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Advances in catalyst testing

I
ndependent catalyst testing has 
become a useful tool for refiners 
to support their catalyst selec-

tion process. Actual testing enables 
a customised catalyst evaluation 
under industrially relevant condi-
tions including different industrial 
operational cases and different rep-
resentative industrial feedstocks. 
The comparability of different cat-
alyst systems is based on one and 
the same foundation, thus signifi-
cantly lowering the degree of uncer-
tainty as compared to paper studies 
describing each individual vendor’s 
catalyst systems.

High throughput experimenta-
tion has become the state-of-the-art 
industrial standard in independent 
catalyst testing and offers the tech-
nical means to compare different 
catalyst systems head to head at the 
same time under uniform and iden-
tical conditions in an efficient and 
cost-effective way. It has proven 
to provide industrially significant 
data in a timely manner with a high 
degree of accuracy and precision on 
the basis of relative catalyst ranking 
as well as absolute data transfer-
ability to industrial scale. It is the 
ideal way to identify properly the 
optimal catalyst system for a refin-
ery’s specific process. Given the 
high stakes involved in the choice 
of catalyst for an operation cycle, 
selecting the appropriate testing 
technology for conversion units 
is pivotal, as it has a dramatic and 
lasting impact on the profitabil-
ity of a refinery. High throughput 
experimentation is utilised in the 
catalyst selection process in a wide 
array of refinery processes, such as 
(but not  limited to) hydrocracking, 
hydrotreating, reforming, (de-)alky-
lation, resid upgrading, lubes pro-

A refining and petrochemical company relied on high throughput experimentation 
to select a change-out option from competing catalysts for the best ROI

IOAN-TEODOR TROTUŞ, JEAN-CLAUDE ADELBRECHT and FLORIAN HUBER hte GmbH
NATTAPONG PONGBOOT and THANAWAT UPIENPONG PTT Global Chemical Public Company Limited

cessing, and also (co-)processing of 
biofeedstocks.1, 2, 3

In classic high throughput exper-
imentation set-ups, testing is accel-
erated by running multiple reactors 
simultaneously and in parallel for 
direct comparison of the catalysts 
under investigation. The gas and liq-
uid distribution technology ensures 
a uniform feedstock distribution 
over all reactor positions. The prin-
cipal methodology in trickle-bed 
catalyst testing is straightforward: 
gas and feedstock are fed through 
a catalyst-loaded reactor under 
defined conditions. Depending on 
the nature of the reaction and the 
product spectrum, the products are 
analysed by online methods or col-
lected as liquids and later analysed 
offline. For processes with a con-
secutive reactor configuration, such 
as single-stage hydrocracking with 
mainly a pretreat and a cracking 
catalyst system, each reactor stage 
is either investigated separately or 
the combined reactors are simulated 
in one test reactor.2 In cases where 
the consecutive reactors are oper-
ated at a similar operating temper-
ature level, this approach is viable. 
However, in many cases, pretreat 
and cracking reactors are operated 
at different temperatures. It is ben-
eficial that a laboratory method 
takes this temperature difference 
into account to properly simulate 
the industrial process. In addition, 
when performing independent cata-
lyst testing for refinery applications, 
the catalyst systems are typically 
compared under a constant conver-
sion operation, with the temperature 
being the tuning parameter to reach 
the desired conversion level. In order 
to reach a predefined conversion 
level in the consecutive reactors as 

well as for the different catalyst sys-
tems in comparison, an independent 
temperature control on each reactor 
is required. Moreover, when evalu-
ating consecutive reactor stages in 
one and the same test, an inter-stage 
quantification between the reactors 
is highly desirable to evaluate the 
performance of the first reactor. In 
classic pilot scale testing, the quan-
tification of the upstream reactors 
is obtained by interstage sampling. 
Interstage sampling typically has the 
drawback that only concentration 
based information is obtained, since 
only a sample is taken, whereas the 
flow rate of the gas and liquid phase 
is left unmeasured. As a second 
drawback, the required amount of 
reactant to perform all required anal-
yses is taken away from the down-
stream reactor. In pilot scale, this 
reactant loss to the following reactor 
is typically negligible, likely corre-
sponding to an interruption of feed 
supply to the order of a few minutes. 

In the case of high throughput 
experimentation with smaller cat-
alyst amounts, removing a few ml 
of interstage product is equivalent 
to cutting off the feed supply to the 
downstream reactor for about 0.5-1 
hour and would cause significant 
disturbances. 

These drawbacks in utilising clas-
sic high throughput experimen-
tation in simultaneous testing of 
consecutive reactor stages led hte 
to develop a new approach for test-
ing consecutive reactor stages in 
an industrially significant as well 
as efficient and cost-effective way.4 

The core principle of the new test 
approach is illustrated in Figure 1. 
The new concept contains reactors 
connected in series. The consec-
utive reactors are equipped with 
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liquid hourly space velocity (LHSV), 
and gas-to-oil ratio to ensure an 
optimal comparison. If the catalyst 
systems are to be tested at different 
LHSVs, this can be accommodated 
by adjusting the amount of catalyst 
loaded in order to reach the targeted 
LHSV at the given flow rate. If a sec-
ond parallel feed supply is required, 
this can be realised by adding a sec-
ond feed module.

Catalyst activation in general 
involves individual procedures for 
the different catalyst systems, such 
as different feed composition and 
temperature protocols. This requires 
a certain flexibility of the test units. 
In a typical approach, the different 
activation protocols are harmonised 
to an extent acceptable for all cat-
alyst vendors. The remaining and 
essential differences in the protocols 
need to be facilitated by the test unit. 

The aim of an independent cata-
lyst test is to find the catalyst system 
that best meets the requirements of 
the refinery. This generally implies 
having a high yield of a target frac-
tion, achieving this yield at a lower 
temperature, minimising the yield 
of C1-C4 hydrocarbons, and having 
the properties of the targeted frac-
tion meet various quality standards. 
As indicated in Figure 1, state-of-the-
art catalyst systems for single stage 
hydrocracking comprise a multistack 
of different catalysts for the pretreat, 
cracking, and post-treat function. In 
order to perform an industrially rele-
vant ranking, the catalysts have to be 
tested in their commercial size and 
shape. A typical independent cat-
alyst test on a 24-fold unit requires 
all participating catalyst vendors 
to provide catalysts and activation 
protocols, to assist in finding har-
monised activation protocols, to pro-
vide a target value for the nitrogen 
slip of the pretreat system and the 
oil conversion or other parameters 
of the cracking system, as well as to 
provide an estimate for the required 
pretreat and cracking temperatures 
to reach the targeted values. 

In highly optimised refinery oper-
ations, the performances of different 
proposed catalyst systems are very 
close to each other. Nevertheless, 
maximising the yield of a target 
fraction is a key objective (Figure 2) 
and a difference of a few percent in 

an independent temperature con-
trol. Interstage quantification is 
not performed by classic interstage 
sampling, but a third mirror-type 
reactor reflects the performance 
of the upstream reactor. The mir-
ror reactor is placed in one and the 
same heating block as its reference 
reactor to ensure high comparabil-
ity. This approach enables a com-
prehensive mass flow rate based 
gas and liquid analysis, constitut-
ing a clear improvement compared 
to the traditional concentration 
based interstage sampling informa-
tion. With this new concept, inter-
stage dosing of gas and/or liquid 
becomes a proven reality in high 
throughput experimentation too.

This new approach is demon-
strated in a case study performed 
for PTT Global Chemical Public 
Company Limited (GC), a leading 
Asian integrated petrochemical 
and refining company, to evaluate 
commercial hydroprocessing cata-
lysts under commercially relevant 
conditions for a catalyst change-
out in its refinery at Rayong, 
Thailand. GC selected hte for the 
evaluation study to benchmark five 
commercial hydroprocessing cat-
alyst systems using a 24-fold high 
throughput reactor system opti-
mised for single stage hydrocrack-
ing under commercially relevant 
conditions. The project was com-
pleted in 2018 with the overall aim 
of measuring catalyst performance 
(activity, selectivity, and stability) 
and determining key fractional 
product properties.5 

An advantage of the 24-fold test-
ing unit lies in the freedom to adjust 
the temperatures of all pretreat 
and cracking reactors individually 
and actually measure the impact 
of temperature on each of the cat-
alyst systems connected in series. 
This freedom minimises the need 
to extrapolate data when compar-
ing product properties between the 
different catalyst systems, because 
each cracking system can be run at 
an accurately set conversion with 
the pretreat reactor set to an accu-
rate nitrogen slip.

All reactors share one liquid feed 
supply and one gas supply, which 
are respectively equally distrib-
uted between the reactors. In a typ-
ical test, the catalyst systems are all 
operated under identical pressure, 

Pretreat HDC and 
post-treat

×8

Figure 1 New high throughput approach 
for processes with serial reactor 
configuration, inter-stage quantification, 
and individual operation temperatures
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the target fraction yield can make a 
difference in annual revenue in the 
order of tens of millions of dollars. 

Because of these considerations, 
the advantage of running one inde-
pendent test where catalyst sys-
tems from multiple vendors are 
compared in one test unit under 
relevant conditions with the actual 
test feed from the refinery becomes 
obvious. The simplest argument in 
favour of an independent test com-
paring all proposed systems in par-
allel is that any measurements that 
one performs will have a certain 
variance. Thus, when comparing 
measurements performed by sev-
eral parties in different test units, 
one ends up comparing very heter-
ogeneous sets of data when consid-
ering how they were obtained and 
what the possible errors are for each 
individual data set. However, when 
all systems are compared in one test 
unit, one can be confident that all 
systems have been treated equally 
and variances stemming from the 
comparison of different testing units 
in different laboratories are mini-
mised. Moreover, the relative order 
of target fraction yields for a set of 

www.eptq.com                                                                                                                                                            PTQ Q4 2019   81

catalyst systems can change if dif-
ferent feeds are being tested. In the 
virtual example shown in Figure 2, 
the same catalyst system gives the 
highest yields for both feeds, but the 
relative order of all catalyst systems 
is different. When performance 
margins to the order of 1% make 
such a considerable impact, the 
best confidence one can have in the 
choice of catalyst system is gained 
by performing an independent test.

The first measure of the validity 
of the results produced by a 24-fold 

unit is the comparison between the 
required temperatures estimated 
by each vendor to reach the tar-
geted N-slip and conversion, and 
the actual temperatures determined 
in the test unit. With a rigorous cali-
bration of the reactor temperatures 
within +/-1°C, the requirement that 
the mass balance is at 100 +/-2%, 
with our meticulous and exact reac-
tor loading protocols we generally 
observe that there is less than 3°C 
difference between the temperatures 
predicted by the catalyst vendors 

Temperature
Yi

el
d,

 %

Kerosene
Gas

Naphtha

Gasoil

Figure 3 Yield vs temperature correlations
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As discussed above, the mass 
balance is expected to lie within 
100 +/-2%. In order to account for 
this margin of error and to com-
pare the different catalyst systems 
at the same mass balance level, a 
final data reconciliation is typically 
performed. The yields obtained are 
corrected to add up to 100%. The 
standard method for reaching this 
goal is to multiply the yields by a 
reconciliation factor which ensures 
that the elemental balances close 
at 100%. The hydrogen content of 
the feed and of the liquid product 
is determined by H-NMR analysis, 
and the carbon content is calculated 
from this. By performing the data 
reconciliation step, we calculate the 
product yields and the hydrogen 
consumption accurately.

The entire duration of a competi-
tive catalyst test – starting from the 
time when the catalysts and test 
feed are received by hte, activation 
and testing parameters have been 
agreed upon by all the vendors, 
and continuing until hte is able to 
deliver a complete data report – is 
around three months. This esti-
mate is valid for tests where only 
one feed is tested and two sets of 
fractionation samples are taken for 
each catalyst system. If more feeds 
or different reaction conditions 
are to be investigated, or if more 
samples are to be fractionated, the 
duration of the test increases. Over 
the entire duration of the test, hte 
provides regular updates to the 
contracting parties. This can be the 
refinery and/or the individual cat-
alyst vendors participating in the 
test. Regardless of who is paying 
for the work, hte always encourages 
discussing the results with both the 
refinery and the vendors to ensure 
in real time that the results being 

produced at a yield of 10% and the 
requested analyses require 100 ml of 
sample from that particular fraction, 
we know we have to collect at least 
one litre of TLP under the targeted 
unit operation conditions to perform 
all the required analyses. An exam-
ple of an analysis package that has 
been requested and performed for 
the characterisation of the individual 
fractions is shown in Table 1.

The essential requirement in order 
to measure individual properties 
of the product fractions, like those 
described in Table 1, is to perform 
an accurate fractionation of the col-
lected product. Using automated 
micro-fractionation units, hte is 
capable of performing fractiona-
tions on sample sizes in the range 
of the product volumes that our 
high throughput units produce in a 
period of 1-10 days. This is the rel-
evant duration of the product col-
lection period depending on the 
product analyses that are requested 
and the flow rates used in the test. 
The parameters of the micro-frac-
tionation are optimised in order to 
reduce the overlap of the separated 
fractions to less than 2 wt% (see 
Figure 4).

and the temperatures measured in 
our test units. 

From such a test, one can also 
derive the dependence of key prop-
erties on reactor temperature for 
both the pretreat and the cracking 
reactor, since each of these are indi-
vidually controlled. For example, 
Figure 3 shows schematically how 
the yields of several product frac-
tions are influenced by temperature. 
Overlaying the correlation plots of 
each catalyst system being tested 
gives probably the quickest over-
view of the strengths and weak-
nesses of the systems being tested. 

Once the targeted N-slips and 
conversions have been reached and 
the catalysts have all reached line-
out conditions – a process that can 
take 2-3 weeks after activation – it is 
also important to collect product for 
fractionations to allow for a detailed 
investigation of the properties of 
each product fraction. The yield 
of each fraction can be estimated 
from the simulated distillation anal-
ysis of the daily TLP sample and, 
depending on the requested anal-
ysis package, we can estimate how 
much product we need to collect. For 
example, when one of the fractions is 

Te
m

pe
ra

tu
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UCO

Naphtha

Gasoil

Figure 4 Distillation resolution

Gas phase hydrocarbons Naphtha Kerosene Gas oil UCO
Pseudo-PIONA analysis Density (D4052) Density (D4052) Density (D4052) Density (D4052)
 Sulphur content (D5453) Sulphur (D5453) Sulphur (D5453) Sulphur (D5453)
 PIONA analysis Flash point (D3828) Calculated Cetane Index.  Viscosity (D7042) 
   (D4737, from SimDist) 
 RON/MON (calculated) Smoke point (D1322) Cloud point (D2500) Aromatics 
  Freezing point (D2386) Pour point (D97) Ni/V (D2622)
  Mercaptan sulphur (D3227) Viscosity (D7042) Carbon residue (D4530)
   Aromatics (DIN EN 12916)

Typical analysis package for key fractional properties of different product cuts

Table 1
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obtained are in line with the vendors’ expectations 
and to verify that the test is being conducted in a 
manner that is agreeable to all parties.

