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EXPERIMENTAL

hydrogen transfer activity     Figure 2. Product distribution at WHSV = 1.6 h−1 at 400 °C with a horizontal split by completeness of the coke burn. The big 

to paraffins may indicate      symbols show the GC data, whereas the smaller symbols show the predicted data from the FTIR spectra. The solid line indicates 

aromatics buildup a local regression (LOESS) for the FTIR data.

during hydrocarbon 
pool formation. During 
the subsequent steady-
state period, detailed 
selectivities provided 
information on the 
development of ethene, 
propene, butene, and 
C5+ yields and confirmed 
product shape selectivity 
of SAPO-34. For the 
deactivation period, 
the product yields were 
followed at partial 
conversion enabling the 
determination of primary 
and secondary stable or unstable products. By burning-off coke partially, the effect of selectivation by coke was studied, and the 
initial selectivities after regeneration indicate that the maximum olefin yield can be obtained directly when bringing the catalyst 
back on stream while leaving the right amount of coke on the catalyst during regeneration. This provides further evidence of the 
concept of product shape selectivity (Figure 2). Source: Haas A., Hauber C., and Kirchmann M. (2019). ACS Catal., 9: 5679−5691.

Time-Resolved Product Analysis of Dimethyl Ether-to-Olefins Conversion on SAPO-34...

Conversion of methanol and dimethyl ether to hydrocarbons (MTH) continues to attract significant attention. The process is catalyzed 
by various zeolites in which the microenvironment (topology and Brønsted acidity) plays a significant role in the product distribution 
and catalyst lifetime. In the case of the methanol-to-olefins (MTO) reaction, the silica-alumino phosphate SAPO-34 with a chabazite 
(CHA) framework and small 8-ring pore windows is very selective toward the formation of lower olefins. Linear reaction products 
can exit, while larger molecules such as branched and aromatic products are retained within the pores leading to the formation 
of hydrocarbon residues which, in turn, restrict the pores and lead to relatively fast deactivation. However, the high selectivity of 
SAPO-34 toward lower olefins has led to its successful commercialization in a fluidized-bed reactor-regenerator configuration with 
continuous regeneration. 

Herein, the authors focus on the detailed 
product analysis during induction, steady  
state, and deactivation in a fixed-bed using 
high time resolution. In order to follow 
the rapidly changing product distribution, 
gas-phase FTIR spectroscopy was applied 
in measurement intervals down to 5 s. 
Multivariate analysis of the FTIR spectra  
and correlation to the online product  
analysis by GC was used for in-situ training  
of chemometrical models for all major 
products between C1 and C5. These models 
were used for the prediction of product 
selectivities from the FTIR spectra in high  
time resolution giving valuable insights  
into the product formation during the 
induction, steady-state, and deactivation 
periods of the catalyst. The results indicate 
that the product distribution on SAPO-34 depends on the time-on-stream (TOS) deactivation and coke content (Figure 1).

It was found that interfering water absorptions in the FTIR limited the identification of species indicative of the first C−C coupling 
although initial CO2 may indicate decomposition products of oxygenates during the induction period. In addition, high initial 

Figure 1. (a) Product distribution at WHSV = 0.2 h−1 and 400 °C versus TOS. The big symbols show the 
GC data, whereas the smaller symbols show the predicted data from the FTIR spectra. (b) Not quantified 
values for H2O, CO, and CO2 by FTIR and hydrogen by GC TCD analysis.
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High-throughput chemistry

Glycerol to acrolein - as fast
as possible
Dr Martin Kuba of HTE and Dr Jean-Luc Dubois of Arkema report on the results of their recent
research cooperation*

The global political decision to reduce CO2 emissions
and the legislative urge to mix biofuels into normal
fuels has meant that a ‘new’ and cheap raw material

has appeared on the market: glycerol. Large quantities of
glycerol are formed as a by-product of biodiesel production
via the transesterification of vegetable oils or animal fats. 

Glycerol is a ‘green’ chemical, since it is renewable and
therefore has a neutral CO2 balance. Beside simple heat gen-
eration due to combustion, glycerol is also a very versatile
chemical that can be used for a large variety of chemical
reactions. A very promising reaction is the direct synthesis of
acrolein and acrylic acid from aqueous glycerol solutions. 

Benefits of high throughput
Exploratory catalysis research requires the testing of large
libraries of experimental formulations. Depending on the cat-
alyst synthesis procedure, many parameters beside the gen-
eral molar composition can play an important role. 

For catalysts synthesised by impregnation, these include
the carrier substance, dopant metal concentration, the pre-
cursor metal salt, the mixing procedure, ageing of solutions,
pH, stirring speed, order of addition, catalyst drying proce-
dure, calcination temperature and catalyst activation proce-
dure. Within this large range of possible influences, a num-
ber of, say, 250 catalysts looks quite small. 

However, even this small number can produce
3,000 individual experiments, if each catalyst is
tested at three different temperatures,
two different gas hourly space
velocities and two different
feed compositions.
For such a large
number of
e x p e r i -

ments, the
classical approach
of doing one experi-
ment after another reaches its
limitations quite quickly, as personnel
resources and reactor systems are usually limit-

ed. Even data handling becomes a problem when screening
for such a large number of parameters. 

In contexts like this, high throughput experimentation
comes into its own. Within the last decade, Heidelberg-based
HTE** has worked on the construction and operation of cus-
tomised catalyst testing units in a broad range of reactor tem-
peratures, flow rates and pressure regimes, plus the corre-
sponding software and database systems to keep all of the
important information linked together with the individual cat-
alyst test. 

