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I. ABSTRACT

Preliminary results from decahydroquinoline hydro-
denitrogehation runs show that Brgnsted 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 E2
elimination reaction to occur.

Several catalysts have been prepared and tested,
including Brgnsted and Lewis acid catalysts withdut metal,
and silica-alumina and y-alumina impregnated with molybdenum,
‘vanadium, nickel or iron. Our results show that the nitfo-
gen removal rate was highest for molybdenum on y-alumina
catalyst and the rate decreased with lower Mo concentrations.

Aluminum borate and aluminum borate phosphate cata-
lysts (with or 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 supportAplays an important role in the
nitrogen-removal prbcess.
| Hydrodenitrogenation of aniline has been studied
over a presulfi’dedAN-i-,Mo/Y-Alzo3 catalyst, and a reaction
network has bcen proposed. ‘Aniline hydrodenitrogenation
appears to involve partial hydrogenatioﬁ of the benzene ring
to reduce aromatic resonance with the nitrogen atom, thus re-
ducing the C-N bond strength and facilitating NH, elimination.
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IT. OBJECTIVES AND SCOPE

The major objectives of the proposed research are:

lf To aﬁply the reaction study and kinetic analysis
techniques which we have developed in our past studies to the
.optimization of catalysts for hydrodenitrogenation of multi-
ring heterocycles by balancing the hydrogenétion and carbon-

nitrogen bond scission functions.

. 2. To develop an improved nnderstanding of the cata-
‘lyst function required by C-N bond scission, since this func-
tion is critical to hydrodenitrogenation, but is not well

understood.

3. To develop unique catalysts that do not require
hydrogenation of the surrounding aromatic rings before

hydrodenitrogenation of heterocycles.

4. To determine the stability of the catal?sts

developed for processing coal-derived liquids.

o
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Improved hydrodenitrogenation catalysts require a
-balance between hydrogenation and C-N bond scission, bhut
the‘cleavage mechanism needs to be defined. The natﬁre of the
~catalytic function responsible for C-N bond scission will be-

. determined by comparing the scission rates (using mainly

-



,decahydroquiﬁoline) dver a set of catalysts prepared
specifically to evaluate thé catalytic requirements for this
‘reaction. The catalysts to be tested include acid catalysts
without metal, Co/Ni-impregnated alumina with various levels
of sulfiding from in situ H,S at low pértial 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 bohd 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.pdtentially the
most benéficial part, requires the~de?elopment of new, highly-
seleétive hydrodenitrogenation catalysts. This work wiil
focus onldeveloping catalysts that can selectively cobrdinate
.and remove,nitrbgen from multi-ring nitrogen-coﬁtaining
“aromatic coﬁpdunds while minimizing hydrogenation of the
rings, thus achieving major savings in hydrogen consumption.
The catalysts formulated'will‘be tested under high-pressure
1iquid;phase,conditions using quinoline in a carrier oil as
a reactant, since quinoline has the unsaturated hetcrocyclic
structure characteristic’oflnitrogen-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 tatalysts and their'propertiés, and recommen-
dations will be made regarding further studies, following

the potentially most fruitful directions.



ITI. SUMMARY OF PROGRESS

This report is.organized to follow the task statements
of the 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
proceﬁs. During the first year, substantial progress has
been made in defining the chemistry of C-N bond cleavage,

using decahydroquinoline as a model compound.

Decahydroquinoline hydrodenitrogenation results indi-
cate that C-N bond scission is not thermal but catalytic.
Our results indicate that Brgnsted acidity by itself does
catalyze the C-N cleévage, and, therefore, such bond 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 and 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 Br¢gnsted 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
ahnove catalysts. Our results indicatc that the hitrOgeu
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 selectiveiy 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 hydrogenation 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-Alzo3 (HDS-9A, American Cyanamid; 3.5%NiO-18%M003/
A1203). " The catalyst was presuifidedandCS2 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 reaction netowrk is proposed for hydrodenitro-

H
2Hs . CyHs 25 - 2Hs
—_—2 _— __JL9
2 | NH, |

d—ethylaniline ' . ethylbenzene ethylcyclohexane

genation.

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 MILESTONE CHART
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YEAR 4
One 0 1/2 1 11/2 2 2 1/2 3

TASK STATEMENT

e. Development of selec-. '
' tive HDN catalysts ?;2§/,/439i¢¢§
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CUMULATIVE EXPENDITURES

PERSONNEL
TRAVEL
SUPPLIES AND EXPENSES

OCCUPANCY AND MAINTENANCE .

EQUIPMENT
OTHER EXDENSES
TRANSFERS (OVERHEAD)

First Second Third . Fourth
Quarter Quarter Quarter Quarter
5,334 21,252 38,755 59,966
0 0 897 1,011

212 2,635 5,475 9,916

0 0 0 25

585 11,893 12,333 12,333
140 1,841 4,424 5,412
2,868 10,653 20,056 30,532
$9,139 $48,274 $81,940 $119,195
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IV. PUBLICATIONS

Katzer, J. R.‘,'..Siirasul'a'raménian, R., "Process and Catalyst
Needs for Hydrodenitrogenation" Catalysis Review--Science
and Engineering, Vol. 20, No. 2, pp. 155-208. ‘
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V. APPENDICES

The following appendices are the four progress

reports prepared during year one of this grant.

12



APPENDIX A

DEVELOPMENT OF UNIQUE CATALYSTS FOR HYDRODENITROGENATION
OF COAL-DERIVED LIQUIDS |

First Quarterly Report for Period -
September 15, 1978 to December 15, 1978

Prepared by:
James R. Katzer, Alvin B. Stiles and Harold Kwart
Center for Catalytic Science and Technology
Chemical Engineering Department

University of Delaware
Newark, Delaware 19711

Date Published
March 1, 1979

Prepared for:

Fossil Energy
Department of Energy
Washington, D. C.

Under Contract No. ET-78-5-01-3297

13




II.
III.

TABLE OF CONTENTS

. PAGE
ABSTRACT &sevenenieinenenenenenenenencnenereneneneioneeennnne: 1
OBJECTIVES AND SCOPE ... ueucuveneennenennenensnenenennens 2
SUMMARY OF PROGRESS TO DATE .......... e, Ceeveeie 5
Time Plan and Milestone Chart ......ceceseee crverever 7

© -Cumulative Expenditures ....i.ssssssscsssssiisssssess 9
DETAILED DESCRIPTION OF TECHNICAL PROGRESS .......c.civees.c 10
PERSONI& Ceeseesesesecesetcsssssnsascanae Cececsssescsssraanns 30
APPENDIX A. Tabulated Data for Hydrodenitrogenation Runs ... 31
APPﬁNDIX B. Review paper submitted to 'Catalysis Review'" ... 36

14



.Table 1.
Table 2.

Table 3.

' Table 4.
Table 5.

LIST OF. TABLES

Page
Experimental Conditions . . « « « « « « « o . e e e e e e 17
Data from Decahydroqumollne Run Usmg
Glass LINGT . . & v 4 v ¢ ¢« o o o ¢ o o o e o o o o o o s 32
Data from Decahydroqulnollne Run
Without Glass Liner . . . . « v« o ¢ v v o v v v v o o™ 33
Data from Orthoethylaniline Run . . . . . . . . o0 .. 34
Data from Quinoline-N-Oxide Rum . . . . . . .

15



Figure 1.

Figure 2.

Figure 3. -

Figure 4.
Figure 5.
Figure 6.
Figure 7.

Figure 8.

Figure 9.
Figl:u-e 10.

Figure 11.

LIST OF FIGURES

16

Page
+ Concentration profiles for hydrodenitrogenation of ‘

decahydroqulnollne using a glass llner 1n the reactor 12
Concentration profiles for hydrodenltrogenatlon of
decahydroquinoline without a glass liner. . . . . . . . .. . 13
Predicted concentration of decahydroquinoline using
pseudo first-order rate constant determined earlier
using quinoline network. « « .« + ¢« ¢« ¢ v . . v oL ... .14
Concentration profiles of various hydrodenitrogenation
products of orthoethylaniline. . . . . . . . .. .. ... .. 1Y
Concentration proflles of ethylcyclohexané and ethylbenzene
during the initial period for hydrodenitrogenation of
orthoethylaniline. « « « « « « ¢ ¢ ¢ ¢ ¢ 4 .0 o o o ¢ o o o & 20
Preliminary networks for hydrodenitrogenation of
.orthoethylaxulme, I SRR 21
Concentration profiles of various hydrodenitrogenation
products of quinoline-N-oxide. - « « « « « ¢ ¢ v v v oo . . 24
Concentration profiles of various hydrodenitrogenation
products of qulnollne-N-ox1de e e e 4 e s e e e e e e s e 25
Reaction network for qulnollne-N-OXide'
hydrodenitrogenation ........ R A - 27
IR spectra of quinoline-N-oxide dissolved in ,
hexadecane . . . . . . . e e e e e e e e e e e e e e e e e 28
IR spectra of a sample from quinoline-N-oxide run. . . . . . . 29



I. ABSTRACT

Four experimental runs were made in'this quarter. Two of theh
uéed decahydroquinoline as reactant .and the other two runs were made ‘
using orthoethylaniline and duinoline—N-bxide respectively; The deca-
hydroquinoline runs indicate that the cérbon-nitrogen bond scission
is not thermal but clearly catalytic. Important findings resulted
from the run using o-ethylaniline and future runs‘will'helpvdefine
;reactién pathways. Quinoline-N-oxide was rapidly deoxygenated to
form quinoline under the conaitions 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 prepared that reviews the existing'
chemistry and technology for hydrodenitrégenation and proje;ts‘cataiyst
and process needs for hydrodehitroggnation of synthetic feedstocks and heavy
petroleum liquids. It projects what should be é more effective 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.
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II. OBJECTIVES AND SCOPE

The major objectives of the proposed fesearch are:
° To apply‘thé teaction study and kinetic gnalysis techniques which
we have developed in our pnét hydrodenitrogenation studies to
the optimization of catalysts for hydrddenitrogehation'of multi-
ring nitrOgen-containihg compounds by balancing tﬁe hydrogenation
and'carbon-hitroggn bond.scission‘functions, thereby déVQibping

improved catalysts for hydrodenitrogenatidn.

) To develop an improved undefstanding of the catalyst function
required for C-N bond scission Sjnce this function is critical to

hydfodenitrogenation but is not understood..

o: 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 ;atalysts 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

1g



'meaéuring the ratés of C-N bond scission using mainly decahydroquinoline
over a set'of catalysts prepared specifically to evaluate the catalyst
requirements for'fhe C-N bond_scission. The catalysts to be tested.
include acid catélystswithutmetal, alumiﬁa impregnated with Co and

Ni with various levels of sulfiding-and iEfEiEE.HzS partial.pressuré

and unsupported molybdenum sulfide with and without Ni promotion to
separate oﬁt the role of the suppbrt. Based on the above studies,
methodé of optimizing'cafalysts (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 dévelopment of uniquely-new, highly-selective
hydrodenitrogenation catalysts. This work will focus on developing cata-
lysts that can selectively coordinate nitrogen and remove it from
multi-riﬁg ﬁitrbgen#containing aromatic compounds with only limited or
no hydrogénation of the aromatic rings, thus achieving major savings
in hydrogen consumption. The ¢dtalysts formulated will be tested
~undeér high-pressure liquid-phase conditions using quinoline in a
A cgrrief 651 as a réactant since quinoline contains the requisite
' benzenoid ring and nitrogen-containing aromatic'rings characteristic

of ‘nitrogen-containing compounds present in coal-derived liquids.

