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I. ABSTRACT 

Preliminary results from decahydroquinoline hydro- 

denitrogenation runs show that Bransted acidity by itself 

will not catalyze carbon-nitrogen bond scission. The C-N 

bond cleavage must therefore be catalyzed by an active site, 

which consists of a transition metal ion in close proximity 

to an acid site. It appears that hydrodenitrogenation 

requires both an acidic and a basic site for the Hoffman E p  

elimination reaction to occur. 

Several catalysts have been prepared and tested, 

including Bransted and Lewis acid catalysts without metal, 

and silica-alumina and y-alumina impregnated with molybdenum, 

vanadium, nickel or iron. Our results show that the nitro- 

gen removal rate was highest for molybdenum on y-alumina 

catalyst and the r'ate decreased with lower Mo concentrations. 

Aluminum borate and aluminum borate phosphate cata- 

lys ts (with ' o r  without nickel) were prepared to develop 

novel catalysts that would selectively coordinate the nitro- 

gen atom and remove,it without excessive hydrogenation. 

Results show that the support plays an impoeant role in the 

nitrogen-removal process. 

.Hydrodenitrogenation of aniline has been studied 

over a presulfi'ded Ni-.Mo/y-A120j catalyst, and a reaction 

network has bcen proposed. Aniline hydrodenitrogenation 

appears to involve partial hydrogenation of the benzene ring 

to reduce aromatic resonance with the nitrogen atom, thus re- 

ducing the C-N bond strength and facilitating ' N H ~  elimination. 

1 



11. OBJECTIVES AND SCOPE 

The major objectives of the proposed research are: 

1. To apply the reaction study and kinetic analysis 

techniques which we have developed in our past studies to the 

o~timization of catalysts for hydrodenitrogenation of multi- 

ring heterocycles by balancing the hydrogenation and carbon- 

nitrogen bond scission functions. 

2 .  develop an improved nncletsT.nnding n f  t.he c a t a -  

lyst function required by C-N bond scission, since this func- 

tion is critical to hydrodenitrogenation, but is,not well 

3 .  To develop unique catalysts that do not require 

hydrogenation of the surrounding aromatic rings before 

hydrodenitrogenation of heterocycles. 

4. Ta determine 'the stability of the catalysts 

developed for processing coal-derived liquids. 

Scope. 

Improved hydrodenitrogenation catalysts require a 

balance between hydrogenation and C-N bond scission, hut 

the, cleavage mechanism needs to be defined. The nature of the 

catalytic function responsible for C-N bond scission will be 

determined by comparing the scission rates (using mainly 
, 



,decahydroquinoline) over a set of catalysts prepared 

specific,ally to evaluate the catalytic requirements for this 

:reaction. The cata1ys.t~ to be tested include acid catalysts 

without metal, Co/Ni-impregnated'alumina with various levels 

o f  sulfiding from -- in situ H2S at low partial pressures, and 

unsupported molybdenum sulfide with and without Ni promotion 

to separate out the role of the support. Based on the above 

studies, methods of optimizing catalysts (by balancing the 

hydrogenation and the C-N bond scission function) will be 

demonstrated. Promising catalysts will be tested for 

selectivity and activity maintenance over long-term runs 

using highly aromatic synthetic feeds. and, ultimately, coal- 

derived liquids. 

Another section of this research, and potentially the 

most beneficial part, requires the development of new, highly 

selective hydrodenitrogenation catalysts. This work will 

focus on developing catalysts that- can selectively coordinate 

and remove nitrogen from multi-ring nitrogen-containing 

aromatic compounds while minimizing hydrogenation of the 

rings, thus achieving major savings in hydrogen consumption. 

The catalysts formulated will 'be tested under high-pressure 

liquid-phase. conditions using quinoline in a carrier oil as 

a reactant, since quinoline has the unsaturated hctcrocyclic 

structure characteristic of nitrogen-containing compounds 

present in coal-derived liquids. 



The results of all of the above work will be evalu- 

ated utilizing our kinetic analysis schemes to quantify the 

rates of C-N bond scission and define the rates and extents 

of hydrogenation. These results will then be interpreted 

in terms of the catalysts and their'properties, and recommen- 

dations will be made regarding further studies, following 

the potentially most fruitful directions. 



111. SUMMARY OF PROGRESS 

This report is.organized to follow the task statements 

of thb contract. The summaries are very brief, containing 

only the most significant results and conclusions; detailed 

information can be obtained from the quarterly progress 

reports provided as appendices. 

A. Determine the nature of C - N  bond scission 

The main thrust of this research is an improved under- 

standing of the catalyst function.required by C-N bond scis- 

sion, since this is a critical but poorly understood 

process. During the first year, substantial progress has 

been made in defining the chemistry of C - N  bond cleavage, 

using. decahydroquino,line as a model compound. 

Decahyd'roquinoline hydrodenitrogenation results indi- 

cate that C - N  bond scission is not thermal but catalytic. 

Our results indicate that Brdnsted acidity by itself does 

catalyze the C-N cle'avage, and, therefore, such bcnd split- 

ting must occur on other catalytic sites. One possibility 

is that C - N  bond scission is catalyzed by active sites, 

which consist of a transition metal ion in close proximity. 

to an acidic feature. This suggests that hydrodenitrogenation 

requires both an acidic ai1d.a basic site for the elimination 

reaction to occur. 



B. Development of hydrodenitrogenation catalysts 

Improved hydrodenitrogenation catalysts require a 

balance between hydrogenation and carbon-nitrogen bond scis- 

sion. Scveral catalysts have been synthesized and examined, 

including Brgnsted and Lewis acid catalysts without metal and 

silica-alumina and y-alumina impregnated with molybdenum, 

vanadium, nickel or iron. The nature of the catalytic func- 

tions responsible for C-N bond scission was studied employ- 

ing decahydroquinoline as a model compound with set of 

~ h o v ~  c a t a l y s t s .  Our results indicate that t h e  nitrogel1 

removal rate is highest for molybdenum on y-alumina catalyst. 

Experiments also show that this rate decreased with lower 

molybdenum concentrations. 

Experimental runs have been made using quinoline, 

to develop catalysts that will selectively coordinate and 

remove the nitrogen atom with minimum hydrogenation, thereby 

reducing hydrogen consumption. Catalysts used for this study 

were aluminum borate and aluminum borate phosphate, with 

or without nickel. Even though the total nitrogen removal 

rates were the same for the co-precipitated and standard 

HDS-9A catalyst, results show that there is a reduction in 

the relative rate constants for total hyd.rogenation prior . 

to deamination. 



C. Catalytic Hydrodenitrogenation 

Hydrodenitrogenation of aniline was studied in a 

300 c.c:autoclave fitted' with a magnetic drive stirrer. The 

reaction was run at a temperature of 350°C and a pressure 

of 500 psig. The catalyst used was a typical commercial 

Ni-Mo/y-Al2O3 (HDS-OA, American Cyanamid; 3.5%Ni0-18%Mo03/ 

A1203). The catalyst was presulfidedandCS2 added to the 

reaction mixture to keep the catalyst in sulfided form 

during the process. Liquid samples were analyzed using a 

Perkin-Elmer 3920 gas chromatograph. 

The results from o-ethylaniline (OEA) hydrodenitro- 

genation runs show that OEA was rapidly converted to ethyl- 

benzene and ethylcyclohexane. Based on these results, 

the following react'ion netowrk is proposed for hydrodenitro- 

genation. 

o-ethylaniline ethylbenzene ethylcyclohexane 

In the above network, the ring must be partially 

hydrogenated to weaken the C-N bond (since the C-N bond in 

o-ethylaniline is strong due to resonance with the ring) 

before denitrogenation can occur. 



TIME PLAN AND MTLESTONE CHART 

YEAR 

One 0 1/2 1 1 1/2 2 2 1 / 2  3 

TASK STATEMENT 

a:. Deteruiine the  nature 
of C-N bond scission 

b.  Formulate improved 
cata lys t s  based on 

c .  Evaluaee a l l  c a t a l y s t s  
for scxssion a c t i v i t y  

d.  Kinetic analysis  and 
interpretation o f  
resu l t s ;  future plans 



YEAR 
One 

TASK STATEMENT 

e. Development of selec-. 
tive HDM catalysts 
using various metals 
and supports 

f. Test catalysts from 
task e. for HDN 
activity and reactivity 

g. Kinetics analysis; fu,ture 
plans for HDN catalysis 

0' Scheduled 

Underway 

* Number in hatched region indicates the percentage completed. 
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I. ABSTRACT 

Four experimental runs were made in this quarter. 'ho of them 

used decahydroquinoline as reactant .and the other two runs were made 

using orthoethylaniline and quinoline-N-oxide respectively. The deca- 

hydroquinoline runs indicate that the carbon-nitrogen bond scission 

is not thermal but clearly catalytic. 'Important findings resulted 

from the run using - 0-ethylaniline and future runs.will'help define 

.react ion pathways .' Quinoline -N-oxide. was rapidly deoxygenated to 
form quinoline under- the conditions tested. Future runs will be 

conducted in the absence of hydrogen to avoid deoxidation of quinoline-N- 

oxide and to find out whether carbon-nitrogen bond scission can be 

promoted by the addition of oxygen to the quinoline molecule. 

A review paper has been prepad that reviews the existing 

chemistry and technology for hydrodenitrogenation and projects' catalyst 

and process. needs for hydrodeni trogenat ion of synthetic , feedstocks and heavy 

petroleum liquids. ' It projects what should be a more effectivk means 

and more rational . basis . for the design and development of more active and 

more selective catalysts for hydrodenitrogenation and.attempts some specula- 

tions on potentially fruitful direction to be followed in both catalyst 

and process development. 



OBJECTIVES AND SCOPE 

The major objectives of the proposed research are: 
. . 

r To apply the reaction study,'and kinetic analysis techniques which 

we have devel.opcc1 in our past hydrodenitrogenation studi.es to 

the optimization of catalysts for hydrodenitrogenation of mult i - 

ring ni trogen-containing c.ompounds by balancing the hydiogenat ion 

and' carbon- ni trogen bond scj.ssion functions, thcreby dcvcloping . . 

improved catalysts for hydrodenitrogenation. 
1 

$0 To develop an improved understanding of the catalyst function 
. . 

required for C-N bond scission since tl~is :f~mction is critical to 

hydrodenitrogenation but is not understood. ' . 

r: To devel.or,uniclue catalysts..for 1i)ldrodenitrogenation of multi- 

I - ~ I I ~  n:i.trOgc~i-~*bnt:i i I; i I)!! L-OIIIIX)IIII(~S \t,i ~ I I O I I ~  f i rst I-CY!II i 1. i 11s 

I~ydrop,cn;~t.iol~ or  t11c si~r-~-o~~lltl i ]I&?. ;I r'olli:~t i c I - i  ligs. 

a To determine the stahili ty of the cntal.ksts developed '.for 

processing coal -deriv~cl 1 i.quids ; 

Scope : - 
Improved hydrodc?nitrogenati6p ca.tai~sts require .a balance between 

hydrogenation and carbon ni trogcri bond 5ci sr;ion . Ths carbon- ni trogc~i 
. . 

bond scission needs to be bctter understood. The nature' of the catlllyt ic 

function. responsi.ble for C-K bond scission' \\ri.'l1. be defelmined by 
. . 



,measuri"ng the rates of C-N bond scission using mainly decahydroquinoline 

over a set of catalysts prepared specifically to evaluate the catalyst 

requirements for the C-N bond scission. The catalysts to ,be tested 

include acid catalystswithout metal, alumina impregnated with Co and 

Ni with various levels of sulfiding-and -- in.situ H2S partial pressure 

and unsupported molybdenum sulfide with and without Ni promotion to 
. . .  

separate out the role of the support. Rased on the above studies, 

methods of optimizing catalysts (by balancing the hydrogenation and 

the C-N bond scission function) will be demonstrated, and promising cata- 

lysts will be tested for selectivity and activity maintenance for 

longer-term runs using highly aromatic synthetic feeds and coal-derived 

liquids if possible. 

Another part of this research, and potentially the most beneficial 

part, requires the development of ~iquely-new, highly-selective 

hydrodenitrogenation catalysts. This work will focus on d.eveloping cata- 

lysts that can selectively coordinate nitrogen and remove it from 

multi-ring nitrogen-containing aroin;itic compohds with ohly liniited o r  

no hydrogenation of the aromatic rings, thus achieving major savings 

in hydrogen consumption. The catalysts formulated will be tested 

under high-pressure liquid -phase conditions using quinoiine in a 

carrier dii as a rkactafit since quinoline contains the requisite 

benzenoid ring and nitrogen-containing aromatic rings characteristic 

of .nitrogen-'containing compounds present in coal-derived ,liquids. 



The results of all of the above work will be evaluated utilizing 

our kinetic analysis schemes to give quantitative measures of the 

rates of C-N bond scission and the extents and rates of hydrogenation. 

These results will then be interpreted in terms of the catalysts and 

their properties and recammendations will be made as to what further 

work needs to be done and the potentially most fruitful directions 

to be followed. 



111. S W Y  OF PROGRESS TO DATE, ' 

. . 

