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Abstract
The vapour phase epoxidation of propene with nitrous oxide (N2O) was experimentally investigated in a fixed bed reactor using a CsOx/FeOy/

SiO2 catalyst in a broad range of residence times. A complex reaction network was derived from the trends of product selectivities as function of the

conversion. For the determination of the reaction paths, not only propene but also its oxidation products, propylene oxide (PO) and

propionaldehyde (PA), were used as reactants. The selectivity to PO was found to be limited due to fast side reactions, like PO isomerisation

reactions and, in particular, the formation of higher molecular weight products (HMP) mainly present as carbonaceous deposits (coke) on the

catalyst. The amount of HMP and coke was quantified through several methods and both were identified as the major byproducts. Although PO is

formed with more than 60% selectivity among the directly identified vapour phase products, the maximum selectivity is only about 30% when

taking the HMP into account.
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1. Introduction

Propylene oxide (PO) is an important intermediate for the

chemical industry with a worldwide production capacity of

more than 5� 106 t/a [1]. However, PO production technology

is still dominated by disadvantageous, liquid phase processes

containing multiple reaction steps, namely the chlorhydrine

process and several peroxidation routes [1–3]. Particularly in

the last 10 years, different approaches led to progress

concerning a direct epoxidation of propene. In the liquid

phase, heterogeneously and homogeneously catalysed propene

epoxidation with ex situ and in situ produced hydrogen

peroxide as oxidant seem to be the most developed [4,5]. High

prices for H2O2, however, still put the profitability of these

processes under debate [3]. Furthermore, a high amount of

organic solvent reacting with both the feed and the products,
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catalyst deactivation, and mass transfer limitations may still be

problems [1].

In order to avoid some of these disadvantages, the

development of a vapour phase process is still in the focus of

research. Expected advantages are simpler reactor technology,

more convenient catalyst handling, and the avoidance of mass

transfer limitations and solvent use. An overview of several

currently investigated approaches to a vapour phase epoxidation

of propene is given in [6–8]. One promising route utilises nitrous

oxide (N2O) as oxidant, which also led to a breakthrough in the

highly selective hydroxylation of aromatic hydrocarbons, like

benzene to phenol [9,10]. Duma and Hönicke were the first to

investigate the catalytic propene epoxidation using silica

supported iron oxide promoted with sodium ions. They obtained

a maximum selectivity of 50% to propylene oxide at propene

conversions of 5–10% at 648 K [11]. Our efforts in catalyst

development led to a silica supported iron oxide system

promoted with caesium-ions and -oxides (CsOx/FeOy/SiO2),

showing PO selectivities of 80% among the vapour phase

products at similar propene conversions [7]. Recently, Wang
chiv – Scientific Articles Repository) 
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Nomenclature

A surface (m2)

AA allyl alcohol

c molar concentration (mol m�3)

Ca Carberry number (Eq. (3))

CTOR catalytic total oxidation reactor

di reactor inner diameter (m)

dp particle diameter (m)

Deff effective diffusion coefficient (m2 s�1)

HMP higher molecular weight products

keff effective rate constant, based on volume (s�1)

km rate constant, based on catalyst mass

(m3 kg�1 s�1)

l reactor length (m)

m mass (g)

mcat: catalyst mass (g)

mC mass of carbon (g)

M̃ molar mass (g mol�1)

n amount of substance (mol)

ṅ molar flow (mol s�1)

p pressure (bar)

PA propionaldehyde

PO propylene oxide

Si;r selectivity of product i related to reactant r

(Eq. (6))

t time (s)

tmod modified residence time (kgcat s m�3, Eq. (1))

tos time-on-stream (min)

T temperature (K)

V volume (m3)

V̇ volumetric flow (ml min�1)

Wz Wheeler–Weisz modulus (Eq. (2))

x molar fraction

X conversion (Eq. (4))

X� normalised conversion (Eq. (5))

Greek symbols

ai carbon number of substance i

b mass transfer coefficient (m s�1)