19



The results of all of the above work will be evaluated utilizing
our kinetic analysis schemes to giﬁe 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
work needs to be done and the potentially most fruitful directions

to be followed.

20



ITI. SUMMARY OF PROGRESS TO DATE

During the first quarter a Gas Chromotograph with a flame
ionization detector and a nitrogen specific detector was purchased and
analytical techniques were éstablished. An integrator and a recorder’
were purchased and installed. Chemicals and catalytic materials, inclu&ing
catalyst supports, to be used in this research of this-project wéré

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
orthoethyldniline and quinoline-N-oxide, respectively. The decahydro-
quinoline runs were made to determine whether the carbon-nitrogen bond
scission 1s 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 reshlted,
and future runs will help define reaction pathways. A run 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

21



“that quinoline-N-oxide undergoes rapid deoxidation to form quinoline.
| Future runs will be conducted in the abserice of hydrogen to '

determine the usefulnéss of thJ.s technique.

| A pape_r has been‘prepa'red th;t reviews the existing chemistry and
technoldgy for hydrodénitrogenétion and projects catalyst and proc;essv
needs for hydrodenitrfogenation Qf s&ni:hgtic feedstocks and heavy petroleum
liquids. It projects what should 'l?e a more effective means and a‘.mor.g '
rational basis for tlfé design and de\_reldi:ment of more active and ‘moré .
selective catalysts for hydtddénitfogéﬁtim and attempts some speculations
on potentially fruitful directions to be followed in i:oth catalyst and
process developmenf. _A draft of ﬂ;é-paper _submitted to "Catalysis -
Reviews''is given in Append.uc B. -

22
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: CQN bond scission %/

2.

b. Formulate improved cétalysts
- based on a.

c. Evaluate all catalysts

2 1/2

3

for HDN activity

d. Kinetic analysis, interpretation

of results and make

recomnendation



YEAR | 0 1/2 1. 1172 2 21/2 3
TASK STATEMENT

2. a-e. Development of selectiye HDN

catalysts using various metals

and supports

Test all catalysts from task

a-e for HIN activizy and

peactiyity.

g. Kinetic amalysis interpretation

of results and make

recommendations.

Scheduled

e

# Number in hatched region indicates the percentage completeéd.

e Completed




PERSONNEL
TRAVEL

SUPPLIES AND EXPENSES
OCCUPANCY AND MAINTENANCE
EQUIPMENT

OTHER EXPENSES.

TRANSFERS (OVERHEAD)

CUMULATIVE EXPENDITURES

25

FIRST QUARTER
5334
212
585
140

2868

9,139



10

IV. DETAILED DESCRIPTION OF TECHNICAL PROGRESS

Task 1 - Development of Improved Hydrodenitrogenation Catalysts

Three experimentS were conducted in a batch reéct;:r dlming'~this
quarter. The reactor used was a 300 am® autoclave fitted with a magnétic
drive stirrer. Two 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 chromotograph
equipped with a flame ionization detector. A glass capillary column

(75 m. OV-101) was used for all reactant and product analysis.

a) Decahydroquinoline

The major objective of the runs using decahydroquinoline is to
characterize the nature of the cafbon-nitrogen bond scission. Since
decahydroquinoline is a completely hydrogenated derivative of quinoline,
it is an ideal reactant for studying the rates of carbon-nitrogen bond
scission. Two experimental runs were conducted in this quarter to determine
whether the carbon-nitrogen bond scission reaction is non-cai_:alytic. These
runs were conducted 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
both rums. TheY were: | |

e Temperature: 350 % 2°C

"o Total Pressure: 136 +2 atm

e Reactant Concentration: 0.5 weight percent decahydroquinoline
in hexadecane

o CS, loading: 0.05 wt 3

e Catalyst Concentration: 0.00

26
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The results from the two runs are presented in Figures 1 and 2.
These results indicate some minor differences between the tﬁo runs. The
products from the rumn usmg the glass liner showed traces of quinoline,
1, 2 3 4-tetrahydroqumolme, benzene, propylbenzene and normal propyl-
cyclohexane with 5,6,7,8-tetrahydroquinoline and.decahydroquinoline as
major products. However, the products from the run without glass liner
showed only decahydroqm.mlme, propylbehzene and p;'opylcyclohexane. The
dehydrogenation rgaction between decahydroquinoline and S,6,7,8-tetrahydro- -
quinoline was absent in the seaond run. Also, material balance analysis
indicated that all the decahydroquinoline that was placed in the catalyst
loader was not injected into the autoclave. Due to experimental difficalties
in the second run, the d.ecahydroqumolme was left in the catalyst loader
during the operation of the nm without glass liner, under a pressure of
500 psig at a temperature of about 80°C for a period of 48 hours. ‘This
could have caused some of the differences between the two numns. The run
without glass liner will be repeated. |

_ However, preliminary conclusions can still be drawn from these
two runs as to whether the carbon-nitrogen bond scission reaction is non-
catalytic (thermal). "I‘he pseudo first-order rate constant for the carbon-
nitrogen bond breaking step for decahydroquinoline can be cbtained from
‘earlier quinoline hydrodenitrogmation network studies. Using this value,
'fandassm:.ngthattherateconstmtmllbethesamexforwstartsmth 4
ﬁ decahydroquinoline, the concentration of .decahydroquinoline as a function of
t:une can be pred.:cted Figure 3 presenté the predicted'cm've. Comparison
.of Figtn'eé 1 and 3 indicate that the non-catalftic removal of nitrogen from
decahydroquinoline is extremely small; this clearly shows that the C-N bond
scission reaction requires a cata}yst. |

27



~ Coacentration, gm moles/gm of solution x 10°
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Figure 1. Concentration profiles for hydrodenitrogenation of
decahydroquinoline using a glass liner in the reactor.
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Concentration profile for hydrodenitrogenation of
decahydroquiinoline without a glass liner.

29

1000

13



Concentration, gm moles/gm of solution x 10°

Figure 3.

100 200 300 400 500
time, minutes
Predicted concentration of decahydroquinoline using pseudo

first-order rate constants determined earlier using quinoline
network.
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The pseudo first-ordeffate constants for the disappéara.nce of
decahydroquinoline were 0.0022 min"! and 0.0012 min"} for the runs with
glass liner and without glass liner respectively. If these pseudo fifst-'
order rate constants are nomlized to a weight' of inert solid (non-tétalytic)
which is the same as the weight of catalyst, ‘then the rate constants are
0.44 and 0.24 (g 011)/(gmol-m1n) respect:wely for the two runs. The
rate constant for the disappearance of decahydroquinoline using a Ni-Mo/
.1\1203 at the same operating condluons calculated from quinoline hydro-
denitrogenation is 3.2 (g oil)/g cat-min). Hence, the above results indicate
that the increase in metal surface due to removal of glass liner did not
appreciably increase the rate of reaction and that the carbon-nitrogen bond
scission function is catalytic, i.e., its rate in the absence of catalyst is

less than 1/10 that from the catalyst.

In the next quarter, runs will be made using supports with no active
metals present and also using several catalysts. These runs should give us
an insight intb-the catalyst requirements for the C-N bond scission.

b) Orthoethylaniline .

" Hydrodenitrogenation of anilines and substituted anilines have not
ben!n studied eoctensively. " Qur earlier work on quinoline hydrodenitrogenation
indicated that orthopropylaniline may require hydrogenation of the benzene
ring before nitrogen can be removed. S:.m:e anilines and substzt:uted
anilines are the end products from most nitrogen-containing compomds
(qmnplme, indole), the chemistry of nitrogen removal from these compounds
is extremely important. Hence, an mcpenmental run was conducted using
orthoethylaniline as a reactant. |
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- Experimental:

The catalyst used was a typical cormneréial Ni-Mo/*y-Alzo3
(HDS 9A, American Cyanamid; NiO 3.5%, MoO; 18%, Naz0 0.04%, Fe 0.05%,
A1203 balance). ' ' ‘

0-Ethylaniline was used as received (Aldrich Chemical Co., over
99% purity). Solvent n-hexadecane was supplied by Humphrey Chemical
Company. |

_ The detailed oﬁerati-ng cond;tlons are shown in Table 1 A 300 c.c.
autoclave was used in batch mode. The'feactor temperaiture was controlled
to $+2°C. The catalyst was presulfided for two hours with a mixture of

10 vbl § HyS in H, at atmospheric pressure and 400°C.  In order to maintain
thehatalyst in the sulfided form during the reaction, 0.05 wt % CS,
solutidn in hexadecane was added to injection tubing together with catalyst
and reactant. Under the operating conditions ﬁarbon disulfide rapidly
converts to methane and hydrogen suifide.

Reaction products were analyzed wifh a Perkin-Elmer Model 3920 gas
chromotograph equipped with a flame ionization detector and an electronic

integrator.:
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TABLE 1
EXPERIMENTAL CONDITIONS

Temperature: o 350°C -

Total Pressure:’ 500 psig
Catalyst: " Ni-Mo/A1;0z, 150-200 mesh

sulfided for 2 hours at 400°C i
the presence of 10% H;S/H,

Catalyst loading: 0.5 wt %

CS, conc. in feed: 0.05 wt §
Carrier oil (solvent): ‘ gfhexadgcane
Reactant Conc.: 1wt §
(OEA or QNO) ' ‘

* Autoclave Volume: - 300 c.c.
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Results and Discussion:

The results from o-ethylaniline hydrodenitrogenation runs are

discussed below.

"I"he results of a standard run are shown 1n Figure 4. Q-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.

It can be seen from Figure 4 that formation 6f cthylbenzene and
ethylcyclohéxane was reiatively Tapid wiﬁie the conversion of o-ethylaniline
to indoline was relatively slow. i’igure 4 showé that both ethylcyclohexane
and ethylbenzene are the primary products of the reaction. As shown 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 in Pigures 4 and 5, two diffcrent
reaction networks can be defined asl'shown in Figure 6. In reaction
network I, _g-ei:hylaniline forms ethylberizene by B-eli:nina’txéﬂ process, which
on hydrogenation 'givesl ethylcyclohexane. Ih nétwork II, g—ethyl‘aniline
" forms intermediate- 1-ethylcyclohexane,which on hydrogenation forms ethyl-
cyclohexane. However, ethylbenzene can also be formed from this intermediate
as shown in network II. In network II, the benzene Ting of o-ethylaniline
first must be hydrogenated to weaken the C-N bond (since ~aromatic C-N bond
and o-ethylaniline is strong due to resonance with the benzene ring)

sufficiently for hydrogenolysis to occur. Thus from networks I and II two
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Figure 6. Prcliminary nctworks for hydrodcnitrogantion of o-cthylanilinc.

