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a  b  s  t  r  a  c  t

An  in  situ  encapsulated  HRh(CO)(PPh3)3 in to  the  pores  of hexagonal  mesoporous  silica  (HMS)  acting  as
nanophase  reactors,  was  investigated  for  the  catalytic  hydroformylation  of  propene.  The  encapsulated
catalyst  (Rh–HMS)  was  synthesized  and  characterized  by  PXRD,  FT-IR,  surface  area  measurements  and
TEM.  The  catalyst  was  effectively  active  with  99%  conversion  of  propene  and  100%  selectivity  to  aldehy-
des.  The  effects  of  reaction  parameters:  temperature,  partial  pressure  of CO  and  H2,  amount  of  catalyst
eywords:
ydroformylation
eterogeneous catalyst
ropene
inetics
ass transfer

and  HRh(CO)(PPh3)3 to  TEOS  ratio  on  conversion,  selectivity  and  rates  were  investigated  in detail.  The
rates  determined  in  term  of  the formation  of  aldehydes  were  found  to be  first  order  with  respect  to hydro-
gen  pressure.  Catalyst  showed  first order  dependence  towards  its  lower  amount.  CO  pressure  variation
showed  positive  order  towards  lower  pressure  and  inhibition  at  higher  pressures.  The investigated  mass
transfer effects  on  the  kinetics  indicated  that  the  reaction  runs  with  negligible  mass  transfer  limitations.
The  heterogenized  Rh–HMS  catalyst  was  effectively  recycled  for  six  times.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Hydroformylation of olefin is one of the industrially important
omogeneously catalyzed reactions [1] and nowadays, the world
roduction approaches 107 tons/year [2] by this process. In this,
early 86% of the total hydroformylation production capacity is
ased on the propene hydroformylation to give butanals (n- and

so-) as major products [3].  The use of n-butanal is chiefly for
he production of C8-aldol products such as 2-ethylhexanal and 2-
thylhexanol, which are valuable intermediates for the production
f dioctylphthalate, other plasticizers, coatings, adhesives, lubri-
ants, alkyd resins and fine chemicals. Iso-butanal is converted to
so-butyl alcohol, neopentyl glycol, iso-butyl acetate, iso-butyric
cid, iso-butylidene diurea, methyl iso-amyl ketone and various
ydrogenation and esterification products. Monoisobutyrate syn-
hesized by homo-aldol condensation of iso-butanal [4,5] is the

ost common coalescing agent (used at 0.5–2 vol%) in latex paints.

so-butyl acetate and iso-butylidene diurea are used as a solvent for
itrocellulose coatings and for slow-release fertilizer respectively
6].

∗ Corresponding author. Tel.: +91 278 2567760; fax: +91 278 2566970.
E-mail address: rshukla@csmcri.org (R.S. Shukla).

926-860X/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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Industrially, hydroformylation process is performed under
homogeneous conditions. However, homogeneous system has lim-
itations of the separation and recycling of the catalyst. To overcome
these drawbacks investigations are focused on the biphasic catal-
ysis [7,8] and heterogenization of homogeneous catalysts [9–12].
The heterogenization of homogeneous catalysts was reported on
the supports like SBA-15 [13], silicate membrane-activated carbon
[14], hydrotalcites [15], zeolites [9] and alumina [16]. Hydroformy-
lation of propene had been widely studied by homogeneous [17],
heterogeneous [18] and two  phase process with a water-soluble
ligand modified catalyst [19].

Recently we have reported, HRh(CO)(PPh3)3 encapsulated
hexagonal mesoporous silica (HMS), as an efficient heterogeneous
catalyst for hydroformylation of C5–C12 olefins [20,21].  Here the
investigation is focused for the hydroformylation of lower and
gasseous alkene, propene. In heterogeneous catalysts apart from
the studies on conversion and selectivity, the detail investigations
on the parametric variations, reaction kinetics and mass transfer
effects play an important role. Though the reports on paramet-
ric studies are available for various substrates, the investigations
on the kinetics of hydroformylation of propene over heteroge-

neous catalysts are paid less attention. Understanding the effects
of diffusion leading to mass transfer constraints in heterogeneous
conditions is more important and have pressing need to perform

dx.doi.org/10.1016/j.apcata.2011.12.017
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:rshukla@csmcri.org
dx.doi.org/10.1016/j.apcata.2011.12.017
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nvestigations in these lines. Studies on kinetics and diffusion can
ignificantly contribute towards scaling up the reaction and reactor
esign.

In the present work, heterogenized HRh(CO)(PPh3)3 (Rh-
omplex) in the mesopores of HMS  has been investigated for the
ydroformylation of propene. Rh-complex was encapsulated in situ

nto the dodecyl amine reverse micelle in side the pores of HMS  at
oom temperature. The encapsulation was elegant and the catalyst
as used as such without removing the surfactant. The catalyst as

 whole uses the properties of micelles present inside the pores to
mprove the stability of the complex. Even though there is no direct
inkage between silica surface and rhodium metal center or the lig-
nd, the Rh-complex was entrapped in the micelles present. The
atalyst has been investigated in detail to study the effect of various
arameters like, temperature, concentration of the catalyst, partial
ressure of the gases CO and H2 and weight ratio of Rh-complex
o tetraethylorthosilicate (Rh-complex: TEOS) on the conversion,
electivity and rates of the hydroformylation of propene. The stud-
es on mass transfer effects were performed based on Carberry
umber and Wheeler–Weisz criterion.

