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1. Abstract

As the hydrodesulfurization (HDS) of diesel achieves ultra-deepness, our understanding of its
kinetics is still far from in-depth. Therefore, herein, two lumped kinetic models for the ultra-
deep hydrodesulfurization (UHDS) and hydrodenitrogenation (HDN) are established based on
experiments under a wide range of operating conditions. Meanwhile, a four-lump kinetic model
of the aromatic hydrosaturation (AHS) is erected. Our kinetic models disclose thermodynamic
decisiveness in UHDS, which is unreachable beyond a temperature upper limit or a pressure
lower limit. We also reveals the unexpected temperature dependence of nitrogen inhibition to
HDS, for less than 300°C the nitrogen inhibition becomes even more potent despite nitrogen
removal by HDN reactions. Subsequently, the HDS kinetics of total sulfur are deciphered as
multi stages exist in the whole reaction coordinate. Accordingly, a four-stage conceptual model
involving mechanism and rate laws is proposed to offer a better understanding of nitrogen

inhibition, thermodynamics and kinetics in UHDS.
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2. Introduction

Stringent constraints on diesel sulfur (<10ppm)' coupled with more refractory diesel feedstock,
e.g. light catalytic cycle oil, in which carbazole and its alkyl derivatives dominate nitrogenous
species?, have brought new research emphasis on the kinetics of diesel ultra-deep
hydrodesulfurization (UHDS). On the one hand, the competition between HDS and
hydrodenitrogenation (HDN) becomes the most significant among compounds in diesel**. On
the other hand, the substituted dibenzothiophenes turn into the predominant sulfurous
compounds.

Under the forgoing emphasis, there are two extreme approaches to model HDS reactions. One
is the traditional simple power law model of one lump, which is not detailed enough to
accurately interpret reaction pathways of UHDS>%’. The other is the kinetic model based on a
structural method®, which could even offer details of molecules with relatively high accuracy
guaranteed by essentially infinite lumps. But such a complex model overshoots the industrial
problems in diesel hydrotreating since what really matters is whether total sulfur, rather than
individual sulfur molecules, could be reduced below the constraint or not. As an intermediate,
kinetic models of multi-lumps were proposed®!®!!. Despite their integration with the state-of-
art sulfur characterization techniques, these models failed to consider the competition between
simultaneous HDS and HDN, which would falsify the real kinetics'?.

As a new emphasis, the research on the HDN and its competition with HDS is lacking,
especially for carbazoles®!>!4, While the reaction network for the HDN of carbazoles has long
been established by Nagai et al.!®in 1980, by now a corresponding kinetic model has not been
reported, which is not commensurate with the predominance of carbazoles in refractory diesel.

Similarly, though the nitrogen inhibition has been well-studied, most of them were conducted



in steady-state and with little removal of nitrogenous species!®!”. Noticing this problem, Ho et
al.!® studied the nitrogen inhibition in simultaneous HDS and HDN, but they used the pure
model compounds, which may be inapplicable to diesel hydrotreating under industrial
conditions.

Apart from the issues above, the role of thermodynamic equilibria in UHDS have to be
addressed as well due to the reversibility of the preferred hydrogenation pathways for HDS of
refractory sulfurs. Some researchers!'?!° thought no thermodynamic limitation on overall HDS
reactions based on theoretical analysis or experiments with model compounds. However, in
UHDS, the kinetic control would transform to thermodynamic control. At this time the analysis
on the chemical equilibria from experiments of real diesel is necessary.

The present research aims better understanding the thermodynamic, kinetic, and nitrogen
inhibition in UHDS by developing two kinetic models based on the detailed analytic results of
sulfurous and nitrogenous compounds in diesel. For HDN, a mechanistic kinetic model of two
lumps is introduced and integrated with kinetic models of HDS to quantify the dynamic
nitrogen inhibition effects. For HDS, the sulfurous compounds in diesel are classified into three
lumps to replace our previous one-lump and two-region kinetics?® for its discontinuity. Finally,
a set of kinetic models for diesel hydrotreating, including UHDS, HDN and aromatic
hydrosaturation (AHS), are developed by fully interpreting our hydrotreating experiments

under a wide range of pressure, temperature, space time, and ratio of gas to oil in high-

throughput reactors and thereby estimating the model parameters.

3. Experimental

3.1. Diesel

80% straight-run diesel and 20% light catalytic cycle oil were blended to obtain the feed oil,



whose properties are listed in Table 1.

