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BIOMASS AS A SOURCE OF LIQUID FUEL .

E. K. Nemethy
Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

The use of green plants. for the product1on of renewable resources,
spec1f1ca]1y for high-energy liquid fuels and valuable chemicals is discussed.
The predominant classes of natural products that plants produce as pure
hydrocarbons, or with a sufficiently Tow degree of oxygenation so that they can
be catalytically reformed to pure hydrocarbons, are represented by glyceride |
0oils and by various isoprenoids. A number of different plant species have been
proposed and are being investigated as candidates for energy crops. The results
of several surveys of hydrocarbon producing plants conducted over the last five
years are discussed, as well as some new potential sources of hydrocarbons, with
emphasis on the quantity and quality of the chemicals obtainable from these

plants.
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Introduction

During the last decade considerable interest has developed in the use of
bi omass as a renewable resource to help meet our future energy needé. Numerous
proposals for the utilization of different biomass components for energy and w
materials have been presented in recent years and the concept of “energy farms" e
has been much discussed. ™19

The utilization of biomass as wood as well as the attendant research and
technologies of lignocellulose conversion and lignin degradation have been
extensively discussed in the literature and several recent reviews are already

20-25

in existence. The use of established seed oil crops as a source of diesel

oil, as well as the development of new seed oil crops for industrial oils has

26-32 1pe subject of this review

also been the subject of recent reviews.
wi 11 therefore be limited to research on plants that naturally produce organic
materials in a highly reduced state, and thus the whole plant extract can be

used as chemical feedstock material for the production of pure hydrocarbons.

Se]ectiqn of.Hydrocarbon Producing Plants

Early efforts in the search of candidate species for hydrdcarbon producti on
were concentrated on polyisoprene or rubber-producing species, the great
majority of which are latex-bearing plants. Buchanan and coworkers surveyed 100
plants from I1linois for natural rubber as well as "o0il" Content, and developed

33 Each species was rated

a selection criteria for the best candidates.
independently in four categories: fiber utility, protein production, oil and
rubber production. 0il1 and rubber contents were determined by extraction of W
dried plant material with various solvents. The extraction scheme involved

using acetone as the first solvent followed by benzene. The acetone extract was

partitioned between hexane and ethanol; the hexane soluble portion was termed

“0i 1" and the ethanol solubles as the "polyphenol" fraction. The term
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polyphenol fraction seems to have been employed as an operational definition for
the alcohol solubles; later work has shown substantial carbohydrate content in

3% In this survey 14 species were identified, which were judged

these extracts.
to have good potential as hydrocarbon and rubber producing crops according to
the criteria of Buchanan and coworkers. The most ‘promi sing candidates were
among three plant families, Euphorbiaceae, Asclepiadeceae and Compositae.

A more recent survey of eighty species from the southeastern U,S. and
southern Great Plains was reported'by Adams and McChesney.35 The effectiveness
of different solvent systems, acetone/cyclohexane, cyc]ohe*ane/ethano] and
cyclohexane/methanol were tesfed. Continuous extractions in a soxhlet apparatus
for 20 hrs were found to be superior to other methods such as shaking and
decanting. Significant differences were found between the extraction
efficiencies of methanol and ethanol; methanol was found to be superior for the
removal of polar material in every case. The most striking case was Helianthus
annuus; methanol extraction yielded 250% more material from this ptant than
ethanol. Considerable variation was found in the quantity of total extractables
among the 80 species, from a low of 8.3% to a high of 53%. Five of the 80

species gave total extractable yields in excess of 30%: Baccharis neglecta

(Asteraceae) 32.5%, Ilex glaba (Aquitoliaceae) 32.2%, Juniperus monosperma

Teaves (Cupressaceae) 38.5%, Sapium sebiferum leaves (Euphorbiaceae) 32.7% and

Rhus glabra (Anacardiaceae) 53%. Only four speéies gave cyclohexane
\
extractables in excess of 10%: Grindelia squarosa (Asteraceae) 12%, Juniperus

monosperma 14%, Mammillaria heydei (Cactaceae) 13% and Sapium sebiferum 10%.

