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The liquid-phase hydrogenation of crotonaldehyde to n-butyraldehyde, was investi-
gated. A palladium based commercial catalyst (w = 0.05 % Pd on Al2O3) was used in a
laboratory scale trickle-bed reactor. The influence of temperature on the reaction, cro-
tonaldehyde and hydrogen flow rates satisfying trickle flow conditions, and the appropri-
ate space velocity LHSV and space time ranges, were searched. The operating conditions
were proposed as the temperature range of 30 – 50 °C, the LHSV space velocity range of
2 – 7 h–1, and the space time (mw/FCAo) range of 250 – 4108 g min mol–1, at constant hy-
drogen/crotonaldehyde molar ratio as 2:1, at atmospheric pressure. Kinetic experiments
were performed to calculate the reaction rates and then to explore the rate expression in
trickle-bed reactor. The data between space time and conversion were evaluated at the
different studied temperatures and the relation between these parameters was derived by
regression. The reaction rates were calculated by differentiation of the derived equations.
The reaction rate expression was derived by using “Power Law” model. Kinetic parame-
ters were calculated by taking into consideration external and internal mass transfer
resistances.
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Introduction

Catalytic hydrogenation of crotonaldehyde is
an industrially important reaction since the products
(n-butanol and n-butyraldehyde) are very valuable
chemical intermediates.

n-Butanol and n-butyraldehyde are produced
by gas- or liquid-phase hydrogenation of crotonal-
dehyde, by complete hydrogenation or by partial
hydrogenation of crotonaldehyde, obtained by the
acetaldehyde route or by the oxo route.1,2,3

Most of the published information on the hy-
drogenation of crotonaldehyde relates to vapour
phase reaction mechanisms. But only Sedriks and
Kenney evaluated, both, vapour and liquid phase
rates of hydrogenation of crotonaldehyde in a
trickle-bed reactor and, from these rates, obtained
the wetting factor of the catalyst bed. They also
used a stirred basket reactor. They investigated the
reaction over both pelleted and powdered catalyst
having a composition of w = 0.5 % Pd on alumina.
They especially investigated the wetting of the cata-
lyst bed; for this purpose two methods of packing
were employed. In the first method, the cylindrical
pellets were simply dumped on top of inert packing.
The second method of packing consisted of inter-
spersing catalyst pellets with small and low poros-
ity alumina granules of irregular shape. By evaluat-
ing the experiments carried out at constant hydro-

gen inlet flow rate and pressure they derived overall
reaction rate.4 Other similar reactions are also in-
vestigated using trickle-bed reactor. Hydrogenation
of �-methyl styrene is studied by Herskowitz et al.5

Sharma et al. investigated the benzene hydro-
genation in a trickle-bed reactor.6 Hydrogenation of
3-hydroxypropanal in trickle bed is studied by Zhu
et al.7

The term trickle-bed is used to mean a reactor
in which a liquid phase and a gas phase flow
cocurrently downward through a fixed bed of cata-
lyst particles while reaction takes place. Such reac-
tors are widely used, particularly when one reactant
is very volatile and another is normally a liquid, as
in processes involving hydrogen (hydrogenation
and desulfurization of oils) or oxygen (oxidation of
liquid-phase reactants). Interphase mass transfer
and wetting efficiency, as well as intraparticle diffu-
sion and intrinsic kinetics, can affect the perfor-
mance of such systems.4, 8, 9, 10

Different types of catalysts are used for the gas
and liquid-phase hydrogenation of crotonaldehyde.
For example an interesting study on the vapour-
-phase hydrogenation of crotonaldehyde over se-
veral supported Pt catalysts and on Pt powder is re-
ported using different supports, precursors and
pretreatments.11, 12 The commonly used commercial
hydrogenation catalysts are copper-chromite; cobalt
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compounds; nickel compounds which may contain
small amounts of chromium or other promoters;
and mixtures of copper and nickel and/or chro-
mium.13

Group VIII metals (Fe, Co, Ni, Ru, Rh, Pd, Os,
Ir, Pt) are found to present good behavior as hydro-
genation catalysts when supported on highly porous
materials such as alumina. The catalysts consist
mainly of one or more metallic phases-usually
nickel, palladium or platinum and less frequently
ruthenium, rhodium, cobalt or even iron, supported
on highly porous materials, such as metallic oxides
or activated charcoal.14,15

