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Enhancing consecutive reactions during three phase
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Kari Eränen, Tapio Salmi, Dmitry Yu. Murzin
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bstract

Kinetics for citral hydrogenation was investigated over a Ni/Al2O3 catalyst both in semibatch and in batch mode with respect to the liquid
hase. In the former case the liquid phase was pumped out from the reactor continuously, while the amount of catalyst was kept constant during
he hydrogenation in the latter case. The idea with liquid phase drainage was to increase the catalyst bulk density with increasing reaction time.
he effect of increasing catalyst bulk density on reaction kinetics and selectivity was investigated both qualitatively and quantitatively. The main
arameters were hydrogen pressure (5–21 bar) and temperature (50–90 ◦C). The product selectivity, which should theoretically be independent on

he changes in catalyst bulk density, varied with varying catalyst bulk density, especially at higher reaction temperatures due to catalyst deactivation.
he simplified kinetic model with lumped kinetic and deactivation parameters was applied to the experimental data being able to explain results
btained under semibatch conditions with continuous liquid phase drainage out of the reactor.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In complex heterogeneously catalyzed liquid phase reactions
he desired products can be formed in consecutive steps. This
s the case for example in the formation of citronellol as a sec-
ndary product in citral hydrogenation [1,2]. The rate of the
econd step can be significantly lower, thus investigation of
eaction kinetics can represent substantial challenges. There are
everal methods to enhance the reaction rates and to produce
igher yields of the desired products, i.e. utilization of higher
emperatures and pressures or application of higher amounts of
atalysts. Another method to enhance the reaction rates is to use
emperature-programmed experiments, which has, however, a
otential drawback, since they can lead to increased amount of
ide products. From the engineering point of view it might be
eneficial to enhance the rates of secondary reactions giving the
esired products, not by temperature increase, but by increasing

he catalyst bulk density during the reaction.

It is important in the studies of the catalytic reactions to inves-
igate intrinsic reaction kinetics in the region free from gas/liquid
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ass transfer, external and internal diffusion. This is achieved
ver small catalyst particles in conditions with efficient stir-
ing, when initial hydrogenation rates are linearly dependent
n the catalyst mass [3]. Interestingly it has been experimen-
ally shown that selectivity to an intermediate product can be
hanged with increasing catalyst concentration even if the reac-
ion rate increases linearly with the catalyst mass. This was the
ase for cinnamaldehyde hydrogenation over Pt-alloy catalysts
n the kinetic regime, when the selectivity to cinnamyl alcohol
ncreased or decreased depending on temperatures as a function
f catalyst loading [4], the reason being in changes of reactant
dsorption modes with different catalyst bulk densities. Accord-
ng to our knowledge there are almost no reports available in the
iterature describing quantitatively the effect of catalyst bulk
ensity on reaction rates and product selectivities in three-phase
ydrogenations.

In this work the main aim was to compare the effect of liquid
hase drainage out of the reactor during three-phase hydrogena-
ion of a model molecule, in this case citral, with a conventional
ase of a constant catalyst bulk density. The working hypothesis

n this work by using increasing catalyst bulk density during the
eaction was to increase the rates of the consecutive reactions
nd facilitate the determination of their rate constants in a more
eliable way. On the other hand the product selectivities should

mailto:paivi.maki-arvela@abo.fi
dx.doi.org/10.1016/j.cej.2007.03.076
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Nomenclature

A frequency factor (l2/(mol min g))
c concentration (mol/l)
Ea activation energy (J/mol)
i product
k rate constant (l2/(mol min g))
K adsorption constant (l/mol)
m mass (g)
n mole (mol)
n′ molar flow (mol/min)
p pressure (bar)
Q object function (mol/l)2

r generation rate (mol/(g min))
R gas constant J/(mol K)
R2 degree of explanation (%)
t reaction time (min)
T temperature (◦C, K)
V volume (l)
V̇ volumetric flow (l/min)
x mole fraction

Greek letters
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A → B → C → D → · · · (1)

where A, B, C and D denote citral, citronellal, citronellol and
3,7-dimethyloctanol, respectively. Furthermore, small amounts
ρ density (g/l)
υ stoichiometric coefficient

heoretically remain unaffected with the change in catalyst bulk
ensity, when working in the kinetic regime. The selectivities
eported above for cinnamaldehyde hydrogenation are regarded
s an exception, since this substrate can adsorb in different ways
n the catalyst surface. The first task was to identify, whether the
inetic data fulfill the working hypothesis, i.e. at first enhanced
onsecutive reaction rates and at second the unaffected selectiv-
ties in the presence and in the absence of liquid phase drainage
hould be achieved.