. Experimental

.1. Materials

Carbon monoxide (CO, 99.8%), hydrogen (H2, 99.98%) and
ropene (C3H6, 99.8%) were obtained from Alchemie Gases and
hemicals Private Limited, India. The rhodium metal precur-
ors RhCl3·3H2O, triphenylphosphine (PPh3), sodium borohydride
NaBH4, 99.98%) and formaldehyde (HCHO, 34%) were pur-
hased from Sigma–Aldrich, USA for the synthesis of Rh-complex.
etraethylorthosilicate (TEOS), dodecyl amine were purchased
rom Sigma–Aldrich, USA. Solvents were purchased from Quali-
ens chemicals, India. All chemicals were used without any further
urification. The double distilled milli-pore de-ionized water was
lways used during the synthesis.

.2. Synthesis of Rh-complex–HMS (Rh–HMS) catalyst

The Rh-complex [22] and HMS  [23] have been prepared by
eported methods. In a typical synthesis of HMS, 0.0027 mol  of
odecyl amine was dissolved in a mixture of 0.0909 mol  ethanol
nd 0.296 mol  deionized water. In our previous report we  had used
exadecyl amine as template [20] which is replaced here by dode-
yl amine due to its easy miscibility with water and ethanol. The
olution was stirred at room temperature (RT) on a magnetic stirrer.
o this solution 0.01 mol  TEOS was added dropwise with vigorous
tirring and mixture was  stirred for 1 h at room temperature. After

 h, the white gel precipitate formed was kept at RT for 18 h of aging.
he material was filtered and dried in vacuum at RT.

For the synthesis of Rh–HMS, the in situ encapsulation of the
h-complex into the HMS  pores was done, in which 0.0027 mol  of
odecyl amine was dissolved in a mixture of 0.0909 mol  of ethanol
nd 0.296 mol  of deionized water. The solution was stirred on a
agnetic stirrer and in that 0.07 mmol  of the Rh-complex was

dded. To this suspension 0.01 mol  of TEOS was  added dropwise
ith vigorous stirring. The stirring was continued for 1 h and a pale

ellow precipitate was formed, which was kept for 18 h for aging
t RT. The yellow precipitate was filtered and dried in vacuum at
oom temperature.

The role of the surfactant is to heterogenize Rh-complex inside

he pores thereby avoiding the need of functionalization of the
upport. In this heterogenized catalyst system, the Rh-complex
ntrapped in the micelles can also act as a homogeneous catalyst
nside the pores. Each pore, containing surfactant reverse micelles
eneral 415– 416 (2012) 124– 131 125

and Rh-complex, can act as a nanophase reactor. Further more, the
surfactant present can improve the solubility of the olefin inside the
pores by which a higher contact with metal center can be achieved.

2.3. Characterization techniques

The FT-IR spectra of the samples were recorded from 400 to
4000 cm−1 with a Perkin–Elmer Spectrum GX FT-IR system using
KBr pellets. Powder X-ray diffraction (PXRD) patterns of the cat-
alyst samples were done by Phillips X’Pert MPD system equipped
with XRK 900 reaction chamber, using Ni-filtered Cu-K� radiation
(� = 1.54050 Å) over a 2� range of 1–10◦ at a step time of 0.05◦ s−1.
The surface area and pore size distribution of the samples were
measured by nitrogen adsorption at 77.4 K using a Sorptometer
(ASAP-2010, Micromeritics). All the samples were degassed at 80 ◦C
for 4 h prior to the measurements. Morphology of the catalyst was
measured using a TEM, 200KV (JEOL. JEM 2100) equipped with EDX
facility. Rhodium elemental analysis was  carried out with ICP-AES
(Perkin–Elmer, Optima 2000).

2.4. Hydroformylation reaction

The hydroformylation experiments were carried out in a 100 ml
autoclave equipped with a mechanical stirrer at a stirring speed of
950 rpm. In the typical experiments, desired amount of Rh–HMS
catalyst in toluene and decane as GC internal standard were added
into the autoclave. After sealing, the autoclave was flushed twice
with N2. After flushing, propene, carbon monoxide and hydrogen
gases were charged at desired pressures. The reactor was  then
brought to desired reaction temperature. After the reaction, the
reactor was  cooled down by supplying water inside the coil and
reaction vessel was placed in the ice bath. The product analysis was
carried out using Gas Chromatography (GC) (Shimadzu 17A, Japan)
and GC–MS (Schimadzu QP-2010, Japan). To ensure the repro-
ducibility of the reaction, repeated experiments were carried out
under identical reaction conditions. The results obtained, includ-
ing conversion and selectivity was found to be in the range of 5%
variation. Hydroformylation reactions were done in the specially
made high-pressure laboratory having safety precautions for using
carbon monoxide and conducting reactions at high pressure and
temperature. A carbon monoxide gas detector system equipped
with alarm, sensing for human tolerance limit of CO, is kept in the
laboratory to avoid CO inhaling.