The competitive catalyst testing programme per-
formed in 2018 by hte on a 24-fold unit has provided 
GC with the relevant data to make the best decisions 
for the upcoming hydroprocessing catalyst change-
out in 2019. GC has estimated that the yearly differen-
tial in earning between the best and worst performing 
catalyst would amount to several million dollars due 
to differences in selectivity and product volume gain. 
When considering the possible impact of a less than 
optimal choice in catalyst selection, it is obvious that 
such a test practically pays for itself many times over.

In the end, GC was able to make the optimal catalyst 
choice based on the data produced by hte throughout 
the benchmarking test. In view of hte’s capability to 
measure industrially relevant data as well as to assist 
with discussions with vendors regarding both the 
experimental and contractual aspects of the test, GC 
will consider the services of hte again for competitive 
catalyst testing in future catalyst change-outs.
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R efineries without catalyst testing facilities have to 
rely mainly on proposals from several catalyst 
vendors when selecting catalysts for their assets. 
This makes the selection process challenging due to 

the difficulty involved in getting all the proposals onto a 
common basis. The availability of high throughput 
experimentation testing for all refiners has removed this 
limitation and refiners are now able to perform head-to-head 
testing of the catalytic systems being considered. The scope 
of testing can be customised using commercially 
representative operating conditions and customer-specific 
feedstocks to evaluate several catalyst systems at the same 
time, providing greater value to the refiner in the catalyst 
selection process.

High throughput experimentation tests produce accurate 
and reproducible data that can be used by the refiner to 

make reliable comparisons among various catalyst systems. 
This testing technology has been applied successfully and 
gained rapid acceptance for industrial catalyst evaluation 
across all refining applications, including naphtha treating, 
reforming, diesel and VGO hydroprocessing, hydrocracking 
for fuels and lubrication production, dewaxing, isomerisation, 
hydrogenation and heavy oil/residue conversion, as well as 
bio-feed processing. 

High throughput experimentation
The principal methodology in trickle-bed catalyst testing is 
simple: gas and oil feedstock are fed to multiple reactors 
filled with whole catalyst pellets in parallel or in series. Online 
gas chromatography (GC) and offline liquid analytics are 
deployed to characterise reaction products. The operation of 
the high throughput units is highly automated. Robust and 

Raul Adarme, Robert Steinberg, and Errol Johnson, Motiva Enterprises, USA, 
with Florian Huber, Jochen Berg and Safa George, hte, Germany, look at how 
refinery catalyst testing can be improved with high throughput experimentation.
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smart process control software ensures stable, automated 
24/7 operation, utilising online GC and fully automated total 
liquid product (TLP) sampling. The liquid distribution 
technology ensures uniform feedstock distribution over all 
reactors. A proprietary data management software system is 
deployed to gather, store, and analyse the large quantity of 
data gathered for all the reactors.

hte’s proprietary test technology in combination with its 
own process control software, hteControlTM, and data 
warehouse solution, myhteTM, allow experiments with 
industrially relevant test protocols to be performed quickly 

and cost-effectively. The quality of the data obtained in this 
way has proven to be suitable for performance 
differentiation among industrial catalysts.

Figure 1 shows a typical example of one of the company’s 
state-of-the-art high throughput trickle-bed reactor units 
optimised for performing commercial benchmarking projects 
in hydroprocessing applications. It is equipped with 16 parallel 
reactors that are heated in blocks of four reactors. The liquid 
products are collected in an automated procedure and 
stripped in the unit for later offline analysis in hte’s in-house 
laboratory, while the gas-phase products are fed directly into 
an integrated online GC. Actual commercial catalyst shapes 
and sizes can be tested under industrially relevant operation 
conditions up to 840˚F and 2300 psig. A higher pressure 
and/or temperature can be used on request. The units can 
process a wide range of industrial feedstocks within the same 
unit, from naphtha to resid, even bio feedstocks and 
paraffinic wax. The units are proven to operate in isothermal 
mode, hence producing a well-defined correlation between 
operation temperature and catalyst performance. The 
catalyst is loaded by embedding it with fine diluent particles 
to generate proper plug flow and complete catalyst wetting 
throughout the catalyst bed.

The classic first-stage VGO hydrocracking test protocol 
covers testing of the pretreat catalyst system as well as the 
combined pretreat and cracking system in separate reactors, 
but in the same unit as illustrated in Figure 2. The first eight 
reactors, shown on the left, contain the pretreat systems. 
They are placed in two block heaters, with each set of four 
reactors operating at the same temperature. These reactors 
are used to obtain the N and S removal kinetics after the 
pretreat reactors. The second eight reactors, shown on the 
right, contain both the pretreat and the cracking catalyst 
systems in the same reactor tube. These reactors provide 
data on the overall oil conversion after the combined 
pretreat and cracking catalyst system. In the combined 
system, the pretreat and cracking catalysts are placed in the 
same reactor tube and are hence operated at the same 
reaction temperature. For reference, the pretreat-only 
reactors are operated at the same reaction temperature. In 
the present study, eight catalyst systems were tested, 
including the incumbent system. Duplicates were included for 
the pretreat as well as for the combined system in order to 
provide a reference check for data reproducibility.

The test campaign is designed with the customer 
meeting vendors’ start-up recommendations that are most 
suitable for each catalyst. Overall catalyst performance is 
characterised by activity, deactivation, product selectivity, H2 
consumption, and detailed product properties. The Motiva 
hydrocracker first-stage study is an excellent case to 
demonstrate the added value for the refiner resulting from an 
independent side-by-side study of vendors’ catalyst systems.

Data quality and reactor-to-reactor reproducibility of the 
test results is of crucial importance for the validity of the 
data. An excellent mass balance and high degree of accuracy 
and precision can be obtained with high throughput test 
systems. Figure 3 shows that the mass balance obtained in 
the presented case study is within ±2% of 100%. 

Figure 4 shows the pretreat nitrogen slip plotted against 
the reaction temperature for some selected pretreat 

Figure 2. Experimental design: evaluating pretreat 
and cracking performance.

Figure 1. hte’s X4500 state-of-the-art high throughput 
trickle-bed unit used for commercial catalyst 
evaluation.

Figure 3. Mass balance over time on stream. The 
symbols show the mass balance of individual reactors. 
The yellow line shows the average mass balance.
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catalyst systems covering the whole activity range. A low 
nitrogen slip of basic organic nitrogen compounds is 
important to avoid titration of the acidic sites and hence 
deactivation of the subsequent cracking catalyst. Nitrogen 
slips down to below 5 ppm were measured accurately and 
with good repeatability. The horizontal red arrow indicates 
the overall spread in nitrogen slip for the pretreat systems 
shown. A significant difference in the start of run weighted 

average bed temperature (SOR WABT) was found between 
the different systems, allowing for either longer cycle life or 
more severe operation for the most active system, assuming 
a similar deactivation rate.

Figure 5 shows the overall oil conversion for selected 
combined pretreat and cracking catalyst systems. The graph 
covers a wide activity range of oil conversion vs operation 
temperature. The horizontal red arrow indicates the activity 
spread of the combined pretreat and cracking systems 
shown. A significant difference in SOR WABT was found 
between the different systems, allowing for either longer 
cycle life or more severe operation for the most active 
system, assuming a similar deactivation rate.

One of Motiva’s test objectives was to identify 
first-stage cracking catalyst systems with higher diesel 
selectivity. Figure 6 shows diesel selectivity for some of the 
tested catalyst systems. The vertical red arrow identifies a 
first-stage catalyst system with significantly higher diesel 
selectivity.

In addition to activity, catalyst stability, and product 
yield selectivity, Motiva was interested in evaluating overall 
volume swell across the first-stage hydrocracking system. 
hte was able to calculate each catalyst system volume swell 
based on product yields in the gas and liquid samples and 
densities. Hydrogen consumption, another important 
economic parameter for Motiva, was calculated from online 
GC analysis for the gases and offline elemental analysis for 
the liquid. The data showed the increasing H2 consumption 
with higher oil conversion. Good tube-to-tube repeatability 
was achieved for both pretreat and cracking catalysts.

hte carried out total liquid product (TLP) fractionation 
using a micro-distillation column with a high separation 
efficiency comparable to ASTM distillation. All liquid 
products were selected from the cracking catalyst system at 
target conversion level. Key fractional properties were 
measured as requested by Motiva. Analytics included 
density, S, N, C, H, SimDist for all fractions. The following 
additional analyses were measured: PIONA for the naphtha 
fraction; aromatics, cloud and pour points, cetane index for 
diesel; aromatics, VI for the unconverted oil. hte typically 
customises key fractional characterisation according to each 
customer’s needs.

Conclusion
In summary, this first-stage hydrocracking test was 
successfully completed within six weeks, including two 
different feedstocks. hte was able to accommodate the 
different start-up procedures required by catalyst vendors. 
Excellent data accuracy was attained for mass balance, 
activity, selectivity, and H2 consumption. As a result of this 
test, Motiva was able to identify and select pretreat and 
cracking catalysts showing higher activity and/or diesel 
selectivity, resulting in greater added value for Motiva 
through either a longer cycle life or more severe operation.

Motiva has successfully been able to use hte’s 
state-of-the-art high throughput technology to test and 
differentiate among multiple catalysts for its first-stage 
hydrocracking unit. Motiva was pleased with the test and has 
commissioned and completed additional tests for naphtha 
reforming and VGO hydrotreating. 

Figure 4. Pretreat nitrogen slip vs required operation 
temperature. The horizontal red arrow indicates the 
overall spread in nitrogen slip for pretreat systems.

Figure 6. Diesel yield vs hydrocracking conversion 
level. The vertical red arrow indicates the overall 
spread in diesel yield for the combined pretreat and 
cracking systems.

Figure 5. Oil conversion vs required operation 
temperature. The horizontal red arrow indicates the 
overall activity spread of all combined pretreat and 
cracking systems.

(MOTIVA ENTERPRISES)

RAUL ADARME, ROBERT STEINBERG, ERROL JOHNSON 
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The Catalyst Review asked Dr. Huber to provide his insights into accelerated aging as a useful tool for 
industrial catalyst evaluation.

While fresh catalyst testing (start-of-run performance, SOR) is straightforward, evaluating catalyst deactivation reflect-
ing the industrial lifecycle (end-of-run performance, EOR) is more challenging. If the cycle length is short – of the order 
of days or weeks – testing over the whole lifespan is not very time-consuming. However, when the cycle length lasts 
several months or even years and catalysts must be improved continuously to stay competitive (e.g., in refineries, 
chemical, or environmental applications), evaluating the lifetime performance poses real-time constraints. Traditionally, 
pilot or side-stream tests are performed, or new catalysts are installed in baskets in the industrial unit to assess catalyst 
stability. 

Consider the following example from the oil refinery sector: Catalytic hydrocracking is a process where the low-value 
heavy oil fractions are upgraded into high-value fuels or lubricants by means of hydrogen addition. A typical cycle 
length is in the range of two to three years. A new or improved catalyst system that generates only a few percent more 
of the high-value products may contribute with additional revenue in the order of several million per year. At the same 
time, choosing the wrong catalyst may cause economic damage far greater than that. To ensure that they are less 
reliant on paper studies and to mitigate the risk of a wrong choice, refineries are increasingly tending toward testing 
potential catalyst candidates under industrially relevant operation conditions and feedstocks.

When the time scale required for catalyst selection – from evaluation to delivery – is compared with the cycle length, 
there is not much time left for extensive stability testing. Therefore, refineries and catalyst vendors have two options for 
assessing the catalyst stability besides the traditional, rather slow ways. One option is to focus on quantifying the SOR 
performance difference and to assume a similar deactivation behavior – clearly a simplified approach. The other op-
tion is to accelerate the deactivation. Accelerated aging means forcing catalyst deactivation by applying higher severity 
operation conditions. The key question here is whether the applied severity is representative of the extent of deactiva-
tion observed under industrial conditions. For this purpose, an industrial benchmark is required that has seen the full 
industrial cycle length and acts as a reference for the development of an appropriate accelerated aging protocol. The 
protocol aims to generate a deactivation that corresponds to industrial conditions and to give an indication of the EOR 
performance. Accelerated aging does not give a perfect reflection of the industrial SOR-EOR catalyst deactivation. How-
ever, with a thoroughly calibrated protocol, it is a reasonable way to get an estimate of the catalyst stability ranking and 
the critical product characteristics defining the catalytic EOR.

Our group has had good experience with utilizing accelerated aging in refining and environmental applications, enabling 
a fast and pragmatic but also industrially relevant assessment of catalyst stability and hence adding value to catalyst 
development and selection. It needs to be stressed that accelerated aging protocols are only as good as their calibration 
against the industrial reference. It is an applied research tool supporting industrial operation and constitutes a time-
saving and cost-efficient supplement to fundamental research studies.

FLORIAN HUBER
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Life cycle stability of ULSD catalysts

I
ndustrial hydroprocessing 
applications rely on the con-
tinuous operation of catalysts 

for time periods on a scale of 
years. In consequence, catalyst 
selection for such applications 
is the result of intricate eval-
uation processes as this deci-
sion will impact profitability 
for the whole operational life 
cycle. The catalyst needs to 
operate in a certain window of 
activity and to give a desired 
spectrum of product selectivi-
ties and qualities, and it must 
meet these performance criteria 
while maximising the length of 
the life cycle.

Ultra low sulphur diesel 
(ULSD) production has a very 
small margin for error. Here 
the feeds can contain four 
orders of magnitude more 
sulphur than the product. If 
a batch of product has a too 
high sulphur content, blend-
ing it with a batch of lower 
sulphur content is only of 
limited use in compensating 
sub-optimal catalyst operation 
because the limits of accept-
able sulphur content are very 
low (<10 ppm). At the same 
time, exchanging the catalyst 
out of schedule is undesira-
ble because this is a costly, 
time-consuming operation 

Accelerated ageing test methods allow refineries to gather an unprecedented 
amount of information about catalysts

FLORIAN HUBER and IOAN-TEODOR TROTUȘ
hte GmbH
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with increased safety con-
cerns, which disturbs refinery 
production.

For the reasons outlined 
above, catalysts for ULSD pro-
duction need to be very resil-
ient. Stability over long periods 
of operation, but also the ability 
to function over a wide range 
of operating conditions and 
feedstocks, and the ability to 
withstand and recover from 
occasional unforeseen extreme 
conditions that might arise 
during an operating cycle are 
required attributes for a catalyst 
in this application.