Three-phase hydrogenation is very demanding reaction, since
atalyst deactivation can be very severe in the hydrogenation
f �,�-unsaturated aldehydes, especially at higher temperatures
1]. Both catalyst deactivation and mass transfer limitations can
hange the product selectivities with increasing reaction times.
n this work we will demonstrate the idea of working in three-
hase hydrogenations with a semibatch liquid phase operation
ulfilling the first working hypothesis. On the other hand the
econd criterion, i.e. the same product selectivities unaffected by
he changes in catalyst bulk densities, were not easily achieved.
n this work both mechanistic model and simplified model were
erived, and the latter one was applied to a limited kinetic data
et.

. Experimental

.1. Reactor set-up
Three-phase hydrogenation was performed in batch and in
emibatch modes with respect to the liquid phase. When liquid
hase was pumped out from the reactor, the catalyst bulk den-
ring Journal 134 (2007) 268–275 269

ity increased with increasing reaction time. The catalyst mass
as kept constant in all experiments (500 mg) and the stirring

ate was 1500 rpm. The use of small catalyst particles and vig-
rous stirring facilitated the hydrogenation under kinetic regime
3,5]. In the experiments with increasing catalyst bulk density
bout 1 g/min liquid was pumped out and the initial liquid phase
olume was 325 ml. The mass of the liquid phase, which was
umped out from the reactor, was continuously recorded and
aken into account in the kinetic model.

.2. Case study: citral hydrogenation

Citral (Alfa Aesar, 97%) hydrogenation kinetics was inves-
igated in an autoclave in 2-pentanol (>98%, Merck 807501)
s a solvent in the temperature and pressure range of 50–90 ◦C
nd 5–21 bar, respectively. The Ni/Al2O3 (20.2 wt.% Ni) cat-
lyst with a mean particle size of 13.5 �m (sieved below
00 �m) was reduced prior to the experiment in situ at 270 ◦C
or 90 min with flowing hydrogen (99.999%, AGA). The
nitial citral concentration and the initial liquid phase vol-
me were 0.1 mol/l and 325 ml, respectively. The catalyst,
sed in this work, was characterized in our previous work
2] and the following properties were obtained: BET surface
rea 111 m2/gcat, dispersion D = 15.7%. The liquid samples
ere analyzed with a gas chromatograph (Agilent Technolo-
ies 6890N) equipped with a capillary column (DB-1, length
0 m, internal diameter 0.25 mm, film thickness 0.50 �m).
he following temperature program was used for analysis:
20 ◦C (1 min)–0.3 ◦C/min to 122 ◦C (1 min)–3 ◦C/min–125 ◦C
1 min)–0.2 ◦C/min–126 ◦C–20 ◦C/min–200 ◦C (15.63 min).

. Semibatch reactor for complex three-phase reactions

Citral was used as a model molecule and the reaction scheme
f its transformations is presented in Fig. 1. The effect of
atalyst bulk density on the hydrogenation kinetics and on
electivity was investigated both qualitatively and quantitatively
ith kinetic modeling. The main parameters in this work were

emperature, pressure and the operation mode, i.e. application
f either liquid-phase drainage or constant catalyst bulk den-
ity. In some experiments, the kinetics was investigated by
emperature-programmed technique. In complex three-phase
ydrogenations, such as citral hydrogenation [6,7], the desired
roduct can be formed as a secondary or tertiary product
Fig. 1. Simplified reaction scheme for hydrogenation of citral on Ni/Al2O3.
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f the desired product are formed within a short reaction time.
n order to enhance the formation rate of consecutive products
nd to determine their rate constants in a more reliable way, a
hree-phase batch reactor was operated in a semibatch manner,
.e. liquid phase was continuously pumped out from the reactor,
hile the amount of catalyst was kept constant (see Section 2).
he bulk density of the catalyst in the semibatch reactor changes
s a function of time

B = mcat

V0L − V̇t

(2)

here ρB is the catalyst bulk density, mcat mass of catalyst, V0L
nitial liquid phase volume, V̇ liquid phase volumetric flow and
time.

