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In this work, the hydrodenitrogenation (HDN) of a primary amine (dodecylamine), a secondary amine
(didodecylamine), and a tertiary amine (tridodecylamine) over a Pt/ZrO, catalyst was compared in a batch
reactor. The main product of the amine hydrotreating was dodecane, but significant amounts of secondary
amine were also formed as an intermediate during HDN of the primary and the tertiary amine. It was found
that the primary amine is the only species for which direct HDN is possible; HDN of the secondary amine
thus proceeds through a primary amine intermediate and HDN of the tertiary amine involves formation of
the secondary amine, which decomposes to the primary amine. Consequently, HDN of the tertiary and
secondary amines is slower than that of the primary amine. Kinetic modeling indicated that bimolecular
condensation reactions of the primary amine, as well as potentially of the primary amine and the secondary
amine, have a significant effect on the HDN process. Formation of the secondary amine from the primary
amine increases the initial conversion and nitrogen removal rate but appeared to slow down the overall
rate of nitrogen removal. The results thus demonstrate how condensation reactions affect amine HDN,
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Introduction

Replacing fossil fuels with sustainable, renewable options is
an important strategy for lowering CO, emissions and
reducing the impact of the transportation sector on global
warming. While electrification shows great promise in
reducing emissions from the transportation sector in general,
finding sustainable options for the aviation sector is
particularly challenging, due to the need for fuels with high-
energy density." Sustainable, bio-based fuels are thus a
particularly promising option for the aviation sector.!
According to the International Air Transportation
Association,” bio-based fuels are estimated to contribute up
to 65% to the reduction of greenhouse gas emissions in the
aviation sector by 2050. High energy density drop-in fuels can
be used in existing fleet, and thus make the transition
towards a sustainable economy easier. The European
Commission passed a mandate on 18 October 2023 for
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which has implications for catalyst design for HDN of renewable feeds containing aliphatic amines.

blending fossil based fuel with sustainable aviation fuel (SAF)
gradually from 2% in 2025 to 63% in 2050.® Estimates made
by Klower et al.* emphasize the importance of increasing the
production of renewable fuels even faster, as an increase of
bio-based fuels up to 90% by 2050 is needed to limit aviation
transport effects on global warming.

Hydrotreating is a commercially viable process to produce
bio-based fuels from renewable feedstocks.® For example,
Neste Corporation and Eni S.p.A. commercially produce diesel
and jet fuel from vegetable oils and fats via hydrotreating.®™®
Likewise, hydrotreating is a viable strategy to upgrade bio-
based feedstocks produced through pyrolysis or liquefaction of
biomass.>® During hydrotreating, heteroatoms, such as S, N,
and O, are removed in the form of H,S, NH;, H,0, CO, and CO
by bringing the feedstock into contact with hydrogen in the
presence of a catalyst.>® Oxygen-containing compounds, which
are prevalent in renewable feedstocks, lower the pH value and
cause corrosion, polymerization and fuel instability.'’
Nitrogen-containing compounds can poison acidic catalysts in
downstream processes such as reforming, hydrocracking and
hydroisomerization, as well as impact the fuel stability
negatively.>'"*?

With the change from fossil to bio-based feedstock, the
composition of the hydrotreating feed differs, especially
regarding the oxygen and nitrogen content but also the types of
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compounds present. For example, algae-based feeds can contain
up to 35 wt% oxygen and up to 10 wt% nitrogen, while for bio-
oils from pyrolysis and liquefaction, the heteroatom content
can range between 9-38 wt% oxygen and 6-10 wt%
nitrogen.>>>" In comparison, fossil-based feeds usually
contain less than 2 wt% oxygen and less than 1 wt%
nitrogen.”'* This change in feed composition has led to
increasing interest in hydrodeoxygenation (HDO).>"™ "
However, as removing nitrogen has been shown to be more
difficult, studying hydrodenitrogenation (HDN) is of equal
importance.'® In bio-based feedstocks like vegetable oils, animal
fats, and algae, nitrogen is mostly found in the form of fatty
amides, alkyl amines, cyclic amines, and amino acids.”"*"?™!

Supported noble metal catalysts, such as Ru, Rh, Pd, Pt,
have been shown to be active in HDO and HDN of fatty acids,
amides and amines."®**™*° They show high HDO/HDN activity
under mild conditions, with the metal component significantly
impacting the product selectivity.""***°>' As noble metal
catalysts are active in their reduced state, they, in contrast to
the commercially used transition metal sulfide catalysts, do
not require sulfur additions to maintain their
activity. >0 1822243132 gor HDN of amines and amides,
reduced noble metal catalysts display activity towards the
formation of ammonia and paraffins.*****® Secondary
dialkylamines are also readily formed over most of the studied
metals.'®?*2**®  Depending on the noble metal, the
dialkylamine formation may exceed the paraffin formation.**
The formation of trialkylamines, imines, nitriles and olefins
during amine HDN has also been reported, although in smaller
quantities than the secondary amine formation,'*#2%23