Subscripts

accum. accumulation

AA allyl alcohol

Acr. acrolein

AC acetone

b bulk

BM bypass mode

C carbon

C¼3 propene

HMP higher molecular weight products

in entering the system

out leaving the system

p particle

PA propionaldehyde

PO propylene oxide

r reactant

RM reactor mode

s surface

TG thermogravimetry
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et al. reported even higher PO selectivities at conversions of 2–

3% using SBA-15 and MCM-41 supported iron oxide and Fe-

MFI zeolite, all promoted with potassium chloride [12–14]. The

results of all mentioned studies have shown that alkaline metal

salts and oxides are necessary for obtaining high PO selectivities.

A strong deactivation was reported in all investigations,

presumably due to coking of the catalyst. In contrast to other

research groups, we have recently suggested that the carbon

deposits on the catalysts must be considered as important

byproducts in the carbon balance [15].

All research groups investigating the epoxidation of

propene with N2O over similar catalyst systems [7,11–14],

did find mostly the same reaction products, namely propylene

oxide, propionaldehyde, acetone, acrolein, allyl alcohol,

CO, and CO2. However, a meaningful comparison of the

product spectra is hardly possible because Wang et al. [12–14],

for example, lumped the side products PA, acetone, and

acetaldehyde into one species. In addition, almost no

information about proposed reaction paths is provided in the

mentioned studies, because therein the residence time was not

varied. Therefore, the present study focuses on the determina-

tion of the reaction network in the epoxidation of propene with

N2O. In particular, the effect of the formation of carbonaceous

deposits was taken into account. The residence time was varied

in a broad range, and propylene oxide and propionaldehyde

were added to the reactor feed to determine the importance of

different side reactions.

2. Experimental

2.1. Reaction unit and catalyst

A schematic view of the experimental set-up is given in

Fig. 1. The catalytic measurements were carried out in an

integral fixed bed reactor (stainless steel, l ¼ 300 mm,
Fig. 1. Scheme of the reaction unit.



Table 1

Characteristic numbers for estimation of mass transfer effects

Reactant Ca a Wzb

Propene 5:0� 10�7 5:1� 10�6

Propylene oxide 9:0� 10�6 1:0� 10�4

Propionaldehyde 7:7� 10�6 8:9� 10�5

a Carberry number [17].
b Wheeler–Weisz modulus [16].
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di ¼ 15 mm) containing a silica supported iron oxide catalyst

(1072 ppm mol/mol) promoted with caesium oxide

(780 ppm mol/mol). The particle size fraction was 0.3–

0.5 mm. The preparation of the catalyst is described in detail

in [7]. The catalyst bed was diluted with glass spheres

(dp ¼ 0:5 mm, volume ratio catalyst:glass = 2:1) to ensure

isothermal conditions. This was proven through measuring the

axial temperature profile with a thermocouple placed in the

catalyst bed. Flow of reactants (propene 99.5% v/v, N2O

99.995% v/v, PO 1.0% v/v in helium (99.995% v/v), PA 1.0%

v/v in helium (99.995% v/v); Air Liquide) was adjusted with

thermal mass flow controllers. Reactants and products were

quantitatively analysed by means of gas chromatography

(Varian CP 3800, equipped with a column PoraPlotQ and two

detectors, TCD and FID) using an internal standard (propane

1.0% v/v in helium (99.995% v/v)). The unit allows for

measurements in both, reactor and bypass mode. A catalytic

total oxidation reactor downflow (catalyst: 1% w/w Pd on

Al2O3) equipped with a non-dispersive infrared (NDIR)

spectrometer (BINOS, Leybold–Heraeus) for CO and CO2

detection was used for the on-line monitoring of the carbon

balance.

In all catalytic measurements, pressure and temperature

were kept at 1:3� 105 Pa and 648 K, respectively. The

modified residence time tmod, defined as

tmod ¼
mcat

V̇ðT ; pÞ
; (1)

was varied between 100 and 2000 kgcat s m�3 for propene

conversion and between 10 and 220 kgcat s m�3 for propylene

oxide and propionaldehyde conversion.

