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ABSTRACT

Hydrodesulfurization (HDS) is a key reaction to achieve diesel production at the
specified low sulfur levels and is highly affected by a competing reaction involving nitrogen
removal through hydrodenitrogenation (HDN). This work evaluated kinetic parameters of
simultaneous reactions of HDS of dibenzothiophene (DBT) and HDN of quinoline (Q) using
CoMoP/Al203 and NiMoP/Al203 catalysts under operational conditions that allow a wide

range of reagent conversions. Estimated parameters were evaluated using rigorous statistical



analysis. Good fits for the evaluated experimental data were provided by both power-law and
Langmuir-Hinshelwood models. Turnover frequency values highlight adsorption and
competition effects between nitrogen-containing compounds and sulfur-containing
compounds. NiMoP catalyst showed higher hydrogenating power than CoMoP, with larger
absolute value of the estimated adsorption enthalpy (-120 kJ.mol™! for NiMoP and -75 kJ.mol
! for CoMoP), suggesting strong adsorption of nitrogen compounds. A catalyst with more
hydrogenating power is also more capable of performing both HDN and HDS reactions

simultaneously.

Keywords: Dibenzothiophene; quinoline; CoMoP/Al203; NiMoP/Al203; kinetic modeling;

statistical analysis; deep hydrodesulfurization



1. Introduction

In recent decades, the importance of processes that convert heavy petroleum fractions
into lighter and cleaner products has been emphasized because of increasing environmental
concerns and more strict specifications for oil-based fuels [1-3]. In this regard, the removal
of contaminants such as sulfur and nitrogen through hydrotreatment (HDT) constitutes an
essential step that precedes processes such as reforming and catalytic cracking [4]. However,
the performance of the process regarding the various reactions, such as hydrodesulfurization
(HDS) and hydrodenitrogenation (HDN), is linked to the type of catalyst and reactor
employed [5].

The most used catalysts in HDT processes are molybdenum sulfides, promoted by
nickel or cobalt [6,7]. Generally, these catalysts are supported on refractory oxides, and
alumina is the most used one [8]. It is accepted that there are two types of active sites in these
supported catalysts: coordinately unsaturated sites (CUS) and hydrogenation ones [9]. Girgis
and Gates [10] showed that catalysts promoted by nickel display higher activity at
hydrogenation sites when compared to catalysts promoted by cobalt. Additives (such as
phosphorus) are also used to increase the catalytic activity due to enhanced active metal
sulfide phase dispersion [11-15].

HDS reactions of different compounds, including dibenzothiophenes and their
substituents, have been studied by several groups [16-19]. It is generically accepted that
dibenzothiophene (DBT) reacts by two routes: (i) direct desulfurization (DDS) through the
breaking of C-S bonds, leading to the formation of biphenyl; and (ii) hydrogenation of one of
the benzene rings (HYD) followed by desulfurization, forming cyclohexylbenzene (CHB) and
dicyclohexyl (DCH) [20-27]. Figure 1A shows DBT reaction pathways.

The reaction scheme of HDN is more complex and involves more reaction steps

[28,29]. Jian and Prins [30] studied the HDN reaction of quinoline on a NiMoP/Al2O3 catalyst



and stated that the reactions occur in three steps: (i) the hydrogenation of aromatic
heterocyclic rings; (ii) the cleavage of the C-N bond; and (iii) the hydrogenation of the
benzene rings. Figure 1B illustrates quinoline reaction pathways.

Kinetic modeling of HDS and HDN reactions can be a powerful tool for selecting and
developing catalysts, reactor design, and catalyst deactivation studies [31-50]. Most efforts
have been devoted to modeling HDS reactions, including the proposition of reaction schemes
and estimation of kinetic and thermodynamic parameters, such as the apparent activation
energies of reaction steps and enthalpy of adsorption of compounds [33-35,48-50]. In
parallel, the increased use of heavier feedstocks with nitrogen-containing molecules has led
to larger number of studies on the kinetics of HDN reactions [36—-39,51]. However, due to the
complexity of the reaction schemes, few studies address the modeling of HDS and HDN
reactions simultaneously [41,42,52—59]. In this case, the models used most often to determine
kinetic parameters are Power Law (PL) models [54-57,60,61] and Langmuir-Hinshelwood
(LH) models [57-59,62]. LH models consider the adsorption of reactants and products on the
surfaces of the catalyst. This way, these models can describe the effects of competition among
distinct molecules for active sites. However, the estimation of parameters in these models is
more challenging, as the resulting mathematical structure leads to strongly correlated model
parameters [63]. In contrast, although PL models cannot provide information regarding the
competition and inhibition effects exerted by distinct molecules, such models are usually
preferred in industrial environments to represent the reaction kinetics due to their simplicity

in analyzing complex reaction schemes [64].
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Figure 1. Reaction pathways for HDS of dibenzothiophene (A) and HDN of quinoline (B).

Moreover, it is important to emphasize that the quality of experimental data, the lack
of obvious search limits for parameter estimates in the parameter search space, and the lack
of generical modeling tools that can describe a wide range of kinetic models are additional
difficulties that characterize the challenge of estimating accurate kinetic parameters in most
actual problems [65—-68].

Despite extensive previous studies on modeling hydrotreating reactions, estimation of
kinetic parameters that take into account the statistical rigor of the experimental data and the
parameter estimation procedure are relatively rare in the literature. Furthermore, it is not

common to correlate the kinetic parameters with the physicochemical properties of the



catalyst. These important literature gaps encouraged the investigation and modeling of the
kinetics of simultaneous HDS and HDN reactions using NiMoP and CoMoP catalysts. In
order to do that, new experimental data are collected in a continuous flooded fixed-bed reactor
at a broad set of operating conditions. Then, PL and LH kinetic models were proposed and
examined, considering the actual experimental errors during the estimation of kinetic
parameters. Finally, the parameters were evaluated and validated for their physical and

statistical significance.

