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S ince the early days of the advancement of the chemical 
industry, catalyst development has been a tedious and 
repetitive task. One example of this is Alwin Mittasch, 
Assistant to Carl Bosch at BASF in the 1910s. He led catalyst 

development for the Haber-Bosch synthesis, which required 20 000 
experiments and screening of over 3000 catalyst formulations until 
the optimal sample was found. It is hard to imagine how many 
resources were required to run these tests for over a decade, and 
how many more to handle the analog data that they produced. 

Fortunately, today, with help of computers, sensors and 
automation, laboratory experiments can be carried out in much 
safer, faster and more comprehensive ways. This article focuses on 
how a software tool can be designed holistically to generate, 
organise and evaluate big data for catalysis.

hte GmbH has developed a fully-integrated workflow that 
centres around a powerful data management system. The myhte 
system collects data from every step of the catalyst testing 
workflow, such as catalyst synthesis, reactor loading, and actual 
testing – including online GC data, sample logistics, and product 
analysis. Based on the data acquired, configurable automated 
calculation routines generate characteristics such as conversion, 
yields, selectivities, or kinetic data. These results are presented in 
powerful and highly-flexible report formats, which enable the 
scientist to decide on improvements for future catalyst synthesis.

In order to determine the performance of a catalyst, one 
needs to know its most important parameters, such as mass and 
heat transfer, structure, surface, and chemical composition; the raw 
materials used; and the chemical and mechanical stability of the 
carrier and of the active phase. Some of these properties can be 
easily measured with analytical devices, e.g. X-ray diffraction for 
the phase composition, or Brunauer-Emmett-Teller (BET) for 
characterisation of the microstructure, while others require testing 
under relevant conditions of the chemical process that the catalyst 
was designed for. This certainly makes development more 
complex, and many different experiments are required to 
ultimately obtain sufficient data to set up a kinetic model for the 
process, or to identify one of many different catalyst candidates 
with the best properties for a given task. As such, parallelisation of 
the reactor system has been proven to accelerate research but, as 
stated in the ‘Handbook of Heterogeneous Catalysis’: “the 
information technology (IT) systems managing these data and 
reducing them in such a way as to identify the best catalysts in 
each run are of utmost importance”.1

In order to handle all of these tasks, data input and output is 
structured in different inventories and data management systems, 
which each cover the steps that are necessary to handle the 
development process (e.g. chemical feeds and samples, analytical 
services [on and offline], catalyst synthesis, loading, and the data 
reporting section from generated data by test units).

The following section focuses on a generic catalyst 
development project and how digital integration is helping with its 
realisation. myhte’s user and permission management system 
makes it possible to restrict access to each project created within 
the database to certain users so that information can be shared on 
a need-to-know basis. 

Catalyst design and preparation
The performance of a catalyst strongly depends on its 
preparation history. The choice of ingredients, various 
parameters of different process steps leading to the final 

Christoph Hauber and 
Tilman Sauer, hte GmbH, 
Germany, discuss how 
integrated database designs 
enable holistic approaches in 
R&D.
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catalyst, and its chemical composition may have a 
significant impact on the catalyst’s performance. 
Therefore, it is essential to capture and store the 
information mentioned above. This builds the foundation 
for the subsequent detection of structure-performance 
relationships. A new synthesis request module in the 
system now allows its users to design a catalyst 
preparation process, guide the technician through the 
execution, and capture all necessary preparation 
parameters. 

The system’s chemical inventory describes the 
ingredients of catalyst preparation along with chemical 
composition, purity, and mass fractions. When designing a 
catalyst preparation, myhte automatically calculates the 
necessary amounts of all ingredients based on multiple 
weight or molar ratios of elements, components, materials, 
and quantity information. 

Additionally, the user can pick from a set of 
customised process steps with different parameters and 
data types to describe the preparation of a precursor or 
the final catalyst. The recipe can then be flexibly adjusted 
and multiplied by using factors for ingredients, ratios, 
amounts, and process step parameters. This makes it 
possible to easily describe the preparation of a zeolite 
with two different organic templates, two different Si/Al 
ratios, and four calcination temperatures, resulting in 16 
different materials that can later be tested in a parallel 
reactor unit. 

Once the recipe is ready, a synthesis request can be 
transmitted to the operator who is then guided through 
the process and can enter the actual values – such as 
ingredient weights and parameter values – directly in the 
software. For quality control purposes, differences 
between the specified and actual weight are displayed 
directly during preparation. The barcodes of all ingredients 
used must fit the specified ingredients, otherwise an error 
statement is issued to the user. This prevents ingredients 
from becoming mixed up. The materials created, as well as 
their genealogy, are then stored in a library. 

The preparation tool is not limited to catalyst synthesis, 
and also covers the preparation steps for liquid feedstocks, 
such as filtration, drying, spiking, and mixing of different 
components, paving the way for further laboratory 4.0 
approaches. 

Material characterisation
Material analysis is an important step within the evaluation 
process. myhte offers integrated LIMS functionality to meet 
this need. All newly-created materials (precursors, catalysts, 
etc) are identified by a unique barcode that links the 
material to its specific project, material type, derivate, and 
ancestor. Certain analyses can be requested via a barcode 
within the system, and the results are automatically 
imported and stored.

Once the catalysts have been prepared, or in case 
commercially-available catalysts need to be tested in a 
fixed-bed reactor, a reactor filling design can be set up. In 
this step, the operator defines the necessary physical 
catalyst preparation steps (sorting, sieving), how a reactor is 
designed, and how it should be loaded (e.g. definition of 
single zones in the reactor, catalyst mixtures, embedding, as 
well as a hardware geometry description and the sealing 
procedure). The filling design is displayed in an interactive 
graphic, and changes are displayed instantly.

Filling is then requested and is addressed by a technician 
who proceeds with the actual filling process. In addition to 
mass control, height is measured by a laser-controlled 
device, ensuring the right volume for the requested catalyst 
zone. The final quality check after a leakage test is the 
measurement and reporting of pressure drop for each 
reactor.

Material testing
Material testing in a high throughput unit is the most 
time-consuming part of each project. In addition to 
thorough quality checks, the highly-complex laboratory 
units require tuning to ensure that they are fit for use for a 
specific type of chemical process. The experiments 

themselves may take 
weeks or even 
months, depending 
on the nature of the 
experimental plan 
and chemistry.

For a material to 
be tested in an 
experimental and 
mostly-automated 
configuration, several 
requirements need 
to be met:
n Test equipment 

needs to be safe 
for the 
designated 
experiment, 
whereby 
modules that 
monitor 

Figure 1. myhte data warehouse repositories.
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experimental parameters and automatically react at 
user-determined thresholds may increase the level of 
control.

n Relevant parameters need to be tracked in order to 
properly document the experiment.

 n Determining whether an experiment is successful 
requires meaningful analysis methods. 

 n Experiments could be carried out manually, but flexible 
programming of an entire experiment plan guarantees 
reproducibility, ensures quality and control over each 
experimental step, and saves time for similar future tests.

 n Experimental data needs to be recorded during an 
experiment, whereby the dynamic development of the 
experiment has to be traced in sufficiently small 
increments. 

 n Experimental data from different sources, e.g. sample 
weights, analysis results, and unit sensors, needs to be 
merged and correctly assigned to a common timestamp 
and reactor within a dataset.  

 n Merged data needs to be evaluated during a running 
experiment.

 n A feedback loop using evaluated data as a control variable 
for automatic process control is beneficial for simulating 
established industrial processes. So-called iso-conversion 
operation, where reactor temperatures are controlled by a 
control variable to maintain a constant conversion, help to 
simulate industrial processes. 

