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Abstract

Understanding how hydrotreating oxygen-containing compounds together with nitrogen-containing compounds affects the
reactivity and selectivity is relevant for processing renewable feedstocks. In this work, competitive hydrodeoxygenation
(HDO) and hydrodenitrogenation (HDN) reactions were studied by co-hydrotreating palmitic acid (C16 acid) and
tetradecylamine (C14 amine) over a Pt/ZrO, catalyst in a batch reactor. HDO proceeded faster than HDN in the studied
system, and the deoxygenation reactions were found to have an inhibitory effect on HDN. Co-hydrotreating the C16
acid and the C14 amine expanded the reaction network from the individual HDO and HDN networks and changed the
prevailing reaction pathways, initially in favor of oxygen removal. The formation of heavy secondary amides and amines
through condensation reactions became increasingly favored as the share of C16 acid in the feed increased. For a given
conversion level, the condensation product selectivity was observed to increase as the reaction temperature was decreased,
whereas increasing the reaction temperature promoted the formation of the desired paraffins. This work described the ease
of HDO compared to HDN, the role of condensation reactions in the co-hydrotreating reaction network, and the inhibitory
effect on HDN thereof.

Keywords Hydrotreating - Hydrodeoxygenation - Hydrodenitrogenation - Pt/ZrO, - Fatty acid - Alkyl amine

1 Introduction the main target in hydrotreating renewable feedstocks

is to reduce their oxygen content [6-9]. Some biobased

Transport-related greenhouse gas emissions need to
be reduced to mitigate global warming [1]. While
electrification plays a key part in achieving zero-emission
targets, high energy-density liquid fuels remain required
to power existing fleet, heavy-duty transport sectors and
the aviation industry [2]. Hydrotreatment is commercially
used to produce paraffinic diesel out of renewable, biobased
feedstock [3—5]. Major research efforts have been devoted
towards hydrodeoxygenation (HDO) in the past years, as
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feedstocks, such as waste animal fats and algae biocrudes,
additionally contain nitrogen in the form of e.g. alkyl
amines, fatty amides and heterocyclic aromatics [10-15].
Since nitrogen-containing compounds influence the fuel
stability and cause NO, emissions upon combustion, the
nitrogen content of the feedstock must be reduced in parallel
with the oxygen content [16].

Noble metal catalysts are an option to commercially used
transition metal sulfide catalysts for the hydrotreatment
of renewable, sulfur-free feedstocks [12, 17-19]. Noble
metals, active in their reduced state, are known to display
excellent hydrogenation and deoxygenation activities.
While hydrogen dissociation and C-C bond scission are
catalyzed by the noble metal, the catalytic selectivity
can be influenced and the activity enhanced, by pairing
the noble metal with a suitable support [17, 20, 21]. For
example, Lewis acidic supports with oxygen vacancies
catalyze the reduction of carboxylic acids and aldehydes,
whereas supports with Brensted acid sites introduce
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activity for reactions that involve dehydration steps [17,
20-22]. Platinum- and palladium-based catalysts have been
studied extensively for the hydrotreatment of fatty acids
[22-25]. Supported platinum catalysts display high activity
towards C,_, paraffin formation through decarbonylation
and decarboxylation, but can also catalyze the formation
of C, paraffins through HDO, i.e. a series of consecutive
dehydration and hydrogenation reactions [22-25].
Mechanistic differences between the three HDO pathways
have been discussed elsewhere [21, 26].

Metals of the platinum group are also known to be
active for hydrodenitrogenation (HDN) [27, 28]. In the
hydrotreatment of alkyl amines, reduced platinum is known
to catalyze C-N bond hydrogenolysis and di-alkylamine, i.e.
secondary amine, formation [27, 28]. In their review article
on catalytic HDN of petroleum, Furimsky and Massoth [16]
noted that significant secondary amine formation has been
reported in alkylamine HDN studies over reduced metal
catalysts. The formation of secondary amines as primary
products was suggested to indicate that Sy2 reactions with
amines as bases may play a key part in the overall HDN
mechanism [16]. Cattenot et al. [28] evaluated platinum
catalysts supported on ZrO,, Al,O; and SiO,-Al,O5 in
the HDN of n-pentylamine, tert-pentylamine and neo-
pentylamine, in the presence of H,S. They identified Pt/ZrO,
as the most active catalyst, yielding secondary amines
and hydrocarbons [28]. In their methylamine HDN study,
Meitzner et al. [27] similarly found Pt/SiO, to produce both
dimethylamine and methane, with a molar dimethylamine to
methane ratio of 3, at conversion levels below 5%.

While HDO and HDN have been studied separately,
information on how co-hydrotreating oxygen-containing
and nitrogen-containing compounds affects the reaction
network, is sparse. Based on separate HDN and HDO
studies over noble metal catalysts, with the former reporting
heavy secondary amine formation, and the latter describing
excellent deoxygenation activity and high hydrocarbon
selectivity, it can be hypothesized for HDO to proceed faster
than HDN. The effect of oxygen-containing compounds on
HDN, or nitrogen-containing compounds on HDO, has
however not been described before. With previous work
on competitive heteroatom removal centering around
competitive hydrodesulfurization (HDS) and HDN, and
competitive HDS and HDO, an information gap for
competitive HDO and HDN remains [29-35].

In this article, competitive HDO and HDN reactions
were studied by co-hydrotreating palmitic acid (C16 acid,
C,cH3,0,) and tetradecylamine (C14 amine, C,,H;N)
in a batch reactor, over a Pt/ZrO, catalyst. The C16 acid
was chosen as the oxygen-containing model compound
due to the prevalence of triglycerides, and consequently
fatty acids, in renewable feedstocks [18, 24, 36]. The C14
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amine was selected as the nitrogen-containing compound,
as amines also are found in nature and can be expected to
be formed as intermediates in the hydrotreatment of other
nitrogen-containing compounds [10, 12]. Different carbon
chain lengths were chosen to enable following paraffin- and
condensation product formation from each model compound
more accurately.

The aim of the study was to describe how co-hydrotreating
the C16 acid and C14 amine affects the heteroatom removal
and to identify how the co-hydrotreatment reaction network
differs from the individual HDO and HDN reaction
networks. The purpose of the experiments was to study the
relative reactivity of the compounds and to investigate the
feed composition dependency of the reactivity, selectivity
and prevailing heteroatom removal pathways. Furthermore,
the effect of the reaction conditions on the reactivity and
selectivity was studied. To our knowledge, this study
describes the nature of competitive HDO and HDN
reactions for the first time, for model compounds relevant
to renewables refining.

