
United States Patent [19] 
Hayes et al. 

[11] E 

[45] Reissued Date of Patent: 

USO0RE36983E 

Patent Number: Re. 36,983 
Dec. 12, 2000 

[54] PRE-ATOMIZED FUELS AND PROCESS FOR 
PRODUCING SAME 

[75] Inventors: Michael E. Hayes, Fernandina Beach; 
Kevin R. Hrebenar, Jacksonville, both 
of Fla.; Patricia L. Murphy, West 
Chester, Ohio; Laurence E. Futch, Jr., 
Fernandina Beach, Fla.; James F. Deal, 
III, Amelia Island, Fla.; Paul L. 
Bolden, Jr., Fernandina Beach, Fla. 

[73] Assignee: Petroferm Inc., Fernandina Beach, Fla. 

[21] Appl. No.: 08/447,922 

[22] Filed: May 23, 1995 

Related US. Patent Documents 
Reissue of: 
[64] Patent No.: 4,793,826 

Issued: Dec. 27, 1988 
Appl. No.: 06/780,783 
Filed: Sep. 27, 1985 

US. Applications: 

[63] Continuation-in-part of application No. 07/911,255, Jul. 7, 
1992, abandoned, which is a continuation of application No. 
07/633,990, Dec. 26, 1990, abandoned, said application No. 
06/780,783, is a division of application No. 06/653,808, Sep. 
24, 1984, Pat. No. 4,684,372, which is a continuation-in-part 
of application No. 06/547,982, Nov. 2, 1983, Pat. No. 
4,618,348. 

[51] Int. Cl.7 ...................................................... .. C10L 1/18 

[52] US. Cl. ................................. .. 44/301; 431/2; 516/30; 
516/25; 516/58; 516/74 

[58] Field of Search ............................. .. 44/301; 252/309, 

252/312, 356; 431/2; 516/25, 30, 58, 74 

[56] References Cited 

U.S. PATENT DOCUMENTS 

2,152,196 3/1939 Kokatnur . 
2,447,475 8/1948 Kaberg et al. . 
2,981,683 4/1961 Simpson et al. . 
3,006,354 10/1961 Sommer et al. . 
3,067,038 12/1962 O’Connell. 

300 

at 100°F 
8 O 

I00 

Viscosity, cp, 

80 60 

Percent Water in 

3,352,109 11/1967 Lissant. 
3,380,531 4/1968 McAuliffe . 
3,425,429 2/1969 Kane . 
3,467,195 9/1969 McAuliffe et al. . 
3,487,844 1/1970 Simon et al. . 

(List continued on neXt page.) 

FOREIGN PATENT DOCUMENTS 

8204947 
667835 
73 1 55 1 
65379 

50-26766 
5 0-46562 
49-99 102 
53 -7072 

53-41688 
5 3-45 803 

4/1984 
7/1963 
4/1966 
5/1984 
7/1973 
7/1973 
9/1974 
3/1978 
6/1978 
9/1978 

Brazil . 

Canada . 

Canada . 

Finland . 

Japan . 

Japan . 

Japan . 

Japan . 

Japan . 

Japan . 

(List continued on neXt page.) 

OTHER PUBLICATIONS 

Burling, D. “Oil and Water Emulsion Burning,” British 
(LayWorker, vol. 74, No. 883, Dec. 1965). 
BurroWs, F.A. “Water/Oil Emulsion” (Laycraft and Struc 
tural Ceramics, vol. 41, No. 9, Jun. 1968). 
GasiorWski, F. “Heating Oils from Petroleum, Their Char 
acteristics and Practical Implications Thereof” Bes. Deut— 
Keram—Gesell, vol. 37 No. 2, Feb. 1960. 
Ivanov, W.M. et al. “Fuel—Oil Emulsions for Combustion 
and Gasi?cation” Westnick Akad. Hawk, SSR, May 1957. 

(List continued on neXt page.) 

Primary Examiner—Jacqueline V. HoWard 
Attorney, Agent, or Firm—Synnestvedt & Lechner LLP 

[57] ABSTRACT 

Methods and compositions are provided to facilitate the 
transportation and combustion of highly viscous hydrocar 
bons by forming reduced viscosity hydrocarbon-in-Water 
emulsions, and in particular, bioemulsi?er-stabilized 
hydrocarbon-in-Water emulsions. 

52 Claims, 9 Drawing Sheets 

l 
. 

l 

l 
1 l 

40 20 o 

Hydrocorbosol 



Re. 36,983 
Page 2 

US. PATENT DOCUMENTS 4,537,600 8/1985 Tajima et a1. . 
4,570,656 2/1986 Matlach et a1. . 

3,490,237 1/1970 LiSSaIlt - 4,616,574 10/1986 Abrams et a1. . 

3,490,471 1/1970 Carlin . 4,627,458 12/1986 Prasad . 
3,491,835 1/1970 Gagle . 
3,514,273 5/1970 Lee et a1_ _ FOREIGN PATENT DOCUMENTS 

3,519,006 7/1970 Simon et a1. . 

3,527,581 9/1970 Brownawell et al. . 2:31:82 Z1333 I 
3,630,953 12/1971 Simon et a1. . 54_29529 9/1979 Japan _ 

3,756,794 9/1973 Ford - 55-112201 8/1980 Japan . 

3,807,932 4/1974 DeWald. 59_159291 8/198O ]apan_ 
3,876,391 4/1975 McCoy et a1. .......................... .. 44/301 55.34840 9/1980 ]apan_ 
3,902,869 9/1975 Friberg et a1. .......................... .. 44/301 56.7640 1/1981 ]apan_ 
3,941,552 3/1976 Cottell . 57.20994 5/1982 Japan _ 
3,941,692 3/1976 Gutnick et a1. . 59.58769 10/1984 Japan _ 
3,943,954 3/1976 Flournoy et a1. . 4108193 9/1992 Japan _ 
3,948,617 4/1976 Withorn. 801119 9/1958 United Kingdom. 
3,958,915 5/1976 Noda et a1. . 0974042 4/1964 United Kingdom . 
3,997,398 12/1976 Zajic - 0969051 9/1964 United Kingdom . 
4,002,435 1/1977 WenZel et a1. .......................... .. 44/301 1525377 9/1978 United Kingdom _ 
4,046,519 9/1977 Piotrowski .............................. .. 44/301 

4,061,585 12/1977 Finn et a1. . OTHER PUBLICATIONS 
4,084,940 4/1978 Lissant. 
4,086,164 4/1978 Noda er a1, _ Zaj ic, J .E. “Bacterial Degradation and Emulsi?cation of No. 
4,099,537 7/1978 Kofoglou et a1. . 6 Fuel Oil” Environ. Sis. Technol. vol. 8, No. 7, 1974. 
471087193 8/1978 Floumoy ct a1~ - Emulsions, Concise Encyclopedia of Chemical Technology, 
471347415 1/1979 Floumoy et a1‘ ' Kirk—Othmer, pp. 415—417 (1935) (Abridged Version of 26 
4’144’O15 3/1979 Bertheaume ' Volume Encyclopedia 3rd Edition of 1978) Month unavail 
4,158,551 6/1979 Feuerman .................................. .. 44/51 ’ 

4,162,143 7/1979 Yount, n1 ................................. .. 44/51 able- _ 
471927767 3/1980 Floumoy et a1_ _ “NeW Process Replaces 011 as Fuel”, CoalAge, Jan. 1976, 
4,199,326 4/1980 Fung ....................................... .. 44/301 p. 57. 