37



22

,dlfferent reactlon paths are p0551b1e and from the present data it is not
clear whlch one is the actual reactlon path 'I’here is no dealkylation of
the o-ethylamllne as mdlcated by the fact that benzene and cyclohexane

were not present in the reaction mixture.

'i‘wo runs will be made to further clariﬁ and define the reaction

' network more fully for hydrodemtrogenatlon of o- ethylam.llne and other
anilines. The first run will be made with o-ethylaniline at a lower temper-
'ature (320°C) so that the mltlal concentration profiles fu1 el.hylbenzene
‘d.nd ethylcyclohexane can be studled mrovclosely. In the second run the
hydrodenitrogenation .ef aniline w111 b"e studied. Tlus should also be

helpful in identifying the intermediates and the reaction network.
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'I'a;k 2. Development of catalysts which will effect hydrodemtrogenatlon
with only lmted or no hydrogenatlon of the heterocycllc rmgs

present in the molecule.

The obJ ective of this task is to develop uniquely new hydrodenltro-
genation catalysts that w111 selecuvely coordmate the nitrogen atom and
re.move it without hydrogenatmg the entn'e rmg thereby reducmg hydrogen
consunpuon. Hence, a run was made using a synthes:.zed compound, qu:.nolme-
N-ox:.de to detemme whether t.he adchuon of oxygen to the qumolme molecule
would reduce the arcmatlcxty of the mtrogen-contammg ring thereby |
making it easier to remove m.tmgen directly. The results are presented

below.

Hydrodeni trogenation of Quinoline-N-Oxide

The work reported here was performed to study the reaction network

of catalytic hydrodenitrogenation of quinoline-N-oxide. The main obj ective

of the study was to remove nitrogen*

Experimental conditions were the same as shown in Table 1. The
qxﬁ.nolmefN-o:c_ide was synthesized. The solvent n-hexadecane was supplied by
Humphrey Chemical.

Results and Discussion

‘The quinoline-N-oxide comversion data show (Figures 7 and 8) the
presence of propylcyclohexane and propylbenzene products and the inter-
mediates quinoline, 1,2,3,4-tetrahydroquinoline, o-propylaniline, 5,6,7,8-
tetrahydroquinoline and decahydroquinoline. The components mentioned above

*from the quinoline-N-oxide as NO.

39



ov

Concentration, gm moles/g of solution x 109

45

40

N
<

-10

W
S

Quinoline

I
»

n-propylcyclohexane -
¢ n-propylbenzene
)

o)

o-propylaniline

1,2,3,4-tetrahydrequinoline

© 100 200 300 400 500 GO0 700 800 9S00 1000

time, minutes

Figure 7. ‘Concentration profiles of various hydrodenitrogemation praducts of

quinoline-N-oxide.

144



It

Concentration, gm moles/g of solution x 106

s Decahydroquinoline
o 5,6,7,8-tetrahydro-
- quinoline -

(=)

L)

N

| L i i 1 1 J —2=9 |
0 100 200 300 400 S00 600 - 700 800 - 900- -1000
: time, minutes

Figure 8. Concentration profiles of various hydrodenitrogenation products
of quinoline-N-oxide.

Y4



- 26

are also present in hydrogenation of quinoline indicating that quinoiine-
N-oxide éhanges- to quinoline vefy rapidly by deoxidation of the molecule.
The C-N bond is very strong compared to NO bond and in the presence of |
hydrogen thé_ 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-pi‘opylaniline, propylbenzene, 5,6,7,8-tetrahydro- .
quinoline, decahydroquinoline and propylcyclohexane. A possible reaction |
network for quinoline-N-oxide hydrodeniﬁrogenation is shown in Figure 9.
The reaction netwnrk in Figure 9 shows that both benzene and pyridine

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

An infrared analysis of the quinoline-N-oxide in hexade;ane shows
a -NO band in the stretching region (Figure 10). Howéver, an | IR analysis
of the reaction product sample does not show -NO 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
quinoline, 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 therefore

- C-N bond scission may be promoted.
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V. PERSONNEL

" The project started on September 15, 1978. Dr. R. Sivasubramanian, a
post doctoral fellow joined this project on October 16, 1978.

46



APPENDIX A

Tabulated Data for Hydrodenitrogenation Runs
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TABLE IT

Data From Decahydroquinoline Run Using Glass Liner

Concentration gm moles/gm x 10°

5,6,7,&-

Operating conditions are given on page 6.

: g;opyl .o deca- tetra-
Sample Time cyclo- propyl - hydro- hydrc- A
- No. Min, Benzene ' hexane ~ benzene quinoline gquincline quinoline
1 5 | 1.585 0.217 0.106
2 15 1,547 0.172 0.076
3 30 1,493 0.205 0.080
4 60 1.474 0.261 0.076
S 180 0;063 0.037  0.028 0.897 0.38G 6.041
6 300 0.071  0.056  0.009  0.843 0.645 0.060
7 420  0.085 0.05S 0.047 0.643 0.632 0.062
8 430 0.108 0.060. 0.045 0.601 0.844 0.068
9 540 0.103 | ~ 0.056 0.048 0.468 0.774 0.059
10 600 . 0.087 0.048A‘ 0.043 0.405 0.774 0.081

1,2,3,4-
tetra-
hydro

quinoline
0.096

0.140
0.098
0.111
0.115

10.188

0.156
0.180
0.159
0.154
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Data From Decahydroquinoline Run Without Glass Liner

_TABLE III

 Sample Time,

Number : - Minutes
1 S
2 10
3 20
4 30
5 60
6 132
7 183
8 240
9 303
10 360
1 420
12 462
13 923
14

1032

Concentration, gm -mies/gm x 107

n-propyl
. cyclohexane

1.446
2.602
1.798
4.827
4.815
5.105
3.177
3,708
5.204

Operating conditions are given on page‘-6.

propyl
benzene

1.609

1,699
2.099

1.895

1.568
2.209

" decahydro- |
. quinoline

11.775
22.486

: 25;966
23.564
23.397
22,773

20.800 -

22,072
15.273
15.393
17.237
15.091
12.05

7.102
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TABLE IV
" Data From Orthoethylaniline Pun

Concentration, gm moles/gm x 10°

o le Time, Ethylcyclo Ethyl Orthoethyl . :
’ er minutes hexane benzene aniline : Indoline Indole
1 5 0.00 1 0.02 3.70 0.07 0.49
2 10 0.0 - 0.04 © 520 0.06 |
3 20 0.03 0.06 4.90 006
4 30 0.10 0.12 4.90 0.07
5 40 0.26 0.18 ~ 5.50 0.11
6 50 - 0.38 0.24  5.20 0.10°
7 70 0.55 0.30 5.00 o 0a2
8 90 0.B5" 0.36, = 4,90 0.13
9 120 ©1.48 0.39 4.60 | -
10 150 1.90 0.41 4.20 . --
11 - 180 2.10 0.40 3.60 -
12 240 2.74 0.4 3.30 0.5
13 300 2.54 . 0.36 2.50 : 0.12
14 360 3.10 0.40 210 0.13
15 420 3.20 0.48 1.70 0.15

Operating conditions. are given in Table I.
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TABLE V

Data from Quinoline-N-Oxide Run

Concentration, gm moles/gm x 106

| 5,6,7,8- 1,2,3,4-
: , deca- tetra- - ortho- tetra-
Sample Time,  n-propyl propyl hydro hydro . propyl- hydro-
Mmber Minutes cyclohexane benzene guinoline quinoline aniline quinoline . quinoline
1 S 0.30 0.00 0.28 1.55 0.40 13.40 18.80
2 10 0.34 0.28 - 0.69 2.35 0.35 7.10 24.00
3 20 0.61 0.27 0.83 2.30 0.95 8.20 26.00
4 30 0.75 0.40 ‘1.19 2.95 ‘1.30 7.40 26.80
) 40 1.10 0.55 1.20 - 3.40 1.60 7.70 25.60
6 50 0.88 0.86 1.40 3.70 1.80 8.00 - 25.90
7 70 1.76 1.80 1.70 4.50 - 2.10 7.90 24.10
8 90 1.97 0.93 ‘1.50 4.70 - 2.70 6.90 20.50
9 120 4,00 1.64 2.60 7.00 4.20 8.60 25.80
10 150 4,20 2.00 -2.20 6.10 3.60 5.90 18.90
11 180 4.60 1.40 2.10 5.30 3.80 5.00 16.40
12 240 8.50 2.15 1.60 6.60 5.50 5.30 13.40
13 300 10.10 2.40 1.70 5.80 5.70 - 4.10 10.90
14 360 9.30 2.30 ~1.50 3.90 4.50 2.30 6.20
15 420 4.50 11.50 1.30 3.70 6.20 2.20 5.80
16 480 15.60 2.30 0.80 3.20 5.60 1.70 3.80
17 540 24.80 - 3.40 0.90 3.20 7.10 1.80 3.50
18 600 24.90 2.90 ‘0.66 2.10 6.20 1.40 2.00
19 660 24.10 4.40 0.96 1.70 6.60 0.59 1.80
20 780 29.50 3.50 0.25 0.47 4.90 0.19 0.44
21 840 27.10 2.60 - 0.00 0.22 3.80 .0.00 0.17
22 900 40.70 3.90 0.00 0.14 4.70 0.00 0.00
23 960 38.20 3.80 0.00 0.00 0.00 0.00

Operating conditions are given in Table I.
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" I. ABSTRACT

Experimental runs using decahydroquineline,
Tgrethylaniline, and aniline as reactants have been made.
iResults from decahydroQuinolide runs show that carbon-
nitrogeh'bond ecissioh occurs by a'cataIYtic route; ii‘is
not thermal. Strong Br¢nstedfaciddsites do not crack
carboh-nitregen bonds; cefbon-nitroged bond scission must’
therefore occur on other eites on.the catalyst. Anilines |
are an important species'in hydrodenitrogenation Qf'multi-ring
- aromatic systems. Hydrodenitrbgenetién of anilines clearly
shows kinetic behavior characteristic of hydrogenation
including pdaitiﬁe-order dependence on'hydrogen btessure and
an activation energy between thet for hydrogenation and that
for cracking; yet the primary product apéeere to be the
fully aromatic fing. To better understand the mechanism

of hydrodenitrogenation of anilines and of‘subetituted .
enilines, hfdrodenit:ogenetioh of ahiiine,ahd grethylaniline
was studiedlover a presulfided Ni-Mo/Alzo3 catalyet, and a
reaction network has been determined for aniline hydro-
denitfogenation. Aniline hydrodenitrogenation apﬁears to
involve partial hydrogenation of the benzene ring to reduee
aromaticfresonance with the nitrogen atem'reduéing‘the C-N

bond strength and facilitating elimination of NHj.
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II. OBJECTIVES AND 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 optimization of catalysts for h&drodenitro-
genation of multi-ring nitrogen—gqntaining compounds by
balancing the hydrogenation and carbon-nitrogen.bond
aciasion functions, thei‘p.by devéloping improved catalysfs

for hydrodenitrogenation.

[ ] Tb develop an improved understanding of the catalyst
function réquired for carbon-nitrogen bond scission since
this function is critical to_hydrodénitrogenation but is
not understood.

