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RHEOLOGY AND STABILITY OF SRC RESIDUAL FUEL OILS - 
STORAGE EVALUATION 

K. C. Tewari* 

I n  A i r  Products' ongoing study t o  charac ter ize  the  rheology and 

s t a b i l i t y  o f  var ious SRC res idua l  o i l s ,  single-phase blends o f  50 w t  % 

HSRC and TSL SRC i n  1:1 mixtures o f  1s t -  and 2nd-stage process solvents 

were subjected t o  storage s t a b i  1 i t y  t e s t s  a t  150°F i n  n i t rogen  and a i r  

atmospheres. Using v i s c o s i t y  as an i n d i c a t o r ,  it was observed t h a t  t he  

blends s tud ied  increased i n  v i s c o s i t y  w i t h  storage t ime i n  an a i r  

atmosphere; the  v i s c o s i t y  increase began a f t e r  a 4-week storage per iod.  

The increase i n  HSRC blend v i s c o s i t y  was s i g n i f i c a n t l y  g rea ter  than t h a t  

o f  t he  TSL SRC blend. A 60-day a i r - s t o r e d  b lend w i  11 requ i re  a pumping 

temperature about 10°F h igher  than t h a t  s p e c i f i e d  f o r  an unaged blend i n  

order  t o  have the  same v i s c o s i t y .  The v i s c o s i t y  increase under n i t rogen  

storage was r e l a t i v e l y  i n s i g n i f i c a n t .  Ni t rogen b lanke t i ng  appears t o  be 

important  i n  main ta in ing  the  s p e c i f i e d  v i s c o s i t y  c h a r a c t e r i s t i c s  o f  the  

blends dur ing  storage a t  the  150°F storage c o n d i t i o n  tested.  

A 1 oss o f  vo l  a t i  1  es undoubtedly occurs du r ing  h i  gh-temperature 

storage under 1 aboratory cond i t ions .  Such losses con t r i bu te  t o  an 

increase i n  the v i s c o s i t y  o f  t h e  blend, I n  commercial prackice,  

v o l a t i l e  losses are expected t o  be s i g n i f i c a n t l y  lower. 

Solvent e x t r a c t i o n  data and ana lys is  o f  separated f r a c t i o n s  suggest 

t h a t  dur ing  storage under the  above cond i t ions ,  some o x i d a t i v e  polymeri-  

za t i on  o f  pentane-soluble o i l  components forms h igher  molecular weight 

pentane inso lub les  (asphaltenes and benzene inso lub les) .  Asphaltenes 

are a lso invo lved i n  the increase i n  v i s c o s i t y  and do chemical ly  change. 

+:Corporate Research S e r v i c e s  Department,  A i r  P roduc t s  and Chemicals,  
Inc. (APCI). 



INTRODUCTION 

Heavy distillates and residual fuel oils, representing a signif- 

icant proportion of the products from SRC-I liquefaction, exhibit 

'properties that qualify them as power-generating fuels for use in com- 
bustion turbines and boilers. SRC residual oils are defined as homo- 

geneous, single-phase blends of SRC distillate oils (400-850°F boiling 

range) and solid SRC, which is the 850°F+ boiling range product derived 

from the first and second stdyes uf Ll~e SRCaI coal lfquefaction process. 
A i r  Products i s COIILIULL i 119 a laboratory eval u a t i  on tor lnterna- 

tional Coal Refining Company (ICRC) to characterize the rheology and 

stability of various SRC residual fuel oi 1 s. Correlating viscosity of 

heavier-grade fuel oi 1 s with temperature is important because the cor- 

relation indicates the relative ease of pumping and atomizing the oil. 

Specifically, the objectives of this program are to provide the 

temperature-viscosity characteristics of various blends of SRC residual 

oils prepared in the laboratory, to investigate the storage stability of 

selected blends, and to develop data that will support future investi- 

gations designed to evaluate t h e  potential nf t.hcse residual oils as 

viable utility fuels. 

fo date, the variation of viscosity with ternperat.11re has been 

determined for several combinations of t h e  following SRC mat.erialq 

(Tewari et a1 , 1982): 

Solids (850°F+ boiling range) 

" LSRC (I l g h t  SRC) - intermediate stream derived from the Kerr-McGee 

dcashi rtg prbocess 
0 HSRC (heavy SRC) - first-stage SRC product recovered from the SRC-I 

process after Kerr-McGee deashing 
O TSL SRC - two-stage liquefaction or hydrocracked SRC 

Liquids .-.,-,- 

O Middle oil - 400-650°F SRC-I distillate fraction 
o Heavy oil - 650-850°F SRC-I distillate fraction 



I n  t he  temperature ranges and s o l i d  concentrat ions studied,  t he  

var ious blends behaved l i k e  a Newtonian l i q u i d ;  t h a t  i s ,  v i s c o s i t y  o f  

the  f l u i d  was independent o f  shear ra te ,  w i t h i n  experimental accuracy. 