During the, first quarter a Gas Chromotograph 'with a .flame 

ionizatiori detector and a nitrogen specific detector was purchased and 

analytical1 techniques were established. integrator and a recorder"' 

were purchased arid installed. Chemicals a;ld catal$ti= materials, including 

catalyst 'supports, t o  be dsed in this research of this project were 
. - 

obtained. 

A high-temperature controlled-atmosphere furnace was purchased 

and set up. Samples of several catalysts have been prepared; these will 

be tested in the upcoming quarter. 

Four experimental runs were made in this quarter. Two of them 

used decahydroquinoline as reactant and the other two runs were made using . 

orthoethyljniline and quinoline-N-oxide, respectively. The decahydro- 

quinoline runs were made to determine whether the carbon-nitrogen bond 

scission is non-ctalytic and also to determine whether the metal surface 

present in the autoclave reactor (wall and miscellaneous tubes) increase 

the hydrodenitrogenation activity. Preliminary results indicate that the 

autoclave walls do not increase the activity, and that carbon nitrogcn bond 

scission is not thermal but is clearly catalytic. In order to better under- 

stand the mechanism of hydrodenitrogenation of anilines and substituted 

anilines, a run was made using orthoethylaniline. Important findings resulted, 

and future runs will help define reaction pathways. A ' r u n  was made 

using quinoline-N-oxide to determine whether the addition of oxygen to the 

quinoline molecule would reduce the aromaticity of the nitrogen-containing 

ring thereby making it easier to remove nitrogen directly. Results indicated 



that quinoline-N-oxide undergoes rapid deoxidation to form quinol*. 
. . 

Future nms will be conducted in the absence of hydrogen to 

detennine the usefuln=ss of this technique. 

A paper has been prepared that reviews the existing chemistry and 
0 .  

technology for hydrodenitrog&tion and projects catalyst and proc~ss 
, 

needs for hydrodenitr6genation of synthetic feedstocks and hezky petroleum 

liquids. It projects, what should be 4 more effective means and a, more 
I . . .  

rational basis for the design and development of more active and @re 
. . 

s.1~ Live w t a l y s t s  for hy&~deni~genatim and artempts sane specularions 

on potentially fruitful directions to be followed in both catalyst and 

process development. A draft of the paper submitted to "Catalysis 

Reviews" is given in Appendix B. 



TASK !XATIMEW 

1 .- a. Determine the nature'of 

C-N hond scission 
. . 

. . 

b. Fonnulate improved catalysts . . 
. . 

. . 

. . 
based on a. 

. . .  

. . 

c. Evaluate all catalysts 

for HDN activity 

d. Kinetic analysis, interpretation . . 

. ,: 

of results and make . ,  



YEAR 

TASK STA- 

- 
a-e.  De1re1opmen.t of selective tlDN 

catalysts using va~ious metals 

d supports 

f .  Testallatalystsfraentask 

a-e #or HIIN a c t i y i ~ y  and 

reactivity. 

g. Kinetic amlysi's interpretation 

of results and make 

reaxnuendat ions. 

. . 
Number in hatched region indicates the percentage comp1et:ed. 





N. DEIlAILED DESCIUPTION OF TECHNICAL PROGRESS 

Task 1 - Development of Impraved iiydrodenitrogenation Catalysts 
Three eqeriments were conducted in a batch reactor during this 

quarter. The reactor wed was a 300 cm3 autoclave fitted with a magnetic 

drive stirrer. 'Iko of the experiments used decahydroquinoline as reactant; 

orthoethylaniline was used as reactant in the third experiment. 

Liquid samples were analyzed using a Perkin-Elmer gas chromatograph 

equipped with a fl- ionization detector. A glass capillary column 

(75 pn OV-101) was u s d  for all reactant and product analysis. 

a) Decahydroquinoline 

The major objective of the mns using decahydroquinoline is to 

characterize the nature of the carbon-nitrogen bond scission. Since 

decahydmquimline is a completely hydrogenated derivative of quimline, 

it is an ideal reactant for studying the rates of carbon-nitrogen bond 

scission. llro experimental nms were conducted in thls quarter to detennine 

whether the carbon-nitrogen bond scission reaction is non-catalytic. These 

runs were cund,ucted in the absence of a catalyst. In order to study the 

effects of metal surface (walls of the autoclave) present in the reactor, 

the first run was conducted using a glass liner and the second run was 

conducted without the glass liner. Reaction conditions were identical for 

bothnms. Theywere: 

a Temperature: 350 + 2 O C  

Total Pressure: 136 + 2 atm 

Reactant Concentration: 0.5 weight percent decahydroquinoline 
in hexadecane 

CS2 loading: 0.05 w t  % 

Catalyst Concentration: 0.00 



The results fmm the two nms are presented in Figures 1. and 2. 

These results indicate' some minor. differences bemeen the two -. The 

products fmm the n m  using the glass liner showed traces of quinoline, 

l,2,3,4- te-line , benzene, propylbenrene and nomil pmpyl- 

cyclohexam w i t h  S,6,7,8-tetrahydroquinoline and decahydroquinoline as 

major products. Mever ,  the pmctucts h the run without glass liner 

showed only decahydroquhline, pm~lbenzene and propylcyclohexane. The 

dehydrogenation reaction between decahydroquinolw ,and 5,6,7,8 - tetrahydro- 

qubline was abscmt i n  the second nm. Also, material balance analysis 

indicated . . t ha t  a l l  the line tha t  was placed in the catalyst 

loader was not injected into the autoclave. Due to experinental difficulties 

in fhb second run, the -line was l e f t  i n  the catalyst loader 

the o p ~ r ~ t i o l l  of the run ' ~ i t h ~ ~ t  gl-s lwr, 'uuder a pressure of. 

500 psig a t  a temperalaxre of about 8b0c for a period of 48 hours. This  

could have caused some of ths differences between the n ~ o  nms. The . run . 

without glass liner will be repeated. 

However, prelimhazy conclusions can still  be drawn from these 

nms as to whether the carbon-nitrogen bond scission reaction is non- 

catalytic (thonaal). The pseudo first-order rate constant for the carbon- 

nitrogen b a d  breaking step for deca&dmquimline can be obtained from 

earlier quinoline hydrodenitrogenation network studies. Using this value, 

adassuming that t h ~ r a t e u m s t a n t w i l l b e  thesame if o n e s u ~ w i t h  

decahydmquinoline, the coarcentratiaxi of ,  decahydmquimline as a function of 

: tia can  be^ predicted. Figure 3 presents the predicted anve. Comparison 

..of Figures 1 and 3 indicate that  the non-catalytic removal of nitrogen from 

-line is extranely s m a l l ;  this clearly shows that the C-N bond 

scission m a n  nquires a catalyst. 



Figure 1. Concentration profiles, for hydrodenitrogenatim of . 

decahydroquinoline using a glass liner in the,reactor. 



0 - decahydroquinoline 

400 500 
time, minutes 

Figure 2. Concentration profile for hydmdenitrogenation of 
decahydroqtiinoline without a glass liner. 



Figure 3. Predicted concentration of decahydroquinoline using pseudo 
first-order rate constants determined earlier using quinoline. 
network. 



The pseudo first-order rate constants for the disappearance of 

decahydmguirmoline were 0.0022 ipin-' and 0.0012 min-'  for the runs with 

glass liner and without glass liner respectively. If these pseudo first- 

order rate constants are normalized to a weight of inert solid (non-catalytic) 

which is the same as the weight of catalyst, then the rate constants are 

0.44 and 0.24 (g oil)/ (-1-min) respectively for the two nms. The 

rate constant for the disappearance of decahyd-oline using a Ni-Mo/ 

Alpj at  the saps operating conditions calculated f m m  quinoline hydm- 

denitrogenation is 3.2 (g oil)/g kt-min) . Hence, the above results indicate 
that the increase in metal surface due to remval.of glass liner did not 

appreciably increase the rate of reaction and that the carbon-nitrogen bond 

scission ftaaetian is caw-c, i.e., its rate LI the absence of catalyst is 

less than 1/10 that from the catalyst. 

In -next m e ,  runs w i l l  be lPLde using supports with no active 

metals present and also using s e v d  'catalysts. These runs should give w 

aa insight into the catalyst requirements for the C-N bond scission. 

b) Orthoethylaniline 

~ t r o g e n a t i o n  of anilines and substituted d i n e s  have not 

baen studied extensively. Ols mUer work on -line hydrodennitrogenation 

M a t e d  that orthopmpykiniline m y  require hydrogenation of the benzene 

r ing before nitrogen can be reamed. Since &lines and substituted 

d i n e s  are the d p e t s  from mst nitrogen-containing 

(q&mLine, idole), the chemistry of n i a g e n  ramval from these c- 

i s  extremely imporrant. Hence, an experimental run was conducted using 

-ethylaniline as a reactant. 



Experimental : 

The catalyst wed was a typical cnmoercial Ni-Mo/y-A1203 

. (HDS 9A, American Cyanamid; NiO 3.5%, Mo03 18%, Na20 0.04%, Fe 0.05%, 

AIZOf balance). 

0-Ethylaniline was wed as received (Aldrich Chemi,cz$l Co ., over 

'99% purity). Solvent n-hexadecane - was supplied by Humphrey Chemical 

The detailed operating co&tim are shown in Table 1. A 300 C.C. 

autoclave was used in batch mode. The reactor temperature was controlled 

to k2'C. The catalyst was presulfided for two hours with a mixture of 

10 vol % H2S in H2 a t  atmospheric pressure and 400°C. In order to maintain 

the catalyst in  the sulfided form during the reaction, 0. OS wt % CS2 

'' solution in hexadecane was added to  injection, tubing together with catalyst 

and' reactant. Under the operating conditions carbon disulfide rapidly 

comrerts to methane and hydrogen sulfide. 

RePctim products were analyzed with a Pesk,jn,-El,~&l: Model 3920 gas 

chrcmrotograph equipped w i t h  .a flame ionization detector and an electronic 

integrator.. 





Results and Discussion: 

The results from - o-ethyleine hydrodenitrogenation runs are 

discussed below. 

The results of a standard run are shown in Figure 4. 0-ethylaniline - 
was rapidly converted to ethylbenzene and ethylcyclohexane . - Preliminary 

studies show that indoline was also present,in the reaction products. 

There were no other nitrogen-containing compounds detected. 

11: can be seen fm F i p e  4 that formation of ethylbenzene and 

ethylcyclohexane was relatively rapid while the conversion ok 2-ethylaniline 

to indoline was relatively slow. Figure 4 shows that both ethylcyclohexane 

and ethylbenzene are the primary products of the reaction. As sham in 

Figure 5, the initial concentration of ethylbenzene is higher than the 

concentration of ethylcyclohexane (network I) . While after initial 
40 minutes the concentration of ethylcyclohexane increases very rapidly 

while the concentration of ethylbenzene remains approximately constant. 

Based on the results presented fn Figures 4 and 5 ,  two difscrcnt 

reaction networks can be defined as shown in Figure 6. In reaction 

network I, 2-ethylaniline fo- ethylbenzene by B-eliminat~ofi gmcess, which 

on hydrogenation gives ethylcyclohexane. In network 11, g-ethylaniline 

f ~ m  intermediate. 1 -ethylcyclohexane ,which on hydrogenation forms ethyl - 
cyclohexane. However, eaylbenzene can also be formed from this intermediate 

M 9 h m  in network 11. In network 11, .the benzene ring o f  z-ethyl.miline 

first must be hydrogenated to weaken the C-N band (since aromatic C-N bond 

and g-ethylaniliqe is strong due to resonance with the benzene ring) 

sufficiently for hydrogenolysis to occur. Thus from networks I and 11' two 
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Figure 4.  Concentrati~n profiles sEvarious Ilydrodenitrogenntion 
. prdul~ts .of ortlroethylaniline. - - ,- 





REACTION NETWORK I 

Indoline 

ethylcyclohcxane 

REACTION NETWORK I1 
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Figure 6. I ) rc l i~ainary  networks for  I ~ y d r o d c n i t r o g c n h t i o ~ ~  of - o-cthy 1;1n i I i nc . 



.different reaction paths are possible and from the.present data it is qt 
. . , . . -  . . I : .  . . .  

clear which one is the actual reaction path. There.is no dealkylation' of 
. .., . 

the - o-ethylaniline as indicated by the fact that benzene and cyclohexane 

were not present in the reaction mixture. 

'No runs will be made to further clarify and define the reaction 

network more fully for hydrodenitrogenation of - o-ethylaniline and other 
anilines. The first run will be made with - o-ethylaniline at a lower temper- 
atme (320°C) so that the initial concentIraelan profiles fur etlly-ltci~tent 

and eLll~lcyclohcx~e can be gtudied more closely. In t h e  second run the 

hydrodenitrogenation of aniline will be studied. This s h d d  also be 

helpful in identifying the intermediates and the reaction nemrk. 



Task 2. Development of which w i l l  effect hydrodenitrogenation 

with only limited or no hydrogenation of the heterocyclic rings 

present in the molecule. 

The objective of this  task is to develop uniquely new hydrodenitro- 

genation catalysts that w i l l  selectively coordinate the nitrogen atom and 
. . . , 

r-e it without hydrogexkting the ?tire' ring thereby reducing hydrogen 

consumption. Hence, a run vasmade.,using a synthesized compound, quinoline- 
. . ,. 

