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ABSTRACT 

An atmospheric residuum from Dagang crude of China(DGAR) and two vacuum residua from 
Arabian Light crude and Arabian Medium crude(SQVR and SZVR) were fractionated into 7-8 
cuts by supercritical fluid extraction fractionation (SFEF) technique developed by State Key 
Laboratory of Heavy Oil Processing. These SFEF fractions were catalytically hydroprocessed in 
a 100 mL autoclave with crushed commercial Ni-Mo catalyst. The HDS and HDN diffusion- 
reaction model of residue in autoclave reactor was established. The diffusion and HDS and HDN 
characteristics of these fractions were discussed. 
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INTRODUCTION 

Because of the increase of heavy oils and bitumen as refinery feedstock and the growing demand 
of amount and quality for light distillate oils, catalytic hydroprocessing of heavy oil plays a 
growingly important role in modem petroleum deeply processing. Considerab!e effort has been 
focused worldwide on characterizing oils from the points of view of feedstock properties and the 
resultant kinetic properties. Much of this effort, however, has been directed at characterizing the 
reaction kinetics of whole oils, and the investigations about the hydroconversion features of 
narrow fractions of heavy oils are scarce. Hoog(l950)[’], Yitzhaki and Aharoni(l988)*’, 
Papayannakos( 198q3’, and Trytten & Gray( 1 990)4’ studied the hydroconversion of narrow 
fractions from distillates. The removal of sulfur and nitrogen as well as conversion of  
aromatic carbon decreases with the increase of average molecular weight(AMW) of feed. 
Although the hydroconversion is affected by its intrinsic reactivity and diffusion property, 
the intrinsic reactivity is the controlling factor of reaction rate, especially for the heavier 
fractions. In a small reactor designed oneself, Dai[51 investigated the resin catalytic 
cracking of each SFEF fraction from Shengli Vacuum residuum. When the total yield of 
extract oil in SFEF is not greater than 78%, the resin in each fraction can be cracked easily 
with a liquid yield of 65-75%. The reactivity of resin is greatly affected by its AMW, the 
greater the AMW of resin is, the poorer the cracking reactivity. 

As a whole, the reaction feature of feed varies with the AMW, or molecular size. Now there 
is not investigation about the hydroconversion characteristics of narrow fractions of 
residuum reported for lack of proper separation method. The SFEF technique developed by 
State Key Laboratory of Heavy Oil Processing affords the possibility to do such a work. In 
this paper, three residua were fractionated into narrow fractions by the SFEF method and 
the hydroconversion characteristics of every fraction were studied at the same conditions, 

EXPERIMENTAL 

Feedstocks Two vacuum residua of Arabian Light crude and Arabian medium crude were 
provided by Fushun Research Institute of Petroleum Processing, and Dagang atmospheric 
residuum came from Dagang refinery. Such three residua were separated respectively into 8 
fractions by the SFEF method. The main properties of each fraction were measured, density 
at 20°C is of 0.8721 to 1.1405g/cm3, AMW of 353-3394, sulfur of 0.101-6.40 m%, nitrogen of 
436-9700 pg/g, WC atomic ratio of 1.40-1.8 1. 

Catalyst A key catalyst used in Chevron VRDS process(CAT1) and another 
catalyst(CAT2) produced in China were chosen in this research. The average pore diameter 
of both catalysts is 33A and 38A, pore volume is 0.45 and 0.39mL/g, and specific surface area is 
275 and 203m2/g.The main metal active components are molybdenum and nickel. Catalyst was 
crushed and sieved into 60/80 mesh particles (average diameter of 0.35mm), and the catalyst 
particles were presulfurized before use in reaction. 

