Journal of Catalysis 205, 32-43 (2002)

doi:10.1006/jcat.2001.3368, available online at http:/www.idealibrary.com on 1IN E %

|.®

Catalytic Partial Oxidation of Ethane to Acetic Acid
over Mo Vg 25Nbg.12Pdo.0005Ox

II. Kinetic Modelling

David Linke,* Dorit Wolf,* Manfred Baerns,*! Sabine Zeyf,t and Uwe Dingerdissent

* Institute for Applied Chemistry Berlin-Adlershof, Richard-Willstiitter-Str. 12, D-12489 Berlin, Germany;
and TAventis Research and Technologies GmbH & Co KG, D-65926 Frankfurt a.M., Germany

Received December 6, 2000; revised July 12, 2001; accepted August 1, 2001

DEDICATED TO PROFESSOR ALBERT RENKEN ON THE OCCASION OF Hi8TH BIRTHDAY

The Kkinetics of the oxidation of ethane to acetic acid was mod-
elled based on experimental data obtained in a fixed-bed reactor
using the title catalyst at temperatures between 500 and 580 K
and elevated pressures from 1.3 to 2.8 MPa. The kinetic data were
fitted. Two different models taking into account surface processes
such as catalyst reduction by ethane or ethylene and reoxidation
by oxygen and surface hydroxylation were suggested; the models
were discriminated on the basis of experimental data. For the
superior kinetic model two different catalytic centres were assumed,
i.e., one for the oxidative dehydrogenation of ethane and one for
the heterogeneous Wacker oxidation of ethylene to acetic acid. The
activity of the Wacker centre strongly depends on the presence of
water. The analysis of the kinetic results leads to the conclusion
that ethane activation is the rate determining step for oxidising
ethane and that the formation of the Wacker centre by water
adsorption is rate determining for converting ethylene to acetic
acid. (© 2002 Elsevier Science

Key Words: selective oxidation; Kinetics; ethane; ethylene; acetic
acid; mechanism.

1. INTRODUCTION

Kinetics of the oxidation of ethane to acetic acid have
been rarely studied; no comprehensive data are available.
In the pioneering work of Thorsteinson et al. (1) the kinet-
ics of ethane oxidation to acetic acid were investigated in a
continuously stirred tank reactor for a catalyst of stoichiom-
etry Mo V(25Nbg 120y in the temperature range from 548
to 598 K at elevated pressure of 2.07 MPa. A consecutive
reaction with ethylene as an intermediate product to acetic
acid was suggested. The formation of carbon monoxide and
carbon dioxide was exclusively ascribed to the oxidation of
ethylene. No evidence for carbon monoxide oxidation to
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carbon dioxide was found. The rate equations considered
an inhibiting effect of ethylene and an acceleration by water
on the rate of ethylene conversion to acetic acid. Apart
from Thorsteinson’s work no effort has been made to model
the kinetics of ethane oxidation to acetic acid. Burch and
Swarnakar (2) studied the oxidation of ethane to ethylene
on a Mo;V(sNby 16704 catalyst but did not detect acetic
acid under their reaction conditions (T: 643...683 K, P:
0.1 MPa). Their study focused on determining the orders of
reaction which were 0.8 to 1 with respect to ethane and 0.07
to 0.5 with respect to oxygen depending on temperature.

Recently Borchert et al. showed that palladium dop-
ing of the above catalytic system leads to highly se-
lective catalysts for acetic acid from ethane (3). For
Mo;V25Nbg 12Pdo 000sOx, which corresponds generally,
apart from palladium, to the MoVnbO catalyst as studied
by Thorsteinson et al., highly improved selectivities to acetic
acid were observed. At a temperature of 553 K and a total
pressure of 1.5 MPa the selectivity to acetic acid amounted
to 78% at an ethane conversion of 10% with palladium but
only 32% at an ethane conversion of 9% without palla-
dium (3).

The reaction scheme that we suggested (4) for the ox-
idation of ethane includes a parallel reaction to ethylene
and to acetic acid as well as a consecutive reaction of
the intermediate ethylene to acetic acid. Since the consec-
utive reaction is favoured at low temperature it is clear that
the activation energy of the oxidation of ethane to ethylene
must be lower than the activation energy of the direct oxi-
dation of ethane to acetic acid. Carbon dioxide is formed
from ethane, ethylene, and acetic acid. The role of water
in this scheme can be summarised as follows: The rate of
ethylene oxidation to acetic acid is strongly depending on
the water partial pressure, which was derived from experi-
ments with ethylene in the feed. There is also an influence
of water on the rate of selective oxidation of ethane which
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was found to be small, however. We have explained the
effect of water on the oxidation of ethylene to acetic acid
in (4) by a Wacker-type mechanism; some aspects of this
reaction need to be further explained. The heterogeneous
analogue of the Wacker oxidation can be performed over
redox catalysts like V,Os or heteropoly acids doped with
small amounts of palladium (5-8). As in the homogeneous
Wacker reaction the presence of palladium in the catalyst is
necessary to perform the heterogeneous Wacker oxidation
effectively. One difference of the homogeneous reaction is
that acetic acid is formed as main product instead of ac-
etaldehyde with increasing temperature. For the influence
of water in the heterogeneous Wacker oxidation power-law
rate equations were reported, which describe its effect in a
formal manner (9). No rate equations have been reported
which are based on mechanistic considerations and account
for the influence of water.