3. Results and discussion

3.1. Characterization of the catalyst

The FT-IR spectra of Rh–HMS and HMS  are given in Fig. 1. The FT-
IR spectrum of HMS  showed the characteristic band at 1073 cm−1

for asymmetric stretching of Si O Si and 798 cm−1 for tetrahedral
SiO4 structural units. The bands at 2926, 2856 and 1470 cm−1 are
assigned to C H asymmetric stretching, C H symmetric stretching
and NH2 scissor respectively, of the organic template of dodecyl
amine present in pores of the catalyst. Rh–HMS showed extra dis-
tinguishable �Rh–CO and �Rh–P bands at 1920 cm−1 and 693 cm−1

respectively [24] evidencing the encapsulation of HRh(CO)(PPh3)3
in to the pore of HMS. The band at 3438 cm−1 corresponds to the
surface hydroxyl group and NH2 stretching vibrations.

As shown in Fig. 2, the powder X-ray diffraction patterns for HMS
and Rh–HMS are nearly identical and all materials showed a single
diffraction peak ∼2.3◦ of 2� corresponding to d100 spacing [23] of

3.5 and 3.6 nm,  respectively. The diffuse scattering was observed at
∼5◦ and is attributed due to hkl reflections that are broadened as a
result of small crystalline domain effects. The observed similar kind
of PXRD pattern for Rh–HMS with that of HMS  showed that the HMS
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2  (deg)

Fig. 2. Powder X-ray diffraction pattern of HMS, Rh–HMS.

atrix is retained after encapsulation. The higher intensity peak for
MS  got decreased on encapsulation of Rh-complex, indicating that

he pores have been filled with the complex.
N2 adsorption–desorption isotherm of Rh–HMS given in Fig. 3

howed the isotherm of type IV according to BDDT classification
25]. The surface areas of the as synthesized HMS  (isotherm not
hown in Fig. 3) and Rh–HMS were 276 m2/g and 28 m2/g respec-
ively. The size of the pores, determined from pore size distribution

urves is 3.93 and 5.7 nm for the as synthesized HMS  and Rh–HMS
espectively. The expansion in pore diameter and decrease in sur-
ace area for Rh–HMS are due to the presence of bulky Rh-complex
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Fig. 3. N2 adsorption–desorption isotherm of Rh–HMS, HMS.
Fig. 4. 31P-CPMAS NMR  of Rh–HMS.

inside the pores of HMS. The pore volume of HMS  and Rh–HMS were
0.21 and 0.031 cm3/g respectively. The pore volume was decreased
by pore filling with the complex. The presence of micropores was
also observed in the adsorption and hysterisis of Rh–HMS at lower
relative pressures. This may be due to the presence of some amount
of Rh-complex on the surface, which may  be adsorbed on the pore
opening making the effective pore diameter smaller, in the range
of micro pores.

The 31P-CPMAS NMR  of Rh–HMS is shown in Fig. 4. There are two
main peaks at 46.1 and 36.8 ppm corresponding to the phosphorous
in the encapsulated complex. The existence of two peaks is due to
the experienced geometrical constraints in the solid state by the
complex in encapsulated state. This geometrical constraint makes
one of the Rh–P to have a different bond angle than the other two  P
atoms leading to a distorted octahedral HRh(CO)(PPh3)3 complex.
This phosphorous having different bond angle have a chemical shift
to higher ppm value. A peak at −4.6 ppm corresponds to the free
PPh3 ligand dissociated during encapsulation.

The TEM image of the Rh–HMS given in Fig. 5 showed the hexag-
Fig. 5. TEM image of Rh–HMS.
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Table 1
Effect of catalyst amount on propene hydroformylation.

Entry Catalyst amount (mg) Time (h) Conversion (%) iso-butanal n-butanal n/iso ratio

1 15
2 18.92 55.34 44.66 0.81

10 98.11  55.58 44.42 0.80

2 50
2 26.21 54.56 45.44 0.83

10  98.23 55.11 44.89 0.81

3  100
2 35.12 56.02 43.98 0.78
7  98.68 55.91 44.09 0.79

4 200
2 47.40 57.31 42.69 0.74
7 100 57.95 42.05 0.72

5 400
2 58.92 62.45 37.55 0.60
7  100 61.93 38.07 0.61

2  71.29 64.80 35.20 0.54
0 64.91 35.09 0.54

R L,  and agitation speed = 950 rpm.
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their results are listed in Table 2. On increasing the amount of
Rh-complex the conversion was increased. The selectivity to iso-
butanal was  decreased with increase in n-butanal on increasing
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eaction conditions: propene = 7 bar, syngas = 40 bar, temp. = 110 ◦C, toluene = 50 m

.2. Hydroformylation of propene

The catalyst was found to be active for hydroformylation of
ropene with 100% selectivity to aldehydes. The n/iso ratio of the
roducts was in the range of 0.65–0.9. No hydrogenation product,
ropane, was observed under the employed reaction conditions.
he reason may  be that for propene the HRh(CO)(PPh3)3 complex
s more active for CO addition and thus it favors the formation of
ldehydes. The catalyst was studied to observe the effect of the reac-
ion parameters: catalyst amount, HRh(CO)(PPh3)3 to TEOS ratio,
emperature, partial pressure of H2 and CO on the conversion, selec-
ivity and rates.