2 Experimental

2.1 Materials

Monoclinic zirconia (ZrO,) from Saint-Gobain Norpro (SZ
31164) was used as the catalyst support, while platinum
(IV) nitrate solution (15 wt% Pt) from Alfa Aesar was used
as the metal precursor.

For the reactor experiments and product analytics, the
following chemicals were used: tetradecylamine (>95%,
Sigma Aldrich), palmitic acid (>98%, Riedel de Haén),
n-pentadecane (>99%, Aldrich), n-hexadecane (>99%,
Sigma Aldrich), hexadecanal (>97%, Tokyo Chemical
Industry), 1-hexadecanol (96%, Acros Organics),
hexadecylamine (>95%, Tokyo Chemical Industry),
palmityl palmitate (>99%, Sigma Aldrich), decalin
(decahydronaphthalene, anhydrous, mixture of cis and
trans, >99%, Sigma Aldrich), n-dodecane (>99%, Merck)
and 2-propanol (>99%, Riedel de Haén). All chemicals
were used without further purification.

The hydrogen used for the reactor experiments was from
Woikoski (99.999%). The nitrogen (99.999%) and helium
(99.999%) used for physisorption measurements, and the 2
vol% H,/Ar (99.999%/99.999%) gas mixture used in the CO
pulse titration measurement were obtained from Oy AGA
AD. The 10 vol% CO/He (99.999%/99.999%) gas mixture
used for CO pulse titration was from Woikoski. The gases
used for the product analytics; synthetic air (99.999%), He
(99.999%), H, (99.999%), Ar (99.999%) and O, (99.999%),
were obtained from AGA and Woikoski.
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2.2 Catalyst Preparation

The Pt/ZrO, catalyst was prepared with a vacuum
impregnation method using a small excess of metal
precursor solution. The ZrO,-support was crushed and
sieved to a particle size of 0.25-0.42 mm, and calcined in
ambient air at 600 °C in a static muffle furnace for 10 h prior
to impregnation.

The impregnation was made as follows. Approximately
2.5 g of calcined ZrO, was placed to a 100 ml round-bottom
flask and dried at 60 °C under vacuum in a rotary evaporator
for 90 min. The aqueous platinum precursor solution was
prepared with type 1 ultrapure water, targeting a Pt loading
of 1 wt%. The total volume of the impregnation solution
corresponded to 4 times the support pore volume. The
precursor solution was introduced dropwise to the support
under vacuum at room temperature, while stirring at
120 rpm. The stirring was maintained for 2 h, allowing the
excess liquid to slowly evaporate. The next day, the catalyst
was dried under vacuum, first at 40 °C for 60 min and then
at 60 °C for 30 min.

The catalyst was calcined in a flow through calcination
oven under 100 ml/min synthetic air flow at 450 °C for 1 h,
using a 2 °C/min heating ramp.

2.3 Catalyst Characterization
2.3.1 N, Physisorption

A Surfer equipment by Thermo Scientific was used to
carry out isothermal nitrogen physisorption at -196 °C for
approximately 200 mg samples of the Pt/ZrO, catalyst and
the ZrO, support, respectively. Liquid nitrogen was used as
a coolant. Prior to analysis, the samples were degassed in
vacuum at 350 °C for 180 min, using a 5 °C/min heating
rate. A dead volume calibration was carried out with helium
after the measurements. The specific surface area Sgpy
(m?/g) was calculated from the adsorption isotherm with the
Brunauer-Emmett-Teller (BET) method [37]. The Barrett-
Joyner-Halenda (BJH) method was used for calculating the
pore size distribution, mean pore diameter d_ ... (nm) and

pore

pore volume V. (cm?/g) from the desorption branch [38].
2.3.2 CO Pulse Titration

A CO pulse titration was carried out for a 100 mg sample
of the Pt/ZrO, catalyst, in order to estimate the dispersion
D (%) and platinum particle size dp co ,s (nm). The
measurement was carried out in an AMI-200R flow-through
equipment (Altamira Instruments), connected to a Pfeiffer
OmniStar mass spectrometer (MS). Prior to the titration, the
sample was dried at 200 °C in helium for 120 min, reduced

at 350 °C in 2 vol% H,/Ar for 60 min, cooled down to 50 °C
and flushed for 60 min in helium. Next, 25 pulses of 5 vol%
CO/He, 0.505 ml each, were introduced to the sample with
5-minute intervals, while monitoring the composition of the
gas flow with the MS (m/z 44 for CO,, 28 for CO and 18 for
H,0). The temperature of the equipment lines and pulse loop
was 100 °C. The carrier gas flow was maintained at 50 ml/
min (STP) throughout the measurement. The dispersion and
platinum particle size were estimated from the CO uptake,
assuming spherical platinum particles and an adsorption
stoichiometry of 1, using the relations presented in the
Handbook of Heterogeneous Catalysis [39].

2.3.3 Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) was
used to estimate the particle size distribution and mean
platinum particle size dp, g\ (nm) of the catalyst. A JEOL
JEM-220FS high resolution electron microscope with
200 kV acceleration voltage was used. The diameter of 200
particles was measured using the ImageJ software.

2.3.4 X-ray Fluorescence

A semi-quantitative estimation of the active metal loading
was obtained with X-ray fluorescence (XRF). A wavelength
dispersive PANalytical Axios mAx equipment was used
for the measurement. For the analysis, a catalyst sample of
approximately 200 mg was ground and placed to a sample
cup with a 21 mm diameter, covered with 3.6 pm thick
mylar film. The measurement was conducted in helium.

2.4 Catalytic Activity Tests

The catalytic activity tests were carried out in a 100 ml
high-pressure Hastelloy batch reactor by Parr Instrument
Co, equipped with a heated feed vessel. The experimental
conditions were chosen based on preliminary experiments.
The catalyst was first dried in-situ at 180 °C under 10 bar
of N, for 60 min, and reduced at 350 °C under 20 bar of
H, for 60 min. The catalyst weight varied from 14 to
80 mg depending on the feed composition, targeting a
batch residence time of 0.39 g, /g .canis fOr the 60 min
benchmark experiments. In this work, batch residence time,
T (8eatl/Erenctants)» 1S defined as the mass of catalyst multiplied
by reaction time and divided by mass of reactants.