This study aims to compare the HDN reaction network
and kinetics of primary, secondary, and tertiary alkyl amines
over the Pt/ZrO, catalyst. Furthermore, the goal is to
investigate the role of the condensation products in the
overall HDN reaction network. Therefore, dodecylamine (C12
amine), didodecylamine (C24 amine), and tridodecylamine
(C36 amine) were hydrotreated at 80 bar H, over Pt/ZrO, at a
reaction temperature of 300 °C in a batch reactor. The
amines were chosen as model compounds for alkyl amines
which are found in bio-based feeds and are also formed as
intermediates during hydrotreating of nitrogen containing
compounds.®'*?® The experimental concentration-time data
was used for kinetic modeling with an isothermal power law
approach to gain further insight into the reactivity of the
model compounds.

Experimental
Materials

For the catalyst preparation platinum(iv) nitrate (15 wt% Pt)
from Alfa Aesar was used as a metal precursor. For the
support, monoclinic zirconia (ZrO,) from Saint-Gobain
NorPro (SZ 31164) was used. The following chemicals were
used for the reactor experiments without further purification:
dodecylamine (>99.0%, Sigma Aldrich), didodecylamine
(>97.0%, Sigma Aldrich), tridodecylamine (>97.0%, Sigma
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Aldrich), decalin (decahydronaphthalene, mixture of cis and
trans, >99%, Sigma Aldrich), nitrogen (99.999%, Woikoski),
and hydrogen (99.999%, Woikoski). The same hydrogen gas
was also used for the analytics. Furthermore, synthetic air
(99.999%), helium (99.999%), argon (99.999%) and oxygen
(99.999%) from Woikoski were used. n-pentadecane (>99%,
Sigma Aldrich) was used as an internal standard and propan-
2-0l (>99.5%, Fisher Chemicals) as a second solvent for the
GC analytics.

Catalyst preparation

The Pt/ZrO, -catalyst was synthesized with a vacuum
impregnation method according to Verkama et al'® The
support (ZrO,) was crushed, sieved (particle size of sieve
0.25-0.45 mm), and calcined for 10 h at 600 °C in a static
muffle furnace. For the impregnation, 2.5 g of ZrO, was dried
in a 100 mL round-bottom flask at 60 °C for 90 min under
vacuum in a rotary evaporator. The metal precursor was
dissolved in type 1 ultra-pure water with approximately four
times the pore volume of the support. The precursor solution
was added to the support at room temperature, under
vacuum and stirring. The solution was stirred for 2 h under
vacuum, allowing the excess impregnation solution to slowly
evaporate, and the catalyst precursor was dried the following
day under vacuum for 60 min at 40 °C and 30 min at 60 °C.
The Pt catalyst was calcined in a flow through calcination
oven at 100 ml min™" in synthetic air at 450 °C for 1 h with a
heating ramp of 2 °C min™".

Catalyst characterization

Inductively coupled plasma optical emission spectroscopy.
The Pt content of the catalyst was determined using
inductively coupled plasma optical emission spectroscopy
(ICP-OES). Prior to the analysis, the catalyst sample was
digested in aqua regia using a Speedwave XPERT microwave
pressure digestion system (Berghof, Analytic Jena). The
sample was then diluted with ultrapure type 1 water, filtered,
and analyzed. The ICP-OES analysis was performed using an
Agilent 5900 SVDV ICP-OES spectrometer. The Pt 203.646 nm
and Pt 214.424 nm lines were analyzed, and scandium
(255.235 nm) was used as an internal standard. For details
on the ICP-OES analysis, see the ESL}

X-ray diffraction analysis. The calcined catalyst was
analyzed using X-ray diffraction (XRD) with a PANanalytical
X'PERT PRO MPD Alphal device, with a PIXcel 1D detector
and X-ray source consisting of a Cu monochromator,
utilizing K-alphal emission with a wavelength of 0.15405980
nm. The analysis range was 5-100°, with a step size of 0.026°
and a time per step of 96.36 s. A programmable divergence
slit was used, but a mathematical fixed divergence slit
correction was performed on the data. Samples were crushed
prior to analysis using a mortar and pestle.

CO pulse titration. CO pulse titration was done using a
Micromeritics AutoChem III device. Approximately 200 mg of

catalyst was added to the sample tube. Prior to

This journal is © The Royal Society of Chemistry 2025
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chemisorption, the catalyst was dried in He flow at 200 °C for
120 min and reduced in 5% H,/Ar at 350 °C for 120 min.
After reduction, the sample was kept at 350 °C in He flow for
45 min, to remove chemisorbed hydrogen, and cooled down
to 50 °C. Next, 15 pulses of 10% CO/Ar, each with a volume
of 0.5185 ml, were introduced to the sample. The CO
consumption was monitored using a thermal conductivity
detector and a MKS Instruments Cirrus 3 mass spectrometer,
which monitored the signals at m/z = 28 (CO), m/z = 44 (CO,)
and m/z = 18 (H,0). The temperature of the loop and the
equipment's lines was 110 °C. The dispersion and platinum
particle size were calculated based on the CO consumption,
assuming hemispherical Pt particles and an adsorption
stoichiometry of 1.

