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Abstract 

Experimental data gathered over the past several years show that the interactions 
of microorganisms with crude oils are variable and depend on the microbial species 
and the chemical composition of crude oils. The variations can be observed in 
terms of the extent of emulsification, changes in the hydrocarbon composition of 
crude oils, and duration of biotreatment. All of these factors indicate that the 
interaction of microbes with crude oils involves multiple chemical reactions 
resulting from the biochemical interactions between microbes and oils. Different 
interactions may influence the efficiency of processes in which single or mixed 
microbial species are used for the oil treatment and may also suggest possible 
combinations of biological and chemical technologies. Some of these concepts will 
be discussed in this paper. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thcreof. nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer. or otherwise does not necessarily constitute or imply its endorsement. recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Introduction 

Extensive studies dealing with the biochemical interactions of certain 
microorganisms (thermophilic and thermoadapted) on selected types of crude oils 
at elevated temperatures and pressures have shown that as a consequence of 
microbial action significant chemical changes occur in the composition of crude 
O i I S Y  

Analysis of data generated &om the studies of biochemical action of several 
species of microorganisms on crude oils fiom CaIifornia, Alabama, Arkansas, 
Wyoming, Alaska, and Venezuela show that biotreatment causes, (1) 
emulsification, (2) acidification, (3) qualitative and quantitative changes in the light 
and heavy fiactions of crudes, (4) decrease in organic su&r content and chemical 
changes in oil fractions containing sulfir compounds, ( 5 )  decrease in organic 
nitrogen content with concurrent biochemical conversion of polar nitrogen 
containing compounds, (6) decrease in the concentration of trace metals, and (7) 
the qualitative and quantitative changes in the hydrocarbon composition depend on 
the microbial species and the chemistry of the crudes. There is also a distinction 
between “biodegraded” and “bioconverted” oils. The former term is more suitable 
for changes which occur under natural conditions over geological periods of time, 
and the latter is more applicable to changes brought about by deliberately 
introduced microorganisms acting over short periods of time. Further, preliminary 
results indicate that the introduced microorganisms may become the dominant 
species in the bioconversion of oils3. These studies have also generated 
information which supports the view that the biochemical interactions between 
crude oils and microorganisms follow distinct trends characterized by a group of 
chemical markers. Such markers are usefbl in the prediction of bioprocessing 
efficiency prior and during the biochemical treatment of crudes regardless of 
upstream or downstream applications. Further, the microbial species considered in 
these studies use predominantly indigenous matter as their energy source, which 
implies that simultaneous intra- and inter- molecular chemical interactions must be 
involved resulting in multiple chemical effects. In such complex chemical reaction 
mixtures, the use of chemical (biochemical) markers has obvious advantages. 
Systematic monitoring, analysis and characterizations of chemical markers allows 
us to follow a number of process variables such as kinetics, yields, economics, and 
others essential to the development and application of the bioprocesses in either oil 
recovery or oil upgrading technology. Several biochemical markers of diagnostic 
significance have been identified. These include total distribution of hydrocarbons, 
organic sulfur and nitrogen compounds, organometallic compounds, as well as 
total sulfir, nitrogen and trace metal contents. Furthermore, corroborative 
evidence of chemical changes can also be obtained fiom the distribution of 
asphaltenes, saturates, aromatics; and resin contents of crudes. The use of these 
markers in the choice of microbial species and oils will be discussed. In a 
companion paper’, the application of chemical markers in the economic analysis of 
biochemical upgrading of crude oils is also discussed. 
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Materials and Experimental 

Growth of microorganisms, experimental conditions, protocols, spectroscopies, 
and chemical analyses have been reported in detail elsewhere’”’ (and references 
therein) and will not be discussed here. Any variation and modification of the 
referenced procedures will be noted in the bulk of the text. 