Table 1. Properties of the diesel feedstock

Properties Values
Density at 20°C (kg/m?3) 858.8
Total nitrogen (ppm=mg/kg) 220

Composition of sulfurous compounds (ppm=mg/kg)

Total sulfur 12000

Thiophenes, alkyl-BTs 5888

DBT, Ci-DBTs, C>-DBTs 2304

4- or(and) 6-substituted DBTs, C3+-DBTs 3808

Composition of diesel (Wt%)

Total aromatics 36.0
Mono-aromatics 16.4
Di-aromatics 17.4
Tri-aromatics 2.2
Paraffins (wt%) 43.2
Naphthenes (wt%) 20.8

Distillation curve (ASTM D-2887-04a)/°C

Initial boiling point (IBP) 210
10% 255
30% 285
50% 299
70% 320
90% 355
Final boiling point (FBP) 383

3.2. Catalyst

A commercial NiMo/y-AlO; catalyst prepared by Sinopec Research Institute of Petroleum

Processing was used in our experiments. Its specific surface area, total volume and average



diameter of pores were 177m?/g, 0.343cm?/g, 7.74nm, respectively. This commercial catalyst
pellets were ground and sieved to collect particle size range of 250-380um for filling the high-

throughput reactors.

3.3. High-throughput reactor system

As shown in Figure 1, our high-throughput reactor system consisted of three sections, i.e.
feeding section, reactor section and sampling section. The reactor section contained several
parallel trickle-bed reactors with an inner parameter of 2.0 mm and various catalyst bed heights.
In each reactor the catalyst bed was sandwiched by two inert layers of SiC particles . The
temperature and pressure inside each reactor were controlled precisely to approach the preset
values. Flowrates of both diesel and hydrogen were stabilized by mass-flow controllers.

During our experiments, diesel was pumped and mixed with compressed pure hydrogen in the
feeding section, then the gas-liquid mixture fed into parallel reactors to form trickle. Once
leaving reactors, the outlet stream of each reactor ran into a gas-liquid separator. The gas
effluent of all reactors was merged and vented through sodium hydroxide aqueous solution for

neutralization. The liquid effluent was sampled for subsequent off-line analyses.
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Figure 1. The schematic of an exemplar high-throughput reactor system

3.4. Experimental runs

With the forgoing setting, catalysts were loaded as example into four parallel trickle-bed
reactors to reach the catalyst bed heights of 38 mm, 73 mm, 108 mm, and 143 mm, respectively.
Prior to each run, the loaded catalysts were presulfurized under 6.4 MPa by vaporized kerosene
solution containing 2% CS; at 250°C for 6 hours and at 320°C for 4 hours longer. Following
the presulfurization, the catalysts were activated by hydrogenated diesel with 685 pg/g sulfur

at 320°C. After 24 hours of activation, the diesel feedstock was switched to the kinetic

experiments, where the time on stream of each experimental run was 72 hours.



In experiments, operating parameters, including temperature, pressure, gas-oil volumetric ratio
Qg ntp/ Q1 liquid superficial velocity u;, LHSV were varied within a wide range.
Details of experimental runs are listed in Table 2.

Table 2. Details of experimental runs

Run T P Qgnre/Q T

No. °C MPa m3/m3 hr

T-1 300

T-2 320

T.3 340 6.4 300 0.18, 0.34, 0.50, 0.67
T-4 360

P-1 4.4

P-2 54

P3 340 6.4 300 0.18, 0.34, 0.50, 0.67
P-4 7.4

U-1 0.11, 0.20, 0.30, 0.40
uU-2 340 6.4 300 0.18, 0.34, 0.50, 0.67
U-3 0.35,0.68, 1.01, 1.33
Q-1 800

Q-2 500

Q-3 340 6.4 300 0.18, 0.34, 0.50, 0.67
Q-4 200

3.5. Analytical techniques of samples

The sulfurous compounds in the diesel before and after hydrotreating were analyzed by Gas
Chromatography-Sulfur Chemiluminescence Detection?! (GC-SCD). Similarly, Gas
Chromatography with Nitrogen chemiluminescence detector?? (GC-NCD) was adopted to
determine nitrogenous compounds. Composition of the diesel was determined by near-infrared
spectroscopy method?3. More details about the analytical techniques and their maximum errors

could be found in supporting information.

4. Formulation of hydrotreating kinetic models

4.1. Vaporization of diesel

3 presents the mole fractions of vaporized feed f estimated by the Aspen Plus simulation

software using equation of state of Redlich-Kong-Soaves?* and flash module under our



experimental conditions. The values in Table 3 are almost identical to those in the experiments
of vapor-liquid equilibrium?®. Under typical conditions for UHDS, diesel vaporizes
significantly even to 50 mol%, which would thin liquid film and concentrate the heavy species
over the solid catalyst to affect the reaction rates®®?’.