N, physisorption. Nitrogen physisorption at 77 K was used
to determine the specific surface and the total pore volume
of the catalyst. The catalyst was analyzed in both the calcined
form and reduced form, using the same samples as those
used for CO chemisorption. The measurement was
performed with a Micromeritics Tristar Plus device. Prior to
the measurement, the catalyst was degassed at 350 °C in
nitrogen flow for 300 min. The specific surface area was
determined wusing the Brunauer-Emmett-Teller (BET)
method®® (relative pressure range 0.05-0.25), while the pore
size distribution and the total pore volume specific surface
area were determined using the Barrett-Joyner-Halenda
(BJH) method.**

Carbon analysis

A Thermo Flash Smart CHNSO Elemental Analyzer was used
to determine the amount of carbon present in the spent
catalysts. 2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene
(BBOT) was used as a calibration standard. The temperature
of the (left) furnace was 950 °C, the temperature of the oven
was 65 °C, the carrier gas flow was 140 ml min™', the
reference gas flow was 100 ml min", the oxygen flow was 250
ml min™', the oxygen injection end time was 4 s, the
sampling delay time was 12 s and the run time was 750 s.

Catalytic activity tests

For the experiments a 100 mL Hastelloy batch reactor from
Parr Instrument Company was used. For the amine HDN
experiments, 20 mg of the Pt/ZrO, catalyst was dried in situ at
180 °C and 10 bar N, for 60 min. The catalyst was then
reduced in situ at 350 °C and 20 bar H, for 60 min while
stirring with 100 rpm.

The reaction mixture was prepared as a solution of the
respective alkyl amine in 27.8 g decalin, targeting a total
initial nitrogen concentration of 100 ppm (mg L7).
Therefore, the mass of the alkyl amines varied accordingly,
with 41.0 mg for dodecylamine, 78.3 mg for didodecylamine,
and 115.5 mg for tridodecylamine. The reaction mixture was
heated (to approximately 80 °C) under constant stirring to
dissolve the amine in the solvent. Before the reaction, 1 mL
of the reaction mixture (zero-sample) was taken to quantify

This journal is © The Royal Society of Chemistry 2025
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the reactants. The reaction mixture was inserted into the pre-
heated feed vessel (heater set to 100 °C) and released into the
reactor, which had been heated to the reaction temperature
of 300 °C. For the reaction, the reactor was pressurized at 80
bar H, and the stirring set to 600 rpm, marking the start of
the reaction. The reaction time varied between 15 min and
300 min, corresponding to a batch residence time 7 of 0-500
Zcat N Moly, teed - The stirring was stopped, and the reaction
was quenched with an ice bath after the reaction time
elapsed. Finally, 1 mL of sample (reaction-sample) was taken
for analysis.

The 60 min reaction for dodecylamine was repeated three
times as a control experiment. To test for thermal activity of
each amine, the procedure was repeated without the catalyst,
the drying and reduction, and with a reaction time of 60
min. The activity of the ZrO, support was tested with the
same procedure as for the amine HDN experiments using
ZrO, instead of the catalyst with a reaction time of 60 min.

Product analysis

To avoid precipitation of the products and reactants in the 1
mL analysis samples, 0.18 mL propan-2-ol was added as a
second solvent before the analysis. As an internal standard
(ISTD) 6 pL n-pentadecane was also added beforehand.

Qualitative analysis of reaction products

The samples were analyzed with gas chromatography with a
mass spectrometer (GC-MS) using Shimadzu's GCMS-QP2010
SE equipped with a HP-5MS column (30 m x 0.250 mm X
0.25 um) by Agilent J&W GC Columns to identify reactants
and products using multiple programs.

Quantification of liquid products

The reaction products were quantified with gas
chromatography (GC), using an Agilent Technologies 7890B
GC System with a flame ionization detector (FID) and a
nitrogen-phosphorus detector (NPD) and using an Agilent
J&W HP1-MS column (60 m x 0.25 mm x 0.25 pm). Two GC-
FID methods were used for the product quantification, and
details on these methods can be found in the ESL}

For determining the reactant and product concentrations
with the FID, the relative response factors (RRF) of
dodecylamine, didodecylamine, n-dodecane, 1-dodecan-ol
and isopropyl-dodecylamine were estimated based on their
combustion enthalpy and weight, using a method developed
by de Saint Laumer et al*>*® For tridodecylamine, an
experimental calibration for the RRF was made, and the
results can be found in the ESL}

The carbon balance closure B¢ (%) for each amine HDN
experiment was calculated using eqn (1)

_ Cc, products

Bc 100% (1)

Cc, feed

where ¢, products (Mmmol L'l) is the concentration of carbon in
the products and c., feea (mmol L") is the concentration of
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carbon in the feed. The carbon balance closures for the
experimental data can be found in the ESL}

Carbon-based yields Y (%) for each of each product
species were calculated using eqn (2)

o Cproduct @c, product

Yo 100% )

Creactantac, reactant

where a¢ is the number of carbon atoms in a compound.