The inlet concentrations of propene, PO, PA, and N2O were

varied in the range of 1–5% v/v, 0.1–0.3% v/v, 0.1–0.4% v/v, and

2–20% v/v, respectively. Helium (99.995% v/v; Air Liquide) was

used as an inert diluent. In order to deduce the reaction network,

only experiments with inlet concentrations of 1.0% v/v propene,

0.2% v/v PO, 0.2% v/v PA, and 15% v/v N2O are used. It was

found that the reactant feed concentration does not affect the

reaction network. The effect of reactant concentration on the

rates of individual reactions will be shown in a forthcoming

publication.

Mass transfer effects both inside and outside the catalyst

particle can be neglected for propene, propylene oxide, and

propionaldehyde conversion. This is indicated by the small

values obtained for Wheeler–Weisz modulus [16] and Carberry

number [17](see Table 1), which are defined as

Wz ¼
�

Vp

Ap

�2
keff

Deff

; (2)

Ca ¼ keff

bðVp=ApÞ
¼ ci;bulk � ci;surface

ci;bulk

; (3)

presuming first order rate laws. Therein keff denotes the effec-

tive rate constant, Deff is the effective diffusion coefficient in

the interior of a catalyst particle, and b is the mass transfer

coefficient from the vapour phase to the particle outer surface.
2.2. Analysis of the experimental data

2.2.1. Conversion and selectivity

Conversion of a reactant was defined as

X ¼ ṅr;in � ṅr;out

ṅr;in
: (4)

The molar flow of reactant entering (ṅr;in) and leaving (ṅr;out) the

reactor was obtained by means of gas chromatographic analysis

of the system effluent in bypass and reactor mode, respectively.

To compare the development of the catalyst activity over

time-on-stream between different experimental runs, a normal-

ised conversion was used related to the conversion after 70 min

time-on-stream (tos):

X�ðtosÞ ¼ Xðt ¼ tosÞ
Xðt ¼ 70 min Þ : (5)

The selectivity was defined as the ratio of moles of product

formed at the end of the reactor to the number of moles of the

reactant that have been consumed, both multiplied with their

carbon number a:

Si;r ¼
aiṅi

arðṅr;0 � ṅrÞ
: (6)

Plotting the selectivity of each product as function of the

reactant’s conversion is a valuable tool for evaluating the

functional properties of the catalyst. Furthermore, if mass

transport effects can be neglected, information on the reaction

network can be gained from this plot [7,18,19]: the value

obtained from extrapolating the selectivity trend of a certain

product to zero conversion shows how this product is intrinsi-

cally formed. When the extrapolated selectivity differs from

zero then the respective product is formed directly from the

reactant, whereas if it equals zero then the product is formed via

a consecutive pathway.

2.2.2. Carbon balance

The carbon balance is defined as

ṅC;in ¼ ṅC;out þ ṅC;accum: (7)

The molar flow of carbon fed into the reactor is given by

ṅC;in ¼ arṅr;in: (8)

The experimental set-up (Fig. 1) provides the possibility to

directly measure the molar flow of carbon entering the system.

For that purpose, the feed stream (ṅfeed) was not fed into the
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reactor but through the bypass (BM ¼ bypass mode) directly

to the analytical set-up. An air flow (ṅair) was added to the feed

stream and after the total oxidation reactor, the volumetric

fraction of CO2 (xCO2;BM) in the system effluent was measured

using the NDIR spectrometer. Thus, the carbon feed stream can

be calculated as

ṅC;in ¼ ðṅfeed þ ṅairÞxCO2;BM; (9)

under the assumption of ideal gas behaviour.

