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I. ABSTRACT 

Three high-pressure flow microreactors and two batch autoclave 
reactors have been used to study the reaction networks and kinetics of 
(1) catalytic hydrodesulfurization of dibenzothiophene and methyl­
substituted dibenzothiophenes and (2) catalytic hydrodenitrogenation of 
quinoline, methyl-substituted quiholines, acridine and carbazole. The 
catalysts were commercial, sulfided Co0-Moo3/y-Al2o3, Ni0-Moo

3
/y-Al2o3, 

and Ni0-W03/y-Al2o
3

• 

At the typical conditions of J00°C and 104 atm, dibenzothiophene 
reacts to give H2s and biphenyl in high yield, but there is some hydrogena­
tion preceding desul!urization. Methyl-substituted dibenzothiophenes 
react similarly, and each reaction is first-order in the sulfur-containing 
compound. Two methyl groups near the sulfur atom (in the 4 and 6 positions) 
reduce the reactivity tenfold, whereas methyl groups in positions fUrther 
removed from the sulfur atom increase reactivity about twofold, The 
results are consistent with steric and inductive effects influencing 
adsorption. 'llle data indicate competitive adsorption among the sulfUr­
containing compounds. 

In quinoline hydrodenitrogenation, both rings are saturated before 
the C-N bond is broken. Similarly, in acridine conversion a large amount 
of hydrogenation precedes nitrogen removal. Breaking of the carbon-· 
nitrogen bond is evidently one of the slower reactions in the network. 
'Ihe Ni-Mo catalyst is about twice as active as the Co-Mo catalyst for ring 
hydrogenation, and the two catalysts are about equally active for breaking 
the carbon-nitrogen bond. 

Reactivity of carbazole is slightly lower than that of quinoline 
but higher than that of acridine. Again, extensive hydrogenation precedes 
heteroatom removal. 'The relative activity of nitrogen-containing compounds 
at J67°C and 136 atm decreases according to1 quinoline (2.52), carbazole 
(2.43), acridine (1.62) and benz[c]acridine (1.54) where_fhe numbers in 
pareotheses are pseudo first-order rate constants in min • 

Preliminary studies of competing hydroprocessing reactions 
involving quinoline, 1ndole and naphthlene over Ni-Mo/y-Al 0 have shown 
that the naphthalene hydrogenation rate is markedly reducea ~Y the presence 
of quinoline; whereas the reactivity of quinoline is virtually unaltered 
by the presence of naphthalene. Similarly the rate of hydrodenitrogenation 
of indole is strongly reduced by the presence of quinoline, whereas the 
rate of hydrodenitrogenation of quinoline is unaffected by the presence 
of indole, 

Aged catalysts taken from the H-Coa~and Synthoil processes 
contained coke and depooito of mineral matter (prima.rily FcS, titanium 
and clays). The H-Coal catalysts were examined, for example, in experi­
ments with dibenzothiophene hydrodesulfurization and quinoline hydro­
denitrogenation. The activity of the used catalyst was reduced 20-fold 
for hydrodesulfurization of dibenzothiophene·and fivefold for hydrodenitro­
genation of quinoline, Most of the loss of hydrodesulfurization activity 
was associated with the mineral de~osits and not with the coke, 



II, OBJECTIVES AND SCOPE 

'!be major objectives of this research are as follows1 

i) To develop high-pressure liquid-phase microreactors 
for operation in pulse and steady-state modes to allow 
determination of quantitative reaction kinetics and 
catalytic activities in experiments with small quantities 
of reactants and catalyst. 

ii) To determine reaction networks, reaction kinetics, and 
relative reactivities for catalytic hydrodesul:f'Urization 
of multi-ring aromatic sulfUr-containing compounds 
found in coal-derived liquids. 

iii) 

iv) 

v) 

vi) 

To de~ermine reaction networks, reaction kinetics, and 
relative reactivities for catalytic hydrodenitrogenation 
of multi-ring aromatic nitrogen-containing compounds 
found in coal-derived liquids. 

To obtain quantitative data characterizing the chemical 
and physical properties of aged hydroprocessing catalysts 
used.in coal liquefaction processes and to establish the 
mechanisms of deactivation of these hydroprocessing 
catalysts. 

To develop reaction engineering models for predicting 
the behavior of coal-to-oil processing and of catalytic 
hydroprocessing of coal-derived liquids and to suggest 
methods for improved operation of hydrodesuli'urization 
and hydrodenitrogenation processes. 

In swnma.ry, to recommend improvements in processes for 
·the catalytic hydroprocessing of coal-derived liquids. 

2 
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SCOPE 

A unique high-pressure, liquid-phase microreactor is being 
developed for pulse (transient) and steady-state modes of operation 
for kinetic measurements to achieve objectives ii) through iv). The 
relative reactivities of the important types of multi-ring aromatic 
compounds containing sulf'ur and nitrogen are being measured Under 
industrially important conditions (J00-450°C and 500-4000 psi). The 
reaction networks and kinetics of several of the least-reactive multi­
ring aromatic sulf'ur-containing and nitrogen-containing compounds 
commonly present in coal-derived liquids will be determined. Catalyst 
deactivation is an important aspect of the commercial scale upgrading 
of coal-derived liquids. Accordingly, the chemical and physical 
properties of commercially aged coal-processing catalysts are being 
determined to provide an understanding of catalyst deactivation; these 
efforts can lead to improved catalysts or procedures to minimize the 
problem. To make the results of this and related research most usefUl 
to ERDA, reaction engineering models of coal-to-coal processing in 
trickle-bed and slurry-bed catalytic reactors including deactivation 
will be developed to predict conditions for optimum operation of these 
processes. Based on the integrated result of all of the above work, 
recommendations will be made to ERDA for improved catalytic hydro­
desulfUrization and hydrodenitrogenation processing. 
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III. SUMMARY OF PROGRESS TO DATE 

This summary is organized to parallel the task statements of the 
contract. A milestone chart is provided at the end of this section, 

Microreactor Development 

Three continuous-flow' liquid-.phase' high-pr"essure microreactors 
have been built and operated under this contract.· The "work ln this report 
confirms the success of these microreactors; the data from the batch auto­
clave runs are effectively identical to data from the flow microreactors. 
This task has been completed. 

Catalytic Hydrodesul:f'urizatiori · 

The hydrodesulfUrization of dibenzothiophene (DBT) has been· 
examined with a high-pressure microreactor and in batch, stii'red-autcc:i1ave 
experiments. The range of data show that the reaction network is slightly 
more complex than the direct reduction of dibenzothiophene (DBT) to hydro­
carbon products; the network is the following at ·300°c and 160 atms 

'Ihe relative rates of hydrodesulfUrization of a variety of the 
important sulfur~containing compounds in coal-derived liquids have been 
determined. The compounds include methyl-substituted dibenzothiophenes, 
which evidently are among the least reactive compounds in hydrodesulfur­
ization. The relative rate constants for the various reactants are the 
followings BT, very large; DBT, 1; 4-MeDBT, 0.16; 4,6-diMeDBT, 0.10; 
3,7-diMeDBT, 1.7; and 2,8-diMeDBT, 2.6. These results are largely 
explained by steric and inductive effects. Groups located near the'S' 
atom restrict its interaction with a surface anion vacancy and lower the 
reactivity. Inductive effects explain the higher reactivities of the 
compounds having methyl substituents where they exert no steric influence. 
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'Ihe reactivities of the compounds have been determined with individual 
sul:f'ur-containing compounds and with pairs of these compounds. 'The 
reactivities of these compounds are influenced by competitive adsorption' 
determined by the previously mentioned steric and inductive effects. · 

More detailed study of the hydrodesulfurization of 4,6-dimethyl­
dibenzothiophene, which 1s the least reactive sulfur-containing compound 
found so fa.r, shows that the reaction network is similar to that of 
dibenzothiophene but that hydrogenation of the aromatic ring is more 
pronounced than for dibenzothiophene. 

Three different catalysts, namely Co-Mo/y-Al203, Ni-Mo/y-Al203 
and Ni-W/A1201 have been tested for the hydrodesul:f'urization of dibenzo­
thiophene. 'Ifle activities of these catalysts have been found to decrease 
in the orders Ni-Mo > Ni-W 2::. Co-Mo. 

Catalytic Hydrodenitrogenation 

'Ihe hydrodenitrogenation of quinoline has been studied to yield 
a nearly complete identification of the reaction network and partial 
identification of the rate parameters in this network. The network is 
as follows1 

~ 
V-N? 

FAST, 

FAST 

\<,-: 2. 60 ~.-=- 0. 30 

'Ibis network shows that usually both the benzene and pyridine rings are 
saturated before·the C-N bond in the (now) piperidine ring is broken. 
'lbus, the hydrodenitrogenation of quinoline requires a large consumption 
of hydrogen before the nitrogen atom is removed from the hydrocarbon 
structure. 'lbe lack of selectivity encountered in hydrodenitrogenation 
stands in sharp contrast to the high selectivity in hydrodesulfurizati?n• 

The total rate of hydrodenitrogenation shows a maximum with respect 
to hydrogen partial pressure. 'Ibis is because the pseudo first-order 

. constant for the C-N bond scission step is reduced by increasing hydrogen pressure 
and the rate constants for the hydrogenation steps, which increase with 
hydrogen pressure at lower hydrogen pressures, pass through a maximum and 
decrease with ln~reaslng hydrogen pressure at the high hydrogen pressures. 
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Also in hydrodenitrogenation of acridine, a large amount of 
hydrogenation precedes nitrogen removal, and the carbon-nitrogen bond . 
breaking reactions~,,are relatively slow. In the presence of Co-Mo/y-A12o

3 catalyst, heteroaromatic ring hydrogenation is favored, and with a 
Ni-Mo/y-Al2o3 catalyst, aromatic ring hydrogenation is favored. For both 
acridine and quirio;J.ine, little effect of replacing Co with Ni could be 
detected in the nitrogen removal reaction, although Ni-Mo/y-Al203 is roughly 
twice as active for hydrogenation as Co-Mo/y-Al2o

3• 

'!be hydrodenitrogenation of carbazole has been examined under 
conditions similar to those used for acridine. Both carbazole disappearance 
and total nitrogen removal can be represented as first-order reactions. 
Tetrahydrocarbazole was the major intermediate compound present in the 
dry column extract. Both cis-hexahydrocarbazole and octahydrocarbazole 
were identified as minor products. Reactivity of carbazole is slightly 
less than that of quinoline and acridine is ·the least reactive. Hydro-
deni trogenation of four- and five-ring nitrogen-containing compounds are 
currently being studied. 

Preliminary experiments have been carried out to characterize 
hydrodenitrogenation of substituted quinolines. 1be conditions used were 
similar to those used for quinoline hydrodenitrogenation. 2,6-, 2,7- and 
2,8-dimethylquinolines were studied and products identified were analogous 
to those observed in the quinoline network. nie reactivity of these 
compounds to hydrodenitrogenation is comparable to that of quinoline. 