The feed mixtures were prepared by dissolving 37 mg of
tetradecylamine and varying amounts of palmitic acid to 31
ml of decalin, targeting an initial nitrogen concentration of
80 ppm. The mixture was heated to approximately 100 °C
under stirring to ensure complete dissolution of the reactants,
and a 1 ml zero-sample was taken for analysis.

@ Springer
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The feed mixture was released through the feed vessel
to the reactor, which had been heated to the reaction
temperature, most commonly 300 °C. The reactor was
pressurized with H,, typically to 80 bar, and stirring at
600 rpm was initiated, which marked the onset of the
reaction time. Once the reaction time had elapsed, heating
and stirring was stopped and the reactor was cooled down
with ice. The reaction time ranged from 15 to 300 min, with
60 min used for the benchmark experiments.

A set of control experiments was carried out for mixtures
oftetradecylamine and palmitic acid with 80 ppm of nitrogen
and 80 ppm of oxygen. These included a thermal test
without catalyst, an experiment with the bare ZrO, support,
and experiments stirring at 200 rpm and 1000 rpm instead
of 600 rpm, to ensure the absence of external diffusion
limitations. An experiment with 80 ppm of nitrogen and 80
ppm of oxygen, using tetradecylamine and 1-hexadecanol
as reactants was additionally done. The repeatability of
the experiments was confirmed by conducting repetition
experiments for the pure tetradecylamine mixture and some
of the different feed ratios. The product distributions of the
control experiments are presented in Fig. S1 of the Online
Resource, whereas the product distributions of the repetition
experiments are presented in Fig. S2 of the Online Resource.
In this work, the product distribution is defined as presented
in Eq. (1),

T

¢ = - 100% (1)

Nyeactants

where ¢; is the molar share of compound i in the reaction
products (mol %), n; is the amount of compound 7 in the
reaction products (mol) and 7.y 1S the total amount
of reactants in the feed (mol). The product distributions
presented in this work also include the unreacted reactants.

2.5 Product Analytics

Prior analysis, the product and reaction mixture samples (1
ml) were finalized by the addition of 0.18 ml of a second
solvent (2-propanol) and 60 pl of the internal standard
(n-dodecane). The second solvent was needed to avoid
precipitation of the reactants and some products.

2.5.1 Identification of Liquid Products
The products were identified with gas chromatography-
mass spectrometry (GC-MS), using a Shimadzu QP2010SE

device equipped with a HP1 column (60 m X 0.25 mm X
1 um). Several programs were used.

@ Springer

2.5.2 Quantification of Liquid Products

Quantification of the liquid products was done with an
Agilent 7890 gas chromatograph (GC), equipped with
an Agilent J&W HP1-MS column (60 m X 0.25 mm X
0.25 um). The column outlet was split to a flame ionization
detector (FID) and a nitrogen phosphorus detector (NPD).

The inlet temperature and the temperature of both the FID
and the NPD was 325 °C. An injection volume of 2 ul and
a split ratio of 5:1 was used. The analysis program started
at a 3 min hold at 80 °C, from where the temperature, with
a ramp of 20 °C/min, first was elevated to 100 °C and then
held for 3 min. The temperature was next elevated to 160 °C
with a ramp of 10 °C/min, and from there to 325 °C with a
ramp of 20 °C/min, where a final 20 min hold took place.

Weight-based FID response factors, relative to the internal
standard n-dodecane, for n-pentadecane, n-hexadecane,
tetradecylamine, hexadecylamine, 1-hexadecanol and
palmitic acid were determined experimentally. The response
factors for n-tetradecane, 1-tetradecanol, methyl palmitate,
tetradecyl tetradecylamine, tetradecyl hexadecylamine,
hexadecyl hexadecylamine, hexadecyl palmitate and
tetradecyl hexadecanamide were estimated using their
combustion enthalpy, following the procedure presented
by de Saint Laumer et al. [40]. The carbon balances of all
hydrotreating experiments are presented in Tables S1-S6 of
the Online Resource. The carbon balance was calculated
with Eq. (2),

¢ products

B, = -100% ()

NC reactants

where B, is the carbon balance (%), ¢ proqucts 18 the amount
of quantified carbon in the product mixture, including
unreacted reactants (mol), and 7¢ epetants 18 the amount of
quantified carbon in the feed mixture (mol).

2.5.3 Total Nitrogen Content Analysis

The total nitrogen content of the feed and reaction products
was analyzed with an AntekPAC ElemeNtS analyser,
calibrated with standard calibration solutions (AC Analytical
Controls BV) for nitrogen contents between 0 and 1000
ppm. The nitrogen removal was calculated with Eq. (3),

N, products

N — removal = (1 ) -100%  (3)

cn, feed

where N-removal denotes the nitrogen removal (%), cy,
products 18 the nitrogen content of the products (ppm) and ¢y
feed 18 the nitrogen content of the feed (ppm).
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Table 1 Characterization results for the ZrO, support and Pt/ZrO, catalyst

Catalyst Pt loading SgET Voore (cm’/g) dpore (nm)  Ads. CO dpy, ads. co D (%) dp sTem  Standard

(Wt%) (m*/g) (umol/g.,) (nm) (nm) deviation,

dp, sTEM
(nm)

Zr0O, - 47 0.25 20 - - - - -

Pt/ZxO, 0.7 wt% 50 0.22 20 30 1.9 59% 1.9 0.5

Fig. 1 Particle size distribution
of the Pt/ZrO, catalyst (a) and an

example of a dark field STEM
image of the catalyst (b)

3 Results and Discussion
3.1 Catalyst Preparation and Characterization

Table 1 displays characterization data for the Pt/ZrO,
catalyst and the ZrO, support. A semi-quantitative platinum
loading of 0.7 wt% was measured with XRF. The specific
surface area, pore volume, mean pore diameter and pore
size distribution of the catalyst were similar to those of the
support, suggesting that impregnation of the active metal
did not alter the porous properties of the support much. The
physisorption isotherms and pore size distribution of the
Pt/ZrO, catalyst and the ZrO, support are presented in Fig.
S3 of the Online Resource. The CO pulse titration indicated
that the catalyst adsorbed 30 pmol/g.,, of CO, which
corresponds to a mean platinum particle size of 1.9 nm and
a dispersion of 59%.

Figure 1a displays the particle size distribution measured
for the Pt/ZrO, catalyst, whereas one of the STEM images
taken of the catalyst is presented in Fig. 1b. Based on the
STEM images, the size of most platinum particles ranged
from 1.3 to 2.3 nm, and the mean platinum particle size was
1.9 nm. The STEM images displayed both regions rich and
poor in platinum particles, implying a somewhat uneven
distribution.

