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Alumina-catalyzed alkene formation from low aliphatic alcohols has been used as an example
of systems showing both Ipatiev displacement adsorption and educt inhibition. The numerically
simulated steady-state and the transient kinetic data obtained in the CSTR approximation qualita-
tively agree with the experimental ones. The Ipatiev-Hinshelwood steady-state and the dynamic
models provide close predictions at higher partial pressures of alcohol and under the influence of

water in the feed. © 1992 Academic Press, Inc.

INTRODUCTION

Most of the steady-state kinetic equations
for heterogeneous catalytic reactions are
based on Langmuir’s mode of adsorption,
which includes free adsorption sites and a
two-step monomolecular exchange (adsorp-
tion and desorption) of adsorbed species on
them, e.g., Ref. (I). Asearly as 1913, Ipatiev
(2) suggested single-step bimolecular dis-
placement of adsorbed water in ethanol de-
hydration on alumina. In Ipatiev’s concept,
there are no free adsorption surface sites in
the reaction cycle, as the exchange of the
adsorbed product by the gaseous reactant
on the surface site proceeds via a concerted
bimolecular substitution (Egs. (II) and
(11D)). This adsorption mechanism has been
supported by the results of Sadovnikov and
Gefter (3, 4), Rozovskii and co-workers (3,
6), and also by our own observations (7-14).
Rozovskii (6) has pointed out that displace-
ment adsorption is not limited only to oxides
but proceeds even on metal catalysts. The
combination of Ipatiev adsorption with Hin-
shelwood’s assumption of a rate-determin-
ing step leads to a steady-state kinetic
model, called here the Ipatiev—Hinshel-
wood model by analogy with the widely
used Langmuir-Hinshelwood system (7).

Inhibition of the reaction rate by an educt
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(Eg. (V)), observed in alkene formation
from low alcohols (7-9, 11-14), has been
demonstrated also in the cases of deamina-
tion of aliphatic amines on alumina (15, 16)
and of addition of acetic acid to ethylene on
sulfated silica (17).

Transient kinetic data provide more infor-
mation concerning the mechanism and/or the
kinetic scheme than steady-state data, partic-
ularly if the reaction scheme is a complex one
(17-19), and they can be used as a powerful
tool to verify a proposed mechanism.

The first aim of this study was to support
the alkoxide mechanism of alkene formation
from low aliphatic alcohols proposed earlier
(7-13), by a comparison of the most im-
portant features of simulated steady-state
and transient data in a CSTR with those of
the experimental ones.

The second objective was to compare the
steady-state kinetic data (r — p,) simulated
by the Ipatiev—Hinshelwood model with
those provided by the dynamic model,
which is not limited by the approximation
of the rate-determining step.

NOMENCLATURE
A Reactant (alcohol)
A, Amplitude of molar fraction (—)

As, AsA, AsB, and Bs Adsorbed species
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B, C  Products (water and alkene, re-
spectively)

F, F, Total and alcohol molar flow rate
(mmol s~ 1)

H Hydrogen

I Inert gas

K Equilibrium constant of reaction
X + Ys = XsY (bar™})

k k' Rate constants of individual steps

(s7!, bar~1s7})

M Metal ion in catalyst surface

0] Oxygen ion in catalyst surface

P Total pressure (bar)

)2 Partial pressure of ith compound
(bar)

R Alkyt

r Steady-state reaction rate (mmol

(2s)7)

Reaction rate of ith step (s %)

Symbol of active site

s Concentration of active sites

(mmol g~ 1)

Time (s)

Laboratory temperature (K)

Reaction temperature (K)

Period of pulse (s)

o Molar volume at 7; and p (ml

mol 1Y)

Vi Flow rate of the reaction mixture
at Tand p (ml s™Y)

V. Free volume of the reactor (ml)

w Weight of catalyst (g)

X, X; Molar fraction of gaseous compo-
nent or conversion of A (—)

X0 Input molar fraction of ith com-
pound (—)

d Relative molar feed rate (s™1)

T Relative molar capacity of reactor
(—)

o Molar fraction of adsorbed spe-
cies on the surface (—)

Ss Steady-state conditions

X Surface concentration of species
X (mmol g7

Time derivative (s 1)
Initial conditions

THEORETICAL
Reaction Scheme

The simplified reaction scheme of the de-
hydration of an alcohol (A) to water (B) and
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alkene (C) (Eq. (I)) on alumina, based on
very detailed information on the reaction
mechanism at the molecular level reached
in our previous observations (7-13), is ex-
pressed by steps (ID)—(V):

A—-B+C 48]

A + Bs <> AsB; ki, ki an
AsB < As + B; Ky, ki (11D
As— Bs + C; fkyy Iv)

A + As < AsA; ky, ky V)

The species As, Bs, AsA, and AsB are as-
sumed to be

R H
0 0
7N\ VRN
M, M M,
R._H R R _H _H
0 0 0 o

respectively (8, 12, 13). Only one of them
is the active complex reacting directly to
alkene, the bridged alkoxide As. Its decom-
position (step (IV)) is the slowest step. Ipa-
tiev adsorption proceeds via steps (I) and
(I11D); the reverse step (III) produces inhibi-
tion by the product B (water). Step (V)
causes the inhibition by the educt. The spe-
cies AsB and AsA are considered to be inac-
tive for direct alkene formation.

