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Chimica. — Non-equilibrium phenomena in pulse reactor technique^. 
Nota 0  di G ia n f r a n c o  L i b e r t i ,  N i c o l a  P e r n ic o n e  e S e r g i o  
S o a t t i n i ,  presentata dal Socio G. B. B o n in o .

RIASSUNTO. -—■ Il presente lavoro costituisce un tentativo di interpretazione teorica 
del funzionamento di un microreattore a impulsi, utilizzando come modello la reazione di 
ossidazione di metanolo a formaldeide, su catalizzatore a base di molibdato di ferro-trios- 
sido di molibdeno, per mezzo dell’ossigeno della fase solida. Il calcolo è stato effettuato 
introducendo le seguenti ipotesi: 1) la velocità di desorbimento del reagente è trascurabile; 
2) la velocità di adsorbimento del reagente può essere espressa mediante la formula di 
Elovich; 3) il ricoprimento della superficie può essere espresso senza tener conto del 
desorbimento dei prodotti.

L’accordo fra dati calcolati e dati sperimentali è soddisfacente; inoltre le precedenti 
ipotesi permettono una più approfondita comprensione dei fenomeni di non equilibrio 
comunemente riscontrati in reattori a impulso.

I n tr o d u c tio n

The pulse reactor technique was firstly proposed by E m m ett and coll. [1] 
as an experim ental tool to test catalytic activity of solids using very small 
am ounts of gaseous reactants. Nowadays, the im portance of pulse reactors 
is m ainly due to the possibility of obtaining kinetic inform ation com parable 
and often com plem entary to those obtained from conventional flow reactors 
[2, 3]. Bassett and H abgood [4] firstly pointed out the relationship between 
pulse reactor and gas-chrom atographic column, nam ely the possible separa­
tion of pulse com ponents along the catalytic bed. On this basis, Gaziev, 
F ilinovskii and Yanovskii [5] solved a gas-chrom atographic m aterial balance 
equation for a pulse reactor, including the rate of reaction as ra te  of reactant 
disappearance. Two assum ptions were m ade by these A uthors: 1) a power 
expression was used for the reaction rate; 2) the adsorption of reactan t was 
considered to be in equilibrium , and the surface concentration of the adsorb­
ed reactan t was supposed to depend on the reactant concentration in the 
gaseous phase' through a linear adsorption isotherm. F urther theoretical 
analyses of this subject [6, 7, 8] were carried out through the numerical 
solution of equations sim ilar to the Gaziev equation, using both power and 
Langm uir-H inshelwood expressions of the reaction rate.

T he present work is a theoretical analysis, w ith subsequent comparison 
with the experim ental results, of the behaviour of a pulse m icroreactor in 
the oxidation of m ethanol to formaldehyde on M0O3— Fe2(Mo04;3 catalyst 
by solid phase oxygen. The m ain novelty of our approach is the assum ption (*) (**)

(*) Lavoro eseguito nell’Istituto di Ricerche « G. Donegani » della Montecatini Edison 
S.p.A. -  Novara.

(**) Pervenuta all’Accademia il 15 luglio 1970.
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of non-equilibrium  for reactan t adsorption, so th a t the reaction rate is equal 
to the adsorption rate, when m easured as reactant disappearance. This 
assum ption has led to a deeper understanding of a typical behaviour of pulse 
reactors, i.e. defective m aterial balance, and also to a satisfactory fit between 
experim ental and theoretical data.

Let our overall reaction be subdivided into reactant adsorption, surface 
reaction and products desorption.

W hen reactan t adsorption and products desorption are in equilibrium , 
the am ount of reactan t disappeared should be equal to the am ount of product 
formed. Nevertheless, a num ber of cases were reported [9, 10, 11] in which 
the m aterial balance was found defective, th a t is, in pulse reactors, often 
there is accum ulation of m atter in the adsorbed phase. For example, Bett 
and H all f u ]  showed that, for zero order reactions, the adsorption of both 
reactant and products is generally not in equilibrium . Indeed, every step 
of the reaction m ay be not in equilibrium , because of the small contact time 
between the pulse and the catalytic bed, usually less than  one second.

O ur theoretical treatm ent ’is based on the following assumptions, which 
will be shown later to be reasonable in our experim ental system:

1) the reactan t desorption ra te is so small th a t it can be neglected;
2) the ra te  of reactant adsorption follows the Elovich equation;
3) the surface coverage can be expressed by the total am ount of 

reactan t disappeared in the tim e interval o —  t  in each section of the reac­
tor, w ithout taking into account products desorption.

The m aterial balance of the reactant, neglecting axial dispersion, reads:

where Cr is the gas phase concentration of reactant (mgr/cc), t  is the time 
(sec), x  the axial coordinate of the reactor (cm), v the linear flow rate 
(cm/sec) and (ra ds)R is the adsorption ra te of the reactant (mgr/cc/sec).