Table 3. The mole fractions of vaporized diesel under experimental conditions

Run f Run f Run f
No. mol% No. mol% No. mol%
T-1 11.6 P-1 29.4 Q-1 50.0
T-2 16.0 P-2 25.2 Q-2 34.7
T-3 22.0 P-3 22.0 Q-3 22.0
T-4 30.1 P-4 19.6 Q-4 15.1

To quantify this effect, we correlate the apparent reaction rate constants of HDN and UHDS to

the mole fractions of vaporized feed as expressed by Eq. (1) and (2).

ks, = (L+ fas)kys, (D)

ken, = (1 + fay )k, (2)
where, ag, and @y, are named as vaporization factors to scale the effects of diesel
vaporization to HDS and HDN reactions; k;s, and kf g, are the rate constants of UHDS at f
= 0 or f, respectively; k;y, and kfy, are the rate constants of HDN at /= 0 or f,
respectively.

As proved by Chen et al.?6, diesel vaporization can hardly affect AHS in diesel hydrotreating.

So the effect of diesel vaporization is not considered in kinetic models of AHS.

4.2. The kinetic model of HDN

According to characterization results, carbazole and its derivatives dominate nitrogenous
species in the diesel feed. So HDN reactions in this study are essentially equated with the

nitrogen removals of carbazoles and its alkyl derivatives. For simplicity, carbazole and its alkyl



derivatives are grouped into one lump as Nj.

Similar to quinoline?®, HDN reactions of N in this study appear to be non-first-order. Therefore,
the HDN mechanism of carabazole over NiMo catalyst, rather than the simple power law, is
referred for modelling as shown in Scheme 1%°. It is noted that to trade off model details and
experimental information®’, intermediates of hydrogenation pathway(Step 2-3 reactions in
Scheme 1), i.e. partially hydrogenated carbazoles are lumped into another group as N.

Hydrocarbons
ky

1
Carbazoles(N,) k,

ks
Partially hydrogenated carbazoles(N,) T»Hydrocarbons

Scheme 1. The simplified scheme of hydrodenitrogenation of carbazole and its
derivatives.

It is postulated that adsorption strength of N on active sites for Step 1-3 reactions in Scheme
1 is predominant such that other adsorption terms like those of NH3 and N> lump are negligible.
In initial trials, it is found the non-zero adsorption constant of N in direct HDN(Step 1 reaction
in Scheme 1) can hardly fit the data. So it is further assumed the adsorption equilibrium
constant of N in direct HDN to be 0.

On the basis of above, for each step of reactions in Scheme 1, a Langmuir-Hinshelwood model
is established as Eq. (3) to (5). It is noted that in Eq. (3) to (5), the effects of vaporization are

included according to Eq. (2) with vaporization factors ay,, ay,, Qy,.

r = ksn, CN1P§; (3)
kg, Cn, Py

ry = e Mt (4)
(1+K,Cy,)
ke n.Cy. P

r3 _ f'N3 NZ HZ (5)

(14K,



where K;, K, implies the reactions of hydrogenation and hydrogenolysis take place on two
distinct active sites®!.

The squared denominator terms are also derived from initial trials, where the concentration
profiles of N;, N, produced by a power of 1 in the denominators can barely depict the nitrogen
inhibition on UHDS. The rate constants and adsorption equilibrium constants are expressed by
the Arrehenius equation and Van't Hoff equation, respectively.

Adding Eq.(3) and (5) yields the consumption rate of the total nitrogenous species:

n
kerS CNZPH23

T‘N :kf,N CN Pn1+—
R (14 ke,

(6)

4.3. The kinetic model of HDS

As mentioned in the introduction, The simple power law model with one lump can hardly
simulate the kinetics of UHDS accurately’. Herein, a three-lump kinetic model is designed.
According to the rate constants offered by Ma et al.?2, the sulfurous compounds in the diesel
feed are classified into three lumps named as Si, Sz, and Ss, respectively. And the amount of
each sulfurous lump is determined by characterization of samples from GC-SCD and lumped

as presented in Figure 2.
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Figure 2.The distribution of sulfurous compounds in diesel feed(C1~C6-BT:
benzothiophenes with 1 to 6 carbon substituents, C1~C4-DBT: dibenzothiophenes with
1 to 4 carbon substituents, C5+-DBT: dibenzothiophenes with 5 or more carbon
substituents, 4,6-DBT: dibenzothiophenes with alkyl substituents at 4- or(and) 6-
position).
The lump S; consists of thiophene, benzothiophene (BT) and its alkyl substituted derivatives
(C1~C6-BT). Ma et al*? found that the individual sulfurous compounds in the same lump
behave similar and follow the pseudo-first-order reaction. So the hydrodesulfurization rate of
Siis

s, = ks s, Cs, Py, (7)
where the rate constant is modified according to Eq. (1) with ag,.
Dibenzothiophene (DBT) and dibenzothiophenes (C1~C2-DBT) with two alkyl substituents at
neither 4- nor 6- position make up the lump S,, where predominant HDS reaction pathway is
the direct desulfurization, a pathway resistant to the nitrogen inhibition when the concentration