Numerical Simulation

Steady-state kinetics. Kinetic equation (1)
(Appendix) is based on Ipatiev adsorption
(steps (1) and (IIT)) and Hinshelwood’s ap-
proximation of a rate-determining step (IV).

r =

kiy s Kag Pa .
Kagpa + KagKpapaps + KasKap(pa)* + Kpaps

0y

It is evident that both the product B and the
educt A inhibit the reaction. For p, decreas-
ing to zero and pg = 0, the equation loses
meaning as the limit rate has a finite value
(r = ky 8).
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Dynamic model. Mass action Kinetics
(Egs. (2)—(5)) and the approximation of the
constant tota} molar flow were applied in the
dynamic model (Eqgs. (6)—(12)). Its steady-
state solutions (zero left sides) is directly

471>
4w

comparable with Eq. (1).

ru = p kpx Os — ki 6, 2
ru = km ©7 — p kinx, 6,4 3)
rv = kyy ©4 — p kivx; O 4
ry = p kyx; O, — p ky O (5)
x; = O (x0(0) — x)) — (g + ry)it (6)
x5 = @ (x0(8) — xp) + rpp/7 7
x; = ®(—x3) + rpl7 (8)
Oy =ry —ry — ry &)
O = —rmp+rny (10)
Oy = ry (11)
©; =y — (12)

Numerical indices of molar fractions, x;
and ©,, in the kinetic equations (2)—(5), i =
1-7, correspond to the species A, B, C, As,
Bs, AsA, and AsB, respectively. & = V,/V,
(s7Y) is the relative feed rate, 7 = V./
(V,W s) (—) is the relative molar capacity of
reactor per mol of active sites, and x; and
O] (s 1) are time derivatives of molar frac-
tions of gaseous and adsorbed components,
respectively. The parameters of the reaction
system used in the simulations correspond
approximately to the real ones: V; = 0.5 m!
s~tat T, = 300 Kand p = 1bar, T, = 450
K, V., =075ml, W = 0.058 g, s = 0.350
mmol g~!. The rate constants k; were se-
lected to obtain qualitative accord between
the simulated and the experimental data;
they are summarized in Table 1. The input
concentration shapes x;(z) are shown in
Table 2.

TABLE 1

The Rate Constants (s~', bar~! s71) Used

Step 11 juss v \"
k 5 1 0.05 10
k' 0.5 10 0 1

Fic. 1. Experimental setup. (A-D) Gaseous re-
actants; (E, F) liquid reactant (saturator); (V,) four-
way valve for “CHANGE X|Y”"; (V,) six-way valve
for “PULSE X|Y"’; (V) six-way valve with reactor in
the loop; (P) manometer; (V,) pressure control valve;
(R) U-tube reactor (i.d. 2 mm); (PRT) temperature pro-
grammer; (QMS) quadrupole mass spectrometer.

EXPERIMENTAL

Experimental data to be compared with
the simulated ones were obtained previously
(11) with the use of GC analysis, and
they have been complemented now by anew
set of data (denoted as QMS). The experi-
mental setup (Fig. 1) was equipped with a
quadrupole mass spectrometer (QMS 420
Balzers) for continuous on-line analysis of
the gas reaction mixture. The main frag-
ments were: 45, 41, 18 mass units for pro-
pan-2-ol, propene, and water, respectively.
The intensity data were converted into con-
centrations using one-point calibration. The
catalyst was alumina (8) of grain size
0.16-0.25 mm. Propan-2-ol p.a. (Lachema
Brno) was dried by a molecular sieve. He or
N, (0.5 ml/s at 300 K, 1 bar) was used as the
carrier gas, and the reaction temperature
was 450 K.