In the present study we report on kinetic models for
the oxidation of ethane to acetic acid for the catalyst
Mo V25Nbg 12Pdg 0005 Ox (3) The aim was to kinetically
describe the effect of operating conditions on the oxida-
tion of ethane which were published in (4). Two kinetic
models were suggested and discriminated; they both take
into account surface processes such as catalyst reduction by
ethane or ethylene and reoxidation by oxygen and surface
hydroxylation, which are important steps in the reaction
mechanism. The models differ in the way selective oxida-
tion and total oxidation reaction steps are attributed to the
two different catalytic centres considered.

2. KINETIC EXPERIMENTS

The experimental setup used for the kinetic experiments
and catalyst preparation are described (4).

Measurement of kinetic data was performed in the tem-
perature range from 503 to 576 K and a total pressure range
between 1.3 and 2.8 MPa. The catalyst mass was varied be-
tween 1 and 13.7 g. The catalyst was diluted with particles
of quartz of the same size (Mca¢ : Mquarz = 1:2) to achieve
nearly isothermal operation (ATpy,x = 8 K). Nitrogen was
used as a balance gas. All kinetic experiments were car-
ried out with catalyst particles taken from the same charge.
Deactivation of the catalyst was not found during exper-
imental runs (<50 h), which is in accordance with patent
literature (3).

The BET-surface area of the catalyst amounted to 9.3 £
0.2 m%/g.

3. KINETIC MODELLING

3.1. General Procedure

The tubular reactor used for providing the integral ki-
netic data was modelled as an isothermally operating,
pseudo-homogeneous, one-dimensional plug-flow reactor.

The presence of external mass or temperature gradients
between catalyst particle and gas phase and the presence
of internal concentration gradients inside the particle were
checked for by calculation. No influence was found using
the correlation of Hougen and Watson (10) for external
mass transfer or the criteria of Maers (11) for external heat
transfer and for internal mass transfer. Thus, the pseudo-
homogeneous reactor model is suitable.

Taking into account gas phase components as well as sur-
face species, material balances were set up for both species:
Assuming steady-state conditions for the reaction and the
validity of the perfect gas law, the material balance for a dif-
ferential mass of catalyst for the gas phase species i then is

dp
S E— 1
d(Mcat/Vo,rTP) ; A 1l

where r; denotes the rate of the jth reaction expressed
per mass unit of catalyst and vj; are the stoichiometric
coefficients. Since rj, as given by the formulation of the
kinetic model and a set of kinetic parameters, are mere
functions of p; for the isothermal reactor model, Eq. [1]
constitutes a first-order differential equation system in
the p;. The derivation of expressions for r; for the kinetic
models is discussed below.

In steady-state operation the mass balance of a surface

species K is
de N

k,ct a Z vl = 0. [2]

]

d(Mear/Vorte) Ny - ABET * Peat

The steady-state surface coverage 6y ¢t for each centre
type ct resulted from the numerical solution of the set of
nonlinear equations (Eq. [2]) and the balance of the nor-
malised surface coverage 6 v, of the oxide surface:

1= O 3]
k

As demonstrated further below, different active centres
have to be considered to describe the experimental kinetic
data adequately. Therefore, balance equations (Eq. [3]) of
surface coverage were used for each type of centre ct. In
order to derive the normalised surface coverage for every
species the set of Egs. [2] and [3] was solved analytically for
each centre using the software package Maple V R.5 (12).

The system of differential Eq. [1] was integrated numer-
ically over the modified contact time M, /Vo by a Gear
algorithm (13). In the parameter estimation procedure this
integration was repeatedly performed in each iteration step
for every experiment. To find the maximum-likelihood es-
timates for the parameters of a kinetic model the sum of
squared residuals for all n experiments with i components
per experiment was minimised:

Z Z(Xiﬁxp — Xisin)® — MIN. [4]
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The sum included molar fractions of the reaction prod-
ucts acetic acid, ethylene, and carbon dioxide.

The minimisation was performed applying a two-stage
strategy. First a genetic algorithm (14) was used to find
rough estimates for the kinetic parameters within a wide
range. The resulting set of parameters from the genetic al-
gorithm was then further optimised using a Nelder-Mead
optimisation technique (15), which permits faster conver-
gence near the optimum than the genetic algorithm.

For the determination of activation energies and adsorp-
tion enthalpies, data from all temperatures were used si-
multaneously, where the preexponential factors refer to the
middle temperature of 539 K, which is helpful for achieving
convergence (20).

3.2. Bases of the Kinetic Models

A suitable kinetic model for the catalytic oxidation of
ethane to acetic acid on MoV ,5Nbg 1,Pdg 000sOx must be
able to explain the following key observations which have
been described in detail in (4):

(a) The change in the reaction paths with temperature:
While at low temperature, ethane is oxidised via ethylene
as a gas phase intermediate to acetic acid; at high tempera-
ture, direct formation of acetic acid from ethane dominates
and acetic acid and ethylene are mainly formed in parallel.
Therefore, a kinetic model must include two reaction paths
to acetic acid. One of them is dominating at low tempera-
ture and the other one at high temperature.

(b) The strong acceleration of the rate of the ethylene
oxidation to acetic acid by the presence of water.

(c) The minor dependency of the ethane oxidation rate
on water. Depending on the water partial pressure a maxi-
mum of the ethane oxidation rate must be described by the
model.