751 



Hydroconversion and Separation The crushed catalyst was presulfurized firstly, washed with 
solvent and dried in a vacuum drying oven. The presulfurized catalyst and sample were charged 
into the autoclave with the ratio of 1 to 10. Reaction conditions were set as follows: 400°C 
8.5Mpa of initial hydrogen pressure, 4 hours and 850rpm of agitation rate. AAer loading the 
catalyst and sample, the system was purged with hydrogen three times, then the temperature was 
increased gradually and the agitator was switched on when the temperature reached from100" - 
150°C. After reaction, the autoclave was taken out from the heating furnace and put it into 
cooling water. When the temperature reaches to about 200"C, the reactor was placed into an 
isothermal water bath of 60°C in order to assure the consistency of sampling conditions and 
avoid or reduce the evaporation of light components in liquid product. While the autoclave 
comes to about 60"C, reactor was connected to a gas ration and sampling system for collecting 
gas prodnct. The in-situ temperature, atmospheric pressure and the collected gas volume were 
recorded. Then the gas product was transferred into a gas sample bag for composition analysis. 
After sampling gas, the reactor was cooled down to ambient temperature, opening the reactor and 
taking immediately a little liquid product into a centrifugal test tube. The catalyst contained in 
the liquid product was deposited on the bottom of the test tube by centrifugation separation in a 
centrifugal machine at 5000rpm for 5 minutes. The upper oil in test tube was transferred to a 
sealed vial for simulated distillation analysis. 

The remaining liquid product and catalyst in reactor was diluted with solvent and transferred into 
a Soxhlet apparatus, then extracted with dichloro-ethane for one hour, finally the extracted liquid 
should be not color. The wet catalyst in the extractor was taken out and placed into a vacuum 
drying oven to dry for coke content and other properties analysis. The extractive was distillated 
at atmospheric pressure to recover the solvent, then the liquid product was transferred into a 
small distillation flask of 150mL and subjected to vacuum distillation to obtain the high boiling 
residue of >350"C for analyzing the sulfur and nitrogen contents, molecular weight, and 
hydrocarbon group composition. 

In the present study, the loss in experiment could be ignorable, and sum of yields of gas , coke 
and liquid product accounted as 100%. Once the gas and coke yields are determined, the yield of 
any distillate can be calculated according to the simulated distillation data of liquid product, 

DIFFUSION-REACTION MODEL 

Reaction Kinetic Model 
described generally as follows: 

The non-homogenous catalytic reaction with order of n can be 

Where, r--amount consumed on unit surface area of catalyst in unit time, mol/(m2. s); 
N--amount of reactant, mol 
&-reaction time, s; 
w,--catalyst weight, g; 
s,--specific surface area of catalyst, m2/g 
c,--.concentration of reactant, mol/m3 ; 
ks--aTparent rate constant for first-order reaction based on the surface area of catalyst, m3" 

/(mol(".' m2. s) 
If the volume of reaction mixture is thought changeless in reaction process, the right end of 
equation above can be written as, 

d ~ ,  1 - d(cm'vr). 1 - VAG 
dt wCsg dt W ~ S ~  wCsg 'd t  

That is, - 

When v, is the volume of reaction mixture(m3). The molar concentration of reactant is converted 

into mass fraction, 

Where, c-the mass fraction of reactant ; 

c, ' M c = - 
P, 

M-molecular weight of reactantdm o 1 ; 
p,-density of reaction mixture at reaction temperatureg/m' . 
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Substitution of the above relation in equation (2) gives, 

In the special case of n=l, equation (3) reduces to 

Integrating equation (4), we get, 

or 
wc ' S g  - In(l -x)  = --k, .t 

V .  

Where x is the conversion of reactantx =(co-c)/ co. Solving the k, From equation (5b) gives 

(6)  k ,  - v, .w- 4 
we 'Sg . I  

Many investigate#] have correlated their experimental data with first-order kinetics for the 
HDS and HDN reactions of residua. In general, the conversions of HDS and HDN are not greater 
then 90% in this study, and the feed with narrow range has similar reactivity for all compounds 
contained in it. For simplicity, HDS and HDN are treated as first-order irreversibly reactions, so 
the apparent rate constants can be calculated by equation (6). 
Diffusion Effect The external diffusion effect on reaction rate is ignorable in the stirred 
autoclave with high agitation speed'71. The effect of reactant migration through catalyst 
micropores on reaction rate can be described by the effectiveness factor, 

'= rate of not slowed by pore difision (7) 
actual reaction rate within pore 

For first-order reaction, the relationships between effectiveness factor and Thiele modulus have 
been proposed for different catalyst shape. 

(8) tJ 
Single cylindrical pore('] q = 

I&) 
O,I*(2$)  

Long cylinder particle['] q = - 

Sphere particle"01 

Where, $ -Thiele modulus, dimensionless 
Vp-volume of catalyst particle, m3 
Ap-external surface area of catalyst particle, m2 
p, -particle density of catalyst, g/ m3 
ki-intrinsic rate constant based on the surface area of catalyst, m / s  
D,-effective diffusion coefficient of reactant, m2/s. 