Experimental units, like the one pictured (featuring from
left to right, gas and liquid feed rack, analytics rack with the
GC-MS and the oven with the reactors) are usually 16- or 48-
fold, but higher parallelisation is possible as well with propri-
etary HTE technology. With this approach it is possible to
screen more catalysts in less time, enhancing productivity by
reducing time-to-market cycles for products and processes.
An example of this was the recent collaboration with Arkema,
which dealt with the conversion of glycerol to higher value
products like acrolein. 

Glycerol to acrolein catalysts
The increasing use of biodiesel has led to glycerol becoming
more widely available on the market in much larger quanti-
ties and at lower prices than before, making it an interesting
renewable raw material for chemical processes. Depending
on the catalysts and experimental conditions, various valu-
able products can be obtained in good yields. 

Arkema, which is a major producer of acrolein and acrylic
acid, has been investigating glycerol as a new raw material
for many years now and holds various patents in this prom-
ising business.1 Figure 1 shows the main derivatisation routes
of glycerol, its reaction scheme to acrolein and acrylic acid
and the specific side products of this process.

The dehydration of glycerol takes place on acidic catalysts,
where the degree of acidity is one of the major factors. A
Hammett indicator of around H0 ≤ +2.0 seems to be most
effective for the selective dehydration of glycerol to acrolein.
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Higher acidity enhances catalyst deactivation by coke deposi-
tion, while low acidity results in lower selectivity towards
acrolein.2

Examples in literature include zeolites, Nafion composites,
aluminas, phosphotungstic and silicotungstic acids and salts,
and metal oxides like tantalum oxide, niobium oxide, titani-
um oxide, zirconia, tin oxide, silica, alumina and silico-alumi-
nate. In addition, these materials can also be impregnated
with various acidic functions like borate, sulphate, tungstate,
phosphate, silicate or molybdate.2,3

Results of co-operation
Tests in this catalyst screening programme were performed
with aqueous glycerol solutions under nitrogen at high and
low gas hourly space velocities, as well as under an oxygen
atmosphere. The use of oxygen was found to be beneficial
both for the lifetime of the catalyst, as well as for suppressing
the formation of certain by-products.1 Depending on the cat-
alyst class, reaction temperatures of 280-360°C are best.

First experiments with a reference catalyst proved the
equal flow distribution over the different reactor positions
and showed the thermal equilibrium of all reactor positions.
An example of this proof of concept with three reference cat-
alysts can be seen in Figure 2. The reference catalyst is rep-
resented by dark pink triangles and shows good repro-
ducibility under the four experimental conditions tested. 

Figure 2 also shows the screening results of a single exper-
iment with 45 catalysts. It can be seen that most experimen-
tal catalysts in this experiment deactivate very quickly under
these severe test conditions and show a poor selectivity
towards acrolein. Only a few catalysts match or outperform
the reference catalyst. As certain catalyst classes are active
only at higher temperatures, this screening was repeated at
two higher temperatures. 

Figure 3 shows the screening results under milder reaction
conditions over a longer period of time for catalysts that
looked promising during the first screening under harsh con-
ditions. Catalysts remain constant in their activity and selec-
tivity towards acrolein or only deactivate slowly. This long-
term behaviour is of great importance for a possible industri-
al application. 

As all GC results are stored in a database, filtering against
different parameters is easily done. Using HTE’s workflow
system makes it possible to integrate catalyst preparation,
process control and analytics and thus keep track of all rele-
vant information in high throughput experimentation. 

Although the yield of acrolein is very important, selectivity
towards unwanted by-products is also highly important, as
this determines the loss of starting material and the effort
needed for purification. Detected by-products include 3-
hydroxypropanal, propanal, prop-2-en-1-ol, hydroxyacetone,
various oligomers and acetals, as well as CO, CO2, formalde-
hyde and acetaldehyde.

Summary
After the validation and set-up period of the unit for the glyc-
erol chemistry, several thousand individual data points (dif-
ferent temperatures, GHSV and feeds) were measured for a
few hundred catalysts within 3.5 months. As a result of the
screening, several catalyst families were singled out for more
detailed studies. 

HTE’s high throughput technology helped tremendously
to shorten the time needed for this screening compared to
the classical approach of doing one experiment after anoth-
er. Based on these results the construction of a demonstra-
tion-scale plant is planned at Arkema within the next two to
four years. 

Notes:
* - An important contribution to this co-operation was made by Jean-François
Devaus, who was the project manager responsible for this project at Arkema
** - The registered company name is ‘hte AG’. It has been spelled ‘HTE’ in this
article purely for reasons of house style

For more information, please contact:
Dr Martin Kuba
R&D Project Manager 
hte AG 
Kurpfalzring 104
D-69123 Heidelberg
Germany 
Tel: +49 6221 74 97 247
Email: martin.kuba@hte-company.de
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Figure 2 - Results of a short
catalyst screening under
four different strongly
deactivating conditions with
48 catalysts 

Figure 3 - Long-term
catalyst screening under
three different mild reaction
conditions in 13
measurement cycles
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At hte, we make R&D in the area of catalysis faster and more 
productive. 

We enable cost-effective innovations and reduced time to mar-
ket for new products, thereby allowing our customers in the 
energy & refining, chemical& petrochemical, and environmental 
industry to keep ahead of the competition. Our customers bene-
fit from a broad technical and scientific expertise, 
an exceptional customer orientation, complete end-to-end solu-
tions, and an outstanding data quality.

Our technology and services comprise
• R&D Solutions: highly efficient contract research programs at
hte’s state-of-the-art laboratories in Heidelberg, Germany, and
• Technology Solutions: integrated hardware and software solu-
tions, enabling our customers to establish high throughput work-

flows in their own laboratories.
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