McLaughlin and Hoffman conducted an extensive survey of over 400

5.36 The plant collections

collections of piants from southwestern U.
encompassed considerable taxonomic diversity; 195 species in 107 genera in 35

families were examined for hydrocarbon or chemical feedstock production. A two
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step solvent extraction using cyclohexane followed by ethanol was used in this
survey. The term "biocrude" was coined by McLaughlin et al; to describe the

extractable material. Initially, biocrude was defined as the total

‘extractables, i.e. the sum of the cyclohexane plus ethanol extracts, later -
however biocrude was redefined as only the cyclohexane portion of the total -

L]
extract.3! One of the results of this survey is depicted in Fig. 1. A

correlation between a high percentage cyclohexane extractables and resinous or
latex-bearing plants was found. Another major finding was the inverse
proportionality of high biocrude content and plant size. Smaller, potentially.
lower total biomass producers yielded higher % of biocrude, thus the authors
concluded thét for arid regions high biomass yields are not necessary for the
economic production of biocrude. Ten species were identi fied by the Arizona
selection criteria as having high potential for further develoment: Pedilanthus

macrocarpus (Euphorbiaceae), A. albicans, A. subulata and A. erosa

(Asclepiadaceae), Amsonia grandiflora, A. kearneyama and A. grandiflora

(Apocyanaceae), Crysothamnus paniculatus, C. nauseous, Grindelia camporum and

Xanthocephalum gymnospermoides (Compositae).

Two species in the family Asclepiadaceae: (Calotropis procera and Asclepias

syriaca have been investigated as potential sources of hydrocarbon-1like

38

materials. Erdman et al. extracted dried Calotropis procera with hexane

followed by methanol. Six month old plants as well as different plant segments,
stems, leaves and pods were examined for % hexane and % methanol extractables.
Hexane extractions yielded 4.4, 3.8, 5.1 and 9.4% (w/w); methanol extractions \
gave 16.1, 18.5, 12.1 and 21% (w/w) from whole plants, stems, leaves and pods

respectively. The heats of combustion for the various extracts (calculated from
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the.elemental compoSitioné) were reportedi‘ all the hexane extracts had heats of
combustion comparable to that of crude oil'(io,OOO cal/g) the methanol extracts
were considerably lower (4500 cal/g). ” | | |

These results are comparable to that of Peop1es and Lee, who examined C.

procera cultivated in Arizona39, C. procera is also being considered for energy .

41-43

use in Australia; preliminary results by Williams et al. on the Australian

plants are essentially the same as those reported by Peoples and Erdman.

T. A. Campbell reported on the properties of Asclepias syriaca, the common

milkweed.44 This study was designed to assess the chemical and agronomic-
variation present in this species in Maryland and northern Virginia. ‘In a two
year replicated evaluation of progenies from 41 populations significant
agronomic differences (15% level) were found. Buchanan's extraction téchnique
(acetone followed by hexane) was used as the chemical assay; eXtrgctioﬁs wi th
methanol were not done in'thisvﬁase. .The acetone extract was defined as tﬁe
polyphenol plus oil fraction and the hexane extract as the polymeric hydrocarbon
fraction. A range of 4.7-14.4% in the acetone extracts and 0.2-1.2% in the
hexane extract wés found.. These fractions were not partitioned any further, nor
characteri zed in any other manner,

Adams also reported on the yield of A. syriaca but in this case the

d.45 The yield of hexane extractables

hexane-methanol extraction scheme.was use
was 3-4%, and the yield of methanol extractables was 19%. The calculated heats
of combustion were 9500 cal/g and 4160 cal/g respectively.

