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ABSTRACT 

Studies of competing hydroprocessing reactions catalyzed by 

Ni-Mo/y-Al2o3 and involving quinoline, indole, dibenzothiophene, and 

naphthalene in !!_-hexadecane show that marked interactions exist. The 

naphthalene hydrogenation-rate is markedly reduced by the presence of 

quinoline; whereas the reactivity of quinoline is virtually tmchanged 

1 

by the presence of naphthalene. Similarly the rate of hydrodenitrogena-

tion of indole, a non-basic nitrogen-containing compotmd, is strongly 

reduced by the presence of quinoline, whereas the rate·of hydro-

denitrogenation of quinoline, a basic nitrogen-containing compotmd, is 

tmaffected by the presence of indole. The.hydrogenation reactions in 

the dibenzothio~hene reaction network are inhibited as severely as 

indicated by the reduction in their pseudo first-order-rate constants 

as are the hydrogenation reactions for naphthalene. Thus the 

hydrogenation rate is reduced 30-fold by increasing the initial 

quinoline concentration from 0.0 to 0.5 wt % in naphthalene hydrogena-

tion and in dibenzothiophene hydrodesulfurization. The rate of direct 

sulfur removal is reduced by only 3-fold by increasing the quinoline 

concentration from 0.0 to 0.5 wt %. These results clearly show that 

the rate expressions for the hydrotreating reactions are of the form 

Rate = 



II. OBJECTIVES AND SCOPE 

1he major objectives of this research are as follows: 

i) 

ii) 

iii) 

iv) 

v) 

vi) 

to develop high-pressure liGuid-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. 

To detennine reaction networks, reaction kinetics, and 
relative reactivities for catalytic hydrodesulfurization 
of multi-ring aromatic sulfur-containing compounds 

· 'found in c·oal-derived liquids. 

To detennine 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 hydrodesulfurization 
and.hydrod~nitrogena.tion process~s. 

In summary, to reconnnend improvements in processes for 
the catalytic hydroprocessing of coal-derived liquids. 

2 



SCOPE 

A unique high-pressure, liquid-phase microreactor is being 
developed for pulse (transient) and steady-state modes of operation 

3 

for kinetic measurements to achieve objectives ii) through iv). The 
relative reactivities of the important types of multi-ring aromatic 
compounds containing sulfur and nitrogen are being measured under 
industrially important conditions (300-4sooc and 500-4000 psi). The 
reaction networks and kinetics of several of the least-reactive multi­
ring aromatic sulfur-containing and nitrogen-containing compounds 
corranonly 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 proper­
ties 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 DOE, 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 DOE for improved catalytic hydro­
desulfurization and hydro<lenitrogenation processing. 

/ 



II I. Sl.Jr.W\RY 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 

4 

Three continuous-flow, liquid-phase, high-pressure microreactors 
have been built and operated.under this contract. The work in this 

·report confirms the success of these microreactors; the data from the 
batch autoclave runs are effectively identical to data from the flow 
microreactors. This task has been completed. 

Catalytic Hydrodesulfurization 

TI1e hydrodesulfurization of dibenzothiophene (DBT) has been 
examined with a high-pressure rnicroreactor and in batch, stirred-autoclave 
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 100 atm 
where the rate constants for units of m3/kg of catalyst·s: . 

o--JCJ 

~Hb o-;;D 0--0 
~SJl._,.) -H2 S 

1.1 x 1~25. ·'>"~' 10-6 

(D) 
+H2 i >I•"' 

OU 
The 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 
following: dibcnzothiophene (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 6 to the sulfur 
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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. 
lhe reactivities of the compounds have been determined with individual 
sulfur-containing compounds and with pairs of these compounds. lhe 
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 is the least reactive sulfur-containing compound 
found so far, shows that the reaction network is similar to that of 
dibenzothiophene but that hydrogenation of the aromatic ring is more 
pronounced than for dibenzothiophene. 

Results from batch-autoclave reactor studies on the hydro­
desulfurization of multi-ring sulfur-compounds (with sulfided Co-Mo/y-A12o3, 
3000C and 70 ± 2 atm of H2) show that the reactivity decreases from 1-ring 
to 3-ring compounds and tfien it increases for the 4-ring compound. lhus 
the three-ring sulfur-compound, dibenzothiophene and its methyl derivatives 
are the least reactive compounds studied so far. lhe first-order rate 
constants for the hydrodesulfurization of these compounds are given below: 

Reactant 

thiophene 
benzothiophene 
dibenzothiophene 
benzonaphthothiophene 
7,8,9,10-tetrahydrobenzo-

naphthothiophene 

Pseudo first-order rate 
Constant, cm3/g cat h 

5000 
2900 

200 
600 

280 

lhree different catalysts, namely Co-Mo/y~Al 203 , Ni-Mo/ -Al2o3 and Ni-W/Al2o3 have been tested £0'1' the hydrodesulfurization of dibenzo­
thiophene. Tfie activities of these catalysts have been found to decrease· 
in the order: Ni-Mo > Ni-W > Co-Mo. 

A new "three-point" adsorption of thiophenic compounds has been 
suggested to be important in the surface-catalyzed hydrodesulfurization 
mechanism. The new mechanism accounts for the observed substituent effects 
and the effects of the number of rings in the reactant; it also accounts 
for results of H-D exchange studies reported in the literature. 

Catalytic 1-lydrodenitrogenation 

The 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 follows: 
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~ 
. ~~·' 

FAST, .. 
FAST 

\l,:: 2. 6 0 ~.-::. o. 30 

This network shows that usually both the benzene and pyridine rings are 
saturated before the C-N bond in.the (now) piperidine ring is broken. 
Thus, the hydrodenitrogenation of quinoline requires a large consumption 
of hydrogen before the nitrogen atom is removed from the hydrocarbon 
stTIJcture. The lack of selectivity encountered in hydrodenitrogenation 
stands in sharp contrast to the high selectivity in hydrodesulfurization .. 

The total rate of hydrodenitrogenation shows a maximum with respect 
to hydrogen partial pressure. This is becaus.e the pseudo first-order 
rate constants for the C-N bond scission reactions are reduced by 
increasing hydrogen pressure, the rate constants for the hydrogenation 
·reactions, which increase with hydrogen pressure at lower hydrogen 
pressures, approach a maximum with increasing hydrogen pressure at the 
high hydrogen pressures, and because high lryurogen pressure shifts the 
quinoline t 1,2,3,4-tetrahydroquinoline strongly to 1,2,3,4-tetrahydro­
quinoline which is not as reac.tive as quinoline fo!' further reaction. 
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In the hydrodenitrogenation of acridine, a large amount of 
hydrogenation precedes nitrogen removal also, and the carbon-nitrogen 
bond breaking reactions are relatively slow. In the presence of Co-Mo/ 
y-Al 2o3, heteroaromatic ring hydrogenation is favored, and with 
Ni-Mo/y-Al2o3, aromatic ring hydrogenation is favored. For both 
acridine and quinoline, little effect of replacing Co with Ni in the 
catalyst could be detected in the nitrogen removal reactions, although 
Ni-Mo/y-Al203 is roughly twice as active for the hydrogenation 
reactions as Co-Mo/y-Alz03. · 

The 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 is the major intermediate compound present in the 
product. Both cis-hexahydrocarbazole and octahydrocarbazole are minor 
reaction products. Reactivity of carbazole is slightly less than that 
of quinoline, and acridine is the least reactive. 