of nitrogenous species is below 500ppm?*3—°. So similar to the lump Si, UHDS of S; still



follows the first order rate equation, where the rate constant is modified by using Eq. (1) and
as,to get Eq. (8).
15, = krs,Cs, P, (8)
In a typical UHDS condition as 340°C, 6.4MPa, 300 m>stp/m?, 1.5h!, the concentrations of
lump S; and S> will be reduced to extremely low values, which enlarges the relative errors
between simulations and sulfur characterization results. To reduce such errors, we sum up
experiment data for the concentrations of S; and S in each experimental run to produce new
data and regress new data using Eq.(9).
Ts,+s, = kf s Cs Py, + ks, Cs, Py, )

Given their least reactivities, 4- or/and 6- substituted DBTs (4,6-DBT) and heavily substituted
C3+-DBTs constitute the lump S3'°. As the most refractory sulfur lump, the predominant
reaction pathway for HDS at low temperatures(e.g.<340°C) is hydrogenation (HYD) inhibited
by the nitrogenous compounds dominantly*!8, However, the direct desulfurization (DDS),
which is more resistant to nitrogenous compounds than HYD, becomes significant at high
temperatures (e.g.>350°C)*¢. To describe such a dramatic shift in reaction pathway, a rate law
with two terms denoting the DDS and HYD pathway is proposed. The reaction order for the
DDS term(the first term on the left side of Eq.(10)) is assumed to be unity like HDS of S; and
S>. In the term for HYD pathway(the second term on the right side of Eq.(10)), a nitrogen
inhibition denominator with ne as the fitting exponent is introduced according to the study of
nitrogen inhibition effects!” for this lump. The hydrogenation of refractory sulfurous
compounds is a reversible reaction with an equilibrium concentration Cg,(Eq.(11)), whose

derivation shows in the appendix A. Finally, the rate equation is Eq. (10)

K7s(Cs, = C.) prs (10)
(1 + KniCn, + KnzCy,)™ ™

Ts; = kf,53 (Css - CSe)PI-?; +



_ [CS3]0
¢ T 1+ K,Cy,

(1)
where n,,ns are exponents of hydrogen and n, = ng = 0.5 according to our previous
calculation®.

Like other sulfurous compounds, we modify the rate constants in Eq. (10) using Eq. (1) and

!
as,, s, .

4.4. The kinetic model of AHS

The aromatics are classified into four lumps, namely mono-(A1), di-(A2), poly-(A3) aromatics,
and non-aromatic compounds (A4) including both paraffinic and naphthenic compounds. The

hydrogenations of different lumps take place as Scheme 224,

ka3
polyaromatic(A3)+Hy~————= diaromatic(A2)
Kip3
Kao .
diaromatic(A2)+H,<——= monoaromatic(Al)

T
A2

k :
monoaromatic(A1)+H2‘—A;¥Non—aromatlcs(A4)

Kfag
Scheme 2. The hydrogenation reactions of aromatics**

In Scheme 2 the forward reactions and the backward reactions are assigned as first order for

the aromatics 2* to obtain the following rate equations Eq. (12) to (15):

a3 = kaz Cas By — kj3Caz (12)
Taz = kayCazBy, + Ki3Caz — kizCa1 — Kaz Caz By, (13)
a1 = kn1Car By, + khaCar — ki Cag — ko CiBy,) (14)
Tas = K1 Chs — ka1 Ca1 Py (15)

where n,,ng,ng are orders of hydrogen and n, = ng = ng = 0.5 from our previous

calculation?”.



The temperature dependence of rate constants for the forward reactions and dehydrogenation

of A4 in Eq. (12) to (15) are expressed by the Arrhenius equation.
5. The high-throughput reactor model

Since diameters of the reactors and the catalyst are so small, meanwhile velocities of the fluids
in the bed are so high , we use the plug flow reactor model and assume: (1) the reactors are in
isothermal operation; (2) diesel vaporizes only in the inert layer before the catalyst bed; (3) the
hydrogen pressure and the gas velocity stay constant due to very excess hydrogen; (4)
deactivation of catalyst is non-existent; (5) the catalyst is completely and uniformly wetted;
Hereafter, an isothermal pseudo-homogeneous and one-dimensional reactor model for liquid
phase is employed as Eq. (16a).

dc;
d_Tl =1,,i=N,S; +S,, S5, A1, A2, A3, A4 (16a)

The boundary conditions are:
T=0:C; = Co,i =N,S; +5,,535,A1,A2,A3, A4 (16b)
where the molar concentrations of sulfurous compounds, nitrogenous species, and aromatics at

reactor inlet are calculated using Eq.(16c).

