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Rejuvenate profits and support
sustainability with reused catalysts
Rejuvenated catalysts can optimise refinery margins for cat feed hydrotreating
(CFH) applications
Ioan-Teodor Trotus and Jean-Claude Adelbrecht hte GmbH
Michael Martinez and Guillaume Vincent Evonik

A

cross the world, uneven refining margins despite
a recovery in fuel demand, renewable fuel legislation, and strict environmental regulations on CO₂
emissions strongly impact the refining industry, placing
the onus on refiners’ need to optimise costs and maximise
profitability. End-of-life reactor catalyst changeout is a significant and inevitable refining facility expenditure. It is also
a good opportunity to make a better choice for the future
by selecting the optimum catalyst to lower these costs and
optimise profit. In today’s business climate, there are more
cost-effective and environmentally responsible solutions
than simply replacing like-for-like.
Evonik’s Excel rejuvenated cat feed hydrotreating (CFH)
catalyst can help global refiners reduce operating costs
and maximise profitability while remaining environmentally
conscious with their hydrotreating applications, including
FCC pretreating (via CFH).1
The performance of these rejuvenated catalysts was
compared to their fresh counterparts in a parallel catalyst
test trial conducted at hte GmbH under CFH operating conditions, using one of its high throughput units.

and stable performance during the life cycle. Other soughtafter benefits include:
• 50% reduction in catalyst refill cost as compared to fresh
catalyst
• Faster catalyst supply compared to long lead times for
fresh catalysts
• Better environmental footprint as seen with Evonik’s
hydroprocessing solutions for decreasing CO₂ emissions
and preserving natural resources while avoiding having to
transport catalyst waste to landfills
• Similar-to-equivalent performance compared to fresh
catalyst in terms of activity, product yield distribution and
stability.
Using Excel rejuvenated catalysts reduces CO₂ emissions
by approximately 6,000 kg CO₂ per ton of fresh catalyst
replaced (i.e., compared with fresh catalyst production),
thereby significantly contributing to the circular economy.
Over the past five years, Evonik has successfully supplied
over 8,500 tons of Excel rejuvenated catalyst to refineries
worldwide, resulting in a saving of 51,000 tons of CO₂, which
would otherwise have been emitted into the atmosphere.

What are rejuvenated catalysts?

Independent testing

In a CFH unit, pretreating catalysts are typically replaced
every one to three years, depending on unit severity. When
the main bed catalyst is protected from contamination due
mainly to nickel (Ni) and vanadium (V), then the CFH catalyst deactivation (over its lifetime) will mainly be due to
coke deposition.
To recover or regenerate catalyst activity, coke is ex-situ
removed by carefully burning it under mild oxidative conditions. This process is referred to as regeneration. During
regeneration, the active sites over the catalyst may sinter
or agglomerate due to exotherms, leading to a less than
optimal catalyst performance. Restoration to the near-tofresh activity of regenerated catalyst is achieved by rejuvenation.1,2,3,4 Excel rejuvenation enables catalyst metal
agglomerates to be redispersed on the regenerated catalyst, restoring its activity to fresh conditions by utilising a
proprietary chemical treatment.
The optimum catalyst for the CFH unit depends on feed
properties, operating conditions, and product targets.
Evonik offers different Excel rejuvenated catalysts systems:
(1) CoMo, (2) NiMo, and (3) NiCoMo providing high activity
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To demonstrate the robustness of Excel rejuvenated catalysts, an independent catalyst test and comparison was
performed at hte GmbH – the high throughput experimentation company. In this study, different Excel rejuvenated
catalyst configurations (NiMo, CoMo and NiCoMo) were
compared with their parent fresh material.
These commercial catalysts are well proven for CFH
applications where aromatics saturation is of key importance, as these compounds cannot be further cracked
under FCC conditions. Sulphur and nitrogen removal are
also important as these will ease the further steps required
to upgrade the FCC gasoline and light cycle oil products up
to current fuel specifications.
The test was performed in a classical X4500 trickle-bed
high throughput test unit, a product line designed in-house
to address the challenges of hydroprocessing applications
at hte’s laboratories in Heidelberg, Germany. This stateof-the-art reactor system has consistently proven to be an
outstanding tool for comparing different catalyst systems
(as full-bodied extrudates) head-to-head at the same time
under identical and industrial conditions.
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Positions

Catalyst name

Catalyst state

Pos. 1

NiMo: Catalyst 1

100% Fresh

Pos. 3

NiCoMo: Catalyst 2

100% Fresh

Pos. 5

CoMo: Catalyst 3

100% Fresh

Pos. 6

NiMo: Catalyst 1

100% Excel Rejuvenated

Pos. 8

NiCoMo: Catalyst 2

100% Excel Rejuvenated

Pos. 10

CoMo: Catalyst 3

100% Excel Rejuvenated

500

h (mm)

400

300

Table 1 Loading configurations of fresh and Excel
rejuvenated catalysts

200

100

Analysis
0

Pos. 8
Pos. 5
Pos. 1
ID 4.80 mm Pos. 3 ID 4.80 mm Pos. 6 ID 4.80 mm Pos. 10
ID 4.80 mm
ID 4.80 mm
ID 4.80 mm
SiC F60

Fresh catalyst 2

Excel catalyst 2

SiC F100

Fresh catalyst 3

Excel catalyst 3

Fresh catalyst 1

Excel catalyst 1

Isotherm zone start
Isotherm zone end

Figure 1 Loading configurations of fresh and Excel
rejuvenated configurations
In addition, the test unit was equipped with individually
heated reactors, allowing for the testing of different reactor
temperatures at the same time.5 The catalyst testing was
performed at multiple temperatures with the same pressure, hydrogen-to-oil ratio, liquid hourly space velocity
(LHSV), and hydrogen purity.
The performance of Excel rejuvenated catalysts has been
compared with their parent fresh catalysts by loading Excel
rejuvenated catalysts as standalone, as per the loadings
shown in Figure 1 and Table 1.
The catalyst volume employed was 2 mL per reactor. The
catalysts were tested as full-bodied extrudates, which were
sorted by length to select only extrudates with a length
shorter than 4 mm. The inner diameter of the reactors was
4.8 mm.
The feed, a blend of vacuum gas oil (VGO) (90 wt%) and
heavy coker gas oil (HCGO) (10 wt%) from a European
refinery, was used to perform catalyst testing (see
Table 2). The experiments were conducted at a hydrogen
partial pressure of 80-120 barg, LHSV = 1.00 h-1 and H2/
Oil = 400 Nm3/m3 using three different temperatures (see
Table 3).
After a dry-out step at 115°C for four hours, a common
wetting and sulphiding procedure was carried out, where
Conditions

ppH₂ (barg)

LHSV (h-1)

Feed to CFH unit
(90% VGO/10% HCGO)

Density 15°C, kg/m³

930.5

Sulphur, wt%

2.0283

Nitrogen, ppmwt

2132.94

Bromine Number, gBr/100 g

11.8

Total aromatics, wt%

51.2

Mono-aromatics, wt%

26.2

Di-aromatics, wt%

11.1

Tri-aromatics, wt%

6.3

Tetra-aromatics, wt%

7.7

Poly-aromatics, wt%

25.1

Simulated distillation (SimDist)
10%, °C

369

95%, °C

565

FBP, °C

614

Table 2 Feed to cat feed hydrotreating unit used to
perform catalyst testing
dimethyl disulphide (DMDS) was added (2.5 wt%) to
straight-run gas oil for the catalyst activation.
The catalyst activation was followed by a line-out period
and start-of-run (SOR) temperature conditions. The experiments were designed in such a way that sulphur effluents
at different conditions ranged from 100 to 1000 ppmwt.
The feed for this test was carefully chosen in order to test
the catalysts at very high concentrations of nitrogen and
aromatics. For this reason, the gas-to-oil ratio (GTO) was
kept at a relatively high level to ensure that no more than
30% of the hydrogen introduced would be consumed. This
precaution was taken as a mitigation measure to alleviate the concerns of catalyst deactivation resulting from a
hydrogen-starved regime.
Excel rejuvenation yielded an equivalent activity to its

H2/Oil (Nm³/m³)

Temperature (°C)

3

80

4

80

360

5

80

7

120

360

8

120

370

9

120

375

370
1.00

400

375

Table 3 Operating conditions used to perform catalyst testing
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Figure 2 Product sulphur vs temperature for catalyst
configurations tested at 80 barg
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Figure 3 Product sulphur vs temperature for catalyst
configurations tested at 120 barg

800
Fresh 1
Fresh 2
Fresh 3

Excel 1
Excel 2
Excel 3

600
500

Fresh 1
Fresh 2
Fresh 3

500

c(N) [ppm]

c(N) [ppm]

700

Excel 1
Excel 2
Excel 3

400
300
200

400

360

362

364

366

368

370

372

374

Reactor temperature [˚C]

100

360

362

364

366

368

370

372

374

Reactor temperature [˚C]

Figure 4 Product nitrogen vs temperature for catalyst
configurations tested at 80 barg

Figure 5 Product nitrogen vs temperature for catalyst
configurations tested at 120 barg

fresh counterpart/parent. To detect activity differences of
less than 10% in a laboratory test, every aspect of the test
– from reactor loading, temperature control, and equal feed
distribution between reactors to product sample preparation and analyses – needs to be carried out with utmost care
to minimise all possible errors. One crucial factor requiring
accuracy for comparing catalyst activities is to ensure a
good mass balance throughout all the experiments being
compared. In this case, mass balances for all catalysts compared were in the range of 99.5 ± 1%.