N-oxide d e t e k r k  whether the 'addition of oxygen to the: quinol&e mDl&e. 

would reduce the ammicity of the nitrogen-containing ring thereby 

making it easier to  ' remow nitrogen directly. The results are 

belaw. 

The work rsported here was perfomed to sndy the reaction network 

of catalytic . . hydrodenitrogenatian of quinoline-N-oxide. The main objective 

of the study was t o  remove nitrogen* 
. . 

Experhental conditions were the same as shown in Table 1. The 

quinoline-N-oxide was synthesized. The solvent n-heaecane was supplied by 

MPnphrey Chmial. 

Results and Discussion 

The quinoline-N-oxide camtersion data show (Figures 7 and 8) the 

presence of pzupylcyclohexane and gmpylbenzene products and the inter- 

mediates quinoline, 1 , 2 , 3 , 4 - t e t r a h y ~ o l i n e ,  o-propylaniline, 5,6,7,8- 

tetrahydroquinoline and decahydroquinoline . The components mentioned above 

*from the quinoline-N-oxide as ND. 
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Figure 7. Concentration profiles or various hydrodeni trogeeration prlducts of 
quinoline-N-oxide . 
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Figure 8. Concerrtration profiles of various hydrodenitrogenation pmlucts 
of quinol ine-N-oxide. 



are also present in hydrogenation of quinoline indicating that quinoline- 

N-oxide changes to quinoline very rapidly by deoxidation of the molecule. 

The C-N bond is very strong compared to NO bond, and in the presence of 

hydrogen the NO bond is broken easily resulting in the production of quino- 

line. The quinoline thus produced is subsequently converted into 1,2,3,4- 

tetrahydroquinoline, o-pmpylaniline, propylbenzene , 5,6,7,8- tetrahydro- 

quinoline , decahydroquholine and propylcyclohexane . A possible reaction 

network for quinoline-N- oxide hydrodenitrogenation is shown in Figure 9. 

Tho reaction netmrk in Figre 9 shows that both benzene and pyridine 

rings are saturated before the C-N bond is brokefi. 

An infrared analysis of the quinoline-N-oxide in hexadecane shows 

a -NO band in the stretching region (Figure 10). However, an IR analysis 

of the reaction product sample does not show -N) band. Disappearance of the 

NO Band indicates that quinoline-N-oxide is rapidly converted to quinoline 

(Figure 11) . To check this rapid conversion of quinoline-N-oxide to 
qubmline, an experiment has been made by replacing hydrogen with 

helium and the samples are being analyzed. It is expected that by substituting 

helium for hydrogen, quinoline-N-oxide may not deoxidize and theref ore 

C-N bod scission may be promoted. 
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The project started on September 15, 1978. Dr. R. Sivasubramanian, a I 

post doctoral fellow joined this project on October 16, 1978. 





TABLE I1 

Data From lkahyd"roquino1ine Run Using Class Liner 

Concentration gm mles/gm x 10' 

n- - 5,6,5,8- 
propyl . .. deca- tetra- 
cyclo- propyl . hydro- hydrci- 

Benzene ' hexane. ' benzene quinoline quincaline quinoline 

1,2,3,4- 
tetra- 
hydro 
quinoline 

Operating conditions are given on page 6. 



TABLE I11 

. .  . . Data From Decahydroquhline Ihm Without Glass Liner 

. . ~oncentmtion, gm .oles/gm x lo7 

S-le Time, - n-p-yl P ~ P Y  1. decahydro - 
bhnber Minutes , . cyclohexane benzene quinoline 

Operating conditions are given on page 6. 



TABLE. IV 
, .. . 

Data From Orthoethylaniline hm. 

Concentration, gm moles/gm x 10 5 

Tine, 
minutes 

Ethylcyclo Ethy l  Orthoethyl - 
hexane benzene aniline Indoline Indole 

15 4 20 3.20' 0.48 1.70 

Operating conditions are given in Table I.  



TABLE V 

T h .  
Minutes 

5 
10 
20 
30 
40 
50 
7.0 
90 

120 
1 50 
180 
240 
300 
360 
4 20 
4 80 
540 . 

600 
660 
780 
84 0 
900 
960 

Data from Quinoline-N-Oxide Run 

Concentration. gm .olss/gm x lo6 
5,6,7,8- 

deca- tetra- 
~ - P W Y ~  P W Y ~  hydro hydro 
-Ej~lohexane benzene winoline quinoline 

ortho- 
propyl- 
aniline 

1,2,3,4- 
tetra- 
hydro- 
quinol ine 

Operating conditions are given in Table I. 
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I. ABSTRACT 

~ x ~ e r ' b e n t a l  runs using decahydroquinoline , 
. .o -e thylani l ine ,  - and a n i l i n e  as r e a c t a n t s  have been made. 

' - . ~ e s u l t s  from decahydroquinoline runs show ' t h a t  carbon- 

ni t rogen '  bond s c i s s i o n  .occurs by a c a t a l y t i c  route;  it is 

no t  thermal. Strong ~ r a n s t e d . '  ac id  'sites do not  crack 

carbon-nitrogen bonds ; carbon-nitrogen bond s c i s s i o n  must 

the re fo re  occur on o the r  sites on t h e  c a t a l y s t .  Anil ines  

a r e  an important species '  i n  hydrodenitrogenation of 'multi-ring 

aromatic systems. ' Hydrodenitrogenation of a n i l i n e s  c l e a r l y  

shows k i n e t i c  behavior c h a r a c t e r i s t i c  of hydrogenation ' .  

including p o s i t i v e  order  dependence on hydrogen pressure  and 

an a c t i v a t i o n  energy between that, f o r  hydrogenation and t h a t  

f o r  cracking; y e t  the primary product appears t o  be the 

f u l l y  aromatic r ing.  To b e t t e r  understand the mechanism 

of hydrodenitrogenation 'of a n i l i n e s  and of s u b t i t u t e d  
. . 

a n i l i n e s ,  hydrodenitrogenation of a n i l i n e .  and ~ e t h y l a n i l i n e  

alas s tud ied  over a presul f ided  N i - M o / ~ l ~ o ~  c a t a l y s t ,  and a 

r eac t ion  network has been determined f o r  a n i l i n e  hydro- 

deni t regenat ion.  Anil ine hydrodenitrogenation appears ta 

involve p a r t i a l  hydrogenation of .the benzene r i n g  t o  reduce 

aromatic resonance with the ni t rogen atom reducing t h e  C-N 

bond s t r eng th  and f a c i l i t a t i n g  e l iminat ion  of NH3. 



11. OBJECTIVES AND SCOPE 

The major objectives of the proposed research are: 

To apply the reaction study and kinet ic  analysis techniques 

which w e  have developed i n  our past hydrodenitrogenation 

studies to the optimization of ca ta lys ts  for  hidrodenitro- 

genation of multi-ring nitrogen-containing compounds by 

balaacing the hydrogenation and carbon-nitrogen bond 

scission functions, thernby dnvelaping imprnvcd ca ta lys ts  

f o r  hydrodenitrogenation. 

+ To develop an. improved understanding of the ca ta lys t  

function required for  carbon-nitrogen bond sciss ion since 

this function is critical to hydrodenittogenation but i s  

not und4trstood. 

To develop unique ca ta lys ts  f o r  hydrodenittogenation of 

multi-ring nitrogen-containing campounds without f i r s t  

r . q r s i r i n g  hydrogenation of the surrounding aromatic rings. 

+ To determine the  s t a b i l i t y  of the ca ta lys ts  developing 

for  proceasing coal-derived liquids. 

scopq: 

Improved hydrodenitrogenation ca ta lys ts  require a 

balance between hydrogenation and carbon-nitrogen bond 

scission. . The carbon-nitrogen bond scission?reaction ' needs 

to be be t te r  understood t o  f a c i l i t a t e  development of new and 



B improved c a t a l y s t s .  The na ture  of t h e  c a t a l y t i c  funct ion 

responsible  f o r  carbon-nitrogen bond s c i s s i o n  is  being 

determined by measuring t h e  r a t e s  of carbon-nitrogen bond 

s c i s s i o n  using mainly decahydroquinoline over a s e t  of 

c a t a l y s t s  prepared s p e c i f i c a l l y  t o  evalua te  t h e  c a t a l y s t  

requirements f o r  t h e  carbon-nitrogen bond s c i s s i o n  reac t ion .  

The c a t a l y s t s  being t e s t e d  incluhe L e w i s  and Bransted ac id  

c a t a l y s t s  without metal, alumina impregnated with Mo, Co, 

and N i ,  promoted with halogens and various l e v e l s  of s u l f i d i n g  

and -- i n  s i t u  H2S p a r t i a l  pressure  and with and without N i  

promotion t o  sepa ra te  o u t  t h e  r o l e  of the  support. Based 

on t h e  above s tud ies ,  methods of optimizing c a t a l y s t s  (by 

balancing t h e  hydrogenation and the  carbon-nitrogen bond 

s c i s s i o n  funct ion)  w i l l  be demonstrated, and promising 

c a t a l y s t s  w i l l  be t e s t e d  f o r  s e l e c t i v i t y  and a c t i v i t y  main- 

tenance f o r  longer-term runs using highly aromatic s y n t h e t i c  

feeds and coal-derived l i q u i d s  i f  possible .  

Another p a r t  of t h i s  research,  and p o t e n t i a l l y  t h e  

most benef i c i a l  p a r t ,  involves t h e  development of uniquely-new, 

highly-select ive hydrodenitrogenation c a t a l y s t s .  This work 

i s  focusing on developing c a t a l y s t s  t h a t  can s e l e c t i v e l y  

coordinate  ni t rogen and remove i t  from multi-ring nitrogen- 

containing aromatic compounds with only l imi ted  o r  no hydro- 

genation of t h e  aromatic r ings ,  thus achieving major savings 

i n  hydrogen consumption. The c a t a l y s t s  formulated a r e  being 



tested under high-pressure liquid-phase conditions . .. . using 

quinoline and possibly ac r id ine  i n  a c a r r i e r  o i l  as a reactant .  4 
Since quinoline contains the  r equ i s i t e  benzenoid r ing  and 

nitrogen-containing aromatic r ings  cha rac t e r i s t i c  of 

nitrogen-containing compounds present  i n  coal-derived l iqu ids ,  

it is considered to be a good compound f o r  characterizing 

c a t a l y s t  behavior. 

The result9 Of a l l  01 Me above mrk are being 

evaluated u t i l i z i n g  our k i n e t i c  analys is  schemes t o  give 

quant i t a t ive  measures of the  r a t e s  of carbon-nitrogen bond 

scissLon and the extents  and rates of hydrogenation. These 

rearsulta are beiag in te rpre ted  i n  t e r m s  of the ca t a ly s t s  and 

their pfope~ties and recomendations w i l l  be made a s  t o  what 

fGther work needs t o  be done and the  potLential ly most f r u i t f u l  

d f ~ e c t i o n s  go be followed. 



Subs tan t i a l  progress has been made i n  understanding 

t h e  chemistry of c a t a l y t i c  carbon-nitrogen bond sc i s s ion .  

Our r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  t h e  carbon-nitrogen'bond 

s c i s s i o n  reac t ion  is c a t a l y t i c  and t h a t  s t rong Brghsted a c i d  

sites do n o t  ca ta lyze  carbon-nitrogen bond sc i s s ion .  W e .  now 

specula te  t h a t  t h e  sur f  ace s i t e  f o r  carbon-nitrogen , bond 

s c i s s i o n  is a t r a n s i t i o n  metal  ion  (atom) i n  c l o s e  proximity 

of a Bransted a c i d  s i t e  on t h e  su r face  of t h e  alumina, and 

our research is progressing toward synthesizing such mate r i a l s  

t o  i l l u c i d a t e  t h e  required su r face  proper t ies .  O u r  r e s u l t s  

a l s o  show t h a t  a n i l i n e  hydrodenitrogenation occurs v i a  a 

p a r t i a l  hydrogenation of t h e  aromatic r ing .  

I n  continuing our e f f o r t  t o  develop t h e  understanding 

required t o  guide the  development of improved c a t a l y s t s  t h a t  

w i l l  se lec t ive ly , remove ni t rogen without f i r s t  requi r ing  

hydrogenation of t h e  r ings ,  runs were conducted using 

quinoline-N-oxide. Quinoline-N-oxide w a s  chosen because t h e  

e l ec t ron  p a i r  on ni t rogen is removed from resonance with t h e  

aromatic r i n g  by being bound t o  oxygen. The r e s u l t s  from t h e  

f i r s t  run, which w e r e  reported i n  t h e  previous q u a r t e r l y  

r epor t ,  indica ted  t h a t  i n  t h e  presence of H2 the quinoline- 

N-oxide undergoes r ap id  deoxidation t o  form quinol ine.  ~ u r i n g  

this quar t e r ,  -runs were conducted using quinoline-N-oxide i n  



the absence of hydrogen and using t e t r a l i n  as a hydrogen 

donor. Results w i l l  be presented i n  the next report.  