3.2 Hydrotreating Experiments

3.2.1 Individual Hydrodenitrogenation and
Hydrodeoxygenation Experiments

Figure 2 displays the product distribution and nitrogen
removal of the individual C14 amine HDN and C16 acid
HDO experiments, as well as the C14 amine and C16 acid
co-hydrotreating experiments. The carbon balance closure
ranged between 91 and 97% (Table S1, Online Resource).

Theproducts ofthe individual C14 amine HDN benchmark
experiment, which was carried out with 80 ppm of nitrogen
in the feed at 300 °C, 80 bar H, and a batch residence
time of 0.39 g_,h/g,...canr CONsisted of n-tetradecane (C14
paraffin) and n-tetradecyl tetradecylamine (C28 amine). The
C14 paraffin yield was approximately 12 mol %, whereas
the C28 amine accounted for 7 mol % of the product
distribution (Fig. 2). The C14 amine conversion was 37%
and a 17% nitrogen removal was measured. Isopropyl
tetradecylamine (C17 amine) was additionally found in the
product sample, but was not considered to be a true part
of the reaction network. The compound was likely formed
through the reaction between the C14 amine and an acetone
impurity, yielding isopropyl tetradecyl imine, which was
rapidly hydrogenated under the used reaction conditions
and in the presence of the Pt/ZrO, catalyst. The acetone
residue likely originated from the reactor lines that were
washed with acetone after each experiment.

The C16 acid HDO products included n-pentadecane
(C15 paraffin), n-hexadecane (C16 paraffin), 1-hexadecanol
(C16 alcohol), palmityl palmitate (C32 ester) and methyl

@ Springer
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Fig. 2 Product distribution of
the C14 amine and C16 acid
hydrotreating experiments,

B C32 ester

O N-removal (%)EZE:] C14 paraffin 28 C14 amine [HII C17 amine Y C28 amine
[ c15 paraffin  [fZZ7 C16 paraffin [ C16 alcohol P C17 ester [l C16 acid
C14 alcohol [l C16 amine B C30 amine EEEE C30 amide

carried out at 300 °C, 80 bar

H, and batch residence time

0.39 g, /g eqctanss» Ordered by
increasing oxygen content in the
feed. The nitrogen removal (%)
is indicated with white circles.
The C14 amine HDN products
and reactant are indicated in
green shades, the C16 acid HDO
products and reactant are colored
purple, and products specific to
the co-hydrotreating experiments
are colored blue

100%

80%

60% —

40%

Product distribution (mol %)

20%

O
0%
80 ppm N 80 ppm N 80 ppm N 80 ppm N 80 ppm N 80 ppm N 720 ppm O
40 ppm O 80 ppm O 145ppm O 300 ppm O 720 ppm O

palmitate (C17 ester). Hexadecanal (C16 aldehyde), i.e. the
primary HDO product of the C16 acid, was not detected in
the product sample, likely due to its reactivity in the presence
of hydrogen and the Pt/ZrO, catalyst [22, 41-44]. The 0.39
2ot/ eactant DENChmark HDO experiment with 720 ppm of
oxygen in the feed, resulted in a conversion of 77% and a
combined paraffin yield of 19% (Fig. 2). The C16 alcohol,
with a yield of 42%, was the main product, whereas the C16
paraffin was present in a lower concentration than the C15
paraffin (4% vs. 15%).

3.2.2 Co-hydrotreating Experiments

Co-hydrotreating the C16 acid and the C14 amine was
observed to expand the reaction network and change the
prevailing reaction pathways from the individual HDN
and HDO experiments markedly, which was reflected by
changes in the conversion and product distribution of both
reactants, as well as in the nitrogen removal (Fig. 2). The
co-hydrotreating experiments gave all products observed
in the individual C16 acid HDO and C14 amine HDN
experiments, as well as products originating from reactions
between the C14 amine, the C16 acid and the C16 acid-
derived oxygenates.

Two condensation products, n-tetradecyl hexadecanamide
(C30 amide) and n-tetradecyl hexadecylamine (C30 amine),
emerged as important intermediates, together accounting
for approximately 7 mol % of the products in the 0.39
2ot/ 8reactane DENChmark experiments, for a wide range
of feed compositions. Additionally, 1-tetradecanol (C14
alcohol) and hexadecylamine (C16 amine) were found in
the reaction products. These may have been formed through
the decomposition of the C30 condensation products.

@ Springer

Amination of the C16 alcohol might also explain the
presence of the C16 amine [45]. Furthermore, traces of
n-hexadecyl hexadecanamide (C32 amide) and n-hexadecyl
hexadecylamine (C32 amine) were identified, originating
from condensation reactions between the C16 amine and
C16 oxygenates.

The ratio between C15 and C16 paraffins was found
to vary in the experiments depending on the C16 acid
conversion, the concentration of other intermediates, but
also on the absolute amount of acid in the feed (Fig. 2).
The ratio of C15 to C16 paraffins in the product samples
increased with the initial C16 acid concentration in the
feed. The higher the initial C16 acid concentration was,
the more C16 alcohol, but less C16 paraffin was obtained.
The C16 alcohol is an intermediate in the formation of the
C16 paraffin from the C16 acid, whereas the C15 paraffin is
formed directly from the C16 acid through decarboxylation,
or through decarbonylation of the reactive C16 aldehyde
[21, 26]. The relatively low C16 paraffin concentration, and
thus elevated ratio of C15 to C16 paraffin, could potentially
be explained by competitive adsorption phenomena between
the C16 acid and the C16 alcohol [44].

The ZrO, support test (Online Resource, Fig. S1), carried
out for a C16 acid and C14 amine mixture with 80 ppm
of oxygen and 80 ppm of nitrogen in the feed, gave C16
aldehyde and C30 amide. The products of the support test
also included a compound that was not detected in the
Pt/ZrO, experiments, proposed to be n-tetradecyl hexadecyl
imine (C30 imine), formed from the C16 aldehyde and the
C14 amine. As with the C16 aldehyde, the C30 imine was
presumably hydrogenated to C30 amine in the presence of
Pt/ZrO,. No paraffins, C14 or C16 alcohol, C16 amine or
secondary C28, C30 and C32 amines were detected from
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Fig. 3 The reactant conversions (a), paraffin yields originating from
the C16 acid and the C14 amine (b), the nitrogen removal relative to
amine conversion (c), and the amount of C30 condensation products

the ZrO, support experiment. The C16 aldehyde formation
is in line with literature, as oxygen vacancies of ZrO, are
known to be active in the reduction of carboxylic acids to
aldehydes [46, 47].