RESULTS AND DISCUSSION

The approach to the data treatment and
parameter estimation should be described
first. It has often been pointed out (e.g. Refs.
(20, 21)) that the choice of a kinetic model
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TABLE 2

Shape of Input Perturbations Used in Simulation

Notation Shape Function Initial conditions
CHANGE I|A 1=0,x,=0 r=0,x"=0,
X10 t>0,x, =025 0} =0,0! =1
I A Fresh surface
0 t
CHANGE A|I 1=0,x4 =025 t=0,x)=x¥
*10 t1>0,x,=0 e = o3
A I Steady state
0 t
PULSEI|A 0=t=T, Fresh surface
*1.0 A
I I xrg = Al = cos@2mt/T,))
A, =025T=5s
0 t
PULSE A1 . x = 0.25; Steady state
X1,0 A A-— for 0=¢r=T,
X9 =0
T,=5s
0 t
PULSE A|B A X = 0.25 Steady state
1,0 B
X0 = Ayl — cosQRat/Ty))
A, =025,T=35s
0 t

based exclusively on a quantitative fitting
of experimental data may lead to a formal
model, with no relation to the real reaction
mechanism. The same is valid also in the
case of non-steady-state kinetics. Some rea-
sons for such failing of the selection in this
case can be: (a) the real system is more
complicated than the kinetic model takes
into account; the model neglects, for exam-
ple, the adsorption enthalpy effects, the in-
fluence of the reaction mixture on the sur-
face, the transport phenomena, and the
minor concurrent surface reactions, (b) a
formal model may provide an even better fit

than the realistic (nonformal) model can,
and moreover, due to its high flexibility, an
infinite number of the parameter sets can
produce a suitable fit of the experimental data.
On the other hand, significant support to
the model constructed on the basis of inde-
pendent information on reaction mechanism
can provide multiple qualitative correlations
of the broad series of the dynamic and
steady-state experimental data.

Steady-State Kinetics

Figure 2 presents three dependences of
reaction rate on the initial partial pressure
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FIG. 2. Reaction rate (mmol (g s)~!) vs p,; (a) simu-
lated by the dynamic model Egs. (6)-(12), (b) calcu-
lated according to the Ipatiev—Hinshelwood steady-
state model Eq. (1) both for W/F = 50gs mmol~! and
(c) experimental (for A = ethanol (14)).

of A. Figure 2a is simulated by the dynamic
model Egs. (6)-(12); Fig. 2b is calculated
according to the Ipatiev—Hinshelwood
steady-state kinetic equation (1), respec-
tively, and Fig. 2c¢ is the experimental curve
(14) (c.f. (22)). The shape of curves 2a and
2c are similar and the positions of the max-
ima as well as the limits of reaction rate
for partial pressure decreasing to zero and
rising to the saturation roughly coincide. In
contrast, curve 2b significantly differs from
curves 2a and 2c at low partial pressures as
the assumption of the rate-determining step
being the surface reaction become obvi-
ously unrealistic in this concentration region
(cf. (21)). On the other hand, good
agreement of both curves at higher partial
pressures of A (40 kPa) demonstrates ac-
ceptability of the simple Ipatiev—Hinshel-
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wood kinetic model from the practical point
of view.

To estimate the influence of reaction time
(W/F,) on the shape of the reaction iso-
therm r — p, comparable simulations were
performed for three different finite values of
W/F, (see Fig. 3). (Curve 1 on this figure
represents the limit of the Ipatiev—Hinshel-
wood model for reaction time decreasing to
zero). Increasing reaction time leads to a
lowering and shifting of the maximum of
reaction isotherm to higher p,. This effect
is caused by the inhibition of the reaction
rate by product B. To better clarify this in-
fluence, further calculations have been
made with product B in the feed. Figure 4
(curves 2-5) illustrates the situation at W/
F, = 5 g s/mmol for pg = 1, 5, 10, and
50 kPa. The shapes of the corresponding
curves, simulated by the steady-state model
(1) and by the dynamic one (Eqs. (6)-(12)),
approach with increasing pg, showing again
the relevance of the Ipatiev—Hinshelwood
model.

Reaction Dynamics

Good qualitative accord of simulated (a)
and experimental (b) data has been achieved
in all the dynamic experiments (Figs. 5-9).

B, (kPa)

F16. 3. Reaction rates (mmol (g s)~!) vs p,. Curves
1, 2, 3, and 4 are calculated according to Eq. (1) for
WIF, = 0.1, 5, 50, and 100 g s mmol ' respectively;
curves 2’, 3’, and 4’ are simulated by dynamic model
(Egs. (6)—(12)) for corresponding W/F 4.
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p, (kPa)

FIG. 4. Reaction rates (mmol (g s) 1) vs p4. Curves
1,2, 3,4, and 5 are calculated by Eq. (1) for W/F, = 5
gsmmol~'and pg = 0, 1, 5, 10 and 50 kPa respectively;
curves2',3’,4', and 5’ are simulated for corresponding
conditions by dynamic model Egs. (6)-(12).

