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ABSTRACT

The hydrodenitrogenation of quinoline and

of acridine was studied in a batch autoclave reactor

between 342 and 353°C and between 500 and 2000 psig.

The several: commercial hydrotreating catalysts
examined decreased in activity in the following order

for quinoline hydrodenitrogenation: Ni—Mo/A1203,

Ni—W/A1203, Ni—W/SiOZ—A1203, and Co—Mo/A1203.

¥ _ ' The total nitrogen removal rate for quino-'

line was slightly greater than that for acridine and

toth followed pseudo first—ordér kinetics over a con-
version range of 0 to 50%. Hydrogenation aﬁd cracking
steps were both kinetically limiting. Nitrogen-

«*  containing reaction products for guinoline hydrodenit-
rogenation were 1,2,3,4-tetrahydroquinoline, 5,6,7,8-
tetrahydroquinoline, decahydroquinoline and o-propyl-
aniline. At 342°C and 500 psiy guinoline and 1,2,3,4-
tetrahydroquinoline were in thermodynamic equilibrium,
and the disappearance of the lumped group of guinoline
plus 1,2,3,4—tetrahydroquinoline followed pseudo first-

order kinetics. Sixteen nitrogen-containing reaction

products were found for acridine hydrodenitrogenation,

xiv
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including 1,2,3,4-tetrahydroacridine, 1,2,3,4,5,10,
;3,14—octahydroacridine, sym-octahydroacridine,
perhydroacridine, and 97(methylenecyclohexane)aniline.
The hydrogenolysis step for both quinoline and acri-
dine appears to be through hydrogenated forms of .
these compounds. This is aupported by bond strength

arguments.




CHAPTER I
INTRODUCTION
A. Scope of Research

A very promising technology for the production

of clean fossil fuels is catalytic hydroprocessing of

petroleum residua, coal-derived liquids and shale oil.
. Presently, there is limited understanding of the
chemistry and engineering of existing processes for
hydrodesulfurization (liDS) and hydrodenitrogenation
(HDN) of petroleum. It is also uncertain how to apply

or to extend the petroleum technology to liquids de-

rived from coal and shale oil.

Oiie approach to understanding the catalytic

<

chemistry of the complex processes of HDS and HDN is to

aZlr
g
Bs A A s bt K

et

study the reactivity of representative sulfur and nit-
rogen compounds'found in various natural and processed
petroleum stocks. This approach has been undertaken
successfully in recent years by Cox and Berg (1962),

Sonnemans (1373), Goudriaan (1974), Mayer (1974) and

Cocchetto (1974).




The major objective of this research was to
develop the techniques for studying HDN of multi-ring
nitrogen-containing compounds under high-pressure
liquid—phasé conditions and to establish the HDN
reaction network of acridine with a preliminary kinetic
analysis. This work was conducted in a batch autoclave
reactor system; quinoline was used in studies to
develop HDM study techniques. The reactivity of

acridine was then studied in the liquid phase with a

highly hydroprocessed petroleum fraction, white oil,
used as a carrier solvent. The white 0il was a mixture

of

clB_C36 naphthenic and paraffinic hydrocarbons and
.contained no sulfur, nitrogen or aromatic compounds,

Sy e g S

This was verified by our analysis schemes. The reac-

v

tion network was studied from 300 to 400°C and a hydro-

A e

rhaa

gen pressure of 500 to 2000 psig over a sulfided
Ni—Mo/A1203 catalyst (American Cyanimid HDS-%A). The
aromatic nitrogen compound quinoline was used instead
of a;ridiné in preliminary experiments because its
HDN reaction network is well documented (Goudriaan,
1974), These preliminary experiments include estab—
lishing experimenfal reactor procedures and reactor
reproducibility and involved a nominal screening of

various commercial hydroprocessing catalysts. These

)
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Catalysts include American Cyanimid HDS-16A (Co-Mo/

Al,03) and HDS-9A (Ni-Mo/Aly03), Harshaw Ni4301 (Ni-W/
Al,03-Si0,) and Ni4303 (Ni-W/Al,03), and NALCO Nt-550
(Ni-W/Al,03). All catalysts are studied in thé sulfided
state. A convenient analytical scheme for quantifying
organic nitrogen compounds in white o0il was developed
utilizing a gas chromatograph with a nitrogen-specific
detector. A gas chromatograph-mass spectrometer system

was used to identify the reaction products of acridine.
B. Literature Survey

The purpose of this literature survey is to
indicate that aromatic nitrogen-containing compounds
;uch as quinoline and acridine are characteristically
found in heavier petroleum fractions such as residua
and coal-derived liquids, and such compounds are re-
levant to the study of the HDN process because of their
limited reactivity. Excellent literature reviews
concerning the broad areas of HDN and HDS have been
compiled previously by Mayer (1974), Goudriaan (1974)

and Schuit and Gates (1973).

All crude oils contain some nitrogen-con-

taining compounds. Table I presents a summary of the

-
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TABLE I
DISTRIBUTION OF NITROGEN IN U. S. PETROLEUM FIELDS a
Nitrogen Content, % Mo. of Fields Percentage of Fields
0.05 62%* 40
0.05-0.10 35 ‘ 23
0.10-0.20 29 19
0.20-0.50 22%* 14
0.50 6 * ** 4

* Texas ancd Wyoming fields primarily
** California and Wyoming fields

*x*x All California fields

a “schamber and DeRuiter, 1966




nitrogen content in various United States pétroleuﬁ
fiélds.~ It appears that the Califofnia fields.contain-
more nitrogen than other U.S. fields. Table II sum-
ﬁa;izes tﬁe nitrogen distribution in crude oils,
according to boiiing point fracfions. The nitrogen
content increases with increasing boiling point frac-
tion, and residuum contains about 50 wt$ of the total
nitrogen found in crude oil. Table III indicates
that quinolines constitute 8 to 32 wt% of the total
nitroéen content in crude oil distillates. Schultz
et al. (1973) have reported that acridine is present

in coal-carbonization products.

" A crude élassification of organic nitrogen
compounds in oils is according to basicity. EBasic
compounds.havé pKa in water greater than 2; non-basic
compounds have pKa in water less than 2. Table IV
presents a list of nitrogen compounds classified ac-
cording to basicity. Quinoline and acridine are basic
compounds by this criterion. Table V presenls a
summary of the percentage of basic nitrogen compounds
in crude oils; The ratio of basic nitrogen compounds

Ny

to total nitrogen is nearly constant at 25 - 35%,

regardless of the overall nitrogen content. This




TABLE II

DISTRIBUTIDN Of NITROGEN IN CRUDE OILS ¢

3

Wt.%2 % of Total

.Crude 0il 1l 2
Boiling Range, Wt.2 ¢ of Total Wt.% 9% of Total
°C
Total .23 100.0 .28 100.0
275 .005 0.1 ——— m=———
275-319 .026 0.4 01 0.4
310-333 .036 1.0 .02 0.4
338-365 .058 1.4 .05 1.1
365-393 .105 2.5 .09 1.8
393-422 .144 4.0 .13 2.9
Residuum .50, 91.3 .53 92.9

a Tschamber and DeRuiter, 1266

.16 100.0D
.003 0.1
.024 0.6
.030 1.1
.059 1.9
.096 3.1
.136 6.3
.44 87.5



Group

Indoles
Carbazoles

Benzcarbazoles'

Pyridines
‘Quinolines
Pyrroles

TABLE III

NITROGEN COMPOUNDS IN CRUDE OIL DISTILLATES a
Kuwait California
152-327°C 370-455°C
9.4 7.2%*
29.4 43 3***
—_——— 5.6
44.0 8.9*
8.3 . 32.0*
8.9 ————
s —~———— 3.0

Phenanthridine

* %
* kk

100.0% 100.0%

Contain in part both N and O heterocatoms
About 50% n-alkyl substituted

About 20% n-alkyl substituted

Tschamber and DeRuiter, 1966




TABLE IV*

N

NITROGEN COMPOUNDS CLASSIFIED ACCORDING TO BASICITY

Compound pKa (H gl'
Ammonia 9.27
Imidazol 7.03
2-Methylpyridine 6.5
Acridine 5.60
Pyridine 5.23
5,6-Benzquinoline 5.15
Isoquinoline 5.14
Dimethylaniline 5.10
6,7-Benzquinoline 5.05
Quinoline 4.94
N-methylaniline 4.78
3,4-Benzacridine 4.70
2,3-Benzacridine 4.52
1,10-Phenanthroline 4.27
7,8-Benzquinoline 4.25
2,2-Bipyridine. 4.23
Quinazoline : 3.51
Phthalazine : 3.47
1,2-Benzacridine : 3.45
Phenanthridine 3.30
4,7-Phenanthroline 3.12
1,7-Phenanthroline 3.11
Cinnoline 2.70
Pyrazole 2.53
Thiazole 2.53
Pyridazine 2.33
Benztriazole 1.6
Pyrimidine 1.30
Indazole 1.3
Phenazine 1.23
Diphenylamine 0.85
Quinoxaline 0.8
Pyrazine 0.6
Pyrrole 0.4
Indole ——
Propionitrile " -0.8
Carbazole . -1

* Richter et al. (1952)




Source

' Wt.% Wt
{luwait .03 .12
TribuPetrolea .033 .13
Mid Continent Mix .025 .10
East Texas .02 .08
West Texas .03 .11
Wilmington .14 .50
Santa Maria Valley .19 .66
Ventura .13 .42
Kansas .04 - .12
Kettleman Hills .14 .41

*N

B

TABLE V

Basic N, Tota

1n,

.3

designates basic nitrogen

N_/N*
~4

T’

PROPORTION OF BASIC NITROGEN COMPOUNDS IN CRUDE OILS 2

3

25
25
25
25
27
28
29
31
33
34

Ny designates total nitrogen in all forms

a

Tschamber and DeRuiter,

1966
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implies that the types of compounds present do not

vary with petroleum source.

Nitrogen is present in coal to a much greater
extent than in petroleum gs demonstrated in Table VI.
Many nitrogen compounds can be isolated from distil-
lation tars produced from coal. These compounds
include pyrroles, pyridines, indoles, anilines,
qguinolines, carbazoles, and several other compound
classes present in lesser amounts. It is well known
that coal tar is a rich source of aromatic nitrogen
compounds such that commercial separation of these
is feasible. Thus, it is clear that the same types
of nitrogen-containing compounds found in petroleum
are likely to be present in coal-aerived liquids.
More'importantly, information secured on the hydro-
denitrogenation of the important classes of nitrogen
compounds is useful in understanding nitrogen rémoval

both from petroleum and from coal-derived liquids.

Catalytic hvdroprocessing is part of the
modexn processing technologv for removal of nitrogen
from oils. Although the practice of catalytic hy-
drodenitrogenation (HUN) i§ important, fhe literature

contalns little practical information and almost no

basic information about the catalytic chemistry.
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TABLE VI

OCCURRENCE OF NITROGEN IN COAJI, @

Nitrogen Wt.%

Peat 0.7-3.4

Brown Coal 0.4-2.5

Bituminous Coal 0.6-2.8

Anthracite Coal 0.2-1.5

Petroleum 0 -0.9

j

: :

fif a Tschamber and DeRuiter, 1966
"

;

by

3

-
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Removal of nitrogen is similar to removal of sulfur
to the extent that ?rocessing severity increases
strongly from light distillates to the heaviest
feedstocks. Nitrogen removal'should involve many of
the same problems as sulfur removal especially that
of catalyst deactivation since nitrogen removal is
often practiced simultaneously with sulfur removal

on heavy feeds.