Tile reaction network for the hydrodenitrogenation of acridine (in 
White Oil)'catalyzed by Ni-Mo/y-Al2o3 catalyst is as given belows 
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. 7 
The pseudo f'irst-order rate constants a.re for 367°c•and 136 atm. The 
pseudo f'irst-order rate constani:sf'or hydrodenitrogenation (total nitrogen 
removal) at J6?°C and 136 atm catalyzed by Ni-Mo/y-Al2o

3 
falls in the . 

following order 1 
~, 

Reactant 

Quinoline 
Carbazole 
Acridine ,: 
Benz[c]acridine 

Pseudo first-order rate 
constant f'or total nitrogen 
removal, min-1 

2.52 . 
2.43 
1.62 
1.54 

Preliminary studies of competing hydroprocessing reactions 
catalyzed by Ni-Mo/y-Al203 ~d involving quinoline, indole and naphthalene 
in White Oil show that marked interactions exist. The naphthalene 
hydrogenation rate is markedly reduced by the presence of quinoline; 
whereas the reactivity of' quinoline is virtually unchanged by the presence 
of' naphthalene. Similarly the rate of' hydrodenitrogenation of indole, a 
non-basic nitrogen-containing compound, is strongly reduced by the presence of 
quinoline, whereas the rate of' hydrodenitrogenation of quinoline, a basic 
nitrogen-containing compound, is una:ff'ected by the presence of indole. 
Studies involving combinations of nitrogen- and sulfur-containing compounds 
and aromatic hydrocarbons are underway. 

Catalyst Deactivation 

A variety of physical techniques have been used to identify the 
aging process for catalysts used in synthetic liquid fuel processes. 
Catalyst samples f'rom three processes have been examined: a proprietary 
f'ixed-bed process, Synthoil, and H-CoalR. The spent fixed-bed catalysts 
show the f'ormation of' an external crust which appears to be formed by 
colwnnar grain growth combined with the deposition of coal mineral matter, 
particularly clays and rutile. This external crust is absent from the 
H-CoalR catalyst. The interior of the catalyst is altered by several 
processes1 coking, reactive deposition of mineral matter, passive 
deposition of mineral matter, and crack enhancement. These f'our processes 
a.re found in catalys1E from all three processes. Coking fills the micro­
pore volume of the catalyst. Reactive deposition of mineral matter pene­
trates about 200 µm f'rom the outer surface into the interior of the 
catalyst. The concen:tration profile is approximately exponentially 
decreasing f'rom the exterior surface. Passive cementing occurs within 
50 µm of' the surface unless the irregular concentration profiles, Finally, 
grain growth can occur inside t.hP. catalyst near the ~urface and tends to 
increase these cracks. When the surf'ace cracks become a significant 
portion of the pore volume, passive deposition can penetrate further into 
the interior of the catalyst. 

R The activity of' aged catalyst from the H-Coal process has been 
measured.in batch experiments with dibenzothiophene and with quinoline. 
The activity was reduced 20-fold for hydrodesulfurization of dibenzothio­
phene and five-fold for hydrodenitrogenation of quinoline. Burning off. 
of carbonaceous deposits increased the activity of the aged catalyst only 
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three-fold·for dibenzothiophene hydrodesulf'urization, which implies that 
irreversibly deposited. inorganic matter was responsible for most of the 
loss of catalytic activity. 

Microreactor Engineering 

'lbe use of moments as a tool in interpreting pulse data from 
microreactors has been extended. to fairly complex reaction networks. 
'Ibis work is now complete. 'llle complex data from quinoline and a~ridine 
reactions have been reduced to rate parameters by extension of nonlinear 
regression analysis. Reaction engineering concerned with coal hydro­
processing is now underway. 
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Item+ 

First Second Third 

Personnel $5,807 $20,740 $37,396 

Travel 28 528 1,152 

Suppl I es & 
Expense 4,674 10 ,007 19,582 

Occupancy & 
Mal ntenance 6, 110 9,208 10, 108 

Equ~pment 610 17,978 30,704 

Information 
Processing 

t 

Trans.fers 
(Overhead) 10' 202 20,0~5 

*Includes encumbrances. 

OJMUL.ATIVE EXPEMD I TURES* 

Quarter 

Fourth Fl fth Sixth 

$53,418 $91,593 $112,666 

1,152 1 ,521 2,458 

25,735 37,291 42,341 

10,634 13, 755 13,920 

34,930 50,614 54,013. 

97 154 "' 375 

38,710 75 ,839 93.,287 

Seventh Eighth 

$132,669 $146, 146 

3, 140 3,814 

51,589 56,488 

14,396 14,600 

54,013 52,295 

1, 180 1,868 

113,830 123,576 

Ninth 

$167,884 

5.119 

64,778 

16,325 

_54.,977 

2,044 

117 ,681 

Tenth 

$192,658 

6,113 

70,579 

18,010 

54,977 

2,248 

134,895 

..... ..... 
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IV. DETAILED DESCRIPTION OF TECHNICAL PROGRESS1 

A. Hydroprocessing Microreactor Development 

All the three flow microreactOrs are operational in a nearly 

continuous fashion. The first microreactor is being used to study the 

r~activ.:~ ties of .. various. sulfUr-compounds like dibenzothiophene and its 

various methyl substituted derivatives and benzonaphthothiophene and 
. . 

its methyl derivatives. In th.e two .-previo~s quarterly reports (viz., ?th 

and 8th) comparative studies were given on the relative reactivities of 

these compounds. The degree and posi·tion of substitution of the methyl 

groups on the DBT skeleton has been. found to have marked influence ori 

the HDS reactivity •. 'lhe catalysts so far studied are: Co-Mo/y-Al2o3, 

Ni-Mo/y-Al2o
3 

and Ni-W/y-Al2o
3 

at various stages. The reaction network .· 

of DBT has been discussed in detail in· the· last quarterly (i .e,, 9th) 

report. In this quarterly report, we discuss the network of 4,6~dimethyl 

DBT. 'lhe second microreactor continues.to be used ·occasionally for the 

hydrodenitrogenation (HDN} reactions. 

The third microreactor is in regular use for the full kinetic 

studies of hydrodesulfUrization of dibenzothiophene. 

In addition to this, the two batch autoclaves have been extensively 

u~ed in this quarter. 

B. Catalytic Hydrodesul:furization 

1. First High-pressure Fl.ow Reactor 

a. Dibenzothiophene Kinetics1 

It has been indicated in the earlier report (see the 8th 

quarterly report in this series) that DBT can react in two ways, namely, 
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(i) with sulfur extrusion preceding hydrogenation of the aromatic ring(s). 

(ii) with hydrogenation of aromatic ring(s) preceding the sulfur removal. 

The first reaction is predominant at all the conditions. The 

importance of the second reaction depends on the catalyst composition and 

the concentration of H2s in the reactant mixture. 

Experiments were performed with different initial wt %s of DBT 

in the feed by the first flow microreactor. The operating conditions 

are as indicated belows 

I Catalysts HDS-16A, masss 25 mg; volume of the reactor beds 0.325 cm3; 
length of bed 4.1 cm; catalyst particle sizes 149-178 µm. 

I Catalyst pretreatments catalyst sulfided in situ with 10% H2s in H2 (V/V) 
for two hours at 40o0 c. Flow rate was 30-50 CiiiJi'min. 

I Liquid flow rate: 1.2 to 7.2 cm3/hr. 

I Saturation pressure applied to liquid feeds 68 atm, 

I Reactor temperatures 300 ± 1°C. 

I Reactant mixture1 DBT in n-hexadecane carrier oil. 

Figure 1 shows the reaction network for DBT hydrodesulf'urization 

reported earlier (8th quarterly report). Figure 2 shows the lumped-parameter 

model used for subsequent kinetic parameter estimation purposes. All the 

reaction paths are considered to follow pseudo first-order kinetics; the 

corresponding pseudo first-order rate constants are shown in Figure 2. 

Four different initial concentrations of DBT were used, Table 1 

briefly summarizes the selectivity pattern for biphenyl (BPh) and cycle-

hexylbenzene (CHB), and indicates the pseudo first-order rate constants 

for overall DBT disappearance. 

From Table 1 it is seen that for any particular run selectivity 

for CHB decreased with increasing flow rate, whereas selectivity for BPh 
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Fig. 2. Lumped-parameter model used to estimate first-order 
rate constants in hydrodesulfurization of dibenzo­
thiophene over Co-Mo/y-Al2o
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TABLE 1 

Effect of Initial DibenzothioEhene Concentration on 

Selectivity and Kinetics 

(LHSV)-1 Pseudo first-order 
rate constant for 

•. ... ~.·- .--- Flow gm catal;y:st hr . . % Selectivity .overail DBT disappear-
RUN ml/hr· · cmJ of. feed BPh CHB ance kobs· cm3/gm hr 

.53 1.2 0.0208 96.8 6.7 
o.o.543 2.4 , 0.0104 86.9 3.8 
wt % DBT J.6 0.0069 92.6 3.3 2.s6.o 

4.8 0.00.52 90.6 2.7 
6.o 0.0042 88.7 2.1 

.54 1.2 0.0208 87.1 6,7 
o.11.54 2.4 0.0104 90.4 4.1 
wt % DBT 4,8 0.0052 89.8 2 • .s 104.o 

6.o 0.0042 87,4 1.9 
7.2 0.003.s 97.6 1.8 

'· 

.5.5 1.2 0.0208 84.6 7,7 
0.1637 2.4 0.0104 89.6 4.6 
wt% DBT 3.6 0.0069 91.8 3,6 73 • .5 

. .J· 6.o 0.0042 89,8 2.2 
1.-2 0.0035 . -96.7 1.8 

.56 1.2 0,0208 80.0 9,8 
0.2348 2,4 o.01o4 87,1 6.1 
wt% DBT 3,6 0.0069 80,4 4.8 69.9 

6,o 0.0042 89,7 3.6 
7.2 0.003.5 87,7 3.1 



17 

fluctuates randomly about mean and could be consider.ed to be constant in 

any particular run. 

Figs. 3 to 6 show the pseudo first-order kinetics of overall DBT 

conversion for these runs. Fig. 7 shows the pseudo first-order rate constant 

for hydrodesulf'urization of dibenzothiophene versus the initial feed concen-

tration of DBT. It is seen that at higher concentrations of DBT in the feed 

the curve flattens to give an almost constant pseudo first-order rate constant. 

!he same data a.re replotted in Fig. 8 as 1/k b versus initial feed concen­
o s 

tration (C
0

) in order to fit an empirical relation of the form, 

K' 
kobs = 1 + CI C 

0 

From the least squares line shown in the Fig. 8, K' and CI a.re determined 

to bes 

K' 500 

CI = 0.5 
cm3/gm hr 

gm/micro gm moles 

Hence the overall disappearance rate constant for DBT can be represented as 

K .. 
obs 

'llle aim of the subsequent development is to determine the individual 

linear kinetic constants shown in the Fig. 2. Ela.ch of the above runs 

provides concentration of DBT, BPh and CHB for different space times (LHSV-1
). 

For any particular run the above concentration versus space time data for 

each component is fitted with a non-linear least squares curve. The 

fitted curve has about the same form as the analytical solution for t he above 

mentioned lumped-parameter model. These smoothed non-linear curves are con-
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sidered as data to the "Carlton 2" program, which can determine kinetic 

parameters in the· linear system of equations. (Refs D, M. Hirnmelblau 

et al,, Ind. Eng. Chem. Fundamentals, £, .539, 1967). 

