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ARTICLE INFO ABSTRACT

Keywords: The kinetics of palmitic acid hydro-deoxygenation over sulfided NiMo/y-Al,O3 have been described, including

Kinetics ) the gas-liquid-solid mass transport/surface chemistry in a magnetically-stirred batch reactor via temperature

?ﬁ‘:;o‘ie_zxyge"anon (225-275 °C), hydrogen pressure (30-70 bar) and catalyst loading (0.1-0.4 g) variation. Intermediates, the
al acias

hexadecanol and palmityl palmitate, have been probed for a deeper physical understanding of mechanisms. Rates
were used to show the impact of the continuum H; thermodynamic phenomena, availability and coverages on
the selectivity among the direct hydrogenation, hydrogenolysis and decarbonylation reactions through the role
of H* formation dependent and independent changes. The system was reduced to 11 catalytic transformation
steps, including 8 different molecular species, present in medium. Sequence is simulated to happen on the
calculated functional number of active site structures, the activity of which was averaged, while the activation of
H, was supposed to initiate independently. The results of model integrate parameters, such as energies, constants
and performance. Process was highly temperature-related, while Hy presence expressed linearly. Phases were
characterized with temperature-programmed desorption analysis, coupled with mass spectrometry (TPD-MS)
technique, transmission- (TEM), scanning electron microscopy (SEM), X-ray powder diffraction (XRD).

Mechanisms of hydrodeoxygenation

Table of abbreviations
The used notation was collected and described in Table 1.

sulfided nickel molybdenum catalysts [13-17]. While all forms are quite
active all also include significant short-comings [18]. Platinum being a
very rare metal is very expensive and comes with a very high carbon
footprint of 25.8-78.3 t COze kg~ [19]. Nickel catalysts usually suffer
from low stability [20]. Sulfided NiMo catalyst on the other side require
sulfide co-feeding and additionally require the removal of sulfur [4,13].

1. Introduction

The hydrotreatment of lipids is one of the technologies that could

reduce the societies dependence on fossil fuels and in this way slow
down the increase of the amount of carbon in the carbon cycle. The goal
of hydrotreatment is to use hydrogen from renewable sources to trans-
form triglycerides to alkanes, which can later be upgraded with the
current technologies to fuels and chemicals such as per example isom-
erization to renewable diesel, isomerization and hydrocracking into jet-
fuel [1,2], the polymerization of alkenes to lubricants [3], production of
light olefins [4] and numerous other options [5]. For hydrotreatment
catalysts a number of metals are currently being tested but so far, there
are three catalysts that are being used the most in the literature; those
are platinum-based catalysts [6-9], nickel-based catalysts [10-12] and
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While the significant progress is being made with the nickel-based
catalyst by combining them with oxophilic species such as W [21] or
Zn [22], the sulfided NiMo catalysts currently offer the superior stability
and activity which makes them a catalyst of choice for the industrial
application of defunctionalization reactions [23,24].

The technology has found its place in most major oil & gas companies
which are looking to both serve their more demanding customers and
decrease their environmental impact in terms of carbon footprint. EU
and US report to have 16 and 11 renewable diesel refineries respectively
producing 5.5 and 6.6 billion liters per year [25,26]. To put the numbers
into perspective US consumes about 500 million liters of diesel per day.
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Table 1

Notation, symbols and units.
Notation Description Unit
n Dynamic viscosity of dodecane mPa s
c Surface tension of dodecane Nm
a Area of gas-liquid interface m?
Ceatalyst Mass concentration of the catalyst in the mixture gLt
Cuz, L Molar concentration of hydrogen in the mixture mol L!
Cuz, s Concentration of hydrogen in the solid phase mol g’1
Ci 1 Concentration of a reaction component in the liquid phase mol L!
G s Concentration of the adsorbed reaction component mol
d Diameter of the propeller m
Du2, pp Diffusivity of hydrogen in dodecane m?s!
He Henry’s constant for hydrogen in dodecane
Kizads Constant of hydrogen adsorption on the catalyst min~?
Kyodes Constant of hydrogen adsorption from the catalyst min !
ki, Gas transfer coefficient
Mad Molecular mass of dodecane g mol !
N Stirring rate min~?
p Measured pressure in the reactor vessel bar
Re Reynolds number /
Sc Schmitt number /
Sh Sherwood number /
t Time min
VL Volume of the liquid phase L
We Weber number /
Pdd Density of dodecane kg m~3

The supply trends are highly dependable on the national policies but are
expected to be increasing in the future. Beyond renewable diesel the
sustainable aviation fuels (SAF) seem to be gaining a lot of traction with
airlines looking to decrease the immense carbon footprint of commercial
flying, the market value of SAF was only 480 million dollars in 2022 but
is expected to exponentially grow in the future years. The technology
leader in the field seems to be Neste oil with other oil companies such as
Honeywell working parallelly in development and optimization of the
processes to enable valorization of side products and lowering of the
manufacturing cost to ease the competition of lipids with crude oil [27].

Ideally, active stable catalysts without any drawbacks would be used.
To understand those drawbacks the in-depth understanding of mecha-
nisms and kinetics seem like a crucial step. In light of that we have
decided to try and explore the NiMoS/Al;O3 catalyst activity trough
palmitic acid hydrodeoxygenation reactions to as accurately as possible
describe the mechanisms and kinetics of the process.