Although the forms of three equations above for different shape of catalyst particle are different, 
the predicted values of q at the same$ are similar, especially for the case of I+ <4. In the present 
study, equation(l0) for sphere particle was selected to describe the relationship of effectiveness 
factor of HDS and HDN reactions and Thiele modulus. 

Assuming no temperature gradient exists between the external surface and the Center of catalyst 
particle, for first-order irreversible reaction we have, 

for sphere catalyst particle vp = !L 
A" 6 

where 4 is the equivalent sphere diameter(m). Substitution of equation (Il), (12) and (13) in 
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equation (10) gives, 

where, (15) 

If the parameter d,, p,,,s,,v,,w,,rand x in equation (6), (14), (15) are obtained, the apparent 
rate constant k3 can be calculated by equation (6), parameter A can be determined once the 
effective diffusivity is given. Instituting k, and A into eqmtion (141, the intrinsic rate constant, 
k, , can be calculated by N e w m  iteration, and the effectiveness factor, q , will be determined by 
equcitiiion ji2). 

Estimation of Effective Diffusivity For heavy oil hydroconversion, three phases of gas, liquid 
and solid exist simultaneously, the reactant must firstly migrate through the micropores filled 
with liquid to the internal surface of catalyst, and then the catalytic reactions take place there. 
The transport in liquid-filled pores is usually described by a Fickian diffusion relation with a 

effective diffusion coefficient[”] ( D e  = E D b .  When the size of diffusion molecules and the 

pores are of the same order of magnitude, the interaction between the walls and coefficient tends 
to decrease the effective difisivity. It belongs to the configuration diffusion and the effective 
diffusivity can be computed by the equation, 

.I (16) 
De = E D h . F ( h )  

Where D,-effective diffusion coefficient, m2/s; 
Db-bulk diffusion coefficient, m2/s; 
E -catalyst porosity, E = V, . p, ; 
V, -pore volume of catalyst, m3/g 
f -catalyst tortuosity which have a value of 1-6, For catalysts in this study, T was set 

to be equal to 4 according to the reference [‘‘I. 

F(A) is named as restricted diffusion Factor, 
F(h)  = k, . k,[I2]. k, is the ratio between the concentration 
of diffusion molecules inside and outside the pore and .; 060 

depends on A. , the ratio of pore to molecule diameter. For 5 
small solvent molecules, k, satisfies the relation: 2 
k, = (1 - h ) 2 .  When either the solute or the solvent absorb on 
the surface of pore, there is a resistance caused by drag 

Fig.1 F(h)  versus h influence is expressed through the drag coefficient, k, . 
Some relation of F ( h )  and h were summarized in chapter 1 
of reference [13], which are illustrated schematically in figure I .  Figure 1 shows that the 
theoretical model proposed by Renkin is very close to the experiential model developed by Lee 
through the kinetic experiment. Here the Renkin’s relation was chosen to computer the restricted 
diffusion factor. 

I.W 

D 040 

z OW 

O W  

exerted on the moving molecules by the walls. This rabO OW mOleCU,ar OW diame,er 040 to 060 pore 0.89 

F ( h ) = ( 1 - 1 ) 2  ~(1-2.104h+2.09h’-0.95h5), hc0.5 (17) 
Bulk diffusion coefficient is calculated by Stokes-Einstein equation[’41, 

Where, k-Boltzmann constant,l.38x lO-*’J/ K ;  
T-absolute temperature, K; 
d,4 iameter  of spherical solute, m; 
p -viscosity of solvent, Pa. s. 

The empirical relation between the equivalent spherical diameter and the molecular weight was 
selected to estimate the size of reactant[131, 
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In industrial process, all molecules with different size exist in one system with the same viscosity 
of solvent. The viscosity of reactant mixture was estimated to be 1.24 x lo4 Pa .s under 390°C, 
7.6MPa in the study of residuum hydroprocessing. In the present study, every SEFE fraction was 
subject to hydroconversion, then the viscosity of reaction system may be different for different 
fraction. The viscosity of feed and product at reaction conditions was calculated using ASPEN 
software, and the viscosity in equation (1 8) was taken as an average of calculated viscosity of 
feed and product. The deviation of the viscosity for heaviest fractions may be larger for lack of 
distillation data of feed. 