Total nitrogen content analysis

The nitrogen content (ppm) of the samples was measured
with a P422022 ElemeNts nitrogen analyzer from PAC L.P.
The injection volume for the analysis was 20 puL and each
sample was measured three times.

The nitrogen removal Niemovar (%) was calculated from
both the GC-FID and N-analyzer results using eqn (3)

PN,
Nremoval = | 1- N products -100% (3)
pN, feed

where pn, products iS the nitrogen content (mg L™ in the
reaction sample and py, feeq iS the density of nitrogen (mg
L™") in the zero sample.

Kinetic modeling

Kinetic modeling of the amine HDN batch reactions was
done using Jupyter Notebook 6.5.4 from Python 3.11. The
concentration/time  profiles of the reactants were
mathematically modeled assuming power law kinetics. The
optimal set of kinetic parameters was obtained using the
scipy.optimize.least_squares®’® solver. The parameter bounds
for all reaction rate constants were set to 0-1. Several
different initial values for the parameters were tested, with
no significant effect on the fitting results.

Results & discussion
Catalyst preparation and characterization

A summary of the catalyst characterization results is shown
in Table 1. The data shows that the Pt/ZrO, catalyst has the
targeted metal loading, the pore volume was 0.25 cm® g™*
and the BET surface area was 38.9 m*> g'. The surface area
and pore volume of the support did not change significantly
during impregnation, calcination, and reduction of the
catalyst. Based on the CO chemisorption results, the Pt
particle size was 3.8 nm and the dispersion was 29%. X-ray
diffraction showed only the peaks associated with the m-ZrO,
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support (ICDD 00-065-0687) (see the ESIf). This implies that
no large, XRD-visible Pt crystallites were present, which was
in good agreement with the CO chemisorption results. Thus,
it appears that the catalyst synthesis was successful, and the
obtained Pt/ZrO, catalyst was well-dispersed and had the
correct metal loading.

HDN experiments

Fig. 1 shows the composition of the product samples and the
nitrogen removal as a function of batch residence time for
the primary, secondary, and tertiary amines' hydrotreating
experiments. The data shows that the Pt/ZrO, catalyst is
active for the HDN of dodecylamine (C12 amine),
didodecylamine (C24 amine), and tridodecylamine (C36
amine). The final product for hydrotreating of all three
amines is dodecane (C12 paraffin). The secondary amine
appears to be a major intermediate during HDN of both
primary and tertiary amines, while the primary amine is
formed as an intermediate during HDN of the secondary and
tertiary amines. Small amounts of the tertiary amine and
dodecan-1-ol  (C12 alcohol) were also present as
intermediates. In addition to these compounds, small
amounts of an acetone-derived side product were detected
(N-isopropyldodecan-1-amine). It is proposed to have formed
by carbonyl-amine condensation of dodecylamine and
acetone. Acetone was a residue from cleaning the feed vessel
and reactor, thus it does not belong to the HDN network of
the primary, secondary, and tertiary alkylamines. The carbon
balance closure of all amine HDN experiments over Pt/ZrO,
ranged from 92-105%, indicating that there were no major
unaccounted products. Details on all the experiments,
including the carbon balances and data for three repeat
experiments performed under the same conditions, are given
in the ESL}

Based on the data shown in Fig. 1, there are clear
differences in the reactivity of the primary, secondary, and
tertiary amines. The low batch residence time data in
Fig. 1a-c indicates that the secondary amine is an initial
product during hydrotreating of both primary amine and
tertiary amines. For the secondary amine hydrotreating, less
than 5% of primary amine is present as an intermediate. It
is also clear that the secondary amine can be formed from a
condensation reaction between two molecules of the primary
amine, as has been reported before.>>**2%*° However, only
trace amounts of tertiary amine were detected during the
primary and secondary amine experiments. This may

Table 1 Pore volume, BET surface area, Pt content, Pt particle size and dispersion for the reduced catalyst as well as the m-ZrO, support. The pore
volume and BET surface area were determined using N,-physisorption, the Pt-content was determined by ICP-OES and the Pt particle size and
dispersion were determined using CO pulse chemisorption. The same sample was used for CO chemisorption and N-physisorption. Prior to analysis, this
sample was reduced at 350 °C for 120 min in 5% Hy/Ar, as outlined in the “Experimental’-section