However, experimental shear ra tes  were low compared w i t h  t y p i c a l  shear 

ra tes  recorded dur ing  l i q u i d  pumping; consequently, add i t i ona l  s tud ies  

w i l l  be necessary t o  t r u l y  charac ter ize  the  Newtonian behavior o f  these 

blends. I t  was determined t h a t  t he  f l ow  c h a r a c t e r i s t i c s , o f  SRC res idua l  

o i l s  a t  a g iven temperature and composit ion depend on the  average 

molecular weight o f  t he  s o l i d  and the amount o f  l ow-bo i l i ng  ma te r ia l s  i n  

the  l i q u i d s  used i n  the  blends. The optimum composit ions o f  the  blends 

were def ined based on c e r t a i n  c r i t e r i a .  These c r i t e r i a  were selected as 

reasonable upper 1 i m i t s  t h a t  would a1 low the  blends t o  be handled by 

convent ional f u e l  handl ing equipment: a t  5 - 22S°F, the  v i s c o s i t y  must be 

below 1,000 cent ipo ise  (cP) t o  f a c i l i t a t e  pumping; a t  5 - 325OF, the  

v i s c o s i t y  must be below 30 cP t o  p rope r l y  atomize the f u e l .  The pumping 

and the  atomizing temperatures o f  the blends were found t o  depend on the 

type and content  o f  t he  s o l i d ,  and increased i n  the  order  LSRC < TSL SRC 

< HSRC. 

I C R C  then evaluated the viscosity/temperature/composition data, and 

selected the  f o l l o w i n g  two SRC res idua l  o i l  blends f o r  storage s t a b i l i t y  . . .  

tes ts :  

Composition ( w t  %) 

HSRC TSL SRC Process so lvent  Process so l  vent ,: :,: 

1  s t -s tage 2nd- stage 

SRC b l  end 5 0 - 25. 

TSL SRC blend - 5 0 2 5 

This r e p o r t  discusses s t a b i l i t y  data obtained a f t e r  sub jec t i ng  

these SRC and TSL SRC blends t o  a 60-day storage s t a b i l i t y  inves t iga-  

t i on .  



RESULTS AND DISCUSSION 

Component Charac ter iza t ion  

The 1st-  and 2nd-stage S R C - I  s o l i d  and l i q u i d  samples were acquired 

through I C R C  from the W i  l sonv i  1 l e  P i l o t  Plant .  The i d e n t i f i c a t i o n ,  

u l t i m a t e  ana lys is ,  and heat ing value f o r  each sample are l i s t e d  i n  

Table 1. To prov ide in format ion  on the  amounts o f  mater ia ls  as a func- 

t i o n  o f  b o i l i n g  po in ts ,  t he  standard ASTM 02887 simulated d i s t i l l a t i o n  

method was app l ied  t o  both  process solvent .  sd~lp les.  The r e s u l t s  are 

summarized i n  Table 2. 

Preparat ion and Physical - Character& t i c s  o f  S i  nu1 P-Phase B l ~ n d s  

HSRC and TSL SRC s o l i d s  were pu lve r i zed  t o  a f ineness o f  100% 

through 140 mesh, approximately 105 pm. Single-phase blends were pre- 

pared i n  a three-necked round-bottomed f l a s k  (500 mL), equipped w i t h  a 

thermometer and a g lass s t i r r e r .  A r e q u i s i t e  amount o f  pu lver ized s o l i d  

was gradua l ly  added t o  the  preheated l i q u i d s  w i t h  constant s t i r r i n g .  To 

assure complete d i s s o l u t i o n  and homogeneous mixing, t he  s o l i d  was added 

s lowly  over  a 4-hr pe r iod  a t  a 200 + S°F blending temperat.ure, which was 

maintained f o r  a t  l e a s t  12 hr.  

A mod i f ied  ASTM D2887 simulated d i s t i l l a t i o n  technique was used t o  

ob ta in  t h e  bo i  1 i ng p o i n t  d i s t r i b u t i o n  o f  t h e  vo l  a t i  1 e f r a c t i o n  o f  both 

SRC and TSL SRC blends (Tables 3 and 4); 

Tables 5 and 6 summarize, respect ive ly ,  the  v i s c o s i t i e s  o f  the SRC 

and TSL SRC blends a t  s p e c i f i e d  temperatures and a t  various shear rates.  

V l  scosT ty  measureaients were made w i t h  a Brookf i e l  d v i  scometer. The 

range o f  app l ied  shear ra tes  var ied  w i t h  the  v i 'scosi ty  o f  t he  blend and 

t h e  sp ind le  used. I n  the  reported temperature ranges, each blend 

behaved l i k e  a Newtonian l i q u i d ,  w i t h i n  experimental e r r o r .  F iyure  1 

summarizes t h e  r e l a t i o n s h i p  of v i s c o s i t y  w i t h  temperature f o r  each 

blend; t h e  v i s c o s i t y  values are a t  t he  h ighest  shear r a t e  appl ied. The 

temperatures requ i red  f o r  t he  blends t o  reach v i s c o s i t i e s  o f  30 cP 
(atomizing) and 1,000 cP (pumping) are as fo l lows:  



Blend Temperature (OF) a t :  

30 CP 1,000 CP 

S RC 

TSL SRC 

The density-versus-temperature data f o r  the  blends are l i s t e d  i n  

Table 7. Dens i t ies  were determined us ing a pycnometric procedure. 