Several ca ta lys ts  have been prepared, and these a re  

being tested. A commercial firm (Cyanamid) has agreed to  

prepare fo r  us ca ta lys t  samples with varying acidi ty  and - 

metals content. These ca ta lys ts  w i l l  be tested for quinoline 

hydrodenitrogenation i n  upcoming quarters; emphasis is  on 

the understanding of the ro le  of acidi ty  and t rans i t ion  

metals on the carbon-nitrogen bond scission reaction and on 

direct removal of nitrogen without r ing hydrogenation. 
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IN. DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

TASK 1 - Development of Improved Hydrodenitrogenation 
Catalysts 

Hydrodenitrogenation of aromatic nitrogen-containing 

compounds occurs via a complex reaction network involving 

hydrogenation of the aromatic rings followed by carbon- 

nitrogen bond scission, in contrast to hydrodesulfurization 

which involves mainly direct scission of carbon-sulfur bonds. 

Hence, it is critleal to determine the nature OF t h e  catalyst  

sites which catalyze these two reaction types (hydrogens t iau  

and carbon-nitrogen bond scissi'on) to rationally develop new 

and improved catalysts. The metal sulfide provides the 

hydrogenation function in typical commercial hydrotreating 

catalysts although a detailed understanding of the nature of 

the active site and, m e  reaction mechanism is still lacking. 

The origin of the carbon-nitrogen band scission reaction is 

not clear. To b.ettv understand the c h . d s t r y  of cnzban- 

nitrogen bond scission one must choose a compound *at is 

already hydrogenated so that further hy&og+?ation is not 

necessary. Decahydroquinoline is fully saturated and is a 

majog route far removal of n i ~ o g e j ~  from quinoline, a major 

nifrogentcontaining cornpound found in coal-derived liquids. 

Prios wezk has shown that quinoline shows the chayacteriotia 

behavior of most nitrogen-conraining compounds' found in 

coal-derived liquids. Hence decahydroquinoline. was chosen 



a s  a model compound f o r  studying t h e  chemistry of carbon- 

ni t rogen bond sc i s s ion .  

Anil ines  and s u b s t i t u t e d  a n i l i n e s  a r e  o f t e n  formed 

a s  intermediate  compounds during hydrodenitrogenation of 

multi-ring aromatic nitrogen-containing compounds such a s  

quinol ine,  carbazole,  and acr id ine .  These a n i l i n e  compounds 

a r e  very unreactive.  Our p a s t  s t u d i e s  of quinol ine  hydro- 

deni t rogenat ion and reac t ion  network a n a l y s i s  i n d i c a t e  t h a t  

t h e  hydrogenation reac t ions  i n  the network show a p o s i t i v e  

order  of dependence on hydrogen pressure  w i t h  an a c t i v a t i o n  

energy of 18-20 kcal/mole, whereas t h e  hydrogenolysis r eac t ions  

show zero o r  negat ive order  dependence on hydrogen pressure  

w i t h  an a c t i v a t i o n  energy g r e a t e r  than 30 kcal/mole. However, 

ni t rogen removal from 5-propylani l ine shows a p o s i t i v e  order  

dependence on hydrogen pressure  with an a c t i v a t i o n  energy of 

about 24 kcal/mole. These f indings  suggest  t h a t  r i n g  

hydrogenation is necessary f o r  ni t rogen removal from a n i l i n e s .  

The  l i t e r a t u r e  does n o t  provide s u f f i c i e n t  evidence a s  t o  

whether hydrogenation of t h e  aromatic r i n g  i s  necessary o r  not. 

Since a n i l i n e s  are important intermediates  i n  hydrodenitrogena- 

t i o n  of multi-ring aromatic nitrogen-containing compounds, 

ni t rogen removal from a n i l i n e s  can become a ra te- l imi t ing  

s t e p  i n  t o t a l  n i t rogen removal. Hence hydrodenitrogenation 

of a n i l i n e s  needs t o  be b e t t e r  understood t o  f a c i l i t a t e  

development of improved c a t a l y s t s  f o r  hydrodenitrogenation. 



a) Carbon-Ni trogen Bond Scission: 

Hydrodenitrogenation of decahydroquinoline was 

studied over HY zeolite and a Ni-Mo/A1203 catalyst. The 

reactor used was a 300 cm3 autoclave fitted with a magnetic 

drive stirrer. Standard operating conditions (Table I) were 

used for all the experimental runs. Liquid samples were 

analyzed using a Perkin-Elmer gas chromatograph equipped 

with a flamerionization detector. A glass capillary 

column (75nr-0VS01) was used for all reactant and product 

analysis. 

Figures 1 and 2 present fesults from runs using BY 

zeolite and Ni-Mo/A1203. The disappearance of decahydroquino- 

line using the Ni-Mo/Al2Oj .compares very well with .the 

predicted m e .  presented in the previous quarterly report 

(Fig. 3, p. 10). The major products from the run using 

Ni-Mo/A1203 were decahydroquinoline (both trans and cis. forma) , 
5,6,7,8-tetrahydroquinoline and - n-propylcyclohexane; minor 
products included benzene, o o-propylaniline, o n-propylbenzene 

and 1,2,3,4-tetrahval.oquinolfne. However, products formed 

with EIY-zeolite did not contain =-propylcyclohexane or 

o-propylanilfne. Normal-propylcyclohexane is formed when - 
the carbon-nitrogen bond in decahydroquinoline breaks. Hence 

the resulls .indicake~ that the RY-zeolite did not catalyze the 

cracking or carbon-nitrogen bonds. Significant amounts of 

benzene were fonaed when the HY-zeolite was used. Results 



TABLE I 

1 . ,  Standard Operating Conditions 

Temperature: 350 + ~ O C  

34 + 1 atm* Total Pressure: 

Reactant Concentration: 0.5 weight percent i n  
n-hexadecane - 

CS2 Loading: 

Catalyst Loading: 

0.05 w t  % (1.4 vol  % 
H2s i n  gas phase) 

0.5 v t  % of reaction mixture 

*Partial pressure of - n-hexadecane @ 3 5 0 ~ ~  3.24 am. 



indicated tha t  the benzene d i d . n o t  come from the nitroqen- , 

containing compounds but t h a t  it came from the ~ohexadecane, 

its formation being catalyzed by the HY zeoli te.  

Figure 3 compares t o t a l  nitrogen .removal from 

decahydroquinoline for  several runs. Figwe 3 shows t h a t  

when no ca ta lys t  w a s  present, nitrogen removal was extremely 

slor. However, when a Ni-Mo/A1203 ca ta lys t  was used, the 

nitrogen removal rate increased tenfold. These r e su l t s  

conclusively show that t h e  carbon-nitrogen bond ncioeion 

occurs by a ca ta ly t i c  mule; Lt i s  not thexmal. A strongly- 

Brdnsted acid ca ta lys t  such as  HY-zeolite does not catalyze 

nitrogen removal. In  Fact, there is no s ignif icant  difference 

i n  nitrogen removal r a t e  between the run w i t h  no ca ta lys t  

and the run using HY-zeolite. These r e su l t s  indicate t h a t  

carbon-nitrogen bond scission is not catalyzed by Brdnsted 

acid sites. 

b) Anilines 

Anilines are one o f  the important species i n  the 

hydrodenitrogenation of multi-ring aromatic compounds. They 

form during reaction and appear to  be very refractory: thus 

t o  achieve high degrees of nitrogen removal,anilines must 

be effect ively hydrodenitrogenated. To be t te r  understand the 

mechanism of hydrodenitrogenation of ani l ines  and substi tuted 

ani l ines ,  hydrodenitrogenation of aniline and 

was studied over NI-Mo/A12o3 catalyst .  



time, minutes 

Fig 1. Concentration profiles for liydrodkmitrogenation o f  decahydro- 
quholine wihg HY zeolite. 







--  

The standard operating conditions a r e  given i n  

Table I. The preliminary work on hydrodenitrogenation of 

o-ethylanil ine - a t  3 5 0 ' ~  indicated t h a t  - o-ethylaniline rapidly 

converts t o  ethylbenzene and ethylcyclohexane, but  it was not  

c l e a r  which compound was the  primary react ion product. 

Therefore runs w e r e  made a t  a lower react ion temperature 

(320'~) so t h a t  the  i n i t i a l  concentration p ro f i l e s  f o r  

ethylbenzene and ethylcyclohexane could be determined more 

preaiaely. 

The r e s u l t s  of a standard run a r e  shown i n  Figure 4. 

Ethylbenzene and ethylcyclohexane a r e  formed very rapidly.  

However, eaylbenzene is the primary product of the hydro- 

denitrogenation of - o-ethylaniline; no ethylcyclohexane formed 

during the  f i r s t  15 minutes of react ion.  The ethylbenzene 

concentration increased l i n e a r l y  w i t h  time during t h i s  time 

period. Hence it is clear t h a t  ethylbenzene i s  the primary 

product and that hydrogenation of ethylbenzene r e s u l t s  i n  the  

formation of ethylcyclohexane. After 90 minutes the  concen- 

t r a t i o n  of ethylcyclohexane increased very rapidly  while the  

concentration of ethylbenzene remained approximately constant. 

There is  no dealkylat ion of ?-ethylaniline s ince  benzene and 

cyclohexane were not  present  i n  detectable  concentrations i n  

the react ion mixture. 



I I I I 2 
ETHYLCYCLOHEXANE 

C A ETHYLBENZENE 

Fig. 4 Concentration profiles for l~ydrodenitrogenation of o - ethylaniline 



Aniline 

Runs were a l s o  made with an i l ine  t o  fur ther  

identify.  the  reaction intermediates and the  products and 

t o  c l ea r ly  ident i fy  the  react ion network. These runs were 

made a t  3 2 0 ' ~ ;  Figure 5 shows the r e s u l t s  of an i l ine  hydro- 

denittogenation. 

These r e s u l t s  indicate  t h a t  the formation of benzene 

is  r e l a t i v e l y  rapid,  while the formation of cyclohexane was 

elm. nitr,ing the f i r s t  15 minutes ~f the mm no cyclohexane 

was found i n  the produoto) O n  -6 O t h a  had, -0 benzene 

.concentration was increasing l inea r ly  with time during t h i s  

period. However, af t -  70 minutes the concentration of , 

cyclohexane increased very rapidly. Thus it is' c l ea r  from 

these r e s u l t s  t h a t  benzene is  the  primary reaction product 

i n  the  hydrodenitrogenation of ani l ine.  Cyclohexane must be 

f o d n g  by hydrogenation bf B81128ne. 

~ased  on the  r e s u l t s  presented i n  Figures 4 and 5, 

the following react ion network can be proposed f o r  the 

hydrodenitrogenation of ani l ines:  

I Benzene 

Figure 5. Rea=t$on network f o r  hydrodeni trogenation 
cf ani l ines .  
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Fig. 5 Concentration profiles for h~drodenitr~~enation of aniline 



In  tf;e above reactian network, ani l ine  undergoes 

deadnat ion forming benzene by a B-elimination process; the 

benzene is hydrogenated t o  give cyclohexane. Since the 

hydrodmitrogenation of ani l ines  shows posit ive order 

dependence on H2 p a r t i a l  pressure and exhibits  an activation 

energy which is considerabPy l e s s  than tha t  observed for  

carbon-nitrogen bond scission,  it would appear t o  not be a 

8tra ightfoward hydrogenolysia reaetion but wouldappeax tu 

i~vnZvs hydrogenation. The re la t ive ly  lzLgll ~ h e n g t h  o f  the 

carbon-nitzogan bond i n  ani . l inos  is also indioatad by the 

6 kcal/mole higher resonance energy for  ani l ine  over benzene 

(Table 11). This increased energy is  due to  resonance between 

lone pa i r  of the nitrogen atom and the aromatic r ing making 

the carboa-nitrogen bond s ignif icant ly  stronger than for  a 

s ingle  catbon-nitrogen bond. Thus, a l l  information w i t h  the 

exception of the products of reaction indicate t h a t  r ing 
. .  . 

hydrogenation i s  a requirement for hydrodenitrogenation. Thus 

p a r t i a l  hydrogenation of the r ing t o  reduce the resonance 

energy of the r ing  and of the carbon-nitrogen bond as shown 

i n  Figure 5 is the most probable mechanism fo r  hydrodenitragsn- 

afion of ani l ine.  Further the conversion of the pa r t i a l ly  

hydrogenated r ing  ta the aromatic (benzene) ring upon 

0-elimination provides a vary f a v ~ r a b l e  energetics bar #is  

reaction. 



TABLE I1 

Resonance Energies 

Compound 
Resonance Energy 

kcal/mole 

Benzene ' 37 

Naphthalene 75 

Anthracene 

Aniline 

Pyridine 

Quinoline 

Thiophene 



Hence, the above r e s u l t s  indicate  t h a t  i n  hydro- 

: denitrogenation of an i l ines  a p a r t i a l  (or  complete) hydro- 

genation is required t o  lower the  resonance energy of the  

benzene r ing  and thereby f a c i l i t a t i n g  the carbon-nitrogen 

bond scission.  

TASK 2 - Development of ca t a lys t s  which w i l l  e f f e c t  
hydrodenitrogenation w i t h  only l imited o r  
hydrogenation of the  heterocyclic r ings 
present  i n  the molecule. 