• HDS activity has not been significantly impacted by the
partial pressure of hydrogen for both CoMo and NiCoMo
catalysts
• HDS activity has been significantly impacted by the
increase in partial pressure of hydrogen for NiMo catalyst.
The product sulphur was reduced by about 100 ppmwt
when the ppH2 (inlet) increased from 80 to 120 barg
• Excel rejuvenated catalysts will allow low product sulphur
levels to be maintained with high HDS compared to fresh
in CFH applications to meet environmental regulations on
gasoline, LCO sulphur content, and FCC unit sulphur oxides
(SOx) emissions.

Results and discussion

The fresh and Excel rejuvenated catalysts were tested in
parallel at various process conditions, focusing on the
following parameters after the hydrotreating reaction:
hydrodesulphurisation (HDS) activity, hydrodenitrogenation (HDN) activity, aromatic saturation and volume swell,
hydrogen consumption, and C5+ yield.

Hydrodesulphurisation (HDS) activity

Figures 2 and 3 show the CFH pilot plant testing and compare, side-by-side, the fresh HDS activities with its Excel
rejuvenated state. The main outcomes were:
• Excel rejuvenated catalysts perform equivalent to their
parent fresh catalyst for both pressures tested
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Hydrodenitrogenation (HDN) activity

Figures 4 and 5 show the CFH pilot plant testing and compare, side-by-side, the fresh HDN activities with their Excel
rejuvenated state. The main outcomes were as follows:
• Excel rejuvenated catalysts perform equivalent or better
compared to their parent fresh catalyst for both pressures
tested in terms of HDN activity
• Excel rejuvenated NiMo (Catalyst 1) and CoMo (Catalyst
3) perform better than their parent fresh catalyst in terms of
HDN activity for both pressures tested
• HDN activity has been significantly impacted by the
increase in hydrogen partial pressure for all catalysts tested
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active sites from nitrogen to meet the refiner’s FCC unit
product yields, selectivity, and operations.

Hydrodearomatisation (HDA) activity

Monoaromatics

Di-aromatics

Tri-aromatics

Tetra-aromatics

Figure 6 Aromatics content for catalyst configurations
tested at 80 barg and 370°C
• Effect of H₂ partial pressure on HDN is more significant
than HDS. It can be explained by the fact that hydrogenation of an N-containing ring occurs prior to C-N bond scission over conventional catalysts
• The HDN rate can be affected by the equilibrium of
N-ring hydrogenation because N-ring hydrogenation
occurs before nitrogen removal (hydrogenolysis). In
marked contrast, HDS does not always require hydrogenation. HDS can proceed via two possible mechanisms:
(1) ring hydrogenation followed by hydrogenolysis or (2)
direct hydrogenolysis. That is the reason why HDN reactions have been enhanced when pressure increased from
80 to 120 barg
• Excel rejuvenated NiMo catalyst exhibited higher HDN
activity compared to its fresh (and other fresh) or Excel
rejuvenated CoMo/NiCoMo catalysts: 120 ppmwt nitrogen
for Excel vs 160 ppmwt for fresh at 120 barg and 375°C
• The rejuvenated catalyst will protect FCC zeolite catalyst
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Figure 7 Volume gain for catalyst configurations tested at
80 barg
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The aromatics content in Figure 6 is represented for both
the feed and the products specific to all the catalyst configurations tested at 370°C/80 barg (condition 4). Excel
rejuvenated catalysts as standalone have exhibited equal
performance in terms of aromatic saturation in comparison
to their parent fresh, reaching about 35 wt% as mono aromatics for all catalyst configurations.
Aromatic compounds are not easily cracked in an FCC
unit, and the limited amount of cracking achieved can
produce a large amount of coke, deactivating the active
site of the FCC zeolite catalyst. Excel rejuvenated catalysts exhibit a high degree of poly-nuclear aromatic (PNA)
saturation to promote conversion in the FCC into more
valuable products compared with fresh.
Figures 7 and 8 show volume swell efficiencies and compare, side-by-side, Excel and fresh catalyst at two different
pressures. The term ‘volume swell’ refers to liquid volume
increase when the product density and boiling range are
lowered as a result of the hydrotreating process. This is
induced by different reactions, such as HDS and HDN, but
more importantly, the saturation of poly-aromatics and
mono-aromatics.
Figures 7 and 8 quantify the volume swell by comparing
the liquid product density with the feed density. Both Excel
rejuvenated catalysts and fresh catalysts enable about
102.4% of volume swell to be achieved at 80 barg/375°C,
whereas the volume swell enables 102.8% to be achieved
at the same temperature but at a higher pressure (120
barg). This slightly higher volume swell can be explained by
the fact that HDN and, more importantly, aromatic saturation (ASAT) are enhanced at a higher partial pressure of H₂.
In Figures 9 and 10, Excel rejuvenated catalyst exhibited
a similar C₅+ yield compared to their parent fresh, namely

Condition 7 - 90% SRVGO + 10% HCGO 360˚C 120 Bar
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Figure 8 Volume gain for catalyst configurations tested at
120 barg
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Figure 9 C5+ yield for catalyst configurations tested at 80
barg

Figure 10 C5+ yield for catalyst configurations tested at
120 barg

between 99.5% and 99.6% for both pressures tested
at 375°C.

to the FCC unit to avoid inhibition of the FCC zeolite-based
catalyst
• Maximal ASAT to avoid coking of the FCC catalyst
• Increase conversion of heavy feeds (VGO and HCGO) into
more valuable products.

Differences in hydrogen consumption

Hydrogen consumption did not exhibit large differences
when comparing the Excel rejuvenated material side-byside against their fresh parent. The hydrogen consumption
for both fresh and Excel rejuvenated did increase when the
pressure increased from 80 to 120 barg: between 560600 scf/bbl at 80 barg/375°C and 640-700 scf/bbl at 120
barg/375°C. This can be explained mainly by the higher
ASAT and HDN activities for all catalyst configurations
when there is a higher partial pressure of H₂.

Conclusions

Excel rejuvenated catalysts demonstrated equivalent
hydrogenation activities (HDS, HDN, and HDA) compared
to their parent fresh catalysts under high severity CFH conditions operating with 90% VGO and 10% HCGO (against
a backdrop where typical CFH unit operating conditions
involve H₂ partial pressure of 40-100 barg, LHSV at 0.52.0 h-1 and a H₂/oil ratio of 200-500 Nm3/m3).
This study strongly demonstrates that Excel rejuvenated
catalysts can offer a valuable alternative to fresh catalysts
by loading them as a full reactor or as stacked beds with
fresh, thus effectively reducing the fill costs without impairing the performance of the unit.
Excel rejuvenated catalysts demonstrated similar activity
and stability performances with respect to fresh catalyst
for CFH commercial applications. Substantial cost savings
during changeout operations may be achieved using Excel
instead of fresh catalyst.
The hte high throughput reactor unit proves to be an
invaluable tool for refiners. It allows the selection of the
catalyst exhibiting the best performance for a given unit
operation, hence minimising the risk involved in the purchase of a catalyst. Excel rejuvenated catalysts behaved
similarly to their parent fresh catalysts in CFH applications, leading to:
• Maximal HDS activity to reduce the sulphur level in LCO
and gasoline streams as well as meet FCC SOx emissions
• Maximal HDN activity to reduce the nitrogen level prior
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Excel is a mark of Evonik.
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Kai Dannenbauer, Ioan-Teodor Trotus, Robert Henkel, and
Florian Huber, hte GmbH, Germany, examine the application of
catalyst performance testing in refinery operations.