4,224,038 9/1980 Massologites et a1- - Reduction of Flue Gas Emissions by Burning Fuel Oil—Wa 
472267601 10/1980 Smith - ter Emulsionsz, VEB Kraftwerts—technik, Feb. 1975, 55, pp. 
4,230,460 10/1980 Maus't, Jr. . 88_93 (Feb' 1975)' 

Z: Z}: Sano, H‘. “Removal of Sulfur Oxides by Neutralizer Pre 
4’235’283 11/1980 Gupta _ Mixing into Fuel (I)—'Remo'val of Sulfur Oxides from Flue 
472397052 12/1980 Mccla?in _ Gas by Emulsr?ed Lime In]ect1on Process—,” Bulletin of 
4,244,702 1/1981 Alliger ................................. .. 44/301 the Environment Industrial Research Institute, Osaka Kogyo 
4,246,919 1/1981 McCla?in . Gijutsu Shinenjo Kiho, Sep. 1974, 25(3). pp. 169—173. 
4,246,920 1/1981 Mccla?ln- “Oil Burning Can be Less ‘Fuelish’”, Environ. Sci. and 

$9911“;- Tech., Oct. 1977, 11(10), p. 954. 
4:265:264 52981 sieérelnilai'” Rad'for’d, H.D. and Rigg, R.G.~, “NeW Way to DesulfuriZe 
472707926 6/1981 Burk’ Jr_ et aL _ Resrds , Hydrocarbon Processing, Nov. 1970, pp. 187—191. 
4,273,611 6/1981 Blasio er a1, _ Tregilgas, ET. and CroWley, D.M., “Need More Jet Fuel? 
4,276,094 6/1981 Gutnick et a1. . Hydrotreat” Hydrocarbon Processing, May 1969, pp. 
4,285,356 8/1981 Sifferman. 12()_123_ 
472877902 9/1981 Mccla?m et a1‘ ' Dooher, J. et al., “Combustion Studies of Water/Oil Emul 
4,295,859 10/1981 Boehmke ................................ .. 44/301 Sion on a Commercial Boiler Using NO‘ 2 Oil and LOW and 
4,311,829 1/1982 Gutnick et a1. . . . ,, 

473117830 1/1982 Gutnick et a1‘ _ High Sulfur No. 6 Oil , Fuel, Dec. 1980, 59, pp. 883—892. 
473117831 1/1982 Gutnick et a1_ _ Hall, RE, “The Effect of Water/Residual O1l Emulsions on 
4,311,832 1/1982 Gutnick et a1. _ Air Pollutant Emissions and Ef?ciency of Commerical Boil 
4,315,755 2/1982 Hellsten et a1. ........................ .. 44/301 ers”, J. ofEng. for Power, Oct. 1976, pp. 425—434. 

1?; mcila?in - “Chemical Residues Fly Ash from Boiler”, High Technol 
ar . 

4,379,490 4/1983 Sharp. 09’ May 1936’ p‘ 10' . 
473827802 5/1983 Beinke et a1‘ _ McCutcheon Detergents & Emulsr?ers, 1973 North 
473927865 7/1983 Grosse et aL _ American Edition, see page 104, date unavailable. 
4,395,266 7/1983 Han . Rosenberg et al., “Interaction of Acinetobacter RAG—1 
4,395,354 7/1983 Gutnick et a1. . Emulsan With Hydrocarbons” in: Advances in Biotechnol 
4,416,610 11/1983 Gallagher, JT~ - ogy, vol. III, Fermentation Products, Proceedings of the VIth 

gomperi 6; al' """"""""""""" " 44/51 International Fermentation Symposium held in London, 
, , ugan e a . . _ 

474657494 8/1984 Bound et a1‘ . ggnaiigégll. 20—25, 1980, pp. 461—466 (M. Moo Young, 
4,477,258 10/1984 Lepain. " ' 
474887866 12/1984 Schirmer et a1_ _ Y. Murakami et al., “Burning of emulsi?ed oil Waste”, Osaka 
4,512,774 4/1985 Myers et a1, _ Kogyo Gijutsu Shikensho Kiho 1972, 23(3), 184—8 [Chem. 
4,517,165 5/1985 Moriarty . Abstr. vol. 78, 1973, p. 222, No. 61800t]. 



Re. 36,983 
Page 3 

H. LudeWig, “Hydrocarbon—emulsi?er—Water emulsion”, 
East German Patent No. 93,398, Oct. 20, 1972, DD216,863, 
Jan. 2, 1985, based on Appl. No. 253,527, Jul. 29, 1983. 
R. E. Barrett et al., “Residual Fuel Oil—Water Emulsions”, 
Battelle M. 1., Columbus, Ohio, PB—189076, Jan. 12, 1970. 
R. E. Barrett et al., “Design, Construction and Preliminary 
Combustion Trials of a Rig to Evaluate Residual Fuel—Oil/ 
Water Emulsions”, Battelle M. 1., Columbus, Ohio, 
PB—214260, Jul. 15, 1970. 
based on Appl. No. 148,658, Jul. 8, 1970 [Chem. Abstr. vol. 
80, 1974, p. 150, No. 85531y]. 
R. Helion et al., “Reduction of ?ue gas emissions by burning 
fuel—oil—Water emulsions”, VGB KraftWerkstechnik 1975, 
55(2), 88—93[59—Air Pollution, Ind. Hyg. vol. 84, 1976, p. 
335, No. 84:78995g]. 

N. Moriyama et al., “Emulsi?ying agents for oil—in—Water 
type emulsion fuels”, Japan Kokai 77—151305, Dec. 15, 
1977, based on Appl. No. 76/68,530, Jun. 11, 1976 [51—Fos 
sil Fuels, vol. 80, 1978, p. 145, No. 89:8710q]. 
A. IWama, “Single droplet combustions of emulsi?ed hydro 
carbon fuels II. Comparison of combustion characteristics 
betWeen O/W and W/O emulsions”, Nenryo Kyokaishi 
1979, 58(632): 1041—54 (Japane) [Chem. Abstr. vol. 93, 
1980, p. 204, No. 93:50075u]. 
K. EnZmann et al., “Preparation of fuel oil—in —Water emul 
sions for combustion”, Universal’n DeZintegratorn Akti 
vatsiya Tallin 1980, 82—6 (Russ.) from Ref. Zh. Khim 1980 
Abstr. No. 14P334 [51—Fossil Fuels vol. 93, 1980, p. 147, 
No. 93:170678q]. 
O. Neumeister et al., “Method and apparatus for preparing 
fuel—Water emulsions”, East German Patent No. 



U.S. Patent Dec. 12,2000 Sheet 1 of9 Re. 36,983 

FIG. 1 
O O 3 m 

200 — 

I00 c-_____,___..__..._...__....._...__.___.._.. 

0876 .3 5:03; 

2O 40 60 80 

Percent Water in Hydrocorbosol 

FIG. 8 
Long Loop, IGOqpm 

ll 
// 

Shari Loop,5—lOqpm 

155.15‘: 
Holding 



U.S. Patent Dec. 12,2000 Sheet 2 of9 Re. 36,983 

FIG. 2 

lo‘ __ 

: ‘\ Heavy Crude 

to‘ ;~ 

2; I 
g - 

>\ 

t IQ3 :- s 
(n -_ \ 

8 I 3 j ‘0% Water 
> h Hydrocorbosols 

‘°' 3:“ / --—-28% Water 

l'“ ----37% Water 

[0‘ l l l x | g 

00 I00 I20 I40 I60 I80 200 

Temperuture °F 





U.S. Patent Dec. 12,2000 Sheet 4 of9 Re. 36,983 

333 mEE. 

Nu ow m. 2 1 N_ o_ 

u m com_:Em.\ £5) 

0 

522cm So?csg . 

l 
v 

.. 002 ., OOON Q 000m .. 000v . 000m 000» 
(dowusoosm 



U.S. Patent Dec. 12,2000 Sheet 5 of9 Re. 36,983 

0m 2 m_ E m. m_ 1 n_ 

- 

is: we; a o_ m m 

h 

co?gEm 55> 5235M mdl 

. 00w . Con .. Onh 5000. . 002 2 000 Ont 



U.S. Patent Dec. 12,2000 Sheet 6 of9 Re. 36,983 

G53 mEC, 
ON 2 m_ .2 m_ n_ I Q ~_ : 0_ m m m N _ 0 

523cm - EEJ 
h. ? * \Q ‘ 

q kw 

q q co?aEm \~ 6 30:23 w .oE 

on .02 .00“ 
(do) Mysoasm 





U.S. Patent Dec. 12,2000 Sheet 8 of9 Re. 36,983 

FIG. 9 

# 6 Fuel Oil 
/ 

70/30 Hydrocarbasol 

Solids Concentration g/nm3 

Distance From Furnace FrontWall (m) 



U.S. Patent Dec. 12,2000 Sheet 9 of9 Re. 36,983 

FIG. 10 

I I I I I 

#6 Fuel Oil 
moo _ _ 

5’ 
0) 

E: 
O 
L r200 _ _ 

(D 

a 70/30 
S Hydrocorbosol 
F. 

