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PREFACE 

This report was prepared by Exxon Research and Engincerir~g Com- 
pany, Linden, New Jersey, for the Department of Energy under Con%tact 
DE-ACI9-79-BCIO045. The program was monitored by Dr. Dennis ~. ~rinkman 
of the Bar t lesv i l l e  Energy Technology Center. 

The program covered a two-year e f fo r t  over the period From t,%y I ,  1979 
to June 30, 1981. The principal investigators were Dr. John ~l. Frank.enfeld 
and Dr. Will iam F. Taylor assisted by ~.Ir. Robert L. Bruncati. A F i rs t  Annual 
Report covering the work done in the period May I ,  1979 to Apri l  30, 1980 was 
published in February 1981 (DOE/BC/IO045-12). This Final Report contains 
the results of the second year of e f f o r t  (May I ,  1980 to June 30~ 1981) and~ 
in addit ion, describes the results and conclusions of the total  txo-year pro- 
gram. 

i i  
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ABSTRACT 

This report summarizes a multi-year study on the storage stabi l-  
i t y  of synthetic fuels derived from oil  shale and coal. A variety of or- 
ganic nitrogen, sulfur and oxygen compounds were evaluated for their tenden- 
cies to promote sediment in hydrocarbon fuels under accelerated storage 
conditions. Three types of diluents were employed in model compound studies 
representing fuels of increasing complexity. These were pure n-decane, 
petroleum-derived je t  fuel of the Jet A type, and No. 2 diesel fuel. In 
addition, several middle d is t i l l a te  fuels derived from actual shale liquids 
were tested and the results compared to the model compound studies. The 
fuels and fuel mixtures were stored at llO°F (43.3°C) and 150°F (65.5°C) in 
the dark. Sediment formation was determined gravimetrically. During the 
course of this work a modified storage s tab i l i ty  test was developed which sig- 
n i f icant ly improved the accuracy of sediment determination. 

The effects of nitrogen compounds on sediment formation, observed 
previously in pure hydrocarbon systems, were confirmed in broad range fuels. 
The most deleterious species to fuel s t a b i l i t y  were found to be alkylated 
heterocycl ic nitrogen compounds. The most reactive compounds were those with 
two or more alkyl groups, at least one of whichwas situated on a carbon ad- 
jacent to the nitrogen. Substitut ion m the nitrogen atom or on posit ions re- 
mote to the nitrogen atom acted to reduce the tendency toward sediment forma- 
t ion. In addit ion, fusion of an aromatic hydrocarbon ring to the heterocycl ic 
ring reduced reac t i v i t y .  A typ ica l ,  highly deleterious compound which was 
studied extensively i s  2,5-dimethylpyrrole (DMP). Other nitrogen compounds, 
such as amines, amides and non-alkylated heterocycles, were non-deleterious 
when tested by themselves. However, several of these apparently harmless 
species were found to interact  with reactive nitrogen compounds to promote 
sediment formation. 

With the exception of sulfonic acids and aromatic thiols none of 
the sulfur or oxygen compounds studied produced sediment when tested by them- 
selves under accelerated storage conditions. However, some of them inter- 
acted with nitrogen compounds to either enhance (carboxylic acids) or retard 
(aromatic thiols) sediment formation. 

The nature of the diluent had a signif icant effect on sedimentation 
rate, with the most complex medium (No. 2 diesel) producing the most, and the 
simplest (pure n-decane) the least sediment with the same nitrogen compound 
under identical-storage conditions. This is apparently not due to variation 
in hydrocarbon content. Varying the amounts of dif ferent hydrocarbon types 
in the diluent by blending in pure compounds had l i t t l e  or no influence over 
nitrogenous sediment formation. 

Storage conditions affected the formation of sediment in varying 
ways. Dissolved oxygen accelerated the reaction in all cases as did increased 
temperature and l ight .  Water promoted sedimentation in diesel fuel but showed 
l i t t l e  effect in other diluents. Under conditions of the study, metal sur- 
faces exerted only a minor influence. 
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The sedimentation reaction :~ith 2,5-dimethylpyrrole ([~MP) followed 
the Arrhenius equation for temperature dependence. The apparent act ivat ion 
energy is in the range of lO-15 Iccal/mole. The sediment i t s e l f  ~ppears to be 
repeating units of p a r t i a l l y  oxidized nitrogen compound most l i ke l y  lin~:ed 
through the alkyl groups attached to the r ing. 

Actual shale-derived middle d i s t i l l a t e s  with nitrogen contents ex- 
ceeding 3000 ppm were highly unstable, Those with levels <500 ppm were stable 
for extended periods. However, there was no d i rect ,  quant i tat ive correlat ion 
between total  nitrogen content and the rate of sediment formation. 

The sediments obtained from actual shale l iquids and the i r  mode of 
formation appear s imi lar  to those from model nitrogen compounds, Analysis of 
the fuels before and af ter  storage indicated that the neutral heterocyclic frac- 
t ion (mostly alkylated pyrroles and indoles) was the only one par t ic ipat ing in 
sediment formation. 

The interact ive effects found in model compound studies were observed 
in shale l iqu ids.  However, the magnitude of the interact ion varied considerably 
depending on the source and processing history of the fuel .  

Shale l iquids from various sources were successfully blended with 
each other, with petroleum-derived fuels and with model nitrogen and sulfur com- 
pounds. S tab i l i t y  tests on the resul t ing mixtures indicated interact ions were 
occurring which must be taken into account in predict ing the storage s t a b i l i t y  
of such blends. 

x i i  



I .  INTRODUCTION 

The development of alternate sources of fuel to replace rapidly 
dwindling reserves of petroleum has become an increasingly important con- 
cern. Two of the most promising sources of such fuels are shale rock and 
coal.( iJ Although processes are available for the production of synthetic 
liquids from both shale and coal, the investment costs associated are very 
high and the fuels produced wi l l  unquestionably be signi f icant ly different 
in chemical composition from present day petroleum-derived materials. 

A major difference in composition in crudes from various sources 
is the nitrogen content. I t  is known that organic nitrogen compounds can be 
deleterious to fuel quality especially with respect to storage s tab i l i t y  as 
manifested by the formation of sediment or.sludge. However, the causes and 
the magnitude of the problems are not well defined. This is due to the fact 
that the nitrogen content of nearly al l  petroleum-based fuels is too low to 
present serious concern. As a result the problem has not been studied exten- 
sively. The situation is quite different with synthetic fuels where nitrogen 
levels can reach 3%. Removal of nitrogen is usually accomplished by catalytic 
hydrogenation. Achieving very low nitrogen levels by this process is both d i f -  
f i cu l t  and costly. As a result there is a great incentive for determining which 
nitrogen compounds must be removed to achieve a stable fuel and to what degree. 
The major goal of this project was to study the nitrogen problem in depth to 
assess its impact on future synthetic fuel processing. 

l . l  PROGRAM OBJECTIVES 

The overall objective of this program was to extend our knowledge 
of the ef fect  of the chemical composition of petroleum fuels on storage sta- 
b i l i t y  to future shale o i l  and coal-derived fuels. In addit ion, the study 
had the fol lowing speci f ic  objectives. 

Extend the study of the effects of various nonhydro- 
carbon impurities, part icularly nitrogen-, sulfur- and 
oxygen-containing compounds and metals on sediment 
formation to determine which species are deleterious 
and at what levels. 

Determine the effects of certain storage conditions 
on fuel s tabi l i ty .  

Extend studies in model systems to actual synthetic 
l iquids, such as those derived from shale and coal 
l iquids. 

Determine effects of certain processing conditions on 
storage and thermal s tab i l i ty  of actual synthetic 
l iquids. 



1.2 GENERAL METHOD OF APPROACH 

To meet the objectives detai led above, a two-year prog:,'am ,.;,as 
undertaken. The program began with a study of model compounds and pro- 
gressed through more and more complex fuel systems un t i l  i t  culminated in 
a study of actual synthet ic fuels derived from shale. 



2. TECHNICAL DISCUSSION 

2.1 TASKS TO BE PERFORMED 

The objectives outlined above were accomplished by performing the 
following tasks: 

(1) Survey and assessment of previous work impacting 
on the present study. 

(2) Extend the study of trace impurities including 
nitrogen, sulfur and oxygen compounds on storage 
stabil i ty of model fuel s. 

(3) Study of the interactions between trace impuri- 
ties. 

(4) Study effects of hydrocarbon composition and boil- 
ing range. 

(5) Study effects of water and dissolved oxygen. 

(6) Study effects of metal surfaces. 

(7) Study storage s tab i l i t y  of actual shale liquids - 
compare with model compound work. 

(8) Characterize sediment and elucidate mechanism of 
formation. 

2.2 MATERIALS AND METHODS 

2.2.1 Test Fuels 

Two petroleum-based test fuels were employed. These were a je t  
fuel from the Bayway, New Jersey Refinery (an additive-free je t  fuel meeting 
specifications of JP-8) and a No. 2 diesel fuel from the Baytown, Texas re- 
finery. In order to obtain a representative, additive-free fuel, components 
were obtained separately and blended at Exxon Research according to a recipe 
furnished,by Exxon Co., U.S.A. Inspections on these fuels are given in the 
appendix to this report (Table A-l).  

In addition, some experiments were performed using n-decane as the 
diluent. This material was the highest grade available. I t  was purified fur- 
ther by tr@atment with activated alumina to remove traces of water and polar 
compounds.(2, 3 ) 

A variety of actual shale middle d is t i l la tes  were obtained from vari- 
ous sources.(4-~) They were chosen to represent a wide range of nitrogen and 
sulfur levels and processing techniques. The sources and inspections on these 
fuels are given in Appendix Tables A-2 to A-6. 



2.2.2 Test Compounds 

Nitrogen, su l fur  and o;.~zgen compounds were purchased from commercial 
sources. Where necessary these were pur i f ied by d i s t i l l a t i o n  or c r ys ta l l i za -  
t ion and stored in an iner t  atmosphere. In the cases of "act ive" nitrogen com- 
pounds, such as 2,5-dimethylpyrrole (D~IP),monthly r e d i s t i l l a t i o n  was required. 

Al l  test  compounds were added as ppm N, S, or 0 (~t /vol)~ i . e . ,  150 
ppm DMP means 150 mg N/IO00 cc test  Fuel. 

2.2.3 Accelerated Storage Stability Test(a) 

The test  fuels were f i l t e r e d  through glass wool, followed by a medium 
f r i t t e d  disc f i l t e r  immediately before use. Each test  compound w~s weighed into 
a clean, tared, 500 ml pyrex Erlenmeyer f lask f i t t e d  with a ball  j o i n t  stopper. 
To this was added 300 ml of the test  fuel .  Duplicate samples were made up as 
well as addi t ive- f ree samples. Al l  samples were stoppered and stored in darknes~ 
at IIO°F_+ 2°F (43.3°C), 150°F + 2°F or at ambient temperature for a speci f ic  
period. The time periods of 14Tdays~ 28-days and 56-days were chosen as "standard' 
In some cases, longer and shorter periods were also employed. After storage the 
contents of the f lask were f i l t e red  rapid ly through a tared 55 ~Tl ~uchner funnel 
with a glass f i l t e r  pad. The f i l t r a t e  was stored in brown bott les under r e f r i -  
geration for  fur ther  use. The Erlenmeyer f lasks and the f i l t e r  cakes were washed 
with a small amount of reagent grade iso-octane and the washings f i l t e r e d  and 
then discarded.(b) The f lasks and the Buchner funnels were dried in a vacuum 
oven at 120°C for  I - I / 2  hours, al!owed to cool under vacuum and weighed. This 
resulted in two sediment weights:(c,d) 

( I )  Insoluble sediment (mg/lO0 ml) = Weight of Buchner - Tare 
3 

('2) Adherent sediment (mg/lO0 ml) = Weight of Erlenmeyer - Tare 
3 

Both " insoluble" and "adherent" sediment values were rout ine ly  meas- 
ured in th is program. However, i t  was found that good reproduc ib i l i t y  can be 
obtained only with " t o ta l "  sediment ( i . e .  sum of insoluble and adherent), The 
degree to which the sediment "adhered" to the walls of the test  f lasks varied 

(a) This method is a modif icat ion of that used by Brinkman, Whisman and Bowden 
" S t a b i l i t y  Character ist ics of Hydrocarbon Fuels from Alternate Sources", 
BETC/RI-78/23 (1979). One week under these conditions at IIOOF is gener- 
a l l y  considered to be equivalent to 4 weeks' storage at ambient temperature. 

(b) This can be omitted for  l i gh t  fuels such as gasoline or some je t  fuels.  
On the other hand, careful washing is important for  heavy fuels such as 
some of the shale l iqu ids .  

(c) Blank correct ions, obtained by applying the same measurements to the fuel 
without addi t ives,  are subtracted from each weight. 

(d) A tota l  sediment weight, the sum of ( I )  and (2 ) , i s  also reported; th is is 
perhaps, the most useful measurement. 
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great ly not only from test compound to test compound but also, in random 
fashion, from repl icate to repl icate. As a resul t  only total  sediment values 
are discussed in the body of this report although amounts of both types are 
tabulated in Appendix B. 

In some instances, mostly in the cases of actual shale liquids (Sec- 
tion 2.5),soluble gum formation was also monitored. The steam jetmethod 
(ASTM D-381) was used for these determinations. 

A change in accelerated storage test procedures resulted in sig- 
n i f icant ly better precision among replicate samples. This change comprised a 
combination of thorough rinsing of samples with iso-octane and an improved dry- 
ing procedure. Previously samples were transferred, hot, from drying oven to 

desiccators and allowed to cool before weighing. Current procedure calls for 
turning off  the heat after l - I /2  hours and allowing both oven and samples to re- 
turn to ambient temperatures in vacuum. Reproducibility of data using the old 
procedure is shown in Appendix Table B-l. Results with the new technique are 
shown in Appendix Table B-2. The average standard error for recent experiments 
is I0%, a signif icant improvement over previous experience. Some additional ex- 
amples of typical replicate data are shown in Appendix B. 

2.3 LITERATURE REVIEW (TASK l)  

A l i terature survey of the effects of nitrogen compounds on storage 
s tab i l i t y  of both shale and coal liquids was conducted. This has been described 
and c r i t i ca l l y  reviewed in an earl ier report( T ) and wi l l  not be repeated here. 

2.4 RESULTS OF ACCELERATED STORAGE 
TESTS WITH MODEL COMPOUNDS 

As mentioned above a major goal of this work was to extend earl ier 
findings on pure compound systems to additional nitrogen compounds and to broad- 
range fuels. This section deals with storage s tab i l i ty  tests with various pure 
nitrogen, sulfur and oxygen compounds alone or in combination, dissolved in je t  
fuel and No. 2 diesel as well as pure n-decane. 

2.4.1 Effects of Various Nitrogen Compounds 
on Sediment Formation in Broad-Range 
Fuels (Task 2) 

Two sets of experiments were carried out with single, pure nitrogen 
compounds. The f i r s t ,  using various,pyr¢oles and indoles was designed mainly 
to extend earl ier model systems work{2, 3) to actual broad-range fuels. The 
second set was aimed at expanding the current knowledge to additional, as yet 
untested, nitrogen compounds. The tests were conducted by adding various amounts 

# 
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of pur i f ied model compounds to the base fuels .  The resu l t ing mixtures were 
stored in the dark at IIO°F or 150°F for  the specif ied time periods then 
analyzed for  color and sediment as described in Section 2,2.3. The classes 
of compounds employed in these studies and the i r  structures are shown in 
Figure I .  

2.4.1.1 Color and Sediment Formation with 
P~Irroles and Indoles 

The resul ts of ASTM D-1500 color tests for  various compounds of th is 
type in both No. 2 diesel and JP-8 fuels for  up to 56-day period~ are given in 
Appendix B. At the s ta r t  of the current program these tests were run rout inely 
with a l l  compounds and fuels.  However, i t  soon became apparent that th is  test 
was a f a i r l y  tedious one, discriminated very poorly among test  compo,jnds and w~s 
la ter  abandoned. Most pyrroles and indoles developed color on standing to som~ 
degree.. The more active compounds such as 2,5-dimethylpyrrole (DMP)~ 1,2,5- 
t r imethy lpyrro le  (TMP) and 2,4-d imethyl -3-ethylpyrro le gave colors too dark to 
measure in a few days. Color formation, however, was a poor ind icator  of poten- 
t i a l  sediment formation. Active compounds showed considerable color at once 
while many inact ive ones exhibited l i t t l e  or none. Other th~n th i s ,  no d i rec t  
corre lat ion between color and sediment formation could be discerned. 

One general izat ion emerged, however; color development was more rapid 
in No. 2 diesel fuel than in e i ther  j e t  fuel or pure n-decane feY the same com- 
pounds and condit ions. 

The quant i t ies of total  sediment ( insoluble plus adherent) obtained 
with various pyrroles and indoles in the three model fuel systems are given in 
Table I .  Averages of 3-15 repl icates are shown. More complete data are pre- 
sented in Appendix B.* These data i l l u s t r a t e  the magnitude of the problems 
that could be caused by some of these compounds. As l i t t l e  as 150 ppm (N basis) 
of 2,5-dimethylpyrrole affords 50 mg/lO0 cc of a highly insoluble sludge in a 
month's time (equal to perhaps 4 months' ambient storage). I t  is generally 
agreed that the maximum tolerable sediment in j e t  or diesel fuels is 2-10 mg/ 
I00 cc.(8) Since shale or coal derived fuels can have many times th is  level of 
nitrogen heterocycles( i ,  7) the i r  impact on s t a b i l i t y  of al ternate fuels is ap- 
parent. The prec ip i ta t ion  of sediment in the case of DMP on 1onq storage, in 
fac t ,  is nearly equal to the amount of nitrogen compound charged~ Since i t  ap- 
pears that only the nitrogen compound is involved in sediment formation (see 
Section 2.4.6) th is amounts to an essent ia l ly  quant i ta t ive react ion. 

I t  is clear that the nature of the d i luent  has a s ign i f i can t  e f fec t  on 
sediment formation with the quant i t ies increasing as the model fuel becomes more 
complex (broader bo i l ing range) and less pure. This is much more marked with 
2,5-dimethylpyrrole (DMP) but is also noticeable wi th 1 ,2 ,5- t r imethy lpyr ro le  
(TMP) and with some indoles, especial ly  3-methylindole. The re~son for  these 
var iat ions is not yet known. I t  may be due to dif ferences in the hydrocarbon 
content of the fuels (bas ica l ly  solvent ef fects)  or, more l i ke ly~ to the pres- 
ence of trace impuri t ies which promote sediment formation. Such impur i t ies 
would be more prevalent in the more complex fuels.  

Results in Table 1 are for IIO°F; data at other temperatures are given in 
Section 2.4.5.1. 
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TABLE 1 

SEDIMENT FORMATION WITH VARIOUS PYRROLESAND 
INDOLES AFTER STORAGE AT IIO°F IN VARIOUS TEST FUELS(a) 

Ni t rogen Compound 

Level Total Sediment ~g/lO0 cc)(b) 
Added 7 14 28 56 80 112 

(ppm N)(c) Days  Days Days Days Days Days 

Normal Decane 

2,5-Dimethyl pyrrol e 
(DMP) 

750 - -  44.1 I02 .0  

DMP 

1,2,5- Tri me thyl pyr ro I e 
(TMP) 

2-Methyl i ndol e 

3-Methyl i ndol e 

Jet  Fuel 

1500 - -  108.5 313.7 586.3 - -  
750 - -  61.3 140.5 260.8 327.9 
150 - -  0.8 18.3 41.2 - -  
750 - -  33.3 I03 .9  219.0 - -  
150 - -  7.7 13.5 21.6 - -  

1500 - -  Trace 14.6 25.9 - -  
750 - -  0.4 I I  .4 14.9 - -  
150 - -  0 Trace O. 5 - -  

1500 - -  4.0 l .0 0.3 - -  
750 - -  l . l  0.9 0.9 - -  
150 - -  O.l l .0 0.5 - -  

~ m  

~ m  

~ m  

Q ~  

m ~  

m B  

~ m  

m m  

m ~  

m ~  

DMP 

TMP 

2 , 4 - D i m e t h y l - 3 - e t h y l -  
p y r r o l e  
Pyr ro le  
l - P h e n y l p y r r o l e  
l - M e t h y l p y r r o l e  
2 - M e t h y l i n d o l e  

3 -Me thy l i ndo le  

Indo le  
1 , 2 - D i m e t h y l i n d o l e  
2 , 3 - D i m e t h y l i n d o l e  
2 , 5 - D i m e t h y l i n d o l e  

Carbazole 

No. 2 Diesel 

1500 - -  192.8 397.0 795.8 . . . .  
750 24.7 85.6 245.8 362.0 422.6 - -  
150 - -  23.9 40.9 74.5 89.5 - -  

1500 - -  82.6 . . . . .  - 
750 . . . .  l l 7 . 1  . . . . . .  
150 - -  16.0 28.4 66.9 . . . .  