Conventional catalyst testing 
relies on comparing the activity 

of start-of-run (SOR) catalysts 
using experimental plans which 
are relatively short when com-
pared with the lifetime of indus-
trial catalysts but nevertheless 
operate under conditions (tem-
perature, pressure, feed, and so 
on) that are very close to those 
of normal industrial operation. 
This approach is suitable for 
finding the most active SOR 
material but in most cases offers 
limited information for compar-
ing the relative stability of the 
catalysts being tested. 

The deactivation rates of dif-
ferent catalysts are not neces-
sarily identical: a highly active 
catalyst can deactivate more 
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Figure 1 Relative activity ranking of two catalysts with different deactivation 
rates. Figure given only for illustrative purposes; there is no guaranteed general 
link between catalyst activity and stability. This must be determined for each 
catalyst individually
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cycle of industrial operation. 
As displayed in Figure 2, the 
accelerated ageing protocol is 
validated by comparing the 
activity of the EOR industrial 
catalyst with the SOR catalyst 
aged at an accelerated rate. In 
this way the accelerated ageing 
is validated against the nor-
mal ageing observed in a real 
industrial process. This com-
parison ensures that the extent 
of ageing applied to the SOR 
catalyst is industrially relevant. 
Additionally, this procedure 
allows the comparison of vari-
ous product properties between 
the refinery EOR catalyst and 
the SOR catalyst aged under 
conditions of increased severity.

There are two more common 
ways of performing accelerated 
ageing: one is at constant tem-
perature, the other at constant 
sulphur level.4 The constant 
temperature approach is suit-
able for comparing very simi-
lar materials, but when highly 
active catalysts are compared 
to catalysts of low activity, one 
would end up either with the 
low activity catalyst operating 
below its required tempera-
ture and giving a product with 
a much higher sulphur con-
tent than targeted, or with the 
high activity catalyst operating 
above its temperature window 
and being subjected to a need-
lessly high temperature, which 
it would never actually see dur-
ing its normal operation. The 
constant sulphur level is more 
suitable for comparing catalysts 
of different activities.

In ULSD production, the 
target is to reach a sulphur 
concentration below 10 ppm. 
Under normal industrial opera-
tion, the reactor is heated to the 
temperature needed to reach 
that target sulphur level. As 

quickly than a catalyst with 
lower initial activity. Also, with 
different deactivation rates, it 
is possible that a highly active 
SOR material (Catalyst 2 in 
Figure 1) can have a higher 
activity at the beginning of its 
operation when compared to 
another material (Catalyst 1 in 
Figure 1) but during operation 
the activity ranking would be 
reversed.

Considering the long lifetime 
of industrial catalysts (1-2 years) 
in diesel desulphurisation, a test 
under standard operating condi-
tions with the aim of evaluating 
relative catalyst stability would 
hardly be feasible, simply due 
to time constraints. To address 
these limitations of conven-
tional catalyst testing, hte has 
developed a testing method in 
collaboration with MOL based 
on accelerated ageing for ULSD 
catalysts.1 This testing method 
speeds up the loss of catalyst 
activity, which would normally 
occur in periods of 1-2 years or 
more, to just 1-2 months. 

In general, coke formation by 
condensation of polynuclear 
aromatic compounds is consid-
ered one of the major causes of 

catalyst deactivation in diesel 
hydrotreating.2 Coke deposition 
typically increases with increas-
ing operation temperature. 
Hence, operating under condi-
tions that favour coke deposi-
tion on the catalyst will increase 
the rate of catalyst deactiva-
tion. But simply running a set 
of catalysts at unrealistically 
high temperatures for a short 
time and then measuring which 
one retained the most activity 
after this treatment does not 
provide a convincing acceler-
ated ageing method. This one- 
dimensional approach would 
most likely over-simplify the 
impact of coke formation and 
neglect the impact of additional 
root causes on deactivation.3

The challenge in designing an 
accelerated ageing protocol lies 
in relating the accelerated deac-
tivation process to the catalyst 
deactivation observed in actual 
industrial operation and thus 
gaining pertinent industrial 
information from such a test. 

hte’s testing method relies 
on the use of a reference SOR 
catalyst and a corresponding 
reference end-of-run (EOR) 
catalyst that has seen a normal 
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the catalyst ages, the tempera-
ture must be increased until the 
point where a further increase 
in temperature is no longer 
desirable and the catalyst must 
be changed out. An accelerated 
ageing protocol should retain 
some characteristics of this 
mode of operation to be realis-
tic. From this point of view, it 
also becomes obvious why the 
constant sulphur mode is more 
adequate. 

Nevertheless, under indus-
trial operation reactor heating 
rates are in the order of sev-
eral degrees per month.5 Under 
accelerated ageing, the heating 
rate would consequently be 
10-20 times higher than under 
normal operation. Because 
the heating rate is determined 
by the ageing and the ageing 
is determined by the heating 
rate, and it is also the ageing 
that must be determined, hte 
chose to develop an accelerated 
ageing protocol that increases 
the severity of multiple pro-
cess parameters and the tem-
perature is selected to give a 
product sulphur concentration 
close to 5 ppm at the start of the 
ageing protocol. This method 
ages the catalyst at a constant 
temperature, but chooses a 
relevant temperature for each 
catalyst, thus making the best 
of both the constant tempera-
ture and the constant sulphur 
approach. The severity of each 
individual process parameter is 
tuned to match realistic param-
eters from industrial operation, 
thus increasing the severity of 
all relevant process parame-
ters, but maintaining all these 
parameters in a realistic oper-
ation window. In other words, 
hte’s ageing protocol could be 
defined as a ‘constant initial 
sulphur level – constant age-

www.eptq.com                                                                                                                                     Catalysis 2019   3

ing temperature’ protocol. This 
allows the study of catalysts 
with considerable activity dif-
ferences, as is required given 
the numerous hydrotreating 
catalyst options available on the 
market.

Figure 3 shows a schematic 
representation of hte’s accel-
erated ageing protocol for the 
comparison of product sulphur 
levels with an illustration of 
the behaviour of EOR materi-
als from different levels in the 
industrial reactor compared to 
the SOR material and the lab-
aged EOR catalyst material. 
As a quality control measure, 
detailed analyses of the reaction 
products obtained from the cata-
lysts aged with hte’s accelerated 
ageing protocol (Aged-SOR) are 

performed and these are com-
pared with the properties of 
the products obtained from an 
EOR catalyst. With hte’s accel-
erated ageing testing protocol, 
the differences between EOR 
and Aged-SOR in all the rele-
vant ULSD product properties 
are minimal, as can be seen from 
Table 1.

One crucial aspect of this test-
ing protocol is the industrial 
reference catalyst. Industrial 
reactors contain catalyst in the 
order of hundreds of cubic 
metres, while a bench-scale 
unit from hte uses several tens 
of millilitres of catalyst and a 
high throughput unit from hte 
uses only several millilitres of 
catalyst per reactor. For this 
reason, the sample of spent cat-
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alyst from the industrial reac-
tor must be selected carefully, 
considering that deactivation 
does not occur homogeneously 
throughout a fixed catalyst bed.2 
In Figure 3 we illustrate the sul-
phur concentrations of the prod-
ucts obtained when testing EOR 
material sampled from different 
levels in the industrial reactor. 
It can easily be observed that 
the three EOR materials sam-
pled from different levels in 
the industrial catalyst bed have 
significantly different activi-
ties. The EOR catalyst from the 
top of the bed shows the lowest 
activity. This part of the catalyst 
bed comes directly into con-
tact with the unprocessed feed. 
Hydrotreating, in particular 
aromatic saturation, is an exo-
thermic process with significant 
temperature increase in the top 
of the bed. Hence conditions 
favouring coke formation from 
the large fraction of polyaro-
matics still present. Going down 
through the catalyst bed, sul-
phur and nitrogen are split from 
the hydrocarbon backbones and 
aromatics and olefins become 
more and more saturated, so the 
lower levels of the catalyst bed 
only come into contact with a 
feed that has much less potential 
to deactivate the catalyst. 

The catalyst in the middle 
or bottom of the catalyst bed 
never comes into direct con-
tact with the unconverted 
feed throughout the entire run 
and suffers much less deac-
tivation over the operating 
period. Moreover, maintaining 
a moderate operation temper-
ature down the catalyst bed 
throughout the run helps to 
suppress coke formation. As 
a consequence, when compar-
ing the EOR materials along 
the bed, the material at the top 

of the industrial reactor had 
lost the most activity, the EOR 
in the middle was more active 
than the EOR at the top, and 
the EOR at the bottom was the 
most active of all at the end of 
the cycle length.

In general, when selecting 
an EOR reference for the age-
ing protocol, one should have 
an idea of the deactivation pro-
file inside the industrial reactor 
and a strategy for taking into 
account the inhomogeneous 

deactivation pattern. One strat-
egy could be to use a represent-
ative sample from the top third 
of the industrial reactor to sim-
ulate ageing. This means taking 
the material that has suffered 
the most ageing as a reference 
to observe the evolution of the 
properties of the tested catalysts 
over the entire range of deacti-
vation that is observable under 
industrial operation. Another 
more sophisticated strategy 
could include kinetic reactor 
modelling to compose the over-
all catalyst deactivation in the 
industrial reactor based on the 
inhomogeneous deactivation 
pattern. A necessary prerequi-
site of this modelling approach 
would be to generate lab EOR 
corresponding to different EOR 
locations in the industrial reac-
tor, hence utilising protocols 
with different ageing severity.

When comparing the HDS 
activation energies of the EOR 
catalysts from different heights 
of the industrial reactor (see 
Table 2) to the activation energy 
of the catalyst aged with the 
accelerated ageing protocol, one 
can observe that the differences 
are within the experimental 
error for determining activation 
energies, despite the different 
activity level of the industrial 
EOR samples in particular. This 
indicates that the deactiva-
tion is caused by a reduction 
in the number of active sites 
or a structural change to the 
active phase. Such deactivation 
may be caused by coke depos-
its covering the active centres 
and making them less accessi-
ble, or by a structural change 
in the sulphide phase. These 
deactivating phenomena are 
not blocking the pores of the 
catalyst to an extent that can 
noticeably limit the mass trans-

  4   Catalysis 2019                                             www.eptq.com

Catalyst EOR top  Aged-SOR
 catalyst  HDS catalyst
Days on oil >420 37
Density at 15°C  0.8311 0.8319
Sulphur content 
of product at
reference condition 46 46
Simdist T-10% 
(ASTM D2887)  211.18 210.8
Simdist T-50% 
(ASTM D2887)  273.04 272.85
Simdist T-90% 
(ASTM D2887) 330.97 330.75
Cetane Index
(ASTM D4737 - 10 ) 57.7 57.7
Cloud point 
(ASTM D2500)  -15.5 -15.5
Pour point 
(ASTM D97) -22 -20
Flash Point 
(ASTM D3828) 94 100.5
Yield (Diesel), % 96.7 96,7
Monoaromatics, % 23.5 23.8
Diaromatics, % 1 1.1
Tri+Aromatics, % 0.1 0

Compared product properties, EOR 
vs Aged-SOR

Table 1

Catalyst Activation energy, kcal/mol
EOR-top 30.4
EOR-middle 32.3
EOR-bottom 32.2
Aged-SOR 31.4

Compared activation energies 
(calculated for HDS reaction order 

n=1.3) of EOR catalysts from 
different reactor heights and of the 

Aged-SOR

Table 2



2019Life cycle stability of ULSD catalysts

FLORIAN HUBER, IOAN-TEODOR TROTUŞ

17 ENERGY & REFINING

fer through the catalyst’s pores. 
This kind of deactivation would 
have no significant impact on 
the activation energy.

With coke deposition being 
a major cause of deactivation, 
the factors that favour coke 
deposition will also accelerate 
deactivation. The most obvious 
parameter that can be adjusted 
when designing an acceler-
ated ageing process is temper-
ature, because an increase in 
this parameter will accelerate 
all reactions, including the for-
mation of coke deposits that 
block access to the active site of 
the catalyst. Another relevant 
parameter is hydrogen partial 
pressure. As this gets lower 
the rate of hydrogenation reac-
tions decreases and in conse-
quence increased amounts of 
unsaturated molecules come 
into contact with the catalyst. 
Unsaturated molecules are 
required to form the polymeric 
species that constitute the layers 
of coke blocking the active sites. 
The third relevant parameter 
is the amount of polyaromatic 
hydrocarbons passed through 
the reactor. This is dependent 
both on the polyaromatic con-
tent of the feed and on the feed 
rate. Polyaromatic hydrocar-
bons work as coke precursors 
and increasing their availability 
in the system will favour coke 
formation. Temperature and 
hydrogen pressure should be 
kept, to a reasonable extent, 
close to realistic operating con-
ditions to ensure that the coke 
species formed on the catalyst 
are similar to those that form in 
the industrial reactor. For the 
flow rate and polyaromatics 
content of the feed, the limits are 
less strict, as long as the temper-
ature and hydrogen pressure are 
chosen reasonably. 
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methods provide the next step 
in catalyst testing technology 
and allow refineries to gather 
an unprecedented amount of 
information about catalysts 
from their studies with a modest 
amount of additional effort.
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Not all feeds are identical, so 
the interplay of these parame-
ters must be considered when 
designing such a test. The use 
of an industrial catalyst that has 
endured an entire operational 
cycle as a reference ensures that 
the deactivation protocol is rele-
vant for comparing the stability 
of catalysts under industrially 
relevant conditions.

Conclusion
The application of high through-
put experimentation technol-
ogy and tools is essential for 
comparing many catalysts that 
the market has to offer under 
accelerated ageing conditions. 
As a result of such an acceler-
ated ageing test protocol, the 
ranking of SOR catalysts would 
be determined based on their 
activity under the reference con-
ditions, similar to conventional 
testing. In addition, such a test 
would give the added benefit 
of clearly indicating the ranking 
of catalyst stability for an indus-
trially relevant life span. The 
results of the test would also 
allow a semiquantitative esti-
mation of the lifetime of several 
catalysts when compared to the 
industrial reference EOR cata-
lyst. Conventional testing can 
give a rough lifetime assessment 
assuming similar deactivation 
rates by comparing the activity 
difference of the SOR catalysts. 
However, it is clear that the 
assumption of constant deacti-
vation rates may be an over-sim-
plification of reality taking into 
account the ageing dependency 
on catalyst material, opera-
tion conditions and feedstock 
properties.