Experiments have been carried out to characterize hydrodenitro­
genation of the substituted quinolines 2,6-, 2,7- and 2,8-dimethylquinoline. 
The conditions used were similar to those used for quinoline hydrodenitro­
genation, and reaction products identified were analogous to those observed 
in the quinoline reaction network. The reactivity of these compounds to 
hydrodenitrogenation is comparable to that of quinoline to hydrodenitro­
genation. 

The reaction network for the hydrodenitrogenation of acridine (in 
White Oil) catalyzed by Ni-Mo/ -Al203 catalyst is as given below: 

0-~... f{,-::·J:~~\on ---·· .... oq ' I 
N~ ' .,,, N 

. YER-r I SLOW !,!, ~ 0. 7 5 

/ J . ... 
o:;l) k,~3Qo~O>O:-D lc!,:1l>;3+ O:;t:) ll,"3~-} HC+NW~ 

~f ~t . 

J k,-:: l.14 

(J(L) 
Nlh 
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The pseudo first-order rate constants for 367°C and 136 atm are given 
associated with the reactions on the figure. 

The pseudo first-order rate constants for hydrodenitrogenation 
(total nitrogen removal) of multi-ring nitrogen-containing aromatic 
compounds containing up to five rings at 3670C and 136 atm catalyzed 
by Ni-Mo/y-Al203 fall in the following order: · 

Reactant 

Dibenz[c,h]acridine 
Quinoline 
Carbazole 
Acri dine 
Benz[c]acridine 
Benz[a]acridine 

Pseudo first-order rate 
constant for total nitrogen 
removal, min-1 

3.79 
2.52 
2.43 
1.62 
1. 54 
1.08 

Studies of competing hydroprocessing reactions catalyzed by . 
Ni-Mo/y-Al2o3 and involving quinoline, indole, dibenzothiophene, and 
naphthalene 1rt n-hexadecane 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 hydrodenitrogena­
tion of indole, a non-basic nitrogen-containing compound, is strongly 
reduced by the presence of quinoline, whereas the rate of hydrodenitro­
genation of quinoline, a basic nitrogen-containing compound, is unaffected 
by the presence of indole. The hydrogenation reactions in the dibenzo­
thiophene reaction network are inhibited as severely as indicated by 
the reduction in their pseudo first-order rate constants as are the 
hydrogenation reactions for naphthalene. Thus the hydrogenation rate 
is reduced 30-fold by increasing the initial quinoline concentration 
from 0.0 to 0.5 wt % in naphthalene hydrogenation and in dibenzothiophene 
hydrodesulfurization. The rate of direct sulfur removal is reduced by 
only 3-fold by increasing the quinoline concentration from 0.0 to 0.5 wt %. 
These results clearly show that the rate expressions for the hydrotreating 
reactions are of the fonn 

Rate 

Catalyst Deactivation 

A variety of physical techniques have been used·to identify the 
aging process for catalysts used in the synthetic liquid fuel processes. 
Catalyst samples from three processes have been examined: a proprietary 
fixed-bed process, Synthoil, and H-Coa1R. The spent fixed-bed catalysts 
show the fonnation of an external crust which appears to be fonned by 
columnar grain growth combined with the deposition of coal mineral matter, 
particularly clays and rutile. This external crust is absent from the 
H-Coa1R catalyst. 111c interior of the catalyst is altered by several 
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prncesses: coking, reactive deposition of mineral matter, passive 
deposition of mineral matter, and crack enhancemen.t. These four 
processes are found in catalysts from all three processes. Coking 
fills the micropore vollDlle of the catalyst. Reactive deposition of 
mineral matter penetrates about 200 µm from the outer surface into the 
interior of the catalyst. The concentration profile is approximately 
exponentially decreasing from the exterior surface. Passive cementing 
occurs within SO µm of the surface unless the irregular concentration 
profiles. Finally, grain growth can occur inside ·the catalyst· near_ the 
surface and tends to increase these cracks. When the surface cracks 
become a significant portion of the pore vollDlle, passive deposition 
can penetrate further into the interior of the catalyst. 

The activity of aged catalyst from the H-CoalR 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 three-fold for dibenzothiophene hydrodesulfurization, which implies 
that irreversibly deposited inorganic matter was responsible for most of 
the loss of catalytic activity. 

Microreactor Engineering 

The use of moments as a tool in interpreting pulse data from 
microreactors has been extended to fairly complex reaction networks. 
This work is now complete. The complex data from quinoline and acridine 
reactions have been reduced to rate parameters by extensiori of nonlinear 
regression analysis. Reaction engineering concerned with coal hydro­
processing is now underway. 
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CUMULATIVE EXPENDI1URES* 

Supplies & Occupancy & Information Transfers 
Quarter Personnel Travel Expenses Maintenance Equipment Processing (Overhead) 

First $ 5,807 $ 28 $ 4,674 $ 6,110 $ 610 $ $ 

Second 20,740 528 10,007 9,208 17,978 10' 202 

Third 37,396 1,152 19,582 10,108 30,704 20,035 

Fourth 53,418 1,152 25,735 10,634 34,930 97 38, 710 

Fifth 91,593 1,521 37,291 13,755 50,614 154 75,839 

SiXth 112,666 2,458 42,341 13,920 54,013 375 93,287 

Seventh 132,669 3,140 51.589 14,396 54,013 1,180 113,830 '-'·· 

Eighth 146,146 3,814 56,488 14,600 52.295 1,868 123,576 

Ninth 167,884 5,119 54,778 16,325 54 '977 2,044 117 ,681 

Tenth 192,658 6,113 70,579 18 ,010 54,977 2,248 134,895 

Eleventh 224,941 6,113. 76,733 19,635 54,977 2,369 161,208 

Twelfth 261,759 7,349 95,041 24,159 57' 778 2,454 186,267 

Thirteenth 

Fourteenth 



. IV. · DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

A. Catalytic Hydrodesulfurization (I-IDS) 

Third High-Pressure Flow Microreactor - Dibenzothiophene 
HDS Kinetics 

1. Experimental 

With the objective of obtaining satisfactory rate data for 

dibenzothiophene (DBT) hydrodesulfurization (I-IDS), experimental 

13 

conditions have been refined to pennit continuous operation of the flow 

reactor with varying temperature, pressure and concentration without 

irreversible loss of catalyst activity. These refinements include 

(1) increased concentration of dibenzothiophene (DBT), 2) increased 

catalyst loading, and 3) addition of HzS to reaction mixtµre. The 

standard experimental conditions for rate measurements are: 

• Catalyst: HDS 16A; mass: 40 mg; particle size, 149-178 µm 

• DBT Concentration: 1.24 mole % DBT in n-hexadecane 
(before adding Hz aild HzS . 

• Hydrogen Pressure: 1400 psig 

• HzS Concentration: 0.73 mole % in n-hexadecane 

• Temperature: 3oooc 
• Total Reactor Pressure: 2550 psig. 

This standard set of conditions serve as a reference point during 

the course of one experimental run to verify constant catalyst activity. 