IOOO - _ 

l l 1 1 | 
0 l 2 3 4 

Distance From Furnace Front Wall (m) 



Re. 36,983 
1 

PRE-ATOMIZED FUELS AND PROCESS FOR 
PRODUCING SAME 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

This application is a continuation of Sen No. 07/911,255, 
?led Jul. 7, 1992, now abandoned, which is a continuation 
of Ser. No. 07/633,990, ?led Dec. 26, 1990, now abandoned, 
which is a Reissue of 06/780, 783, ?led Sep. 27, 1985, now 
US. Pat. No. 4,793,826, which is a division of Ser. No. 
06/653,808, ?led Sep. 24, 1984, now US. Pat. No. 4,684, 
372, which is a continuation-in-part of Ser. No. 06/547,892, 
?led Nov. 2, 1983, now US. Pat. No. 4,618,348. 
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1. INTRODUCTION 

This invention relates to the utilization of highly viscous 
hydrocarbons, including heavy crude oils and residual oils. 
More particularly, this invention relates to the transportation 
of viscous hydrocarbons through the formation of loW 
viscosity bioemulsi?er-stabilized, hydrocarbon-in-Water 
emulsions, or hydrocarbosols, in Which the hydrocarbon 
droplets dispersed in the continuous aqueous phase are 
substantially stabilized from coalescence by the presence of 
bioemulsi?ers and in particular, microbial bioemulsi?ers, 
surrounding the droplets at the hydrocarbon/Water interface. 
Furthermore, this invention relates to the combustion of 
pre-atomized fuels Which include both hydrocarbosols and 
other viscous hydrocarbon-in-Water emulsions. 

Transportation of highly viscous hydrocarbons via con 
ventional pipelines or other methods, including tankers and 
barges, presently cannot be accomplished practically With 
out reduction of the viscosity of the hydrocarbons to put 
them into a pumpable form. This invention presents an 
alternative means to viscosity reduction, potentially more 
economical than methods requiring heating or dilution With 
lighter petroleum stocks. Formation of hydrocarbon-in 
Water emulsions effectively reduces the viscosity of heavy 
hydrocarbon materials, thereby facilitating shipping and 
pumping With conventional equipment, as Well as in situ 
handling. Furthermore, the pre-atomized fuels formed by the 
methods of this invention can be burned directly by con 
ventional means, Without de-Watering or demulsi?cation, 
potentially resulting in emissions reductions. 

Under circumstances Where transportation distances from 
production location to utilization sites are considerable, 
giving rise to long transit times and/or the potential for 
shutdowns en route, or Where long storage periods are 
required, the use of hydrocarbosols is especially advanta 
geous. Because the microbial bioemulsi?ers predominantly 
reside at the hydrocarbon/Water interface, essentially cov 
ering the surface of the hydrocarbon droplets, the hydrocar 
bon droplets are effectively protected from coalescence and 
the reduced viscosity of the hydrocarbosols is effectively 
maintained over time. The substantial stability and improved 
pumpability of the hydrocarbosols alloWs them to be trans 
ported practically over long distances or remain stationary 
for long periods of time prior to utilization. 

2. BACKGROUND OF THE INVENTION 

2.1 VISCOUS HYDROCARBONS 

While large quantities of high-quality, relatively 
inexpensive, light crude oils presently are recoverable from 
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World-Wide geographical locations, ever-increasing con 
sumption of petroleum fuels and other petroleum products 
and the energy crisis precipitated by such high demands 
have brought interest to bear on the enormous reserves of 
loW-gravity, viscous hydrocarbons Which also exist through 
out the World. Viscous hydrocarbons present in natural 
deposits have been generally classi?ed as viscous crude oils, 
bitumen or tar and have been variously called heavy crudes, 
native bitumen, natural bitumen, oil sands, tar sands, bitu 
minous sands or deposits and natural asphalts, all of Which 
materials are chemically gradational and nearly indistin 
guishable Without standardized analyses. [For a discussion 
of the general characteristics of viscous hydrocarbons and 
the problem of precisely de?ning or classifying them, see 
Meyer, “Introduction” in: The Future of Heavy Crude and 
Tar Sands, p. 1, Mining Informational Services, McGraW 
Hill, Inc., New York (1981). See also Section 6.2. infra.] 

The geographical distribution of heavy crude reserves is 
given in Table I [abstracted from Meyer and Dietzman 
(1981), “World Geography of Heavy Crude Oils,” in: The 
Future of Heavy Crude and Tar Sands, pp. 16—28, Mining 
Informational Services, McGraW Hill, Inc., New York 
(1981)]. The total estimated ?gure for oil in place is 6200>< 
109 barrels. Venezuela heads the list With roughly half of this 
total, 3000><109 barrels. Canada folloWs closely With 2950>< 
109 barrels (this total includes hydrocarbon in bitumen), 
While the United States has an estimated 77><109 barrels. To 
put these ?gures in perspective, the total World reserves of 
oil lighter than 20° API is estimated to be about 660><109 
barrels. Yet undiscovered reserves are estimated at 900><109 
barrels. Thus, heavy crude is more plentiful than conven 
tional oil by about a factor of four. Further considering the 
amount of heavy residual oils that result from the processing 
of conventional crudes, the amount of heavy oils that exists 
WorldWise is very great indeed. 

TABLE I 

WORLD HEAVY OIL DEPOSITS 
Billions of Barrels 

Resource 

Estimated 
Country In-Place Recoverable 

Venezuela 3000 500 
Canada 2950 213 
United States 77 30 
Italy 12 1 
Madagascar 25 1 
Iran 29 3 
Iraq 10 1 

It is clear that reserves of conventional light crudes are 
being depleted much faster than heavy crudes and that 
development of World reserves of viscous hydrocarbons Will 
eventually become necessary to support World petroleum 
demands. Signi?cant production of heavy crudes has begun, 
primarily by steam-assisted enhanced recovery methods. For 
example, recent estimates place production of heavy crude 
oil in California at 250,000 barrels per day. Future estimates 
[Barnea, “The Future of Heavy Crude and Tar Sands,” in: 
The Future of Heavy Crude and Tar Sands, pp. 13—15, 
Mining Informational Services, McGraW Hill, Inc., NeW 
York (1981)] project that by the year 2000, production of 
heavy oil plus the bitumen from tar sands Will increase to 
one-third of the World’s total oil production. Such rapid 
development of heavy oil resources Will extend the petro 
leum era and should: (1) alloW products from heavy crudes 
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4 
to bene?t from the existing energy infrastructure; (2) assure 
fuel supplies to the transportation sector and feed-stock to 
petrochemical plants; (3) be a stabilizing factor for World 
petroleum prices, increasing the number of oil producing 
countries; (4) reduce the strategic and political aspects of oil 
production; and (5) postpone the need for massive invest 
ments in coal conversion and other facilities for synthetic oil 
production. 

2.2 TRANSPORTATION OF VISCOUS 
HYDROCARBONS 

The problem of transporting viscous hydrocarbons, be it 
out of a producing Well, off a tanker or, especially, through 
a pipeline, is one of pumpability. Consequently, methods for 
transporting viscous hydrocarbons such as heavy crude oils 
have focused on modifying the oil into a pumpable form. 
TWo general approaches have been considered. For Waxy 
crudes, it is desirable to transport the oil above its pour point, 
i.e., above the temperature at Which Wax crystals in the oil 
inhibit its ability to ?oW. One method directed to this end is 
the use of pour-point depressants to reduce the pour point 
and maintain ?uidity. Generally, this method is of value only 
With those oils of sufficiently loW viscosities to permit 
transportation at ambient temperatures. 

For highly viscous crudes, the approach taken has been to 
reduce the viscosity. When the crude is to be transported by 
pipeline, the viscosity must be suf?ciently reduced to How 
through conventional lines using conventional pumping 
equipment. Several methods have been used to reduce the 
viscosities of heavy crude oils for pipelining purposes. 
These methods include preparation of oil/solid slurries, 
mixing Water With oil to form reduced viscosity emulsions, 
heating the oil to loWer its viscosity and diluting the oil With 
loW viscosity hydrocarbons such as condensate, gasoline, or 
naphtha [Sloan et al., “Pipeline Transportation of Heavy 
Oils,” in: The Future of Heavy Crude and Tar Sands, pp. 
719—726, Mining Informational Services, McGraW-Hill, 
Inc. NeW York (1981)]. 