Before describing both kinetic models in detail the fea-
tures in common as well as the differences are briefly sum-
marised:

Common to both models:

e Two catalytic redox centres are required for both
models; kinetic models with a single centre only cannot
explain the results. This is mainly due to the different in-
fluences of water on the oxidation of ethane and on the
oxidation of ethylene on one hand, and the nearly constant
rate of carbon dioxide formation regardless of the water-
partial pressure, on the other hand. The rate of reoxidation
is considered to be proportional to the oxygen partial pres-
sure and concentration of free reduced centres (following
the concept of Mars and Van Krevelen (16)).

e Since Mo;V(5Nbg12PdgopsOx shows properties
which are typical for heterogeneous Wacker catalysts, such
as the presence of palladium in low concentration, the abil-
ity to undergo redox cycles and the accelerating effect of

water in ethylene oxidation, concepts known from litera-
ture for the heterogeneous Wacker oxidation are adopted
to the present kinetic models. Hydroxyl centres formed by
adsorption of water are considered to be the essential pre-
requisite for the conversion of ethylene to acetic acid.

Differences between both kinetic models:

e Selective oxidation reactions to ethylene and acetic
acid as well as total oxidation are described differently:
In model A oxidation of ethane to ethylene, formation of
acetic acid from ethane via a surface intermediate and to-
tal oxidation is ascribed to one catalytic centre. The sec-
ond centre exclusively catalyses the oxidation of ethylene
to acetic acid via the Wacker mechanism. In contrast to that,
model B assumes one centre for all selective reaction path-
ways, i.e., the oxidation of ethane to ethylene the direct
formation of acetic acid from ethane via a surface inter-
mediate and the oxidation of ethylene to acetic acid. The
second centre accounts for all total oxidation reactions.

e The dependency of the ethane oxidation rate on
water is considered in a different way. We do consider two
explanations which are summarised by the two alternative
reaction schemes described further below.

Based on a mechanistic formulation shown in the mid-
dle and lower part of Figs. 1 and 2, rate equations for each
reaction of models A and B were derived (Tables 1 and
2). The objective of the formulation was to account for the
experimental observations with a minimum number of re-
action steps; i.e., we do not exclusively consider elementary
steps in the formulation of the reactions. For a sequence of
reaction steps one step is assumed to be rate determining;
e.g., in reaction 9 (Table 1), which actually is a sequence of
oxidation steps, the activation of ethane on [OM,O] sites is
assumed to be the rate determining step. This means that
this step determines the rate of carbon dioxide and water
formation from ethane. Since the equilibrium of oxidation
reactions is on the product side, reverse reactions were not
considered. This assumption leads to a rate equation where
the rate is proportional to the ethane partial pressure and
the concentration of the [OM,O] centres. Adsorption and
desorption reactions are formulated as elementary reac-
tions. Langmuir adsorption is assumed; i.e., no activity dis-
tribution for adsorption sites is considered. The desorption
rate constant is expressed by the ratio of the adsorption rate
constant (k) and equilibrium constant (K ). For catalyst re-
oxidation often two reaction steps are considered (17, 18);
first reversible oxygen adsorption occurs and is followed by
dissociation:

fa = ka - Po2 - Oree [l]
N = kb . 902 : efree- [11]

03 — O2,a4s
OZ,ads — 2Olattice

Since pulse experiments had shown (4) that no weakly
adsorbed oxygen is present on the catalysts, surface
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FIG. 1. Reaction scheme and mechanistic basis for reaction model A; numbers in parentheses assign the reaction to the rate equation’s number in

Table 1; oxygen vacancies are indicated with a square.

reaction [ii] must be much faster than reaction [i]. Thus
the overall rate of reoxidation is given by a first-order rate
equation as formulated in Table 1 (Egs. [4] and [5]) and
Table 2 (Egs. [6] and [12]).

In the upper part of Figs. 1 and 2 the underlying reac-
tion schemes of both models are shown. On each reaction
arrow in the scheme the type of catalytic centre involved
(e.g., M, My, or T) is specified and complemented by the
index number used for the reactions in Tables 1 and 2. The
abbreviations for the different states of the centres, e.g.,
[OM,O] or T-O for the oxidised form of centre M, and
T, which are used in the formulation of the rate equations
(Tables 1 and 2), are shown in Figs. 1 and 2.

Model A (Fig. 1 and Table 1). The change in reaction
pathway with temperature is described in model A by con-
sidering both a consecutive reaction of ethane to acetic acid
with ethylene as gas phase intermediate (reactions 1, 3, 6)
and a quasi-direct oxidation reaction of ethane to acetic
acid via a surface intermediate (reactions 1, 2). For explain-
ing the strong acceleration of the oxidation of ethylene to
acetic acid by the presence of water vapour, it is assumed

that the active form of the catalytic centre contains hydroxyl
groups in analogy to the heterogeneous Wacker oxidation.
By adsorption of water on the oxidised form [OM,O] of
centre My, the active form for heterogeneous Wacker oxi-
dation [(HOM,O)(OH)] is generated (reaction 8). Adsorp-
tion of water is therefore a prerequisite for oxidising ethy-
lene to acetic acid. Since the concentration of the active
form [(HOM;O)(OH)] of centre My increases with water
partial pressure in the gas phase, the rate of the Wacker
oxidation (reaction 3) increases as well with water partial
pressure. A minor influence of water on ethane oxidation
was found (4). Ethane conversion showed a weakly marked
maximum with increasing water partial pressure. Model A
considers this as follows. The centre M, can convert ethane
only in its oxidised form [OM_,O]. The reduced form [OM,]
is inactive for ethane oxidation but can adsorb ethylene as
well as water. Adsorption of ethylene (reaction 6) or water
(reaction 7) on the reduced centre [OM,] leads to a blocking
of centres. Therefore ethylene and water lead to a decrease
in the concentration of reduced centres [OM,] as well as
oxidised centres [OM,O]. Since the rate of ethane oxida-
tion is proportional to the concentration of [OM,O], the
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FIG. 2. Reaction scheme and mechanistic basis for reaction model B; numbers in parentheses assign the reaction to the rate equation’s number in