'Ihe check on the values of rate constants (k's) obtained by this 

procedure is made by plotting the concentration versus space time curves 

using these k values and the actual experimental data points. Fig. 9 is 

one such plot obtained for Run 54. Similar plots were also obtained for 

the other runs. This plot indicates the degree of accuracy of the procedure 

employed. 'Ihe value of k4 can not be ascertained accurately as we do 

not have quantitative information about BCH. 'Ihe mathematical analysis 

is described below1 

First consider Fig. 2. Assuming a linear kinetic model, we have, 

dC1 -- = dt 

dCJ 
dt = k1C1 + k3C2 - k4CJ 

dC4 
dt = k4CJ ( 1) 

In matrix notation Eqn. (1) becomes, 

dC 
-= k c dt -

(2) 

where [cl rkl + ~) 0 0 

~] k2 -kJ 0 

Q ~ g~ k = k1 kJ -k4 
0 0 k4 
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~can be written as, 

k = x A x-1 - ---
_! - Eigen vector ma tr ix of ~ 

~ - Matrix formed f'rom eigen values of ~ 

~ = li1· ~· ~3' ~l 

xi's are_ eigenvectors corresponding to eigenvalues :xi's. 

Now Eqn. (2) becomes, 

-1 d 

let X C = a - - -
Therefore F.qn. (4) becomes 

da 
dt =~-~ 

•.-4)' 

'!bus we have uncoupled the original F.qn. (2). 

Integrating F.qn. (6) gives 

a= ~ta (o) - -
where 

... 

and Q(o).~ the kn9wz:i initial ~oncent.Tation· vector • 

.. ~ ~· 
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(3) 

(4) 

(5) 

(6) 

(7) 

( 8) 
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From Eqns. (7) and (5) 

Q = ~ ~t!(o) (9) 

,!(o) can be determined from the Eqn. (8). Eqn. (9) in more familiar 

form can be written as, 

Using 'Carlton 2' program, k can be determined as discussed above. = 
Programs were written to determine eigen values and eigen vectors of~· 

Eqn. (10) is then us~ to generate the concentration versus space time 

curves as shown in the Fig. 9. 

Table 2 summarizes the rate constants obtained for these runs. 

From the Table 2 it is seen that as the wt% DBT in the feed is 

increased the rate of hydrogenation is increased (both k1 and k3 increase), 

whereas desulf'urization rate is decreased (k2 decreases). 

2. Third High-pressure Flow Microreactor 

a. Experimental 

A series of runs with dibenzothiophene (DBT) and various levels of 

HnS in the feed was made in the differential reaction regime (as discussed 
' 

in the 8th Quarterly Report, p. 28). TI-le.purpose of these experiments was 

to determine the effect of ~S in low but increasing concentrations on 

intrinsic catalyst activity at low conversions. Operating conditions we~e 

identical to those reported in the 8th Quarterly Report except for the 

addition of H2s to the feed •. ~S was added to the n-hexadecane - DBT mixture 

in the saturater by pressurizing with a known mixture of H2s in H2 to the 

desired pressure. After allowing time for saturation, pure·H2 was intro-

duced to achieve the fina.l desired pres~1JX"1!, 



RUN 

.53 

.54 

.5.5 

.56 

TABLE 2 

Pseudo First-Order Rate Constants·for 

Dibenzothioph~ne.Rea~tion Netwhrk 

wt% DBT k !!: k !!: 
in feed 1 2 

1 . ~· 

o.o.543 0 • .51.5 246.o 
0 .~11.54 0.273. 94~5 

0.1637 O.J1J 67.8 
0,695 

-~ :-. ~ 

0,2J48 '6.5.9 

!!:pseudo first-order rate. constants are.in cmJ/gm~hi~ 

28 

k! 
_l_ 

.5 .9 
1J •. 6 
19.2.'. 

... .. 
23.9 
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Plots of H2S concentration as a function of H2s partial pressure, for 

two different H2 partial pressures are shown in Fig. 10. Clearly a Henry's 

law coefficient describes the solubility in the range of 0-8.2 atm abs. H2s. 

The values plotted were generated from the N.G.P.A. version of the Chao-Seander 

equation of state for ·-vapor-liquid equilibrium of industrial mixtures. 

Extrapolation to low H2s partial pressures(!.4 atm abs. or less) gives 

approximate values of Henry's law coefficient. These are given in Table 3 

for two H2 partial pressures at J00°K, A third value for the Henry's Law 

coefficient at J00°K from '!Temper and Prausnitz (1976) a.gr;"ees well with 

those estimated above and indicates that the overall effect of H2 on H2s 

solubility in n-hexadecane is minimal. 

b, Analytical 

For conversions of DBT to biphenyl (BP) and H2s below 15% a 

number of problems are encountered. Because the change in DBT concen­

tration is small, large errors can be introduced in calculating conver-

sions. A second difficulty is the appearance of an apparent solvent 

cracking product peak having the same retention time as that of biphenyl (BP) 

in the routine glc analysis. When the BP peak is large, the error is small, 

and reasonable correction can be made. But at low conversions to BP 

unsatisfactory results are obtained. For this analysis a new column was 

selected that allowed good separation of BP from saturated products. 'Ihe 

column and conditions ares 10% 1,2,J-'ITis (2-cyanoethoxy) propane (TCEP) 

on 100/120 chromosorb P with acid wash (supplied by SUPELCO, Inc.) packed 

in a 10 ft x 1/8" column, 155°C column temperature and about JO cmJ/min He 

flow, 1bus calculations of percentage sulfur removal are based on appearance 

of BP which can be measured within 5%. Even at high levels of sulfur removal 

BP accounts for as much as 9(1%, of the DBT reacted. 



TABLE 3 

Ef:fect of H2 Pressure on Henry's Law Constant 

for ~S1 · 3Q0°K, 20 psia H2~ 

PH a.tm a.bs. H..._ ·
5 2 -~2 

0 ~ 

34 27 

68 29 

30 
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c. Results and Discussion 

4 -4 Feed mole f'.ractions of H2s varied from 0 tc .2 x 10 • In each 

case 6 -2 the mole fraction of H2 was 3. x 10 • Rates were measured in the 

differential reaction regime by first establishing lined-out activity at 4.5% 

sulfur removal with a flow of about ? cm3/hr. The rate was then measured at 

several flow rates and up to 15% sul:fur removal, ?igs. 11-14 show the results 

for increasing H2s concentrations. Up to about 8% sulf'ur remoiral, the 

reaction rate is constant indicating differential reactor operation. Above 

8% sulf'uy ~~moval, the rate steadily decreases. A pseudo-firs-l;-order rate 

constant from each run is given in Table l!. c:;.lcula·ted from the initial slope 

in each of Figs. 11-14. Included is the rate constant from a previous run 

with no H2S in the feed for comparison. 

Unfortunately, no clear trend is apparent. The experiments without 

H2s are not extremely reproducible, thus discounting any conclusions based 

on small differences or increments in rate. Clearly low levels of H2s in 

the feed neither greatly suppresses nor enhances the rate of sulf'ur removal, 

and a slight rate increase in the presence of H2s is weakly suggest.en. In 

accordance with previous conclusions (see 8th Quarterly Report) H2s in low 

concentrations does not exert a large inhibition effect. Instead, it tends 

to maintain the catalyst activity or increases the intrinsic activity to 

balance the opposite inhib~tion effects. 

J. Batch Reactor Studies on 4,6-Dimethyld.:.ben~othiophene 

Studies with 4,6-diMeDBT 



TA3LE 4 

First-Order Rate Constant for Dibenzothiopher:e Hy~oclesulfi..i...">:"ization 

300°c, 0.036 mole fraction P2 

'J 
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Run No. ~2s ~. cm-' /h gm of catalyst 

3- 9 o.o 15,6 

3-17 o.o 21-1-,2 

3-18 9.0 -'i x 10 ~ JO.O 

3-19 1.8 x 10 -4 26.6 

3-20 ·4 -4 .2 x 10 27,6 
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in the flow microreactor were reported in earlier reports comparing the rate 

of sul:fur removal with other methyl substituted DB~'' s and DBT itself. The 

products of 4,6-diMeDBT hydrodesulfurizatio::-i were r:ot identifiG..ble by glc 

analysis alone. More recently a batch expe:rimen t ui th 4, 6-diMeDBT was 
I 

carried ou~ using higher reactant concentrations and identification and 

quantification of products are nearly completed. 

a. Experimental 

Operation'of the batch 1-liter autoclave has been described in the 

Second Quarterly Report and in the 6th Quarterly Report, p; 22. For the 

experiment with 4,6-diMeDBT, the following cataly's-':. loading, reactant concen-

tration, temperature and pressure were used: 1.513 g HDS 16-A catalyst, 

380 cm3 of reactant mixture containing 0.211 wt% 4,6-diMeDBT, J00°C and 

68 atm t_otal pressure. The catalyst was i.nj ected aft.er bringing tbe 

reac~or to )00°C and samples were ta.ken before anrl aft.Ar r.::i.t.::ily.st. injedion 

to· verify the initial concentration. 

b. Analytical 

The sulfur compound was analyzed by using i:he standard glc column 

and conditions. The FID detector detected a sulfu.r. impurity in the reactant 

mixture identified to be 4-MeDBT equal to abou·c 6-'1% of total sul:f'ur compound 

present. 3;3'-diMeBP was identified as one of the products 1 of reaction using 

the TCEP .glc column desc--:ibed under the third high-pressure.flow microreactor 

results in this report. Unknown product :peaks wert=~ collected using a prepa::::a-

tory chrc•";;e..to~aphy system. A 5 ft x 1/4" OI• ·~OlUI.111 pa.::ked with 10% SP2100 

was used at 200°C and He flow of 40 cmJ/min. The collected products were 

analyzed using the glc-mass spectrorr:eter systen de::•C'.ribcd previously. 
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c. Resul~s and Discussion 

Hydrogenolysis ,of sul:f\u· in 4,6-diMeDBT fits first-order kinetics 

be 
28 cm3 

well as shown in F'ig. 15. 'Ihe rate constant is found to h-g cat 

This value cannot be compared directly with earlier values reported ·from 

the flow reactor uue to differences in ~ concentrations ~hen saturating 

at J00°C vs. 25°C and due to the higher sulf'ur c9nc~ntration in the batch 

run. As has been shown with DBT, k is not independent of the initial 

cancer. tra ti on. 

Product identification is not complete, but the.major products 

have ceen identified. Besides 3,3'-Di.MeBP, the glc-mass spectrometer 

system has identified what appears to be two isomers of 

as major products and possibly two isomers of 

as minor products. -The exact isomer in each case is unknown. Mdence 

' 1.s of -two kinds. First, Figs. 16 and 17 show the two 
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. peaks at low and high levels of sulfUr removal. The ratio of the areas of 

these two peaks remain."nearly constant at 0.54. Second, the two peaks in 

the mass spec have the same molecular peak and fragments, but the relative 

intensity of the fragments is different for the two. Because 4-MeDBr was 

present in the reactant mixture as impurity, both 

CH 3 

and or 

which were observed in the pr0ducts cannot be ascribed to dealkylation of 

4, 6-diMeDBT without repeat :tn~ th~...--·':':"ent with pure reactant. 

·A?/. 
. /~ ~· . 

