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a b s t r a c t

The oxidation of methanol on industrial iron–molybdenum catalysts was investigated with a view to shed
more light on the possibilities to optimize the process. Stainless steel pseudo-isothermal reactor, located
in a precisely controlled thermostat was used to ensure conditions of the process as close as possible to the
industrial. The catalytic activity was evaluated under steady state conditions and methanol conversion
above 99.0% on the basis of the shape of the temperature profile in height of the catalyst layer, the situation
of the “hot spot” and the temperature of the gas flow at exit of the catalyst layer. The outlet gas mixture
was analyzed for CH2O, CH3OH, CO, dimethylether (DME), and CO2 content in the analytical section.

The influence of the process parameters on the catalyst activity and selectivity was analyzed and it was
diabatic layer concluded that oxygen concentration in the feed mixture has to be equal to or higher than the methanol
concentration and water concentration in the range of 2.0–3.0% does favor the selectivity of the process.
The increase of methanol concentration in the gas mixture fed in the reactor leads to a dramatic change
both of the temperature profile of the catalyst layer and the distribution of the reaction products.

A number of laboratory experiments were performed to clarify the influence of the most important
(tem
parameters of the process

the adiabatic layer.

. Introduction

It is well known that the iron–molybdate catalysts used in prac-
ice have good activity and relatively high selectivity [1,2]. Despite
hat, several issues still remain open for discussion and in search of
ew solutions. They are mostly connected with the requirements
f current technologies for production of adhesives and plastics
hat need formaldehyde free of residual methanol (<0.5%), and
re also connected with decreasing the quantity of side products
nd lowering the prime cost of production. In order to meet these
equirements it is necessary to search for conditions to implement
he process, during which the total level of methanol conversion
s over 98.0%, and the selectivity—over 92%. In our research these
onditions will be designated as “acceptable”.

The most important results from the investigations of oxide
atalysts for selective oxidation of methanol, carried out dur-
ng the last two decades, lead to the conclusion that the system
e2(MoO4)3–MoO3 has no alternative [1,3,4]. The problem with the

electivity, however, remains open. The reasons for this are the side
eactions which take place and most importantly the secondary
ormaldehyde oxidation. One solution to this problem is the multi-
tage methanol oxidation which leads to a substantial decrease of

∗ Corresponding author. Tel.: +359 887745734; fax: +359 32 633157.
E-mail address: kivanov1@abv.bg (K. Ivanov).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.04.049
perature, space velocity and methanol concentration) on the efficiency of

© 2009 Elsevier B.V. All rights reserved.

the temperatures in the catalyst layer. Casale Cemicals SA proposed
a new, five-stage adiabatic reactor [5]. The main idea is to limit
the degree of conversion of the methanol in each catalytic bed
to approximately 20% of the total quantity of methanol fed to the
synthesis reactor.

Very often the manufacturers use an additional adiabatic layer
or an additional reactor situated under the main one [6,7]. Although
this approach is widely popular in practice, there is a complete lack
of research in this direction in the scientific literature. This necessi-
tates working by intuition, thus risking serious losses resulting from
secondary oxidation of the formaldehyde obtained in the main reac-
tor. A major disadvantage of the adiabatic layer is the impossibility
to control the processes that take place inside of it, which may lead
to serious economic losses.

With the aim of increasing equipment efficiency the manufac-
turers often increase the concentration of methanol in the feed gas
up to 8.0–10.0% [3]. The results from the industrial experiment
described in EP 1 166 864 A1 [6] show that the increase of the
methanol concentration from 7.0 to 8.0% leads to an increase in
the content of non-reacted methanol in the reaction gases coming
out of the main reactor from 0.25 to 0.56% and to more intensive

oxidation processes taking place in the adiabatic layer. The impossi-
bility for heat exchange in the adiabatic layer leads to a significant
increase of the temperature, which reaches 300–340 ◦C, and to a
significant increase of the share of side reactions, mainly secondary
oxidation of formaldehyde to CO.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kivanov1@abv.bg
dx.doi.org/10.1016/j.cej.2009.04.049
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Fig. 1. Schematic diagra

Resolving the problem with the selectivity of oxide catalysts
equires deep knowledge of the process mechanism and many
apers have been devoted to this problem. Most of them offer a
recise and acceptable model of the process [8–10]. The main dis-
dvantage is that investigations are frequently carried out under
onditions too different from the industrial ones. Obviously it is
lso necessary to study the behavior of the catalyst under process
onditions which are the closest possible to the industrial, and this
s the first purpose of the present study. The second purpose is to
hed more light on the possibilities to optimize the process of selec-
ive oxidation of methanol over oxide catalysts by using an adiabatic
ayer.