Table 2; oxygen vacancies are indicated with a square.

adsorption of ethylene or water lowers indirectly the rate
of ethane oxidation. At low water partial pressure ethy-
lene adsorption on the reduced centres should dominate,
since the ethylene concentration has its maximum in that
case. As a result of ethylene adsorption, the concentration
of [OM,0] as well as the rate of ethane oxidation is de-
creased at low water partial pressure. On increasing the
water partial pressure, the heterogeneous Wacker reaction
on centre [(HOM;O)(OH)] is accelerated. Thus, the con-
centration of ethylene in the gas phase as well as on the
reduced centre [OM,] decreases; thereby the rate of ethane
oxidation increases. The adsorption of water on the reduced
centre [OM,] is of importance only at high partial pressures
of water. The [HOM,OH] species formed thereby are not
reactive intermediates but occupy active centres. That is,
the rate constant of water adsorption (k;) is not kinetically
relevant under steady-state conditions and is, therefore, not
presentedin Table 1. Nevertheless, the equilibrium constant
K7 has to be considered to describe the inhibition of ethane
activation due to water adsorption.

The unselective oxidation reactions and the activation of
ethane are ascribed to the catalytic centre type M,. All three
total oxidation reactions are initiated by the reaction of the

oxidised form [OM,O] of M, with the respective molecules
(reactions 9-11).

Analytical expressions for calculating the normalised sur-
face coverage of the adsorbates are given in the Appendix
for model A.

Model B (Fig. 2 and Table2). 'The mechanism for model
B is shown in the middle and lower part of Fig. 2; the upper
part shows the reaction scheme. The change in the reaction
path found with increasing temperature is incorporated in
model B similar to that in model A (see top part of Fig. 2).
Again we consider both a consecutive reaction of ethane to
acetic acid with ethylene as intermediate (reactions 1, 2, 4,
5) and a direct oxidation reaction of ethane to acetic acid
(reactions 1, 3, 5). The two different catalytic centre types
considered are centre type M, for the selective oxidation
reactions and centre type T for total oxidation (reactions
9-11). The background of assuming a centre exclusively
for total oxidation is that certain undesirable phases (e.g.,
MoO3) which cannot be completely avoided in the prepa-
ration of the catalyst may exclusively cause total oxidation.
The reactions on the second catalytic redox centre T are not
shown in Fig. 2. For centre T only two forms are considered



OXIDATION OF ETHANE TO ACETIC ACID, II

37

TABLE 1

Reactions, Rate Equations and Optimal Parameters for Model A

J Reaction Rate equation Kinetic constant at 539 K E, or AH,q4s
Ethane activation (formation of adsorbed ethylene)
1 GCyHg+ [OMZO] — [OMZC2H4] + H,0 r = k] PC2H69[0MZO] k] =1.665-10~? mol (S kg Pa)’l 99.7 kJ - mol~!
Acetic acid formation
2 [OM,CH4] + O, — [OM,] + CH;COOH r2 = Kz Po,Bjom,c, ] k, = 1.251-10° mol (s kg Pa)~! 92.6 kJ - mol~!
3 GHy+ [(HOMXO)(OH)] +0.5 0O; —> 3 = k3 PC2H49[(HOMXO>(OH>] k3 =1.254-107° mol (S kg Pa)’l 144 kJ - mol~!
CH3COOH + [OM] + H,0
Catalyst reoxidation
4 050, +[OM,] — [OM,O] ry =Ky po, b, ky = 1.713-107% mol (s kg Pa)~! 123 kJ - mol~!
5 0.50; + [OM] — [OMO] r's = Ks po,6x ks = 4.453-10° mol (s kg Pa)~! 85.2 kJ - mol~!
Ad-/ desorption of ethylene and water
6 CHy + [OMZ] = [OMZC2H4] e = k6 pC2H49[OMZ] k(, = 6.633-107% mol (S kg Pa)’l —137kJ- mol~!
— ke/Kebiom,c,H,) Ke =2.484-107* Pa™! —176 kg - mol !
7 H,0+ [OMZ] = [HOMZOH] r; =ky szog[OMz] — —
— k7/K70[HOMZOH] K; =1.359. 10~7 Pa~! —220 kJ - mol™!
Formation of Wacker-like centre
8 [OMO] + H,0 = [(HOMO)(OH)] rs = ks Pr,00[0M,0] ks =2.634-10"° mol (s kg Pa)"!  —25.7kJ-mol™!
— ks/Kse[(HOMxO)(OHJ] Kg = 5.396- 10-% Pa—! —38.8kJ-mol™!
Unselective reaction steps
9 CHe + [OMZO] +30; —> [*] — 2CO,; +3H,0 + [OMz] rg = ko pCzH(,Q[OMzO] kg = 3.363 - 10~ mol (S kg Pa)’l 123 kJ - mol~!
10 GHy +[OM,0] +2.50; — [#] = 2CO; +2H,0 4 [OMz] 119 = Kio Pc,H,0jom,0] kip = 2.019-1078 mol (s kg Pa)"!  43.3kJ-mol~!
11 CH3;COOH + [OMZO] +1.50;, > [*] — 2C0O; +2H;0 ry = k11 PHOaC9[OMZO] k11 =2.892-10~° mol (S kg Pa)’l 105kJ - mol~!

+[OM;]

namely the reduced form T and T-O the oxidised form.
All reactions considered in model B are listed in Table 2
together with the respective rate equations.

