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Abstract
Coupling of second and first order reactions in one pot fashion through a cascade process is an
often encountered process. Consecutive reactions of this type are considered and selectivity
analysis is performed demonstrating dependence of selectivity pattern on reaction parameters.
Keywords: selectivity, consecutive reactions, mixed second and first order, heterogeneous
catalysts.

1

1. INTRODUCTION
Kinetic analysis of complex non-catalytic and catalytic reactions is more and more utilized in
academia and industry [Blackmond, 2015, Helfferich 2001]. Such analysis became a routine
part of chemical reaction engineering [Fogler, 1998, Froment and Bischoff, 1990, Levenspiel,
1998, Murzin and Salmi, 2016, Salmi et al., 2010], where rather complex mechanisms are
rigorously treated using numerical data fitting.
Interestingly enough just few typical consecutive reactions are currently discussed in the
majority of textbooks on chemical kinetics [Arnaut et al., 2006; Laidler, 1987]. Mainly first
order reactions are considered allowing derivation of analytic expressions and thus analysis
of selectivity. For more complex catalytic reactions, involving e.g. adsorption of reactants on
the surface or binding the substrates to enzymes, derivation of explicit expressions is still
possible [Murzin and Salmi, 2016].
With a current paradigm shift taking place in chemical synthesis technology, namely
combination of homogeneous and heterogeneous catalysis, mediated by both metals and
organocatalysts, into efficient one-pot operations, there is renewal in the interest of kinetic
analysis of complex mechanisms.
There exist several examples of cascade catalysis [Bruggink et a1., 2003], applying different
combinations of bio-bio, chemo-bio and chemo-chemo cascades. One example worth
considering is reductive amination involving reaction of amine with a substrate containing a
carbonyl group (aldehyde and ketone) forming an intermediate amine [Bähn et al, 2015;
Obora, 2014; Shimizu, 2015]. This first step can be even non-catalytic. In the second catalytic
step this intermediate imine is hydrogenated over a heterogeneous catalyst. An example
related to synthesis of a secondary amine - a pharmaceutically active compound from a
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terpenoid is given in Scheme 1. Reductive amination in general is considered as the most
important synthetic methodology to make amines in pharmaceutical industry.

Scheme 1. Example of reductive amination of an aldehyde (Demidova et al., 2014).

It is rather clear that the condensation reaction is of a bimolecular type, while the second
reaction being formally of second order (hydrogen and imine) can in fact be considered as a
first order reaction if hydrogen is present in excess.
Prins condensation reaction (Scheme 2) is another example of a similar reaction type where
the overall process can be viewed as a combination of a bimolecular and a monomolecular
reaction. The first step of condensation of isopulegol (I) with an aldehyde (II) giving
stereoisomers (III) followed by a dehydration step which is of first order.

Scheme 2. Scheme for the substituted octahydro-2H-chromenols formation (Sidorenko et al.,
2018)
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An even more complicated case is the so-called hydrogen borrowing reactions valid for direct
amination of alcohols or N-alkylation (Scheme 3a) and synthesis of higher alcohols through
the so-called Guerbet reaction (Scheme 3b).

a)

b)
Scheme 3. Scheme of: a) direct amination [Bähn et al., 2011], b) Guerbet reaction [Patel et
al. 2015].

Borrowing hydrogen methodology for synthesis of amines is potentially of significant
interest to the pharmaceutical industry avoiding applications of unstable aldehydes. The
Guerbet reaction [Chieregato et al., 2014; Gabriels et al., 2015] is even more complex
comprising four different types of consecutive transformations: dehydrogenation, aldol
addition, dehydration and hydrogenation. The first step is dehydrogenation of the reagent
alcohol to produce an intermediate aldehyde or ketone. Both alcohols involved in the
coupling reaction must be dehydrogenated. An unclear aspect of this step is the location and
4

chemical state of the hydrogen evolved. The generated aldehydes undergo coupling reaction
on basic sites following by dehydration and hydrogenation with hydrogen generated in the
first step.
A similar to direct amination from the viewpoint of the reaction network is skeletal
isomerization of linear alkanes. This reaction giving branched products (Scheme 4) increases
the degree of alkanes branching boosting thereby the octane quality of a gasoline fraction. In
general, alkane isomerization is thought to proceed first through dehydrogenation of an
alkane to alkene occurring on metal sites with subsequent rearrangement over acid sites of
zeolites to a branched alkene, which is hydrogenated to isoalkane. The reaction is
complicated by catalyst deactivation due to coking. In addition to opening a new reaction
pathway for isomerization and cracking of saturated hydrocarbons, the metal improves the
catalytic stability of the acidic zeolites by suppressing the formation of carbonaceous deposits
blocking the zeolite pores and acid sites.

Scheme 4. Reactions taking place on metal and Brønsted acid sites [Nieminen et al., 2005].

