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R. van Zijp, R. Krishna

~

Hydrocracking feedstocks contain a wide variation in the
concentration of various compunds types, i.e. paraffins,
mono- and poly-cyclo paraffins and mono- and cyclo-
aromatics. Typical hydrocracking feedstocks, like vacuum
gasoil (VGO) and coker gasoil (CGO) contain large frac-
tions of mono- and polyaromatics (approx. 50 %). On a bi-
functional catalyst, i.e. hydrogenation and cracking sites,
the aromatic rings is subsequent hydrogenated and
cracked. The hydrocracking kinetic model developed for
aromatic feed on bifunctional catalyst is based on the indi-
vidual steps of both hydrogenation and cracking. Under
steady state process conditions the rate equation of both
reactions can be reduced to first order kinetics in respect
to the reactant organic compounds. The developed kinetic
model predicts the yield of a hydrocracking aromatic ki-
netic scheme containing 15 pseudo-components as func-
tion of residence time.

N

Introduction

Hydrocracking is one of the most versitale processing steps
available to modern refineries. The flexibility of hydrocracking
is emphasized by the number of treated feedstocks and the va-
riety of obtained products, as shown in table /. The hydro car-
bon feed to be cracked represents a spectrum of pure hydro-
carbons of molecular weights ranging from 100-500 and of
varying proportions of paraffins, aromatics and naphthenes.
This variation in compound type distribution has a significant
influence on the design and operation of a hydrocracker.

Table I: Typical hydrocracking feedstocks and products

-

Ausgangsstoffe fir den Hydrocracker enthalten eine Reihe
von Verbindungstypen (Paraffine, Mono- und Polycyclo-
Paraffine, Mono- und Cycloaromaten) in unterschiedlicher
Konzentration. Typische Produkte wie Vakuumgasél (VGO)
und Kokergasél (CGO) enthalten einen hohen Anteil an
Mono- und Polyaromaten (ca. 50 %). Ein bifunktionaler Ka-
talysator mit entsprechenden Aktivzentren bewirkt Hydrie-
rung und Cracken des Aromatenrings nacheinander. Das
kinetische Modell fiir Hydrocrackung eines aromatischen
Ausgangsstoffes auf einen bifunktionalen Katalysator be-
ruht auf die beiden genannten Reaktionsschritte. Unter
Gleichgewichtsbedingungen handelts es sich in beiden
Féllen um eine Reaktion 1. Ordnung. Das kinetische Mo-
dell erméglicht die Vorhersage der Ausbeute eines Sche-
mas mit 15 Pseudokomponenten als Funktion der Verweil-
zeit.

N

/

next to the yield. The model components are to be classified to
the quality criteria of products, like the octane number of gaso-
line, the cetane number of diesel and the smoke point of jet
fuel.

The hydrocracking catalyst is a careful combination of hydro-
genation and the cracking components, as shown in table /.
The cracking component, for example amorphous silica-
alumina or zeolite provides the acidic function. The hydrogena-
tion components are noble metals (Pt, Pd) or non noble metals
(Ni, Mo, W). The developed model is based on individual steps
of both hydrogenation and cracking on a bifunctional catalyst.

Table li: Bifunctional hydrocracking catalyst

Cracked Naphtha Petrochemical feedstocks

S N

AEM o

Since 1960 a number of kinetic models to predict hydrocracker
yields are developed, based on boiling distributions [1, 2, 3] or
the definition of pseudo components of feed and product [4, 5,
6]. Except the yield of the various products, refiners are inte-
rested in the obtained quality. The model presented is a first
step to come to a quality prediction of hydrocracking products
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Feed Products Hydrogenation function - Acidic function

Straight Run Gas Oils LPG ) { NiMo Al205 l

Vacuum Gas Oils Motor Gasolines Increasing | Ni/w Al,Os/halogen | Increas-
Fluid Catalytic Cracking Oils Reformer Feeds hydrogenation - | Pt/Pd _ ing
Coker Gas Oil Aviation Turbine Fuels power d SiO/ALO; 4 acidity
Thermally Cracked Stocks Diesel Fuels Zeolte