1500 - -  19.8 26.3 . . . . . .  

1500 - -  0.7 3.0 l .0 . . . .  
1500 . . . .  0 0 . . . .  
1500 - -  0 0 0.7 - -  (d) 
1500 - -  Trace 13.0 26.4 . . . .  

750 - -  0.4 9.8 15.0 . . . .  
150 - -  2.0 5.0 3.2 . . . .  

1500 - -  0.7 0.5 4.5 . . . .  
750 - -  0.2 0.2 1.7 . . . .  
150 - -  0 O.l l . l  . . . .  

1500 - -  Trace I .  4 l .  0 . . . .  
1500 - -  0 0 0 - -  2.9 
1500 - -  0 Trace 6.4 - -  22.0 
1500 - -  0 Trace 3.2 - -  8.6 

1500 - -  0 0 0 . . . .  

(a) Dark s to rage ;  average o f  2-10 r e p l i c a t e s ;  more complete data in  Appendix B. 

(b) Sum of  i n s o l u b l e  and adherent  sediments - see Appendix B; co r rec ted  f o r  
b lanks (d i ese l  o n l y ) ;  b lank c o r r e c t i o n s :  14-Day O, 28-Day 0 .5 ;  56-Day 0.5 
mg/l O0 cc. 

(c )  Based on N i t rogen ,  i . e .  150 ppm means 150 ppm n i t r o g e n  not 150 ppm p y r r o l e ;  
wt/volume b a s i s ,  i . e . ,  150 ppm mg N/lO0 cc d i l u e n t .  

(d)  A f fo rds  about 9 mg/lO0 cc on 120 days' s to rage .  
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Plots of sediment formation vs time for  DMP stored in JP-8 8t IIO'F 
are given in Figure 2 and for No. 2 dies--el in Figure 3. Figure 4 shows simi lar  
plots for  TMP. The range of repl icates for each point is shown to indicate 
the spread in the data. Good reproduc ib i l i t y  is especial ly true for  storage 
in j e t  fue l .  These plots i l l u s t r a t e  i;he l inear  response invar iably obtained 
in these experiments. This is consistent with ea r l i e r  observations with DMP 
and various other compounds under dark storage condit ions.(  ~ ~ )  L~gn;" ' i storage 
affords quite d i f fe ren t  curves(Z, -~) and indicates a d i f fe ren t  reaction mechanism. 

2.4.1.2 Studies with Other Nitrogen 
Compounds 

The results of accelerated storage tests v~ith nitrogen compounds other 
than pyrroles and indoles are summarized in Table 2. Structures for the com- 
pounds are presented in Figure I. Shown in Table 2 are the tota l  sediments 
formed; color tests and a breakdown of total  sediment into insoluble and ad- 
herent are given in Appendix B. The sediments from these compounds tended to 
be more tacky than those obtained from pyrroles and indoles. Consequently most 
of the sediment obtained was of the adherent type. Most of the compounds tested 
produced some sediment, at least at long-storage times. However, none :~ith the 
possible exception of 3,5-dimethylpyrazo]e approached the levels of sediment 
afforded by the more active pyrroles. Many of these compounds are basic. Once 
again i t  is worthwhile to point out that they are not nearly so active as the 
non-basic pyrroles and indoles. 

2.4.1.3 Correlation of Chemical 
Structure and React iv i ty in 
Sediment Formation 

Figure 5 i l l u s t r a t es  our current knowledge concerning the re la t ive  
ac t i v i t i e s  of nitrogen heterocycles. The various compounds studied so far are 
clustered in groups according to the i r  rea l t ive  tendencies toward sediment for -  
mation under storage condit ions. These range from extremely reactive (Group I) 
to essent ia l ly  inact ive (Group IV). Several things must be borne in mind when 
making these comparisons: ( I )  of a l l  material studied only heterocycl ic n i t ro -  
gen compounds have afforded measurable sediment under these condit ions; aromatic 
and a l iphat ic  amines, amides, and n i t r i l e s ,  tested by themselves, ,,~ere uniformly 
inact ive;  (2) these generalizations ao~ly to compounds tested by themselves (see 
Section 2.3.2 for  in teract ions) ;  (3) these results apply to lovz temperature stor- 
age in the dark; heat and especial ly l i gh t  can s i gn i f i can t l y  change the order 
of r eac t i v i t y .  Although isolated exceptions occur the trends run clear.  The 
most active compounds are non-basic nitrogen heterocycles with one or more alkyl  
groups, at least one of which is located on a carbon adjacent to the nitrogen 
atom. 

The influence of various structural  features is further i l l u s t r a ted  by 
comparing the re la t ive  ac t i v i t i e s  of various compounds wi th in the same class. 
This is shown in Figure 6 where representative pyrroles,  indoles and quinolines 
are given in descending order of r eac t i v i t y .  The fo l lowing generaiization~ can 
be drawn: 
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FIGURE 2 

SEDIMENT FORMATION FROM 2,5-DMP IN JET FUEL STORED AT I IO°F 
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FIGURE 3 

SEDIMENT FORMATION WITH 2,5-DMP IN NO. 2 DIESEL STORED AT IIO°F 
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FIGURE 4 

SEDIMENT FORMATION WITH. I,2,5-TRIMETHYLPYRROLE (TMP) IN NO. 2 DIESEL AT IIO~F 
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TABLE 2 

EFFECTS OF VARIOUS ALKY~ATED I'~ITROGEN HETEROCYCLES 
ON SEDIMENT FORMATIO~ IN NO. 2 DIESEL FUEL( a ) 

Total Sediment (mg/lO0 cc.) After(  b ) 
Nitroge n Compound(C! 28 Days 56 Days I12 Days 

I .  Pyrazole 

3-Methyl(d) Trace 1.0 1.0 
4-Methyl 0 0 0.2 
3,5-Dimethyl(d) 0 Trace 80.9 

I I .  Pyrazine 

2-Methyl (e) 0 1.0 --  
2,3-Dimethyl 0 Trace 0.7 
2,5-Dimethyl 0 Trace 2.0 
2,6-Dimethyl 0 Trace 0.6 

I I I .  Pyrrol idine 

N-Methyl(e) 0 0 30.0 
2,5-Dimethyl 0 Trace I I . 5  

IV. Piperazine 

N-Methyl 0 0 5.1 
N,N-Dimethyl 0 0 1.2 
2-Methyl 4.0 7.0 --  
2,5-Dimethyl 0 Trace 17.9 
2,6-Dimethyl 0 Trace 24,3 

V. Isoquinoline 0 0 0 

VI. Quinoline 

2-Methyl (Quinaldine) 1.8 4.0 5.0 
2,6-Dimethyl 0 Trace 5.7 
1,2-Di hydro-2,2,4-tr imethyl Trace 16.6 --  

VI I .  Piperidine 
2-Methyl Trace Trace i3.2 
3-Methyl Trace Trace 15.7 
2,5-Dimethyl 0 0 2.1 
2,6-Dimethyl 0 0 3,8 

V I I I .  Misc. Heterocycles 

7-Azaindole 0.3 8.7 --  
2-Methylbenzoxazole 0 Trace Trace 
2-Methylbenzothiazole 0 Trace Trace 
3-Methylpyridazine 4.2 4.0 --  

IX. Non-Heterocyclic N Compounds 

n-Undecylcyanide 0 0 Trace 
Trioctylamine 0 0 0 
~ -To l y l n i t r i l e  0 0 Trace 

(a) See Figure 1 for  structures and numbering systems; storage at IIO°F 
in dark; more detai ls in Appendix ~. 

(b) Sum of insoluble plus adherent sediment; corrected for blank; average 
of 3 repl icates unless otherwise noted. 

(c) Added at 1500 ppm N level (wt /vo l ) .  
(d) Six repl icates. 
(e) Two repl icates. 
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FIGURE 5 
STRUCTURAL EFFECTS ON SEDIMENT FORMATION 
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Alkyl groups are essential for significant react iv i ty 
in model compounds; unsubstituted heterocycles in- 
variably gave negligible amounts of sediment in these 
tests. 

The positions adjacent to nitrogen are by far the most 
reactive. Compare 2,5-dimethylpyrrole to a l l  other 
pyrroles and 2-methylindole to 3-methylindole. 

• More than one alkyl group generally increases react iv i ty,  
especially i f  two or more are on carbons adjacent to 
nitrogen. 

• Substitution on the nitrogen decreases act iv i ty ;  compare 
2,5-dimethyl p~-role with l ,2,5-trimethyl pyrrole, l -methyl - 
pyrrole with pyrrole i t se l f ,  1,2-dimethylindole with 2- 
or 2,3-dimethylindole, etc. 

Unsaturation in the molecule seems to enhance reactivi ty 
but is not an essential prerequisite. Pyrroles are defi- 
ni tely more reactive than the corresponding pyrrolidines. 

Symmetrical, highly aromatic compounds, appear less re- 
active than their hydrogenated or par t ia l ly  hydrogenated 
counterparts (compare piperazines and piperidines and 1,2- 
dihydro-2,2,4-trimethylquinoline with alkylated quinolines). 
In addition, condensed aromatic structure (e.g. indoles) 
are much less active than noncondensed heterocycles such as 
pyrroles and pyrazoles. 

Overall, i t  is clear that the most reactive compounds are unsaturated 
nitrogen heterocycles with multiple alkyl groups with at least one group being 
located adjacent to but not on the nitrogen atom. 

2.4.2 Studies with Oxygen and Sulfur 
Compounds 

A variety of sulfur and oxygen compounds are known to be present in 
shale and coal l iquids.(~) Representatives of the most prevalent types were 
investigated to determine whether (1) they could form sediment by themselves or 
(2) they could interact to enhance or retard sediment formation by nitrogen com- 
pounds. The compounds studied are shown in Figure 7. 

None of the purely oxygen-containingspecies, tested by themselves, 
exhibited any tendency toward sediment formation; nor was any color developed 
with any of these compounds. 

A summary of accelerated storage tests performed with sulfur compounds 
is given in Table 3. Even at levels up to 3000 ppm S, only E-thiocresol and 
E-toluenesulfonic acid afforded measurable sediments even on" long-term storage. 
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FIGURE 7 

SULFUR AND O,,IGEN COMPOUNDS USED IN SEDIMENT 
FORNATI 0~I STUDIES 
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TABLE 3 

ACCELERATED STORAGE TESTS WITH SULFUR COMPOUNDS (a) 

kO 

Sulfur Compound (b) 

Benzylphenyl Sulfide 

Benzyl Disulfide 

t-Butyl Sulfide 

Dodecanethiol 

Thianaphthene 

p-Thiocresol 

p-Toluenesulfonic Acid 

Total..Sediment(c) (m~/.lO0. cc) in Fuel 
No. 2 Diesel 

28 Day 56 Day 16Q Day 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 20.7 

15.5 1609.6 -- 

Jet Fuel 
28 Day 

0 

0 

0 

20.0 

56 Day 

0 

0 

0 

(a) Storage at IIO°F. 

(b) Present at 3000 ppm S level (wt/vol). 

(c) Sum of insoluble and adherent deposits; 
average of 3 replicates. 



The former gave a small amount of sediment a f te r  5 months at l lO°F but none 
pr ior  to that time. The p-toluenesulfonic acid however, afforded copious 
amounts of black tar  a f ter  56 days' storage. These results are quite d i f f e r -  
ent from those from thermal s t a b i l i t y  studies which have sho~n that most of 
the compounds in Table 3 can produce ~ ign i f i cant  amounts of carbonaceous 
deposits at temperatures above 3 0 0 ° F . ~  Thus, i t  appears that su l fur  com- 
pounds of the type studied are re l a t i ve l y  iner t  at IIO°F, but much more re- 
active at higher temperatures. Sul f ides,  d isu l f ides and th io ls  are known to 
decompose to form reactive free radicals at temperatures >200°F.(~, ~ )  As a 
resu l t ,  appreciable sediment may be produced at higher temperatures (>200°F) 
or, perhaps, on prolonged storage (>5-6 months) at IIO°F which would be equiva- 
lent to approximately two years at ambient temperatures. 

I t  appears from these studies that most common oxygen and su l fur  com- 
pounds are not by themselves deleterious to fuel s t a b i l i t y  when present as 
trace impuri t ies ( i , e .  at 3000 ppm or less).  However, in teract ion experiments 
have indicated that some of these compounds can influence nitrogenous sediment 
formation. These studies are described in Section 2.4.3 below. 

2.4.3 Interact ions Between Pure 
Compounds (Task 3) 

Interact ions may be quite "important to storage s t a b i l i t y  of synthgt ic 
fue ls ,  especial ly those derived from shale and coal l iqu ids .  Previous work£~,~,,~l 
has indicated that certain compounds, ~hich do not produce sediment by themselves, 
can contr ibute to or st imulate sediment formation in others ( "pos i t ive"  i n te r -  
act ion) .  In some instances, some materials in teract  to i n h i b i t  sediment forma- 
t ion ("negative" in te rac t ion) .  Interact ion studies were conducted with both 
model compounds and with actual shale-derived fuels.  The l a t t e r  are discussed 
in the section on shale l iqu ids below. 

2.4.3.1 Interact ions Between Pairs 
of NitroBen Compounds 

The results of a study to determine whether N-N interact ions can 
occur under conditions of dark storage are given in Tables 4 and 5. These re- 
sults are summarized and the i r  s igni f icance analyzed in Table 6. In order to 
determine whether an in teract ion actua l ly  occurred the data were analyzed by 
means of 2 x 2 fac to r ia l  experiments. A typical  design involving DMP and iso- 
quinoline is shown in Figure 8. The analysis shown in Figure 8 indicates a l i k e l y  
posi t ive in teract ion a f te r  28 days and clear cut in teract ion ~f ter  56 days. Thus, 
a f te r  56 days the to ta l  sediment obtained with both nitrogen compounds together 
(127.5 mg/lO0 cc) was more than double the sum of the two which would be expected 
i f  they acted independently (61.8 mg/lO0 cc .T[-To determin~ the signi f icance of 
the resu l ts ,  the data were subjected to Students " t "  t es t , {  i~) Results of s ig- 
nif icance tests are also summarized in Table 6. Plots of typical  posi t ive in te r -  
actions are shown in Figure 9. Those shown are DMP interact ing with isoquinol ine 
and tr ioctyl 'amine. Although s ign i f i can t ,  these interact ions are re la t i ve l y  mild 
compared to interact ions between two species both of which are deleterious (e .g , ,  
DMP and TMP). 
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TABLE 4 

NITROGEN-NITROGEN INTERACTION STUDIES WITH PYRROLES DURING 
llO°F STORAGE IN NO. 2 DIESEL AND JET FUELS 

t ~  

Level Added 
Nitrogen Compound (ppm N)(a) Fuel 

2,5-Dimethyl pyrrol e (DMP) 150 Diesel 
" 750 
" 150 Je t 
" 750 

l ,2,5-Trimethylpyrrole (TMP) 150 Diesel 
" 750 ' 
" 150 Jet 

Pyrrol e 1500 Diesel 

1 -Methyl pyrrol e 1500 Diesel 

DMP 150 Diesel 
P1 us TMP 150 

DMP 150 Jet 
Plus TMP 150 

DMP 150 Diesel 
Plus Pyrrole(e) 1350 

DMP 150 Di esel 
P1 us l -Methyl pyrrol e 1350 

Total Sed.!,ment (mg/lO0 cc) (b) 
14D#ys 28 Days 56 Days 

23.9 40.9 74.5 
85.6 245.8 362.0 
--  18.3 --  
-- 140.5 -- 

16.0 28.4 34.6 
-- l l7.1 -- 
--  13.5 -- 

- -  3.0 5.0(d) 

73 Days 

97.I(C) 
4lO.O(C) 

53.7(c) 
330.7(c) 

6.0(d) 

0 0.7 

64.9 98.1 164.3 

56.3 

21.8 57.2 71.2 

31.3 

(a) Wt/vol basis; see Figure I for structures. 

(b) Sum of insoluble plus adherent; corrected for solvent blanks;average of 3 replicates unless 
otherwise noted. 

(c) Extrapolated. 

(d) Estimated. 

(e) Six replicates. 



TABLE 5 

INTERACTIONS INVOLVING PYRROLES, INDOLES AIID OTHER NITROGEN COMPOUNDS (a) 

I.evel Added 
~ e r l  ~ m l d  (b) __ ( p _ ~ )  Fuel 

2-Ne tliyl i~dole 1500 Diesel 
750 
750 Jet  

3-Nethyl indole 1500 Diesel 
75O 

Ir ioctylamine 1500 Diesel 
Jet  

Trip'ropyl amine 1500 Diesel 
Jet 

Isoquinol ine 1500 Diesel 
Jet 

I]bIP 150 Diesel 
Plus 2-P.~thyl indole 1350 

DblP 750 Diesel 
Plus 2-[I~+thyl iridole 750 

IJ~,~P 750 Jet 
Plus 2-r.+ethyl indole 750 

2-I.t~thyl i n d o l e  ~0 D i e s e l  
Plus 3-1,l,-~thyl indole 750 

DMP 150 Diesel 
Plus 3- l . le thyl  i n d o l  e 1350 

DI~P 150 Diesel 
Pl us Isoquin~l ine 1350 

DI4P 150 JC't 
Ph~s Isoquinol  ine 1350 

D~,I}:' 150 Diesel 
Pl us  T r i e c t y l a m i n e  1350 

D/,~P 15o & ' t  
Plus 1rioct.vlamine 1350 

PIu':, Tril:u+opyl,~mir~i? 1350 

JZ+~.IH i t+O ,h~t 
Plu+~ Tril_+ropyl,~mi no 1350 

TF~<i :' 150 Oi;~.:,el 
I-'he_ I ~ q u i n o l  ine 135i] 

I o t a l  Sedii~ierit ~ ! 0 0  c c ) / c )  
14 O ~  28 O____ aV._~s 56 _LI~L ! 73 Uays 

-- 13.0 26.4 19 5 'd'x J 
0.4 9.8 15.0 Z7"0 'd'~ ~ 
-- II .4 - -  . 

-- 0 . 5  4 .5  
0 . 2  1 .7  

0 o O I} 

-- 0 0 0 

0 O 0 0 
--  0 0 0 

0 0 0 0 
-- 0 0 O 

__ 15.0 (e) 27.3 ( f )  

91.7 103.3 -- 8 3 . 3  

_ =  

139.7 -- 

0.2( r ) 0 . 3 ( r )  

4B.~(e) 94.o (el 

54.g (el 127.5 (e) 

441.0 

32.9 --  9~ .3 

49.g (e l  115.8 (e l  - -  

17.5 

3'L;, 5+ - - 9 ? .  4 

17 .8  - -  6~+7 

3 5 . 5  ( e )  - -  67.8 

I~ I  Scu l.~blL' ~ f o r  +b+rug+ det..:dl':+. 
S~++ -~ T~bl~:~ 1 or  .~ fo r  ~,7,:li~ii~'rlt |:l'O+? [ it̀ X> ,rod llgP t+~stcd alon~. Levels ar~_+ on ~ b,Jsi:. (wE/vo l ) .  