At the standard conditions flow rate was varied to determine range of 

conversions corresponding to a differential reactor model. 
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Operating in the differential conversion regime, rates of 

reaction were measured for a range of hydrogen saturation pressures at 

each of three temperatures. DBT and HzS concentrations were held 

constant. The temperature and hydrogen pressure range examined were 

Z75, 300 and 3Z5°C, and 35 to 157 atm. The temperature range was 

selected to agree with previous work at 30o0 c. Higher or lower 

temperatures were not possible without changing the catalyst loading, 

i.e., starting a new experimental run. The hydrogen pressure was 

restricted to the available gas cylinder pressure. Continuation of 

this work will measure rates for various reactant and product 

concentrations. 

Addition of HzS to the reaction mixture was accomplished by 

pressurizing the saturation vessel to a calculated pressure with an 

HzS in Hz gas mixture prior to bringing the total pressure to the 

desired valve with pure hydrogen. Calculation of the desired pressure 

of the HzS/Hz gas mixture was based on solubility data reported by 

Tremper and Prausnitz (1976) for the ~zS-hexadecane systems. Reported 

as a Henry's constant good at infinite dilution, extrapolation to high· 

total pressures was made using the Krickersky-Kasarnovsky equation (see 

Prausnitz (1969), p. 356) for Henry's constant, and the Lee-Eilar­

Edmister equation of etat (see Reid et al.(1977)) for the fugacity 

coefficient of HzS in the presence of Hz at high pressures. These 

corrections should be reasonable for the HzS-Hz-!!_-hexadecane systems 

and the calculated HzS concentrations are within a few percent of the 

correct values. 
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To keep the H2S/H2 saturation vessel at the desired pressure, a 

mixture of the same mole fraction H2s as in the saturating vessel was 

prepared in a similar run in a 500 cm7 cylinder at about 2400 to 2800 psig. 

From this cylinder the saturation vessel was repressurized as needed. 

The reactor set up was modified as necessary to provide gas mixing 

capabilities. 

2. Analytical 

Essentially all reactor sample analysis has been accomplished 

using the Antek Gas Chromatography equipped with an FID detector and a 

3.5 meter 1/8" O.D. stainless steel collUJlJl packed wit~ 3% SP2100-DB 

(Supelco methyl silicone stationary phase with base sites deactivated) 

on 100-120 mesh Supelcoport. Disappearance of the dibenzothiophene and 

appearance of 1,2,3,4-tetrahydro DBT, biphenyl and cyclohexylbenzene 

were all quantified from the analysis. Interference from solvent 

cracking was very small compared to analysis reported in the 10th 

Quarterly Report. 

3. Results and Discussion 

With the objective of measuring dibenzothiophene reaction rates 

under a wide range of temperatures, pressures and concentrations, it was 

essential to first determine whether and under what circumstances the 

catalyst would maintain activity throughout the variety of conditions 

and length of time necessary to get a consistent set of rate data. Once 

catalyst stability is established, sufficient rate data must be collected 

to adequately reflect the kinetics dependence upon dibenzothiophene, 

hydrogen and product concentrations as well as temperature.· During the 



present quarter catalyst stability was achieved and a set of data 

reflecting rate dependence upon hydrogen pressure was obtained. 

[i] Catalyst Stability 

16 

In the 10th Quarterly Report the first exp~riments with H2s 

added to· the feed were reported with the conclusion that H2s might aid 

in maintaining catalyst activity besides simply inhibiting the desulfur­

ization rate. In a separate publication (Broderick et al. (1978)) 

the stabilizing and activating effect of higher H2S/H2 ratios was 

substantiated. In all of this work the DBT concentration was 0.12 wt % 

and the highest concentration of H2S was 0.0067 mole fraction. Further 

experiments in the same concentration ranges served to confirm the 

qualitative effect of H2s, but showed a loss of catalyst activity with 

time even with 0.010 mole fraction H2s in the feed. 

Since a need for even more sulfur in the catalyst environment 

was suggested by the above results, and improved quantification of the 

DBT in the analysis was desirable, the DBT concentration was increased 

to 1.01 wt %, the hydrogen pressure to 96 atm and the catalyst loading 

correspondingly to 65 mg. Under identical operating conditions, several 

repeat experiments showed nicely reproducible conversion levels (see 

Fig. 1) .and constant activity for up to 85 hr at constant flow rate. 

An extended experiment depicted in Fig. 2 in which flow rate was 

changed to allow periods of low conversion revealed that .the catalyst 

activity (measured as a pseudo-first-order rate constant) dropped and 

then leveled out remaining nearly constant after 200 hr. Given this 

indication of catalyst stability, an experimental run was begun without 



H2s in the feed to measure rates in the differential regime. DBT 

conversions level out after 100 hr and a systematic variation of DBT 

concentration, Hz saturation pressure and temperature was begwl. 
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F.ach rate was measured by solluting and analyzing four samples at two 

space velocities. Throughout the course of the experiment it was noted 

that at either high DBT concentrations, _high conversions, or high 

temperature, catalyst activity remained high or increased. In co11trast, 

at either low DBT concentrations, low conversions, low temperature, or 

high hydrogen pressure, catalyst activity dropped and could be only 

partially regained at more activating conditions. The plot in Fig. 3 

of reaction rate at the standard conditions measured every 200 to 300 

hr demonstrates the zig-zag decrease in catalytic activity which results 

from changing between activating and deactivating conditions. With an 

overall drop in rate of 30 percent from the point at 350 hr to the 

point at 330 hr, the set of data produced cannot be considered sufficiently 

consistent to be useful in differenting between kinetic models and 

in determining rate parameters. 

As a final step to stabilize the catalyst a constant level of 

HzS was added to the feed mixture as described in the experimental 

section (B.1). The standard conditions for checking the activity of the 

catalyst are also given in section B.1. An initial survey of catalyst 

stability at various H2S levels indicated that a mole fraction of 0.001 

was too low. At 0.0073 mole fraction HzS the catalyst was stable for 

over 1600 hr (see Fig. 3). Even with H2S present, minor activity varia­

tions are· noticeable. Effect on the ratP. d~ta of these variations is 

minimized by randomly alternating between activating and deactivating 

conditions. 



.. 

[ii] Hydrogen Dependence of DBT I-IDS from Differential 
Rate Data 

18 

While maintaining constant pressure in the reactor the hydrogen 

saturation pressure was varied randomly from 35 to 157 atm (500 to 

2300 psig) at three separate temperatures. In Fig. 4 rate data at all 

three temperatures are plotted showing a non-linear rate dependence 

on hydrogen pressure. A preliminary fit of the data to a saturation 

f f k . . . - k Ktt2 PH2 orm o 1net1cs, 1.e., rate - results in the curves through 
c1 +Kriz PHz) 

the d~ta shown in Fig. 4. While this kinetic model shows a reasonable 

visual fit to the set of data, it is not the only possible model and 

no effort has been made as of yet to discriminate between models on 

statistical grounds. 

Figures S, 6, and 7 show the data at each of the three 

·-temperatures separately along with the 95 percent confidence limits 

on the fitted model. Comparison of such limits represent one means 

of comparing and discriminating kinetic models. They also reveal the 

greater degree of data reaction at the lowest temperature. Collection 

of rate data will continue until all important parameters have been 

investigated after which final model discrimination will be performed. 
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B. Biphenyl Hydrogenation 

Fig. 8 shows the differential conversion plot for the biphenyl 

hydrogenation reaction. Plot is linear up to quite a high conversion 

level and then starts bending over. From the slope of this graph we . 

can determine the rate of the reaction. 