The objact ive  of t h i s  task is t o  develop uniquely 

new hydrodenitraganation ca ta lye t s  that wibl selectively 

coordinate the nitrogen atom and remove it withaut hydrogenating 

tho ehtira r ing  thereby reducing hydrage,n~conrumgtfon. Hence 

ruru warm conductad using quinolidctu-oxide to determine 

whofhrr tho' addit ion '  of oxygen t o  the quinoline mol'ecule would 

teduce the re8ansnce a . r g y  of the  nitrogen-containing r ing 

by bindiag the, .nftrogea lone p a i r  t o  0 thereby making it 

e a a i ~ ,  t o  r k v e  nitrogen d i rec t ly .  

Results presented i n  the previous report  indieate 

that quinoline-N-oxide rapidly undergoes deoxidation i n  the  

presence 05 H2 ta form &.nol ine ,  m e r i m e n t s  have been 

aondustatd i n  wUch hydrogefS was replaced w i t h  h e l i u m  and i n  

which tetrrlta was used as a hydroga donor. Product analysis  

i s  being done and r e s u l t s  w i l l  be presented i n  the  next report. 



A s  p a r t  of t h i s  t a sk ,  seve ra l  c a t a l y s t s ,  which have 

a s  an ob jec t ive  s t rongly  'complexing the  ni t rogen atom, have 

been prepared, and these a r e  being used i n  quinol ine hydro- 

denitrogenation. A .commercial c a t a l y s t  suppl ie r  (cyanamid) 

is  preparing c a t a l y s t  samples f o r  us  with var ious l e v e l s  of 

a c i d i t y  and metals,  and these  c a t a l y s t s  w i l l  be used i n  

hydrodenitrogenation s tud ies .  



v .  PERSONNEL: 

There has been only one change in personnel during this quarter. 

Dr. K. Mathur joined the project as a post doctoral fellow on February 1, 

1979. 
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I. ABsmcr 

Experimental nms using decahydmquinoline and quinoline 

as reactants have been made. Results from decahydroquinolixie runs 

show tha t  the strong B-ted acid catalyst such as HY-zeolite, 

intermediate Brghsted acid catalyst  such silica-alunina and weak 

B-ted acid catalyst such as y-alumina does not catalyze carbon- 

nitrogen bond scission. The carbon-nitrogen bond scission must 

therefore occur on other s i t e s  on the catalyst .  In a l l  likelihood, 

the olef inic  products formed with these nonhydrogenating catalysts 

are polymerized on the surfaces of these acidic catalysts thereby 

making them inactive. There was no significant difference in nitrogen 

removal ra te  between the sulfided and unsulfided HY- zeolite catalyst, 

which indicated that sulfiding does not deactivate the HY-zeolite 

cat'alyst . 
The nature of catalyt ic  function responsible for  carbon- 

nitrogen bond scission has'been studied using decahydroquinoline over. 

a se t  of  catalysts. The catalysts tested include catalysts with Co, 

Ni, Mo impregnated on silica-alumina o r  y-alumina. The'resuLts showed 
I 

that 'the ra te  of .  nitrogen removal was highest for Mo on y -alumina 

catalyst. 

Several catalysts with the objective to develop uniquely new 

hydrogenation catalysts t h a t  w i l l  selectively coordinate the nitrogen 

atom and r h v e  it without hydrogenating. the entire ring thereby reducing 

hydrogen conszmrpti;on, were prepared. The catalysts chosen for  this study 
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I I. OBTEff IVES .4Ml SCOPE 

The major objectives of the proposed research are: 

To apply the reaction study and kinetic analysis techniques which we 

have developed in our past hydrodenitrogenation studies to the optimi- 

zation of catalysts for hydrodenitrogenation of rmalti -ring nitrogen- 

containing compounds by balancing the hydrogenation and carbon-nitrogen 

bond scission functions, thereby developing improved catalysts for 

hydro&nitrogenation. 

To develop an improved understanding of the catalyst function required 

.for C-N bond .scission since this function is critical to hydrodenitro- 

genation but is not understood. 

a To develop unique catalysts for hydrodenit~ogenation of multi-ring 

nitrogen-containing compounds without first requiring hydrogenation 

of the surrounding ammatic rings, 

a To determine the stability of the catalysts developed for processing 

coal -derived liquids. 

Scope : 

Improved hydrodenitrogenation catalysts require a balance between 

hydrogenation and carbon-nitrogen bond scission. The carbon-nitrogen bond 

scission needs to be better understood. The nature of the catalytic 

function responsible for C-N bond scission will be determined by measuring 

the rates of C-N bond scission using mainly decahydroquinoline over a set 

of catalysts prepared specifically to evaluate the catalyst requirements 

for the C-N band scission. The catalysts to be tested include acid 

catalysts without metal, alumina impregnated with Co and Ni with various 

levels of sulfiding and -- in situ HzS partial - pressure and unsupported 



nulybdexnn sulfide with imd without Ni promotion to separate out the 

mle of the suppo-. Based on the abave studies, methods of optiniring 

catalysts (by batancing the hydrogenation and the C-N bond sc i s s ion  

-on) will be duwnsmted, and pmmising catalysts w i l l  be. tested 

for selectivity aud actfvity maintenance for longer-tern nas using 

highly aromatic synthetic feeds and coal-derived liquids if possible.  

Anathst part d this research, and potentially the mpst benef ic ia l  

m, nzqdrcs the davclapllt  d f  unzquely-nev, highly-selective hydm- 

denimgenatian caralysts. This mrk vfll focus on dovofogbg coMlysrs 

Wt an sefetctivsly coordinate nitrogen and reflwve i t  fruru a d - r i n g  

nitrogen-containing ammattic cnmpou& w i t h  Only lixited or no hydmgena- 

tion of the ammatic rings, tfrus aciaieving majot savings in hydrogen 

emmaptian. The caWysts fozmdatsd w i l l  be tested m&r high-presnfn 

liquid-phase amditions using quiMline in a carrier o i l  as a reactant 

s iaw quinoline cuntains t8c requisite bauenaid zing and nitrogen- 

crm- -tic r b g s  m c t e r i s t i c  of nitrogen-con- compounds 

present in coal-Qrivcd liquids. 

The results of alf of the above watk will be muated utilizing 

OIP. kinetic -pis sdmwi m giv. quantitative measures of thc ntes of 
f C-N bond scission and the extents and rates of hydrogenation. These results 

w i l l  then be interpreted in tenas of the catalysts and their pmperties and 

mzamea&tiunswiUbemadeas towhat  ftmhermsrkneeds tobe duneand 

the potentially mst fruitful dimetAens t o  be followed. 

**c 



111. sImlMY OF'PROGRESS TO DATE 

&-ing the. f i r s t  threk quarters, substantial progress has 

been made in understanding the chemistry of carbon-nitrogen bond 

scission. Preliminary results from hydrodenitrogenation of decahydro- 

quinoline indicate tha t  the carbon-nitrogen bond scission i s  not 

thermal but clearly catalytic. Our results Clearly indicate that 

strong B-ted acid sites alone or in combination with Lewis acid 

sites do not catalyze .carbon-nitrogen bond scission and carbon-nitrogen 

bond scission must therefore occur on other sites on the catalyst. 

Improved hyhdenitrogenation catalysts require a balance 

between hydrogenation and carbon-nitrogen bond scission. Several 

catalysts have been prepared and tested recently which include 

B-ted and Leiris acid catalysts without metal, alumina-impregnated 

with MD, Co and N i ,  pmrmoted with -- in situ HzS partial pressure and 

with and without N i  promotion to separate out the role of support. 

The nature of the c a t a l w c  function responsible for C-N bond scission 

was studied using decahydroquinoline over the set of above catalysts. 

The results indicated that the nitxvgen renova1 rate was highest for 

Mo on y-alumina catalyst. 

Several 'catalysts have' been prepared, and tested with the 

anphasis on mierstanding the mle of acidity on the carbon-nitrogen 

bond scission reaction and on.direct removal of nitrogen without 

ring hydrogenation. The catalysts chosen for this study were 

aluminum borate and aluminum borate phosphate loaded with 4 wt % nickel. 
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1. 3. Iktennine the nature of 

C-N bond scission 
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TASK 1 - lkvelapmcnt of' Impmved Hydrodenitrogenation Catalysts 

Hydmddaogenatian of ammatic nitrogen-containing campads  

occurs via a emupla reaction network imrolving h y d r o ~ ~ t i o n  of the 

-tic rhgs foUawed by carban-nitrogen bund scission, in contrast 

to hy-tion which imrolves drily direct scission of 

m-m b l C 8 ,  it is &tical t0 &re& fhc M-8 

of ths catalyst sites.*& catalyze 'these two reaction types Olydro- 

gemtian and asban-nitmgea band scission) to r a t i d l y  dsvelq 

new anti improved catalysts. The mdtal sulfide provides the hydmgena- 

t i on  fn typiUr L?nmmrrinr hydmtmating atalysto althaargh 

a B g C B f l e d ~ d f t h e n a ~ o f  t b a c t i v e s i t a d t b  

mactbn i s  s t U l  laddag. The origin of the carbon-nitmgan 

b d  &mien d m  i s  not clear. To bettor h r s u n d  tho 

dldny of cZUbn-nirmgen bond Sdssion me must c)aM%. a Culuporad 

that i s  already hydmgmated so that further hydrogenation is not 

n s a z y .  V l b e  is frilly samted axxi 4 a mjor muto 
I 

for a m m l  of nftrogsa from quhurinr, a major niaogen-waciskiing 

eollpaMdfdi8eoel=d&vsdliquiQ. R i o t a r k b a s  shownthat 

-line &ms rb. dmmctmistic U r  of =st nitrogen-containing 

€xxpm& fmld fn r n - M v s 8  l i Q l d & A  mnce kd@quiml i ruuu  

chosen as a & for thn tFlClRiStzy of carbon-nimgen 



Preparation of HDN Catalysts 

Several catalysts with various levels of acidity and metals 

were prepared and used in hydrodenitrogenation of decahydroquinoline. 

The preparation of HUN catalysts typically involved the introduction 

of a metal into either a y-alumina or silica alumina support. The 

supports were used in their hydrated forms (e.g. , Y - A ~ ~ O ~ ~ X H ~ O )  , as 
small particles with a diameter not smaller than 0.0029 inches and not 

larger than 0.0041 inches. 

The metals .were introduced into the support by mixing the 

particulate solid support w i t h  a small voltrme of either a mildly 

alkaline or acidic aqueous solution of a metal containing salt to 

fonn a thick paste. The metal containing aqueous solutions were 

always prepared from salts which contained only the metal to be studied 

and ligands which could be volatilized--mica1 salts used were metal 

nitrates or ammonium salts which contained metal. The pH of the 

aqwms solutions was adjusted by adding only nitric acid, (HN03) or 

hydrated ammonia (NH4CH) as needed. . , 

All pastes formed by the addition of the particulate support 

to the aqueous salt solutions were placed in ceramic drying dishes and 

dried at tOO°C and amspheric pressure for a mininnmr o f  ten (10) h01.1rs. 

All resulting solids were then calcined at 350°C and abaospheric pressure 

for exactly four (4) hours. The calcined solids were then screened so 

that the patticles had a diameter within the range of 0.0029. to 0.0041 

inches. Particles within this size range were then bottled and were 

ready to use as HDN catalysts. 





a1 Carbon-Nitrogen Bond Scission: 

Hydrodenitrogenation of decahydroquinoline was studied over 

qweral different catalysts, The reactor used was a 300 C.C. autoclave 

fitted with a magnetic drive stirrer. Standard operating conditions 

(Table U) were used for all the experimental runs. The catalyst was 

presulfided (or heated in helium) for two hours with a mixture of 

10 vol % H2S in H2 at atmospheric pressure and 400°C. In order to 

maintain the catalyst in the sulfided form during the reaction, 0.05 wt % 

CS2 solution in hexadecane was added to the catalyst and reactant. 

Under the operating conditions carbon disulf i& rapidly converts to 

methane and hydmgen sulfide. 

Liquid samples were analyzed using a Perkin-Elmer ,Yodel 3920 

gas chromatograph equipped with a flame-ionization detector. A glass 

capillary colunm (7Sm-OV101) was used for all reactant and pmduct 

analysis . 
Figures 1 and 2 show the results from n m s  using silica- 

alumina and y-al-. The major products from both the runs were 

decahydroquinoline (both trans and Cis forms) and 5,6,7,8-tetrahydro- 

quimline; no other products were detected. However, products 

formed with  HY-zeolite (Fig. 33 show that significant amounts of 

benzene is also formed. Hence these results indicate that the strong 

Brbted acid catalyst such as HY-zeolite, intermediate Bdnsted acid 

catalyst n?&- as silica-alumina and weak Bnhsted acid catalyst such 

as y-alumina does not catalyze carbon-nlrrogen bond scission. 

Figures 4-6 show the total nitrogen remval from decahydroqui.r,oline 





RUN : K-DHQ-490 

a Decahydroquinoline 

Figure 1: Cor~cenitration profiles for hydsodenitrogenation of clecal~ydroquinoline using 
silica-alumina. 
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RUN : K-DHQ-500 

Piguro 2: Concentrat ion profiles for hydrdeni troge~lption lif decal~ydroquinolinc . . 

using y-alloiru. 



RUN : K-DHQ-480 

El Benzene 

.* Decahydroquinoline 
'$$, 5,6,7,8-'IlQ 

Figure 3: Concentration profiles for lrydrodenitrogenation of decahydroquinoline 
using IN-zeolite. 