3.2.3 Effect of the Feed Composition on the Reactivity and
Product Selectivity

Figures 3a-d display the reactant conversions (a), the paraffin
yields originating from the C16 acid and the C14 amine (b),
the nitrogen removal relative to the C14 amine conversion
(c) and amount of the C30 condensation products (d), as a
function of the molar fraction of the C16 acid in the feed
(xacid)~

The C16 acid was more reactive than the C14 amine,
with the C16 acid conversion exceeding the C14 amine
conversion for any given feed composition, as displayed in
Fig. 3a. The lowest C16 acid conversion was recorded in

(d), as a function of the molar fraction of C16 acid in the reactive feed
(C14 amine, C16 acid). The experiments were carried out at 300 °C,
80 bar H,, and at 7=0.39 g, b/g, .. ciants

the individual C16 acid experiment, where no competitive
adsorption with the C14 amine occurred. The C16 acid
conversion systematically increased as its fraction in the
feed decreased, reaching 93% in the experiment where the
C16 acid accounted for 20 mol % of the feed.

The effect of the feed composition on the C14 amine
conversion was more pronounced than for the C16 acid
(Fig. 3a). Similarly to the C16 acid, the lowest C14 amine
conversion, 37%, was recorded in the individual C14 amine
HDN experiment. As the initial C16 acid concentration was
increased, the C14 amine conversion started increasing,
eventually reaching 73% at 80 mol % Cl16 acid. The
differences in the reactivity were accompanied by a switch
in selectivity, away from HDN and towards the formation of
the C30 condensation products, enabled by the presence of
the C16 acid and the acid-derived C16 alcohol intermediate.

Figure 3b displays the C14 amine-originating paraffin
yield and the combined yield of C16 acid-originating
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paraffins as a function of the feed composition. The relative
ease of HDO compared to HDN is further evident from
the C16 acid-originating paraffin yield, which consistently
exceeded the Cl14 amine-originating paraffin yield by
approximately 10 percentage points. The yield of C15
and C16 paraffins followed the same trend as the C16 acid
conversion and kept increasing as the fraction of C16 acid
in the feed was decreased. The C14 paraffin yield remained
stable, around 12%, throughout the studied feed composition
range, despite a monotonically decreasing nitrogen removal
(Fig. 2). This suggests that an increasing share of the C14
paraffin was formed through pathways that retained the
nitrogen, in experiments with relatively high initial C16
acid concentrations. Such pathways could be related to the
decomposition of the C30 condensation products.

Figure 3c displays the nitrogen removal relative to
the Cl4 amine conversion as a function of the feed
composition, thus expressing the fraction of the reacted C14
amine that underwent HDN. The metric linearly decreased
as the C16 acid content of the feed increased, as a result
of the simultaneously increasing C14 amine conversion
and decreasing nitrogen removal. With 80 mol % C16
acid in the feed, a modest 3% of the reacting C14 amine
underwent HDN, compared to 45% in the individual C14
amine experiment. The behavior reflects the C14 amine
preferentially participating in condensation reactions instead
of undergoing HDN, which further is evident from Fig. 3d,
where the molar fraction of C30 condensation products is
presented as a function of the feed composition.

The amount of condensation products remained stable
for feed compositions that exceeded approximately 40 mol
% of C16 acid (Fig. 3d), which indicates that relatively
larger shares of the C14 amine kept being consumed for the
formation of the C30 amide and the C30 amine. In other
words, the higher the initial C16 acid concentration was,
the more the C14 amine HDN was impeded by preferential
condensation product formation. This finding may be of
importance for some real feeds, where the nitrogen content
is significantly lower than the oxygen content. The share of
C30 condensation products for the experiment with 20 mol
% C16 acid and 80 mol % C14 amine, was considerably
lower compared to the opposite experiment with 80 mol %
C16 acid and 20 mol % C14 amine, which hints that the
selectivity of the reactions of the C16 acid were not affected
by the C14 amine to quite the same extent as the other way
around.

Another nitrogen-containing condensation product, the
C28 amine, was formed through self-condensation of the
C14 amine, even with no oxygenates in the system [16, 27,
28, 48]. The formation of the C14 alcohol however enabled
another, although due to its low concentration likely a
less significant, formation pathway for the C28 amine

@ Springer

[ C15 paraffin fZZZ] C16 paraffin 88 C16 alcohol (B8 C17 ester
B C16acid [l C32ester B X 4(%)
100%

- 80%

60%

40%

Product distribution (mol %

20%

0%

80 ppm O 720 ppm O

Fig. 4 Product distribution of individual C16 acid HDO experiments,
with 80 ppm of oxygen and 720 ppm of oxygen in the feed. Both
experiments were carried out at 300 °C and 80 bar H,, using a batch
residence time of 0.39 g.,0/g actants

in the co-hydrotreating experiments. Multiple formation
pathways were additionally identified for the C30 amine.
Therefore, the most preferred secondary amine formation
pathway could not be deduced by comparing the shares of
C28 and C30 amines in the product distributions. Based
on the co-hydrotreating product distributions (Fig. 2), it
however seems that the C30 condensation products were
formed with a higher selectivity than the C28 amine. In
terms of heteroatom removal, the formation of the C28
amine from C14 amine self-condensation results in the loss
of one molecule of ammonia, while a water molecule is
cut in the formation of the C30 amide and amine, retaining
the nitrogen. In other words, the formation of the C30
intermediates changed the prevailing oxygen- and nitrogen
removal pathways, initially for the benefit of the oxygen
removal. The C30 condensation products therefore played
a key part in the reaction network, affecting both the HDN
and HDO rates and distinguishing the reaction network
from those of the individual compounds.

