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HYDROCARBONS VIA PHOTOSYNTHESIS 

Melvin Calvin 

laboratory of Chemical Biodynamics 

University of California 
Berkeley, California 94720 

Abstract 

Photosynthesis, both natural and as a model process, is examined 

as a possible annuall~ renewable resource for both material and energy. 

The conversion of carbohydrate from cane and other sources through 

fermentaUon alcohol to hydrocarbon may again become economic in the 

light of improved fermentation technology and the rising price of hydrocarbon. 

E.ven the dir~ct photosynthetic production of hydrocarbon from known sources 

(Hevea, etc.) or newly bred ones seems possible in view of the large number 

of species and new techniques of plant cell cloning which have already been 

successful on sugar cane. 

In fact, analysis has already begun of other species of Euphorbia 

which can grow in the United States, especially in California. The molecular 

weight range of their polyisoprenes is much lower than that for Hevea, being 

about 10,000 to 30,000 instead of 500,000 to 2,000,000. Since only a few 

species of Euphorbia have been analyzed and no breeding experiments have 

been done, both the molecular weight and yield of hydrocarbon may be 

expected to be very markedly influenced by the new procedures. 
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Finally, more distantly, synthetic systems constructed on the basis 

~of our growing knowledge of the natura 1 photosynthetic processes may pro

duce fuel, fertilizer and power. From our current knowledge of the natural 

quantum conversion process in green plants we can envisage several photo

electron transfer processes. Some steps in this sequence of transfer have 

already been demonstrated in synthetic systems. However, the actual physical 

construction of such a complete system is a more complex task. 

The work described in this paper was sponsored, in part, by the U.S. Energy 

Research and Development Administration. 

(for: Symposium on ~'Shaping the Future of the Rubber Industry", ACS 

Division of Rubber· Chemistry, San Francisco, California, Oct. 5-7, 1976) 



-., ·-

0 u .. ;: 0 4 6 0 

-3-

INTRODUCTION 

Part of the reason for my concern with the problem of renewable resources 

stems from the time about three years ago when I had to wait at a gas station 

in line to get fuel for my automobile. While I was waiting, I began to think 

more seriously of how we could prevent this kind of event from recurring 

more and more frequently, with greater and greater severity, as the yea~s 

pass. This was not the first time I had considered the problem. I had been 

working for many years on learning how green plants are able to capture the 

sunshine and convert it into stored chemical energy, usually in the form 

of carbohydrate, of which sugar is the best example. At that time I thought 

again of the fact that petroleum is simply the stored product of the photo

synthetic activity of ancient green plants which had taken many millions of 

years to be transformed into petroleum. It seemed to me that we were using 

up this stored petroleum, the product of ancient photosynthesis, at a rate 

~ery much greater than the rate at which it was being returned; millions 

of times greater. It therefore became necessary to think of ways in which 

we could harvest that yield of stored solar energy from the plants every 

year, in a renewable fashion. 

When one reaches that point in thought, one says: Where is the 

solar energy? As a quantitative example of how these events have occurred, 

I would like to show a few pictures of the evidence which we have gathered 

together in the last year or two to convince ourselves and our colleagues 

that indeed we would eventually run out of the stored products of ancient 

photosynthesis and would have to harvest this energy annually in a renewable 

manner; there would be no other feasible alternative. 

The situation in the United States in 1974 is shown graphically in 

FIGURE 1, which indicates that practically all of the energy supplies 
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in the United· States· are, as a matter of fact, fossil photosynthetic fuel: 

Natural gas, coal, petroleum. Actually, 98% of the energy resources 

of the United States in 1974 were fossil photosynthetic products. 

The other facts pointed out by FIGURE 1 are that the efficiency with 

which we use that energy is very poor. Roughly half of the energy is 

rejected in a non-useful form, with less than 50% in a useful form. 

The reason for that discrepancy can be seen in the inefficiencies of 

our methods of transportation: The automobile engine; the airplane 

engine, etc., burn the fuel very efficiently, with roughly 25% effi

ciency, 13.5 units of it being rejected with only 4.5 units used as 

mechanical energy in driving an automobile, truck, airplane, train. That 

is an important fact to keep in mind because it is part of the limitation 

of all heat engines, i.e., engines which convert heat into mechanical 

work have this type of limitation, inherent in them. I call this to your 

attention because when we begin to consider using sola_r energy directly 

we should keep that in mind. 

