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Abstract: The hydrogenation of polyaromatic compounds (PACs) present in mineral oils is of great
importance when it comes to the desired product properties and the minimization of health hazards;
however, the presence of organonitrogen inhibits the conversion of these compounds. In this study,
the inhibition effects of different types of organonitrogen compounds (acridine (ACR) and carbazole
(CBZ)-basic and nonbasic organonitrogen) on the hydrodearomatization (HDA) of phenanthrene
over a sulfided commercial NiMo/Al2O3 catalyst were investigated in a microflow trickle-bed
reactor at a temperature range of 280 to 320 ◦C and at a total pressure of 120 barg. Analysis of the
experimental results shows that the hydrogenation of phenanthrene is significantly decreased in
the presence of organonitrogen, with acridine showing stronger inhibiting effects. The extent of
hydrodenitrogenation (HDN) is shown to correlate with the inhibition degree with a higher extent
of HDN being achieved for carbazole than for acridine. Results from co-feeding different nitrogen
types (acridine and carbazole) indicate that basic nitrogen is the dominating type of organonitrogen
inhibitor. Recovery of catalyst activity in the absence of organonitrogen indicates fully reversible
deactivation suggesting that inhibition relates to competitive adsorption and slower reaction rate of
HDN compared to HDA.

Keywords: hydrodearomatization; nitrogen inhibition; hydrotreatment; hydrodenitrogenation

1. Introduction

Our everyday lives are surrounded by products containing mineral oils; lubricants,
adhesives, transformer oils, printing inks, and tires are a few examples. The raw ma-
terials used to produce such mineral oils contain significant amounts of polyaromatic
compounds (PACs), which are known carcinogens. Increasing awareness of the health and
environmental impacts of these PACs is driving demand for products with lower levels of
such compounds.

The reduction in PACs is accomplished via hydrotreating, usually over sulfided
catalysts. Hydrogenation reactions, including hydrodearomatization (HDA), are mainly
equilibrium reactions that are heavily influenced by the partial pressure of hydrogen; thus,
very high hydrogen partial pressures (>100 bar) are often employed.

In addition to PACs, organonitrogen compounds are present in the feedstock and are
believed to be some of the most inhibitory compounds in hydrotreatment [1]. Nitrogen is
present typically in heterocycles, such as pyrroles and pyridines, and can be categorized
either as ‘nonbasic’ or ‘basic’, depending on whether the electron pair of the nitrogen atom
is participating in the aromaticity [2]. Pyridine is an example of a basic nitrogen compound,
while pyrrole is an example of a nonbasic nitrogen compound.
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The effect of the presence of organonitrogen on hydrodesulfurization (HDS) activity
has been studied mainly for different fuel fractions. Zeuthen et al. [3], who studied the effect
of organic nitrogen on HDS of a diesel feed, concluded that carbazoles (nonbasic nitrogen
compounds) were the more refractory compounds during gas oil hydrotreating and that
acridine (a basic nitrogen compound) was the most significant inhibitor of HDS, which
also hindered the hydrodenitrogenation (HDN) of carbazoles. Model compounds have
been used extensively to study important reactions in hydrotreating of mineral oils and
petroleum distillates [4–11]. Such studies have provided further evidence of the inhibitory
effect of acridine [12,13] and carbazole [13–15] on HDS.

While a handful of studies exist on the effects of organonitrogen on HDS activity
with concrete conclusions at a high level of consensus, the effects of organonitrogen on
the hydrogenation of aromatic structures are still a matter of debate. As organonitrogen
compounds are some of the most important inhibitors for the removal of PACs, it is essential
to understand how these species effect the hydrogenation reaction pathway.

Beltramone et al. [16], while studying the effect of various nitrogen compounds on
the hydrogenation of phenanthrene and substituted dibenzothiophene over a NiMo cat-
alyst system at a pressure of 70 atm, concluded that nonbasic nitrogen is less inhibitory
than basic nitrogen. However, in contrast to findings of other studies, the authors con-
cluded that ammonia was found to be the most inhibiting nitrogen compound for the
hydrogenation reactions.

The majority of hydrotreating studies using model compounds have focused on diesel
hydrotreating and the effect of organonitrogen inhibition on HDS, while for lubricant
hydrotreating, higher pressures are typically used, and HDA is of greater interest. This
study seeks to build upon the previous findings [14]; here, however, the focus is on HDA,
rather than HDS.