It should be noted that the initial C16 acid concentration
on its own affected both the C16 acid conversion and the C16
acid-related product distribution, as explained by the law
of mass action. For example, an individual C16 acid HDO
experiment with 80 ppm of oxygen in the feed, presented in
Fig. 4, gave a conversion 15 percentage points lower and a
paraffin yield 5 percentage points lower than the individual
C16 acid HDO experiment with 720 ppm of oxygen. The
co-hydrotreating experiment with 80 ppm of oxygen and 80
ppm of nitrogen in the feed, resulted in a C16 acid conversion
13 percentage points higher and a paraffin yield 7 percentage
points higher, than the individual acid HDO experiment
with 720 ppm of oxygen in the feed. In other words, the
effect of increasing the C16 acid concentration in individual
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Fig.5 Product distribution as a

function of batch residence time

for the co-hydrotreatment of the 70% —
C14 amine and the C16 acid (80 i v C14 amine
ppm of nitrogen and 80 ppm of —~60% B C28 amine

oxygen) |
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40% —
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20%

Product distribution (mol %

© C14 paraffin @ C15 paraffin A C16 paraffin

@ (C16 alcohol
> C30 amine

¢ C16 acid
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C16 acid HDO experiments, was the opposite to the trend
that emerged from the co-hydrotreating experiments, where
the highest conversion and paraffin yields were recorded in
the experiment where the initial C16 acid concentration was
the lowest.

3.2.4 Effect of the Reaction time

The temporal evolution of the intermediates and the final
product distribution was studied by carrying out experiments
with different batch residence times. The experiments were
conducted for the mixture with 80 ppm of both oxygen
and nitrogen in the feed, which corresponds to 30 mol %
C16 acid and 70 mol % C14 amine. Batch residence times
ranging from 0.1 to 2.7 g.,1/g,pctants WETE evaluated, with
the 60 min benchmark experiment with 21 mg of catalyst
corresponding to 0.39 g, h/g... .- Figure 5 displays the
product distribution as a function of batch residence time.
For clarity, compounds that contributed less than 2 mol
% towards the product distribution throughout all batch
residence time points were left out of the graph (Cl4
alcohol, C16 amine, C32 ester, C32 amine). The carbon
balance closure ranged between 91 and 98% (Table S2,
Online Resource).

The data presented in Fig. 5 has been broken up to smaller
units in Figs. 6a-e. The panels highlight the differences
in reactivity, account for the different molar amounts of
reactant in the feed and emphasize the temporal evolution
of key intermediates.

Figures 6a and b display the product distributions of the
HDO- and HDN-related intermediates, respectively. The
C16 alcohol, mainly formed through hydrogenation of the
reactive C16 aldehyde, reached its maximum concentration
already by batch residence time point 0.20 g, h/g . ians

1.0 1.5 2.0 25
Batch residence time (9.,"/9eactants)

(Fig. 6a). The rapid rise of the C16 alcohol concentration
suggests that the HDO of the C16 acid to the C16 aldehyde,
at least to some extent catalyzed by the ZrO, support (Fig.
S1, Online Resource), was the initially dominating reaction
in the co-hydrotreating system. After batch residence time
point 0.20 g., /g actants> the net consumption of the C16
alcohol towards the C16 paraffin and C30 amine exceeded
its net formation. The formation of the C30 amine from
the C16 alcohol and the C14 amine was confirmed from
a co-hydrotreating experiment with C16 alcohol and C14
amine in the feed (Fig. S1, Online Resource), where the C30
amide and C30 imine pathways were unavailable due to the
absence of the C16 acid and the C16 aldehyde. The pathway
is also established in literature [48].

The C15 and C16 paraffins were initially formed at
a similar rate (Fig. 6a). After batch residence time 0.20
2ot/ Ereactantsy  the C16 paraffin  concentration steeply
increased, while the C15 paraffin formation first slowed
down, and then stopped after batch residence time 1.2
Zeatl/Ereactants: 1he stabilization of the C15 paraffin yield
coincides with the complete consumption of the C16 acid,
implying the absence of other significant formation pathways
than decarboxylation of the C16 acid and decarbonylation
of the C16 aldehyde. The C16 paraffin, formed from the
C16 alcohol and C30 condensation products, emerged as
the dominant C16 acid-originating final product, with a C16
to C15 paraffin ratio of approximately 5 measured for the
last time point. The HDO of the C16 alcohol to the C16
paraffin may have proceeded through dehydration to the
C16 olefin and subsequent hydrogenation, or direct C-O
bond hydrogenolysis [21, 41, 49]. The mechanism could
not be deduced with certainty from the product distribution,
as the absence of the C16 olefin was expected due to the
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Fig. 6 C16 acid-related product distribution (a), C14 amine-related
product distribution (b), C14 amine and C16 acid conversions (c), C14
amine- and C16 acid-originating paraffin yields and nitrogen removal
(d), and concentration of condensation products (e), obtained from
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hydrotreating the C14 amine and C16 acid mixture with 80 ppm of
oxygen and 80 ppm of nitrogen for batch residence times between
0.1 and 2.7 g, 1/8 caciants- The data is from the same experiments as
in Fig. 5
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used H, pressure and hydrogenation activity of the Pt/ZrO,
catalyst [17, 18, 20].

The C32 ester was not a significant product for the feed
composition the time series experiments were conducted for.
This could be because there were not many batch residence
time points, where both the C16 alcohol and C16 acid
would have been present in high enough concentrations to
promote the esterification reaction. The C32 ester was more
prominent for feed compositions with a higher initial C16
acid concentration (Fig. 2). In said experiments, the reactions
of the C16 acid proceeded slower (Fig. 3a), expanding the
batch residence time-window where the C16 acid and the
C16 alcohol were readily present simultaneously.

The initial importance of the condensation reactions in the
co-hydrotreating experiments is highlighted in Fig. 6b. The
combined concentration of nitrogen-containing condensation
products (C28 amine, C30 amine, C30 amide) exceeded the
C14 paraffin concentration until batch residence time point
0.39 g..1V/8 cactants» after which the condensation product
concentration first stabilized, and then started decreasing,
while the C14 paraffin concentration steadily increased. The
changes in the C14 amine concentration were rather small
during the last batch residence time points, which partly
can be explained by its consumption towards HDN being
balanced out by its re-formation from the condensation
products.

The differences in the C14 amine and C16 acid reactivity
and accumulation of the final products are visualized in
Figs. 6¢c and d, respectively. The C16 acid conversion
remained higher than the C14 amine conversion throughout
all batch residence time points (Fig. 6¢). The difference
between the C14 amine and the C16 acid conversion was
the largest around batch residence time points 0.20 and
0.39 g.,1/E eactants> after of which the C14 amine conversion
started catching up, as the C16 acid conversion approached
100%. The conversion differences during the first batch
residence time points highlight the ease of the C16 aldehyde
formation and removal of the first oxygen atom of the C16
acid. The C14 amine conversion hovered around 85% for
the last time points.