Selective hydrogenation of �, '-unsaturated al-
dehydes is an interesting model reaction, as these
molecules contain both C=O and C=C bonds; more-
over, the latter are conjugated. Selective reduction
of the C=O bond leaving the C=C bond intact is
difficult. In the line of extensive research on strong
metal-support interactions, the suitability of re-
ducible oxides as supports was also tested in cro-
tonaldehyde hydrogenation.16,17

The purpose of this study is to investigate the
effect of the reaction parameters on the liquid-phase
hydrogenation of crotonaldehyde in a laboratory
scale trickle-bed reactor and to establish a model
equation for the reaction rate fitting the experimen-
tal data.

Experimental section

Catalyst

The experiments were carried out on a palla-
dium based commercial catalyst which has a pellet
diameter of 3 mm (spherical). It was supplied from
Süd Chemie company. The catalyst with a commer-
cial name of Gridler (G-58B) has a composition of
w = 0.05 % Pd on Al2O3. Its specifications are as
follows: surface area s = 160 – 220 m2 g–1, bulk
density <b = 0.65 g cm–3. The catalyst was delivered
in palladium oxide form. Before start-up, it was ac-
tivated by reducing in hydrogen stream at atmo-
spheric pressure and at a temperature of 100 °C.
The reduction lasted for 8 h at a flow rate of hydro-
gen of 200 ml mlcatalyst

�1 h–1.18

Materials

Crotonaldehyde produced by the company of
Riedel de Haen was used as the liquid reactant. It
was filled into a graduated glass cylinder and fed to
the reactor using a variable speed peristaltic pump.
A special plastic tube called PharMed, 0.8 mm di-
ameter, was used to carry the liquid.

Hydrogen gas was supplied to the system using
a 8 m3 of gas cylinder and its flow rate was adjusted

by the valve on a calibrated rotameter. The mea-
sured hydrogen gas was transported to the reactor
passing through a stainless steel pipe.

Apparatus

The experimental set-up (Fig.1) mainly con-
sists of a preheater, a reactor and a cooler. All parts
of the experimental set-up were made of stainless
steel (SS 316).

The trickle-bed reactor contains four parts: liq-
uid distributor, primary inert part, catalyst bed, and
secondary inert part.

The liquid distributor is shown in Figure 2.
Eleven capillary tubes having an inner diameter of
0.9 mm and 15 mm length, are used to distribute the
liquid and a plate having a lot of holes with 0.5 mm
diameter is used to distribute the gas stream. The
liquid distribution is one of the most important fac-
tor in the design and operation of trickle-bed reac-
tors. It is usually admitted in the literature that, for
all hydrodynamic regimes, the radial distribution of
liquid flow can be considered as uniform over the
cross-sectional area of the reactor, when the value
of the ratio DR/dP is between some critical value.
This critical value varies from 12 to 20 by several
authors.19 In this study, it is DR/dP = 42/3 = 14, so
uniform liquid distribution might be obtained.

The catalyst bed is located between the inert
packing parts. The reactor is heated electrically us-
ing Ni-Cr resistance wires, and its temperature is
controlled from the outer surface by a PID tempera-
ture controller. The temperature of the reactor is re-
corded at the different bed positions by moving the
thermocouple (iron-constantan) placed into the
thermowell extending horizontally in the reactor.

374 C. URAZ et al., Catalytic Hydrogenation of Crotonaldehyde in Trickle-bed Reactor, Chem. Biochem. Eng. Q. 18 (4) 373–383 (2004)

F i g . 1 – Experimental Set-Up



Analysis

The expected reaction products are butanol and
butyraldehyde. In the experiments on the Pd based
commercial catalyst only butyraldehyde and cro-
tonaldehyde peaks were identified in the reaction
products.