The elim ination of the adsorbed phase concentration derivative with 
respect to tim e from the equation used by Gaziev is a consequence of our 
first assum ption (no gas-chrom atographic retention of the reactan t in the 
catalytic Jbfed, but only disappearance of it by reaction with the solid phase).

Putting > =  -— (*— —) and z  =  — -  (f  +  —) by an axes rotation of 
450, eq (1) becomes:

T h e o r e t ic a l

co
SCR 3CrwL + ''sr = -<r.*.y*

(2)

Owing to our second assum ption we m ay write:

(3) (A<Or =  ß • fT -C R exp  I----- — V

9. — RENDICONTI 1970, Voi. XLIX, fase. 1-2.
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where T  is the tem perature (°K) and & =  & (pc , f) =  & (y  , #) is the surface 
coverage.

To express & as a function of C r , the third assum ption m ay be used. 
Therefore, taking (2) into account:

(4) v ^ )  =  - 4 - i / ( ^ ) rd*
0

where Q is the volumetric flow rate (cc/sec) and K/2 y2 is the am ount of 
adsorbed reactant needed for a m onolayer per unit length of catalytic bed 
(mgr/cm). Com bining equations (2), (3) and (4) an expression containing 
only two constants is obtained, which has been num erically solved by the 
Runge-K utta  m ethod. Conversions were calculated by the formula:

00 00

■ J  C r (/ , *) d  t j  j  C r  (o , t) ctej • IOO 

0 0

where /  is the total length of the catalytic bed. The boundary conditions 
are C r (pc , o) =  o and C r (o , t) — 9 (/), where 9 (/), i.e. the initial shape 
of the pulse, has been given point by point and supposed almost rectangular

(5) % conv. —

Fig. I. -  Concentration profile of the pulse at the inlet (a) and at the exit (b) 
of the catalytic bed. The profile b was calculated for the following values: 

Q =  2 cc/sec, T =  483° K, a =  i.6- io5, ß =  8.5.

(fig. I a), owing to our feeding system. W hile the pulse passes through the 
catalytic bed, its calculated concentration profile asym m etrically falls (fig. 1 ò), 
whichj agrees with the expectation th a t the front of the pulse, always finding 
fresh catalyst, would react quicker than  the tail.

T he param eters a and ß were calculated by the least squares method. 
T he calculations were carried out on a «U nivac 1108» computer.
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E x p e r im e n t a l  resu lts

The experim ental part of our work concerns the oxidation of m ethanol to 
form aldehyde by means of solid phase oxygen on a mixed Fe2(M o04)3—M0O3 
catalyst. The length of the catalytic bed, /, was about 3 mm, the section 
0,67 cm2 and the void fraction 0,4. The flow ra te was in the range 1-10 cc/sec. 
Full description of the experim ental apparatus will be reported elsewhere.
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Fig. 2. -  Experimental (points) and calculated (solid lines) conversions, referred to methanol 
disappearance, vs. temperature (a) and vs. methanol concentration (b). Solid lines are 

calculated from eq. (5), with a =  i . 6 - io5 and ß =  8.5.

As the contact time of the pulse in a section of the catalyst is always 
less th an  one second, the hypothesis th a t m ethanol adsorption is an irrever­
sible process seems to be quite reasonable in our experim ental conditions,
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indeed in such a short time adsorption should take place only on the strongest 
sites. A  highly defective m aterial balance always occurred and the conver­
sion referred to products was less than  ten per cent except for low flow rates 
and high tem peratures; therefore also the third hypothesis seems to be reason­
able. No experim ental results, on the contrary, are available to support the 
use of the Elovich equation (second assumption), instead of which other 
kinetic equations could be used.

In  fig. 2 a, b the experim ental conversion, calculated from m ethanol 
disappearance, is reported versus tem perature and m ethanol concentration 
for different values of the flow rate.

The reported values are affected by an experim ental error of ±  10%  
with a probability  level of 9 0 % .  The continuous lines reported in fig. 2 a, b 
were calculated with equation (2). As m ay be seen, the theoretical lines 
satisfactorily fit the experim ental points. This result seems to be rather 
significant, because the experim ental dependence of m ethanol conversion on 
three independent variables was theoretically obtained by optimizing, by the 
least squares m ethod, only two param eters. However, at low flow rates 
and high tem peratures there is some disagreem ent between experim ental 
and calculated conversion (fig. 2 a). For in these conditions a m arked desor­
ption of products occurs, the third assum ption is no longer valid, nam ely 
the actual coverages are lower and the corresponding experim ental conver­
sions are higher than  the calculated ones. A nother disagreem ent is observed 
for low flow rates and small m ethanol concentrations (fig. 2 b). This m ay 
be due to the  inadequacy of the Elovich equation: indeed the adsorption 
activation energy could not vary  linearly with the param eter of the adsorbent 
surface [12], but could have a more complex behaviour.

Gli A.A. ringraziano il prof. G. B. Bonino per l’interesse prestato al 
presente lavoro e il dr. A. Angehni per le costruttive discussioni sulla parte 
m atem atica.
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