In this work, the effect of organonitrogen types on the hydrogenation of PACs is
studied over a sulfided commercial NiMo/Al2O3 catalyst in a trickle-flow reactor. The
model compounds phenanthrene, acridine, and carbazole are chosen as a model system
for lubricant production. As is the case with a real feedstock, where basic and nonbasic
nitrogen compounds are simultaneously present in the reactant solution, the influence of
the presence of acridine and carbazole on the hydrogenation of a model PAC is investigated
at pressure relevant for lubrication base oil production.

2. Results and Discussion

The hydrogenation of phenanthrene (PHE) and the effect of the addition of the organic
nitrogen compounds, acridine (ACR), and carbazole (CBZ) were studied in a microflow
trickle-bed reactor. The hydrogenation reaction network of phenanthrene is presented in
Figure 1 [7,17] and represents a ring-by-ring hydrogenation as described by Korre et al. [17].
The five products are 9,10-dihydrophenanthrene (DIPHE), 1,2,3,4-tetrahydrophenanthrene
(TETPHE), 1,2,3,4,4a,9,10,10a-octahydrophenanthrene (asymmetrical-octahydrophenanthrene,
ASYM), 1,2,3,4,5,6,7,8-octahydrophenanthrene (symmetrical-octahydrophenanthrene, SYM),
and perhydrophenanthrene (PHP) (Figure 2). In the absence of organonitrogen in the reactant
feed, all five hydrogenation products were detected and quantified using GC-MS and GC-FID,
respectively. When organonitrogen was present in the reactant feed, a significant decrease in
phenanthrene conversion was observed with a simultaneous swift in the product distribution,
as shown in Figures 3–5. The HDN of both carbazole and acridine was investigated, and the
results are seen in Figure 6. This figure shows that the extent of HDN was significantly higher
for carbazole than for acridine. Finally, experiments of co-feeding acridine and carbazole
together with phenanthrene at a reactor temperature of 300 ◦C showed a small difference in
phenanthrene conversion compared to solely feeding acridine with phenanthrene, while a
very low extent of HDN was observed; these results are shown in Table 2 and Figure 9. For all
the experimental runs, the carbon balance of phenanthrene and its hydrogenation products
was typically 92% ± 1.6%. No hydrocracking products were detected, which is in line with the
low treatment temperatures employed in the study [5]. Traces of anthracenes were observed



Catalysts 2022, 12, 736 3 of 15

but account for <0.01% of the total carbon fed, indicating that isomerization activity of the
catalyst under investigated conditions is negligible.
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2.1. Phenanthrene Hydrogenation

DIPHE and TETPHE are the primary products of phenanthrene, whereas SYM and
ASYM are secondary products. PHP is a tertiary product formed from both ASYM and
SYM, as seen in Figure 1. In Figure 2, the distributions of these phenanthrene hydrogenation
products at different reactor temperatures are presented. As expected, when the reactor
temperature is increased, the conversion of phenanthrene increases. Moreover, the content
of DIPHE does not change significantly, indicating that the hydrogenation of phenanthrene
to DIPHE is thermodynamically limited. Comparing the ratio of phenanthrene and DIPHE
with the equilibrium data reported by Frye (See Table S1 in Supplementary information), it
is clear that the reaction is, indeed, under thermodynamic control [18]. Interestingly, the
TETPHE content is very low, indicating that TETPHE is most likely rapidly hydrogenated
to the SYM and ASYM products. Moreover, the fully hydrogenated product, PHP, is always
formed at the present conditions.

While hydrogenation reactions are typically reversible, for the current system only the
phenanthrene to DIPHE could be considered to be under thermodynamic control, while the
rest of the reactions can be regarded as irreversible and thus kinetically controlled [18]. Ko-
rre et al. [17,19] have reported three types of aromatic hydrogen addition reactions, namely:
(1) benzenic (three moles of H2); (2) naphthalenic (two moles of H2); and (3) phenanthrenic
(one mole of H2). This suggests that the formation of PHP and ASYM (reactions 3, 6, and 7
according to Figure 1) are most likely the slowest reactions as they are all benzenic hydrogen
additions. Thus, the presence of ASYM, and especially PHP, indicates that the catalyst has
a high hydrogenation activity. However, the formation of ASYM from TET (reaction 5) is
plausibly slow due to the sterically hindered middle ring hydrogenation, whereas the rate
of SYM formation is most likely higher, and thus is the preferred pathway for TET (reaction
4) [7]. While the formation of PHP is also from benzenic hydrogen addition, plausible steric
hindrances occur during its formation from SYM (reaction 7) compared to its formation
from ASYM (reaction 6).