Fig. 9 shows the effect of cone. of cs2 (which is needed to 

maintain the activity of the catalyst) on the rate of hydrogenation 

at three different temperatures. 

Fig. 10 shows the effect of H2 sat. press. on the rate of 

hydrogenation at four different temperatures. 

Experiments are in progress to determine the full non-linear 

rate expression for the biphenyl hydrogenation reaction. 
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.c. Catalytic ttydrodenitrogenation 

This report covers all the hydrodenitrogenation experiments 

that have been conducted since the last report. The report is 

presented in a logical sequence giving all the results .from these 

experiments. Brief discu5sion of the results are presented at the end 

of each section. However, no attempt has been made to discuss the 

results in greater detail. This will be done in the Final Progress 

report. 

All of.the experiments reported in this report were carried out 

·in the 1 liter stirred batch autoclave reactor. · High-pressure liquid­

phase catalytic hydroprocessing reactions were carried out for the 

following binary systems: 

(1) A basic nitrogen~containing compotD1d and an aromatic 

compotu1d: quinoline and naphthalene. 

(2) A basic and a non-basic nitrogen-containing compound: 

quinoline an<l indole. 

(3) A basic nitrogen-containing compound and a sulfur­

containing comp0tD1d: quinoline and dibenzothiophene. 

Reaction conditions used for all of the experiments were 

identical except that initial concentrations of the reactants were 

varied. Reaction conditions are listed in Table l.. 

a) Singe.Component Studies 

ttydrodenitrogenation of quinoline 

A quinoline hydrodenilrugenation TtD1 (rtD1 #1020) was carried 

out under standard conditions with initial quinoline concentration of 
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TABLE 1 

STANDARD RPACTION.CONDITIONS FOR INTERACTION SWDIES 

Temperature: 

Pressure: 

Catalyst: 

Cone. of catalyst: 

Solvent: 

CS2: 

Stirring speed: 

Reactants: 

350° (±lOC) 

34 (±1) atm 

Ni-Mo/y-A12o3 (HDS-9A) presulfided at 

400°C for 2 hr in the stream of 

10% H2S/H2 @ -100 an3/min 

0.5 wt % 

n-hexadecane. 

0.05 wt % 

1500 rpm 

Quinoline 15 x lo-6 - 160 x lo-6 gmole/g oil 

(0.2-2.0 wt %) . 

Naphthalene -35 x 10-S gmole/g oil (5 wt %) 

Indole -35 x 10-5 gmole/g oil (0.5 wt %) 

Dibenzothiophene -35 x 10-6 gmole /g oil 

(0.7 wt) 

(Reactions were carried out with one or t"WO of the above) 



33 

35 x 10-6 gmole/g oil (0.5 wt%). Reaction products were found to be. 

1,2,3,4.,.tetrahydroquinolfue, 5,6,7,8-tetrahydroquinoline, trans- and 

cis-decahydroquinolines, o-propylaniline, !!_-propylcyclohexane and 

n-propylbenzene. ·Typical product eoncentrations vs. time for the 

nitrogen-containing compcnmds is presented in Figs. 11-13. Under 

hydrodenitrogenation conditions, quinoline rapidly hydrogenated to 

1,2,3,4-tetrahydroquinoline in what appeared to be equillibrium.concen­

trations. The trans-isomer. of decahydroquinoline was predominant and 

the relative concentrations of the two isomers remained constant at a 

value of -5.0 throughout most of the nm. For simplicity in kinetic 

analysis, the concentrations of two isomers of decahydroquinoline were 

lumped together in all of the experiments. _The shapes of the time­

concentration profiles for 5,6,7,8-tetrahydroquinoline and the lumped 

grotip of decahydroquinolines were those expected conunonly for reaction 

intennediates in the course of a batch reactor nm. The concentration 

of o-propylaniline built up relatively rapidly and declined at a slower 

rate from its maximum value. 

This behavior of i;eat.:tion intermediates is similar to that 

reported by Shih et al. (1977) and Reiff (1977). A reaction network 

whiGh adequately describes hydrodenitrogenation of quiiloline is presented 

in Fig. 14 as reported by Shih et al. (1977). All the intennediate 

reactions are asstuned_to follow pseudo-first-order behavior. 

Since this experiment was carried out in n-hexadecane, sample 

analysis was perfonned using flame ionization detector. Two major 

hydrocarbon products were observed in liquid samples as described 
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Figure 11. Reaction network for hydrodenitrogenation of quinoline. 

Ntunbers in brackets are estimated pseudo first-order rate constants 
(g oil/gcat-min) for HDN of 0.5 wt % quinoline at standard conditions. 
Table 1 gives standard conditions. 
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earlier. Nonnal-propylcyclohexane was the major hydrocarbon product 

·although small quantities of n-propylbenzene were always observed. No 

attempts were made to include these hydrocarbon products in the reaction 

network due to tnlcertainties of reaction paths and complexities in the 

resulting networks. 

The rate of total nitrogen removal and the rate of disappearance 

of the lumped group of quinoline and 1,2,3,4-tetrahydroquinoline could 

be well represented by pseudo first-order kinetics as shown in Fig. 15. 

It can be seen that the rate of total nitrogen removal increased toward 

the end of the nm (at high conversions). This will be discussed later 

·in Chapter V. 

Kinetic analysis was carried out. using the method described by 

Himelblau, Jones .and Bischoff (1967); the kinetic rate constants in 

the reactions in the network are presented in Fig. 14. In Figs. 11-13 

the points represent experimental data and solid lines represent 

ntunerical solution of the set of sinrultaneous differential equations 

describing the reaction network with the best-fit values of the pseudo 

first-order rate constants. 

Hydrogenation of .Naphthalene 

Naphthalene hydrogenation in the absence of quinoline was 

~arried out under standard conditions (Table 1). The initial concen­

tration of naphthalene used ~s 35 x 10-5 gmble/g oil (5 wt%). 

Naphthalene was rapidly hydrogenated to 1,2,3,4-tetrahydro­

naphthalene (tetralin). Tetralin was further hydrogenated t? trans-

' •I 

li 
t 

' 
\ 
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and cis-decahydronaphthalene (decalin). All the products were identi-· 

f ied by using OC analysis of authentic compotmds, . by conparing retention 

times with those of pure compotmds. Time-concentration.profiles for 

the reaction products are presented in Fig. 16·. .As can be observed 

from Fig~ ·6, fonnati~ of trans-decalin was favored over that of cis­

decaJ.in and the relative amotmts of the twO isomers remained constant. 

No other hydrocarbon product was detected. 

. . 

Response factors for naphthalene and its. hydrogenation prodticts 

differed by -10%, these differences were taken into accO\.Dlt in calculating 

the concentrations from· chromatogram peak areas. (Sample-splitting 

during sample injection in capillary column was reproducible within ±6%. 

To reduce the scatter in the data, a perfect mass balance was a5sUJlled. 

in calculating concentrations of various products. This asslmq>ti<>n was 

later verified bY the use of ·internal standard teclmique whicll is·. 

independent of injection techniques and irreproducibilities. in sample- ... 

splitting.) 