These exploratory screenings are essential in the evaluation of potential
oil yields from new sources. Although no single extraction procedure may be
found which is optimal for every one of the great number of species that should

be screened, a standardi zation of the extraction techniques is necessary for the

purpose of valid comparisons. For the case of E. lathyris for example it was
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‘found that aéétbne does extract various amounts of carbohydrates, and thus the %
acetoné extract cannot be replicated with any degree of accuracy.46 The use of
~ nonpolar solvents, such as cyclohexane, heptane or hexane do give more
reproducible results. These'extracts labeled variously "ai1" "biocrude"
"hydrocarbon" or “"polyphenol™ need to be further characterized and defined. For
the pUrpose'of ihitial screening studies the defermination of elemental

composi tions and/or heats of coﬁbustion_ddes serve this purpose.

Chemical Composition of Biocrude

“Among thellarge number of species screened for oil production only a few
have been Subjected to further analyses in terms of the specific chemical
composition of the nonpolar and polar extracts. Detailed structural information
has been repbrted to daté on the composition of four candidate species: A.

- speciosa, E. lathyris, and Grindelia camporum and Chrysonthanus paniculatus.

- Buchanan and coworkers have fractionated the nonpolar extractables of A. syriaca

and E. lathyris into general lipid classes and obtained semi-quantitative data

based on TLC scanning and densitometry.S]

The complete analysis of the nopolar
extract of A. speciosa has recently been reported by Adams et a].47 The two
triterpene acetates o and g-amyrinacetate comprised 62% of the sample in a
ratio of 5:1 respectively. Several other esters of amyrin, butyrate, caproate
and palmitate comprised another 15% of the mixture. Low molecular weight
cis-polyi soprene (Mw=52,000) was also found in the crude hexane extract but only
in ca. 2% concentration. Only trace amounts ( 0.5%) of fatty alcohols, alkanes,
phytosterols, mono- di- or triglycerides were found. The main constitutents of
the methanol extract of A. speciosa were also identified as myo-inositol and
52

sucrose.

The composition of Euphorbia lathyris extracts was much more complex than

that of A. sgeciosa.48 Approximately 50 compounds, almost all tetra- and

v

\Va
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pentacyc]fc triterpenoids functionalized as ketones, alcohols and fatty acid
ésters constitute the heptane extractables of this plant. Representative
structures are shown.in Fig. 2. The combosition of E. lathyris latex has also
been investigatéd, five tetracyclic triterpenols and fatty acid esters of these

53 A1 of the latex components could also be detected in

are stored in latex.
the whole:plant extract, however the latter yields a much greater variety of
triterpenoids than the latex. The large structural diversity of the who]evplant
triterpene fraction indicates that triterpenoids are stored and probably
synthesi zed in other parts of the plant not just the latex. It is estimated

that a maximum of 15-20% of the whole plant hexane extract is latex-derived.

Euphorbia lathyris also stores a substantial amount of simple'sugars,

fermentable to ethanol. Analysis of the methanol extract (30% of plant dry wt)
showed the presence of four simple sugars, sucrose, glucose, galactose and
fructose. These four sugars represent 20% of the plant dry weight.54’55

The chemistry of Grindelia camporum and Chrysothamnus paniculatus, resinous

plants under development as arid land crops in Arizona have been investigated by

].49’50. Grindelia resin yield range has been reported to be

Timmerman et a
5-15% of the dry weight; the amount of acid fraction of the crude resin is
highly variable and may constitute 20-90% of the resin. The acid fraction
consists primarily of grindelic acid and its derivatives. A series of these
grindelane diterpenoids have been isolated and identified; the structures of
these resin acids are shown in Fig. 3. Grindelic acid itself has been found to
be the major consti tuent constituting from 40 to 80% of the resin acid fraction
of G. camporum. These resin acids may be converted to lower molecular weight

hydrocarbons, or they may serve as substitutes for resin products in the naval

stores industry.
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A great number of'épecieﬁlso far have been proposed as candidates for high
vgrade fuel or chemica1 feedstock prdduction. Many have been included in
screéning projects, evaluated and discussed as viable sources of hydrocarbons.
In this section three sources of hydrocarbons that have not been included in any -
of the previdusly cited surveys will be discussed. Each of these has some )
unique characteristics, and each has received some attention as a source of

liquid fuels. Copaifera langsdorfii, a tropical tree, has been suggested as a

source of diesel fuel; Pittosporum resiniferum bears fruits that have been

referred to as the "petroleum nut"; the fresh water alga Botryococcus braunii is

a unique organism in its abi]ity to synthesize and secrete substantial
quantities of hydrocarbons.
Copai fera ”