R

efineries have always aimed to maximise the value
gained from a barrel of oil. In the current challenging
global context – marked by an excess capacity in
refining – and with oil demand expected to peak
around 2030, refineries are now, more than ever, being forced to
squeeze all the value they can out of their operations.1 A high
degree of process integration, technical optimisation, and
maximised uptime, as well as a high-value product portfolio, are
key elements for a refinery’s future strategy. However, even the
best economic strategy only succeeds if it is backed up by a
constant pursuit of operational excellence. Technical know-how
and an understanding of feedstock, catalyst, and processes, and
how they interact are therefore required. The necessary
competence level can only be maintained and further improved
through constant awareness of the operation, identifying
problems and future challenges, and responding rapidly and in a
sustainable manner.
The use of models and simulations to aid with
problem-solving might be feasible when operating under
relatively known and predictable conditions. In recent years,
however, certain opportunity feeds have posed an attractive
alternative in order to reduce costs. Nevertheless, their use can
lead to unforeseeable operational issues. The quickest and most
reliable way to determine the reaction outcome with these
opportunity feeds is laboratory testing, because the confidence

level that mathematical models alone can offer decreases as the
feed complexity increases. Technical service providers, such as
hte GmbH, support refiners with relevant experimental data for
solving technical challenges and problems that arise from daily
operations or future challenges.
Depending on the degree of freedom required for the
experimental parameters to be investigated, different unit
configurations may be chosen. For process optimisation studies,
the operational flexibility of the test unit is a key aspect of the
test. With this aim in mind, hte operates bench scale units with
reactor volumes of up to 100 mL and reduced parallelisation.
On the other hand, in a head-to-head comparison of
multiple catalysts for a benchmarking study, the operating
conditions can be similar for all reactors. The advantage of high
throughput test units with reactor volumes of up to 10 mL is
evident here. Parallelisation provides a cost-effective solution to
comparing a multitude of catalysts at various process
parameters, such as conversion, sulfur or nitrogen content, and
others. Regardless of the scale, hte’s units possess the
operational flexibility required to allow individually tuned
catalyst activation protocols in parallel testing that
accommodate each catalyst vendor’s requirements, within
reasonable margins.2
This article will examine two technical support studies
performed for refineries in recent years. These made use of high
HYDROCARBON
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laboratory results at different reactor scales
against each other, as well as against results
obtained in industrial units.3

Case study: diesel
hydrotreating
Catalyst lifetime and catalyst resilience to
conditions of varying severity, due to different
feed grades in response to market changes, are
a main concern in diesel hydrotreating. The
margin for error in desulfurisation processes is
very low, with acceptable sulfur concentrations
in the diesel product of 15 ppm or below. The
catalyst also needs to perform above 99%
sulfur conversion during the entire lifecycle.
The high severity of the reaction conditions, as
well as the tendency to co-process highly
aromatic cycle oils from fluid catalytic cracking
(FCC) units, provides a fundamental basis for
catalyst deactivation. With this underlying
problem of diesel hydrotreatment applications,
Figure 1. Reaction temperature required to reach a sulfur level of
refiners are generally wary of choosing a
10 ppm in the TLP during main test, simulation of amine scrubber, and
catalyst where the benefits of a lower
finally the stability test – or check-back to the main test conditions.
start-of-run (SOR) temperature are
overshadowed by a lower catalyst stability. The
principle of accelerated catalyst ageing is an
important testing approach in order not only
to assess SOR catalysts but also to get an idea
about the catalyst’s performance at a later
stage of its lifetime. The benefits of such a
testing methodology have been previously
elaborated upon.4
The diesel hydrotreating that is the focus
of this case study was performed in a 4-fold
bench scale unit that is designed for maximum
flexibility. Each reactor had an individual gas
and liquid feed supply as well as individual
active pressure control and regulation. To avoid
merely testing the initial high SOR catalyst
activity, the catalysts were at first aged under
severe operational conditions (increased liquid
Figure 2. Selection of process parameters and product properties for a
hourly space velocity [LHSV] at the same
10 ppm TLP sulfur run.
temperature) for a defined period of time. This
makes it possible to obtain a stabilised catalyst
in which the least stable active sites have been deactivated for
throughput catalyst testing equipment operating at the two
further testing.
different scales and degrees of parallelisation. The studies
The objective of the main test protocol was to mimic the
highlight the benefits of customised laboratory test protocols
industrial gas feed composition. During industrial operation, the
that match industrially relevant test conditions, using real and
gas feed was recirculated in such a manner whereby a certain
representative feedstock samples and true commercial catalysts
amount of H2S was always present in the gas feed. This was
in extrudate form.
The first study will show how a laboratory testing protocol
simulated by adding dimethyl disulfide (DMDS) to the feedstock
can assist a refinery in evaluating the feasibility of employing an
during the laboratory test. DMDS decomposes at temperatures
amine scrubber to remove hydrogen sulfide (H2S) from the
above 230˚C. This creates a H2S-rich atmosphere corresponding
recycle gas used in a diesel hydrotreating application.
to the concentration in the industrial hydrotreater. In order to
The other study will indicate how hydrocracker
benchmark the catalysts, the temperature of each reactor was
troubleshooting in the case of abnormal yield patterns can be
adjusted to maintain a sulfur level of 10 ppm in the total liquid
achieved with well-defined laboratory testing.
product (TLP) (Figure 1). Samples were analysed to determine key
The crucial prerequisite for both studies is an in-depth
properties such as volume gain, cetane index, and cloud point.
knowledge of downscaling industrial operation conditions to
Catalyst performance data and diesel product properties
laboratory scale. In this context, hte has experience in verifying
obtained under the main test conditions provide the refiner
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with experimental facts to enable an informed decision to be
made (Figure 2). This in turn leads to an optimal operational
margin after the upcoming change-out.
The second part of the study simulated the impact of
H2S removal from the recycle gas on catalyst performance. In
the laboratory, this was achieved by stopping the dosing of
DMDS to the feedstock. With this seemingly simple
experimental detail, it became possible to evaluate the
technical and financial feasibility of employing an amine
scrubber to remove H2S from the recycle gas in the industrial
unit.
After the H2S concentration in the feed gas was reduced,
the reaction temperature also needed to be lowered in order to
maintain 10 ppm of sulfur (S) in the TLP. The results reveal
different H2S sensitivities in the commercial catalysts.
Depending on the individual contribution of the desulfurisation
routes during the reaction (direct desulfurisation or
hydrodesulfurisation), one can observe the distinct temperature
differences which are required by each catalyst in order to
maintain 10 ppm S at different H2S concentrations in the feed
gas. The direct desulfurisation route is inhibited by H2S and
might benefit from a recycle-gas treatment. Based on these test
results, by assessing the temperature difference, and, hence, the
potential for lifecycle improvements by lowering the H2S level
in the feed gas, the refiner can estimate whether an amine
scrubber is economically attractive.
In general, by using a defined test protocol that is
tailor-made for the customer, different sections within a
refinery can be simulated and optimised. In other applications,
such as hydrocracking, it could be important to assess the effect
of the ammonia (NH3) level in the gas feed. It may also be
worthwhile to investigate the impact of hydrogen purity on the
catalyst performance. Increasing the hydrogen purity may
reduce the overall operation temperature to reach a certain
conversion level (e.g. product sulfur), which in turn may result in
a longer lifetime or overall energy savings. In general, process
optimisation studies supported by laboratory testing can offer
valuable insights into the feasibility of future revamping
projects.