The hydrodeoxygenation process is currently grouped in three par-
allel mechanisms (Fig. 1), hydrodeoxygenation (HDO), decarbonylation
(DCN) and decarboxylation (DCX) reactions. They differ in the carbon
balance, side products formation and hydrogen consumption.

HO 0]
R
HO 0 +H,
e R+ CO + H,O
R
HO 0]
i}. R/CHS + 2H20
R

Fig. 1. Basic mechanisms of fatty acid hydrodeoxygenation.
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The definitions of the difference between decarbonylation and
decarboxylation differ from author to author and are relatively poorly
defined. In this article the decarboxylation is defined as a reaction that
requires no hydrogen in the mass balance but is however not able to be
run under N, atmosphere. There are numerous estimates that consider
the difference between decarboxylation and decarbonylation which are
usually determined through the water-gas shift reaction equilibria
[23,24]. However, Wagenhofer et al. [24] proposed the existence of a
secondary indirect carbon oxide elimination. The topic therefore re-
quires additional research to be properly clarified.

The selectivity between hydrodeoxygenation and decarbonylation/
decarboxylation is one of the parameters which is usually reported,
there are currently two trains of thought one is optimizing the selectivity
for the optimal direct hydrodeoxygenation to avoid the production of
carbon oxides which are usually associated with the extra pollution, can
undergo methanations and can have a negative effect on the activity of
noble metal catalysts, the other is for the system to undergo complete
decarboxylation without requiring the presence of the hydrogen which
technically enables a low cost solution due to lowering materials and
equipment cost and decreasing the safety hazards of hydrogen use.
Noble metals most often favor decarbonylation (DCN). Currently the
literature says that higher temperature and neutral supports favor the
DCN reactions while the more acidic supports and lower temperatures
favor the HDO reactions [18]. Importantly, the noble metals catalysts
have already been developed that can transform fatty acid selectively via
HDO route [8,28]. Furthermore, Luo et al. [29] developed a RusSny/
SiO; catalyst that can selectively transform fatty acids to fatty alcohols
which was achieved with the addition of Sn which optimizes the
adsorption of fatty acids while the dehydration and esterification re-
actions are suppressed due to low acidity.

Deoxygenation of fatty acids over sulfided NiMo catalyst is relatively
independent of fatty acid concentration in the liquid phase and was
previously even described with 0 order kinetics by Pimenta et al. [30]. In
the Langmuir-Hinshelwood kinetic model that means that the constant
of adsorption—desorption equilibrium is relatively high (5.14 x 1072 for
stearic acid [23]). There are two reaction intermediates - fatty alcohols
and fatty aldehydes. Loosely depending on reaction conditions fatty
aldehydes appear in very low concentrations. One of the reasons is their
high activity [23] the other could be that the fatty aldehydes have a hard
time desorbing from the surface thus, the subsequent reaction is more
likely than desorption [24]. Fatty alcohols are usually dehydrated over
Lewis acidic sites forming alkenes which can be further hydrogenated to
alkanes. However, a dehydration to the ethers has previously not been
reported for NiMoS catalysts at the HDO conditions. Parallel to hydro-
deoxygenation the esterification reactions occur, which are usually
linked to lower temperatures where the fatty acid and fatty alcohol can
coexist over longer period of time [31]. In this article we will describe
the kinetics of the palmitic acid hydrodeoxygenation including
gas-liquid mass transfer of hydrogen, adsorption of the reactive species
to the surface and the surface reaction kinetics.

2. Experimental
2.1. Materials

Palmitic acid (Acros organics, reagent grade, 98%), hexadecanol
(Sigma-Aldrich, analytical standard), hexadecanal (Biosynth, >95%),
pentadecane (Fluka, analytical standard), hexadecane (Fluka, analytical
standard), palmityl palmitate (Sigma, >99%), dodecane (TCI, >99%),
hexane (>98.5%, Merck), dimethyl disulfide (DMDS) (Sigma-Aldrich,
>99%), NiMo/Al»03, hydrogen (Messer, 5.0), nitrogen (Messer, 5.0).

2.2. Experimental work

The experimental work was done on batch Parr series 5000 Multiple
Reactor system with the volume of 75 mL with magnetic stirring. Unless
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specified differently, 1 g of palmitic acid, 0.25 g of the sulfided NiMo/
Al,03 catalyst and 30 g of dodecane were put in the reactor. The reactor
was sealed and the oxygen was removed using nitrogen gas. Then the
reactor was pressurized with Hy and the reaction started. The used
temperature range was between 225 and 275 °C and the initial pressures
were between 30 and 70 bar. Temperatures and pressures for modeling
were recorded automatically. The samples at 0 min were determined
theoretically while all others were obtained by the following procedure:
first the 2 mL vials were weighted. The sampling line was washed with
about 0.5 mL of reaction mixture. Approximately 1 mL of filtered (PTFE
filters) sample was then taken and sample in the vial was then again
weighted. Due to poor solubility of palmitic acid and hexadecanol at
room conditions the weighted sample was then diluted in 1 mL of hex-
ane and weighted again. Diluted samples were then analyzed with gas
chromatography (GCMS-QP 2010 Ultra, Shimadzu, Kyoto, Japan)
equipped with a nonpolar column (Zebron ZB-5MSi, length 60 m,
diameter 0.25 mm, film thickness 0.25 pm). Compounds were identified
by MS (mass spectrometry) and quantified by FID (flame ionization
detector). Importantly, the GC split ratio was kept at 20 due to palmitic
acid being undetectable at lower concentrations at higher split ratios.
The concentrations were determined using external standards witha 5 —
point calibration method. The FID response of alkenes was assumed to
be the same as the one from the alkanes with the same chain length. The
experimental errors were determined from the repetition of the middle
experiment (250 °C 50 bar Hy and 0.25 g.,¢) and applied as a relative
error to other graphs.