Solvent Deasphalted Residual | Heating Oils .,

Oils Solvent and thinners )

Straight Run Naphtha Lube Oils

" The developed kinetic model

The hydrocracking reaction scheme of aromatics as shown in
figure 1. is proposed by Laux et al. [5]. The horizontal reactions
in the scheme are the cracking reactions, while the vertical re-
actions are the hydrogenation reactions. Calculations of the
thermo-dynamic fundamental equation confirmed that only the
reaction of mono-aromatics to naphthenes is reversible under
hydrocracking process conditions (P > 15 MPa, T 350—-450°C)
[5]. Qader et al. [1, 7] concluded on the apparent activation
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energy, that for pressures higher than 12 MPa the surface reac-
tion is the rate controlling.

The overall reaction rate for hydrogenation and cracking can
be represented by:

Hydrogenation: AiNj +vH; < A(i.v/g) N(j.H,;g) (v=10,2,46etc.)
Cracking: AiNj = A;N(j.” +

The subsequent hydrocracking reactions taking place on a bi-
functional catalyst is illustrated in figure 2.

The kinetic model is based on the following assumptions:

— Uniform adsorptive hydrogenation and cracking sites.
Unimolecular layer of adsorbate on the catalyst surface.
Existance of an adsorption and desorption quasi equilibrium
of the various compounds on the catalyst surface.

Surface reaction rate determining [7].

All surface reactions are irreversible [5].

Isothermal over the reactor
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Figure 1: The hydrocracker reaction scheme of aromatics
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Figure 2: Visualization hydrocracking surface reaction

Hydrogenation individual steps

Rates of bimolecular reactions controlled by chemical reac-
tions taking place at the catalyst surface are known to occur
due to the interaction of two reactant molecules adsorbed on
neighboring active sites according to the mechanism by Lang-
muir and Hinselwood.

The individual steps of hydrogenation are:

AN; +S s AN;-S (adsorption, Ka=Kka/k.5)
H, +28 < 2H-8 (adsorption, Ky=kn/k.;)
AN;-S + 4H-8 — Ai4Nj;4-S +4S (surface reaction, K;)
Ai.1N;41-S s AN+ S (desorption of product,

KD=kd/k.d)
If the surface reaction is rate controlling and irreversible the
disappearance due to hydrogenation of the aromatic com-
pound AN; is:
-r(AN)) = -rs = K [AN;-S]-[H-ST* (1)

The equilibrium relations are:
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Ka=[AN;-SI/([AN;]-:C,) ...7— [ANi-S] = Ka[AN}]-C, (2)
Ku=[H-S]?/([H]-C,?) - [H-S] = (Ka[HD)"C, (3)

KD=([Ai-1Nj+1]'Cv)/[Ai-1Nj+1'S] - [Ai-1Nj+1'S] = KD-1'[AE—1Nj+1]’Cv (4)

where C, is the surface concentration of vacant sites.
Using Egs. 2 and 3 in 1 results in:

-r(AN)) = Kg'Ka[AN}]-Cy-Kp?[Ha]2Ch* = Kg'Ka -
[H2]? - [AN]]

KH2 . CVS .
(5)

In addition, a relation for the total quantity active hydrogena-
tion sites C; is:

m=4 n=m‘
Co=[SI+[H-SI+ £ 3 [ANn-S] (6)
Using Egs. 2 and 3 in 6 results in:
C,= = @)

m=4 n=m

1+ VKy[Hz] + 21 5{) KA,AnNm'[AnNm]‘

The rate of disappearance of AiN; can be written Eq. 5 using
Eq. 7, as:

__dAN  _ o KsKa K&-CY [Hol* [AN] (8)
d t i m=4 n=m
(1 + VKy[H2] + ?1 E KA,A,,N,,.‘[AnNm])

Due to the high excess of hydrogen, the concentration over the
reactor can be assumed constant. Under steady state condi-
tions the vacant site concentration can be considered con-
stant. The rate equation (8) is reduced to a first order equation
by introducing the observed rate constant (K ):

-r(AiN;)) = Ky, obs. - [AiN;] @)

Where,

oo = KSKA-KE(;C?'[Hz]2 (10)
(1 +m + ’“2_:‘ Eo KA,A,.Nm'[AnNm])

= Kg'Ka-K&-CS[Ha]?