RUN 480: NITROGEN CBNTENT 

Figure 4: Totrrl nitrogen rcuy)wl from clecolrydqnino3ine using IU-zeolite. 



RUN 490: NITRBGEN CBNTENT 

F i  y r e  5: Total nitrogen removal from decahydroquinoline using silica-alumina . 
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RUN 500; NITRBGEN CBNTENT 



-NITROGEN REMBVAL CBMPARISBN 1 

X Silica-alumina 

y-alumina 

Q NO catalyst 

A Ni-)Jb/A120j 

Figure 7: Total nitrogen removal from decahydrguinoline using various catalysts. 



RUN : K-DHQ-510 

1:igurs 1: Concentration profiles for Iryddeni trogewtiun of dexal~ydroquinol ine using 
. unsulhihi IE-zeolite. 



NITROGEN REMBVAL CBMPARISBN 2 

D Sulfided tW-zeolite 

Unsul f ided HY - zeolite 

Figure 9: Total nitrogen removal from decahydroquinoline using sulfided and 
unsulf ided 1N- zeoli te. 





RUN : K-DHQ-530 

El - n-pmpylcyclohexane 
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Figure 10: . Concentration profiles . for hydrodeni trogenat ion of decahydroquinoline using 
8.40 Ni on y-alisnina. 



, . 
q:. . . . .  RUN : K-DHQ-540 

l u r e  1 : C'centmtion profiles for hydrodcnitrogena tion of decallydroquinoline 
erim 2% b(o om y-alunina. 



RUN : K-DHQ-550 

Figure . l 2 :  Concentration profiles for llydrodenitrogenation of decallydroquinoline 
using 8.4% N i  on silica-aluQp. 



RUN : K-DHQ-560 

Figure 13= h c e n t n t  im pmf iles for Iiydrdlcnit rogemt ion or' Becaltydroquinoline 
using 8.48 Co on y-almina. 
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RUN 530: NITRBGEN CBNTENT 

Figure 14 : Total ni trogcn renova1 ~ F O I I ~  d e ~ a l ~ ~ d r o ~ u i ~ ~ o l i n e  using 8.4% N i  on y -alumina. 



RUN 540: NITRBGEN CBNTENT 

Figure 15: Tatal nitrogar relr)vill from Jccal~ydroquinoli~r? i~s ing  23% Mo on y-almrina. 



RUN K550: NITRBGEN CBNTENT 

Figure 16: Total nitrogen renlaval from decahydroquinoline using 8.4% Ni on 
silica-alunina. 



RUN K560: NITROGEN CONTENT 

I 17 : Toml ni~rogen rm~nvul from dccuhydm~uilwli~re using 0 -4% Co on y -;rlumina. 



NITRBGEN REMBVAL 
8.4% Ni on y-alumina 
23% Mo on Y-alumina 
8.4%.Ni on silica-alumina 

8::4% Co on y-alumina. 

Figure 18: Total nitrogen rernoval from decahydroquinoline using various metal 
supported catalysts . 
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Pigwe 19: fbtirl m i t  amgees ranowail f row clccolrydroqr~inoline using, vurias catalysts. 



catalysts tested include catalysts with Co, Ni, Mo impregnated on 

silica-alumina or y-alumina. ' 

Runs were made using decahydroquinoline to determine the 

rates of C-N bond scission over the set of catalysts prepared above. 

The results indicate (Figures 10-13) that the products from the nm 

using Ni and Mo on y-alumina showed traces of quinoline, 1,2,3,4- ' 

tetrahydroquinoline , - n-propylbenzene , and - n-propylcyclohexane with 
5,6,7,8-tetrahydroquinoline and decahydroquinoline as major products. 

-ever the products from the runs with Ni on silica-alumina &d Co on 

y-alumina catalysts showed only decahydroquinoline and S,6,7,8-tetra- 

hydmquinoline . ?he dehydrogenation reaction between decahydmquinoline . ' '.. , 
, , '  . . 

and 5,6,7,8-tetrahydroquinol~ine was absent in the second set of runs. . . :. ,.. . . . .  

. . . .  , L 

. . I Figures 14-17 show the total nitrogen removal from decahydro- . , 

quinoline for the above runs. The percentage of nitrogen removed was: , - 

Ni on alumina: 18.9%; Mo on altmnina: 77.2%; .Ni on silica-alumina: 18.8%; 

and Co on alumina: 14.3%. These results show that the nitrogen 

removal rate was highest for Mo on y-alumina catalyst. Figure 18 

campares total nitrogen removal from decahydroquinoline for above set 

of catalysts. 

Figure 19 compares the total nitrogen removal from decahydm- 

quinoline for acid catalysts and metal impregnated on acid support 

catalysts. Figure 19 shows that there is no significant difference 

in nitrogen removal. rate between the two sets of catalysts 'except 

when a Mo/y-alumina catalyst ,was used. With Mo on y-alumina the 



$1
 !
 

Inr cI f;
; 'E ik
~

 
W L

g 
E

S
 

P"
. 

sf
E

 
r2

 &
 

F'ii
 ?i

 
P

g
 

9
 3 a

$
 



remval without hydmgenation of the neighboring ammatic rings.  

bn this basis t h e  initial ca ta lys t ,  chosen for  study was aluminum borate 
j 

with 4f nickel, A1805/48 N i ,  a .Lewis acid catalyst .  A second ~ e w i s  

' acid catalyst  chosan w a s  alumbun borate phosphate with 4% nickel, 

A1B03*P04/4% N i .  

Preparation of A1B03/4% wt N i :  

The aluminum borate, ADO3, support was prepared from equal 

weights of aluminum hydrate Wdral 710 from ALCOA) and boric acid. 

This was mixed with mortar and pestal  while adding small amounts of 

heated (=5O0C) d i s t i l l e d  water. The mixture was mixed un t i l  a homo- 

geneous white paste was obtained. The aluminum borate mixture was 
. . 

then. dried 18 hogs  a t  211.6'C then calcinated for  3 hours a t  350.6'~. 

This was ground to- 150-200 mesh size. The 150-200 mesh almhm 

borate was then mixed in a similar manner with 4 wt % nickel in nickel 

n i t r a t e  solution adjusted t o  a pH of 7.5 with anmxmiq hydroxide. 

This was again dried a t  211.6'C fo r  18 hours; calcinated a t  350.6'C 

f o r  3 horn  , and gmund to  150-200 mesh size. 

Preparation of UB03-POq/4 wt % Ni: 

150-200 mesh A m 3  was mixed with 20 w t  8 ( to  m 3 )  of 858 

H3FQ4 and a small amoupt of d i s t i l l e d  water u n t i l  a homogeneous glassy 
I 

white paste was obtained. This was dried at l l Z ° C  fo r  18 h o u s ,  

calcinated at  350.6OC fo r  3. hours, then gmund t o  150-200 mesh s i z e .  

.. . 
The 150-200 mesh A1B03-PO4 u& then impregnated' with 4 w t  % , . . 

nickel in an identical  manner as discussed previously with AlB03/4 wt % N i .  



Rms were made using the AIB05/4% Xi catalyst @S-Q-1 thmugh M-Q-S) 

d quinowe reactant under a variety of d t i a n s  to determine the 

carban-nitrogea band scission ability, the effects of the metal 

h e  ptssant in the axa~clavt, and the effect a f  ttmpetanac. 

0 m  na was made with AU03.P04/4% N i  to a m p r e  the results w i t h  

Alm3/4% a. 

Prslihary results indicate tbat m3/a Ni c n u l p t  gives 

a marked increase o f  nitrogen remoMT ia quiaolfne owr other catalysts 

studfed, a decrease in activity o f  the catalyst was obscnnd when the 

=action was na in can& with the metal autoclave walls, teqaratlaa 

~ h n o t y s t b 4 s n b t ~ t o h a r v ~ a & ~ t s & ~ a n h  

nitmgan rmmval raze. ah4 m w  msuts of t h  A18(33.m4/4t Ni 

catalyst fndfcats that the nimgen mzmal process 69 stnqly inhibited 

w gmup* 

Experinmtal: 

Th8 detailed operating candftions of each nnr ;rrs shown in 

Table 11. The zartoclav'8 far each rm u85 used in the bat& mde, 

A ~ s l i n e r w a s t w d ~ r ~ 4 ~ 9 .  Allofrheorhsrnmswrc 

withuut gfsss tllnsr. The reastioa ~~ Mas cammued to  *PC. 

T h s c a t a l y 3 t T o r d w s s p ~ d s d f o r Z h o Y n w i t h a ~ a P  

10 w1 ? H2S in Hz at amsphuric ~YUSSUO a d  400'~. In o r d m  to 

mPintoin the catalyst h the sulfided fonn duriag the rmctdasr, 

0.0s wt b e2 $ O ~ I S ~ A  WS adQd to iSLjtCtim arb% 

together w i t h  catalyst and reactant. 



RUN: MS-Q-1 

0 Quinoline 

Figure 20: Concentration profiles for hydrdenitrogenation of quinoline using 
4 wt % N i / A l B 0 3  at 350°C. . , 

Q Orthopropylaniline 





RUN: MS-Q-2 

O Quinoline 

1,2,3,4- tetrahydroquinoline 

+ 5,6,7,8- tetrallydroquinoline 

Benzene 

A - n-propy lcyclol~exane 
-* Orothopropylanil ine 

Figure 22: Concentration profiles for ilydrodenitrogenation of quinolirle using 
4 wt %/AlBO3 at 357OC. 



RUN r MS-Q-2N 



Benzene 
0 Quinoline. 
P 1,2,3,4-Tetrahydroquinoline 
4- S,6,7,8-tetrahydroquinoline 

z-propylcyclohexane 
n-propylbenzene . ' 4 - 

Figure 24: Concentration profiles for hydrodenitrogenation of 
quinoline wing 4 w t  % Ni/AlBOj at 380°C. 





RUN: MS-Q-4 
)cS, Quinoline 
+ 1,2,3,4-Tetrahydroquinoline 
ITJ' Benzene 
A n-Propylcyclohexane .* 5,6,7,8-Tetrahydroquinoline + Orthopropylaniline 

Figure 26: Concentration profiles for hydrodenitrogenation of quinoline - using 4 wt % Ni/AIB03 at 350°C (glass liner used). 



RUN :MS-Q-4N 

1:ipjre 27: Total nitrogen removal from qui~mllno using 4 ut R Ki/AlM3 a t  3 5 ~ " C  
(glass l iner uscd). 



Reaction products were analyzed with a Perkin-Elmer Model 3920 

gas chromatograph equipped with flame ionization detector and an 

electronic integrator. 

Results and Discussion: 

Results for each run are shokin in conc. vs time graphs of 

products and total nitrogen conc. vs. time graph illustrated in 

Figures 20-29. In each run quinol.ine was rapidly converted to 

1,2,3,4- tetrahydroquinoline. Other side products observed in each 

run were 5,6,7,8-tetrahydroquinoline, benzene, - n-propylcyclohexane, 
n-pmpylbenzene , decahydroquinoline , and orthopropylaniline . - 

RLIZS 1 and 2 (Figures 20 and 22) nm at 3S0°C and 357°C 

without a glass liner showed 25% and 20% nitrogen removal, a 

relatively high amount of nitrogen removal compared to previously 

tested catalysts with quinoline. Run 3 at 380°C showed 22% of the 

nitrogen removed indicating, no significant change in nitrogen removal 

at the higher temperature. The extremely high benzene concentrations 
I 

in Run 3 which can not be account for by a material balance probably 

is due to cracking of the solvent, ;-hexadecane, at the higher 

temperatures. Run 4 was made under identical conditions using a glass 

liner to determine the effect of the metal walls of the autoclave, 

As shown in Figures 26 and 27 there was a significant increase in 

nitr~gen removal with 40% of the nitrogen removed after 5 hours. These 

results indicate that the metal in the autoclave deneases the 

activity of the catalyst. The large percent of nitrogen removal can 



RUN 

A Quiwline 
1,2,3,4-TetrahyJqui~)line 

0 5,0,7,B-%tral~ydroquinoline 
m Benzene 
'L-. 

x Decahydroquinoline 
a Orthopropylani line 

I:ig,ure 28: Cmcntration pro files - for Ibydcdeni tmgwur tion of quimlim: trs i IW 
4 wt % NifA1Q*Pqq. 



RUN MS-Q-6N 

Figure 29: Total nitrogen ranoval fro. quinoline using 4 wt % Ni/A1BOJ0% 



not be explained by a material balance o f  the products observed, 

i .e .  , 2-pmpylcyclohexane , ;-pmpylbenzene , o r  benzme. This would 

indicate that other products are forming not observed under the 

cwnditions o f  analysis. To try to account far the nitmgen remred, 

the catalysts are being d y z e d  for carbCm-hydmgen-ni~gen 

cantent and an analysis of the samples fmm these r,m runs are being 

made using a .nitrogen specific detector, 

Run 6 v~as  mads using AUQ3 -FQ4/4% Ni as the catalyst. Though 

the proQcts observed were the same as in previous nms, there was 

sly 48 n i m g m  reamed after 10 hsnns as shown h F i m  28. 'Ihis 

wuld sppea~ to isdieate that the phosphate acrs a3 a strong W b i t o t  

to nitmgar m. A possible explanation fo r  this mmLt m y  l i e  

in tkb fact &at bmn can wt expand its oc te t  a easily as pbtphonxu. 