The stream leaving the reactor is passed
through the coil type cooler in which the coolant
(ethylalcohol-water mixture) is circulated. The
cooled stream is collected in a container and the
leaving gas is purged to the atmosphere. The con-
tainer is discharged at the end of each experiment
(reaction generally lasts 3 h) and the samples are
taken for analysis. The analyses of the samples are
repeated for two or three times. A Hewlett Packard
5890 Series II Gas Chromatograph with flame ion-
ization detector and HP integrator are used to make
analysis of the liquid products. A polar capillary
column (HP-FFAP, 25 m · 0.32 mm · 0.52 2m) is
used, nitrogen is the carrier gas for the analyses.
The temperatures of injection and detector are 160
and 250 °C, respectively.

Procedures

After the fresh catalyst is loaded and activated,
reactor and preheater are heated to required temper-
atures. The cooling fluid (alcohol-water) is circu-
lated through the cooler. Crotonaldehyde is charged
to graduated cylinder. The pump is activated and its
speed is adjusted to obtain the desired flow rate of
crotonaldehyde. The time and the liquid level in the
measuring cylinder are recorded. Then hydrogen
flow rate is adjusted by the valve on the calibrated
rotameter and sent to the reactor. It is waited until
the system reaches steady state. It means that, the
flow rates of crotonaldehyde and hydrogen, the
temperatures of reactor and preheater are remained
constant at adjusted values. At the end of 3 h the
run is ended, hydrogen gas and the pump are
switched off. The level in the feed cylinder is re-
corded and the cooling fluid circulation is stopped.

The reaction products collected in the container
is discharged by the valve and the sample is taken
for analysis. At the end of each experiment, nitro-
gen gas is passed through the reactor at very low
flow rate (36 ml min–1) to clean the catalyst any im-
purities as recommended in the literature.20

Results and discussion

The experiments are collected in the two cate-
gories as preliminary and kinetic experiments. In
both experiment groups, the experiments are carried
out at atmospheric pressure by changing tempera-
ture and flow rates of crotonaldehyde and hydrogen.

In the preliminary experiments, firstly the liq-
uid phase hydrogenation catalysts supplied from
different catalyst manufacturers were tested and the
appropriate catalyst converting crotonaldehyde to
butyraldehyde was chosen, then the ranges of the
flow rates of crotonaldehyde and hydrogen, which
maintain trickle-flow conditions, were searched for
and then the experiments were performed to deter-
mine the appropriate temperature range. The exper-
iments were evaluated by calculating conversion
values by the help of the results of gas chromato-
graph analyses and by the following reaction
scheme:

CH3 CH = CHCHO + H2 $ CH3CH2CH2CHO

CA H BA

So, the weight percent of butyraldehyde is,

w
F x

F x F xBA
CA CA

CA CA CA CA
�

& &

� � & &

( )

[ ( )] ( )
0

0 0

72

70 1 72
(1)

and finally the conversion of crotonaldehyde to the
butyraldehyde is:
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Conversions were plotted versus the searched
operating condition values, while the another condi-
tions were kept constant, and the optimum range of
the searched operating condition was determined by
evaluating the preliminary experiments.

Determination of trickle flow conditions

The ranges of the flow rates of crotonaldehyde
and hydrogen which maintain trickle-flow condi-
tions were decided by calculating the Reynolds
numbers. The flow rates to be used were limited by
the operating range of the pump used to transport
crotonaldehyde to the reactor and by the operating
range of the rotameter that was used to adjust the
flow rate of hydrogen. Depending on the literature
information the ranges of the flow rates in which
Reynolds numbers satisfy the trickle flow condition
were found up to 1.9 ml min–1 for crotonaldehyde
and up to 1000 ml min–1 for hydrogen.21

Effect of hydrogen and crotonaldehyde
flow rates

An experiment-set was performed at 60 °C and
at constant crotonaldehyde flow rate of 0.45 ml
min–1 (it has satisfied the trickle flow condition) to
decide the range of the hydrogen flow rate (Fig. 3).
It is seen from Figure 3 that, the flow rate values
grater than 400 ml min–1 can be recommended as
confidential to be able to neglect mass transfer limi-
tations. It is relevant to operate the reactor at 400
ml min–1 hydrogen flow rate as a hydrogen con-
sumption point of view and the satisfaction of the
trickle flow conditions.

The another experiment-set was performed at
45 °C and at constant hydrogen/crotonaldehyde mol
ratio of 2:1 to decide the value of LHSV (Fig. 4).