2. Experimental

2.1. Catalyst Preparation and Characterization

The CoMoP and NiMoP catalysts were prepared by the incipient wetness
impregnation technique, using calcined Pural SB alumina as support. The catalyst contained
20 % (m/m) of MoO3, and the atomic ratio Ni(Co)/(Ni(Co)+Mo) was equal to 0.3. The P/Mo
atomic ratio was set to 0.4 for both catalysts. A detailed description of the preparation steps
can be found in Nascimento et al. [64]. The catalysts CoMoP/Al20O3 and NiMoP/Al2O3 are
referred to CoMoP and NiMoP, respectively. The catalysts were characterized in their oxide
form previously. X-Ray Photoelectron Spectroscopy (XPS) and Transmission Electron
Microscopy (HRTEM) of the sulfided materials were added here for completion. The particle
sizes of catalysts used to perform the reactions ranged between 0.150 and 0.250 mm.
a) XPS

X-ray photoelectron spectroscopy (XPS) spectra of sulfided NiMoP/Al2O3 and
CoMoP/Al2O3 powders were collected at room temperature and under UHV (base pressure
of 10 mbar) using a SPECS electron spectrometer system equipped with PHOIBOS NAP
150 hemispherical energy analyzer and a monochromatic Al Ka X-ray source (1486.7 eV).

The powdered samples were pressed on copper tape mounted on a stainless-steel flag-type



sample holder. The charging effect was compensated using an electron gun equipped with the
XPS system. Components Co 2p and Ni 2p were collected with 25 scans for a better signal to
noise ratio. C 1s spectra corresponding to adventitious carbon were used as a reference for
further calibration at 284.8 eV.
b) HRTEM

High-resolution transmission electron microscopy (HRTEM) images were taken on a
JEOL 2100F instrument with a point-to-point resolution of 2.3 A in TEM mode using an
accelerating voltage of 200 keV. Statistical analyses of the lengths and stacking layer numbers
of 200 slabs were carried out according to Eq. (1), where the average slab length (L) and

stacking number (N) were calculated [69] by:

n~ M.
L(or N)= 2—17111 -
i=1 Xi ()
where M; is the measured property of a stacked MoS: unit, and x; is the number of slabs or
stacks in that range. Mo dispersion (fy;,) was also obtained out of the TEM micrographs

according to Eq. (2) by dividing the total number of Mo atoms located at the edge surface

(M0ggq) by the total number of Mo atoms (Moy,1) [70], in the form:

ZMOedgez Z}:] (6ni'6)
MO Mo XL, (3n2-3n;+1)

(2)

where n;is the number of Mo atoms along the edge of a MoS: slab determined from its length 1
(L=3.2(2n;-1)) A), and t is the total number of slabs determined from HRTEM images of a 20

sulfided catalyst [71]. In this test, t was always equal to 200.



2.2. Reaction System

HDS of DBT (Sigma-Aldrich, 98 %) and HDN of quinoline (Sigma-Aldrich, 96 %)
were carried out in a flooded-bed reactor (Micro Activity-Reactor Reference, provided by
PID Eng & Tech), operating in upflow mode under different conditions. In a typical trial,
about 0.57 g of catalyst in the oxide form (60-100 mesh) was placed in the central zone of the
reactor and diluted with 0.75 g of silicon carbide. The initial reaction load was composed of
3500 mg kg! of S with varying concentration of quinoline. The solvent used was n-
hexadecane (Cis, Sigma-Aldrich, 99 9%). The specific mass of the feed was equal to
0.773 g. cm™. Before the reaction, the catalysts were sulfided in situ in two steps using a
solution containing 4 wt% of CSz and n-hexane (0.10 mL. min!). The first stage of sulfidation
was performed at 250 °C for 120 min, and the second was conducted at 350 °C for 180 min.
The heating rate was set to 2°C.min!. Reaction samples were collected periodically and
analyzed with an Agilent Gas Chromatograph (7820A model), using a flame ionization
detector and a DB-1 capillary column (60 m long, with 0.32 mm of inner diameter and 0.5

um of film thickness).

2.3. Catalyst Tests

The experiments were performed at temperatures between 240 and 340 °C, while the
H: pressure was kept at 60 bar, the weight hourly space velocity (WHSV) ranged between 14
and 30 h'!, and the concentration of N from quinoline in the feed ranged from 150 to
450 mg.kg! N. The gas/feed ratio was kept constant at 400 (NL.L™'). The hydrogen
concentration in the liquid phase was estimated with HYSYS by a flash calculation using the
Soave-Redlich-Kwong equation of state [72]. The experimental error was evaluated from
replicates obtained at a specific set of reaction conditions for each of the catalysts. A load of

150 mg.kg! of N was used as the replicate condition for both catalysts. For NiMoP, the



replicate condition was set to 280 °C and 22 h™!, while the condition at 310 °C and 16 h™! was
used for the cobalt catalyst. Different experimental conditions were selected to achieve
isoconversion conditions for both materials. This difference in conditions was necessary due

to the low concentrations of non-nitrogen compounds found in the cobalt-promoted catalyst

at 280 °C at 22 h''.

2.4. Estimation of Kinetic Parameters

Parameter estimation was performed with a hybrid numerical procedure that combines
a heuristic and a deterministic method. The heuristic method was based on particle swarm
optimization (PSO). The PSO is an efficient algorithm for the global minimization of the
maximum likelihood objective function, presented in the form of the weighted least squares
function, using the inverse of the experimental variances as weights [73]. As the search for
the minimum value of the objective function is stochastic and does not use the Hessian matrix
of second derivatives, the probability of finding the global minimum is greater than other
deterministic methods [73]. One thousand iterations and 100 particles were used to perform
the PSO. The parameters that consider the individual and group contributions to the speed of
each particle were equal to 1.5, and the factor of inertia was equal to 0.75 [73]. The tolerances
adopted for the model parameters and the objective function were equal to 101° and 10°®,
respectively. The selected deterministic method was the well-known Gauss-Newton
procedure for estimating the parameters of PL models and the Nelder-Mead algorithm for
estimating the parameters of LH models and avoiding the computation of derivatives [74,75].

The adequacy of the obtained models was tested with the help of correlation
coefficients (R) and the chi-square test. The confidence intervals of the model parameters

were obtained with the t-Student distribution for PL models and the Fisher—Snedecor



distribution for LH models with a confidence level of 95 %. Parameter correlations were also
evaluated to examine the strength of the association between pairs of model parameters [63].