Sample Pore volume (cm?® g7) BET surface area (m” g™") Pt (Wt%) Pt particle size (nm) Dispersion
m-ZrO, 0.26 38 —_ —_ —_
Pt/ZrO, 0.25 39 1.0 3.8 29%
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Fig. 1 Carbon-based yields as a function of batch residence time (geat h Moly, reeq ) for: (a) dodecylamine HDN experiments, (b) didodecylamine
HDN experiments, (c) tri-dodecylamine HDN experiments, as well as conversion (%) as a function of batch residence time (d). Experimental
conditions: 300 °C, 80 bar H,, 20 mg catalyst and 100 ppm initial nitrogen concentration.

indicate that a condensation reaction between the primary
and secondary amine is not favored, or that the tertiary
amine formed in such a reaction is rapidly converted to
other products.

Fig. 1 also shows that at higher batch residence times, the
conversion rate of the amines slows down, and the
intermediates are consumed as dodecane, the final product,
is formed. Generally, it appears that amine HDN occurs
much slower at higher batch residence times, which can be
explained by a lower concentration of reactants. However,
deactivation cannot be ruled out based on the experimental
data. A CHNS analysis of the spent catalyst showed no
evidence for deactivation by coking, as the carbon content of
the spent catalyst used in the secondary amine experiments
did not appear to increase at higher batch residence times
(see the ESIY).

Fig. 2 shows nitrogen removal (a) and paraffin yield (b) for
the three amines as a function of batch residence time, as
well as the paraffin yield as a function of nitrogen removal
(c) and nitrogen removal as a function of conversion (d). On
the one hand, as shown in Fig. 1 and 2a, conversion of

This journal is © The Royal Society of Chemistry 2025

primary amine is slightly faster than conversion of the
tertiary and secondary amines, while the nitrogen removal
decreases in the order primary amine > secondary amine >
tertiary amine. On the other hand, the paraffin yield is
essentially the same for all three amines at batch residence
times below 100 g, h moly, feed (see Fig. 2b), although at
higher batch residence time the tertiary amine has a lower
paraffin yield than the secondary and primary amines.

Thus, it appears that for the primary amine, the paraffin
is formed concurrently with nitrogen removal, while for both
secondary and tertiary amines, paraffin is formed initially,
before nitrogen removal takes place. This is supported by
Fig. 2c, which shows the paraffin yield as a function of the
nitrogen removal. For the primary amine, the paraffin yield
initially has a linear relationship with the nitrogen removal,
showing that both paraffin formation and nitrogen removal
initially take place. However, for secondary and tertiary
amines the increase in paraffin yield, as nitrogen removal
increases, is steeper, indicating that paraffin is formed before
nitrogen removal takes place. Indeed, as shown in Fig. 2d,
nitrogen removal of the tertiary amine increases slowly as the

Catal. Sci. Technol., 2025, 15, 1259-1271 | 1263
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conditions: 300 °C, 80 bar H,, 20 mg catalyst and 100 ppm initial nitrogen concentration.

conversion increases, showing that the initial tertiary amine
conversion step does not involve nitrogen removal. Thus, the
data presented in Fig. 1 and 2 indicates that there are clear
differences in how HDN proceeds for the primary, secondary,
and tertiary amines.

Based on the data shown in Fig. 1, it appears that the
primary and secondary amines are always present as
intermediates during HDN of primary, secondary, and
tertiary amines, while the tertiary amine is not formed in
significant amounts. As indicated by the conversion, nitrogen
removal and paraffin yield data, HDN is fastest for the
primary amine, while the tertiary amine and the secondary
amine form paraffins faster than they undergo HDN. Based
on these observations, it is deemed likely that the HDN of
the tertiary amine occurs through the secondary amine, while
the HDN of the secondary amine involves the primary amine
as an intermediate. Thus, the reaction network shown in
Fig. 3 is proposed.

In the proposed reaction network (Fig. 3), the primary
amine can react directly through hydrodenitrogenation (1)
or undergo a condensation reaction (2) to form the
secondary amine. The secondary amine decomposes via
hydrogenolysis into dodecane and primary amine (3). While

1264 | Catal Sci. Technol,, 2025, 15, 1259-1271

a condensation reaction between the primary amine and
secondary amine (4) may seem feasible, no evidence for
formation of significant amounts of tertiary amine was
detected in the primary and secondary amine experiments.
This may be due to this condensation reaction not being
favored, or due to the tertiary amine decomposing via
hydrogenolysis into dodecane and secondary amine (5) as
quickly as it is formed.