Cio = %wi,i = N,S, +S,,S5,A1, A2, A3, A4 (16¢)
i

w; are the measured mass fractions of sulfurous, nitrogenous compounds and aromatics at
reactor inlet. p; is the measured density of diesel under experimental conditions. The relative
molecular weight of Si, Sz, S3, and N are specified as that of their representatives, including
benzothiophene, dibenzothiophene, dibenzothiophene, and carbazole, respectively. Meanwhile,
the relative molecular weight of aromatics A1, A2, A3, A4, are set equal to that of benzene,

naphthalene, anthracene, and diesel sample. The molecular weight of diesel sample is estimated

by API methods?”.



6. Parameter estimation technique

To mitigate the negative effects of any potential outliers, the weighted least absolute error terms
in Eq.(17) are set as the objective functions for parameter estimations of HDN, UHDS and
AHS. The initial values of the rate constants and the activation energies are surmised from
simple first order kinetic models, while the adsorption equilibrium constants and adsorption

energies are initialized randomly.

(17)

15 4
SSEi = Z Z Wip] |(Cip])c o (Cip])exp
k=1 j=1

The interior point method is selected as the optimization method. Then, all parameters are
estimated by self-coded MATLAB programs. The sequence for estimations is HDN before

UHDS and AHS.

7. Results

7.1. Estimated parameters

The activation energies, pre-exponential factors and their 95% confidence intervals are
summarized in Table 4. By parameter estimations, we discover that the parameters n, in Eq.(4)
and kj,, kj; in Eq.(12),(15) are statistically insignificant. Hence, the value of n,, kpq, ka3
are specified as 0, which indicates the thermodynamic equilibria have no limitation on
dehydrogenation reactions of A1 and A3 within 300-360°C.

Besides, in Table 4, all confidence intervals are narrow, which implies statistical significance of
all parameters. Also the values of the energies of activation and adsorption are close to those in

references used the similar feeds®’.



Table 4. Estimated parameters for hydrotreating reactions.

Pre-exponential factor Activation energy ~ Reaction order
Reaction In(A) E n
In(m?/(mol-MPa™)) kJ/mol
Si—~HC*(Eq.(7)) 30.6 +5.6x 1073 106.2 + 2.7 x 1072 1
So—~HC(Eq.(8)) 285+8.0x107* 1069 +3.9 x 1073 1
S;—~HC(HYD) (Eq.(10)) 9.5+ 1.5 % 1072 10.3 £ 7.7 x 1072 0.5
S;—~HC(DDS) (Eq.(10)) 84.8+3.6 x 1072 4075+ 1.7 x 1071 0.5
Ni1—~HC(Eq.(3)) 268+ 1.4x 1072 980+ 7.1x1072 1.3+34x1073
Ni1—~N2(Eq.(4)) 18.2+1.2x 107! 334+48x107' 1.6+13x1073
N>—~HC(Eq.(5)) 33.8+ 1.4 x 1072 130.8+5.8%x 107! 0
A3—A2(Eq.(12)) 7.4+ 4.7 52.4+23.7 0.5
A2—Al1(Eq.(13-14)) 153+ 1.7 x 107! 90.0 £ 0.9 0.5
Al—A2(Eq.(13-14)) 123 +3.3x 107! 828+ 1.7 /
Al—A4(Eq.(15)) 13.9+23x 107! 95.6 £1.2 0.5

*: HC denotes hydrocarbons.

The adsorption equilibrium constants listed in

Table 5 show all of the adsorptions being exothermic and having strong temperature
dependence. By contrast, the temperature dependence of K;(Eq.(4)) and Ky;(Eq.(10)) are
found not statistically significant with the values of K; and Ky, being 52.8m*/mol and 7.7
m>/mol, respectively under experimental conditions. Such a great difference in the temperature
dependence between adsorption of N; and N2 on various active sites is probably caused by

disparities in active sites and basicities of nitrogenous species.



Table S. Estimated adsorption constants of N1 and N2.

Pre-exponential factor Adsorption enthalpy
Adsorption In(B) AHgq4s
In(m?/mol) kJ/mol
N2 adsorption on active sites
81.3+5.6x1072 —407.5+2.8x 1072
for S; hydrogenation(Eq.(10))
N1 adsorption on active sites
94.0 +8.7 x 107! —497.8 £ 4.0

for N2 hydrogenolysis(Eq.(5))

As indicated by similar values of vaporization factors for HDS of S; and S3, and hydrogenolysis
of Nz in Table 6, vaporization of diesel feed has almost the same impact on the rates of these
reactions, which agrees with similar volatilities of S, S3, and N, revealed by their close
chemical structures and molecular weights. Meanwhile in initial trials, the values of the
vaporization factor og ,ay,, oy, approximate 0, which suggests vaporization effect is
negligible to HDS of S; and HDN reactions involving Ni. So we set the value of ag , ay,, ay,

to be 0 directly in the following calculations.