In their usual forms, the mathematical structure of the Arrhenius and van't Hoff
equations introduce a high correlation between pre-exponential parameters and activation
energy (or heat of adsorption). This fact makes even more difficult to estimate the correct
values of the model parameters. To circumvent this problem, the reparametrization of the
Arrhenius and van’t Hoff equations were proposed, introducing a reference temperature as

shown below [76]:

Trer
K (K))= (1) 3)
E; (AH;)=RT,b; 4)
Inko; (In K ;)= e®a) ()

where E; and AH,q; are the apparent activation energy of reaction i and adsorption
enthalpy of j, respectively, expressed in J mol!; R is the universal ideal gas constant in J K'!;
T and T, are, respectively, the temperature and the reference temperature, in K; Inkg; and
In K are the logarithms of the pre-exponential factor of the approval of Arrhenius and van't
Hoff and aj, b;, a; and b; are model parameters to be estimated. This reparameterization was
reported previously by Schwaab et al. (2008) [76].

Initially, the reference temperature was calculated as the average temperature of the
experiments. However, an attempt was made to minimize the correlation between parameters
ai and bi through optimization. In order to do that, a standard objective function described in
Equation (6) was defined to reduce the degree of correlation between each pair of parameters.
The optimization of the reference temperatures, therefore, can be performed through the

minimization of the proposed standard form [76]:
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i=1 j=itl

where NP is the number of model parameters, P is the correlation between parameters i and

j, and N is the norm to be minimized. The equations used for calculation of the correlation

between parameters i and j are available in Supplementary Material (Section S4).

3. Results and Discussion

3.1. Characterization Analyses

Mo 3d, Ni 2p and Co 2p XPS profiles corresponding to sulfided CoMoP and NiMoP
catalysts are presented in Figure 2. Mo signals were fitted considering doublets
(corresponding to 3ds» and 3ds» contributions) due to Mo®" (MoOx), Mo®" (MoOxSy) and
Mo*" (MoS2) species with a characteristic separation of 3.2 eV and ratio between spin-orbit
doublet of 0.66. Mo 3ds2 peak for the first set, at 229.0 eV, was assigned to MoS2 (Mo*"); at
232.0 eV was attributed to Mo®"; and other at 230.0 eV was associated with MoSxOy (Figures
2 (A) and 2 (C)) [77]. Meanwhile, the S 2s (226.8 eV) area was deducted.

Regarding Ni (Figure 2 (B)) species, the Ni 2p envelope of the NiMoP catalyst was
decomposed by considering three major contributions, namely NiSx (including Ni3Sz, NioSs
or NiS, with binding energy 852.5 eV), oxidic nickel (binding energy ~856.7 ¢V) and NiMoS
phase (binding energy 854.4 eV). As the energetic resolution of the XPS could hardly allow
the correct decomposition of Ni signals, only the contribution from Ni 2p32 was used in the

fit. Thus, the nickel species analyses should be considered semiquantitatively [78].

11



The fitting of the Co 2p region for catalyst CoMoP (Figure 2 (D)) was also done as
already described for the Ni 2p region. In this case, the spectrum displayed primary satellite
peaks due to shake-up electrons in addition to the main contribution from the Co 2p3/,. Each
Co 2p3» profile was resolved in three components at 783.0, 780.1 and 785.3 eV,

corresponding to highly dispersed Co9Ss, CoMoS and CoOx phases, respectively [79].

12
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Figure 2. XPS profiles corresponding to sulfided CoMoP and NiMoP catalysts: (A) Mo 3d
region of catalyst NiMoP; (B) Ni 2p region of catalyst NiMoP; (C) Mo 3d region of catalyst
CoMoP; (D) Co 2p region of catalyst CoMoP. Colors in parts (A) and (C): Blue - Mo**; purple
— Mo®"; green — Mo®", and light blue — S 2s. Colors in parts (B) and (D): Blue —
NiMoS/CoMoS; purple — Ni**/ Co?*; green — NixSy/CoxSy, and pink and yellow — satellite

peaks.

The amount of each species on the catalyst surface can be quantified as the ratio

between the area of an element and the respective sensitivity factor, according to Eq. (7):
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where n, and n,, are the amounts of species a and b, respectively; A, and A, are the measured
areas of the species a and b; S, and Sy are the sensitivity factors of the atom related to the
species a and b, respectively.

The concentration of the Al 2s region was normalized and the data are summarized in
Table 1. As one can see, most sulfided Mo species exist in both catalysts. However, catalyst
CoMoP exhibited more sulfided species than NiMoP, which is due to a higher Mo content
from the synthesis and agrees with ICP results obtained by Nascimento et al. (2021) [64]. A
significant amount of Ni and Co in oxide form suggests some oxidation of the samples,
probably between sulfidation and the characterization. The degree of promotion (DP) was
calculated by taking the ratio of NiMoS (or CoMoS) species by Mo*" species (Eq. (8)). The
data showed the enhancement of decorated MoS: slabs with Ni in NiMoP catalyst than with
Co in CoMoP catalyst, which suggests the formation of more hydrogenating and active sites,

according to the literature [15].

Table 1. Ni and Mo atomic concentration ratios and degree of promotion (DP) of NiMoP and

CoMoP catalysts.
Ni 2p
Mo 3d
Co 2p
Catalyst P/Al ]ZP
NiS/Al  NiMoS/Al  Ni*"/Al (%)

Mo*' /Al Mo’'/Al  Mo®/Al
CoS/Al CoMoS/Al Co*'/Al

NiMoP 0.030 0.037 0.020 0.001 0.004 0.008 0.06 13.30

CoMoP 0.073 0.027 0.048 0.003 0.006 0.005 0.03  8.20

14
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Figure 3 shows HRTEM micrographs of the sulfided NiMoP and CoMoP catalysts.
Black thread-like fringes correspond to MoS: slabs with different stack heights and lengths
on the Al2O3 surface. The statistical results on the length and stacking distributions can be
found in Table 2. According to the TEM results, the average slab lengths and stacking
numbers were similar for both catalysts, even though the distribution was slightly shifted
towards smaller slabs for NiMoP, when compared to CoMoP. The degree of Mo dispersion
of the slabs was determined by considering that only the edge of MoS: slabs exhibited
catalytic activity [80]. NiMoP displayed the dispersion of 0.30, while CoMoP displayed the
dispersion of 0.33. The similarity in length, stacking and dispersion suggests unremarkable

changes in the catalyst micromorphology.

15
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Figure 3. HRTEM micrographs of CoMoP (A) and NiMoP (B) sulfide catalysts.

Table 2. HRTEM results for NiMoP and CoMoP sulfide catalysts.

