
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 
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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-
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Figure 2 Typical filling design of a multi-fold reactor set for material screening 
experiments (picture generated from myhte software)
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Figure 3 Mass recovery of (a) liquid and (b) combined liquid and gas phase during one exemplary 16-fold screening experiment



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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Figure 5 Product composition vs time on stream at two different temperatures and 
space velocities in one experiment using promising materials emerged from screening 
experiments. Applying different space velocities was realised by varying the catalyst mass
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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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Figure 6a Yield of the target product in 
aromatics alkylation vs time on stream in 
three consecutive runs and intermediate 
in situ catalyst regeneration. The blue 
symbols represent a promising catalyst 
featuring high run-to-run stability, whereas 
the grey symbols show an exemplary, less 
stable material
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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
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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 
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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

Pos. 1 Pos. 2 Pos. 3 Pos. 4

h 
(m

m
)

 

 

 

 

 

 

 

 

 

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