2.2. Addition of Organic Nitrogen

While it is of interest to investigate only the hydrogenation of phenanthrene, a real
system would typically also have inhibitory compounds present in the reactant mix. In this
section, the results from the addition of two types of organonitrogen compound (namely,
carbazole and acridine) to the reactant feed at three different reactor temperatures are
presented and discussed. In Figures 3–5, the product distribution from phenanthrene
hydrogenation in the presence of either carbazole (nonbasic) or acridine (basic) is shown
for different reactor temperatures.

As shown in Figure 3, the introduction of carbazole and acridine has a detrimental
effect on the phenanthrene hydrogenation at 280 ◦C. Not only is the conversion of phenan-
threne significantly lower (higher molar fraction), but also fewer products of the deep
hydrogenation are observed; ASYM and PHP were below the detection limits indicating
that these species were most likely not formed. At this low reactor temperature, the effects
of carbazole and acridine on the hydrogenation of phenanthrene are similar.

At higher reactor temperatures (Figure 4) the inhibition effect of carbazole is dimin-
ished compared to the lower reactor temperature (280 ◦C, Figure 3). While phenanthrene
and DIPHE predominate in the products, SYM has a higher yield than TETPHE. In addition,
ASYM and traces of PHP are formed. When acridine is present, slightly higher conversions
of phenanthrene and higher yields of DIPHE and TETPHE are observed compared to at the
lower temperature. Moreover, the ratio of phenanthrene and DIPHE is lower than when
acridine was not fed, indicating that the conversion of phenanthrene to DIPHE reaction
(reaction 2) is not at equilibrium and is now under kinetic control instead.

At 320 ◦C the organonitrogen addition still affects the PACs hydrogenation and the
product distribution (Figure 5), however, it is not as severe as it is at lower temperatures.
This is especially true for carbazole, where SYM becomes the most abundant product
compared to phenanthrene, which predominates at 300 ◦C. Additionally, the yield of PHP
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is increased. More importantly, the effect of acridine is not as pronounced compared to the
lower reactor temperatures. While phenanthrene is still the most abundant constituent in
the liquid outlet, the yield of the hydrogenation products is increased.

Based on the results of the product distribution of phenanthrene at different reactor
temperatures, it can be concluded that organonitrogen compounds have a detrimental
effect on the hydrogenation of PACs. Especially inhibitory is acridine, representing the
basic nitrogen category, as its addition to the reactant feed causes a significant decrease
in conversion of phenanthrene and especially toward the deep hydrogenation products
across all tested temperatures.

2.3. Hydrodenitrogenation of Carbazole and Acridine

In addition to investigating the product distribution of phenanthrene hydrogenation,
the removal of the organic nitrogen also was studied. While the product distribution of
phenanthrene is analyzed easily and quantified using GC-FID, the same was not true
for carbazole and acridine. The mechanism of nitrogen atom removal involves complete
hydrogenation of carbazole and acridine prior to the removal and, similar to phenanthrene,
a spectrum of partly or completely hydrogenated products can be formed. However, not all
of these could be detected and quantified using GC-FID and/or GC-MS. Thus, total nitrogen
analysis was deemed to be the most reliable means to quantify the nitrogen removal, i.e.,
the remaining content of organic nitrogen in the liquid product. In Figure 6, the extent of
HDN is shown for carbazole and acridine at the three different reactor temperatures tested.