High throughput units equipped with hteControl and 
linked to a myhte server fulfil the above criteria. All 
unit-dependent operations are managed by the process 
automation software, and results are uploaded to the 
database. Raw data, e.g. from a gas chromatograph – usually 
one of the most important analysis methods for the 
evaluation of catalytic processes – is displayed in the peak 
assignment section in the system, where each unique peak 
from one chromatogram within a defined measurement time 
is displayed, and can be assigned to a specific component. 

This significantly reduces the amount of 
quality control required for the experiment, 
as all of the analytical data of one project 
for one detector is displayed in a single 
window. 

Retention time drifts can easily be 
detected by plotting retention times vs the 
injection time. Outliers and new or 
unknown peaks are marked automatically, 
and filtering data allows control for single 
reactor positions or single experiments. The 
same assignment methods can be used for 
the chromatographic analysis of offline 
samples. Other analytical methods that 
only contain single values are directly 
imported to the data table and linked to 
the barcode of the offline sample.   

Data evaluation and 
reporting 
As an example, typical spreadsheets from 
one experiment in a 16-fold reactor unit 
running for 8 – 10 weeks contain several 
hundred columns and several thousand 
rows. With the additional information 
gathered from analytics and sample 
preparation, the complexity of big data 
becomes clear: the set is large in volume and 
has a variety of sources that are carefully 
calibrated, so veracity and validity are given. 
Velocity is one of the challenges, however, 
and at the end the outcome should be 
valuable to the stakeholders. As such, the 
data processing engine should be capable of 
working with this amount of data. 

It must also be able to incorporate data 
from different sources and to qualify, 
quantify, display and simplify the data to the 
point where a non-expert can comprehend 
the results at a glance. In myhte, the 
evaluation is script-based and the user can 

Figure 2. Example of reactor filling of 16 reactors with different catalyst 
stacks (software screenshot).

Figure 3. myhte peak assignment: each square represents one peak 
within a chromatogram within a series of measurements of one 
experiment (software screenshot).
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choose a large number of different operations to write an 
algorithm that generates the output data. This includes the 
simple calculation of rates, conversion, yields and selectivities; 
creation of statistical parameters such as standard deviations, 
mean, or median values; interpolation of data; and more. Smart 
filters and the option to create customised data tables help to 
condense large datasets in useful key parameters. All columns 
can be displayed in rendered, interactive charts that help the 
reader to understand the uncountable data points in a 
structured manner.

Conclusion
Catalysis development depends on a variety of 
multidisciplinary steps, each of which produce data that 
needs to be captured, related and connected in a central data 

repository that is accessible by multiple users. This facilitates 
communication and information exchange between different 
members of a project team, and helps to structure 
development projects. Convenient access to the 
heterogeneous data formats that come with catalyst 
development helps to maintain an overview and the ability 
to validate all aspects within the development, testing, and 
evaluation programme. The system described in this article 
offers an all-encompassing solution that undergoes 
continuous development in order to extend scientific 
capabilities not only for catalysts but also for battery 
materials and electrolysis technology.  

Reference
1. ‘Handbook of Heterogeneous Catalysis’, (2008), p. 63.

Figure 4. An example of unstructured vs structured charts: data split into different segments by reactor position or 
by different chemical component.
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Chlorine is one of the most abundant commodity chem-
icals in the world. About 85% of all pharmaceuticals 
and more than 50% of chemicals are derivatives from 

the chlorine value chain.¹ Two of the largest chlorine con-
sumers are vinyl chloride synthesis (PVC monomer) and the 
production of isocyanates (methylenediphenyl/toluene diiso-
cyanate [TDI/MDI]). However, the chlorination of organic 
compounds is always adversely affected by hydrochloric 
acid (HCl), which is formed as a byproduct.  

While HCl is essentially recycled within the PVC value 
chain to a major extent, isocyanate production is flooding 
the market with byproduct HCl, at strong growth rates. 
If excess HCl cannot be recycled or valorised directly via 
muriatic acid, it needs to be disposed of by neutralisation 
or deep welling, which is expensive and detrimental to 
the environment. Chlorine recovery is the more desirable 
option from an economic point of view since it enhances 
the overall process efficiency and reduces the dependency 
on fluctuations in the chlorine market price and availability. 
The catalytic oxidation of HCl via the Deacon process is 
an attractive way to restore chlorine since it is much more 
energy-saving than the state-of-the-art electrochemical 
processes.² 

Since the current solutions for the Deacon processes 

involve active but expensive Ru catalysts, the search for 
cheaper alternatives based on Cu or Cr is of commercial 
interest.³-⁵ However, even if promising catalyst candi-
dates are developed, suitable laboratory test protocols are 
strongly limited in the parameter space, scale, or runtime 
due to the corrosiveness of the chemistry. We have devel-
oped a high throughput lab-scale technology that is able 
to test 16 catalysts in parallel under industrially relevant 
conditions to address the challenges of chlorine chemistry.

Experimental 
Unit design and operation
Standard laboratory equipment is usually assembled with 
stainless steel components. Therefore, it suffers from severe 
corrosion by contact with strong acidic components like HCl 
or chlorine, especially in a wet gas environment. Although 
advanced alloys with a high Ni content significantly reduce 
corrosion, they do not avoid it completely. A few polymer-
based materials like PTFE or glass are chemically resistant 
but prone to breakage when operating under high tempera-
ture or pressure. The contrast of chemical versus mechanical 
resistance is one of the core issues that must be overcome for 
the high throughput testing of chlorine chemistry, especially 
when approaching industrially relevant testing protocols. 

PI
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Scrubber

N2

O2

HCl

STD

Scrubber

QI

PI

Scrubber Water
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M
QI TI
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M
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M
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Figure 1 Simplified flow sheet of the 16-fold high throughput unit including feed section, parallel reactors, online 
analytics, and off-gas treatment
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Most of the state-of-the-art testing equipment oper-
ates single stage. There are only a few high throughput 
approaches for catalyst deactivation research. However, 
they work without online analytics. Furthermore, experi-
mental programmes are often limited to mild conditions 
(high O₂ or N₂ dilution) and low catalyst mass or runtime.⁶ 
We have designed a tailored 16-fold high throughput 
unit to accelerate the assessment of activity, selectivity, 
and decay for catalysts in the field of chlorine chemistry 
at industrially relevant conditions. It can process corrosive 
gases at a high hydrogen chloride intake and extended 
runtime that also includes off-gas treatment on a kg scale. 
Figure 1 shows a simplified scheme of the 16-fold high 
throughput unit.

HCl, pure oxygen, internal standard, and nitrogen are 
dosed by Coriolis and mass flow meters and distributed 
at equal flow into 16 channels by a controlled pressure 
drop. The entire upstream section is made of stainless 
steel parts, and the feed gas was dried to work absolutely 
water free. Up to 16 catalysts can be screened in parallel, 
operating at reaction temperatures up to 410°C and pres-
sures of 4 barg. Reactors are made of quartz glass with 
a maximum catalyst volume of 1 ml (operation at +/-2K 
temperature deviation). 