The proposed reaction network shown in Fig. 3 is well in
line with the observed conversion trend. Conversion of the
primary amine can take place through one of two
mechanisms: direct HDN (1) and condensation (2), while
conversion of secondary and tertiary amines takes place
through a C-N bond hydrogenolysis step. The trend in the
nitrogen removal can also be explained: all initial reaction
steps for the primary amine (1, 2, 4) involve the loss of
nitrogen, while nitrogen removal with the secondary amine
first involves formation of the primary amine (3), and
nitrogen removal with the tertiary amine occurs through
secondary amine and primary amine intermediates (5, 3).
Indeed, nitrogen removal occurs only through the primary
amine, either through condensation reactions (2, 4) or
through direct HDN (1).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Reaction network for the hydrotreatment of primary amine (dodecylamine, C12 amine), secondary amine (didodecylamine, C24 amine) and
tertiary amine (tridodecylamine, C36 amine) over Pt/ZrO,. The hydrotreatment of all three amines produces dodecane (C12 paraffin) as the final
product. Reactions: 1 direct HDN of primary amine, 2 condensation of primary amine, 3 hydrogenolysis of secondary amine, 4 condensation of

secondary amine, and 5 hydrogenolysis of tertiary amine.

The proposed reaction network is well in line with
previous studies investigating the reactions of amines
over noble metals. Condensation reactions between
primary amines, forming secondary amines, have long
been known to take place in the presence of hydrogen
and a metal catalyst. For example, in 1932 Winans and
Adkins®® reported the formation of dipentylamine from
pentylamine using nickel catalysts, and in 1986 Meitzner
et al*® studied the reactions of methylamine on Pt/SiO,,
and found that significant amounts of dimethylamine
were formed. More recent work by Verkama et al*®
confirmed that such condensation reactions also can
take place on Pt/ZrO, for tetradecylamine and
hexadecylamine, which have carbon chain lengths more
relevant for industrial HDN. The hydrotreating reactions
of secondary and tertiary amines have also been studied
by Sivasankar et al,”® who showed that on Pd/AlOj,
dipentylamine may undergo hydrogenolysis to form
pentylamine and pentane/pentene, as well as also
undergo a bimolecular reaction to form a primary amine
and tertiary amine. In this study, we found that the
hydrogenolysis of didodecylamine takes place on Pt/ZrO,
but found no evidence for a bimolecular reaction
between two molecules of didodecylamine. Sivasankar
et al.* also found that tri-pentylamine reacted exclusively
through hydrogenolysis to dipentylamine and olefin/

This journal is © The Royal Society of Chemistry 2025

paraffin,®® which matches well the results obtained in
this study for hydrotreating of tridodecylamine.

Kinetic modeling

Kinetic modeling was carried out with the aim to
quantitatively describe the data with a suitable physical
kinetic model based on the proposed reaction mechanism.
For the kinetic modeling, power law kinetics were assumed.
The model assumed constant concentration of hydrogen in
the reaction mixture, since hydrogen was present in large
excess. The power law model was isothermal and did not
consider mass transfer or diffusion limitations. The kinetic
modeling was done based on the reaction network shown in
Fig. 3, and also includes the condensation (6) of two
molecules of secondary amine to a primary amine and
tertiary amine as described by Sivasankar et al.>® The reaction
rate equations are shown Table 2 and the molar amount
changing rates in Table 3.

Fig. 4 shows the experimentally determined
concentrations of the reactants and products, as well as the
concentrations predicted by the (optimized) kinetic model.
Overall, the model appears to match the experimental data
well, although it overestimates the tertiary amine formation
during the primary and secondary amine experiments. For
further comparison of predictive and experimental values,
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Table 2 Reaction rates r; of the HDN reaction network in Fig. 3 and secondary amine condensation

Reaction

Reaction rate equation

Direct hydrodenitrogenation (1) of primary amine

Condensation (2) two primary amines

Hydrogenolysis (3) of secondary amine

Condensation (4) of primary amine and secondary amine
Hydrogenolysis (5) of tertiary amine

Condensation (6) of two secondary amines

71 = kiCuCciz A = kiCcu A
_ 7 2
T2 = kyCcia a
=k =k
s = K3CuCc2a A = K3Cc24 A
T4 = KaCc1z aCcaa a
s = ksCuCcse o = kéfcss A

7 2
Te = K6CCaa A

Table 3 Molar amount changing rates R; for primary amine (C12 A), secondary amine (C24 A), tertiary amine (C36 A), and dodecane (C12 P)
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Fig. 4 Experimental (exp.) data and simulated fit as concentration (mmol L™) vs. reaction time (min) for (a) the primary amine experiments, (b) the
secondary amine experiments, and (c) the tridodecylamine experiments. Experimental conditions: 300 °C, 80 bar H,, 20 mg catalyst and 100 ppm

initial nitrogen concentration.

refer to the parity plots given in the ESL{ The fitted reaction
rate constants are reported in Table 4.

The rate constants for direct HDN of dodecylamine (1),
hydrogenolysis of didodecylamine (3) and hydrogenolysis of
tridodecylamine (5) shown in Table 4 have similar values
(0.012-0.016 min™"). This is reasonable, since all three
reactions involve the cleavage of a C-N bond. The reaction
rate constant for the reaction between two didodecylamine

1266 | Catal. Sci. Technol., 2025, 15, 1259-1271

molecules is practically zero, and we thus have not found any
evidence that this reaction takes place for didodecylamine on
Pt/ZrO,. Thus, our decision to not include it in the reaction
network in Fig. 3 appears justified.