NiMoP CoMoP

Relative frequency for slab length (%)

<2 nm 8 0
2—-3nm 31 27
3—4nm 32 31
4 —-5nm 17 30
5—6nm 10 11
> 6 nm 2 1

Relative frequency for stacking layers (%)

1 12 27

2 42 26

3 35 26

4 13 14

>4 4 7

Average slab length, nm 3.6 3.7
Average stacking layers 1.9 1.9
Dispersion degree of Mo species 0.3 0.33

16



3.2. Effects on Conversion and Product Yields

The effects of temperature, WHSV and initial quinoline concentration on DBT and
HDN conversions and product yields are shown in Figure 4. Y~ and Ynn are, respectively,
the yield in nitrogenous and non-nitrogenous compounds. As expected, the increase in
temperature favored the conversion of DBT and HDN for both catalysts (Figures 4 (A), (E),
(D), (M)) [81]. Reaction temperatures below 280 °C resulted in low conversions to non-
nitrogenated products, indicating the strong adsorption of quinoline and its nitrogen-
containing intermediates on the active sites [11,82]. Increasing WHSVs reduced conversions
and yields in HDS and HDN products for both catalysts, as expected (Figures 4 (B), (F), (J),
(N)). However, the overall yield to non-HDN products increased with a shorter contact time
between the reactants and the active sites of the catalyst. Changing the initial nitrogen
concentration also affected the HDS and HDN conversions. An increase in Q concentration
resulted in the decrease of DBT and HDN conversions (Figures 4 (C), (D), (G), (H), (K), (L),
(O), (P)), which constitutes evidence of strong adsorption of nitrogen containing
intermediates on the active sites of the catalysts [83,84]. Under similar reaction conditions,
NiMoP catalyst showed higher HDN conversions than CoMoP, supporting reports that

indicate that Ni catalysts show superior hydrogenating power than Co ones [10].

17
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Figure 4. Effects of process variables on the DBT HDS and Q HDN conversion and product

yields for catalysts CoMoP (Panels (A) to (H)) and NiMoP (Panels (I) to (P)). Temperature:

(A), (E), (I) and (M) evaluated at 22 h'! and 150 mg.kg"! N. WHSV: (B), (F), (J), (N) evaluated

at 280 °C and 150 mg.kg! N. Cq.: (C), (G), (K) and (L) evaluated at 250 °C and 28 h'! and

(D), (H), (L) and (P) evaluated at 310 °C and 16 h™.

3.3. Kinetic Modeling of the Experimental Data

For purposes of reactor modeling, the differential mass balance equations can be

written in the form of Eq. 9:

18



dC;
i_
dr Pu ®

considering steady state conditions, isothermal and isobaric operation, plug flow regime
without existence of radial concentration gradients, one-dimensional model, and constant
volume flow.

For purposes of kinetic modeling, the reaction scheme assumed that DBT reacts
through two routes: DDS and HYD, forming BP and CHB, respectively. Due to its
complexity, the HDN reaction was simplified to convert the nitrogen-containing compounds
directly to denitrogenated species. This approach was adopted in this work given the
complexity of quinoline’s reaction network and many parameters involved in the reaction
scheme, reducing the number of degrees of freedom and making the estimation difficult.
Furthermore, it was a strategy used by Novaes et al. (2015b) [52] when working with real
feedstocks. In that work, the HDN was modeled with a power law model. According to this
proposal, the concentration of molecules without nitrogen is equivalent to the sum of
concentrations of PCH, PCHE, and PB. Initially, the nitrogen concentration comes only from
quinoline. The nitrogen concentration at steady state is the difference between the initial
nitrogen concentration and the concentration of formed nitrogen-containing intermediates.

Moreover, the kinetic modeling assumed that: (i) surface reaction is the limiting step
of the process; (ii) there is only one type of active site; (iii) non-dissociative hydrogen
adsorption; (iv) irreversible and liquid-phase reactions; (v) negligible inhibitory effect caused
by NHs and H2S molecules due to low concentrations in a liquid medium; (vi) constant
hydrogen concentration; (vii) preponderant adsorption constant of nitrogenous compounds
compared to the others; (viii) total active sites, kinetic constant, reagent adsorption constants,

and hydrogen concentration encompassed in a single constant k. Under such hypotheses, a

19



phenomenological model, LHI, and an empirical one, LPI, can be proposed, as well as models
that consider only the consumption of reagent species, LHG and LPG, respectively, and their 3

results are shown in Table 3.
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Table 3. Estimated parameters and statistics for simultaneous DBT HDS and Q HDN on

CoMoP and NiMoP catalysts with different modeling approaches.

CoMoP NiMoP
Model Equation Statistical Statistical
Parameter i Parameter .
metrics metrics
E;=108.7 £ 17.7 5 E;=843+%+7.2 X
Xy = 24.4 Xy = 24.4
dC In kO,l = 26.2 i 3.6 5 In kO,l =20.9 i 1.5 5
DBT :'kaCDBT Xmax = 59.3 Xmax = 59.3
dt Tref,l = 564 Tref,l = 581
LPG Fobj = 96.5 Fobj = 199.7
dCy e E,= 468.8 + 114.4 E,= 150.5 + 13.4
-~ PKonN n, =4 n, =4
dr Inkg, = 98.6 + 23.6 P Inkg, =33.8+238 P
AIC, = 1.2 AIC, =-0.2
Tref,Z = 579 Tref,Z == 584
dCopr . . E,=92.5+ 11.8 E;=50.5+ 3.9
dr | PASDBTPRMDBT  ny ) =219 +24 Inkg; = 13.6 + 0.8
dCpp — ok, Coar Tref1 = 562 Ximin = 77.7 Treg1 = 579 Xmin = 77.7
dt E,=229.7 +22.8 2. = 134.1 E,=274.8 + 6.7 Xy = 134.1
LPI dCdiHB —ok,Cpar Inkg, =471+ 4.5 Fopj = 218.0 Inkg, =567 + 1.4 Fopj = 1223
dc Tref,Z = 583 n,= 6 Tref,Z = 603 n,= 6
N_
g0 PksCy E;=468.1 + 84.8 AIC, = 6.8 E3=173.8113.9 AIC. = 3.4
dCxn Inkgs = 98.5 + 17.5 Inkgs = 38.6 + 2.9
=pk;Cx
dr Tret3 = 579 Trefz = 584
E,=53.3 + 36.6 E,=85.0 + 15.8
In KO,l =14.6 i 7.3 In KO,l =21.2 i 3.3
Trer1 = 565 Xiin = 22.9 Trer1 = 582 X = 22.9
dCppr _ _-px1Cppr E,=1082+359  x2. =569 E,= 146.4 + 18.2 X2iax = 56.9
d (1+K C )2 max max
T NN
LHG Inkg, =25.4 + 7.2 Fobj = 34.7 Inky, =330+ 182  Fyy, = 196.0
dCN -pK2CN
dt  (I+KyCn)? Trer2 = 583 n, =6 Tref2 = 603 n, =6
AH,4sn= 56.5 £ 45.2 AIC. =10.5 AH,4sn= 26.4 £+ 218.7 AIC.=7.0