.2.1. Effect of catalyst amount on propene hydroformylation
The effect of the catalyst amount in the wide range of 15–800 mg

as studied on the hydroformylation of propene at constant syn-
as pressure (40 bar, 1:1) and temperature 110 ◦C and the results
re listed in Table 1. The pronounced effect was observed at lower
eaction time on the conversion and selectivity. The conversion was
ncreased from 18.92 to 71.29% at 2 h on increasing the catalyst
mount from 15 to 800 mg.  The selectivity at 2 h for iso-butanal
as increased from 55.34 to 64.80% with a drop in n/iso ratio of

.81–0.54 on increasing the catalyst amount from 15 to 800 mg.
or lower catalyst amounts up to 50 mg,  the time required for
98% conversion was 10 h and was reduced to 7 h for 100 mg.  Time
ot reduced to 5 h for 800 mg  of the catalyst for 100% conversion.
he results indicated that on increasing the catalyst amount both
onversion and selectivity for the formation of iso-butanal were
ncreased and the selectivity for n-butanal was decreased.

A representative time dependent product formation kinetic pro-
le is given in Fig. 6. Similar plots of concentration vs. time were
ade and the rates (Eqs. (1) and (2))  were calculated from the

lopes of the early linear portions of the formation of iso- and
-butanal.

Rate of formation of n-butanal,

1 = d[n-butanal]
dt

(1)

Rate of formation of iso-butanal,

2 = d[iso-butanal]
dt

(2)

The effects of the catalyst amount on the rates of the formation
f n-butanal (v1) and iso-butanal (v2) are shown in Fig. 7. The rate

f formation of iso-butanal was more than that of n-butanal. Both
he rates v1 and v2 were linearly increased up to 200 mg  of the cata-
yst and on further increasing the catalyst amount the rates started
o approach saturation. For all the studied catalyst amounts the
Time, min

Fig. 6. Time dependent formation of product.

rate of formation of iso-butanal was  higher than that of n-butanal.
Towards lower amount of the catalyst a first order kinetics was
observed in terms of the formation of butanal.

3.2.2. Effect of Rh-complex: TEOS ratio on the propene
hydroformylation

In order to study the effect of Rh-complex: TEOS ratio on the
hydroformylation of propene the catalyst with different amount
of rhodium to TEOS ratios: 1, 3, 6, and 12% were prepared and
8006004002000

Catalyst amount, mg

Fig. 7. Effect of amount of catalyst of on the rate of propene hydroformylation.
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Table 2
Effect of Rh-complex to TEOS ratio on propene hydroformylation.

Entry Rh-complex to TEOS (wt) Time (h) Conversion (%) iso-butanal n-butanal n/iso ratio

1 1
2 36.21 57.87 42.13 0.73
7  98.03 59.18 40.82 0.69

2 3
2 47.40 57.31 42.69 0.74
7  100 57.95 42.05 0.72

3  6
2 76.97 53.89 46.11 0.85
5  100 54.68 45.32 0.83

4  12
2 98.37 51.09 48.91 0.96
3 100

Reaction conditions: catalyst = 200 mg,  propene = 7 bar, pCO = 20 bar, pH2 = 20 bar, temp. =
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Fig. 8. Effect of temperature on the rate of propene hydroformylation.

he ratio. Moreover above 3% of Rh-complex to TEOS ratio the reac-
ion was completed within 5 h. The observed increase in selectivity
f n-butanal on increasing the Rh-complex to TEOS ratio was  dif-
erent with that of increasing the catalyst amount (Table 1). This
hange in selectivity may  be attributed to the fact that at higher
h-complex to TEOS ratio, the possibility of Rh-complex being on
he surface of HMS  is higher than that are encapsulated in the pores.
hese surface adsorbed Rh-complex can get leached out easily and
ct as a homogeneous catalyst under the employed experimental
onditions leading to higher selectivity to n-butanal.

.2.3. Effect of temperature on propene hydroformylation
The effect of temperature on the conversion and selectivity of

he products of propene hydroformylation was investigated at con-
tant catalyst amount (200 mg)  and syngas pressure (40 bar, 1:1)
nd the results are given in Table 3. Conversion was increased from
5.95 to 100% on increasing the temperature from 70 to 120 ◦C.
he selectivity showed that on increasing the temperature the for-
ation of iso-butanal increased. This led to a drop in n/iso ratio
n increase of the temperature. Effect of temperature on the rates
1 and v2 were studied in the range of 70–110 ◦C and the corre-
ponding results are given in Fig. 8. The rates were increased on
ncreasing the temperature. At 70 ◦C the rates of formation of iso

able 3
ffect of temperature on propene hydroformylation.

Entry Temp. (◦C) Conversion (%) Time (h

1 70 55.95 7 

2  80 97.50 7 

3  90 96.03 7 

4  100 98.91 7 

5 110  100 7 

6 120  100 7 

eaction conditions: catalyst = 200 mg,  propene = 7 bar, pCO = 20 bar, pH2 = 20 bar, toluene
51.02 48.98 0.96

 110 ◦C, toluene = 50 mL  and agitation speed = 950 rpm.

and n-butanal were almost same. On increasing the temperature
rates of iso-butanal were more increased than that of n-butanal.
This increase in rate of iso-butanal resulted in the high selectiv-
ity of iso-butanal at higher temperature. The curved nature of the
rate plot of iso-butanal indicates that there is a possible shift in
the mechanism at higher temperature which leads to the higher
formation of iso-butanal.