The hydrogen/crotonaldehyde mol ratio of 2:1 is
recommended for the catalyst supplied from Süd
Chemie AG. It can be easily seen from Figure 4
that crotonaldehyde conversion to butyraldehyde
decreases as LHSV increases as expected. The
range of the feed flow rate of crotonaldehyde was
choosen as 0.4 – 1.9 ml min–1 in this study. The
value of LHSV with respect to the lowest feed flow
rate of crotonaldehyde (0.4 ml min–1) was around 2
h–1 and this value satisfies the trickle flow condi-
tion. So it was decided from Figure 4 that, the value
of LHSV should be above 2 h–1 to maintain
differential reactor conditions.

Effect of reaction temperature

To decide the appropriate reaction temperature
range, the five experiments were carried out at 30 –
50 °C, at constant hydrogen/crotonaldehyde ratio
and constant value of LHSV. Figure 5 represents
conversion values versus temperature at constant
hydrogen/crotonaldehyde ratio. As it can be seen
from Figure 5 that the conversion increases sharply
as the temperature exceeds 45 °C. To maintain the
controlled progression of the reaction, the tempe-
rature should not be higher than 50 °C.

Kinetics study

The experiments were performed at the de-
cided experimental conditions. The operating con-
ditions of kinetic experiments are given in Table 1.
It can be easly seen from Table 1 that the smallest
conversion was 5.28 % and the highest conversion
was 39.63 %. The data between space time (mw/FCA0)
and conversion (XCA) were plotted (Figure 6) at dif-
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ferent temperatures and the relationships between
these two parameters were explained by the equa-
tion given below:

X
a m F

b m FCA
w CA

w CA
�

&

�

( / )

( / )
0

0

(3)

The constants a and b determined at each tem-
perature are collected in Table 2. The accordance of
derived relations with the experimental points can
be seen in Figure 6. It can be seen from Figure 6
that, conversion increases with increasing tempera-
ture as expected. The reaction rates at different tem-
peratures are calculated by differentiating the de-
rived relations. They are given in Table 3. As it can
be seen from the table, that the experiments could
not be performed at some particular space-time
(mw/FCA0) values due to the limitations in the appa-
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F i g . 5 – Conversion vs temperature

T a b l e 1 – The operating conditions of the kinetic experiments

TR / °C QCA / ml min–1 QH2 / ml min–1 XAC / %

30 0.50 300 8.68

30 1.00 595 7.96

30 1.30 729 7.32

30 1.50 892 6.43

30 1.70 1040 5.28

35 0.50 300 8.12

35 0.66 393 10.95

35 1.00 595 8.43

35 1.30 729 8.27

35 1.50 892 7.28

35 1.70 1040 6.28

40 0.50 300 20.26

40 1.00 595 13.39

40 1.30 729 12.55

40 1.50 892 8.62

40 1.70 1040 12.37

40 1.50 892 10.18

45 0.20 120 27.09

45 0.50 300 21.31

45 1.10 654 18.59

45 1.30 729 15.56

45 1.50 892 15.03

45 1.70 1040 15.01

50 0.20 120 39.63

50 0.50 300 31.79

50 0.80 535 26.03

50 1.00 595 20.61

50 1.30 729 19.93

50 1.50 892 19.36

50 1.70 1040 17.74

F i g . 6 – Conversion vs mw/FCA0

T a b l e 2 – The constants, a and b, at different temperatures

T, °C a b

30 0.1043 330.821

35 0.1814 913.041

40 0.3347 984.879

45 0.2954 484.620

50 0.4673 774.308



ratus. When the space-time values increase or cro-
tonaldehyde flow rate decreases, the reaction rate
increases with increasing temperature. It is also
seen from Table 3 that, the experimental reaction
rates are very high if they are compared with other
hydrogenation reactions in the literature. The higher
rate is interpreted as a nature of a system in which
pores of catalyst were filled with liquid vapour
and hydrogen and diffusion limitations are ne-
gligible. Sedriks and Kenney reported this effect in
the study of the hydrogenation of crotonalde-
hyde.4,22

To elaborate the kinetic expression of the reac-
tion, first five different models given in Appendix
were derived according to LHHW mechanism in
the light of literature information.21 The parameters
seen in the models were determined by linearizing
the equations and using linear regression technique.
One of the main criteria to test the models was to
obtain positive values for all of the parameters.
Only the second model at the two temperatures
studied, of 303 and 308 K, satisfied this criterion. It
was seen that the rate constant decreased with in-
creasing temperature. So it was decided that these
proposed models were not suitable for the experi-
mental data obtained from this study.