Lumping the tt 

isomers together, assuming the same detector response as for J,3'-di.MeBP, 

and calculating the conversion to c§rO and J,J'-diMeBP, percent 

Cl{'.3 CH'.3 

se1ectivi ties basod on disappearance o.f 4,6-diMeDBT is about 50 and 2o% 

respectively. Clt~arly hydrogenation is much ~eater wit.h _4,6":'.di?'leDBT .than 

with DBT (see 8th Quarterly Report, p~· 28). Figure 18 shows concentration 

versus time data for the reactant and two major products. Whereas 

3,3'-diMeBP, which appears to be a primary product, 
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is probably a secondary product. Thus assuming reaction pathways similar 

to DBT, the proposed reaction network for 4,6-diMeDBT is shown in Fig. 19. 

No sulfUr interme:liates have as yet been identified; thus the relative 

importance of pat~ways A and B is uncertain. As with DBT where hydrogenation 

of BP is slower t~an hydrogenation of DBT, path A may be the most important 

for producing the major products, isomers of 

Further experimen·ts and analyses are in progress to identify other 

products and intermediates since only roughly 7<J%, of the 4,6-diMeDBT 

reacted haG been accounted for in the major products. Likewise more 

insight into the ~elative rates of the various steps and pathways is 

being sought. 

C. CATALYTIC HYDRODENITROGENATION 

1. Benz[c]acridine 

Benza.crid.ines are planar molecules_. The pyridine ring is sandwiched 

between one benzene a.."ld one naphthalene ring. The structures and numbering 

system of these compour.ds are shown below ~'!he Chemistry of Heterocyclic 

Compound," Vol. 9, Interscience Publishers, J. Wiley and Sons, New York, 1973). 

7 

Benz[a]acrldlne 

11 2... ... Q. 

9~1f ':X" 5 10~M" /'p4 
1112,::::,..~3 
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«W 
c; 
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Fig, 19. Proposed reaction pathways for hydrodesulfurlzatlon of 
4,6-dimethyldibenzothiophene, 

CHJ 
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Benz[clacridine was subjected to catalytic hydrodenitrogenation, and the

preliminary results are given below.

a.  Experimental

Apparatus and procedure.  The experiments were carried out in a

one-liter stirred  ( 1700 rpm) autoclave (Autoclave F'lgineers) .     The  autoclave

was operated in batch mode.  Reactant and catalyst in carrier White Oil were

injected into the autoclave, after it had been stabilized at the operating

temperature and pressure.  Typical operating conditions were:

Temperature: 367 + loc
To+31 Pressure: 134 atm
Reactant ·concentration:   0.5  wt  % in White  Oil
Catalyst: HDS-9A, Ni-Mo/y-A1203' 0.5 wt % in

White Oil
150-200 mesh; presulfided at 4000C
in 101 H S in H  for 2 hours.

CS2
loading:

0.05 wt   (= 1.  vol % H2S in the
gas phase)

Liquid samples were taken periodically and analyzed.

Analysis.  Reaction products were analyzed by means of gas-

chromatography (Perkin Elmer - Model 392OB) equipped with a nitrogen

specific detector (Perkin Elmer) and a glass capillary column (5Om.OV-101)

at 2100C.

Separation of products.  High-pressure liquid chromatography (DuPont)

was used to separate reaction products.  Several columns were tested under

various conditions.  The best results were obtained with the following

conditions:

column 15 cm. ZORBAX ODS
pressure 116 atm

temperature 3670C
mobile phase 80% CH3OH, 20% H20 (by volume)
detector UV photometer (254 nm)                           e
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Several solutions of benz[cJacridine in White Oil were used for 

calibration. Analysis showed that small amounts oi benz[clacridine was 

very strongly adsorbed on the column. Figure 20 shows t he results obtained 

for standard solutions of benz[clacridine. 

Gas chromatqgraphic analysis of reaction products showed that 

during hydrodenitrogenation a large number of nitrogen-containing compounds 

were produced as intermediate products; however these were very quickly 

reacted to give ammonia and the corresponding hydrocarbons. Figure 21 shows 

the typical chromatograms for samples taken aft er J and 240 minutes of 

catalytic reactions, respectively. 

b. Results and Discussion 

Total nitrogen removal from benz[clacridin~ fo llows first-order 

kinetics as demonstrated in Figure 22. 

The reactivity of benz[clacridine as compar ed with that of other 

nitrogen-containing compounds under the same condi t ions (J6?°C, 1J6 atm, 

Ni-Mo/y-Al2o
3 

catalyst is given below. 
Pseudo firs t - order rat e constant 

for total nitr'Jgen removal (g oil/min-g cat ) Reactant 

Benz[c]acridine 
Acri dine 
Carbazole 
Quinoline 

1.54 
1.62 
2.4J 
2.52 

The distribution of nitrogen-containing compounds produced during the 

hydrodeni trogenation of benz[ c lacridine has been sl~own in Figs. 23 and 24. 

The high-pressure liquid chromatography technique did not offer any 

better analysis (Fig. 25) than our gas chromat ogra?hic t echnique. The 

identification and quantification of the various p:.7oduc t s is under progress, 

and the results are expected during the next quart1ff. 
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Figure 21: Gas chromatogram of samples from hydrogenation of
benz[clacridine taken (a)  at  3 min and  (b)  at 240  min
into a run in the batch autoclave at 367°C and 116 atm.
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2.  Reaction Network and Kinetics of Hydrodenitrogenation of Acridlne

a.  Introduction

Catalytic hydrotreating simultaneously removes sulfur, nitrogen and

-                 metals  from the hydrocarbon feedstock. Catalytic hydrodenitrogenation seems

to  be more important because nitrogen-con taining  compounds  are  more

refractory and the substituted feedstocks derived from coal, tar sands and

oil shale contain more nitrogen than in petroleum feedstock.  Hydrodenitro-

genation is also more complex than hydrodesulfurization.  Moreover, there is

limited understanding of the catalytic chemistry and engineering of the

hydrodenitrogenation process.  Our approach is to study the reactivity and

the reaction network associated  with the removal   o f nitrogen from repre-

sentative nitrogen-containing compounds found in various natural and

processed feedstocks.  Cox and Berg (1962), Sonnemans (1973), Goudriaan

( 1974),   Mayer   ( 1974) and Cocchetto   ( 1974) have studied hydrodenitrogenation

of unsaturated nitrogen-containing ring compounds.  This work demonstrated

that hydrodenitrogenation involves ring hydrogenation followed by carbon-

nitrogen bond rupture.  However except for pyridine the reaction networks

and reactio:i kinetics have not been determined for  1.2 imr rtant nitrogen-

containing compounds found in heavy petroleum, coa].-derived liquids or

shala oil.  Recently Shih et al· (1977) have determined the reaction network

and reaction kinetics associated with quinoline hydrodenitrogenation.

The objective of this study is to determine the reaction network

and reaction kinetics of acridine hydrodenitrogenation under high-pressure

liquid-phase conditions.
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The experiments were carried out in a one-liter stirred autoclave

(Autoclave Engineers) which was operated in batch mode. A schematic of the

reactor setup is given elsewhere   (Shih  et  al·,    1979) ·

For a typical run the autoclave was brought to reaction temperature

and pressure while periodically purging the system with dihydrogen.  When

the autoclave was at operating conditions, the oil-catalyst-reactant

mixture was injected into the autoclave.  There was an initial temperature

drop that lasted at most 10 min.  Liquid samples were withdrawn periodically

and were analyzed by gas chromatography.

Unless stated otherwise, the experimental conditions were as stated

., e
in Table f.

Experimental materials.  Acridine (Aldrich Chemical Co.) was over 99%

purity   and   was   used as received. C.P. grade hydrogen ( Matheson) was purified

by passing through a DEOXO column (Ehgelhard Minerals & Chemicals Corp.) and a

molecular sieve column to remove trace amounts of oxygen and water

respectively. Perhydroacridine was prepared by hydrogenation cf acridine.

The white oil (Parol 70, Pereco Division of Penzoil Co.) was a prehydrotreated,

highly paraffinic oil which was free of sulfur- and nitrogen-ccntaining

compounds and aromatics.  Its boiling range was 315 to 4550C, and it

contained mainly C18 to C36 hydrocarbons.

The catalyst used was Ni-Mo/y-A].203' designated HDS-9A, from

American Cyanamid Co.  It contained 3.0-4.0 wt % Nio; 17.5-18.5 wt % Mo03'
0.04 wt % N20 and 0.05 wt % Fe.  It had a surface area of 149 m2/g and a

pore volume of 0.46 cml/g.  The catalyst was presulfided at 425°C for two hr
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TABLE 5

Operation Conditions

•  Standard Conditions

*  Reactor:  batch, 11 autoclave, stirring speed 1700 rpm

* Catalyst: Ni-Moly-A1203 ( HDS-9A, American Cyanamid)

*  Carrier oilt  hydrotreated white oil

*  Catalyst loading:  2 in 500 cm3 of white oil, 150-200 meshl
presulfided for 2 hr at 425°C in 160 cmi

per min in 10% H2S/H2 to give a 10-fold
stoichiometric excess of sulfur

*  Initial acridine concentration:  0.5 wt % in white oil

*  Temperature:  367°C

*  Total pressure:  136 atm

0  Operation Variables

*  Temperature:  3170C to 3650C

*  Pressure:  54.4 to 172 atm

*  Initial acridine conc.:  0.5 to 1 wt %
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in  a  flow  of 160 cml/min  of  10%  H2S  in  H2. This represents a ten-fold

stoichiometric excess of sulfur.  Unless indicated otherwise 0.05 wt %  CS2'

which was rapidly converted to H2S, was added to the reaction mixture to

maintain the catalyst in a sulfided state during reaction.

Analytical Techniques.  The concentration of the nitrogen-containing

reaction products determined by gas chromatograph (Perkin Elmer Model 392OB)

equipped with a nitrogen-phosphorous specific dete. tor, consisting of a rubidium

silicate bead placed above the jet of a conventional FID detector.  The nitrogen-

specific detector eliminates interference by hydrocirbons.  An appropriate

concentration standard was injected initially and after each fire samples

to saturate active sites  on the column. For acridine product analysis  a

glass column and oven temperature of 2200 C was used.

A  concentration  vs.   peak area calibration  vuve  was  conatructed

for acridine and was verified before, during and after the analysis of each

run.  In all cases, the samples were analyzed in a random manner.  Repeated

injections of the same sample showed a &10% variation in the concentration

of nitrogen compounds.

Acridine is a planar molecule consisting of three linear condensed

aromatic rings in which a pyridine moity is flanked hy two benzenoid

structures as shown in [11 where the positions of substitution have been

numbered according to common usage:
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Kinetic runs of the catalytic hydrodenitrogenation of this substrate were

carried out in the stirred autoclave.  Table 5 shows the standard operating

conditions and the range of operating variables studied.  Under these

conditions, acridine was rapidly hydrogenated €o 1,2,3,4-tetrahydroacridine

(THA) and 1,2,3,4,9,10,4a,9a-octahydroacridine (OHA).  Several other

intermediates also were observed including 1,2,3,4,5,6,7,8- (symmetric)

octahydroacridine (SOHA), perhydroacridine (PHA), £-methyl- (cyclohexyl)

aniline (MCA) and a trace amount of 1,2-dihydroacridine (DHA).  Figures 26

and 27 show the concentration profiles for total ni'trogen  ( sum  of  all

nitrogen-containing compounds), acridine and some of the identifiable

reaction intermediates under the standard run conditions of 3670C and 136 atm.