With all the uncertainties 
about long term catalyst stabil-
ity inherent in classical catalyst 
testing, accelerated ageing test 
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Catalyst testing for hydrocracking and 
hydrotreating  

I
ncreasing global demand for fuels 
and heavier feedstocks as well as 
tightening environmental regula-

tions create a pressing need for the 
refining and petrochemical industry 
to optimise or develop new 
processes to generate and secure 
today’s fuels for mobile transporta-
tion (CNG, LNG and LPG, gasoline 
and diesel) as well as platform 
chemicals for the petrochemical 
industry (C2-C8 olefins, alcohols, 
aromatics). However, while demand 
for fuels and especially diesel is 
increasing, crude oils are becoming 
ever heavier. Furthermore, environ-
mental regulations stipulate lower 
sulphur and nitrogen content. There 
is a need for refineries to optimise 
or develop new processes for the 
conversion of products derived 
from the bottom of the atmospheric 
distillation column such as atmos-
pheric residue or atmospheric/
vacuum gas oils. In this context, it is 
necessary to develop new catalysts 
or evaluate several commercial cata-
lysts. By using a traditional 
approach with a single pilot plant 
reactor set-up, the process of testing 
several catalysts can be very 
time-consuming and a large amount 
of feedstock and catalyst is needed. 
Keeping all process parameters 
constant over time without any 
influence from the seasons, chang-
ing technical equipment or aging of 
feed/catalysts is very difficult.

Instead, this process can be facili-
tated tremendously by using high 
throughput experimentation (HTE) 
technology with many reactors in 
parallel, which allows several cata-
lysts and process conditions to be 
tested at the same time.1,2 
Furthermore, the amount and cost 

High throughput experimentation techniques enable performance testing of  
commercial catalysts with real feedstocks such as deasphalted oil 

JOCHEN BERG, TILMAN SAUER, CHRISTOPHER FEDERSEL, SASCHA VUKOJEVIC, PHILIPP HAUCK, FLORIAN HUBER  
and ALFRED HAAS
hte GmbH

of catalyst and feed can be mini-
mised since only a few grams of 
the catalysts are needed. hte 
GmbH, located in Heidelberg, 
Germany, is a provider of such 
high throughput technology. 

In this article, we present two case 
studies that were performed for 
customers using the HTE technol-
ogy in the field of vacuum gas oil 
(VGO) hydrocracking and hydro-
treating of atmospheric residue 
(AR). These studies show the capa-
bility of handling very heavy 
feedstocks and full-size commercial 
catalysts with high throughput tech-
nology while achieving very high 
data quality and reproducibility.

Integrated workflow solutions
Over the last 10 years, hte has 
developed a comprehensive hydro-
treating workflow. The workflow is 
defined as the experimental cycle 
comprising catalyst synthesis, reac-
tor filling, catalytic performance 
testing, product analysis, data eval-
uation and reporting. In high 
throughput experimentation, many 
experiments are performed simulta-
neously. The amount of data 
increases by at least an order of 
magnitude when compared to 
conventional testing. Manual data 
handling is not an option due to 
the complexity and huge number of 
working steps. This necessitates 
automation of the workflow cycle. 
Therefore, the company imple-
mented its own fully integrated 
software workflow.

A typical HTE experiment 
consists of several steps: catalyst 
and feed preparation and character-
isation, reactor loading, unit set-up, 
experimental process control, 

processing of analytical data and 
data treatment. Each step generates 
data which is important for the 
catalyst evaluation. All process 
data, online analytics and oil 
samples for off-line analytics gener-
ated by the test unit are collected 
by hte’s process control software 
hteControl4. Additional offline 
analysis data from oil samples (for 
instance viscosity, SimDist, sulphur, 
nitrogen) are labelled with unique 
barcodes and sent for analysis. The 
test unit and all analytical instru-
ments are integrated into the 
scientific data warehouse myhte. 
All results are merged in the data 
warehouse. The data treatment is 
done with an automated calculation 
protocol. Data evaluation and 
reporting in tabulated or graphical 
form completes the workflow cycle. 
Using the hte workflow, the history 
of each catalyst from the beginning 
to the end of the experiment can be 
followed and analysed. 

The reactor packing is essential 
for good data quality and repro-
ducibility. Failures in the packing 
method can compromise the valid-
ity of the test results. Powders and 
full-size extrudates can be tested in 
the units. When using full-size 
commercial extrudates in small-
scale reactors, wall effects have a 
considerable influence on the 
hydrodynamics of gas and liquid 
flow. To ensure plug flow, extru-
dates are embedded in an inert 
matrix, minimising channelling and 
by-pass effects.3 Processing heavy 
feeds is a challenging task, espe-
cially in small-scale units, due to 
waxy feed and asphaltenes which 
need high processing temperatures 
to avoid plugging in the unit. hte’s 
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sion/mass flow limitation is the 
diameter of the full extrudates. To 
ensure plug flow hydrodynamics of 
liquid and gas flow through the 
catalyst bed, extrudates (Ø ≈ 1.3 
mm, length 2-4 mm) were diluted 
with silicon carbide (SiC) as inert 
material with a particle size range 
of 125-160 µm in order to ensure 
that the void space between parti-
cles and wall effects (inner diameter 
of reactor 5 mm) are minimised. 
This ensures equivalent linear 
velocity of gas and liquid around 
the SiC-embedded extrudates 
(equivalent Reynolds particle 
numbers). Different catalyst proper-
ties such as density, diameter, 
length and shape have an influence 
on the packing behaviour. To 
ensure a good packing quality by 
avoiding void spaces and demixing 
of extrudates and SiC, the packing 
of unknown catalysts is tested in 
glass tubes prior to reactor packing.

After activation of the catalysts 
using a liquid sulphiding proce-
dure with DMDS the catalysts were 
lined out for several days. The cata-
lyst activity is shown in Figure 1 by 
comparing the conversion of the 
+350°C boiling fraction at different 
reactor temperatures. It can be seen 
that catalyst A has the lowest and 
D the highest activity. Catalysts B 
and C exhibit similar activity. The 
VGO was cracked to lighter prod-
ucts: gases (C1-C4), naphtha, 
kerosene, diesel and tail oil. In 
Figure 2 the yields of the boiling 
fractions are plotted versus the 
conversion of the +350°C fraction. 
In the left plot, the data for cata-
lysts A, C and D are given from all 
12 reactors. The data suggest that 
catalysts A, C and D are derived 
from the same catalyst type but use 
different amounts of active mass 
(see Figure 2a). With catalyst B, 
over-cracking starts at lower 
conversions (see Figure 2b).

The target products of hydroc-
racking were the middle distillates 
including kerosene and diesel. The 
defined boiling range was 
130-370°C. Over-cracking to gases 
and light boilers was not desired. 
The selectivity to middle distillates 
describes the ratio of the required 
boiling range to the total product 
boiling range:

units can be heated up to 150°C in 
all wetted parts. 

In hydrocracking applications in 
particular, closing the mass balance 
is an important task. Offline liquid 
phase data (for instance mass flow, 
sulphur/nitrogen, boiling fractions) 
and gas phase data (H2, hydrocar-
bons, H2S) need to be combined to 
get the overall picture. hte’s hydro-
processing workflow makes it 
possible to merge automatically all 
the required data (catalyst and feed 
characteristics, process data and 
on/offline analytics) in the myhte 
database. The raw data is stored in 
a protected area. On the basis of 
the raw values, calibration data can 
be added and powerful calculations 
started. The reporting function of 
myhte allows different types of 
data plots and Excel spreadsheets 
to be generated easily and 
exported. The use of additional 
software such as Excel is in most 
cases no longer necessary.

Hydrocracking of VGO
This first study illustrates the 
reproducibility and accuracy of 
high throughput testing of full-size 
commercial extrudate catalysts in 
the application of VGO hydrocrack-
ing in a 16-channel trickle bed unit. 
Four commercial hydrocracking 
catalysts (called A, B, C, D) and a 
hydrotreated VGO spiked with 
dimethyldisulphide (DMDS) and 
tributylamine (TBA) were used. 
The test was performed at four 
temperatures with a duration of 3-5 
days each at a reactor pressure of 

140 bar. The product gas streams 
were analysed on the basis of 
online gas chromatography and 
thermal conductivity detection 
(hydrocarbons up to C20, H2 and 
H2S) and the liquid offline samples 
based on total sulphur/nitrogen, 
density/API and simulated distilla-
tion. Using this analytical data, the 
mass balance was closed based on 
mass flow rates. Yields and conver-
sions were calculated and several 
correlations plotted.

The four extrudate catalysts (A, 
B, C, D) were mounted four times 
in the same way to test reproduci-
bility. The catalyst volume used 
was 2 ml calculated from the 
settled bulk density of the pure 
full-size extrudates. Prior to catalyst 
packing, the extrudates were sorted 
by length in the range 2-4 mm in 
order to ensure an almost constant 
length to diameter ratio and hence 
ensure a constant particle Reynolds 
number of the full-size catalyst 
particles when embedding the 
extrudates in the diluent material. 
The characteristic length for diffu-
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One of the questions 
in hydroprocessing is 
where the hydrogen 
goes and how it 
changes the product 
properties
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Selectivity =
   Yield [130 - 370°C]

                            Yield [<370°C]

In Figure 3, the selectivity to 
middle distillates is plotted versus 

the +350°C conversion. The selec-
tivity decreases with increasing 
conversion. Although having differ-
ent activity, the selectivity curves of 
catalysts A, C and D are similar, 

illustrating again that catalysts A, C 
and D may be derived from the 
same catalyst type but with differ-
ent active mass. The selectivities of 
catalysts A, C and D have a linear 
correlation with up to 85% conver-
sion. Catalyst B shows a lower 
selectivity to middle distillates due 
to its tendency to over-cracking to 
gases and light boilers. The varia-
tion of the data points gives a  
good visual impression of data 
reproducibility.

Hydrogen is an expensive and 
limited resource in refineries. One 
of the main questions in hydropro-
cessing is where the hydrogen goes 
and how it changes the product 
properties. Over-cracking is not 
desired as this consumes hydrogen 
and generates worthless gaseous 
products. Looking at the oil prod-
ucts’ properties, decreasing density 
with hydrogen consumption is 
economically beneficial when sold 
on a volume basis. Figure 4 shows a 
linear correlation of hydrogen 
consumption and product density. 
Catalysts A, C and D appear to be 
more beneficial since they decrease 
the product density more than cata-
lyst B at identical hydrogen 
consumption. In Figure 4, possible 
reaction pathways with different 
hydrogen consumptions are illus-
trated. The hydrodearomatisation 
(HDA) reaction consumes the most 
hydrogen per molecule. HDA has a 
strong effect on decreasing the 
product density (for instance, 
benzene, 0.87g/cc → cyclohexane, 
0.77g/cc). The saturation of  
unsaturated bonds and hydrocrack-
ing consumes one hydrogen 
molecule per reaction step. 
Hydroisomerisation can change the 
density without hydrogen 
consumption. Plotting the yield of 
C1 to C4 versus density shows 
almost the same picture. It can be 
assumed that the reason for the low 
density change of catalyst B could 
be earlier over-cracking.

It is very clear from this study that 
catalysts A, C and D have an identi-
cal hydrocarbon product selectivity 
while catalyst B shows a much 
lower selectivity to middle distillates 
due to early over-cracking to lighter 
products. The overall activity and 
selectivity ranking is as follows:

2a

2b

Yi
el

d,
 %

0 10 20 30 40 50 60 70 80 90 100
+350ºC conversion, %

60% conversion

Yi
el

d,
 %

0 10 20 30 40 50 60 70 80 90 100
+350ºC conversion, %

60% conversion

Naphtha
Diesel

C1_C4

Tail oil
Kerosene

Figure 2 Yields of different boiling fractions: (2a) 12 reactor tubes with catalysts A, C and 
D (2b) four reactor tubes with catalyst B

S
el

ec
ti

vi
ty

, %

0 10 20 30 40 50 60 70 80 90 100

+350ºC conversion, %

Catalyst D

Catalyst B
Catalyst A

Catalyst C

Figure 3 Middle distillate selectivity vs conversion of +350°C fraction

124   PTQ Q1 2015                                                                                www.eptq.com

SASCHA VUKOJEVIC, PHILIPP HAUCK, FLORIAN HUBER, ALFRED HAAS



22

PTQ Q1 2015 ENERGY & REFINING

www.eptq.com                                                                                                                                                            PTQ Q1 2015   125

nitrogen and density/API were 
measured on the basis of the oil 
spot samples.

The reactors were loaded with 
stacks of up to three full-size 
commercial extrudate catalysts. The 
packing method is identical to the 
VGO hydrocracking study 
described before. From position 10 
down to position 1 the catalyst 
amount was increased in steps of 
0.2 ml resulting in a total volume of 
2 ml. The packing design for the 16 
reactor positions is illustrated in 
Figure 5 (bottom). The HDM cata-
lyst was in first place, followed by 
the transition catalyst and, finally, 
the HDS/HDN catalyst. 

Figure 5 shows the correlation 
between the different catalyst 
systems and sulphur conversion. 
The reactor loading protocol corre-
lates very closely with the HDS 
activity. With a decreasing amount 
of catalyst (reactor 1-10), decreasing 
sulphur conversion in the approxi-
mate range 30-100% could be 
observed. The steady curve of 
sulphur conversion indicates good 
reactor packing quality and process 
control, necessary prerequisites for 
reproducible and consistent testing. 
Differences in catalyst performance 
with step changes of only 0.2 ml of 
full-size commercial catalyst 
samples could be resolved. The 
obtained data can be converted into 
an axial reactor profile modelling 
contaminant concentration and 
product characteristic profiles along 
the reactor length. The data neces-
sary for such a plot was generated 
within 10 days’ runtime instead of 

the catalyst surface when released 
from the organic matrix during 
hydrotreating. Both processes result 
in accelerated deactivation of the 
catalysts. In order to investigate 
catalyst performance and deactiva-
tion, three functional types of 
commercial extrudate catalysts 
(HDM, transition, HDS/HDN) 
were stacked (up to three stacks) in 
different amounts and order. The 
HDM catalyst typically has modest 

HDS/HDN activity but optimised 
capacity to take up metals. The 
HDS/HDN catalyst has high activ-
ity towards HDS and HDN. The 
transition catalyst is somewhere in 
the middle with respect to capacity 
for metal uptake and HDS/HDN 
activity. Stacking enables modelling 
of the axial reactor profile in terms 
of conversions and product proper-
ties. Different temperatures were 
run at a reactor pressure of 140 bar. 
The gas phase was analysed by 
online gas chromatography and 
thermal conductivity detection 
(<C20 hydrocarbons, H2). Sulphur/

Activity ranking – reaction tempera-
ture to achieve 60% conversion of  
>350°C feed hydrocarbons:
A << B ≈ C << D

Selectivity ranking – middle distil-
lates at 60% conversion:

A = C = D >> B

In addition, a clear correlation 
between cracking activity, middle 
distillate selectivity, hydrogen 
consumption and oil product densi-
ties is apparent.