Second, the kinetics of the reaction was deter-
mined by formulating a rate of equation with pre-
supposed exponents on the concentration terms and
by fitting experimental data to the rate equation.

As it is known the one of the important design
parameters in a trickle bed reactor is wetting of cata-
lyst. At low liquid and gas velocities, the gas phase
is continuous and the liquid falls in rivulets from one
particle to the next (trickle-flow regime). Hence for a
bed where any part of the catalyst remains dry, the
contribution to the overall rate of the wet and dry
catalyst must be considered separately.4

a) Wet catalyst:

For wet catalyst, the reaction occurs between
the crotonaldehyde on the catalyst surface and the
hydrogen, both coming by two ways:

1) from liquid to solid and

2) from gas to solid.

Considering the reaction to be irreversible, the
reaction rate can be expressed for wet catalyst bed
as follows:

rT = f k1(cH2)s
m(cCA)sn + (1 – f )k2(cH2 )g

m9(cCA)sn9 (4)
(liquid phase reaction) (gas phase reaction)

378 C. URAZ et al., Catalytic Hydrogenation of Crotonaldehyde in Trickle-bed Reactor, Chem. Biochem. Eng. Q. 18 (4) 373–383 (2004)

T a b l e 3 – Reaction rates and conversions

mw/FCA0

g min mol–1
T = 30 °C T = 35 °C T = 40 °C T = 45 °C T = 50 °C

4108.4
(–rCA) · 10

5 * * * 0.68 1.52

XCA 0.271 0.396

1643.4
(–rCA) · 10

5 0.88 2.53 4.77 3.16 6.19

XCA 0.087 0.113 0.221 0.240 0.260

1200
(–rCA) · 10

5 * 3.71 6.91 * *

XCA 0.109 0.199

1027.1 (–rCA) · 10
5 * * * * 11.14

821.7
(–rCA) · 10

5 2.60 5.50 10.10 8.39 14.19

XCA 0.079 0.098 0.134 0.186 0.206

632.1
(–rCA) · 10

5 3.72 6.94 12.61 11.48 18.28

XCA 0.073 0.083 0.125 0.155 0.199

547.8
(–rCA) · 10

5 4.47 7.76 14.03 13.43 20.69

XCA 0.064 0.073 0.132 0.150 0.194

483.3
(–rCA) · 10

5 5.21 8.49 15.29 15.28 22.86

XCA 0.053 0.063 0.124 0.150 0.177

250
(–rCA) · 10

5 * 12.24 23.48 * *

XCA 0.024 0.056

*No experiment was carried out at this value. rCA /mol gcat
–1 min–1



where;
k1 and k2 : Reaction rate constants,
(cH2

)s: Mean concentration of hydrogen trans-
ported from liquid phase to catalyst surface (mol
cm–3),

( )
( ) ( )

ln
( )

( )

c
c c

c

c

H s
H s H ls

H s

H ls

2
2

2 2

2

�
�

(5)

(cH2
)s: concentration of hydrogen on liq-

uid-solid interphase at the inlet of the reactor (mol
cm–3),

(cH2
)ls: concentration of hydrogen on liq-

uid-solid interphase at the exit of the reactor (mol
cm–3),

(cH2
)g : mean concentration of hydrogen trans-

ported from gas phase to catalyst surface (mol
cm–3),

( )
( ) ( )

ln
( )

( )

c
c c

c

c

H g
H gs H s

H gs

H s

2
2

2 2

2

�
�

(6)

(cH2
)gs: concentration of hydrogen on gas-solid

interphase at the inlet of the reactor (mol cm–3),
(cH2

)s: concentration of hydrogen on gas-solid
interphase at the exit of the reactor (mol cm–3),

(cCA)s: mean concentration of crotonaldehyde
on solid surface interface (mol cm–3),

( )
( ) ( )

ln
( )

( )

c
c c

c

c

CA s
CAs CA

CAs

CA

�
�

(7)

(cCAs): concentration of crotonaldehyde on liq-
uid-solid interphase at the inlet of the reactor (mol
cm–3),

(cCA): concentration of crotonaldehyde on liq-
uid-solid interphase at the exit of the reactor (mol
cm–3),

f: fraction of active catalyst surface wetted,
m, n, m9, n9: orders of the reaction with respect

to the reactants for liquid to solid and gas to solid,
respectively.