(c) Ave,-~ge of 3 replicate.+, urtles.~, oth~,'~i~e ~oted~ toi:al s~_diment p_, su~, c,f in.:oluble F+Iu~ ~dh+~',-,:,t. 
(d) E, traL.~latcd. 
(e l  Si~ repl ic .~tus.  
(l-) Two repl icates. 



Fuel 

Diesel 

Diesel 

Diesel 

Diesel 

Diesel 

Diesel 

Diesel 

Diesel 

Diesel 

Diesel 

Jet 

Jet 

Jet 

Jet 

Jet 

TABLE 6 

SUV~ARY OF N-N INTERACTION STUDIES (a) 

Compound A Compound B 

DMP TMP 

DMP l-Methylpyrrole 

DMP Pyrrole 

DMp (d) 2-Methylindole (d) 

DMP (e) 2.Methylindole (e) 

DMP 3-Methylindole 

Time Type(b ) 

14 Pos, 

28 Pos. 

56 Pos. 

28 Neg. 

28 Neg. 

56 Neg. 

17 Neg. 

28 Neg. 

56 Neg. 

14 None 
28 Neg. 

73 .Neg. 

28 Pos. 

50 Pos. 

DMP Trioctylamine 28 Pos. 

56 Pos. 

DMP Tripropylamine 28 None 
73 None 

TMP Isoquinoline 28 Pos. 

73 Pos. 

2-Methylindole 3-Methylindole 28 Neg. 

56 Neg. 

DMP TMP 2B Pos. 

DHP 2-Methylindole 28 None 
73 Pos. 

DMP Tripropylamine 28 None 
73 Pos. 

DMP [soquinoline 28 Pos. 

73 Pos. 

DMP Trioctyl amine 28 None 

Significance (c) 

Highly signif icant 
(t  = 30; p <.005) 
Significant 
( t  = 6.7; p <.Ol) 
Highly signif icant 
( t  = 33; p <.005) 

Significant 
( t  = 19; p <.05) 

Highly signif icant 
( t  = 15; p <.005) 
Significant 
( t  = lO; p =.05) 
Highly signif icant 
( t  = 26; p <.005) 

Highly signif icant 
( t  = 52; p <.005) 
Significant 
( t  = 6.5; p =.05) 

Significant 
( t  : 3.2; p <.05) 
Highly signif icant 
( t  = 132; p <.DO5) 

Doubtful 
( t  = l .g ;  p =.Of) 
Significant 
( t  = 5.2; .0257 • p • 
.Of) 

Doubtful 
( t  = 0,6; p <O.l) 
Significant 
( t  = 4.6; p =.Of) 

Doubtful 
( t  = 5 .5 ;  p = .ozs) 
Highly signif icant 
( t  = 34; p <.005) 

Highly signif icant 
( t  >lOO; p <.005) 
Highly signif icant 
( t  = 86; p <.005) 

Highly signif icant 
( t  = 18; p <.005) 

Doubtful 
( t  = 8; p = .05) 

Doubtful 
( t  = 3; p =  .o5) 

Highly signif icant 
( t  = 20; p <.005) 
Highly signif icant 
( t  = 20; p <.005) 

(a) Three or more replicates; 110°F storage; DMP = 2,5-dimethylpyrrole, 
TMP = 1,2,5-trimethylpyrrole (see Tables 4 and 5 for storage data). 

(b) Pos = "positive" interaction, two compounds together give more 
sediment than sum of same compounds tested separately; neg = 
"negative", two compounds together give less than sum of same com- 
pounds separately. 

(c) Students ~ "t" test (Ref, 12, Sec. 4). 

(d) DMP at 150 ppm N; 2-methylindole at 1350 ppm N. 

(e) Both at 750 ppm N. 
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FIGURE 8 

2 x 2 FACTORIAL ANALYSIS OF AN INTERACTION BETWEE~C 
2,5-DIMETHYLPYRROLE (A, 150 ppm) AND 

ISOQUI.NOLINE (B,. 13.50 F!P~.) IN NO. 2 DIESEL(a) 
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FIGURE 9 

N-N INTERACTIONS 
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These resul ts suggest that in teract ions can occur between various 
ni t rogen-contain ing species. These have important impl icat ions for  fuel 
s t a b i l i t y .  Certain compounds, for  example t r ioc ty lamine and isoquinol ine,  
whi le r e l a t i v e l y  innocuous when present alone can contr ibute s i g n i f i c a n t l y  to 
sediment formation in the presence of compounds such as DMP. On the other 
hand, some mater ia ls ,  such as 2-methyl indole, may ac tua l ly  have a s tab i l i z i ng  
e f fec t .  The resul ts of the tests with 2-methyl indole are especia l ly  in te res t -  
ing and surpr is ing.  They indicate a s t a t i s t i c a l l y  s ign i f i can t  "negative" or 
s t ab i l i z i ng  e f fec t .  This includes the in terac t ion  between 2-methylindole and 
3-methyl indole. Other "negative" in teract ions include those between DMP and 
both pyrrole and l -methy lpyr ro le .  In nearly a l l  cases interact ions which were 
o r i g i n a l l y  discovered in No. 2 diesel were confirmed by studies in j e t  fue l .  
The few exceptions were of doubtful s ign i f icance.  

The causes of these in teract ions are, as ye t ,  unknovm; nor can one 
f ind any cor re la t ion  between the structures or propert ies of compounds and 
the i r  tendency to in te rac t .  However, since in teract ions are also observed in 
actual shale l i qu ids  (see Section 2.5) they are important and should not be 
overlooked. 

2.4.3.2 Interact ions Between Nitrogen 
Compounds and Sul fur  or Oxygen 
Compounds . . . . . .  

Previous work suggested that important in teract ions can occur between 
nitrogen and su l fu r  or oxygen compounds.(Z,~,7, i i )  Several of these in terac-  
t ions were "negative" ( i . e . ,  s t a b i l i z i n g ) .  A number of experiments were per- 
formed in the present program to test  fo r  these in teract ions in broad range fuel~. 
Results of these are given in Table 7. The in teract ions discovered and the i r  ~ig- 
n i f icance are summarized in Table 8. The t h i o l s ,  espec ia l ly  the aromatic t h i o l s ,  
gave s ign i f i can t  negative in teract ions with DMP even during long-term storage 
(see also Figure I0) .  Such in teract ions were observed in ea r l i e r  work, but the 
e f fec t  was reversed on long-term storage especia l ly  in the l i g h t . ( ~ ,  ~) I t  has 
been suggested that th is  was due to oxidat ion of the th io ls  to sul fonic  acids; the 

d former being i nh ib i t o rs  and the l a t t g r  accel~rators.(~) This viev: is ~upporte 
by a considerable body of l i t e ra tu rek  ~ o~3-~ j  in whicn data are presented which 
show that aromatic th io l s  are accelerators of sediment formation, probably via 
the i r  oxidat ion products, su l fon ic  acids. Since the resul ts of th is  program 
were qui te d i f fe ren t ,  a series of experiments were performed to confirm the pre- 
l iminary data shown in Tables 7 and 8. These are described in Section 2.4.3.3.  

Surpr is ing ly ,  no ef fects were observed with e i ther  decanoic acid or 
2 ,6-d i - t -buty lphenol  when tested with D~4P in No. 2 diesel fuel (Tables 7 and 8). 
Work in pur i f i ed  decane indicated a s i gn i f i can t  accelerat ing e f fec t  with most 
organic acids including decanoic whi le phenols were i n h i b i t o r s . ( ~  :') This seem- 
ing discrepancy was invest igated and is described in Section 2.4.3~4. I t  would 
appear from these pre l iminary studies that important N-S and N-O in teract ions 
can occur in broad-range fue ls ,  and the;; must be taken into consideration when 
processing shale l i qu ids  (see Section 2.5.3 on shale l i qu id  interact ions)~ 
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TABLE 7 

INTERACTIONS BETWEEN NITROGEN COMPOUNDS AND VARIOUS SULFUR AND 
OXYGEN COMPOUNDS IN'NO. Z DIESEL FUEL(a) 

Nitrogen Compound (ppm N)(b) 

DMP (750) 

DMP (750) 

Pyrrole (1500) 

Pyrrole (1350) 

2-Methylindole (750) 

2-Methylindole (750) 

DMP (750) 

DMP (750) 

DMP (750) 

DMP (750) 

DMP (750) 

DMP (750) 

DMP (750) 

Sulfur or Oxygen Compound Total Sediment Img/100 cc)(c) 
(pp.m S or o)(b) 7 D____Days_ ~ ~ 56 Days 

-- 24.7 85.6 245.8 362.0 

n-Decanoic Acid (lO0) 0 0 0 0 

Pyrrol e-2-carboxyal dehyde g. 2 
(I00) 

. . . .  0.7 3.0 

Pyrrol e-2-ca rboxa Idehyde -- Trace Trace Trace 
(lO0) 

. . . .  0 . 4  9.8 15.0 

n-Decanoic Acid ( 1 0 0 )  . . . .  3.0 Trace 

2,6-Di - t_-butylphenol (100) 0 0 0 0 

2,6-Di-t_-butyl phenol (I00) -- 107.7 293.5 --  

n-Decanoic Acid (lO0) --" 90.2 256.0 376.5 

Thiophenol (3000) 0 0 0 

Thiophenol (3000) 13.1 14.4 70.7 160.0 

p-Thiocresol (3000) 0 0 0 

~-Thiocresol (3000) ' 12.6 20.3 62.4 

Pyrrole-2-carboxaldehyde 0 0 0 
(100) 

B'enzylphenyl Sulfide (3000) 0 0 0 0 

Benzylphenyl Sulfide (3000) -- 95.6 216.1 -- 

n-Dodecanethiol (3000) 0 0 0 0 

n-Dodecanethiol (3000) -- 71.6 373.2 -- 

p-Toluenesulfonic Acid(d) 0 O 15.5 

p-Toluenesul fonic Acid(d) -- 71.5 233.4 -- 

(a! Storage at llO°F. 
(b) DMP = 2,5-Dimethylpyrrole; for structures see Figures 1 and 7. 
(c) Sum of insoluble plus adherent sediment; average of 3 repl i -  

cates. 
(d) Solubil i ty problems; saturated solution ~as employed. 



TABLE 8 

CO 

SUMMARY OF INTERACTIONS BETWEEN 2,5-DIMETHYLPYRROLE (DMP) 
AND S AND 0 COMPOUNDS IN NO. 2 DIESEL FUEL(a) 

Compound A 
(ppm)(b) 

DMP (750) 
DMP (750) 
DMP (750) 
DMP (750) 
DMP (750) 
DMP (750) 
DMP (750) 
DMP (750) 

DMP (750) 
DMP (750) 
DMP (750) 

DMP (750) 
DMP (750) 

DMP (750) 
DMP (750) 
DMP (750) 
DMP (750) 

DMP (750) 
DMP (750) 
Pyrrole (1350) 
Pyrrole (1350) 
2-Methylindole (750) 
2-Methylindo|e (750) 

Storage 
Time 

Compound B (ppm)(c) (days) 

Decanoic Acid (I00) 14 
Decanoic Acid (I00) 28 
Decanoic Acid (100) 56 

BenzylphenyI Sulfide (3000) 14 
Benzylphenyl Sulfide (3000) 28 
E-Thiocresol (3000) 7 
~-Thiocresol (3000) 14 
~-Thiocresol (3000) 28 
Thiophenol (3000) 7 
Thiophenol (3000) 14 
Thiophenol (3000) 28 

Dodecanethiol (3000) 14 
Dodecanethiol (3000) 28 

2,6-Di-t-Butylphenol (I00) 14 
2,6-Di-t-Butylphenol (100) 28 

Pyrrole-2-carboxaldehyde (100) 7 
Pyrrole-2-carboxaldehyde (I00) 14 

~-ToluenesuIFonicAcidl~ 1 14 
28 ~-Toluenesulfonic Acid 

Pyrrole-2-Carboxaldehyde (100) 14 
Pyrrole-2-carboxaldehyde (100) 28 
n-Oecanoic Acid (100) 28 
n-Oecanoid Acid (100) 56 

(a) Storage al: 110"F. 
(b) DMP -- 2,5-dimethylpyrrole. 

Type of 
Interact ion( d ) 

None 
None 
None 

None 
None 

Negative 
Negative 
Negative 

Negative 
Negative 
Negative 

None 
Positive 

None 
None 

None 

None 
None 

None 
Negative 

~one 
Negatiw~ 

Significance of Test( e ) 

Signi f icant  ( t  = 60; p = 05) 
Highly Signi f icant  ( t  = 13.0; p < .005) 
Highly Signi f icant  ( t  = 19.1; p < .005) 

Highly Signi f icant  ( t  = I I . I ;  p < .005) 
Highly Signi f icant  ( t  = 71.0; p < .005) 
Highly Signi f icant  ( t  = 28.3; p < .005) 

Not Signi f icant  

Not Signi f icant  

I]oub Eful 

(c) See Figure 7 for structures. 
(d) Pos -- "posit ive" in teract ion,  two compounds to qether give l~ore sediment than sum of same compounds tested 

separately; neg = "negative", two compounds together give less than sum of same co~fmunds separately. 
(e) Students " t"  test (Ref. 12, Sec. 4) 



2.4.3.3 Interactions Involving Nitrogen 
Compounds with Thiophenols and 
Sulfonic Acids 

Nixon,(s) Sauer,(3) Mosher(15) and others have reported that aromatic 
thiols strongly accelerate sediment formation, including nitrogenous sediment, 
in petroleum derived heating fuels as evidenced by high temperature (212°F) or 
long-term (one year) storage tests. I t  was assumed that the thiols were f i r s t  
oxidized to sulfonic acids which were the actual catalysts. The results of ex- 
periments described in the preceeding section, however, indicate that thiols are 
inhibitors of sediment formation at least in the case of DMP*. At least two 
reasons can account for these seeming discrepancies: (1) at the levels f i r s t  
employed in this study (3000 ppm S) and at fa i r l y  short storage periods, thiols 
are inhibitors since they are acting as antioxidants (for the importance of dis- 
solved oxygen to sediment formation see Section 2.4.5.3); (2) low levels of 
thiols may act as accelerators, especially at long-storage periods; (3) the 
mechanism of.sediment formation in the case of DMP is different from that 
described by others. The results of experiments designed to check these theories 
are summarized in Table 9. The data indicate a highly signif icant inhibi t ing 
effect (negative interactions) for thiophenol at al l  levels studied at least up 
to 14 days at llO°F. For higher levels this extends to at least 28 days for lO00 
ppm S and in excess of 120 days for 3000 ppm S (Table 9 and Figure lO). I t  ap- 
pears that the effect is roughly proportional to concentration. This is i l l us -  
trated by the curves in Figure I I .  No evidence for accelerating effects has yet 
been obtained under dark storage conditions. 

Sulfonic acids appear to be mild accelerators at best (Table9). 
ni f icant positive interactions were observed with DMP and E-toluenesulfonic 
acid in both je t  fuel and decane. However, the magnitude of the effect was 
small. No signif icant interaction could be detected in No. 2 diesel. 

Sig- 

Thus, i t  appears that thiophenols are active inhibitors of nitrogenous 
sediment formation with DMP, probably acting as antioxidants, at least so long 
as appreciable quantities of the unchanged thiol remain. On long-term storage, 
especially in the presence of l ight ,  the inhibi tor may be consumed or converted 
to a catalyst and the reaction pursues a different course. 

2.4.3.4 Effects of Decanoic Acid 

Experiments using purified n-decane as the diluent at ambient tempera- 
tures have shown that organic acids, especially n-decanoic have a strong ac- 
celerating effect on sediment formed from DMP.(2~) The effects were observed 
in both l ight  and dark storage conditions. Since no interaction could be de- 
tected in the present studies (which employed No. 2 diesel as the model fuel 
under accelerated (llO°F) storage conditions), a separate study was undertaken 
to investigate these seemingly contradictory results. Three diluents, No. 2 
diesel, je t  fuel and purified n-decane were used and samples were stored both 
at ambient temperatures and aT llO°F. The results are presented in Table lO 

* I t  is noteworthy that similar inhibit ions are observed in actual shale 
liquids (see Section 2.5.3 below). 
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TABLE 9 

INTERACTION STUDIES ~HTH DMP AND AROMATIC SULFUR COMPOUNDS (a) 

0.1 
0 

Fue] 

Diesel 

Jet 

Decane 

DMP 
(_ppm N)(b) 

750 
750 
750 
750 
750 
750 
None 
750 

750 
750 
750 
750 

750 
750 

ppm Total Sediment (mgllO0 cc)(c) 
Sul fur  Compound S 7 Days ]4 DAYS. ' 28 D _ ~  56 Days 80 Days 112 Days 

None -- 24.7 85.6 245.8 362.0 
Thiophenol 3000 13.1 ]4.4 70.7 160.0 
Thiophenol lO00 22.4 55.5 
Thiophenol 500 ]2.4 36.4 
Thiophenol 100 20.5 41.6 
p-Thiocresol 3000 12.6 20.3 62.4 
p-Toluenesulfonic Acid (d) -- 0 15.5 >lO00 
p-To]uenesulfonic Acid (d) -- 71.5 233.4 

None . . . .  61.3 140.5 253.7 
p-Thiocresol 3000 . . . .  58.8 83.9 
Thiophenol 3000 - -  49.8 88.4 
p-Toluenesulfonic Acid (d) 59.8 168.1(e) 

None . . . .  44.1 102.0 
p-Toluenesulfonic Acid (d) - -  53.2(e) 125.9(e) 

128 Days 

422.6 - -  
166.5 191.1 

600.0 

(a) Stored at  110°F. 

(b) DMP = 2,5-Dimethy lpyrro le;  added as ppm N. 

(c) Sum of  insoluble plus adherent deposi ts;  ave. of  3 or 4 

(d) Saturated so lu t ion  (>3000 ppm S). 

(e) This repcesents a s t a t i s t i c a l l y  s i gn i f i c an t  (Student ' s  

repl ica tes.  

t es t )  pos i t ive  i n t e r ac t i  on. 
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TABLE lO 

EFFECTS OF n-DECANOIC ACID ON SEDIMENT FORMATION WITH 
2,5-DIMETHYLPYRROLE (DMP) IN VARIOUS MODEL FUEL SYSTEMS(a) 

CO 
CO 

FUEL 

Diesel 

Jet 

n-Decane (e) 

STORAGE 

Temp (°F) 

72 

110 

72 

II0 

72 

llO 

ppm ppm 

DHp(c) R CO~H (d) 

Total Sediment (b) (mg/lOOcc) After 

14 Days 

750 -- -  18.6 42.6 
750 I00 16.1 46.1 

750 -- -  88.5 245.8 
750 100 88.0 245.0 

750 -- -  7.0 
750 lO0 12.7 

SOD_  

380.I 
500.0 

750 --- 61.3 140.5 253.7 
750 100 84.7 227.0 432.9 

750 -- -  18.3 38.1 
750 100 69.2 103.9 

750 ---  44.1 I01.5 . . . . .  
750 100 92.8 225.2 375.0 

(a) Some data from reference 2. 

(b) Sum of insoluble and adherent sediments adjusted for 

(c) Nitrogen basis. 

(d) R C02H = n_-decanoic acid; ppm on oxygen basis. 

(e) Purified over si l ica gel and activated alumina. 

blanks (sec. table 12). 



and i l l u s t r a t ed  by the plots in Figure 12. Previous work has shown that 
decanoic acid alone afforded no sediment or color change in hydrocarbon 
fuels.  