Rate constants can be determined by using a following mass
alance for a semibatch reactor with a decreasing liquid phase
olume

dni

dt
= rimcat − ṅi,out (3)

here ni is the molar amount and ni,out is the molar flow of com-
onent ‘i’. ri denotes the generation rate of ‘i’. Diffusion around
he catalyst particle in the liquid film is negligible, when the
atalyst particles are small and the reaction slow. The concen-
rations in the continuously pumped volume flows are constant
n the reactor, i.e. ci,out = ci due to the extensive stirring.

Mass balance equation can be written as

dni

dt
= rimcat − ci,outV̇out (4)

here ‘i’ denotes a component. The amount of moles is ni = ciVL
here both ci and VL will be changed with the reaction time.
he mass balance is written as

(ciVL)

t
= rimcat − ci,outV̇out (5)

dci

dt

)
VL +

(
dVL

dt

)
ci = ri�mcat − ci,outV̇out (6)

dci

dt
= ri

mcat

VL
− dVL

dt

ci

VL
− ci,outV̇out

VL
(7)

here dVL/dt = −V̇out and ci,out = ci and the mass balance is
implified to

dci

dt
= ri

mcat

VL
= ρBri (8)

here ρB is given by Eq. (2) and ri is determined by the stoi-
hiometry, i.e. ri = �νijrj.

Since the catalyst bulk density (ρB) varies with time, the
btained kinetic data can be normalized as follows. Separation

f variables of Eq. (8) yields

ci

c0i

dci

ri

∫ t

0
ρB dt, ρB = ρ0

1 − t/τ0
(9)

e
t

t

ring Journal 134 (2007) 268–275

here ρ0B = mcat/V0L and τ0 = V0L/V̇ (see Eq. (2)). Integration
f the right-hand side of Eq. (9) yields finally

ci

c0i

dci

ri
= ρ0Bτ0 ln

(
1 − t

τ0

)−1

(10)

Eq. (10) suggests that concentration data plotted against
0Bτ0 ln(1 − t/τ0)−1 should coincide, provided that data are
btained within kinetic regime and effects related to catalyst
eactivation (e.g. irreversible adsorption of species, coking, sin-
ering) are absent. For cases that no liquid drainage is applied
he right-hand side of the Eq. (10) reduces to ρ0Bt.

. Qualitative kinetics

It follows clearly from Fig. 2, that when citral hydrogenation
as carried out on Ni/Al2O3 catalyst in 2-pentanol at three dif-

erent temperatures (50, 70 and 90 ◦C) at 10 bar hydrogen with
nd without liquid phase drainage, the kinetic data presented
Fig. 2) as a function of normalized abscissa do not coincide. In
ll the cases the time interval to reach a certain conversion level
s much lower for the case of drainage.

In the current kinetic data the effect of film diffusion is
bsent, since the apparent activation energy with liquid phase
rainage was 21 kJ/mol and zero order kinetics was achieved
n respect to hydrogen above 10 bar. The possible reason for
arying activities and selectivities in the absence and in the
resence of liquid phase drainage is most probably catalyst deac-
ivation. The latter was less prominent with higher catalysts
ulk densities, indicating that the catalyst was less deacti-
ated when the amount of reactant per gram nickel decreased.
nalogous results have been previously obtained in the hydro-
enation of �-sitosterol over supported Pd catalyst [9]. The
atalyst deactivation in citral hydrogenation has been previ-
usly observed over Pt [7,8] and over Ru supported catalysts
10].

More recently a significant decrease in conversion [11] from
0 to 20% within 40 min time-on-stream was obtained in liquid
hase citral hydrogenation in ethanol over a fixed bed of Ni/SiO2
atalyst operating already at 25 ◦C, and 6.1 bar total pressure,
learly demonstrating significant deactivation.

In citral hydrogenation over Pt/Al2O3 the initial hydrogena-
ion rates as a function of temperature did not follow Arrhenius
aw, but instead exhibited a maximum as a function of temper-
ture [7]. The reason for catalyst deactivation is most probably
locking of the active sites due to decarbonylation of unsaturated
lcohols.