. Experimental

All experiments were carried out on a flow apparatus for esti-
ation of oxide catalysts for methanol oxidation using a stainless

teel pseudo-isothermal reactor (up to 60 cm3 catalyst), located in
precisely controlled thermostat as a “main” reactor and a glass

diabatic reactor (up to 20 cm3 catalyst), also acting as an adiabatic
ayer (Fig. 1).

The necessary gases (nitrogen and air), after a passage through a
rier for moisture elimination, are led in the mixer. They are dosed
hrough special valves with precision ±1.0 l/h. Liquid methanol and
ater are injected into the gas flow with a micro-dosage pump with

apacity 10–100 g/h and precision ±0.3 g/h, included in the exper-
ment interval. The temperature of the heat transfer fluid (air) is

aintained with precision ±0.5 ◦C. Industrial catalyst produced by

EOCHIM SA according to BG Patent No. 60779 B1 [11] was used.
he main characteristics of the catalyst are presented in Table 1.

The content of the gas mixture entering the main reactor, space
elocity, and temperature regime allows the experiment to be car-
ied out at conditions closest to the industrial ones. The degree

able 1
he main characteristics of the industrial catalyst, used in all experiments.

hemical composition 81.5% MoO3–18.5% Fe2O3

hape Rings: h = 5 mm, Rin = 3 mm, Rout = 5 mm
ET surface area (m2/g) 8.0
orosity (%) 55.3
ulk density (t/m3) 0.78
he experimental set-up.

of methanol conversion in the first reactor varies from 78.0 to
99.0%, and the concentration of the non-reacted methanol at its
outlet—from 0.1 to 1.5%.

The outlet gas mixture was analyzed by GC using TCD and FID
detectors for CO, CO2, oxygen, methanol and dimethylether (DME)
content in the analytical section. The formaldehyde content in the
reaction products was determined by the bisulfite method.

3. Results and discussion

3.1. Oxidation of methanol in the main reactor

It is well known that the most wide-spread reactors for methanol
to formaldehyde oxidation are formed by about 10,000 catalytic
tubes having 18–25 mm inner diameter and 1000 mm high catalytic
bed. The tubes filled with catalyst are crossed by the gaseous reac-
tants and externally are lapped by a fluid intended for continuous
heat removal, which is not sufficient for an effective reaction in
isothermal conditions to take place. This type of reactors ensures
maintaining of relatively narrow temperature range along the cat-
alyst bed and is known as “pseudo-isothermal” [6]. Methanol
concentration in the feed mixture does not exceed 6–10% by volume
depending on the oxygen concentration, which can vary between
5 and 21% by volume, in order to avoid the possible formation of
explosive or inflammable mixtures with the oxygen. The temper-
ature of the “hot spot”, formed under these conditions, is usually
between 330 and 360 ◦C.

In order to ensure process conditions which are the closest pos-
sible to the industrial we used a stainless steel pseudo-isothermal
reactor, located in a precisely controlled thermostat. Catalytic
activity was evaluated at steady state conditions and methanol
conversion above 99.0% on the basis of the shape of the temper-
ature profile in height of the catalyst layer, the situation of the
“hot spot” and the temperature of the gas flow at exit of the cat-
alyst layer. The selectivity (S) was calculated in percent as the ratio
between the degree of methanol conversion to formaldehyde and

the total degree of methanol conversion. S = Xf/Xtl × 100, where Xf
is methanol conversion to formaldehyde and Xt is total methanol
conversion.

The experiments were performed under the following scheme:
(i)“burning” of the catalyst—includes slow temperature increase of
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Table 2
Conversion of methanol, product distribution and selectivity versus methanol con-
centration. Feed mixture: 10.0% O2, 3.0% H2O, N2 to 100%, space velocity 6400 h−1,
temperature of the heat transfer media 250 ◦C.

CH3OH (%) Conversion to (%) Xt (%) S (%)

CH2O ± 0.5% CO ± 0.3% DME ± 0.2%
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Table 3
Conversion of methanol, product distribution and selectivity versus space velocity.
Feed mixture: 6.0% CH3OH, 10.0% O2, 3.0% H2O, N2 to 100%, temperature of heat
transfer media 250 ◦C.