Depending on the material type, up to 2g of Deacon 
catalyst can be loaded per position. Online temperature 
profiles can be measured using a movable thermocouple 
placed inside a quartz thermowell. The reactor pressure is 

controlled by a customised membrane pressure controller. 
The reactor effluent can be diluted with an inert gas to pre-
vent condensation. Subsequently, one of the channels can 
be selected for analysis. 

The composition of the product stream is analysed by 
an online-FTIR developed by Gasmet Technologies. This 
device allows the measurement of water and HCl in a nitro-
gen matrix by means of robust detection even at volume 
per cent concentration levels above 50% HCl at a maxi-
mum sampling frequency of 1 data point/second. 

This analytical method provides an efficient alternative 
to conventional gravimetric titration, where a poor perfor-
mance differentiation between several catalysts is obtained. 
The entire downstream section was designed by a modular 
combination of polymer, alloys, and coated materials, com-
bined in a way that temperature and elevated pressure can 
be run, even in a wet gas environment. 

To comply with environmental standards, HCl and chlo-
rine need to be fully neutralised. This is achieved in a multi-
stage scrubbing unit equipped with temperature and pH 
control. Two CSTR trains can be run in alternating opera-
tion, each capable of removing several kilograms of chlo-
rine, to reach a runtime of up to several months, depending 
on the amount of HCl fed to the unit.

From a technical point of view, experimental protocols 
for the Deacon reaction require, on the one hand, the right 
equipment; on the other hand, a lot of operational expe-
rience is also necessary to prevent severe corrosion and 
improve overall unit availability. The most critical corrosion 
issues are briefly investigated, as follows. 

When processing iron or iron-rich alloys (Fe >5% w/w), 
the feed needs to be dried carefully since water impuri-
ties above the ppb range can form liquid clusters, resulting 
in severe liquid phase corrosion. This especially concerns 
the tube wall, where the gas velocity is zero and local cold 
spots may occur. Heat loss during wall contact and water 
condensation cannot essentially be excluded. Once a liquid 
phase is formed, either oxygen or HCl can diffuse inside 

Reactor

Inlet zone
α-Al2O3

Outlet zone
α-Al2O3

Catalyst zone
Catalyst + α-Al2O3

Thermowell
Inert

1 2 3

FeedTC TC TC

4 5

CeO2 CuO  Cr2O3 CuO  Cr2O3
diluted

CuCrO2
diluted

CuCrO2

Figure 2 Reactor packing design of the 16-fold high throughput unit, catalysts (a) CeO₂ (b) CuO∙Cr₂O₃ (c) CuCrO₂ at 
different residence times and inert dilutions

The contrast of chemical versus 
mechanical resistance is one of the 
core issues that must be overcome 
for the high throughput testing of 
chlorine chemistry
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triplets. Different residence times for each catalyst have 
been realised by filling different catalyst amounts (triplet 
1, 2, 3), including one reactor per material equipped with 
a quartz thermowell to record online temperature profiles.

Triplets 4 and 5 represent experiments with a variation of 
inert dilution and duplicate positions to assess the reactor-
to-reactor reproducibility. An inert position was considered 
to measure the feed composition. The catalysts have been 
screened at a reaction temperature ranging from 360°C to 
410°C at an HCl:O₂ molar ratio of 0.125-2. In addition, sup-
plementary runs at an elevated pressure of 3.5 barg have 
been processed. 
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Figure 3 HCl equilibrium conversion vs reaction 
temperature at 0.5 barg and different HCl:O₂ molar 
feed ratios
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Figure 4 HCl conversion vs reaction temperature of all catalysts at 0.5 barg, HCl:O₂=0.5 mole/mole and a residence time of 
600 kg*s/m³ (left), online temperature profile for reactors 4, 7, and 10 at 360°C, 380°C, and 400°C (target temperature), 0.5 
barg, HCl:O₂=0.5 mole/mole and 600 kg*s/ m³, processing at a maximum temperature difference of +/-2K (right)

and accelerate the redox reaction to form iron hydroxide 
and thereby cause serious damage to the equipment. 

However, even when alloys are operated dry, iron-con-
taining alloys can be chlorinated or oxychlorinated when 
operating them at a temperature range above 160°C to 
204°C, according to equations (2) and (3).⁷ HCl reacts in 
a gas phase reaction to form a metal halide and hydro-
gen. Furthermore, some metal halides are volatile, espe-
cially FeCl3, which sublimates at 120°C, contaminating the 
downstream unit equipment:

Fe + 2HCl   ↔   FeCl₂ + H₂                        (2)        

FeCl₂ + HCl  ↔  FeCl₃ + 0.5 H₂                        (3)

Various alloy metals (such as chromium) are prone to form 
volatile salts that can move through the unit, depending on 
the surrounding conditions. Once the metal halide deposits 
pollute the downstream section of the unit, the major issue 
is their strong hygroscopic nature (deliquescence). The for-
mation of water as a product during the Deacon reaction 
cannot be circumvented. If water is flowing through those 
substances, it will be strongly absorbed until a liquid phase 
is formed that consecutively acts as a corrosion hot spot. 
The affected part of the unit must be cleaned or replaced to 
remove hygroscopic deposits.

Plate design and experimental conditions
The Deacon reaction was performed using three standard 
catalyst systems known by the art, and it is shown in the 
scheme of the reactor packing design in Figure 2. Each 
single reactor packing consists of an inlet and outlet zone 
filled with corundum and a catalyst zone, which was placed 
in between, separated by glass wool layers. For a more 
comprehensive description, the reactors are divided into 

31PTQ Q4 2022www.digitalrefining.com
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Results 
The catalytic oxidation of HCl yields chlorine and water in 
an exothermal equilibrium limited reaction with increasing 
volume per mole HCl converted, Equation (1). Low reaction 
temperatures and elevated pressures favour high chlorine 
yields from a thermodynamic point of view (see Figure 3). 

4 HCl + O₂   ↔  2 Cl₂ + 2 H₂O       ∆RH298 = -58  kJ/
               moleCl2                        (1)

Figure 4 (left chart) shows the activity profile of the tested 
materials. CuO∙Cr₂O₃ was identified being the most active 
catalyst, followed by CuCrO₂. Copper-containing catalysts 
typically start to be active from 350°C to 400°C. While the 
former material (dark blue curve) shows the highest activ-
ity at 410°C, the latter one shows a stronger increase in 

conversion with rising temperature, even beyond 400°C. 
CeO2 slightly became active at the upper end of the observed 
temperature range (not shown), which agrees with the lit-
erature. However, the temperature was not raised further to 
protect the sensitive copper materials.