Methods, Results, and Discussion 

The use of “molecular fossils,” i.e. organic natural products originally derived fiom 
living organisms, whose molecular structures have persisted over geological time, 
in the exploration and correlation of petroleum, petroleum source rocks, 
sediments, and sedimentary organic matter has been successfbl over the past 
several yearsg. An extensive database is now available for comparative studies. 
The experience gained also stresses the importance of using several types of 
markers for correctional purposes. Analogous to the use of molecular fossil 
markers, the current information regarding the use of cheniical markers as 
correctional and diagnostic tools in the study of biochemical processing of oils by 
different microbial species also points to the usefulness of the multiple chemical 
markers analysis. The applications of these will be discussed in the next several 
paragraphs. In Tables 1-3, sulfur, nitrogen, nickel, and vanadium concentrations in 
four oils serve as chemical markers indicative of the biochemical conversion of 
these oils by several microorganisms (biocatalysts). 

The overall effect on the chemical markers due to the bioconversion of oils is a 
decrease in the concentrations of sulfur, nitrogen, vanadium, and nickel. However, 
this effect is not uniform and varies with the oil and the biocatalyst used as firther 
emphasized the example reported in Table 4 in which Cerro Negro, a heavy crude, 
was treated with several other biocatalysts. 

Results shown in Tables 1-4, indicate that in terms of chemical markers and the 
experimental conditions used, some microorganisms are more or less efficient in 
their action on different oils. How do these oils compare and/or differ? For the 
purposes of this discussion the four oils described above include two Venezuelan 
and two Californian oils. Both sets will be compared to with another set of 
Monterey, California oils, A836, A837, and A851’. All of these oils are heavy 
with “MI gravities ranging fiom 12 to 19. The hydrocarbon distribution for all of 
the oils to be considered in this discussion is given in Table 5.  It is to be 
emphasized that the analytical methods used, Le., chromarod and solvent/column 
chromatography, generates results which can only be compared qualitatively 
because of the use of different solvents and fiactionation techniques. These 
techniques are sensitive to the effects of solvents on the relative concentration of 
saturates, aromatics, resins, and asphaltenes. However, regardless of the solubility 
bias, the relative distniution of major fractions reflects the history of the oil. Low 
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“API (<20) gravity oils are low in gasoline and high in residuum, which means that 
as the oils become heavier, the WC ratios decrease as the oils change from light to 
dark heavy oils, while the NSOK ratios increase and the oils become richer in 
asphaltens:. Thus, the heavier fkictions of oils are richer in resins and 
asphaltenes, as well as polar compounds, containing heteroatoms (O,N,S) and 
metals. Chemically, this also means changes in the concentration and distribution 
of parafhic, naphtenic, and aromatic compounds with a progressive increase in 
the concentration of polyaromatic and heterocyclic compounds, with the highest 
concentration of the latter present in resins and asphaltenes. Further, these 
condensed polyaromatic chemical structures contain free radical sites with highly 
reactive unpaired electrons. These sites are involved in complexion of metals as 
well as inter- and intra- molecular reactions and molecular rearrangements. The 
polarity of asphaltic structures plays also an important role in hydrogen bonding 
and charge transfer complexes. The combined effects of the mentioned 
hnctionalities, Le. those due to reactions such as complexing at O,N,S sites and 
those due to unpaired election rearrangements, such as redox reactions, affect also 
Viscosity and micellar structures. These chemical properties play decisive roles in 
the behavior of crude oils in reservoirs as well as their behavior in upstream and 
downstream processing. It is these properties that also influence the biochemistry 
associated with the interactions of microorganisms and crude oils. 
Mechanistically, microorganisms can then be considered as catalysts entering 
colloidal, micellar and molecular solutions which react with active sites’ initiating a 
dispersion of micellar organization which leads to a “deploymentation” of the 
heavy crude polymer as shown in Figure 1, where the dark dots represent 
heteroatoms and other reactive sites. Such mechanisms are consistent with the 
well studied mechanisms of microbial interactions with particulate matter, mineral 
surfaces, membranes, and other chemical surfaces involving active sites ’’-’’. Thus, 
the chemical markers discussed in this paper represent both the extent of the 
heaviness of the crude and the degree of biochemical conversion of the crude. For 
example, the oils listed in Table 5, in addition to being heavy, have other common 
characteristics. Monterey A851, a California crude and Cerro Negro, a 
Venezuelan crude are heavy because they are “biodegraded,” meaning, 
biodegraded over geological periods of time under reservoir conditions. 
Venezuelan Boscan crude and the California crudes, Monterey A836, A837, and 