2.3. Catalyst properties and activation

The commercially available NiMo/Al;O3 catalyst was activated by
sulfidation. The process included drying at 200 °C over night, dried
catalyst was sulfided in the batch reactor using 15 g of the catalyst, 3 g of
DMDS and 20 mL of hexane at 350 °C for 90 min at the initial Hy
pressure of 25 bars. The excess HyS was caught in the KOH bath.

The catalyst was previously characterized in the work of Grilc and
Likozar [32] the results of which are presented in Table 2.

XRD, SEM and TEM analysis were done for the purpose of this work
to both show and understand the catalyst structure. X-ray diffraction
(XRD) patterns were characterized using PW3040/60 X'Pert PRO
MPD diffractometer at 35 kV and 45 mA with Cu Ka radiation source (A
= 0.154056 nm) in the 20 range from 10° to 80°, and using JCPDS
database for reference. The catalyst surface was analyzed by field-
emission scanning electron microscopy (FE-SEM) (SUPRA 35 VP, Carl
Zeiss, Jena, Germany). Transmission Electron Microscopy analysis was
conducted at 200 kV using a thermionic electron-source TEM JEOL
model 2100.

Additionally, due to the smell of HyS after the reaction which put into
question the catalyst stability in the process and to expand the under-
standing of the catalyst functionality we have done the thermal pre-
treatment and ammonia TPD of our catalyst under the argon
atmosphere. The thermal pretreatment was run for up to one hour under
the flow of Ar (20 mL min~1). While the ammonia TPD was run for about
100 min up to the 600 °C Molecular masses 17, 18, 28, 32, 34, 44, 64
were examined with the mass spectrometer.

2.4. Modeling

The potential of gas-liquid mass transport was described with Hen-
ry’s law with the Henry’s constant taken from the work by Gao et al.

Table 2
Textural properties and composition of NiMo catalyst.
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[33], the kinetics of transport were described with the Eq. (1).

d M,
—n:kaax(Hix DD—CHL> (@D)]

k;, was calculated by Eq. (2) for magnetically stirred reactor [34] and
also fitted on the global data.

k; X a

— T = 15x 107 x Re"® x 8¢ x We® 2
Vi x DHZ.DD(T)

Area was estimated as the curved surface of a cone with r = 1.7 x
10?mand L =5 x 102 m which was in accordance with measurements
at the ambient pressure and temperature. Some inaccuracies might
appear due to rather high viscosity change in light of the temperature
increase however we believe the order of magnitude of the result is
correct.

The diffusivity of hydrogen in dodecane (Dg, pp) was obtained from
the work by Matthews et. al. [35] and viscosity (4) and density (ppp) of
dodecane were obtained from the work of Koller et. al. [36], Reynolds,
Schmidt and Weber number were obtained by Egs. (3)-(5).

2
Re — Pop X N x d” 3
"
u

Sc=——"— ———— (C))

Pop X D, pp(T)

NP
We = % (5)

The mass balances for hydrogen and reactive components in the
liquid and on the catalyst are defined with Egs. (6)—(9). The C;s is
calculated in mols.

dc,
# = —kpaas X Cy 1 X Cear +kityges X Chy s
ky X a x (H%xﬂlfﬂfc,m)
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L
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These equations show that we assumed the adsorption surface for
hydrogen to be unlimited at the current reaction conditions which is
sync with the current knowledge of hydrogen adsorption and experi-
mental results [23], while the adsorption of reactive components is
limited with the number of active sites. Additionally, only one kind of
active sites was presumed in the model while both the literature and the
experimental results suggest that the adsorption sites for the deoxy-
genation and hydrogenation of double bonds might be different, how-
ever considering the amount of alkenes is low throughout the
experiments done in the hydrogen atmosphere and that there to the best
of our knowledge are no methods that could reliably measure the active
sites we have assumed that there is only one kind of active sites which
can bind any functional group (acids, esters, aldehydes, alcohols and
double bonds). Additionally, it was assumed that the adsorption

Catalyst Metal content (wt%) Active phase Deoxygenation active sites (umol m~2) BET-Surface area (m? g~ 1) Pore volume Pore size (nm)
(em®g™
NiMo/Al,03 3/15 NiMoSx 0.3 170 0.471 8.9
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constant of all species with carbonyl group have the same adsorption
constant, while the adsorption constant of the alcohols was measured by
doing the dehydration reaction in the nitrogen atmosphere in the pres-
ence of palmitic acid. The adsorption constant of molecules with double
bonds was assumed to be the same as the adsorption constant of
carbonyl group molecules.