To calculate the surface concentrations for cro-
tonaldehyde and hydrogen, first liquid phase mass
transfer coefficient (kL) of hydrogen was calculated
using Simple Stagnant Film Theory.8

k
D a

HL�
2

0
(8)

H0 is the external holdup in the bed and given
by the correlation:23

H Au B0 1
1 3

1
1 4

� �
/ /
2 (9)

Liquid-solid mass transfer coefficient (ks) was
calculated for hydrogen using equation 10:

k k
D a

Hs L� �
2

0
(10)

Liquid-solid mass transfer coefficient (ksa) was
calculated for crotonaldehyde using the following
correlation:24

( ) .
. .

k a
D

d
Scs CA

CA

P P
L L�1596 2
115 0 33

<
Re (11)

Gas-solid mass transfer coefficient (kgsa) was
also calculated using the following correlation:25

k a

D
H Sc

gs
d L� &63 104
2 5 0 5

. * *
. .

(12)

Mass transfer coefficients were calculated as
described above. Surface concentrations for cro-
tonaldehyde and hydrogen were obtained and the
mean concentrations were given in Table 4.

b) Dry catalyst:
It was suspected that any part of the catalyst re-

mains dry, so the reaction could be occurred between
hydrogen and crotonaldehyde coming directly from
gas phase to catalyst surface. The reaction rate can
be expressed for a dry catalyst bed as follows:

rT = k1 (cH2
)gm9 (cCA)s

n9 (13)

The reaction rate equations were solved by the
linear (for dry catalyst) and nonlinear (for wet cata-
lyst) regression programs that minimize the summa-
tion of squares of the errors between experimental
reaction rates and calculated reaction rates by the
model.

When the concentration values in the Table 4
are investigated, it can be seen that surface concen-
tration of hydrogen can not be calculated at some
experiments, which were carried out at high tem-
peratures and high crotonaldehyde flow rates. De-
pending on this finding the experiments performed
at 30, 35 °C were evaluated according to wet cata-
lyst assumption and another set performed at 40,
45, 50 °C, was evaluated for dry catalyst.

The change of reaction rate coefficient, k1 and
k2 with varying temperature are given in Table 5.

The reaction rate expression was rearranged by
adding fraction (f) term into reaction rate coeffi-
cients (k1, k2) to create a common expression as the
function of the temperature. According to the calcu-
lated values the computed reaction rate expressions
can be written as follows:
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For wet catalyst:

r T c cRT
Tot H s CAe

s
� � &

�
( . . ) * *

. .
8687 0256 1018

122352
0 5 0 8

2

54
�

� �
�

( . . ) * *
.

. .
00662 19254

8623 28
0 47 0 4

2
T c cRTe H gs CAs

(15)

For dry catalyst:

r c cRT
Tot H gs CAe

s
� &

�
3076 106

4518414
0 455 0 445

2
. * *

.
. .

(16)

Comparison of the experimental and calculated
reaction rates is seen from Figure 7.