Figure 6 shows the HDN rate of carbazole is higher than that of acridine, since the
nitrogen concentration observed in the product is lower, at the same space time. This
is most likely due the molecular structure and, therefore, reactivity of the C–N bond.
For N removal (C–N cleavage) from carbazole and acridine, the nitrogen atom requires
sp3-hybridization. Moreover, the C–N cleavage occurs mainly through elimination or
substitution reactions [20–22]. Therefore, it is relevant to describe the HDN networks of
carbazole and acridine, as this reveals that several of the conversion steps are hydrogenation
reactions taking place prior to the C–N bond cleavage reactions. In Figures 7 and 8, the
HDN networks for carbazole and acridine, respectively, are shown.
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In the case of carbazole and its hydrogenation (but still nitrogen-containing) products,
it was mainly carbazole itself and 4H-CBZ that were detected at measurable concentrations
in the liquid product, where carbazole was always the most abundant of the two. Steele and
Chirico [25] have concluded that the HDN of carbazole is typically under thermodynamic
control, indicating that 4H-CBZ is the thermodynamically dominant product at the tested
process conditions. The above suggests that there is a large driving force to hydrogenate
carbazole to 4H-CBZ, while the formation of 6H-CBZ is most likely thermodynamically
limited. However, in our tests, carbazole is typically more abundant than 4H-CBZ, which
could be due to the C–N breaking reactions of 6H-CBZ driving the reactions forward.
Neither of the amines (CHB-A and BCH-A) were detected, probably due to them being
rapidly undergoing further C–N bond cleavage after being formed [21]. The largest barrier
is plausibly the hydrogenation of 4H-CBZ to 6H-CBZ due to thermodynamic constraints
(see Table S2 in Supplementary information) or the subsequent ring opening and C–N bond
scission. Moreover, both CHB and BCH were detected, with BCH being more abundant at
all tested conditions, possibly because of fast subsequent hydrogenation of CHB to BCH.
Additionally, the self-inhibition of organic nitrogen during HDN might also hinder the
hydrogenation of carbazoles [23] and result in a nonequilibrium conversion. To evaluate
this, an additional experiment with higher carbazole content in the feed was performed
with a reactor temperature of 300 ◦C. The results are presented in Table 1. Comparing the
extent of HDN for the two cases, carbazole self-inhibition is evident.

Table 1. The extent of HDN at a reactor temperature of 300 ◦C with different carbazole content in the
reactant feed.

Carbazole Content [mmol/dm3] (mg N/dm3)
Extent of HDN

[%]

1.2 (15) 51
2.4 (30) 36

Analyzing the liquid products when acridine was introduced, it can be concluded
that while the extent of HDN is very low (Figure 6), the conversion of acridine is always
very high, as it was not detected either by GC-FID or GC-MS. However, some of the
hydrogenation products of acridine were detected with the most abundant one being the
perhydroacridine (PH-ACR); moreover, traces of SYM-8H-ACR were detected. This finding
indicates that the abovementioned hydrogenation products act as the main inhibitor. The
latter corroborates the previous literature which suggested that SYM-8H-ACR was the
“main inhibitor” of acridine HDN [26,27]. The fact that PH-ACR is the main product can be
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attributed to the higher H2 pressures employed in the present study, which can promote
further hydrogenation of SYM-8H-ACR to PH-ACR. The greater inhibitory effect of the
hydrogenation products of organic nitrogen compounds can be correlated to the adsorption
coefficient of the molecule, which is positively correlated with the hydrogenation degree
and the basicity of the molecule [13,26–28]. The latter has also been suggested by Lio
et al. [29] based on DFT calculations on NiMoS-nanocluster for acridine and carbazole
and some of their HDN products. Therefore, while the presence of acridine shows that
this largely affects the phenanthrene hydrogenation, it is not acridine itself but rather its
hydrogenation products that are the most inhibitory.

Albeit the extent of HDN for acridine was very low, especially at 280 ◦C and 300 ◦C; dicy-
clohexylmethane (DCHM) was detected at all the temperatures (180 m/z in Figures S1 and S2
in Supplementary information), indicating that HDN of acridine does take place. This suggests
that the first ring opening (C–N bond split) is likely to be limiting the HDN as neither of the
amines are detected.

While DCHM is detected, PH-ACR is found to be the most abundant acridine product,
indicating that the position of the nitrogen atom is important. This is supported by findings
from Miki and Sugimoto [30], who investigated the HDN of isoquinoline and concluded
that it was ten times faster than the HDN of quinoline. This is attributed to the increased
rate for the ring opening C–N bond scission reaction for the hydrogenation products of
isoquinoline than for quinoline [21]. Similarly, for the HDN of pyridine, the one ring
analogue of acridine, protonation can occur and form pyridinium ions. The latter has been
shown to be a spectator in the HDN network over a Ni2P and MoS2-based catalyst [31–33].
Concluding, when comparing the HDN of carbazole and acridine, Figure 6, it is clear that
carbazole undergoes HDN more easily; therefore, it can be concluded that while acridine is
very reactive, the C–N bond scission reactions are significantly slower than for carbazole.