These resul ts confirmed the observation that decanoic acid interacts 
strongly ,,,Hth DMP in decane to promote sediment form~tion. A s ign i f i can t  posi- 
t ive in teract ion also exists in j e t  fuel .  In d iesel ,  however~ no in teract ion 
occurs. A possible explanation for  ~he_e resul ts l ies  in the fact  that the 
base No. 2 diesel has an appreciable acid t i t e r  (Appendix Table A-I) while 
both the j e t  fuel and n-decane were acid free. I t  is in terest ing that the 
curves for  DMP in diesel with and without added acid are vir tual l , , ,  superlmFo~- 
able with those of both j e t  fuel and decane with added acid (Figure 12). This 
suggests that acid, present normally in diesel fuel,may contr ibute to the en- 
hanced sediment formation in that fue l .  

2.4.4 Effects of Hydrocarbon Content of 
Base Fuel on Sediment Formation (Task 4) 

The differences in sediment formation rates observed with various d i -  
luents (see Section 2.4.1.1) indicates the chemical character is t ics  of the base 
fuels can exert a s ign i f i can t  inf luence on the amounts of nitrogenous sediment 
obtained. This may be due to dif ferences in s o l u b i l i t y  character is t ics  of the 
base fuels or to the presence of trace impuri t ies which acceleFate or i n h i b i t  
sediment formation. The ef fects of the hydrocarbon content o, the base fuels 
was studied by adding representatives of the most prevalent hydrocarbon types~ 
n_-paraffins, branched paraf f ins,  naphthenes (cyc loparaf f ins) ,  aromatics and 
o lef ins to the base fuels and determining the i r  influence on sediment formation 
with various nitrogen compounds. The hydrocarbons were added at levels approxi- 
mating the i r  normal occurrence in most d i s t i l l a t e  f u e l s . ( ~ )  The more highly 
refined j e t  fuel was used for the experiments using o le f ins ,  because adding 
small quant i t ies of o lef ins to a complex fuel such as No. 2 diesel would 
l i k e l y  lead to equivocal resul ts .  

The resul ts of the hydrocarbon study are summarized in Tables I I  and 
12. DMP at the 1500 ppm N level was employed as the nitrogen compound. The 
resul ts shown in Table I I  suggest that the major hydrocarbon types~ aromatics, 
naphthenics and monoolefins, have l i t t l e  influence on nitrogenous sediment. 
Even the reactive mono-olef in,~-methylstyrene, showed no tendency to promote 
sediment formation. 

Somewhat d i f fe ren t  resul ts were obtained with certain representative 
d io le f ins  and vinyl compounds which may be present in small quant i t ies in shale- 
derived fuels.  Results of some experiments with these d io le f ins  are given in 
Table 12 while those with some vinyl compounds are shown in Table 13. These 
experiments were carried out by adding two volume % olef ins to the base fuels 
along with 750 ppm (wt/vol)  N as DMP. 

Surpr is ingly ,  the data sho:m in Table 12 suggest that these d i -  
o le f ins  have essent ia l ly  no influence on total  sediment formation with DMP in 
the more highly pur i f ied fuels ( j e t  and pure n-decane). The sediment a f te r  28 
days was wi th in  experimental error of that obtained with the d i luent  plus DMP 
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TABLE 11 

EFFECTS OF HYDROCARBON TYPES ON SEDIMENT FORMATION 
. _ WITH 2,5~DIMETHYLPY, RROLE (DMP}( a} ..... 

Base Fuel 

No. 2 Dlesel(3) 

Hydrocarbon Vol. % Total Sediment (mg/1OOml)(b) 

Added Added 14 Days 28 Days 

None -- 217.5 572.8 

s.-Butylbenzene 15 176.1 833.3 

Cyclohexane 20 152.0 888.0 

JP-8 None -- 108.5 313.7 

s_-Bu tyl benzene 15 93.5 313.2 

l-Dodecene 5 I 12.0 31 I. 2 

R-Methyl styrene 5 I 18. ] 327.8 

(a) DMP Level: ]500 ppm N; storage temp: IIO°F. 

(b) Ave,° of 2 or more r~plicates; "total sediments" is sum o f  insoluble, a~-Id adherent ~-~ed:~f~alJz~, 

After 

56 Days 

795.8 

586.3 

630.5 

685.5 

676.0 



TABLE 12 

EFFECTS OF DIOLEFINS ON SEDIMENT FORMATION WITH DMP(a) 

Base Fuel 

Diesel 

Vol % 
,Olef in  Added Added 

Sediment (mg/lO0 cc) 
Af ter  28 Days at IIO°F£ b) 
Insol .  Adherent Total 

None - -  65.3 180.5 245.8 
1,7-Octadiene 2 106.2 10.4 117.0 
1,3-Octadiene 2 56.8 3.0 59.8 
2,4-Octadiene 2 153.4 5.5 158.9 
2,6-Octadiene 2 178.9 8.7 187.6 
2,5-Dimethyl-2,4-hexadiene 2 121.0 8.0 129.0 

Jet None - -  6,6 133.9 140.5 
1,7-Octadiene 2 14.6 127.1 141,7 
1,3-Octadiene 2 33.1 98.6 131.7 
2,4-Octadiene 2 16.5 124.7 141.2 
2,5-Dimethyl-2,4-hexadiene 2 56.2 80.2 136.8 

n-Decane(C) None --  28.3 73.7 102.0 
1,7-Octadiene 2 15.8 102.5 118.3 
1,3-Octadiene 2 11.2 91.6 102.8 

(a) 750 ppm DMP (N basis) in a l l  cases. 

(b) Avg, of 3 rep l ica tes.  

(c) Dried and pur i f i ed  over act ivated s i l i c a  gel and al umi na. 
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TABLE 13 

EFFECTS OF REACTIVE VINYL OLEFINS ON SEDIMENT 
FORMATION WITH OAP IN JET FUEL( a ) 

Olef in 

None 

Sediment (mq/lO0 cc) Af ter  
Vol ~ 28 DaZs(b) ..... 
Added Insoluble Adherent Total 

6.6 133.9 140.5 

4-Vinyl - l -cyc lohexene 2 24,5 92.5 I17.0 

Vinylcyclohexane 2 5.7 132.6 138,3 

4-V iny lpyr id ine  2 206.5 32.7 239.2 

2-V iny lpyr id ine  2 154.5 89.3 243,8 

(a) DMP present at 750 ppm N 

storage at 1lOaF. 

(b) Average of 3 repl icates.  

level in a l l  cases; 
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alone. On the other hand, most d io le f ins  s i gn i f i can t l y  retarded nitrogenous 
sediment formation in No. 2 diesel .  This is noteworthy for  1,3- and 1,7-octa- 
dienes where resul ts  were c lear ly  outside the range of probable error .  This, 
i f  rea l ,  might be due to some sort of solvent e f fect  or a complicated in te r -  
act ion. 

On the other hand, vinylpyridines appear to stimulate sediment forma- 
tion with DMP in jet  fuel (Table 13). Almost double the amount was obtained 
in 28 days at llO°F as compared to controls. This may be due either to olefin- 
nitrogen or nitrogen-nitrogen interactions although the latter seems most l ikely 
since neither vinylcyclohexane nor vinylcyclohexene had any effect. 

2.4.5 Effects of Storage Conditions on 
Sediment Formation (Tasks 5 and 6) 

The effects of several important storage conditions on sediment for- 
mation were investigated using model compounds, mostly DMP. The conditions 
studied were temperature, l ight ,  dissolved oxygen, dissolved and dispersed 
water and metal surfaces. An in-depth study of these parameters was beyond the 
scope of this program. However, the results presented here point up the areas 
in which potential problems may exist. In general~ temperature, dissolved oxy- 
gen and l ight  strongly accelerate the rate of sediment formation, water has a 
variable effect while metal surfaces appear to exert only minor influences, i f  
any. 

2.4.5.1 Effects of Storage Temperature - 
Estimation of Apparent Activation 
Energy 

The ef fects of storage temperature on sediment formation were studied 
using DMP as the model compound~ Results of tests wi th DMP in No. 2 d i e s e l , j e t  
fuel,and decane are given in Table 14. Arrhenius plots of the same data are 
shown in Figures 13 and 14. This permits an e@ti~ation of the apparent act iva- 
t ion energy of the reaction from the equation:{ I~} 

In V T - In VTo 

Where V T and VTo are the amounts of sediment formed at temperature T and tempera- 
ture T O , E is the activation energy and R is the ideal gas constant. From the 
plots in Figures 13 and 14, apparent activation energies for sediment formation: 

EAC T = I0.7 and I0.9 Kcal/mole in No. 2 diesel 

EAC T = 14.4 Kcal/mole in je t  fuel 

EAC T = 9.6 Kcal/mole in decane 
f 
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IABLE 14 

,TENPERATUtE STUDY gITH 2~5-BII~IE1,W/LPYIG~BL£ (I++MP)+ 

Total  Sl~d i n i m . ~ L r L g ~  (a} 
I]rP Time l"em~2_ta t u r e ~ EAC ~ 

1 lSfJO ' 14 Diesel  Olan! 151) ~,O l . l  .29 . 16.9 
2 . . . .  1.5 
3 . . . .  1.5 

1 1500 14 Diesel 74 23.3 296.3 4217 42.9 .92 ~ .I 
2 " " 42.1 
3 " " 43.9 

1 1500 1~ Diesel  115 46.1 319.1 158,3 195.4 35.2 18.0 
2 . . . .  199.8 
3 . . . .  228.2 

1 1500 14 Diesel (b) 155 68.3 341 .3  373.2 375.4 2213 6.2 10.7 
2 " " 342.2 

1 750 14 Diesel  74 23.3 298.3 27.1 23.5 3.9 16.G 
2 . . . .  26.6 
3 . . . .  I%1 
,I . . . .  20,5 

I ~50 14 Dim;el  l l n  ~3.3 316.3 59.9 85.7 32.5 3~1.0 I t l .9  

3 . . . .  120.6 
4 " 56.1 

1 1500 14 J~t 7!~ 23.3 2~$.3 20.8 19.7 I .(~6 5 ~  
2 . . . .  19.5 
3 . . . .  lB .7  

1 1500 14 Jet I15 4f~.I 319.1 3_P,.,I 135.4 4.1~8 3.6 
? . . . .  1 ~9.8 
3 " 1 3 8 . 0  

1 lSEIO 14 ~.1,~2 ~. 155 |;S.3 3111.3 307.0 32'1.0 15.9 '1.9 1 4 . 4  
Z ~ 33~.4 
3 . . . .  326.5 

2 " | U . O  

1 7Su I~ rJc,:,..,~ 11(~ 4 ~ 3  31 i , . 3  i'_.i 2; ,':~ I I,:!; '1.1 
2 l ~ 13 

I 7 '_K} 2:] r_ ,:,:,, , 74 ; ' 3 . 3  ;. 9,:, + 3 3,,i~. ~ 3;',, 6 ( I ,  :+d~ 0 . 9  9 ,  h 

2 " 102.0 

l!O bl31/~, EOrF~c~-J~T[ [c,r jet c~}- d~c~J,~. 

(I,) 1~o r , - v l i c ~ l . .  C, ril~, 



FIGURE 13 

ARRHENIUS PLOT DMP (150,0 ppm N} IN JET (14zDAY.S) 
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FIGURE 14 

ARRHENIUS PLOT OF DMP (1500 ppm I~) IN NO. 2 DIESEL AFTER 
14-DAYS' STORAGE (RANGE OF REPLICATES ARE INDICATED) 
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are obtained. These are rather low for most organic reactions, but are 
similar to those obtained previously for jet  fuel deposit formation rates at 
high temperatures.(~8,19) Temperature data for the reaction of DMP in decane 
are also given in Table 14. However, only two temperature points are avail- 
able. Thus, the data are less accurate than for diesel and jet  fuel. However, 
the results confirm the low activation energy of the sediment forming reaction. 

2.4.5.2 Effects of Light on Sediment 
Formation 

In a previous study(2, 3) l ight was used to accelerate sediment forma- 
tion with model nitrogen compounds in purified decane. I t  was found that not 
only was l ight  a strong promoter but i t  also affected the course of the reac- 
tion although apparently not the characteristics of the sediments obtained. 
This is i l lustrated by the curves in Figure 15 (taken from Ref. 2). Plots of 
sediment formation vs time for reactions in the dark are invariably linear even 
to long-term periods (see Figures 2, 3 and lO for example) while curves ob- 
tained from storage tests in the l ight are sharply curved. I t  is now clear that 
l ight is something more than simply a promoter. Since fuels are routinely stored 
in the dark the problem of l ight  is not serious. However, two things should be 
borne in mind: (1) l ight  must be carefully excluded in storage of synfuels and 
(2) storage conditions must be specified in discussing the mechanism of the sedi- 
ment forming reaction. Reactions carried out in the dark cannot be compared di- 
rectly to l ight  catalyzed reactions. 

2.4.5.3 Effects of Dissolved Oxygen 

The characteristics of the sediments obtained from DMP here as well as in 
previous work(3) indicate that the reaction involves oxidative self-condensation 
(see Section 2.4.6). Thus, the dissolved oxygen content may play a significant 
role in the rate and extent of sediment formation. The results of experiments 
with DMP in various solvents at different levels of dissolved oxygen are given 
in Table 15. I t  appears that dissolved oxygen has a significant influence. 
The data are very sketchy but the effect appears to vary with the diluent. The 
effect is much greater in diesel than in jet fuels or pure decane (deoxygena- 
tion brings about an 80-fold decrease in sediment in diesel, a 5-8-fold de- 
crease in decane and only about a 30% decrease in jet  fuel). Such differences 
have been observed in studies with organic acids, dissolved water and N-N inter- 
action studies. However, they are rather surprising in the case of dissolved 
oxygen. 

2.4.5.4 Influence of Metal Surfaces 

I t  has been widely shown in the l i terature that both soluble and 
insoluble metals can catalyze au~oxidation reactions in petr, ol@um.(8,2°-21) 
Copper is esp, ecially activet 8,2°) although vanadium alloys{ 2°) and, to some 
extent, iron(2°) , are also active. These effects are especially important on 
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FIGURE 15 
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TABLE 15 

4~ 

Fuel 

Diesel( e ) 

Jet( f ) 

Decane(g) 

Decane(g) 

Decane(g) 

EFFECTS OF DISSOLVED OXYGEN ON SEDIMENT FORMATION WITH DMP 

Storage Conditions Total Sediment (mg/lO0 cc)(a) 
ppm DMP(b) Temperature (°F) Time (Days) ,De oxygenated(C) Untreated Air Saturated(d) 

750 llO 14 l . l  85.6 81.7 

750 llO 14 43.7 61.3 64.1 

2000 74 15 0.5 4.5 5.5 

2000 74 30 l.O 8.0 9.5 

2000 74 60 3.5 16.5 18.0 

(a) Sum of insoluble plus adherent sediments; storage in dark. 

(b) N basis (wt/vol) .  
(c) Achieved by sparging with high pur i ty  nitrogen; contain <I ppm 02. 

(d) Air sparged, previously determined as about 70 ppm 02. 

(e) Six repl icates. 

( f )  Three repl icates. 

(g) Two repl icates; see reference 3. 



short-term storage and may be involved in overcoming an induction per iod.(~,  ~ )  
A comprehensive study of the ef fects of metal surfaces was beyond the scope of 
the present program. However, a prel iminary experiment with c o p p ~  steel and 
t in-coated steel was conducted using DMP as the model compound. Two st r ips 
measuring 20 mm x 50 mm each were added to each f lask containing 750 ppm DMP 
in e i ther  diesel or j e t  fue l .  The samples were stored for short-t ime periods 
at IIO°F. The resul ts are summarized in Table 16. No c lear-cut  trends were 
observed. The sediment in the case of copper was higher than with steel in 
every case but the di f ference was very sm~ll. Adding the s t r i ps ,  i f  ~nything, 
decreased sediment formation but by an ins ign i f i can t  amount. 

2.4.5.5 Effects of Dissolved and Dispersed 
Water 

The presence of moisture is ~ nearly unavoidable fact  of l i f e  so far 
as storage of fuel is concerned. I t  i s ,  "cherefore, important to determine i t s  
e f fec t  on nitrogenous sediment formation. Preliminary exper i~ents(~ ~ )  had 
suggested that water had a s ign i f i can t  but variable e f fec t  on sediment forma- 
t ion depending on the nature of the test  fuel or d i luent .  A fol low-up experi- 
ment confirms th is as shown in Table 17 and Figure 16 (resul ts shown are for  
ambient temperature storage). Considerable d i f f i c u l t y  was encountered both in 
introducing and maintaining known amounts of water into the fuel n,iztures and 
in measuring the water actual ly  present. The data, therefore, are rather im- 
precise. However, the trends are c lear ;  in d iesel ,  water has a s ign i f i can t  
accelerating e f fec t  on sediment formation with DMP at both 28 and 56 days' 
storage periods while no measurable e f fec t  was encountered in e i ther  j e t  fuel 
or n-decane. Two possible explanations suggest themselves: ( I )  ~o. 2 diesel~ 
w i thna tu ra l  emulsi f iers present, holds water possibly in the form of reverse 
micelles which may stimulate sediment formation while water in both j e t  fuel 
and decane is nearly exclusively dissolved; (2) the water in diesel reacts with 
some trace impurity (e .g . ,  acids, Ref. 7) to enhance the i r  ca ta ly t i c  e f fec t ,  
such impuri t ies being absent in the other fuels.  

2.4.6 Composition of the Sediment and 
Character ist ics of the Reaction 

Continued progress has been made toward elucidat ing the mechanism of 
nitrogenous sediment formation with model compounds in both narrow., and broad 
range fuels.  The goal of th is  work is a better understanding of sediment forma- 
t ion in hopes of eventually f inding economical ways of preventing i t .  Cr i t i ca l  
features of th is  growing body of knowledge include the i den t i f i ca t i on  of the 
types of nitrogen compound most prone to form sediment, the conditions under 
which sediment is most readi ly  formed and the various interact ions ef fects ~vhich 
accelerate or retard the react ion. 
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TABLE 16 

EFFECTS OF METAL SURFACES ON SEDIMENT FORMATION WITH DMP (a) 

4~ 

Sediment (mg/lO0 cc) After 
7 Days 14 Days 

Metal Metal 
Metal ~bj'~ Fue l  Surface Insol Adherent Total Surface Insol Adherent Total 

None Diesel -- 24.1 0.6 24.7 -- 57.2 28.4 85.6 

None Jet . . . . . . . . . .  7.3 54.0 61.3 

Copper Diesel 0.3 22.5 0.7 23.5 1.7 67.0 3.1 71.8 

Steel(C) Diesel 0.3 20.6 0.7 2 1 . 6  . . . . . . . .  

Coated Steel(d) D i e s e l  . . . . . . . .  0.6 51.0 1.4 53.0 

Copper Jet 0.2 14.3 0.8 15.3 3.0 36.9 1.6 41.5 

Steel( c ) Jet O.l IO.9 1.4 I f .4 . . . . . . . .  

Coated Steel(d) Jet 4.3 33.4 1.9 39.6 

(a) DMP present at 750 ppm N (wt/vol); storage at IIO°F in dark; 3 replicates at 14 days; 2 replicates at 7 days. 

(b) Two strips 20 mm x 50 nun added to each sample. 

(c) Cold rolled steel plate. 

(d) Tin plated. 



TABLE 17 

EFFECTS OF WATER OT~ SEDIMENT FORMATION 
WITH DMP IN VARIOUS FUELS STORED AT AMBIENT TEMPERATURE( a ) 

Fuel 

Diesel 

Total Sediment( c ) 
Water Level(b) (mg/lO0 cc) 

(ppm) 28 Days 56 Da,,,s 

<I0 34.7 92.S 

71 47.0 --  

79 44.0 125.0 

99 81.9 220~8 

131 62.2 292.5 

169 110.6 336.(] 

Jet 1 20.1 63.6 

<I0 19.2 55.9 

6 18.0 62.1 

52 36.0 108 

83 20.1 64~5 

Decane 4.4 28.6 61,5 

4.7 29.0 71.6 

6.7 38.5 -- 

16.8 25.8 62.6 

(a) DMP present at 750 ppm N levels;  storage in dar!: 
at ambient temperature. 