Qualitatively somewhat unusual difference between kinetic
ata presented on Fig. 2 could be explained by the fact, that
hen a certain part of the liquid is pumped out of the reactor

he catalyst to reactant concentration increases along with the
raction of sites, which are not irreversibly blocked presumably
y formed CO. This leads to the situation, when the so-called

ffective catalyst mass, e.g. the amount of catalyst available for
he reaction, is higher in the case of liquid drainage.

As the conversions are compared at time = 25 g/l min it
urned out that with increased catalyst bulk density con-
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ig. 2. Kinetics for citral (�) hydrogenation, formation of citronellal (�) and c
n the hydrogenation of citral in 2-pentanol under 10 bar hydrogen at (a) 50 ◦C,
ith liquid drainage x = ρ0Bτ0 ln(1 − t/τ0)−1.

ersion increased 2.1-fold at 50 ◦C and 2.8-fold at 70 ◦C
nd at 90 ◦C complete conversion was achieved already at
bulk × time = 25 g/l min. The cis-to-trans isomer ratio as a
unction of ρbulk × time decreased with increasing temperature
ndicating that cis citral reacted faster than trans citral at higher

emperatures (Fig. 3).

Product selectivity to citronellal and citronellol are given in
ig. 4 for experiments with and without liquid phase drainage.

ig. 3. Cis-to-trans citral ratio in citral hydrogenation with liquid phase drainage
t hydrogen pressure of 10 bar and (�) 50 ◦C, (�) 70 ◦C and (�) 90 ◦C. The
bscissa x with liquid drainage denotes x = ρ0Bτ0 ln(1 − t/τ0)−1.
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llol (�) with (solid symbol) and without liquid phase drainage (open symbol)
◦C and (c) 90 ◦C. The abscissa x denotes without liquid drainage x = ρ0Bt and

nly traces of nerol and geraniol in citral hydrogenation over
i/Al2O3 catalyst were formed opposite to Pt/Al2O3 catalyst

7,8]. Formation of isopulegol was not observed.
In principle the catalyst bulk density should not affect the

roduct selectivities, if the experiments are performed under
inetic regime without interference of other processes, e.g.
eactivation. In citral hydrogenation about the same selectiv-
ty was achieved at 50 ◦C and 10 bar with and without drainage,
hereas at 70 and 90 ◦C the values were different. Especially

t 70 ◦C the formed citronellal was not reacting further to cit-
onellol and the selectivity to citronellal was nearly constant,
bout 93%. The reason for these results is the faster catalyst

eactivation and additionally mass transfer limitations at higher
emperatures.

The effect of liquid phase drainage was investigated at 70 ◦C
t three different pressures (Table 1, Fig. 5). It turned out the

able 1
omparison between concentrations of different products at ρbulk × time =

25 g/l min at different hydrogen pressures at 70 ◦C in citral hydrogenation under
iquid phase drainage

ressure (bar) SCAL (%) SCOL (%) SDMOL (%) SDNAL (%)

5 77 22 1 1
0 37 57 4 2
1 30 55 8 5
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Fig. 4. Selectivity as a function of normalized abscissa ρbulk × time at (a)
50 ◦C, (b) 70 ◦C and (c) 90 ◦C. Symbols: solid line (with liquid drainage),
d
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Fig. 5. Kinetics in (a) citral hydrogenation, (b) formation of citronellal and (c)
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otted (without liquid drainage), (�) citronellal and (�) citronellol. The
bscissa x denotes without liquid drainage x = ρ0Bt and with liquig drainage
= ρ0Bτ0 ln(1 − t/τ0)−1.

eaction order with respect to hydrogen was equal to unity at
ow pressures, below 10 bar, whereas above 10 bar it was zero.