Reported methods for reducing the viscosities of viscous 
hydrocarbons by forming oil-in-Water emulsions for the 
purposes of transporting them through pipelines or pumping 
them from Wells have involved the use of chemical addi 
tives. Among the chemicals Which have been proposed or 
used are bases such as sodium hydroxide or ammonia [US 
Pat. Nos. 3,380,531; 3,487,844; and 3,006,354], nonionic 
surfactants [US Pat. Nos. 3,425,429 and 3,467,195] and 
combinations of nonionic and anionic surfactants [US Pat. 
Nos. 4,239,052 and 4,249,554]. Instability of oil-in-Water 
emulsions can present a problem; for instance, oil-in-Water 
emulsions are knoWn to break or invert into unpumpable 
forms. Increasing the amount of chemicals used to maintain 
stability can result in prohibitive costs. 

It is notable that in a recent revieW of methods for 
pipelining heavy crude oils (see Sloan et al.; supra) it Was 
pointed out that there have been limited, if any, commercial 
applications of the emulsion approach to pipelining. It is also 
noteWorthy that Sloan et al. concluded that the heating and 
dilution methods for reducing viscosity, despite the fact that 
they are energy-intensive and relatively costly, remain the 
major candidates for pipelining transport of heavy crude 
oils. 

2.3 COMBUSTION OF OIL-IN-WATER 
EMULSIONS 

The vast majority of combustible emulsions knoWn in the 
art are Water-in-oil emulsions, primarily consisting of rela 
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tively small amounts of water (1—10% by volume) in oil to 
enhance combustion. Some combustible oil-in-water emul 
sions have been described [see e.g., US. Pat. Nos. 3,958, 
915; 4,273,611 and 4,382,802]. Notably, however, the oil 
phases used have been light, low viscosity fuels and other 
low viscosity oils, e.g., kerosene, gasoline, gas oil, fuel oils 
and other oils which are liquid at room temperature. Com 
bustible thixotropic jet fuels and other safety fuels have been 
described in US. Pat. Nos. 3,352,109; 3,490,237 and 4,084, 
940. Under resting (stationary) conditions, these oil-in-water 
emulsions are in the form of gels with apparent rest viscosi 
ties of 1000 cps and preferably 50,000—100,000 cps. These 
thixotropic oil-in-water emulsions exhibit low viscosities 
under high pumping (high shear) rates. 

2.4 MICROBIAL SURFACE ACTIVE 
COMPOUNDS 

Many microbes can utilize hydrocarbon as their sole 
source of carbon for growth and energy production. The 
hydrocarbon substrates may be linear, branched, cyclic or 
aromatic. In order to rapidly assimilate such water-insoluble 
substrates, the microbes require a large contact area between 
themselves and the oil. This is achieved by emulsifying the 
oil in the surrounding aqueous medium. Hydrocarbon 
degrading microbes frequently synthesize and excrete sur 
face active agents which promote such emulsi?cation. 

For example, the growth of Mycobacterium rhodochrous 
NCIB 9905 on n-decane yields a surface active agent which 
was reported by R. S. Holdom et al. [J . Appl. Bacteriol. 32, 
448 (1969)] to be a nonionic detergent. J. Iguichi et al. 
[Agric. Biol. Chem., 33, 1657 (1969)] found that Candida 
petrophilium produced a surface active agent composed of 
peptides and fatty acid moieties, while T. Suzuki et al. 
[Agric. Biol. Chem., 33, 1919 (1969)] found trehalose lipid 
in the oil phase of culture broths of various strains of 
Arthrobacter, Brevibacterium, Corynebacterium and Nocar 
dia. Wagner has reported the production of trehalose lipids 
by Nocardia rhodochrous and Mycobacterium phlei and 
their use in oil recovery [U.S. Pat. Nos. 4,392,892 and 
4,286,660]. 

Torulopsis gropengiesseri was found to produce a 
sophorose lipid, while rhamnolipids are reported by K. 
Hisatsuka et al. [Agric. Biol. Chem., 35, 686 (1971)] to have 
been produced by Pseudomonas aeruginosa strain S7B1 and 
by S. Itoh et al. [Agric. Biol. Chem., 36, 2233 (1971)] to 
have been produced by another P aeruginosa strain, 
KY4025. The growth of Corynebacterium hydrocarboclas 
[as on kerosene was reported by J. E. Zajic and his associates 
[Dev. Ind. Microbiol., 12, 87 (1971); Biotechnol. Bioeng., 
14, 331 (1972); Chemosphere 1, 51 (1972); Crit. Rev. 
Microbiol., 5, 39; US. Pat. No. 3,997,398] to produce an 
extracellular heteropolysaccharide which, among other 
properties, emulsi?ed kerosene, Bunker C fuel oil and other 
fuel oils. 

Gutnick et al. discovered thatAcinetobacter calcoaceticus 
ATCC 31012 (previously designated Acinetobacter sp. 
ATCC 31012 and also called RAG-1) produces interfacially 
active extracellular protein-associated lipopolysaccharide 
biopolymers called emulsans. These biopolymers are pro 
duced and build up as a capsule or outer layer around the 
bacterial cell during growth and are eventually released or 
sloughed off into the medium, from which they can be 
harvested as extracellular products. Acinetobacter calcoace 
ticus ATCC 31012 produces ot-emulsans when grown on 
ethanol or fatty acid salts [U.S. Pat. Nos. 4,230,801; 4,234, 
689 and 4,395,354] and [3-emulsans when grown on crude 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
oil or hexadecane [U.S. Pat. No. 3,941,692]. The 
ot-emulsans and [3-emulsans can be derivatized to an 
O-deacylated form called psi-emulsans [U.S. Pat. No. 4,380, 
504]. The ot-emulsans, [3-emulsans and psi-emulsans can be 
deproteinized to yield apo-ot-emulsans, apo-[3-emulsans and 
apo-psi-emulsans, respectively [U.S. Pat. Nos. 4,311,830; 
4,311,829 and 4,311,831, respectively]. 

Cooper and Zajic [Adv. Appl. Microbiol. 26:229—253 
(1980)] have reviewed the production of surface active 
compounds by microorganisms. Some of the surface active 
agents described are listed in Table II. 

TABLE II 

MICROBIAL SURFACE ACTIVE COMPOUNDS 

PRODUCING 

STRUCTURAL TYPE MICROORGANISM(S) 

Carbohydrates-Lipids 

Trehalose-Lipids Nocardia, Mycobacterium, 
Corynebacterium, Arhrobacter 
Pseudomonas aeruginosa 
T omlopsis spp. 
Candida tropicalis, 
Acinetobacter calcoaceticus 

Rhamnose-Lipids 
Sophorose-Lipids 
Polysaccharide-Lipid 

Amino Acid-Lipids 

Lipopeptides Bacillus, Streptomyces, 
Corynebacterium, Mycobacterium 
Pseudomonas, Thiobacillus, 
Agrobacterium, Gluconobacter 
Thiobacillus, Corynebacterium, 
Candida, Micrococcus 
Pseudomonas, Mycococcus, 
Penicillium, Aspergillus, 
Acinetobacter, Micrococcus, 
Candida 

Ornithine-Lip ids 

Phospholipids 

Fatty Acids/Neutral Lipids 

3. SUMMARY OF THE INVENTION 

This invention provides novel compositions and methods 
for manipulating viscous hydrocarbons including highly 
viscous crude and residual oils, generally characterized by 
API gravities of about 20° API or less, viscosities of about 
100 centipoise or greater at 150° F, paraffin contents of 
about 50% by weight or less, and aromatic contents of about 
15% or greater by weight, into an emulsi?ed form which (a) 
can be stored in facilities or transported by methods pres 
ently used to handle less viscous materials and (b) can be 
burned directly as quality combustible fuels. In an embodi 
ment preferred for transportation purposes, the emulsi?ed 
form of the viscous hydrocarbon is a hydrocarbosol de?ned 
as a bioemulsi?er-stabilized hydrocarbon-in-water emulsion 
wherein the individual hydrocarbon droplets are essentially 
covered by water-soluble bioemulsi?er molecules predomi 
nantly residing at the hydrocarbon/water interface, which 
bioemulsi?er molecules form an effective barrier against 
droplet coalescence and hence promote the maintenance of 
discrete hydrocarbon droplets dispersed in a continuous, 
low-viscosity aqueous phase. The hydrocarbosols of this 
invention have viscosities reduced by at least a factor of 
about 10 and preferably at least 102 compared to that of the 
viscous hydrocarbon starting material, said hydrocarbosol 
viscosities remaining so reduced under static conditions for 
periods of at least about 1 day, and preferably at least about 
30 days. 