3.2.4. Effect of partial pressure of H2 on propene
hydroformylation

The results on the effect of partial pressures of H2 on the hydro-
formylation of propene are given in Table 4. On increasing the
partial pressures of H2, the conversion was increased. For lower
time of 2 h, the conversion 29.97% at pH2 of 10 bar was increased
to 47.4% at 20 bar and further increased to 100% at 40 bar. At
higher time of 7 h, the conversion was  83.37% for pH2 of 10 bar
and increased to 100% at 20 bar. When the partial pressure of H2
was  increased to 30 bar and above, hydroformylation was com-
pleted with 100% conversion in lower reaction time (entry 5, 6). The
lower conversion at lower partial pressures of H2 is assignable for
insufficient hydrogen concentration and the formation of possible
dimeric species [22] of Rh-complex, [Rh(CO)(PPh3)3]2. The forma-
tion of such species caused a reduction in the active catalytic species
decreasing the total catalytic activity. The partial pressure of H2
also had influential effect on the selectivity of n- and iso-butanal.
As the pH2 is increased, the selectivity to n-butanal was increased.
The selectivity for n-butanal was  40.38% at pH2 of 10 bar with n/iso
ratio of 0.68 which was increased to 47.23% at 40 bar with a n/iso
ratio of 0.89.

The effect of partial pressure of hydrogen on v1 and v2 are shown
in Fig. 9. Both the rates v1 and v2 were increased on increasing the
hydrogen pressure showing first order dependence in hydrogen
pressure. For hydroformylation reactions, the oxidative addition
of hydrogen is the rate-determining step and in those cases the
dependency of rate with pH2 shows a first order dependence [21].

3.2.5. Effect of partial pressure of CO on propene

hydroformylation

Partial pressure of CO was varied from 15 to 35 bar and the
results are listed in Table 5. Typical CO partial pressure dependence
was  observed on the conversion and selectivity for lower (2 h) and

) iso-butanal n-butanal n/iso ratio

50.59 49.41 0.98
52.93 47.07 0.90
55.50 44.50 0.80
55.75 44.25 0.77
57.95 42.05 0.72
59.98 40.02 0.67

 = 50 mL and agitation speed = 950 rpm.
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Table 4
Effect of pH2 on propene hydroformylation.

Entry pH2 (bar) Time (h) Conversion (%) iso-butanal n-butanal n/iso ratio

1 10
2 29.97 59.62 40.38 0.68
7 83.37 61.76 38.24 0.62

2 15
2 36.55 58.20 41.80 0.72
7  97.73 60.31 39.69 0.66

3  20
2 47.40 57.31 42.69 0.74
7  100 57.95 42.05 0.72

4 25
2 55.80 56.11 43.89 0.78
7 100 57.89 42.11 0.73

5 30
2 94.91 55.23 44.77 0.81
5  100 55.83 44.17 0.79

6  40 2 100 52.77 47.23 0.89

Reaction conditions: catalyst = 200 mg,  propene = 7 bar, pCO = 20 bar, temp. = 110 ◦C, toluene = 50 mL  and agitation speed = 950 rpm.

403020100
0

2

4

6

8

10

12

14

R
at

e 
x1

04 , M
/m

in

H 2 pressure, bar

 iso-butanal
 n-butanal

F
t

h
i
(
s
T
t
c
w
B
9
w
a
d
o

403020100
0

2

4

6

8

R
at

e 
x1

04 , M
/m

in

CO press ure, ba r

 iso-bu tana l
 n-bu tana l

T
E

R

ig. 9. Effect of partial pressure of hydrogen on the rate of propene hydroformyla-
ion.

igher (7 h) reaction time. The conversion for 2 h was  increased on
ncreasing the partial pressure of CO from 15 (45.56%) to 20 bar
47.40%). On further increasing the partial pressure the conver-
ion was decreased from 47.40 (20 bar) to 31.64% (35 bar) at 2 h.
his trend is observed because at high partial pressure of CO, inac-
ive di- and tricarbonylacylrhodium species are formed [21], which
ause the drop in the activity. For higher time of 7 h, the conversion
as 96.29% for pCO of 15 bar which increased to 100% at 20 bar.
ut higher pCO above 25 bar showed a decrease in conversion to
7.20% at 30 bar and 88.61% at 35 bar. The selectivity to n-butanal

as decreased on increasing the partial pressure of CO up to 25 bar

nd then increased slightly. The n/iso ratio was 0.76 at 15 bar and
ecreased to 0.68 at 25 bar then increased to 0.75 at 35 bar for 2 h
f reaction time.

able 5
ffect of pCO on propene hydroformylation.

Entry pCO (bar) Time (h) Conversion (%)

1 15
2 45.56 

7  96.29 

3 20
2  47.40 

7  100 

3  25
2 46.18 

7  100 

4 30
2  44.01 

7  97.20 

5 35
2  31.64 

7 88.61  

eaction conditions: catalyst = 200 mg,  propene = 7 bar, pH2 = 20 bar, temp. = 110 ◦C, tolue
Fig. 10. Effect of partial pressure of carbon monoxide on the rate of propene hydro-
formylation.