Online temperature profiles were measured indicatively 
for positions 4, 7, and 10 under conditions with the highest 
heat release rate. For all of the experiments, the tempera-
ture was kept below a maximum difference of +/- 2K, as 
shown in Figure 4 (right chart). The catalyst:inert dilution 
was varied to ensure equal heat distribution across the 
catalyst bed and avoid hot spots that may lead to cata-
lyst deactivation.  The reactor of positions 5, 6, 11, 12, and 
13 (CuO∙Cr2O3) were not equipped with a thermocouple 
and, therefore, the T-profiles were not measured, but the 
dilution ratios ranging from 1:1 to 1:3 (full symbols) show 
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Figure 5 HCl conversion vs reaction temperature of different catalyst:inert dilution ratios at 0.5 barg, HCl:O₂ of 0.5 mole/
mole and a residence time of 420 kg*s/m³

Figure 6 HCl conversion vs residence time at different reaction temperatures and molar feed ratios at 0.5 barg
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reproducible results, suggesting those positions operate at 
an equal temperature profile, as shown in Figure 5. At the 
lowest dilution of 1:0.5, the HCl conversion drops for the 
CuO∙Cr2O3 (right graph, hollow symbols). It is assumed 
that local hot spots could not be avoided, which deacti-
vated the catalyst. The CuCrO2 was diluted from 1:1 to 1:3, 
which shows similar results. Based on dedicated packing 
protocols and exact temperature control, isothermal pro-
cessing can be ensured, making this unit a powerful tool 
for catalyst benchmarking.

A variation of the molar feed ratio and residence time at 
different reaction temperatures was carried out over a broad 
range. The results are shown to be exemplary for the most 
active material CuO∙Cr2O3, as shown in Figure 6. A higher 

residence time leads to higher conversion, while the results 
of all the experiments are still far from equilibrium (dashed 
lines). However, the residence time and temperature were 
considerably low, revealing a good catalyst performance.

Variation of the HCl:O2 molar feed ratio revealed that 
higher oxygen concentration improves HCl conversion sig-
nificantly. By increasing the HCl/O2 ratio from 0.25 to 2, for 
example, the activity of the CuO∙Cr2O3 was reduced by a 
factor of 4 at 360°C. Total pressure varied from 0.5 to 3.5 
barg at constant HCl:O2 molar feed ratio and temperature 
(see Figure 7). 

For a short residence time and thereby low conversion 
levels, no influence of the pressure is measurable. When 
approaching higher conversion at an increased residence 
time, higher pressure has an increasing effect on the HCl 
consumption. According to the reaction equation, an influ-
ence of the reverse Deacon reaction will be hampered at 
higher pressure levels.

The reaction temperature has a dominating effect on the 
catalyst performance. An increase of 20°C, from 360°C to 
380°C, shows a conversion was increased by 1.5-fold. The 
maximum temperature tested was 410°C and only showed 
a minor gain in HCl conversion in comparison to 400°C. 
A closer look at Figure 8 gives more insights into catalyst 
decay. It shows the HCl conversion versus time on stream 
right after a condition change. 

Using the FTIR technology, a single data point could be 
recorded in less than five minutes, and a full turnaround of 
16 reactors took a maximum of 80 minutes. This way, even 
small incremental changes in the effluent concentrations of 
short catalyst beds can be measured to describe the deac-
tivation behaviour of Deacon catalysts.

The CuO∙Cr2O3 shows an initial drop in conversion at every 
condition, within a steeper slope at higher temperatures. 
Reproducibility runs after a temperature variation (black 
symbols) show a consistent drop in conversion, revealing 
the temperature as a main factor in catalyst deactivation. A 
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reproducibility experiment after a feed ratio variation (hollow 
symbols) entails only a minor loss in activity which might 
also derive from temperature strain on the catalyst in conse-
quence of the increasing runtime. 

After unloading the processed catalyst, strong discol-
ouration of the outlet inert material was found, indicating 
deposits of volatile copper species that escaped from the 
catalyst. The CuCrO2 shows a significantly more stable 
performance after a condition change and good reproduc-
ibility. The discolouration was also less intense. Within 
customer projects, this unit was processed with more than 
300 hours on stream and showed the excellent stability of 
the equipment. Mass transfer has not been investigated, 
which could affect the result. The mass balance was closed 
for all the runs. 

Outlook 
A high throughput unit has been developed that is suitable 
for chlorine chemistry, with the ability to accelerate catalyst 
screening at industrially relevant conditions and extended 
runtime. An experimental protocol was developed for the 
Deacon reaction, including the variation of temperature, 
pressure, feed ratio, and residence time in a wide param-
eter range. 

Using a tailored, fast FTIR analysis method based on a 
collaboration with Gasmet Technologies allows for differ-
entiating between a more active and stable catalyst, result-
ing in enhanced catalyst research. The essential concept 
behind this unit is transferrable to other scales in the labo-
ratory environment and contributes to accelerated research 
in the field of chlorine chemistry.
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Accelerated catalyst screening and scale-up 
for aromatics alkylation

D
eveloping heterogeneous cat-
alysts for petrochemical pro-
cesses continues to be of major 

interest in industrial R&D. The main 
objectives in this case are higher 
stability and longer lifetime of the 
catalysts for extended and more effi-
cient production cycles in commer-
cial operation. We are describing an 
advanced high throughput approach 
for the accelerated development of 
novel catalysts for the alkylation of 
aromatics toward heavy products. 
The multi-stage project comprised 
screening of 150 novel materials 
within just 15 weeks, scale-up and 
testing of the most promising mate-
rials in the shape of industrial-sized 

Advanced high throughput experimentation workflow enabled the development of 
new catalyst materials for improved stability and regenerability

BENJAMIN MUTZ, PETER KOLB and ALEXANDER HIGELIN hte GmbH – the high throughput experimentation company
DOUGLAS LENZ SABIC

pellets, as well as quality control for 
commercial operation. SABIC pro-
vided all catalytic materials as well 
as process knowledge, whereas hte 
performed the screening experi-
ments based on 20 years of expe-
rience in the application of high 
throughput workflows. 

The alkylation of aromatics is an 
essential process in all petrochemi-
cal refineries and can uplift margins 
significantly by producing high-
value intermediates and products. 
Without going into too much detail, 
the catalytic process involves het-
erogeneously catalysed gas phase 
alkylation of aromatic compounds 
at 400-500°C. Heterogeneous cata-

lysts generally deactivate due to a 
wide variety of chemical, thermal, 
or mechanical causes during oper-
ations. In this specific field of aro-
matic alkylation, coke formation, 
thermal degradation, and attrition 
of the material have the greatest 
impact. Coke formation can be mit-
igated by removing carbonaceous 
deposits through regeneration treat-
ment in air, but this comes with the 
significant drawback of hydrother-
mal degradation due to hot-spot for-
mation and the presence of CO2 and 
steam. Therefore, in the search for 
novel catalysts, one has to take into 
account the desire for greater activ-
ity and lower decay just as much as 
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commercial benchmark catalysts under reference conditions in a parallel high throughput 

screening system. Selected materials were pelletised by hte according to the commercial 

process to develop realistic commercial shapes. The same high throughput screening systems 

were then used for final performance testing of these full-sized catalyst tablets in parallel single 

pellet string reactors. 