Flinn et al. (1962) showed that HDN proceeds
rapidly with low-boiling charge stocks but becomes
much slower as the 5oiling range increases. They
observed that complete nitrogen removal is difficult
even at 6000 psig for heavy vacuum gas oils and
residua. Haensel et al. (1963) found progressively
greater nitrogen removal while extending the pressure
range to 24,000 psig. The reduced rate of IIDN
with higher—boiliﬁg feedstocks was attributed to the
presence of aromatic nitrogen compounds -and to the
presence nf aromatic hydrocarbons which can com-
petitively adsorb un Lhe catalyst. llaensel et al.
‘(1963) suggested this when they found that nitrogen
removal was lower in the presence of methylnaphtha-

lene than in white oil.
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It has heen suggested that nitrogen removal

»” 6 .." i

S
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from aromatic compounds takes place through an initial

ring saturation step followed by ring cracking and

O N - ) 5% e
Mﬁ% e 3

subsequent nitrogen atom removal. McIlvried (1970)

and Sonnemans (1973) confirmed this for pyfidine HDN,

g

and Goudriaan (1974) reported similar results for quino-

R b1

; e
ey

line. The HDN reaction networks for pyridine and

quinoline are shown in Figure 1. Table VII presents

A Ao

oaka

a summary of reported research on quinoline. Proposed

g

e iR T

rate limiting steps are given. Table VII indicates

that the hyd;ogenation step (1) * is rate limiting at

low temperatures ( < 320°C) and thermodynamically
limiting at high temperatures ( > 320°C). At inter-

mediate temperatures it appears that one of the hydro-

R .. PRSI
il i i A ekl s
L

B A e aa e payrt

genolysis steps (2 or 3) would be rate limiting. Using

Takias

e

oY ,4..,.:!! ;A.iim—..pg 2

mass spectroscopy, Beugling (1971) identified a quinoline

ot

reaction product with a molecular weight of 257 and a

chemical formula of C18H27N' he presence of this com-

pound implies the occurrence of alkyl transfer reac-

1}%’ tions during the HDN of quinoline.
1 -
gu%; * Refer to Figure l.
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Pyridine Reaction Network. Sonnemans (1973)

-

@ = Q ——a= CgH N —=CgH, +NHs

H

Quinoline Reaction Network. Goudriaan (1974)

OQ =G ~ O~ @ . :
R e
CaHy v CaHy+NHy .
CQ w O = Tl T,
O e,

-

i

Figure 1. Hydrodenitrogenation Reaction -
Networks for Pyridine and Quinoline
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TABLE VII

RATE LIMITING STEPS IN THE HYDRODENITROGENATION OF QUINOLINE

’—l
w
. tw N in Temperature Pressure, .PRats lirmisce -
Reference Diluent Feed Catalyst °C bar tv ster ned
Flinn, et al, (1962) Micddle Distillate 0.5 Ni-W/A1203 315 79 1
Deelman & Vlugter ' b
(1963) tlone 10.8 Co- ro/A1203 300 80 1
350-400 ] 3c
Rvifel (L960) Refined 0il Fraction 2 Co- No/Al 3 445 20-70 1
Damon (13€0) Refined 0il Fraction 2 Co—Mo/Alzo3 3R5-400 20-70 2
. Aboul-Ghait enrd '
" Abdou (1972) Paraffin 0Oil 0.5 Co-Mo/I\le3 35¢~400 200 2

a) Step numbers correspond to Figure 1

. Goudriaan {1974)
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Flinn et al. (1962) reported that quinoline
is far more difficult to hydfodenitrogenate than ani-
line or n-butylamine, which are also basic, and indole,
which is non-basic. Flinn et al. concluded that nit-
rogen compounds containing an aromatic-type hetero-
cyclic ring are the more difficult to hydrodenitroge-
nate. Flinn et al. further concluded that the rate-
limiting step in HDN is the saturation of aromatic;
type, resonance-stabilized structures and that these
structures can be present either as original compo-
nents or as side-reaction products. Both quinoline

and acridine fit this criterion.

There have been very few kinetic modeling
studies on hydrodenitrogenation and most of these have
concerned pyridine. Cox and Berg (1962) have reported
that the HDN of both quinocline and acridine in toluene
(and for 6-membered rings in general) follow pseudo
first-order reaction kinetics. However, they found
that many 5-membered ring nitrogen compounds follow
second-order kinetics. Table VIII presents a summary
of their results. As indicated in Table VIII, Lley
found that the rate constants were a function of ini-

tial nitrogen compound concentration. This implies the




TABLE VIIX

RATE CONSTANTS FOR THE HYDRODENITROGENA?}ON CF A 'NUMBER OF NITROGEN-
CONTAINING COMPOUNDS

Compound Initial Concentration K, 95% Confidence
} Veight % N 1/HR-Weight % N Limits
Pyrrcle 0.335 meemeeee——e— Non-linear----==-—--=
Pyrrcle 0.966 2.82 +0.418
Pyrrcle 2.570 0.315 +0.0655 3
N-methyl pyrrole ©0.303 9.93 +2.157
Pyrrolidine , 0.3175 . 63.05 +3.22
Pyrrolidine 0.976 5.706 ¥0.435
Pyrrolidine 2.290 0.858 +0.00613
N-methyl pyrrolidine 0.306 25.50 +1.725
N-butyl pyrrolidine 0.295 42.63 ¥3.51
Indola 0.290 2.07 None
Compound Initial Concentration K, 95% Confidence
Weight % N 1/HR. Limits
Pyrazine 0.305 13.74 +1.325
-Pyridine . 0.342 - 1.858 +0.226
Pyridine 0.980 0.576 +0.0324
Pyridine 2.210 0.214 $0.0177



TABLE VIII CONTINUED:

Compound Initial Concentration K, 95% Confidence
Wieight $ N, 1/HR. Limits

2-picoline 0.301 2.651° ‘ +0.616
3-pico_ine 0.319 : 1.040 +0.098
4-picoline , 0.306 0.385 +0.081
2-ethyl pyridine 0.301 0.864 +0.093
4-ethyl pyridine 0.296 0.411 None
4-isopropyl pvridine 0.3005 0.125 ' None
2-benzyl pyridine 0.302 2.588 +0.162
4-benzyl pyridine 0.306 eeee———- Non-linear~-------
2,4 lutidine 0.3045 0.272 +0.063
2,6 lutidine 0.296 1.800 : +0.058
2,6 lutidine 1.000 0.718 ¥0.135
2,6 lutidine 2.450 0.492 +0.033
3,4 lutidine 0.291 0.0965 None
3,5 lutidine 0.291 0.279 None
3~ethyl-4-methyl

pyridine 0.3655 0.114 +0.0765
2,4,6-collidine 0.307 0.512 None
Piperazine 0.307 L mm—————— Mon-linear---------
Piperidine 0.307 7.944 +1.01
2-methyvl ‘piperidine 0.302 9.56 +2.32
2,6~dimethyl pipericéine .302 6.92 - +0.556
Quinolire 0.288 0.378 None
Acridine 0.2965 0.399 None

* Cox and Berg (1962)

38T
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need for inhibition terms in the kinetic model. Cox
and Berg found that quinoline and acridine have similar
rate constants and that these compounds are harder to

hydrodenitrogenate than many others listed in Table

VIII.

Flinn et al. (1963) also found that several
organic nitrogen-containing compounds, including quino-
line, indole, n-butylamine and aniline, followed
pseudo first-ordér reaction kinetics. McIlvried (1970)
summarized data for the hydrodenitrogenation of pyri-
dine Qith a Langmuir—ﬁinshelwood kinetic model ac-

counting for inhibition by ammonia and organic

‘nitrogen-containing compounds. Sommemans et al.

(1973) found that the following kinetic expression
represented the rate of pyridine hydrogenation over

an unsulfided cobalt-molybdenum oxide on alumina

catalyst.
r = kapgz
pPo
where
r = rate of pyridine hydrogenation
k = rate constant
Pp = initial pyridine partial pressure
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Pp = pyridine partial pressure

Py = hydrogen partial pressure
2

n = constant = 1.0 at 250°C
1.5 at 300-375°C

The above kinetic expression suggests that the
strength of adsorption of pyridine and its hydrogenation
products are equal. Sonnemans et al. {1973) found
similar results for sulfided catalysts. However, the
validity of this claim is unclear. Most industrial
hydrodenitrogenation operations take place in the
presence of sulfur compounds and with a presulfided

catalyst.

Also, at the present time it is unclear which
catalyst is best for hydrodenitrogenation operations.
Many industrial operations where hydrodesulfurization
and hydrodenitrogenation take place simultaneously use
a cobalt-molybdenum supported on alumina catalyst.
However, several ;ommercial catalyst companies, such
as American Cyanimid, have developed nickel-molybde-

num and nickel-tunasten catalysts specifically for

hydrodenitrogenation.
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j‘x ) EXPERIMENTAL APPARATUS AND PROCEDURE

s

[

R A. Reactor System

{4

£ .

i | This section includes a summary of the

[ P )
¥ reactor system and operation. Also included is the

R -

i catalyst sulfiding procedure. Both a 300 cc and a

I :

;i~ 1000 cc autoclave batch reactors were used for the

1

x5 hydrodenitrogenation (HDN) studies. Figure 2 pre-

;iﬁ ‘ sents a schematic of a reactor system. Its features

i

i include a catalyst injection system and gas sampling

;;i capabilities. TIorous stainless-steel filters (0.5

K} )i 0 .

T jam porosity) were used as a gas sparger and as a fil-

1 ter for securing liquid samples. .

. - Operation of the unit was as follows. The
fy solvent medium, white o0il, and nitrogen-containing

;é compound were initially placed in the reactor. In the

{ ; g . . . . . R .

}5} quinoline studies quinoline was held in the loading

&f} device. The o0il was purged of oxygen, pressured with

ﬁéfn hydrogen gas and heated to reaction conditions. A

3 q

4 ; R . .

4 slurry of catalyst and white oil was kept in the load-

?*j

%

F ol

L 4
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SHUTOFF WATER
. REMOVAL
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Figure 2 Echematic of High-Pressure Autoclave Batch

Reactor
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ing device to this point. When reaction conditions
had stabilized, the slurry was injected into the re-
actor using hydrogen gas as a drivinag force. Liquid
samples passed through a porous stainless steel fil-
ter,-which was used to inhibit the loss of catalyst,
and were collected downstream of a valve used to
break pressure. The temperature was controlled and
monitored using the thermowell thermocouple immersed
in the reaction mixture from the autoclave bulkhead.
A Thermoelectric Model 800 temperature controller was

used to control the temperature.