In this VGO hydrocracking study, 
a 16-channel trickle bed testing unit 
was utilised for testing four differ-
ent commercial extrudate catalysts. 
The reactor design and packing 
procedure (for instance, extrudate 
particles with constant L/D,  
dilution with SiC powder…) guar-
anteed a hydrodynamic plug flow 
profile, good reproducibility and 
accuracy. The interpolated data at a 
+350°C conversion of 60% exhibit 
an activity variance of less than 
±0.6°C. The sum of interpolated 
yields was 99.9% ±0.2%. The overall 
mass balance was close to 100% 
with a relative standard deviation 
of less than 0.8%. The selectivity to 
middle distillates had a variation of 
less than ±0.2% (absolute). 

Resid hydrotreating
In the second case study, the focus 
is on processing atmospheric resi-
due and the hydrotreating kinetics. 
Atmospheric residue (AR) is resi-
due from the bottom of atmospheric 
crude oil distillation and is a 
mixture of VGO and dissolved 
asphaltenes. Hydrocracking of AR 
should maximise the production of 
gasoline, diesel and kerosene and 
decrease the sulphur content in the 
oil products. This is important as, 
for instance, bunker oils derived 
from AR are subject to a sulphur 
limit due to environmental regula-
tions. In the open sea, a maximum 
of 3.5% sulphur has been allowed 
since 2012 and in Emission Control 
Areas 0.1% sulphur will be permit-
ted from 1 January 2015. 

During the hydrotreating reac-
tion, asphaltenes can precipitate in 
the catalyst bed due to the chang-
ing solvent properties of the VGO. 
Additionally, metals such as vana-
dium and nickel are deposited at 
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The trickle flow 
units together 
with the software-
supported workflow 
is a powerful tool 
for enhancing R&D 
productivity
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properties change significantly 
within a small volume and deposits 
can clog the small pores of the HDS 
catalyst relatively quickly when not 
protected by an HDM guard bed. 

As was mentioned in the previ-
ous study, hydrogen consumption 
is an important factor. In Figure 6, 
the hydrogen conversion of the 
stacked catalysts is plotted against 
the product density. It can be seen 
that hydrogen consumption 
increases with increasing tempera-
ture and bed length. The selectivity 
to products and hence the oil 
density respond differently to 
increasing catalyst volume and 
reaction temperature. At low 
hydrogen conversion, the increase 
in temperature (black arrows = 
constant catalyst amount) changes 
the oil density less than the increase 
in catalyst amount (coloured 
isotherms). Atmospheric residue is 
a complex mixture of many hydro-
carbons with different structures 
and functional groups. The hydro-
treating reactions of those 
molecules can be affected by reac-
tivity of functional groups, 
molecule size, mass transport, 
adsorption and many more. 
Therefore, the hydrotreating reac-
tion of each molecule has a 
different apparent rate constant. 
Increasing the amount of catalyst 
does not affect the ratio of rate 
constants. Increasing the tempera-
ture changes the ratio of rate 
constants as the hydrotreating reac-
tions have different activation 
energies. At high hydrogen conver-
sions, the number and 
concentration of remaining compo-
nents that can be hydrogenated is 
smaller. The structure of the 
remaining components can be simi-
lar and hydrotreating is less 
temperature-sensitive due to mass 
transport limitations. Thus, the 
difference between increasing cata-
lyst mass and temperature 
disappears.

The objective of this study was to 
measure the impact of stacked beds 
of HDM, HDS and HDN catalysts 
on the removal of contaminant 
metals (not quantified), nitrogen 
(HDN) and sulphur (HDS) from a 
resid feed as the basis for a compre-
hensive reactor model. This work 

only minor differences were 
observed when comparing posi-
tions 1, 14 and 15. At the highest 
temperature, positions with the 
HDS catalyst in first place (posi-
tions 12 and 14) showed a faster 
tendency towards plugging and 
deactivation. The reason for this is 
most likely sedimentation of 
asphaltenes based upon changing 
solvent properties of VGO at high 
conversion levels as well as metal 
deposition. The HDS catalyst has a 
high activity and typically low 
sedimentation capacity. The oil 

more than 3.5 months with a single 
reactor system. 

In addition to axial reactor profile 
modelling, the packing design was 
set up to elucidate and check some 
basic questions. Position 11-13 in 
Figure 5 show the relative HDS 
activity of the catalysts. As 
expected, the catalysts are ranked 
in the following order based on 
hydrotreating activity: HDS > tran-
sition > HDM. Positions 14/15 
investigate the influence of the 
stacking order versus physical 
mixing. Looking at HDS activity, 
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was executed in a 16-fold parallel trickle bed reactor 
system using commercial extrudates and processing 
real atmospheric resid. The results allowed the obser-
vation of very clear structure-performance correlations 
reflecting the experimental design and indicating that 
the comparative test could be performed reproducibly 
for all 16 parallel reactors (reactor packing, activation, 
operating parameter). Additionally it showed for this 
particular resid feed that hte’s trickle flow units are 
able to run resid feeds with high process stability.

Summary and conclusions
High throughput experimentation is an intelligent tech-
nique for accelerating catalyst development and 
ranking not only powder samples but also real full-size 
commercial catalysts. At hte GmbH it is now possible 
to test not just model feeds but also real feedstocks 
such as deasphalted oil and atmospheric residue. 

The case studies, hydrocracking of VGO and hydro-
treating of atmospheric residue, emphasise the 
capabilities of hte’s trickle flow units. The test units are 
built on robust technology which allows the generation 
of accurate and precise data in the applications of 
(deep) HDS/HDN, HDO, HDA, hydrocracking and 
hydrotreating of heavy feedstocks. The loading of 16 
reactors with repeats, reference catalysts or different 
catalyst amounts allows statistical, comparable and 
kinetic data to be gathered in one experiment. Different 
inner diameters of the reactors allow easy adjustment to 
the requirements of the experiment, such as extrudate 
or powder testing. The software packages hteControl4 
and myhte4 integrate all data in an optimised workflow 
which helps manage and analyse the huge amount of 
data with a fast response. The trickle flow units together 
with the software-supported workflow is a powerful 
tool for enhancing R&D productivity.
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Accelerated 
catalyst 
evaluation

H
ydroprocessing catalysts play an important role in a 
refinery and their selection is crucial for optimising 
refinery operations and increasing overall 
profitability. Catalyst evaluation processes typically 

involve many steps for selecting the best available catalyst that 
meets the selection criteria including proposal evaluations, 
economic evaluations and catalyst testing programs. 

The catalyst evaluation process generally starts with the 
request for technical proposals from different catalyst vendors 
as well as an initial benchmarking of all technical proposals. In 
these paper studies, the supplier provides yield projections of 
the proposed catalyst compared to a base case technology. 
The most promising catalysts are then evaluated in a catalyst 
testing program under similar operating conditions to those 
applied in the commercial process. As a final step, an economic 
evaluation of the technically acceptable catalyst systems 
determines the preferred catalyst system.

Catalyst testing is particularly important for mitigating 
technical risk and supporting basic feasibility studies for 
commercial applications. As most refiners are reducing their 
testing capacities in order to save costs, most of the catalyst 
testing work is either done by catalyst suppliers or by 
independent R&D service providers such as hte GmbH. 

Over the last couple of years hte has developed state of 
the art high throughput reactor systems and workflows for 
testing full size commercial catalysts in parallel under a wide 
range of process conditions in order to significantly reduce 
catalyst and process development times. The measures 
required in order to achieve a considerable acceleration of the 
catalyst evaluation process without compromising data quality 
will be presented in this joint case study between OMV and 
hte. This article will discuss the variables that can be tuned to 
control the hydrodynamics of gas and liquid flow at different 
scales.

Florian Huber, Sven K. 
Weber, Jochen Berg, Tilman 
Sauer and Alfred Haas, hte 
GmbH, Germany, and Karl 
Hutter, Anton Purgstaller, 
OMV Refining & Marketing 
GmbH, Austria, discuss how 
hydroprocessing full size 
commercial catalyst evaluation 
can be accelerated for improved 
efficiency.
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Testing at different scales
In order to obtain optimum performance in a trickle bed reactor, 
catalyst packing, gas and liquid flow distribution and heat 
management need to be controlled properly. With an optimised 
reactor configuration, the catalyst is the remaining degree of 
freedom that can be tuned to further improve the performance. 
Depending on the scope of the catalyst testing, different types of 
trickle bed reactor system can be used, from nanoflow type 
reactors (typically 1 ml catalyst volume scale), right up to pilot scale 
(typically 1000 ml catalyst volume scale) (Figure 1).

Catalyst development and comparative long term stability 
testing with basic product analysis, as well as optimisation of 
stacking configurations or basic reactor operation conditions call 
for small catalyst amounts (typically 1 ml scale) and a high degree of 
parallelisation (typically 16 - 48 fold). It is a low risk and cost 
effective approach for catalyst preselection compared to paper 
study based pre selection. Ranking of pre selected commercial 
catalysts focusing on catalyst performance as well as sufficient 
product quantities for detailed analysis of product fractions require 
larger catalyst amounts (typically 10 – 100 ml scale) and a moderate 
degree of parallelisation (typically 4 - 8 fold). Basic process studies 
such as 2 stage processing (e.g. mild hydrocracking) are performed 
at this scale as well. Pilot tests (typically 1000 ml scale or higher and 
1 fold) are used to predict the detailed performance of the 

preferred catalyst in a commercial unit under realistic process 
conditions (testing recycles, adiabatic operation and integration of 
product separation), as well as being able to deliver enough of the 
product for fleet tests. 

Testing at smaller scales only makes sense if the obtained 
performance data can be transferred to larger and, finally, to 
industrial scale. An important prerequisite for proper scalability are 
well defined reaction conditions in bench scale systems by means 
of well known lab reactor design criteria.1,2,3 Proper temperature 
control and reactor heating concepts ensure isothermal operation 
and thus enable well defined temperature performance 
correlations. Control of reactor length to diameter to catalyst 
particle size ratio as well as optimised catalyst packing concepts 
are needed to obtain an even gas and liquid flow distribution over 
the reactor cross section, and hence efficient catalyst wetting 
throughout the entire catalyst bed (defined as plug flow 
conditions). 

Catalyst packing 
A proper packing procedure is an important prerequisite for 
reproducible catalyst testing. The structure of the packed bed 
determines the fluid dynamics in the tricklebed reactor, affects the 
catalyst wetting and hence has a strong impact on the absolute 
reaction rate measured for a given catalyst.4

Packing configurations with an inner reactor diameter to 
particle size ratio (aspect ratio) of less than 25, which are typical for 
full size commercial shapes packed in bench scale reactors, suffer 
from uneven liquid and gas flow distribution over the reactor cross 
section.1,3 The reactor wall has an ordering effect on the catalyst 
particles resulting in an increasing void fraction close to the reactor 
wall. As a consequence, channeling and bypass close to the reactor 
wall can occur, leading to inefficient catalyst wetting throughout 
the catalyst bed.

Embedding full size commercial catalysts into a matrix of small 
diluent particles in bench scale reactors with low aspect ratio can 
suppress these phenomena.5 The small diluent particles dominate 
the fluid dynamics and help meet the reactor design criteria for 
plug flow behaviour and efficient catalyst wetting. This results in 
better comparability to pilot and industrial scale reactor packings 
with a larger aspect ratio.2 The embedding approach has led to the 

costly pilot plants used traditionally gradually 
being replaced by bench scale reactors.6

Reactor scales at hte and 
OMV
For case study, hydroprocessing units with 
different reactor scales at hte (16 fold nanoflow 
high throughput unit to four fold bench scale) and 
OMV (two fold pilot plant and finally a 
commercial plant) (Figure 2) were used. The 
catalyst volume of these units spans from 1 ml, 
through 100 ml and 1000 ml, right up to 100 m3 
(Table 1). Comparison of the superficial velocities 
(defined as flow rates over reactor cross section) 
clearly shows that for a given liquid hourly space 
velocity (LHSV) and gas to oil ratio (GTO) the 
industrial scale units typically operate at higher 
cross sectional load and hence most likely in a 
different fluid dynamic regime than the test 
units.2,3 The test units do not show a similarly 

Figure 1. Trickle bed reactor scaling with typical 
catalyst volume and degree of parallelisation.

Table 1. Typical dimensions and superficial velocities of hte and OMV 
trickle bed reactors at different scales

hte
Nanoflow

hte
Benchscale

OMV
Pilot scale

OMV
Industrial

Catalyst particle dp, mm 1.5 1.5 1.5 1.5

Reactor inner D, m 0.004 0.019 0.055 2.500

D/dp, - 3 13 37 1667

Reactor length L, m 0.20 0.40 0.90 20.00

L/dp, - 133 267 600 13 333

L/D, - 50 21 16 8

Cross section, m2 0.000013 0.000281 0.002376 4.908739

Dilution ratio, % 50 50 50 0

Catalyst volume, l 0.0013 0.0498 1.0549 98174.7704

Superficial liquid velocity, 
mm/s

0.020 0.035 0.089 4.000

Superficial gas velocity, 
Nm/s

0.006 0.011 0.027 1.200

Type
Catalyst Volume
Parallelization
Focus

Nanoflow Microflow Benchscale Pilotplant

Catalyst support
Outer collector

Gas + Liquid

Solid catalyst

Ceramic balls
Distribution tray

Liquid
Gas

Commercial
100 m3100mL100mL10mL1mL

16-48 4-8 1-4 1
Laboratory Trickle-Bed Reactor Commercial Trickle-Bed Reactor
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dramatic difference among each other with respect to superficial 
velocities. They lie within a range of factor four. Alignment is 
possible by adjusting the reactor length to diameter ratio. 

Testing units typically work with smaller diluent particles to 
improve isothermal operation and fill up the void space for better 
gas and liquid distribution. A decrease in void space results in an 
increase in the actual interstitial velocities. Nonetheless, this further 
increase by smaller diluent particles cannot compensate reaching 
the much higher cross sectional load of industrial scale. 
Consequently, the strategy for test units is not necessarily to 
reproduce the exact same fluid dynamic profile as in the 
commercial unit. Instead, techniques such as catalyst embedding 
are applied to assure an even flow distribution throughout the 
entire reactor cross section. This plug flow profile in the trickle bed 
reactor and the resulting efficient catalyst wetting ensure optimum 
catalyst utilisation and avoid masking artefacts from poor fluid 
dynamics.