@ To develop unique catalysts for hyd:bdenitrogénﬁtion of
milti-ring nitrogen-containing compounds without first
requiring hydrogenation of the surrounding aromatic rings.

® To determine the stability of the catalysts developing
for processing coal-derived liquids.

Scope:
' ' Improved-hydrodenitrogenation catalysts require a
bﬁlance between hydrogénation and carbon-nitrcgen.bond

scission. . The carbon~nitrogen bond scission treaction needs

to be better understood to facilitate development of new and
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improved catalysts. The nature of the catalytic function
responsible for carbon-nitrogen bond scission is being
determined by measuring the rates of carbon-nitrogen bond
scission using mainly decahydrogquinoline over a set of
catalysts prepared specifically to evaluate the catalyst
requirements for the carbon-nitrogen bond scission reaétion.
The catalysts being tested include Lewis and Brgnsted acid
catalysts without metal, alumina impregnated with Mo, Co,
and Ni, promoted with halogens and various levels of sulfiding
and in situ H,S partial pressure and 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 carbon-nitrogen bond
scission function) will be demonstrated, and prdmising
catalysts will be tested for selectivity and activity main-
tenance for longeererm runs using highly aromatic synthetic

feeds and coal-derived liquids if possible.

Another part of this research, and potentially the
most beneficial part, involves the development of unigquely-new,
highly-selective hydrodenitrogenation catalysts. This work
is focusing on developing catalysts that can selectively
coordinate nitrogen and remove it from multi-ring nitrogen-
containing aromatic compounds with only limited or no hydro-
genation of the aromatic rings, thus achieving ﬁajor savings

in hydrogen consumption. The catalysts formulated are being
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tested under high-pressure liquid-phase conditions using
quinoline and possibly acridine in a carrier oil as a reactant.
Since quinoline contains the requisite benzenoid ring and
nitrogen-containing aromatic rings characteristic of
nitrogen-containing compounds present in coal-derived liquids,
it is ;onsidgred to be a good coméound for characterizing

catalyst behavior.

The results of all of the above work are being
evaluated utilizing our kinetic a£alysis schemes to give
quanﬁ;tative measures of the rates of c;rbon-nitrogen bond
scissioh and the extents and rates of hydrogenation, These
results are being interpreted iﬁ ﬁerms of the catalysts and
their properties and recommendations will be made as to what
further work needs to be done and the potentially most fruitful
directions to be followed.

60



III. SUMMARY OF PROGRESS TO. DATE

Substantial progress has been made in understanding
the chemistry of catalytic Cafbon-nitrogen bond scission.
Our results clearly indicate that the carbon-nitrogen bond
scission reaction is catalytic and that strong Br¢nstedAacid;
sites do not catalyze carbon-nitrogen bond scission. We now
speculate that the surface site for qarbon—nitrogen‘bond ‘
séission_is a gransition metal ion (atom) in_close proximity
of a Brgnsted acid site on the surface of the alumina, and
our research is'prégressing toward synthesiéing such materials
to illucidate the required surface properties. Our results
also show that ahiline hydrodenitrogehaﬁion bccurs via é

partial hydrogenation of the aromatic ring.

In continuing our effort to develop the understanding
required to guide the development of improved catalysts that
will selectively remove nitrogen without first requiring
hydrogenation‘of the rings, runs were conducted using
quinoline-N-oxide. Quinoline-N-oxide was chosen because the
electron pair on nitrogen is removed from resonance with the
aromatic ring by being bound to oxygen. The results from the
first run, which were reported in the previous quarterly
report, indicated that in the presence of H, the quinoline-
N-oxide undergoes rapid deoxidation to form quinoline. During

this qﬁarter, rUns were_conducted using quinoline-N-oxide in
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the absence of hydrogen and using tetralin as a hydrogen

donor. Results will be presented in the next report.

Several catalysts have been prepared, and these aré
being tested. A commercial firm (Cyanamid) has agreed to
prepare for us catalyst samples with varying acidity anq
metals content. These catalysts will be tested for quiholine
hydrodenitrogenation in upcoming quarters; emphasis is on
the uﬂderstanding of the role of acidity and transition
metals on the carbon-nitrogen bond scission reaction and on

diraect removal of nitrogen without ring hydrogenation.
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| . YEAR 0 /2 1
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CUMULATIVE EXPENDITURES

FIRST QUARTER SECOND QUARTER

PERSONNEL ‘ 5334 21252
TRAVEL , 0o . | 0
SUPPLIES AND EXPENSES 212 2635
OCCUPANCY AND MAINTENANCE 0 0
EQUIPMENT 585 S 11893
OTHER EXPENSES 140 1841
TRANSFERS (QVERIEAD) 2868 | 10653

9,139 48,274
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IV. 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 (hydrogenaticn
and carbon-nitrogen bond scission) to rationally develop new
and improved catalysts. The metal sulfide provides the
hydrogenation function in typical commercial hydrotreating
catalysts although a detailed understanding of thg nature of
the active site and the reaction mechanism is still lacking.
The origin éf the carbon-nitrogen bond scission reaction is
not clear. To better understand the chemigtry of carbon-
nitrogen bond scission one must choose a compound that is
already hydrogenated so that further hydrogenation is not
necessary. Decahydroquinoline is fully saturated and is a
major route for removal of nitrogen from quinoline, a major
nitfogenecqntaining compound found in coal-derived liquids.
Prior work has shown that quinoline shows the characteristia
behavior of most nitrogen-containing compounds found in

coal-derived liquids. Hence decahydroquinoline was chosen
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as a model compound for studying the chemistry of carbon-

nitrogen bond scission.

Aniliﬁes and substituted anilines are often formed
as intermediate compounds during hydrodenitrogenation of
multi-ring aromatic nitrogen-containing compbunds such as
quinoline, carbazole, and acridine. These aniline compounds
are very unreactive. Our past studies of gquinoline hydro-
.denitrogenation and reaction network analysis indicate that
the hydrogenation reactions in the network show a positive
order of dependence on hydrogen pressure with an activation
energy of 18-20 kcal/mole, whereas the hydrogenolysis reactions
show zero or negative order dependence on hydrogen pressure
with an activation energy greater than 30 kcal/mole. However,
nitrégen removal from o-propylaniline shows a positive order
dependence on hydrogen pressure with an activation energy of
about 24 kcal/mole. These findings suggest that ring
hydrogenation is necessary for nitrogen removal from anilines.
The literature does not provide sufficient evidence as to
whether hydrogenation of the aromatic ring is necessary or not.
Since anilines are important intermediates in hydrodenitrogena-
tion of multi-ring aromatic nitrogen-containing compounds,
nitrogen removal from anilines can become a rate-limiting
step in total nitrogen removal. Hence hydrodenitrogenation
of anilines needs to be better understood to facilitate

"development of improved catalysts for hydrodenitrogenation.
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a) Carbon-Nitrogen Bond Scission:

Hydrodenitrogénation'of decahydroquinoline was
studied over HY zeolite and a Ni-Mo/A1203 catalyst. The
reactor used was a 300 cm> 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 chromotograph equipped
with a flame-ionization detector. A glass capillary
column (75m=-OV10l) was used for all reactant and product

analysis.

Eigures 1l and 2 present results from runs using HY
zeolite and Ni—Mo/A1203. The disappearance of decahydroquino=-
line using the Ni-Mo/Al;0, compares very well with .the
predicted curve presented in the previcus quarterly report
(Fig. 3, p. 10). The major products from the run using
Ni-Mo/Al,03 were decahydroquinoline (both trans and cis forms),
5,6,7,8=tetrahydroquinoline and grpropylcyclohéxane: minor
products included benzene, o-propylaniline, n-propylbenzene
and l,2,3,4-tetrahydroquinoiine. However, products formed
with HY-zeolite did not contain n-propylcyclohexane or
grpfopylaniline. Normal-propylcyclohexane is formed when
the carbon-nitrogen bond in decahydroquinoline breaks. Hence
the results indicate that the HY-zeolite did not catalyze the
cracking or carbon-nitrogen bonds. SignificantAamounts of “

benzene were formed when the HY-zeolite was used. Results
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TABLE I

f - Standard Operating Conditions.

' Temperature: 350 t 2°C
Total Preséure: - 34 £ 1 atm*
Reactant Concentration: 0.5 weight pércént in
n-hexadecane
CS, Loading: 0.05 wt $ (1.4 vol %

HoS in gas phase)

Catalyst Loading: 0.5 wt & of reaction mixture

*Partial pressure of n~hexadecane @ 350°C = 3,24 atm.
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indicated that the benzene did not come from the nitrogen-
containing coﬁpounds but that it came from the n-hexadecane,

its formation being catalyzed by the HY zeolite.

Figure 3 compares total nitrogen removal from
decahydroquinoline for several runs. Figure 3 shows thit
when no catalyst was piesent, niﬁrogen removal was eXtremelf
slow. However, when a‘Ni-Md/A;zo3 catalyst was used, the
nitrogen removal rate increaéed tenfold. These results -
conclusively show that the carbon-nitrogen bond scission
occurs by a catalytic route; it is not tharmal. A strongly-
Brgnsted acid catalyst such as'HY~zeolite does not catalyze
nitrogen removal. In fact, there is no significant difference
in nitrogen removal rate between the run with no catalyst
and the run using HY-zeolite. These results indicate that
carbon-nitrogen bond scission is not catalyzed by Brgnsted

acid sites.

b) Anilines

Anilines are one of the important species in the
hydrodenitrogenation of multi-ring aromatic compounds . They
form during‘reﬁction and appear to be very refractory:; thus
to achieve high degrees of nitrogen removal, anilines must
be effectiveiy'hydrodenitrbgenated. To better understand the
mechanism of hydrodenitrogenation of anilines and substituted
anilines, hydrodenitrogenation of aniline and o-ethylaniline
was studied over Ni-Mo/Al03 catalyst.
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Fig 1. Concentration profiles for hydrodénitrogenation of decahydro-
quinoline using HY zeolite.
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Fig. 2 Concentration profiles for hydrodenitrogenation of decahydro-
quinoline using a me/uzos catalyst.
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o-Ethylaniline

The standard operating conditions are given in
Table I. The preliminary work on hydrodenitrogenation of
o-ethylaniline at 350°C indicated that o-ethylaniline rapidly
converts to ethylbenzene and ethylcyclohexane, but it was not
clear which compound was the primary reaction product.
Therefore runs were made at a lower reaction temperature
(320°C) so that the initial concentration profiles for
ethylbenzene and ethylcyclohexane could be determined more

precisely.