The C16 acid- and C14 amine-originating paraffin yields,
presented as a function of batch residence time in Fig. 6d,
provide another means for comparing the progression of
HDO and HDN. The nitrogen removal measured for each
batch residence time point has additionally been indicated
in the graph. The combined C15 and C16 paraffin yield
systematically exceeded the C14 paraffin yield, even for
the highest batch residence time points. It is worthwhile
to note that both the C16 acid- and C14 amine-originating
paraffin yields kept increasing throughout the studied batch
residence times, despite the stabilization of the reactant
conversions and the consumption of the intermediates,

potentially pointing towards the presence and decomposition
of heavy, nonvolatile compounds that could not be detected
by GC-FID. Such compounds could be e.g. tertiary amines,
formed from the secondary amines and alcohols in the
system [45, 48, 50]. The nitrogen removal correlated well
with the C14 paraffin yield, which highlights the role of
the C14 paraffin as the true HDN product of the system.
As noted earlier, this was not the case for all feed ratios,
where the C30 condensation products were more significant
(Fig. 3d-c).

A closer look on the nitrogen-containing condensation
products of the system is provided in Fig. 6e. It should
be noted that the relative concentrations of the nitrogen-
containing condensation products depend on the feed
composition, as presented in Fig. 3. The initial formation
rate of the C30 amide appeared similar to that of the C28
and C30 amines, but slowed down rapidly, limited by the
availability of the C16 acid. The maximum concentration of
the C30 amide was reached by batch residence time point
0.39 g..1/8 cactants» and by batch residence time point 1.21
2.0t/ 8eactantss N0 C30 amide could be detected from the
product mixtures anymore. The decomposition of the C30
amide was assumed to proceed through the C30 amine [51].

The overall shapes of the C28 and C30 amine product
distribution curves were strikingly similar, despite different
prevailing formation pathways (Fig. 6¢e). The net formation
of both secondary amines exceeded their net decomposition
until batch residence time point 0.78 g.,h/g . iani» Which
was followed by decomposition at similar rates. The C28
and C30 amines thus appeared equally reactive, as expected
given their structural similarity. Decomposition may have
occurred through hydrogenolysis [S1].

The peak C28 and C30 amine concentrations coincided
with the consumption of the C16 alcohol and the C30
amide, providing a clear explanation for the C30 amine
formation coming to an end. Since plenty of C14 amine
remained in the mixture, the reason for the C28 amine
net decomposition exceeding the net formation after 0.78
Zea/Ereactants Was not the lack of reactants, potentially
pointing towards thermodynamic limitations. The water and
ammonia that accumulated in the batch reactor may have
shifted equilibrium away from the condensation products.
Given the initial ease of C28 amine formation through
C14 amine self-condensation, which in the literature has
been reported to readily occur over reduced catalysts, it is
possible that the prevailing C14 paraffin formation pathway
in individual C14 amine HDN, involved the formation
and decomposition of the C28 amine (Figs. 2 and 6) [16,
27, 28]. Equilibrium limitations for C28 amine formation
could therefore provide an explanation for the stabilization
of the C14 amine conversion. Alternatively, competitive
adsorption of reaction products on the active sites of the

@ Springer



1364

Topics in Catalysis (2023) 66:1353-1368

o
-CO, - WOH

P VT
- Hzf/ C14 amine

+ C14 amine, -NH;
or + C14 alcohol, -H,0
R /\/\/\/\/\/\/‘N’\/\/\/\/\/\/\

NH,

C16 acid < s
amine
Q +H,, - NH,
+H,, - H,0 AAAAAAA YA AA AN
H
C30 amide
- C14 amine
NN \+El4 amine, -H,0 NN
C16 aldehyde NSNS N NN KO0+ H, C14 paraffin * H
\ C30 imine +H, \ -
NS
P N N N S N AN _
\ €O J +H N C14 olefin
2 .
C30 amine \+ C14 alcohol, -H,0 +H,, - H,0
e S N PN + C14 amine, -H,0 or + C14 amine, -NH, +-H,0
C15 paraffin NH, NSNS0
g ol C16 amine
C16 aleohol \”jz ~H0 +H,, - NAV . Cl14 alcohol
A 1
| + Cl6 acid, -H,0
+- C16 acid, -+H,0 +-H,0 v o

ANANANANANANNF
o C16 olefin

/\/\/\/\/\/\/\)LO/\/\/\/\/\/\/\/\

C32 ester

Scheme 1 Reaction network for co-hydrotreatment of the Cl14
amine and C16 acid. The pathways available in the individual C16
acid and C14 amine networks have been indicated with purple and
green, respectively, whereas reaction pathways specific for the

catalyst could be responsible the phenomena. Such products
could be water, ammonia or any undetected non-volatile
compounds.

3.2.5 Reaction Network

The proposed reaction scheme for co-hydrotreating the
C14 amine and the C16 acid, drawn based on the product
distributions and findings of the activity tests, and supported
by published literature, is presented in Scheme 1. To our
knowledge, this is the most extensive reaction network for
the co-hydrotreatment of fatty acids and amines proposed
to date.

As indicated in Scheme 1, the reaction pathways of the
C16 acid and C14 amine co-hydrotreatment network can be
divided to three groups, i.e. reactions that are included in
the individual C16 acid HDO network, reactions included
in the C14 amine HDN network, and reactions specific
to co-hydrotreating the C16 acid and the C14 amine.
No such distinctions can be made for the products, as
co-hydrotreating the C14 amine and C16 acid introduced
new pathways to products that also could be obtained from
the individual HDN and HDO experiments.

The reactions related to the formation and decomposition
of the secondary C30 amide and C30 amine distinguish
the co-hydrotreating network from the individual C16 acid
HDO and C14 amine HDN networks. To summarize, a total
of four different pathways were identified for the formation
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the decomposition pathway from the C30 amine to the C14 amine and
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of secondary amines: secondary amide HDO, amine self-
condensation, condensation of an alcohol and an amine,
and imine hydrogenation. Out of these, only the amine self-
condensation pathway was available in the individual C14
amine HDN network. The secondary amines were observed
to decompose as the reaction proceeded, eventually
accounting for a significant share of the produced paraffins.