Although the hydrodenitrogenation of acridine is a complex reaction,

it exhibits relatively clean first-order behavior with respect to the total

nitrogen content as shown in Figure 26.  Consideration of the structures of the

reac ion intermediates observed, clearly indicates that acridine hydro-

deni rogenation involves preliminary hydrogenation of aromatic rings followed

by hydrogenolysis of saturated carbon-nitrogen bonds.

A proposed reaction network based on the .identifiable intermediates

is given in Table  6.  The first order-rate constants for each reaction
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TABLE 6

Reaction Network of HDN of Acridine and First-Order Rate Constants*

THA  7.89  )  SOHA

7./ 1Ivery
A      i slow 0.75

30.2 + V\41
OHA 7.63 3.51) PHA )  NH  + H.C.

3

1.14
V

MCA :   NH  + H.C.
2.64        3

-1
*First order rate constants are in min.

**A :  acridine
THA ,  1,2,3,4-tetrahydroacridine
OHA ,  1,2,3,4,9,10,4a,9a-octahydroacridine
SOHA:  1,2,3,4,5,6,7,8-octahydroacridine
PHA :  perhydroacridine
MCA ,  2-cyclohexyl-methyl aniline
H.C.:  hydrocarbon

***Operation conditions:

3640c, 136 atm total pressure, Ni-Mo/y-A1203 (HDS-9A), 140-200 mesh

catalyst conc. = 0.5 wt %, CS2 conc. = 0.05 wt %, solvent = white oil.
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in the reaction network were calculated from the concentration vs. time

data.     Since the system showed first-order kinetic behavior with respect

to the removal of acridine and with respect to total nitrogen content,

pseudo first-order kinetics was used in modeling each reaction in the

acridine reaction network.  The pseudo first-order rate constants were

defined by
M    d C
0i

M -de -Ki,j Ci
C

where

Mo = mass of oil, g
Mc = mass of catalyst, g
Ci = concentration of species i, gmoles i/g oil
t  =  time,   min

Ki . = pseudo first-order rate constant for compound i in the j-th
'J   reaction, (g oil) (g cat-min)-1   min-1.

The numerical values af the first-order rate constants for each reaction under

the standard conditions (Table  5) are given   in   Table   6.

Increasing hydrogen pressure results in a non-linear increase in

the rate of acridine hydrodenitrogenation over the range of 54.4 to 172 atm

es shown bi the hohavir ,f  the pseudo first- .01,_r --   cor  s tant   for   total

nitrogen removal ( Figure   28) . The effect  of hydroger: pressure   on the pseudo

first-order rate constant for each reaction in .he reaction network is shown1

in Figures 29, 30, 31 and 32.

Acridine hydrodenitrogenation is strongly dependent on temperature;

a total rate of nitrogen removal has an activation energy of 35 kcal/mole
(Figure 33). The Arrhenius plots for the intermodiaze reactions in the

acridine hydrodenitrogenation reaction network are presented in Figure 34 and

Figure 35 and the activation energies are summarized in Table .7.
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TABLE 7

Activation Energies of the HDN of Acridine

Reaction E, kcal/mile

/

Total Nitrogen Removal 35.9

A + THA 57.7

A + OHA 30.8

THA + SOHA 28.0

OHA + PHA 25.2

SONA ·- PliA 36.8

OHA + MCA 31.6

MCA + NH + H.C. 37.4
3

PHA -+ NH + H.C. 36.4
3
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As in the case of pyridine and quinoline hydrodenitrogenation

(McIlvried,  1970;  Shih et al·,  1977) the corresponding rate of  the  acridine

reaction is found to be sensitive to the initial reactant concentratiob.

-         Table 8 illustrates a comparison between two runs with initial concentra-

tions of 0.5 wt % and 1.0 wt % acridine.  Acridine hydrodenitrogenation is

inhibited by the basic nature of the acridine and by all basic reaction

intermediates.

b.  Discussion

Acridine is a nitrogen-containing compound whose lone pair of electrons

on the nitrogen atom are extensively delocalized over the three rings by

resonance, thus accounting for its weak basicity.  It is slightly more

basic than pyridine and quinoline, and considerably less basic than

ammonia (Table 9) . However, with respect  to the hydrodenitrogenation

reaction, acridine is more refractory than quinoline. It requires more

severe  reo ·:tion  conditions than qulnoline as shown  "t  Tab-3   10.

Both the benzenoid and pyridine rings in the molecule are very

reactive toward hydrogenation leading to Dartially hydrogenated inter-

mediates.  Indeed, acridine was very rapidly hydrogenated to tetrahydro-

acridine (THA) and octahydroacridlne (OHA).  The occurrence of 1,4-dihydro-

acridine   (1,4-DHA)   as a detectable transient species suggests   that the route

of hydrogenation of acridine to tetrahydroacridine follows equation [117

A  -  1,4-DHA  - THA
[11]

The formation 1,4-DHA was very rapid and seemed to attain thermo-

dynamic equilibrium.  Justification of the establishment of thermodynamic
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TABLE P

Effects of Acridine Initial  Cone.  on  the

i  '-nitrogenation of A 1/  1 .                                     -

k,  min. 1
1.93118   --O.5  wt Q

Total Nitrogen-Removal 0.994 1.59

A + THA 5.9 7.5

A + OHA 21.7

THA + SOHA 5.28 7.89

OHA    + PHA 3.85 7.63

SOHA + PHA 0.22 C.75

OHA + MCA 0.70 1.11

MCA  +  NH  +Ii .C. 1.63 2.643

PHA  +  NH  + H.C. , .4 3.513                                                n..   2

Cnerating Conditions: stan,-1.-id Luer.,:1 .A conditions
3670,3, .3/ .t..:.

awt % acridine added at Zero tiI.„.
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Table 9

PKa (in H20) of Nitrogen-Containing Compounds*

*

PKa   C H    0)
Compound                          2

*A

piperidine 11.11
**

cyclohexylamine         10.6

ammonia 9.27

acridine 6.5

pyridine 5.6

quinoline 4.94

pyrrole 0.4

*
Richter (1952)

**
Roberts (1971)
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TABLE 10                                               -

Comparison of Reactivity of Quinoline and Acridine

Quinoline Acridine

First-order rate constant               -1             -1
of total N-removal 0.55 min. 0.50 min.

TBmperature 3420c 3420c

Hydrogen pressure 34 atm 136 atm
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equilibrium was difficult to achieve, however, due to the rapid reaction and

the few data points available in most of these runs.  However, in a run

carried out at low hydrogen pressure(57.8 atm) a clear indication of the

presence of thermodynamic equilibrium was established.

In view of the fact that the hydrogenation (Table  11) of acridine

produces a stronger base and that rapid formation of dynamic equilibrium

between acridine and 1,4-dihydroacridine is observed, it was not surprising

that the hydrogenation step is inhibited by increasing hydrogen pressure

as  is  shown in Figure 31. Since the hydrogenation products  are more strongly

adsorbed oh the catalyst than the less basic reactant acridine, the greater

the  concentration  of hy'l_'cgenation product accumulit..1  the  :lower the  rate

of acridine hydrogenation.

As stated earlier, acridine is rapidly hydrogenated to octa-

hydroacridine   (OHA) in addition to tetrahydroacridine   ( THA) . The formation

of octahydroacridine was presumed to proceed through the 9,10-dihydroacridine

( 9,10-DHA) ( equation [12]), although 9,10-dihydroacridine   was   only a transient

and not directly observable.

A  -  [9,10-DHAl  - OHA [12]

Systematically, tetrahydroacridine can be hydrogenated to octa-

hydroacridine and symmetrical octahydroacridine.  However, kinetic analysis

indicated that the rate of hydrogenation of tetrahydroacridine to octahydro-

acridine was negligible.  This reaction apparently is hindered by the

adjacent, bulky cyclohexyl ring.  Hydrogenation of tetrahydroacridine to

octahydroacridine involves the hydrogenation   o f the sandwiched pyridine   ring.
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TABLE 11

The Establishment of Thermodynamic Eaullibrium

Between Acridine and 1,4-Dihydroacridine

Reaction Tlme
Cl'4-DHA/CAmin.

10                      0.26

20                      0.67

30                     0.61

40                    0.59

50                      0.67

60                     0.55

70                                         0.51

80                     0.54

90                      0.63

110 0.44

120 Beyond Detectability
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' Hydrogenation of the flanking benzenoid rings to tetrahydroacridine is

obviously a sterically less-hindered reaction.  On the other hand, the

results show that the hydrogenation of tetrahydroacridine to symmetrical

octahydroacridine is relatively rapid.  Steric hindrance can also be

invoked to explain the high selectivity to symmetrical octahydroacridine

when hydrogenation occurs over noble metal catalysts (Vierhapper and Eliel,

1975)·  A similar steric effect markedly diminishes the hydrogenation

reactivity of symmetrical octahydroacridine to perhydroacridine.

Octahydroacridine, which consists of one benzenoid ring and a

saturated pyridine moiety, was subjected to further hydrogenation in an                    2

effort to effect saturation of the benzenoid ring and hydrogenolysis of the

C-N bond, leading to perhydroacridine and 2-methyl-(cyclohexyl) aniline (MCA)

respectively.  However, under standard operating conditions (136 atm

and 3670C) octahydroacridine was selectively hydrogenated to perhydro-

acridine (1:7 ratio of hydrogenolysis to hydrogenation).  As, in the case

of aniline and 2-propylaniline (Flinn, 1962: Shih, 1977) MCA proved to be

highly resistant to the hydrodenitrogenation reaction.  Finally, perhydro-

acridinc, a fully-saturated compound,  was denitrogenated through hydro-

genolyiis  of its carbon-nitrogen  bond   with  formation  of  an' aliphatic amine.

Aliphatic amines undergo hydrodenitrogenation very rapidly.  Consequently

only the non-nitrogeneous compounds derived from the hydrogenolysis of

perhydroacridine could be detected in this study.

Acridine hydrodenitrogenation was promot€d by increasing the

hydrogen pressure.  The hydrogen pressure is a unique process variable by

means of which the reaction  path  may  be  altered.    Since  major  denitrogenation
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takes place only through the hydrogenolysis of perhydroacridine, total

nitrogen-removal is more or less completely correlated with the rate of

formation and the rate of decomposition of the perhydroacridine.  There are,

in fact, two routes for the formation of perhydroacridine which are delineated

in the reaction network (Table 6).

A - THA - SOHA - PHA [13]

A -• OHA -• PHA [141

At high hydrogen pressures, perhydroacridine was selectively formed through

A - OHA - PHA, and this preference may be a consequence of the concomitant

fact that the formation of tetrahydroacridine, the alternative path to

perhydroacridine, was inversely proportional to the hydrogen pressure.  As

shown in Fipures 29 and 30, lowering the hydrogen pressure shifts the

selectivity between tetrai ydroacridine  and  oc Lahydi·,curld.in=; the selectivi ty

at several hydrogen pressures is shown in Table 12.  In the A - THA - SOHA 
- PHA

route, symmetrical octahydroacridine is a very refractory compound which is

only slowly hydrogenated to perhydroacridine.

Whereas increasing of hydrogen pressure ordinarily promotes the

hydrogenation reactions, hydrogenolysis of perhydroacridine was severely

retarded by increasing the hydrogen pressure.  A similar phenomenon was found

in the hydrodenitrogenation of quinoline under similar conditions (Shih

81  d.,    1977);    in the hydrodenitrogenation of quinoline,    the  rate   of

hydrogenolysis of decahydroquinoline decreased with increasing hydrogen

pressure.