W (h−1) Conversion to (%) Xt (%) S (%)

CH2O ± 0.5% CO ± 0.3% DME ± 0.2%

4800 88.6 6.4 4.5 >99.5 89.0
6
6

catalyst’s surface is involved in the reaction. The role of gaseous oxy-
gen is to re-oxidize the catalyst. Bibin and Popov [14] found that the
rate of methanol oxidation is independent from the oxygen partial
5.0 91.3 5.3 2.9 >99.5 91.8
6.0 90.9 6.2 2.4 >99.5 91.4
7.0 90.2 7.0 2.3 >99.5 90.7
8.0 84.5 13.2 1.4 >99.5 85.3

he heat transfer fluid, starting from a level where reaction is close
o taking off spontaneously at space velocity and methanol concen-
ration lower than the final ones. After a “hot spot” formation, space
elocity and methanol concentration increase slowly until reaching
he desired value. (ii) Stabilization of the catalyst—includes main-
aining of the process parameters constant until reaching constant
alues for the degree of methanol conversion and selectivity during
h.

The most important parameters of the process (methanol
oncentration, space velocity, oxygen concentration and water con-
entration) were investigated.

.1.1. Influence of the methanol concentration
In spite of some differences all authors agree that the increase

f methanol concentration in the reactor feed enhances the rate of
xidation. Our results are presented in Table 2 and Fig. 2.

The increase of methanol concentration in the reactor feed from
.0 to 8.0% leads to a dramatic change both in the temperature
rofile and in the products distribution. The temperature in the
igher part of the reactor, however, as well as that in the “hot
pot” increases by more than 70 ◦C. This leads to a considerable
ncrease of the part of consecutive formaldehyde oxidation and to
decrease in the selectivity to unacceptable for the practice levels.
he quantity of DME decreases by more than twice due to increase

n its oxidation, mainly to formaldehyde. This, however, cannot
ompensate the considerable decrease of the process selectivity.
ur results are in agreement with these of Popov et al. [12] who
bserved that the increase in the methanol concentration of the
eactor feed from 6.5 to 13.0% results in a decrease of the formalde-

yde selectivity between 6 and 8%. The advantage from the increase
f methanol concentration in the reactor feed is obvious, never-
heless this approach aiming to increase the productivity has to
nclude ensuring of a very effective heat transfer in order to limit
he temperature rise to a level of 350 ◦C.

ig. 2. Temperature profile of the catalyst versus methanol concentration. Feed mix-
ure: 10.0% O2, 3.0% H2O, N2 to 100%, space velocity 6400 h−1, temperature of the
eat transfer media 250 ◦C.
000 89.8 6.5 3.2 >99.5 90.2
800 90.0 6.7 2.8 >99.5 90.5

7200 89.8 7.0 2.7 >99.5 90.4

3.1.2. Influence of the space velocity
Another means for increasing the installation’s productivity is

raising the space velocity of the gas flow. It is known that the space
velocity of industrial installations is more often in the range of
5000–8000 h−1 and slightly decreases with time. Our results for the
influence of space velocity on the temperature profile and products
distribution are presented in Table 3 and Fig. 3.

As it can be seen from Fig. 3 the increase in space velocity leads
to substantial decrease of the temperature in the upper part and
increase in the lower part of the catalyst’s bed. The temperature
raise in the “hot spot” is around 25 ◦C and does not ensue in consid-
erable diminishing of the process selectivity (Table 3). Methanol
conversion to CO is nearly the same, while conversion to DME
changes substantially. Oxidation of the DME (mainly to formalde-
hyde) fully compensates the CO increase. It seems that variation of
space velocity is a more promising way for improving capacity than
substantial increase of concentration, but this approach is limited
by the pressure drop along the catalyst’s bed. Taking into account
the improved selectivity and the increase in the pressure drop with
time, we can conclude that space velocity has to be as high as possi-
ble at the start and methanol concentration has to increase slightly
in time.