Surfactant packages for forming hydrocarbosols are pro 
vided which comprise a water-soluble chemical surfactant, 
or a combination of water-soluble chemical and/or biologi 
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cal co-surfactants, preferably nonionic and anionic 
surfactants, together With a bioemulsi?er Which, because of 
any number of characteristics including, but not limited to, 
high molecular Weight, highly speci?c three-dimensional 
structure, hydrophobic and hydrophilic nature, polymeric 
nature and/or sparing solubility in hydrocarbons, binds 
tightly to the hydrocarbon/Water interface and essentially 
covers the surface of individual hydrocarbon droplets in 
hydrocarbon-in-Water emulsions, effectively maintaining 
discrete droplets and preventing coalescence and imparting 
substantial stability to hydrocarbon-in-Water emulsions. 

Methods are provided for transporting viscous hydrocar 
bons Wherein a surfactant package is used in a proportion 
from about 1:100 to about 1:20,000 based on oil to form a 
hydrocarbosol containing up to about 90% by volume of 
hydrocarbon in an aqueous phase variously comprising 
deionized Water, municipal Water, brines or alcohol/Water 
mixtures, Which hydrocarbosol can be shipped by conven 
tional means or pumped through conventional, non-heated 
pipelines. 

Methods are also provided for utilizing viscous hydrocar 
bons by forming pre-atomized fuels, i.e., hydrocarbosol 
fuels or hydrocarbon-in-Water emulsion fuels and burning 
them in conventional combustion facilities. 

4. NOMENCLATURE 

The term “hydrocarbosol” is de?ned as any bioemulsi?er 
stabilized hydrocarbon-in-Water emulsion Wherein the indi 
vidual hydrocarbon droplets are essentially surrounded or 
covered by Water-soluble bioemulsi?er molecules predomi 
nantly residing at the hydrocarbon/Water interface, Which 
bioemulsi?er molecules form an effective barrier against 
droplet coalescence and hence promote the maintenance of 
discrete hydrocarbon droplets suspended or dispersed in the 
continuous, loW-viscosity aqueous phase. 

The term “Water-soluble” is de?ned to include Water 
dispersible substances. 

The term “viscous hydrocarbon” is de?ned as any natu 
rally occurring crude oil or any residual oil remaining after 
re?ning operations Which is generally characterized by a 
viscosity of about 102—106 centipoise or greater and other 
Wise generally, but not necessarily, characterized by an API 
gravity of about 20° API or less, high metal content, high 
sulfur content, high asphaltene content and/or high pour 
point. The term “viscous hydrocarbon,” it is to be 
understood, also encompasses the folloWing nomenclature: 
vacuum residuals, vis-breaker residuals, catalytic-cracker 
residuals, catalytic hydrogenated residuals, coker residuals, 
ROSE (residual oil supercritical extraction) residuals, tars 
and cut-back tars, bitumen, pitch and any other terms 
describing residuals of hydrocarbon processing. 

The term “pre-atomized fuel” is de?ned as any hydrocar 
bosol and any viscous hydrocarbon-in-Water emulsion 
formed by methods described herein for use as a combus 
tible fuel. 

The term “bioemulsi?er” is de?ned as any biologically 
derived substance Which, by virtue of any combination of 
characteristics including, but not limited to, high molecular 
Weight, polymeric nature, highly speci?c three-dimensional 
structure, hydrophobic and hydrophilic moieties and sparing 
solubility in hydrocarbons, binds tightly to the hydrocarbon/ 
Water interface and essentially covers the surface of indi 
vidual hydrocarbon droplets in hydrocarbon-in-Water 
emulsions, effectively maintaining discrete droplets and 
preventing coalescence, and thereby imparting substantial 
stability to hydrocarbon-in-Water emulsions. An example of 
a bioemulsi?er is ot-emulsan. 
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8 
The term “biosurfactant” is de?ned as any biologically 

derived substance Which reduces the interfacial tension 
between Water and a hydrocarbon and, as a result, reduces 
the energy requirement (mixing energy) for creation of 
additional interfacial area. An example of a biosurfactant is 
a glycolipid. 

The term “surfactant package” is de?ned as any compo 
sition useful for forming hydrocarbon-in-Water emulsions of 
viscous hydrocarbons generally characterized by a paraf?n 
content of about 50% by Weight or less and an aromatic 
content of about 15% by Weight or greater With viscosities 
of about 100 centipoise or greater at 150° E, which com 
position may comprise a chemical surfactant or a combina 
tion of chemical co-surfactants or a combination of 

co-surfactant(s) and biosurfactant(s) or a combination of 
chemical surfactant(s) and bioemulsi?er(s) or a combination 
of chemical surfactant(s), biosurfactant(s) and bioemulsi?er 
(s), and Which may also include chemical emulsion 
stabilizers, and Which may be in aqueous form. 
The term “emulsans,” Which re?ects the polysaccharide 

structure of these compounds and the exceptional bioemul 
si?er activity of these materials, generically identi?es those 
capsular/extracellular microbial protein-associated lipohet 
eropolysaccharides produced by Acinetobacter calcoaceti 
cus ATCC 31012 and its derivatives or mutants, Which may 
be subdivided into the ot-emulsans and the [3-emulsans. The 
name “apoemulsan” generically identi?es those deprotein 
ized lipopolysaccharides obtained from the emulsans. 
The term “(x-emulsans” de?nes those extracellular micro 

bial protein-associated lipopolysaccharides produced by 
Acinetobacter calcoaceticus ATCC 31012 and its deriva 
tives or mutants in Which the lipopolysaccharide compo 
nents (i.e., Without the associated protein) are completely 
N-acylated and partially O-acylated heteropolysaccharides 
made up of major amounts of D-galactosamine and an 
aminouronic acid, the lipopolysaccharide components con 
taining at least 5 percent by Weight of fatty acid esters in 
Which (1) the fatty acids contain from about 10 to about 18 
carbon atoms; and (2) about 50 percent by Weight or more 
of such fatty acids are composed of 2-hydroxydodecanoic 
acid and 3-hydroxydodecanoic acid. It folloWs, therefore, 
that the deproteinized ot-emulsan are called “apo-ot 
emulsans.” 

The term “[3-emulsans” de?nes those extracellular micro 
bial protein-associated lipopolysaccharides produced by 
Acinetobacter calcoaceticus ATCC 31012 and its mutants in 
Which the lipopolysaccharide components (i.e., Without the 
associated protein) are completely N-acylated and partially 
O-acylated heteropolysaccharides made up of major 
amounts of D-galactosamine and an aminouronic acid, the 
lipopolysaccharide components containing less than 5 per 
cent by Weight of fatty acid esters in Which (1) the fatty acids 
contain from about 10 to about 18 carbon atoms; and (2) less 
than 50 percent by Weight of such fatty acids are composed 
of 2-hydroxydodecanoic acid. The deproteinized 
[3-emulsans are called “apo-[3-emulsans.” 
The term “psi-emulsans” de?nes the O-deacylated extra 

cellular protein-associated microbial polysaccharides 
obtained from the emulsans, the protein-free components of 
such psi-emulsans being completely N-acylated het 
eropolysaccharides made up of major amounts of 
D-galactosamine and an aminouronic acid and containing 
from 0 to 1 percent of fatty acid esters in Which, When 
present, the fatty acids contain from about 10 to about 18 
carbon atoms. These protein-free components are called 
“apo-psi-emulsans,” regadless of hoW they are prepared. 
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The term “polyanionic heteropolysaccharide biopoly 
mers” de?nes those biopolymers in Which (a) substantially 
all of the sugar moieties are N-acylated aminosugars, a 
portion of Which is N-acylated-D-galactosamine and another 
portion of Which is N-acylated aminouronic acid, a part of 
the N-acyl groups of such heteropolysaccharide being N-3 
hydroxydodecanoyl groups; and (b) at least 0.2 micromoles 
per milligram of such heteropolysaccharide consist of fatty 
acid esters in Which (1) the fatty acids contain about 10 to 
about 18 carbon atoms and (2) about 50 percent by Weight 
or higher of such fatty acids are composed of 
2-hydroxydodecanoic acid and 3-hydroxydodecanoic acid. 

5. BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a graphical representation of the viscosity versus 
Water content pro?le of emulsan-stabiliZed hydrocarbosols 
formulated With Boscan crude oil, Wherein the dashed line 
(at 30% Water) indicates near-optimum operating condi 
tions; 

FIG. 2 is a graphical representation of the viscosity versus 
temperature pro?les for a heavy crude oil (Boscan) and tWo 
emulsan-stabiliZed hydrocarbosols formulated With Boscan 
crude oil; 

FIG. 3 is a graphical representation of the viscosity versus 
time pro?les for tWo emulsions formulated With a Texas 
?re?ood crude oil and a surfactant package comprising a 
nonionic surfactant and an anionic surfactant, shoWing the 
effect on viscosity of the addition of emulsan to the surfac 
tant package; 

FIG. 4 is a graphical representation of the viscosity versus 
time pro?les for tWo emulsions formulated With a Texas 
?re?ood crude oil and a surfactant package comprising a 
nonionic surfactant, shoWing the effect on viscosity of the 
addition of emulsan to the surfactant package; 

FIG. 5 is a graphical representation of the viscosity versus 
time pro?les for tWo emulsions formulated With a Kansas 
crude oil and tap Water using a surfactant package compris 
ing a nonionic surfactant and an anionic surfactant, shoWing 
the effect on viscosity of the addition of emulsan to the 
surfactant package; 

FIG. 6 is a graphical representation of the viscosity versus 
time pro?les for tWo emulsions formulated With a Kansas 
crude oil and Texas brine using a surfactant package com 
prising a nonionic surfactant and an anionic surfactant, 
shoWing the effect on viscosity of the addition of emulsan to 
the surfactant package; 

FIG. 7 is a graphical representation of the viscosity versus 
time pro?les for four emulsions formulated With a Texas 
?re?ood crude oil and a surfactant package comprising a 
nonionic-surfactant and an anionic surfactant, comparing the 
effect on viscosity of the addition of an emulsion stabiliZer 
(emulsan, or the commonly used emulsion stabiliZers, lignin 
sulfonate and naphthalene sulfonate) to the surfactant pack 
age; 

FIG. 8 is a schematic representation of a pilot system used 
for forming and pumping a hydrocarbosol through a three 
inch pipeline; 

FIG. 9 is a graphical representation of the changes in 
solids concentration along the ?ame axis during combustion 
of a Number 6 fuel oil and a pre-atomiZed fuel made from 
Number 6 fuel oil as a function of distance from the front 
Wall of the furance; and 

FIG. 10 is a graphical representation of the variation of 
axial ?ame temperatures during combustion of a Number 6 
fuel oil and a pre-atomiZed fuel made from Number 6 fuel 
oil as a function of distance from the front Wall of the 
furnace. 
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6. DETAILED DESCRIPTION OF THE 

INVENTION 

6.1 SURFACTANT PACKAGES 

The surfactant packages of this invention can be formu 
lated With a Wide variety of chemical and microbial surface 
active agents and are preferably formulated With Water 
soluble surface active agents to provide for the formation of 
oil-in-Water, as opposed to Water-in-oil, emulsions. The 
surfactant packages can be formulated With numerous 
chemical surfactants, used alone or in conjunction With 
chemical co-surfactants of the same type (e.g., a combina 
tion of Water-soluble nonionic surfactants) or of different 
types (e.g., a combination of Water-soluble nonionic, 
anionic, cationic and/or amphoteric surfactants), and can be 
further formulated in combination With (a) a Water-soluble 
biosurfactant or combination of biosurfactants as 

co-surfactant(s) and/or (b) a Water-soluble bioemulsi?er or 
combination of bioemulsi?ers as emulsion stabiliZer(s). In 
certain instances, chemical emulsion stabiliZers may also be 
used in place of bioemulsi?ers. It is also possible to formu 
late surfactant packages comprising only microbial surface 
active agents, i.e., combinations of biosurfactants and 
bioemulsi?ers. The surfactant packages of this invention 
vary With the type of viscous oil to be emulsi?ed. The 
folloWing general compositions are offered by Way of illus 
tration. For viscous crudes, surfactant packages can be 
formulated to comprise at least one chemical surfactant and 
at least one bioemulsi?er. They can also be formulated to 
comprise at least one Water-soluble nonionic surfactant, at 
least one Water-soluble anionic surfactant, and at least one 
bioemulsi?er. For viscous residuals, surfactant packages can 
be formulated to comprise at least one Water-soluble non 
ionic surfactant or at least one anionic surfactant or combi 
nations of non-ionic surfactants and anionic surfactants and 
Which can further comprise biosurfactants and/or bioemul 
si?ers. 
The types of Water-soluble nonionic chemical surfactants 

suitable for use in the surfactant packages are listed in Table 
III. 

TABLE III 

CLASSES AND SUBCLASSES OF NONIONIC 
CHEMICAL SURFACTANTS 

Alcohols, ethoxylated 
Alkylphenols, ethoxylated 
Carboxylic Esters, ethoxylated 
Glycerol Esters 
Polyethylene Glycol Esters 
Anhydrosorbitol Esters 
Ethoxylated Anhydrosorbitol and Sorbitol Esters 
Natural Fats and Oils, ethoxylated 
Ethylene and Diethylene Glycol Esters 
Propanediol Esters 
Other Carboxylic Acid Esters 
Carboxylic Amides, Ethoxylated 
Amines, polyoxyalkylated 

In surfactant packages for viscous crudes, the preferred 
Water-soluble nonionic chemical surfactants are ethoxylated 
alkyl phenols and ethoxylated alcohols. In surfactant pack 
ages for viscous residuals, the preferred Water-soluble non 
ionic surfactants are, again, ethoxylated alkyl phenols and 
also polyoxyalkylated amines. The ethoxylated alkyl phe 
nols are of the general formula: 

Wherein R represents an alkyl group containing from about 
8 to about 12 carbon atoms (i.e., about C8 to about C12), x 
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represents the number of alkyl groups and is either 1 or 2, 
and Wherein n represents the number of ethoxy groups 
(moles ethylene oxide) Which can range from about 1 to 
about 100. [For a list of commercially available ethoxylated 
alkylphenols, see “Surfactants and Detersive Systems” in: 
Encyclopedia of Chemical Technology, Kirk-Ohmer (Third 
Edition), Volume 22, pp. 366—367, John Wiley & Sons, New 
York (1983).] In surfactant packages for viscous crudes, 
preferred ethoxylated alkyl phenols are those having R 
groups of 8 or 9 carbon atoms and having from about 7 to 
about 100 ethoxy groups. An example of a particularly 
preferred ethoxylated alkyl phenol is monononylphenol With 
about 40 ethoxy groups. In surfactant packages for viscous 
residuals, preferred ethoxylated alkyl phenols are those 
having alkyl groups of 8 or 9 carbon atoms and having from 
about 9 to about 70 ethoxy groups. An example of a 
particularly preferred ethoxylated alkyl phenol for use With 
viscous residuals in monooctylphenol With about 16 ethoxy 
groups. 

The ethoxylated alcohols are of the the general formula: 

Wherein R represents an aliphatic group (linear or branched) 
containing from 6 to about 18 carbon atoms and Wherein n 
represents the number of ethoxy groups Which can range 
from about 2 to about 100. [For a list of commercially 
available ethoxylated alcohols, see “Surfactants and Deter 
sive Systems” in: Encyclopedia of Chemical Technology, 
supra, pp. 364—365 Examples of ethoxylated alcohols 
include ethoxylated trimethylnonanols With about 3 to about 
9 ethoxy groups and ethoxylated secondary alcohols having 
R groups of about 11 to about 15 carbon atoms With about 
3 to about 30 ethoxy groups, but preferably greater than 
about 7 ethoxy groups. 

The polyoxyalkylated amines are of the general formula: 

RXNACHQZ 

Wherein R represents an oxyalkyl group containing either 2 
or 3 carbon atoms. These R groups can range in number 
from about 4 to about 500, and that number is represented 
by x. The number of amine groups is represented by y and 
the alkyl group is preferably ethyl (C2H4). Preferred poly 
oxyalkylated amines are those having R groups of 2 to 3 
carbon atoms and having from about 50 to about 450 
oxyalkyl groups. An example of a particularly preferred 
polyoxyalkylated amine is a polyoxyalkylated diamine With 
about 50 ethoxy groups and about 60 propoxy groups. 