2.4. Co-Feeding Organic Nitrogen and Phenanthrene

While the separate addition of carbazole and acridine to the reactant feed is necessary
for understanding the effects of the individual components on the hydrogenation of phenan-
threne, both of the organic nitrogen types are always present in real mixtures. Therefore,
investigating the mixture of carbazole and acridine on the hydrogenation of phenanthrene
is also of interest. Figure 9, shows the product distributions from the hydrogenation of
phenanthrene at 300 ◦C in the absence and presence of acridine, as well as in the presence
of both acridine and carbazole are shown.
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As shown, combination of carbazole and acridine in the reactant feed alters the
product distribution of phenanthrene, similar to the case of only acridine addition. This
indicates that acridine and, more likely, its hydrogenated products are not only inhibiting
the hydrogenation of phenanthrene but also the hydrogenation of carbazole. In fact, when
comparing the extent of HDN (Table 2) it can be noted that barely any HDN occurred.

Table 2. The extent of HDN at a reactor temperature of 300 ◦C with different organic nitrogen
compounds present at a concentration of 2.4 mmol/dm3.

Nitrogen Compounds Extent of HDN [%]

Acridine 0
Carbazole 36

Carbazole and Acridine 3.5

This further supports that acridine is the most potent inhibitor and inhibits the con-
version of the nonbasic carbazole (HDN) as well as of phenanthrene (HDA) [34–36]. This
behavior is similar to the observations of Rabarihoela-Rakotovao et al. [27] during HDS
of substituted dibenzothiophenes. This supports the plausibility of weak adsorption of
nonbasic nitrogen compounds on the active sites as opposed to basic ones, whereas their
respective reactivity follows the opposite trend [37]. This is in agreement with the results
presented here for HDN of carbazole and acridine; however, carbazole was removed to a
large extent when not inhibited by acridine.

Thus, the inhibitory effect of both types of organic nitrogen on the hydrogenation
of PACs can be attributed to their higher adsorption strength on the catalyst. This im-
plies competitive adsorption on the catalyst surface and means that the organic nitrogen
compounds outcompete phenanthrene for the hydrogenation sites on the catalyst. The
case that stands out is when carbazole is added to the reactant mixture at 320 ◦C; the
conversion is indeed lower compared to no nitrogen addition; however, some of PHP is
formed, and SYM is the most abundant product once again. This could be related to the
HDN conversion of carbazole, where carbazole and its hydrogenated products are almost
completely removed. This limits competition for hydrogenation sites between the aromatic
hydrocarbons and carbazole (and its hydrogenated products) to only a part of the catalyst
bed, resulting in a significantly higher conversion of phenanthrene and formation of deep
hydrogenation products, such as PHP. Similar behavior has been observed by Ho [14] while
investigating the HDS of 4,6-diethyldibenzothiophene in presence of carbazole. In one of
the experiments, the carbazole compound was completely removed but a significant effect
on the HDS was still observed; it was suggested that the remaining catalyst bed that is not
performing any HDN, accounted for most of the HDS activity. This suggests that ammonia
is significantly less inhibitory compared to organic nitrogen compounds contrary to the
findings by Beltramone et al. [16]. Furthermore, increasing the temperature does not only
increase the activity for the hydrogenation reactions but also lowers the relative coverage
of strongly adsorbed compounds [38].

The product distributions of phenanthrene when acridine was present in the reactant
stream at 280 ◦C and 300 ◦C were quite similar (Figures 4 and 9) with the HDN of acridine
essentially negligible at those reactor temperatures (Figure 6). Therefore, the effect of the
total nitrogen concentration in the reactant feed was investigated. Figure 10 shows the
phenanthrene product distributions at 300 ◦C with varying total nitrogen concentrations in
the reactant feed, where the ratio between carbazole and acridine was kept at 50%.