The effect of internal mass transfer on reaction
kinetics was searched for, both, experimentally and
theoretically. The experiments were carried out to
evaluate the effect of pore diffusion in the catalyst
by recording conversions on three different diame-
ter of catalyst particles (dp = 3, 4, and above 4 mm)
at 50 °C and at a value of LHSV of 2.22 h–1 (Fi-
gure 8).
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T a b l e 5 – Reaction rate constants, k1 and k2

T / °C
k1

mol1–m9–n9 mlm9+n9 gcat
–1 min–1

k2

mol1–m–n mlm+n gcat
–1 min–1

m n m9 n9 f

30 1.05 · 10–1 1.0 · 10–2 0.5 0.854 0.470 0.400 0.752

35 1.11 · 10–1 2.2 · 10–2 0.5 0.854 0.470 0.400 0.647

40 9.67 · 10–2 – – 0.455 0.445 –

45 9.73 · 10–2 – – 0.455 0.445 –

50 1.66 · 10–1 – – 0.455 0.445 –

T a b l e 4 – Mean concentrations of crotonaldehyde and hy-
drogen

T/°C
(cH2

)g ·10
5

mol cm–3

(cH2
)s ·10

6

mol cm–3

(cCA)s

mol cm–3

30

3.860 3.345 0.01162

3.857 2.626 0.01167

3.859 2.081 0.01172

3.865 1.692 0.01177

3.874 1.322 0.01182

35

3.752 2.710 0.01145

3.751 2.022 0.01148

3.762 1.190 0.01155

3.774 4.844 0.01165

3.783 5.754 0.01171

3.792 – 0.01177

40

3.574 1.465 0.01086

3.571 0.592 0.01088

3.633 – 0.01132

3.641 – 0.01137

3.633 – 0.01133

3.639 – 0.01138

45

3.500 2.755 0.01042

3.532 1.976 0.01080

3.540 – 0.01099

3.562 – 0.01118

3.562 – 0.01121

3.558 – 0.01121

50

3.300 2.261 0.00954

3.335 0.641 0.01114

3.365 – 0.01048

3.423 – 0.01084

3.425 – 0.01088

3.426 – 0.01092

3.437 – 0.01103

F i g . 7 – Comparison of the experimental and calculated
reaction rates



From the literature approach6 it is expected that
as the particle diameter is increased, the rate would
not be affected if internal resistances could be ne-
glected. It is seen from Figure 8, when the particle
diameter is increased, the rate decreases. So the in-
ternal effect could not be neglected. This finding
was also proved with the theoretical calculation of
the effectiveness factor according to the procedure
given in the literature.26,27
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for spherical particles (18)

where;
@: Thiele modulus
<B: bulk density of catalyst, 0.65 g cm–3

De: effective diffusion coefficient (cm2 s–1)
): effectiveness factor.

It was seen from Table 6, that the values of
Thiele modulus were above 5 for wet catalyst (at T
= 30 and 35 °C) and they were around 1 for dry cat-
alyst (at T = 40 to 50 °C).

If Thiele modulus > 5, ) A 1/@. Practically,
these conditions mean that diffusion into the pellet
is relatively slow, so that the reaction occurs before
the reactant has diffused into the pellet27. When the
Thiele modulus is large, diffusion usually limits the
overall rate of reaction24.

The rate equation derived previously only took
external mass transfer effects into the consideration.
Intrinsic rates should be determined by dividing the
derived reaction rates by the effectiveness factors.

In the literature, many researchers have studied
the kinetics of hydrogenation reactions. Generally
reaction rate is expressed by the following equa-
tion:

� � & &r k c cm n
p CA H2

(19)

As an example, in the study on the hydrogena-
tion of methylacetylene with a supported group
VIII metals the reaction rate could be described by
equation 19; the reaction orders were highly de-
pendent on the experimental conditions.28

The kinetic evaluation showed that the appar-
ent activation energies are between 125.60 – 276.32
kJ mol–1 (30.0 – 66.0 kcal mol–1) in trickle bed re-
actor. In the literature the apparent activation en-
ergy was given as 46.05 kJ mol–1 (11 kcal mol–1) for
the hydrogenation of crotonaldehyde by using
slurry reactor.22 Also it was mentioned that the acti-
vation energy on the same type of catalyst changed
from 68.53 to 88.59 kJ mol–1 (16.37 to 21.16 kcal
mol–1) in the studies employed by several work-
ers29. On palladium alumina catalyst, activation en-
ergy was around 54.30 kJ mol–1 (12.97 kcal mol–1).
In short, the activation energies depend on the pro-
cess and the catalyst characterization.
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T a b l e 6 – Calculated Thiele moduli and effectiveness factors

T

°C

@ )