The history of the use of energy in the United States is shown in 

FiuURE 2. In 1850 more than 80% of our energy came from renewable re

sources~ namely; ·wood from the forests. The forests were cut down at 

that time and, as a result, that renewable resource was reduced to a 

very small proportion of. the total. Then came coal, but in 1920 petro

leum became the more important. In 1976 petroleum is still the most 

important fuel, with natural gas the next in importance. You can see 

that by 1974 both petroleum and natural gas have begun to decrease as 

a fraction of the total use, with nuclear power rising slowly and hydro 

power and geothermal power increasing, but even more slowly. In the 

United States, very nearly all of the hydro power available is already 

in use, but there is considerable development of geothermal energy 
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sources, especially 'in the western part of the United States where they are 

naturally-existing sources. 

In the United States there are only two viable alternatives to fill 

the 11 power gap 11
, one being nuclear. Some of the people are optimistic, 

feeling that we will obtain 20% of our power from nuclear sources by about 

1985; I believe this is an optimistic evaluation. The principal source of 

material whose use can continue to rise indefinitely is the sun, and that 

is the message I want to bring you today. We must use the sun•s energy as 

it comes to earth every year in some fashion to replace the fossilized solar 

energy and material which is coal, petroleum and natural gas. 

One bit of evidence which I thought might be of interest is what we in 

the United States have had to pay for fossil fuel in the last twenty years. 

FIGURE 3 shows that for about ten years (1960-1970) the price of oil, coal 
' and natural gas was very nearly constant and very inexpensive. You can see 

what has happened to the price of natural gas and petroleum since 1973, when 

the prices rose dramatically. The price of natural gas in 1974 was 

$1.30/million Btu•s; in 1975, the end of last year, it was $1.80/million 

Btu•s; at the end of the first quarter of 1976 the price of natural gas was 

$2.30/million Btu•s. The price for natural gas which will probably be valid 

at the end of 1976 is such that we could not even put it on the graph 

(FIGURE 3) at all. You can see that the only direction which the prices 

for fossilized ancient photosynthetic materials can go is up.· 

Also, the cost of finding new fossil fuel, no matter how it is described 

(the number of new barrels of oil discovered per foot of well drilled, or 

the number of millions of cubic feet of natural gas discovered per dollar 

of investment) is increasing, while the number of new discoveries are 

declining~ The energy costs will irrevocably rise with the gradual depletion 

of these stored pioducts of ancient photosynthesis. 

.... _. 
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METHOD OF SOLAR ENERGY CAPTURE 

Alternative methods_ of so1ar energy collection are shown·in FIGURE 4. 

There are actually two essentially different methods in which solar radia

tion can be used. One can take the s~nshine and degrade the light into 

heat. I use the word "degrade" to mean just-that. Light energy exists 

in very large packages (quanta) whereas heat is energy i.n very small 

packages. If you change the light into heat, you are degrading it 

thermodynamically so it cannot be used as efficiently. However, this 

is relatively easy to do, so the engineers use these m~thods in the 

design of heat engines, air conditioning, etc. 

ln fact, two of the methods of heat collection are very old. One, 

the windmi 11, takes the heat of the sun, which makes the winds by warming 

the atmosphere; therefore, the wi~dmill is actually a very old device 

for capturing energy of the wind which is, of course, solar energy. 

An even older method is hydro power. If you think of how hydro power 

is actually generated (the relation between the sun and hydro power) 

you can see that it is actually another method of solar energy collection. 

Hydro power is generated by water falling from a high place, through a 

turbine, to a low place, which is"ultimately the sea. The high place 

is, of course, mountaintops and the s~a absorbs the energy of the sun, 

warming the surface and inducing transformation of the water into 

vapor which then rises into clouds and falls again on the mountaintops. 

This is the rationale for including hydro power as a solar energy 

collection process. 

The commonest method of thinking of heat collection systems for 

solar energy conversion is to use absorbers to make a heat engine 
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(mirrors, reflectors) and these are being built all over the world: In 

the United States, the Pyrennes Mountains of Europe, a very large installa

tion near Genoa, etc.). This is a well known and useful method for solar 

energy collection and conversion, and even though the efficiencies are 

not as great as other more theoretical methods, it is possible to use 

these methods now and, hopefully, develop them more ~fficiently in the 

future. 

We are also trying to construct a thermal engine, based on the 

temperature differential (approximately 20° F.) between the surface of 

the sea and the sea temperature approximately one hundred meters below 

the surface'. Large thermal engines can be coRstructed to operate on 

thaf temperature differential, and development work is going forward 

today in offshore locations in the United States toward this end. 