Species of the genus Copai fera (Leguminosae) are important forestry trees~
in South and'Cehtra] America, and may be cultivated in the U.S. in aréas such as
Puerto Rico or Florida. The trees synthesize resin and all organs and secrete
this materié] into intercellular species. In the trunk of the mature tree
cavities formed by the breakdown of resin secretory cells coalesce into large
resin containing pockets. This resin can be released by a natural or man-made

opening in the bark, thus these trees can actually be tapped for oil. It was

estimated that the mature tree could produce 40-60 liters of oil annually.w’56

The chemical composition of the resin depends on the species, and _
qualitative differences within a species have also been observed.57 .
In some species diterpenoid acids predominate, but as much as 50-90% of the oil \/

of C. langsdorfii is sesquiterpene hydrocarbons. A commerical resin sample of

Copai fera consisted of 24 sesquiterpene hydrocarbons, 19 of which have been

58,59

identi fied. The di terpene acids, which constitute the rest of the resin

have been identified as kaur-16-en-19-0ic acid, 16-8-kaur-en-19-0ic acid and
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60 These diterpene acid constitutents are detrimental from the

polyalthic acid.
point of view of diesel fuel use, and would have to be either modified or
eliminated. Copaiba o0il can also be processed by the Mobil zeolite catalyst to

yield hi gh grade gasloine.G]

Pittosgorum

Pittosporum resiniferum (Pittosporaceae) a 30m tree native to the

Phillipines bears_Wa]nuf size fruit rich in light oil. Even the unripe green
fruit burns brilliantly when ignited, and some mountain people us the nuts for

62 Early

fuel. It is also used as a torch light, pressed into bamboo tubes.
reports attributed the volatility and flammability of the nut to high
concentrations of n-heptane in the oil. Recent analysis of the oil showed small

percentages of n-heptane and n-nonane; the major constituents were found to be

-two monoterpene hydrocarbons o-pinene (38%) and myrcene (40%).63 Hexane or

hethy]ene.ch]oride extraction yields 8-10% of the fresh fruit weight as a
fragrant orange oil.

P. reSiniferum has two fruiting seasons per year; the size of the fruits as
well as the total yield is variable. Preliminary data indicate a yield 6-10 kg
of fruits per year for the smaller size ones and 12-18 kg per year for the
larger ones. The cultural management of this plant is still in the early
stages; plantations of P. resiniferum are being planned in the Phillipines.

Projected planting densities are 2x2 meters or 2x3 meters, which, based on the

.present range in oil and fruit yield, would result in a total oil yield of 6.6

to 10 bbl per acre/year.64

Botryococcus braunii

The colonial green alga Botryococcus braunii is widely distributed in

termperate and tropical regions where it occurs primarily in fresh waters.

Colonies are often observed floating on the surface of undisturbed waters; this
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buoyancy is éttributed to the large amounts of acéumu]ated-oil in the alga. In

the so called resting state Botrybcoccus has been reported to produce as much as

. 86% of dry weight as oi1,65 although a more typical range of oil concentration

is 25-40%.5 .
The hexane extracted Botryococcus oil is orange, due to the presence of *