Most commercial hydroprocessing catalysts

consist of a transition metal or metals, such as co-

’

balt and molybdenum, impregnated on an alumina sup-

port. The metals are present as oxides. It is

standard procedure industrially to presulfide the
catalyst before use to convert the metal oxides to
sulfides. 2Al) catalysts used in this research were

presulfided according to the following procedures. -
The catalyst was presulfided in a Pyrex glass tube for

2 hours at 325°C or 400°C. A mixture of 10% HZS in H,

r %

flowed over the catalyst such that it saw approximately
10 times the stoichiometric amount of sulfur necessary
for complete conversion of the metal oxides on the

catalyst to the sulfidic form. The catalyst was then
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cooled and placed in the reactor loading device.
B. Catalyst and Reaction Compound Properties

Either white o0il or normal-hexadecane was
used as a reaction solvent medium. White oil (Parol
70 TECH) is a white mineral oil obtained from Pénreco.
White oil i; a natural stock consisting of C187Csg
(193-260°C) paraffinic and naphthenic hydrocarbons
which have been hydrotreated and oleum treated. Ty-
pical properties are presented in Table IX. White.oil
contains essentially no aromatics or nitrogen and
sulfur compounds. Normal-héxadecane was obtained from

Columbia Organic Chemicals Company. Typical properties

for normal-hexadecane are presented in Table X.

Quinoline and acridine were obtained from
Columbia Organic Chemicals Company. Typical properties

are shown in Table XI.

Table ¥II presenls a sumnary of typical
catalyst properties obtained from manufacturers' bro-

chures.



. TABLE IX

5
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A TYPICAL PROPERTIES OF WHITE OIL"

W |

L - Viscosity at 100°F (37.8°C) 9.7/12.2 centiposes
) .

s X Specific Gravity, €60°/60°F (15.6°C) 0.840/0.855

. 77°/77°F (25°C)  0.834/0.849
oz
e Flash Point, °F ASTM 330
;f?“' Pour Point, °F ASTH 15
; ;3 Refractive Index, n i? 1.4635

i

woAFE UV Adsorbance ’ 1%
,TiV Initial Boiling Point, °C 193 minimum
} X

Y

yﬁ% Distillation End Point, °C 260 maximum
3 ?£ Color ' colorless

- * Supplied by Manufacturer
. .
. ,."'
\l ‘Lv
~ .
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TABLE X

TYPICAL PROPERTIES FOR NORMAL-HEXADECANE”

Molecular Weight 226.45
Specific Gravity 0,774 3%1
Melting Point, °C 18.5, 16.2
Boiling Point, °C 287.5
Purity (from Manufacturer) 99%

* Dean (1973)
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TABLE XI

*
TYPICAL PROPERTIES FOR QUINOLINE AND ACRIDINE

Quinoline - Acridine

Purity (from Manufacturer) 99% 99%
Molecular Weight 129.16 179.22
Melting Point, °C ' -15.6 110-1
Boiling Point, °C 237.1747mm 546
Specific Gravity : 1.09520° -

* Dean (1973)




TABLE XII

Cyanirid NALCO
_ _HDS-9A NT-550
Composition, Ni0O, 3.0-4.,0 WO3, 22.0
wt %
M003, 17.5-18.5 NioQO, 5.1
Na20, 0.04 A1203
Fe, 0.05
Surface area,
m2/q = ———————- 250
Pore volure, _
cc/g ———————— 0.5

TYPICAL CATALYST PROPERTIES

Harshaw
4303 E

%[} 18

3'
NiO, 6

Harshaw

4301 E

WO3, 18

NiQ, 6

228

¢.37

Cvanimid
HDS-16A

M .
003, 12.2

Co0, 5.7
Na20, 0.03

Fe, 0.04

8¢
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c. Analytical Procedures

& B

Te

1. Introduction

. N IS
TR
o g s+

Therec were two types of reaction products

¥

o

which required guantitative analysis. These were the

7

reactor off-gas and liquid reaction products. The

-~

off-gas consisted of hydrogen with trace amounts of

light hydrocarbons (Cl to CS) and of ammonia and hydro-

-

ot e

gen sulfide. The liquid reaction products consisted

P i ¥ et e e i L

of organic nitrogen compounds in white o0il or in normal-

hexadecane. Hydrocarbon reaction products in the

. .?‘ fan
e e e

~liquid samples were not analyzed.

gy
F e s
TS

A e

§ While gas chromatographic technology for the
17

§  analysis of the off-gas is well developed, an adequate
’! bt

and convenient analytical scheme needed to be developed

et e Nl a7

o oy . . 4_,-:-1;‘: =z

for the analysis of the liquid products with nitrogen-
containing compounds. Gas chromatography (GC) and

3 L liquid chromatngraphy (LC) were investigated. It was
;3; found that GC with a nitrogen-specific detector pro-
vided suitable means for quantitative analysis of

nitrogen-containing liquid reaction products.

ki

R _
;%? ' 2. Off-Gas Analysis
} 3 ’

74  An F and M Laboratory Model 700 GC was used
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"for the analysis ofAthe off—gaé reaction products.
Columns and conditions are given in Table XIII. The
main purpose of the off-gas analysis was to ensure that
the solvent was not being cracked significantly and

to measure the hydrogen sulfide content of the gas
phase.

3. Liguid Reaction Products Analysis - A
Comparison of Gas Chromatography and Liquid
Chromatogranhy
The search for adequate and convenient guanti—

tative analysis of liquid reaction products containing
nitrogen centered on studying the feasibilities of
liquid chromatography (LC) and gas chromatography (GC).
éomments and suggestions were secured from various
companies and organizations including Oak Ridgé National
Laﬁdratory, Gulf 0il, American Cyanimid, E. I. duPont

de Nemours, the Pittsburgh Energy Research Center,
Hewlett~Packard, Perkin-Elmer and Tracor. After several
white o0il samples doped with organic sulfur or nitro-
gen-containing compounds were analyzed by both LC and
GC, it was determined that.GC with a nitrogen specific

. detector and a éulfur specific deteétor would provide
suitable means for quantitative analysis of heterﬁatom—

containing liquid reaction products.

-
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TABLL XIII

. GC CONDITIONS FOR ANALYSIS OF OFF-GAS REACTION PRODUCTS

Column 2 Column B
Compounds Analyzed (with methane 0.22 0.33
relative retention times)
ethane 0.29 0.43
_3 propane 0.46 0.61
butane 1.00 1.00
4 ammonia ---- "3.87
hydrogen
sulfide 0.47 0.76
Carrier Gas
Flowrate, cc/min Helium Helium
‘ ‘ 20.3 - 18.9
!ﬁf Detector Thermal Conductivity (TC) TC
fﬁ: Current, ma 205 205
o | Temperature, °C : 204 . 204
) '
-2 Temperature, °C
j,?pw Sampling value 70 70
% Column ambient 119
. Injection Port 160-165 160-165
: GC: F&M Laboratory Model 700
5 Column A: n-Octane coated on Porasil C (Waters
g ' Associates)
7 Column B: Poropak T
M 80-100 mesh
\ii 8' X 1/8" stainless steel column
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Figures 3, 4, 5 and 6 present gas chromatograms
run on a Pe:kin—Elmer Model 3920 GC. Chromatograms
in Figures 3 and 4 were run using the FID (flame
ionization detector) mode. Figure 3 shows a pure white
oil sémple while Figure 4 shows a sample of 1.3 wt$%
technical grade quinoline in white 0il. Figure 5 pre-
sents a gas chromatogram of 1.3 wts guinoline in white
éil run on the nitrogen specific detector mode. All
of the peaks shown in Figure 5 are due to organic
nitrogen-containing compounds with essentially no
interference from the white o0il background. A com-
parison of Figures 4 and 5 shows that complete baseline
resolution of the complex mixture of hydrocarbons in
white o0il is not necessary for the guantitative analysis
of nitrogen-containing compounds. Figure 6 shows a
gas chromatogram of a sample of 0.25 wt% dibenzothio-
phene in white oil run on a Dexsil SCOT (Support
coated open tubular column) column with monitoring both
by the sulfur specific detector (FPD-flame photometric
detector) and FID. Figure 6 indicates that there was
complete baseline resolution of sulfur-containing com-
pounds. A comparison of Figures 3 and 6 indicates that.

the SCOT column provides a better separation of the

white oil.
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SIGNAL STRENGTH, ARBITRARY UNITS

+— ATTENUATION = 100x 16

33

ATTENUATION =100x64

] i 1 | i I L | ]

TIME —>

Gas Chromatogram of White 0il obtained with
a Flame Ionization Detector: Perkin-Elmer
GC, 6 ft. OV-17 on Chromasorb Q glass col-
umn. Temperature programmed 120-280°C at
8°C/min. 0.5 ul injected.
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N

Gas Chromatogram of White 0il with 1.3 wt$%
Technical Grade Quinoline obtained with a
Flame Ionization Detector: operating condi-
tions same as for Figure 3.
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'SIGNAL STRENGTH, ARBITRARY UNITS

l 1
O TIME —

Gas Chromatogram of White 0il with 1.3 wt%
Technical Grade Quinoline obtained with a
Perkin-Elmer MNitrogen Specific Detector:

operating conditions same as for Figure 3.
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.Mh i (a) FID

\—-~JJ \ (b)FPD -

2 1 1 1 1 1 H 1 L - )| 1 1 L 1 1 1 1

TIME —

Figure 6. Gas Caromatogram of Dibenzothiophene in White Oil obtained with

a Flame Ionization Detector (Curve a) and with a Sulfur Specific
Detector (Curve b): Perkin-Elmer GC with a Dexsil SCOT column
‘0.02 in. by 50 ft., temperature programmed 150-300°C at 4°C/min.

9¢
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Figure 7 presents a chromatogram of 1.3 wt%

technical grade quinoline in white oil run on a Perkin-
Elmer Model 601 liquid chromatograph with an UV (ultra-
violet) detector. A comparison of Figures 4 and 7

indicates that the GC produced better resolution than

s

LC. It is important to note that while the UV de-

]

i

|
!
; p
% "'
% ‘?‘%
o 3
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tector is sensitive to unsaturated compounds, it is

R [ el .

e tan i S Ty £y T ey, T

T iy ST T T i
i

not sensitive to saturated species. This is a definite

ST W

limitation, especially to the HDN work, since it 1is

often reported that the reaction network of aromatic

S e

nitrogen compounds involves saturation of the ring

structure as the first step.

Economics were also considered in choosing LC
over GC. The purchase cost of an LC is 50 to 100%
higher than that of a GC. Expensive high purity sol-
vents make the operating costs of an LC quite high.

LC technology is not as far advanced as GC technology.
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This leads to a poorer quantity of applications litera-

ture available for the LC.
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4. Analysis and Identification of Nitrogen-
Containing Reaction Products of Quinoline
and Acridine
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A Perkin-Elmer Model 3920B gas chromatograph

.

with a Perkin-Elmer nitrogen specific detector was used
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Liquid Chromatogram of 1.3 wt% Technical
Grade Quinoline in White 0Oil: Perkin-Elmer
Model 601 LC, ultraviolet detector, OD
SIL-X-IRP column (2.54 mm by 0.5 m), 55°C
isothermal, 40% MeOH in H,0 solveut.
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to quantify the nitrogen-containing reaction products
of quinoline and acridine. The detector response was
monitored with a Columbia Scientific Industries Super-
grator-2 integrator. The response of gquinoline was
found to be linear over the concentration range of
interest as shown in TFigure 8. A list of relative
response factors for some nitrogen-containing compounds
are shown in Table XIV. Except for anilinelthe response
factors of the nitrogen compounds’differ by no more than
25%. Since all the nitrogen-containing reaction pro-
ducts for quinoline or acridine were not available
commercially, it was assumed that the response factors
for the nitrogen-containing reaction products were the

same as that for the starting nitrogen compound.