Cracking individual steps
The individual steps of cracking, as shown in figure 2, are:

AiNj +8 s AiNj-S*
AiNj'S‘V -> AiNj.1 + P+ S*

Occurrence of ring opening, skeletal rearrangement, isomer-
ization and cleavage on the acid sites of AiN; results in the de-
sorption of the cracked compound and a paraffin/olefin. If the
surface reaction is rate controlling and irreversible, the disap-
pearance of the aromatic compound due to cracking is:

(adsorption, Ky* = Ka/K.a)
(surface reaction,Kg*)

(AN} = -rs = Ks* - [AN-57] (1)
The equilibrium relation is:
Ka™ = [AN-S*I/([AIN]]-Cy*) — [AN;-8™] = Kp* - ANjJ-C* (12)

where C,* is the surface concentration of vacant cracking sites.
Using Egs. 11 and 12 results in:

T(AN) = Ks'Ka [AN]][S] = Ks™Ka™C**[AN]] (13)
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In addition, a relation for the total active cracking sites C,* is:

m=4 n=m-1

Ci=[S"1+2 X

m=1 n=0

{AsNm-n =5 (14)

Using Eqs. 12 and 14 results in:

. . C
Cv = . |:n=4 n=m~1 = (15)
1453 KanseTAacd

The rate of dissappearance of AN; can be written from Eq. 13
using Eq. 15, as:

d AN;
d—{L = ~Tan,

_ Ks-Ka-Cr-[AN]] (16)
m=4 n=m-n
1+3 3 K.A,AnNm_n'[AnNm-n]'

m=1 n=0

Under steady state conditions the vacant sites can be consi-
dered constant, by introducing the observed cracking rate con-
stant K, o»s the cracking rate equation is reduced to first order
kinetics: . :

r(AiN)) = K¢, obs. - [AiNj] (17)
Where,

Ks-Ka-Ci MR
Kc,obs.= S At = Ks-Ka-C, (18)

m=4 a=m-n

1+3 3 K’A,A,\Nm.n‘[AnNm—n]

m=1 n=0

The disappearance of component AN; in a hydrocracker is a
combination of hydrogenation and cracking of the component.

-r(AN)) = -1y + (-rc) = K, obs - [AN]] + K. obs = [ANj] = (K, obs +
Kc, obs) ' [AiNj] = KHC, obs ° [AiNj]
The developed first order kinetics for the hydrocracking reac-

tion was also concluded by experimental work by Qader et al.
[1, 7] and Hisamitsu [8] for various feedstock types.

Rate equations

The rate equations of the 15 components of the reaction
scheme are a combination of hydrogenation and cracking first
order equations, respecitvely represented by rq to ryp and rqy to
F20-

—1(Aa) =r

—r(AsNy) =TI +r =

—r(Az) =TIs —I'n

—r(AzNy) =r3 4TI —r
—r(AzN,) =15 +rfs —TIs —lq
—r(Az) =Tg - T1s

—r(A1N3) =r, +ra —TI;
—r(A1N3) =TIy +re —fg =TI
—r(AsNy) =Ty +rg —rg — Tl
—r(Ay) =To — s

—r(Ng) =T34 —Ig

—r(Ng) =l —Ifz —Ia
—r(Ng) =fg —Tp —Ty
—r(Ny) =Ty —Ip —Tpg
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The rate equations are first order differential equations of the
form:

My -
ax TPr=Q

By multiplying through with the integrating factor &/®* the solu-
tion is:

v - e/P* = [Qe/P¥* - dx + constant

The constant of integration is determined by the definition of
the initial condition, i. e. [AiN;] = [AiN]]o at t = 0. The final equa-
tions expressed in molar units are to be converted to more
commonly used units of weight fraction yield in respect to the
feed of the reactor. The relation between the weight fraction to
the molar concentration is: [AiNj]] = y - o/My, aiN;. Substitution
of this equation in the final concentration expressions results in
a total of 15 equation of the form:

y(A,N]) = C1'eKﬂ‘t + Cg'eKﬂt +...+ Cn : eKv'

where the constant C; is a mathematical relation of the ratio of -
rate constants, the initial weight fraction and the molar weight.