From Fig. 16, a reaction netWork for naphthalene hydrogenation 

can be described as given in Figure 17. 

Dehydrogenation.of decalin to tetralin is possible but it could . . . . 

not be concluded from· the experimental data~ ((A re.action network in· 

Fig. 17 with parallel paths for.fonnati<>n of two isomers· of decalin 

correctly predicts constant ratio of concentrations of the twt>'isomers 

observed experimentally; however, equillibri\DR (fast reversible reactions) 

between two isomers of decalin cannot be ruled out. The energy difference 
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· · ·. k3/'w· · · 
· k1 ~- . trans-decalin 

C§:r2):~Z7J@O (0.066) . . .. 

. . coJ9) ~·w 
Naphthalene Tetralin (O.O~) 

cis-decalin 

Figure 14. Reaction network for hydrogenation of naphthalene. 

Ntmtbers in brackets are estimated pseudo first-order rate parameters 
for hydrogenation of 5 wt % naphthalene at standard conditions. 
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between the two fonns of decalin is approximately 2.4 kcal (Fnunett, 

and it is likely that such isomerization could occur readily. On the 

other hand, it has been reported that during vapor phase catalytic 

dehydrogenation studies over Pt/A12o3 cis-decalin isomerizes to trans­

decalin but not vice-versa. Since detailed mechanistic aspects were 

beyond the scope of this work all kinetic parameters were estimated on 

the basis of reaction network in Fig. 22. Kinetic analysis for 

Run #1017 was also carried out on the basis of the following network: 

Naphthalene ! Tetralin + trans-decalin 
"' t cis-decalin 

Rate parameters from this network predicted distribution equally well.)) 

Solid lines· in Fig. 17 represent model predictions from estimated 

rate parameters which are shown in Fig. 32. The predictions from the 

model are in good agreement with experimental data. 

Estimation of parameters for this set of data was also carried 

out using a standard non-linear least-squares (NI.LS) routine (Marquardt, 

1963). The rate parameters estimated by the method of Hirrunelblau, 

Jones and Bischoff (1967) and those estimated by NI.LS were in very good 

agreement (better than 3%). 

ttydrodenitrogenation of Indole 

Indole hydrodenitrogenation was carried out n-hexadecane under 

standard conditions with an initial indole concentration of 0.5 wt %. 

Indoline and o-ethylaniline were found to be nitrogen-containing reaction 
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. intennediates. ·. Ethylbenzene and ethylcyclohexane were observed to be· 

ultimate products of HDN of indole. Besides 2,3-dihydroindole (indolin}, 

no other hydrogenated indole was. observed as product. Thi~ is attributed 

to the fact that once the benzene ring in indole is hydrogenated, the 

res~ting intennedi.ate hydrodenitrogenates very rapidly. 

Ethylcyclohexane was the predominant hydrocarbon product from 

HDN of indole. Figs. 18 and 19 show the concentration profiles of 

indole and its reaction products as a function of time. The concen­

trations of the two hydrocarbon products were · l\.unped together. Under 

hydrodenitrogenation conditions indole was rapidly converted to 2,3-

dihydroindole in what appeared to be equillibritun concentrations. 

By comparison of products from indole HDN with· those of quinoline HDN 

and from· literature evidence (Aboul Abeit et al., 1973; Stern, W. E., 

197.7) a ·preliminary reaction . network for indole HDN can be proposed 

as follows: 

ki 
lndole + Indoline + 

k2 
.f.ks. 

wtknawn pTOductS 

k3 
+ o-ethylaniline 

...~ 
hydrocarbons.+ NH3 

Rate parameter k5 was included in the above reaction network. 

This was deemed necessary to accollllt for some loss in mass balance (stun· 

of the concentrations of reactant and prodt.lcts) in the initial period 

of the experiment. The reason for the loss in mass balance is no.t quite 

clear but it can.be attributed to some polymerization reactions and 

.fonnation of high molec\ilar weight compollllds. Such phenomena have been 

· reported (Harttmg .!'..! aL , . 1961; Flinn et al. , 1963) to occur during 
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hydrodenitrogenation of indole. 

Even with the reaction step k5 added to the network, the model 

. could not describe the behavior of reaction system satisfactorily. 1he · 

rate of HON of o-ethylaniline was found to be too slow to account for 

rapid fonnation of nitrogen-free hydrocarbons. 1his was not surprising 

since anilines are refractory to HDN. Such was the case for HON of 

o-propylaniline in quinoline reaction network and of o-butylanilines 

in methylquinolines' reaction networks. 

From the above observations it was concluded that there had to 

.be some other route for HON. It. was thought that indole can be 

hydrodenitrogenated through reaction intennediates containing hydrogenated 

benzene ring. · Since sµch intennediates can be unstable under the 

conditions of the reaction, one may not be able to observe them in 

reaction samples and the reaction network given in Fig. 35 was thought 

more appropriate. 

Reaction network for HON of indole 

The rate of total nitrogen removal and the disappearance of the 
. . 

ltunped group of indole and indoline followed pseudo first-order kinetics 

as shown in Fig. 21. 1he rate parameters for HON of indole are shown 

in Fig. 20. Figures 18 and 19 show the agreement between the experi­

mental data and model predictions. 

!lydrodesulfurization of dibenzothiophene 

IIDS of DBT was carried out under standard conditions. The 

initial concentration of DBT was 4 x 10-S gmole/g oil (0.7 wt%). 
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Biphenyl was the most important product of the I-IDS reaction. Under 

the reaction conditions, biphenyl was hydrogenated to cyclohexylbenzene 

which was further hydrogenated to bicyclohexyl. Trace amounts of two 

sulfur-containing reaction intennediates, tetrahydrodibenzothiophene and 

hexahydrodibenzothiophene, were also·foWld. The ratio of the concen­

trations of these two sulfur~containing reaction intennediates remained 

constant. 

Tetrahydrodibenzothiophene was favored under the reaction 

conditions. Product distribution for the experiment is presented in 

Figs. 22, 23, and.24. 

Since the tetrahydro- and hexahydro dibenzothiophene 

remained in equiliibritun and their concentrations were small they were 

lumped together for the purpose of kinetic analysis. Cyclohexylbenzene 

and bicyclohexyl were difficult to separate chromatographically, and 

since reaction between the two was not important, they also were lumped 

together. The separation of the two hydrocarbons took approximately 4 hr 

.of ~as chromatographic time (column temperature 12S0C) and. only a few 

samples were separately analyzed in this manner to estimate the rate 

of hydrogenation of cyclohexylbenzene to bicyclohexyl. 

Disappearance of dibenzothiophene followed pseudo first-order 

rate behavior as can be seen from Fig. 25. As in the.case of indole 

hydrodenitrogenation, the stun of the concentrations of reactant and 

products (s) declined during the initial period of the experiment. 

In fact, the value of s declined continuously to about.80% of its 

initial value until all sulfur compounds were·reacted after which it 
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remained constant within experimental error. '!his behavior was 

again attributed to formation of high molecular weight compounds. 

Based on the above information and based on dibenzothiophene 

reaction network studies on presulfided Co-Mo/ -A12o3 in our laboratory 

(Broderick et al. , ), the reaction network was proposed (Fig. 26). 