The main difference in model B compared to model A
refers to the activation of ethane. In model B, we consider
that the active form of the centre type M, must have a
hydroxyl group for the oxidation of ethane as well as for
the oxidation of ethylene. In this way model B can de-
scribe the increase of the rate of ethane oxidation if water
is increased. Since water also adsorbs on the reduced form

[OM,] (reaction 8), a further increase of water partial pres-
sures cannot increase the rate of ethane oxidation above a
certain limit, since the water adsorption decreases the reox-
idation rate of centre [OM,]. The active hydroxylated form
[(HOM,O)(OH)] of oxidised centre [OM,O] is formed by
adsorption of water (reaction 7).

Two minor additional differences to model A have to be
mentioned. First, an intermediate [(HOM,O)(OH)(C,H,)]
in the heterogeneous Wacker oxidation is explicitly consid-
ered (reactions 3 and 5) and second, ethylene adsorption

TABLE 2

Reactions and Rate

Equations for Model B

j Reaction

Rate equation

Reactions on selective centre type M,

I = Ki Pc,n, 0 @OM,0)0mH)]

12 = Kb HOM,0)(C,Hs)]

I3 = Ksf[HoM,0)(C,Hs)]

rs = Ky PoyH, O[(HOM,0)0mH)] — Kr46((HOM, 0)(OH)(CyHy)]
I's = KsO[HOM,0)(OH)(C, Hy)]

r6 = Ks Po,0jom,]

17 = K7 Pryofjom,0] — Kr76HOM,0)(0H)]

rs = ksO(nom,om) — Krg Pr,060M;]

ro =Ko pc,n,0T—0
ro = Kio Pcyn, 010
11 = Kit PO, OT-0

1 GHs + [(HOM,0)(OH)] — —[(HOM,0)(C;Hs)] + H,0
2 [(HOM,0)(C;Hs)] — C;Hy + [HOM,OH]
3 [(HOM,0)(CHs)] + [OM,0] — [(HOM,O)(OH)(C,Hy)] + [OM,]
4 GyH, +[(HOM,0)(OH)] = [(HOM,O)(OH)(C;Hy)]
5 [(HOM,O)(OH)(C;Hy)] + 0.50, - CH3;COOH + [HOM,OH]
6 [OM,]+0.50, - [OM,O]
7 [OM,0] + H,0 = [(HOM,0)(OH)]
8 [HOM,OH] = H,0 + [OM,]
Reactions on unselective centre type T
9 CHg+T—-0+30, - 2C0O;, +3H,0+T
10 GCHs+T-0+2.50, - 2C0O, +2H,0+T
11 CH3COOH +T-0+ 150, — 2CO, +2H,0+T
12 T+0.50, - T-0

r2 = Kiz po,fr
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TABLE 3

Experimental Conditions Used in Kinetic Experiments

Partial pressure p;./kPa

Prot Temperature Meat Flow rate

(MPa) C;Hs O, H,O X) (2 (mlstp/s)
Variation of space-time up to complete oxygen conversion

1.30 650 130 0 503; 539; 576 1.0--.13.7 15--11

1.40 646 129 108 503; 539; 576 1.0---13.7 15---11

1.60 640 128 320 503; 539; 576 1.0---13.7 15--11

Variation of partial pressures, low oxygen conversion

1.60 320 128 0; 108; 320 503; 539; 576 2.0 25--5.1

1.60 640 128 0; 108; 320 503; 539; 576 2.0 25--5.1

1.60 640 192 0; 108; 320 503; 539; 576 2.0 2.5

Experiments at higher ethane partial pressure

2.40 1100 120 300 503; 539 6.0;13.7 6.0

2.40 1100 200 300 503; 539 6.0;13.7 6.0

2.80 1250 120 300 539 4.0 4.0;8.0

on the reduced form of centre [OM,] is disregarded. Taking
ethylene adsorption into account had been a prerequisite
of model A to explain the dependency of ethane oxidation
rate from water concentration, which is explained here in a
different way.

3.3. Data Basis

The following parameter range was covered by the kin-
etic experiments: 500 < T/K < 580, 320 < pc,H,,inlet/kPa <
1250, 120 < po,.intet/kPa < 200, 0 < pp,0.inet/kPa < 320.

The experimental conditions are listed in Table 3. Three
groups of experiments can be distinguished:

(i) Experiments at varying space times at three temper-
atures (T = 503, 539, and 576 K) and three different wa-
ter partial pressures at the reactor inlet (pn,0.in = 0, 108,
320 kPa).

(ii) Experiments at varying inlet partial pressures of
oxygen and ethane. Again three temperatures (T = 503,
539, and 576 K) and three water inlet partial pressures
(Pu,0.in = 0, 108, 320 kPa) were studied. The oxygen con-
version was kept small (at 503 and 539 K below X, = 15%,
at T =576 K below Xo, = 50%).

(iii) Experiments at high ethane partial pressures and in-
complete oxygen conversion (Xo, <90%). In contrast to
the other experiments the water partial pressure was not
varied and only two temperatures were studied.

The trace products (acetaldehyde, ethyl acetate, acetone,
methanol, methane, propylene, ethanol) corresponding to
an overall selectivity below 1% were not accounted for in
kinetic modelling due to their low concentration.

4. RESULTS

From the variance estimates, defined as the sum of
squared residuals for the maximum likelihood estimates
of the kinetic parameters divided by degrees of freedom,
it can be derived that model A is superior to model B (see

Table 4). The well-known F test was applied to verify that
model A is significantly better (19). The number of data Ng
and the number of parameters N, which are necessary to de-
termine the degrees of freedom are given in Table 4. A con-
fidence level of 99% was chosen for the F test. At this con-
fidence level model A is significantly better, if s*(B)/S*(A)
is greater than 1.21/1.16/1.20 at T = 503, 539, and 576 K,
respectively (see Table 4, right column). As this is the case
for each temperature level, model A is significantly better
than model B.