OSC are heavy, because they are immature. The sample of Midway Sunset Crude, 
also a California heavy crude has been subject to secondary steam recovery which 
contributed to chemical alteration”. The oils under discussion are complex 
mixtures representing different types of oils, however, all falling into definable 
categories. Chemically and biochemically caused changes in these categories 
involve multiple reactions within a complex mixture which follow distinct trends 
that can be followed by chemical markers. Thus, gas chromatographic analysis 
(Figure 2) of two biodegraded crude oils from different geographic localities, 
Caiifornia, Monterey 851 1 crude and Cerro Negro crude from Venezuela when 
treated with the same biocatalyst, BNL-NZ-3 show a similar response, however 
differing h detail. Bioconversion of both leads to an enrichment in lighter 
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hydrocarbons (shorter retention time). However, the relative distribution of 
hydrocarbons differs. Likewise, as shown in Figure 3, treatment of M851 with 
three different biocatalysts show a similar enrichment in lighter hydrocarbons as 
well as a similar hydrocarbon distribution. Since the data have been generated 
under identical experimental conditions using different microorganisms, the 
bioconversion of the biodegraded oils by BNL-NZ-3 may be more efficient. The 
corresponding gas chromatography and mass spectrometry analysis of organic 
sulfur compounds have been reported elsewhere3”. Table 6 shows the efficiency 
of organic sulfur removal by several different microorganisms on the same 
Monterey 851 biodegraded oil. It is to be noted that the changes in the sulhr 
concentration are due to the introduced microorganisms and not due to indigenous 
microorganisms responsible for the original formation of the heavy biodegraded 
oil. The effect of induced bioconversion of this oil on four major fiactions is 
shown in Table 7. While compared to the control (i.e. M851 untreated) the 
relative concentrations of saturates, aromatics, resins, and asphaltenes vary, the 
overall trend in an increase in saturates, a decrease in aromatics, and an increase in 
resins. Comparable results for OSC and M W S  using two of the seven biocatalysts 
are shown in Table 8. It is to be noted that in most cases the concentration of 
asphaltenes decreases except in the BNL-NZ-3M85 1, BNL-TH-3 1hl851, and 
BNL-4-22/OSC cases. Since this increase is very small relative to changes in other 
components, this may be within the experimental error or due to the initial extent 
of activation in the bioreactor are due to some chemistry peculiar to the particular 
biosystem used. Further studies will clarify these possibilities. Corresponding 
comparative analyses of the immature Venezuelan Boscan oil with the California 
immature OSC and steam treated MWS crudes are given in Figures 4, 5 ,  and 6. 
Consistent with previous results, bioconversion of these oils leads to an enrichment 
in lighter hydrocarbons and an overall redistribution of these hydrocarbons, as 
shown by the peak clusters as retention times of 20-25 minutes and 35-40 minutes. 
Corresponding chromatographic analyses of organic sulhr compounds using a 
sulfbr specific detector shown in Figures 7 and 8 show a decrease in the total 
signal, consistent with the analyses given in Table 1. OSC is a high sulhr content 
oi) (4.4%) while M W S  is much lower (1.1% ) in sulfbr. The overall lowering in 
concentration of organosulfbr compounds and a concurrent redistribution of 
residual organic sulfbr compounds is significant. These changes have been 
accomplished in a single pass per batch process. An important consideration in 
the application of the biochemical upgrading of heavy crudes discussed elsewhere’. 
Extension of the chemical marker analyses to major fractions of crude oils 
emphasized fbrther the importance and the utility of the markers as diagnostic 
signals in process evaluation and the understanding of underlying mechanisms. 
Thus, pentane precipitation of asphaltenes showed that the heavy, nonvolatile 
asphaltenes residuum of OSC (Figure 9) and M W S  (Figure 10) differ and both 
require pyrolysis gas chromatography to analyze their hydrocarbons. Relative 
increase in the more volatile components of the biochemical treatment with BNL- 
4-22 and BNL4-23 is evident for both residues as shown in Figures 9% 9b, loa, 
and lob. Corresponding sulfbr specific analysis, shown in Figures 11 and 12, 
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indicate major changes in organosulfb composition. These analytical results also 
add firther proof that the biochemical attack on crude oils does occur in the 
asphaltene fractions. Nitrogen specific analysis of the OSC crude is also consistent 
with data given in Table 2 and indicate a decrease in the content of organic 
nitrogen compounds as shown in Figure 13. Results of preliminary analyses of the 
pentane extracts of OSC and M W S  for sulhr and nitrogen shown in Figures 15 
and 16 fbrther support the mechanism(s) which indicate that in the bioconversion 
of heavy crude oils, biochemical reactions occur in the heavy ends of crudes 
resulting in conversion, solubilization, concentration, and distribution of crude oil 
fractions containing organic sulfkr and nitrogen compounds. 