Storage S t a b i l i t y  Test 

I n  an i n i t i a l  15-day s t a b i l i t y  t e s t ,  i n  which SRC and TSL SRC 

b'lends were s to red i n  open beakers a t  150°F, an approximate 50% increase 

i n  blend v i s c o s i t y  occurred i n  both n i t rogen and a i r  atmospheres. The 

r e s u l t s  were the re fo re  discarded. I n  a subsequent 60-day t e s t ,  a beaker 

conta in ing  approximately 100 mL o f  the b lend was placed i n  a 30-oz 

wide-mouth glass b o t t l e ,  which was capped a f t e r  f l u s h i n g  w i t h  the 

desi red gas, and then s tored i n  an isotherm oven. A1 1 openings i n  the 

n i t rogen  oven were sealed t o  prevent  an excess consumption o f  n i t rogen;  

the  a i r  oven openings were no t  sealed. The 150°F temperature o f  the  

oven and atmosphere was maintained by the slow c i r c u l a t i o n  o f  the  gas. 

Any degradation o f  the u n s t i r r e d  blend w i t h  storage t ime i s  

expected t o  occur l a r g e l y  a t  the  surface exposed t o  the  app l ied  

atmosphere. Therefore, a t  speci f i ed i nte rva l  s , each b l  end was removed 

from the  storage b o t t l e  and mixed thoroughly. A 10-mL a l i q u o t  o f  repre- 

sen ta t i ve  sample was then ex t rac ted  t o  measure v i s c o s i t i e s  a t  th ree  

s p e c i f i e d  temperatures used t o  moni tor  the  b lend d e t e r i o r a t i o n  w i t h  

t ime. The blends were viscous a t  the  storage temperature. I n  f a c t ,  the 

SRC b lend requ i red  heat ing t o  almost 200°F t o  t r a n s f e r  i t  i n t o  the 

preheated thermocel f o r  v i s c o s i t y  measurements. 

Tables 8-11 and Figures 2 and 3 show the  changes i n  v i s c o s i t y  t h a t  

occurred a t  the  th ree  temperatures when the blends were s to red a t  150°F 

i n  a i r  and n i t rogen.  Using v i s c o s i t y  as an i n d i c a t o r ,  i t i s  obvious 

t h a t  the blends s tud ied  d e t e r i o r a t e  o r  age w i t h  storage time. Storage 

i n  the  unsealed a i r  oven had a s i g n i f i c a n t  e f f e c t  i n  inc reas ing  the 



viscosity of the blend, whereas storage in the sealed nitrogen oven had 

only a small effect .  This suggests that  nitrogen blanketing and/or 

sealing of the storage vessel i s  important in maintaining the viscosity 

character is t ics  o f  the blend during storage a t  the 150°F storage condi- 

t ion tested. 

Although the blends were stored in closed glass bottles of the same 

s i ze ,  some loss of volat i les  undoubtedly occurred during high-temper- 

ature storage. A major loss of 1 ighter components was observed during 

mixing and t ransfer  of material t o  a viscom~t.er c e l l ,  and during vis- 

cosity measurements a t  high temperatures. Clrrh losses contribute t o  an 
increase in t h ~  v i ~ c ~ s i t y  o f  a given blend. However, since the st018dcjr 

conditions, t ransfer  procedure, and t-hc temperatures of viscosity 

measurements were the same, except for  the difference in the sealing of 

the ovens, the loss of material and i t s  impact upon viscosity should be 

constant for  the same blend stored under a i r  and nitrogen. Therefore, 

the fact  t ha t  the -- blends in the a i r  storage oven had larger increases in 

viscosity clear ly implies tha t  oxygen may have had a specific deleteri-  

ous effect.  Viscosity increase of the blend under storage in the 

nitrogen atmosphere oven should be considered insignificant.  I t  should 

be noted tha t  the sampling technique used for viscosity measurements 

constantly reduced the sample s ize of the s t o r ~ d  h l e n d .  The increased 

pcrccnt vola t i le  loss due t o  Ll~e incr-ease in surf~ce/volume ra t io  of the 

stored blend during the l a t t e r  half of the storage period contributed 

slgniflcantly t o  an increase in viscosity of the blend. 

Evaluation of the viscosity data (Figures 2 and 3) suggests that  

the viscosity increase in both SRC and TSL SRC blends in an a i r  environ- 

ment beqiqs a f t e r  a 4 - w m k  s t -n rap  period a t  tho 150°F s t o r ~ g c  condition 

tested. A comparison of viscosity-temperature data for  aged and unaged 

blends i s  shown in Figure 4. To maintain the same pumping charact.er- 

i s t i c s ,  60-day air-stored TSL SRC and SRC blends wi 11 require temper- 

atures about 10 and 15OF higher, respectively, than those specified for  

unaged blends. 

To quantify the weight loss during storage and viscosity measure- 

ments, about 16 g of freshly prepared SRC blend was stored a t  150°F for 

47 days in closed and open 1-oz glass vials.  The weight loss data 

determined a t  specified intervals are l i s ted  in Table 12. Both closed 



and open v i a l s  showed a s i g n i f i c a n t  weight  l o s s  d u r i n g  t h e  f i r s t  10 days 

o f  storage. I n  open v i a l s ,  t h e  l o s s  o f  m a t e r i a l  a f t e r  10 days increased 

r e c t i l i n e a r l y  w i t h  s torage t ime, w h i l e  i n  c losed  v i a l s  t h e  l o s s  became 

i n s i g n i f i c a n t  a f t e r  20 days. An average o f  n i ne  de te rmina t ions  showed a 

0:2 w t  % l o s s  d u r i n g  v i s c o s i t y  measurements a t  200°F and a t o t a l  l o s s  o f  

0.9 w t  % d u r i n g  measurements a t  a1 1 t h r e e  temperatures (i ..e. , 200, 250, 

and 310°F). 