This finding is supported by the comparison of experi-
mental and calculated molar fractions of the products as a
function of space—time for both models shown in Fig. 3. The
results of the fitting procedure for both models are com-
pared with each other at three different temperature levels
and three different water concentrations in the feed. Obvi-
ously model B does not appropriately describe the forma-
tion and conversion of ethylene as a reaction intermediate,
which dominates at low temperature (T = 503 K). Without
water added to the feed, model B did not describe the
maximum in the ethylene concentration at a modified
space—time of ca.2 x 10*kg-s-m~3 in contrast to model A.
With water in the feed both models gave fits of good quality
across the whole temperature range studied (503 to 576 K).
However, model B failed also in describing the apparent
shift in the reaction path, which was found with increasing
temperature in the experiments without water in the feed.

TABLE 4

Comparison of Variance Estimates s> for Models A and B
at Different Temperatures

Model A Model B
Data set s2(A) N, s*(B) N, s?(B)/S?(A)
T=503K(Ng=72) 8395-10°% 13 2342.107 15 2.79
T=539K(Ng =87) 6.799-107 13 1.436-107% 15 2.11
T=576K(Ng=75) 3.858-107° 13 9.884.10° 15 2.87
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Comparison of predicted and measured for molar fractions of products as function of space-time for model A (continuous lines) and

model B (dashed lines) (P = 1.3/1.4/1.6 MPa for py,0.in = 0/108/320 kPa; pc,,.in = 640...650 kPa; po,.in = 128...130 kPa), from left to right:
PH,0;in = 0/108/320 kPa; (a)-(c) at T = 503 K, (d)-(f) at T = 539 K and (g)-(i) at T = 576 K.

Only model A could satisfactorily describe this shift in the
reaction path with increasing temperature from mainly
consecutive reaction of ethane via ethylene to acetic acid
favoured at low temperature (T = 503 K) to mainly parallel
formation of ethylene and acetic acid from ethane domi-
nating at high temperature (T =576 K). Thus, model A
leads to an adequate description of the product formation
in the range of conditions covered by the experiments. The
optimal set of the kinetic parameters for the superior model
A is given in Table 1 along with the respective reactions.
For the superior model A an additional comparison of
experiment and simulation is shown in Fig. 4 for all data
points included in the parameter estimation. The parity
plots do not show systematic deviations. All points are
equally spread around the diagonal line, which indicates

that the error leading to the deviations is an experimental
one but not model-based.

Since only model A can adequately describe the forma-
tion of all products in the range of experimental conditions
studied (partial pressures of ethane, oxygen, water, resi-
dence time, and temperature), model B with its different
mechanistic basis must be rejected. However, it must be
emphasised that the successful application of model A does
not prove that the underlying mechanistic assumptions are
true, although they can be considered as reasonable.

5. DISCUSSION

For finding out which reaction is rate determining in
the oxidation of ethane, the following reasoning is put
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FIG. 4. Parity plots of measured and calculated molar fractions for model A including all data used in parameter estimation.

forward. It was discussed previously (4) that acetic acid des-
orption cannot be rate determining since different rates of
acetic acid formation were found in ethylene and ethane
oxidation. The results revealed as well that catalyst reox-
idation is not rate determining; for illustration: in ethane
oxidation the oxygen consumption is 4.3 x 10~*mol - s~ -
kg™! at T=539 K, which is clearly below the value of
2.4x 103 mol-s~' -kg™" found in ethylene oxidation at
even lower temperature (520 K). Thus, it can be concluded
that the activation of ethane is rate determining in the over-
all oxidation of ethane over Mo V(25Nbg 12Pdg 0005 Ox.

Looking at the estimates for the parameters of the reac-
tions 9, 10, 11 gives new insight into carbon dioxide forma-
tion. Since the reaction rates are calculated for the temper-
ature T = 539 K it is evident that carbon dioxide originates
approximately to the same extent from ethane, ethylene,
and acetic acid for typical reaction conditions as applied in
the experiments shown in Fig. 3. Due to the different acti-
vation energies of the total oxidation steps it can be seen
that total oxidation of ethylene is the main origin of carbon
dioxide at low temperature, while at high temperature total
oxidation of ethane dominates.

Model A gives an indication about the role palladium
playsin the reaction. As known from the literature the pres-
ence of palladium is necessary to perform an efficient, het-
erogeneous Wacker oxidation. Compared to the Pd-free
analogue Mo;V(25Nbg 1204 the present catalyst showed
much higher selectivity to acetic acid, typically around 80 %,