Table 6. Estimated vaporization factors for HDS and HDN reactions.

Reaction Vaporization factor ag,, oy,
S1—~HC(Eq.(7)) 0
S:—~HC(Eq.(8)) 293+19x107*

S;—~HC(HYD) (Eq.(10)) 297 +2.06 x 1073

S;—~HC(DDS) (Eq.(10)) 293+13x1072
N1—HC(Eq.(3)) 0
Ni1—~N2(Eq.(4)) 0
N>—~HC(Eq.(5)) 26 +1.1x107t

7.2. Consistency in trends

Figure 3Figure 5 enumerates the calculated evolution of sulfurous, nitrogenous, aromatic
compounds under all experimental conditions. The calculated results agree well with their

experimental counterparts, which justifies our proposed models.
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Figure 3.The simulated(lines) and experimental(points) concentration profiles of

sulfurous compounds (a) under different temperatures(6.4MPa, 300 m*srp/m?) (b) under

different ratio of gas to oil (6.4MPa, 340°C) (c¢) under different superficial

velocity(6.4MPa, 340°C) (d) under different pressures (300 m*srp/m?3, 340°C).
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Figure 4.The simulated(lines) and experimental(points) concentration profiles of
nitrogenous compounds (a) under different temperatures(6.4MPa, 300 m3srp/m®) (b)
under different ratio of gas to oil (6.4MPa, 340°C) (c¢) under different superficial

velocity(6.4MPa, 340°C) (d) under different pressures (300 m*srp/m?3, 340°C).
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Figure 5.The simulated(lines) and experimental(points) concentration profiles of
hydrocarbon compounds (a) under different temperatures(6.4MPa, 300 m3srp/m?) (b)
under different ratio of gas to o0il(6.4MPa, 340°C) (c) under different superficial
velocity(6.4MPa, 340°C) (d) under different pressures (300 m*srp/m?3, 340°C).

Using the estimated values of parameters in Table 4, we find the rate constant for HYD pathway
in HDS of S; varies very little with temperatures, which is in stark contrast with the drastic
change of DDS rate constant under different temperatures. This trend is consistent with HDS

experiments of 4,6-DBT!-3%3% which further corroborates our proposed models.



7.3. Comparison with experimental results

Figure 6 (a)-(b) compare the model results with their experimental counterparts. All simulated
results of nitrogen, Si, S, and A1~A4 deviate less than 10% from the experimental values. For
Ss, the relative deviation from the experimental values is no more than 15% in non-ultra-deep
regime (>100ppm). The little deviation and the Pearson coefficients close to 1 ensure the high
accuracy of kinetic models. In ultra-deep regime (<10ppm), the magnified plot on the corner

of Figure 6 (a) verifies that our model could predict whether the standard of sulfur in diesel

(<10ppm) could be achieved or not under industrial conditions.
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kinetic models, and UHDS close to ultra-deepness(<10ppm) (b) for AHS kinetic models.

7.4. Sensitivity analyses of parameters

The sensitivity analyses of parameters for all kinetic models are summarized in Figure 7(a)-
(d). All estimated parameters are indeed the optimum point since higher values of objective

functions(the corresponding SSE in Eq.(17)) are presented by their neighboring points.
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Figure 7.The sensitivity analysis of estimated parameters for (a) AHS; (b) UHDS of S;

and Sz; (¢) UHDS of S3; (d) HDN.



8. Discussion

8.1. Thermodynamic limitation on UHDS

The thermodynamic equilibrium plays a role in our experimental and simulated results for the
UHDS as shown in Figure 3(a) to Figure 3(d), where the concentration profiles of the lump S3
suddenly hit a plateau when the UHDS achieves ultra-high conversion at higher temperature
or lower space velocity in Figure 3(a) and Figure 3(c) respectively. Especially when
temperature rises from 340°C to 360°C, the lowest concentration representing the plateau
raises too. This phenomenon agrees to the equilibrium law of exothermic reaction. Therefore,
it is reasonable to believe that chemical equilibrium of the most refractory sulfurous
compounds decides the inferior limit of sulfur removal. In order to unveil the decisiveness of
the equilibrium quantitatively, we predict the equilibrium concentration in UHDS using Eq.(11)

and plot Figure 8.
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Figure 8. The predicted equilibrium concentration of S; vs. temperature under different
pressures.
As shown in Figure 8, with the temperature increase, the equilibrium concentration of sulfurous
compounds could exceed the constraint of 10ppm and thus the UHDS(<10ppm) becomes

thermodynamically impossible. At a medium pressure of 6.4MPa and example temperature



375°C, the equilibrium concentration (i.e. the inferior limit of sulfur removal by HDS) is
10ppm, which means above 375°C, however long the space time is, the UHDS may not be
achieved. While increase of pressure could reduce the equilibrium concentration but this effect
decays as pressure is really low.