(b) As determined by Karl Fischer t i t r a t i o n .  

(c) Sum of insoluble plus adherent deposits; ave. of 
3 repl icates.  
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FIGURE 16 
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2.4.6.1 Character ist ics of the Sediments 
Produced by Model Nitrogen Compounds 

The elemental analyses from a number of sediments from DI4P under a 
var iety  of storage conditions are given in Table 18. These values are excep- 
t i ona l l y  consistent no matter what the d i luent  or storage condit ions. I t  ap- 
pears, that ,  although conditions may a f fec t  the rate of formation and quant i ty 
of  sediment, they do not a l te r  the character is t ics  of the sediment, The data 
suggest that the deposits are made up largely of repeating units of oxidized 
dimethylpyrrole. This is c lear since the average C/N ra t io  in the sediments 
(6 .3 / I )  is very close to the C/N ra t io  of dimethylpyrrole ( 6 / I ) .  Thus, no 
other carbon-containing species have been introduced into the polymer. On the 
other hand, considerable oxygen (about 1.5 atoms per N) has been incorporated, 
mostly at the expense of hydrogen. The approximate average molecular composi- 
t ion of I I  sediment samples normalized to l N atom was shown ~o be: 

C6.3H7.c, N 01.~7 

while that of dimethylpyrrole is :  

C~H~ ~,~ 

This indicates 1.5 atoms of  oxygen have been incorporated into the molecule at 
the expense of two hydrogen atoms under the conditions studied. 

The infrared spectrum of a DMP sediment is shown in Figure 17 and con- 
trasted with that of fresh DMP. Carbonyl absorption at 1650-1700 cm -~ is c lear ly  
present and there appears to be more than one type. Methyl absorption is present 
along with some methylene. I t  also appears that the N-H absorption is retained. 
In addit ion some hint  of C-O stretch is given by weak absorption at about 1090- 

1 1150 cm- This absorption shows up much stronger in raw shale sediments (see 
Section 2.5.4).  

This analysis confirms that the pyrrole ring is in tac t  and suggests 
that oxygen has been introduced in the form of one or more carbonyl groups. The 
strong -CH~ absorption re la t i ve  to -CH2 indicates that some of the methyl groups 
remain in tact  and that no long chain -CH2- units (from other components of the 
media) have been introduced. The possible presence of ether groups or carbo~yl- 
ates cannot be ruled out. 

The extreme i n s o l u b i l i t y  of the DMP sediments precludes taking solut ion 
IR and NMR spectra. This is especial ly  troublesome in the case of proton HMR 
where techniques using sol id are only now becoming avai lable.  The use of sol id 
state 13C NMR is feas ib le,  however. Two traces, obtained by th is  technique of 
sediments from DMP and TMP ( l , 2 ,5 - t r ime thy lpy r ro le )  are shown in Figure 18 along 
with possible assignments of peaks. The resul ts tend to support conclusions made 
by infrared analysis: ( I )  the pyrrole r ing is in tac t  (2) at least two types of 
carbonyl groups are present, (3) both -CH~ and -CH2 carbons are present and the 
low values for  -CH2 indicate the absence of any long hydrocarbon chain (from the 
d i l uen t ) ,  (4) the poss i b i l i t y  of an ether linkage to carbon is also suggested. 
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TABLE 18 

ANALYSIS OF SEDIMENTS FROM DMP UNDER VARIOUS STORAGE CONDITIONS (a) 

(.~ 

Storage Storage 
.Additive(s) Conditions Fuel (b) Time % C % H % N 

DMP Light - 72 °F  n-Decane 5 days 62.28 5.33 II.86 

DMP Light - 72 °F  n-Decane 60 days 63.89 5.09 12.31 

DMP Light - 72°F JP-5 80 days 59.71 5.54 l i .29 

DMP & Decanoic Acid Light - 72°F JP-5 80 days 62.30 5.88 I0.95 

DMP & Decanoic Acid Dark - 72°F JP-5 80 days 61.09 5.88 I0.84 

Average of I I  Samples -- 61.30 5.67 11.29 
from decane (al l  con- 
ditions 

DMP Dark - llO°F Diesel 120 days 67.22 6.99 9.24 

DMP Dark - llO°F Diesel 160 days 63.28 6.32 I0.50 

DMP + Thiophenol Dark - llO°F Jet 160 days 65.05 6.07 9.08 

o (c) 

20.53 

18.71 

23.28 

20.07 

22.04 

21.5] 

]6.55 

19.90 

19.80 

%S 

(d) 

(d) 

.18 

.80 

.15 

(d) 

(d) 
(d) 
(d) 

(a) Decane and JP-5 results from Ref. 3; l ight  was uv l ight  at 366 nm except for JP-5 
samples which were irradiated with sunlight. 

(b) Decane was specially purif ied (Ref. 3). Other fuels used as received. 

(c) By difference. 

(d) Not determined. 



FIGURE 17 

IR SPECTRA OF SEDIMENT FROM 2,5-DIMr.TH~LP~RROL~. 
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FIGURE 18 

SOLID STATE ~3C NMR TRACES FOR SOME NITROGENOUS SEDIMENTS 
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The more important mass spectral peaks and the i r  possible fragment 
assignments are given in Scheme I .  From the elemental analysis,~ ~C NMR, IR 
and mass spectral data one can begin to draw par t ia l  structures for  the sedi- 
ment obtained in the current program. These are shown as par t ia l  structures 
(Scheme I I ) .  I f  a single structure is present, the . . . . . . .  , -~ ~ep~e~en~tlon be~. f i t t i n q  a 
data is I .  However, the mass spectra of several samples suggests the sediment 
may consist of several compound types of which four ( I I -V)  are prevalent. The 
average properties of the sediment, as analyzed by elemental and infrared methods 
therefore, could readi ly  be accounted for by such a mixture. 

I f  f o~s  such as I I -V ex is t ,  the re la t i ve  contr ibut ion of each should 
be influenced by the degree of oxidation of the nitrogen ccmpound. This, in 
turn, should be a funct ion of the dissolved oxygen content of the fue l .  That 
is ,  peaks 122 and 123, due to oxygenated structures 11, IV and V, might be ex- 
pected to increase in in tens i ty  in samples run in the presence of oxygen rela- 
t ive to the peak at m/e 94 which arises from Structure 111 which contains no 
oxygen. From deoxygenated samples, tile opposite would be true. 

Figure 19 gives the mass spectra of sediments from DMP in decane ob- 
tained under deoxygenated and a i r  saturated condit ions. The rat ios of the 94 
peak to the 122 peak are 11.3 for  the deoxygenated sample (18A) and 3.7 for  the 
a i r  saturated case (18B). This is the expected trend as outl ined above. The 
peaks a tm/e  108 and 109, show corresponding increases lending addit ional cre- 
dence for  the existence of structures IV and V. 

The ester, part ia l  structure Vl, has been proposed b% Sau~r, Weed and 
Headington for  sediments formed on oxidation of he~ting o i l s .~  ~ -~ In addit ion 
i t  is a structure eas i ly  rat ional ized (see Section 2.4.6.2) .  The current data 
cannot rule out such structures. In fac t ,  the possible presence of carboxylate 
groups as shown in the :3C NMR and IR spmctra would be consistent wi th such a 
par t ia l  structure. At the present time i t  appears most l i k e l y  that several 
structures, s imi lar  to l -V l ,a re  a l l  contr ibut ing to the average properties ob- 
served. 

2.4.6.2 Characterist ics of the 
Sediment-Forming Reaction 

Figure 20 shows a plot  of to ta l  sediment vs nitroqen content for se l f -  
condensation of DMP in j e t  fue l .  A l inear p lot  is o-6-tained] Although a r igor -  
ous k inet ic  analysis cannot be made on the basis of these l imi ted data~ i t  ap- 
pears that sediment formation is f i r s t  order in DHP. 
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SCHEME I 

PRINCIPAL MASS SPECTRAL PEAKS FOR 
SEDIMENT FROM 2,5- DIMETHYLPYRROLE IN n-DECANE 
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SCHEME I I  

POSSIBLE PARTIAL STRLICTURES FOR DMP SEDIMENT 
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FIGURE 19 

EFFECTS OF DISSOLVED OXYGEN ON MASS SPECTRUM 
OF DMP SEDIMENT (OBTAINED IN DECANE AT ROOM TEMPERATURE) 
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FIGURE 20 

EFFECT OF CONCENTRATION ON SEDIMENT FORMATION WITH 2,5-DMP IN.JET FUEL AT IIO°F 
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From this observation and those described in previous sections, the 
following generalizations can be made, tentatively, about the formation of 
nitrogenous sediments in model systems in the dark at temperatures up to llO°F. 

• Only alkylated, heterocyclic nitrogen compounds 
actively undergo the reaction. 

• The reaction appears f i r s t  order in the nitrogen 
compound. 

• Oxygen is required. 

• The diluent affects the rate of reaction but 
not the characteristics of the sediment. 

• The activation energy is quite low. 

• The sediment obtained appears to be repeatingunits 
of part ial ly oxidized nitrogen compound with an 
average of l I/2 oxygen atoms introduced accompanied 
by a loss of 2-3 hydrogen atoms. 

• The oxygen atoms are present at least part ial ly as 
one or more types of carbonyl functions with ether 
linkages also a possibi l i ty. 

Sedimentation thus appears to be a free radical, autoxidative reac- 
tion. A possible reaction scheme which could lead to the formation of partial 
structures II-VI is shown in Figure 21. I t  must be recognized that other path- 
ways and structures exist and, in fact, are probably involved under certain con- 
ditions. 

2.5 STORAGE STABILITY OF ACTUAL 
SHALELIQUIDS 

The studies with model compounds, described in the preceeding sec- 
tions, were expanded to include various actual shale liquids in order to 
establish that the results obtained in model systems could be extended to "real 
world" fuels. Three approaches were explored: 

(1) Well characterized shale liquids were subjected 
to accelerated storage tests to determine whether 
sediments, similar to those in model systems, could 
be obtained and whether the amounts and types of 
sediment can be correlated with the amounts and types 
of nitrogen compounds in the original shale l iquid. 
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FIGURE 21 
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(2) The same l iqu ids were spiked with pure nitrogen 
and su l fur  compounds to determine whether the 
same tendency toward sediment formation and i n te r -  
active ef fects is observed in the shale matrix 
as in the model d i luents .  

(3) Shale liquids were studied as blends with both 
petroleum-derived fuels and other shale middle 
d is t i l la tes.  Such studies provide insight both 
as to the compatibility of shale blends and to 
their storage behavior as compared to model com- 
pounds. 

The results of these studies outlined in the following sections sug~ 
gest that shale liquids afford nitrogen-rich sediments resembling those obtained 
in model compound studies. Considerable differences between various shale- 
derived fuels exist but these appear to be explainable based on the known com- 
positional differences of the fuels. 

2.5.1 Characterist ics of Shale Liquids 
Employed in T,his Study 

A variety of shale d is t i l la tes with different properties were studied. 
These included: 

• Hydrotreated Middle D i s t i l l a t e s  
from In Situ Shale Oil 

A series of II shale liquids (two crude but d is t i l led  to middle 
d is t i l l a te  end points, and nine d is t i l led and hydrotreated) have been obtained 
from a previously Gompleted DOE contract dealing with a different aspect of 
product qual i ty.{  ") These samples were prepared by f i r s t  d i s t i l l i ng  and then, 
in the case of the nine treated samples, hydrQtceating crude in situ shale 
l iquid obtained from Occidental Oil Shale Co.~") Inspections ~n th-e two dis- 
t i l l ed  but untreated l iquid are given in Appendix Table A-2. These liquids 
are dark in color, extremely odorous and inherently unstable. 

The inspection on the nine hydrotreated samples and their designations 
are given in Appendix Table A-3. Each of three d is t i l l a t ion  cuts was hydro- 
treated to three different severities yielding the matrix of nine liquids shown 
in Figure 22. Hydrotreating signif icant ly improved these samples from the 
s tab i l i ty  standpoint; nearly 99% of the nitrogen and sulfur were removed from 
most samples by even the mildest hydrotreating. An exception is the broad 
range fuel, C (Figure 22, Table A-3). Only the most severe hydrotreating re- 
duced the nitrogen by 98% in this case. Most of these liquids were l ight  in 
color and free of apparent sludge after several months in the cold box. How- 
ever, the samples possessed a definite, pungent odor. 
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FIGURE 22 

MATRIX OF HYDROTREATED SHALE MIDDLE DISTILLATES 
USED IN THIS STUDY 

Hydroprocessing Conditions(b) 
Total Pressure£C) 

Final BP(a) 1 2 3 

Feed Iden t i f i ca t i on  1500 PSi~ 1200psig 800 psig 

640°F (A) A-I A-2 A-3 

670°F (B) B-I B-2 B-3 

700°F (C) C-1 C-2 C-3 

(a) 

(b) 

(c) 

I n i t i a l  BP = 325°F in a l l  cases. 

Temp. : 710-750°F; 1.0 LHSV in a l l  cases; cata lys t :  Shell Oil Co. 
#324 nickel molybdate on alumina; see reference 4 for 
de ta i l s .  

Finished fuels i den t i f i ed  as "A- I " ,  "A-2" etc.  Fuel A-I for  
example was narrow cut d i s t i l l a t e  (325°-640°F) hydrotreated to 
1500 psig. 
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• Pa r t i a l l y  Hydrotreated "Off Spec" 
Shale D i s t i l l a t e s  

Several p a r t i a l l y  hydrotreated or "o f f  spec" shale l iqu ids  were ob- 
tained as by-products of the DOE program mentioned in the previous sec t ion . ( " )  
These were qui te useful as they were materials of intermediate to high nitrogen 
and su l fu r  contents. Their character is t ics  are summarized in Appendix Table 
A-4. 

• Samples from Oak Ridge National 
Laboratories 

A series of six middle d i s t i l l a t e  fue ls ,  derived from Paraho Shale 
were obtained from. Oak Ridge National Laboratories. These represented fuels 
not only of d i f f e ren t  nitrogen and su l fu r  levels but also from a d i f f e ren t  
source and processing h is tory .  Inspections on these fuels are given in Table 
A-5. 

A single sample of a shale-derived JP-5 fuel prepared some years 
ago.(S, 23) This fuel was extensively processed to low nitrogen levels.  I ts 
charac ter is t ics  are shown in Table A-6. 

2.5.2 Results of Accelerated Storage Tests 
with Various Shale Liquids . . . . . .  

These experiments were carr ied out in the same manner as with model 
systems except that ,  in some cases, soluble gum analyses were also performed. 
Color tests were not conducted since many of the samples were more or less 
colored as received. 

2.5.2.1 Studies with D i s t i l l e d  But Not 
Upgraded Shale Samples 

Two samples of d i s t i l l e d  bu~ Dot hydrotreated in s i tu  shale l i qu ids  
were avai lable from a previous study.Z"} These l iqu ids  are dark in co lor ,  
odorous and quite unstable under storage condit ions. Both l iqu ids  had s ign i -  
f i can t  amounts of sediment present at the s ta r t  of the study but continued to 
produce large amounts of  addi t ional  sediment. The resul ts of these tests are 
shown in Table 19. 

Liquid A gave nearly 6 grams/lO0 cc of sediment whi le Liquid C 
produced about 1.5 grams/lO0 cc ( inc luding the sediment present a t  the s t a r t  
of testiDB ). This is ind icat ive  of the inherent i n s t a b i l i t y  of crude shale 
l i qu i d .  The sediments from these experiments were col lected and character- 
ized (see Section 2.5.4) .  
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TABLE 19 

ACCELERATED STORAG E STABILITY rESTS WITH CRUDE SHALE LIQUIDS 

Liquid (a) %N 

A 1.2 

Total Sediment( b ) 
...... (mg/lO0 c c ) L A f t e r  

starttCJ 60 Days 84 Days 

5,100 411.2 560.0 

1.2 20.4 253.6 I~400 

(a) 

(b) 

(c) 

Liquid A: Occidental in s i tu shale d i s t i l l ed  to g iw  
boi l ing range of 325-640°F; Liquid C: 
boi l ing range of 325-700°F. 

Total of adherent plus insoluble; ave. of tv;o rep l i -  
cates; IIO°F storage. 

After several months in the cold; note some sediment 
in grams/lO0 cc not mg. 
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2.5.2.2 Studies with Par t i a l l y  Hydrotreated 
("High Nitrogen") Middle D i s t i l l a t e  
from Occidental In Situ Shale Oil 

The results of accelerated storage tests with some par t ia l ly  hydro- 
treated in situ shale middle d is t i l la tes are summarized in Table 20. These 
samples al l  have nitrogen levels exceeding lO00 ppm and al l  produced signi- 
ficant quantities of sediment. Plots of sediment formation vs time for these 
liquids are shown in Figures 23 and 24. Figure 23 contains pl--ots of sediment 
formation vs time for various hydrotreated middle d is t i l la tes derived from 
in situ shal---e l iquid "A" (boil ing range: 325-640°F) while 24 shows similar 
plots for liquids derived from d is t i l l a te  "C" (boil ing range: 325-700°F). In 
all cases linear plots are obtained quite similar to those observed in model 
compound studies. The levels of sediment obtained are roughly proportionate 
to nitrogen level. Generally, shale liquids with N contents >lO00 ppm are un- 
stable in this test. 

2.5.2.3 Studies with Severely Hydrotreated 
("Low Nitrogen") Shale Liquids - 
Evidence for an Induction Period 

Results of long-term accelerated storage tests with severely hydro- 
treated middledist i l la tes (all derived from in situ crude shale o i l )  are sum- 
marized in Table 21. Both insoluble sediment and, where appropriate, soluble 
gum levels are shown. All of the samples studied contained less than 500 ppm 
total nitrogen. None gave any measurable sediment through 80 days' storage 
at llO°F (equivalent to about lO months at ambient temperatures) although high 
levels of soluble gum were occasionally observed. After approximately 120 days, 
however, al l  samples except A-l afforded sediment which increased signif icantly 
on longer storage. Plots i l lust rat ing this phenomena are given in Figure 25. 
An induction period appears to exist. This suggests that these fuels may pre- 
sent s tab i l i t y  problems on long-term storage. 

2.5.2.4 Accelerated Storage S tab i l i t y  Tests 
with Oak Ridge National Laboratory 
Samples 

These fuels are derived from a d i f fe ren t  shale (Paraho) by a d i f -  
ferent re tor t ing technique (Paraho-above ground) and refined d i f f e ren t l y  from 
those given in Tables 20 and 21. Characteristics are tabulated in Appendix 
Table A-5. Results of accelerated storage s t a b i l i t y  tests are shown in Table 
22 and plotted in Figure 26. Like the samples from the in s i tu shale (Tables 
20 and 21) these fuels are divided sharply into "high" and "low" nitrogen 
samples. The low nitrogen materials gave no sediment at storage times up to 
70 days, although measurable sediment was obtained af ter  120 days (equivalent 
to over 15 months at ambient). The high nitrogen mater ial ,  however, afforded 
s ign i f i cant  amounts of sediment but much less than other shale l iquids of com- 
parable nitrogen contents. On the other hand, existent gum,levels were some- 
what higher in these fuels than from the in s i tu shale samples. 
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TABLE 20 

SEDIMENT FORMATION WITH SOME SHALE MIDDLE DISTILLATES WITH 
MODERATE TO HIGH NITROGEN CONTENTS 

Nitrogen Content 
(ppm) Total Sediment( b ) (mg/lO0 cc) Af ter  

~ ( a )  Total Pyrrole ~B-Days ~0 Days 70 Da~ 84 Days 120 Days 156 Days 

A-4 3,600 181 46.9 --  114 155.3 

A-6 12,000 496 297 --  506 821.5 

C~ C-2 (c) 3,900 - -  48.4 131 240.7 

C-3 4,100 58 39.1 74.1 --  129.2 198 

C-4 10,000 538 79.6 191 . . . .  409 500 

(a) See Ref. 3 and Table 5 for inspections on samples; A-4, A-6 and C-4 are "Off Spec" samples. 