Th.is, however, requires an enormous investment of money and materials, 

so I don't believe that this particular solar energy collection method 

will be able to contribute dramatically soon to the solution of the 

energy problem, 

The other method of collecting solar radiation (quantum collection) 

uses the 1ight in the form of the large 11 packages 11 of quanta in \-Jhich 

it comes to us, when .the light is visible to the eye. Each package of 

energy which is impinging upon the surface of the earth is large, and 

the green plant {sugar cane and other types of plants) is able to use 

that solar energy in its highest energy form {i.e., without degrading 

the energy as heat) and convert it into useful energy without going 

through a heat engine. The sugar cane, for example, a plant which is 

able to convert this energy is the best, most efficient solar energy 

device we have today on a 1 arge seale. {Sugar cane, .which is one 

/ 
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one of the most useful crops in tropical areas such as Brazil, creates 

a situation whereby this area is in a spectacular position to take advan-. . 

tage of the naturi'il quantum collection processes for solar energy conver

sion, using the raw materials from cane processing to augment similar 

materials from imported petroleum.) 

Let us now examine the distribution of solar energy throughout the 

world, which is shown in FIGURE 5; this distribution is shown in kcal/cm2. 

The hi~hest regions are in the desert of North Africa, the deserts of 

South Africa, in the dry areas of the Southwestern United States and 

in Northeastern Brazil. The solar energy distribution in Brazil 

is shown in FIGURE 6a. Since I could find no information of this type 

from any of the ministries in Brazil, I had to construct the map myself, 

and it is, of course, very incomplete. However, it is the only one in 

existence. On the map are shown the stations whi'ch collect and measure 

the sunshtne and these units, unlike those.in Figure~' are in watts/m2; 

the stations given in Figure 6a are the only ones for which information 

was available. There may actua.lly be some inconsistencies in Figure 6a, 

as the data was received in the form of a table from an industrialist in 

Brazil who is interested in rubber growing and who was looking for the 

insolation record in·parts of Brazil in that connection. (I would hope 

that this ktnd of data would be improved and also that Amazonia, which 

appears empty in Figure 6a with no stations, could have facilities of 

this type constructed so that the data collected could be more useful 

for the proposed sugar cane developments there. 

It is clear that most of Brazil receives of the order of 200 watts/m2• 

The stippled regions on the map of Brazil indicate the sugar cane producing 

areas, as nearly as I could determine them from the information available. 

·. 
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Most" of these areas .are in Sao Paulo and the northeast. Presumably there 

will be sugar cane somewhere near the San Francisco River in the not too 

distant ·future, and from what I have heard about this region (with the 

water of the river and the intensity of the sunshine} it should be possible 

to grow sugar cane there with a very high yield. 

The solar radiation in the United States is shown in watts/m2 in 

FIGURE 6b, and it is easy to see that there are certain areas here as 

well which would be best for solar energy collection. These are in 

the Southwest (Arizona, New Mexico) and in the dry area of Southern 

California. Because of the high degree of solar impingement, various 

types of solar energy collection processes {solar ponds, solar farms, 

etc.) could possibly be successful in these areas, alleviating 

dependence on other forms of power generation. 
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·BIOLOGICAL SOLAR ENERGY CONVERSION 

I would like to return to a discussion of what we know today about how 

a green plant, such as sugar cane, is able to take the sunshine (solar 

energy) and store it as chemical energy, and this process is shown in 

a diagrammatic representation in FIGURE 7.· You can see the sunshine 

enters the plant, affecting the green part (chlorophyll) of the plant 

(the quanta are absorbed by chlorophyll), with the sun•s energy being 

used to make negative and positive charges, the positive charges becoming 

oxygen and the negative charges becoming active hydrogen which is used 

to run the carbon reduction cycle of photosynthesis. 'The carbon dioxide 

also enters the carbon cycle, and leaves at another point. Carbohydrate 

is the principal product of most green plants, and.the principal carbo

hydrate is sugar (the other being starch). We are constantly learning more 

about the way i·n which. the carbon reduction cycle operates, but as yet we 

are not as knowledgeable about the actual quantum conversion process. 