The reaction rate constants were used to calculate the
reaction rates r;-r¢ and the nitrogen removal rate, using the
rate equations in Table 1. The predicted nitrogen removal rate
was calculated as a sum of all reaction rates involving nitrogen

This journal is © The Royal Society of Chemistry 2025
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Table 4 Reactions of the amine HDN reaction network in Fig. 3 and their simulated reaction rate constants k;. Modeling conditions: power law model,

least squares solver, including reaction rate r4

Reactions Fitted reaction rate constants

Direct hydrodenitrogenation (1) of primary amine K, (1 min™) 0.012
Condensation (2) of two primary amines k, (L mmol™ min™) 0.001
Hydrogenolysis (3) of secondary amine K (1 min™) 0.013
Condensation (4) of primary amine and secondary amine k4 (L mmol™ min™) 0.005
Hydrogenolysis (5) of tertiary amine k(1 min™) 0.016
Condensation (6) of two secondary amines ke (L mmol ™" min) 107"
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Fig. 5 On the left axis: reaction rates and nitrogen removal rate (mmol L™ min™) and on the right axis: experimental nitrogen removal (%) (from
the GC-FID/NPD, including the nitrogen from the acetone derived side product) and simulated nitrogen removal (%) vs. reaction time [min] for the
(a) dodecylamine HDN experiments, (b) didodecylamine HDN experiments, and (c) tridodecylamine experiments. Experimental conditions: 300 °C,

80 bar H,, 20 mg catalyst and 100 ppm initial nitrogen concentration.

removal, namely, ry, 5, 7, and rs. These rates, the nitrogen
removal predicted by the kinetic model and the experimental
nitrogen removal (GC-FID based), are plotted in Fig. 5.

As can be seen in Fig. 5a, in the primary amine
experiments, nitrogen removal starts immediately and slows
down at longer reaction times. The direct HDN (1, r;) and the
condensation (2, r,) of two primary amines make up most of
the overall nitrogen removal for the primary amine
experiment, with r; (direct HDN) being the fastest. The
simulated nitrogen removal rate for the secondary and
tertiary amine experiments goes through a maximum at 30

This journal is © The Royal Society of Chemistry 2025

min for the secondary amine and 100 min for the tertiary
amine. As the primary amine is formed through secondary
amine hydrogenolysis, the nitrogen removal rate increases,
but when the primary amine is later decomposed, the
nitrogen removal rate decreases again. In other words, the
nitrogen removal rate correlates with the concentration of the
primary amine, which indicates that the primary amine is
involved in all nitrogen removal pathways. This is further
supported by the nitrogen removal rate maximum occurring
at longer reaction times for the tertiary amine, which first
forms the secondary amine and then the primary amine.

Catal. Sci. Technol.,, 2025, 15, 1259-1271 | 1267
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Even though the tertiary amine is equally reactive as the
secondary amine in terms of conversion (see Fig. 1d) the
maximum nitrogen removal rate of the secondary amine
comes sooner.

Effect of the condensation reactions on amine HDN

The formation of significant amounts of tridodecylamine
was not detected during the primary and secondary amine
experiments. However, the modeling results indicate that
the condensation reaction (4) between primary and
secondary amines, forming the tertiary amine, appears to
significantly contribute to the nitrogen removal in the
secondary and tertiary amine experiments. It should be
noted that the  experimental concentration  of
tridodecylamine was very low in the primary and secondary
amine experiments, and that the GC-FID based tertiary
amine concentrations thus likely have large uncertainties
associated with them. The amount of tertiary amine formed
in the secondary and primary amine experiments was also
overestimated by the kinetic model. Therefore, to check the
fitting results related to this condensation reaction (4), a fit
without this reaction was done (r, was set to zero). These
results can be found in the ESL{ Without the condensation
reaction between primary and secondary amines, the
dodecylamine concentration was underestimated by the
model in the primary amine experiments and overestimated
in the secondary amine experiments. Furthermore, the
nitrogen removal in the secondary and tertiary amine
experiments was underestimated, indicating that the
condensation (4) does play a role in the overall nitrogen
removal, even though this was not apparent from the raw
experimental data. This would furthermore show the overall
importance of the condensation reactions in the amine
HDN reaction network.