I t  should be noted t h a t  t he  v i s c o s i t y  d i f f e r e n c e  (F igure  2) between 

t he  unaged and 5-day aged SRC b l end  was due t o  t h e  f a c t  t h a t  t h e  v iscos-  

i t y  o f  t h e  unaged b lend  was measured immediate ly  a f t e r  i t  was prepared 

a t  200°F, w h i l e  t he  aged sample s to red  a t  150°F r e q u i r e d  p rehea t i ng  t o  

a lmost  200°F t o  t r a n s f e r  i t  i n t o  a preheated v iscometer  thermocel. 

Therefore,  t h e  v i s c o s i t y  inc rease  was due ma in ly  t o  t h e  l o s s  o f  m a t e r i a l  

d u r i n g  t he  s torage and t r a n s f e r  process. Th i s  l o s s  and i t s  impact upon 

v i s c o s i t y  were t h e  same f o r  a l l  measurements performed on aged samples 

s to red  a t  150°F, and a re  a f u n c t i o n  o f  t h e  number o f  p rev ious  measure- 

ments made on t he  samples. 

So lven t  Separat ion 

Sol ven t  e x t r a c t i o n  was performed t o  separate t h e  blends i n t o  d i  1  s  

(pentane so lub les ) ,  asphaltenes (benzene so lub les ,  pentane i nso lub les )  

and benzene-insoluble f r a c t i o n s .  The weight  percen t  d i s t r i b u t i o n  o f  t h e  

f r a c t i o n s  i n  unaged and a i r -aged  blends i s  summarized i n  Table 13. The 

so l ven t  ana l ys i s  da ta  f o r  t h e  blends a re  i n s t r u c t i v e  as t o  t he  o v e r a l l  

mechanism o f  t he  noted degradat ion.  The blends s t o r e d  i n  an a i r  env i -  

ronment showed s i g n i f i c a n t  increases i n  t h e  amount o f  asphaltenes and/or 

benzene-insoluble m a t e r i a l s ,  and corresponding decreases i n  o i l  com- 

ponents. The average molecular  we igh t  o f  these f r a c t i o n s  increased i n  

t h e  o rde r  o i l s  < asphaltenes < benzene i nso lub les .  Thus, i t appears 

t h a t  o x i d a t i v e  po l ymer i za t i on  o f  SRC b lend  s to red  i n  a i r  f o r  68 days 

caused t h e  f o rma t i on  n f  and increase i n  largo-molecular -weight  benzene 

i nso lub les .  The chemical p o r t i o n  o f  the  v i s c o s i t y  inc rease  i n  TSL SRC 

b lend  s to red  i n  a i r  f o r  72 days was due ma in ly  t o  t h i s  o x i d a t i v e  polym- 

e r i z a t i o n  o f  o i l  components t o  form h igher  mo lecu la r  we igh t  asphaltene 

cumponents. 



Characterization of the Solvent-Separated Fractions 

Benzene Insolubles. The amounts of this fraction separated from 

unaged and aged TSL SRC blends were insufficient to perform any anal- 

ysis. The elemental distribution of benzene insolubles in unaged and 

air-aged SRC blend, listed in Table 14, shows no noticeable change. 

Infrared spectra of the two solid samples were also identical. 

Asphal tenes. The elemental distribution, number average molecular 

weight, and the distribution of heteroatoms, oxygen, and nitrogen in 

asphaltenes are summarized in Table 15. The number average molecular 

weight was dctcpmi nad by vapor pi'.esburme usmompt.Pr f ? so l vant pyri d i  nc at 

87OC.  Near S~~Tr~ared (NIR) analys~s was used to determine the weight 

percent of oxygen as OH (hydroxyl) and nitrogen as NM or NHZ Infrared 

spectra of the samples showed the absence of the carbonyl (C=O) absorp- 

tion band, indicating that oxygen in each of the four samples analyzed 

was present in the form of phenolic (OH) and ether (-0-) 1 inkages. .. 
Nitrogen existed mainly as basic nitrogen, - M  =. 

The number average molecular weight of asphaltenes derived from the 

TSL SRC blend was higher than that derived from the SRC blend. The 

measured high molecular weight values of asphalt.cnes derived from air- 

aged blends corresponded we1 1 with the observed viscosity increases of 

the aged blends. 

Each asphal tene fraction was further evaluated by high-resol ution 

proton magnetic resonance (NMR) at 200 MHz. Complete ~01ubility n f  t-he 

asphaltene samples in solvent THF-d8 ensured that total samples were 

evaluated. The contribution of solvent impurities to the asphaltene 

a1 iphatic proton signals was quantitatively estimated and subtracted 

from the aliphatic proton integration. Tetramethylsilane was used as an 
internal standard. To calculate the hydrogen distribution, the hydrogen 

on the NMR spectra was divided into the following four types: armlatic 

and phenolic hydrogen, Ha, 6-9 ppm; hydrogen attached to a carbons, 2-5 

ppm; hydrogen bound to p or farther from aromatic rings, except for 

terminal methyl , H 1.1-2 ppm; and hydrogen in terminal mst.hy1, Hr, B ' 
0.3-1.1 ppm. The NMR proton distribution and weight percent distribu- 

tion of absolute hydrogen are listed in Table 16. Structural parameters 

of average molecules in each sample were calculated from elemental 



composit ion, molecular weight,  and pro ton  NMR spectra us ing  mod i f ied  

Brown and Ladner equations. Thei r d e f i n i t i o n s  and formulae are: 

O Number o f  aromatic carbons: 

O Frac t i on  of aromatic carbons (= aromat ic i ty ) :  

O Tota l  number o f  r ings :  

O Number o f  aromatic c lus te rs :  

where 

O Number of aromatic r ings :  

* Number o f  naphthenic r ings :  

Values o f  C and H were der ived from the  empi r ica l  formula o f  each 

asphaltene sample. The r e s u l t s  are summarized i n  Table 17. 