Analytic solutions are readily available for first order reaction networks because the overall
system of differential equations remains linear. For a consecutive reaction network consisting
of a second order reaction followed by the first order reaction an analytical solution is very
complicated. In fact the exact solutions for a mixed second order process followed by a first
order reaction appeared only very recently [Kiss and Osz, 2015; Lente, 2015]. The degree of
mathematical complexity is rather high for many experimentalists working in chemical
kinetics as the expressions for concentrations involve e.g. hypergeometric functions. In any
5

case the final expressions for concentrations are not tractable for analysis of, for example,
selectivity dependence on conversion and reaction parameters. An alternative to analytic
expressions are numerical solutions, which can be rather easily obtained using commercially
available software as well as freeware.
In the present contribution we would like to report numerical analysis of selectivity for mixed
reaction networks, which give a system of linear and nonlinear equations. While in some
cases selectivity analysis for the intermediate might be irrelevant as the desired product is the
result of the final reaction of the first order, in other cases this reaction can be unwanted (as
for example in Scheme 2) or too high concentration of the intermediate might lead to side
reactions, such as deactivation in case of imines.

2. Reaction network with a second and a first order reactions
Let us consider a reaction mechanism of the following type
1. A+*=A*
2
2. A* +A* →B*
3. B*=B+*
4. B*→C*
5. C*= C+*
6. B*→D*
7. D*= D+*
N(1) 2A→B; N(2) B→C; N(3) B→D

N(1)
0
1
1
0
0
0
0

N(2)
0
0
-1
1
1
0
0

N(3)
0
-1
0
0
1
1

(1)

Such mechanism includes adsorption of compound A with the subsequent nonlinear
reaction (step 2) resulting to the compound B (route N (1)), which is then either isomerizes
to C (route N(2)) or alternative to D (route N (3)). Step 6 can be more complex including
formation of several compounds (e.g. by cracking). In this way mechanism in eq. (1) can
serve as a simplified model for reaction of olefins by dimerization (route N (1)) with
subsequent isomerization (route N (2)) and cracking (route N (3)).
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The rate expressions for the reaction routes can be easily written

r( I ) 

k2 ( K1CA )2
(1  K1CA  K31CB  K51CC  K71CD )2

(2)

r ( II ) 

k4 K31CB
1  K1CA  K31CB  K51CC  K71CD

(3)

r ( III ) 

k6 K51CB
1  K1CA  K31CB  K51CC  K71CD

(4)

which should be solved together with the mass balances for different components in a batch
reactor if the reaction occurs batch-wise



1 dCA
1 dCB
1 dCD
1 dCC
 2r ( I ) ;
 r ( I )  r ( II )  r ( III ) ;
 r ( III ) (5)
 r ( II ) ;
 dt
 dt
 dt
 dt

where  is the catalyst bulk density, k 2 and K1 are the rate and equilibrium constants for
respective steps, etc., CA is the concentration of reactant A, etc; r ( I ) , etc., stand for reaction
rates along the respective routes in eq. (1).
It is instructive to analyze selectivity towards compound B. A following expression of
selectivity holds

2rB r ( I )  r ( II )  r ( III )
SB 

rA
r ( I )

(6)

Leading to

dCB
( k4 K31  k6 K51 )CB (1  K1CA  K31CB  K51CC  K71CD )
 SB  1 
dCA
k2 ( K1CA )2

(7)

The numerator can be simplified by considering that only compound A is strongly
adsorbed on the surface

dCB
( k K 1  k6 K51 )CB (1  K1CA )
 SB  1  4 3
dCA
k2 ( K1CA )2

(8)
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And thus

dCB
p (1  p2C A )CB
 1  1
 dC A
C A2

(9)

With

( k4 K31  k6 K51 )
p1 
; p2  K1
k2 ( K1 )2

(10)

Solution of eq. (9) is well known for the case when 1  p2CA or

dCB
ppC
C
 1  1 2 B   1  M B
 dC A
CA
CA

(11)

with M  p1 p2 . Selectivity is then can be expressed [Murzin and Salmi, 2016]

SB 

1 1
(1   ) M  (1   ) 
1 M 

(12)

where  is conversion.
For a more general form, namely eq. (9) numerical simulations were made. The results
displaying relative concentrations of the intermediate B as a function of the relative
concentration of the substrate are presented in Figure 1 for different values of parameters.
As can be seen from this Figure changes in the value of p2 or adsorption coefficient of A
at least within the studied parameter space did not influence substantially the behavior of
the intermediate, which was much more dependent on the value of p1 . It should be noted
that a low value of the adsorption constant of A assumed in the calculations does not
necessarily imply that the value of the other parameter should be infinitely high, but
rather that 1  p2CA .
It is much more instructive to consider the concentration of the intermediate compound as
well as selectivity at different initial concentrations of the reactant. The simulations are

8

presented in Figure 2 for relative concentrations of B as a function of the relative
concentration of the starting compound for the system described by eq. (2) and (3).

a)

b)

c)
Figure 1. Dependence of the relative concentration of the intermediate B on the relative
concentration of reactant A for eq. (9) at a)p2=0; b)p2=0.5, c)p2=3.

a)

b)

