
Worldwide sustainability goals are calling for a 
major redesign of the petrochemical and chem-
ical industries. The net-zero CO₂ emission goals 

set for the next decade require such industries to improve 
their efficiency and start relying on different raw materials. 
Selected resources need to be either renewable, such as 
vegetable oils, animal fats, and sugars, or recycled, such as 
pyrolysis oil or used cooking oil. 

Additionally, they need to be widely available and not food 
competitive. Food competition makes using most of the 
feedstocks that are well-characterised and commercially 
ready (vegetable oils) challenging in the long term. Thus, 
the need to test feedstocks deemed more challenging, such 
as pyrolysis oil, will become very relevant soon. The use 
of such feedstocks will also perfectly match the concepts 
of a circular economy that aim to use the wastes of one 
industry as feedstocks for another. However, such types of 
feedstocks are currently not close to commercial implemen-
tation and require additional developmental work.¹

State-of-the-art tools are required to fill the gap in the 
development and optimisation work required for the effi-
cient conversion of renewable raw materials. High through-
put experimentation technology can be employed to test 
many reactors in parallel under relevant process conditions. 
Experimental data can be generated at an unprecedented 
rate, enabling acceleration of process development, the 
quick choice of the most economically productive catalytic 
system from many options available, the development of 
new catalysts, or simply the execution of proof-of-concept 
studies. This type of testing is very important in fluid cata-
lytic cracking and hydroprocessing to evaluate the perfor-
mances of different catalytic systems.²

High throughput experimentation enables a quick and 
effective exploration of the experimental space. It can be 
easily associated with design of experiment (DOE) to get 
the most out of a limited number of tests. 

Regardless of the feedstock and the experimental plan 
to be run on a high throughput unit, preparation and vali-
dation are key. It is important to make sure that liquid, gas, 
and H₂ recovery are 100% to ensure high data quality and 
reproducibility.

The renewable resources discussed here are vegetable 
oils (VO) and pyrolysis oil (PO). These two feedstocks are 

at very different technological development stages, as they 
present different challenges associated with their use.¹ 

VO hydrotreatment in laboratory-scale units
VOs are, in general, mixtures of triglycerides. A triglyceride 
molecule is composed of three fatty acids esterified with a 
molecule of glycerol. Fatty acids have an even number of car-
bon atoms, most often arranged as chains between 16 and 
20 atoms long, and a variable number of unsaturation (typi-
cally 1 to 3 double bonds). VOs contain up to 15% O, which 
can be removed by hydrodeoxygenation (HDO) or decarbon-
ylation (DCN)/decarboxylation (DCX) (see Figure 1). 

The S and N content is usually very low (up to 30 
ppm). Contaminants such as P and Si, whose concentra-
tion depends on feedstock derivation, can cause catalyst 
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Figure 1 Simplified reaction schema of triglycerides 
conversion to paraffins. The fatty acids can be generated 
by breaking a C-O bond of the triglyceride. The generated 
fatty acid can then undergo hydrodeoxygenation, 
decarbonylation, or decarboxylation. These last three 
reactions can also happen on the triglyceride itself or any 
residual diglyceride or monoglyceride
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deactivation and even reactor clogging if present in high 
amounts. Free fatty acids (FFA) and Cl in the feedstock can 
also cause corrosion. It is, therefore, important to know 
the composition of trace elements in the feedstock before 
starting a pilot plant testing, as well as the total acid num-
ber (TAN) and the bromine or iodine number (unsaturation 
degree). 

Standard hydroprocessing technologies can be applied to 
convert VOs to fuels if they can be tuned to overcome the 
new challenges posed by the different chemical make-up of 
renewable feedstocks. These challenges include higher O 
content, corrosion issues, and different types of impurities. 
High throughput units (16- or 24-fold) can host reactors 
with an inner diameter of up to 8 mm, while bench-scale 
reactors (4- or 8-fold) can be used with reactors up to 
19 mm of inner diameter. The bench-scale units also allow 
testing guard bed material to eventually process feedstocks 
with high content of P or Si and evaluate materials based 
on their performance for P and Si uptake. If the iodine num-
ber of the feedstock is high and clogging of the reactors is 
experienced, it is possible to optimise the reactor loading 
by exchanging the top layer of inert with a lower activity 
catalyst that will hydrogenate the unsaturation.