Chromatographic conditions for the analysis of
guinoline products and of acridine products are given
in Table XV. Many other columns and conditions were
tried but were found to be unsuccesstul for one or more
reasons. Details are presented in Appendix . A re-
curring problem throughout this research was the stabi-
lity of the chromatographic system. The high molecular
weight reaction medium (white oil) and possibly ab-

sorption of nitrogen-containing compounds on the column
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TABLE XIV

RELATIVE RESPONSE FACTORS FOR VARIOUS NITROGEN-
CONTAINING COMPOUNDS

Compound RPelative Response Factor
Acridine 1.00
1l,2,3,4-tetrahydroquinoline 0.987
sym-octahydroacridine | ' 0.882
n-propylaniline 0.862
Quinoline 0.804
Aniline ' 1.364

RELATIVE RESPONSE FACTOR = [CONCENTRATION]i/[PEAK AREA]L
TCONCENTRATION]ACRIDINE/

[PEAK AREA]JACRIDINE

CONDITIONS: PE3920B GC
Nitrogen Specific Detector

Column: 5' X 1/8" Glass Apiezon L
(2% KOH) Column, 80-100 mesh,
195°C Isothermal

Injector: 300°C
Interface: 300°C ‘
Carrier Gas: Helium at 30 cc/min




TABLE XV

GAS THROMATOGRAPH CONDITIONS FOR THE ANALYSIS OF QUINOLINE AND

ACRIDINE NITROGEN-CONTAINING REACTION PRODUCTS

Quinoline
¢ X 1/8" Chromosorb 103

Mesh Size

Acridine

5' X 1/8" Glass Apiezcn
(2% KOH)

80-100

Helium

Carrier Gas
Flowrate, cc/min

Nitrogen Detector Settings
Current Setting

5.0-6.0
H_ Pressure,
Air Pressure, psig

Injector TFenperature,

Interface Temperature,

30

300

300

v
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were blamed for this instability. It was felt that
the high temperatures required to elute the white oil
and the large amount of white oil which passed through
the detector along with the nitrogen compounds contri-
buted to the poor stability. Response factors changed
as huch as 50% on a given day and changed possibly an
order of magnitude from day to day. For the quinoline
and.acridine experiments standards were run after

every 3 to 5 samples to overcome this problem.

A mass spectrometér (HP 5930A) - gas chroma-
tograph (HP 5750) system was used to identify the nitro-
gen-containing reaction products of acridine. The
mass spectrometer conditions are given in Table XVI,

The chromatographic column and conditions were similar
to those given for acridine in Table XV. A thermal con-
ductivity detector was used to monitor the gas chroma-
tograph effluent. Detailed mass spectroscopic proce-
dures are presented in Appendix H . The procedure for
extracting the nitrogen-containing compounds is pre-

sented in Appendix G.
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TABLE XVI

MASS SPECTROMETER CONDITIONS !

Ionization Voltage ' 70 (ev)
Pressure 2% 107% torr
Source temperatufe 100°C

Chromatograph-Spectrometer -

Interface Temperature 200°C




CHAPTER III

RESULTS

A. Preliminary Experiments: Hydrodenitrogenation of
Quinoline

This work was performed within the ERDA

3 " Hydroprocessing Contract No. E(49-18)-2028 at the
University of Delaware. Principal experimenters were
the author and Dr. Stuart Shih. The hydrodenitrogena-

! tion of quinoline was studied initially to evaluate

the performance of two autoclave reactor‘systems

4 and to evaluate the relative catalyst activity of

g 4 several commercially available hydroprocessinag catalysts.
9 In all of this quinoline work the catalysts were pre-

o sulfided, but no C82 was added to the reaction medium.

- . 1. Activity of Blank Reactor

Two runs without catalyst were performed by
Dr. Shih to analyze any intrinsic activity of the
autoclave reactor system. One experiment had a feed

of quinoline in white oil and another had 1,2,3,4-

tetrahydroquinoline in white oil. The reaction condi-
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tions were 342°C and 500 psig. These experiments
showed that the rate of reaction without catalyst was
very slow. The total nitrogen removal over é four hour
period was less than 5%. The total nitrogen removal
would ke about 50% in 6 hours at these conditions if

catalyst were present.
2. Reactor Reproducibility

Two quinoline in white o0il experiments were
made to evaluate reactor reproducibility betwéen the
300 cc and 1000 cc autoclave reactors. These runé
were made with Ni—Mo/A1203 (American Cyanimid HDS;9A)
catalyst. Reaction conditions are shown in Table XVII.
These runs indicated that quinoline is rapidly hydro-
genated to 1,2,3,4-tetrahydroquinoline and that o-
propylaniline and decahydroquinoline are also formed.
Figure 9 shows the concentration ratio of tetrahydro-
quinoline to quinoline‘plotted versus timé for the two
experiments. The ratio lines-out at a constant value
of about 7.5.indicating that the compounds are in
equilibrium. An experiment starting with 1,2,3,4-
tetrahydroquinoline established the same constant
concentration ratio confirming equilibrium betweeh

quinoline and 1,2,3,4-tetrahydroquinoline (Shih, 1976).
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TABLE XVII

REACTION CONDITIONS FOR REACTOR REPRODUCIBILITY EXPERI-
' MENTS

Temperature 342°C

Pressure 500 psig

Reactant 0.85 wt% quinoline in white
oil

Autoclave stirring speed 1250 rpm

Catalyst type Ni-Mo/Al,0; (American

, Cyanimid HDS-9A)
Catalyst Particle size 100-140 mesh (125 Pm)
Catalyst Concentration 2g/500 cc oil

Catalyst Presulfided at 325°C

No C52 added to reaction medium
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Reaction reproducibility was evaluated through compari-
son of pseudo first-order rate constants for the dis-
appearance of the lumped group of quinoline plus

1,2,3,4-tetrahydroquinoline. Figure 10 presents a

Al Tl i
Ee s ST

plot of the logarithim of the quinoline plus teﬁrahy-

TR A L
kL

droquinoline concentration versus time. A least

F e

'squares analysis produced the rate constants and cor-

S Y
s

SR {4 i et
LS ool

»

- *
relation coefficients shown in Figure 10. The two

sets of data produced rate constants which differed

by less than 2%. Figure 11l presents a pseudo firs;—
order kinetic anélysis for total nitrogen removal for
the reproduéibility experiments. The rate constants
agread to two significant figures and the coefficients
of correlation indicateda reasonably good fit of the
data. Detailed mathematics on' the kinetic analysis

are presented in Appendix A, and detailed concentration

profile-data are given in Appendix B.

* The coeffliclent of correlation is the ratio of
unexplained variation to the total variation, There-
fore, if the data fit the model perfectly, the cor-
relation coefficient is + 1.0. '
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3. Evaluation of Mass Transfer Effects

The objective of these experiments was to
determine the effect of the catalyst particle size
and thus illustrate the presence or absence of signi-
ficant mass transfer effects on the rate of hydrodenit-
rogenation of quinoline in white o0il at 342°C and
500 psigq. Ni—Mo/A1203 (American Cyanimia HDS-16A)
catalyst was used in this study, and its particle

size was varied in the range of 48 to 200 mesh (275

mam to. 74 um). Reaction conditions are presented in

Table XVIII. The rate of hydrogenation of gquinoline
to 1,2,3,4-tetrahydroquinoline and the rate of dis-
appearance of the lumped group of quinoline plus
1,2,3,4-tetrahydroquinoline were used as a basis for

studying the effect of catalyst particle size.

Three experiments were made with different
catalyst particle sizes. Figure 12 presents the effect
of catalyst particle size on the rate of hydrogena-
tion of quinoline to 1,2,3,4-tetrahydroquinoline.
Figure 12 shows that equilibrium between quinoline
and-1,2,3,4—tetrahydroquinoliﬁe was more slowlf at-
tained for the larger (275 jpm) catalyst particle

size (Run 1016) than for the smaller (90 jam) catalyst.




53

TABLE XVIII

REACTION CONDITIONS FOR MASS TRANSFER EFFECTS STUDY

Temperature 342°C
Pressure : 500 psig
Catalyst type _ Co-Mo/Al_0_ (American

Cyanimlid "HDS-16A)
Catalyst Concentration 2g/500 cc oil

Catalyst Presulfided at 325°C
No C32 added to reaction medium

Reactant 0.85 wt% quinoline in
' white oil

Catalyst Particle Size Run 1015 100-140 mesh (125 um)
. 1016 48- 60 mesh (275 um)
1017 140-200 mesh ( 90 um)

Stirring Speed Run 1015 750 rpm
1016 1250 rpm
1017 1250 rpm
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particlé size (Run 1017). The intermediate (125 )
catalyst particle size (Run 1015) was run at a lower
stirring speed. This experiment indicated that signi-
ficant liquid mass transfer resistances are present
since Figure 12 indicates that the rate of hydrogena- '
tion for Run 1015 (125 um) was no féster than that for
Run 1016 (275/Pm), which had a larger catalyst parti-

cle size.

Figure 13 shows the observed pseudo first-
order kinetic behavior for Runs 1016 (275 pm) and
1917 (90/pm), and Table XIX presents the first-order
rate constants for all three experiments. Figure 13
indicates that pseudo first-order kineﬁics fit the
data very well. Table XIX shows that the rate con-
stants for Run 1016 (275‘Pm) and 1017 (90‘pm) differ
by more than 20%. Effectiveness factor calculations
based on these.kinetics indicate that the efféctive—
ness factors for all three experiments were 1.0.
Detailed calculations are presented in Appendix C.
Detailed concentration profiles for the catalyst

particle size survey are presented in Appendix D.
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FIRST-ORDER RATE CONSTANTS FOR THE DISAPPEARANCE OF THE
LUMPED GROUP OF QUINOLINE PLUS 1,2,3,4-TETRAHYDROQUINO-

LINE
Run Catalyst Particle Size m Krig + Q Joil
Ly . B '‘9catalyst-min
1016 275 0,383

1015 125 0.319

1017 90 0.479
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4. Cétalyst Survey

The objective of this survey was to determine
the relative activity of the more common commercially

available hydrotreating catalysts and to choose the

‘'most active one based on the hydrodenitrogenation of

guinoline in white o0il at 342°C and 500 psig. The

3 (American Cyani-

mid HDS-16A), Ni-Mo/Al O3 (American Cyanimid HDS-9A),

2
Ni—W/A1203 (Harshaw Ni4303 and NALCO NT-550), and
Ni-W/A1203—SiO2 (Harshaw Ni430l1). Reaction conditions

. are presented in Table XX.

The  -reaction data were analyzed on the basis
of the disappearance of the lumped group of quinoline
plus 1,2,3,4-tetrahydroquinoline. Pseudo zero-order
and pseudo first-order kinetics were considered, and
a least squares analysis was used as a basis for coﬁ—
parison. Table XXI presents a summary of this analysis.
Table XXII presents a comparison of the predicted
initial quinoline concentration by the two kinetic
models versus the actual loaded quinoline concentra-

tion.