ENERGY & REFINING

Case study: VGO hydrocracking
troubleshooting

In the event that a refinery operation is disturbed, or the
performance of a reactor is irregular with regards to the yield
pattern, fast and conclusive troubleshooting is crucial. In the
first instance, this troubleshooting is carried out within the
refinery and simple issues can be fixed without third-party
assistance. For more complex or severe matters, external
support from equipment suppliers, catalyst vendors, or service
providers is necessary. However, in the case of catalyst
performance issues, the support of an independent laboratory
test is a valuable tool for verifying certain hypotheses.
Laboratory testing has the advantage that the corresponding
catalyst investigations can be performed under well-defined
and controlled operational conditions in a small-scale
isothermal reactor. This removes uncontrolled technical
artefacts from the industrial operation. Thus, the cause and
effect correlation on the catalyst performance can be
investigated in a direct way with clear conclusions. Having
understood the problem, a more comprehensive approach can
be defined to remedy the situation, which consequently saves
the customer resources, time, and money.
In this case study, a correlation was found between
unexpected yield patterns in the industrial unit – particularly
defined by an increase in the light naphtha fraction – and
non-ideal reactor performance.
As part of troubleshooting, a kinetic study (screening of
several temperatures and LHSVs) was performed to verify how
the abnormal yield pattern is linked to local exotherms inside
the reactor. In the industrial reactor, the product spectrum was
an overlap of all the various channels formed by the feed
maldistribution. In the laboratory test, individual reaction
channels could be simulated by individual trickle bed reactors in
a high throughput unit. Parallel to this, the refinery performed
further investigations, such as local temperature mapping,
evaluation of liquid distributor plates, and arrangement of the
catalyst beds, to better understand the performance of the
industrial reactor.
Figure 3 shows the yield pattern as a function of oil
conversion. In order to comprehend the
causes of the abnormal yield pattern, the
kinetic study focused on the area beyond
the ideal and typical industrial operation
window. The yield plot clearly shows the
consecutive nature of hydrocracking heavy
compounds to diesel, followed by
kerosene, then naphtha, and finally light
ends. The increased light naphtha
production was an indicator of overcracking
in hot-spot zones. Combining all the
findings from the industrial investigation
and the kinetic study performed by hte, it
was possible to draw a comprehensive
picture of the issue. It was shown that
non-ideal liquid distribution can lead to
local hotspots in the industrial reactor,
depending on the catalyst bed length. The
local hotspots resulted in overcracking,
Figure 3. Yield pattern vs oil conversion beyond the ideal commercial
favouring a yield pattern with an increased
operation window.
amount of light naphtha. It was also
HYDROCARBON
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concluded that the latest generations of highly optimised
catalysts require an industrial reactor configuration in optimal
working condition. With previous catalyst generations,
non-ideal industrial reactor performance, such as liquid
maldistribution, was not as critical within a similar range of
operating conditions. As catalyst performance was further
optimised with every new change-out, reactor performance ran
into limitations that did not allow the high-performance
catalyst system to utilise its full potential.
The overall timing of this test was critical due to the urgent
nature of a critically elevated local reactor temperature. This
test employed a 24-fold high throughput testing unit from the
company.2 Thus, it was possible to screen 36 operation
conditions in the kinetic study of the refinery’s incumbent
hydrotreatment and hydrocracking catalyst systems within a
runtime of five weeks. Compared to a single-channel bench
scale test unit, the high throughput unit delivered the required
results in a seventh of the time, or 28 weeks earlier. When put in
perspective like this, it is easy to see how a six- or even
seven-figure cost advantage can be gained by using highly
parallelised yet flexible testing technology.
Furthermore, the 24-fold high throughput unit also offers
the option to use two feeds in parallel for different sets of
reactors. This allows for easy accommodation of incompatible
catalyst activation procedures. Product collection and
fractionation were also of key importance for this test. The
smaller catalyst volumes used in a high throughput unit still
warrant the collection of sufficient product volumes for
fractionations. With the use of microfractionation units, sample
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volumes between 20 and 1000 mL can be fractionated into
naphtha, kerosene, diesel, unconverted oil (UCO), and other
fractions as required to replicate the same products obtained in
the refinery. Generally, a high throughput unit can produce the
required sample amount for a detailed analysis of the individual
fractions in less than one week. Depending on the analyses to
be performed for each of the individual product fractions and
on their individual yields, shorter collection times are possible.

Conclusion
The core expertise for operating a refinery is typically
well-developed and maintained among a refinery’s staff, since
this is critical to achieving operational excellence. Nevertheless,
in particular cases, it makes sense to call in specialised
competencies to support decision-making processes.
Laboratory testing minimises risks in an environment with
decreasing feedstock qualities and increasing use of opportunity
feedstocks.
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Adding value with catalyst testing –
supporting refineries in challenging times
Florian Huber, Robert Henkel hte GmbH
The refining industry is under enormous
pressure to adapt to the global changes
led by measures against climate change.
This results in significant pressure on refining volumes and margins, and at the same
time a push toward further petrochemical integration, as well as processing of
cheaper opportunity feedstocks or renewable feedstocks.1
Operational excellence and optimal asset
utilisation are key factors for success,
focusing on core competencies and engaging external expertise outside of one’s own
area of expertise. Catalytic processes will
continue to play an important role in converting the bottom of the barrel, waste
streams, CO2, and renewable feedstocks
into high-value fuels, lubricants, and chemicals in an increasing endeavour to achieve
a circular economy. Catalyst management,
process optimisation, and troubleshooting are important in achieving operational
excellence and optimal asset utilisation.
Catalyst testing on a laboratory scale
helps to overcome the uncertainties related
to how catalysts will cope with unknown or
challenging feedstocks. Furthermore, operating conditions and the impact on product quality can be optimised. Utilising high
throughput catalyst testing is fast and
allows for a direct head-to-head comparison of different catalytic solutions under
industrially relevant and case-specific
conditions.
A well-designed test ultimately pays for
itself by supporting technological transformation or improving operations to save
costs or boost product quality and margins.2,3 Classical catalyst selection within
a refinery is very often based on studies
which typically lack comparability, since
the information originates from different
sources. This information is typically generated by individual testing or by model
predictions. An independent catalytic test
using actual operating conditions and the
relevant industrial feedstocks can ensure
a direct head-to-head comparison of dif-

Hydrocracking

4 Catalyst systems
Start-of-run performance
Regular feedstock

Single heaters

Test variability: 1 to 2% volume gain – basis 50,000
bbl/day
Assuming a margin uplift in the range of $5 to $10
per bbl results in :
Margin increase
in $/year
Volume gain
Days/year
50,000 * 1% *
50,000 * 1% *
50,000 * 2% *

$5 * 350
$10 * 350
$10 * 350

=
=
=

Pretreat

850, 000
1,750, 000
3,500, 000

4 Catalyst systems
Accelerated ageing
High-severity feedstock

HDC
&
Posttreat

Optimised catalyst system =
Margin increase: 850,000 to 3,500,00 $/year

Figure 1 Securing a margin uplift
with catalyst testing – an economic
assessment of the benefits of volume
gain by choosing the optimum catalyst for
your hydrocracker

Figure 2 Fast head-to-head comparison of up to eight catalyst systems with a
configuration of two reactors in series and possibility for interstage dosing and
interstage quantification. By utilising two feedstocks in parallel, four different catalyst
systems can be compared at the same time in order to study their SOR performance
and ageing behaviour

Did you know A
well-designed
test pays for
itself by improving
operations to save
costs or boost
product quality
and margins?

In addition, it is a major benefit if a catalyst test can provide information on not only
the fresh catalyst system, but also the aged
system at a later stage in the cycle. High
throughput accelerated ageing can assist
in evaluating catalyst deactivation and its
impact on product quality. A well-designed
protocol is needed in order to obtain meaningful data,4,5 while the high-throughput
approach facilitates the execution of the
test protocol in a fast and cost-effective
way. In this context, Figure 2 illustrates the
use of a 24-fold high-throughput trickle-bed
test unit. Here, eight catalyst systems can
be tested in parallel with a configuration of
two reactors in series, as required in firststage VGO hydrocracking, for instance. By
adding an ageing protocol with two different feedstocks in parallel, up to four catalyst
systems can be evaluated for fresh catalyst performance and catalyst deactivation
simultaneously. This comprehensive evaluation ultimately identifies the optimum fresh
catalyst system for the respective industrial
installation, at the same time giving an indication of whether this system also operates
best throughout the cycle length. And all of
this is possible within a typical test duration
of one to two months.

ferent catalytic solutions and hence allows
for a solid, fact-based economic evaluation.
Figure 1 shows an economic assessment of
how one can increase the margin for a VGO
hydrocracker by choosing the optimum catalyst. Assuming a volume gain in the range
of 1 to 2%, a margin uplift in the range of
$5 to $10 per barrel, and a production rate
of 50,000 bbl/day, an increased margin of
several million dollars can be obtained over
the whole cycle length. This can be accomplished just by choosing the right catalyst,
i.e. the catalyst with the optimal yield structure and product quality.

The examples above show that the knowledge generated with independent catalyst
testing is of economic benefit to refinery
operations, especially in a time when the
whole refining sector is undergoing transformation and only the fittest will survive.
Additional challenges lie ahead with the
introduction of cheap opportunity feedstocks, co-processing of waste streams
and renewable feedstocks, and the transformation from crude to biorefineries. All of
this is based on a solid understanding of the
respective technical processes, and catalyst testing will remain an important key differentiator. ■
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Advances in catalyst testing
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