It should be noted t h a t  the number o f  average s t r uc tu ra l  un i t s  per 

molecule, n, and t he  aromat ic i ty ,  fa, o f  asphaltenes i n  o r i g i n a l  and 

air-aged blends remain near ly constant. The e f f e c t  o f  aging i s  t o  

increase, per average asphal tene molecule, the numbers o f  aromatic 

carbons, the aromatic r i n g  numbers, and the naphthenic r i n g  numbers. 

This suggests t h a t  the observed increase i n  the average molecular weight 

o f  the asphaltene f r a c t i o n  i n  the air-aged blend i s  mainly due t o  the 

va r i a t i on  o f  types o f  u n i t  s t ructures.  

Althnclgh the u l t ima te  analysis data (Table 15) would ind ica te  t h a t  

asphalt.en~q i n  air-aged and unagcd blends are essen t ia l l y  lllr same, thcl 

mo'l ecu ls r  weight and NMR s t r u ~ l u r . a l  analysl s data d e t i  n i  te ' ly  show t h a t  

asphaltenes are involved i n  the aging process and do chemically change. 

Pentane-Soluble .- Oi ls .  The elemental d i s t r i b u t i o n ,  numh~r average 

molecular weight, and the d i s t r i b u t i o n  o f  heteroatoms , oxygen., and 

n i t rogen f o r  the o i l  f rac t ions  separated from unaged and aged blends are 

summarized i n  Table 18. The number average molecular weight was deter- 

mined by vapor-pressure osmometer i n  sol vent methyl ene ch lo r ide  a t  37OC. 

The behavior of the o i l  components i s  a lso  noteworthy. While the 

molecular weight o f  o i l s  i n  aged and unaged blends remained t . h ~  same, 

the  oxygen content of the o i l  f rac t ion  i n  the aged SRC blend decreased. 

This decrease i s  associated w i t h  the decrease i n  the t o t a l  amount o f  g i l  

components i n  the air-aged blend (Table 13), and may imply t h a t  oxygen- 

contain ing species i n  the o i l  are p re fe ren t i a l l y  react ing t o  form higher 

molecular weight components ( i .e. ,  asphaltenes and benzene insolubles) ,  

o r  are p r e f e r e n t i a l l y  evaporating. 

The NMR spectrum o f  the o i l  f r a c t i o n  was taken a t  25OC as CD2C12 

solut ion.  The NMR proton d i s t r i b u t i o n  and weight percent d i s t r i b u t i o n  

of absolute hydrogen are l i s t e d  i n  Table 19. The calculated s t ruc tu ra l  

parameters o f  average molecules i n  each sampln are summarized i n  Tdblc 

20. I n  add i t i on  t o  some increase i n  numbers o f  naphthenic r i ngs  per 

average molecule o f  o i l  components i n  the air-aged blend, the s t ruc tu ra l  

parameters of o i l  i n  aged and unaged blends remained iden t i ca l .  To 

character ize f u r t he r ,  the bo i  1 i ng-poi n t  d i s t r i b u t i o n  o f  each o i  1 sample 

was determined using the standard (ASTM D2887) gas chromatographic 

simulated d i s t i l l a t i o n  method. Tables 21-24 summarize the b o i l i n g  po in t  



d i s t r i b u t i o n  by area percent. For each o i l  sample, t he  ASTM 1160 d i s -  

t i l l a t i o n  c o r r e l a t i o n  der ived from D2887 data i s  a l so  shown. 

A c a p i l l a r y  gas chromatography (CGC) ana lys is  method was used t o  

i d e n t i f y  i n d i v i d u a l  components and t o  determine area percent  d i s t r i -  

b u t i o n  r e l a t i v e  t o  b o i l i n g  ranges i n  each o f  the  o i l  samples. CGC 

cond i t ions  used are given i n  Table 25. The chromatograms are  shown i n  

Figures 5-8 and the  numbers on the  chromatograms correspond t o  the  most 

l i k e l y  components l i s t e d  i n  Table 26. The area percent  d i s t r i b u t i o n  

r e l a t i v e  t o  b o i l i n g  ranges i s  shown i n  Table 27. 

CONCLUSIONS 

O The blends s tud ied  increased i n  v i s c o s i t y  w i t h  storage t ime under 

an a i r  environment. The v i s c o s i t y  increase began a f t e r  a 4-week storage 

period. 

O Although apparent ly  l a rge  (40-70%), the  v i s c o s i t y  increases are 

r e l a t i v e l y  small when the  small temperature increase requ i red  t o  main- 

t a i n  a pumpable and atomizable f l u i d  i s  considered. When s tored a t  

150°F, a 60-day a i r - s to red  b lend w i l l  r e q u i r e  a pumping temperature 

about 10°F h igher  than t h a t  s p e c i f i e d  f o r  an unaged blend. 