3.1.3. Influence of the oxygen concentration
The majority of the authors accepted Mars-van Krevelen’s mech-

anism for methanol oxidation [13] where only oxygen from the
pressure. Machiels [15] concluded that for reaction temperatures
between 200 and 400 ◦C the oxygen order in the rate equation is

Fig. 3. Temperature profile of the catalyst versus space velocity. Feed mixture: 6.0%
CH3OH, 10.0% O2, 3.0% H2O, N2 to 100%, temperature of heat transfer media 250 ◦C.
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ig. 4. Temperature profile of the catalyst versus oxygen concentration. Feed mix-
ure: 7.0% CH3OH, 3.0% H2O, N2 to 100%, space velocity 6400 h−1, temperature of the
eat transfer media 250 ◦C.

ero. According to our results (Table 4 and Fig. 4) the same can be
oncluded for the oxidation of methanol in industrial reactors.

The change in temperature profile is insignificant when oxygen
oncentration rises from 7.0 to 12.8%. Insignificant is also the change
n product distribution and in selectivity. A noticeable change is reg-
stered only at oxygen concentration lower than that of methanol. It
onsists in lowering of the temperature in the upper part of the cat-
lyst layer, and in increase of the methanol conversion to DME. The
atter is probably due to the lower degree of methanol to formalde-
yde and COx oxidation, which in turn exerts a negative influence
n the selectivity of the process. The results obtained lead to the
onclusion that oxygen concentration in the feed mixture has to be
qual to or higher than the methanol concentration.

.1.4. Influence of the water concentration
The influence of the reaction products on the rate of methanol

xidation has been the object of many investigations. Often the
esults are extremely different. Jiru et al. [16] concluded that the
ormaldehyde is responsible for a slight reaction inhibition whereas
he water is almost inert. Pernicone et al. [17,18] defend the oppo-
ite opinion. According to these authors the formaldehyde has no
ffect on the methanol oxidation while the water presents a marked
nhibition effect. The reason is that methanol and water adsorb
ompetitively on the same active site. Santacesaria et al. [19] also
eject Jiru’s model and accept that the inhibition effect of water
ecomes important for high conversion degree. Our results are in
ccordance with this understanding. As it can be seen from Fig. 5 the

emperature profile of the catalyst strongly depends on the water
oncentration. The absence of water in the feed mixture leads to
very high rate of methanol oxidation and high temperature in

he upper part of the catalyst’s bed. The successive oxidation of the

able 4
onversion of methanol, product distribution and selectivity versus oxygen concen-
ration. Feed mixture: 7.0% CH3OH, 3.0% H2O, N2 to 100%, space velocity 6400 h−1,
emperature of the heat transfer media 250 ◦C.

O2 (%) Conversion to (%) Xt (%) S (%)

CH2O ± 0.5% CO ± 0.3% DME ± 0.2%

6.0 89.5 6.5 3.5 >99.5 89.9
7.0 89.7 6.8 3.0 >99.5 90.1
8.6 90.1 6.9 2.5 >99.5 90.6

10.7 90.0 7.0 2.5 >99.5 90.5
12.8 90.0 6.9 2.6 >99.5 90.5
Fig. 5. Temperature profile of the catalyst versus water concentration. Feed mixture:
7.0% CH3OH, 10.0% O2, N2 to 100%, space velocity 4800 h−1, temperature of the heat
transfer media 250 ◦C.

formaldehyde is considerable and the conversion to CO exceeds 13%.
At the same time DME concentration in the outlet mixture is low
due to its considerable oxidation under these conditions (Table 5).

The presence of 3% water in the reactor feed increases vastly
formaldehyde selectivity. Increase in water concentration in the
reactor feed to 6.0% alters the temperature profile of the catalyst,
as the temperature in the upper part of the catalyst’s bed decreases
sharply. The quantity of DME and the selectivity increase rapidly at
the expense of the methanol oxidation to CO. It can be concluded
that water is a necessary component of the feed mixture. Obviously
it can improve the selectivity, but we have to take into account that
water is one of the main reaction products and its concentration
rapidly increases along the catalyst’s bed. This fact limits the water
concentration in the feed gas to 2.5–3.5%.

3.2. Oxidation processes in the adiabatic layer

Laboratory experiments were performed to clarify the influence
of the most important parameters of the process (temperature,
space velocity and methanol concentration) on the efficiency of
the adiabatic layer. Feed gas composition of the first (main) reac-
tor through the experiments was constant: CH3OH—7.0 ± 0.1%,
O2—10.0 ± 0.2%, H2O—3.0 ± 0.1%, N2—to 100%. The methanol con-
centration in the gas entering the second (adiabatic) reactor varied
from 0.1 to 1.5%, space velocity—from 8000 to 28,000 h−1 and
temperature from 210 to 330 ◦C. The method for determining the

borders of applicability of the adiabatic layer will be described in
detail only for space velocity 8000 h−1, and only generalized results
will be given for the other volume velocities.