Similarly, the flow of carbon leaving the reactor can be

calculated in reactor mode (RM) as function of time:

ṅC;outðtÞ ¼ ṅoutxCO2;RMðtÞ: (10)

In bypass mode and during an experimental run, the feed and air

flows were kept at the same constant level. The volume change

caused by the reaction can be neglected due to the high surplus

of inert gas. Thus, the combination of Eqs. (8)–(10) leads to

ṅC;outðtÞ ¼
arṅr;in

xCO2;BM

xCO2;RMðtÞ: (11)

The molar flow of carbon accumulating in the reactor can be

derived from the combination of Eqs. (7), (9) and (11):

ṅC;accumðtÞ ¼ arṅr;in

�
1� xCO2;RMðtÞ

xCO2;BM

�
: (12)

Thus, the selectivity to coke at a certain time-on-stream (tos)

can be calculated with

SC;rðt ¼ tosÞ ¼ ṅC;accumðt ¼ tosÞ
ðarṅr;in � ṅr;outðt ¼ tosÞÞ : (13)

Multiplying of the integral of Eq. (12) with the molar mass of

carbon leads to the mass of carbon accumulated inside the
Fig. 2. (A) Catalyst deactivation: normalised conversion (Eq. (5)) for different reac

(open symbols: propene 1% v/v, PO 0.1% v/v, PA 0.1% v/v; filled symbols: propene

the CO2 concentration in the effluent of the catalytic total oxidation reactor du

chromatography).
reactor after a certain time-on-stream (tos):

mC;accumðt ¼ tosÞ ¼ arṅr;inM̃C

Z tos

0

�
1� xCO2;RMðtÞ

xCO2;BM

�
dt:

(14)

Additionally, the amount of carbonaceous species deposited on

the catalyst was examined by means of thermogravimetry. The

spent catalyst was placed in an air flow, whilst increasing the

temperature from 293 to 1273 K at 2 K/min and the mass

change was recorded (Netzsch STA 409). It was assumed that

the deposits only consist of carbon.

The sum of selectivities obtained from the gas chromato-

graphic analyses did never reach 100% (see Section 3.1). This

was compensated by defining a species not detectable by means

of gas chromatography designated as ‘‘higher molecular weight

products’’ (HMP) that has a selectivity calculated with

SHMP;C¼3
¼ 1�

X
i

Si;C¼3
: (15)

3. Experimental results and discussion

3.1. Catalyst deactivation and carbon balance

Deactivation of the catalyst was observed in all experiments.

Characteristic trends of this deactivation are shown in Fig. 2A

for the applied reactants using the normalised conversion.

These trends were found to be independent of the reactant

concentrations and of the residence time. Hence, the same

deactivation state of the catalyst at a given time-on-stream can

be assumed and the kinetics can be regarded uncoupled from

the deactivation kinetics.

Fig. 2A also shows that the catalyst deactivation was faster,

when propene was used as reactant. Although the deactivation

slows down after about 140 min, a steady-state conversion was
tants vs. time-on-stream. Exemplary trends at opposed reactant concentrations

5% v/v, PO 0.4% v/v, PA 0.4% v/v; 15% v/v N2O). (B) Carbon balance: trend of

ring an experimental run (peaks indicate the drawing of a sample for gas



Fig. 3. (A) Methods for the estimation of the mass of coke deposits on the catalyst: parity plot of thermogravimetric (TG) analysis vs. on-line monitoring of the carbon

balance (C-balance, Eq. (14)) and (B) selectivity to HMP determined by gas chromatography (filled circles, Eq. (15)) and coke obtained through monitoring the CO2-

concentration after the total oxidation reactor (blank triangles, Eq. (13)) vs. propene conversion (xðC¼3 Þ ¼ 1% v/v, xðN2OÞ ¼ 15% v/v).

Table 2

First order rate constants km for the conversion of propene, PO, and PA

Reactant km (m3 kg�1 s�1)

Propene 3:1� 10�4

Propylene oxide 5:6� 10�3

Propionaldehyde 9:6� 10�3
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still not reached after 18 h time-on-stream with propene as a

reactant (not shown). The reason for the deactivation is the

formation of carbonaceous deposits (coke) on the catalyst

surface. This becomes clear because of two reasons: firstly, the

colour of the catalyst changed from white to black during

operation and, secondly, the activity of a fresh sample can be

restored by catalyst regeneration in air at temperatures of 773 K

for 2 h. During regeneration, the coke species were burned off

to CO2 and H2O.