The effect of partial pressure of carbon monoxide on the rates
given in Fig. 10 indicated that both the rates v1 and v2 gave
increasing trend towards lower pressure. On  increasing the partial
pressure of CO, after 20 bar, the rates were found to be inversely
dependent on the CO partial pressure. At lower CO pressure a pos-
itive dependence is observed, pertaining to enhanced formation
of active catalytic species HRh(CO)(PPh3)2. Hence towards lower
pressure a positive order and at higher pressures negative order
were observed with respect to the partial pressure of CO.
3.2.6. Catalyst recycling for propene hydroformylation
The catalyst was recycled six times at 110 ◦C and the correspond-

ing results are given in Table 6. The results indicated that there is no

 iso-butanal n-butanal n/iso ratio

56.91 43.09 0.76
57.15 42.85 0.75

57.31 42.69 0.74
57.95 42.05 0.72

59.40 40.59 0.68
58.81 41.19 0.70

58.67 41.33 0.70
58.80 41.20 0.70

57.17 42.83 0.75
58.54 41.46 0.71

ne = 50 mL  and agitation speed = 950 rpm.
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Table 6
Recycling of Rh–HMS catalyst.

Entry Recycle run Conversion (%) % selectivity n/iso ratio

iso-butanal n-butanal

1 Fresh 100 57.95 42.05 0.72
2  First 98.76 57.65 42.35 0.73
3  Second 98.97 57.08 42.92 0.75
4 Third 97.83 56.54 43.46 0.77
5 Fourth 96.96 56.47 43.53 0.77
6  Fifth 96.85 56.51 43.49 0.77
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7  Sixth 96.89 

eaction conditions: propene = 7 bar, catalyst = 200 mg  (Rh-complex: TEOS = 3 wt%),

onsiderable decrease in conversion and selectivity. The ICP analy-
is carried out for the organic phase showed that around 5% of the
hodium was leached during the first cycle. This leaching may  be
ue to the weakly adsorbed complex on the outer surface of HMS.
he ICP analysis after the second recycle gave only 0.05% rhodium
ndicating that the encapsulation was stable and leaching occurred
rom the surface. To confirm that the Rh-complex was not leached
ut, the ICP analysis of sixth recycled catalyst was done. It showed
hat 0.57 wt% of Rh was present in the system, showing that an
verall ∼8% Rh content was lost in the catalyst during recycles. Out
f these the 5% of the Rh was lost during the first recycle itself,
hich arise from the leaching of surface adsorbed Rh-complex. No
eak corresponding to dodecyl amine template was  found in GC
nd GC–MS chromatograms of the product mixture which ensured
hat template micelles were quite stable inside the pores.

.3. Mass transfer effects

Experiments were carried out to observe the effect of agitation
peed on the rate of hydroformylation and the results are given in
able 7. The rates of formation of n- and iso-butanal were low at
ower agitation speed. The rates were increased on increasing the
tirring speed and attained saturation above 750 rpm. This indi-
ated that the used agitation speed of 950 rpm under the employed
onditions of the reaction is in the kinetic regime with negligible
ass transfer limitations.
In a heterogeneously catalyzed hydroformylation there are two

iffusion factors that can affect the kinetics. The external mass
ransfer is for the liquid/solid interface and internal mass trans-
er for the diffusion into the pores. These mass transfer limitations
hould be negligible for the reaction to be not diffusion controlled.
he use of Carberry number (Ca) and Wheeler–Weisz criterion
��2) are taken into consideration to study the effects of mass trans-
er on the kinetics [26,27]. The Carberry number gives the extent
f external mass transfer limitations and Wheeler–Weisz criterion

ives the extent of internal mass transfer limitations.

able 7
ependence of agitation speed on the rate of hydroformylation.

Entry Agitation speed (rpm) Rate × 104 (M/min)

iso-butanal n-butanal

1 250 4.21 3.32
2  500 6.48 4.12
3  750 7.07 5.26
4  950 7.08 5.25
5  1100 7.10 5.25

eaction conditions: propene = 7 bar, catalyst = 200 mg  (Rh-complex: TEOS = 3 wt%),
CO  = 20 bar, pH2 = 20 bar, temp. = 110 ◦C, toluene = 50 mL.
56.43 43.57 0.77

 20 bar, pH2 = 20 bar, temp. = 110 ◦C, toluene = 50 mL  and agitation speed = 950 rpm.

Assuming that the Rh–HMS catalyst particles are spherical, Car-
berry number for a spherical catalyst particle is given by Eq. (3).

Ca = Rateobsdp�p

6kfCow
(3)

Wheeler–Weisz criterion is given by,

��2 = Rateobsd2
p

4VrCoDeff

The physico-chemical data obtained for the calculation of the
Carberry number and Wheeler–Weisz criterion are given in Table 8.
The Carberry number with a value less than 0.05 indicates that the
reaction proceeds with negligible external mass transfer limitation.
When the Wheeler–Weisz factor (��2) is less than 1, the kinetics of
reaction is not influenced by the pore diffusion; the reaction goes
with negligible internal mass transfer limitations [26]. The value
obtained for Ca and ��2 are 3.103 × 10−9 and 7.75 × 10−6 respec-
tively. The values being low were indicative of the negligible mass
transfer limitation on the rates of formation of n- and iso-butanal
by propene hydroformylation over Rh–HMS catalyst.