The results of a standard run are shown in Figure 4.
Ethylbenzene and ethylcyclohexane are formed very rapidly.
However, ethylbenzene is the primary product of the hydro-
denitrogenation of o-ethylaniline; no ethylcyclohexane formed
during the first 15 minutes of reaction. The ethylbenzene
concentration increased linearly with time during this time
period. Hence it is clear that ethylbenzene is the primary
product and that hydrogenation of ethylbenzene results in the
formation of ethylcyclohexane. After 90 minutes the concen-
tration of ethylcyclohexane increased very rapidly while the
concentration of ethylbenzene remained approximately constant.
There is no dealkylation of o-ethylaniline since benzene and
cyclohexane were not present in detectable concentrations in

the reaction mixture.
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Aniline

Runs were also made with aniline to further
identify the reaction intermediates and the products and
to clearly identify the reaction network. These runs were
made at 320°C; Piéure 5 shows the results of aniline hydro-
denitrogenation. | |

These results indicate that the formation of benzene
is relatively rapid, while the formation of cyclohexane was
8low, Dhuring the first 15 minutes of the run no cyclohexane -
was found in the products; on thé other hand, tha benzene
-concentration was increasing linearly with time during this
period. However, after 70 minutes the concentration of
cyclohexane increased very rapidly. Thus it is clear from
these results that benzene is the primary reﬁction product
in the hydrodenitrogenation of aniline. Cyclohexane must be
forming by hydrogenation of benzene.

Based on the results presented in Figures 4 and 5,
the following reaction network can be proposed for the

hydrodenitrogenation of anilines:

- By o " ‘
CeaClr— X
-ca H ) |
' NH, 3 ‘ )

. Benzene
Aniline MeS | mydrogenatien

::Cycldhexane

Pigure S. Reaction network for hydrodenitrogenation
cf anilines.
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Fig. 5 Concentration profiles for hydrodenitrogenation of aniline
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In the above reaction network, aniline undergoés
deamination forming benzene by a.B¥e1imination process; the
benzene is hydfogenated ﬁo givevcyclohexane. Since the
hydrodeni;rogenation of anilines showé positive order
dependence on Hz partial pressure and exhibits an acti#ation
energy which is considerably less than that observed for
carbon-nitrogen bond scission, it would appear to not be a
' straightforward hydrogenolysis reaction but would appear to
invalve hydrogenation. The relatively higli strength of the
carbon-n;t:oqen bond in anilinaes is»alsa indiocated by the
6 kcal/mole higher resonance energy for aniline over benzene.

(Table II). This‘inc:easéd energy is due to resonance between
lone pair of the nitrogen atom and the aromatic ring making
the carbon-nitrogen bond significantly stronger than for a
single carbon-nitrogen bond. Thus, all information with the
exception of the products of reaction indicate that ring
hydrogenatibn is a requirement for hydrodeniﬁ:ogénéﬁioh. Thus
partial hydrogenation of the ring to reduce the resonance
eneréy of the ring and of the carbon—nitIOgen bond as shown
in Pigure 5 is the most probable mechanism for hyd:odénitioéenq
_ation of aniline. Further the conversion of the partially
hydrogenated ring to the aromatic (benzene) ring upon |
f-elimination provides a very favorable energetics for this

. reaction.

78



TABLE II

. Resonance Energies

' Comgound

Benzene
Naphthalene
Anthracene
Aniline
Pyridine
Quinoline

Thiophene

79

23

Resonance Energy
kcal/mole

37
75
105
43
43
69
31
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Hence, the above results indicate that in hydro-

s.denitrogenation‘of anilines a partial (or complete) hydfo-

genation is required to lower the resonance energy of the

benzene ring and thereby facilitating the carbon-nitrogen

5ond scigsion. |

TASK 2 - Davelopment of catalysts which will effect
hydrodenitrogenation with only limited or
hydrogenation of the heterocyclic rings

present in the molecule.

The objective of this task is to develop uniquely
new hydrodenitroggﬁation catalysts that will selectively
coordinata the nitrogen atom and remove it without hydrogenating
the entire ring thereby reducing hydrogen consumption. Hence
runs were conducted using quinoline-N-oxide to determine
whether the addition of oxygen to the quindliue'holecule would
reduce the resonance energy of the nitrogen-containing ring
by binding the: nitrogen lone pair to 0 thereby making it

easier to remove nitrogen directly.

Results presented in the previous report indicate
that quinolineén-oxide rapidly undergoes deoxidation in the
presence of H, to form quinoline. Experiments have been
condugted in which hydrogen was replaced with helium and in
which tetralin was used as a hydrogeﬁ dcnor. ?roduct analysis

is being done and results will be presented in the next report.
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- As part of this task, several catalysts, which have
as an objective strongly complexing the nitrogen atom, have
been prepared, and these are being used in quinoline hydro-
denitrogenation. A commercial catalyst supplier (Cyanamid)
is preparing catalyst samples for us with various levels of
acidity and metals, and these catalysts will be used in

hydrodenitrogenation studies.
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PERSONNEL :

There has been only one change‘ in persomnel during this quarter.
Dr. K. Mathur j.oined the project as a post doctoral fellow on February 1,
1979.
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APPENDIX C -

DEVELOPMENT OF UNIQUE CATALYSTS FOR HYDRODENITROGENATION
| OF COAL-DERIVED LIQUIDS

Third Quarterly Report for Period
March 15, 1979 to June 15, 1979

Prepared by:
- James R. Katzer, Alvin B. Stiles and Harold Kwart
Center for Catalytic Science and Technology
Chemical Engineering Department

University of Delaware
Newark, Delaware 19711

Date Published
August 1, 1979

Prepared for:

Fossil Energy
Department of Energy
‘Washington, D. C.

Under Contract No., ET-78-5-01-3297
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I. ABSTRACT

Experimental runs using deéahydroquinoline and quinoline
as reactants have been made. Results from decahydroquinoline runs
show that the strong Brgnsted acid catalyst such as HY-zeolite,
intermediate Brgnsted acid catalyst such as silica-alumina and weak
Brgnsted acid catalyst such as y-alumina does not catalyze carbon-
nitrogen bond scission. The carbon-nitrogen bond scission must
therefore occur on other sites on the catalyst. In all‘likelihood,
the olefinic products formed with these nonhydrogenating catalysts
are polymerized on the surfaces of these acidic catalysts thereby
making them inactive. There was no significant différence in nitrogen
removal rate between the sulfided and unsulfided HY-zeolite catalyst,
which indicated that sulfiding does not deactivate the HY-zeolite

catalyst.

The nature of catalytic function responsible for carbon-
nitrogen bond scission has been studied using decahydroquinoline over.
a set of cataints. The catalysts tested include catalysts with Co,
Ni, Mo impregnated on silica-alumina ?r v-alumina. The results showed.
that the rate of.nitrogen removal was highest for Mo on y-alumina

catalyst.

Several catalysts with the objective to develop uniquely new
hydrogenation catalysts that will selectively coordinate the nitrogen
atom and remove it without hydrogenating the entire ring thereby reducing '

hydrogen consumption,were prepared. The catalysts chosen for this study
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were alumimum borate and aluminum borate phosphate, impregnated with
4 wt § Nickel. Preliminary results showed that 4 wt % Ni on aluminum
borate catalyst gives a marked increase in nitrogen removal in

quinoline.
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II. OBJECTIVES AND SCOPE

The major objectives of the proposed research are:

o To apply the reaction study and kinetic analysis techniques which we
have developed in our past hydrodenitrogenation studies t§ the optimi-
zation of catalysts for hydrodenitrogenation of multi-ring nitrogen-
contﬁining compounds by balancing the hydrogenation and carbon-nitrogen
bond scission functions, thereby developing improved catalysts for

'hydrodenitrogenation.

e 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.

o To develop unique catalysts for hydrodenitrogenation'of multi-ring
nitrogen-containing com@ounds without first requiring hydrogenation

of the surrounding aromatic rings.

o: To determine the-stébility of the catalysts developed for processing .

coal-derived liquids.

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 bond 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 H,S partial pressure and unsupported
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molybdemm sulfide with and without Ni promotion to separate out the
role of the support. Based on the above studies, methods of optimizing
catalysts (by baim:ing the hydrogenation and the C-N bond scission

- function) will be demonstrated, and promising catalysts will be tested
for selectivity and aétivity maintenance for longer-term runs using
highly arematic synthetic feeds and coal-derived liquids if possible.

Another part of this research, and potentially the most beneficial
purt, requires the davelopmsnt of uniquely-new, highly-selective hydro-
denitrogenation catalyses. This wnrk will focus on developing catalyaes
that can selectively coordinate nitrogen and remove it from multi-ring
nitrogen-containing aromatic compounds with only limited or no hydrogena-
tion of the arcmatic rings, thus achieving major savings in hydrogen
consumpticn. The catalysts formulated will be tested under high-pressure
liquid-phase conditions using quinoline in a carrier oil as a reactant
since quinoline contains the requisite benzenoid ring and nitrogen-
containing arematic 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
recummendations will be made as to what further work needs to be done and
the potentially most fruitful directions to be followed,

L
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III. SUMMARY OF PROGRESS TO DATE

D&igg the first three quarters, substantiﬁ progress has
been made in understanding the chezﬁistry of carbbn-nitrogen bond
scission. Preliminary results from hydrodenitroggn‘ation of decahydro-
quinoline indicaté that the carbon-nitrogen bond scission is not
thermal but clearly catalytic. Our results clearly indicate that
strong Brgnsted acid sites alone or in combination with Léwis acid
sites do not catalyze Aca.rbon-nitrogen bond scission and carbon-nitrogen

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

Improved hydrodenitrogenation catalysts require a balance
between hydrogenation and carbon-nitrogen bond scission. Several
catalysts have been prepared and tested recently which include
Brgnsted and Lewis acid catalysts without metal, alumina-impregnated
with Mo, Co and Ni, promoted with in situ H,S partial pressure and
with and without Ni promotion to separate out the role of s:.xpﬁort.

The nature of the catalytic function responsible for C-N bond scission
was studied using decahydroquinoline over the set of above catalysts.
The results indicated that the nitrogen removal rate was highest for

Mo on y-alumina catalyst.

Several 'ca;alysts have been prepared, and tested with the
emphasis on understanding the role of acidity on the cﬁfbon-nitrogen
bond scission reaction and on direct removal of nitrogen without
ring hydrogenation. The catalysts chosen for this study were
aluminum borate and alumimm borate phosphate loaded with 4 wt % nickel.
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Preliminary results indicate that 4 wt § Ni/alumimm borate catalyst
gives a marked increase in nitrogen removal in quinoline. However,
therewasnoincreaseihrateofnitrogenramvalwithin:reasem

temperature.