O Loss o f  v o l a t i  l e  components du r ing  high-temperature storage con- 

t r i b u t e d  t o  an increase i n  blend v i s c o s i t y .  The v i s c o s i t y  increase was 

a l so  due t o  the  ox ida t i ve  po lymer iza t ion  o f  pentane-soluble o i l  com- 

ponents t o  form higher  molecular weight pentane inso lub les .  Asphaltenes 

were a l so  invo lved i n  the aging process. 
O The v i s c o s i t y  increase under n i t rogen  storage was r e l a t i v e l y  i n s i g -  

n i f i c a n t .  

When blends are s to red a t  150°F, b lanke t i ng  w i t h  n i t rogen  helps 

decrease the  r a t e  o f  v i s c o s i t y  increase. 

O It i s  apparent t h a t  both evaporat ion and chemical reac t ions  are 

invo lved i n  the  v i s c o s i t y  increases. Add i t i ona l  i n v e s t i g a t i o n  w i l l  be 

requ i red  t o  determine the r e l a t i v e  importance o f  each. 
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Table 1 

Properties of ,Fuel Oil Blend Components 

Process Process 
sol vent sol vent 

Component: HSRC TSL SRC (1st-stage) (2nd-stage) 
- 

Identification 

Run no. 

Wi 1 sonvi 1 1  e no. 

ICRC no. 

Ultimate analysis (wt %) 

C 

H 

N 

0 

S 

Ash 

H/C 

Heat of combustion (Btu/lb) 

227 2-234 BMB 227 235 

67782 74256 67785 78378 

903-053 936-082 907-053 936- 102 



Table 2 

B o i l i n g  Point D i s t r i b u t i o n  by ASTM 02887 

1st-Stage Process solventa 

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 

IBP 

5 
10 
2 0 

3 0 

40 

5 0 

- - 

6 0 

70 

80 

9 0 

45 

9 9 

FBP 

a C4 and lighter: 0.2%; C3: 0.1% 

2nd-Stage Process sol venta 

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 

TBP 

5 

10 

2 0 

30 

40 

50 

--- 

6 0 

70 

80 

90 

95 

9 9 

FBP 

8 
C4 and lighter: 0.0%; C3: 0.0% 



Table 3 

B o i l i n g  Point  D i s t r i b u t i o n  o f  V o l a t i l e  Fract ion  o f  SRC 

Blend by Modif ied ASTM ~ 2 8 8 7 ~  

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 

IBP 

5 

10 

20 

3 0  

40 

5 0  

6 0  

7  0  

80 

90 

9  5 

99 

FBP 

a 
Nonvolatile residue: 29.74'wt %; C4 and lighter: 0.0%; C3: 0.0% 

01160 Corre la t ion  from 02887 

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 



Table 4 

Bo i l ing  Point  D is t r ibu t ion  o f  V o l a t i l e  Fract ion o f  TSL SRC 

Bl end by Modi f i ed ASTM ~ 2 8 8 7 ~  

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 

IBP 
5 

10 

20 

38 
40 

50 

6 0 
70 
80 

90 

9 5 

99 

FBP 

a Nonvolatile residue: 20.5 wt %; C4 and lighter: 0.0%; CC: 0.0% 

- - 

% d i s t .  Ternperat1,lre (OF) X d i s t .  Temperature ("F) 

IBP 
5 

10 

20 

3 0 

40 



Table 5 

Var ia t ion  o f  Viscosity  wi th  Temperature i n  an SRC Blend 

Temperature 

( O F )  

Shear r a t e  V i  scosi t y  

(set-'1 (CP) 



Table 6 

Variation of Viscosity with Temperature in a TSL SRC Blend 

Temperature Shear rate Viscosity 



Table  7 

Blend Dens i ty  as a Function o f  Temperature 

Blend Temperature 

(OF) 

Dens i ty  

(g/mL) 

SRC 

TSL SRC 



Table 8 

Aging Cha~acterist ics of SRC Blend Stored a t  150°F i n  Air ktcoo:iphere 

Temperature Shear rate Viscosity (cP) a f te r  storage t ime (days) 

( O F )  (sec-' ) 0 5 10 19 32 45 60 



I 
Table 9 

Aging Character ist ics o f  SRC Blend Stored a t  150°F i n  Nitrogen Atmosphere 

Temperature Shear r a t e  Viscosity (cP) a f t e r  storage time (days) 

(OF) (sec-l)  0 5 10 20 32 45 60 



Table 10 

Aging Char ic te r is t ics  o f  TSL 9RC Blend Stored a t  150°F i n  A i r  .9mosphere 

Temperature Shear r a t e  Viscosi ty  (cP) a f t ~ r  storaqc. t i n e  (days) 

(OF) ( s e c l  ) 0 5 10 19 32 45 59 



Table 11 

Aging Characteristics o f  TSL SRC Blend Stored a t  150°F i n  Nitrogen Atmosphere 

Temperature Shear ra te  Viscosity (cP) a f t e r  storage time (days) 

(OF) (sec-') 0 5 10 19 32 45 59 



Table 12 

Loss of Volatiles During Storage 

Storage time % weight loss 

(days) Closed vial Open vial 

Table 13 

Solv-ent Analysis Data for the Blends Stored i n  Air a t  150°F 

Yield ( w t  %) 

Storage time Benzene 

Sampl P (day€) Oils Asplial Lenes I nssl ubl es 

SRC blend 0 

68 

TSL SRC blend 0 

7 2 



Table 14 

Ult imate Analysis o f  Benzene Insolubles i n  SRC Blend 

Benzene 

insolubles in: 