, unl,__,:, l-iol:e,_i; storage at IIO':'F (b) Adherent plus insoluble" average of 3 replic~,l:es ~ ' -  

(c) Single repl icate due to small sample size. 



FIGURE 23 

SEDIMENT FORMATION WITH VARIOUS HYDROTREATED SAMPLES 
OF IN SITU SHALE MIDDLE DISTILLATE "A" (325-6400F) * 
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FIGURE 24 

SEDIMENT FORMATION WITH VARIOUS SHALE MIDDLE DISTILLATES FROM IN SITU SHALE LIQUID "C" (325-700°F) 
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Sa!!~}_e(a) 
A-I 

'A-3 

B- I 

B .-3 

C-I 

TABLE 21 

SEDIMENT AND GUM FORMATION WITH SOME SHALE MIDDLE DISTILLATES WITH LOW NITROGEN CONTENTS 

Gum and Total Sediment( b ) After 
Nitrogen Content Steam Jet 28 Day s - 56 Days 120 Days 187 Days 
_. (ppm) Gum( c,d ) Gum Sediment Gum Sediment " Gum Sediment-- Sediment 

Total Pyrroie N (mB/lO0 cc) Replicate (mg/lO0 cc) (mg/lO0 cc) ~ (mg/lO0 cc) ~ _~/100 cc) (mg/lO0 cc). 

480 9.3 4.4 1 (d) 0 (d) 0 10.6 Trace Trace 
2 0 0 6.6 . . . .  
3 0 0 11.6 " " 

Avg. 0 0 9.6 . . . .  

240 10.7 2.4 1 5.8 0 0 5.4 5.1 10.5 
2 3.4 0 0 5.2 5.8 I I .8  
3 - -  0 0 5.0 7.0 11.6 

Avg. 4.6 0 0 5.2 6.0 II  .5 

340 8.76 11.8 I 15.0 0 Trace --  I .I 9.4 
2 17.8 0 " 32.2 3.0 7.9 
3 - -  0 " 24.2 2.7 8.5 

Avg. 16.4 0 " 28.2 1.8 9.0 

360 5.20, , 5.6 1 4.4 0 0 5.4 0.7 4.4 
(7.2) (e) 2 5.8 0 0 4.8 1.4 2.1 

3 - -  0 0 10.4 0.8 5.5 
Avg. 5,1 0 0 6.7 1.0 4.0 

420 7.34 (d) 1 (d) 0 Trace (d) 5.6 
2 0 " 5.8 
3 0 " 4.8 

Avg. 0 " 4.5 

(a) See Ref. 3 for sample character ist ics and ident i f i ca t ion .  
(b) Total of insoluble plus adherent sediment. 
(c) ASTM Method D-381. 
(d) Steam j e t  gum not determined for  heavy samples (C-I or C-3), gum not determined at 56 or 187 days or at  28 days for A-I. 
(e) Replicate measurement. 



FIGURE 25 
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TABLE 22 

ACCELERATED STORAGE STABILITY TESTS WITH OAK RIDGE SHALE OILS (a) 

0ii 

JP-5 Precursor 
4604(f) 

JP-8 Precursor 3900(c) l.O 
4605(f) 

DFM Precumsor 3600 0.6 
4606(f) 

JP-5 Product 22 15 
4608(f) 

JP-8 Product 0.5 0.6 
4609(f) 

DFM Product 15 7.0 
4610(f) 

Inspections( b ) 
N S Pyrro~e N Exist GumiC,d) Acid # 

ppm ppm (ppm)~C) (mg/lO0 ml} (mg KOH/g) 

3800(c) 0.4 71.7 12.6 0.032 

Storage Stabil i ty 
Total Sediment (~g/lO0 ml) 

Af ter ( e) 
28 Days 70 Days 120 Days 

l .5 4.2 7.2 

123.2 21.0 0.070 8.0 16.0 22.0 

194 31.6 0.037 4.3 10.5 17.2 

.02 0.0 0.000 

8 .l l .6 0.002 

l .3 0.6 0.00l 

0.0 0.0 0.8 

0.0 0,0 l . l  

0.0 0.0 0.6 

(a) See Appendix Table A-5 for more complete inspections on these oils. 

(b) Reported by Oak Ridge National Labs unless otherwise noted. 
(c) Exxon values. 

(d) Sum of adherent plus insoluble values. 

(e) Sum of adherent and insoluble sediments; avg. of three replicates. 
storage at llO°F in dark. 

(f) Oak Ridge designation. 



FIGURE 26 

SEDIMENT FORMATION DURING ACCELERATED STORAGE TESTS WITH OAK RIDGE PRECURSOR O I L S *  
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2.5.2.5 Studies with JP-5 Derived 
from Shale 

A single sample of shale-derived JP-5, prepared some years ago by 
Exxon(5, 23) was examined for gum and sediment formation at llO°F in the dark 
and at ambient temperature exposed to l ight. Results are shown in Table 23. 
This material, which was exhaustively hydrotreated, had been stored in a 
closed container at ambient conditions for about 4 years prior to this test. 
I t  was clear, nearly colorless and contained no sediment. The existent gum 
level w~s Qnly 2.0 mg/lO0 cc, well below the JP-5 specifications of 7.0 mg/ 
lO0 cc.~ 2") After 60 days at llO°F this sample showed no change in color nor 
was any measurable sediment produced. The existent gum at the end of this 
period had risen to 3.0 mg/lO0 ml. However, after l l2 days on the window- 
s i l l  the fuel was dark colored and contained 67.2 mg/lO0 cc of a brown-black 
sediment. In addition, the existent gum level rose to 9.2 mg/lO0 cc. 

2.5.2.6 Correlation Between Total 
Nitroge.n and Sediment Formation 

A plot of long-term (156 days) sediment levels vs nitrogen content 
for various shale liquids is given in Figure 27. The long~term storage data 
was used in order to include the low nitrogen samples. In some cases the 
values used were extrapolated from shorter-term results. I t  appears that for 
shale liquids from the same source and with similar upgrading procedures (e.g., 
the in situ shales in Figure 27) a rough correlation between total nitrogen 
content andsediment formation exists. Fuels with different histories (e.g., 
the Oak Ridge samples in Figure 27) do not show the same correlation. This is 
another example of the finding that the character of the nitrogen compounds may 
be of greater importance to sediment formation than the total amount of nitrogen 
present. Clearly, simplydetermining the nitrogen content of a fuel is not suf- 
f ic ient  for an accurate pred.!cti.o n of i ts stabi l i ty .  

2.5.3 Interaction Effects in Actual 
Shale Liquids . . . . . . . .  

One l ikely option in the development of a synfuel industry is the 
integration or blending of syncrudes or finished products with other synthetics 
or with petroleum-derived materials.(I) I t  is, therefore, of importance to 
determine the compatibility of shale l iquid with themselves and with petroleum 
fuels and to see whether the same or similar N-N or N-S interactions occurred 
as in the case of model fuel systems. During the present program the follow- 
ing blends were studied: 

(1) Various shale liquids with model nitrogen 
compounds - test for N-N interactive effects. 

(2) Shale liquids and sulfur compounds. 
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TABLE 23 

GUM AND SEDIMENT FORMATION IN A SHALE-DERSV~D JP-S 
UNDER DIFFERENT STORAGE CONDITIONS{ a) 

Storage 

None (b) 

Temperature 

72°F 

Time (Days) 
Exi s ten t 

Gum (mg/lO0 c c) 

2,0 

Total Sediment 
.._ (mg/lO0 cc) 

0.0 

Dark llO°'F 60 3.0 0,0 

Light 72°F 115 9,2 67,2 

(a) For descr ipt ion of th is m~terial see Appendix Table A-6. 

(b) Sample had been stored in closed container for  4 years 
p r io r  to tes t .  
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FIGURE 27 
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(3) Blends of shale l i qu id  with petroleum-derived 
fuels .  

(4) Mixtures of d i f fe ren t  shale l iqu ids "From simi lar  
and various sources. 

2.5.3.1 Interact ions Between 2,5-Dimethyl- 
pyrrole (DMP) and Various Shale Liquids 

The shale l iqu ids studied reacted in varying ways when spiked with 
150 ppm of DMP. In some cases a strong posi t ive in teract ion (more sediment 
than expected - see Section 2.4.3) resulted while in others a negative in te r -  
action was observed. The~e resul ts are given in Table 24 and Figures 28 and 
29. I t  is s ign i f i can t  that ,  in a l l  but one instance, strong posi t ive in te r -  
actions were encountered between DMP and shale l i qu id  with high nitrogen con- 
tents (A-4, C-3, C-6 and the JP-8 precursor, a l l  containing several thousand 
ppm N) while strong negative interact ions ~ere observed with l iquids which had 
been severely processed to low nitrogen levels (A- I ,  B- I ,  C-I and JP-8 product). 
These results are i l l u s t r a ted  by the plots in Figures 28 and 29 as well as re- 
sults in Table 24. Here the strong posi t ive interact ions between Dt4P and A-4 
and JP-8 precursor are contrasted with the negative interact ion with A-I and 
JP-8 product. 

The single exception to the observation described above is~ perhaps, 
s ign i f i can t .  This is the p a r t i a l l y  hydroprocessed shale l iqu id  C-4. This 
material has I0 000 ppm nitrogen but gives a possible n@gative in teract ion with 
DMP (Table 24). A possible explanation for this is that C-4 has ~3000 ppm 
su l fur ,  the only shale l i qu id  studied in this program with anything l i ke  th is 
much su l fur .  As shown in Section 2.4.3.2 ~bove, su l fur  compounds interact  nega- 
t i ve l y  with DMP and this may be occurring here. Figure 30 contrasts the d i f f e r -  
ent responses of C-3 (103 ppm S) and C-4 (3107 ppm S) to added DMP. The lov! 
su l fur  l i qu id  C-3, interacts very strongly to added DMP while C-4 .sppears to 
in teract  negatively, i f  at a l l .  

2.5.3.2 Sulfur-Nitrogen Interact ions in 
Shale-Derived Fuels 

The resul ts of some l imi ted e>:periments on the effects of thiophenol 
on sediment formation in shale l iqu ids are summarized in Table 25 and Figure 31. 
The interact ions between thiophenol (I000 ppm S) and the shale l iqu ids themselves 
was minimal. However, when DMP was added the thiophenol exerted a strong 
"negative" (or s tab i l i z i ng )  e f fec t  s imi lar  to those obtained in model compound 
studies (see Figure 30). 
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TABLE 24 

INTERACTIONS BETWEEN DMP AND VARIOUS HYDROTREATED SHALE LIQUIDS(a) 

Shale N Conte~t DMP Added 
Li__~(b) (ppm)(b) (ppm N), 28 Days 

A-I 480 None 0 0 
None 150 40.9 74.5 
A-I 480 ]50 18.4 52.2 

A-4 3600 None 70.3 -- 
None 150 40.9 -- 
A-4 480 150 208.5 -- 

A-6(e) 1300(e) None 41.7 89.1 
None 150 40.9 74.5 
A~6(e) 1300 150 241.6 310.1 

B-I 340 None 0 Trace 
None 150 40.9 74.5 
B-] 340 150 22.2 50.4 

C-I 420 None 0 0 
None 150 40.9 74.5 
C-I 420 150 24.1 60.5 

C-3 4100 None 39.1 86.5 
None 150 40.9 74.5 
C-3 4100 150 143.2 275.6 

C-4 ]0 000 None 79.6 161.8 
None ]50 40.9 74,5 
C-4 lO 000 150 99.4 ]75.3 

JP-8 Prod. 0.5 None 0 -- 
None 150 40.9 -- 
JP-8 Prod. 0.5 150 29.7 -- 

JP-8 Prec. 3900 None 4.3 -- 
None 150 40.9 -- 
JP-B Prec. 3900 150 78.9 -- 

Total Sedimen.t (mg/lO0 cc)(c) 
56 Days 70 Days 84 Days 120 Days 

Interaction 
Type (Significance)(d) 

Trace 
134.3 
110.4 Neg (S) 

112.2 -- 155.3 
110.0 -- 134.3 
364.6 -- 464.2 Pos (HS) 

Pos (HS) 

Trace -- 
90.0 -- 
74.0 -- Neg (HS) 

4.5 
134.3 
139.3 Neg (HS at 28, 56) 

138.5 -- 
90.0 -- 

430.0 -- Pos (HS) 

382.l 
134.3 
335.2 Neg (? - S) 

0 -- 0.8 
llO.O -- 134.3 
56.9 -- 108.7 Neg (HS) 

10.5 -- 22.0 
llO.O -- 134.3 
155.4 -- 282.0 Pos (HS) 

(a) Stored at llO°F in dark; DMP sediment "alone" based on No. 2 diesel studies. 
(b) See Appendix Tables A-3 and A-4 for ~haracteristics. 
(c) Sum of insoluble plus adherent sediments. 
(d) Students test (Ref. 17): Pos = "posit ive"; Neg = "negative" or s tabi l iz ing;  

(HS) = highly signif icant; (S) = signif icant;  
(?) = doubtful 

(e) Diluted ]: lO with No. 2 diesel o i i  before DMP was added. 
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INTERACTIONS BETWEEN DMP AND TWO OAK RIDGE SHALE PRECURSOR 
OILS (DMP ADDED AT 150 PPM N LEVEL) (llO°F STORAGE) 
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FIGURE 29 

INTERACTIONS BETWEEN DMP AND SOME HYDROTREATED SHALE MIDDLE 
DISTILLATES AS INFLUENCED BY NITROGEN LEVEL OF SHALE LIQUID 
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FIGURE 30 

SEDIMENT FORMATION WITH VARIOUS HYDROTREATED SHALE MIDDLE DISTILLATES 
AS AFFECTED BY NITROGEN LEVELS, PYRROLE NITROGEN AND SULFUR 
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TABLE 25 

CO 

Shale , , 
Liquid(b) 

• C-3 
C-3 

C-3 
C-3 
C-3 

C-4 
C-4 

C-4 
C-4 

I_NTERACTIONS BETWEEN TH!OPHENOL, DMP AND SOME SHALE LIQUIDS(a) 

Interactive 
Effect of 

Thiophenol DMP Total Sediment (mg/lO0 cc)(C) After Thiophenol 
(ppm S) (ppm N) 28 Days 56Days 84 Days 120 Days (Significance)(d) 

None None 39.1 86.5 129.2 197.7 
lO00 None 59.2 80.I -- 144.4 Neg (?) 

None 150 143.2 2 7 6 . 5  . . . .  
lO00 150 117.8 2 4 9 . 4  . . . .  Neg (S) 
3000 150 4.8 I f .3  . . . .  Neg (HS) 

None None 79.6 161.8 251.7 --  
lO00 None 53.6 164.7 226,5 -- Neg (?) 

None 150 9 9 . 4  . . . . . .  
3000 150 7.1 . . . . . .  Neg (HS) 

(a) Stored at IIO°F in dark. 

(b) See Appendix Table A-3 for characteristics. 

(c) Sum of insoluble plus adherent; average of three replicates. 

(d) Students test (Ref. 17); 
(SI = signif icant;  (HS) = highly signif icant. 
Ne = "negative" or stabi l iz ing" (?) = doubtful; 
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2.5.3.3 Interact ions Between Shale Liquids and 
Petroleum-Derived Middle D i s t i l l a t es  

Blends of two shale middle d i s t i l l a t e s  with No. 2 diesel fuel were 
studied. There appeared to be no gross incompat ib i l i t y .  Accelemated s~orage 
s t a b i l i t y  tests were run and are summarized in Table 26 and Figure 32. In ter -  
es t ing ly  enough i t  appears that sediment level may not be l i n e a r l y  related to 
the d i l u t i on  ( i . e .  the nitrogen content) (see Figure 32). This is in contrast 
to what was observedwith mixtures of model compounds. Thus, blending may 
be useful in achieving enhanced s t a b i l i t y  but a one-to-one re la t ionsh ip  
between d i l u t i on  and sediment level may not be attainend. 

2.5.3.4 Interact ions in Blends of  Shale Liquids 
from the Same and Varyin 9 Sources 

The resul ts  of a pre l iminary study to determine whether i n t e rac t i ve  
ef fects occurred when blends of d i f f e ren t  shale l i qu ids  were subjected to ac- 
celerated storage s t a b i l i t y  tests are summarized in Table 27. No incompat ib i l i -  
t ies were observed. Surp r i s ing l~no  s ign i f i can t  in teract ions were'detected in 
th is study. A s l i gh t  but s i gn i f i can t  negative in terac t ion  was encountered 
with A-6 and the DFM precursor and a small posi t ive one with A-3 and DFM pre- 
cursor. However, the data are i nsu f f i c i en t  to draw any conclusions at the 
present time. 

2.5.4 Character ist ics of  Sediments Derived 
from Shale Liquids - Comparison with 
Model Compound Studies 

This e f f o r t  is aimed at cor re la t ing  the e a r l i e r  work on model com- 
pounds(l, 2) with resul ts obtained with actual shale l i qu ids .  Two approaches 
were taken: ( I )  analysis of the shale l i qu id  before and a f te r  storage to de- 
termine which compound types are l i k e l y  involved in sediment formation; (2) anal- 
ysis of thesediment i t s e l f .  

Analyses were performed on fresh and aged C-4 shale o i l  d i s t i l l a t e .  
Each sample was f ract ionated by gradient e lut ion on s i l i c i c  acid to determine 
which classes of compounds were involved in sediment formation. Gas chromato- 
graphic/f lame ion izat ion analyses coupled with GC/MS indicate that the major 
changes occur in the a lky l  pyr ro le ,  a lky l  indole port ion of the neutral N-hetero- 
cycl ics f ract ions (with the indoles predominating). The f ract ions obtained and 
the i r  changes on storage are shown in Table 28. From these data and the appear- 
ance of the GC/FID chromatograms, only Cut I I I ,  which contains neutral nitrogen 
heterocycles, was reduced s i g n i f i c a n t l y  on accelerated storage test ing.  This 
is consistent with the idea that  i t  is these types of compounds which p a r t i c i -  
pate in sediment formation. 
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TABLE 26 

EFFECTS OF BLENDING OF SHALE LIQUIDS AND 
PETROLEUM MIDDLE DISTILLATES(a) 

Shale Liqu.,i d (b) 

C-4 

Blending Resultant 
Ratio N Level (ppm) 

None I0 000 

1:4 2 000 

1:9 I 000 

Total Sedimen t 
I I _(~g//l O0 CC ) (C) 
28 Days 56 Days 

79.6 162 

4l .2 73.5 

19.0 31.6 

A-6 None 12 000 297 405 

1:4 2 400 124 i68,7 

1:9 1 200 41.7 89.1 

(a) Storage at IIO°F in dark. 

(b) See Appendix Table A-9 for characteristics. 

(c) Sum of insoluble plus adherent; average of 3 replicates, 
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TABLE 27 

ACCELERATED STORAGE STABILITY OF BLENDS 
OF SHALE MIDDLE DISTILLATES(a) 

Total Sediment Img/lO0 cc)(c) 
Total N 14 Days 42 Days 

Components of Blend(b) in Blend (ppm) Expected Observed Expected Observed 

C-3 + A-6 8050 84.1 82.9 223 230 

C-3 + JP-5 Prec. 3950 I0.2 I0.9 30.6 30.0 

C-3 + DFM Prec. 3850 17.8 l l . 8  53.4 31.5 

C-3 + DFM Prod. 2050 9.8 9.0 29.4 21.8 

A-3 + A-6 6120 99.0 I18.8 297 223.0 

A-3 + DFM Prec. 201O 2.7 9.9 8.1 12.1 

A-6 + DFM Prec. 7800 75.6 31.4 227 61.7 

DFM Prec. + DFM Prod. 1800 2.7 2.5 8.1 5.7 

(a) Stored at IIO°F in the dark. 