The two mechanistic possibilities considered previously for

hydrogenolytic denitrogenation differ only as regards the rate determining
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TABLE 12

Selectivity of Acridine Hydrogenation

Total pressure, atm KA - THA/KA - OHA

54,4 1.99

95.2 O.60

136 0.23

177 0.13

*First-order rate constant, min.-1

**Reaction temperature,  367°C



82

cleavage of the carbon-nitrogen bond.  In the Hoffman type E-2 elimination

mechanism   ( Eq. 15) coordination   of the nitrogen   as an anionic catalyst

vacancy preceeds concerted carbon-nitrogen bond breaking and B-hydrogen

abstraction by a hydrogen acceptor catalyst site.  In the E-1 (so-called,

carbonium ion) elimination mechanism (Equation 16) coordination of the

nitrogen at the anionic catalyst vacancy preceeds a rate-determining cleavage

or ionization of the carbon-nitrogen bond without necessity for assistance

by a catalyst site in the subsequent, fast 8-hydrogen abstraction.  The

observed, strong negative dependence of the hydrogenolysis of perhydro-

acridine on the hydrogen pressure is in accord with both of these mechanisms

of hydro enolysis, in that, increased hydrogen pressure results in decreased

availability of anionic catalyst vacancies for coordination of the nitrogen

unshared pairs.

Based on the considerations discussed above, an S-shaped relationship

between the first-order rate constant of the total nitrogen removal and

the hydrogen pressure   is  to be anticipated. Figure  28   illustrates   how

Closely  thi data fulfills this expectation.

The activation energy for total nitrogen removal from acridine

was 35 kcal/mole, which is slightly higher than that found for the                       -

quinoline hydrodenitrogenation (25 kcal/mole).  The high activation energy

for the total nitrogen removal is partly a reflection of the high activation

requirements of the prior hydrogenation reactions which ranged from 25 kcal/

mole to 35 kcal/mole.  These values are to be compared to those for the

hydrodenitrogenation of quinoline, where activation energies of the hydrogena-

tion  reac.ions were around 20 kcal/mole. These·  differences  can be correlated

with steric factors which are responsible for hindrance to hydrogenation
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in acridine and its partially hydrogenated derivatives, and which, as a

result, are attended by higher entropy barriers than in the more simply-

structured quinoline substrate.  Thus, the activation energy for hydro-

genolysis of perhydroacridine (ca. 35 kcal), was found to be comparable

to that for the hydrogenolysis of decahydroquinollne which is the most

sterically hindered of the hydrogenated intermediates among the quinoline

derivatives.

c.  Conclusiohs

Acridine hydrodenitrogenation involves a complex series of

hydrogenation and hydrogenolysis reactions.  1he reaction network of

acridine hydrodenitrogenation is similar to that of quinoline hydrodenitrogen-

ation, where hydrogenation of the pyridine ring is necessary for the removal

of nitrogen.  However, acridine hydrodenitrogenation requires more severe

operating conditions.  The reaction path is strongly dependent on hydrogen

pressure,   and  is very -subject to steric hindrance. The results presented

afford considerable insight into the details of the hydrodenitrogenation

reaction network in polycondensed nitrogen-containing compounds.  This

information can provide quantitative guidance for process development and

catalyst improvement.
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3.  Studies on the Interaction Between Various Nitrogen,
Sulfur and Aromatic (Hydrocarbon) Compounds

During this quarter, reaction network and kinetic studies

involving interactions between heteroatom-containing compounds and 17·omatic

compounds were initiated. Since quinoline   is a typical ni trogen-conaining

compound present in coal-derived liquids and reaction network and kiLetics

of hydrodenitrogenation of quinoline have been studied in great detail in

our prior work,  we have chosen quinoline as a typical compound for the

interactions studies.  Four different sets of experiments are being done in

the preliminary parts of the interaction work.  These are:

a.  Basic and Non-Basic Nitrogen-Containing Compounds

The quinoline-indole pair was chosen for these studies.  Three runs

were carried out in our standard batch autoclave reactor at 342°C and 34 atm

dihydrogen with Ni-Mo/y-A1203 ( HDS-98) catalyst;   0.05   wt  %   cs2 was added

to the reaction mixture.

Although analytical work is not fully completed, preliminary

results indicate that indole alone is less reactive (K = 0.7 min-1 at
I,TN

342°C and 37 atm) than is quinoline alone (K  TN = 0.8 min-1).  When indole

and  quinolirr are present together, the. total .nitrop,     remc-. ·il  rate  from

quinoline-type compounds (reaction intermediates) is unaffected, but the

1. rate of total nitrogen removal from indole-type compounds is reduced by

10-20%. The pseudo first-order rate constants for the competing compound

experiment are

KI'TN 0 0.57 min-1 and KQ,TN = 0.8 min-1.
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b.  Aromatic Compounds and Basic Nitrogen-Containing Compounds

Preliminary studies of the interaction between naphthalene and

quinoline have been carried out in hexadecane carrier and analyzed utilizing ,

the FID because of the need to analyze for the aromatic compounds, partially

saturated compounds and fully saturated compounds.  All reactions were

carried out at 342°C and 37 atm with 0.05 Wt % CS2 in the feed.  The concen-

tration of quinoline was 0.5 wt %.  Naphthalene alone was studied at the

5 wt % concentration level, and competitive reaction was carried out with

0.5 wt % quinoline and 5 wt % naphthalene in hexadecane.

Naphthalene alone hydrogenates rapidly to tetralin and equilibrium

is essentially established after two hours at reaction conditions.  A small

quantity of tetralin further hydrogenates to decalin.  The naphthalene-

tetralin equilibrium strongly favors tetralin.  The pseudo first-order rate

constant KN for hydrogenation of naphthalene to tetralin at the reaction

conditions is about 5 min-1.

When quinoline and naphthalene are present together, hydrogenation

of naphthalene is retarded drastically.  The pseudo first-order rate constant

for naphthalene hydrogenation to tetralin is reduced about 20-fold by the                    
.     1

presence of quinoline.  However, the rate of total nitrogen removal from

quinoline compounds is not affected by the presence of naphthalene in the feed.

In  uile next quai #,=r,  kinetic  analysis  of ·6,0  a.uuve-..tentioned systems

will be completed, and the effect of interactions on individual rate

constants in the reaction networks will be determined.
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The two other types of interactions to be studied include,

0  Interaction between nitrogen-containing and sulfur-containing

compounds.

e  Interaction among nitrogen-containing compounds, sulfur-

containing compounds and aromatic compounds.

Preliminary studies of these interactions will begin during the

next quarterly period with dibenzothiophene being used as the typical

sulfur-containing compound.

D.  POISONING REACTION ENGINEERING

1.  Introduction

In the last quarterly report, coking effect on the catalyst

deactivation in H-coal process has been examined with a specific mechanism

of independent fouling.  The model including the effect of pore blockage

caused by coke laydown and the effect of hindered diffusion of larger

molocules   in   the partially closed pc)res shows    ti*a L   -, ,.,ie tim= a   improvement

in catalyst life and activity level can be obtained by proper selection of

the pore size.

Since   the coke content on· H-coaf3 catalyst   ls   very   high,    coke

deposition may be the major factor for catalyst deactivation, especially

in the initial stage of operation.  Literature describing the effects of

coke laydown on both physical and chemical properties of the catalysts are

few.  The decisive effects have not been reported.

This report continues to concern physical rather than chemical

properties of the catalyst. Prototype mechanisms of series, parallel and
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independent reaction networks for coke formation are studied.  The accumula-

      tion and propagation of coke laydown in the catalyst for these three reaction

networks are investigated and compared.  The theoretical model of the effect

of coke formation on the performance in the H-coal process is similar to

that described in last report, but some additional criteria have been

included to consider the general phenomena  o f coke formation.

In the H-coa]  process pulverized  coal is mixed with slurry  oil  and

heated in the preheater with compressed make-up hydrogen before being led

to the H-coa]f  reactor. The first  step in liquefaction occurs principally

as an uncatalyzed reaction, and the resulting asphaltene will then be

transformed to the desired products via hydrogenation, hydrocracking, etc.,

by catalytic reaction with hydrogen. The essence   of the H-coa  process,

therefore, can be modeled simply as a slurry reactor as shcwn in Fig. 36.

Owing to the complex compositions in the coal slurry and the possibly

numerous side reactions which will contribute to the coke formation such as
-/

polymerization and aromatization etc., description of the coking mechanism
/.

is difficult.  Nevertheless, understanding of some basic aspects of coking

 .          mechanism will enable the process to be characterized with a traceable

phenomenon and promote better reaction design and longer catalyst life.

Material balances characterizing the fluid Fhases both inside and

outside the catalyst pellet for specific reaction network in H-coal reactor

are   summarized in Table   13 with appropriate boundary conditions.      The

implicit assumption made in formulation for Table 13 is that the time

constant for the deterioration of the catalyst is relatively longer than

that of residence and reactions, and therefore, quasi-steady state can be
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TABLE 13: Material Palances for H-coal Reactor

 .1--, b                                            c    1  ;bc                          c    l i b -2.-B P 2,/2    P
Fluid phase outside cat-                     1
alyst pellet :                                1

y  ·S·(c-8 ) = F.c - F. c P·C - F· c F·c - F·c
-f,1                 s                                           0                                        0                                           0

Kf'2'S.(x-Rs)
- F·b F·Po - F·p

inside catalyst pellet :

1  J (r2    35        1                           0        |       a-82  a r      De, 1lr) Kl  eaSB+   K2 0837 Kle 8          ; K ec'
1r

1  8 c 2- 3X .

a -P Er2 pr*r  e,2ar 1

K2 8867 -  Kle  c i
K ASAi2v r

ap     =
i

K288 87
K2  8867                                                       K2  88 :FDt

initial .

2.dition       :  i

Fit.o =i  0       0        0
joundary conditions    :

ac
0                     0                 :     0

Or r=0     '
ax

0                         0ar r=0

@E I
./

De,1 ar I Kf'f(c-Es) Kf,f(c-Es) K  ·(c-c )f,1    sir=rC
-

ax I
-

De,2 ar
 

Kf,i(x-xs) Kf' 2.( x-x-s)r=r
C

** x represents either b or p.
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assumed.  At the same time, it is assumed that excess hydrogen is available

from dissolved molecular liquid phase and also from the donor solvent.

Consequently, the potential exterior mass transfer limitation will be at the

liquid-solid interface.  The catalyst looses activity by blockage with coke,

and the fractional activity of the catalyst is defined to be:

0=l--2 [171
PS

where Fs is the saturated coke level required to deactivate the catalyst.

The pores decrease in size with coke deposition, and this decrease

will affedt significantly the transport properties, particularly the effective

diffusivity of large molecules.  The relatively high content of asphaltenes

in coal liquid, which are molecules commensurate to the catalyst pore size,

implies that the configurational diffusion limitation will become signifi-

cant, particularly when coupled with the effect of pore blockage caused

by coke laydown.

To demonstrate the pore plugging effect in a simple way, consider

a catalyst with cylindrical pores of uniform radius. RQ, and assume the coke

laydown is monotonous as shown in Fig. 37.  The shrinkage of the effective

-       pore size as a function of catalyst activity can be described to be

(RE)2 =i- (1-0)
[187

0 NPU

where NPU characterizes the number of poisoning units and is defined

as follows:
3

NPU = -max [191
PS

Here F specifies the maximum amount of coke laydown when the catalystmax

6 =>
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pores are filled with coke completely.  The actual catalyst does not have

cylindrical pores, but the exclusion effect is handled in the game manner.