The types of Water-soluble anionic chemical surfactants 
suitable for use in the surfactant packages of this invention 
are listed in Table IV. 

TABLE IV 

CLASSES AND SUBCLASSES OF ANIONIC 
CHEMICAL SURFACTANTS 

Carboxylic Acids and Salts 
Sulfonic Acids and Salts 
Lignosulfonates 
Alkylbenzenesulfonates 
Alkylbenzenesulfonates, polymerized 
Alkylarylsulfonates, short chain 
Alkylarylsulfonates, polymerized 
Naphthalenesulfonates 
Alkylnaphthalenesulfonates, polymerized 
Naphthalene/formaldehyde condensate polymers 
Petroleum Sulfonates 
Sulfonates With ester, ether, or amide linkages (dial 
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TABLE IV-continued 

CLASSES AND SUBCLASSES OF ANIONIC 
CHEMICAL SURFACTANTS 

kyl sulfosuccinates) 
Other Sulfonates 
Sulfuric Acid Esters and Salts 
Alcohols, sulfated 
Alcohols, ethoxylated and sulfated 
Alkylphenols, ethoxylated and/or sulfated 
Acids, Amides, and Esters, sulfated 
Natural Fats and Oils, sulfated 
Phosphoric and Polyphosphoric Acid Esters (and Salts) 
Alcohols and Phenols, alkoxylated and phosphated 
(and their salts) 
Other Phosphoric and Polyphosphoric Acid Esters 
(and their salts) 
Carboxylic Acid Esters 

In surfactant packages for both viscous crudes and vis 
cous residuals, the preferred Water-soluble anionic chemical 
surfactants are sulfonated or sulfated forms of nonionic 
surfactants. In surfactant packages for viscous crudes, 
ethoxylated alcohol sulfates are preferred. In surfactant 
packages for viscous residuals, sulfonated or sulfated 
ethoxylated alkylphenols and ethoxylated alcohol sulfates 
are preferred. In surfactant packages for both viscous crudes 
and viscous residuals, alkylaryl sulfonates are also preferred 
anionic chemical surfactants. The ethoxylated and sulfated 
alcohols are of the general formula: 

Wherein R represents an aliphatic group containing from 
about 6 to about 16 carbon atoms, preferably from about 12 
to about 14, n represents the number of ethoxy groups Which 
can range from about 1 to about 4, preferably from about 2 
to about 3, and M includes, but is not limited to, ammonium 
(NH4), sodium (Na), potassium (K), calcium (Ca) or 
triethanolamine, preferably ammonium. [For a list of com 
mercially available ethoxylated alcohol sulfates, see “Sur 
factants and Detersive Systems” in: Encyclopedia of Chemi 
cal Technology, supra, p. 357.] The alcohol moiety of the 
ethoxylated alcohol sulfate can be an even or odd number of 
mixture thereof. In surfactant packages for viscous crudes, 
an example of a particularly preferred ethoxylated alcohol 
sulfate is poly(3)ethoxy C12—C14 linear primary alcohol 
sulfate, ammonium salt. It is also possible to use noneth 
oxylated alcohol sulfates, i.e., alcohol sulfates of the formula 
R(OC2H4)nOSO3M as described supra but Wherein n=0. In 
surfactant packages for viscous residuals, an example of a 
particularly preferred nonethoxylated alcohol sulfate is the 
sodium salt of a sulfated lauryl alcohol. 
The sulfated ethoxylated alkylphenols are of the general 

formula: 

Wherein R represents an aliphatic group containing at least 
about 8 or 9 carbon atoms, n represents the number of ethoxy 
groups Which can range from about 1 to about 100, prefer 
ably from about 4 to about 9 and M includes, but is not 
limited to, ammonium (NH4+), sodium (Na+), potassium 
(K") and calcium (Ca’'") or triethanoloamine (TEA), pref 
erably ammonium. 
An example of a particularly preferred sulfated ethoxy 

lated alkyphenol is the ammonium salt of a sulfated non 
ylphenol ethoxylate containing, but not limited to, about 4 
ethoxy groups. 
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The alkylaryl sulfonates are of the general formula: 

R,,Arm(SO3)XM 

Wherein Ar is an aromatic group Which is benZyl, naphthyl, 
phenyl, tolyl, xylyl or ethylphenyl, R is a linear or branched 
chain alkyl group containing from about 2 to about 16 
carbon atoms, n is 1 or 2, m is 1 or greater, X is at least about 
1, and M includes, but is not limited to, ammonium, sodium, 
potassium, calcium or triethanolamine. [For a list of com 
mercially available alkylaryl sulfonates, see “Surfactants 
and Detersive Systems” in: Encyclopedia of Chemical 
Technology, supra, p. 358.] An example of an alkylaryl 
sulfonate is a modi?ed amino dodecylbenZene sulfonate. In 
surfactant packages for viscous residuals, an example of a 
particularly preferred alkylaryl sulfonate is the sodium salt 
of polymeriZed alkylnaphthalene sulfonate. 

The preferred Water-soluble microbial surface active 
agents for use in the surfactant packages of this invention are 
any miocrobial or other biologically-derived substances 
Which function as bioemulsi?ers, i.e., substances Which, by 
virtue of such characteristics as large molecular Weight, 
polymeric nature, highly speci?c three-dimensional 
structure, hydrophobic and hydrophilic nature, and sparing 
solubility in oil, effectively cover the oil/Water interface 
maintaining discrete, individual oil droplets in oil-in-Water 
emulsions thereby substantially stabiliZing emulsions from 
coalescence. Among the preferred bioemulsi?ers are het 
eropolysaccharide biopolymers produced by bacteria of the 
genus Acinetobacter and the genus Arthrobacter, and in 
particular, those produced by strains of Acinetobacter cal 
coaceticus. Such Acinetobacter heteropolysaccharide 
biopolymers include, but are not limited to, polyanionic 
heteropolysaccharide biopolymers, ot-emulsans, 
[3-emulsans, psi-emulsans, apo-ot-emulsans, apo-[3 
emulsans and apo-psi-emulsans produced by Acinetobacter 
calcoaceticus ATCC 31012 (deposited at the American Type 
Culture Collection in Rockville, MD) de?ned in Section 4 
and described in US. Pat. Nos. 4,395,353; 4,395,354; 3,941, 
692; 4,380,504; 4,311,830; 4,311,829; and 4,311,831, 
respectively (hereby incorporated by reference). Other 
Acinetobacter calcoaceticus materials that can be used are 

the products of strains NS-1 (NRRL B-15847), NS-4 (NRRL 
B-15848), NS-5 (NRRL B-15849), NS-6 (NRRL B-15860) 
and NS-7 (NRRL B-15850). The foregoing “NS” strains 
have been deposited at the Northern Regional Research 
Center in Peoria, IL and have been assigned the foregoing 
NRRL accession numbers. The “NS” strains of Acineto 
bacter calcoaceticus are described by Sar and Rosenberg, 
Current Microbiol. 9(6): 309—314 (1983), hereby incorpo 
rated by reference. Other Acinetobacter heteropolysaccha 
ride biopolymers are those produced by Acinetobacter cal 
coaceticus BD4 [Taylor and Juni, J. Bacteriol. 81: 688—693 
(1961), hereby incorporated by reference]. Particularly pre 
ferred Acinetobacter heteropolysaccharide biopolymers are 
the ot-emulsans, the production of Which is further described 
in US. Pat. Nos. 4,230,801 and 4,234,689 (hereby incorpo 
rated by reference). The ot-emulsans are characteriZed by a 
Speci?c Emulsi?cation Activity of about 200 units per 
milligram or higher, Where one unit per milligram of Spe 
ci?c Emulsi?cation Activity is de?ned as that amount of 
emulsifying activity per milligram of bioemulsi?er Which 
yields 100 Klett absorption units using a standard hydrocar 
bon mixture consisting of 0.1 ml of 1:1 (v/v) hexadecane/ 
2-methylnaphthalene and 7.5 ml of Tris-Magnesium buffer. 

The foregoing Acinetobacter bioemulsi?ers can be used in 
the surfactant packages of this invention in a variety of 
forms including, but not limited to, post-fermentation Whole 
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14 
broth; cell-free (Millipore-?ltered, e.g.) or partially cell-free 
supernatants of post-fermentation culture broth; the cells 
themselves; protease-treated, liquid or dried materials; and 
protease-treated, ultra?ltered, liquid or dried materials. 