Elms to &termins ths &fa of the metal walls of the autoclave on the 

AlB03*F04/4% Xi catalyst reaction.are cusle~t ly  in progress. 

Rms w i l l  also be made to &tennine the effect of the suppo.rt, 

ADO3,  without nickel and the effects of different metals on the support. 

A camm5al eawyst sqplier (-can Cyanamid1 is also 

prsparbg catalyst samples far us with various levels o f  acidity an8 

me&, a d  W e  catalysts WU be wed in futtzra hydmdenitmgmation 

satdies. 



V. PEIWNNEL 

There has been no change in personnel dur ing this quarter. 
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I. ABSTRACT 
. . 

Experimental runs .u,sihg decahydroquinoline' and 

quinoline as reactantshave been made. Preliminaryresults 

from decahydroquinoline runs show that Brdnsted acidity by 

itself will not catalyze the carbon-nitrogen bond scission. 

The olefinic products faded with these catalysts make them 

inactive during the course of reaction. The carbon-nitrogen 

bond scission must therefore occur on other sites on the 

catalyst: one such possibility is that carbon-nitrogen bond 

scission is catalyzed by an active site consisting o f  ,,a 

transition metal ion in close proximity to an acid 'site. 

Therefore it would appear 'that hydrodenitrogenation requires 

an acidic site and a basic site for' the Hoffman E2 elimination 

reaction to occur. 

The nature. of catalyst function responsible for 'C-N 

bond scission has been studied using decahydroquinoline over a 

set of catalysts. The catalysts tested include catalysts with 

vanadium, molybdenum, iron impregnated on silica-alumina or 

y-alumina supports. As shorn in previous reports, the rate of 

nifrogen removal was highest for the molybdenum on y-aldna 

catalyst. However with the decrease in the concentration of Mo 

on the y-alumina support the nitrogen removal rates also decreased 

accordingly. 

Experimental runs were also made using quinoline and 

several catalysts with the objective to develop uniquely new 



c a t a l y s t s  t h a t  w i l l  se lec t ive ly  coordinate the  nitrogen atom and 

remove it without hydrogenating the e n t i r e  r ing  thereby 

reducing hydrogen consumption w e r e  prepared.' Catalysts  used 

f o r  this study were a l u m  borate and aluminum borate 

phosphate, with or  without nickel .  Preliminary r e s u l t s  indi-  

cate t h a t  metal l igand (nickel)  ?lays an important r o l e  i n  the 

nitrogen. removal process. 



11. OBJECTIVES AND SCOPE 

, ' The major objectives of the proposed research are: 

To apply the reaction study and kinetic analysis tech- 

niques which we have developed in our past hydrodenitro- 

genation studies to the optimization of catalysts for 

hydrodenitrogenation of multi-ring nitrogen-containing 

compounds by.b.alancing the hydrogenation and carbon- 
. . 

nitrogen bond scission functions, . . thereby developing 

improved catalysts for hydrodenitrogenation. 

To develop an improved understanding of the catalyst 

function required for C-N bond scission since this 

function is critical to hydrodenitrogenation but is 

not understood. 

To develop unique catalysts for hydrodenitrogenation of 

multi-ring nitrogen-containing compounds without first 

requiring hydrogenation of the surrounding aromatic rings. 

To determine the stability of the catalysts developed 

for processing coal-derived liquids. 

Scope : 

Improved hydrodenitrogenation catalysts require a 

balance between hydrogenation and carbon-nitrogen bond 

scission. The carbon-nitrogen bond scission needs to be 

better understood. The nature of the catalytic function 
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responsible for C-N bond scission will be determined by 

measuring the rates of C-N bond scission using mainly 

decahydroquinoline over a set of catalysts prepared specifi- 

cally to evaluate the catalyst requirements Lor the C-N 

bond scission. The catalysts to be tested include acid cata- 

lysts without metal, alumina impregnated with Co and Ni 

with various levels of suSfiding and in situ H2S partial -- 
pressure and unsupported molybdenum sulfide with and without 

Ni promotion to separate out the role o f  the support. Based 

on tho &eve studies, methods nf optimizing aataLyata (by 

balancing the hydrogenation oad the C-N bond scission 

function) will be demonstrated, and promising catalysts will 

be tested for selectivity and activity maintenance for longer- 

term runs using highly aromatic synthetic feeds and coal- 

derived liquids if possible. 

Another part of this research. and potentially the 

most beneficial part. requires the development of uniquely- 

new, highly-selective hydxodenitrogenatlon catalysts. This 

woxk will focus on developing catalysts that can selectively 

coordinate nitrogen and remove it from multi-ring nitrogen- 

containing aromatic compounds with asly limlted or no hydo-  

genation of the aromatic rings. thus achieving major savings 

in hydrogen conrtmption. The catalysts formulated will be 

tested under high-pressure liquid-phase conditions using 

quinoline in a carrier oil as a reactant since quinoline con- 

tains the requisite benzenoid ring and nitrogan-containing 

aromatic rings characterfstfc of nitrogen-containing compounds 

present in coal-derived liquids. 



The results of all of the above work will be 

evaluated utilizing our kinetic analysis schemes to give 

quantitative measures of the rates of C-N bond scission 

and the extents and rates of hydrogenation. These results 

will then be interpreted in terms of the catalysts and their 

properties and recommendations will be made as to what further 
i 

work needs to be done and the potentially most fruitful direc- 

tions to be followed. 



1 1  SUMMARY OF PROGRESS TO DATE 

During the' first year of the project, substantial. 

progress has been made in understanding the chemistry and 

mechanism of carbon-nitxogen bond breakage. Our results 

clearly indicate that'the carbon-nitrogen.bond scission in 

hydrodenitrogenation of decahydroquinoline is not thermal but 

catalytic. Preliminary results also show that BrZnsted acidity 

by itself' will not catalyze the carbon-nitrogen bond scission. 

The caxbon-nitrogen bond scission therefore must occur an other 

sites on ehs catalyst. One such possibility is that oarbon- 

nitrogen bond scission is catalyzed by an active site consist- 

ing of a transition metal ion in close proximity to an acid 

site. Hence, it would appear that hydrodenitrogenation requires 

an acid site and a basic site for the elimination reaction to 

QCCUX . 
Improved hydrodenitrogenation catalysts require a 

balance between hydrogenation and carbon-nitrogen bond scission. 

Several catalysts have been pzepared and tested which include 

Bransted aad Lewis ,acid catalysts without metal, silicaialuraina 

or y-alumina iapregnated with cobalt, molybdenum, nickel, iron 

and vanadiua. The nature of catalytic function responsible for 

wubon-aitxogen bond scission was studied using deaahydro- 

.quinoline over the set of above catalysts. The preliminary 

results indicated' that' the nitrogen removal rate was highest 

for molybdenum on y-alumina catalyst.. These results also show 



t h a t  t h e  n i t rogen removal r a t e  decreased w i t h '  a decrease i n  

t h e  concentrat ion of  t h e  molybdenum . . on t h e  y-alumina support .  

Runs have a l s o  been made using quinol ine.  Several  
. . . . 

c a t a l y s t s  were prepared and t e s t e d  with the' emphasis on under- 

s tanding  the r o l e  of  a c i d i t y  on t h e  carbon-nitrogen bond 

s c i s s i o n  r e a c t i o n  and on d i r e c t  removal of n i t rogen without 
. . 

' r ing.  hydrogenation. The c a t a l y s t s  chosen f o r  this study 

were aluminum bora te  and aluminum bora te  phosphate loaded with 

o r  without  4 w t %  n icke l .  .:Preliminary r e s u l t s  i n d i c a t e  t h a t  

4 w t %  n i c k e l  on aluminum barate  ' c a t a l y s t  g ives  a marked inc rease  

i n  n i t rogen removal r a t e  of quinol ine.  ' These r e s u l t s  i n d i c a t e  

t h a t  metal '  l igand.  p lays  an important r o l e  i n  t h e  n i t rogen 

removal procass.  

Several  o t h e r  c a t a l y s t s  wi th  d i f f e r e n t  metal  l igand  

and ' suppor ts  have been prepared recen t ly  and a r e  being t e s t e d .  

American cyanamid is a l s o  preparing some c a t a l y s t s  f o r  us  w i t h  
' 

varying a c i d i t y  and metal  content .  These c a t a l y s t s  w i l l  be 

s tudied  i n  t h e  near  fu tu re .  
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.TIME PLAN .AND MILESTONE CHART 

YEAR 

TASK STATEMENT 

1. a. Determine the nature of 

C-N bond sc i sa ion  

b. Formulate. improved 

c a t a l y s t s  based on a. 

c. evaluate a l l  c a t a l y s t s  

for tfDN a c t i v i t y  

d. Kinetic analysis, 

interpretationP of r e s u l t s  

and make reconmendation 



YEAR 

TASK STATEMENT 

2. a-e. Development of selective 

HDN catalysts using various 

metals and supports 

f .  Test all catalysts from 

Task a-e. ' for MDN activity 

and reactivity 

Q Kinetic analysis 

interpretation c'f results 

and make recommendations 

El Scheduled m Underway 
* Number in hatched region indicates the percentage completed. 



CUMULATIVE EXPENDITURES 
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TRAVEL 
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OCCUPANCY AND MAINTENANCE 

EQUIPPlENl' 

0-R EXPENSES 

TRANSFERS ' (OVERHEAD) 

First S e c o n d  Third Fourth 
Quarter Quarter Quarter Quarter 



TABLE I 

Standard Operating Conditions 

Temperature: 350 +, 2OC 

-Total Pressure : 34 +, 1 atm* 

Reactant Concentration: 0.5 weight percent i n  
n-hexadecane - 

CS2 Loading: 0.05 w t %  ( 1 . 4  vol% 
H2S i n  gas phase) 

Catalyst Loading: 0.5 w t %  of reaction 
mixture 

'Partial presoure of  n-hexadecane - @ 350°C ' 3.24 atm. 



DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

TASK 1 - Development of Improved Hydrodenitrogenation Catalysts 
Hydrodenitrogenation of aromatic nitrogen-containing 

compounds occurs via a complex reaction network involving 

hydrogenation of the aromatic rings followed by carbon- 

nitrogen bond scission, in contrast to hydrodesulfurization 

which involves mainly direct scission of carbon-sulfur bonds. 

Hence, it is critical to determine the nature of the catalyst 

sites which catalyze these two reaction types (hydrogenation 

and carbon-nitrogen bond scission) to rationally develop new 

and improved catalysts. The metal sulfide provides the hydro- I 

genation function in typical commercial hydrotreating catalysts 

although a detailed understanding of the nature of the active 

site and the reaction mechanism is still lacking. The origin 

of the carbon-nitrogen bond scission reaction is not clear. 

To better understand the chemistry of carbon-nitrogen bond 

scission one must choose'a compound that is already hydro- 

genated so that further hydrogenation is not necessary. Deca- 

hydroquinoline is fully saturated 'and is a major route for 

removal of nitrogen from quinoline, a major nitrogen-containing 

compound found in coal-derived liquids. Prior work has shown 

that quinoline shows the charactjristic behavior of most 

nitrogen-containing compounds found in coal-derived liquids. 

Hence decahydroquinoline was chosen as a model compound for 

studying the chemistry of carbon-nitrogen bond scission. 



Hydrodenitrogenation of decahydroquinoline was studied 

by using several catalysts with various metals impregnated on 

y-alumina support. The preparation of the hydrodenitrogenation 

catalysts involved the introduction metal into the support. 

The support was used in the. hydrated form as small particles. 

A detailed description of the catalyst preparation procedure 

was given in third quarterly report. 

Carbon-Nitrogen Bond Scission: 

Hydrodenitrogenation of decahydroquinoline was studied 

over several different catalysts. The reactor used was a 

300 cc autoclave fitted with a magnetic drive stirrer. Standard 

operating conditions (Table I) were used. for all the experimental 

runs. The catalyst was presulfided for two hours with a mixture 

of 10 vol% H2S in hydrogen at atmospheric pressure and 400°C. 

In order to maintain the catalyst in the sulfided form during 

the reaction, 0.05 wt% CS2 solution was added to the catalyst 

and reactant. Under the operating conditions carbon disulfide 

rapidly converts to methane and hydrogen sulfide. Liquid 

samples were analyzed using a Peekin-Elmer Model 3920 gas 

chromatograph equipped with a flame-ionization detector. A 

glass capillary column (75m-OV101) was used i6r all reactant 

and product analysis. 

Figure 1 shows the results for the hydrodenitrogena- 

t i o n  of decahydroquinoline using 4% vanadium on y-alumina. The 

products from this run were - n-propylcyclohexane, n-propylbenzene, - 



5,6,7,8=tetrahydroquinoline, quinoline, and 1,2,3,4-tetrahydro- 

quinoline. However, 5,6,7,8-tetrahydroquinoline was the only 

major product. Figure 2 shows the nitrogen removal from deca- 

hydroquinoline using vanadium on alumina catalyst. As shown 

in the figure, the nitrogen removal rate' is very low (%17%). 