To be converted to fuels, VOs need to be hydrodeoxy-
genated and then dewaxed (hydroisomerisated) to convert 
the linear paraffins into branched ones. The first step in 
the hydrotreatment of VOs is the hydrogenation of all the 
unsaturation, as shown on the top panel of Figure 1. The 
FFAs are then undergoing HDO, DCN, or DCX to yield lin-
ear paraffins. However, the last three reactions mentioned 
may also take place on the hydrogenated triglyceride or 
any di- or monoglyceride still present in the feed. HDO is 
the preferred and targeted reaction since the co-product 

is H₂O, while DCN and DCX are unwanted reactions that 
co-produce CO and CO₂. 

All the co-products can cause possible issues down-
stream of the reactor. H₂O together with HCl, formed from 
trace amounts of Cl in the feed, can promote corrosion. The 
possible corrosion issues raised by the presence of water in 
the liquid phase can be solved by keeping as much water 
as possible in the gas phase. Vaporising the water is also 
helpful for the oxygen balance that can be affected by the 
separation efficiency. The H₂O and organic phases can be 
separated only to the extent they did not emulsify, and the 
water is not micro-dispersed. When it is not possible to 
keep all the H₂O in the vapour phase, it is good practice to 
run an elemental analysis and/or Karl-Fischer titration of the 
organic sample to account for dispersed/emulsified water. 

The oxygen balance can be significantly improved, as 
shown in Figure 2, by increasing all temperatures down-
stream from the reactor. Additionally, it is recommended 
to introduce some inert gas after the reactor to dilute the 
concentration of H₂O in the gas phase and promote its 
evaporation. In a single-stage configuration, H₂O, CO, and 
CO₂ will enter the hydroisomerisation (HI) reactor, possibly 
deactivating the noble metal catalyst (left panel in Figure 
3). The sour mode of operation should only be chosen if the 
HI catalyst can work in such conditions or if its resilience to 
such contaminants is under evaluation.

If the water effect on the HI catalyst performance is under 
evaluation, the test should be run at a specific temperature 
that yields a product with a specific target parameter value 
(such as density, cloud point, or pour point). The target 
parameter must be routinely tested to ensure that the sys-
tem is operating correctly. Afterwards, once the behaviour 
of the system is well characterised, it is possible to increase 
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the concentration of H₂O in the feed by introducing a larger 
amount of water to the gas phase and creating a system 
upset that can eventually be exaggerated by increasing the 
temperature by 5-10°C. 

The degree of damage to the catalytic system can finally 
be evaluated by returning to the initial condition (for both 
temperature and H₂O concentration) to verify if any change 
in the value of the target parameter has occurred. If the 
target parameter is out of specification, we can increase 
the temperature by the amount necessary to go back to 
specification, and that DT is representative of the amount 
of damage experienced by the system. 

Additionally, to fully understand the behaviour of the HI 
catalyst in single-stage operation, it is also important to 
continuously monitor HDO catalyst performances. This can 
easily be achieved even when working with 1-10 mL of cat-
alyst per reactor using a ‘twin’ reactor loaded with the same 
amount of HDO catalyst. The two twin reactors must share 
the same heater to ensure the same performance within 
the mass balance accuracy. Finally, if the single-stage con-
figuration is chosen because the H₂ consumption in HDO 
can be high, it is important to work in a large excess of H₂ 
from the beginning. If a large H₂ excess is undesired, the 
missing hydrogen can be fed before the HI reactor. 

If the two-stage operation is desired, the set of reactors 
containing the HDO catalysts can be tested with fresh VO 
feed, but a hydrotreated vegetable oil (HVO) feed is required 
for the isomerisation catalysts. This can be provided from 
the start, allowing both reactions to be tested simultane-
ously in one unit. Otherwise, HVO can also be produced in 
the test once the stable performance of the HDO catalysts 
is reached (no changes in density and propane yield). 