Besides the decisive role in the final result of UHDS, the discrepancy in activation energies for
HYD and DDS, as shown in Table 4, reveals that the thermodynamic equilibrium also affect
the selectivity of HDS for S3;. Due to the thermodynamic limitation in HYD pathway, the
apparent activation energy of HYD pathway is significantly reduced!!. Thus, HYD pathway
contributes dominantly to HDS of S3 at low temperatures(<340°C) while the DDS pathway

becomes significant at reactor temperature above 360°C3S,

8.2. Dynamic nitrogen inhibition

As carbazole and its alkyl derivatives(Ni) are hydrogenated considerably under current
conditions, the partially hydrogenated carbazole (N:) as an intermediate exists in a large
amount. Thus, both N1 and N> lump compete with Sulfurous compounds for active sites and
contribute to the nitrogen inhibition to HDS.

Compared with that of non-basic N1 lump, the adsorption of basic N> lump on active sites for
HDS has greater temperature dependence as shown by Rana et al.>. The adsorption equilibrium
constants obtained by calculation from

Table 5 suggest the nitrogen inhibition to HDS is mainly from the m-mode adsorption of N at
temperature above 320°C. But as temperature drops, the main nitrogen inhibition shifts to the
strong interaction with acidic active sites by No.

The calculated concentration profiles of N1 and N2 in Figure 9 show that the concentration of
Ni declines with rate increase caused by decaying self-inhibition, while concentration of the
intermediate N> increases till a peak and contributes to HDN of nitrogenous species

singlehandedly afterwards.
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Figure 9.The concentration profiles of N1, N2, and total nitrogenous species(340°C,
6.4MPa, 300 m3stp/m>).

rs, = k'(Cs, — Cs,) PR (18)
We reparameterize the HYD term in the rate equation Eq.(10) for HDS of S3 as Eq.(18), where
k" is the global reaction rate constant for HYD pathway in HDS of S3. Subsequently, to show
the strength of nitrogen inhibition, ¢ is defined as a nitrogen inhibition factor as Eq.(19).

= k},;:’ — k' (19)

1,83
As defined in Eq.(19), when the inhibition factor is larger, the reduction in the rate constant is
enlarged implying a more potent nitrogen inhibition.
Combining kinetics of HDS and HDN with adsorption constants in
Table 5, we depict the evolution of the inhibition factor in Figure 10. It is shown, above 300°C,
the nitrogen inhibition strength decays in the whole reaction coordinate and inflects in the
middle since inhibition from N1 lump dominates and drops with rate increase as demonstrated
in Figure 9. By contrast, below 300°C, the nitrogen inhibition strength could be unexpectedly
enhanced, rather than decrease. This appears to be counterintuitive since the nitrogen inhibition

strength should have declined with the reducing amount of nitrogenous species removed by

HDN. But it could be explained by our kinetic model(Eq.(10)). Since the dominant inhibitory



nitrogenous species is N at relative low temperature and its concentration increases till a peak

as shown in Figure 9, the nitrogen inhibition factor is then elevated by this increasing part.
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Figure 10.The profiles of the nitrogen inhibition factor under different
temperatures(6.4MPa, 300 m3srp/m>).

The explanation on the temperature dependency of nitrogen inhibition above is further
corroborated by interaction between HDS of S3 and HDN at 300°C. In Figure 11, nevertheless
half of nitrogenous species is removed by HDN, HDS of S3, which is dominantly inhibited by
nitrogenous species, could remain an overall reaction order close to unity instead of being

progressively faster and concaving down!2,
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Figure 11.Interaction between HDS of S3 and HDN of nitrogenous species(300°C,



6.4MPa, 300 m3srp/m?).

8.3. Kinetic behaviors of sulfurous compounds

Combining the simulated results of all sulfur lumps together yields Figure 12, where four

distinct stages can be identified.
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Figure 12. A quantitative picture of hydrodesulfurization.