 

Set-up 

 

A 16-reactor fixed-bed high throughput testing system was specifically laid out for this type of 

reaction and used for this project (see Figure 1).1 hte’s testing systems are highly flexible and 

typically allow the dosing of a wide variety of gas feeds via individual mass flow controllers for 

different catalyst treatments such as activation, reduction, conditioning or regeneration. A high-

precision syringe pump transfers the liquid feed from a reservoir to an evaporator unit, where it 

is mixed with the gas feed, distributed equally over 16 positions, and steadily fed to the 

reactors at high temperature. Independent reactor heating blocks (4x4) allow screening at 

different temperatures at the same time. The stainless-steel reactors are packed with the 

catalyst material as well as purified silicon carbide above and below the catalyst bed to ensure 

Figure 1 High throughput testing system located at hte in Heidelberg equipped with an automated liquid sampling device (lower left). On the 
right side, a simplified configuration of the 16-fold fixed-bed high throughput testing set-up is depicted. 
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mated sampling unit. All channels 
are operated under identical pres-
sure conditions, which are regulated 
by feeding downstream nitrogen 
behind the condensers. An incinera-
tor unit treats all effluent gas to miti-
gate toxic emissions. 

Gaseous products are fully 
analysed within 15 minutes in a 
multi-detector online gas chromatog-
raphy (GC) set-up specifically tuned 
by hte for this application. Liquid 
products are analysed using a sep-
arate offline GC. hte process control 
software allows fully automated and 
reliable continuous operation and 
monitoring of the high throughput 
system. Data evaluation was sup-
ported by the proprietary myhte 
software solution, which was spe-
cially developed for the treatment of 
large amounts of data produced by a 
high throughput set-up.1

Material screening
Before screening different materials, 
the test system is always set up and 
validated to ensure equal feed dis-
tribution and exact temperature and 
pressure settings. The same amount 
of a reference material is then tested 
in each reactor to verify the repro-
ducibility of the results.  

Figure 2 illustrates a typical reactor 
packing design for a material screen-
ing in a 16-fold high throughput sys-
tem. Different materials are loaded 
into the isothermal zone of the reac-
tor heaters either with constant mass 
or constant volume. Usually, one 
reactor is left as a blank position to 
determine the feed composition and 
to measure blind activity. Variations 

improved chemical and physical sta-
bility under regeneration conditions.

Initially, SABIC prepared a selec-
tion of materials by varying syn-
thesis variables under a very broad 
parameter space. hte identified 
the most promising materials by 
comparing them to commercial 
benchmark catalysts under refer-
ence conditions in a parallel high 
throughput screening system. 
Selected materials were pelletised by 
hte according to the commercial pro-
cess to develop realistic commercial 
shapes. The same high throughput 
screening systems were then used 
for final performance testing of these 
full-sized catalyst tablets in parallel 
single pellet string reactors.

Set-up
A 16-reactor fixed-bed high through-
put testing system was specifically 
laid out for this type of reaction and 
used for this project (see Figure 1).1 
hte’s testing systems are highly flex-
ible and typically allow the dosing 

of a wide variety of gas feeds via 
individual mass flow controllers for 
different catalyst treatments such as 
activation, reduction, conditioning, 
or regeneration. A high-precision 
syringe pump transfers the liquid 
feed from a reservoir to an evapo-
rator unit, where it is mixed with 
the gas feed, distributed equally 
over 16 positions, and steadily fed 
to the reactors at high temperature. 
Independent reactor heating blocks 
(4x4) allow screening at different 
temperatures at the same time. The 
stainless steel reactors are packed 
with the catalyst material as well as 
purified silicon carbide above and 
below the catalyst bed to ensure 
smooth plug flow. Reactors are 
available in a broad range of inner 
diameters for different particle sizes 
and can fit an inner thermocouple to 
record the axial temperature profile 
of the catalyst bed. Condensers col-
lect the liquid products at room tem-
perature and periodically release the 
samples using a custom-made auto-

Quartz wool

Inert

Actual �lling

Isothermal
zone

Sealing

Inert

Figure 2 Typical filling design of a multi-fold reactor set for material screening 
experiments (picture generated from myhte software)
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in the space velocity can easily 
be realised by applying different 
catalyst masses and bed lengths. 
Examples of designs and possibilities 
that can be realised in only one reac-
tor set have been described previ-
ously.2,3 It is recommended to always 
include the incumbent reference in 
all catalyst performance screening 
runs in order to determine repro-
ducibility and to support statistical 
analysis of significant differences in 
performance.

The mass recovery is mostly 
determined based on the liq-
uid product sampling during the 
screening (see Figure 3a). Position 
5 in the illustrated example unfor-
tunately lost a great share of the 
aromatic compounds due to ring 
opening and decomposition reac-
tions. Nonetheless, it was possible to 
fully close the mass balance by tak-
ing into account the gas phase from 
online GC analytics (see Figure 3b).

The catalytic materials were 
screened using a rigorous stand-
ard operating procedure (SOP) to 
ensure constant and reproducible 
process conditions for start-up, acti-
vation, steady state, and catalyst 
regeneration. After activation, the 
performance was observed for 125 h 
under constant reaction conditions. 
Plotting the data by selectivity ver-
sus conversion (see Figure 4) allowed 
accumulations of data points to be 
classified into groups and the subse-
quent rationalisation of the different 
performance behaviour. The con-
version of Material Group A is very 
limited and produces the desired 
target product at only moderate 
selectivity. The selectivity toward 
the target product slightly increases 
over time at constant conversion. For 
Material Group B, both selectivity 
and conversion increase over time, 
indicating the formation of the active 
phase under process conditions. The 
materials in group C show a run-in 
behaviour that comprises declining 
conversion but increasing selectivity. 
The catalysts in Group D are very 
active, reaching good conversion, 
but with only moderate selectiv-
ity toward the target product. The 
most promising catalysts were iden-
tified in Group E. These materials 
achieved the highest conversion and 
selectivity. 
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In summary, around 150 materials 
were screened and benchmarked in 
just 15 weeks, resulting in time sav-
ing by a factor of 10 compared to a 
conventional single-reactor system. 
While hte delivered performance 
descriptors with high accuracy and 

precision for all catalysts, SABIC 
measured and controlled all cata-
lyst synthesis descriptors based on 
their confidential expertise in the 
synthesis of novel catalysts. This is 
the classic approach at hte to organ-
ise firewalls in a competitive, con-
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Figure 4 Selectivity of the target alkylated aromatic compound vs feed conversion during 
the screening of various materials 
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during coke burning in the regen-
eration sequence. A lead material 
that finally emerged from screening 
tolerates this treatment in air and is 
not harmed by thermal degradation. 
Good performance is recovered after 
a regeneration step (see Figure 6a), 
while reference materials suffered 
significantly from the regeneration 
sequence and displayed a serious 
shift in selectivity in subsequent 
alkylation periods. The successful 
development of a new material that 
reaches near initial performance 
after regeneration in air was a major 
milestone and substantial project 
achievement for SABIC. A longer 
lifetime of the catalyst enhances pro-
duction rate and reduces cost and 
downtime from catalyst reloading.  

Catalyst scale-up
After the initial screening exper-
iments were carried out using 
crushed catalyst particles, SABIC 
requested preparing and testing 
full-sized tablets (see Figure 7) for 
the next phase to reflect the actual 
production process conditions. hte 
reproduced the commercial tableting 
process at lab scale and tested the 
full-sized catalyst tablets using a sin-
gle pellet string reactor (SPSR) con-
figuration (see Figure 8) in the same 
test system, which was used for the 
initial screening experiments. This 
SPSR configuration had previously 
been applied successfully using cata-
lyst extrudates in a reactor of 2 mm 
inner diameter for hydrodesulphur-
isation processes and was shown to 
produce results close to packed-bed 
conversion.4 Criteria for the design of 
the SPSR were recently published.5

The catalyst tablets were prepared 
from the raw powdered materi-
als containing catalyst, binder, and 
lubricant. First, the powder was 
pre-compacted using a roll compac-

parameter screening and optimisa-
tion. Figure 5 shows an example of 
a set of parameters screened for one 
selected catalyst in parallel experi-
ments on the same system for best 
comparability.  