Monitoring the carbon balance by means of measuring the

CO2 concentration after the catalytic total oxidation reactor

(CTOR) was used as a tool to observe the formation of coke

species during propene epoxidation (Fig. 2B): after switching

from bypass to reactor mode, it took about 140 min until the

CO2 concentration was stationary but at that time only 90–95%

of the CO2 concentration measured in bypass mode was

reached. The missing CO2 can be correlated to the deficit in the

carbon balance as shown in Section 2.2.2. The area between the

CO2 concentrations measured in bypass and reactor mode

denotes the amount of carbon remaining inside the reactor

(hatched area in Fig. 2B). Note that tracer measurements have

shown that the reactor exhibits the response behaviour of a plug

flow reactor. Thus, the residence time distribution can be

neglected regarding the behaviour in Fig. 2B. In the following,

steady-state conditions have been defined at 140 min (‘‘pseudo-

steady-state’’), because the deficit in the carbon balance is

constant after that time.

To validate the presented method, the coke on spent catalysts

was burnt off by means of thermogravimetry. The results are

shown as a parity plot in Fig. 3A and are consistent to a large

extent for both methods. Thus, we can conclude that the shown

on-line monitoring of the carbon balance in our set-up is a

valuable method for the real time observation of the coke

formation with high time resolution and accuracy.

In all experiments, the sum of selectivities to the reaction

products obtained from the gas chromatographic analysis did
never reach 100%. As solid products like coke cannot be

detected by gas chromatography, at least a part of this deficit

must be caused by coke. Fig. 3B shows the selectivity to coke as

a function of propene conversion, calculated according to

Eq. (13), compared to the selectivity to products not detectable

in the GC calculated from Eq. (15), after a time-on-stream of

140 min. The comparison of both trends reveals that coke

formation can only account for about half of the products not

detectable in the GC. Thus, other high molecular products must

be formed during the conversion of propene, PO, and PA. These

products likely consist of higher alkenes and alkyl aromatics,

but also high molecular oxygenates are possible, as found in the

hydroxylation of benzene with N2O [10,20,21]. In the

following, carbonaceous deposits and unidentified products

are merged in one chemical species designated as ‘‘higher

molecular weight products’’ (HMP).

3.2. Product spectra and reaction network

A deep insight into the network of reactions proceeding

during the epoxidation of propene using N2O was gained by

converting not only propene but also two of the major products:

propylene oxide and propionaldehyde. Both substances were

fed into the reactor under the same reaction conditions, but in

the range of the low concentrations formed during propene

epoxidation (0.1–0.4% v/v).

Table 2 shows the rate coefficients for the conversion of

these reactants under the presumption of a first order rate law



Fig. 4. Proposed reaction network of the catalytic propene epoxidation (stoi-

chiometry was disregarded, HMP = higher molecular weight products).

Fig. 5. Propene conversion: selectivity to propylene oxide and higher molecular

weight products (HMP) vs. propene conversion (xðC¼3 Þ ¼ 1% v/v, xðN2OÞ ¼
15% v/v).

Fig. 6. Propene conversion: selectivity to (A) allyl alcohol, propionaldehyde, and

(xðC¼3 Þ ¼ 1% v/v, xðN2OÞ ¼ 15% Agreement v/v).
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and ideal plug flow behaviour:

dcr

dtmod

¼ �kmcr: (16)

The estimated rate coefficients show that the products of

propene conversion, PO and PA, are converted more than 10

times faster than propene itself. This displays that PO and PA

are highly reactive intermediate products and that short resi-

dence times are necessary to obtain high PO selectivities.

From the obtained trends of the selectivities as functions of the

conversions of propene, PO, and PA, the reaction network

presented in Fig. 4 was revealed. Compared to the one presented

before [7], some substantial modifications were made to comply

with the latest experiments, particularly after converting PO and

PA, and with respect to the previously introduced species HMP.