as compared to 26 % reported by Thorsteinson et al. for the
Pd-free catalyst (1). Thus we believe that the addition of
palladium introduces catalytic activity for Wacker oxida-
tion in the MoV 25Nby 12Oy catalytic system, which makes
it possible to convert the ethylene formed effectively to
acetic acid. In this way, the increase in acetic acid selectiv-
ity at the expense of ethylene selectivity is understandable.
Borchert et al. (3) reported experimental results for Pd-free
and Pd-COIltaiIliIlg Mo V25Nbg 1204 (szHa =9%, respec-
tively 10% ), which showed that the rate of ethane oxidation
is only slightly influenced by palladium. This underlines our
argumentation that palladium mainly affects the oxidation
of ethylene to acetic acid. According to kinetic model A
the slight increase of ethane conversion can be as well at-
tributed to the presence of palladium. Compared to the
Pd-free catalyst the rate of ethane conversion is increased
to acertain extent, since fast conversion of ethylene to acetic
acid decreases the number of centres blocked by ethylene.
In the following part of the discussion we will analyse
the confidence of kinetic model A. Since kinetic models
are often nonlinear in their parameters, knowledge about
the degree of nonlinearity present in the model should be
gained. As an example for the analysis of nonlinear be-
haviour the conditional joint parameter likelihood regions
(20) of model A were calculated. They are shown for certain
confidence levels in Fig. 5. Wolf and Moros (14) have shown
that plots of the conditional joint parameter likelihood re-
gions of a kinetic model can be used to check if certain
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Contour plots of the joint parameter likelihood regions for model A; the range of both kinetic parameters in each contour is between zero

and two times the optimum value; the contours drawn stand for confidence levels of 99, 95, 80, and 50%.

reactions are fast compared to others, if the equilibrium of
certain reactions is rapidly established, and if correlation
between certain parameters exists.

For linear models the confidence regions have elliptical
form. For model A we find the elliptical likelihood regions
only for some parameter pairs (e.g., ki/ky, Ki/ke, kz/ks,
ka/ ks, ka/ Ky, ka/ K10, ko /Ki1). On the contrary in other plots
strong deviations from the elliptical form appeared, indi-
cating considerable nonlinearity in the kinetic model A.
A typical joint parameter likelihood contour for linearly
correlated parameters can be seen in the plot of the param-
eters ks and Kg. As a consequence all plots of kg and Kg
versus another parameter look similar. According to Wolf
and Moros (14) the correlation of the adsorption rate con-
stant Ks and the equilibrium constant K¢ indicates that the
equilibrium of the corresponding reaction, namely the ad-
sorption of ethylene, is rapidly established. For parameter
K7 all contour plots show “valleys” which are open in both
directions. Thus, it can be concluded that the corresponding
reaction, the adsorption of water on reduced centres [OM,]
inmodel A, is of low significance at our experimental condi-
tions. If all contours of a certain parameter show “valleys”
which are closed in the direction of low parameter values

but open to high values, it can be concluded that the reac-
tion which belongs to this parameter is not rate determining,
because the rate constant must be reduced strongly until a
significant change in the results of the model prediction be-
comes obvious. This was found for k; and Kg. The contour
plots of ks indicate that the heterogeneous Wacker oxida-
tion (reaction 3) should be fast compared to the formation
of the active form [(HOMO)(OH)] of the Wacker centre
[OM,O] (reaction 8). Contour plots of Kg show that the des-
orption rate of water from the centre [OMO] (reaction 8),
which is given as ratio kg/Kg, is so slow compared to
the adsorption reaction that desorption is not relevant.
For the formation of carbon dioxide, the kinetic parameter
for the oxidation of ethane has the smallest likelihood re-
gions of all total oxidation reaction rate constants (Fig. 5).
The wider likelihood regions of the kinetic constants be-
longing to the total oxidation of ethylene and acetic acid in-
dicate that the values of their parameters are less significant.

The physico-chemical sense of the kinetic parameters of
model A given in Table 1 is discussed in the following. In
accordance with Van’t Hoff’s law negative values for the
adsorption enthalpies were found (reactions 6-8). Further-
more, values of activation energies of reactions 1-5 and 9—
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11 are positive as expected. However, for the rate constant
ks of ethylene adsorption on the reduced centre [OM,] a
highly negative activation energy is found. As indicated by
the sensitivity analysis discussed above the parameters kg
and K¢ of model A are highly correlated (Fig. 5). Thus, the
activation energy of ks and adsorption enthalpy of K¢ can-
not be determined independently from each other. Due to
the correlation of the parameters only the quotient of ks/Kg
1s significant and therefore just the difference between the
respective parameters E, x, — AHagx, = 39kJ - mol~! can
be determined. This corresponds to the activation energy of
desorption; since this is positive its value is reasonable. For
the activation energy of the rate constant for the formation
of the Wacker-like centre [(HOMO)(OH)], which is the
active form (reaction 8), a small negative value was found
as well. Here the sensitivity analysis led to the conclusion
that no significant value for the rate of reverse reaction (wa-
ter desorption) can be determined since the conversion of
the Wacker centres via reaction 3 is much faster. Thus, ac-
tually reverse reaction 8 does not occur as long as ethylene
is available for conversion of the [(HOMO)(OH)] centres.
The formation of Wacker centres is, however, a determin-
ing step for acetic acid formation. Thus, the negative value
of activation energy is significant. From a mechanistic point
of view, this could be explained by a decreasing number of
Wacker sites with increasing temperature due to changes
in the physical state of the catalyst (phase reconstruction,
etc.). Indeed there are indications from differential scan-
ning calorimetry experiments that a reversible transforma-
tion occurs at a temperature of approximately 550 K.

6. CONCLUSIONS

Two kinetic models for the catalytic ethane oxidation on
the catalyst Mo1V25Nbg 12Pdo 000sOx to acetic acid were
derived based on mechanistic considerations and the exper-
imental results (4). The kinetic models include adsorbates
as well as catalyst reduction and oxidation. According to
the superior model A, ethane and ethylene are activated
at different active centres. Strong adsorption of ethylene
takes place at the centre for ethane activation. Consecutive
conversion of ethylene at a second centre occurs via a het-
erogeneous Wacker oxidation mechanism which is related
to hydroxyl groups forming the active centre. Hence, for-
mation of acetic acid from ethylene can be accelerated to a
certain degree due to the presence of water. Furthermore,
the kinetic model describes the change in reaction path-
way of consecutive formation of acetic acid from ethylene
at low temperature to parallel formation of ethylene and
acetic acid at high temperature.