Chemical reactions were only considered to take place on catalyst
surface while any homogeneous reactions were considered insignificant
which is in line with current literature on modeling of fatty acid
hydrodeoxygenations reactions. All chemical reactions took one of the
following forms:

ri =ki X Cis X Ch, s (10)
ri=k x Cig an
ri =k; x Cis x Cjs 12)

The temperature dependence of the reaction rate was described with
Arrhenius equation (Eq. (13)).

K(T) = k(523K) x ¢ " (W) (13)

The reaction network was comprised of 11 catalytic reactions
(Fig. 2). The reactions were based on our previous work [18], work by
Hocevar et al.[37] and the work of Wagenhofer et al. [24]. Palmitic acid
is a main reactant which can either hydrogenate or undergo decarbox-
ylation. Hydrogenated palmitic acid transforms to hexadecanal which
again can undergo decarbonylation into pentadecene or gets hydroge-
nated to hexadecanol. Hexadecanol further undergoes dehydration to
hexadecene. Palmityl palmitate was one of the major intermediates
which was described with formation via dehydration reaction between
adsorbed palmitic acid and hexadecanol or via reaction between hex-
adecene and palmitic acid on the catalyst. Palmityl palmitate either

OHV
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degrades to hexadecanol and hexadecanal or to pentadecane and pal-
mitic acid.

To improve clarity of the model and prevent confusion we have
collected all of the rate expressions in the Table 3.

The rate and adsorption constants were calculated using the least
square approximation method using the Nedler-Mead and Levenberg-
Marquardt algorithms to determine the relevant kinetic parameters. In
Eq. (14) the EXP, nS and nC represent the different experiments, samples
and compounds respectively.

f(k'”Ea") = ZZ;’Z:’;ZZ; (Cfi{p - C;f‘iod>2 a4

The kinetic parameters 95% confidence intervals were also deter-
mined via Levenberg-Marquardt algorithm.

Internal diffusion was estimated by the effectiveness factor using the
Thiele modulus following the similar procedure of Wagenhofer et al.
[24]. The procedure is more accurately described in the SI.

Table 3
Rate expressions.

Rate expression Name of the reaction

Tar_pa = —Kmr_pa X Cpas X Ch, s Hydrogenolysis of PA

ru_nar = —ku_nar X Cras X Ch, s Hydrogenation of hexadecanal
rpex = —kpex X Cpas Decarboxylation

rony = —kpry X Crols Dehydration of hexadecanol

rest = —kgst X Cpas X Chols Esterification

Tar_pp = —kur_pp X Cpps X Ch, s Hydrogenolysis of palmityl palmitate
TH_Hene = —Ki_tene X Chenes X Chys Hydrogenation of hexadecene

TH_pene = —KH_pene X Cpenes X Ch, s Hydrogenation of pentadecene

roen = —kpen X Chars Decarbonylation of aldehyde

rpen_pp = —kpen_pp X Cpps X Ch, s Carbon scission of esters

TEST_Hene = —KEgsT_Hene X Cpps X CHy s Esterification of hexadecene and PA

kH Hal
YL C‘H.HZB/\” C1dH29
0

OH
014-"'29/\"/
(o]
T oI
OH \‘V
C14H29/\n/

g

Kpnv

KH Hene
/ﬁ Cqug/\\ C14H29/\\
OH

CagHzo

o CisH2g
01‘1“2‘3/\[]/ ~
o]

+ CMH:ZQ/\

0 OH

OH
014H29/ﬁr + CmHzg/ + CH,

o

Fig. 2. Reaction scheme used for the modeling of the experiments, the color scheme is used in the graphs in the Results and discussion chapter.
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3. Results and discussion
3.1. Catalyst characterization results

The XRD spectra (Fig. 3) of the catalyst was taken to examine the
crystal structure of the catalyst, the peaks of three crystal structures-
NiO, MoS;, y-AlpO3 were identified by the XRD scanning. The two
major peaks at 45-46° and at 67° belong to y-Al,O3 the support [38], the
wide peak between 30 and 40° combines two peaks the peaks at 32°, 39°
and 59° were identified to belong to the hexagonal MoS; species [38]
while the peak between them at 36° belongs to the NiO species [38]
which probably oxidized during the storage in the air atmosphere, Ni
species can however efficiently reduce at temperature around 250 °C
[39] which means that the oxidation should not impact the activity too
harshly. The broader peaks indicate smaller particles with amorphous
structure, typical for y-Al;03 which is structured via linkage of ~5 nm
particles [40]. The broad peaks for MoS; indicate that the particles are
quite amorphous without ordered structure, which is the desired
outcome since the amorphous structure maximizes the amount of edges
and vacant sites that are the most catalytically active [41].

SEM analysis was done revealing that the image of surface structure
in 108-10* m scale. It shows that the particles are indeed smaller than
100 um with the majority being about 10 or less um, while the “broken”
sharp edges are probably the consequence of mechanical crushing. The
macropores 10-100 nm are clearly visible in the Fig. 4b) (yellow circles)
as black holes on the particle while the resolution was too low to observe
any smaller pores. In the Fig. 4b) we can observe that particles include
many ~20 nm structures such as bulges which probably enable its
relatively high active surface area and subsequent catalytic activity.