The secondary amides and amines of the co-hydrotreating
network are unacceptable fuel components due to their
carbon chain length and nitrogen content. Attention should
therefore be paid to the development and use of catalysts
capable of efficiently eliminating them. Alternatively,
catalysts that suppress their formation could be sought after.
In the light of C30 amide and imine formation even on the
bare ZrO, support and considering the trends illustrated
in Fig. 3, the prospect of finding such materials should be
considered uncertain. Particularly, as the sites of the support
which catalyzed some of the condensation reactions, are
needed for the desired hydrogenolysis reactions as well [17,
20].

3.2.6 Effect of the Reaction Conditions

The effect of the reaction temperature was studied by
conducting activity tests for the mixture with 80 ppm of
oxygen and 80 ppm of nitrogen at 270, 300 and 330 °C.
The experiments were carried out at 0.39 g h/g . ianis
Moreover, a longer 0.88 g.,/g,.,c1ants €XPperiment was done
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Fig. 7 Effect of the reaction
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at 270 °C, and a shorter 0.13 g ., h/g . ianis €EXperiment at
330 °C, targeting similar conversion levels as achieved in
the 0.39 g, /g, .. cranis DENChmark activity test at 300 °C. The
product distributions are displayed in Fig. 7. The carbon
balance closure was between 88 and 93% (Table S3, Online
Resource).

As expected, increasing the temperature substantially
increased the conversion and paraffin yield of both reactants,
for a given batch residence time. For a given conversion
level, subtle selectivity differences were additionally
observed between the different reaction temperatures. The
condensation product selectivity was higher at the lower
reaction temperature, whereas a higher paraffin selectivity
was achieved by increasing the reaction temperature. This
can be observed from the product distribution, the nitrogen
removal and the C14 amine conversion of the experiments
carried out at 270, 300 and 330 °C for batch residence times
0.88, 0.39 and 0.13 g, h/g,.,ctants> TESPECtIVElY (Fig. 7). Out
of the three experiments, the experiment at 270 °C had the
highest C14 amine conversion and the most C28 and C30
condensation products, but the lowest C14 paraffin yield and
lowest nitrogen removal. The experiment at 330 °C, which
had the lowest C14 amine conversion and the least C28 and
C30 condensation products, had the highest paraffin yield
and nitrogen removal. Particularly the C30 amide appeared
to be reactive at 330 °C, with none detected even at 0.13

gcath/ greactams'

At 270 °C, the C16 acid conversion exceeded 80% at
0.39 gcath/greactams and was complete at 0.88 gcath/ 8reactants
The formation of the C16 alcohol, likely through the C16
aldehyde, seemed to proceed readily at 270 °C. As discussed
in Sect. 3.2.4, the C16 alcohol is eventually converted to the
C16 paraffin, both directly and through the decomposition
of the C30 condensation products. Therefore, a longer
batch residence time increases the selectivity towards the
C16 paraffin. Comparing the product distributions of the
experiments with complete C16 acid conversion at 270
and 330 °C, revealed that a higher temperature favored the
formation of the C15 paraffin through decarbonylation of the
C16 aldehyde or decarboxylation of the C16 acid, leading
to a higher ratio of C15 to C16 paraffins. The observed
temperature-dependency of the distribution between CI15
and C16 paraffins is in line with literature [21]. The HDN of
the C14 amine and HDO of the C16 alcohol were affected
by the temperature increase and decrease in a similar way.

HDO of vegetable oils and fatty acids has often been
carried out at temperatures between 200 and 300 °C in
literature [ 17—19]. Due to the increased condensation product
selectivity, lowering the temperature from 300 °C did not
emerge as an attractive option for the co-hydrotreatment of
the C14 amine and the C16 acid.

The 80 bar H, pressure used throughout this work was
chosen to keep the solvent and products in the liquid phase,
and to ensure the sufficient availability of hydrogen for all
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experiments, including those with the highest initial C16
acid concentrations. To confirm the suitability of the used
H, pressure, activity tests were carried out at 300 °C with
60 and 100 bar H, for mixtures with 80 ppm of oxygen
and 80 ppm of nitrogen, using the same 0.39 g, h/g .. ianis
benchmark time as for the feed-composition experiments.
The experiments with 60 and 80 bar H, resulted in product
distributions that were the same within experimental
variation, whereas the experiment with 100 bar H, resulted
in paraffin yields that were a maximum of 5 percentage
points higher. The product distributions are displayed in Fig.
S4 of the Online Resource.

4 Conclusion

In this work, competitive HDO and HDN reactions in the
co-hydrotreatment of the C16 acid and the C14 amine
were studied over a Pt/ZrO, catalyst. The effect of the
feed composition and reaction conditions on the reactivity,
selectivity and heteroatom removal pathways were
investigated, and a reaction network was formulated based
on the findings. In general, oxygen removal was found to
proceed faster than nitrogen removal in the studied system.
Not only was the HDO of the C16 acid faster than the HDN
of the C14 amine when the compounds were hydrotreated
individually, but the presence of the C16 acid was found to
have an inhibitory effect on HDN in the co-hydrotreating
experiments. HDN was partly hindered due to the C16
acid simply being more reactive than the C14 amine, but
most notably due to the formation of secondary amides and
amines through condensation reactions, which preferentially
occurred instead of HDN.

The feed composition was observed to affect both
the reactivity and selectivity, with the formation of the
condensation products introducing oxygen removal
pathways specific to the co-hydrotreating experiments,
while retaining the nitrogen in the middle of the molecule.
The condensation products became increasingly prominent
in systems where the initial oxygen content exceeded the
nitrogen content, which was reflected in an increasing
amine conversion and a lower nitrogen removal. Increasing
the reaction temperature mitigated the condensation product
formation and increased the paraffin selectivity.

Time-series experiments for co-hydrotreating the
C14 amine and the C16 acid revealed that the nitrogen
removal started proceeding readily once the C16 acid and
the C16 alcohol intermediate had been mostly consumed,
i.e. when the factors that inhibited HDN in the first place
were eliminated. Still, even by the highest studied batch
residence time, neither the C14 amine conversion nor
the C14 paraffin yield had caught up with the C16 acid
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conversion or the combined C15 and C16 paraffin yield. No
secondary amides or amines were detected at the highest
studied batch residence time, indicating that they can be
converted, provided that the residence time is long enough.

The results of this work provided insights into competitive
HDO and HDN reactions in the co-hydrotreatment of fatty
acids and alkyl amines, and can serve as a basis for further
catalyst development. In particular, catalysts active in the
HDN of secondary amides and amines, or catalysts capable
of mitigating their formation, should be sought after.
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