The analysis of the results led to the conclusion that
ethane activation is the rate determining step for oxidis-
ing ethane and that the formation of the centre for het-
erogeneous Wacker by means of water adsorption is rate
determining for converting ethylene to acetic acid.

Since our kinetic model includes the influence of water
partial pressure it can be used to optimise the amount of
water used in a chemical process. This is of special interest
since water on the one hand increases selectivity but on the
other hand causes higher costs in concentrating the more
diluted acetic acid. There clearly exists an optimum for the
amount of water in a process. A study concerning operation
and optimisation of fixed- and fluidised-bed reactors for the
oxidation of ethane to acetic acid is presented in (Linke, D.,
Wolf, D., Baerns, M., Zeyp, S., Dingerdissen, U., and
Mleczko, L., Chem. Eng. Sci., in press).

APPENDIX
The solution of equations for normalised coverage of ad-
sorbates for superior model A follows.
oM, o)) = Ks Po, P,0 / (K3 Po, Pe,H, + Ks Po, PH,0
+ ksks / Ks P, 1, PH,0 + ks /Ks Po, ).
romo] = (ks Pc,m, + ks/Ks) Po, / (k3 Po, Pe,u,
+ ks Po, Pr,0 + ksks /ks Pe, 1, PH,0
+ks/Kspo,).
fom,) = 1 — Ojaom,0)0m)] — Ofom,0]-
flom,0] = KaPo, (k2KsPo, +ks) /[ (k2 Ke Po, + k)
x (ki Pe,H, + Ko Pe,, + Kio Po,H,
+ ki1 PrOac) + K7 Pr,0 (k2 Keki Pe,t, Po,
+ ko K6ko Pe, 1, Po, + kaKekio Po, P, 1,
+ ko KeKi1 Po, Proac + KeKi Po, 1,
+ Ksko Pe, i, + Kekio P, + Koit PHOAc)
+ K (kski P, 1, Po, + Kski P, Pe,H,
+ kKo Pe,, P, + Kekio ( pC2H4)2
+ KeKi1 Py, PHOac) + Ka Po, (K2Ks Po,
+ke)]-
Brom, o, = Ke (Keki e, Po, + Kski Pe,, P,
+ ksk9 Pe,m, Po,, + Kskio pC2H4)2
+ Kski1 P, PHOAc) / [ (K2 Ke Po, + Ko)
x (K1 Pe,H, + Ko Pe,u, + Kio Peyr, + Kit PHOac)
+ K7 pr,0 (K2 Keki Pe,ng Po, + ke Keko Po,H, Po,
+ ka2 Kekio Po, Pc, 1, + kaKeKi1 Po, PHOac
+ KeKi Pc,1, + KeKo ey, + Kekio Poyhy
+ Kski1 Proac) + Ke (Keki Pe,H, PO,
+ kK1 Pc,H, Peyn, + KeKo P, Po,H,
+ Kekio pCzH4)2 + KeKi1 P, PHOAC)
+ k4 Po, (k2 Ke Po, + k) |-
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Orromzon] = K7 pu,0 (KKski P, i, Po, + ko Keko Pe, 1, Po,
+ ka Kekio Po, Pc, 1, + Ko KeKi1 Po, PHOac
+ koK1 Pc, 1, + Koo P, 1, + KeKio Pe,m,
+ kek11 PrOac) / [ (K2 K6 Po, + Ks) (K1 Pe,H;
+ Ko pe,m; + Kio Po,, + Ki1 PHOac)
+ K7 pr,0 (k2 Keki Pe,t, Po, + ke Keko Pe, 1, Po,
+ k2 Kekio Po, Pc,, + ko KeKi1 Po, PHOac
+ Kek1 P, 1, + Koo P, 1, + Kokio Pe,m,
+ Kski1 PHOac ) + Ke (Kski Pe,t, Po,
+ koK1 P, H, Py, + KeKo Po, g PoyH,
+ kekio ( pCzH4)2 + keK11 P, H, PHOAC)

+ k4 Po, (k2Ke Po, + ks ) |-
Oomz) = 1 — Gom,0] — bjom,c,H,] — O[HOM, OH]-

APPENDIX: NOTATION

Symbols

surface area per mass of catalyst determined by
BET method (m? - kg™ ')
ac acetyl group (-CO-CH3)

ABET

E. activation energy (kJ mol™!)

K rate constant (mol kg~! s~! PaX)

K equilibrium constant (pa*)

Me  mass of catalyst (kg)

Na Avogadro number (mol~!)

Ng number of independent data points (number of
experiments x number of independent
components)

Np number of model parameters

N, density of active centres of type M; on the
catalyst surface (m~?)

P total pressure (Pa)

p partial pressure (Pa)

r rate of a single reaction (mol kg~! s71)

s variance

R gas constant (J K~ mol™!)

T temperature (K)

Vo total flow rate of reactor inlet (m3 s™!)

Greek Symbols

x molar fraction
6 surface coverage normalised with the number of
centres of the same type
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peat  density of catalyst bed (kg m~3)
T modified space time, defined as catalyst mass
divided by volumetric flow

v stoichiometric coefficient
Subscripts
exp experimental value
i i th gas phase component

i j th reaction
k kth species on catalyst surface
mod modelled value obtained by numerical calculations
RTP reaction temperature and pressure (for volumes)
STP standard temperature and pressure (for volumes)
VA type of catalytic centre
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