Kinetic simulations

To calculate the yield change, it is necessary to define the aver-
age molar weight, the weight fraction of the pseudo-
components and the 20 rate constants of the kinetic scheme.
The average molar weight of the pseudo-component is neces-
sary to calculate relative weight change, due to the hydrogena-
tion or cracking of the reactant molecules. In the kinetic pro-
gram the molar weights of the non-alkylated molecules were
used.

The composition of hydrocracker feed was determined in detail
by Yan [9]. Table Il illustrates the composition of fresh feed
(20.4 wt% light coker gasoil, 12.4 wt% heavy gas-oil, 19.3 wi%
light catalytic cracker gas-oil and 47.9 wt% heavy cracker gas-
oil) and of the fractionator bottom ("unconverted”). Based on a
mixture of fresh feed and recycle bottoms, as shown in table
11, the weight fractions of the pseudo-components were estim-
ated.

The applied Arrhenius equations, specified by the frequency
factor ko (h™') and the activation energy (AE kJ/mol), in the sim-
ulation are shown in table /V. In the model by Turek [4], the hy-
drogenation and cracking rate constants of vacuum residue
were identified. According to Stangeland [3] the reaction rate
constant K increases as the boiling point increases, this due to
the fact that in general, heavier hydrocarbons adsorb more
strongly and react faster than do lighter ones. For mixtures of
compounds, there is an additional effect of adsorption on rel-
ative reaction rates. Maxwell [10] concluded that poly aromatic
structures are faster hydrogenated then mono aromatic struc-
tures. Paraffins, especially straight chain compounds, show a
significant lower activity than cyclo-paraffins [11].

The yield change as function of the residence time was calcul-
ated for the pseudo components at a reactor temperature of
400°C, as shown in figure 3. The decrease of residual aromat-
ics, the aromatic pseudo-components (Ay4, A3, Az, A4), is contin-
uous. The partial hydrogenated components (AN;) all show a
maximum, while the paraffine content is constant.

By adjusting the bed temperature of the hydrocracker the yield
of the different products can be varied over a broad range [1].
In figure 4. and 5. the yield change at resp. a reactor tempera-
ture of 400 and 450°C is shown. The pseudo-components are
clustered by aromatic-ring content and by the total ring con-
tent, representing respectively the hydrogenation activity (top
graph) and the cracking activity (bottom graph).

At a bed temperature of 400°C both hydrogenation and crack-
ing activity are low. Increasing the temperature to 450°C re-
sults in a significant enhanced hydrogenation and cracking ac-
tivity are low. At elevated temperatures there is a distinct in-
crease in paraffin content.
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Figure 3: The yield change of 15 pseudo components vs space time. At a
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Table llI: Detailed analyses of hydrocracker feedstock
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Figure 4: Yield at a reactor temperature of 400°C

Component Fresh feed Recycle Pseudo-component Feed composition used in the
[wt%] feed kinetic model [wt%]
[Wt°/o]
5* ring aromatics 1.9 5.1
5* ring naphthenes - 10.4
4 ring aromatics 2.6 2.9 Ay 7.3
4 ring naphthenes 4.4 11.9 Ny 5.9
'3 ring aromatics 5.9 4.7 AsN, 3.0
As 2.7
3 ring naphthenes 7.5 11.9 N3 ’ 8.4
2 ring aromatics 22.7 9.0 AN, 10.0
AsN, 6.1
A, 4.0
2 ring naphthenes 9.7 12.5 N, 10.3
1 ring aromatics 10.4 4.2 ANz 3.2
AN, 25
AN, 2.0
A, 1.5
1 ring naphthenes 10.8 10.4 N4 10.7
Paraffins 23.8 17.0 P 22.4
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Figure 5: Yield at a reactor temperature of 450°C