Hydroprocessing case studies 
The case studies presented here comprise an independent catalyst 
ranking of two full size commercial catalyst systems A and B for 
two stage mild hydrocracking (MHC) of vacuum gas oil (VGO) with 
1 wt% sulfur and 1000 ppm nitrogen. In the first case study, the 
HDS/HDN catalysts A and B in the first MHC reactor stage were 
ranked against each other (reactor pressure 60 bar(g), LHSV 1.5 1/hr, 
GTO 300 Nl/ltr). The ranking was performed in a hte 16 fold high 
throughput system (nanoflow), as well as in an hte four fold bench 
scale unit. The setup comparison was done to prove the possibility 
of reasonable downscaling of full size commercial catalyst ranking 
from typical bench scale to 1 ml scale. In the second case study, the 
base case MHC catalyst system A was utilised to compare the hte 
bench scale unit with the OMV pilot plant for the combined two 
stage MHC of VGO (reactor pressure 60 bar(g), LHSV 0.72 1/h, GTO 
300 Nl/ltr). In all cases, the apparent rate constants were obtained 
with irreversible, ideal plug flow kinetics with reaction order n = 1.6.7

Downscaling from hte bench 
scale to hte nanoflow scale
Two full size commercial quadrilobe extrudate catalysts A and B 
were ranked in the nanoflow system and in the bench scale unit 
according to defined test protocols for combined 
hydrodesulphurisation (HDS) and hydrodenitrification (HDN) of 
VGO. Some difference exists between both tests due to somewhat 
different run modes. The bench scale unit was operated in a 
constant MHC conversion mode, i.e. the temperature was adjusted 
to maintain a certain conversion. The high throughput unit was 
operated in a temperature scan mode, i.e. the temperature was 
increased stepwise over defined time intervals in order to produce 
a temperature history and run time close to the one in the bench 
scale unit. Thus, the test protocols for the two units were not 
identical but close enough to ensure a reasonable level of 
comparability. The catalyst activation protocol was identical. 

The high throughput unit was additionally used to measure the 
HDS/HDN kinetics over a broader temperature range than that 
offered by the catalyst ranking protocol. Figure 3 shows HDS 
conversion and the corresponding apparent rate constant for full 
size extrudate catalysts A and B as well as catalyst A crushed to a 
powder fraction as a function of temperature. 

Commercial catalyst ranking is typically performed under 
industrially relevant conditions, i.e. often at high conversion levels 

far in excess of 90% conversion for HDS/HDN. As can be seen in 
Figure 3, the measured conversion differences are very small in this 
domain, while the calculated apparent rate constants expand the 
difference. As a consequence, the conversions in this domain must 
be determined with absolute precision in order to accurately 
distinguish even slight conversion differences and avoid 
experimental artefacts that are blown up when converted to rate 
constants. An imperative prerequisite for this is a reproducible 
catalyst packing protocol ensuring plug flow since artefacts from 
uneven flow distribution and incomplete catalyst utilisation may 
significantly corrupt the catalyst ranking.

 The result of the comparative catalyst ranking in the nanoflow 
and bench scale unit (Figure 4) shows that catalyst B is 
approximately 2.5 times more active than catalyst A. Although 
there is a slight deviation between both setups due to different run 
modes, the catalyst ranking on both scales lead to the same 

Figure 3. Comparison of HDS kinetics: conversion 
(left) and apparent rate constant (right), for full 
size commercial catalysts A and B, as well as base 
case A in crushed powder form.

Figure 2. Reactors at different scales (from left 
to right): 16 fold high throughput unit at hte 
(nanoflow), 4 fold bench scale unit at hte, 2 fold 
pilot at OMV, commercial plant at OMV.
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conclusion. Remarkably, the high throughput unit produces the 
same result as the bench scale system while using up to 100 times 
less catalyst and feed per reactor tube. The degree of parallelisation 
is therefore increased fourfold while the catalyst and feed amount 
is up to 25 times lower. Thus the same catalyst ranking conclusions 
can be obtained while saving infrastructure costs and at the same 
time enabling more catalysts to be tested simultaneously.

Downscaling from OMV pilot 
scale to hte bench scale 
Two stage mild hydrocracking of VGO with a base case catalyst 
system A (a combination of full size commercial quadrilobe and 
cylindrical extrudate catalysts) was used to establish a scaling 
correlation between the OMV pilot and the hte bench scale unit. 
The MHC catalyst test was carried out such that the reaction 
temperature was adjusted once a day to maintain the conversion 
of the 623K+ fraction as close as possible to the target of 35%M, 
based on SimDist data. The comparison was done without any 
preparatory alignment of the experimental procedures in both labs. 
The main difference between the lab procedures lay in the packing 
procedure. The hte packing was a compacted intimate mixture of 
catalyst and diluent. The OMV pilot consists of a fixed reactor tube, 
meaning that compacting is not possible to the same extent as 
with a detachable reactor tube. OMV therefore generates defined 
sandwich type loadings of catalyst and diluent material. 

Figure 5 shows the adjustment of the reactor temperature with 
time on stream (upper curves on left y axis) as well as the actual 
623K+ conversion (lower curves on right y axis) for OMV pilot and 
hte bench scale. Both temperature curves lie within the base case 
steady state industrial window. Hence, the catalyst ranking is 
carried out at an industrially relevant level. When comparing the 
two temperature curves, a difference of around 8 K can be 
observed at the end of the stabilisation period. A difference of 
around 4 K is explained by the somewhat different 623 K+ 
conversion levels (Δ623 K+ = 3.4%M). The remaining 4 K is explained 
by the different catalyst loading. The product distribution is very 
similar (Table 2). The mass balances were highly similar, thus 

ensuring that the results are comparable.
This case study illustrates that well adjusted test 

systems produce reasonable results with direct 
relevance to industrial operation. Consequently, 
comparative or relative ranking of catalysts within a 
test system can immediately rate and distinguish 
different catalyst candidates for industrial operation. 
In general, relative ranking, i.e. ranking of relative or 
normalised rates, is typically straightforward and 
requires only modest fine tuning for the transfer 
between different scales. However, when directly 
comparing absolute rates between different scales, 
there are usually some differences. This issue can be 
handled using a number of different methods. A 
typical fast approach is the use of scaling factors to 
transfer results from one scale to another. These 
correlations are determined by means of a base case 
or benchmark catalyst that is tested in both units 
under the same operation conditions, or in many 
cases this information comes from extensive 
experience when operating a test unit within the 
scope of catalyst management for an industrial 
catalytic installation. A more challenging approach is 

Figure 5. Comparison of hte bench scale and OMV  
pilot for two stage MHC with base case extrudate 
catalyst A.

Table 2. Comparison of product distribution and mass 
balance for 2 stage MHC with base case extrudate catalyst A 
in hte bench scale and OMV pilot at steady state (Day 19 - 21)

Bench Pilot

Yield Selectivity Yield Selectivity

C1 %M 0.4 1.0 0.5 1.1

C2 %M 0.3 0.8 0.4 1.1

C3 %M 0.6 1.6 0.8 1.8

C4 %M 1.0 2.5 1.0 2.3

C5-448 K %M 8.9 22.8 10.3 24.5

448-498 K %M 5.6 14.3 5.6 13.2

498-623 K %M 21.0 54.0 22.5 53.2

623 K+ %M 61.8 58.6

H2S %M 1.1 2.9 1.1 2.7

Mass balance %M 100.7 100.8

623+ 
conversion

%M 33.0 36.4

Figure 4. Catalyst ranking on both nanoflow and 
bench scale for full size commercial extrudate 
catalysts. Ratio of apparent HDS rate constants for 
catalyst A and B.
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the fine tuning of setups to align operational details and hence 
the absolute rates as closely as possible. Some challenges need 
to be tackled, especially when comparing different scales, and 
these challenges are different for each scale. The embedding 
technique for ensuring a proper plug flow for small reactor inner 
diameters has already been mentioned above. Another classical 
challenge is taking the right temperature for comparison, 
especially when comparing an isothermal small scale reactor and 
an adiabatic large scale reactor. One approach here is to use a 
well defined weighted average bed temperature (WABT) for 
large scale adiabatic systems. Another approach would be a 
comparison not via a WABT but by mapping the large scale 
adiabatic temperature profile with the small scale isothermal 
reactor. In the present case study, a next step towards further 
alignment between the two scales would be the harmonisation 
of the loading patterns.

Conclusion 
In this article, it has been demonstrated that full size commercial 
hydroprocessing catalysts can be ranked at different test reactor 
scales, from nanoflow scale (approximately 1 ml catalyst volume) to 
bench scale (typically up to 100 ml catalyst volume) to pilot scale 
(catalyst volume in the range of 1000 ml). The importance of correct 
catalyst packing for well defined and reproducible catalyst testing 
was described, pointing out that reasonable gas and liquid flow 
distribution and hence efficient catalyst wetting can be obtained by 
means of the embedding technique. 

The evaluation process for catalyst selection and catalyst 
management (optimisation, deactivation, regeneration) for refinery 
applications can clearly be accelerated by combining different test 
scales and degrees of parallelisation. In general, small scale testing 
units have low cost and infrastructure demands per catalyst test and 
enable very fast testing due to their high degree of parallelisation. In 
contrast, large scale testing units deliver more detailed information 
and larger quantities of product samples per catalyst test. A proper 
combination of the different test scales can result in a significant 
acceleration of commercial catalyst testing. 

References
1. MEDEROS, F., ANCHEYTA, J., & CHEN, J. (2009), Review on criteria 

to ensure ideal behaviors in trickle-bed reactors. Applied Catalysis A: 
General, Vol. 355, pp. 1 - 19.

2. SIE, S., & KRISHNA, R. (1998), Process Development and Scale Up: III. 
Scale-Up and scale-down of trickle bed processes. Reviews in Chemical 
Engineering, Vol. 14 (3), pp. 203 - 252.

3. GAETAN, M., CHAOUKI, J., & LUCK, F. (2009, July), Trickle-Bed 
Laboratory Reactors for Kinetic Studies. International Journal of 
Chemical Reactor Engineering, Vol. 7 (1), Review R2.

4. BEJ, S. (2002). Performance Evaluation of Hydroprocessing Catalysts 
- A Review of Experimental Techniques. Energy & Fuels, Vol. 16 (3), 
pp. 774 - 784.

5. VAN KLINKEN, J., & VAN DONGEN, R. (1980), Catalyst Dilution for 
Improved Performance of Laboratory Trickle-Flow Reactors. Chemical 
Engineering Science, Vol. 35, pp. 59 - 66.

6. SIE, S. T. (1996), Miniaturization of Hydroprocessing Catalyst Testing 
Systems: Theory and Practice. AIChE Journal, Vol. 42 (12),  
pp. 3498 - 3507.

7. BEJ, S., DALAI, A., & MAITY, S. (2001), Effect of diluent size on the 
performance of a micro-scale fixed bed multiphase reactor in up flow 
and down flow modes of operation. Catalysis Today, Vol. 64,  
pp. 333 - 345.



31

NEXT PUBLICATION

Performance testing of naphtha
reforming catalysts

MARIUS KIRCHMANN, ALFRED HAAS, CHRISTOPH HAUBER, SASCHA VUKOJEVIC

PTQ Q4 2015

ENERGY & REFINING



32

PTQ Q4 2015 ENERGY & REFINING

Performance testing of naphtha  
reforming catalysts

C
atalytic naphtha reforming, in 
which low octane naphtha 
feedstock is converted into 

high octane reformate, is one of the 
core processes in modern refiner-
ies.1,2 The reformate produced 
includes high-value aromatics for 
the petrochemical industry such as 
benzene, toluene, and xylenes (BTX). 
Hydrogen as a main byproduct is 
highly valued for its use in hydro-
treating, hydrocracking, and other 
hydrogen consuming processes in 
the refinery.

There has been ongoing research 
in the last decades with the aim of 
optimising activity, selectivity and 
stability in order to increase high 
octane C5+, aromatics and hydro-
gen yield. More recently, additional 
challenges have emerged due to 
environmental regulations, requir-
ing a reduction of aromatics content 
(especially benzene) in gasoline and 
an increase in hydrogen for the 
production of clean fuels. 

On the other hand, market trends 
show increasing global demand for 
aromatics in the petrochemical 
industry. In regions of developing 
markets such as Asia, strong 
growth in gasoline demand is 
expected, while demand is declin-
ing in developed regions such as 
North America, Europe and Japan.3 

Refiners need to decide whether 
to meet gasoline or aromatics 
demand by changing the catalyst, 
changing the mode of operation, 
revamping existing reformers from 
fixed bed to continuous catalyst 
regeneration (CCR) reformers, or 
installing new reforming capacity 
in regions close to developing and 
growing economies. At the latest 
when a catalyst reaches the end of 

High throughput screening of naphtha reforming catalysts under commercially 
relevant conditions

MARIUS KIRCHMANN, ALFRED HAAS, CHRISTOPH HAUBER and SASCHA VUKOJEVIC
hte GmbH

its service life, the difficult question 
comes up of whether to reduce risk 
and stick to the same catalyst, or to 
select a new, potentially better 
performing catalyst for the change-
out. Besides risk minimisation, 
catalyst costs have to be taken into 
account versus increase in profita-
bility, operability, stability and the 
capability to deal with different 
feed compositions. This is made 
more difficult by the fact that 
commercial naphtha reforming 
catalysts on the market have been 
optimised for decades and differ-
ences in performance can be very 

small. Notwithstanding this, even 
small differences in performance 
have a great impact on process 
profitability due to the large capac-
ity of reformers. Therefore, an 
independent catalyst test to bench-
mark catalysts on the market and 
compare their performance to the 
catalyst currently in service should 
be considered to minimise risks, 
increase economic return and help 
to make the right decision. 

Detecting these small differences 
in performance, however, takes 
conventional sequential catalyst 
testing in single-fold pilot plants to 
the limit and even minor deviations 

in process variables and the calibra-
tion of technical equipment 
(temperatures, pressures, flows, 
and analytics), feed composition or 
catalyst ageing between runs can 
easily compromise the results. 
Multiple runs have to be performed 
in order to obtain adequate statisti-
cal significance for reliable results, 
in the worst case not yielding suffi-
ciently small error limits or 
reproducibility to differentiate 
between catalysts. In addition, 
running these tests for multiple 
catalysts or process conditions 
consumes time that is often not 
available and is expensive. 

High throughput experimentation 
(HTE) technology can increase effi-
ciency by testing many reactors in 
parallel, which allows several cata-
lysts and process conditions to be 
tested simultaneously and saves 
time and costs. The option of 
installing the same catalyst in 
multiple positions immediately 
generates results with meaningful 
statistical significance. Nevertheless, 
differentiation of catalysts is only 
achieved if performance differences 
are higher than the statistical error 
of measurements, thus rendering 
catalytic naphtha reforming a chal-
lenging application for parallel 
testing of catalysts. Reproducible 
reactor loading, constant process 
conditions in each reactor (tempera-
tures, pressures, flow distribution) 
and high analytical precision are of 
great importance. 