As shown, the result of varying the total nitrogen concentration did not affect the
hydrogenation of phenanthrene to a large extent with the extent of HDN being very low for
all cases as mentioned earlier in Table 2. This suggests that when basic nitrogen compounds
are present in the reactant feed, they will be the dominating inhibitor not only for the
HDA but also HDN of the nonbasic nitrogen compounds. Therefore, in such a case when
the HDN rate of basic nitrogen is low, they are most likely the compounds with highest
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coverage on the surface of the catalyst and significant HDN of nonbasic nitrogen will not
occur until the basic nitrogen compounds have been converted.
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3. Materials and Methods
3.1. Experimental Setup

The hydrogenation experiments were performed in a high-pressure trickle-bed reactor
system, the schematic overview of which is shown in Figure 11. The system consisted of
a modified microactivity reactor system (PID Eng&Tech Micromeritics), which included
liquid feeding pumps, a trickle-bed microflow reactor, a gas–liquid separator, and an
automatic liquid sampling system. The liquid reactant was fed by means of HPLC pumps
(Gilson 307 or Gilson 305) at a typical feeding rate of 0.1 cm3/min. High-pressure hydrogen
(99.9%, Air Liquide, Paris, France) was used as hydrogenation agent. The liquid and
gas reactants were mixed prior to the introduction to the tubular stainless-steel reactor
(Sandvik 3R60). The reactor was loaded with silicon carbide (SiC) particles and a sulfided
commercial NiMoS hydrotreating catalyst supported on alumina, using a loading scheme
that is explained below. The hydrogen feed rate was controlled by a Bronkhorst mass
flow controller (EL-FLOW Select F-230M). The reactor was electrically heated with the
temperature being monitored by a K-type thermocouple located in the middle of the
catalyst bed. Moreover, the reactor tube was encased in an aluminum jacket, which ensured
that the catalytic bed was isothermal. The reactor effluent was routed to a stainless-steel
gas–liquid separator, where the liquid level was controlled by a valve on the liquid side
and determined with a capacitive level sensor. The gaseous effluent passed through a
needle-valve, which controlled the system pressure.

A schematic of the reactor loading protocol is shown in Figure 12. The reactor was a
28 cm long stainless-steel tube with an inner diameter of 10 mm. Various sizes of SiC were
used to minimize particle slip in the reactor. SiC was used for improving isothermicity of
the bed, ensuring complete catalyst irrigation, minimizing wall effects, and reducing axial
dispersion [39].
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approximately 7 cm long.

3.2. Sulfidation Protocol

The catalyst used in the study was a commercial alumina supported NiMo catalyst,
received in the metal oxide form with typical metal loadings 8.5–13.5 and 2–2.8 wt% for Mo
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and Ni, respectively [40,41]. The catalyst was sulfided with a dimethyl disulfide (DMDS,
Sigma-Aldrich, St. Louis, MO, USA >99% purity)/decalin (Merck, Readington, NJ, USA,
technical grade) solution containing 0.85 mol S/dm3 (approx. 3 wt.% S). The sulfidation
was performed at a system pressure of 120 barg, which was also the operating pressure of
the hydrogenation experiments. Sulfidation liquid was used for pre-wetting of the catalyst
bed for about one hour at a feed rate of 0.3 cm3/min. Thereafter, 90 cm3/min hydrogen
was added to the system and the reactor was heated to 150 ◦C and kept there for two hours
followed by a temperature ramp of 2 ◦C/min to 350 ◦C and held for 4 h. After sulfidation,
the feed to the reactor was changed to typical reactant feed and the temperature lowered to
the reaction conditions for stabilization of the catalyst activity.

3.3. Hydrogenation Experiments

To investigate the effect of organic nitrogen on the hydrogenation of phenanthrene,
a series of hydrogenation tests were performed. The typical reactant feed consisted of
50 mmol/dm3 phenanthrene (approx. 1 wt.%, Sigma-Aldrich, 98% purity), 85 mmol/dm3

tetradecane (approx. 2 wt.%, Sigma-Aldrich, >99% purity, used as internal standard in
offline GC analysis), and 14 mmol/dm3 DMDS (Sigma-Aldrich, >99% purity, equivalent to
940 mg S/dm3) in decahydronaphthalene (or decalin, Merck, technical grade). Moreover,
the organic nitrogen compounds used in this study were carbazole (Sigma-Aldrich, 95%
purity) and acridine (Sigma-Aldrich, 98% purity). In this study, the catalyst, mass reactor
temperature, and organonitrogen concentrations were varied in the range shown in Table 3.
The operating pressure of the reactor was 120 barg, and no pressure drop over the catalytic
bed was observed. This pressure was chosen to reduce the thermodynamic influence on
the hydrogenation reactions of the organonitrogen compounds [42]. In all the experiments,
no or negligible deactivation was observed.