In the following, the reaction paths will be discussed in

detail by means of interpreting the selectivity plots obtained

from the conversion of propene, PO, and PA.

3.2.1. Propene conversion

The main products of propene conversion in the presence of

N2O were PO and HMP. Fig. 5 shows a selectivity plot for both

substances. A steep decrease in selectivity to PO with

increasing propene conversion was observed and the PO

selectivity extrapolated to zero conversion was about 0.3–0.4.

This indicates that PO is a primary product of propene

conversion which is rapidly converted to consecutive products.

In the same way, HMP can be identified as a primary product,

but in contrast, selectivity to HMP increased with increasing

propene conversion up to a limit of 60%.

Other products of propene conversion were propionaldehyde

(PA), allyl alcohol (AA), acetone, light alkanes and alkenes (C1,

C2, and C4), and CO2, as well as trace amounts of acrolein and

acetaldehyde (S � 1%, not shown). Selectivities to acetone, CO2,

and light alkanes and alkenes increased with propene conversion,

while those to AA and PA pass a maximum at about 10%

conversion before they decreased (Fig. 6). The selectivities of the
light alkanes and alkenes and to (B) acetone and CO2 vs. propene conversion



Fig. 7. PO conversion: selectivity to higher molecular weight products

(HMP), propionaldehyde aldehyde, and allyl alcohol vs. PO conversion

(xðPOÞ ¼ 0:1–0.4% v/v, xðN2OÞ ¼ 15% v/v).
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latter products can be extrapolated to a selectivity of zero at zero

conversion. This contradicts the suggestions in our previous work

[7,15], but the extended experimental data obtained from

investigations in the range of low propene conversions now

clearly supports this trend. Hence, no direct formation pathway

for PA and AA from propene is provided in the reaction network

(Fig. 4). Both products are assumed to be formed through the fast

isomerisation of PO, which is shown in Section 3.2.2. It seems to

be reasonable to neglect a direct formation of acetone and light

hydrocarbons from propene due to the very low values obtained

by extrapolating their selectivity to zero conversion. In the case of

CO2, no clear proposition can be made due to the high variance of

the CO2 selectivities. However, a consecutive formation via

oxygenates seems to be more likely than a direct formation.

3.2.2. Propylene oxide conversion

The conversion of PO mainly proceeded to AA, PA, and

HMP, which is shown in the selectivity plot in Fig. 7. As the
Fig. 8. PO conversion: selectivity to (A) CO2 and light alkanes and alkenes, and to (B

xðN2OÞ ¼ 15% v/v).
selectivities to AA and PA extrapolated to zero conversion

reveal values of � 0:5 and � 0:35, respectively, it is clearly

indicated that both products are formed directly through PO

isomerisation. Both products are highly reactive intermedi-

ates shown by the steep decrease in selectivity down to zero

with increasing PO conversion. In contrast, the selectivity

to HMP increased with increasing PO conversion from 0

up to over 50%. Thus, HMP are formed as consecutive

products.

Other products of PO conversion were CO2, light alkanes

and alkenes (C1–C4), acetone, acrolein, and acetaldehyde, all of

them showing selectivities of zero at zero conversion (Fig. 8).

Selectivities to all of these consecutive products, except

acrolein and acetaldehyde, increased with increasing PO

conversion over the investigated interval. The selectivity trends

of acrolein and acetaldehyde both pass trough a maximum at

around 30% conversion. Thus, among the consecutive products

of PO conversion, only acrolein and acetaldehyde are further

converted.

Studies on the influence of acid–base properties on the

isomerisation of PO, like the ones conducted by Imanaka et al.

[22–24], allow some statements about the active sites of our

catalyst. It was reported that PA and acetone are produced on

acidic and basic sites, respectively, whereas AA is formed on

acid–base bifunctional sites. The comparison between their

results and ours indicates that our catalyst still provides a high

density of acid sites, although their strength must be quite low.

This explains why no acetone is directly formed through

isomerisation.

The results of Fási et al. [25], who studied the PO

isomerisation over different catalysts, support our observations

to some extent. The PO conversion over zeolites resulted in PA,

acetone, and in dimers of PO, dependent on the type of zeolite.