Table 5
Conversion of methanol, product distribution and selectivity versus water concen-
tration. Feed mixture: 7.0% CH3OH, 10.0% O2, N2 to 100%, space velocity 4800 h−1,
temperature of the heat transfer media 250 ◦C.

CH2O (%) Conversion to (%) Xt (%) S (%)%

CH2O ± 0.5% CO ± 0.3% DME ± 0.2%

0.0 84.5 13.3 1.7 >99.5 84.9
3.0 89.3 8.0 2.2 >99.5 89.7
6.0 89.3 6.1 4.1 >99.5 89.7
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Table 6
Total methanol conversion (Xt , %), selectivity (S, %) and product distribution ver-
sus temperature. Inlet gas composition: CH3OH—0.1 ± 0.02%, CH2O—6.5 ± 0.1%,
H2O—9.7 ± 0.2, O2—6.6 ± 0.1%, N2—up to 100%.

T (◦C) Methanol conversion to (%) CMeOH (%) Xt (%) S (%)

Inlet Outlet CO DME CH2O

210 214 3.0 2.0 93.8 0.10 98.6 95.1
220 230 3.6 2.1 93.0 0.09 98.7 94.2
230 241 4.2 2.1 93.0 0.05 99.3 93.6
240 248 4.3 2.0 93.2 0.03 99.5 93.7
250 260 4.4 2.0 93.3 0.02 99.7 93.6
260 274 4.9 1.8 93.1 0.02 99.7 93.4
270 284 5.2 1.6 93.0 0.02 99.7 93.2
280 296 5.5 1.6 92.6 0.02 99.7 92.9
290 306 5.8 1.5 92.5 0.01 99.8 92.7
300 316 5.9 1.5 92.3 <0.01 >99.8 92.5
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Table 7
Total methanol conversion (Xt , %), selectivity (S, %) and product distribution ver-
sus temperature. Inlet gas composition: CH3OH—0.3 ± 0.05%, CH2O—6.3 ± 0.1%,
H2O—9.5 ± 0.2%, O2—6.8 ± 0.1%, N2—up to 100%.

T (◦C) Methanol conversion to (%) CMeOH (%) Xt (%) S (%)

Inlet Outlet CO DME CH2O

210 217 2.6 2.0 92.1 0.23 96.7 95.2
220 234 2.9 2.0 92.0 0.22 96.9 94.9
230 244 3.3 2.1 91.7 0.20 97.1 94.4
240 259 3.7 2.2 91.8 0.16 97.7 94.5
250 268 4.1 1.8 92.1 0.14 98.0 93.9
260 277 4.3 1.8 92.3 0.11 98.4 93.8
270 289 4.6 1.7 92.5 0.08 98.8 93.6
280 298 4.9 1.6 92.9 0.04 99.4 93.5
290 311 5.2 1.6 92.9 0.02 99.7 93.2
3

ing the adiabatic layer at methanol concentration 0.3%.
At such a work regime in the main reactor the formalin produced
310 326 6.1 1.5 92.3 <0.01 >99.9 92.4
20 336 6.4 1.5 92.1 <0.01 >99.9 92.1
30 346 6.7 1.5 91.8 <0.01 >99.9 91.8

.2.1. Space velocity of the gas flow entering the adiabatic reactor
000 h−1

Table 6 presents the dependence of the total methanol conver-
ion (X, %), selectivity (S, %) and product distribution after crossing
he adiabatic catalytic bed on the temperature of the gas mixture
ntering the adiabatic layer at methanol concentration of 0.1%.

In this case the methanol oxidation takes place almost com-
letely in the first reactor and its content in the gas mixture entering
he adiabatic reactor is insignificant. It can be seen that the pro-
esses in the adiabatic layer take place even at a temperature less
han 220 ◦C. The secondary oxidation of the formaldehyde starts
t a temperature of about 220 ◦C and gradually increases, while
ts content in the outlet gas after the adiabatic reactor decreases
rom 93.8 to 91.8% at 330 ◦C. The quantity of DME remains within
he range of 2.0–2.1% up to the temperature of 250 ◦C at the inlet
f the adiabatic reactor, after which it starts to gradually decrease
ue to its secondary oxidation, mainly to formaldehyde. Obviously
he increase of CO concentration in the waste products results from
he secondary oxidation of formaldehyde, which increases with the
emperature increase and leads to a decrease in selectivity under
2% at 330 ◦C.