Numerous other microbial organisms may possibly serve 
as a source of biological surface active agents, including 
biosurfactants and bioemulsi?ers, for use in the surfactant 
packages of this invention. Some of these microorganisms 
and the types of compounds they produce are listed in Table 
V, though the list is not exhaustive. The surfactant packages 
of this invention may also be formulated With Water-soluble 
cationic chemical surfactants, including, but not limited to, 
oxygen-free amines, oxygen-containing amines, amide 
linked amines and quaternary ammonium salts. Use of 
cationic chemical surfactants in conjunction With microbial 
surface active agents Would require that the charge charac 
teristic of the biological compounds be considered. For 
example, cationic chemical surfactants Would probably best 
be used in conjunction With neutral microbial surface active 
agents and Would probably best not be used in conjunction 
With the preferred polyanionic heteropolysaccharide 
bioemulsi?ers. 

TABLE V 

MICROBIAL SURFACE ACTIVE AGENTS 

Microbial Compound Microbial Source 

Carbohydrate-containing 
surface active agents 

Trehalose lipids Arthrobacter spp. 
Arthobacter para?ineus KY4303 
Mycobacterium spp. 
Mycobacterium smegmatis 
Mycobacterium kensasii 
Mycobacterium tuberculosis 
Mycobacterium phlei 
Mycobacterium rhodochrous 
Mycobacterium fortuitum 
Nocardia spp. 
Nocardia asteroides 
Nocardia rhodochrous 
Corynebacterium spp. 
Corynebacterium diphtheriae 
Brevibacterium 
Arthrobacter para?‘meus 
Pseudomonas aeruginosa 
Torulopsis spp. 
Torulopsis magnoliae 
T orulopsis gropengiesseri 

Rhamnolipids 

Sophorose lipids 

Diglycosyl Lactobacillus fermenti 
diglycerides 
Polysaccharide- Arthrobacter spp. 
lipid complexes 
Amino acid-containing 
surface active agents 

Candida tropicalis 

Bacillus subtilis 
Bacillus mesentericus 
Candida petrophilum 
Streptomyces canus 
Corynebacterium lepus 
Nocardia asteroides 
Mycobactrium paratuberculosis 
Mycobacterium fortuitum 
Pseudomonas rubescens 
Thiobacillus thioxidans 

Agrobacterium tumefaciens 
Gluconobacter cerinus 

Lipopeptides 

Ornithine lipids 
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TABLE V-continued 

MICROBIAL SURFACE ACTIVE AGENTS 

Microbial Compound 

Protein 
Phospholipids 

Fatty acids and 
Neutral lipids 

Carboxylic acids 

Neutral lipids and 
mixtures of fatty acids 

Polysaccharides 

Heteropolysaccharides 

Homopolysaccharides 

Lipopolysaccharides 

Other Surface 
Active Agents 

unknoWs or poorly 
characterized 

Microbial Source 

Pseudomonas aeruginosa 
T hiobacillus thiooxidans 
Corynebacterium lepus 
Corynebacterium alkanolyticum 
Candida tropicalis 
Micrococcus ceri?cans 

Corynbacterium lepus 
Pseudornonas spp. 
Mycococcus spp. 
Penicilliurn spp. 
Aspergillus spp. 
Micrococcus ceri?cans 
Candida cloacae 
Mycobacterium rhodochrous 
Arthrobacter para?‘ineus 
Arthrobacter para?‘ineus 
ATCC 19558 
Mycobacterium lacticolum 
Acinetobacter spp. 
T hiobacillus thioaxidans 

Xanthomonas campestris 
Xanthomonas campestris NRRL 
B1459 
Arthrobacter viscasus 
Arthrobacter viscasus NRRL 
B1973 
Methylornonas spp. 
Lactobacillus spp. 
Methylornonas mucosa NRRL B5696 
Acinetobacter calcoaceticus 
Acinetobacter calcoaceticus 
ATI‘CC 31012 

Pseudomonas ?uorescens 
Yersinia pseudotuberculosis 
Yersinia pestls 
S. calcoaceticus 

Pseduornonas spp. 
Pseudomonas aeruginosa 
Pseudomonas oleororans 
Pseduomonas putida 
Pseudomonas desmolyticam 
Pseudomonas methanica 
Corynebacterium spp. 
Corynebacterium sp. ATCC 21235 
Corynebacterium hydrocarbo 
clastus UWO409 
Bacillus subtilis 
Bacillus hexacarbororum 
Candida spp. 
Candida utilis 
Candida utilis ATCC 9226 
Candida guilliermondii 
Candida rugosa 
Candida lypolytica 
Aspergillus niger 
Aspergillus versicolor 
Desulfovibrio hydrocarbono 
clasticus 

Desulfovibrio desulfuricans 
Endomycopsis lipolytica 
Saccharomycopsis lipolytica 
Aerobacter aerogenes 
Aerobacter aceti 
Aerobacter peroxydans 
Alcaligines entrophus 
Achromobacter spp. 
Achromobacter sp. ATCC 21910 
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TABLE V-continued 

MICROBIAL SURFACE ACTIVE AGENTS 

Microbial Compound Microbial Source 

Achromobacter agile 
Achromobacter tropunctatum 
Actinomyces oligocarbophilus 
Aureobasidium pullulans 
Arthobacter sp. ATCC 21908 
Micrococcus spp. 
Micrococcus sp. ATCC 21909 
M icrococcus ceri?cans AT CC 
14987 
Micrococcus para?‘inae 
Microbacterium thodochrous 
Mycobacterium phlei 
Nocardia opacus 
Nocardia corrallina 
Pencilliurn spp. 
Pichia spartinae 

Surfactant packages can be formulated from nonionic 
chemical surfactants or combinations of nonionic and 
anionic chemical surfactants (preferably in about a 1:1 ratio 
by Weight) Without bioemulsi?ers but preferably, for emul 
sion stabilization, With bioemulsi?ers in the range of about 
1% to about 50% by Weight. Surfactant packages compris 
ing bioemulsi?ers in the range of about 10% to about 20% 
by Weight and particularly around 15% by Weight are 
preferred. Examples of surfactant packages are: (a) about 
10% to about 15% ot-emulsan by Weight in combination 
With ethoxylated secondary alcohols having carbon chains 
of about 11 to about 15 carbon atoms in length [e.g., Tergitol 
15-S-X (Union Carbide Corp.)], Where X represents the 
number of moles of ethylene oxide and is preferably greater 
than 7; (b) about 10% to about 15% ot-emulsan by Weight in 
combination With about 20% to about 25% by Weight of an 
ethoxylated trimethylnonanol [e.g., Tergitol TMN-6 (Union 
Carbide Corp.)] and about 60% to about 70% by Weight of 
an ethoxylated alkyl phenol [e.g., Triton X-114 (Rohn & 
Haas Co.)]; and (c) about 15% ot-emulsan by Weight in 
combination With an ethoxylated alkyl phenol having an R 
group of about 8 or 9 carbon atoms [e.g., Tergitol NP-40 
(Union Carbide Corp.)]. A particularly preferred surfactant 
package comprises about 10% to about 20% ot-emulsan by 
Weight in combination With a nonionic ethoxylated alkyl 
phenol [e.g., Tergitol NP-40] and an anionic ethoxylated 
alcohol sulfate [e.g., Alfonic 1412-A (Conoco, Inc.)], using 
the nonionic and anionic surfactants in a proportion of about 
1:1. The particularly preferred surfactant packages are 
exempli?ed by the surfactant package comprising about 
15% by Weight ot-emulsan, about 42.5% by Weight Tergitol 
NP-40 and about 42.5% by Weight Alfonic 1412-A. Surfac 
tant packages may be formulated full strength or in diluted 
aqueous solution. The surfactant package most preferred for 
use With viscous residuals is a combination of anionic 
surfactants, 85% by Weight of an ethoxylated sulfated 
nonylphenol, and 15% by Weight of the sodium salt of a 
polymerized alkylnaphthalene sulfonic acid With a molecu 
lar Weight of at least about 500 daltons and preferably at 
least about 2000 daltons. 

6.2 VISCOUS CRUDE OILS AND RESIDUAL 
OILS 

The surfactant package compositions of this invention can 
be used to emulsify or emulsify and substantially stabilize 
numerous viscous hydrocarbons in oil-in-Water emulsions 
Which may be subsequently transported and/or directly 






