Conclusions 

The use of chemical markers in the monitoring of the interactions between 
different microorganisms and various crude oils allows us to determine the 
efficiency of the biochemical conversion of the crudes. Concurrently a data base is 
generated which indicates that the biochemical mechanisms by which 
microorganisms interact with crude oils involve reactions at heteroatoms, i.e. N, S, 
0, and organometallic compounds and other active sites leading to: 

1. Reduction in sulhr concentration (20% - 45%) 

2. Reduction in nitrogen concentration (1 5% - 45%) 

3. Reduction in trace metals concentration (16% -99%) 

4. Conversion of heavy fraction of crudes into lighter fractions 

5.  Optimum reaction condition depend both an microbial species used and the 
chemical composition of the oil. 
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Table 1 Variations in the concentrations of Sulfur as a function d Biocatalyst Treatment of 
four crudes: Boscan (BOS), Cerro Negro (CN), Midway Sunset Oil (MWS) and Offshore 

California (OSC) 
Sulfur 

Initial conc d Treatment Reduction in 
Oil s Yo Biocatalyst conc of S YO 
BOS 5.49 BNL4-22 25 
CN 4.37 BNL-4-23 25 
CN 4.37 BNL-4-24 29 
M W S  1.1 BNL-4-23 50 
osc 4.4 BNL-4-23 45 

Table 2 Variations in the Concentration of Nitrogen as a function of Biocatalyst Treatment 

Nitrogen 
Initial Cone Treatment Reduction in 

Oil of N ?lo Biocatalyst conc. ofN YO 
M W S  0.79 BNL-4-22 25 
M W S  0.79 BNL3-23 15 
osc 0.66 BNL-J-22 20 
osc 0.66 BhZ4-23 45 - 

Table 3 Variation in the concentration of Nickel and Vanadium as a function of Biocatalyst 
Treatment 

Nickel and Vanadium 
Initial Cone Treatment Reduction in 

Oil Metal ppm Biocatalyst conc. of Metal % 
CN Ni 247 BNL4-22 95 

V 494 BNLA-22 99 
CN Ni 247 BNL4-23 35 

V 494 BNL-4-23 ss 
MWS Ni 63 BNL-4-22 19 

V 24 BNU-22 20 
MWS Ni 63 BNW-23 25 

V 24 BNL4-23 36 
osc Ni 80 BNM-22 28 

V 202 BNL-4-22 33 
osc Ni 80 BNL4-23 20 

V 202 BNL-4-23 16 
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Table 4 Variation of Nickel and Vanadium contents in Cerro Negro 
crude as a function d several different Biocatalysts 