The low amount of tertiary amine detected in the liquid
phase may be due to the tertiary amine forming in higher
concentrations in the catalyst pore system, but, because of
diffusion limitations, being unable to leave the pores before
it reacts further via hydrogenolysis (5). It should be noted
that due to its size, pore diffusion of the tertiary amine is
expected to be slower than that of the primary and secondary
amines. This may also be why the reaction (6) involving two
molecules of secondary amine does not take place for
didodecylamine on Pt/ZrO,. We hypothesize that this reaction
cannot take place inside the catalyst pore structure due to
steric hindrance, which prevents two molecules of secondary
amine from approaching each other inside the pores. It is
noteworthy that the primary amine is involved in both
condensation reactions we have found evidence for; either
two molecules of primary amine react, or one molecule of
primary amine and one molecule of secondary amine react.
We thus suspect that mass transfer limitations involving the
larger secondary and tertiary amines could play a significant
role during amine hydrotreating. By choosing the correct
pore size distribution for the catalyst, it may even be feasible
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to develop shape-selective HDN catalysts, which suppress the
formation of condensation products from long-chained
primary amines.

The effect of the condensation reaction pathways (2, 4) on
the overall amine HDN rate can be deduced from the data
and the proposed reaction network. Initially, nitrogen
removal of the primary amine can take place both through
direct HDN (1) and through condensation (2). As seen in
Fig. 1a, at low batch residence times the condensation
reaction pathway is significant and the secondary amine is
formed faster than it decomposes. Based on the kinetic
modeling results shown in Fig. 5, the rate of condensation
reaction (2) is approximately half of the rate of primary
amine direct HDN (1). In this condensation reaction, two
molecules of primary amine are consumed, and one molecule
of ammonia is formed. This thus explains why conversion
and nitrogen removal of the primary amine is faster than that
of the secondary and tertiary amines (see Fig. 1d and 2a).

However, the secondary amine formed in the condensation
reaction cannot undergo direct HDN, but instead undergoes
hydrogenolysis to reform one molecule of the primary amine.
The condensation reaction thus momentarily consumes two
molecules of primary amine, but only liberates one molecule of
ammonia. The other N-atom is “trapped” in the secondary
amine intermediate, until this intermediate decomposes to
form the primary amine, which can undergo HDN. As the
kinetic data in Table 4 shows that C-N bond splitting steps
have similar rate constants for primary and secondary amines,
nitrogen removal in two steps (through the condensation
pathway) is overall slower than nitrogen removal through direct
HDN. Thus, we propose that the condensation reactions
increase the initial nitrogen removal rate, but that at higher
reaction times the condensation reactions instead may start
slowing down the overall HDN as part of the nitrogen is present
as secondary and tertiary amine. To highlight this effect of the
condensation reactions on primary amine HDN, we compared
the results calculated using the kinetic parameters fitted to the
experimental data with the results calculated using the same
parameters, but without any condensation reactions taking
place (k,, k4, ke set to zero). The results are shown in the ESI}
and are in good agreement with the above discussion. The
nitrogen removal initially increases faster for the model which
includes the condensation reactions, but at high reaction times
nitrogen removal is slightly higher for the model for which
condensation reactions do not take place.

Conclusions

In this study, the HDN of primary, secondary, and tertiary
alkyl amines, namely dodecylamine, didodecylamine, and
tridodecylamine, over a Pt/ZrO, catalyst was examined. Based
on the results, all three amines were found to share the same
reaction network. The nitrogen removal increased in the
order primary amine > secondary amine > tertiary amine.
This is in good agreement with the proposed reaction
network, in which the initial reactions of the secondary and

This journal is © The Royal Society of Chemistry 2025
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tertiary amines mainly involved hydrogenolysis into paraffin
as well as primary and secondary amines, respectively.
Indeed, all steps involving nitrogen removal involve the
primary amine, which can either undergo direct HDN
through hydrogenolysis, or undergo a condensation reaction
with another molecule of primary or secondary amine. The
kinetic modeling results showed that the reaction rate
constants for the hydrogenolysis reactions of the primary,
secondary, and tertiary amines were similar, which is not
unexpected since all three reactions involve the C-N bond
hydrogenolysis of a saturated amine.

This study thus emphasizes the connection of the reaction
networks of primary, secondary, and tertiary alkyl amines in
the HDN over a noble metal catalyst (Pt/ZrO,). While the
model compounds share a reaction network, the conversion
and nitrogen removal considerably depend on the reactant,
as the initial reaction pathways varied accordingly. As the
HDN of secondary and tertiary amines was found to be
slower than HDN of primary amines, HDN of feedstock
containing more highly substituted amines is likely to be
more difficult. We also suggest that condensation reactions
involving primary amines initially increased nitrogen
removal, but at longer reaction times may slightly decrease
nitrogen removal, as nitrogen is present in the form of
secondary and tertiary amines, which cannot undergo direct
HDN. This has implications for both the catalyst and process
design for HDN of feeds containing primary aliphatic
amines. If a lower degree of nitrogen removal is acceptable, it
may be beneficial to develop catalysts or processes which
promote the formation of condensation products since these
reactions contribute to nitrogen removal at low reaction
times. However, if a high degree of nitrogen removal is
required, the formation of condensation products may need
to be avoided.
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