All reactions in the network were assumed to follow pseudo first-order 

kinetics. 

The rate constant for hydrogenation of cyclohexylbenzene to 

bicyclohexyl could not be evaluated directly due to lack of sufficient 

data. However, an estimate of the rate parameter was obtained using 

the following procedure. 

Concentrations of cyclohexylbenzene and bicyclohexyl were 

measured experimentally at six values of reaction time. Smooth curves 

were drawn through the experimental data. At four values of reaction 

time, concentrations of the two compounds and the rate of formation of 

bicyclohexyl were estimated from the smooth curves. '!he rate parameter 

k6 is given by equation (A) below: 

(C ) • (de) . 
cat dt bicyclohexyl = k6 · (C)cyclohexylbenzene 

The average value of k6 was estimated to be 0.056 

Swnmary. 

(A) 

± 0.002 g oil/ 
g cat-min. 

The reaction networks have been determined for quinoline and 

indole hydrodenitrogenation, naphthalene hydrogenation and dibenzo-

thiophene hydrodesulfurization. '!he hydrodenitrogenation of quinoline 
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Figure 23. Reaction network for IIDS of DBT 

Kinetic analysis was carried out using the reaction network in Fig. 13. 
1he rate constants are shown in Fig. 13. Solid lines in Fig. 14 
represent predictions from the model and it can be seen that the 
predictions are in good agreement with experimental data. 
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and indole requires saturation of the nitrogen-containing ring prior to 

carbon-nitrogen bond scission; the reactions are bifunctional involving 

two kinds of catalytic sites. 1he hydrodesulfurization of dibenzo­

thiophene occurs by two reaction routes, one involving and the other 

not involving prior hydrogenation. In single component studies, the 

overall reactivity decreases in the order: 

naphthalene > dibenzothiophene > indole > quinoline. 

b) Binary Interactions 

in the 

1hree experiments were carried out detennine the naphthalene­

quinoline interaction under standard conditions. 1he initial naphthalene 

concentration was -35 x 10-5 gmole/g oil (5 wt %) in all of the 

experiments. The initial quinoline concentration was 0.2, 0.5 and 

2 wt % in the three experiments. 

All hydrogenation steps in the naphthalene reaction network 

were strongly inhibited by quinoline. An interesting behavior was 

observed for rate of naphthalene hydrogenation. 'Ihis is represented in 

Figs. 27-29 where log (concentration of naphthalene x 106, gmole/g oil) 

is plotted as a function of time (min). 'Ihe rate of naphthalene 

hydrogenation followed first~order kinetic behavior to a given time 

(Region I) and then in a second region again followed first-order 

behavior but with a higher rate of reaction. 'Ihis is contrary to the 

behavior expected for a reversible first-order reaction system in which 

the pseudo first-order rate should decrease as conversion increases at 

higher conversions. 
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Product concentrations vs time for naphthalene hydrogenation 

in the presence of 0.2 and 0.5 wt % quinoline are presented in Figs. 30-33. 

All of the reaction rates increased at large conversions; this is 

· particularly evident in the case of experiment with 0.2 wt % quinoline 

in which the rate of hydrogenation was the least inhibited; also, in 

this case, at very high conversions the rate of naphthalene hydrogenation 

decreased after an initial increase suggesting that reverse reaction from 

tetralin tq naphthalene became kinetically important at high conversions. 

Product distribution for naphthalene hydrogenation in the 

presence of 2 wt% quinoline was similar to those in Figs. 44-47. 

A comparison of product concentration vs time data for naphthalene 

hydrogenation and for quinoline HDN indicated that quinoline and all of 

its nitrogen-containing reaction intermediates were present in region I, 

whereas ~-propylaniline and anunonia were important nitrogen-containing 

compounds in region II. Since hydrogenation reactions were less inhibited 

in region II, it can be concluded that ~-propylaniline is relatively 

less effective in inhibiting hydrogenation reactions. 

The relative strength of different nitrogen-containing compounds 

in inhibiting hydrogenation reactions will be further discussed in 

the next report. For the time being, it should be sufficient to say 

that the rate parameters in naphthalene reaction network were estimated 

separately for regions I and II. 

The hydrogenation of naphthalene to tetralin was assumed 

irreversible for all cases except for region II in the experiment with 

the smallest quinoline concentration where the reverse reaction was 

kinetically import;mt. 
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For naphthalene hydrogenation experiment in the absence of 

quinoline, naphthalene 1t- tetralin·equillibrilDll was established where 

k /k kz · £y th · tha h d 
1 2 was equal to 15. To ver1 e assumption t t e deb~ rogena-

tion reaction of tetralin to naphthalene in the presence of quinoline 

was indeed negligible, the rate parameters were·reestirnated by a~slDlling 

k2 = k1/15. 1he new estimates of the rate parameters were within 3% 

of the previously estimated valu~s, where the reverse reaction was 

not included. 

Figures 34-39 demonstrate the strong inhibition of hydrogenation 

reactions by quinoline and its reaction products. Solid lines in these 

. figures ,are predictions from Langnruir-Hinshelwood type model which 

will be di sc-.11~.:;ed in Chapter VL 
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llydrodenitrogenation of Quinoline in the 
· Presence of Naphthalene 

1-IDN of quinoline in the presence of naphthalene was studied in 

three experiments, tmder standard conditions (Table 1). Initial 

concentration of naphthalene was 5 wt % in.all three experiments while 

the quinoline concentration was 0.2, 0.5 and 2.0 wt %, respectively. 

A typical concentration-time data for 1-IDN of quinoline (2 wt %) 

is presented in Figs. 40-42. Total nitrogen removal and the rate of 

disappearance of ltD11ped group of quinoline and 1,2,3,4-tetrahydroquinoline 

followed pseudo first-order kinetics in all experiments. 

Solid lines in Figs. 40-42 are predictions from the 1-IDN reaction 

network model using the best-fit set of pseudo first-order rate constants 

the predictions are in good agreement with the experimental data. 

It can be seen from Figs. 43-47 that all reactions in the 

quinoline 1-IDN reaction network are inhibited by nitrogen-containing 

cornpotmds. The behavior of apparent rate constant as a ftmction of 

total nitrogen concentration in Figs. 43-48 is typical of Langmuir-type 

adsorption •. The solid lines in Figs. 43-48 are predictions from Lanwnuir­

Hinshelwood type models which will be discussed in the next report. 

1-IDN of indole in the presence of quinoline 

To study the interaction between'non-basic and basic nitrogen-

containing compounds, 1-IDN of indole was carried out in the presence of 

quinoline under standard conditions (Table I). The initial concentra­

tions of each of the reactants was 35 x 10-6 gmole/g oil (0.5 wt %). 

Product distribution for indole-compollllds was similar to that obtained 
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in single compound studies; however, all reactions progressed at 

slower rates, again showing that basic compounds adsorb strongly on 

catalyst surface inhibiting the rate of reaction. All reactions in the 

indole reaction network were markedly inhibited in the presence of 

quinoline. 

HDN of quinoline in the presence of indole 

Product distribution for quinoline HDN reaction in the presence 

of indole was similar to that observed in single component studies. 

The effect of indole on the HDN of quinoline was not important. 