Once enough product has been accumulated from all 
reactors, working at the same operative conditions, the HI 
catalysts can start their run in the same unit with a delay of 
1-2 weeks with respect to the HDO catalysts. In this case, 
the HI catalysts feed will be a mixture of feed produced by 
all the catalysts in the HDO stage. If the operative condi-
tions of the catalysts are different or the performances of 
catalysts vary significantly, the two-stage approach can 
still be applied by receiving an additional HVO feed. 

Furthermore, the refineries very often work with a recycle 
that helps the processing of VO by diluting it with already 
processed products. To simulate the recycle, the recycled 
and the fresh feeds can be mixed according to the recy-
cle ratio before the start of the test. If the recycle ratio is a 
parameter under investigation, it is possible to co-feed the 
VO and the recycle feed using two pumps.

Finally, characterisation of the samples produced by the 
HDO reactors should be done using SIMDIST, offline and 
online gas chromatography (GC), density measurement, 
and S/N analysis (if the feed is rich in N). The online GC 
needs to be equipped with a thermal conductivity detec-
tor (TCD) and a flame ionisation detector (FID) to quantify 
H₂O, CO, CO₂, and the light hydrocarbon products (mainly 
C1 and C3, but C1 to C18 can be detected). The SIMDIST or 
the offline GC can be used to quantify the paraffins in the 
liquid phase. 

In case the reactor temperature is insufficient to carry out 
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Figure 3 hte high throughput technology. The 24-fold and 
16-fold can be adapted to work in the configuration that 
is the most suitable to represent the units for which the 
catalysts are tested

HDO

600300 400 500200100

600500400300

0

W
ei

gh
t (

%
)

Temperature (˚C)

0

25

50

75

100

Alkanes
(C15-C20)

HC

HC/HI HDO

HI

400300200100

Alkanes
(C15-C20)

Alkanes
(C6-C15)

FFA,
alcohols

Diglycerides/
monoglyceride

Triglycerides

Figure 4 Example of possible SIMDIST results obtained by 
performing HDO followed by HI/HC of vegetable oil.  
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a full HDO, some remaining monoglycerides, diglycerides, 
and triglycerides, along with FFAs and alcohols, will be 
present in the mixture. This is illustrated in the top panel of 
Figure 4. If a partial conversion is all that can be obtained 
out of the HDO catalysts, it is recommended to adjust the 
offline GC analysis method to account for the response fac-
tor of the oxygenated compounds. The same results can be 
achieved by equipping the FID with a Polyarc system that 
converts all organic compounds to methane, evening out 
the response factor of oxygenates and hydrocarbons. 

The oxygen-bearing molecules burn differently from 
the paraffins in an FID, making the SIMDIST based on the 
ASTM standard not optimal for quantification. However, the 
SIMDIST can highlight the presence of unconverted glycer-
ides, as shown on the top panel left-chromatogram (cyan) of 
Figure 4. This kind of SIMDIST is observed when the tem-
perature of the reactor is too low. If the temperature is raised 
to the ideal level for performing HDO, HVO can be produced 
with minimal residual oxygenates, as shown by the right 
chromatogram (orange) in the middle panel of Figure 4. 

Afterwards, HVO is hydrotreated in the HI reactors to 
produce fuels. HVO undergoes hydroisomerisation and 
hydrocracking, resulting in a mixture of linear and branched 
paraffins with varying numbers of carbon atoms. This latter 
case is represented by the left chromatogram (red) in the 
middle panel of Figure 4, which also shows an example of 
pure VO as a reference on the right chromatogram on the 
top panel (dark blue). Once the fuel mixture is obtained, it 
is important to also run additional analyses to evaluate fuel 
properties such as density, cloud point, pour point, freezing 
point, and octane or cetane number.

PO hydrotreatment in laboratory-scale units
POs can be derived from different raw materials, such as 
plastic waste or biomasses. They are obtained by process-
ing the raw material at high temperatures, either in the 
presence or the absence of oxygen. The obtained pyroly-
sis oil can have a wide range of preliminary contaminants, 
such as ashes or residual coke, that will be removed in a 
pretreatment plant before being processed by refineries or 
pilot plants. 

The PO has a high variability in chemical composition 
and properties that depend on the type of pyrolysis and the 
starting material chosen to produce it. 