Table XXI, along with Table XXII, indicates
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TABLE XX

REACTION CONDITIONS FOR CATALYST SURVEY

" Temperature | 342°C

-

L 3 Pressure 500 psig
'«ék. Catalyst concentration 2g/500 cc oil

Catalyst presulfided

No CS2 added to reaction medium

Reactant 0.85 wt% quinoliné
in white o0il

Autoclave stirring speed 1250 rpm




TABLE XXI

KINETIC MODEL ANALYSIS FOR CATALYSTS EVALUATION

First Order Correlation _ Zero-Order Correlation
Rate Constant, Coefficient, Rate Constant X 105, Coefficient,
|4 g, g mole (Q + THQ)_
Catalyst THQ + Q,gcaTl;'g—_m or Toi1-Jcatalyst -r
Pun HNo.
1020 1.08 0.993 4.42 0.979
1022
0.950 0.997 4.10 ¢.985
1022
0.687 0.976 3.41 0.961
1021
0.578 0.989 2.86 G.978
éyanimid
HulG-150) 1017 '
0.319 0.982 1.70 0.979

09



TABLE XXITI

INITIAL QUINOLINE CONCENTRATION: LOADED VERSUS PREDICTED BY
KINETIC MODELS

!
I

Quinoline Initial Quinoline Iaitial Duinoline
Concentratlgn Concentration Concentration
Loaded X 10 1st Order Model X 106 zero Order Model X 106
. g mole g mole g mole
,/ 90il 9oil 904l
l,' Catalyst Run Ho.
Bi-tu/Rly95
(ferizan Cyaninid
HUS5-35) 1020 64.65 63.57 61.69
Ui-U/Al,0 :
[HALZO 1;7—350) 1022 67.59 61.10 59.80
Hi-H/R1504
fiarsinaw Lii4303) 1022 68.14 66.61 65.68
Gi-9/S109-R14)
fi'arshaw U14301 1021 67.53 62.88 62.26
Co=Me/hly9,
(irericar Cyanimid
EL53-16A) 1017 67.74 60.83 60.62

19
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that the pseudo first-order model fits the data

better than the pseudo zero-order model; however,

the zero-order model's correlation coefficients indicate
that this model fits the data reasonably well. Table
XXI indicates that the HDS-9A catalyst had the highest
rate constants,and thus, was the ﬁost active for the
hydrodenitrogenation of quinoline at these reaction

conditions.

Figures 14 to 33 present graphs of the pseudo
first-order kinetic analyses, pseudo -zero-order kinetic
analyses, rates of quinoline hydrogenation, and con-
centration profiles for the catalyst survey experiments.
Appendix E coﬁtains detailed concentration profiles

for the catalyst survey experiments.
B. Hydrodenitrogenation of Acridine

Several experiments were made to study the
hydrodenitrogenation of acridine. First, a series of
experiments weré performed to find conditions (tem-
perature and pressure) with which the reactivity of
acridine could be studied. .The range of conditions
covered was 340 to 374°C and 500 to 2000 psig. These

experiments were also used to identify reaction pro-

ducts using mass spectroscopy. Another set of experi-



- v

-

R A .
Y e AR e a Mt 20 i i pbasad

Lo

/

63

70

60

50

40

A 108

gmele
Son
s

Cria +Q) CONCENTRATION,
: S
1

10 L N N R D DR
0 20 40 60 80 {00 120 140 160 180
REACTION TIME, MINUTES
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ments was performed to evaluaté the presence of any
significant mass transfer effects. An autoclave reac-
tor stirring speed range of 500 to 1250 rpm was
scanned for possible significant gas-liquid mass
transfer resistances. A range of catalyst particle
sizes of 90 Jm to 2751pm was scanned for possible
significant intraparticle mass transfer effects.
All the eﬁpe;iments concerning the evaluation of
maés transfer effects were performed at 342°C and
500.psig. Finally, a blank (no catalyst) reactor
experiment was performed over a temperature range of

340 to 380°C and a pressure of 500 psig to analyze

the intrinsic reactivity of acridine.

The search for a suitable chroﬁatographic
column with which to analyze the nitrogen-containing
reaction products of acridine took place during the
same time period that the reaction experiments were
performeé. A column that could resolve all’the reac-
tion products was never found. Apiezon L (2% KOH)

was finally chosen so that estimates of some of.the
product distributiqns and an estimate of total nitro-
gen removal could be obtained from some of the experi-

ments. Further discussion of these analytical problems
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is presented in Appendix F. Since the column search

. took an excessively long time (about 6 months) and

was not totally successful, analysis of all the acri-
dine experiménts discussed‘in the preceeding paragraph
was not possible. Analyseé of only 2 experiments

in the first series of experiménts (reactivity condi-
tions search) were obtained and reported in this

thesis.

Reaction conditions for the two experiments
for which analysis of reaction products was seﬁured
are shown in Table XXIII. The nitrogen-containing
reaction products were extracted from the oil (proce-=
dure in Appendix G) and were analyzed on the gas
chromatography-mass spectrometer sysfem. There were
no products in the experiment at the less severe condi-
tions (Run 1042) that were not present in the experi-
ment at the more severe conditions (Run 1050). There-
fore, further presentation and discussion of the identi-

fication of reaction products concerns Run 1050.

A total of 16 nitrogen-containing reaction
products including acridine were present in the ex-
tract. A pseudo-chromatogram of these products is

shown in Figure 34, This figure is a condensation of
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TABLE XXIII

REACTION CONDITIONS FOR THE ANALYZED ACRIDINE EXPERIMENTS

Run Number . 1042 1050

Temperature, °C 342 : 353

Pressure, psig 500 2000

Reactant 0.5wt% acridine in White oil
. n-hexadecane

Catalyst - {2g/500 cc oil]

Catalyst Particle Size [140-200 mesh (QOAPm)]

Catalyst Presulfided Yes

C82 added to medium - : 0.05 wt%
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several chromatograms run on a 10 foot Apiezon L

(2% KOH) chromatographic column at various tgmpera—
tures between 120 and 200°C. The figu;e is representa-
tive of the relative concentrations of the compounds
present and of the degree of resolution obtained. As
shown in Figure 34, six compounds were identified as
to molecular structure and the remaining compounds
were assigned a molecular weight. The molecular
structure was assigned based on mass spectral fragmen-
tation patterns given in Appendix I. Mass spectra

for the six identified compounds are shown in Figures

35 through 40. More details about the mass spectro-

"scopic analysis and the problems incurred are presented

in Appendix 'H. Detailed mass spectra and mass spectral

fragmentation patterns are presented in Appendix I.

A chromatogram of a reactor sample for Run
1050 (353°C and 2000 psig) is shown in Figure 41.*
The numbers assigned to the peaks refer to the compound
assignments in Figure 34. Figures 42 and 43 present
compound distributions for Run 1042 (340°C, 500 psig)
énd run 1050 (353°C, 2000 psig), respectively. The

total nitrogen curve in Figure 42 indicates that essen-

* Chromatographic conditions are given in Table XV
in Chapter II.
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tially no nitrogen is removed at 342°C and 500 psig

(Run 1042) over a 360 minute period. However, the total
nitrogen curve in Figure 43 indicates that there was

a significant rate of nitrogen removal at 353°C and

2000 psig (Run 1050). Figure 44 presents a pseudo
first-order kinetic analysis for the total nitrogen

removal data for Run 1050 (353°C, 2000 psig). The

rate constant was 0.51 Joil
dcatalyst-min

.coefficient of correlation was -0.918. Detailed con-

and the

centration and reaction condition data for Runs 1042
and 1050 are presented in Appendix J. There were two
experimental problems associates with Run 1050 (353°C,
2000 psig). First, the temperature rose at least

20°C above 353°C between the reaction sample taken

at 180 and at 240 minutes. Second, all the acfidine'
had undergone hydrogenation before the catalyst was
injected into the reactor. Although all the acridine
had undergone hydrogenation, there was no nitrogen
removal since the measured total nitrogen concentration
at zero time was the same as the amount of acridine
initially loaded into the reactor. Figures 43 and 44
indicate that the initial reactor samples had this

total nitrogen concentration. However, Run 1042
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(342°C, 500 psigqg) had approximately the same initial
.acridine concentration loaded as Run 1050, and the
total nitrogen curve in Figure 42 indicates only about
e ' R
one-fifth remained in the initial reactor samples.

This difference is attributed to an error in the.amount

- loaded; the important observation for this is the

lack of nitrogen removal over a six hour period.
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CHAPTER 1V
(w:
DISCUSSION OF RESULTS

A. Hydrodenitrogenation of Quinoline

The blank reactor experiments indicated that
the reactivity of gquinoline is negligible in the
absence of catalyst. Therefore, this experiment
insured that the observed kinetics are a measure of
catalyst activity and are not a result of thermal or

wall-catalyzed reactions.

The extracted first-order rate constants
describing the disappearance of the lumped group
of guinoline plus 1,2,3,4-tetrahydroquinoline were
reproducible within 2%; however, reactor reprodubi-

bility will be discussed further with respect to the

mass transfer effects experiments.

The mass transfer effects experiments
indicated the possibility of significant intraparticle
mass transfer resistances for a catalyst particle size
range of 90 to 275 jm and of significant gas-liquid

mass transfer resistances for a stirring speed range

100
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of 750 to 1250 rpm. The possibility of significant
intraparticle mass transfer resistances is based on
the fact that different catalyst particle sizes

(90 Pm versus 2;;/pm) led to pseudo first-order rate
constants for the disappearance of the lumped group
of quinoline plus 1,2,3,4-tetrahydrogquinoline which
differed by slightly over 20%. Values of the Thiele
modulus were 0.329 (275 pm), 0.057 (125 pm) and 0.030
(90 pm). Thus, the effectiveness factor'calculations,
which were based on the diffusion of the lumped group
of quinoline plus 1,2,3,4-tetrahydroquinoline, indi-
cated there were no significant intraparticle mass
transfer effects. This contradiction could be ex-
plained by poorer run to run reproducibility than was
reported in the reactor reproducibility experiments.
The contradiction could also be explained by ques-
tioning the validity of the effectiveness factor
calculations. The disappearance of the lumped group
of quinpline plus 1,2,3,4-tetrahydroquinoline was
shown to follow pseudo first-order kinetics quite
Qell, and the effectiveness factor calculations were
based on the premise that a power law, irreversible

kinetic analysis is valid. If the estimate of the

effective diffusivity was changed by 50% so as to
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obtain a larger estimate of the Thiele modulus, the
conclusions drawn from the effectiveness factor cal-
culations would remain the same. Therefore, it appears
that the effectz;eness factor calculations are rather
insensitive to the estimate of the effective diffusi-
vity. This result may also imply that the experi-
ments were conducted in an intrinsic kinetic regime

far from significant diffusional effects. The pos-
sibility of significant gas-liquid mass transfer
resistances is based on the fact that one experiment
(Run 1015; 125 Pm) in the catalyst particle size
survey did not produce a rate constant for the lumped
group of quinoline plus 1,2,3,4-tetrahydroquinoline
that had an intermediary value with the experiments

run with catalyst particle sizes of 90 um and 275 Jam
(Runs.lOlG and 1017). This was attributed to the lower

stirring speed of Run 1015.