InKyo=-7.8+9.3

Tref,3 = 553

InKyo=-7.0 +45.2

Tref,Z = 553
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Table 3. Estimated parameters and statistics for simultaneous DBT HDS and Q HDN on
CoMoP and NiMoP catalysts with different modeling approaches (cont.)

CoMoP NiMoP
Model Equation Statistical Statistical
Parameter : Parameter .
metrics metrics
E,;=28.3+ 26.8 E;=20.1+8.0
In KO,l =95 i 5.4 In KO,l =75 i 1.6
dCDBT:‘pKICDBT‘pKZCDBT T = c62 T... —£79
dt (1+KNCN)2 refl — ref,1 —
E, =160.7 + 28.6 E,=255.0 + 8.6
dCBP = PKi CDBT ’ sznin =759 i Xmin = 75.9
dt  (1+KnCp)? Inky,=33.8+5.7 Inkyg, =528+ 17
] X2ax = 131.8 Xax = 131.8
dC x,C Tﬁ2= 83 Tf_2=603
LHI CHB__PX2%-DBT 5 * Fop = 107.3 * Fop = 1144.1
dt  (I+KyCy) E; =98.1 + 26.6 E;=170.5+ 17.5
n, =8 n, =8
dCN _ 'pK3CN In Ko3 = 234 + 5.3 In Ko3 = 38.0+ 3.6
dt (14K Co)2 AIC, = 17.7 AIC,=13.0
(I+KNCY) Trers = 579 ‘ Tre3 = 584 ‘
dCy __ Pl AH,qsn = -74.8 + 289 AH,4sn=-121.0 + 26.5
dt (1+KNCN)2
InKyo=-115+59 InKyo=-23.6 + 6.2
Tref,4 = 553 Tref,4 = 553
dCppr _ _
=-pk,Cppr E;=98.3 +11.8 E = 77.445.1
dr sznin =60.5 sznin = 60.5
{C Inkg,=23.142.4 Inkg;=19.5+1.1
Bk, C Xiay = 111.2 Xax = 111.2
dt I~DBT Tref,1=562 Tref,1=579
LPI* Fob]:1655 Fob]:4555
dCy E,=467.9 +84.8 E,=173.8+13.9
T Pkl n,=4 n,=4
T In kO,Z =98.4 i175 In kO,Z = 386i29
dc AIC,=0.1 AIC,=-1.9
d_NN:kaCN Trer2=579 ‘ Tref2=584 ‘
T
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Table 3. Estimated parameters and statistics for simultaneous DBT HDS and Q HDN on
CoMoP and NiMoP catalysts with different modeling approaches (cont.)

CoMoP NiMoP
Model Equation Statistical Statistical
Parameter ) Parameter .
metrics metrics
dCppr _ _-PK1Cper E;=439426.1  x2, =588  E;=77.6+10.6 XZin = 58.8

dt  (1+KyCy)?
Inwg; =127 £53  yZ., =1089 Inky;=19.6+22 2. =1089
dCgr  pKy1Cppr

- dt  (1+KyCy)? E,=105.9 +26.1 Fobj=66.5 E,=167.9 + 15.2 Fobj=451.6
dCN _ -pKZCN In Ko,2 =249 + 5.3 np:6 In Ko,2 =374+ 3.1 np:6
dt  (14+KyCy)?
AH,4sny=65.4 £ 31.3 AIC=3.6 AH,4sn=18.3 + 184.8 AIC=-0.2
dCyn pK2Cy
T (1+KyCy)? InKy=9.7 £6.4 AIC.=9.2 InKy o =5.0 £+ 38.2 AIC.=5.4
E;=92.4+11.8 E;=50.5 + 3.9
WCoB1_ e ConrepksCogrC
dr | PASDBTPR2MDBTMHZ g, =21.9 +2.4 Inkg; =13.6 +0.8
dCpp " Tref1=562 Xoin = 77.7 Tref1=579 Xoin = 77.7
de =pk;Cpgr
E,=247.4 4231  X%ax = 134.1 E,=265.4 + 7.0 Xoax = 134.1
dC
LPIH CHB =pk,CparCin Inkg,=51.6 +4.6 Fobj=241.5 Inkg,=55.7 +1.4 Fopj=1219.9
i Tret2=583 n,=6 Trer2=603 n,=6
N J—
TPk E;=468.1 +84.8 AIC,=6.6 E3=173.8+13.9 AIC.=3.4
dCNN k ln ko’g :985 i175 ln k0'3 :385 i29
=pk3Cy
dr Trer3=579 Trer3 =584

As the x; constants of the LH models are the result of the product of several constants,
it can be difficult to compare different LH models. When comparing the LPG and LPI models,
it can be noticed that for HDS, the global apparent activation energy (E; in LPG) is found
between the apparent activation energies of each of the reaction routes (E; and E, in LPI),
where E, > E,. Furthermore, it can be noticed that the “global” apparent energy value is
closer to the DDS than HYD route, mainly for CoMoP. This reflects the fact that the

preferential route of HDS is DDS for both catalysts, especially CoMoP.
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When evaluating the same models between the two catalysts, it can be noticed that
CoMoP presents higher apparent activation energies in the “global” route of HDS and HDN,
while NiMoP presents higher apparent activation energies in the HYD route of HDS. This
observation was attributed to the fact that the nickel catalyst can promote the hydrogenation
steps of the HDN reaction more easily. Thus, due to the high adsorption constants, the
nitrogen-containing species do not contain enough energy to desorb, and the HYD route of
HDS is disadvantaged and increases the activation energy of such route.