The cis-to-trans citral ratio was close to one at all the three
ressures and no systematic trend was observed. The concen-
ration profiles as a function of coordinate, corresponding to the
iquid drainage, for citronellal and citronellol given in Fig. 5
emonstrates that at higher pressures citronellal reacted further
o citronellol and 3,7-dimethyloctanal followed by the forma-
ion of 3,7-dimethyloctanol (not shown). The initial selectivity
o the products is given as well in Table 1 at a catalyst bulk den-
ity at ρbulk × time = 25 g/l min. In the present work selectivity
o citronellal at 10 bar and 70 ◦C in 2-pentanol with liquid phase
rainage was only 37%. As a comparison with literature [12]
he same Ni/Al2O3 catalyst was used in citral hydrogenation
n hexane as a solvent. Citronellal selectivity was 93% even at

◦
0% conversion in citral hydrogenation at 60 C and 10 bar in a
atch reactor. The lower selectivity in the current work can be
xplained by the use of a more hydrophilic solvent 2-pentanol
s well as a higher reaction temperature (70 ◦C) both favor-

m

c
t

itronellol at 70 ◦C at different hydrogen pressures (�) 5 bar, (�) 10 bar and (�)
1 bar with liquid phase drainage. The abscissa x denotes with liquid drainage
= ρ0Bτ0 ln(1 − t/τ0)−1.

ng formation of alcohols, citronellol and 3,7-dimethyloctanol.
ressure increase both in this work and in [12] enhanced the
ormation of consecutive products.

. Rate equations and kinetic modeling

In citral hydrogenation both parallel and consecutive reac-
ions occur simultaneously. The following products were
btained under the reaction conditions: citronellal, citronellol,
eraniol, isopulegol, nerol, 3,7-dimethyloctanal and 3,7-
imethyloctanol. Some of these products were only formed in
ery low quantities and thus the reaction scheme shown in Eq.
1) (Fig. 1) has been applied. Since the working hypothesis (see
ection 1) for applying Eq. (4) is that the product selectivi-

ies are unaffected by the catalyst bulk density, only the results
t 50 ◦C with liquid phase drainage can be involved in kinetic

odeling.
A component A reacts according to Eq. (1) and the initial

oncentrations of the reaction products B, C and D were assumed
o be zero. Taking into account the stoichiometry in (11) the
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Fig. 6. Kinetic model (−) and experimental data at 50 ◦C with drainage of the
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be higher than 95% for a model, which is able to describe the
kinetic data accurate enough.

The model fit in the presence of liquid phase drainage from
citral hydrogenation at 50 ◦C is depicted in Fig. 6. In the prelim-

Table 2
Lumped kinetic parameters in citral hydrogenation at 50 ◦C with liquid drainage
of the liquid phase

Parameter Estimated parameter Est. relative standard error (%)
P. Mäki-Arvela et al. / Chemical En

eactor mass balance Eq. (8), the concentration changes as a
unction of time can be written as

dcA

dt
= −r1ρB,

dcB

dt
= (r1 − r2)ρB,

dcC

dt
= (r2 − r3)ρB,

dcD

dt
= r3ρB (11)

oncentration profiles for different experiments with and with-
ut drainage of liquid phase for the consecutive reactions
ccording to Eq. (1) were simulated with the Modest software
13].

Reaction rates for steps (1), (2) and (3) in Fig. 1 were modeled
ith the following rate equations:

1 = k1KAcA

1 + KAcA + KBcB + KCcC + KDcD

KHcH2

1 + KHcH2

(12)

2 = k2KBcB

1 + KAcA + KBcB + KCcC + KDcD

KHcH2

1 + KHcH2

(13)

3 = k3KCcC

1 + KAcA + KBcB + KCcC + KDcD

KHcH2

1 + KHcH2

(14)

orresponding to the Langmuir–Hinshelwood mechanism. The
echanism is based on an assumption that all the reactants are

dsorbed on the active sites of a catalyst surface. Reactions occur
nly between the adsorbed reactants and molecularly adsorbed
ydrogen. Surface reactions are determining the reaction rate in
his model while adsorption, desorption steps are assumed to be
n quasi-equilibria.

The application of Langmuir–Hinshelwood mechanism
mplies that the product selectivities are independent of the cat-
lyst bulk density. Since this was not the case for all the data
ets in citral hydrogenation, parameter estimation results only
or experiments at 50 ◦C are presented below.