Clear trends in performance and 
selectivity are observed during the 
parameter variation in Figure 5. 
Quite obviously, changing tempera-
ture and space velocity improve the 
yield of the target product at good 
conversion. However, due to the cat-
alyst kinetics, sequential reactions to 
secondary products can take place. 
At lower temperatures, more inter-
mediate product remains while the 
side product is suppressed and the 
time to reach steady-state operations 
tends to be longer. Furthermore, 
an increase in selectivity is gener-
ally observed over time on stream. 
Changing space velocity combined 
with lower temperature leads to 
only partial conversion and the inter-
mediate is identified as the main 
product. This data, with a broad 
parameter range, supports the cat-
alyst evaluation and is required for 
process optimisation.

A key factor of a commercial cat-
alyst is its regenerability. Therefore, 
the materials were treated in situ 
in air after an extended run and the 
deposited carbon was calculated 
from the CO2 profile (see Figure 6b) 

fidential catalyst business: only the 
customer is able to identify and 
optimise structure-performance rela-
tions. High throughput experimen-
tation is the prerequisite for enabling 
the complex design of experiments 
in a broad parameter space of syn-
thesis and performance test varia-
bles. Based on a high population of 
experiments and systematic filing of 
all available catalyst characterisation 
and performance data within one 
accessible relational data base, the 
application of advanced statistical 
data evaluation procedures becomes 
possible. Based on these capabilities, 
high throughput experimentation is 
able to identify even small incremen-
tal improvements of catalyst perfor-
mance which will have a big impact 
on commercial performance and eco-
nomic results.

Several promising materials that 
emerged from the screening exper-
iments were selected for further 
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Catalyst scale-up 
After the initial screening experiments were carried out using crushed catalyst particles, SABIC 

requested preparing and testing full-sized tablets (see Figure 7) for the next phase to reflect 

the actual production process conditions. hte reproduced the commercial tableting process at 

lab scale and tested the full-sized catalyst tablets using a single pellet string reactor (SPSR) 

configuration (see Figure 9) in the same test system, which was used for the initial screening 

experiments. This SPSR configuration had previously been applied successfully using catalyst 

extrudates in a reactor of 2 mm inner diameter for hydrodesulphurisation processes and was 

shown to produce results close to packed-bed conversion.4 Criteria for the design of the SPSR 

were recently published.5 

The catalyst tablets were prepared from the raw powdered materials containing catalyst, 

binder, and lubricant. First, the powder was pre-compacted using a roll compactor to receive 

feed particles of a certain particle size and bulk density. Afterwards, the feed particles were 

processed using a single punch press to produce the final catalyst tablets in a semi-automated 

operation mode. 

 

Fifteen tablets were loaded into each reactor with a reactor-to-particle diameter ratio D/d of 

1.27. Large inert particles separated the tablets and gave them a more realistic random 

orientation and contact to the reactor wall. Figure 9 shows the SPSR packing configuration as 

it was designed in myhte software (a) side by side with a loading test in a similarly sized glass 

tube (b) and the actual loading in stainless steel reactors as observed by computer tomography 

(CT) scans (see Figure 9c). The calculated Pe number for this study is 2.9 and according to 

Fernengel et al.,5 the applied SPSR configuration should show similar results to plug flow 

conversion (less than 5% deviation).  

Figure 8 Full-sized catalyst tablets of four different materials for aromatics alkylation prepared at hte's synthesis lab according to the 
commercial procedure 

Figure 7 Full-sized catalyst tablets of four different materials for aromatics alkylation prepared at hte’s synthesis lab according to the 
commercial procedure

BENJAMIN MUTZ, PETER KOLB AND ALEXANDER HIGELIN

DOUGLAS LENZ (SABIC)

Accelerated catalyst screening and scale-up
for aromatics alkylation

2021

CHEMICALS & PETROCHEMICALS



2856   PTQ Q1 2021                                                             www.digitalrefining.com

in Figure 9 is a good case to study 
the correspondence between SPSR 
and packed catalyst bed experi-
ments, as it displays very significant 
shifts in selectivity in subsequent 
alkylation runs after suffering from 
in situ regeneration sequences. In 
alkylation run 2, the data from both 
experiments ranged between +/-2 
wt% for the target product. The third 
alkylation still reproduces the gen-
eral trend well, albeit with a higher 
deviation of the absolute values. 
This is due to a slightly different 
effect, which the regeneration pro-
cedure has on the material structure 
of the tablets and crushed parti-
cles, and this was confirmed by CT 
scans of the reactor tubes after the 
experiments. 

CT scans of the reactor tubes allow 
investigation of the material integrity 
of the actual tablets after experiment 
and did reveal that several tablets 
were brittle and cracked, with the 
upper tablet even crushed entirely 
(see Figure 10). This is a unique 
observance only made possible by a 
powerful, non-invasive technique, 
as dismantling of the reactor would 
have caused additional harm to the 
materials. 

The SPSR concept has once more 
proven to be viable for performance 
testing of full-sized catalyst tablets 
under industrially relevant condi-
tions on the lab scale and has pro-
vided valuable results in this study. 
  
Conclusion 
The development and upscaling of 
new catalyst material with improved 

reactors as observed by computer 
tomography (CT) scans (see Figure 
9c). The calculated Pe number for 
this study is 2.9 and according to 
Fernengel et al.,5 the applied SPSR 
configuration should show similar 
results to plug flow conversion (less 
than 5% deviation). 

We present an exemplary set of 
results in Figure 8, comparing data 
from the SPSR directly with the same 
catalyst in a packed catalyst bed. 
Both configurations achieve similar 
performance in the initial alkylation 
run 1, however the conversion and 
yield of the target product is very 
high, which makes comparison less 
expressive. The example illustrated 

tor to receive feed particles of a cer-
tain particle size and bulk density. 
Afterwards, the feed particles were 
processed using a single punch press 
to produce the final catalyst tablets in 
a semi-automated operation mode.