Reduction in conc 
Biocatalyst I Metal Initial Cone of Metal YO 
BNL-4-24 Ni 247 25 
BNL-4-24 V 494 38 

BNL-TH-29+ Ni 247 32 
BNL-TH-3 1 V 494 . 57 
BNL-2-45+ Ni 247 51 
BNL-3-26 v 494 68 

Table S Comparisoa of the hear7 ends of crudes 

Saturate YO 17.3 19.2 10.3 12.8 19.2 11.7 10.7 
Aromatic Yo 39.1 44.9 8.7 5.8 45.2 18.3 14.4 

Rain YO 37.4 35.3 25.0 30.4 38.9 45.0 34.8 
Asphaltene% 6.20 2.6 56.0 51.0 4.4 25 40 

Oil OSC* M W S *  A m * *  A837** A8514 CN** BOS" 

Analjzed by the chromarod method (IO) 
**Analjzed by solvent and column chromatography method (3,9) 
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Table 6 Initial total organic sulfur contents and YO sulfur removed after bidrcrtment 
UTM 851 BNLNZ-3 BNGTH-31 BNLTH-29 BNL4-21 BNIA-22 BNL423 BNL-4-24 

Total % 1.84 1.29 1.56 1.54 1.63 1.47 1.29 1.30 
% SRemoved - 30 15 15 16. 20 30 30 

UTM 851 = Monterey 851 untreated control 

Tvhlc 7 Determination of 4 major fractions hy TLC-FID using Ch1'01n8rodB 
UTM 851 BNLNZ3 BNLTH-31 BNGTH-29 BNL-4-21 BNG4-22 BNL-4-23 B N U - 2 4  

Saturate % 19.19 23.62 22.0 1 24.72 32.29 28.72 34.42 29.2 1 
Aromatic % 45.15 31.64 35.27 28.62 32.04 33.87 29.72 19.59 
Resin % 31.23 38.94 37.88 43.44 32.00 33.31 32.71 38.20 

Asphaltene % 4.44 5.79 4.84 3.41 3.67 4.09 3.57 2.99 
UTM 85 1 = Monterey 85 I untreated control 

Tahle 8 Dctcrmination of 4 major fractions by TLC-FID using Chromrrods 
Control BNL 4-22 BN L 4-23 Control BNL 4-22 B N L  4-23 

un!~nted _OlS.C-._......_.._ treated ........_--.......... OSC trcated OSC ..-..---- untreated MWS treated M W S  treated M W S  - 
Saturate % 17.3 45.5 S I . 0  19.2 33.7 66.3 
Aromatic % 39.1 18.0 20.5 44.9 29.1 11.2 

Resin % 37.4 30.1 22.3 35.3 34.2 19.3 
Asphaltene % 6.20 6.43 5.65 2.60 2.97 3.18 
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sulfur rpesiri trace (a) treated with BNL-4-23, @) treated witb BNG4-22, (c) contrd 

23 



I " "  l " " 1 " " ~ ' " ' ~  

0 i o  20 30 40 50 

I ' " ' I ' " ' ~ " " ~ " " ~ "  1 0 10 20 30 40 50 

I " " I ' " ' ~ " " ~ " " ' "  1 0 10 20 30 40 50 
Retention Time (min) 

Figure 13. Nitrogen specific detector (Thennoionic specifs detector, TSD) chromatogram 
d (a) OSC whole oil coutrol, (b) OSC treated with BNL4-22 (c) OSC treated with BNL-4-23. 
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Figurc 14. Nitrogen specifi detector chromatogram of (a) M W S  whok oil 
control, @) M W S  treated with BNL4-22, (c) M W S  treated with BNL-4-23. 
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Figure 15. Nitrogen speriric detector cbromatogrpm of pentane extract OX, 
(a) control, (b) treated witb BNW-22, (c) t W d  witb BNL4-U. 
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Figure 16. Sulfur s p i f K  detector chromatogram d pentane extract M W S ,  
(a) control M W S ,  (b) BNL-4-22, (c) B W - 2 3  treated M W S  
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