Fig. 6 represents the dependence of the degree of methanol con-

ersion and the selectivity of the process on the inlet temperature
n the adiabatic reactor.

The change of both indicators follows clearly defined tendencies.
he total degree of methanol conversion increases with the increase

ig. 6. Total methanol conversion (Xt , %) and selectivity (S, %) versus inlet tem-
erature in the adiabatic reactor. Inlet gas composition: CH3OH—0.1 ± 0.02%,
H2O—6.5 ± 0.1%, H2O—9.7 ± 0.2, O2—6.6 ± 0.1%, N2—up to 100%.
00 325 5.6 1.5 92.6 0.02 99.7 92.8
310 324 6.2 1.4 92,2 0.01 99.8 92.3
320 348 7.6 1.4 90.8 0.01 99.8 90.8

of temperature and reaches almost 100% at 300 ◦C. The tendency in
the change of selectivity is contrary—it decreases significantly in the
studied temperature interval, reaching 92.1% at 320 ◦C. Obviously
the reasons for that are the processes of secondary oxidation of
formaldehyde and DME. The two processes lead to contrary results
regarding the selectivity. The oxidation of DME leads to an increase
in the production of formaldehyde and the selectivity of the pro-
cess. This positive effect, however, is completely consumed by the
dominating secondary oxidation of formaldehyde to CO, which ulti-
mately leads to a decrease in selectivity. The shaded part of the
diagram shows the limits within which the use of an adiabatic layer
leads to obtaining “acceptable” results (Xt > 98% and S > 92%).

The results presented in Table 6 and Fig. 6 make it possible to
assess the efficiency of the adiabatic layer and its role in the total
process of methanol oxidation at a methanol content in the gas feed
of 0.1%. It is obvious that using an adiabatic layer is necessary only in
case the methanol content in the produced formalin must be under
0.5 wt%.

Table 7 and Fig. 7 present the dependence of the total methanol
conversion, selectivity and product distribution after crossing the
adiabatic catalytic bed on the temperature of the gas mixture enter-
has a methanol content of about 1.9% and it is most often necessary
to use an adiabatic layer. The tendencies already described are valid

Fig. 7. Total methanol conversion (Xt , %) and selectivity (S, %) versus inlet
temperature in the adiabatic reactor. Inlet gas composition: CH3OH—1.5 ± 0.1%,
CH2O—5.2 ± 0.1%, H2O—8.2 ± 0.2%, O2—7.3 ± 0.1%, N2—up to 100%.
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ig. 8. Borders of applicability of the adiabatic layer at a space velocity of the inlet
as mixture of 8000 h−1.

n this case too. While at a methanol concentration in the gas mix-
ure of about 0.1% the adiabatic layer is applicable in the whole
emperature interval from 210 to 330 ◦C, at a methanol concentra-
ion of 0.3% this range is limited from 250 to 310 ◦C. At a methanol
oncentration in the outlet gases of the main reactor 0.7 and 1.5%
he methanol content in the formalin produced is 4.7 and 11.7%,
espectively. In these cases the use of an adiabatic layer is impera-
ive. However, the possibilities to effectively use it are significantly
ower. The results obtained reveal that at a methanol content in the
as entering the adiabatic layer of 0.7% they are limited within the
emperature interval of 270–300 ◦C, and at 1.5%—up to 290 ± 5 ◦C.

The summarized results of the operation of the adiabatic layer
t a space velocity of 8000 h−1, presented in Fig. 8, delineate the
orders of its applicability as a function of the temperature at the

ayer inlet and the methanol concentration adiabatic layer.
The figure presents a clearly defined tendency of limiting the

emperature interval, within which the adiabatic layer can be suc-
essfully used, with the increase of concentration. The limitation
s both at the low and the high temperatures. Obviously, the rea-
on for shifting the lower border toward the higher temperatures
s the necessity for a higher temperature for complete oxidation of
he inlet methanol, especially when its concentration exceeds 0.3%.
n the high temperature area there is a significant increase in the
ole of the processes of secondary oxidation leading to a decrease
n the total process selectivity. This renders the methanol concen-
ration in the inlet gas mixture a limiting factor when determining
he upper border of applicability of the adiabatic layer.