carotenoids. After removal of the bigments a clear oil is obtained which

contains a homologous series of unusual isoprenoids, This series emcompasses

linear isoprenoids from C30 to C37, MW 410 to 508.67

compound named Botryoccoccene has been elucidated.68

The structure of the C34
More recently the
structure of the C36 compound christened Darwinene has been reported.69 (Fig.
4). Preliminary spectroscopic data on the other homo]ogues indicate the same
backbone structure with a different numbér of exomethylene functionalities
attached tb’the backbone‘.70 Thus the C30 compound appears to be an isomer of
squa]ene,'with the peculiar ethylidene group at the same position in the
molecule as in botryoccoccene.7] Botryoccoccene braunii has been reported to be
a very s]ow'growjng organi sm; however, under favorable conditions a dry wt.
doubling time or 40 hrs can be achieved in the resting state.72 This alga also
has the ability of diverting an unusué]ly large proportion of metabolic carbon
into hydrocarbon biosynthesis. Uptake studies with H2]4C03 Showed that in 1 hr
60% of the total incorporated radioactivity was associated with the hexane
soluble components; 50% of the radioactivity in the hexane soluble fraction was
associated with the isoprenoid hydrocarbons.72 : v

Botryococcus has several attributes that suggest its potential as a

|

renewable source of hydrocarbons, although several questions, particularly about
culturing cohditions, need to be answered before this organism can be critically
evaluated as a fuel producer. It is, however, unique among alga in its ability

to synthesize and accumulate high levels of hydrocarbons. These hydrocarbons are
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are suitable as feedstock material or as transpbrt fuels. ,Hydrocrécking of
Botryococcus derived 0il yielded 62% petroleum, 15% aviation fuel, 15% diesel
fuel and 32 heavy oi1.73 -

Catalytic Reforming of Biocrude

- While some low molecular weight plant hydrocarboﬁs can be used directly as
trénsportation fue1; and even seed oils, which are mostly trig]ycefides, have
been tested as diesel substitute, the very viscous, often’solid Qho]e plant
extracts of resinous and latex bearing plants need to be upgraded for liquid
fuel use. Mobil Research Co. has demonstrated that the use of the size and
shape selective zeolite catalyst of the ZSM-5 type that is used in the methanol
to gasoline brocess, can be extended to produce gasoline and aromatics from
plant extracts. The process has been demonstrated for divefse classes of plant

products. Glyceride oils, such as corn and castor oi1, as well as.the long

chain linear esters of jojoba 0i1 can be efficiently converted to high quality

chemical components or fuel (gasoh’ne).74

The tri- and di terpenoid constitutents of plants such as Euphorbia,

Asclepias and Grindelia can also be upgraded by a somewhat modified fluid bed

61

process to .similar products. The product distribution obtained from E.

lathyris extract is shown in Fig. 5.

The product distribution, specifically the yield of the petrochemically
important BTX (Benzene, toluene, xylene) aromatics, Qas found to be a strong
function of the effective hydrogen to carbon ratio of the feed. Thus most
reduced photosynthetic products, even polyisoprenes, can be converted to high
grade fuel and betrochemica]s by this process.s]

Economic Potentials

The topic of energy and economic analyses of biomass projects has been the

75-81

subject of much debate. Considerations of economic feasibility, however,
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are critical elements in the development of energy crops for liquid fuel
production.
Predictions for the final cost of one bbl of biocrude range over an order

of magnitude from $20 to $200,°>37,82,83

Although conceptual analyses are
potentiélly useful for future research, they often suffer from uncertaintfes and
ambiguities in the input data.

* Buchanan et al. examined the economics of multi-use botanochemical crops.84
These preliminary Cost-aésessmehts for crop production, collection and
processing predicted that new and radically different multi-use aQricu]tura]
systems would be economically attractive. Projected specifications, i.e. the
requirements.that would have to be met for successful development of new
botanochemical crops were developed. For a herbaceon, perennial, whole-plant
oil producing crop these spec1fications weEe: biomass yield (total dry matter):
16,000 1b/acre, whole plant oil plus bolyphenol'fraction: 3360 1b total or 21%
of thé dry biomass, crude protein 1401 1b, leaf meal (720% protein), 5120 1b,
fiber: 960 1b. |

Conceptual studies of hydrocarbon recovery for E. lathyris have been
developed by SRI International, Chevron and most recently by the Office of Arid
Land Studies in Arizona. The most complete SRI scenario predicted $100 per bbl
of Ehphorbia crude,83 which is in good agreement with the more current estimate