Elemental analysis (SEM-EDX) was done for the surface of the par-
ticles (Fig. 5), while the resolution is not sufficient to show things such as
coverage in the atomic resolution it can be seen that catalytic particles
are homogeneously and uniformly covered by loaded metals and sulfur
even though the sulfur was added post catalyst synthesis. All of the
expected elements coverage can be seen in Fig. 6. Some catalytic ma-
terials such as P and Pt were also observed with EDX. It is likely that the
P was added to improve the catalyst activity while the Pt was probably
spotted due to the machine’s over-sensitivity to Pt. The catalyst included
some carbon deposits which were probably due to atmospheric impacts.

Chemical Engineering Journal 467 (2023) 143425

3.2. TEM

TEM analysis has been done on the catalyst, in a Fig. 7 below the
catalyst particle is shown. The multiple ordered structures were spotted
on the catalyst which have with elemental analysis corresponded to
MoSy particles, however in combination with XRD results these seem to
be hexagonal MoS,. Presumably, the one marked with red is MoS, tile
seen from a vertical perspective, being thin enough for the Al,O3 not to
distort the picture. The structures marked with blue circles are pre-
sumably the MoSy structures seen from the side. Ni was not spotted by
the TEM analysis presumably due to particles being too small for
analysis.

3.3. NH;3-TPD and catalyst behavior at high temperatures

During the thermal pretreatment a number of MS (Fig. 8) peaks
appeared, water and ammonia desorbed throughout the experiment
reaching the peak at about 150 °C. Additionally, the sulfur species
desorbed above 250 °C majorly in the form of SO,. The results indicate
that the smell after the reaction could be due to reduction of released
SO- species to HsS species in the hydrogen atmosphere.

The ammonia TPD was done after the thermal treatment and has
shown two major peaks at around 100 and 400 °C. The major peak was
deconvoluted into four peaks (Fig. 9). Other than NHj the released
molecules included SO;, H,O and CO,. The CO2 is most likely the
consequence of carbon deposits from the environment while the SO, and
H0 probably come from the remnants of the catalyst synthesis. The
calculated amount of acid sites was 0.18 mmol g’1 (62.9 °C), 0.28 mmol
g1 (95.2°C), 0.31 mmol g~ (150.4 °C), 0.45 mmol g~ (235 °C) which
combined estimates the concentration of acidic sites to 1.22 mmol g~ .
The acidic sites were however not used as active sites in the model.

3.4. The kinetic parameters

We have calculated the kinetic parameters the combination of which
offers an adequate description of the experimental data. Five groups of
reactions are present on the catalyst under hydrogen atmosphere in the
temperature range between 225 and 275 °C — hydrogenolysis, carbon-
—carbon scission, dehydration, esterification and hydrogenation re-
actions. The system included 8 major chemical species, palmitic acid,

hexadecanal, hexadecanol, palmityl palmitate, hexadecene,
NiMoS XRD scan
600 4 v-?‘w,
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s, MO '1 |
£ 400 Sl ]
§ %MM* \I M"S |i 1l1
) Jw | ! {“ ,W d
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Fig. 3. XRD diffractogram of the catalyst.
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Fig. 4. SEM images of the catalyst.

EDS Layered Image 1
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Fig. 5. SEM-EDX scan of the catalyst particle.
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Fig. 6. SEM-EDX mapping for the key elements.

pentadecene, hexadecane and pentadecane. While the modeling in
literature is most often described with the Langmuir-Hinshelwood ki-
netics, we used a different kinetics model, as described in the modeling
chapter our model is designed to separate gas, liquid and solid phase
which are connected via gas-liquid mass transfer and liquid-solid mass
transfer (adsorption). The advantages of such model are in a high po-
tential for the very accurate representation of events that actually occur
on the catalyst such as competitive adsorption, sequential reaction
without desorption etc.. While the drawbacks can include a poor fit due
to inadequate understanding of the processes and inadequate under-
standing of the events occurring on the catalyst. Thus, such modelling is
very useful to in a way stress test our understanding of the processes,
illuminate the gaps and offer some answers which can be hidden in the

combination of rate and adsorption constants in the Langmuir-
Hinshelwood model. The results of the model include all of the calcu-
lated parameters which are presented in Table 4.

3.5. The dependence of reaction rate on temperature.

The reactions were highly dependent on the temperature which is
due to high energy activation of hydrogenolysis of palmitic acid
(Eapy, pa = 93.6 kJ mol™1) and decarboxylation (Eapcx = 156.1) which
are the only transformations that PA can undergo alone over the sulfided
NiMo/y-Al,03. The obtained values are in agreement with the literature
[23,24]. Dehydration of hexadecanol has also shown a high dependence
on temperature variation (Eapgyy = 87.6). Hydrogenation of double
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Fig. 7. TEM picture of the catalyst with visible geometry associated with MoS, catalytic sites.

Catalyst thermal treatment in Ar
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Fig. 8. The thermal pretreatment and NH3-TPD gas evolution profile obtained with MS analysis. Each line represents the molecular mass in the legend. The rising
green line is the temperature profile. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

bonds activation energies are about 25 kJ mol~! which is about 10 kJ
mol~! higher than the results from Hocevar et al. [42]. The palmityl
palmitate hydrogenolysis and decarbonylation were much less depen-
dent on the temperature (Eayy, pp = 34.7 kJ mol ! and Eapcn pp = 59.0
kJ mol ') however its deoxygenation was slower probably because of
the worse accessibility of the active sites for the large molecule with an
ester functional group. In short, the reactions were highly dependent on
the temperature and the temperature increase improves the reaction
rates significantly — at the chosen conditions more than any other tested
parameter (Fig. 10).