I

ndependent catalyst testing has
become a useful tool for refiners
to support their catalyst selection process. Actual testing enables
a customised catalyst evaluation
under industrially relevant conditions including different industrial
operational cases and different representative industrial feedstocks.
The comparability of different catalyst systems is based on one and
the same foundation, thus significantly lowering the degree of uncertainty as compared to paper studies
describing each individual vendor’s
catalyst systems.
High throughput experimentation has become the state-of-the-art
industrial standard in independent
catalyst testing and offers the technical means to compare different
catalyst systems head to head at the
same time under uniform and identical 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 transferability to industrial scale. It is the
ideal way to identify properly the
optimal catalyst system for a refinery’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 profitability 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-)alkylation, resid upgrading, lubes pro-
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cessing, and also (co-)processing of
biofeedstocks.1, 2, 3
In classic high throughput experimentation set-ups, testing is accelerated by running multiple reactors
simultaneously and in parallel for
direct comparison of the catalysts
under investigation. The gas and liquid distribution technology ensures
a uniform feedstock distribution
over all reactor positions. The principal 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 collected as liquids and later analysed
offline. For processes with a consecutive 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 operated at a similar operating temperature level, this approach is viable.
However, in many cases, pretreat
and cracking reactors are operated
at different temperatures. It is beneficial that a laboratory method
takes this temperature difference
into account to properly simulate
the industrial process. In addition,
when performing independent catalyst testing for refinery applications,
the catalyst systems are typically
compared under a constant conversion 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 systems in comparison, an independent
temperature control on each reactor
is required. Moreover, when evaluating 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 quantification 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 analyses is taken away from the downstream reactor. In pilot scale, this
reactant loss to the following reactor
is typically negligible, likely corresponding to an interruption of feed
supply to the order of a few minutes.
In the case of high throughput
experimentation with smaller catalyst 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 classic high throughput experimentation in simultaneous testing of
consecutive reactor stages led hte
to develop a new approach for testing 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 consecutive reactors are equipped with
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an independent temperature control. Interstage quantification is
not performed by classic interstage
sampling, but a third mirror-type
reactor reflects the performance
of the upstream reactor. The mirror reactor is placed in one and the
same heating block as its reference
reactor to ensure high comparability. This approach enables a comprehensive mass flow rate based
gas and liquid analysis, constituting a clear improvement compared
to the traditional concentration
based interstage sampling information. With this new concept, interstage dosing of gas and/or liquid
becomes a proven reality in high
throughput experimentation too.
This new approach is demonstrated 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 catalysts under commercially relevant
conditions for a catalyst changeout in its refinery at Rayong,
Thailand. GC selected hte for the
evaluation study to benchmark five
commercial hydroprocessing catalyst systems using a 24-fold high
throughput reactor system optimised for single stage hydrocracking under commercially relevant
conditions. The project was completed in 2018 with the overall aim
of measuring catalyst performance
(activity, selectivity, and stability)
and determining key fractional
product properties.5

Yield, wt%

Initial
stabilisation

Pretreat
×8

Figure 1 New high throughput approach
for processes with serial reactor
configuration, inter-stage quantification,
and individual operation temperatures

An advantage of the 24-fold testing 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 catalyst systems connected in series.
This freedom minimises the need
to extrapolate data when comparing 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 accurate nitrogen slip.
All reactors share one liquid feed
supply and one gas supply, which
are respectively equally distributed between the reactors. In a typical test, the catalyst systems are all
operated under identical pressure,

Feed change
and stabilisation

Catalyst system 1
Catalyst system 2
Catalyst system 3
Catalyst system 4
Catalyst system 5
Catalyst system 6
Catalyst system 7

Time on stream
Figure 2 Target product yields vs time on stream for a virtual case
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HDC and
post-treat

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 second parallel feed supply is required,
this can be realised by adding a second 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 catalyst vendors. The remaining and
essential differences in the protocols
need to be facilitated by the test unit.
The aim of an independent catalyst 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 fraction, achieving this yield at a lower
temperature, minimising the yield
of C1-C4 hydrocarbons, and having
the properties of the targeted fraction meet various quality standards.
As indicated in Figure 1, state-of-theart 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 relevant ranking, the catalysts have to be
tested in their commercial size and
shape. A typical independent catalyst test on a 24-fold unit requires
all participating catalyst vendors
to provide catalysts and activation
protocols, to assist in finding harmonised activation protocols, to provide 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 operations, 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
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Naphtha
Kerosene
Gas
Gasoil

Yield, %

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 independent test where catalyst systems 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 comparing all proposed systems in parallel is that any measurements that
one performs will have a certain
variance. Thus, when comparing
measurements performed by several parties in different test units,
one ends up comparing very heterogeneous sets of data when considering 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 minimised. Moreover, the relative order
of target fraction yields for a set of

Temperature

Figure 3 Yield vs temperature correlations

catalyst systems can change if different 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 targeted N-slip and conversion, and
the actual temperatures determined
in the test unit. With a rigorous calibration of the reactor temperatures
within +/-1°C, the requirement that
the mass balance is at 100 +/-2%,
with our meticulous and exact reactor loading protocols we generally
observe that there is less than 3°C
difference between the temperatures
predicted by the catalyst vendors
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Typical analysis package for key fractional properties of different product cuts
Gas phase hydrocarbons
Pseudo-PIONA analysis

Naphtha
Density (D4052)
Sulphur content (D5453)
PIONA analysis
RON/MON (calculated)

Kerosene
Density (D4052)
Sulphur (D5453)
Flash point (D3828)

Gas oil
Density (D4052)
Sulphur (D5453)
Calculated Cetane Index.
(D4737, from SimDist)
Smoke point (D1322)
Cloud point (D2500)
Freezing point (D2386)
Pour point (D97)
Mercaptan sulphur (D3227)
Viscosity (D7042)
Aromatics (DIN EN 12916)

UCO
Density (D4052)
Sulphur (D5453)
Viscosity (D7042)
Aromatics
Ni/V (D2622)
Carbon residue (D4530)

Table 1

and the temperatures measured in
our test units.
From such a test, one can also
derive the dependence of key properties on reactor temperature for
both the pretreat and the cracking
reactor, since each of these are individually controlled. For example,
Figure 3 shows schematically how
the yields of several product fractions are influenced by temperature.
Overlaying the correlation plots of
each catalyst system being tested
gives probably the quickest overview of the strengths and weaknesses of the systems being tested.
Once the targeted N-slips and
conversions have been reached and
the catalysts have all reached lineout 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 analysis of the daily TLP sample and,
depending on the requested analysis package, we can estimate how
much product we need to collect. For
example, when one of the fractions is

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 example 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 collected product. Using automated
micro-fractionation units, hte is
capable of performing fractionations 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 relevant duration of the product collection period depending on the
product analyses that are requested
and the flow rates used in the test.
The parameters of the micro-fractionation are optimised in order to
reduce the overlap of the separated
fractions to less than 2 wt% (see
Figure 4).

Temperature

UCO

Gasoil
Kerosene
Naphtha

wt%

Figure 4 Distillation resolution
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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 compare 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 competitive 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 estimate 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 catalyst 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
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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 performed 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 changeout in 2019. GC has estimated that the yearly differential 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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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.

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
HYDROCARBON

ENGINEERING

29

Reprinted from September 2019

ENERGY & REFINING

Hydrocarbon Engineering September 2019

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

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

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

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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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
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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

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

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

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.

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.
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Florian received his M.Sc. degree in chemical engineering from the University of Erlangen-Nuremberg, Germany
in 2002 and his Ph.D. from the Norwegian University of Science and Technology in Trondheim in 2006, where
he concentrated on heterogeneous catalysis. He then worked for Haldor Topsoe for five years developing, upscaling, and introducing new catalysts for environmental applications in the chemical and energy industries.
In 2011, he joined hte – the high throughput experimentation company, working on syngas conversion, CO2
valorization, and bio-feedstock conversion. For the last five years, his focus has been on developing high throughput technology into applied R&D for refinery applications, as well as on bio-feedstock conversion to biofuels and
biochemicals, bringing expertise and added value to catalyst vendors, end users, and companies developing new catalytic processes.
He is convinced of the enormous creative power that resides in self-driven and independent teamwork. He can be reached at florian.
huber@hte-company.de.

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 reflecting 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 option 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 deactivation 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. However, 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 timesaving and cost-efficient supplement to fundamental research studies.
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Catalyst 2; higher SOR activity, lower stability
Catalyst 1; lower SOR activity, higher stability
SOR

Catalyst activity

ndustrial
hydroprocessing
applications rely on the continuous operation of catalysts
for time periods on a scale of
years. In consequence, catalyst
selection for such applications
is the result of intricate evaluation processes as this decision 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 selectivities 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, blending it with a batch of lower
sulphur content is only of
limited use in compensating
sub-optimal catalyst operation
because the limits of acceptable sulphur content are very
low (<10 ppm). At the same
time, exchanging the catalyst
out of schedule is undesirable because this is a costly,
time-consuming
operation

EOR

Time on stream
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

with increased safety concerns, which disturbs refinery
production.
For the reasons outlined
above, catalysts for ULSD production need to be very resilient. 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 compared with the lifetime of industrial catalysts but nevertheless
operate under conditions (temperature, 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 comparing the relative stability of the
catalysts being tested.
The deactivation rates of different catalysts are not necessarily identical: a highly active
catalyst can deactivate more
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Temperature for
target peformance

Test protocols, different severities
SOR-EOR benchmark, typical ageing trend
SOR fresh catalyst characterisation
EOR spent catalyst characterisation
EOR
(refinery spent catalyst)

SOR
(fresh catalyst)

Accelerated
ageing period

Time on stream

Figure 2 Schematic representation of the concept of accelerated ageing

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 conditions with the aim of evaluating
relative catalyst stability would
hardly be feasible, simply due
to time constraints. To address
these limitations of conventional 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 considered one of the major causes of