Table 3. Experimental conditions used in this study.

Parameter

Reactor temperature [◦C] 280–320
LHSV [h−1] 60–120

Pressure [barg] 120
Hydrogen flow rate [Ncm3/min] 30

Liquid flow rate [cm3/min] 0.1
Acridine content [mmol/dm3] (mg N/dm3) 0–2.4 (0–30)

Carbazole content [mmol/dm3] (mg N/dm3) 0–2.4 (0–30)

3.4. Analytical Methods

The liquid samples were analyzed offline by an Agilent 7890A gas chromatograph
(GC) equipped with a flame ionization detector (FID). The GC-FID was equipped with
a 30 m HP-5 column (320 µm internal diameter, 0.25 µm film thickness) and operated in
constant flow mode (1.9 cm3/min or 32.7 cm/s) with helium as the carrier gas. The sample
inlet was kept at 310 ◦C. A total of 1 µL samples was injected at a 100:1 split ratio. The
GC oven was initially kept at 60 ◦C for 5 min, followed by a 10 ◦C/min ramp up to a
temperature of 220 ◦C; thereafter, a 30 ◦C/min ramp was applied until a final temperature
of 310 ◦C, which it was kept for 5 min. The FID was set to 310 ◦C, and the gas flows were 35
cm3/min hydrogen, 350 cm3/min of air, and 40 cm3/min of helium as makeup. Standards
of phenanthrene were prepared for quantification of phenanthrene and its hydrogenated
products. The products had the same response factor as phenanthrene, as described in
Korre et al. [17]. Tetradecane was used as the internal standard. Unknown peaks in the
GC-FID chromatogram were identified by an Agilent 7890B-5975 MSD GC-MS using NIST
libraries. An HP-5ms column and the same temperature programming were used for
the GC-MS. The error in the measurement was estimated to be typically less than 2%
from a t-test of multiple samples with the same concentration. The total nitrogen content
was analyzed using a PAC ANTEK ElemeNtS analyzer, which was calibrated according
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to ASTM D4629, with readily available standards. This analysis method was based on
oxidative combustion and chemiluminescence detection.

4. Conclusions

The hydrogenation of PACs in lubricant feeds in the presence of organonitrogen
was investigated in a model system using a microflow trickle-bed reactor loaded with
a commercial sulfided alumina supported NiMoS catalyst. The model reaction for PAC
conversion was the HDA of phenanthrene, and the basic and nonbasic nitrogen compounds
were acridine and carbazole, respectively. At the investigated conditions, phenanthrene
was readily hydrogenated to deep hydrogenation products, such as perhydrophenanthrene;
however, the addition of organonitrogen in the reactant feed decreased the conversion
and significantly altered the product distribution of phenanthrene. Basic nitrogen shows
stronger inhibition effects on HDA reactions and undergoes full hydrogenation without
significant extent in HDN reactions. Conversely, while also inhibitory, nonbasic nitrogen
(carbazole) did not have as significant effect on the phenanthrene hydrogenation and
underwent HDN to a larger extent when compared to basic nitrogen (acridine). Co-presence
of both types of nitrogen compounds resembles the behavior of the basic nitrogen with
minor alternation in phenanthrene hydrogenation products; the HDN rates are diminished
and the organonitrogen compounds completely dominate the coverage of the catalyst
surface. Even though the total nitrogen concentration has an impact on the overall HDA
product distribution, the overall HDA conversion and its relative rates of the individual
hydrogenation steps are greatly affected by the relative ratios of organonitrogen type, with
the basic organonitrogen compounds strongly affecting the product distribution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12070736/s1, Table S1: Modified equilibrium constants for
the phenanthrene hydrogenation reaction 1 and 2. Table S2: Modified equilibrium constants for
the two first hydrogenation steps for carbazole HDN. Figure S1: Chromatogram for the 180 m/z
in the liquid product when acridine was present in the reactant feed; 180 is the qualifying ion for
DCHM. Figure S2: Ion spectrum for the peak containing 180 m/z, from the experiment with a
reactor temperature of 320 ◦C and acridine is in the reactant feed. References [18,25] are cited in the
supplementary materials.
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