Elemental d i s t r i b u t i o n  ( w t  %) 

C H 0 N S Ash 

Unaged SRC blend 86.31 

A i  r-aged SRC blend 86.04 

(68 days) 



Table 15 

Analysis o f  Asphal tene Fractions 

Anal ys i s 

Sample separated from: 
SRC blend TSL SRC blend 

A i  r-aged A i  r-aged 
Unaged (68 days) Unaged (72 days) 

Elemental ( w t  %) 

Molecular weight (;M wt) 

Near i n f rared 



Table 16 

D is t r i bu t i on  o f  Hydrogen i n  Asphaltene Fractions 

Area % NMR spectra W t  % hydroqen 

Asphal tene in:  Ha Ha H~ "r Ha. He H~ r 

Unaged SRC blend 47.8 33.1 13.4 5.7 2.76 1.91 0.78 0.33 

Air-aged SRC blend (68 days) 36.2 39.9 17.2 6.7 2.12 2.34 1.01 0.39 

Unaged TSL SRC blend 38.8 37.6 17.4 6.2 2.42 2.34 1.08 0.39 

Air-aged TSL SRC blend 39.3 34.0 21.1 5.6 2.42 2.10 1.30 0.35 

(72 days) 

Table 17 

NMR Structural  Parameters o f  Average Asphaltene Molecule 

Structural  parameters 

Asphaltene in: 
C~ fa R~ R~ n 

Unaged SRC b 1 end 29.0 0.80 6.5 1.7 1.4 

A i ragedSRCb lend (68days )  33.6 0.75 7.8 3.0 1.3 

Unaged TSL SRC blend 43.6 U. 75 9.7 2.9 2.3 

~ i r - i ~ e d  TSL SRC blend 51.4 0.75 11.7 3.1 2.3 

(72' days ) 



Table 18 

Analysis of Pentane-Soluble Oil Fractions 

Analysis 

Oils in: 
SRC blend TSL SRC blend 

Ai r-aged Ai r-aged 
Unaged (68 days) Unaged (72 days) 

Elemental (wt %) 

C 

Molecular weight (;M wt) 235 235 250 255 

Near infrared 

Wt X 0 as OH 0.67 U. 68 0.47 0.50 

Wt % N as NH 0.18 0.20 0.18 0.20 

Wt % N as NH2 0.08 0.06 0.06 0.09 
- -- 



Table 19 

Dis t r i bu t i on  o f  Hydrogen i n  O i l  Fractions 

O i l s  in: 

Area % NMR spectra - W t  % hydrogen 

Ha Ha "B r "a Ha  "B "'r 

Unaged SRC blend 27.5 29.2 31.2 12.1 2.34 2.48 2.65 1.03 

A i r a g e d  SRC blend (68 days) 26.7 30.6 32.5 10.2 2.23 2.56 2.71 0.85 

Unaged TSL SRC blend 29.9 26.7 30.3 13.1 2.59 2.31 2.62 1.14 

A i r a g e d  TSL SRC blend 24.2 31.0 33.8 11.0 2.07 2..65 2.89 0.94 

(72 days) 

Table 20 

NMR Structural  Parameters o f  Average Oil Molecule 

Structural  parameters 

O i l s  in:  
C~ fa R~ R~ 

n 

Unaged SRC blend 10.5 0.60 2.1 1.0 1.1 

Air-aged SRC blend (68 days) 10.5 0.60 2.1 1.2 1.0 . 

Unaged TSL SRC blend 11.4 0.61 2.2 0.8 1.2 

A i r a g e d  TSL SRC blend 11.0 0.58 2.2 1.2 1.1 

(72 days) 



Table 2 1  

Bo i l ing  Point  D is t r ibu t ion  o f  O i l  F ract ion  o f  Unaged SRC 

Blend by ASTM ~ 2 8 8 7 ~  

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 

IBP 

5 

10 

20 

30 

40 

5 0 

6 0 707 

70 752 
80 804 

9 0 884 

9 5 943 
9 9 1,012 

FBP 1,022 
- 

a C4 and lighter: 0.0%; C3: 0.0% 

Dl160 Corre la t ion  from 02887 

% d i s t .  Temperature ( O F )  % d i s t .  Temperature (OF! 

I B P  

5 

10 

2 0 

30 

40 



Table 22 

Boiling Point Distribution of Oil Fraction of Air-Aged SRC 

Blend by ASTM ~ 2 8 8 7 ~  

% d i s t .  Temperature ( O F )  % d i s t .  Temperature ( O F )  

- 

IBP 

5 

10 

20 

30 

40 

50 

60 

7 0 

80 

90 

9 5 

9 9 

FBP 

a C and l i g h t e r :  0.0%; C3: 0.0% 4 

Dl160 Correlation from 02887 

% d i s t .  Temperature ( O F )  % d i s t .  Temperature ( O F )  

I B P  
5 

10 

2 0 



Table 23 

B o i l i n g  Point  D i s t r i b u t i o n  of O i l  F ract ion  o f  Unaged TSL SRC 

Blend by ASTM ~ 2 8 8 7 ~  

% d i s t .  Temperature ( O F )  % d i s t .  Temperature (OF) 