(b) See Appendix A for characteristics of fuels; blends were all 50/50 by volume. 

(c) Sum of insoluble plus adherent; "Expected" means sum of two components acting 
al one. 
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FIGURE 32 

EFFECTS OF BLENDING SHALE DISTILLATES A-6 AND C-4 
t.JITH NO. 2 DIESEL (STORA_GE AT l lO°F)* 
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TABLE 28 

FRACTIONATION OF SHALE LIQUID C-4 BY 
CHROMATOGRAPHY AND EFFECT OF AGING ON MASS DISTRIBUTION 

Cut 

I 

II 

I l l  

IV 

V 

Mass Distributions(a) 
by .GC/FID 

Name Unaged 

Saturates 614 

Aromatics 307 

Neutral N-Heterocyclics 52.6 

Basic N-Heterocyclics 40.6 

Polar N 75.2 

Aged 

546 

319 

34.7 

49.9 

77.4 

(a) Given as mg/g of sample. 
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The infrared spectrum for  the sediment derived from shale l i qu i d  
C-3 is shown in Figure 33. The spectrum shows some s i m i l a r i t i e s  to that  ob- 
tained from DMP in No. 2 diesel (compare Figure 32). There appears to be ii-H 
present, a complicated carbonyl group but no long methylene chair, as would be 
expected i f  the hydrocarbons in the l i qu id  ~ere incorporated in the sediment. 
The most s i gn i f i can t  feature of th is  trace is the strong broad band at -', , a ~ O U ~  
I I00 cm -~. The band is present in some of the shale ~edlmenL~" ~ "  buc weak or ab- 
sent in others. Only a h in t  of th is band is present in the DMP sediment. No 
assignment can be made for  this band at present but i t  f a l l s  roughly in the 
~-0 stretch region.(~5) In appearance and behavior the shale sediments are 
s imi la r  to those from DMP although the shale sediments are somev~hat more 
soluble in organic solvents. In add i t ion ,  the curves of sediment formation 
v s time fo l low the same pattern as those of model compounds. The reactions 
seem to be inh ib i ted  by aromatics that  are s imi lar  to model comFound re- 
act ions. 

The elemental analyses from several d i f f e ren t  shale sediments are shown 
in Table 29. Several in terest ing features are apparent. These include the re la-  
t i ve l y  consistent nitrogen contents and the average N/C rat ios (which f a l l  in the 
alky l  indole region).  These rat ios are much higher than expected i f  any of the 
hydrocarbons were incorporated in the sediment. Another feature is the su l fu r  
contents. These vary from v i r t u a l l y  none to qui te high values~ Especial ly in-  
terest ing is the fact  that  the lowest sediment su l fu r  arises from the l iqu ids  
which had the highest su l fur  contents. These same l iqu ids also had the h" 'Igne~t ~ 
ni t rogen contents and produced the ~ ~ ~ greaue_L amount of sediment. Again th is  sug- 
gests a p l u r a l i t y  of pathways for  sediment formation. I f  an abundance of act ive 
nitrogen compounds are present (N content >5000 ppm) the sediment consists almost 
exclus ively  of  polymerized nitrogen compounds. Where less of the act ive compounds 
are present, due to more severe hydroprocessing, su l fur  compounds may get involved 
in sediment formation to a considerably greater extent ,  possibly by a d i f f e ren t  
reaction mechanism. 

I t  is d i f f i c u l t  to draw f i rm conclusions concerning the mechanism 
of sediment formation from the data obtained from the storage of actual shale 
l i qu ids  because of the inherent complexity of such fuel systems. However, 
some general izat ions concerning the react ion may be made. 

(1) Nitrogenous sediment fomat ion  in shale l i qu ids ,  as 
in the case of model compounds, involves oxidat ive 
o l igomerizat ion of nitrogen compounds possibly with 
pa r t i c ipa t ion  of su l fu r  compounds. 

(2) The neutra l ,  heterocyClic compounds (mainly a lky l  
pyrroles and indoles) appear to be especi~l ly  re- 
act ive. 

(3) As in the case of model compound studies, not ~ l l  
nitrogen and su l fu r  compounds are act ive. Thus, 
to ta l  nitrogen content is not, by i t s e l f ,  a s u f f i -  
c ient  predictor  of storage s t a b i l i t y .  
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FIGURE 33 

INFRARED SPECTRUM OF SEDIMENT FROM 
SHALE MIDDLE DISTILLATE C-3 (MULL) 
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TABLE 29 

ELEMENTAL ANALYSES ON SHALE SEDIMENTS (a) 

0 

Fuel s 
Shale Liquid( b ) N Content S Content Sediments 

(ppm) (ppm) % C % H .... % N % OC T) % S 

"A"(d) I I  800 6200 74.82 7.98 5.78 10,54 0.88 

"C"(d) 12 200 6200 79.32 8.42 5.60 6.66 0.82 

A-4 3 600 2300 65.59 8.22 7.21 12.08 6.90 

A-6(e) 12 000 >5600 75.93 7.99 6.84 8.26 0.98 

A-6(e) 12 000 >5600 76,28 8.14 6.35 8.28 0,95 

C-3 4 I00 103 63.59 7.99 8.08 13.5 6.84 

C-3 6.63( f )  

JP-5(g) <I00 <lO 48.55 5.98 1.0 30.55 13.92 

Alkyl Indoles 
(C3-CI~ Side Chains) 

C/N Mole Ratio 

15 .I 

16.5 

I I  .0 

12.6 

13.3 

I0.0 

50 

11-18 

(a) Storage at IIO°F in dark except where noted. 
(b) See Appendix A. 
(c) By di f ference.  
(d) D i s t i l l e d  but not hydrotreaLed. 
(e) D i f ferent  samples From sep,_~rate experiments. 
( f )  Repeat determination 
(g) Heavily hydroprocessed (see Appendix Table A-6) stored at room temperature in l i g h t .  



3. CONCLUSIONS 

Based upon the results described above, the following conclusions 
can be drawn: 

l .  Nitrogen-containing compounds are the principal 
source of sediment formation. Organic sulfur- 
and oxygen-containing compounds by themselves, in 
general, do not cause sediment formation. 

. There are large differences in the reactivi ty of 
nitrogen compounds toward sediment formation. 
Removal of a l l  nitrogen compounds from alternate 
sources may, therefore, not be necessary to pro- 
duce stable fuels. (NOx emissions may s t i l l  be 
a problem.) 

• Alkylated nitrogen heterocycles, especially 
with more than one alkyl group, are most de- 
leterious; other N compounds are much less 
harmful. 

• The location of the alkyl group is important 
in determining react iv i ty;  the most active 
positions are those adjacent to the N atom. 
Alkylation on the N atom reduces act iv i ty.  

. Interactions between nitrogen trace impurities 
can exert a signif icant effect on sediment forma- 
tion. 

"Non-deleterious" nitrogen-containing species 
such as amines can interact with other nitro- 
gen compounds to either promote or inhib i t  
sediment formation. 

4. The nature of the hydrocarbon diluent has a lesser 
but s t i l l  signif icant effect on storage s tab i l i ty .  

Sediment formation increases as the diluent be- 
comes more complex in the order, n-decane 
< je t  fuel < No. 2 diesel fuel. 

• The nature of the diluent also influences intel-  
active effects. 

These effects are apparently not due to di f fer-  
ences in gross hydrocarbon composition or d i f fer-  
ences in solvency but are, most l i ke ly ,  caused by 
trace impurities present in less highly refined 
fuels. 
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Most oxygen- and su l fur -conta in ing compounds do not 
produce sediment by themselves but may inf luence the 
sediment forming reactions of nitrogen co~pourds, 

Organic acids can be deleter ious to storage s t a b i l -  
i t y  by promoting nitrogenous sediment format ion; 
the magnitude of  the e f fec t  depends on the nature 
of the d i luent .  

Sulfonic acids can produce sediment by themselves 
and may catalyze sludge formation with nitrogen 
compounds. 

Some compounds, especia l ly  aromatic t h i o l s ,  tend 
to i n h i b i t  nitrogenous sediment formation to a 
s ign i f i can t  extent. 

Storage condit ions can strongly a f fec t  "the rate of 
sediment formation. 

• Increased temperature accelerates ~n_"~ reaction 

• Exposure to l i g h t  accelerates sediment formation 
and changes i t s  reaction pathway. 

• Dissolved oxygen appears necessary for  sediment 
to form at an appreciable rate. 

Water may promote the react ion but the magnitude 
of the e f fec t  depends on the nature of the d i luen t  
and the water level .  

The sediment forming reaction appears to be an oxidat ive 
condensation of the nitrogen compound to give low molec- 
u lar  weight oligomers. 

• The act ivat ion energy for  the reaction is lo:,:,~ rang- 
ing from 10-15 Kcal/mole. 

The reaction ;.~ith model compounds shows a l inear  
response to increasing concentration of nitrogen 
compound and appears to be a finest-order react ion. 

The sediment is apparently made up of ~evera] d i f -  
ferent compound types depending on the nature of 
the nitrogen compound and storage condit ions. 
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lO. 

Shale-derived middle d ist i l la tes afford sediment 
resembling that from model compound studies. 

• Sediments obtained are similar to those from 
model compound tests but are more complex. 

The neutral heterocyclic fraction of the shale 
l iquid (which contains alkylated indoles and 
pyrroles) is most reactive toward sediment forma- 
tion. 

• Interactive effects are similar to those in model 
compound studies. 

Sediment formation in shale-derived middle d is t i l l a tes  
is only roughly correlated with total nitrogen content, 

• Samples with 3000 ppm N or greater show poor stor- 
age s tab i l i ty .  

• Fuels with <500 ppm total nitrogen have fa i r  to 
good storage stabi l i ty .  

• Predictions of storage stabi l i t ies in intermediate 
nitrogen ranges are d i f f i c u l t  to make. 

An accurate prediction of the storage s tab i l i ty  of a 
shale-derived fuel cannot be made solely on the basis 
of the total nitrogen content. 
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APPENDI v,, A 

SOURCES AND INSPECTIONS ON TEST FUELS AND SHALE LIQUIDS 

TABLE A-I 

INSPECTIONS ON TEST FUELS FOR MODEL COMPOUND STUDIES 

API Gravity 60/60 
Specif ic Gravity 

Color (ASTM DI500) 

Viscosi ty (cStO IO0°F) 

Acid No. (ASTM D664) 

Existent Gum (Steam Jet) 

Wt.;~ S 

Wt.% N 

Hydrocarbon Type 

Saturates, % 
Aroma t ics,  -~' 

ASTM D i s t i l l a t i o n  

IBP 
I0% 
2O% 
3O 
4O 
5O 
6O 
7O 
8O 
9O 
FBP 

No. 2 Diesel(a) 

35.8 
O. 8458 

0.5 

3.02 

.03 

0.19 

40 +_. I0 ppm 

76.0 
23.0 

281 
397 
433 
464 
492 
520 
547 
573 
602 
632 
684 

jn.  (b) 

41.3 
0.8189 

0.0 

l .6~ 

o(C) 

1,0 mg/lO0 ml 

703 ppm 

5 + 1 ppm 

82,~ 
17.2 

251 
342 
375 
394 
415 
430 
448 
465 
q~,j 

5O4 
548 

(a)  
(b) 

(c) 

Blended from components ; addi t i ve - f ree .  

Sample was a commercial Jet A which is 
equivalent to an addi t ive- f ree JP-8. 

No t i t e r  obtained. 
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TABLE A-2 

INSPECTIONS ON UNTREATED SHALE DISTILLATES( a ) 

Dist i l la t ion Range 
Designation: A. C. 

Property 325-640°F 325-700°F 

Yield(b) 31.4% 45.4% 
API Gravity (60/60°F) 31.5 29.7 
Specifi~ Gravity .91DO .8773 
Color£CJ Black Black 
Pour Point (°F) +lO +25 
Viscosity (cSt @ lO0°F) 4.51 5.47 
Ash .01% .01% 

Elemental 
% C 84.84 82.53 
% H ll.61 12.36 
% N 1.18 1:22 
% S 0.62 0.62 
Fe (ppm) 16 250 
V (ppm) <l 2 

Compound Type 
% Saturates 45.4 43.6 
% Aromatics 30.8 31.1 
% Polars 21.9 24.1 

ASTM D is t i l l a t i on  (760 mm) o F 

IBP 326.1 356.5 
lO pct recovered 431.9 446.8 
20 466.5 484.3 
30 492.3 513.8 
40 515.5 545.1 
50 541.4 573.4 
60 565.0 598.6 
70 583.4 624.0 
80 609.0 651.2 
90 645.4 683.3 
FBP 787.2 736.9 

(a) From Occidental Oil Shale Co. In Situ. Shale Oil (Ref. 4). 

(b) Based on crude shale l iquid charged to s t i l l .  

(c) Too dark for ASTM Color test. 
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TABLE A-3 

INSPECTIONS ON HYDROTREATED SHALE DISTILLATES(a) 

kO 
CO 

Boi l ing Range 

Total Pressur e (.psi)(c) 

API Gravity 

Color (ASTM) 

Cloud Point (°F) 

Pour Point (°F) 

Cetane Index(d) 

Viscosity (cSt, IO0°F) 

Elemental Analysis 

%C 

%H 

S (ppm) 

N (ppm) (e) 

Pyri°ole N (ppm) 

Compound Type 

% Sats 

% Arom 

% Polars 

m Ash 

Hydrotr_eated Samples (b) 
A. 325-640°F B. 325-670°F 

A-I 
1500 

43.0 

1.5 

+6 

0 

60.0 

2.24 

A-2 A-3 B-] B-2 B-3 
1200 800 1500 1200 800 

43.0 42.1 41.9 41.9 40.6 

l .0 l .0 l .0 0.5 0.5 

+6 +4 +18 +14 +18 

0 0 +I 0 +l 0 +l 0 

59.5 57,0 60.5 60.2 57.5 

1.95 l .90 2.39 2.39 2.35 

81.94 

12.92 

49 

480 

85.47 85.81 85.55 85.58 84.66 

14.00 13.73 13.85 13.48 13.99 

- -  44 67 68 46 

-- 240 340 300 360 

I0.7 8.8 5.2 

84,9 

15.1 

0.5 

<0.1 

84.0 76.0 83.1 82.3 80.4 

13.8 21,8 14.7 16.6 ]9.2 

0,3 0.5 0.7 0.7 0.3 

<0.I <0.1 <O.l <0.1 <0.1 

C. 325-700°F 
C-I 
1500 

40.8 

1.5 

+26 

+20 

60.0 

2.80 

C-2 
1200 

37.1 

5.5 

+28 

+20 

55.5 

3.12 

C-3 
800 

36.8 

3.5 

+26 

+20 

54.8 

3.06 

86.47 

13.96 

56 

420 

7.3 

86.65 

13.42 

122 

3900 

86.50 

13 .I 

103 

4100 

58.1 

f3f ~4 r, I 

15,2 

0.3 

<0.1 

71.5 

27.7 

0.3 

<0.1 

0 . 0 U 

29,0 

0.3 

<0,1 



TABLE A-3 (Continued) 

Boi l ing Range 

Total Pressure (ps i ) (c)  

ASTM D i s t i l l a t i o n  

IBP (°F) 

10% 

50% 

9O% 

FBP 

INSPECTIONS ON HYDROTREATED SHALE DISTILLATES(a) 

Hyd.rotreated Samples (b) 
A. 325-640°F B. 325-670°F 

A-I A-2 A-3 B-I B-2 
1500 1200 800 1500 1200 

B-3 
800 

C. 325-700°F 
C-I 

1500 
C-2 

1200 
C-3 
800 

233 233 234 237 236 

320 310 317 352 350 

482 480 486 502 498 

605 604 607 629 623 

702 715 718 752 724 

237 

356 

506 

629 

737 

238 

362 

515 

651 

770 

239 

383 

530 

654 

756 

241 

385 

529 

652 

753 

(a) 

(b) 

(c) 

(d) 

Prepared by hydrotreating crude in situ shale liquids 
(Table A-2) - See Ref. 4. 

Samples are designated according to boiling range (A = 325-640°F; 
B = 325-670°F; C = 325-700°F) and hydrotreating severity; 
details in Ref. 4. 

Catalyst: Shell 325; one LHSV; Temp: 710°F. 

Estimated using ASTM D976; thi~ method is in common use for  
petroleum diesels but may not be s t r i c t l y  applicable to fuels 
from al ternate sources. 

(e) Antek method. 



TABLE A-4 

INSPECTIONS ON "OFF SPEC" HYDROTREATED SHAKE LI.QUIDS (a) 

Designation(b) 

A-4 

Boi l ing  
Range (°F) % C % H % N % S 

325 - 640 85.85 13.60 0.36 0.23 

Pyrrole t l 

181.4 

A-5 325 - 640 85.65 13.51 238 ppm 27.4 ppm I I  .7 

A-6 325 - 640 1.2 5.6 988 

B-4 325 - 670 85.18 13.60 329 ppm 0.18 8.1 

C-4 325 - 700 85.82 12.72 1,0 0.3 537.5 

(a) 

(b) 

Prepared from in s i tu  shale l iqu ids . (Tab le  A-2) 
by incomplete hydrotreat ing.  

Samples are designated according to bo i l i ng  range 
(A = 325-640°F; B = 325-670°F; C = 325-700°F) and 
hydrotreat ing sever i ty  (A-I = l i qu id  A at 1500 psi ,  
e t c . ) ;  see Ref. (4) for  more deta i ls  on preparation 
of these samples. 
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C) 

Bottom Sediment and Water 
(ASTM D-96), vol % 

Density (ASTM D-1481) @ 
60°F, gm/ml 

Molecular Weight (Cryoscopic) 

Pour Point (ASTM D-97), °F 

Refractive Index (Abbe) 
@ 67°C 

Viscosity (ASTM D-445), cSt 
@ 40°C 

Viscosi ty (ASTM D-445), cSt 
@ lO0°C 

Carbon, Wt % 

Hydrogen, Wt % 

Nitrogen, ppm 

Oxygen, ppm 

Sulfur, ppm 

TABLE A-5 

PHYSICAL PROPERTIES OF SHALE OIL AND SHALE OIL MATERIALS (a) 

JP-5 JP-8 DFM 
Precursor Precursor Precursor 

4604 4605 4606 

<0.05 <0.05 <0.05 

Hydrotreated JP-5 JP-8 DFM 
Residue Product Product Product 
4607 4608 4609 4610 

0.05 0.05 <0.05 <0.05 

0.8063 0.8101 0.8409 0.8880 0.8068 0.8036 0.8342 

160 160 208 

<-60 -60 -5 

1.4293 1.4313 1.4448 

300 167 156 201 

+95 -60 -60 -5 

1.4749 1.4299 1.4283 1.4471 

1.271 1.336 2.678 

0.679 0.694 1.113 

9.068 @ 140°F 1.352 1.299 2.599 
too waxy 

3.727 0.706 0.687 I . I01 

85.8 85.3 86.5 

13.6 13.6 13.'2 

3000 (M-H) 3600 (M-H) 3600 (M-H) 

200 270 310 

.4 (HA) 1 (HA) .6 (HA) 

86.2 86.2 86.6 

13.8 13.8 13.4 

0.5 (MC) 22 (MC) 15 (MC) 

llO0 90 80 

15 (HA) .6 (HA) 7 (HA) 

HA = Houston Atlas 

MC = Microcoulometric 

M-H = Mettler-Heraeus 

Samples of Sohio-refined Paraho Shale Oi l .  (a) See Ref. 6 for details. 