The dimers can be categorised into our HMP species. In

contrast to our results, Fási et al. observed PA as a major

product, even at PO conversions � 60%. This difference is

caused by the presence of N2O in our investigation, which leads

to a fast conversion of PA (see Table 2).
) acetone, acrolein, and acetaldehyde vs. PO conversion (xðPOÞ ¼ 0:1–0.4% v/v,



Fig. 9. PA conversion: selectivity to (A) higher molecular weight products (HMP), acrolein, and CO2, and to (B) light alkanes and alkenes vs. PA conversion

(xðPAÞ ¼ 0:1–0.4% v/v, xðN2OÞ ¼ 15% v/v).
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Another possible product of PO isomerisation, methyl vinyl

ether, which was observed in the homogeneous conversion of

PO [26,27], was not found in the present study.

3.2.3. Propionaldehyde conversion

When PA was converted in the presence of N2O, the main

products were HMP, ethane, ethene, and acrolein. As shown in

Fig. 9A, a steep increase in selectivity to HMP from 45 to 55%

was observed between 15 and 30% conversion. The extra-

polation of this trend to zero conversion results in a very low

(�10%) selectivity to HMP. Thus, the consecutive formation of

HMP is definitely faster than a primary formation from PA. As

the selectivity to HMP reached a limit of 55–60% at PA

conversions � 30%, they seem to be not converted to

consecutive products.

The selectivities to ethane and ethene steeply decreased with

increasing conversion from 0.5 and 0.2 at zero conversion,

respectively, until at 30% conversion constant selectivities of

0.2 and 0.08, respectively, were reached (Fig. 9B). A similar

trend was observed for the other hydrocarbons (C1, C3, and C4),

but at lower selectivities. Thus, all the C1–C4 hydrocarbons

seem to be formed as primary products. These species are

assumed to be the result of cracking and oxidative C–C bond

cleavage. The results of Ács et al. [28,29] support this idea.

They also observed ethane as major product, ethene and

methane in lower concentrations and propene and butane in

traces in the homogeneous PA decomposition. When PA is

decomposed to ethene, CO should remain, which was detected

as major product by Ács et al. In our investigations, CO was

also observed, but could not be quantified due to current

analysis constraints.

Due to the complementary selectivity trends of (a) HMP and

(b) ethane, ethene, and other hydrocarbons, we can conclude

that HMP are formed at least partially from the latter. The fact

that both substance classes reach a stationary selectivity at PA

conversions higher than 30% allows the assumption that the

reaction from C1–C4 hydrocarbons to HMP can also run in the
opposite direction. This means that on acidic surface sites both

HMP cracking and formation take place.

The selectivity to acrolein extrapolated to zero conversion

was 0.25–0.3. As shown in Fig. 9A, the selectivity to acrolein

decreased with increasing PA conversion. Thus, acrolein is

formed directly from PA through oxidative dehydrogenation

with N2O and is fast converted to consecutive products. As the

selectivity to CO2 increased with increasing PA conversion,

starting from a selectivity of zero (Fig. 9A), which is

complementary to the trend of acrolein selectivity, it is most

likely that CO2 is one of the products acrolein is directly

converted to.

Further products of PA conversion in the presence of N2O

were traces of allyl alcohol (S ¼ 1:5%), and acetaldehyde

(S ¼ 1%). Note that no acetone was formed in the PA

conversion. Since acetone is no primary product of propene and

PO conversion (Figs. 6B and 8), we assume that it is formed

through the conversion of AA. This seems to be reasonable

because AA was identified as a highly reactive intermediate

product. Acetone is assumed to be unreacted under the

investigated reaction conditions, as its selectivity was increas-

ing with increasing conversion of both PO and propene (see

Section 3.2.1).