Fifteen tablets were loaded into 
each reactor with a reactor-to-par-
ticle diameter ratio D/d of 1.27. 
Large inert particles separated the 
tablets and gave them a more real-
istic random orientation and contact 
to the reactor wall. Figure 9 shows 
the SPSR packing configuration as it 
was designed in myhte software (a) 
side by side with a loading test in 
a similarly sized glass tube (b) and 
the actual loading in stainless steel 
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Figure 8 Catalytic performance depicted as yield of the target product in aromatics alkylation vs time on stream obtained from the 
single pellet string reactors (squares) compared to the packed catalyst bed (triangles). Between the consecutive alkylation runs, in situ 
regeneration sequences were conducted to remove carbon deposition
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We present an exemplary set of results in Figure 8, comparing data from the SPSR directly 

with the same catalyst in a packed catalyst bed. Both configurations achieve similar 

performance in the initial alkylation run 1, however the conversion and yield of the target 

product is very high, which makes comparison less expressive. The example illustrated in 
Figure 8 is a good case to study the correspondence between SPSR and packed catalyst bed 

Figure 10a Designed reactor filling model of the single pellet string reactor (SPSR) within myhte software Figure 11b 
Packing test of the SPSR in a glass tube Figure 12c Computer tomography scan of the actual SPSR in the stainless steel 
reactors. In the CT scans, the silicon carbide particles are represented as light green and the catalyst tablets are coloured 
blue 

Figure 9 Catalytic performance depicted as yield of the target product in aromatics alkylation vs time on stream obtained from the single pellet 
string reactors (squares) compared to the packed catalyst bed (triangles). Between the consecutive alkylation runs, in situ regeneration 
sequences were conducted to remove carbon deposition.  

a) b) c) 

Figure 9a Designed reactor filling model of the SPSR within myhte software (b) Packing 
test of the SPSR in a glass tube (c) Computer tomography scan of the actual SPSR in the 
stainless steel reactors. In the CT scans, the silicon carbide particles are represented as 
light green and the catalyst tablets are coloured blue

(a) (c)(b)
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the acceleration of the development 
of superior catalysts through several 
stages toward commercialisation. 
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stability and regenerability for alky-
lation of aromatic compounds was 
supported by hte. In summary, 
around 150 materials were screened 
and benchmarked in just 15 weeks, 
resulting in time saving by a factor of 
10 compared to conventional screen-
ing in single reactors. Promising 
materials emerged from high 
throughput screening during the first 
project stage, indicating an extended 
lifetime compared to the benchmark. 

Reliable and fast preparation of 
full-sized catalyst tablets according 
to the commercial procedures of the 
customer was conducted in the sec-
ond project stage for catalyst devel-
opment. SPSRs have successfully 
been applied in high throughput 
performance testing of industrially 
relevant catalyst tablets at lab scale, 
revealing matching results compared 
to a packed bed configuration. The 
final stability tests of the tablets con-
firmed the results from the powder 
screening and the regeneration treat-
ment was tolerated by the lead mate-
rial achieving the initial performance. 
The integrity of the tablets was veri-
fied and confirmed by performing 
CT scans of the pellet string reactor. 

This case study shows how 
high-throughput experimentation 
adds value to research in petro-
chemical processes and quantifies 

 

 

 

 

 

 

experiments, as it displays very significant shifts in selectivity in subsequent alkylation runs 

after suffering from in situ regeneration sequences. In alkylation run 2, the data from both 

experiments ranged between +/- 2 wt% for the target product. The third alkylation still 

reproduces the general trend well, albeit with a higher deviation of the absolute values. This is 

due to a slightly different effect, which the regeneration procedure has on the material structure 

of the tablets and crushed particles, and this was confirmed by CT scans of the reactor tubes 

after the experiments.  

CT scans of the reactor tubes allow investigation of the material integrity of the actual tablets 

after experiment and did reveal that several tablets were brittle and cracked, with the upper 

tablet even crushed entirely (see Figure 13). This is a unique observance only made possible 

by a powerful, non-invasive technique, as dismantling of the reactor would have caused 

additional harm to the materials.  

The SPSR concept has once more proven to be viable for performance testing of full-sized 

catalyst tablets under industrially relevant conditions on the lab scale and has provided 

valuable results in this study.  

 

 

 
Figure 13 Computer tomography scans of an exemplary single pellet string reactor showing the 

tablet integrity after three alkylation / regeneration cycles 

   

Figure 10 Computer tomography scans 
of an exemplary SPSR showing the 
tablet integrity after three alkylation/
regeneration cycles
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A s one of the largest contributors to anthropogenic 
greenhouse gas emissions,1 the transportation 
sector faces significant challenges in order to meet 
rising global demand while simultaneously 

achieving increasingly ambitious targets for sustainable and 
renewable sources of energy. Although passenger vehicle 
technology is transitioning to electrification, with many EU 
countries planning to ban fossil fuel powered cars by 2040,2 
other modes of transportation such as aviation and marine 
vehicles are more challenging to decarbonise. 

One means of reducing the carbon footprint of these 
types of fuels is by using Fischer-Tropsch synthesis (FTS): by 
this process a bio-derived synthesis gas can be converted 
into ‘synthetic’ long-chain hydrocarbons. In addition to the 
sustainability of the feedstock, these synthetic fuels also 
burn cleaner, due to the absence of contaminants such as 
sulfur and aromatics, and produce fewer particulates.3

BP and Johnson Matthey have been jointly developing 
their Fischer-Tropsch (FT) technology for many years, with 
the latest generation of reactor and catalyst technology 

Tegan Roberts, BP, UK, alongside Kai Dannenbauer and Florian Huber, hte GmbH, 
Germany, explain how enhanced laboratory testing supports Fischer-Tropsch wax 

upgrading technology development for sustainable fuels.
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(FT CANSTM technology) capable of achieving 90% selectivity 
to C5+ and a productivity in excess of 300 kg/(m3

catalyst hr).4 
This development makes the production of synthetic fuels 
from sustainable carbon sources a more commercially viable 
proposition, revitalising FT technology as a contributor to a 
sustainable and circular economy, not as world-scale plants 
but as regional and delocalised facilities. For example, the 
Fulcrum BioEnergy plant under construction in Sierra, Nevada, 
US, is expected to process 175 000 tpy of household waste 
into approximately 50 million l/yr of transportation fuel. 

Low temperature, cobalt-based FTS products are 
predominantly linear paraffins.5 As such, if they are to be used 
as fuels, a degree of processing is required to introduce 
branching in order to improve their cold flow properties and 
meet the relevant fuels specifications.6 Figure 1 shows a 
typical boiling point curve and gas chromatography (GC) 
traces for the FTS product stream. It can be seen that 
n-paraffins comprise 90% of the syncrude and carbon 
numbers up to at least 90 are detected; carbon numbers 
higher than this are challenging to speciate. 

A typical process scheme for upgrading FTS products is 
illustrated in Figure 2. The FTS product stream is fed to the 
dewaxing reactor together with hydrogen. The dewaxing 
reactor contains a bi-functional catalyst comprising active 
metal sites for (de)hydrogenation reactions as well as acid 
sites for isomerisation and cracking reactions.7 Mild 
hydrocracking converts the high molecular weight paraffins 
into middle distillate product range material, and 
isomerisation introduces branching into the hydrocarbons. 
The dewaxing products are separated in the fractionation 
section and unconverted heavy wax is recycled to the reactor 
inlet section.

The R&D work on FTS wax upgrading comprises many 
different aspects: kinetic studies to support process 
modelling, identifying the optimal upgrading catalyst system, 
optimising operating conditions for maximising the target 
product yield, avoiding over-cracking to less valuable lighter 
products, avoiding local hot spots and thermal runaways, and 
mapping the impact of different feedstock compositions and 
qualities on catalyst performance and necessary processing 
conditions. In the study presented in this article, an overview 
of the challenges in conducting and analysing the 
performance of the dewaxing reaction will be given, and the 
way in which hte’s high throughput test equipment has been 
used to support industrially relevant catalyst and process R&D 
will be illustrated. 