The statistical analysis (correlation coef-
ficients) for the catalyst survey indicéted that
pseudo first-order kinetics represent the rate of
removal of the lumped group of quinoline plus 1,2,3,

4-tetrahydroquinoline very well over the ranye

0 to50% conversion; however, pseudo zero-order
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kinetics also yield reasonable results. The reaction
’ i
network for the hydrodenitrogenation of quinoline : '

in the absence of carbon disulfide is shown in Figure

45, Shih (1976) completed experiments in which car-

bon disulfide was present in the reactor to maintain.

a sulfided catalyst and found a reaction network for

quinoline as shown in Figure 46. The rate constants -

shown in Figure 46 are based on a pseudo first-order

kinetic analysis. This network is similar to that

’ ]
reported by Goudriaan (1974). Figure 1l presents
Goudriaan's reaction network. There are differences

in the two proposed networks. Goudriaan found partial-

ly hydrogenated ring species, such as propylcyclohe-

xene, and l-amino-2-propylcyclohexene, present while

Shih did not. Also, Shih proposed alternate routes

for the hydrogenolysis of 1,2,3,4-tetrahydroquinolinev F
involving n-propylaniline and gamma-phenylpropylamine;
however, .these compounds were never detected in a

reactor mixture.

Figure 46 indicates that gquinoline hydroge-

nates very quickly to form 1,2,3,4-tetrahydroquinoline,

and equilibrium is established. Quinoline also hydro-

genates at a measurable rate to 5,6,7,8-tetrahydro-
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quinoline, which is very unreactive. Thus, for
guinoline £he hydrogenation of the nitrogen-containing
ring is much fafter than.the hydrogenation of the .
benzene ring. This can be explained by the higher
eiectronegativity of the nitrogen atom. Its unshared
electrons increase the electron density and conse-
quently activate the nitrogen-containing ring.
Another explanation is that the basic nitrogen atom
enhances adsorption of the nitrogen~containing ring
Sn the catalyst surface and promotes hydrogenation

of this ring. The steric hinderance arising from the
(non-planar) puckered conformation of the saturated
ring may create difficulties for adsorption on the

catalyst surface, reduce the rate of adsorption,

and thus retard activity.

The removal of nitrogén probably takes
place via cracking of the saturated nitrogen-containing
ring based on bond strength and resonance stabiliza-
tion arguments. Roberts et al. (1971) report that
the carbon-nitrogen single bond has an energy of 73
kcal/mole while the carbon-nitrogen double bond has

an energy of 147 kcal/mole. Also, the reactivity of.

the aromatic nitrogen-containing ring should be
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further reduced because of resonance stabilization.

Figure 46 shows that CS when added to the

2t
reaction medium®to maintain the catalyst in a sul-
fided state, promoted the formation of 5, 6,7,8-

tetrahydroquinoline to a measurable concentration.
This intermediate was not observed in the catalyst

survey experiments in which CS, was not added to the
2

reaction medium.

Another key point concerning Figure 46 is
that the reaction time for the experiment was 13
hours. The concentration profiles of o-propylaniline
and decahydroquinoline presented in Chapter III for
the catalyst survey show that in a reaction time of
4 hours the concentratiomnsof these compounds were
still increasing and had not reached their maximum
values. These concentrations should pass through
a maximuun and then decrease to allow a meaningful
kinetic analysis to be performed to extract rate con-
stants for the formation and depletion of these com-
poundé. This was the case for the 13 hour experiment

represented in Figure. 46.

Figure 46 indicates that possibly the hydro-
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genation of 5,6,7,8-tetrahydrogquinoline to decahydro-
quinoline and the cracking of 1,2,3,4-tetrahydro-
quinoline are thg{raterlimiting steps, A summary of
rate-limiting stéps reported in the literature was

presented in Table VII in Chapter I of this thesis.

At approximately the same reaction conditions (350-

' 400°C; 3000 psig) Aboul-Gheit and Abdou (1972) also

found that the rate-limiting step was the cracking
of 1,2,3,4-tetrahydrogquinoline. Doelman and Vlugter
(1963) found that the hydrogenolysis of o-propylani-
line was rate-limiting, but they used pure quinoline
as a reaction medium. ~More importantly, both of the
above-mentioned studies used a cobalt-molybdenum
catalyst while the results presented in Figure 46
vere for a nickel-molybdenum catalyst. lHowever, it
should he noted that the concept of one discrete
rate-limiting step for a reaction network containing
several parallei and series steps is not always clear

cut and definitive.
B. Hydrodenitrogenation of Acridine

The most difficult experimental problem
concerning the hydrodenitrogenation of acridine was

finding suitable and convenient gas chromatographic
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-;onditions for the quantitative analysis of nitrogen-
containing reaction products. This goal was never
achieved using packed column ‘technology (See Appendix
F) and, thereforé, many acridine reactor e;periménts
which were performed were not analyzed and reported.
It is hopéd that future developmental work at ﬁhe
University of Delaware on the application of open
tubular gas chromatogr;bhic columné will be successful
in solvihg this problem. Recently, an 0V-101 wall-

coated capillary column has been found to be satis-

factory for the acridine reaction sample analysis.

Of the 16 nitrogen-containing reaction
products 6 were identified according to compound
structure. A compound with a molecular weight of
201 indicates that alkyl transfer reactiéns ¢can take

place for acridine similar to that reported for

. qguinoline by Goudriaan (1974). The problems associated

with the identification of the reaction products using
mass spectroscopy are described in Appendix H. A
preliminary reaction network based on the six identi-

fied compounds is presented in Figure 47. Of the 16

nitrogen-containing compounds 5 compounds cah be mea-

\

sured quantitatively in the reactor samples. These
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CRACKED PRODUCTS

Figure 47. Preliminary Acridine Reaction Network:
353°C and 2000 psig (Run 1050);
Ni=-Mo/Al.0, (American Cyanimid HDS-9A)
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:?}»‘ are acridine, 1,2,3,4-tetrahydroacridine, 1,2,3,4,
{‘? 9,10,13,14-octahydroacridine, sym-octahydroacridine,
and per-hydroacridine. The compounds assigned

only a molecular weight are probably cra¢£23 products.
Since the quinéline experiments indicated that com-
pounds with partiélly hydrogenated aromatic rings
i3 were not formed, it is unlikely that compounds of
f@i this nature are present in.the acridine experiments.
}Q At the experimental conditions.of 340 to 355°C énd

E7 4 : ‘500 to 2000 psig o-(methylenecyclohexane)aniline
appeared only in trace amounts in the reactor samples
;L;' over a reaction time period of 12 hours. The other

. 3 nitrogen-containing compounds assigned only a mole-
=i"£- cular weight appeared only in small quantities in the

reaction samples and either were not detected or were

fused with other major GC peaks.

‘&}" : A The experiment (Run 1042) run at 340°C and
fi&; 500 psig for 6 hours indicates that several species
‘Q';a' are'probably in equilibrium (refer to Figure 42).

After 80 minutes 6f reaction time the concentration
ratio of 1,2,3,4-tetrahydroacridine to acridine is

QTQ constant. {A.3) and the ratio of 1,2,3;4-tetrahvdro-

acridine to 1,2,3,4,2,10,13,14-octahydroacridine is
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constant (1.7). Also, the concentration ratio of

sym-octahydroacridine to 1,2,3,4-tetrahydroacridine

is approximate%y constant (9.6), but‘there is more
scatter in these data. The experiment run at 353°C
and 2000 psig (Run 1050) for 12 hours did not show
these trends; however, reactor samples taken before
the injection of the catalyst indicated that acridine
had essentiallyv reacted completely to partially
hydrogenated forms. This problem is serious with
respect to calculating detailed kinetics for each
species based on cétalyst activity, and it was the
impetgs for the blank reactor (no catalyst) experi-
ment, which has not been analyzed. A serious problem
associated with Run 1042 (342°C, 500 psig) is that
the £otal nitrogen content of the initial reactor
samples taken shortly after injection of the catalyst
was only 20% of the initial acridine concentration
loaded into the reactor. However, regardless of this
problem there was no total nitrogen removal over a
360'minute reaction time period for Run 1042 (refer

to Figure 42).

The pseudo first-order kinetic analysis

performed on the total nitrogen concentration for
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Run 1052 (3535C, 2000 psig) led to a rate constant of

doil

0.51 —

: , and the guinoline experiment
Jcatalys
run at 342°C and.500 psig (Runs 1021 and 1031) led

to a total nitfogen removal ratec constant of 0.41

Jdoil . Dr. Shih has conducted quinoline

-m
gcatalyst

experiments at 342°C and 2000 psig which led to a total

. : : 90i
nitrogen removal rate constant of 0.76 01l —

qcatalyst—mln
These rate constants indicate that the total nitrogen’

removal rates for quinoline and for acridine are the

same order of magnitude.

Since no nitrogen-containing cracked pro-
ducts for acridine rose to significant, measurable
concentrations, it would appear that the cracking
of hydrogenated species of acridine cculd be the rate-
limiting step in tﬁe hydrodenitrogenation of acridine.
This also implies the only significant cracking step
probably involves perhydroacridine. The bond strength
arguments used in the analysis of the quinoline ex-
periments can be applied to the acridine experiments.
The carbon-nitrogen single bond (73 kcal/mole) .is
weaker than the carbon-nitrogen dnuble bond (147

kcal/mole). 1In the quinoline experiments no cracked

products of decahydroquinoline were formed in measur-
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able concentrations, and in the acridine experiments
no cracked products of perhydroacridine were formed

" in measurable cogcentrations. Both of these compounds
have only carbon-nitrogen single bonds, and any of
their cracked products are probably very reactive.
o- (methylenecyclohexane)laniline is less reactive
than any cracked products of perhydroacridine because
of resonance stabilization of the carbon-nitrogen bond
with the aromatic ring. Therefore, since this compound

was not formed in measurable concentrations in the

acridine experiments, the cracking step through

. 2

1,2,3,4,9,10,13,14-octahydroacridine is not signifi-

cant.

4 N N
- T, D %) - -
L e - -y o ke i
s o g h -

bt
>

A'catalyst with better hydrogenation capa-

bilities would promote the formation of reactive carbon-

- . r .
par e For Y Bawkst P <

nitrogen single bond compounds and, thus, increase
18 the rate of acridine hydrodenitrogenation. However,
this would increase hydrogen consumption. Therefore,
;; '; a catalyét which could selectively crack the stronger
- ' carbon-nitrogen double bond without hydrogenating the
aromatic ring wouldvbe better for industrial hydro-
denitrogenation operations. Also, compounds such

as decahydroquinoline and perhydroacridine are not
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planar molecules and have several conformations.

Steric hindrances can result which decrease the re-
activity of thesipcompounds. A catalyst which possibly
has stronger adsérption capabilities to overcore these
steric hindrances would improve its hydrodenitroge-

nation capabilities.




CIIAPTER V

CONCLUSIONS AND RECOMMENDATIONS
A. Conclusions

1. The reactor reproducibility was measured to
be better than 2% based on a pseudo first-order ki-
netic analysis for the lumped group of quinoline plus

'l,2,3,4—tetrahydroquinoline.