Severai other catalysts have been prepared recently and these
" are being tested. A commercial firm (American Cyanamid) has agreed
-mprepmﬁoruscatalystsamleswithmryingmdxtyandmtals
content. These catalysts will be tested in the near future.
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CUMULATIVE EXPENDITURES

PERSONNEL

SUPPLIES AND EXPENSES
OCCUPANCY AND. MAINTENANCE
EQUIPMENT

OTHER EXPENSES

TRANSFERS (OVERHEAD)

FIRST QUARTER

5,334
0
212

585
140

2,868

9,139

95

21,252
0
2,635
0
11,893
1,841

10,653

48,274

- SECOND QUARTER  THIRD QUARTER

39,431
0
8,318
0
12,333
5,023

24,589

90,141
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- IV. DETAILED DESCRIPTION OF TECHNICAL PROGRESS
TASK 1 - Development of Improved Hydrodenitrogenation Catalysts

Hydrodenitrogenation of arcmatic 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 tm reaction types (hydro-
genation and carbon-nitrogen bond scission) to rationally develop
new and improved catalysts. The metal sulfide provides the hydrogena-
tion finction in typical commercial hydrotreating catalysts although
a detailed understanding of the nature of the ictive site and the
reaction mechanism is still lacidng. The origin of the carbon-nitrogen
bond scission reaction is not clear. To better understand the
chemistry of carbon-nitrogen bond scission cne must clwose a compound
that is already hydrogemated so that further hydrogenation is not
necessary. Decahydroquinoline is fully saturated and is 2 mjor Toute
for removal §f nitrogen from quinoline, a major nitrogen-containing
compound found in coal-derived liquids. Prior work has shown that
quinoline shows the characteristic behavior of most nitrogen-containing
compounds found in coel-derived liquids. Hence decaliydroquinoline was
chosen as @ model compound for studying the chemistry of carbon-nitrogen .
. bond scission. -

96



11

Preparation of HDN Catalysts

.Several catalysts with various levels of acidity and metals
were prepared and used in hydrodenitrogenation of decahydroquinoline.
The preparation of HDN 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-Al203-xHp0), as
small particles with a diémgfer not smaller than 0.0029 inches and not
larger than 0.0041 inches. '

The metals ‘were'i.ntroduced into the support by mixing the
particulate solid support with a small volume of either a mildiy'
alkaline or acidic aqueocus solution of a metal containing salt to
form a thick paste. The metal containing aqueous sblutions were
always prepared from salts which contained only the metal to be studied
and ligands which could be volatilized--typical salts used were metal
- nitrates or ammonium salts which contained metal. The ﬁH of the
aqueous solutions was adjusted by édding only nitric acid (HNO3) or
hydrated ammonia (NH,OH) as needed. |

All pastes formed by the addifion of the particulate support
to the aqueous salt solutions were placed in ceramic drying dishes and
dried at 200°C and atmospheric pressure for a minimum of ten (10) hours,
All resulting solids were then calcined at 350°C and atmospheric pressure
for exactly four (4) hours. The calcined solids were then screened so
that the particles had a diameter within the range of 0.0029 to 0.0041
inches. Particles w1thm this size range were then boittled‘ and were

ready to use as HDN catalysts.
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A summary of all the catalysts made appeard in Table I.

TABLE I

Composition of HON-Catalysts

M y-alunina .4 Mgy 7.5
Ni silica-alumina 8.4 N1 (NDg) 3 680 7.50
Mo y-aluming 23 (NH, ) gMo7024 - 3H20 5.31
Coc  y-alumima 8.4 ' Co(NO3) 36H20 7.52
v y-alunina 4.0 NH, VO 7.58
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a) Carbon-Nitrogen Bond Scission:

Hydrodenitrogenation of decahydroquinoline was studied over
several different catalysts., The reactor used was a 300 c.c. autoclave
fitted with a magnetic drive stirrer. Standard operating conditions
(Table II) were used for all the experimental runs. The catalyst was
presulfided (or heated in helium) for two hours with a mixture of
10 vol % HyS in H; at atmospheric pressure and 400°C. In order to
maintain the catalyst in the sulfided form during the reaction, 0.05 wt %
ész solution in hexadecane 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 Perkin-Elmer Model 3920
gas chromatograph equipped with a flame-ionization detector. A glass
capillary colum (75m-0V101) was used for all reactant and product

analysis.

Figures 1 and 2 show the results from runs using silica-
alumina and y-alumina. The major products from both the runs were
decahydroquinoline (both trans and Cis forms) and 5,6,7,8-tetrahydro-
quinoline; no other products were detected. However, products
formed with HY-zeolite (Fig. 3) show that significant amounts of
benzene is also formed. Hence these results indicate that the strong
Brgnsted acid catalyst such as HY-zeolite, intermediate Brgnsted acid
catalyst such as silica-alumina and weak Brgnsted acid catalyst such
as y-alumina does not catalyze carbon-nitrogen bond scission.

Figures 4-6 show the total nitrogen removal from decahydroquinoline
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TABLE II

Standard Operating Conditions

Temperature: 350 = 2°C
Total Pressure: | 34 £ 1 atm*
Reactant Concentration: 0.5 wt § in n-hexadecane
CS; Loading: ’ . 0.05 wt % (=1.4 vol &
. H38 in gs3 phase)
Catalyst Loading: 0.5 wt § of reaction mixture

(150-200 mesh size)

*Partial pressure of n-hexadecane @ 350°C = 3.24 amm.

100
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Figure 1: Concentration profiles for hydrodenitrogenation of decahydroquinoline using
silica-alumina. ' '
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Figure 3: Concentration profiles for hydrodemtrogenatlon of decahydroquinoline
using HY-zeolite.
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Figure 7: Total nitrogen removal from decahydroquinoline using various catalysts.
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using HY-zeolite, silica-alumina and y-alumina catalysts. In fact,
there is no significant difference in nitrogen removal rate between
the run with no catalyst and the run using Brgnsted acid catalysts as
shnin in Figure 7. These results conclusively show that carbon-
m‘.u'ogen bond scission is not catalyzed by Brgnsted acid sité.
Rasults from HY-zeolite tuns indicate that the benzene did not come
fmthcnimgencontainingcompomdsbutthatucmfmthe

- n-hexadecane, its formation being catalyzed by the m-zeolite. In all
likelihood, the olefinic products: formed with these non-hydrogenating
catalysts are polymerized on the surfaces of these acidic catalysts,
thereby inhibiting further catalytic activity.

Figure 8 sl'wws‘.thc cancenmtion profiles for‘hymdanim-
‘genation af dncahyd:mqtd.mlm using mmfided HY-zeolite. It was
thuughttlutd:rm:anﬁdmgoftha zeolite. Sulfur is fomed.‘
which may block ‘the active sites of the HY-zeolite, making it inactive,
However, scme products namely benzene and 5,6,7,8-tetrahydroquinoline
are fnmed withAmqu.fided HY-zeolité. In fact, there is no signi-
ficant differencs in nitrogen removal rate between (Figure 9) the
run with sulfided HY-zeolits (34.1% N-removal) and the mumn using
unsulfided HY-zeolits (37.6% N-removal). These results indicate that
sulf:.d.*.ng of HY-zeolite does not descrivate the catalyst.

Improved hydrodenitrogenation catalysts require a balance
between hydrogemation and carbon-nitrogen bond scission. The nature
of the catalytic function responsible for C-N bond scission has been
studied using ded:yd:oqmnolim over a set of catalysts. The

110



111

'RUN: K-DHG-530

g
) @ n-propylcyclohexane
% n-propylbenzene
q | | XX Decahydroquinoline
) ® 5,6,7,8-THQ
+ Quinoline
q A 1,2,3,4-THQ

--.-..-._-...:;""""':::;fi::;":" .—' e .
820.00  400.00 4ho.oo

Figure 10:- Concentration profiles for hydrodenitrogenation of decahydroquinoline using
- ~ 8.45 Ni on y-alumina,

000 €40.00
ey nmurgs ‘.

S¢



¢l

PV 'Y N N PR

RUN: K-DHA-540

@ n-propylcyclohexene
" % h-propylbenzene

' ¢ Decahydroquinoline
® 5,6,7,8-TQ

+ -Quinoline

A 1,2,3,4-TIQ

. /".
~. "
- .._____¥

o z'«)ﬂ aho.oo oo o0 Tomo .00
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Figure 14: Total nitrogen removal from decahydroquinoline using 8.4% Ni on y-alumina.
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Figure 15: Tatal nitrogen removal from decahydroquinoline using 233 Mo on y-alumina.
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Figufe 18: Total nitrogen removal from decahydroquinoline using various metal
supported catalysts. :
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catalysts tested include catalysts with Co, Ni, Mo impregnated on

silica-alumina or y-alumina,

Runs were made using decahydroduinoline to determine the
rates of C-N bond scission over the set of catalysts pfepared above,
The results indicate (Figures 10-13) that the products from the run
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 pfbdqcts.
However the products from the runs with Ni on sili¢a-alumina and Co on
yv-alumina catalysts showed only decahydroquinoline and §,6,7,8-tetra-
hydroquinoline. The dehydrogenation reaction between decahydrodgiﬁoline

and 5,6,7,8-tetrahydroquinoline was absent in the second set of rums.

Figures 14-17 show the total nitrogen removal from decahydro-
quinoline'fbr the above runs. The percentage of'nitrogen removed was:
Ni on alumina: 18.9%; Mo on alumina: 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
compares total nitrogen removal from decahydroquinoline for above set

of catalysts,

Figure 19 compares the total nitrogen removal from decahydro-
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
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nitrogen removal rate increased fourfold, However, the rate of
nitrogen removal was still low when compared with the standard
Ni-Mo/alumina catalyst.

From the above results it can be concluded that Brgnsted
acidity does not play any role in the carbon-nitrogen bond scission.
Even with some Lewis acidity present (such as in .silica-jalmi.na and
alumina) we do not see any carbon-nitrogen bond scission. Out of all
the catalysts tested Mo on y-alumina caralyst gives the highest rate
of nitrogen removal.

TASK 2 - Development of Catalysts which will Effect Hydrodenitro-
genation 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,
high.'l.)l' selective hydrodenitrogenation catalyst that can selectively
coordinate nitrogen and remove it from multi-ring nitrogen centaining
aromatic compounds with only limited or no Eyd.rogenation of the
arematic 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 basic lone electron pa}r on nitrogen
in Quinoline. The coordination with nitrogen would reduce the

arcmaticity of the nitrogen-containing ring thus facilitating nitrogen
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removal without hydrogenation of the neighboring aromatic rings.

pn this basis ‘the initial catalyst chosen for study waﬁ aluminum borate
with 43 nickel, ALBOz/4% Ni, a Lewis acid catalyst. A second Lewis

3 écid catalyst chosen was aluminum borate phosphate with 4% nickel,
A1BO3-PO,/4% Ni. |

Preparation of AlBOs/ 4% wt Ni:
_ The aluminum b6ra£e, AlBO3, support was prepared from equal
weights of alunimm hydrate (Hydral 710 from ALCOA) and boric acid.
This was mixed with mortar 'and»p'esv‘tal while a.dding‘ small amounts of
heated (=50°C) distilled water. The mixture was mixed until a homo-
geneous white pa$te was obtained. The aluminum Boraté mixture was
then dried 18 hours at 211.6°C then calcinated for 3 hours at 350,6°C.
This was ground to' 150-200 mesh size. The 150-200 mesh aluminum
'borate was then m.xed 1n a similar manner with 4 wt % nickel in nickel
nitrate solution adjusted to a pH of 7.5 with ammonium hydroxide.
This was again dried at 211.6°C fbr. 18 hours; calcinaiéd at 350.6°C
for 3 hours, and ground to 150-200 mesh size. |

Preparatmn of AlBO3-PO4/4 wt § Ni:

150-200 mesh 1\.1.1!03 was mixed with 20 wt % (to AlBO3) of 85%
HzPO, and a small annum: of distilled water until a. homogeneous glassy
white paste was obta.med This was dried at 112°C for 18 hours,
calcinated at 350.6°C for 3 hours, then ground to ISQ-ZOO mesh ‘size.