When performing laboratory testing of FTS wax 
upgrading, in high throughput mode in particular, a few 
challenges must be dealt with:

n   For all laboratory testing, heavy FTS wax 
requires high temperatures (> 100˚C) to 
ensure it remains as a stable, homogeneous 
liquid throughout the test equipment for 

weeks and months on stream. Any 
cold spots can cause plugging. Hence, 
proper heat tracing and insulation is 
essential.
n   When mapping a wide operating 
window by utilising a high throughput 
unit with as many as 16 reactors in 

parallel, the test unit must be capable of 
handling the whole feed and product 
range, from heavy waxes to very light 
ends, simultaneously.
n   A comprehensive analysis of the 
dewaxing feed and product requires 
detailed measurements to elucidate 

the complex composition of the 
hydrocarbon mixtures. For high 
throughput test equipment, this 

Figure 2. Basic process scheme for FTS product dewaxing.

Figure 1. Typical GC traces and boiling point distribution 
curves for (a) heavy FTS wax feedstock and (b) lighter 
middle distillate hydrocarbon products (LHC) indicating 
the long-chain paraffinic nature of the FTS products 
by the discrete peaks and step curves in the simulated 
distillation plot. 

CHEMICALS & PETROCHEMICALS



34

Hydrocarbon Engineering September 2020
CHEMICALS &  

PETROCHEMICALS

Reprinted from September 2020HYDROCARBON 
ENGINEERING

challenge is amplified by the 
need for rapid analysis, due to 
the large amount of data that 
is generated within a short 
time and over the whole test 
campaign. 

hte has developed a robust 
workflow, starting with handling 
the challenging FTS feedstock 
through to processing it in a high 
throughput unit and analysing feed 
and product samples. For managing 
the data produced by such a test 
campaign, an integrated software 
workflow and automated data 
evaluation in a comprehensive 
database is key to success. Figure 3 
illustrates the principle of such a 
software workflow solution. 
Dewaxing of FTS wax results in 
light ends that are typically analysed by online GC in the gas 
phase, as well as heavier hydrocarbons that are liquid or even 
solid at ambient temperature that are typically analysed by 
offline GC methods (among others). High throughput testing 
results in evaluation of up to 300 complex chromatograms a 
week. In order to obtain a fast and robust data evaluation, all 
online and offline data are uploaded into a database where 
the GC chromatograms undergo an automated peak 
identification process, converting peak areas into absolute 
concentrations. Online and offline data are then 
automatically merged and can be further interrogated based 
on pre-defined calculation scripts to finally obtain the 
required performance metrics (e.g. conversion, selectivity). All 
these steps are realised with myhteTM, hte’s powerful 
software database customised for efficient handling of large 
amounts of complex data. With these techniques, mass 
balances (typically in the range of 100 ± 2%) can be presented 
with high precision in yields and selectivity.

The basic reaction mechanism behind catalytic dewaxing 
can be described as follows:8 the long-chain n-paraffins first 
undergo dehydrogenation at the metal sites to form olefins, 
which are subsequently protonated over the acid sites to 
form carbenium ions. These carbenium ions then undergo 
either cracking and/or isomerisation reactions. The relative 
rates of cracking and isomerisation reactions dictate the 
position of a maximum in the iso-paraffin yield as a function 
of conversion (defined here as conversion of material with 
boiling point greater than 360˚C). Further conversion beyond 
this optimum leads to over-cracking, yielding less desirable 
light hydrocarbon products. 

Figure 4 shows a typical yield pattern as a function of 
hydrocracking conversion. In this example, the kerosene 
fraction is the desirable product. It can be seen that there is 
an optimum conversion level for producing kerosene. 
Increasing conversion beyond this point results in an increase 
in the production of lighter fractions at the expense of 
kerosene, a classical indication of over-cracking. Generally, 
dewaxing systems display maxima in yields that occur at 
higher conversions for lighter product fractions, with the 

yield of the C4- fraction increasing monotonically with 
conversion. Similarly, considering selectivity as a function of 
conversion (plot not shown) the selectivity of the target 
kerosene fraction rises with increasing conversion, until an 
optimum is reached, and subsequently drops. Concomitantly, 

Figure 3. Basic principle of an integrated software workflow with automated 
merging of gas, liquid and wax product data based on gas chromatography in 
one comprehensive database to obtain, for instance, yield and n/iso distribution 
plots as function of carbon number.

Figure 5. Proportions of n-paraffins and iso-paraffins as 
function of carbon number for a feed sample and two 
product samples acquired at different conversion levels.

Figure 4. Yield vs hydrocracking conversion.
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the gas selectivity decreases with conversion to a minimum 
before rising again at conversions above 60%. 

Figure 5 shows typical carbon number distributions for 
the dewaxing feed, and products acquired at two different 
conversion levels obtained by operating at two different 
reaction temperatures. It clearly illustrates the shift towards 
lighter products with increasing conversion. In the dewaxing 
case, another key parameter to be analysed is the ratio of 
n- to iso-paraffins, since this ratio determines the cold flow 
properties of the synthetic fuel. Iso-paraffins have weaker 
van der Waals interactions than n-paraffins due to the lower 
contact area of the molecules. Consequently, crystallisation 
occurs at a lower temperature for iso-paraffins than 
n-paraffins of the same carbon number, which in turn affects 
bulk fluid cold flow properties such as cloud point, pour 
point and freeze point. Also illustrated in Figure 5 are the 
proportions of iso- and n-paraffins in the feed and dewaxing 
product as a function of the carbon number. It can be seen 
that with increasing conversion the proportion of iso-paraffins 
increases.

The task of the R&D work is to find catalyst systems and 
operating conditions that give the maximal yield to fuel 
product fractions containing the optimal proportions of 
iso-paraffins to ensure that cold flow properties meet 
specification. The fast and comprehensive data evaluation 
provided by myhte, as given in Figures 4 and 5, provides a 
deeper understanding of the product composition as a 
function of conversion, which in turn allows correlations to be 

drawn between catalyst characteristics, operating conditions, 
and bulk product properties such as cloud point and freeze 
point. Understanding these relationships is the foundation for 
developing tailor-made catalyst systems.

In conclusion, while FTS is a mature technology, 
development efforts continue to optimise the production of 
synthetic fuels, especially from sustainable carbon sources. 
Research has not only to focus on FTS technology, but also on 
downstream wax upgrading in order to obtain the target 
products, such as sustainable aviation fuel, in the highest 
possible yield with best product characteristics, such as cold 
flow properties. Doing so will ensure FTS technology finds its 
place in a more sustainable world. 
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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

Time [a.u.]

Y
ie

ld
 a

cr
ol

ei
n 

[a
.u

.]

Time [a.u.]

Y
ie

ld
 a

cr
ol

ei
n 

[a
.u

.]

References:
1. EP1874720 A1; EP1853541 A2; EP1848681 B1; EP1981834 A2;
FR2903620 A1, WO 08/007002; EP1981835 A2; FR2909999 A1, WO
08/087315; FR2913974 A1, WO 08/129208
2. S.-H. Chai, Green Chem. 2007, 9, 1130-1136
3. S.-H. Chai, Green Chem. 2008, 10, 1087-1093; ibid., Appl. Catal. A:
General 2009, 353, 213-222; E. Tsukuda, Catal. Comm. 2007, 8, 1349-
1353; H. Atia, J. Catal. 2008, 258, 71-82
4. A. Behr, Green Chem. 2008, 10, 13-30

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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