6 0 

70 

80 
90 

95 

99 

FBP 
- --- 

a C4 and lighter: 0.0%; C3: 0.0% 

Dl160 Corre la t ion  from D2887 

-- 

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 

IBP 

5 

10 

20 

30 

40 



Table 24 

Boi l ing  Point  D is t r ibu t ion  o f  O i l  Fract ion o f  Air-Aged TSL SRC 

Blend by ASTM ~ 2 8 8 7 ~  

% d i s t .  Temperature (OF) % d i s t .  Temperature (OF) 

IBP 

5 

10 

20 

30 

40 

5 0 

60 723 

7 0 777 

80 843 

90 921 

9 5 970 

99 1,014 

FBP 1,019 

a Cq and lighter: 0.0%; Cj: 0.0% 

01160 Corre la t ion  from D2887 

% d i s t .  Temperature ( O F )  % d i s t .  Temperature (OF) 

IBP 

5 

10 

2 0 

3 0 

40 



Table 25 

GC Conditions 

GC Perki n-Elmer 3920 

Integrater 

Co 1 umn 

Carrier Gas 

Detector 

DeLec tclr temperrat1,Jre 

Injector temperature 

Detector range 

Detector makeup flow 

Oven temperature 

Split rat16 

Sample size 

Integrator attenuation 

SP-4100 

15-my 0.8 i.d., SE-52 glass capillary 

3 Helium at 2.2 cm /min 

FID 

27SUC 

3OO0C 

X 1 

3 30 cm /min 

50 to 275OC at 4OC/min 

55 to 1 

0.2 pl 

X64 



TABLE 26 
COMPONENT TABLE 

NAME 'MW BP (OF) - STR.UCTU RE 

Pentane 

Hexanes 

Cyclohexane 

Benzene 

Heptane 

Toluene 

Octane 

Xyle~es 

Phenol 

Methyl phenol 

Dimethylphenols 



TABLE 26 (Continued) 

NAME - MW BP(OF) STRUCTURE - - 

12. Tetralin 

13. Naphthalene 

14. Dodecane 170 42 1 CHs(CH2) i0CH3 

15. Methyltetralin 

16. Quinoline 

19. Biphenyl 

20. Tetradecane 198 488 CH3(CHz) 2CH3 

21. Dimethylnaphthalenes 156 504-516 C H ~ ~ C H ~  
d 

22. Acenaphthene 154 534 

23. Methylbiphenyl 168 -k14 wCH3 



TABLE 2 6  (Continued) 

NAME - MW BP (OF) 
'- - STRUCTURE 

24. Dibenzofuran 168 549 a 
25. Pentadecane 21 2 519 CH3(CH2) 3CH3 

26. Fluorene 1 66 S 1  . 

27. Hexadecane 226 548 CH3(CH2) 14CH3 

28. Xanthene 

30. Methy lfluorenes 

31. Heptadecane 240 576 CH3(CH2Il 5CH3 

32. Dibenzothiophene 184 600 a 
. 33. Phenanthrene 178 644 

34. Anthracene 

35. Octadecane 254 602 CH3(CH2) i6CH3 



TABLE 26 (Continued) 

NAME - 
36. Carbazole 

MW BP (OF) STRUCTURE - - 

37. Methylphenanthrenes 192 676 

30. EiCosane 283 64 1 CH3(CH2I1 %CH3 

40. Fluoranthene 202 707 

41. Pyrene 

42. Heneicosane 

43. Docosane 

QQ. Methylpyrenes 

46. Tetracosane 



TABLE 26 (Continued) 

NAME MW BP (OF) - - STRUCTURE 

48. Chrysene 228 838 

and/or 

Triphenylene 

49. Pentacosane 353 755 CH2(CH3I23CH3 

50. Hexacosane 367 774 CH3(CH2)24CH3 

51. Heptacosane 38 1 792 CH3(CH2)25CH3 

52. Octocosane 395 809 CH3(CH2)26CH3 

53. Nonocosane 409 825 CH3(CH2)27CH3 

54. Triacontane 413 84 1 CH3(CH2)28CH3 



Table 27 

Integrated Area Percent Relative to Boi l ing Range i n  Oi ls  (Pentane Solubles) 

-- Oi ls  in:  ,, 
bKL blend TSL SRC"blend 

A1 r-aged A i  r-aged 
Boi 1 i ng range Unaged (68 days) Unaged (72 days) 

(OF)  



Figure 1 
Viscosity as a Function of Temperature 

TEMPERATURE (OF) 



Figure 2 
Viscosity Change on Storage of SRC Blend at 150°F in 

Air and Nitrogen Atmosphere 
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Figure 3 
Viscosity Change on Storage of TSL Blend at 150°F in 

Air and Nitrogen Atmosphere 

AIR 
A NITROGEN 



Figure 4 
Temperature l ncrease Required to Achieve Original 

Blend Viscosity After 60-Day Aging* 
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'TEMPERATURE INCREASE REQUIRED TO BRING 60-DAY AGED 
BLENDS TO ORIGINAL VISCOSITY IS 10 AND 1 5 O F ,  RESPECTIVELY, 
FOR TSL SRC AND SRC RESIDUAL OILS. 



Figure 5 
GC Chromatogram of Oils in Unaged SRC Blend 



Figure 6 
GC Chromatogram of Oils in Air-Aged SRC Blend (68 Days) 



Figure 7 
GC Chromatogram of Oils in Unaged TSL Blend 



Figure 8 
GC Chromatogram of Oils in Air-Aged TSL Blend ( i 2  Days) 
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