The Akaike Information Criterion Corrected (AIC,) is a statistical metric used to
compare models of a different number of parameters [85]. It assumes that the model errors
are normally and independently distributed and normalizes the objective function obtained in
the estimation by the number of degrees of freedom in the system (considering the number of
parameters and data points). The AIC, values were calculated for each tested model (Table
3). The obtained AIC, values suggest that Model LHI was the best for catalyst CoMoP (AIC,
17.7) and NiMoP (AIC,13.0). Considering PL models, models with individual HDS reactions
are the best models by the criterion of Akaike for the cobalt catalyst (AIC_6.8) and the nickel
catalyst (AIC.3.4). Correlation coefficients between the experimental and predicted

concentrations of each compound by the LPI and LHI models are described in Table 4.
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Table 4. Correlation coefficients for LPI and LHI models for each catalyst.

Model Compound CoMoP S NiMoP

DBT 0.98 0.94

BP 0.98 0.89

LPI CHB 0.98 0.99
N 0.99 1.00

NN 0.95 0.99

DBT 0.98 0.92

BP 0.98 0.84

LHI CHB 0.98 0.99
N 1.00 1.00

NN 0.98 0.99

LPI for CoMoP and NiMoP and LHI for NiMoP models resulted in final objective
function values that were above the maximum chi-square value. This indicates that the models
were not able to explain the experimental errors, as the average calculated prediction errors
were larger than the experimental ones (although, in principle, the experimental errors might
have also been underestimated). In general, PL models also resulted in final objective function
values above the upper limit of the chi-square distribution, indicating that these models were
not able to explain the experimental deviations satisfactorily [86]. On the other hand, the
correlation coefficients between the experimental and model-predicted concentrations of each
evaluated compound were always larger than 0.9, suggesting that the models presented
satisfactory performances, despite not describing the available experimental data within the
experimental precision, possibly because of the simple proposed kinetic schemes (Table 4).
For this reason, activation energy and pre-exponential factor values were statistically

significant and the parametric correlation matrix did not display strong correlations between
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pairs of model parameters (below 0.7), making the parameter estimates statistically
satisfactory; since the obtained estimates were essentially independent of each other [86].
Experimental data (Section S1 — Tables S1 to S4) and variances (Section S2 — Table S5),
statistical estimation analyses and data-to-model graphs of all evaluated models (LPG, LPI,
LHG, LHI, LPT*, LHI* and LPIH) (Section S3 — Tables S6 to S28 and Figures S1 to S12) can

be found in Supplementary Information.

3.4. Statistical Interpretation of the LHI Model

A more detailed investigation of the parametric correlation matrix of the best model
(LHI) for the CoMoP and NiMoP catalysts (Tables 5 and 6, respectively) highlights that, for
CoMoP, there was a moderate correlation (above 0.7) between the pairs bi-as, bi-b4 and as-ba
and a strong correlation between the pair a2-b2 (above 0.9). In the NiMoP case, there was a
moderate correlation between as-bs4 and a strong correlation between as-bs. These findings
result from the inherent mathematical structure of the proposed model and encourages the use
of reparametrization schemes. It is worth mentioning that alternative reparametrization
strategies of LH model equations that decorrelate the estimated parameters are necessary and

constitutes a gap in the scientific literature.

Table 5. Parametric correlation matrix for the LHI CoMoP model.

al b1 a2 b2 as b3 a4 b4

ar 1.00E+00 -1.15E-02 2.42E-01 4.07E-02 3.83E-01 4.27E-01 2.97E-01 -1.64E-01
b1 -1.15E-02 1.00E+00 5.58E-01 6.62E-01 7.30E-02 5.10E-01 8.72E-01 7.99E-01
a2 2.42E-01 5.58E-01 1.00E+00 9.68E-01 2.15E-01 4.26E-01 5.90E-01 3.67E-01
b2 4.07E-02 6.62E-01 9.68E-01 1.00E+00 1.37E-01 3.79E-01 6.20E-01 4.98E-01
a3 3.83E-01 7.30E-02 2.15E-01 1.37E-01 1.00E+00 -1.99E-01 1.43E-01 -2.14E-01
bs 4.27E-01 5.10E-01 4.26E-01 3.79E-01 -1.99E-01 1.00E+00 6.73E-01 3.81E-01
as 2.97E-01 8.72E-01 5.90E-01 6.20E-01 1.43E-01 6.73E-01 1.00E+00 &.14E-01
bs -1.64E-01 7.99E-01 3.67E-01 4.98E-01 -2.14E-01 3.81E-01 8.14E-01 1.00E+00
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Table 6. Parametric correlation matrix for the LHI NiMoP model.

ai bi

a2

b2 a3

b3

a4 b4

al
b1
az
b2
as
b3
a4
b4

1.00E+00 4.71E-02
4.71E-02 1.00E+00
6.72E-01 -6.31E-01
1.13E-01 6.47E-01
4.10E-01 3.68E-01
2.66E-01 2.43E-01
5.71E-01 6.77E-01
-5.91E-01 -2.13E-01

6.72E-01
-6.31E-01
1.00E+00
-5.14E-01
4.37E-02
2.86E-02
-5.52E-02
-2.66E-01

1.13E-01 4.10E-01
6.47E-01 3.68E-01
-5.14E-01 4.37E-02
1.00E+00 3.48E-01
3.48E-01 1.00E+00
2.26E-01 9.51E-01
5.79E-01 6.55E-01
-3.35E-01 -5.96E-01

2.66E-01
2.43E-01
2.86E-02
2.26E-01
9.51E-01
1.00E+00
4.27E-01
-3.79E-01

5.71E-01
6.77E-01
-5.52E-02
5.79E-01
6.55E-01

-5.91E-01
-2.13E-01
-2.66E-01
-3.35E-01
-5.96E-01
4.27E-01 -3.79E-01
1.00E+00 -7.72E-01
-7.72E-01 1.00E+00

Figures 5 and 6 show the experimental concentrations and respective values predicted

by the LHI model for CoMoP and NiMoP, respectively.
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Figure 5. Concentrations predicted by the LHI model and observed experimentally — CoMoP.
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Figure 6. Concentrations predicted by the LHI model and observed experimentally — NiMoP.