2. Effectiveness factor calculations for the
guinoline experiments indicated that there were no
significant catalyst pore diffusion effects for the
catalyst particle size range 6f 9O.Fm to 275 jm;
however, kinetic analyses on the lumped group of
quinoline plus 1,2,3,4-tetrahydroguinoline indicated
there were differences bhetween the catalyst particle
sizes. These experiments also indicated the possibi-
lity of significant external mass transfer effects

in the autoclave stirring speed range of 500 to 1250

rpm.
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.+ 3. Nitrogen-containing reaction products for

(¥
gquinoline hydrodenitrogenation at 342°C and 500 psig
were 1,2,3,4-tetrahydroquinoline, o-propylaniline,
and decahydroquinoline when the catalyst was presul-
fided but when no carbon disulfide was added to the
reaction medium to maintain the catalyst in the fully

sulfided state. In experiments with carbon disulfide

present 5,6,7,8-tetrahydroquinoline was formed.

4. In quinoline hydrodenitrogenation at 342°C

‘and 500 psig quiroline and 1,2,3,4-tetrahydroquinoline

are in thermodynamic equilibrium.

5. The total nitrogen removal rate for gquinoline
follows pseudo first-order kinetics quite well over
the 0 to 50% conversion range at .342°C and 500 psigqg.

Pseudo zero-order kinetics fit almost as well.

6. The disappearance of the lumped group of
quinoline plus 1,2,3,4-tetrahydroquinoline follows

pseudo first-order kinetics.

7. For quinoline hydrodenitrogenation at 342°C
and 500 psig the following ranking of catalysts in

order of decreasing activity was observed: Ni-Mo/
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21,05 (American Cyanimid HDS-9A), Ni-W/Al,05 (NALCO

NT-550) , Ni—W/A1203 (Harshaw Ni4303), Ni—W/SiOZ—AlZO3

(Harshaw Ni4301)4 and Co—Mo/A1203 (American Cyanimid
HDS-16A) .

8. The presence of hydrogenated and partially

hydrogenated reaction products probably implies that

acridine must be hydrogenated. before cracking and

heteroatom removal occurs. This is supported by

bond strength arguments which state that the carbon-

nitrogen single bond is weaker than the carbon-nitro-

gen double bond.

9. The appearance of so many reaction products

(16) for acridine hydrodenitrogenation implies that
there are many paths possible fcr heteroatom re-
moval, However, the most significant cracking step
is probably through perhydroacridine. This is
supported by bond strength arguments and by no signi-

ficant measurable concentration of a cracked product

in the reaction medium.

10. Identified nitrogen-containing reaction

products for acridine hydrodenitrogenation were

1,2,3,4-tetrahydroacridine, 1,2,3,4,9,10,13,14-octa-
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hydroacridine, sym-octahydroacridine, perhydroacri-
dine, and o- (methylenecyclohexane)aniline. The pre-
sence of a reaction product with a molecular weight
~of 201 indicateﬁvthat alkyl transfer reactions can

‘occur. ’

1l1. A preliminary reaction network for acridine

hydrodenitrogenation is presented (Figure 47, p.110).

12, Quinoline and acridine have total nitrogen-

removal rates which are the same order of magnitude.

13. The cracking of hydrogenated species of
acridine 1is probably the rate-limiting step in the

reaction network.
B. Recommendations

1. The reactor reproducibility for the 300 cc
autoclave reactor should be studied further in a
series of 3 to 5 experiments. If the reproducibility
approaches 20%, then the effectiveness factor cal-
culations are probably valid and no significant intra-
particle mass transfer resistances are present in
the catalvst particle size range of 90 to 275 Jam.

If the reactor reproducibility is much better than

B T e ]
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20%, then the effectiveness factor calculations are
suspect, and further experiments with smaller catalyst
particle sizes (less than 90 Pm) should be conducted

L .d

to find a size region in which intraparticle mass

transfer resistances are not significant.

2. A series of experiments should be made
varying the autoclave reactor stirring speed in the
500 to 2000 rpm range to find a region in which varying
the stirring speed does not effect the kinetic analy-

sis.

3. For a fairer comparison catalysts should
be prepared on supports of equivalent physical prop-

erties for evaluation of hydrodenitrogenation activity.

4. Catalyst parameters, such as metal conteﬁt and
physical properties, should be studied for their effect
on the hydrogenation and cracking steps in the hydrode-

nitrugenation of acridine.

5. Other nitrogen-containing compounds such as

substituted acridines and quinolines are desirable to

study for their hvdrodenitrogenation reactivity.
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APPENDIX A

DETAILED MATHEMATICS FOR THE PSEUDO FPIRST-ORDER AND
PSEUDO ZE$0-ORDER KINETIC ANALYSES -

PRESENTED BeLow ARE THE DETAILED
MATHE MATICS FOR THE PSEUDO FIRST-ORDER AND
THe PSeuDO ZERO- ORDER KineTic AnALYSES.

FirsT- ORDER ANALYSIS

ConsiveR ThE FouowinG RATE EXxPRESSION
DESCRIBING Te DISAPPEARANCE OF Tue LUMPED
Grovp OF QUINOLINE PWS 1,23 4-TETRARYDROQUINOLINE

r= X c) [H'JaCQ +THA ]

WHERE moles RATHR
" = RRATEOF REACTION ) Qo MMMUTE

y R
M [9 ou.] »
* RATE CONSTANT, (nle hydogen) (9 curmsrimino e

mole hudcogem
[LH]= HYOROGEN (H,_\ CONCENTRATION ) 9 o,:

= UNKNOWN CONSTANT

123
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L) = catALysT CONCENTRATION, S?:musr
1
Le+THR) = concenTRATION BF QUINOUNE PLUS

|
1,233 4 -TETRAHYDROQUINOLIN E ) vgzue-s

ASSUMING THAT THE HYDRDGEN CONCENTRATION |5
£ ESSENTIALLY CONSTANT (T CAN BE LOMPED WITH
THE RATE CONSTANT TO OBTAIN

Lt = &
R L] CTha+ g |
ASSUMING AN. IDEAL BA‘fCH REACTDR |
dCa+THR]
dt =~ T
(o] ktEc]E HR+Q ]
dle+The]
[a+The) = — | #0c]dt
CQ+Tha], ©

Wlasmin] = -R0c]t + QMEQWHQ]
WHICH IS IN THE FDRM

lj—"-':AX‘i‘B_
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AND THUS A LINEAR REGRESSIDN ANALYSIS Can
BE APPLIED To OBTAIN ESTIMATES OF THE PSEUDO
FIRST- ORDER RATE CONSTANT, &, AND THE
InimAL ConegnTraTION, (R+THRD, & |

ZERO-ORDER ANALNSIS
CONSIDER THE FOLLDWING RATE EXPRESSION

DESCRIBING THE DISAPPEARANCE OF THE LUMPED
GROULP OF QLINOLINE PLLS |,243;4 - TETRARYDROGUIN —

DLINE

a
r= &' = Rk
AcAIN, ASSUMING IDepL BATCH REACTOR BEHAVIOR |
d(e+THR)
dt | = -

INTEGRATING

[R+The] = - Rt + [Q+THa],
WHICH |S IN THE FORM
Y = Ax +B
AGAIN, A LINEAR REGRESSION ANALYSIS CANBE
APPLEDTO OBTAIN ESTIMATES OF R AND [R+THE), .
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APPENDIX B

CONCENTRATIONPPROFILES FOR REACTOR REPRODUCIBILITY
EXPERIMENTS
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_ APPENDIX C

EFFECTIVEﬁ%SS FACTOR CALCULATIONS

Tue BEFFECTIVENESS FACTOR CALCULATIONS WERE
BASED ON."THE METHODOLOGY PESCRIBED IN
MASS TRANSFER IN HETEROGENEOUS CATALYSIS BY
C.N. SATERFIELD, AL PAGE NUMBER GITATIONS IN
TWiS APPENDIX REFER TD -THIS "ROOK .

TWE EFFECTIVENESS FACTOR CarcuLATiONS ARE
BASED ON THE TISAPPEARANCE AF THE LUMPED
GROUP OF QUINDLINE PWS h23,4 - TETRANYDRD ~
QUINOUNE . EXPERIMENTAL TPATA HAVE BEEN

SHOWN To FOLLON PSEUDD FIRST- ORDER KINETICS .
FIRST, THE MOLECULAR DIFFUSIVITY FoR L23,4-TETRA-
RYDROQUINOUNE IN WHITE OIL AT 342°C MusT BE
ESTIMATED,

-3

.{,*- T ‘\OS\L‘D T

N pl8 STKES-EmsTEN Dy = AL
B | CORRELATION]
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FOR 1,2,3,4-TETRAHVDROQUINOLINE (THAL)

U é(@mN-n- WO, et O vrsocens —

-(?DO}N AMTHALENE RING STRUCTURE.

= W80
i O .osmo"“_][342+2.‘13°|<] o 5 ewt
Bra™ [p.o0256] [ 11.5] 3 =5.24%0  sec

NOTE: THE ViscoSITY (1) AND MOLECULAR WEIGHT
OF WHITE OIL AT 342°C. WERE ESTIMATED
BY THOMAS! METHOD AND BY ASSUMPTION OF
A CieHeo PARAFFIN g RESPECTIVE LY,

SINCE “THE CATALYST PROPERTIES WERE NOT
AVAILABLE FOR AMERICAN CYANIMAD'S HDS-\6A
CATALYST) T WAS ASSUMED THAT HDS-16A
RAD SIMILAR PROPERTIES OF HDS-3 CATALYST,
A NICKEL-MOLY  AMERICAN CYANIMWD CATALYST

PORE Vowme 0.6 “7q

SURFACE AREA @0 "4

COMPACTED BULK DENSITY 432 \b/%‘ |
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P 66
T = TORTUOSITY FACTOR = 415
6 = VOLUME FRACTION VOIDS = 0.354-
SO THAT THE EFFECTIVE PIFFUSIVITY BRECDMES
'DT;\Q e -6 ow;"
'DNQE: ~ = 3.91xi0 /sec,

Nex'r') THE THIELE MODULUS CALCULATION

A

R 1. dn) L
P42 o= UV k)T, TR sPHERiCAL

GQEOMETRY

& = TWELE MOPLLUS

R = CATAST RMIUS
Ve= CATALYST VOLUME
d%it= RANTE OF REACTION , areles e

Cy = REACTANT CONCENTRATION (DenTAlNsT sugrace

BASED ON 0.8 CATAWST LOADED IN REACTOR

0.63
Vo= "0.8%c= lDcc

—— -y
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RUN 1015 (125 i)
4 ~ ESTMATE oF "4t
s FROM APPENDIX D

@t=7Tmim ~ CQ¥THR] = 6o,o+mo"’ %&—b’

@t=90min Ca+Thal = s4.08x10" %
£ dan . (60.04-5409)x107
dt

- maS ™ mb @10¢)(0.6%4 Fee)

= _2.096x0 " ™%,

_ (60.04+ 54.08) xm’"% quele
= - (0048 %) = 3.697010°° “cc

~ I?_ano"°
RE (10" ") = 62.5%10° % em

-
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APPENDIX F
ANALYTICAL PROBLEMS WITH THE GAS CHROMATOGRAPHIC )
ANALYSIS OF NITROGEN~CONTAINING ACRIDINE REACTION
PRODUCTS '

This work concerned the development of suit-
able gas chromatographic conditions (stationary
phase, temperature, flowrate) for the guantitative
analysis of nitrogen-containing acridine'reaction
products using a Perkin-Elmer 3920B gas chromatograph
with a nitrogen specific detector. Many different
stationary phases were invesﬁigated and rejected
for various reasons. Table A-F-1I presents a list
of some of the stationary phases investigated and a
summary of the reasons for rejection. Figures A—F—l
through A-F-5 present chromatograms on several sta-

tionary phases for an acridine reaction sample.