3.6. The dependence of reaction rate on pressure.

In Fig. 11 we can see the reaction rate change with the change in the
initial hydrogen pressure, four initial pressures were probed, 0, 30, 50
and 70 bar. No conversion was observed for 0 bar initial pressure. The
other have as expected shown linear dependence of hydrogen pressure,
which shows that the hydrogen availability on the catalyst is one of the
rate limiting factors. Additionally, even carbon-carbon scission re-
actions that have shown no dependence on hydrogen pressure at higher
pressures have shown no conversion while no hydrogen was present.
The selectivity for HDO was the function of hydrogen pressure gradually
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Fig. 9. The deconvolution graph showing all 4 described peaks.

Table 4
Modeling results.

Mass transfer parameters

Parameter Value Unit Description
ki, fitted 1.29 x 107 ms! Fitted on global set of data
k;, calculated 1.46 x 107° ms! Calculated by Eq. (2)
a 0.0029 m? Estimated area of gas-liquid
interface during mixing.
Kads >1 x 10* min~! Constant of adsorption for
reactive species.
Kes >4 X Kaqgs min~! Constant of desorption for
reactive species.
Kads Hexadecanol ~ Kads X 0.104 min~! Constant of adsorption for
hexadecanol.
Kads 12 12.6 min~! goa Constant of adsorption for
L hydrogen.
K des 12 15.6 x 10° min~t go Constant of desorption for
L hydrogen.

Kinetic results

index (i) k; [min—! Seat Ea [kJ Description

mol 1] mol 1]

(T =523K)
HL_PA 30 +£1 x 10? 93+8 Hydrogenolysis of PA
H_Hal 26 + 7 x 10* 88 + 24 Hydrogenation of hexadecanal
DCX 43+20x10° 156 + 72 Decarboxylation

a
DHY 209 +5.8% 85 + 40 Dehydration of hexadecanol
EST 44 + 28 x 10* 78 £ 39 Esterification

b
HL_PP 24 + 5 x 10? 24 £ 20 Hydrogenolysis of palmityl

palmitate

H_Hene 16 £ 5 x 10° 29 + 23 Hydrogenation of hexadecene
H_Pene 23 +5 x 10° 25 +21 Hydrogenation of pentadecene
DCN 18 + 4% 114 + 31 Decarbonylation of aldehyde
DCN_PP 15 + 10 x 10! 59 + 47 Carbon scission of esters
EST Hene 32+15 Esterification of hexadecene and

15+ 13 x 10*
b PA

For ? the units change to min~" and for ® the units change to min~* mol ™.

increasing towards Cj¢ products. The increase in conversion with the
increase of the hydrogen pressure can be seen clearly in Fig. 11 and is in
accordance with the literature [20,23,43]. The model describes the
conversion of palmitic acid well; however, it becomes more inaccurate
for the prediction of the intermediates concentration at lower conver-
sion. The reason for that is every reaction was considered to be separate,
meaning it is impossible in the model for the palmitic acid to transform

Chemical Engineering Journal 467 (2023) 143425

directly to per example hexadecene without becoming hexadecanal and
hexadecanol first. The formed molecule does not necessarily have to
desorb but this means that the results are relatively sensitive to change
in adsorption/desorption rates and ratios. The graphs in Fig. 11 show
that the increase in pressure has impacted the reaction rate rather lin-
early. The errors at 30 bar experiment seem significant due the bottom
part of the graph being significantly zoomed in.

3.7. Formation and deoxygenation of intermediates.

We will start from the bottom and work our way upwards, therefore
the dehydration of alcohols seems to be an appropriate place to start.
Hocevar et al. [37] have presumed two types of alcohol deoxygenation
dehydration and hydrogenolysis, they have theoretically shown that the
dehydration is the main mechanism due to lower energy of activation
(65 kJ mol ! and 115 kJ mol ! respectively) however we have shown
that the hydrogenolysis was undetectable for hexadecanol (Fig. 12a),
b)). The major mechanism of alcohol deoxygenation is thus dehydration,
importantly, dehydration requires no hydrogen presence and presum-
ably happens on acidic catalytic sites. The hexadecanol is transformed to
most likely 1-hexadecene which can further undergo structural isom-
erization forming a wide array of hexadecenes which were identified on
MS by the maximum molecular mass of 224, showing a number of peaks
(around 4-5) indicating strong isomerization activity of the catalyst
however those peaks eventually disappear due to hydrogenation activity
of the catalyst. The rate of dehydration did not show a strong depen-
dence on whether the hexadecenes were further hydrogenated to hex-
adecanes which indicates that the hexadecenes have a lower impact on
the rate of adsorption of hexadecanol than the PA and other oxygenates
as can be seen from the graphs a) and b) on Fig. 12. On the other hand,
all of the oxygenated species do compete with hexadecanol for the
catalytic spots (on the Fig. 12 the results of the hexadecanol dehydration
in the presence of the PA (Fig. 12 c)), the results show that the dehy-
dration function of the catalyst is significantly impaired in the presence
of the PA and formed palmityl palmitate. We believe that is because of
the preferential adsorption of PA and palmityl palmitate on the catalytic
sites. The model indicates that the palmitic acid is 6.3 times more likely
to adsorb on the catalytic sites than the hexadecanol. Other oxygenates
were presumed to be as likely to adsorb on the catalytic sites as the PA.
Additionally, the results indicate that the hexadecanol dehydration can
behave differently in the hydrogen atmosphere in the presence of PA, in
such conditions the PA presence seems to further retard the dehydro-
genation reactions beyond the adsorption preference and the model
predicts a higher consumption of hexadecanol compared to experi-
mental data. We presume that is because one of the formed products —
either hydroxyls or carbon oxides formed during hydrogenolysis or
carbon-carbon scission further retards the dehydration reactions. The
effect subsides rapidly after the complete consumption of the PA (see
Fig. 10), in the model we presume that the effect is the consequence of
the CO formation during the C-C scission, which could fit due to low CO
solubility which means that the formed CO is transported rather rapidly
in the gas phase and as the formation stops the concentration of CO in
the liquid phase should drop rapidly as well, however, because we did
not model the CO transition to gas state and thus the impact of its for-
mation might not be described perfectly. In isolation the sulfided NiMo/
y-Al;03 has proven to be a very active dehydration catalyst with non-
detectable activity towards oligomerization regardless of hydrogen
presence.