Qa3

b
Qbk N
x
A
02 -
B
C
| —
0 25 50

t(s)

Fi1G. 5. “CHANGE I|A"". (a) Simulated, (b) experi-
mental (QMS) data (W = 0.032 g, V; = 0.5 ml s™! (T;,
p), I, = 450 K, x® = 0.38; A = alcohol, B = water,
C = alkene; I = inert gas).
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FiG. 6. “CHANGE A|I"". (a) Simulated, (b) experi-
mental (QMS) data (for experimental conditions see
Fig. 9).

With “CHANGE I|A” (Fig. 5), the con-
centration jump of A from zero to p} pro-
vokes the typical response of reaction sys-
tem. In simulation only the Ipatiev
displacement adsorption mechanism was
considered, and it caused the maximum of
concentration of B.

“CHANGE A|I"’ (Fig. 6) symbolizes a
concentration jump of A inverse to the pre-
vious one, from a finite value to zero. The
broad maximum of C at about 12 s demon-
strates the educt inhibition, as can be proven
by setting the educt inhibition rate constant
ky to zero. In such a case, no concentration
maximum of C can be observed. Good quali-
tative agreement between the simulation
and the experimental data demonstrates that
the description of the educt inhibition kinet-
ics by the dynamic model is adequate.

“PULSEI|A”’ (Fig. 7) consists of a rapid
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Fi16.7. “PULSE A |I"". (a) Simulated, (b) experimen-
tal (QMS) data (for experimental conditions see Fig.
5).

sequence of changes A|I and I|A, and
therefore the response of the reaction sys-
tem includes typical features of both the pre-
ceding ones: the maximum in the concentra-
tion of C, which coincides with the minimum
of B, followed by the maximum of B. In the
real system an inhibiting effect of the prod-
uct B is more pronounced than in the model
system, and causes a minimum in the curve
of C, not observed on the simulated curve.

“PULSEI|A”: the pulse of A introduced
into the stream of inert gas provokes the
response of the reaction system demon-
strated in Fig. 8. The first two compounds
leaving the reactor together are the educt
A, and the product B, initially covering the
surface, which is displaced from it by A.
The second nonadsorbing product C follows
with some delay, as the rate of surface reac-
tion is much lower than that of the other
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steps. Some disagreement in the position
of the maximum of C may arise from the
difference in the rate constants of desorp-
tion of the inhibiting molecules A as well as
the surface reaction in the model and the
real reaction system.

“PULSE A |B”’: the pulse of strongly ad-
sorbed B into steady stream of A provokes
a typical response (see Fig. 9), which illus-
trates again the mutual displacement of A
and B by Ipatiev mechanism, as well as the
inhibition by product B. The minimum on
curve A is induced by the readsorption of A
from the feed after temporary occupation of
the surface by the product B.

CONCLUSIONS

The dynamic model (6)~(12) based on the
reaction scheme (II)-(V) simulates success-

¢} 25 50
t(s)

F1c. 8. “PULSE1]A™. (2) Simulated, (b) experimen-
tal data (QMS) (pulse A 35 mmol; for experimental
conditions see Fig. 5).
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03 T T T

02

[OX] o 7

04

0.2~

0 50

F1G. 9. “PULSE A|B”. (a) Simulated, (b) experi-
mental data (pulse B, 70 mmol, for experimental condi-
tions see Fig. 5).

fully the steady state and the transient be-
havior of the dehydration of a low alcohol
(reaction (I)) on alumina in a CSTR. This
supports again the previously proposed
mechanism of alkene formation from low
aliphatic alcohols.

The Ipatiev—Hinshelwood kinetic model
(1) provides a realistic prediction of the ki-
netic data, r — p, being in close agreement
with that of the dynamic model under the
influence of water in the feed and/or higher
alcohol pressures.

APPENDIX: IPATIEV-HINSHELWOOD
KINETIC MODEL

The equilibrium coefficients of reaction
(1), inverse reaction (I1I), and reaction (V)
are written as
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Kagp = kylky = (AsB)/p, (Bs)
Kgpa = kin/kyn = (AsB)/pg(As)
Kaa = kylky = (AsA)/p,(As).

(A-1)

The rate of the slowest step (IV) is ex-
pressed as

r = kiy (AS). (A-2)

Assumptions of saturated surface [(s) = 0],
low conversion [(BsB) = 0], and symmetry
of surface species [(AsB) = (BsA)] lead to
a simplified balance equation of the active
sites

s = (As) + (Bs) + (AsA) + (AsB). (A-3)

Equation (1) follows from Eqs. (A-2), (A-3),
and (A-1).
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