There were several reasons for rejecting a
stationary phase. First the acridine reaction sampie
was known‘to have at least five major compounds, and
the.statibnary phase should be capable of having
these well—resolvéd. Second, the compound peak shapes

should approach a Gaussian distribution and, therefore,

' R
‘
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TABLE A-F-I

STATIONARY PHASES INVESTIGATED FOR THE ANALYSIS OF NITROGEN-CONTAINING
EEACTION PRODUCTS

$‘- . *
X Stationary Column Thermal . Reasons for
. Phase Limit, °C Rejection

Apiezon L (2% KOH)
on 80/100 Chromosorb

WAW 6' X 1/8" ss 225 Resolution
SAME AS ABOVE 17' X 1/8" ss 225 Detector Sensivity

H
SAME AS ARBOVE 5' X 1/8" G 225 Resolution &
60/80 Chromosorb-103 5' X 1/8" SS 300 Resolution, excessive

' retention times
SAME AS ABOVE 6' X 1/8" ss 300 _ SAME AS ABOVE
SAME AS ABOVE 5' X 1/8" G 300 - SAME AS ABOVE
10% UC-w9s8 6' X 1/8" ss 250 Resolution, slight
tailing

Carbowax 20M (2% KOH)
on Chromosorb WAW  10' X 1/8" SS 225 Resolution, tailing

Tenax 6' X 1/8" ss 375 Resolution

G
SS

Glass column
Stainless steel column
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yARBITRARY UNITS

1

SIGNAL STRENGTH

J U U
B | la |é L0
TIME,MINUTES

Figure A-F-1,. Chromatogram of Acridine Reaction Sample
(Run 1041-10) on a 5' x 1/8" Apiezon L
(2% XOH) : 180°C, 30 cc/min.
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Figure a-F-3.

SIGNAL STRENGTH y ARBITRARY UNITS
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Chromatogram of Acridine Reaction
6' X 1/8" Chromosorb 103: 250°C,

25

Sample (Run 1041-10
30 cc/min.

) on
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Figure A-F-4,
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Chromatogram of Acridine Reaction Sample (Ruh 1041-10)
on 6' X 1/8" SS UC-W98: 160°C, 30 cc/min.
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have no severe tailing. Next, the compound reten-
tion times should not be excessively long, which was
defined as greater than 45 minutes to 1 hour. Next,
the temperature required to meet the above constraints
should be at least 25°C lower than stationary phase
thermal stability limit as suggested by the manufac-
turers. Finally, the nitrogen-specific detector

is very sensitive to flowrate, and the flowrate
required for the above constraints should not be so

high as to significantly decrease the detector's

'response. Also, it was recognized that a stainless

steel column could contribute to the various prob-
lems stated above, especially resolution and

tailing; however, the'supply of glass columns was not
sufficient to investigate every stationary phase

using glass.




APPENDIX G

EXTRACTION PROCEDURES

The following is a detailed procedure for
the extraction of nitrogen-containing reaction pro-

ducts of acridine from white oil.

1. Extract nitrogen-containing compounds

from white o0il using 3-300 cc washings with

0.1M HC1.
5.2 2. Wash HCl solution with 3-100 cc portions
;;g— of ether.

3. Neutralize HC1l solution with 0.1M NaOH
;?:g- ' to a pH of 13. Solution should become

;.i\ : cloudly.

| 4. 'Cool neutralized solution in ice bath.
R 5. Extract nitrogen compounds from neu-
g&{- tralized solution using 3-100 cc portions
f{;' of ether. |

’?:' - 6. Wash ether solution with 100 cc of

§ saturated Naci solution.

3§f,’ 7. Dy ether solution over anhydrous

- magnesium sulfate.

6. Filter ether solution.
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9. Strip ether under reduced pressure and
ambient temperature.

10. Ruﬁ white oil chromatogram to make
sure allinitrogen-containing compounds were
extrgcted. - (Note: No nitrogen-containing

compounds were ever found in the white oil

after extraction).




. _ APPENDIX H

MASS SPECTRAL PROCEDURES AND PROBLEMS

A. Procedure

1. Predetermine gas chromatographic condi-
tions.

‘ A
2. Run sample on chromatograph-mass
spectrometer system.
3. As soon-'as a compound peak passes through
the gas chromatograph thermal cdnductivity
detector (monitored ;isually on the mass
spectrometer oscilloscope for appearance
of fragmentation éattern).
4. Monitor the total ionization until it
is maximum.

5. Record spectrum with computer software.

In most cases 10 scans were taken and averaged.
B. Discussion

1. Well-resolved compounds yielded good
mass spectra. |
2. For fused peaks spectra were taken over

the entire area in question and then sub-

A}
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tracted from each other to yield reasonably
good mass spectra if the peaks were in about
-the same concentration.
3. Traéé amount; of compounds before or

- after a compound in large concentration could
not be determined by mass spec.
4, Gas chromatographic preparatory work was
done to isolate various sections of the ex-

' £ract so that these sections could be chroma-

tographed at various conditions to optimize
résolutiqn.

5. Mass spectral structure assignments

were made using standard literature fragmen-

tation patterns as models. A published

PRI A T

spectrum was available for acridine. When
original compounds were available (acriaine
and sym-octahydroacridine), their spectra
were obtained using the mass spec.direct

introduction probe.
C. Limitations

1. Mass spectroscopy yvields information
about moleéular’weights and compound struc-

tures; however, isomers have to be confirmed

P e AR PRt S maclibet
D T >

Wt e o B
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by other means.
2. If the structures of two compounds are
very.similér} fused peaks yielded molecular
weight igformatioﬁ.

3. Many compounds do not give a molecular
ion and lowering ionization voltage to re-

trieve this information was not always

successful.



APPENDIX I

MASS SPECTRAL FPAGMENTATION PATTERNS FOR ACRIDINE
NITROGEN-CONTAINING REACTION PRODUCTS
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ANILINE TYPE STRUCTURES UNDERGO o< CLEAVAGE

OF SIDE CHAIN AS DOMINANT PROCESS YIELDING THE ..
AMINOTROPYLIUM ION AND ALSO FRAGMENTATION OF

THE AROMATIC NITROGEN BOND
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o-(METHYLENE CYCLOHEXY D) ANILINE
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COMPOUND 1

S INTENSITY % BASEPEAK X TOTAL IONIZATION

2004 11,78 1.12

S22 3.43 0.33
1753 10,2 0.38
3280 19.73 1.e3
8213 S1.45 4.93
17130 108,80 9.59
4359 25.23 2.46
6ir? 5,08 3.0
18543 €3.33 6.97
33:2 23.01 2.21
6388 7.7 3.57
3028 17.€5 1.69
16137 24.20 .03
3482 20.18 1.93

34,54 3.31

4.84 0.45

11.24 1.08

1.69 0.12

12.81. 1.23

- 1.6

3.5

3.2

0,55

: 4.1
: 1.23
1 0.42

L 1.28

a0

1,60
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E COMPOUND 2

rss INTEHSITY # BRSEPEAK # TOTAL JONIZATION

3 7.3 1224 i 3 2.22
.0 4234 25.12 ?.66

4 3.0 16355 120,69 500 :
32.0 137 54,52 16.€:
3 3.9 343 2.97 0.63

33.9 2233 1357 414

2.9 637 3.5 115

<=, 4526 25,85 8.13

5510 2514 14.3] 4.5

7.0 2123 1253 3.85

132.1 6113 36,30 11.08

153, 1 5184 30.75 9.38
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COMPOUND 3

MASS INTENSITY X BASEPEAK * TCTPL TONIZATION

4 12.4
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COMPOUND 4

MS5 INTENSITY X BRSEPERK
1313 7.2
2588 1%.3z
16853 109,09
1781 19,44
TaEg ad, ag
oo 15,42

2714

-

AR e . W < i

* TOTAL 1ONIZATION

o
Wb)'d:rw)l.bl—
“ o~

SRS o=

4G r)

LRI

S R
b on G

VOO ey
L run -
W=

'J!.R'J'.E‘
=2
LwS

S

» V’m‘h

croe

Tt e



T HITREEE R USRS U O L - R ———
165
COMPOUND 5§

MA3S INTENS I TY % BRSEPEAK * TOTAL IONIZATION
273 1409 8.23 2.55
28,1 17003 105,04 21.00
28.2 1132 .0l y 2.17
0.2 3095 17,62 S.48
32 6657 33,13 12. 14
35.1 4231 24.83 7.72
35.1 1052 p §.13 1.92
E “l.1 4224 24.84 7.70
3 %21 260 1.58 0.47
E7.4 851 S.a0 1.55
183.¢0 13643 20.24 24.88
154.2 1323 7ot 2.41
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COMPOUND 6

' MAE5 INTENSITY & BHEEFERI % TOTRL IOMIZATION

: 25.0 1284 7.52
23,1 55 3.42 f:‘:g
3.1 754 3,43 1.48 :
4 3101 4ig3 28.36 9.34
42,0 285 1.52 .58
S304 514 3.05 1.91
53,1 93 0.53 e.19
£, 224 1,35 0.€5 :
] £5.1 1674 11 3.62
] 6. 1 1355 7.77 2.56 i
‘. 67.1 1358 11.04 3.63
: g%, 229 1.8 0.63
K 811 2327 155 4.56
i €2.1 G a, 1.3:.2
5.0 : A% 0.9
P By N | 1.u3
1550 32.97
! > &§.43
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COMPOUND 7 (Per Hydroacridine)

MIES INTENSITY % BASEPERK % TCTAL 10NIZATION

674
1767

15533
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COMPOUND 8

rcs INTENSITY % BASEPEAY X TOTAL 10N IZATION
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COMPOUND 9

INTENSITY % DRIEPEAK X TOTAL 1011ZATION

14,55 0.%
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COMPOUND 10

(1 URR A TS B R KR A 0L InHIZATION

Ll sl By O =1y s,
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COMPOUND 11 (o-(methylenecyclohexane)aniline
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COMPOUND 12 (Sym-octahydroacridine)

MRSS
INTENSITY X BASEPERK = TOTARL IONIZATION
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CoMPOUND 13 (1,2,3,4,9,10,13,14-octahydroacridine)
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COMPOUND 14 (1,2,3,4-tetrahydroacridine)

MASS INTENSITY % BATEPCAK ¥ TOTAL IONIZATION

1831

D W
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COMPOUND 15 (Acridine)

MASS INTENSITY % BASEPERK X TOTAL IONIZATION

25.9 441 1.22
#549 soa 3,65
S so0 1,31
5%:9 112 212
2.9 220 1,61
se.p 4,53
£2.9 3.5
= .14

2t
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COMPOUND 16

MasS INTENSITY X BHCEPEAX X TOTAL 10MIZATION
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"APPENDIX J
CONCENTRATION PROFILES FOR ACRIDINE EXPERIMENTS
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