Catalytic naphtha reforming is 
predominantly carried out in fixed 
bed reformers comprising both 
cyclic and semi-regenerative opera-
tions, though newer and more 
effective CCR reformers have high 
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High throughput 
experimentation 
technology can 
increase efficiency 
by testing many 
reactors in parallel
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RON decrease, the temperature can 
be increased or pressure and weight 
hourly space velocity (WHSV) 
decreased. While lowering pressure 
increases coking and shortens cata-
lyst lifetime significantly (which 
makes it a good measure to acceler-
ate decay in laboratory testing), 
decreasing WHSV limits capacity 
and increases hydrocracking to 
lights. Therefore, temperature 
remains as a sensible variable and 
operation at constant RON in fixed 
bed reformers is achieved by gradu-
ally increasing the temperature until 
heater capacity is reached or process 
economics become unfavourable 
due to increased hydrocracking and 
strongly reduced C5+ yields. In a 
parallel test rig, this constant or 
iso-RON operation requires a fast 
and reliable analytical method to 
determine RON in each reactor 
combined with individual tempera-
ture control for each reactor. In 
summary, the combination of multi-
ple reaction zones with 
semi-adiabatic temperature profiles, 
usage of full extrudates, and opera-
tion under iso-RON conditions 
brings parallel testing very close to 
commercial practice.

In this article, we present the 
latest developments in high 
throughput technology as a case 
study, in which different catalysts 
for naphtha reforming were tested 
in 16 parallel reactors under indus-
trially relevant conditions. The 
study was carried out in our 
research facilities at hte GmbH, 
Heidelberg, Germany. All relevant 
aspects of a typical HTE program 
such as reactor loading, test set-up, 
analytics, precision and data evalu-
ation are covered including special 
requirements for naphtha reform-
ing such as appropriate test 
protocols to handle different deacti-
vation time scales for fixed bed 
reforming and CCR reforming cata-
lysts. Emphasis will be placed on 
iso-RON operation for producing 
reformate with a constant RON for 
each catalyst, at the same time 
demonstrating the importance of 
integrated software solutions for 
process control, analytics and data 
evaluation. This results in a precise, 
fast and statistically significant 
differentiation of catalysts by activ-

penetration nowadays and are 
continuing to gain ground. Process 
conditions and catalysts for these 
processes differ significantly from 
each other and require a highly 
flexible parallel test unit to realise 
both protocols. The long cycle 
length and slow deactivation of 
fixed bed reforming catalysts (up to 
a year or more) requires a fast test-
ing approach employing 
accelerated decay conditions in 
order to gather results in a reasona-
ble time frame. On the other hand, 
short deactivation of CCR reform-
ing catalysts demands a fast 
approach in order to collect enough 
data before the catalyst deactivates, 
by reducing analysis time to 
increase sampling frequency, 
increasing the parallelisation degree 
of the analytics, reducing the 
number of reactors that are on 
stream in parallel, or sequentially 
starting up single reactors.

In earlier stages of catalyst devel-
opment with only small amounts of 
catalyst available as powder, testing 
under isothermal conditions can 
deliver initial qualitative results, 
identify leads, and provide a tool 
for fast performance checks after 
regenerations or to monitor produc-
tion. Commercial naphtha 
reformers, however, operate adia-
batically with multiple sequential 
reaction zones and inter-heaters in 
between (see Figure 1). Many types 
of reactions interact with each other, 
including desired reactions such as 
dehydrogenation, dehydrocyclisa-
tion or isomerisation and undesired 
reactions such as hydrocracking 
and hydrogenolysis. Especially in 
the first reactor of a commercial 
set-up, fast and endothermic reac-

tions such as dehydrogenation and 
dehydrocyclisation prevail over 
exothermic reactions, leading to a 
significant temperature drop. If a 
catalyst is very active, it will cause a 
higher endothermic temperature 
decrease than less active catalysts. 
When benchmarking these catalysts 
under isothermal conditions, the 
relative rates and contributions of 
the reactions involved will be differ-
ent, leading to different selectivities 
and in the worst case an incorrect 
ranking of catalysts. On the other 
hand, testing catalysts adiabatically 
in multiple sequential reactors 
requires an extensive set-up and 
high amounts of catalyst and feed 
even in a single-fold unit. In a 
16-fold parallel test rig, a good 
compromise between complexity 
and closeness to industrial practice 
was found by multiple reaction 
zones that allow the development 
of semi-adiabatic temperature 
profiles with same weighted aver-
age inlet temperatures (WAITs). 
Finally, usage of full extrudates 
improves reproduction of transport 
phenomena such as heat and mass 
transfer and is closer to practical 
conditions. 

In naphtha reforming, low octane 
paraffins and naphthenes in naph-
tha are converted to high octane 
iso-paraffins and aromatics in refor-
mate. Along the cycle time, catalyst 
deactivation occurs predominantly 
through carbonaceous deposits and 
leads to a gradual decrease of the 
research octane number (RON). 
However, refineries rely on a 
constant reformer output for gaso-
line blending purposes, aromatics 
downstream processes or hydrogen 
supply. In order to compensate the 

Interheaters

1 2 3

Naphtha Reformate

Figure 1 Schematic view of an industrial fixed-bed reactor set-up. Endothermic 
temperature drops are indicated in blue

SASCHA VUKOJEVIC
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ity, selectivity and stability close to 
commercial practice. 

Set-up
The high throughput system used 
in this case study is shown in Figure 
2 with 16 reactors in parallel. This 
unit has a modular design and the 
feed section pictured on the upper 
left provides consistent dosage of 
naphtha and evaporates it pulse-
free under inert conditions in a 
stream of dry hydrogen. On the 
upper right, the purge section with 
multiple mass flow controllers can 
supply additional gases such as H2, 
N2, air, and H2S. Both gas flows are 
distributed into 16 single gas 
streams and the operator can select 
between feed or purge flow for 
each individual reactor. This offers 
flexibility for activation and regen-
eration procedures or for keeping 
reactors under inert conditions. 
Especially for CCR reforming cata-
lyst testing, reactors can be started 
up sequentially with the same time 
on-stream (TOS), or the degree of 
parallelisation can be reduced to 
increase sampling frequency and 
collect more data points for each 
reactor. These selected gas streams 
from the feed or purge section 
enter the reactors placed in individ-
ually controllable heaters. Reactors 
with smaller or larger inner diame-
ters are available to test either 
powder or extrudates respectively. 
Information on temperature profile, 
weighted average inlet and bed 
temperatures (WAITs, WABTs) for 
each reactor are provided by mova-
ble inner thermocouples. In the 
downstream section below the reac-
tors, reformate products are diluted 
by a pressure control system that 
also keeps the pressure in each 
reactor exactly the same. High 
upstream and downstream temper-
atures are applied to keep all 
compounds of naphtha feed and 
reformate products in the gas 
phase. The effluent of one selected 
channel is directed to online GC 
analysis for measurement of perma-
nent gas and hydrocarbon 
composition. Further evaluation of 
the hydrocarbon composition yields 
the RON, which can, in turn, be 
used to control the heaters for 
iso-RON operation. When handling 
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naphtha, hydrogen, and high 
aromatics reformate, the safety of 
the unit is ensured by operating the 
whole unit in a closed ventilated 
hood equipped with several detec-
tors for hydrogen, smoke and lower 
explosion limits, which trigger 
immediate safety shutdown proce-
dures in case of any unusual event. 
All exhausts are incinerated to 
comply with air quality regulations. 

In order to obtain meaningful and 
reproducible results, loading the 
reactors is one of the crucial steps 
when testing catalysts in parallel. 
Variations in the length or diameter 
of catalyst particles, inhomogeneous 
flow around the particles, or devia-
tions from ideal plug flow can cause 
differences in mass or heat transfer, 
different catalyst performance and 
non-reproducible results. 

In order to resemble the commer-

cial set-up of multiple sequential 
reaction zones (see Figure 1), the 
extrudates were loaded in several 
catalyst zones close to the mass 
distribution in commercial units. 
As mentioned before, prevailing 
strong endothermic reactions in the 
first, and to a lesser extent in the 
following reaction zones, lead to a 
temperature drop, making it neces-
sary to reheat the feed in order to 
ensure that the feed enters each 
catalyst zone with the same WAIT. 
Measurement of temperature 
profiles inside the reactor indicates 
that the feed is reheated to the 
same WAIT and that semi-adiabatic 
temperature profiles exist.

In this case study, five different 
fixed bed reforming catalysts were 
tested in three redundant positions 
to check reproducibility and 
provide statistically significant 
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Figure 2 Simplified process diagram of high throughput unit for naphtha reforming
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Figure 3 Schematic design of screening plate (16 positions) for this case study, charged 
with five different catalysts in three redundant positions and one inert position
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required resolution for complex 
multi-component product mixtures 
and long term column stability 
with minimal drift (>1000 h) was a 
challenging task that was resolved 
by a sophisticated multi-column/
multi-detector set-up in several gas 
chromatographs. The full gas phase 
spectrum of hydrocarbons up to C14 
is detected and more than 100 
compounds are separated and 
assigned. An exemplary chromato-
gram of naphtha (red) is shown in 
Figure 5 together with a C1-C14 
n-paraffin standard (blue). Smaller 
windows display chromatograms 
of supplemental columns for 
complete C1-C6 light and aromatics 
separation. If reformate is further 

product spectrum is below 1 wt% 
and >99 wt% of more than 100 
separated substances in the GC 
chromatograms are assigned to 
specific compounds. 

Analytics
In HTE, it is essential to have a fast 
and reliable analytical set-up. Not 
one but 16 reactors need to be 
sampled and, depending on the 
catalyst deactivation, enough data 
points need to be collected during a 
24-hour period. This is even more 
critical if the unit is operated under 
iso-RON conditions and analytical 
results are used to control reactor 
temperatures to compensate decay. 
Combining fast analysis with the 

results. A total amount of 10 ml 
was loaded as full extrudates into 
15 positions, leaving space for one 
position filled with inert material 
for measurement of any blind activ-
ity (see Figure 3). Regular feed 
analysis is possible via a by-pass 
channel and inner thermocouples 
for temperature measurement were 
placed in each reaction zone. 

 
Feed
Hydrotreated, full-range heavy 
naphtha with an average molecular 
weight of 110 g/mol and 66-204°C 
IBP-FBP range was dried to <10 
ppm water content to minimise 
chloride leaching and transferred 
into the unit under inert conditions. 
The drying workflow was opti-
mised to consistently process 
barrels of naphtha feedstock when 
testing larger catalyst amounts in a 
16-fold reactor system. In case of an 
exemplary WHSV of 2 and 10 ml of 
catalyst per reactor, around 6 l of 
naphtha per day are required. The 
feed composition measured by 
online GC in the inert channel and 
the corresponding high octane 
reformate for one of the catalysts is 
shown in Figure 4, split by carbon 
number and PIANOU lumps 
(paraffins, iso-paraffins, aromatics, 
naphthenes, olefins, unknowns). 
The amount of unknowns or 
unidentified compounds in the 
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regular RON measurements with 
sampling frequency depending on 
catalyst deactivation rate. Clearly, 
this time interval is much shorter 
for CCR reforming catalysts with 
fast deactivation compared to fixed 
bed reforming catalysts with a 
longer cycle length, although oper-
ating the latter under accelerated 
decay conditions also requires 
shorter sampling intervals. In high 
throughput testing, the number of 
data points per time interval 
depends on the number of parallel 
reactors on stream and the length 
of the GC method. The resolution 
of chromatograms (number of iden-
tified products and precision of 
RON determination) and a short 
sampling interval are of equal 
importance and a good compro-
mise needs to be found. 

In this case study, the analysis of 
16 positions by sequential sampling 
and a compact GC method yields a 
measurement for each position 
every couple of hours. Each meas-
urement contains chromatograms 
of multiple columns with more 
than 100 peaks and requires imme-
diate evaluation to calculate the 
RON for temperature adjustment. 
This evaluation needs to be done 
automatically 24/7 and process 
automation and software integra-
tion are essential. The data 
evaluation workflow starts at the 
unit when experiments are set up. 
The software package hteControl4 
manages all components of the 
reactor system and collects and 
monitors trend data of thousands 
of process parameters. The operator 
can create workflows by visually 
dragging individual process steps 
such as parameter changes (temper-
atures, pressures, flow rates, or any 
controllable parameter) and 
sampling sequences of reactors into 
a flowchart, including options to 
place them sequentially, in parallel 
or in loops. These pre-defined 
workflows are executed automati-
cally and can be configured weeks 
in advance. During execution, 
hteControl4 triggers and collects GC 
measurements and merges the 
analytical data with selected 
process control parameters. 
Subsequent to each sampling, the 
merged data is uploaded into the 

include additional interactions 
between compounds. The respec-
tive individual octane numbers of 
pure compounds (octane numbers, 
ON) or pure compounds in blends 
(blend octane numbers, BON) were 
determined by extensive knocking 
tests in the 1950s and are available 
in the literature for most 
compounds. Apart from using 
either linear or non-linear 
approaches, models differ from 
each other by taking either weight, 
volume or molar fractions into 
account, or by using either octane 
or blend octane numbers. For the 
sake of simplicity, some models use 
lumping and assign one octane 
number to component groups with 
similar octane numbers. In this case 
study, several literature models 
were evaluated by comparing 

calculated RONs based on GC anal-
ysis with measured RONs through 
engine knocking tests for several 
reformate samples. The model 
showing the best match with the 
engine knocking tests (±1 RON) 
was selected to calculate RONs in 
this study.

Data processing
Up to this point, the analytical 
set-up provides a detailed hydro-
carbon analysis, which can be 
converted to RON using an appro-
priate calculation model. This is 
sufficient for assessing catalyst 
performance at one or multiple 
constant temperatures. However, 
commercial reformers operate with 
constant RON output and the RON 
decrease in fixed bed reformers is 
compensated by the gradual 
increase in reactor temperature. 
This iso-RON operation requires 

processed by petrochemical and 
aromatics processes, the distribu-
tion of xylene isomers is of high 
interest and o-, m-, and p-xylene 
are measured with full base-line 
separation. Argon is used as an 
internal standard and the argon 
concentration provides additional 
information on the feed distribution 
for each measurement. Events such 
as plugging by excessive coking, 
physical disintegration of catalysts, 
leakages or other events would 
result in lower argon concentra-
tions for the respective reactors  
and are immediately detected. 
Hydrogen, as a precious byproduct 
in naphtha reforming, is quantified 
to complete the analysis of prod-
ucts. Obviously, this complex 
interplay of multiple GCs, columns 
and detectors needs to be synchro-
nised with the process control of 
the unit and the amount of data 
generated for 16 positions is too big 
to be managed manually. 