The parameter Xi is defined to be the geometrical ratio of the

radius of the ith component to the catalyst pore dimension, i.e.,

A  = ri [207i    R

Then  Equation  [187  will be rearranged  to  be:

,    l0,i

Ai 4 1- (1-0)
[211

NPU

where Ao,i is evaluated for ith component and initial pore radius.  Prom

Equation  [211,   it is concluded  that  the ca talyst  life  wi].1 be terminated

unless the following criterion holds true at the catalyst surface, i.e.,

A <1 [227i

The passage of the reactant molecules will be hindered when Xi approaches

unity (greater than 0.1).  The molecules absolutely can not pass if ki is

greater than unity. Therefore, the catalyst  will be considered  to   be

dead if coudition  [22]  does  not  hold  true.

Considering the geometrical exclusion effect  of the diffusion

process of a large molecule through a fine pore, the empirical equation

proposed by Satterfield  et  al·,    (1973)   can  be  applied,

D             =       Do, i t         e-4.6), i for h<1 [231e,i    'r'

Where is the fractional void volume  and 1*'   is  the tortuosity factor./
It is apparent in Equation [231 that the correction for geometrical exclusion
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will be significant  when  ki is greater  than 0.1. Plil.:i correction  will  be

particularly important when X  . for fresh catalyst is already large enough
0,1

that any further decline in pore size due to coke deposition will reduce

thc effective diifusiv i Ly significantly.

The effects of both pore plugging and geometrical exclusion on                 -

the effective diffusivity  can be combined  into a sjngle correction factor.

This factor is defined as the ratio of the effective diffusivity in aging

catalyst to that in fresh catalyst:

-4.6 X

Cdi =1-a-e) O,i
[241NPU exp

Jt-(120)
NPU

Using groups defined clearly in Nomenclature, the original equations

characterizing the catalyst behavior in H-coal reactor can be rearranged

to be the dimensionless forms shown in Table 14.

The effect of coke deposit on the main reaction can be character-

ized by an effectiveness factor defined as the ratio of the observed

reaction rate to the initial rate in the absence of mass transfer resistance.

1    .2    a  · 19  .2-     M    e c y d fJo'l

72 ( T)   =  f   1  '0 2   00.  Et, 2. 1
[251

0,1 u 1    7-60

which can be rearranged to be

11 (7)   =     YASIr, 0 ) [261

The total activity is simply related to the fraction of the initial

effectiveness factor which remains after the coking has started.  This

fractional activity ratio  is then defined  to  be:



TABLE 14 : Dimensionless Material Balances for H-coal Reactor

1(1 8
C   1,8    2,D

C    r B

r-* p P 2 'B
Fluid phase outside cat- -1 - -1 -           -1
alyst pellet : E -. +R. C 8+ +0 7

20,1    +  n l E s0,1   - S O,1 1-s
C               = .

--1 --1 _-1
*    + n.          b   + Q            fgTi + n-O,1 -1 0,1  - 1 --

n r,B ; +0 p
4 S io,2 2- sX

20 2 +Q 2 -0,2    L
=-1  + n-

Inside catalyst pellet : 1
:= acdl SECd..7-5 +  .0   · ..P

.

628"59+028887 2 0.'B AA Aa 7 B
01 A

C r. 1 u
-

-2/d-
e

....
-                                                                  -

3- 0 6 ,·A                   '.   42 G0--=7 _422°-11 02 86  69Ci...r-&1 +
d 11             7

9
-

.:
38

- 8857 1 - ·0837 - ess,a:
i.ial condition

, ir--0 -                             11.                                                     1

Ec'.:-tarv conditic:c                    i
35           C                 0                  081L  f=C
3X
'f f=0 0                        0

-             1- Es 1- Cs 1- Cac !                                             SCd                                      _11 34 if=1                       -1               --13  +. +9, Bn-1 + n.             -0,1        =                      , -        1                      -0,1  +2 1             1               \O- -
0/ -- 1- P_ :·,_,rl
5.

1

-

CdS if 1-·f=i 0-1                  -

S                            O

ao,2 .2
+ Q

B0,2 + 02         
** X represents either B or P.
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ACT)       7 iI                                                                                [27-1

The least complex form for demonstrating the use of relative

activity   is   for a series reacti on network. The conversion   for   main

component is given as

f (T)  = 98-
[281LHSV

From Equations [261 and [273, consequently the relative activity is

equivalent to

f ( 1- 1
A(1) =  tf2 o i [291

This simple equation can be confirmed from the data on Figures 39 and 42.

The  definition of relative activity   can   be   extended   to   the   o ther   two

networks.  The relative activity shows how the original capacity for

useful reaction diminishes  with  time. The function is dependent  on  the

history of the catalyst deactivation.

The propagation of coke laydown per unit mass of catalyst can be

derived to bet

wer)      = C 3.to'p  , i' ('-,) 9

NPU .f'.df [301

Taking into account the effect of pore plugging and hindered diffusion,

the deviation of the effective diffusivity can be elucidated by considering

the average correction factor as follows:

Edi = 3Jl Cdi  0 y 2d f [31]
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This average correction factor is not related to the effective in any si.mple

way but instead provides a qualitative means of the contribution of hindered

diffusion to the behavior of the system.  There is no simple weighting

which will permit a corrected diffusivity to be used in the conventional

thiele modulus; the correction depends on the specific problem.

These ideas are illustrated  with some specific numerical examples.

For the sake of demonstrating the effect of coke on the catalyst behavior

in the H-coal reactor, typical exponents with a=B - 6=y =l i n the

power-law reaction mechanism are considered.  And some secondary parameters

are assumed empirically as follows:

B   = 100
O,i

LHSV = 1 hr 1

ve -- 0.5

1- . =l h r
P, 1.

where i = 1,2.

The coupled, non-linear equations are solved by the Orthogonal Colloca-

tion Method (Villadsen and Stewart,  1967) .    The reslilts are shown in Figs.

38   to   46. Some qualitative observations about these results are given

below.
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2.  Results and Discussion

Ih the following paragraph some of the important effects of the

pore  plugging and geometrical exclusion   on the catalys t behavior in H-coal

process will be presented.  Typical mechanisms of coke formation by

parallel, series and independent networks are examined.  For the sake of

simplicity, the initial geometrical ratios, 1  i, are assumed to be the same

for both main reactant and coke precirrsors in the followihg analysis.

Flgs. 38 to 40 show the time change of conversion of the main coinponent, c,

.(Til
I in H-coa-1>' hydroprocessing.    The case  that NPU approaches infinity specifies

the condition for clean pore structure.  No pore plugging effect will be

observed for this extreme case.  The conversion of main reactant, therefore,

is dominated by the intrinsic, configurational diffusion limitation, and

the results shown   on    the   top   of   Figs.    38   to 40 demonstrate   that   the

geometrical exclusion has a decisive effect on the conversion of the main

component.  However, for longer operating time, the dependence on this

effect will not be significant for both series and independent networks,

this is due to the rapid decline of the effectiveness factor for these

mechanisms with small value of
Ao, i.  When NPU is

unity, strong pore plugging

phenomenon will be observed.  The consequent decline of the pore size will

further aggravate the geometrical exclusion significantly.  The catalyst

life will be terminated when the pore is finally choked by coke deposit

to prevent access of the reactant to the interior of the catalyst active

sites, even though portions of the catalyst are still highly active.  The

occurrence of choking phenomena depends strongly on the reaction mechanisms,

the possibility of decreases in the order:  independent > parallel > series

I as  shown  in  Figs.   38  to  40. The dotted lines indica.te the terminati on  of
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the catalyst life by the blockage of coke at pore,mouth.  Owing to the

relative rapid coke-building  rate, the cata.lyst blocking will occur   easill

for independent mechanism.  The choking of catalyst will occur only for

large value of AQ for parallel mechanism, while the phenomenon is not

observed for series network under the same conditions examined.  The

comparison between the two extreme cases of NPU shows that the effect of

hindered diffusion coupled with pore plugging will reduce the catalyst lif,

substantially with increasing value of X  ..  Therefore, initially larger
0,1

pore  catalyst  will be preferable for higher conversion and longer  cata] yst

life.

Figs. 41 to 43 show the complicated effects of pore plugging and

hindered diffusion on the relative activity of catalyst.  The effect of

hindered cli ffusion alone is demonstrated in the upper part of these figures

The action of geometrical exclusion only eliminates the access of the

molecules through the pore; consequently, the activity of the catalyst

remains  high. The effectiveness factor depends  not  only  on   the  mass   f].ux

of reactant into the catalyst particle but also on the activity of catalyst

remaining.  Therefore, in Fig. 42 an increase in the relative activity may

be observed with the increase of A  i.  The total result indicates the

effect of hindered diffusion alone is not significant on the relative

activity for the networks studied. The results for the cozipled effects

of pore plugging and geometrical exclusion also are shown in the same

figures  for  NPU=1. The dotted line specifies   that the evaluation of relative

activity is meaningless after the catalyst life is terminated. From these

figures, it is found that relative activity decreases significantly for                     |
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both  parallel and independent networks when pore plug by  coke  laydown  is

taken into account. The result for series network .uggests the activity l.s

less sensitive to the coke plugging and geometrical exclusion effects.

Fig. 44 demonstrates the typical coke profiles at specific operating

time in catalyst particle for three different networks. The profile for

the parallel model shows a sharp gradient toward tne core of catalyst, and

there will be no coke at all near the center of the catalyst particle for

large value of A .  The relatively high content of coke at pore mouth

suggests the catalyst life·may be terminated by pore blockage with high

interior activity remaining.

The coke profile for series model shows some interesting aspects.

There exists  a  "peak"  of coke profile inside the catalyst particle.     The

position of this peak propagates toward the center of the catalyst pellet

with decreasing value of X  i.  Choking of the pore may occur inside the

catalyst particle instead of at pore mouth.  However, the pore blockage

is not observed for the present example concerned,  although interior

blockage can occur for other sets of parameters.

Similarly the coke profile for the independent model shows a

relative rapid coke build-up  and  the coke profile appears much uniform.

Consequently, the catalyst pore mouth   will be choked relatively early. r.

This  conclusion is consistent  with the observations  in the previous figures.7     .'

From these observations, it is concluded that coke laydown will be eliminated

toward  the  core of catalyst  for all mechanisms when  X     . are large.    'Ihe
. 4.3,1

..=.

physical properties of both catalyst and reactants will affect the coke

propagation substantially, especially for series tyre.
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Fig. 45 shows the accumulation of coke laydown per unit mass of

catalyst  used. The dotted line specifi.es that coke formation  wl 11 cease

when the catalyst life is terminated.  The amount of coke laydown decreases

in the order: independent > series > parallel. Further increase   of  X
O,1                     I

will generally prevent the formation of coke, especially when the initial                     

value of X  . is greater than 0.2.  1herefore, proper choice of catalyst
0,1

pore size can in principle be used to eliminate the coke formation.

The significant decrease of effective diffusivi. ty i.s shown in

Fig.   46 in terms of average correction factor. The substantial decline

in the effective diffusivity demonstrates the important effects of pore

plug and geometrical exclusion. However, serious misinterpretation   of

the kinetic information will result without considering these correction

factors coupled with the specific reaction network.