The 150-200 mesh AlBO3-PO, was then impregnated with 4 wt §
nickel in an identical manner as discussed prgviously with A1BO3/4 wt % Ni. .
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Rmns were made using the AlBOz/4$ Ni catalyst (MS-Q-1 through MS-Q-5)
and quinoline reactant under a variety of conditions to determine the
carban-nitrogen bond scission ability, the effects of the metal
surface present in the autoclave, and the effect of temperature.

Cne run was made with A1BO;-PO,/4% Ni to compare the results with
AlBO;/4% Ni,

Preliminary results indicate that AlBOy/4% Ni catalyst gives
a marked increase of nitrogen removal in quinoline over other catalysts
studied, a decrease in activity of the catalyst was observed when the
reaction was run in contact with the metal autoclave walls, temperature
change has not yet been determined to have a definite effact on the
nitrogen removal rate. The initial Tesults of the A1BO3-PO,/4% Ni
catalyst i.ndic:ate that the nitrogen remval process is strongly inhibited

by the phosphate group.

Experimental:

The detailed operating conditions of each mm are shown in
Table II. The autoclave for each run was used in the batch mode,
Aglasslinerwasusedtor&m4ands. All of the other runs were
without glass lim The reaction temperaturs was controlled to £2°C.
nucatalystforeachwupresglﬁuderZmerswithamof
10 vol § HpS in H, at atmospheric pressure and 400°C. In order to
maintain the catalyst in the sulfided form during the reactiem,
0,05 wt § CS; selution in heradecane was added to injection tubing
together with catalyst and reactant. - ;

124




Gt

00

g
¥

d

§ gfle %auga_&n

cn
i)

~—

S

RUN: MS-@-1

Quinoline
1,2,3,4-Tetrahydroquinoline
S ;6 o1, 8-Tetrai\ydroquinoline
Benzene |
ﬁ—prdpylcyclohexane
Orthopropylaniline

'B#Of'*'*@.

%

3]

R FRE R

Figure 20: Concentration profiles for hydrodenitrogenation of quinoline using

4 wt § Ni/A1BO3 at 350°C.

6¢



921

RUN: MS—-@-1N

!‘.nﬂ

oY

‘.'

P

[ &
é'.-
g*“
l
-1 W — 2 =

han I N
| - T e —— .
) *-_‘.-
Gy

%“‘1

i
‘

!

a.00 nb.m_ abfoo" i'b ft& ~ «b.00 I.mn.mfb.oo .00 eb.0o

Figure 21: Totnl mitvogen removal from quinoline using 4 wt § \Ni/Alms at 350°C.

oy



L1

RUN: MS-Q-2

0,50

® Quinoline
q ' % 1,2,3,4-tetrahydroquinoline
81 \® A+ 5,6,7,8-tetrahydroquinoline
{1 Benzene
e
A n-propylcyclohexane
e .
' % Orothopropylaniline
' -propylbenzene
)
@
& ’
‘g&
.

£,

Figure 22:

Concentration profiles for hydrodenitrogenation of quinoline using
4 wt $/A1BO3 at 357°C. '

147



8¢l

RUN: MS-G-2N

CONCm(10umE ) GMBL-GCSLN

1N

Figure 23: Total nitrogen “.removal from guinoline using 4 wt § Ni/A1BO3 at 357°C,

0.00 ®.00 10.00 E?Mm . 400,80 480.00 3O.L0 §40.00

Zr



43

MS-Q-3

Benzene .

©® Quinoline.

% 1,2,3,4-Tetrahydroquinoline
+ 5,6,7,8-tetrahydroquinoline
*
@

a

n-propylcyclohexane
n-propylbenzene - -

C .
2p. mc’é}g' ““ém‘i"""?ﬁ?&m 100.00 120,00

TIME,MINUTES

g — — —
P 00 180.00 23000 N o500 0.0 b0 oo %0.00 uol .00

Figure 24: Concentration profiles for hydrodenitrogenation of
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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 shown in conc. vs time graphs of
products and total nitrogen conc. vs. time graph illustrated in
Figures 20-29. In each run quinoline was rapidly converted to
1,2,3,4-tetrahydroquinoline., Other side products observed in each
Tun were 5,6,7,8-tetrahydroquinoline, benzene, n-propylcyclohexane,

n-propylbenzene, decahydroquinoline, and orthopropylaniline.

"Runs 1 and 2 (Figures 20 and 22) run at 350°C and 357°C
without a glass liner showed 28% 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
in Run 3 which can not be account for by a material balance probably
is due to qracking of the solvent, n-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 siénificant increase in
nitrogen removal with 40% of the nitrogen rempved after S5 hours. These
results indicate that the metal in the autoclave decreases the

activity of the catalyst. The large percent of nitrogen removal can
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not be explained by a material balance of the products observed,
i.e., g—prcpylcyclohexme, n-propylbenzene, or benzere. This would
indicate that other products are forming not observed under the
conditions of analysis. To try to account for the nitrogen removed,
the catalysts are being analyzed for carbon-hydrogen-nitrogen
content and an analysis of the samples from these two runs are being
made using a nitrogen specific detector,

fm ¢ was made using A1BO3-PO,/4% Ni as the catalyst. Though
the products observed were the same as in previous runs, there was
oenly as nitrogen removed after 10 hours as shown m Figure 28, This
would appear to indicate that the phosphate acts as a strong inhibitor
to nitrogen rwmoval. A possible explanation for this result may lie
in the fact that boron can not expand its octet as easily as phosphbrcu.s.
Runs to determine the effect of the metal walls of the.auto;:lave on the
AleS'PO4/4% Ni catalyst reacticxi-are cxmentl? in prog'ress..

Rms will also be made to determine the effect of the support,
* AlBOs, without nickel and the effects of different metals on the support.

A commercial catalyst supplier (American Cyanamid) is also
preparing catalyst samples for us with various levels of acidity and
metals, and the:e catalysts will be used in future hydrodenitrogenation
studies.,
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V. PERSONNEL
There has been no change in personnel during this 'quarter.
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I. ABSTRACT ‘ o -

.Experimentalzrunéfusihg decahydfoquindlipe'énd
quinoline as reacténts,have been made. 'Preliminary.rgsults
frdm decahydroquinoline runs show that Br¢hstéd acidity by
itself will nét catalyze the carbon-nitrogen bond scission.
The olefinic products formed with these catalysts make them
inactive during the course of reagtion. The carbon-nitrogen
bond scission must therefore occﬁ: on cher siteé'on thela
catalyst: one such possibility is that carbon-nitrogen bond
scission is catalyze¢ by an active site cénsistihg‘of“a
transition metal ion in close proximity to an #cid'siﬁe.
Therefore it would appear that hydrodenitrogenation :equires}
an acidic site and a basic site for the Hoffman E; elimination

reaction to occur.

The nature of catalyst function responsible for C~N

bond scissibn has been studied using decahydroquinoline over a

set of catalysts. The catai&éts tested include catalysts with
vanadium, molybdenum, iron impfegnated on silica-alumina or
vy-alumina supports. As shown in previons reports, the‘rate of
nitrogen removal was,highest for the molybdenum on y-alumina
catalyst. However with the decrease in the concentration of Mo

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

accordingly.

Experimental runs were also made using 'quinoline and

several catalysts with the objective to develop uniquely new
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catalysts that will selecﬁively coordinate the nitrogen atom and .
remové it without hydrogenating the entire ring thereby

reducing hydrbgen consumption were prepafed{ Catalysts used

for this study were aluminum boraté agd aluminum borate
phosphate, with or without nickel. Preliminary results indi-
cate that met§1 ligand (nickel) plays an important role in the

nitrogen removal process.

144



' II. OBJECTIVES AND SCOPE

" The major objectivés of the.proposed research are: .
® To #pply the reacti&n study and kinetic analysis tech-
niques which we have developed in our past hydrodenitro-
géhaﬁion studies_to the optimization of c#;alysts for
hydrq&enitroqenatioh of multi-ring nitrogen-containing
compounds by balancing the hydrogenatioq and carbon-
nitrogen bond scission functions, thereby developing

improved catalysts for hydrodenitrogenation.

° To aevelop an improved understanding of the catalyst
function required for C-N bond scission since this
function is critical to hydtoﬁenitroggnation but is

not undexstood.
e . To aevelop~uniqué‘catalysts for hydrodehitrogenation.of

multi-ring nitrogen-containing compouhds_withodt first

requiring hydrogenation of the surrounding aromatic rings.

e To determine the stability of the catalysts developed

for processing coal-derived liquids.

Scope:

Improved hydrodeniﬁrogenation 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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4
responsible for C~N bond scission will be deterﬁined by
measuring the rates of C-N bond scission using mainly
decahydroguinocline over a set of catalysts prepared specifi-
cally to evaluate the catalyst requirements for 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 su*fiding and in situ H,S partial
pressure and unsupported molybdenum sglfide 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 tha 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 developmeﬂt of uniquely-
new, highly-selective hydrodenitrogenation catalysts. This
work will focus on developing catalysts that can selectively
coordinate nitrogen and remove it f£rom multi-ring_nitrogen—
containing aromatic compounds with only limited or no hydre-
genation of the aromatic rings, thus achieving major savings
in hydrogen consumption. The catalysts formulated wiil be
tested under high-pressure liquid-phase conditions‘using
gginoline in a carrier oil as a reactant since quinoline con-
tains the requisite benzenoid ring and nitrogen-containing
aromatic rings characteristic of nitrogen-containing compounds

present in coal-derived liquids.
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. A 5
The results of all of the above work will be
evaluated utilizing our kinetic énalysis 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
{

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

tions to be followed.
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III. SUMMARY OF PROGRESS fo DATE

During the first year of the project; substantial.
progress has been made in'understanding the'chemistry and
mechaniém of carbon-nitrogen bond breakage. Our.results
clearly indicgte that'the.carbqn-nitrogen.bond scission in
hydrodenitrogenation of decahydroquinpline is not therﬁal but
catalytic. Preliminary results alsé shoﬁ that B£¢nsted acidity
b& itself will not catalyze the carbon-nitrogen bond scission.
The carbon-nitrogen bond scission thereforé must occur on other
sites on the c#talyst. One such possibility is that carbon=-
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 hydrddenitrogenation requires
an acid site and a basic site for the elimination reaction to

aoccur.

Improved hydrodenitrdgehation catalysts require a
balance between hydrogenation and carbon-nitrogen bond scission.
Several catalysts have been‘prepared and tested which inc¢lude
Brdnsted.and Lewis acid catalysts without metal, silica-alumina
or y-alumina impregnated with cobalt, molybdenum, nickel, iron
and vanadium. The nature of catalytic funetion responsible for
éirbonQnitxogoa bond scisaion waa studied using decahydro-
-quinoline over the set of above catalysts. The éreliminary
results indicatqd’that’thé nitrogen removal‘rate was highést

for molybdenum on y-alumina catalyst. These results also show
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that the nitrogen removal rate decreased with a decrease in

the concentration of the molybdenum on thé y-alumina support.