RON models
Research and motor octane 
numbers (RONs/MONs) describe 
the resistance of fuels to pre- 
ignition or knocking, traditionally 
measured by engine knocking tests 
(CFR engine). Unfortunately, 
knocking tests require large 
samples of reformate (approx. 1 l) 
and lots of time, and are not suita-
ble for on-line measurement of 
product streams in smaller test 
units. Therefore, considerable 
research has been carried out to 
find alternative ways to determine 
the RON. Though near-infrared 
(NIR) analysers offer a fast and 
continuous RON measurement for 
smaller amounts in the liquid 
phase, they need additional process 
steps such as condensation or pres-
sure build-up to liquefy reformate 
products. The approach in this case 
study calculates the RON using 
online GC analysis in the gas phase. 
Several models for RON calculation 
based on individual compounds 
were proposed in the last few 
decades and reviewed in the litera-
ture.4 Existing linear models are 
based on the product sum of 
compound percentages (measured 
by GC) and the individual octane 
number, whereas non-linear models 

The resolution of 
chromatograms and 
a short sampling 
interval are of equal 
importance and a 
good compromise 
needs to be found
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at the unit, the loaded reactors are 
installed in the unit. In parallel test-
ing, a uniform feed distribution, 
besides high precision in tempera-
ture and pressure distribution, is 
essential for reproducibility, and 
even minor deviations would cause 
different space velocities in the 
reactors and influence the product 
selectivity. Pressure tests and meas-
urements of flow distribution and 
flow balance are performed for all 
16 channels to ensure that all flows 
going into the unit are leaving the 
unit and are evenly distributed 
among all feed strands. If the flow 
distribution is below 100 ± 2% for 
all 16 channels, the unit is started 
up and ready for catalyst 
activation.

The activation procedure of naph-
tha reforming catalysts can consist 
of several sequential steps, includ-
ing drying of the catalysts to 
remove residual moisture, reduc-
tion of platinum and promoter 
metals with hydrogen, and, if these 
are fixed bed reforming catalysts, in 
situ sulphiding to reduce hyperac-

self-optimisation process is secured 
by several safety trips in case of 
analytical issues (for instance, 
column drift or failure, false 
compound assignment) or unit 
problems such as plugging.

Availability of all data (screening 
results, catalyst properties, offline 
samples) in the same format and in 
one database is essential for further 
data analysis such as data mining, 
statistics, evaluation of studies 
based on design of experiments 
(DoE) and fitting of kinetic models. 
One can go back in time, compare 
and merge data of former studies 
with current results or include 
corrections based on recently 
gained knowledge. In summary, 
this integrated software solution, 
including the hteControl4 process 
control software and the myhte4 

database, makes dealing with large 
data quantities much easier and 
brings out the best in high through-
put experimentation.

Start-up and activation
Returning to the practical workflow 

database myhte4, which is based on 
a client-server architecture. The 
server can be hosted in the intranet 
or cloud, for example, and is 
connected to a relational database. 
Data from all relevant steps in the 
workflow is gathered and stored in 
the database. The user can plan 
synthesis steps, reactors loadings or 
offline analyses and monitor 
progress remotely. As soon as cata-
lysts are on stream and hteControl4 

starts uploading its data, the user 
can follow the screening progress 
in real time, check compound 
assignment and column stability 
and assess performance parameters 
by user-defined report formats, 
including plots and visualised 
screening data. In myhte4, global 
peak identification automatically 
converts peak areas and retention 
times by pre-defined and flexible 
assignment sets into compound 
concentrations. These compound 
concentrations are either processed 
individually or grouped into lumps 
according to their carbon number 
and component classes such as 
n-paraffins, iso-paraffins, aromatics, 
naphthenes or olefins (PIANO). 
User-defined calculation algorithms 
are executed automatically and 
yield conversions, selectivities, 
PIANO distributions, and ulti-
mately the RON according to 
corresponding models. The RON, 
in turn, is fed back to hteControl4, 
which adjusts the reactor  
temperature accordingly. This 
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Catalysts Fixed bed reforming, semi-regenerative
Feed Heavy naphtha, IBP-FBP: 66-204°C
p, bar 10-20 barg
T, °C 480-540
H

2
/HC ratio, molar 2-4

WHSV, h-1 2-5
Target RON 98-102

Process parameters of case study

Table 1
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temperature and iso-RON opera-
tion at constant total pressure, 
WHSV and H2/HC.

Selected data from this case study 
is plotted in Figures 6 to 8, in which 
the RON, temperature (activity) 
and C5+ yield are plotted against 
TOS. These parameters are strongly 
related to each other and will be 
discussed together. 

All catalysts were started up at 
the same constant temperature, 
which was increased by 5°C steps 
after 100 h TOS (see Figure 6). As 
expected for different catalysts, the 
same temperature results in differ-
ent RONs (see Figure 7) that are 
subjected to run-in behaviour and 
subsequent decay. Catalyst A 

If the start of run (SOR) tempera-
tures anticipated for the target 
RON are not known beforehand, 
the temperature RON correlation 
for each catalyst is obtained by 
measuring the RON at a couple of 
temperatures.

Results and discussion
The catalysts, designed for semi- 
regenerative operation in fixed bed 
reforming, were tested over 1000 
hours TOS according to the param-
eter ranges shown in Table 1, 
including a complex test design 
with variations of target RON, 
temperature, pressure, WHSV, H2/
HC ratio, feedstock and spiking. 
The focus here will be on iso- 

tive metal sites and initial 
hydrogenolysis activity. The activa-
tion plays an important role in 
catalyst performance and requires a 
high level of reproducibility to 
guarantee the same reduction state 
of metals and overall sulphur level. 
If the catalysts differ considerably 
in terms of platinum content or 
additional promoter metals, each 
catalyst can be sulphided by means 
of an individual procedure.  
Final treatment with hydrogen 
purges the unit and removes 
reversibly bound sulphur on the 
catalysts. 

Subsequently, the unit conditions 
are adjusted to values within the 
parameter ranges shown in Table 1. 
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accelerated decay conditions (lower 
hydrogen partial pressure, lower 
total pressure, higher WHSV or 
higher target RON). On the other 
hand, high severity and aggressive 
protocols far from real conditions 
will speed up testing, but do not 
necessarily represent the deactiva-
tion behaviour and performance of 
catalysts in commercial reformers. 
Thus, a good compromise between 
the amount of time required and 
severity needs to be found. 

Examination of C5+ yield in 
Figure 8 under iso-RON conditions 
illustrates that formerly distinct 

estimated by extrapolating the 
temperature increase to the point at 
which the heater limit is reached. 
This assumes a constant tempera-
ture increase, which can fail above 
a certain temperature and deactiva-
tion state. Furthermore, this 
extrapolation does not take decreas-
ing C5+ yields at higher 
temperatures into account, below 
which operation would not be 
economical. More information on 
the long term performance is 
obtained by measuring the full 
cycle length of a catalyst by extend-
ing the measurement time or using 

produces reformate with a signifi-
cantly higher RON compared to the 
other catalysts, combined with 
strong run-in and decay behaviour. 
On the contrary, catalysts B and E 
produce reformate with a lower 
RON and are quite stable. 
Increasing the temperatures 
improves the RON and the correla-
tion between temperature and RON 
becomes evident, allowing the 
calculation of start of run (SOR) 
temperatures (dashed lines in 
Figure 6). The picture changes when 
looking at the C5+ yield in Figure 8 
with a reversed catalyst rating 
compared to the RON. Catalyst A 
with the highest RON produces the 
lowest C5+ yield and hence the 
highest light yield and hydrocrack-
ing activity. Increasing the 
temperature favours the latter for 
all catalysts and reduces the C5+ 
yield. In summary, catalyst deacti-
vation at a constant temperature 
occurs by gradually decreasing the 
RON and increasing C5+, indicating 
that catalyst functionalities for 
desired reactions (dehydrogenation, 
dehydrocyclisation and isomerisa-
tion) and undesired reactions 
(hydrocracking, hydrogenolysis) 
are both affected. 

The iso-RON operation was 
started at 150 h TOS and Figure 7 
demonstrates that the RON values 
are converging towards the target 
RON with a precision of ∆RON 
<±0.4. Consequently, the tempera-
tures in Figure 6 diverge to the SOR 
temperatures and, from there on, 
the RON decline is automatically 
compensated by automated temper-
ature adjustment. At a constant 
RON, the temperature can be used 
to describe the activity of the cata-
lyst and the slope of temperature 
increase can act as a descriptor for 
deactivation. Accordingly, a low 
initial temperature of catalyst A 
indicates high initial activity and 
the high slope of the temperature 
increase reflects strong decay. 
Catalyst E combines slightly less 
initial activity with the lowest 
decay of all catalysts and outper-
forms catalyst A in terms of activity 
at 800 h TOS and higher. The 
crucial performance parameter 
stability or cycle length for fixed 
bed reforming catalysts can be  
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rating for 200-260 h TOS. Standard error (SE) range and precision are shown in brackets
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grated software solutions for 
process control, analytics and data 
evaluation. All data is centralised in 
one database and in one format 
which offers effective data handling, 
advanced data analysis and fully 
automated data processing. 

The results provide precise, fast 
and industrially meaningful differ-
entiation of catalysts by activity, 
selectivity and stability, and deliver 
all information necessary to iden-
tify the best performance in R&D 
or commercial operation.

References
1 George J A, Abdullah M A, Catalytic naphtha 
reforming, 2004, New York: Marcel Dekker.
2 Antos G J, Aitani A M, Parera J M, Catalytic 
naphtha reforming, 1995, New York: Marcel 
Dekker.
3 Le-Goff P Y, Lopez, J, Hydrocarbon 
Processing, 2012, 47-52.
4 Knop V, Loos M, Pera C, Jeuland F, Fuel, 2014, 
115, 666–673.

Marius Kirchmann is a Senior Scientist for 
R&D Solutions with hte GmbH, working in 
the field of petrochemicals such as naphtha 
reforming, aromatics processes and methanol 
to hydrocarbons. He is actively developing and 
improving hte´s high throughput technology 
and holds a PhD in chemistry from the 
University of Tübingen, Germany.
Alfred Haas works as Principal Scientist for 
R&D Solutions with hte GmbH, working 
in the field of refining and petrochemicals 
such as hydroprocessing, FCC, naphtha 
reforming, aromatics processes, methanol to 
hydrocarbons, and GTL. He previously worked 
for Grace Davison in FCC R&D and holds 
a diploma in chemistry from the Technical 
University of Karlsruhe and a PhD in chemical 
engineering from the Engler-Bunte-Institut at 
the same university. 
Christoph Hauber is Project Coordinator for 
R&D Solutions with hte GmbH, working in 
the field of petrochemicals such as naphtha 
reforming, aromatics processes, and methanol 
to hydrocarbons. He is actively developing and 
improving hte´s high throughput technology 
and holds a diploma in chemical engineering 
from the University of Applied Sciences, 
Darmstadt, Germany.
Sascha Vukojevic is Senior Business 
Development Manager with hte GmbH, with 
global responsibility for management of 
strategic and key accounts from the oil and 
gas, and (petro-) chemical industries. He holds 
a diploma in chemistry from the Technical 
University of Kaiserslautern and a PhD from 
the Max-Planck-Institute for Coal Research in 
Mülheim a.d. Ruhr, Germany.

14°C for the SOR temperatures. The 
C5+ yield shows high reproducibil-
ity (SE <±0.05) and a clear ranking 
even for catalysts B and D, which 
could barely be differentiated with-
out the statistical back-up. The 
same ranking is also reflected in the 
aromatics and hydrogen yields. 
One exception is catalyst B, which 
produces more aromatics compared 
to catalyst D and should therefore 
have a higher hydrogen yield. 
Apparently, the hydrogen is 
consumed by hydrocracking, which 
is indicated by a lower C5+ yield of 
catalyst B. In general, the standard 
error ranges of these performance 
parameters are very small and  
indicate high accuracy and repro-
ducibility, thereby leading to a 
reliable ranking of catalysts. At the 
end, refiners can make a catalyst 

selection based on their preference 
regarding activity, selectivity, 
stability and catalyst cost. 

Conclusions
Despite various challenges, high 
throughput testing of naphtha 
reforming catalysts in 16 parallel 
reactors was achieved successfully 
under commercially relevant condi-
tions. Keys to success include 
careful loading of the reactors, a 
sophisticated unit set-up with high 
reproducibility, and fast and accu-
rate analytics. The semi-adiabatic 
reactor set-up in multiple reaction 
zones is very close to industrial 
practice and redundant positions of 
the same catalyst provide results 
with high statistical significance. 
Precise operation at a constant RON 
is accomplished by utilising inte-

differences become very small and 
it is evident that a clear and reliable 
distinction of catalysts with similar 
C5+ yields (for instance, catalysts B 
and D) is only possible by having 
the statistical back-up of multiple 
positions. Deactivation and a corre-
sponding temperature increase at 
proceeding TOS results in further 
differentiation, allowing the perfor-
mance of aged catalysts to be 
assessed. While C5+ yield looks 
stable for the majority of catalysts, 
catalyst A shows a significant 
decrease and demonstrates that 
testing catalysts for a longer TOS 
can yield important additional 
information. This becomes more 
evident when taking a closer look 
at the remaining catalysts and cata-
lyst B in particular, which starts 
with the highest C5+ yield but 
declines slightly and is overtaken 
by catalysts D and E at some point. 
The catalyst ranking for the initial 
performance of fresh catalysts can 
therefore be different to the perfor-
mance of aged catalysts. Since C5+ 
yield at constant RON is directly 
related to economic return, select-
ing a catalyst on the market based 
on an independent catalyst test in 
addition to comparing performance 
data on paper can reduce risks and 
increase profitability in the long 
term. In addition, such a test 
demonstrates the capability of these 
catalysts to deal with the projected 
real feeds of a given refinery. 
Looking back to Figure 4, the feed 
composition and the corresponding 
high octane reformate illustrates 
the variety of reactions taking 
place, including the dehydrogena-
tion of naphthenes and the 
dehydrocyclisation, isomerisation, 
hydrocracking and hydrogenolysis 
of paraffins and iso-paraffins.  

In Figure 9, the performance 
parameters and corresponding cata-
lyst ratings in terms of each 
parameter are shown for 200-260 h 
TOS. The standard error range is 
shown in brackets and systematic 
TOS effects were taken into account 
by first order linear regression. It is 
apparent that the target value for 
the RON is closely met. The activity 
is indicated by the temperature 
required to reach the target RON 
and exhibits differences of up to 

Precise operation 
at a constant RON 
is accomplished by 
utilising integrated 
software solutions 
for process control, 
analytics and data 
evaluation



At hte, we make R&D in the area of catalysis faster and more 
productive. 

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

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

flows in their own laboratories.

hte GmbH      Kurpfalzring 104      69123 Heidelberg, Germany      info@hte-company.com      www.hte-company.com

hte – THE HIGH THROUGHPUT 
EXPERIMENTATION COMPANY