From the studies on parametric optimization, kinetics and mass
transfer, it is of interest to study for any possible decline of reac-
tion freedom on attacking directions of the propene substrate in the
mesopores of Rh–HMS containing dodecylamine reverse micelles
and Rh-complex. In the present heterogeneous catalyst system
using Rh–HMS, no additional ligand (PPh3) is added during the reac-
tion. Also dissociation of some amount of PPh3 is possible during
heterogenization process. Therefore the steric crowd around the
Rh metal center is obviously not due to the PPh3 ligand. In homo-
geneous hydroformylation, the addition of excess ligands is used
to create hindrance around the central metal (e.g. Rh). The steric
hindrance created by PPh3 will decrease the reactant freedom of
attacking directions which influences the activity and selectivity
[31]. The addition of excess PPh3 ligand in homogeneous hydro-
formylation decreases the activity but increases the selectivity to
n-aldehyde.

In the case of Rh–HMS, there is dodecylamine reverse micelles
inside the pores with Rh-complex. The NH2 of the dodecylamine
may have an affinity towards the Rh of the Rh-complex, but the
dodecylamine is lesser steric molecule than PPh3 for the coordina-
tion of propene to the Rh center. The lesser steric hindrance causes
weaker anti-Markownikov addition [32] and the electronic effects
of NH2 (if any coordinated to Rh) results in the higher formation of
branch aldehyde [33] and thus causing a decrease in n/iso ratio. Also
from the mass transfer calculations it is clear that there is no con-
siderable diffusion limitation during hydroformylation of propene.

The presence of dodecylamine reverse micelles is not able to cre-
ate any steric hindrance on the propene to diffuse and find the Rh
center. This low hindrance open all the possible ways of attacking
for propene and the reaction proceeds to give low n/iso ratio.
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Table 8
Physico-chemical data for mass transfer calculations.

Symbol Quantity Value Dimension

T Temperature 383 K
Co Concentration of propene 44.64 mole m−3

Vr Reaction volume 50 × 10−6 m3

w Catalyst weight 0.2 × 10−3 kg
dp Average particle diameter 1.5 × 10−6 m
�p Particle density 186.25 kg m−3

�s Viscosity of toluene at T 0.247 × 10−3 Pa s
�s Density of toluene at T 794.2 kg m−3

Ms Molecular weight of toluene 92.14 g mole−1

�s Association factor for toluene 1
N  Stirring revolutions 15.83 s−1

Sd Characteristic length of stirrer 2.1 × 10−2 m
VA Molar volume of propene at normal boiling point [28] 68.8 cm3 mole−1

D = 7.4×10−12(�sMs)1/2T

�s(Vs)0.6 Diffusivity (�s in cP, VA in cm3 mole−1, T in K) [29] 8.7 × 10−9 m2 s−1

Re = �sNS2
d

�s
Reynolds number 22446

Sc  = �s
�sD Schmidt number 35.7

Sh  = 2 + 0.6 Re1/2Sc1/3 Sherwood number [30] 297.9
kf = Sh D

d
Mass transfer coefficient 1.727 m s−1

Robs Experimental rate (v1 + v2) 1.0275 × 10−6 mole s−1

Ca = Rateobsdp�p
6kfCow

Carberry number 3.103 × 10−9

� Porosity 0.00577
	  Tortuosity factor 1.5
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. Conclusions

HRh(CO)(PPh3)3 was encapsulated into the pores of HMS  by
n situ technique and was found to be an efficient catalyst for hydro-
ormylation of propene. The effects of parameters: catalyst amount,
h-complex to TEOS ratio, temperature, partial pressure of H2
nd CO were investigated in detail for propene hydroformylation.
he conversion of propene, selectivity and iso/n ratio were found
o depend on these parameters. The selectivity to n-butanal was
ncreased on increasing the Rh-complex to TEOS ratio and partial
ressure of H2. The kinetics of the Rh–HMS catalyzed hydroformy-

ation of propene showed first order dependence with catalyst (at
ower amount) and with partial pressure of H2. Substrate inhibited
inetics was observed with partial pressure of CO. The encapsulated
atalyst was effectively recycled for six times without significant
oss in its activity and selectivity. A study was performed for any dif-
usion limitations using the Carberry number and Wheeler–Weisz
riterion and the reaction was found to be in the kinetic regime
ith negligible mass transfer limitations.

cknowledgment

Authors thank Council of Scientific and Industrial Research
CSIR), New Delhi, India for the financial support through Net-
ork Project for the Development of Specialty Inorganic Materials

or Diverse Applications (NWP-0010). NS acknowledge CSIR, New
elhi for the award of Senior Research Fellowship.

eferences

[1] K. Weissermel, H.-J. Arpe, Industrial Organic Chemistry, Wiley–VCH Verlag

GmbH, Weinheim, 2003.

[2] S. Bizzari, M. Blagoev, A. Kishi, Chemical Economics Handbook Report: Oxo
Chemicals; Report No. 682.7000, SRI International, 2006.

[3]  V.K. Srivastava, D.U. Parmar, R.V. Jasra, Chem. Weekly (2003) 173–178.
[4] K. Inui, S. Oshima, T. Kurabayashi, S. Kawamura, M.  Yokota, US 6632959 (2003).