Formation of esters especially over sulfided NiMo/y-Al,O3 catalyst is
rarely reported however, we believe that this is attributed to the fact the
most of the studies use higher temperatures with relatively high catalyst
loading which prevent formation due to lower concentrations of fatty
alcohols. In Fig. 12c) we show that esterification in nitrogen atmosphere
cannot be properly described with the same model which is expected
considering the esterification reactions were not the focus of the study.
The experiment however, clearly shows how palmitic acid presence
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reduces the rate of dehydration reactions and in combination with
hexadecanol and hexadecene causes esterification but does clearly not
undergo decarboxylation or decarbonylation reactions which is shown
by the lack of Ci5 compounds in the system. Importantly, the alcohol
undergoes oxidation to aldehyde in the system. To clarify deoxygenation
of esters we have additionally done an experiment with the palmityl
palmitate. In our experiment the palmityl palmitate has deoxygenated to
two major products hexadecanol and hexadecane, presumably as the
consequence of the hydrogenolysis of the C-OC bond forming hex-
adecanal and hexadecanol which can subsequently be quickly converted
to hexadecanol and hexadecene. A higher than expected amount of C;5
products was formed during HDO of palmityl palmitate which leads us
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to believe that the esters can be cleaved with C-C scission forming
methyl palmitate and pentadecane. However, methyl palmitate was not
among the detected products which is probably because of the fast
scission of O-CHs bond. There is another possible reaction path that
would be possible for ester hydrogenolysis — formation of hexadecane
and PA. Such hydrogenolysis was neglected due to model including such
reaction path offered worse results for the general fit and therefore
indicated that such reaction path is very minor for the palmityl palmi-
tate HDO. The activity of the catalyst for the ester hydrogenolysis was
worse than for the PA hydrogenolysis (40% conversion compared to
70% for PA at 250 °C 50 bar Hj) which is reasonable considering the
palmityl palmitate is a larger molecule and thus, could have harder time
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Fig. 12. Experiments with the intermediates (dots) and model fits (lines). -- represents temperature profile. The compounds can be identified by color.

accessing pores and the active sites in those pores. The formation is thus
not a desired reaction path for the rapid deoxygenation and should be
avoided by adaption of the catalyst synthesis or with the increase in the
reaction temperature.

3.8. Mass transfer limitations

The mixing variation is usually used as a test how much of the impact
the external mass transfer has on the reaction rate [23,42]. The test is
based on the results of the few studies which show that the mass
transport dependent rate should increase with the increase in the Rey-
nolds number (mixing rate increase) [34,44]. We have done the same
test and obtained results show that the impact of mixing variation was in
the range of the experimental error. (See Fig. 13).

However, in addition we have done some additional experiments
with different catalyst loadings (Fig. 14). The model predicts linear
scaling of surface reaction rates with the concentration of adsorbed
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hydrogen which was confirmed by the experimental results (note: in the
experiment with 0.1 g of catalyst the concentration of PA was normal-
ized to fit the mass balance). Minor errors appear at lower catalyst
loading however considering that the reaction rates and selectivity at
the most intense process conditions (275 °C, 0.4 g, is accurately
predicted the mass transfer impacts should be negligent. Additionally,
the kL calculated and the KL fitted fit with ~ 10% differential which is
neglectable considering both constants were calculated completely
independently and that the area of the interface was overly simplified.
The calculated hydrogen concentration for the model was in the range
between 1 and 5 x 10~* mol gg%t which is a similar concentration to the
number of calculated deoxygenation active sites from the Table 2 (5.6 x
1075 mol geiy), both were again determined completely independently.