Table 1V: The applied Arrhenius equation in the developed model

Reaction - | Rate constant equation [h™"] |
?

hydrogenation

Ay - AsN; Ky = 2.97 108 - @~ 105/RD

AsNy  — AzNp K, = 2.82 108 - @~ 1054BT).

ANy — AiNg Ky = 2.54 108 - ¢~ 105/RT)

AN — N, K, = 1.33 108 - g~105/RD)

As = AN Ks = 2.03 108 - g~ 108AD)

ANy — AN, Ks = 1.52 108 - @ 105/RT)

ANz —  Ns K; = 1.06 10° - @~"05/RD

A = AN Ke = 9.58 107 - ™ 10%/RD

ANy - Ny Ko = 7.67 107 - @~ 108/(RT)

Ay — N4 Ky = 5.36 107 - @~ 105/RT)

cracking ;

AsNy — As Ky = 1.52 105 - g~209/(RT)

AN = AN, Kiz = 1.22 105 - @~209/D)

AN — AN, Kyg = 0.54 105 - ¢~209/(RT)

Ng = Ng Kis = 2.75 1013 - @™ 194RD)

ANy - Az Kis = 0.36 105 - g~209/RT)

ANy - AN, Kis = 0.32 105 - @~209/(RD)

Ng = N ' Kq7 = 2.20 103 - @~ 190/RT)

ANy — Ay Ky = 0.29 105 - g~209/(RT)

N - N ‘Ko = 1.90 10" . ¢80T

Ne - P° ' Kzo = 1.60 103 - 7"
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Conclusion

The description of the individual step results for both hydro-
genation and cracking in a first order rate equation in respect
to the reactant organic compound, assuming a constant hydro-
gen concentration and quasi-equilibrium adsorption and de-
sorption of the molecules interacting with the catalyst surface:
This is equal to the observed order for hydrocracking by Qader
[1, 7] and Hisamitsu [8].

Two major suppositions in the kinetic model are; all reaction ir-
reversible and a rate controlling surface reaction. These are
correct for hydrogen pressures of 15 MPa or higher.

The true rate constant of the reactions in the model are to be
identified, experiments with model components will be neces-
sary to determine the rate constants. The results generated by
the model have to be compared with the results obtained in a
commercial or bench scale hydrocracker reactor. the devel-
oped model hydrocracker kinetic model for aromatic feeds-
tocks is the first step to come to quality prediction. For instance
the content of mono-aromatics in the product is a component
with a high octane number.
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Nomenclature . ... ..
A | Aromatic
Ci Total active hydrogenation sites mol/m? catalyst
Ci Total active cracking sites mol/m® catalyst

Gy Vacant hydrogenation sites mol/m? catalyst
C, Vacant cracking sites mol/m?® catalyst
AE | Activation energy J.mol™! {
Ka Equilibrium constant of the reactant molecules
Ky Equilibrium constant of hydrogen ’
Ks Surface reaction constant h!
Keobs | Observed cracking constant Tht TG
Kucors | Observed hydrocracking constant h! :
Knobs | Observed hydrogenation constant R
M,; | Molar weight g.mol™!
N Naphthene
—r | Reaction rate equation mol.I"".h""" "}
— 1 | Reaction rate equation due to hydrogenation | mol.I"*.h~" :
— 1. | Reaction rate equation due to cracking mol.I"th™" 4t
R Ideal gas law constant JmolT K" L
S Hydrogenation site ’ ‘ ’
s Cracking site
t Time h
T Absolute temperature K
Yi Weight fraction i wi% 3
fi] Concentration of component i mol.I™" i
[ Specific gravity of the feed g.ml~?
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