[

[
[

3.34 × 10−11 m2 s−1

7.75 × 10−6

[5] J. Pedain, H. Mueller, D. Mager, M.  Schoenfelder, EP 566953 (1997).
[6] A.S. Matlack, Introduction to Green Chemistry, Marcel Dekker, Inc., New York,

2001.
[7] A.A. Dabbawala, J.N. Parmar, R.V. Jasra, H.C. Bajaj, E. Monflier, Catal. Commun.

10 (2009) 1808–1812.
[8] L. Yan, Y.J. Ding, H.J. Zhu, J.M. Xiong, T. Wang, Z.D. Pan, L.W. Lin, J. Mol. Catal. A:

Chem. 234 (2005) 1–7.
[9] K. Mukhopadhyay, R.V. Chaudhari, J. Catal. 213 (2003) 73–77.
10] N.A. De Munck, M.W. Verbruggen, J.E. De Leur, J.J.F. Scholten, J. Mol. Catal. 11

(1981) 331–342.
11] J.P. Arhancet, M.E. Davis, J.S. Merola, B.E. Hanson, Nature 339 (1989) 454–455.
12] A. Riisager, P. Wasserscheid, R. van Hal, R. Fehrmann, J. Catal. 219 (2003)

452–455.
13] W.  Zhou, Y. Li, D. He, Appl. Catal. A: Gen. 377 (2010) 114–120.
14] X. Li, Y. Zhangb, M.  Meng, G. Yang, X. San, M.  Takahashi, N. Tsubaki, J. Membr.

Sci.  347 (2010) 220–227.
15] S.K. Sharma, P.A. Parikh, R.V. Jasra, J. Mol. Catal. A: Chem. 316 (2010) 153–162.
16]  P. Li, W.  Thitsartarn, S. Kawi, Ind. Eng. Chem. Res. 48 (2009) 1824–1830.
17] J. Hjortkjaer, P. Toromanova-Petrova, J. Mol. Catal. 50 (1989) 203–210.
18] G. Srinivas, S.C. Chuang, J. Catal. 144 (1993) 131–147.
19] M.G. Schoeder, P.C. Kamer, P.W.N.M. van Leeuwen, J. Mol. Catal. A: Chem. 134

(1998) 243–249.
20] N. Sudheesh, S.K. Sharma, R.S. Shukla, R.V. Jasra, J. Mol. Catal. A: Chem. 296

(2008) 61–70.
21] N. Sudheesh, S.K. Sharma, R.S. Shukla, R.V. Jasra, J. Mol. Catal. A: Chem. 316

(2010) 23–29.
22] D. Evans, G. Yagupsky, G. Wilkinson, J. Chem. Soc. A (1968) 2660–2665.
23] P.T. Tanev, T.J. Pinnavaia, Science 267 (1995) 865–867.
24] K. Mukhopadhyay, A.B. Mandale, R.V. Chaudhari, Chem. Mater. 15 (2003)

1766–1777.
25]  S.J. Gregg, K.S.W. Sing, Adsorption, Surface Area and Porosity, second ed., Aca-

demic Press, London, 1991.
26] N.C. Marziano, L. Ronchin, C. Torato, A. Vavasori, C. Badetti, J. Mol. Catal. A:

Chem. 277 (2007) 221–232.
27] N. Sudheesh, S.K. Sharma, M.D. Khokhar, R.S. Shukla, J. Mol. Catal. A: Chem. 339

(2011) 86–91.
28] W.  Schotte, Chem. Eng. J. 48 (1992) 167–172.
29] D.J. Kirwan, in: R.W. Rousseau (Ed.), Handbook of Separation Process Technol-

ogy, John Wiley & Sons, Inc., USA, 1987, p. 79.
30] H.S. Fogler, Elements of Chemical Reaction Engineering, fourth ed., Prentice
Hall Professional Technical Reference, New York, 2006.
31] J.B. Claridge, R.E. Douthwaite, M.L.H. Green, R.M. Lago, S.C. Tsang, A.P.E. York, J.

Mol. Catal. 89 (1994) 113–120.
32] L. Huang, Y. He, S. Kawi, Appl. Catal. A: Gen. 265 (2004) 247–257.
33] P. Li, S. Kawi, Catal. Today 131 (2008) 61–69.


	Hydroformylation of propene heterogeneously catalyzed by HRh(CO)(PPh3)3 encapsulated in to hexagonal mesoporous silica—Par...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of Rh-complex–HMS (Rh–HMS) catalyst
	2.3 Characterization techniques
	2.4 Hydroformylation reaction

	3 Results and discussion
	3.1 Characterization of the catalyst
	3.2 Hydroformylation of propene
	3.2.1 Effect of catalyst amount on propene hydroformylation
	3.2.2 Effect of Rh-complex: TEOS ratio on the propene hydroformylation
	3.2.3 Effect of temperature on propene hydroformylation
	3.2.4 Effect of partial pressure of H2 on propene hydroformylation
	3.2.5 Effect of partial pressure of CO on propene hydroformylation
	3.2.6 Catalyst recycling for propene hydroformylation

	3.3 Mass transfer effects

	4 Conclusions
	Acknowledgment
	References