Hydrogen concentration in 2-pentanol was obtained from
iterature [2] and an equation for hydrogen solubility was
pproximated at 70 ◦C as follows:

H2 = 0.0002 pH2 − 0.0002 (15)

ith linear regression analysis. A linear model was applied for
ydrogen solubility. The data of hydrogen solubility at temper-
tures 50 and 100 ◦C in 1-pentanol, which resembles very much
-pentanol [2], have been taken from literature [14] and plotted
ogether with the solubility of hydrogen at 70 ◦C in 2-pentanol
2] (the plot is not depicted here). It turned out that the hydrogen
olubility in a temperature range 50–100 ◦C below 21 bar did
ot have large temperature dependency.

In numerical data fitting the rate constants and adsorption
arameters were determined with nonlinear regression minimiz-
ng the objective function (Q) defined as a difference between
xperimental concentrations (ci) and estimated concentrations
y using mass balances (ĉi):
=
∑

(ci(t) − ĉi(t))
2 (16)

In the parameter estimation Levenberg–Marquardt method,
implex method or combination of them were applied by using

k

k

k

T

iquid phase at hydrogen pressure of (a) 5 bar and (b) 10 bar. Symbols: citral
©), citronellal (+), citronellol (*) and 3,7-dimethyloctanol (�).

oftware Modest [13]. The quality of the model is illustrated by
he degree of explanation (R2) defined as:

2 = 1 −
∑

(ci,exp − ĉi,mean)2∑
(ci,exp − c̄i,mean)2 (17)

here c̄i,mean is an average of concentrations from the experi-
ental data. A rule of thumb is that degree of explanation should
′
1 134 1.7
′
2 4.96 8.8
′
3 4.42 140.4

he degree of explanation R2 = 99.3%.
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Fig. 7. Sensitivity plots

nary calculations it was shown, that the terms in denominators
f Eqs. (12)–(14) containing adsorption coefficients could be
eglected leading to the following rate expressions

1 = k1KAKHcAcH2 = k′
1cAcH2 (18)

2 = k2KBKHcBcH2 = k′
2cBcH2 (19)

3 = k3KCKHcCcH2 = k′
3cCcH2 (20)

The lumped kinetic parameters (Table 2), which contain the
ontributions of both rate and adsorption constants are apparent,
ince they include also deactivation.

The degree of explanation with the simplified model was

9.3%. The standard errors for k′

1 and k′
2 were low, while k′

3
ontained some uncertainty due to the low amounts of 3,7-
imethyloctanol formed at 50 ◦C (Table 2). Sensitivity analysis
llustrated in the form of sensitivity plots for the lumped kinetic

Fig. 8. Contour plot for the parameter k1 and k2.
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estimated parameters.

arameters (Fig. 7) and the contour plot for k′
1 and k′

2 (Fig. 8)
emonstrate good identifiability of the parameters.

It should be pointed out here, that the main aim of the current
ork was to demonstrate a three-phase reactor system working
ith increasing catalyst bulk density and not modeling the kinet-

cs in citral hydrogenation. Since the kinetic data was not free
rom catalyst deactivation, the kinetic modeling part remained
ather limited and should be investigated in more detail with a
arger, more representative data set with the same reactor set-up.

. Conclusions

Kinetics of three-phase citral hydrogenation over a Ni/Al2O3
atalyst was investigated in a temperature and pressure range of
0–90 ◦C and 5–21 bar, respectively. The main aim of this work
as demonstrate a reactor set-up, which was operated either in a
atch or semibatch mode in respect to liquid phase. In the latter
ase the liquid phase was continuously pumped out from the
eactor. In this manner the catalyst bulk density increased dur-
ng the hydrogenation experiment. Such operation mode gives
possibility to study consecutive reactions with significant dif-

erence in their rates resulting in better identifiability of kinetic
arameters.

The kinetic data with increasing catalyst bulk density was
ompared with the data obtained with a constant liquid phase
ulk density. It turned out that only partially kinetic data were
naffected by the change of catalyst bulk density. For instance
he product selectivities were independent on the catalyst bulk
ensity only at lower temperatures. The results in case of citral
ydrogenation should be attributed to well-demonstrated cata-
yst deactivation in this particular reaction.
The mechanistic kinetic models were derived for consecutive
ydrogenation of citral. Due to the varying product selectiv-
ty with changing the catalyst bulk density, kinetic modeling
as performed for a limited data set, giving good description of

xperiments.
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