The pH can be as low as 1.5, and water and oxygen con-
tent can be up to 30 and 50 wt%, respectively. S and N 
can be present in refractory molecules, but their processing 
should be easy to achieve with the classic hydrotreatment 
catalysts. Many possible metal contaminants can be found 
(V, Sb, Si, As, Pb, Se, Te) depending on the types of addi-
tives used in the initial plastic, for example. Furthermore, 
significant concentrations of Cl and Br can be found in 
pyrolysis oil derived from biomasses. However, the main 
problem of pyrolysis oil is the high reactivity of the feed. 
Such feedstock is rich in olefins and aromatics that tend 
to quickly react to polymeric products and clog reactors or 
even the transfer lines to the reactors. 

Therefore, it is crucial to fully characterise the feedstock 
before starting any kind of testing with this type of mate-
rial. The metal types in the feedstock can be detected and 
quantified by XRF. Elemental analysis is employed to iden-
tify the O content, while N is quantified by S/N analysis. 
The TAN is also very important to consider when deciding 
what type of pipes can be used to perform the tests. The 
aromatic content and the iodine number are also essential 
analyses to understand how to correctly process the pyrol-
ysis oil. 

With every new pyrolysis oil to be tested, it is good prac-
tice to perform a simple pumping test before feeding it into 
a running unit. This is meant to ensure that the tubing and 
pumping system to be used in further testing is suitable for 
the task. The aim should be to achieve operation without 
a considerable pressure drop build-up over several days. 
Additionally, before flowing the feed through the unit, it is 
recommended to leave a small amount of feedstock at an 
elevated temperature in a vial to evaluate its temperature 
stability and understand how much preprocessing is neces-
sary. The temperature stability test is especially important if 
the pyrolysis oil requires a high temperature to be pumped. 

If, for example, the pyrolysis oil has quite a high iodine 
number and metal contaminants, it may be possible to use 
a set-up with three catalysts in series, as shown in Figure 
5. In this case, it would be possible to evaluate the activity 
of the hydrodemetallisation (HDM) catalyst, the hydrotreat-
ment catalyst, and the eventual hydroisomerisation/hydro-
cracking catalysts that follow. The HDM and HT catalysts in 
the first reactor would have to work at very low tempera-
tures to avoid any type of polymerisation and subsequent 
clogging. If the pyrolysis oil is very reactive but with a low 
metal content, it is recommended to use an already pro-
cessed feed to dilute it or grade the activity of the catalyst in 

HDM/HT HT HI/HC

Figure 5 Configuration of a 24-fold unit with three reactors 
in series (up to four three-reactor systems in parallel). The 
first reactor could be employed to host guard material 
to remove the metals (HDM) and a very low-activity 
catalyst to start removing the most active molecules at low 
temperature (HT). The second reactor could be filled with 
an additional pretreatment catalyst to do some more HT, 
such as HDO/HDS/HDN. The third reactor would host a 
higher activity catalyst to perform HI and/or HC
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the reactor, for example, substituting the inert material layer 
at the inlet of the reactor with a very low-activity catalyst. 

Finally, an extra layer of complexity that this type of feed-
stock raises is the analysis of the products by SIMDIST or GC. 
The final hydroprocessed products, if not fractionated, will 
very often still contain macromolecules that are not eluted 
by the GCs and potentially clog the columns. Therefore, the 
usual ASTM standards are not perfectly applicable to these 
feedstocks, highlighting how much research and prepara-
tory work is still needed to bring this type of feedstock to a 
viable technology readiness.1

Outlook/conclusions
The versatility of high throughput technology will be crucial 
in transitioning from fossil to renewable feedstocks. High 
throughput testing allows the retrieval of a lot of data for one 
or more catalysts in a timeframe of weeks instead of months, 
decreasing the effort necessary to develop, for example, a 
complete kinetic dataset. The high density of information 
obtained by only one run is key for decision-making, for 
example, in catalyst benchmarking or screening. 

It is a tool that every refinery or R&D institution can rely 
on to get quick information on the performance of their sys-
tems. Additionally, this overview highlighted all the chal-
lenges associated with the implementation of renewable 
feedstocks on a small scale; things only get more complex 
on a larger scale. Therefore, it is very important for refiner-
ies to test the catalysts before implementing them in their 
commercial unit with new types of feedstocks.
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