TABLE A-6 

PARAHO JP-5 SHALE OIL - SAMPLE CHARACTERISTICS( a ) 

Inspections 

S, ppm (wt) 698 

N, ppm (wt) lO.O 

Gum, exist (mg/lO0 cc) 2.0 

FIA, Vol. % 

Aroma tics 12.4 

Ol efi ns l .  5 

Saturates 85.1 

PM Closed Cup Flash Pt . ,  °F 120,0 

Freeze Pt . ,  °F -52.6 

Smoke Pt . ,  mm 25.0 

Kin. Viscosi ty  cSt @ 30=F 7.63 

ASTM D-86, o F 

IBP/5% 305/336 

10/20 345/365 

30/40 376/388 

50/60 398/408 

70/80 416/426 

90/95 436/453 

FBP 491 

% Recovery 99.0 

~o Loss 0 

% Residue 1.0 

API Gravi ty,  60/60 46.8 

(a) Composite No. R-6536 (Ref. 5). 
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l - - z  

o 

Fuel 

Diesel 

Average: 6/'x 

JP-8 

Average: 6/ x 

Replicate 

TABLE B-l 

(a) 
Reproducibility of Sediment Data Usin 9 Old Technique _ 

DMp(b) St°rage(C) (d) Mean 
(ppm) Days Total 

1 1500 14 96.6 
2 338.0 

1 750 14 38.8 
2 110.2 

1 1500 28 452.1 
2 693.6 

1 750 28 358,1 
2 505.5 

1 1500 14 123.1 
2 106.5 

1 750 14 36.3 
2 84.1 

I 1500 28 341.5 
2 '344.4 

1 750 28 133.0 
2 133.9 

l 1500 56 566.5 
2 585.3 

I 750 56 259.1 
2 249.3 

120°C I - I /2  hour -- cool (a) in disiccator. 
(b) All at 43.3°C (110°F) 
(c) No adjusted for fuel blank. 
(d) DMP = 2,5-dimethylpyrrole; ppm level given as nitrogen basis. 

Deposits (mgl100 cc) 
Standard Standard 

Deviation Error 
~/~ x I00 

217.3 170.7 79% 

74.5 50.5 68% 

572.9 170.8 30% 

431.8 104.2 24% 

50% 

114.8 11.7 10% 

60.2 33.8 56% 

343.0 2.1 0.60% 

133.5 .64 0.47% 

575.9 13.3 2.3% 

254,2 6.91 2.7% 

12% 

m 

I l l  

- - I  
I T I  

m 

. - I  

• . - I  " ~  

- -1  x 

- - I  

T 

0 

C )  



TABLE B-2 

Reproduc,ibility in Diesel Fuel Using Ne~v Techniques( a ) 

F..a 

0 

Deposit s (ingllO0 co) . . . .  
Starldard Standard 

Storage Deviation Error 
Repl ica te  N-Cpd ( _ ~ ( b )  ~ _ ( ~  Total N ea_n, _;;~ 6 6 ~  x 100 

] DHP (1500) 14 72 33.9 28.1 8.20 29% 
2 22.3 

I DMP (1500) 14 110 189.0 188.6 0.64 0.34% 
2 188.1 

1 DMP (1500) 14 150 342.7 343.7 1 . 34 O. 39% 
2 344.6 

1 DMP (750) 28 72 42.] 43.8 2.411 5.5% 
2 45.5 

1 DI4P (750) 24 110 126.3 101.8 34.7 34% 
2 77.2 

1 IOI'IP (1500) 28 72 110.0 108.5 2.12 2.02; 
2 107.0 

l I]HP (1500) 28 150 647.2 627.8 27.4 4.4% 
2 608.4 

1 Di',IP (150) 28 110 41.5 50.0 12.0 2,1'~: 
2 3-Nel (1350) 58.5 

1 DHP 28 110 239.9 246.3 8.98 3.6,% 
2 252.6 

1 })~,IP ( 1 5 0 )  28 110 5 7 , 9  5 7 , 7  (11. _jl~. O, 61% 
2 l~oq (t350) 57.4 . . . . . . . .  

Average: 6 ~  Ill% 

(a) Careful  r i n s i n g  ~4th i sooc tane  rol]o~ved by dry ing  a t  1L,_ ~ for  1-1/2 hours follo,4ed I-,y vacuum pu:~p overniqhL.  
(b) DMP -- 2 , 5 - d i m e t h y l p y r r o l e ,  3 - MeI = 3 -me thy l indo le ,  isoq = i s o q u i n o l i n e .  



TABLE B-3 

Color Tests for Pyrroles and Indoles Stored in Jet Fuel and No. 2-Diesel at IIO°F 

C~ 

Replicate 

I 
2 - 

I 
2 

I 
2 

I 
2 

I 
2 

I 
2 

I 
2 

I 
2 

1 
2 

I 
2 

l 
2 

ASTM D1500 Color 
PPM/a ~ No, 2 Diesel 

Nitrogen Compqunds Added' ' Star___~t -14 Days-- 28_ D___ays_ _56___Da2~s - 

None - - -  0,5 0.5 0.5 0,5 
None - - -  0,5 0o5 0,5 0,5 

(b) 
DMP- . 1500 0,5 3,5 4,0 (5) 
o.P {b) 15oo o . s  4.0 4.0 

o.P( b! zso 0.5 3.0 3.5 
DMP (b) 750 0,5 3,0 3,0 

(b) 
DMP.. 150 0.5 2.0 2.0 
DMP {b) 150 0.5 1.5 1.5 

2-Methyl i ndol e 1500 O. 5 O. 5 1.0 
2-Methylindole 1500 0.5 0.5 l .0 

2-Methyl indol e 750 0.5 0.5 l .0 
2-Methyl indole 750 0.5 0.5 l .0 

2-Methyl indo] e 150 0.5 0.5 0.5 
2-Methy] indol e 150 0.5 0.5 0.5 

3-Methylindole 1500 0.5 0.5 1.0 
3-Methyl indole 1500 0.5 0.5 l .0 

3-Methyl i ndol e 750 O. 5 O. 5 O. 5 
3-Methylindole 750 0.5 0.5 1.0 

3-Methylindole 150 0.5 0.5 0.5 
3-Methyl i ndol e 150 O. 5 O. 5 O. 5 

Indole 1500 0.5 0.5 0.5 0.5 
Indole 1500 0.5 0.5 0.5 0.5 

JP-8 
S ta r t  14 Days 28 Days 56_Days 

0,0 0,0 0.5 0.5 
0,0 0,0 0,0 0.5 

0,0 3.0 3.5 2.5 
0,0 3.0 3.5 2.5 

0,0 2,0 2.0 2,0 
0,0 2,0 2,5 2,0 

0,0 1,5 1,5 1,5 
0.0 1.0 2.0 1.5 

0,0 0,5 1,5 1,0 
0,0 0,5 1,5 1.0 

0,0 0,5 1,5 0,5 
0,0 0,5 1,0 1,5. 

0,0 0,5 1,0 1,0 
0,0 0.5 1.0 2,0 

0,0 1.0 3,0 3.0 
0,0 1.0 2,5 3,0 

0,0 0,5 2.0 2,5 
0,0 0,5 2,0 2,0 

0,0 0.5 0.5 1.5 
0,0 0,5 0,5 1,0 

NT (3) 



TABLE B-3 (Contd.) 

0 

Re___pli.cate 

1 
2 

I 
2 

| 
2 

Nitrogen Compounds 

Pyrrole 
Pyrrole 

I ,  2,5-trimethyl pyrrol e 
I ,2,5-trimethyl pyrrole 

1,2,5-trimethylpyrrole 
1,2,5-trimethylpyrrole 

1,2,5-trimethylpyrrole 
1,2,5-trimethylpyrrole 

1 -methyl pyrrol e 
I -methyl pyrrol e 

l-phenylpyrrole 
l-phenylpyrrole 

1 2,4-dimethyl-3-ethyl 
pyrrole 

2 2,4-dimethyl-3-ethyl 
pyrrole 

PPM(a ) 
Added Start 14 Da_ay_s 

1500 O. 5 O. 5 
1500 O. 5 O. 5 

1 500 O. 5 2 .0  
1500 0.5 2.0 

150 0.5 2.0 
150 0.5 2.0 

1500 O. 5 2.5 
1500 O. 5 2.5 

1500 O. 5 O. 5 
1500 O. 5 O. 5 

1500 O. 5 O. 5 
1500 O. 5 O. 5 

15oo 0.5 (4) 

15oo 0.5 (4) 

ASTM D-1500 Color 
No. 2 Diesel 

28 Days . 56 Days 

0.5 0.5 
0,5 0.5 

2.5 - - -  
2.5 - - -  

0.5 0.5 
O.5 O.5 

0.5 0.5 
O.5 0.5 

(4) (4) 

(4) (4) 

JP-8 
Star t  14 Da_ys 28__~s 56 Day s 

NT (3) 

NT (3) 

NT (3) 

NT (3) 

NT (3) 

NT (3) 

-{T) Nitrogen bas-i~:. 
(2) 0r,IP = 2_~5-dirliethypyFi~oll --, 
(3) NT = not tested in JP-8 
(4) Too dark to measure 
(5) Colors wi th DMP are general ly  too dark to measure by 56 days, 



TABLE B-4 

Studies with 2,5-Dimethylpyrrole (DMP) in No. 2 Diesel Fuel( a ) 
at Various Times and TemPeratures 

Level 
Added (ppm)(b) 

1500 

750 

150 

Storage 
Temp (°F) 

llO 

7 Days 
Replicates Insol. 

8 24 .I 

Averaged Sediment Values (mg/lO0 cc) 
14 Days 

Adherent Total Replicates Insol. 

. . . .  5 51:6 

0.6 24.7 15 57.2 

. . . . . .  18.1 

Adherent 

141.2 

28.4 

5.8 

Total(C) 

192.8 
85.6 
23.9 

-.J 

1500 

750 

150 

llO 7 

6 

12 

28 Days 

115.1 

65.3 

31.9 

56 Days 

254.9 370.0 4 559.6 

180.5 245.8 4 205.7 

9.0 40.9 7 24.1 

236.1 

156.3 

50.4 

795.8 

362.0 

74.5 

750 

150 

110 

80 Days 

4 359.4 63.2 422.6 

4 82.4 7.1 89.5 

1500 

750 

74 

14 Days 

3 35.9 7.0 42,9 

2 26.1 0.8 26.9 

155 

14 Days 

1500 2 215.0 160.4 375.4 



TABLE B-5 

. Insoluble, Adherent and Total Sediments from Fuels Containing Pyrroles 
._ and_ Indoles. Af ter  . Stora.ge .at llO.°F . 

Ni trog.en Cog, pounds 

2,5-Dimethy I pyrrol e 

2,5-Dimethyl pyrro l  e 1500 
750 

0 
co 150 

2-Methylind01e 

3-[,lethyl indol e 

2,5-Dimethyl pyrro I e 

2 - [ . l e t hy l  i ndo ] e 

3-blethy ] indol e 

S e d i m e n t  (mg/lOOcc) (b) 
Level {a~ 14 D_Dg~ys 28 Days 56 D_aays 
~ ) ~ _ / _ ~  Insol Adherent Total l--ns-ol Adherent l o ta l  Insol Inherent "[-o-Cal 

Normal Oecane (c) 

1500 
750 
150 

1500 
750 
150 

1500 
750 
150 

750 35.0 9.1 44.1 28.3 73.7 102.0 

JP-8 

19.6 88.9 108.5 11.1 302.6 313.7 138.1 448.2 586.3 
7.3 54.0 61,3 6.6 133.9 140.5 5.4 248,3 253,7 
0 0.8 0.8 ,5 17,8 18.3 3.6 37.6 41.2 

trace trace trace l .9 12.7 14.6 0,5 25.4 25.9 
0.4 0 0.4 3.6 7,8 11.4 2.5 12.4 14.9 

trace trace trace trace trace trace trace 0.5 0.5 

1.0 3.0 4.0 0.9 .10 1.0 0.3 trace 0,3 
I .1 trace I . I  0.8 .10 0.9 0.2 0.7 0.9 
0 0 0 ,09 .lO I .0 0.5 0.1 0.6 

No. 2 Diesel 

51.6 141.2 192,8 I f5.1 254.9 370,0 559.6 236.] 795.8 
57.2 ~".4 o~ 65,3 - o ~, ~- ~_b 6 I,,fl, 5 L4:,,8 9(- o I-I ,__b,7 156,3 2G,: l l J  . . . . . . .  

0 x. ,- T~ l , , l  5,8 23.9 31 q 9.0 40.9 2a l 50.4 74.5 

_ . , 2 5 . 4  2 6 . 4  1500 t r a c e  t r a c e  t r a c e  I I I I  9 1 3 . 0  1 . 0  
750 0 0,4 0.4 2. °, 7.0 9.8 2,5 12,5 ]5.0 
150 4,5 15.5 20.0 5,0 trace 5,0 0.2 3.0 3.2 

1500 
750 
I 5tl 

0.7 0 0.7 0.]  0,5 0.5 0.5 4.0 4,5 
0.2 0 0.2 O. l O. l 0.2 0,9 0.8 I .  7 

0 0 0 O. 1 0,1 O.L' 0,4 0,7 l .  1 



TABLE B-5 (Contd.) 

0 

Level (a) . 14 Days 
Nitrogen Compounds (ppm) Insol Adherent 

Pyrrol e 1500 0 O. 7 

Indole 1500 0 trace 

l-Methyl pyrrole 1500 0 0 

l-Phenyl pyrrole 1500 0 0 

2,4-Dimethyl -3-ethyl 1500 14.5 5.3 
pyrrole 

I ,2,5-trimethyl pyrrol e 

No. 2 Diesel (Cont 'd.) 

Sediment (n!g/lOOcc ) (b) 
28 Days 

Total Insol Adherent Total Insol 
56 Days 
Adherent Total 

0.7 3.0 trace 3.0 0.5 trace 0.5 

trace 0.4 1.0 1.4 trace 1.0 1.0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

19.8 10.3 16.0 26.3 . . . . . . . . .  

1500 67.8 19.8 82.6 . . . . . . . . .  474.0 352.0 826.0 
750 92.3 24.8 117.1 
150 10.2 5.8 16.0 24.0 4.4 28.4 9.1 25.1 34.6 

(a) Nitrogen basis; ppm = mg/lO0 cc. 
(b) Average of 2-10 rep l icates,  diesels corrected for  blank, blank correct ions: 
(c) Pur i f ied over s i l i c a  gel and activated alumina. 

14-day O; 28-day 0.5, 56-day 0.5. 



TABLE B-6 

ASTM Color Test Results for Various Iiitrogen 
Compounds Stored in No,. 2 O~esel,.Fuel at 1lOaF 

Replicate 

l 
2 

l 
2 

l 
2 

l 
2 

1 
2 

l 
2 

l 
2 

l 
2 

l 
2 

l 
2 

l 
2 

l 
2 

Ni,trogen Compound (a) 

None 
None 

Benzimidazole (b) 
Benzimidazole (b) 

7-Aza i ndol e 
7-Azaindole 

3-Methyl pyrazol e 
3-Het hyl pyrazol e 

2-Methyl pi perazi ne 
2-Methyl pi perazi ne 

3-Methyl pyri  dazi ne 
3-Methyl pyri  dazi ne 

2-Met hyl pyraz i ne 
2-Methyl pyrazi ne 

Qui na I di ne !c ) 
Quinaldine ~c) 

m--Tol y l  n i t r i  I e 
m_-Tolyl n i t r i  I e 

n-Undecylcyanide 
~-Undecylcyanide 

2-Met hyl benzoxa zol e 
2-Methyl benzoxazol e 

2-Methyl benzothi azol e 
2-Hethyl benzothi azol e 

ASTM DI500 Color 
Star t  14 Days 28. Days 56 Da;,s 

0.5 0.5 0.5 0.5 
0.5 0.5 0.5 0.5 

0.5 0.5 0.5 l .5 
0.5 0.5 0.5 1.5 

0.5 0.5 O,5 0.5 
0.5 0.5 0.5 1.0 

0.5 0.5 0.5 0.5 
0.5 0.5 l . r l  0.5 

0.5 1.0 I .0 1.0 
0.5 1.0 1.0 1.0 

0.5 0.5 0.5 0.5 
0.5 0.5 0.5 0.5 

0.5 0.5 l .0 2.5 
0.5 0.5 l .0 2.0 

0.5 0.5 0.5 0.5 
0.5 0.5 0.5 0.5 

0.5 0.5 0.5 0.5 
0,5 0.5 0.5 0.5 

0.5 0.5 1.0 0.5 
0.5 0.5 1.0 0.5 

0.5 0.5 l .0 0.5 
0.5 1.0 1.0 0.5 

(a) Al l  added at 1500 ppm N. 
(b) Insoluble in No. 2 diesel.  
(c) Quinaldine = 2-methylquinol ine. 

II0 



TABLE B-7 

Insoluble, Adherent and Total Sediments(a) 
For Various Nitrogen Com~Punds Stored in No. 2 D|esel at 1lOaF 

.c 

28 Days 56 Days I12 Days 
NitrogenCompound(b) lnsol. Adherent Total |nsol. Adherent- Total Insol. Adherent 

3-MethyIpyrazole (d) 0 0 0 0 0.7 0.7 0 1.0 

4-Methylpyrazole(d) 0 0 0 0 0 0 0 0.2 

3,5-Dimethylpyrazole( c ) 0 0 0 Trace Trace Trace 4.8 120.5 

Pyrazine 0 0 0 0 0 0 0 0 

2-Methylpyrazine(d) 0 1.4 1.4 0 1.1 1.1 . . . .  

2,3-Dimethylpyrazine 0 0 0 Trace Trace Trace 0 0.7 

2,5-Dimethylpyrazine 0 0 0 Trace Trace Trace 0 2.0 

2,6-Dimethylpyrazine 0 0 0 0 0 0 0 0.6 

2-Methylpiperazine 0.2 4.3 4.5 1.9 5.0 6.9 . . . .  

1-Methylpiperazine 0 0 0 Trace Trace Trace 2.1 3.0 

N,N-Dimethylpiperazine 0 0 0 0 0 0 0.4 0.8 

2,5-Dimethylpiperazine 0 0 0 0 Trace Trace" 0.3 17.6 

2,6-Dimethylpiperaziae 0 0 0 0 Trace Trace 0.2 24.1 

2-Methylpiperidine 0 0 0 0 0 0 2,8 10.4 

3-Methylpiperidine 0 0 0 0 0 0 6.2 9.5 

2,6-Dimethy]piperidine 0 0 0 0 0 0 1.0 2.8 

3,5-Dimethylpiperidine 0 0 0 0 0 0 0 2.1 

PyrrolidJne 0 0 0 0 0 0 0 0 

l-Methylpyrrolidine 0 0 0 0 Trace Trace 2.9 20.9 

2,5-Dimethylpyrrolidine 0 0 0 0 Trace Trace 1.0 10.5 

Quinoline 0 0 0 0 0 0 0 0 

Isoquinoline 0 0 0 0 0 0 0 0 

3-Methylquinoline (d) 0.3 1.5 1.8 0 4.7 4.7 . . . .  

1,2-Oihydro-2,2,4-trimethylquinoline . . . . . .  14.5 2.1 16.6 . . . .  

7-Azaindole(C) 0.3 0.7 l.O 0 8.7 8.7 . . . .  

2-Methylbenzoxazole U 0 0 0 0 0 0 Trace 

2-Methylbenzothiazole 0 0 0 0 0 0 0 Trace 

3-Methylpyridazine 0 4.2 4.2 0 4.0 4.0 . . . .  

n-Undecylcyanide 0 0 0 0 Trace Trace 0 Trace 

Trioctylamine 0 0 0 0 0 0 0 0 

~-Tolylnitr i le 0 0 0 0 0 0 0 Irace 

(a) Compounds added at 1500 ppm N level (wt/vol); sediments average of 3 replicates unless otherwise noted. 

(b) For structures, see Figure I .  

(c) Average of 6 replicates. 

(d) Average of 2 replicates. 

T o t a r  

1 .0  

0 .2  

125.3 

0 

0 .7  

2 .0  

0 .6  

5.1 

1 .2  

17.9 

24.3 

13.2 

15.7 

3.8 

2.1 

0 

23.8 

11.5 

0 

0 

Trace 

Trace 

Trace 

0 

Trace 
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