3.  Com:lusion

The effects of pore plugging and geometrical exclusion on the

catalytic behavior in H-coa hydroprocess has been studied.  A kinetic model

correlating the decline of effective diffusivity with hindered diffusion

and coke laydown is proposed. The results demonstrate that physical properties

of both catalyst and reacting molecules have a decisive effect On the loss

of the catalyst life and the nature of coke formation.  The profiles for

coke laydown demonstrate the dramatie effects  of pore plugging coupled  wi th

geometrical exclusion. Although a complete modeling of liydroprocessing  must

include  th .3 effect  of coke deposit  on. the main hydroprocessing reactions  such

as HDS, HDN and HDM etc., this study of three models for coke deposition yield               

the basic characterization for more complicated systems.  There is potential of             I

improving hydroprocessing processes by control of catalyst physical properties.
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E.  PROGRESS IN THE SYNTHESIS AND CHARACTERIZATION OF SULFUR
AND NITROGEN 8UBSTRATES

Benz[clacridine was synthesized by the following route using

2-toluidine hydrochloride and 1-naphihol (see Ullmann (1904))

/ Nli2.llcl H .121 LJ / \,NICI...52)

©- CH,        +                                     >           toi       to J-- -CH --
3

   Pbo;    18000
N

0 0 0
Benzcclacridine

Benz[alacridine was similarly obtained from 2-toluidj.ne hydrochloride

and 2-naphthol (see Ullmann (1904))

0H
1,/»NH .Hcl
 0     2                          ,          ESF'«1 61-

Cl!3         +          L.:;3h                                      >                   -0 CH   4. -3 - 
  Pbo;    1800

0
-                                                    Dibenz[ c,hlacridine was obtained   fk. om 1-nap'itho]., 1-naphthylamine

and paraformaldehyde (see Jacquignon (1973))

el- 9.  4        4           »...»   .4 -191   0, N,4 1'81

 ,                                          7                           1,91 CH, 19,1
- I

(CH20)n

NQ   0 0
,{

0 0 0     <           0
Dibenz[c,hlacridine
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Bei::.o[blna.phthr F2,3-dlthiophene has.beer  :·,·   -:·.siz„,1 by  tlie

following route (see Campaigne, (1968))

0
.4                                                    -

0                                                                                        11
CH -C Al C17 - -/ c \0  0 +.1   02 0

6 1'91 10 J  7'2CH - C=
2 U - OH CH

0                                   #C, 2
11

0

|NH2'N}12:NaOH
4,

PCle

0   0 c 0 1»21SnC14 e<s- S   '<
0                                                 0

,|,    NH2 'NH2; NaOH

O 0    se > r6-1---T»67
S                                             \J.-*S.-\«.-V'

7-Methylbenzo[blnaphtho[2, 3-dlthiophene   has been obtained  by

the following procedure (see Campaigne et al· (1969))

11                                     »
CH -C

2 \ AlCl --C-..CH2
1'01--1  3 +   t»._ c,0 l9.U»J e, 4»2-\S. »..4 2 11

0                                            C'
it

'1'    ».2. NH ,NaOH

<PC].5 ; Sne].4   3   r---r 1 v 1 OHS                     L Sr.-- 1/0
0

|1)Mg; CHQI

J2)Ll ,
Se

0   0         >   0   0 0
S                /                                                        S

C                                       CH
3                                               3
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The preparation of Acridine N-oxide from acridine is underway

(see Acheson (1968))
C1

<10>- c03"

0 9 0        > GIFID
'1'

0

4-Methylbenzo[blnaphtho[2,3-dlthiophene   will be prepared   by

methylation   of the parent compound (aee Litvinov   et   al.    ( 1970))

-  h '      1) NBuLi »4)
l91. sJ,9191  2) C CH3)2SO4 >     I

Phenanthro[4,5-bcdlthiophene wi].1 be obtained from phenanthrene

and hydrogen sulfide  (see  K. L. Klemin  et  al.   (1969,   1970,   1976))'-. --

0 Co-Mo cata.lyst        0

00+ >00
LJ                  \S

H2S

..
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§-Methylbenzo[blnaphtho[2,3-dlthiophene   will be. synthesized   by

the following sequence of reactions  ( see Campaigne  et  al·   (1969))

 8"1 + *-        OH-             -    03 -        +
 /1 SH cl  -/J lol T 1

.

H   ->
Y \S..it

CH                                       CH
3                                            3

0                    -Pd-C _ »          0                   CH.    C
CH2 C 0

S                                                2
S ..-I--·--,H                                                   0

3                         CH
3              Alcl3

0

[C)1---rer,H   NH'NH2*  tS'I----i 8) ) 131'»  o- -S-iri    Y NaOH -SO71 SnClf ir  4     \
CHO                      C     I3 3

 NHo·NHo;.-                    .-

V NaOH

{ 0 0 0 Se- [61---fo
C .../-'\S/...2/.\v/'
3                                      cA.

3                                            -

Thioxanthene will be obtained by reduction of Thioxanthen-9-one

(see Wechter (1963))

0

1«hsj 82H6-THF ) EBf»rE} V'- 3.- \/\S-\/
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V.  NOMENCLATURE

A(t) :  Fractiona] ac:tivi ty as dul'ined  i.n equation (10).

b        : Colleen'tr'ati.or, 01 11,:lirl 1)r'(,duc·t 1 11 t'11: id Phase out-
side the calalyst. i,ellet.1

r ,

b       : Concentration 01' main product in fluid phase in-
side the catalyst pcl.let.

K. .r
1            r

B        : Hiol number for i 1.1, component,0,i
.1; i' .

c        : Concentration <,1 reactant in rluid phase outsidu

t  the catalyst vel]el.
..

c        : Concpntration ur roaetant in fluid. phase inside

the catalyst pel.li·l.
c       : Concentration of rear cant at entrance of reactor.0

C        : Dimensionless concentration or reaetnat in fluid

phase outside  the  catalyst  pollet,  c/c,.
-

C        : Dimensjonless concentration of reactant in fluid

phase inside the
(':it Mil  y s t     ] 1(,]  ].et  ,      E/<:0  .

Cd. :  Coir,·(:tion  r:icl.or  .l'c,z·  c·I'l'*· :1.ivib  cli t'f:i,r; i v ity  for1

-                ith component.
.-.

C(1.
: kiverage correction ractor for effectivi diffusivity, 1

l'or  i 1.1:  colilli,)1,•.·Ill  91:;  di' l'i I t,:(1  ill  i.·tiu:.il.i i,Ti  (12).
D        : Bulk di #'tiI,sivi ty toI ith component.o,i

De,i : Erfeclivily dirrusivily U .; derhi,cl .h , equation (7).

F        : Volumetric Flow rale.

K       : Rate c:on:;1.:iiiI. 1'„,· 111:li 11 r,.11'*1   Ott.1

%2       : Rate coiri:lant ror euking reaction.
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:   r.l:l:;:;   t.rati::1'(lt·  4:0(, It'i(·i(·rit  at liquid-<101id interface.
f ,1 -1

I,liSV : Liquid hulll' :,1,:lcic' ve I oe ity,•hr  .

1
! ptl : NuM'i r or reis<,itii,:. unit. :l:; derined in equation (3)·

p          : (:01 1.·t,1,1.1.1 1. i nfl (11' rol:. (· I'li:clir::orM i.n flu id phase out-
side 1.It·: calicly:11. T,('llc t. for' independent coking me-

.I t:  t  Iii   : ;l i i  •

... in fluid phase in-p        : Conct:htration of coke precursord

side ihg calalyst pullrl for' independ, it coking me-

(:11Ill 11:;111.

p       : Cot,<:unt.i':111 011 of coke. pi'ecursor at entrance of reactor.
0

11       : Dill.%'it:;ir,111,•:i:; c·onenetritoion ot' coke precursor in fluid
phase oulsicip th.3 catalyst

1) (3 1 let,  p/po '

...

P        : limpti:330111,·:;:; concentration of coko precursor in fluid
1,11:t.:„ i 11::i cll, 1.11(: c:il.:lly:,1. 11('t li'l,P/1)0·

I)          : r'.ok,) cic,J'osi I.lori on c·a I.:ily::t :11,rfacc„11-mole coke/cml of

catalyst.

P.- :  Entill':il.t·(1  coke  (1*,110:tition  c,n  ,·:ital.yst  :urface.
..,

p            :  M'ixil.illnt :titi( itr L or unkv dc·ti i:;ition to  j'ill the entireitt a ,..

pores of catnlyst.
'

R       : hadius oi porp iii aging catalyst.

Ro       : Radius of pore in fresh catalyst.

r        : kadins or catalyst pullet.C

r                         :    Sp:,-1. '1'11    V,iri :11,1 l,   O1    (::11::ily:lt   radill:;.

VA       : Average reaction rate inside the cata
lyst pellet for

main component.

V        : Reaction rate of main componen
t at surface conditions.

As

t        : Time variable

V        : Volume of' I[-Coal reactor.
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V        : Fractional volume ol' cal; ii yst iii H-coal reactor.
C

W(-r) : Relative cokc laydown, r or coke/g of catalyst.

-

Greek symbols

n,B : Expoi,ents or the Irizin reaction e k.j,re  Sl.On.

8, Y : Exponents of the eoking reaction expression.

(t·K2'Y,I)r          : 1,1 int, Ii.:lonli1:i:; lillit!, ---··-·-- ---· ,  wlic·r·, , y  i'(,presents
c:Q I'£>r ::i,ric:; find i I ki :11 1 (·T ritec.'hatii :;In:; :ind po for

S
indel,endrnt eokint network.

6                 :   Fre,2  eros:;  :;pc:t..iol i  ;.lri,a  01  1,orr'.

60               :  Por'osi t,4'  01'  1'1.'es}i  (:a t:i.lyst  liar'tict.le.
*2      : TOI"tioS.i ty fal:tor.

O        : Catalyst activity as defined in equation (1).

: Thinle modulus for main renction,r . klcl,-1
1                                                                                                                                               c   De, 1      IK    •vy-'

02                        :    Th j.ele    modulus    ior    cokinf reaction, . 1 2 ..'O

rc  De,2  '
where y indic'.:iles c'Q roi' :i :rice: a,1,1 I'l lallel me-0

chanisIns and p for independent network.0

7        2 jbrrectiveness factor as defined in equation (9).

f                    :   Dimensionirs:;  radius  of  cnialyst  1.::irticle,r/re.
fc      : Density o i cat.ily:; l.
fp         : Derisity o.f. c.oke clel,osi lion.
Xi      : Geolneti·j,::1] r·:ilio c r the r tdi,ts or 1· :actant to tlie

rad.i 11:; or cal:ily:el pore :1:; derined in equation (4) .

'Cp,i
: TJ n constunt For dirresion itt catalyst rartic.lo

1.

lor    ith   c:eti,i,4,1,1,1..       -   -C-,-,--         1 r1.11  .  I
, , 1
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V

ni             :  Dit:1(,rkl (,lil<
C

...8 Cruup delined to bc
I.11 I: V.  Tp,  i

Subscripts *

s         : Concentrations on·external catalyst surface.

1
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*
There has been only one addition in personnel during chis quarter.  Dr. Dan

Fraenkel from the Weizmann Institute of Science, Israel has joined as a Post-

doctoral fellow in October 1977.
a
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