Now, the effective difisivity can be determined through equations (1 9), (1 8), (1 7) and (1 6). 

RESULTS AND DISCUSSION 

The reaction product was classified into two lumps, the heavy lump of >350"C and the light 
lump of <350°C The sulfur and nitrogen in light lump migrated from heavy lump were thought 
removal by hydrogenation Therefore, the conversion of HDS and HDN can be calculated 
according to the distillation data and the element analysis results 

The equivalent spherical diameter, bulk diffusion coefficient, effective difisivity, effectiveness 
factor, apparent and intnnsic rate constant of HDS and HDN were obtained for every SEFE 
fraction in terms of the diffusion-reaction model mentioned above The result was summarized in 
table 1 

Table 1A HDS diffusivities and kinetic parameters of SFEF fractions 
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The molecular size of SFEF fractions is 10-20i and 20-30A for the SEFE residue. The largest 
ratio of diffision molecule diameter to pore diameter is 0.48, which is less than 0.5. In the 
present study conditions, bulk diffisivity is 0.7 - 112 x 10-''m2/s, and the effective diffusivity is 
0.006 - IO x IO-" m2/s. The bulk diffisivity varies within the range of liquid diffisivity for less 
viscous system. The effective diffusivity belongs to the range of configuration [I6]. Fof less 
viscous system the diffisivity agrees with that in reference very well [I7], but for more viscous 
system, no published data can be used to compare. 

The apparent and intrinsic rate constants are 0.76 - 9.25 x m / s  and 158 .- 9.32 x IO-" m / s  
for HDS, and 0.15 - 8.52 x 1 O-I2 m/s and 0.1 6 - 8.58 x 1 0-I2 m/s for HDN. For the same feed, 
HDS reaction rate is always greater than HDN. Which means that the removal of nitrogen is 
more difficult than that of sulfur in heavy oi!. 

The differences of rate constants between HDS and 
HDN for different feeds are shown in figure 2. Such 

fractions than for lighter and heavier fractions. It 
may be ascribed to the difficulty for lighter fraction 
reaching to high conversion of HDS reaction and 
for the removal of sulfur and nitrogen of heavier 
fraction with high aromaticity. Therefore, the 
deeply HDS of lighter fraction is very difficult as 
the HDS and HDN of heavier fraction. 

Figure 3 and 4 shows the relationships of apparent 
and intrinsic rate constant of HDS and HDN and the 
heavy oil characteristic parameter['*], KH, and the 

differences are obviously greater for medium 
8 1w-12 

f 20E-12 

$ 

l j w a e n & d ,  d' 
Fig 2 diffcrencc of HDS and HDN rate 

wnstant versus KH 

m 
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Fig.48 ki versus AMW 
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well as stronger diffusion resi 
factor for HDN reaction. 

CONCLUSION 

Figure 5 is the plots of relationships of effectiveness factors of 
HDS and HDN and the molecular weight of feed. The 
effectiveness factors decrease proportionally with the increase 
of AMW. This means that diffusion effect exists in the present 
reaction conditions, and the heavier the fraction is, the larger 
the molecular size, and the severer the diffusion effect. 

With the increase of fraction AMW, the decrease of intrinsic 
rate constant for HDN is faster than for HDS, but the decrease 
of effectiveness factor for HDN is slower than for HDS. 
Therefor, the poorer HDS and HDN reactivity for heavier 
fractions can be explained by the lower intrinsic reactivity as 
me,  and the decrease of intrinsic reactivity is the controlling 

Through the catalytical hydroconversion of SFEF fractions which properties change in a large 
range, some conclusions were emerged. The diffusion of macromolecule in catalyst micropore 
filled with liquid belongs to configuration diffusion. The HDS and HDN diffusion-reaction 
model of residue in autoclave reactor was established. The intrinsic and apparent rate constants 
of HDS and HDN reaction obtained in terms of the kinetic model decrease quickly and reach to 
stable values with the increase of average molecular weight. HDN rate constant declines faster 
than that of HDS, but the effective factor of HDS decreases more quickly than that of HDN. It 
means that the low conversion of HDS and HDN reaction for heavier SFEF fractions could be 
ascribed to the poorer reactivity and the stronger diffusion resistance. The heavier the SFEF 
fraction, the larger the molecular size, and the severer the effect of diffusion on the reaction. 
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