We have additionally calculated the effectiveness factor for PA,
hexadecanal and hexadecanol for the reaction at the most intense re-
action conditions (275 °C) the procedure for the description is shown in
the SI. In Fig. 15 we show the impact of the particle radius on the
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Fig. 13. The results of the rpm variation for the experiment at 250 °C and 50 bar H, pressure. The PA and hexadecane were chosen to show the variation.
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Fig. 15. The catalyst particles used in the experiment and on the right the graph representing the impact of the catalyst particle size on the effectiveness factor.

reaction rates. Consider however, that the hexadecanal and hexadecanol
are in most cases intermediates which might not require a complete
diffusion to the pore due to them being produced at the same active sites.
Regardless, the calculated effectiveness factors were calculated to be n
> 0.95 more accurately (0.99, 0.98 and 0.99 for the PA, hexadecanal
and hexadecanol respectively (x on Fig. 15)), the catalyst particles were
considered to be cylinders with radius of 10 um. The effectiveness factor
shows that the impact of the internal diffusion on the reaction rate is
negligent. On the left part of the Fig. 15 the catalyst particles typically
used in the experiment are shown.
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3.9. Overview of the kinetic results, simplifications and outlook

The catalytic process can thus be described with the mechanism
previously shown in Fig. 2. The major reaction pathways for sulfided
NiMo/y-Al,03 are shown with bold arrows in Fig. 16. The catalyst has
shown about 70% selectivity towards direct HDO compared to DCX and
DCN selectivity. At used temperatures the formation of esters was shown
to be significant probably due to relatively high concentration of present
fatty alcohols. On the other hand, the reaction between present alkenes
and fatty acids seems possible but minor due to alkenes concentrations
being proportionally lower than the concentrations of fatty alcohols. The
hydrogenation of alkenes has shown some dependence on the presence
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of other oxygenates (the rate would significantly increase while the
concentration of oxygenates was negligent) however, its impact on the
rate of the deoxygenation process is hard to measure due to a number of
effects present in the system, regardless it seems highly plausible that
efficient hydrogenation enables rapid deoxygenation and that alkenes
compete for the deoxygenation spots on the catalyst. As predicted in the
model the presence of alkanes, be it end products (hexadecane, penta-
decane) or the solvent dodecane seems to have no impact on the reaction
rates beyond enabling efficient transfer of hydrogen from gas to liquid
phase. The major deoxygenation path for esters seems to be the hydro-
genolysis to fatty aldehyde and alcohol while the minor paths produce
fatty acid and pentadecane presumably due to the hydrogenolysis of the
C-CO bond.

The model assumes a few neglects and simplifications, in the gas
phase hydrogen is assumed to be the only gas in the gas phase, the mass
transfer is described with Henry’s law where the liquid phase is assumed
to be only dodecane rather than the mixture including PA and the
catalyst. In the liquid phase all components excluding hexadecanol were
presumed to have the same adsorption constant as the adsorption con-
stants are currently not measurable for the such catalytic systems. All
components except Hy and alkanes were presumed to compete for the
same catalytic spots which is quite unlikely, since we have even
experimentally shown that per example the presence of hexadecene does
not significantly decrease the dehydration rate of hexadecanol.

This model shows that there is more than PA competitive adsorption
that blocks the dehydration of hexadecanol and hydrotreatment of
palmityl palmitate — possibly the CO formed during the decarbonylation
of PA, that is presumably why the errors appear at equimolar concen-
trations of oxygenates when the impact of palmitic acid adsorption
should already subside. There seems to be an interplay on the deoxy-
genation sites which prevents the consumption of palmityl palmitate
and hexadecanol beyond the linear impact of fatty acid concentration,
therefore the model predicts that the hexadecanol and palmityl palmi-
tate will be consumed quicker. We have also shown that the hexadecene
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does not significantly hinder the dehydration reactions and that the
hydrogen presence has a negligible impact on the dehydration function
of the catalyst, furthermore there seem to be no hydrogenolysis of the
hexadecanol at the used experimental conditions which is often implied
in the literature. Additionally, model shows that the reactions at the
chosen conditions can be described with unlimited hydrogen adsorption
where there is linear dependence of the hydrogen dependent reactions
on the presence of hydrogen on the catalyst. The model should also be
able to describe the reactions at conditions where hydrogen is not in
such a strong excess however additional gases should be introduced into
the gas phase and there might have to be some adaption for the
description of the decarbonylation reactions at very low hydrogen
pressures or at significant mass transfer limitations. Ideally, the model
could be upgraded with additional experimental data such as more ac-
curate adsorption description, types and stability of active sites but there
are currently very limited experimental methods for the determination
of the number and the accessibly of the catalytic sites especially for the
sulfided catalysts and the big molecules in the liquid phase which are all
interesting topics that we plan to tackle in our future work.

4. Conclusion

We modeled the mass transfer and the kinetics of the palmitic acid
hydrodeoxygenation reactions, combined there were 8 compounds that
were interlinked with 11 different reactions. The reaction mechanisms
included hydrogenolysis, two types of carbon-carbon scission, dehy-
dration, esterification and hydrogenation reactions. The reactions were
modeled based on the variation of temperature (225-275 °C), hydrogen
pressure (30-70 bar) and catalyst loading (0.1-0.4 g per 40 mL). To
confirm mechanisms the additional reactions were done with different
reactants such as hexadecanol in both hydrogen and nitrogen atmo-
sphere, palmityl palmitate and the combination of palmitic acid and
hexadecanol. The model predicts full conversion and product selectivity
relatively well, however the errors can appear when multiple
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oxygenated species are present in the reaction feed at close to equimolar
concentrations.
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