2 Catalysis 2019

catalyst deactivation in diesel
hydrotreating.2 Coke deposition
typically increases with increasing operation temperature.
Hence, operating under conditions that favour coke deposition on the catalyst will increase
the rate of catalyst deactivation. 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 accelerated ageing method. This onedimensional 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 deactivation 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

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 normal ageing observed in a real
industrial process. This comparison ensures that the extent
of ageing applied to the SOR
catalyst is industrially relevant.
Additionally, this procedure
allows the comparison of various 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 temperature, the other at constant
sulphur level.4 The constant
temperature approach is suitable for comparing very similar 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 temperature and giving a product with
a much higher sulphur content than targeted, or with the
high activity catalyst operating
above its temperature window
and being subjected to a needlessly high temperature, which
it would never actually see during 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 operation, the reactor is heated to the
temperature needed to reach
that target sulphur level. As
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SOR accelerated ageing
SOR aged at accelerated rate
EOR top catalyst
14 months industrial operation
EOR middle catalyst
EOR bottom catalyst

Reference conditions

4

Reference conditions

Accelerated ageing
Constant severe conditions

Sulphur concentration in product

the catalyst ages, the temperature 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 realistic. From this point of view, it
also becomes obvious why the
constant sulphur mode is more
adequate.
Nevertheless, under industrial operation reactor heating
rates are in the order of several 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 process parameters and the temperature 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 temperature and the constant sulphur
approach. The severity of each
individual process parameter is
tuned to match realistic parameters from industrial operation,
thus increasing the severity of
all relevant process parameters, but maintaining all these
parameters in a realistic operation window. In other words,
hte’s ageing protocol could be
defined as a ‘constant initial
sulphur level – constant age-

9
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29

34

Time on stream, days
Figure 3 Schematic representation of hte’s accelerated ageing with additional
illustration of the behaviour of EOR materials sampled from different levels in
the industrial reactor when compared to the SOR material

ing temperature’ protocol. This
allows the study of catalysts
with considerable activity differences, as is required given
the numerous hydrotreating
catalyst options available on the
market.
Figure 3 shows a schematic
representation of hte’s accelerated ageing protocol for the
comparison of product sulphur
levels with an illustration of
the behaviour of EOR materials from different levels in the
industrial reactor compared to
the SOR material and the labaged EOR catalyst material.
As a quality control measure,
detailed analyses of the reaction
products obtained from the catalysts aged with hte’s accelerated
ageing protocol (Aged-SOR) are

performed and these are compared with the properties of
the products obtained from an
EOR catalyst. With hte’s accelerated ageing testing protocol,
the differences between EOR
and Aged-SOR in all the relevant ULSD product properties
are minimal, as can be seen from
Table 1.
One crucial aspect of this testing 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 reactor must be selected carefully,
considering that deactivation
does not occur homogeneously
throughout a fixed catalyst bed.2
In Figure 3 we illustrate the sulphur concentrations of the products obtained when testing EOR
material sampled from different
levels in the industrial reactor.
It can easily be observed that
the three EOR materials sampled from different levels in
the industrial catalyst bed have
significantly different activities. The EOR catalyst from the
top of the bed shows the lowest
activity. This part of the catalyst
bed comes directly into contact with the unprocessed feed.
Hydrotreating, in particular
aromatic saturation, is an exothermic process with significant
temperature increase in the top
of the bed. Hence conditions
favouring coke formation from
the large fraction of polyaromatics still present. Going down
through the catalyst bed, sulphur 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 contact with the unconverted
feed throughout the entire run
and suffers much less deactivation over the operating
period. Moreover, maintaining
a moderate operation temperature down the catalyst bed
throughout the run helps to
suppress coke formation. As
a consequence, when comparing the EOR materials along
the bed, the material at the top
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Compared product properties, EOR
vs Aged-SOR
Catalyst

EOR top Aged-SOR
catalyst HDS catalyst
>420
37
0.8311
0.8319

Days on oil
Density at 15°C
Sulphur content
of product at
reference condition
46
Simdist T-10%
(ASTM D2887)
211.18
Simdist T-50%
(ASTM D2887)
273.04
Simdist T-90%
(ASTM D2887)
330.97
Cetane Index
(ASTM D4737 - 10 ) 57.7
Cloud point
(ASTM D2500)
-15.5
Pour point
(ASTM D97)
-22
Flash Point
(ASTM D3828)
94
Yield (Diesel), %
96.7
Monoaromatics, %
23.5
Diaromatics, %
1
Tri+Aromatics, %
0.1

46
210.8
272.85
330.75
57.7
-15.5
-20
100.5
96,7
23.8
1.1
0

Table 1

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 ageing protocol, one should have
an idea of the deactivation profile inside the industrial reactor
and a strategy for taking into
account the inhomogeneous
Compared activation energies
(calculated for HDS reaction order
n=1.3) of EOR catalysts from
different reactor heights and of the
Aged-SOR
Catalyst
EOR-top
EOR-middle
EOR-bottom
Aged-SOR

Table 2

Activation energy, kcal/mol
30.4
32.3
32.2
31.4

deactivation pattern. One strategy could be to use a representative sample from the top third
of the industrial reactor to simulate 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 deactivation that is observable under
industrial operation. Another
more sophisticated strategy
could include kinetic reactor
modelling to compose the overall catalyst deactivation in the
industrial reactor based on the
inhomogeneous
deactivation
pattern. A necessary prerequisite of this modelling approach
would be to generate lab EOR
corresponding to different EOR
locations in the industrial reactor, 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 deactivation 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 deposits covering the active centres
and making them less accessible, 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-
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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 accelerated ageing process is temperature, because an increase in
this parameter will accelerate
all reactions, including the formation 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 reactions decreases and in consequence 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 content of the feed and on the feed
rate. Polyaromatic hydrocarbons 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 conditions 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 temperature and hydrogen pressure are
chosen reasonably.
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Not all feeds are identical, so
the interplay of these parameters 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 relevant for comparing the stability
of catalysts under industrially
relevant conditions.

Conclusion

The application of high throughput experimentation technology and tools is essential for
comparing many catalysts that
the market has to offer under
accelerated ageing conditions.
As a result of such an accelerated ageing test protocol, the
ranking of SOR catalysts would
be determined based on their
activity under the reference conditions, similar to conventional
testing. In addition, such a test
would give the added benefit
of clearly indicating the ranking
of catalyst stability for an industrially relevant life span. The
results of the test would also
allow a semiquantitative estimation of the lifetime of several
catalysts when compared to the
industrial reference EOR catalyst. 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 deactivation rates may be an over-simplification of reality taking into
account the ageing dependency
on catalyst material, operation conditions and feedstock
properties.
With all the uncertainties
about long term catalyst stability inherent in classical catalyst
testing, accelerated ageing test

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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Catalyst testing for hydrocracking and
hydrotreating
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

I

ncreasing global demand for fuels
and heavier feedstocks as well as
tightening environmental regulations 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 transportation (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, environmental 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 atmospheric residue or atmospheric/
vacuum gas oils. In this context, it is
necessary to develop new catalysts
or evaluate several commercial catalysts. 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, changing technical equipment or aging of
feed/catalysts is very difficult.
Instead, this process can be facilitated tremendously by using high
throughput experimentation (HTE)
technology with many reactors in
parallel, which allows several catalysts and process conditions to be
tested
at
the
same
time.1,2
Furthermore, the amount and cost
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of catalyst and feed can be minimised 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 technology in the field of vacuum gas oil
(VGO) hydrocracking and hydrotreating of atmospheric residue
(AR). These studies show the capability of handling very heavy
feedstocks and full-size commercial
catalysts with high throughput technology while achieving very high
data quality and reproducibility.

Integrated workflow solutions

Over the last 10 years, hte has
developed a comprehensive hydrotreating workflow. The workflow is
defined as the experimental cycle
comprising catalyst synthesis, reactor filling, catalytic performance
testing, product analysis, data evaluation and reporting. In high
throughput experimentation, many
experiments are performed simultaneously. 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 implemented its own fully integrated
software workflow.
A typical HTE experiment
consists of several steps: catalyst
and feed preparation and characterisation, 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 generated 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 instruments 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 reproducibility. Failures in the packing
method can compromise the validity of the test results. Powders and
full-size extrudates can be tested in
the units. When using full-size
commercial extrudates in smallscale reactors, wall effects have a
considerable influence on the
hydrodynamics of gas and liquid
flow. To ensure plug flow, extrudates are embedded in an inert
matrix, minimising channelling and
by-pass effects.3 Processing heavy
feeds is a challenging task, especially 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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Figure 1 Conversion of the +350°C fraction depending on temperature

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, hydrocarbons, H2S) need to be combined to
get the overall picture. hte’s hydroprocessing 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 hydrocracking 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
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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 distillation. Using this analytical data, the
mass balance was closed based on
mass flow rates. Yields and conversions were calculated and several
correlations plotted.