Runs were also made with two Mo-on-y-alumina catalysts 

with varying concentrations of molybdenum. The results are shown 

in Figures 3-7. Figure 7 shows a comparison of the nitrogen 

removal rate from decahydroquinoline. As the concentration 

of the molybdenum on the y-alumina support deereases,the nitrogen 

removal rate also decreases. These results show that molyb- 

denum does take part in the C-N bond scission. A run was made 

without sulfiding the Mo-on-y-alumina catalyst to study the 

effect of sulfiding on the C-N bond scission. However, as 

shown in Figures.'8 and 9 there is no.significant difference 

between the nitrogen removal rate of sulfided and unsulfided 
. ,  ' .  

Mo-on-y-alumina oatalyst. 

Figlures 10 and 11 skiow f91e coneentratian profiles and 

nitrogen removal rate from decahydroquinolLne when 4% Fe on 
I 

y-alumina catalyst was used. The major product in  this.run was 

5,s. 7, 8-te&ahydroquinoline. With Fe on y-alumina the nitrogen 

r-vd rate was very -low (%22$) , , 

From the above results i? can be concluded that 

Bransted acidity by itself will not catalyze the carbon-nitrogen 

bond scission and therefore it would appear that hydrodenitro- 



genation may require an acidic site and a basic site to facili- 

tate the Hoffman E2 elimination reaction. From our results 

it is also. clear that Mo-on-y-alumina.gives the highest rate 

of nitrogen removal. Presently we are looking at some basic 

supports such as magnesium oxide to further clarify the role 

of basic sites in the C-N bond scission. 
. . . - 



8 RUN : K-DHQ-580 

Figure 1. concentration Profiles for hydrodenitrogenatkon of decahydroquinoline 
using 4% vanadium on y-alumina catalyst. 





RUN : K-DHQ-600 
e f t  n-propylbenzene 
.F( ~ecahydroquinoline 

Figure 9. Concentration profiles for hydrodenitragenation of decahydro- 
quinoline using 2% Mo on y-alumina. 





RUN : K-DHQ-590 

n-propylcyclohexane - 
- n-propylbenzene 

p, Decahydroquinoline 
4 5'6,7,8-THQ 
4 Quinoline 

A &,2,9,4-THQ 

Figure 5. Concentration profiles for hydrodenitrogenation of decahydro- 
quimline using 10% Mo on y-alumina. 



RUN K590: NITROGEN CONTENT 

Figure 6. Total nitrogen removal from decahydroquinoline using 10% Mo 
on y-alumina. 



Figure 7. Total nitrogen removal from decahydroquinoline using different 
molybdenum on y-alumina catalysts. 

Ic- 

QP- 
Q 
\ 

!it ,#- 

rn *- 
n 

U) : m- 
0 
+( 
w 
a 
0 

5 W- 

z 

3 
.( 

' 

%=%L- 
+4 - - -  9 - - - - _  - - - - 

@a- - - - _  
%-. 

- - - _  
% 

2% Mo on y-alumina 

%- 
\ 
\ --. 

-Q.  --. 10% Mo on y-alumina 
\ 
\ 

4 
4 
\ 
\ 

o',m ebm i8o.m 250.00 
TW. MIEUT@.~ 4b.a0 4 b m 0  

h . 0 0  6 ' b . ~  



RUN : K-DHQ-640 

19 g-Propylcyclohexane 

% ;-Propylbenzene 

Decahydroquinoline 

' 6 5,6,7,8-THQ 

Figure 8. Concentration profile for hydrodenitrogenationof decahydroquinoline 
using unsulfided 10% Mo on y-alumina. 



RUN K640: NITROGEN CBNTENT 

Figure 9. Total nitrogen removal from decahydroguinoline.using unsulfided 
10% Eb on y-alumina. 



8 RUN: K-DHQ-660. 
6 D n-Propylcyclohexane - * - n-Propylbenzene 

g, . Decahydroquinoline 

6 5,6,7,8-TH.Q 

+ 1,2,3,4-THQ , 

H 

la8 
*tl;, +* 

.00 
TIME. MINUTES 

Figure 10. Concentration profile for hydrodenitrogenation of decahydroquinoline 
using 4% Fe on y-alumina. 



RUN K660: NITRBGEN CBNTENT 

Figure 11; Total. nitrogen removal from decahydroqainaline using 4% F e  
on 1'-a9umina. 



TASK 2 - Development of Catalysts which willEffect 
Hydrodenitrogenation with Only Limited or no 
Hydrogenation of the Heterocyclic Rings Present 
in the Molecule 

The objective of this task is to develop a uniquely 

new, highly selective hydrodenitrogenation catalyst that can 

selectively coordinate nitrogen and remove it from multi-ring 

nitrogen-containing aromatic compounds with only limited or 

no hydrogenation of the aromatic ring; thereby achieving major 

savings in hydrogen consumption. 

Quinoline has been chosen as the reactant since it 

has a benzenoid ring and nitrogen-containing aromatic rings 

'characteristic of nitrogen-containing compounds.in coal-derived 

liquids. 

A catalyst was desired that could act as a Lewis Acid 

and selectively coordinate with the basiclone electron pair , 

on nitrogen in quinoline. The coordination with nitrogen 

would reduce the aromatic'ity'of the nitrogen-containing ring, 

thus facilitating nitrogen removal without hydrogenation of 

the neighboring aromatic rings. On this basis'the initial 

catalyst chosen for study was aluminum borate with 4% by weight 

nickel, A1B03/4% Ni , a Lewis acid catalyst. A second Lewis 

acid chosen was aluminum borate phosphate with 4% by weight 

nickel,. A1B03*P04/4% Ni . As described in the previous pro- 

gress report, the ALBQ3/4% Ni showed a marked increase in 

nitrogen removal rate in quinoline over other catalysts pre- 

viously studied. A decrease in activity of the catalyst was. 

observed when the reaction was run in contact with the metal 
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autoclave walls.  A1BO3*PO4/4% Ni, when run i n  contact  with 

t h e  metal walls  of t h e  autoclave, showed l i t t l e  (5%)  nitrogen 

removal a f t e r  1 0  hours. 

I n  cur ren t  work runs were made on A1B03*P04/4% N i  

with g lass  l i n e r  t o  determine the  e f f e c t  of the  metal walls  

on t h i s  c a t a l y s t ;  A1B03/4% N i  unsulfided t o  ob,serve the  

e f f e c t  of su l f i d ing  on ni trogen removal; A 1 8 0 3  without any 

metal l igand,and A1/4% N i  t o  help  determine the  r o l e  of the  

support and metal ligand; a run was also made.using a d i f f e r e n t  

metal, molyhdenumi A1803/4% Ma , t o  coii~pare with the nitrogen 

removal rate o f  nicke l ,  

Preliminary r e s u l t s  i nd i ca t e  t h a t  A l B 0 3  P04/4% N i ,  

though s t rongly  i nh ib i t ed  when run i n  contact  with t he  metal 

w a l l s  of t h e  autoclave,  produces very s imi la r  ni trogen removal 

rates t o  t h a t  of t he  A ~ B o ~ / ~ % '  Ni when run with a g l a s s  l i n e r ;  

AUO3/4% N i  unsulf ided reduced 'the amount of ni trogen remwed 

by 25%; AlBO3 without any metal l igand reduced the mount  of 

n i t rogen removed by 20%, The A1/4% N i  showed 37% nitrogen 

removed, ind ica t ing  t h a t  it has s imi l a r  ni trogen removal quali-  

ties to that of A1B03/4% Ni and AIBO3'PO4/4% N i  , The 

A ~ B O ~ / ~ %  Mo nu, reduced the r a t e  o f  nitrogen removal when 

compared t o  the AlD03/4% Ni study. 

Experimental : 

A g la s s  l i n e r  was used f o r  every run and the  auto- 

c lave  was operated i n  t h e  batch mode. The react ion tempera- 

t u r e  was maintained a t  3 5 0 ~ ~  -.. + ~OC. The c a t a l y s t  f o r  each run 



RUN MS-Q-7 

4 Quinoline 

I-' 
V 
I-' 

(I' 
+ 1,2,3,4-THQ 

R- - % 5,6,7,8-THQ 

Decahydroquinoline 

X o-Propylaniline - 

Figure 12. Concentration profile for the hydrodenitrogenation of quinoline 
using 4% Ni on A1B03.P04 (glass liner used). 

- . - 



RUN: MS-Q-7 NITROGEN CCBNTENT 

Figure 13. Total - nitrogen removal from quinoline using 4% li on 
AIBD PO4. 



RUN: MS-Q-9 

Ah 1,2,3,4-THQ 

* Benzene 
D Aniline 

6 5,6,7,8-THQ 
+ OPA 
X DHQ 

Fi.gure 14. Concentration profiles for the hydrodenitrogenation of quinoline .. 

using unsulfided 4% Ni on AlB03 (glass liner used). 
W 
P 



RUN: MS-Q-9 NITR0G:EM CBNTENT 

Figure 15. Total nitrogen removal from quinol ine using uneulfided 
4 %  NB o n  ~ 1 ~ 0 ~ .  



RUN: MS-Q-10 

Figure 16. Concentration profile for the hydrodenitrogenation of quinoline 
:using AlB03 (glass liner used). 



RUN: MS-Q-10 NITHBGEN CBNTENT 

Figure 17.  T o t a l  nitrogen removal from quinoline uslng hlBOj. 



RUN : MS-Q-11 

+ Quinoline 8 ,  
- 6 A 1,2,3,4-THQ , 

5,6,7,8-THQ 

4 Aniline 
OPA 

. . 

Figure 18. Concentration profile. for the hydrodenitrogenation of quinoline 
uskng 4% Ni on y-alumina (glass liner used) . 

. - 



RUN:MS-Q-11 NITRBGEN CBNTENT i I 

Figure 19. Total nitro.gen removal f r o m  quinol ine as ing  4 %  N i  on y-alumina. 



Figure 20. Concentration profile tor the hydrodenitrogenation of quinoline 
using I t  M o o n  AIBOJ (glass liner used). 



RUN: MS-Q-12 NITRBN CBNTENT 

Figure 21 .  Total n i trogen  removal from quino l ine  using 4 %  Mo on AIBOj. 
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except MS-Q-8 was .presulfided for 2 hours with a mixture 

of 10 vol % H2S in H2 at atmospheric pressure and 400°c. 

Results and Discussion: 

Concentration vs. time graphs of products and total 

nitrogen conc. vs. time graphs are shown in Figures 12-21. 

In each run quinoline was rapidly converted to 1,2,3,4 tetra- 

hydroquinoline. Other side products observed in each run were 

5,6,7,8 tetrahydroquinoline, benzene,'decahydroquinolfne 

orthopropylaniline, aniline, and n-propylcyclohexane. Run 

MS-0-7 showed 40% nitrogen removed at 10 hours, indicating 

that the metal walls of the autoclave significantly inhibit 

the A1BO3'PO4/4% Ni catalyst,yet when run with glass liner 

shows high nitrogen removal rates similar to the A1B03/4% Ni 

(41%) runs. The unsulfided A1B03/4% Ni run, MS-Q-8 , indi- 
cates that sulfiding enhances nitrogen removal for the 

A1B03/4% Ni catalyst by 25% over the unsulfided catalyst. 

When the AlB03 support was run without a metal ligand, 

MS-Q-10 , the amount of nitrogen removed, compared to that of 
A1BOj/4% Ni , was reduced by 259, indicating that the metal 
ligand plays an important role in the nitrogen removal process. 

The A1/4% Ni , MS-Q-11 , run showed comparable nitrogen 
removal capabilities to the A1BOj/4% Ni and A1B03-PO4/(% Ni 

(37% compared to 41%) indicating that the borate and borate 

p21osphate groups play a minor role in nitrogen removal process, 

contrary to what was previously hypothesized. The aluminum 

support is a major contributor to the nitrogen removal process, 



along with the metal ligand i n  t he  A I B O j / N i  and 
. . .. . 

AlBO3'PO4/Ni c a t a ly s t s .  .  he , ;A1B03/4% Mo .w showea 
. . : ; 

: only 25% nitrogen removed a f t e r  1 0  hours, i n i t i a l l y  
I '  

ind ica t ing  t h a t  t h e  molybdenum contr ibuted,  contrary t o  

n icke l ,  l i t t l e  i f  any t o  t he  nitrogen-removing proper t i es  
. . 

of t h e  support. I n  the  A1/4% N i  run, a s  i n  the , ' 

A1B03/4% N i  and A ~ B O * P O ~ / ~ \  N i  runs, the l a rge  percent 

of ni trogen removed could not be explained by a m a t e r i a l  

balance of the p+OdUct$ observed, i.c. n-propylcyclohexane, 

benzene, o r  n-propylbenzene, ind ica t ing  o ther  products are 

being formed no t  observed under t h e  conditions of analys is .  

The c a t a l y s t s  a r e  cur ren t ly  being analyzed f o r  carbon- 

hydrogen-nitrogen content  and ana lys i s  of the  samples from 

these  runs a r e  being made using a ni trogen-specif ic  detector .  

Runs a r e  now a l s o  being made on different supports with 

varying metal lfgands. 'i 



41 
V. PERSONNEL 

. . . . 

There' has been'. no. change in personnel during this 

quarter. 
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