37

by the Office of Arid Land Studies,” even though E. lathyris was found to be

unsuitable for cultivation in arid lands.8> , . A

For arid land crops McLaughlin et al. estimated that the resinous plants v
Gridelia comporum and Chrysontamus paniculates would be able to produce one bb]

of biocrude at a cost of approx. 50-60/bb1.37. At these predicted costs
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bi ocrude would still not be competitive at this time with imported petroleum.
However, the use of these plant products as substitute petrdchemica]s may be
economically favorable.

Prognosis and Conclusions

Bianass development for the production of liquid fdels and high value
chemicals is still in its formétive stage#. However, the results that emerged
from the research programs conducted over the past five years do dé]ineate the
basic problems as well as the important areas for future research. 1In this
field it is generally recognized that biomass research must be an integrated
endeavor with agrbnomic, engineering, chemical, biochemical and environmental
research componénts. However, one important limitation to the development of
bi oenergy crops for liquid fuel use is the apparent uppef limit of approximately
15% per dry weight of reduced photosynthetic material that plants surveyed to
date seem to produce. An increase in ‘this percentage; even without a
corresponding increase in total biomass yield, is predicted to have a positive
effect on the final cost of a barhe], whether this barrel is used for chemicals
or for fuel.83

There are only a few reported cases of secondary metabolite yield

enhancement in higher plants. Improvement in monoterpene yield by application

86 87 and in

of paraquat,  in Hevea rubber yield by classical breeding methods
guayule rubbér yield by bioinduction have been repor‘ted.se’89 The method of
bi oi nducers under investigation today in guayule may find applications in
eliciting higher yields of various low molecular weight terpenes, although
preliminary experiments with E. lathyris did not increase triterpenoid

90 It is encouraging, however, that the mechani sm of action of these

content.
compounds is beginning to be investigated. Recently, Benedict et al. reported

on the effect of one bioregulator, 2-(3,4-dich]orophenoxy)-triethyTamine on
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9 The activities of several

"~ rubber yield and on enzyme activities in guayu]é.
enzymes on the isprenoid pathway were tested; increases in mevalonate kinase,
IPP?isanerase, rubber transferase and FPP synthetase activities were observed.

One major obstacle to rapid improvement of hydrocarbon yields is our -

- Timited knowledge of the fundamental biochemical mechani sm, including
regulation, of secondary plant products. Progress is being made, most notably

92 However, the biochemistry of the

~in the area monoterpene biochemistry.
largest terpenoid class, sesquiterpenes, remains essentially unexplored. For
Vexamp1e, it is not known today whether sesquiterpene hydrocarbons are metabolic
end products, or whether they are re-utilized, or turned-over by plants. Such
information would be important in assessing maximum hydrocarbon productivity.
ConventionaT plant breeding which has been of great importance for the
production of better and more useful plants will undoubtedly be also important
in the development of energy crops. Its main limitations are the length of time
required to produce neQ varieties, and often the relatively small gene pool
- available for crossings. The new biotechnologies that are just beginning to be
exploited in the plant sciences, may in the future have applications in plant
hydrocarboﬁ production,

However, basic research in biochemistry and in molecular genetics are an

essential prelude to genetic engineering efforts in energy agriculture.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.
Fig. 4.

Fig. 5.

Frequency distributions of percentage cyclohexane extract
resinous, latex and other plants. (From MclLaughlin and Hoffman, 1982).

Representati ve structures for tetra- and péntacyclicvtriterpenoids
found in Euphorbia lathyris. The carbon skeletons are those of (a)
cycloartenol and (b) taraxerol.

Structures of Grindelane diterpenoids isolated from G. camporum. (from
Timmerman et al. 1983).

Structures of Botryococcene and Darwinene (from Cox et al. 1973 and
Galbraith et al. 1983). ‘

Catalytic conversion of E. lathyris terpenoids (from Haag et al. 1980).
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