In the stage 1, the HDS is fast and 60% of total sulfurous compounds is removed in short space
time and the facile Si contributes the most via the predominant direct HDS. Simultaneously,
HDN is going on, but due to strong self-inhibition effect, its rate is not high. When the S; is
exhausted, the rate of HDS slows down and the stage 2 begins. The focus of the stage 2 shifts
to HDN. Note that when N lump is removed partly, the self-inhibition effect slumps and results
in the acceleration of N elimination to almost completion. Since the higher temperature causes
the N1 dominates the nitrogen inhibition effect as mentioned, with the complete removal of Nj,
the nitrogen inhibition effect is also little afterwards. Consequently the HDS enters the stage 3
with the defining feature of its nitrogen-inhibition-free environment. Then the HDS speeds up
and most of refractory S, and S3 is removed via the hydrogenation pathway. However, the high

rate of HDS cannot continue to the end. As explained in section 8.1, the thermodynamic



equilibrium of hydrogenation would take its toll here and bring the last UHDS stage. In this
stage, the total sulfur consists of the most refractory S; and approach the equilibrium
concentration in a decreasing rate. Besides, the kinetic behavior of total sulfur is approximate
to the second order kinetics as proved by Ho et al.*. Despite the low order magnitude of the
equilibrium concentration, it could be decisive in some cases like the high temperature and low
pressure and cannot be ignored. It is noted that at higher temperatures(e.g. 380°C), the 4-stage
model is still applicable with the disappearance of stage 2 due to the significant contribution
of nitrogen-resistant DDS pathway to UHDS.

9. Conclusion

A three-lump kinetic model of UHDS is developed with simultaneous lumping kinetics of HDN
and AHS by fully interpreted experimental data of diesel hydrotreating. By means of these
models, we are able to get insights on thermodynamics, kinetics, and nitrogen inhibition in
UHDS and conclude as follows.

Thermodynamic equilibrium is decisive in the selectivity and final result of UHDS at high
temperature and low pressure, where the amount of sulfurous compounds stagnates at last to
prohibit UHDS and DDS pathway of HDS for substituted dibenzothiophenic compounds
becomes significant.

The nitrogen inhibition in our diesel feed is a tale of two lumps, the carbazole species (N1) and
its partially hydrogenated derivatives (N2). Their adsorption capabilities vary with temperature
dramatically, more N are absorbed on active sites when temperature is above 300°C, and the
opposite is true below 300°C. The strength of nitrogen inhibition to UHDS lowers down as

reactions continue at above 300°C, but goes up even as the N; and N, are consumed in HDN
at below 300°C.

Finally, in UHDS at relative low temperatures(e.g. <340°C), four distinct stages are identified

as having markedly different conditions. In stage 1, the primary HDS reaction is the fast



hydrogenolysis of facile sulfurous compounds including benzothiophenes and thiophenes. As
the rate of HDS reactions drops, stage 2 arrives. In this stage, nitrogenous species extremely
inhibits HDS of the only remaining dibenzothiophenic compounds(DBTs) and thus the focus
of reactions shifts from HDS to HDN. When nitrogenous species is gradually eliminated,
hydrogenation pathway of refractory DBTs picks up the rate. Stage 2 ends when nitrogenous
species is almost completely removed. At that time, the diesel feed enters stage 3 featured as
nitrogen-free environment. In this environment, HDS of DBTs is in the highest rate and close
to the first-order kinetics. However, the kinetic control would transform to thermodynamic
control when hydrogenation of DBTs is close to the equilibrium, which is recognized as stage
4. In this stage, the concentration of most refractory DBTs lowers down asymptotically in a
second-order fashion and hit a plateau decided by the thermodynamic equilibrium. At higher
temperatures(e.g. 380°C), the stage 2 will disappear. This stage-wise model could help the
development of trickle-bed reactors according to the characteristics of different stages.
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11. Nomenclature

f :the mole fraction of vaporized diesel feed Subscript:

R :the reference conditions at
L:the length of catalyst bed, m

340°C
u; = L X LHSV :the superficial liquid velocity, m/s Superscript:

T reaction temperature, K r: the backward reaction

R:the universal gas constant, J/mol-K j: the number of experiment



runs
p: the number of experiments
Py, :the hydrogen pressure, MPa
in one run
C;: the concentration of compound i, mol/m?
T : the space time, h
1;:the reaction rate of i, mol/(m?-s)
ks n,: the reaction rate constant of the reaction for
step 1, s"!(MPa)™ at vaporized feed of f
K;: the adsorption equilibrium constant for Nj in
HDN reactions, m*/mol
(AH_45),:the adsorption enthalpy for N; in active

sites for HDN reactions, kJ/mol

ks s,: the reaction rate constants for DDS of HDS
for Si lump at vaporized feed of f, s"'(MPa)’!

k¢ s,: the reaction rate constant for HYD of S3 lump
at vaporized feed of f, s"!(MPa)?

E;:the activation energy for reaction i, kJ/mol

Ky,: the adsorption equilibrium constant for Nj in
HDN reactions, m*/mol

K,: the equilibrium constant for S3 lump in HDS
reactions, m’/mol

(AHgqs)n,: the adsorption enthalpy for Ni in HDS
reactions, J/mol

k4, : the reaction rate constant for hydrogenation



reaction i,J/mol

SSE;: the objective function for reaction i,mol/m3
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