I-IDS of DBT in the presence of quinoline 

80 

Three experiments were carried out under standard conditions 

(Table I) to study HDS of DBT in the presence of quinoline. The initial 

concentration of DBT was -0.7 wt% and the initial quinoline concen­

tration was -0.2, -0.S and -2 wt % in the three experiments. 

All reactions in the HDS reaction network were retarded in the 

presence of quinoline. In the experiment with 0.5 wt % initial quinoline 

concentration, some tetrahydroDBT was observed, but no hexahydroDBT 

could be detected. In the experiment with 2 wt % quinoline, none of 

the sulfur-containing reaction intermediates were detected in the reactor 

samples. Bicyclohe:xyl was not detected in any of the experiments with 

quinoline present. 

Product distributions for I-IDS reaction in the presence of 0.5 

and 2 wt % quinoline are shown in Figs. 49-51. No significant loss in 

mass balance was observed in any of the inhibition runs suggesting that 

active sites responsible for polymerization reactions were poisoned by 
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quinoline. The reaction step k5 (Fig. 26) was, however, included in 

the parameter estimation routine. In the experiment with 2.0 wt % 

quinoline, no hydrogenated dibenzothiophenes were detected hence k3 

and k
4 

could not be estimated for these runs. However, a reaction step 

k3 was included to represent direct reaction of DBT to cyclohe.xylbenzene. 

This procedure was justified on the basis that k4 >>.k3 , i.e., hydro­

genated dibenzothiophenes are reacted as soon as they are fonned. The 

value of k3 obtained by this procedure can be a good estimate of the. 

rate of hydrogenation of dibenzothiophene; this procedure also allows,a 

more correct estimation of k2, the rate of hydrogenation of biphenyl 

to cyclohe.xylbenzene. 

Solid lines in Figs. 49-51 are model predictions which are in 

good agreement with experimental data. 

Figs. 52-56 show the inhibition effect on the I-IDS. reactions of 

initial quinpline concentration. The solid lines in these figures are 

predictions from a Langmuir-Hinshelwood type model which will be 

discussed in the next report. 

In inhibition studies of naphthalene 

Mo dCl 
~ dt = k· ·C· 

lJ l 

hydrogenation by quinoline, two distinct regions of inhibition were 

observed. These two regions were not clearly visible during inhibited 

hydrodesulfurization studies. Analysis of data revealed that: (1) the 

rate of biphenyl hydrogenation increased at higher conversions in 

experiments with 0.2 and 0.5 wt % quinoline. 
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(2) Most of the I-IDS reactions were complete before ~-propylaniline 

became the predominant nitrogen-containing compound in the reaction 

mixture, i.e., the reactions took place in kinetic region I. Biphenyl 

hydrogenation continued into region II only in experiments with 0.2 

and 0.5 wt % quinoline. 

Fig 57 shows the inhibition of the rate parameters by quinoline. 

Solid lines in Fig. 57 are predictions from a Langnruir-Hinshelw:ood 

type model.and will be discussed in. the next report. 

Stumnary 

Catalytic hydroprocessing reactions were carried out in the 

liquid phase in a batch autoclave reactor· for the following binary 

systems: quinoline and naphthalene, quinoline and indole; quinoline 

and dibenzothiophene. The results show that quinoline and its reaction 

intermediates inhibit carbon-nitrogen. and carbon-sulfur scission and 

especially, hydrogenation reactions. The overall inhibition by quino­

line and its reaction products decreases in the order: 

naphthalene > dibenzothiophene > indole. The pattern of inhibition 

indicates that the hydrogenation of aromatics and of the aromatic ring 

structure of nitrogen and sulfur-containing compounds occur on the same 

type of site, whereas hydrodesulfurization occurs on a different type 

of site. Carbon-nitrogen bond scission occurs on still another site, 

possibly associated with the support. 
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D) Adsorption of Quinoline on Catalyst 
Under Reaction Conditions 

92 

To detennine the amount of quinoline adsorbed on the catalyst 

at standard reaction conditions and thereby to estimate an approximate 

number of active sites on the catalyst, an experiment was carried out 

at a very low quinoline concentration. The experiment was carried out 

as described below. 

Procedure 

Reaction conditions were standard (Table I). The catalyst 

concentration was 1.25 wt %. The quinoline was not added with the 

catalyst in the injection loader as was usually.done, but the reactor 

was loaded with ~0.05 wt % quinoline in !!_-hexadecane, instead of pure 

n-hexadecane. Catalyst, dibenzothiophene, and carbon disulfide in 

30 an3 of 0.05 wt % quinoline solution were placed in the catalyst 

loader. The autoclave was heated to the desired temperature. Five 

samples were taken during the heating period. After catalyst injection, 

samples were collected in the nonnal fashion. 

The concentration of total nitrogen in samples before and after 

catalyst injection is shown in Fig. 58. The concentration of total 

nitrogen remained unchanged in the absence of catalyst at a value of . . 

3.47 ± 0.04 x 10-6 gmole/g oil (average of 5 samples); however, a 

significant arn,ount of quinoline was converted to 1,2,3,4-tetrahydro-

quinoline. Removal of nitrogen after injecting catalyst into the 

reactor proceeded at a rapid rate as sho"Wn in Fig. 59 •. The vertical 

line in Fig. 58 represents the time of catalyst injection. The initial 

concentration of quinoline in the reaction mixture irrunediately after the 
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catalyst injection was estimated to be 2.47 ± 0.14 x 10-4 gmole/g oil 

by extrapolation. 

From values of quinoline concentration before and inunediately 

after contacting the catalyst with the reaction mixture, it was estimated 

that 4.7 x 1019 molecules of quinoline were adsorbed per gram of 

catalyst. Since quinoline would adsorb on the support as well as on the 

active sites for reaction, this number represents only an upper limit 

on the number of sites covered by quinoline under reaction conditions. 
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RFACTION NET\\GRK t.DDELING 

Tiie reaction network modeling has involved developing a program 

to do each of the following tasks: 
.. '~ ~ , /. 

• convert cone-time data to kinetic parameters . 

• predict cone-time .curve by solviilg system of ODE-using 

values of kinetic parameters solved 

• handle n-th order (including 1st order (pseudo)) system· 

• handle system with any inhibition form (Appendix pg. 1-2) · 

• compare original with predicted data on-screen. 

QUIOOLINE NE'IWORK 

• ltm1ping of different components in the network was sinrulated with 

the program 

• successful schemes (3) are: (Appendix pg. 3-6) 

(i) 

(ii) (i) and 

(iii) 

(hydrogenation 
products) 

(thermodynamic equil.) 

i~~col 
and 

(hydrogenolysis 
products) 



• Criteria for 'success': 

(i) matching of predicted cone-time curve with that of 

the original 

(ii) kinetic parameters' magnitude changing in the expected 

direction 

e reasons for 'success': 

(i) indirectly independent on chemical natures of 

components involved 

(ii) directly--mathematically--dependent on components' 

positions in the network and·their associated kinetic 

parameter magnitude · 

e.g., success of scheme II; (Appendix pg. 5) 
- - - - -1 1- - - -
I I I 
I ~Ii~ I CH I 0 0 :~1~N) 1~C§X 3_ 1 
I I I N I NHi, 

! 1 : : l : I I I I 
I I I 
I I 

I I 'CO I' \-1 c ~--4i ~tNH~ 
I - I I - I 
l _____ I 1· ____ ,1 

--11..D11ping was along main rxn pathway--
,--, ,-1 

This also accounts for failure of scheme: ! / : because the lwnpting 
1-J 1..1 

was across the pathway and not along it (Appendix pg. 7). 
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• Cormnents: 

(i) a priori info of the rxn network is required so 

successful lumping along the major rxn pathway can 

be achieved 

(ii) more than 1 major pathway crisscrossing, what then? 

lump along all major pathways independent of othersJ 

(iii) introducing inhibition into the network as suggested 

by Froment? Question: fairly constant basic N cone! 