With the mathematical structure of the model and the estimated parameter values,
simulation curves of concentrations calculated as functions of the spatial time were built for
temperatures of 250 °C and 280 °C for feed containing 150 mg.kg™! of initial N for both
catalysts. The experimental points selected for validation, 250 °C, 22 h™! and 150 mg.kg™! and
280 °C, 16 h' and 150 °C, were plotted on the curve, taking into account the experimental

error. Figure 7 illustrates the validation of the LHI model.
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Figure 7. Validation of the LHI model for CoMoP (A and B) and NiMoP (C and D) for two
different operation conditions at 150 mg.kg™! N. Condition 1: 250 °C, 22 h™! and condition 2:
280 °C, 16 h'l.

In this perspective, the LHI model can be admitted as valid in the evaluated
experimental region, as it satisfactorily predicted the obtained results when considering the
prediction and experimental errors. The larger prediction error for CoMoP (Figures 7 (A) and
(B)) was expected, given the higher values of the parametric errors obtained during the
estimation in this case. Furthermore, this can also be due to the larger parametric correlation
when compared to the NiMoP model parameters (Figures 7 (C) and (D)).

The estimation of two new parameters, when considering the CHB formation route in

the kinetic modeling, may be difficult because the experimental concentrations of CHB were
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mostly lower than 0.015 mol.L!. Therefore, the information (input variables) inserted in the
system to infer these parameters is close to zero. Individual models disregarding the formation
of CHB, LPI* (Power Law Individual without CHB) and LHI* (Langmuir Hinshelwood
without CHB). The estimation results are shown in Table 3.

As expected, the obtained CoMoP catalyst model did not provide statistically different
mdomodel outputs. This fact was related to the low concentrations of CHB obtained
experimentally for the cobalt catalyst, bringing little information as an input variable in the
system. However, some differences could be observed for the nickel catalyst since, under
some conditions, CHB reached concentrations close to 0.020 mol.L".

The last investigated model (LPIH) was evaluated by Nascimento et al. (2021) [64]
after the addition of quinoline to the feed. This model is analogous to model LPI but considers
order 1 with respect to the concentration of dissolved hydrogen in the liquid phase. The same
catalysts, feed, and reaction unit were used in the present work. The model assumes order one
with respect to hydrogen in the HDS HYD route. The result of the model estimation is shown
in Table 3. The effect of hydrogen concentration on the modeling of the CHB formation route
resulted in statistically similar model parameters when comparing the LPI and LPIH models
for both catalysts. In general, the presence of quinoline did not affect the estimated values for
the apparent activation energy, when considering the global model (102 + 13 kJ.mol’
(CoMoP) and 94 + 8 kJ.mol! (NiMoP), as proposed by Nascimento et al. (2021) [64], and
109 + 18 kJ.mol! (CoMoP) and 84 + 7 kJl.mol! (NiMoP) in the present work). For the
apparent activation energy of the DDS route, results were also statistically equivalent (100 +
10 kJ.mol! (CoMoP) and 90 £ 7 kJ.mol ™! (NiMoP), as proposed by Nascimento et al. (2021)
[64], and 92 + 12 kJ.mol! (CoMoP) and 50 + 4 kJ.mol! (NiMoP) in the present work).
However, in the HYD route, there was a significant increase of the estimated activation energy

(101 £ 13 kJ.mol™! (CoMoP) and 95 + 8 kJ.mol"! (NiMoP) in Nascimento et al. (2021) [64],
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compared to 230 = 23 kJ.mol™! (CoMoP) and 275 + 7 kJ.mol"! (NiMoP) in the present work),
mainly for the nickel catalyst, reinforcing that the nitrogenous species are adsorbed in the
HYD sites, making more difficult the formation of CHB through the HYD route of the HDS.

Although it is not easy to compare kinetic parameters reported in the literature, given
differences in reactor configurations, reaction conditions, loads, and catalysts of different
compositions, we sought to compare the inferred activation energy and adsorption enthalpy
values at conditions similar to those used in the present work. For HDS of DBT, it could be
noticed that the apparent activation energy values found in the global model were consistent
with those reported by Farag et al. (2000) [27] when studying the HDS kinetics of DBT using
a CoMoP/Al20s3 catalyst (146.4 kJ.mol ') and by Feng et al. (2018) [78] when evaluating the
same reaction in a catalyst promoted by nickel (94.97 kJ.mol ). However, when evaluating
the individual models (LPI), it was noticed that the apparent activation energy for CHB
formation was higher in the present work than the ones reported by Chen et al. (2010) [88]
using a cobalt catalyst (92 kJ.mol!).

Some reports did not use nitrogen-containing molecules simultaneously with DBT,
which could explain some of the observed differences. Apparent activation energy data for
HDN reactions using a CoMoP bed were not found in the literature. However, the values
found by Girgis and Gates (1991) [10] for a NiMo bed were of the same order of magnitude
of the ones obtained in the present work. It is worth mentioning that the global model used
for HDN reactions considers adsorption and inhibition effects coupled to kinetics in
kypn values, so that the obtained apparent activation energy was actually a sum of the
contributions of the activation energies for the reaction and the adsorption enthalpies of the
most adsorbed intermediates at the catalyst sites.

The LHI model predicted statistically significant values for the adsorption enthalpies

of nitrogen for both catalysts. Miller and Hineman (1984) [57] estimated the enthalpy of
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adsorption for quinoline HDN and found the value of -112 kJ.mol!. In the present work, the
adsorption enthalpy of nitrogen-containing species was equal to -74.8 + 28.9 kJ.mol™! and -
121.0 £ 26.5 kJ.mol’!, as estimated for the cobalt and nickel catalysts, respectively. Laredo et
al. (2003) [89] reported the adsorption constant of indole and o-ethylaniline in the presence
of DBT (675 mg.kg' S, 320 °C, and 5.1 MPa). The reported values were equal to 349.2 and
34.1 L.mol !, respectively. The LHI yields an adsorption constant of nitrogen-containing
species of 38.7 L.mol™! under similar conditions, which agrees with the observation made by
Laredo et al. (2001) [90] that the nitrogen-containing intermediates cover the active sites and
are the most difficult to desorb.

In another effort to compare the catalytic activity of the materials used in this work
with others reported in the literature, the turnover frequency (TOF) values were calculated for
different experimental conditions: condition 1 (250 °C, 28 h™!, 150 mg.kg™! N), condition 2
(250 °C, 28 h'!, 450 mg.kg™! N), condition 3 (310 °C, 16 h'!, 150 mg kg™ N), and condition 4
(310 °C, 16 h', 450 mgkg!' N). The LHI model exhibited both physical and statistical
significance when compared to the others and was selected for rate calculations.