.2.2. Space velocity of the gas feed entering the adiabatic
eactor: 14,000 and 28,000 h−1

The results for the dependence of the total methanol conversion
X, %) and selectivity (S, %) on the temperature and methanol con-
entration of the feed gas mixture entering the adiabatic layer at a
pace velocity of 14,000 and 28,000 h−1, are summarized in Fig. 9.

In this case, too, the border of applicability of the adiabatic layer
s both at the low and the high temperatures.

The practical implementation of final oxidation of the
ethanol–air mixture in adiabatic conditions at a space velocity

−1
f the feed gas under 14,000 h is difficult because of economic
easons, and above all the necessity for a significant quantity of a
atalyst as well as technical problems with placing it under the main
eactor. The obtained results, however, give beneficial information
or the possibilities of using an “auxiliary” reactor situated under
Fig. 9. Borders of applicability of the adiabatic layer at a space velocity of the inlet
gas mixture of 14,000 and 28,000 h−1.

the main one, which allows relieving the main reactor and boosting
installation capacity. Many variants of such reactors are described
in EP Patent No. 1 166 864 A1 [6].

The described tendencies to limit the possibilities of using an
adiabatic layer with the increase of methanol concentration in the
inlet gas flow are significantly intensified with the increase of space
velocity above 14,000 h−1. At methanol concentrations in the inlet
gas up to 0.3% a limiting factor for the upper border is once again the
selectivity of the process, and for the lower border—the total degree
of methanol conversion. At higher concentrations, however, the
main factor is the impossibility to reach a total degree of methanol
conversion of over 98.0%.

Analyzing the results presented we can conclude that the
influence of the temperature, methanol concentration and space
velocity of the feed gas entering the adiabatic layer on the total
methanol oxidation and selectivity of the process is complex.
Methanol concentration and space velocity are the most impor-
tant factors. Their increase leads to rapid decrease of the borders of
applicability of the adiabatic layer. Temperature influence is limited
by the operating conditions of the main reactor. More often the inlet
gas entering the adiabatic layer has a temperature of 270–300 ◦C
and this fact can be corrected in a narrow border. At low inlet
temperatures the limiting factor is methanol conversion, while at
higher temperatures selectivity is more important.

4. Conclusions

The possibilities for optimization of the selective oxidation of
methanol over oxide catalysts were studied. It was established
that:

1. The increase of methanol concentration in the gas mixture fed in
the reactor leads to a dramatic change both of the temperature
profile of the catalyst layer and the distribution of the reaction
products. The temperature of the “hot spot” rises considerably,
leading to a considerable increase of the part of side reactions and
to a decrease in selectivity. The increasing of the space velocity
of the gas flow also leads to alteration of the temperature profile,
but its influence on the reaction products distribution and the

process selectivity is less pronounced. Obviously achieving opti-
mal economic parameters of the process demands a compromise
between space velocity and methanol concentration. Maintain-
ing high productivity of the installation necessitates a maximally
high space velocity in the beginning of the exploitation period of
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the catalyst and reducing it in the work process at the expense
of increasing methanol concentration.

. Modification of oxygen concentration in the inlet gas mixture
in the region outside the explosion region has no significant
influence on the process activity and selectivity. However its
decreasing below the methanol concentration leads to a dis-
placement of the “hot spot” along the catalyst layer, and to
intensifying the process of methanol dehydration to DME and
decrease in selectivity.

. The inhibition effect of water on the process of selective
methanol oxidation was confirmed. It was established that the
presence of 2.5–3.0% water in the inlet gas mixture is a necessary
condition in the industrial realization of the process.

. The influence of the temperature, methanol concentration and
space velocity of the feed gas entering the adiabatic layer on
the total methanol oxidation and selectivity of the process is
complex. Methanol concentration and space velocity are the
most important factors. Their increase leads to rapid decrease
of the borders of applicability of the adiabatic layer. Tempera-
ture influence is limited by the operating conditions of the main
reactor. At low inlet temperatures the limiting factor is methanol
conversion, while at higher temperatures selectivity is more
important.

. Using an adiabatic layer under the main reactor leads in all cases
to a loss of formaldehyde due to its secondary oxidation to CO.

Carefully controlling the process parameters allows full compen-
sation of these losses by the oxidation of the methanol entering
from the main reactor and the secondary oxidation of DME,
mainly to formaldehyde. The use of an adiabatic layer is there-
fore an easy and cheap way to optimize the process of selective

[
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[
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oxidation of methanol over oxide catalysts, thus improving the
quality of the obtained formalin.
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