(iv) this lumping exercise provides guidelines for lumping 
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within the same network! For lumping involving different 

networks, the following analysis on the quinoline-indole:~ 

system may provide some insights. 

QUINOLINE-INOOLE NETWORK 

• lhe indole network is modelled as follows: (EB) (ECH) 

· @CJ @XC2H5 ~C2H5 0C2H5 (indole) o (indolin) O (OEA)0 
M ~2 . 

NBNin BNin HBNin HCin + NH3. 

• lhe quinoline'network: 

ki 
• with CNRN· =.300 and CBN = 100, ballpark values for l+Ki·Cr 

- ··- 1110 qo 

were used to generate cone-time data for both networks separately. 

lhe 2.networks were then 'combined' as follows: 

BN· 
HBN " + BNm ~ in~ q ~ 

The generated cone-time profiles were then combined as shown above. 

lhese combined profiles would then yield a set of kinetic parameters. 



Predicted cone-time profiles would be obtained by solving system 

of ODE using the calculated values of the kinetic parameters. 

• Criteria for a 'successful' scheme are the same as those for 

the quinoline network analysis. 

• This scheme, using fixed and matching Ki, was successful. 

(Appendix pg. 8-16). 

• To handle non-matching Ki and to solve ki and Ki simultaneously, 

the original HBJ method was modified. (Appendix pg. 1-2). 

• Cone-time profiles generated for the 2 systems (using ballpark 

values for ki and Ki) were solved for a set of ki and Ki for the 

2 systems independently. 

• Cone-time profiles matched well but some Ki turned negative. 

(Appendix 17 - 24) 

9.8 

• 4 parameters had to be solved in the quinoline system and 6 in the 

indole system. Combining the 2 systems would mean 10 parameters 

would have to be.solved simultaneously! 

• Reasons for 'failure': 

(i) too many parameters 

(ii) parameters in the denominator of kinetic expression Ki 

hard to solve because cone. will be integrated w.r.t. cone. 

(iii) 'broad' solution base of system mathematically. 
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• Future directions: 

(i) Perturb cone-time data to tes~ sensitivity 

(ii) Set one Ki to reai values and solve for other ki, Ki 

(iii) Asstmle ratios between different Ki to minimize no. of 

parameters, e.g., Ki for hydrogenation for both networks 

may be asstmled the same. 

(iv) Try a different kinetic expression, e.g., (l+KiCJ)2 

• Conunents: 

(i) A priori info on the kinetics and rxn network for the 

systems is essential for taking a good future direction. 

(ii) The HBJ method has its limits. 

(iii) This type of analysis will include also: 

Dibenzothiophene and Naphthalene. 



1YPES OF LUMPS IN LITERATURE 

3 types of analytical (functional group) lumps: 

(i) Mobil - Gradient Elution Chrom (GEC) 
13 lt.nnps 

(ii) Mobil - Solvent.Elution Sequential .Chrom (SESC) 
10 lumps 

(iii) Silver-Wang - 5 nitrogen lumps 

100 
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AN.~J.YSlB OF REACTION KtNE'nc ExPF.nlMENT8 

As an example, we consider the system 

A~B 
1:, 

D + C ~ products 

in which it is assumed that A and B adsorb according 
to the Langmuir isotherm, that the second reaction pro­
ceeds uia collision of gaseous C with adsorbed B, and 
Uiat neither C nor the products are strongly adsorbed. 
Put.ting 

k11 a::s k1kA; /ci1 
<= k2kB 

the rate equn.tions can be written 

-dPA 
dt 

dPa 
dt 

k11PA =-----
1 + kAPA + k11Pn 

k11PA - k11P .. Pc .. 
1 + kAPA + kuPh 

(16) 

(17) 

-dPo k, 1P0Pc 
.. -------·-- (18) 

dl 1 + kAPA + k11P11 

rearranging and int.r.grating, one obtains 

Au;- A =- k1 1 i' Adt + 

A1 
- Ao1 IA k. ----;,--· - + kn JJdA 

- Ao 

IJ - B~ ... k1 I i A dt -

k1 1 f' R('d/ - kA f" AdlJ -Jo JtJ, 
Ill - /Jo2 

kn·--· -·-­,, .. 

(1 {}) 

C - l'u = - k/ (' /Wdt -J .. 
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where for simplicity A, IJ, (.'have hPc·n written for 
l'A, Pu. Pc :incl A,., /Jo, Cu for tlif'il' i11iti:il values. 

If one ltas mP11s11re111c11ts of 11, IJ, C as fu11ctio11s of 
time, these :lbo UCli11e ..1, /J, C as f1tncl-it1l1S of each other, 

nnd hc11ce intPgrnls such :is f '1 

lldA may be 1111-
A, 

merit'ally eval11att~d for all exp1·rinll'ntal point-s. Equa­
tiorn; Hl-·:.?l t.1111" con1pri:;c a system iu which k1

1, k2
1, 

kA. and ku an~ 1111Lnowr1, awl all <itlier quantities are 
r.alculabl~ at. 1·:1fh point from <·xp1·rimc11t.al dala. Thl'y 
are t.hl·rl'f(Jr(' a sysl<•m whid1 111:1y be solved by linear 
lcust squares, :tl-(aiu \\·ith sum<! n•servat.io11s about the 
effect of corrclat ions 1.111 t.ltc n·s11lt.s. 

As a tr.st, we l1avc solved cq W-18 Ly the proposed 
method, again using artificial uat.a wit.h nrndomly gen­
erated pcrturbut.i1111s. In general, it was found ~hat the 
method worked satisfactorily provicfod that the con­
stants assumed \rnre such that kAP A and k 1,Ps were of 
the order uf rnug11it11<le of unity during at least part of 
the r('~1r.tio11, and that. J 'A mul /'u varied significantly 
during the react ion. If t.h(';;c conditions <lid not hold 

' the system became very ill-co11clil-ione<l, us would be ex-
pected from the form of cq rn-18. When t.he above 
conditions did hold, it was found that the rate· con­
::1tant~ obt.11i11r.d were again correct, a11d that standard 
deviations from the li11eur l'<'J.(ressio11 were again too 
small. 

It can be cor1<:h1ded, t.h('fl, that t.he proposed method 
can be used to solve a certain cla!:'s of heterogeneous 
systerrn;, provi<fod that the l'xpcrimental data ade­
quately define the consta11t.s involvr.d. It should be 
noted that cquatious of t.hc form of ()!)) to (21) arising 
from several c·xpr.riment.al runs at <lifTr.rent reactant 
pressures could be simultaneously least-square fitted, 
which would hr. preferable when kA and k8 are not of the 
same order of magnitude. 
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