One of the questions
in hydroprocessing is
where the hydrogen
goes and how it
changes the product
properties
The four extrudate catalysts (A,
B, C, D) were mounted four times
in the same way to test reproducibility. 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-

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 particles 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 properties 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 procedure with DMDS the catalysts were
lined out for several days. The catalyst 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 prodnaphtha,
ucts:
gases
(C1-C4),
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 catalysts 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 hydrocracking 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:
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Figure 2 Yields of different boiling fractions: (2a) 12 reactor tubes with catalysts A, C and
D (2b) four reactor tubes with catalyst B
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Figure 3 Middle distillate selectivity vs conversion of +350°C fraction
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In Figure 3, the selectivity to
middle distillates is plotted versus
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the +350°C conversion. The selectivity decreases with increasing
conversion. Although having different 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 different active mass. The selectivities of
catalysts A, C and D have a linear
correlation with up to 85% conversion. Catalyst B shows a lower
selectivity to middle distillates due
to its tendency to over-cracking to
gases and light boilers. The variation 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 hydroprocessing 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 products’ 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 catalyst B at identical hydrogen
consumption. In Figure 4, possible
reaction pathways with different
hydrogen consumptions are illustrated. 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 hydrocracking
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 identical 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:
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A << B ≈ C << D

Selectivity ranking – middle distillates at 60% conversion:
A = C = D >> B

In addition, a clear correlation
between cracking activity, middle
distillate
selectivity,
hydrogen
consumption and oil product densities is apparent.
In this VGO hydrocracking study,
a 16-channel trickle bed testing unit
was utilised for testing four different commercial extrudate catalysts.
The reactor design and packing
procedure (for instance, extrudate
particles with constant L/D,
dilution with SiC powder…) guaranteed 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 residue and the hydrotreating kinetics.
Atmospheric residue (AR) is residue 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 regulations. 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 permitted from 1 January 2015.
During the hydrotreating reaction, asphaltenes can precipitate in
the catalyst bed due to the changing solvent properties of the VGO.
Additionally, metals such as vanadium and nickel are deposited at
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Figure 4 Hydrogen conversion based on feed vs oil product density

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 deactivation, 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

The trickle flow
units together
with the softwaresupported workflow
is a powerful tool
for enhancing R&D
productivity
HDS/HDN activity but optimised
capacity to take up metals. The
HDS/HDN catalyst has high activity 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 properties. 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/

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 catalyst 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 correlates very closely with the HDS
activity. With a decreasing amount
of catalyst (reactor 1-10), decreasing
sulphur conversion in the approximate 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 necessary for such a plot was generated
within 10 days’ runtime instead of
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Figure 5 HDS activity dependent on the catalyst loading protocol in a down flow mode

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 > transition > HDM. Positions 14/15
investigate the influence of the
stacking order versus physical
mixing. Looking at HDS activity,

only
minor
differences
were
observed when comparing positions 1, 14 and 15. At the highest
temperature, positions with the
HDS catalyst in first place (positions 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
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Figure 6 Correlation of product density and hydrogen conversion
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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 previous 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 temperature 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 hydrocarbons with different structures
and functional groups. The hydrotreating
reactions
of
those
molecules can be affected by reactivity
of
functional
groups,
molecule size, mass transport,
adsorption
and
many
more.
Therefore, the hydrotreating reaction of each molecule has a
different apparent rate constant.
Increasing the amount of catalyst
does not affect the ratio of rate
constants. Increasing the temperature changes the ratio of rate
constants as the hydrotreating reactions have different activation
energies. At high hydrogen conversions,
the
number
and
concentration of remaining components that can be hydrogenated is
smaller. The structure of the
remaining components can be similar and hydrotreating is less
temperature-sensitive due to mass
transport limitations. Thus, the
difference between increasing catalyst
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 comprehensive reactor model. This work

www.eptq.com

ENERGY & REFINING

PTQ Q1 2015

ENERGY & REFINING

was executed in a 16-fold parallel trickle bed reactor
system using commercial extrudates and processing
real atmospheric resid. The results allowed the observation 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 technique 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 hydrotreating 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.

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.

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.
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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
Liquid
particle size ratio (aspect ratio) of less than 25, which are typical for
Gas
full size commercial shapes packed in bench scale reactors, suffer
Distribution tray
from uneven liquid and gas flow distribution over the reactor cross
Ceramic balls
section.1,3 The reactor wall has an ordering effect on the catalyst
Solid 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
Catalyst support
Outer collector
the catalyst bed.
Gas + Liquid
Embedding full size commercial catalysts into a matrix of small
Type
Nanoflow
Microflow
Benchscale
Pilotplant
Commercial
1mL
10mL
100mL
100mL
100 m
Catalyst Volume
diluent
particles in bench scale reactors with low aspect ratio can
Parallelization
16-48
4-8
1-4
1
Focus
Laboratory Trickle-Bed Reactor
suppress these phenomena.5 The small diluent particles dominate
Commercial Trickle-Bed Reactor
the fluid dynamics and help meet the reactor design criteria for
plug flow behaviour and efficient catalyst wetting. This results in
Figure 1. Trickle bed reactor scaling with typical
better comparability to pilot and industrial scale reactor packings
catalyst volume and degree of parallelisation.
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
Table 1. Typical dimensions and superficial velocities of hte and OMV
3

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, 0.020
mm/s

0.035

0.089

4.000

Superficial gas velocity,
Nm/s

0.011

0.027

1.200
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0.006

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

HYDROCARBON

ENGINEERING

ENERGY & REFINING

Hydrocarbon Engineering May 2014

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.

ENERGY & REFINING

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.

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

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.
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
HYDROCARBON
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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.
Figure 4. Catalyst ranking on both nanoflow and
The MHC catalyst test was carried out such that the reaction
bench scale for full size commercial extrudate
temperature was adjusted once a day to maintain the conversion
catalysts. Ratio of apparent HDS rate constants for
of the 623K+ fraction as close as possible to the target of 35%M,
catalyst A and B.
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+
Figure 5. Comparison of hte bench scale and OMV
conversion levels (Δ623 K+ = 3.4%M). The remaining 4 K is explained
pilot for two stage MHC with base case extrudate
by the different catalyst loading. The product distribution is very
catalyst A.
similar (Table 2). The mass balances were highly similar, thus
ensuring that the results are comparable.
This case study illustrates that well adjusted test
Table 2. Comparison of product distribution and mass
systems produce reasonable results with direct
balance for 2 stage MHC with base case extrudate catalyst A
relevance to industrial operation. Consequently,
in hte bench scale and OMV pilot at steady state (Day 19 - 21)
comparative or relative ranking of catalysts within a
Bench
Pilot
test system can immediately rate and distinguish
different catalyst candidates for industrial operation.
Yield
Selectivity
Yield
Selectivity
In general, relative ranking, i.e. ranking of relative or
C1
%M
0.4
1.0
0.5
1.1
normalised rates, is typically straightforward and
C2
%M
0.3
0.8
0.4
1.1
requires only modest fine tuning for the transfer
between different scales. However, when directly
C3
%M
0.6
1.6
0.8
1.8
comparing absolute rates between different scales,
C4
%M
1.0
2.5
1.0
2.3
there are usually some differences. This issue can be
C5-448 K
%M
8.9
22.8
10.3
24.5
handled using a number of different methods. A
typical fast approach is the use of scaling factors to
448-498 K
%M
5.6
14.3
5.6
13.2
transfer results from one scale to another. These
498-623 K
%M
21.0
54.0
22.5
53.2
correlations are determined by means of a base case
623 K+
%M
61.8
58.6
or benchmark catalyst that is tested in both units
under the same operation conditions, or in many
H2S
%M
1.1
2.9
1.1
2.7
cases this information comes from extensive
Mass balance
%M
100.7
100.8
experience when operating a test unit within the
scope of catalyst management for an industrial
623+
%M
33.0
36.4
catalytic installation. A more challenging approach is
conversion
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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.