LHSV LHSV

3.9 h–1 5.07 h–1 5.85 h–1 6.63 h–1 3.9 h–1 5.07 h–1 5.85 h–1 6.63 h–1

30 5.07 6.16 7.37 9.18 0.475 0.408 0.352 0.291

35 8.75 14.23 33.68 277.2 0.303 0.196 0.086 0.011

40 1.249 1.249 1.249 1.250 0.909 0.9092 0.9092 0.9092

45 1.454 1.458 1.459 1.459 0.882 0.881 0.881 0.881

50 1.704 1.705 1.707 1.709 0.848 0.847 0.847 0.847

*: Temperatures of 30, 35 °C represent wet condition and 40, 45, 50 °C represent dry condition.

F i g . 8 – Effect of particle size on rate of reaction



Conclusions

According to the obtained results the following
conclusions can be stated:

1. The ranges of the flow rates of crotonal-
dehyde and hydrogen which maintain trickle flow
conditions were decided by calculating the Reynolds
numbers. Reynolds numbers satisfying the trickle
flow condition were found corresponding up to 0.9
ml min–1 for crotonaldehyde and up to 1000 ml
min–1 for hydrogen.

2. It is possible to state temperature range be-
tween 30 – 50 °C to investigate the reaction kinetics.

3. The kinetic parameters from the conversion-
-space time data can be estimated.

4. The wetting of the catalyst was found to be
important parameter and it was seen from the re-
sults that the wetting is incomplete and reaction on
the dry catalyst may be come dominant on the over-
all reaction rate at high temperatures. The wetting
was expressed as a function of the temperature.

5. It was found that the external mass transfer
effects played an important role on the reaction ki-
netics. Especially the mass transfer of hydrogen from
bulk gas to gas-liquid interphase was very effective.

6. The internal resistances have been also re-
searched and it has been proved experimentally and
theoretically that the intra-particle diffusion effects
could not be neglected.

7. For wet catalyst reaction it was found to be
0.854 with respect to crotonaldehyde and 0.5 with
respect to hydrogen for liquid phase; reaction was
found to be 0.4 with respect to crotonaldehyde and
0.47 with respect to hydrogen for gas phase.

8. For dry catalyst reaction was found to be of
0.455 with respect to crotonaldehyde and 0.445
with respect to hydrogen.

9. The activation energies were found to be be-
tween 125.60 – 276.32 kJ mol–1 (30.0 – 66.0 kcal
mol–1). It is apparent that the activation energies
found in this study are higher than in another hy-
drogenation reactions. This can be explained that
energy barrier, which is overcome for the accom-
plishment of the reaction is higher than in slurry re-
actor.

APPENDIX

Models

a = 0.5, 1; b = 1
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N o m e n c l a t u r e

A, B – constants characteristics of the particle diameter
and shape (0.102 and 0.01, respectively).

c – concentration, mol cm–3

d – diameter, mm

D – molecular diffusivity of hydrogen, cm2 sec–1

DR – reactor diameter

) – effectiveness factor

f – fraction of active catalyst surface wetted

@ – Thiele modulus

FA0 – molar flow rate of reactant, mol h–1

Hd – dynamic holdup

H0 – external holdup

H2/CA – molar ratio

k1, k2 – reaction rate constants

kL – mass transfer coefficient from gas-liquid inter-
face into liquid bulk, cm sec–1

kS – mass transfer coefficient of hydrogen from liquid
bulk to solid, cm sec–1

LHSV – liquid hourly space velocity, h–1

2 – viscosity, mPa s

Q – volumetric flow rate, cm3 min–1

r – global reaction rate, mol g–1 h–1

Re – Reynolds number

Sc – Schmidt number

s – specific surface area, m2 g–1

T – temperature, °C, K

u – superficial velocity, cm sec–1

mw – catalyst mass, g

X – conversion, 1

< – density

w – weight percent

( – space time

� – standard error
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A b b r e v i a t i o n s a n d s u b s c r i p t i o n s

BA – butyraldehyde
CA – crotonaldehyde
exp – experimental
g – gas
H2 – hydrogen
i – interface
l, L – liquid
m, n, m9, n9 – exponents
Mix. – mixture
p – catalyst pellet
St.St.– steady state
Tot – Total
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