1
Figure 2. Numerical analysis of equations (2) and (3) with k2 ( K1 )2  1 , k4 K3  1 ; K1  1 ;

K31  1 , K51  1 ; K71  1 for different initial concentrations of A: a) Relative concentration

of the intermediate B as a function of the relative concentration of reactant A; b) Dependence
of selectivity towards intermediate compound B on conversion.
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As can be seen from Figure 2 there is a substantial difference in the selectivity behavior of the
intermediate B on conversion depending on the initial concentration. It is well-known that
selectivity in a consecutive reaction A → B → C depends on conversion, requiring that
during evaluation of catalytic behaviour different catalysts should be compared in terms of
selectivity at similar conversion levels. Despite such common knowledge there is still a
potential for misinterpretation of actual selectivity as follows from the contributions on
catalysis submitted to a particular journal on materials chemistry [Schueth et al. 2018].
For a reaction network presented in Scheme 2 similar analysis is less apparent. This in
practice can result in comparison of selectivity vs conversion for different catalysts with a
single study when in fact the initial concentration was changed by, for example, simply
diluting the reaction mixture with an additional amount of solvent. Alternatively when
comparing selectivity values obtained by different research groups a special care should be
taken about ensuring the same or similar initial substrate concentration. For instance, Figure 2
b shows that by diluting the reaction mixture ten-fold selectivity at ca. 20% conversion can
dramatically drop from 95% to 5%. Such variations in selectivity when different catalysts are
used can be attributed to intrinsic nature of catalysts rather than different initial substrate
concentrations (solvent amounts).
A final example worth considering is a simplified version of the Guerbet reaction neglecting
adsorption terms
A (-H2)  B (+B)  C  D (+2H2)

(13)

Figure 3 displays concentration dependencies for a certain set of kinetic constants
( k1  0.2; k2  0.5; k3  1) and different initial concentrations of the substrate. As can be seen
from this Figure the selectivity towards the intermediate compound B is substantially
increasing with conversion by diluting the reaction mixture. The maximum in selectivity is
also higher and shifts to higher conversion levels when the initial substrate concentration is
10

lower. For the intermediate compound C at least for the values of parameters in Figure 3 the
differences in the maximum values are minor, the same holds for the shift in the conversion
levels at which the maxima are observed.

Figure 3. Numerical simulations for reaction network at different initial substrate
concentration in eq. 13 and k1  0.2; k2  0.5; k3  1, a), c, e) concentration dependences vs
time and b; d; f) selectivity vs conversion of the starting reactant.
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The same conclusions follow from numerical simulations for other sets of parameters (e.g.
Figure 4).

Figure 4. Numerical simulations for reaction network at different initial substrate
concentration in eq. 13 and k1  0.5; k2  1; k3  0.2 , a), c, e) concentration dependences vs
time and b; d; f) selectivity vs conversion of the starting reactant.
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Another conclusion which follows from Figure 3 and 4 is that selectivity for the final product
at the intermediate conversion levels depends significantly on the initial concentration.
Experimental data on the Guerbet reaction of pentanol over Pt/C catalyst [Panchenko et al.,
2017] were generated in solvent-free conditions as well as in decane as a solvent. In order to
evaluate the influence of dilution, the Guerbet reaction was performed in the current work for
n-butanol using the same experimental procedure as described previously [Panchenko et al.,
2017]. Comparative experiments were made in absence of any solvent with the loading of nbutanol in the reactor of 15 mL, as well as in 12 mL of decane with 3 mL of the reactant. The
same catalyst was applied (Pt/C) in addition to a solid base (NaOH). Without the solvent at
180оС, 10 bar nitrogen and the mass ratio 1:1 between NaOH and Pt/C when conversion of
the reactant was 6%, selectivity towards the final product 2-ethylhexanol was 66%. At the
same conversion level when the experiment was conducted in decane, selectivity to the final
product was substantially lower being just 29%. These results are in line with the trends
which follow from the theoretical analysis presented in this work.
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Conclusions
The models discussed in this work are rather simple models of two and three step reactions
comprising consecutive processes of different order. Because of complexity of the analytical
solution, as the reaction mechanism can comprise also adsorption of reactants on the catalyst
surface, numerical analysis was performed. The case of a second order reaction followed by a
second step of the first order clearly demonstrates that selectivity towards the intermediate
compound strongly depends on the initial concentration of the substrate. The same is valid for a
second order first step when a stoichiometric ratio of substrates is utilized. Such analysis should
be taken into account when comparing literature data on selectivity obtained over different
catalysts as different initial concentrations can strongly influence the results. An example could
be condensation of olefins with aldehydes (ketones) or the so-called Prins reaction followed by
unwanted dehydration of the formed alcohol.
Cascades can be even more complex comprising several first order steps and one second order
reaction such as in N-alkylation of amines or coupling of alcohols according to the Guerbet
reaction. The latter reaction proceed through dehydrogenation-coupling-dehydrationhydrogenation steps, while the former one also follows a similar mechanism of hydrogen
borrowing reactions. Selectivity towards the intermediate compound (or a product of
dehydrogenation) is substantially increasing with conversion by diluting the reaction mixture
and at the same time the maximum value of selectivity is higher being shifted to higher
conversion levels. This can have practical consequences for catalysis namely catalyst stability
when a higher concentration of an unsaturated compound (i.e. imins in N-alkylation) leads to
more prominent catalyst deactivation.
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