The analysis starts by determining the MoS2 concentration in both catalysts, based on
the XPS atomic concentration assigned to [Mo*'] (Eq. 10) and the mass of molybdenum in

the materials (C(Mo)), to evaluate the Cy,s, effective concentration (% w/w) (Eq. 11):

A 4+
[M04+] — Mo*™ /Al (10)
AMo#+ /a1 T AMot+/a1 T AMot+ /a1

where 4; is the atomic concentration of species i, as described by the XPS.

Cmos, = [Mo**] x C(Mo) (11)
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TOF values were then calculated according to Eq. 12 by dividing the n ormalized initial 2

reaction rate (

;) provided by the LHImodel at the specified condition by the number o8

active sites available in the catalysts, as described by Eq. 12 and presented in Table 7.

_ (r]) MMy,
TOFJ- = —CMosz D

where j represents the DDS, HYD and HDN reaction routes, MMy,,is the molar mass of

(12)

molybdenum (95.95 g mol!), and D is the degree of dispersion of Mo species, obtained by

HRTEM.

Table 7. TOF values for CoMoP and NiMoP catalysts for HDS and HDN reactions routes at
different reaction conditions using model LHI.

CoMoP NiMoP
TOFpbps TOFnyD TOFuDN TOFpps TOFuYD TOFuDpN
(h™ (h™ (h™) (h™ (h™) (h™
Cond. 1 0.6 0.0013 0.007 4.8 0.0008 0.008
Cond. 2 0.1 0.0002 0.003 1.6 0.0003 0.008
Cond. 3 6.6 0.3 0.4 17.4 0.7 1.0
Cond. 4 2.7 0.1 0.5 15.8 0.7 2.7

Condition 1 (250 °C, 28 h'!, 150 mg.kg! N); Condition 2 (250 °C, 28 h™!, 450 mg.kg™! N); Condition 3 (310 °C, 16 h!, 150

mg.kg! N), and Condition 4 (310 °C, 16 h'!, 450 mg.kg! N).

One must note that the increase of the initial quinoline concentration under low

conversion conditions (1 and 2) causes a reduction in TOF values for both catalysts, being the

HDS the most affected, with a decrease of about 83 % for CoMoP and 66% for NiMoP.

TOFup~ values dropped about 57 % for CoMoP catalyst and stayed the same for catalyst

NiMoP. At high conversion conditions (3 and 4), the increase of the initial quinoline

concentration led to a decrease in TOFups values of about 60 % for CoMoP and 10 % for

NiMoP catalyst. TOFupn increased for both catalysts, being more significant for the material
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promoted with nickel. The TOFuyp values at high conversions stayed the same for NiMoP.
The results can be rationalized in the following matter: at 250 °C, Kn the adsorption of
nitrogen-containing species is much higher than at 310 °C, which causes both HDS and HDN
reactions to be inhibited by such adsorption. When the temperature rises, the sites become
more available for the reaction and even the HDN reaction occurs more often. The fact that
the TOFuyp values are slightly reduced compared to TOFpps ones supports the hypothesis
that CHB (the HDS hydrogenation product) and HDN compete for active sites of similar
nature. Moreover, one must note that TOF values are bigger for the catalyst promoted by
nickel compared to those obtained for the material promoted by cobalt. This result agrees with
the degree of promotion values in XPS data, which suggests the formation of active sites of
enhanced activity (type II).

Lu et al. (2007) [91] reported 46.8 h'! for HDN of quinoline at 340 °C using a NiMo
catalyst. In the present work, a TOFup~ value of 5.9 h'! was found at the same temperature,
highlighting the differences related to catalyst composition and kinetic models. A similar
trend was observed when comparing the data reported by Braggio et al. (2019) [92] for DBT
HDS in the presence of quinoline. The authors reported TOFups value of 0.53 h™' and TOFupn
value of 0.13 h'! at 245 °C for a NiMo catalyst prepared with citric acid and containing 120
mg.kg! N in the feed. The data obtained here at similar conditions but with 150 mg.kg' N
resulted in values of 3.6 h™! for TOF#ups and 0.004 h™! for TOFupn. The discrepancies observed
in TOF values can be attributed to the fact that TOF values are highly dependent on catalyst
composition, the way reaction rates are determined and how the active sites are dosed.

The competitive and inhibition effects resulting from the presence of quinoline in the
feed were also analyzed by comparing the data obtained here with those previously by
Nascimento et al. (2021) [64] using the same catalysts but with a feed containing DBT only.

TOFups values were calculated at 270 °C, 60 bar, and 8 h'! for both catalysts in the presence
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and absence of quinoline (Table 8). One can observe the decrease of the HDS rate constant
for both catalysts when quinoline was added because of the competition for the active sites.
TOFups values follow the same trend, according to the competition and inhibition caused by

the presence of nitrogen-containing species in the feedstock.

Table 8. TOF values for CoMoP and NiMoP catalysts at 270 °C and 8 h! using the LPG

model.
CoMoP NiMoP
kips TOFupso TOFupno | knps TOFupso TOFupno
Nascimento », | ¢ s - 1201 131 ;
et al.
This work 8.3 2.9 0.0002 | 9.3 6.0 0.1

CDBT,O [:] CbBT [:] mmol L'I; kups [:] Lh'! kg'l; TOFHDS,O [:] TOFups [:] h!

4. Conclusions

The kinetic study performed for the simultaneous reactions of DBT HDS and
quinoline HDN showed that the quinoline HDN and the HDS HYD pathway occur at the
hydrogenation sites of the evaluated catalysts. Furthermore, it was shown that the catalyst
promoted by nickel presented higher hydrogenating power than cobalt.

The statistical analyses indicated that the kinetic parameters estimated for Langmuir-
Hinshelwood models could be strongly correlated due to the intrinsic mathematical structure
of these models, even after reparameterization and optimization of reference temperatures.
Despite that, the model parameters yielded good fits in terms of the correlation coefficient
between experimental and calculated data and according to independent data validation.

Finally, TOF values were calculated, highlighting how adsorption and competition
between nitrogen-containing compounds and sulfur-containing compounds can affect
reaction pathways. The proposed analyses showed that a catalyst with more hydrogenating

power is also more capable of performing both HDN and HDS reactions simultaneously.
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