO),L,] === [L,[RhH(CO),L]
2
RCH=CH, A RCH=CH, RCH=CH,
RCH=CH,  ~RCHCH, RCH=CH, RCH=CH,
[L,[RhH,(CO)L,) -RCHO [LT,[RhH(CO),L,] [L'lleWCO)zL]
[L'L[RhH,(CO)L,(CH,CH,R)] [LT,IRN(CO),L,(CH,CH;R)] [L'LIRN(CO),L(CH,CH,R)]
I I+

[L',IRhH,(CO)L,(COCH,CH,R)] === [L',[Rh(CO)L,(COCH,CH,R)] === [L',{RN(CO),L,(CH,CH,R)]
Hy ﬂ co
[L'1,Rh(CO),L,(COCH,CH,R)]

Fig. 10. Mechanism of biphasic hydroformylation (L: TPPTS; CTA).
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K4
RhH(CO)L,
1

K2
RhH(CO)L, + L'

[LRhH(CO)L,] + L'

Ky
[LLIRAH(CO)L,] + CO

33

RhH(CO)L, + L
2

[L[RhH(CO)L,]
3

Ks
— [L']z[RZH(CO)Lzl

[LT[RhH(CO),L,]
5

Ksor kg

[LT,[RhH(CO),L ]+ RCH,CH=CH,

[L'T,[RhH(CO)L,(COCH,CH,CH,R)]
6

kgor Kg

[LTIRNH(CO)L,(COCH,CH,CH,R)] + H, ——=

[LT[RhH(CO)L,] + RCH,CH,CH,CHO

Fig. 11. Simplified mechanism of biphasic hydroformylation.

CH2CHzR)], respectively. Considering the pseudo-

Fig. 11. The rate parameters to be determined were

steady state of the reacting system, the rate of the then optimized using all the experimental data. It was

reaction is given by

R = kgCsCH, (15)

found that the data could not be fitted properly using
Eq. (19).

Considering the conservation of the catalytic species, Case 2. The formation of acyl complex 6 is the

the overall balance is described by

Ceat=C1+C2o+C3+Cs4+Cs5+ Cp (16)

whereCczt is the amount of catalyst loaded. The total
concentrations of CTAB and TPPTS are also formu-
lated as follows:

Ccta, T =CcraB + C3+ 2C4+2C5+ 2Cs - (17)

CLt=CL+C (18)

The concentrations o€,—-Cs can be expressed in
terms of Cg, and henceCcq4;, which are in turn sub-
stituted in Eqg. (15) to give the rate model of the
following form:

kC21ag Ca1CcoCeatCh,

1+ K{CL + K3Ccrap + K5C21ag
-|—Kj€ CéTAB Cco+ K; CCZZTAB Cq1Cco

(19)

wherek and Ki—K: are constants derived from the
rate constantkg and equilibrium constant&;—Ks

rate-controlling step [9].

The reaction rate is then given by

R = k5C5Cy1 (20)

Following the similar derivation, the final form of the
rate model is
R— kCZapCcoCeatCh, Ca1
(1+ K;CL + K3Cctag + K3Cé1ap
+K; C&asCco)Chy + K& CErag

(21)

where k and Kj—KZ are constants derived from
the elementary equilibrium constarks, K1—K4 and
Ke. This rate equation also gave very poor fitting
results.

It is possible that the simplified mechanism is too
simple to represent the real reaction mechanism. As
indicated by the kinetic Eq. (14), the volume ratio
of organic phase to aqueous phase is of great impor-
tance to the reaction rate, which may influence the

of elementary steps in the reaction mechanism in liquid-liquid dispersion and liquid—liquid interfacial
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area, and hence the reaction rate. Therefore, this vari-R

able should be contained in the kinetic model. The
effect of temperature on the rate coefficient is postu-

lated as the usual Arrhenius equation:
k= Aoexp(A1/T) (22)

In view of the above results on mechanism analysis,

Today 74 (2002) 23-35

_ kCHz CCOCC{:{IC(:nge
(1+ Kn,Cry) (1 + KcoCco)®

(27)

which is similar to that of homogeneous hydroformy-
lation.

However, in the presence of a cationic surfactant, the
biphasic hydroformylation occurs at the liquid—liquid

interface [7,10]. The surfactant has important
several kinetic models could be proposed: [ ] P
R— Ao eXP(A1/T) C&iag PH, PcoCeatCai(Vo/ Viv) e (23)
(14 A2CL/Cead(1+ Azexp(Ag/T) pH,) (1 + Aspco) (1 + AsCead (1 + AgWeTa) (L + A7Cq1)
Ao €XP(A1/T) C&1ag PH, PcoCeatCai(Vo/ Viv) e (24)

R =
A+ A2CL/Ceap(1+ Azexp(Ag/T) pH,) (1 + Aapco)(1 4+ AsCeap (1 + AsWeTaB) (1 + A7Cqd1)

By the least square data-fitting, it is found that model
(24) fits the data best after the parameters were op-
timized, which gives the following semi-empirical
macro-kinetic equation:

3.806 x 10'8exp(—8755 T') pr, pcoCcatCa1Witag (Vo/ V) ~144/(1 + 0.03423[P]/[Rh]))

influence on the mechanism, hence on the reaction
rate. Furthermore, the liquid—liquid dispersion and
interfacial area are also greatly influenced by the
surfactant and impose effects on reaction rate. The

Ro

This model indicates that the exponents of reactants
(H2, CO, 1-dodecene) are fractional for the initial
reaction rate in accordance with the empirical kinetic
equation. The activation energy derived from the
model is 72.8 kI mol* which is approximate to that
obtained from Eq. (14), 70.9kJ mdl. The compari-
son of predicted and experimental data is also reason-
able (Fig. 12), and the average deviation of predictions
is 14.1%.

Bhanage et al. [16] reported that the rate model
of homogeneous hydroformylation of 1-dodecene cat-
alyzed by HRh(CO)(PR)z with an average deviation
of 8%.

_ kCh,CcoCcatCd1
(1+ KcoCco)?(1+ Kd1Cd1)

The rate is first order to the concentrations of hy-
drogen and catalyst as that in Eq. (25). As for carbon
monoxide and 1-dodecene, there exists typical sub-
strate depression similar to Eq. (25). Also, the homo-
geneous activation energy is 57.1 kJ miglwhich is
lower than that of biphasic hydroformylation with the
hydrogenolysis of acyl complexes considered as the
rate-controlling step.

Deshpande et al. [9] reported the kinetics of hydro-
formylation of 1-octene with ethanol as cosolvent:

(26)

" (1+ 2657 exg—2558/T) ph,) (1 + 1.672pco) (1 + 3307Ccan (1 + 1.646Cq1) (1 — 44.26 Werag)

(25)

differences between this biphasic kinetic equation and
homogeneous one are ascribed to these factors. In view
of these, more systematic experimental work and thor-
ough analytical modeling of the reaction mechanism
are desired.
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Fig. 12. Comparison of Eq. (25) with experimental data.
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4. Conclusions China (No. 29792074) and SINOPEC. We also thank
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of 1-dodecene catalyzed by water-soluble catalyst ligand used in the present investigation.
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