During the experiments, it was discovered that the

concentration of N2O has a great influence on the conversion

of PA. The kinetic relevance of N2O will be presented and

discussed in a companion paper. In the complete absence of

N2O, however, only one single product could be detected by gas

chromatography besides traces of allyl alcohol. This product

could not be clearly identified but due to its retention time, it is

believed that this substance is a dimer of propionaldehyde. On

the basis of this assumption, a relative molar response factor

between 420 and 450 can be estimated according to Ackman

[30]. This would lead to a selectivity of approximately 65–75%

at a PA conversion of 26%. This oxygen containing dimer could

be a highly reactive precursor for the products of cracking

reactions. In the presence of N2O, the formation of these
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species is either prevented or, more likely, these species are

quickly converted to the cracking products mentioned above.

The possible formation of such products was also reported in

[25], but for the direct PO isomerisation. We already assumed

these kinds of species as intermediates before [7], but we are

still not able to analyse and quantify them exactly.

The product of complete oxidation, CO2, is not primarily

formed when converting propene, PO, and PA, because in each

case the selectivity extrapolated to zero conversion equals zero

(Figs. 6B, 8A and 9A). Thus, the pathway of CO2 formation is

still unknown. One possible source could be the combustion of

acrolein or allyl alcohol because they seem to be the only

substances that undergo a quick subsequent conversion (Figs. 7,

8B and 9A).

4. Conclusions

The vapour phase epoxidation of propene with nitrous oxide

(N2O) as an oxidant was investigated in a fixed bed reactor in a

broad range of residence times. A silica supported iron oxide

catalyst promoted with caesium oxides/ions was used.

Allyl alcohol and acrolein were found only in traces when

converting propene. According to Duma and Hönicke [11], the

conclusion from these results is that the applied catalyst

strongly favours the path of vinylic oxidation to PO as

compared to the path of allylic oxidation. However, our results

show that allylic alcohol and acrolein in the product spectra are

not necessarily an indicator for the existence of the allylic

oxidation pathway, because allyl alcohol is a product of PO

isomerisation and acrolein is formed through oxidative

dehydrogenation of PA.

The epoxidation reaction proceeds in a complex reaction

network. This was revealed by the trends of the selectivities as

functions of the conversions of propene, PO, and PA. Important

side reactions are the PO isomerisation and the formation of

high molecular weight products (HMP).

Although HMP cannot be exactly specified at the moment,

we can distinguish between two species: carbonaceous deposits

(coke) on the catalyst surface and other high molecular weight

products in the vapour phase. Coke is assumed to be mainly

formed from the reactant propene and other light alkanes and

alkenes formed as cracking products of PA conversion. Coking

is held responsible for the catalyst deactivation. Other HMP

must be formed as primary or consecutive products during the

conversion of propene, PO, and PA. These products likely

consist of higher alkenes, alkyl aromatics, and higher

oxygenates.

When HMP in general are regarded as products of the

propene epoxidation, the PO selectivity is decreased by more

than half compared to when only substances detected in the GC

are taken into account. This fact is responsible for the

discrepancy between the presented selectivities and our

previous results using the same catalyst [7]. The formation

of HMP was also not reported by other research groups [11–14]

and therefore not taken into account for the calculation of

conversion and/or selectivities. This seems inconsistent as other

research groups consider carbonaceous deposits as responsible
for catalyst deactivation. Note, that neglecting the significant

formation of HMP makes it impossible to correctly determine

the conversion of propene via the concentrations of the products

detected by GC analysis and the remaining propene, like it is

reported in [14], because then not all products are considered.

Consequently, it is not possible to determine correct product

selectivities with this method.

It was shown that catalyst deactivation by coking and the

formation of higher molecular weight products are the main

problems of this propene epoxidation route. Thus, further

development of the catalyst should concentrate on the tuning of

the acid–base properties, which will directly influence the

consecutive conversion of PO, rather than the activation of N2O

and the generation of an appropriate oxygen species. Then, not

only higher PO selectivities can be obtained, but also the long

term stability of the catalyst can be improved.

The experimental data and the derived reaction network

were used for the development and comparison of formal

kinetic models for simulating the behaviour of an epoxidation

reactor, which will be presented in a companion paper.
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