Runs have also beén made using quinoline. Several
batalyéts were prepared and tested;wiﬁh the'empﬁasié 6n under-
‘étanding the role of écidify onlthe'carbOn;nitrbgenvbbnd
scission reaction and on direct removal of nitrogen without
‘fing-hydrogenatibn; Thé catalySts.ChOSen for this study
weré aluminum boraté'and aluminum borate phosphate ioadedawith
or without 4 wtg% nickel. ;Pfeliminéry results indicate that
4 wt$ nickel on aluminum borate'éétalyst gives a marked increase
ih nitrogen removal rate of quinbline" Thése results inaicaté |
that metal'ligand.plays ah'important role in the nitrogen

removal process.

Sévéral otherlcatalysts with different metal ligand
'and'supports have been prepared recently and are being tested.
»American‘é?anamid is also preparing some cétalysts,for us with
varyihg acidity and metai'content;' These catalysté will be

studied in the near future.
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“PIME PLAN AND MILESTONE CHART

YEAR

TASK STATEMENT
l. a. Determine the nature of

C-N bond scissicn

b. PFormulate improved

catalysts based on' a.

c. Evaluate all*cagaiysts

for HDN activity

d. Kinetic analysis,
interpretation of results

and make recommendation
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2}

%

s

A

22

7777
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YEAR

TASK STATEMENT

2. a-e. Developmént of selective
HDN catalysts using various

metals and supports

f. Test all cataiysts from
Task a-e. for HDN activity

and reactivity

g. Kinetic analysis
interpretation cf results

and make recommendations

1%

2}

L/ //,
7

7777

Scheduled 25%;22;2 Underway

*Number in hatched region indicaﬁes the percentage completed.

Completed



CUMULATIVE EXPENDITURES

PERSONNEL

TRAVEL

SUPPLIES AND EXPENSES
OCCUPANCY AND MAINTENANCE
EQUIPMENT

OTHER EXPENSES
TRANSFERS ' (OVERHEAD)

10

First Second Third Fourth
Quarter Quarter Quarter Quarter
5,334 21,252 38,755 59,966
0 0 897 1,011

212 2,635 5,475 9,916

0 0 0 25

' 585 11,893 12,333 12,1333
140 1,841 4,424 5,412
2,868 10,653 20,056 30,532
9,139 48,274 81,940 119,195
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TABLE I

Standard Operating Conditions

Temperature: 350 & 2°C
~Total Pressure: 34 + 1 atm*
Reactant Concentration: . 0.5 weight percent in
n-hexadecane ‘
' ¢S, Loading: 0.05 wts (1.4 vols.
: H,S in gas phase)
Catalyst Loading: ‘ 0.5 wtt of reaction

mixture

*Partial preséure of n-hexadecane @ 350°C = 3.24 atm.
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12
IV. DETAILED DESCRIPTION OF TECHNICAL PROGRESS

TASK 1 - Development of Improved Hydrodenitrogenation Catalysts

Hydrodenitrogenationlof aromatic nitrogen-containing
compounds occurs via a complex reaction network inveolving
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- !
genation function in typical commercial hydrotreating catalysts
although a detailed understanding of the nature of the active
site and the reaction mechanism is still ;acking. The origin
of the carbon-nitrogen bond sciSsion‘reaction is not clear.

To better understand the chemistfy éf 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~saturatéd‘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 charactéristic 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-nigrogen bond scission.
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Hydrodenitrogenation of decahydroguinoline was studied
by using several catalysts with various metals impregnated on
y-alumina support. The preparétion of the hydrodenitrogenation
catalysts involved the introduction of a metal into the support.’
The support was used in the hydrated form as small particles.

A detailed description of the catalyst preparaﬁion procedure

was given in third quarterly report.

Carbon-Nitrogen Bond Scission:

Hydrodenitrogenation of dgcahydroquinoline was studied
over several different catalysts. The reactor used was a
300 cc autoclave fitted with a magnétic dri&e stirrer. Standard
operating conditions (Table I) were used for all the experimentalw
runs. The catalyst was presulfidedAfor two hours with a mixture
of 10 vols H,S in hydrogen at atmospheric pressure and 400°C.
In order to maintain the catalyst in the sulfided form during
the reaction, 0.05 wt$ CS, solution was added to the catalyst
and reactant. Under the operating cdnditions carbon disulfide
rapidly(converts to methane and hydrogen sulfide. Liquid
samples were analyzed using a Perkin-Elmer Model 3920 gas
chromatograph equipped with a flame-ionization detecﬁof. A
glass capillary cqlumn (75m<0V101l) was used fé: all reactant

and'produCt analysis.

Figqure 1 shows the results for the hydrodenitrogena--
tion of decahydroquincline using 4% vanadium on y-aluminha. The

products from this run were rn-propylcyclohexane, n-propylbenzene,
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5,6,7;8-tetrahydroquinoline, quinoline,'and'l,2,3,4-tetrahydro-
quinoline.‘ However, 5,6,7,8-tetrahydroquinoline’wés'the only .

major product. Figure 2 shows the‘nitrdgen removal from deca-

hydroquinoline using vanadium on alumina catalyst. As shown

in the figure, the nitrogen removal rate is very low (R17%).

Runs were also made with two Mo-on-y-alumina catalysts
with varying concentrations of molybdenum. The results are shown
in PFigures 3-7. Figufe 7 shows a comparison of the nitrogen
removal rate from decahydroquinoline. As the concentration
of the molybdenum on the y-alumina support decreases, the nitrogen
removal rate also decreases. These resultsAshow that molyb-
denum does take bart 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 catalyst.

Figures 10 and 11 show the concentration profiles and
nitrogen removal rate from decahydroquinoline when 4% Fe on
y-alumina catalyst was used. The major produc£ in this run was
5,6,7,8-tetrahydroquinoline. With Fe on Y4algmina the nitrogen

removal rate was very-low (%22%).

Efom the above results it can be concluded that
Brgnsted acidity by itself will not catalyze the ca:bdn—nitrogen

bond scission and therefore it would appear that hydrodenitro-
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genation may require an acidic site and a basic site to facili;
tate the Hoffman E, eliminatién 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 suqh as.magnesium oxide to further clarify the role

of basic sites in the C~N bond scission.
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Figure 3. Concentration profiles for hydrodenitrogenatlon of decahydro-
quincline using 2% Mo on y-alumina.
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Figure 10. Concentratlon profile for hydrodenitrogenation of decahydroqulnollne
using 4% Fe on y-alumina.
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- TASK 2 - Development of Catalysts which will Effect

Hydrodenitrogenation with Only Limited oxr no

Hydrogenatlon of the Heterocycllc 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
nitrégen-containing aromatic compounds with only limited or
no h&drogenation 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 basic lone electron pair
on nitrogen in quinoline. The coordination with nitrogen
would reduce the aromaticity‘of.the nitrogen-containing ring,
thus facilitating nitrogen removal without hydrogenation of
the neighboringvaromatic rings. On this basis the initial
'catélet chosen for study was aluminum borate with 4% by weight
nickel,. AlBO3/4% Ni , a Lewis écid catalyst. A second Lewis
aéid.chosen.was aluminum borate phosphate with 4% by weight
nickel,. A1B03'P04/4% Ni . As described in the previous pro-
gress report, th¢ AlBO3/4% Ni showed é marked increase in
nitrogen removal rate in quinoline over othér‘catalystsApre-
vibusly studied. A deérease in activity of the catalyst was -

observed when the reaction was run in contact with the metal
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autoclave walls. AlBO3'PO,/4% Ni, when run in contact with
the metal walls of the autoclavé, showed little (5%) nitrégen
removal after 10 hours.

In current work runs were made on AlBO3°'PO4/4% Ni
with glass liner to determine the effect of the metal walls
on this catalyst; AlBO3/4% Ni unsulfided to observe the
effect of sulfiding on nitrogen removal; AlBOy without any
metal ligand and Al/4% Ni to help determine the role of the
supéort and metal ligand; a run was also made using a different
metal, molyhdenum, AlBOg3/4% Mo , to cuipare with the nitrogen
removal rate of nickel,.

Preliminary results indicate that AlBO,*PO,/4% Ni,

3
though strongly inhibjited when run in contact with the metal
walls of the autoclaVe, produces very similar ﬁitrogen remoﬁal
rates to that of the A1303/4§'Ni when run with a glass liner;
AlBO,/4% Ni unsulfided reduced the amount of nitrogen removed
by 25%; AlBO3 without any metal ligand reduced the amount aof
nitrogen removed by 20%. The Al/4% Ni showed 37% nitrogen
removed, indicating that it has similar nitrogen removal quali-
ties to that of AlBO3/4% Ni and AlBO;°PO,/4% Ni , The
AlBO4/4% Mo run reduced the rate of nitrogen removal when

compared to the AlBO3/4% Ni study.

§§2erimenta1:

A glass liner was used for every run and the auto-
clave was operated in the batch mode. The reaction tempera-

ture was maintained at 350°C + 2°C. The catalyst for each run
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using 4% Ni on y-alumina (glass liner used).
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except MS-Q-8 was presulfided for 2 hours with a mixture
of 10 vol & st in H, 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.
Inveach run quinoline was rapidly converted to 1,2,3,4 tetra-
hydrogquinoline. Other side products observed in each run were
5,6,7,8 tetrahydroquinoline, benzene, decahydroquinoline
orthopropylaniline, aniline, énd n-propylcyclohexane. Run
MS-Q-7 showed 40% nitrogen removed at 10 hours, indicating
that the metal walls of the autoclave significantly inhibit
the AlBO3°PO,/4% Ni catalyst,yet when run with glass liner
shows high nitrogen removal raégs similar to the AlBO3/4% Ni
(41%) runs. The unsulfided AlBo3/4% Ni run, MS-Q-8 , indi-
cates that sulfiding enhances nitrogen removal for the
AlBO3/4§ Ni catalyst by 25% over the unsulfided catalyst.
When the AlBO3 support was run without a metal ligand,
MS-Q-10 , the amount of nitrogen removed, compared to that of
AlBo3/4% Ni , was reduced by 25%, indicating that the metal
ligand pléysAan important role in the nitrogen removal process.
The Al/4% Ni , MS-Q-1l1 , run showed comparable nitrogen
removal capabilities to the AiBO3/4% Ni and AlBO3°PO4/4% Ni
(37% compared to 41%) indicating that the borate and borate °
phosphate 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,
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along with the metal ligand in the AlBO;/Ni and
Aléo3'Po4/Ni _lcat.a.lysts;. ,'i;hcja'na;‘so:,‘/u Mo ;gn'showéa
only 25% nitrogen removed éfter.IO hours, initially
indicating that the molybdenum contributed, contrary to
nickel, little if any to thé pitrogen-removipg properties
of the support. 1In the Ai)4% Ni run, as in the '
A1303/4% Ni and AlBO'PO4/4§ Ni runs, the large percent
of nitrogen removed could not be explained by a material
balance of the products obéervéd, i.e. n-propylcyclohexane,
benzene, or n-propylbenzene, iAdicating other products are
being formed not observed Qnde: the conditions of analysis.
The catalysts are currently'being analyzed for carbon-
hydrogen-nitrogen content ﬁnd analysis o: the sanples from
these runs are being made using a nitrogen-specific detector.
Runs are now also being made on different supports with |

varying metal ligands. .
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V. PERSONNEL

' There has been no change in personnel during this

quarter.
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