ENERGY & REFINING

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.
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reforming catalysts
High throughput screening of naphtha reforming catalysts under commercially
relevant conditions
MARIUS KIRCHMANN, ALFRED HAAS, CHRISTOPH HAUBER and SASCHA VUKOJEVIC
hte GmbH

C

atalytic naphtha reforming, in
which low octane naphtha
feedstock is converted into
high octane reformate, is one of the
core processes in modern refineries.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 hydrotreating, 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 hydrogen yield. More recently, additional
challenges have emerged due to
environmental regulations, requiring 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 declining 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

www.eptq.com

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 changeout. Besides risk minimisation,
catalyst costs have to be taken into
account versus increase in profitability, 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 differences in performance can be very

High throughput
experimentation
technology can
increase efficiency
by testing many
reactors in parallel
small. Notwithstanding this, even
small differences in performance
have a great impact on process
profitability due to the large capacity of reformers. Therefore, an
independent catalyst test to benchmark 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 calibration
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 statistical significance for reliable results,
in the worst case not yielding sufficiently 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 efficiency by testing many reactors in
parallel, which allows several catalysts 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 challenging application for parallel
testing of catalysts. Reproducible
reactor loading, constant process
conditions in each reactor (temperatures, 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 operations, though newer and more
effective CCR reformers have high
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1

Naphtha

2

3

Reformate

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

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 testing
approach
employing
accelerated decay conditions in
order to gather results in a reasonable time frame. On the other hand,
short deactivation of CCR reforming 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 development 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 production.
Commercial
naphtha
reformers, however, operate adiabatically 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, dehydrocyclisation or isomerisation and undesired
reactions such as hydrocracking
and hydrogenolysis. Especially in
the first reactor of a commercial
set-up, fast and endothermic reac-
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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 different, 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 average 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 naphtha are converted to high octane
iso-paraffins and aromatics in reformate. 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 gasoline blending purposes, aromatics
downstream processes or hydrogen
supply. In order to compensate the

RON decrease, the temperature can
be increased or pressure and weight
hourly space velocity (WHSV)
decreased. While lowering pressure
increases coking and shortens catalyst lifetime significantly (which
makes it a good measure to accelerate 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 gradually 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 temperature control for each reactor. In
summary, the combination of multiple
reaction
zones
with
semi-adiabatic temperature profiles,
usage of full extrudates, and operation 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 industrially 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 evaluation are covered including special
requirements for naphtha reforming such as appropriate test
protocols to handle different deactivation time scales for fixed bed
reforming and CCR reforming catalysts. 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-
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ity, selectivity and stability close to
commercial practice.

Feed section
FIC

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 pulsefree 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 regeneration procedures or for keeping
reactors under inert conditions.
Especially for CCR reforming catalyst 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 individually controllable heaters. Reactors
with smaller or larger inner diameters 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 movable inner thermocouples. In the
downstream section below the reactors, reformate products are diluted
by a pressure control system that
also keeps the pressure in each
reactor exactly the same. High
upstream and downstream temperatures 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 permanent
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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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

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 detectors for hydrogen, smoke and lower
explosion limits, which trigger
immediate safety shutdown procedures 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 deviations 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 necessary 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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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 optimised 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

C5

C6

C7

C8

Reformer products

1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

Carbon number

Carbon number

Figure 4 Composition of naphtha feed and reformer products as PIANOU distribution
(paraffins, aromatics, iso-paraffins, naphthenes, olefins, unknowns), split by carbon number

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

C9

C10

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 chromatogram 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

C11

C13

C14

Complete C8 separation
Ethylbenzene

Butane

Propene

Methane
Ethane
Ethene
Propane

C12

Xylene

Intensity

Toluene

Complete light separation
Benzene

High octane C5+

o-xylene

Feed

Lights

P
I
A
N
O
U

p-xylene
m-xylene

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 activity (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.

Composition of naphtha feed

SASCHA VUKOJEVIC

Retention time
Figure 5 Exemplary chromatogram of a C1-14 paraffin standard (blue) and full range naphtha (red). Key components such as BTX are indicated
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processed by petrochemical and
aromatics processes, the distribution 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 concentrations for the respective reactors
and are immediately detected.
Hydrogen, as a precious byproduct
in naphtha reforming, is quantified
to complete the analysis of products. Obviously, this complex
interplay of multiple GCs, columns
and detectors needs to be synchronised 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 preignition 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 suitable 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 pressure 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 literature.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
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include
additional
interactions
between compounds. The respective 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

The resolution of
chromatograms and
a short sampling
interval are of equal
importance and a
good compromise
needs to be found
calculated RONs based on GC analysis 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 hydrocarbon analysis, which can be
converted to RON using an appropriate 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

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 operating 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 identified products and precision of
RON determination) and a short
sampling interval are of equal
importance and a good compromise 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 measurement contains chromatograms
of multiple columns with more
than 100 peaks and requires immediate evaluation to calculate the
RON for temperature adjustment.
This evaluation needs to be done
automatically 24/7 and process
automation and software integration 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 (temperatures, 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 automatically 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
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Figure 6 Temperature (activity) versus TOS

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 catalysts 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 ultimately 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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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 throughput experimentation.

Start-up and activation

Returning to the practical workflow

at the unit, the loaded reactors are
installed in the unit. In parallel testing, a uniform feed distribution,
besides high precision in temperature 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 measurements 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 naphtha reforming catalysts can consist
of several sequential steps, including drying of the catalysts to
remove residual moisture, reduction of platinum and promoter
metals with hydrogen, and, if these
are fixed bed reforming catalysts, in
situ sulphiding to reduce hyperac-

Process parameters of case study
Catalysts
Feed
p, bar
T, °C
H2/HC ratio, molar
WHSV, h-1
Target RON

Fixed bed reforming, semi-regenerative
Heavy naphtha, IBP-FBP: 66-204°C
10-20 barg
480-540
2-4
2-5
98-102

Table 1
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Figure 7 RON versus TOS

tive metal sites and initial
hydrogenolysis activity. The activation 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.

If the start of run (SOR) temperatures 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 semiregenerative operation in fixed bed
reforming, were tested over 1000
hours TOS according to the parameter 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-
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temperature and iso-RON operation 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 different RONs (see Figure 7) that are
subjected to run-in behaviour and
subsequent decay. Catalyst A

3
2
1
0

−1
−2
−3

0

100

200

300

400

500

600

700

800

14
15 E
16

Time on stream, h
Figure 8 Reformate C5+ yield versus TOS

128 PTQ Q4 2015

www.eptq.com

60

Performance testing of naphtha reforming catalysts

2015

MARIUS KIRCHMANN, ALFRED HAAS, CHRISTOPH HAUBER,
SASCHA VUKOJEVIC

www.eptq.com

61

1.6

20

SE ±(0.01−0.02)

SE ±(0.2−0.8)

1.4

∆Temperature, ºC

∆RON

1.2
1.0
0.8
0.6
0.4

15

10

5

0.2
0

A

1.6

B

C

D

0

E

∆Aromatics, wt%

0.8

0.4

0

A

B

C

D

A

B

1.6

SE ±(0.02−0.05)

1.2

∆C5+, wt%

D

E

SE ±(0.04−0.10)

1.2

0.8

0.4

0

E

C

A

B

C

D

E

SE ±(0.002−0.006)

0.2

∆Hydrogen, wt%

produces reformate with a significantly 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 correlation 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 hydrocracking
activity.
Increasing
the
temperature favours the latter for
all catalysts and reduces the C5+
yield. In summary, catalyst deactivation at a constant temperature
occurs by gradually decreasing the
RON and increasing C5+, indicating
that catalyst functionalities for
desired reactions (dehydrogenation,
dehydrocyclisation and isomerisation) 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 temperatures in Figure 6 diverge to the SOR
temperatures and, from there on,
the RON decline is automatically
compensated by automated temperature adjustment. At a constant
RON, the temperature can be used
to describe the activity of the catalyst 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 outperforms 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

0.1

0

A

B

C

D

E

Figure 9 Statistical evaluation of performance parameters and corresponding catalyst
rating for 200-260 h TOS. Standard error (SE) range and precision are shown in brackets

estimated by extrapolating the
temperature increase to the point at
which the heater limit is reached.
This assumes a constant temperature increase, which can fail above
a certain temperature and deactivation
state.
Furthermore,
this
extrapolation does not take decreasyields
at
higher
ing
C 5+
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 extending the measurement time or using

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 deactivation 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
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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 corresponding temperature increase at
proceeding TOS results in further
differentiation, allowing the performance 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 catalyst 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 performance of aged catalysts. Since C5+
yield at constant RON is directly
related to economic return, selecting 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 dehydrogenation of naphthenes and the
dehydrocyclisation, isomerisation,
hydrocracking and hydrogenolysis
of paraffins and iso-paraffins.
In Figure 9, the performance
parameters and corresponding catalyst 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
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14°C for the SOR temperatures. The
C5+ yield shows high reproducibility (SE <±0.05) and a clear ranking
even for catalysts B and D, which
could barely be differentiated without 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 reproducibility, thereby leading to a
reliable ranking of catalysts. At the
end, refiners can make a catalyst

Precise operation
at a constant RON
is accomplished by
utilising integrated
software solutions
for process control,
analytics and data
evaluation
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 conditions. Keys to success include
careful loading of the reactors, a
sophisticated unit set-up with high
reproducibility, and fast and accurate 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-

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 differentiation of catalysts by activity,
selectivity and stability, and deliver
all information necessary to identify 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.

PTQ Q4 2015 131

62