Sugar Cane 

What can we do with the sugar which is the principal product of 

natural photosynthesis besides eat it? Sugar is a crystalline solid and 

it is not very useful as a fuel for anything but a living organism. To 

convert the sugar into a fuel for a non-living machine, such as an auto

mobile, it is necessary to use a very convenient mechanism, known as 

fermentation, to change it into a liquid _chemical with practically no 

loss of energy, as shown below: 

C6H12o6 :> 2 c2H50H + 2 co2 
180 gm .92 gm 

(673 Kcal) (655 Kcal) 

12.88 lbs ---~:> 1 gal {84,357 Btu) 

Cost/gal = raw material + 20¢ process cost 
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The six-carbon sugar. molecules is converted into two two-carbon alcohol 

molecules, and the weight decreases from 180 gm of sugar to 92 gm of 

alcohol, but the energy goes only from 673 Kcal to 655 Kcal, so there 

is almost no energy loss in the fermentation process. The only loss is 

in material {carbon dioxide) and the conversion from a solid crystalline 

material which can be utilized efficiently only by living organisms to a 

liquid energy-containing material which can be utilized in many processes 

by ltving organisms and machines. 

It is also important to realize that alcohol is not only a fuel 

for men and machines but is also a chemical raw material which can be 

used in place of the petroleum feedstocks in many applications. I would 

like to point out that only 6% of the energy used in the United States 

is consumed for non-energy purposes, that is, for chemical feedstocks. 

Therefore, r think that the use of sugar for material is a higher use (as 

a chemist I say this) than burning sugar for fuel. 

The chemical uses for petroleum feedstocks, which are now principally 

obtained from cracking processes of petroleum, are many and varied. 

Practically all of the fibers which we know today (nylon, etc. ,for example, 

are made this way and many other materials (glycols, ethylene oxide) are 

obtained by the same route. 

Notice that one ~f the principal materials through which the petroleum 

must pass in these processes is ethylene which is a raw material for most 
f 

' of the chemicals used in industry. Ethylene was the raw material also 

for making industrial alcohol. However, if you remember the price of 

natural gas which was discussed earlier and what has happened (and is 

still happening to that price), you can see the same effect on the 

price of ethylene. That price has increased by a factor of at least 

ten. Up until 1972 the price of ethylene was 2¢ to 3¢/pound, and today 
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it is about 18¢/pound. 

The industrial alcoholwhich was made in.the United States up until 

1955 was made by fermentation from sulfite liquors and other sources, but 

by 1955 the method changed because the ethylene to alcohol route was 

chaper. However, the situation has now reversed itself, and today the 

price of ethylene is so high that we can now begin to ·think of making 

ethylene from the alcohol, instead of the other way around. 

Possible chemical methods for using renewable resources (such as 

sugar cane, bagasse, etc.) for chemicals as opposed to the use of 

. petrol~um are shown in FIGURE 8. From cane you make the cane juice, 

and by yeast fermentation, the ethanol. From that point ft is possible 

to use many different processes for different end products. The ethanol 

can be dehydrated to ethylene quite efficiently, using a 50% solution, 

an~ we are then in the same chemical stream as that from the petroleum 

production of ethylene. Many other materials can be made from sugar 

cane juice as well, and these products are indicated as well as by

products from Bagasse. Perhaps one day it will be possible to hydrolyze 

the bagasse to glucose and ferment it in a manner similar to the fermen

tation of sugar. 

The following table shows the relative annual yield (in metric 

tons/hectare/year) of selected plants in the field {Table 1) and these 

yields are all comparable. No other commodity crop comes near the 

yield of sugar cane, with algae being the only one that can even 

approach it. As you can see, these are all carbohydrate-producing 

plants, and most of the use of this tonnage must be in the form of 

carbohydrates. (I will speak later of other kinds of plants which 

may be useful, even more useful than the plants which produce carbo

hydrate). As a comparison, the annual productivity of rubber, cane 

and kelp is shown in Table. II. 

-. 

:• 
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Table I 

Average Annual Yield of Selected Plants. in the Field* 

Sugar Cane 

Soudan Grass (Sorghum) 

Corn (Zea mais) 

Alfalfa 

Eucalyptus 

Sugar Beet 

Algae 

metric tons/hectare/year 

122 

36 

13 

29 

54 

33 

87 

* Bassham, personal communication 
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Table·II 

Annual-Productivity of Rubber, Cane and Kelp 

Present Productivit¥ 
(metric tons/hectare} 

2.2 (Rubber) 

25 (Sugar} 

10 (Ethanol } 

9 (Ethylene) 

9 (Dry Weight 
Carbohydrate) 

% of Incident Potential Productivity 
Sunlight Captured (tons/hectare} 

0.2 4.5 to 9 

1.2 : > 30 (Fermentables) 

"' 2.0 90 
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Actual sugar plants, showing sugar in seed, in front of the sugar 

museum in Recife, Brazil is shown in FIGURE 9. As mentioned earlier, 

sugar cane is the principal carbohydrate-producing plants. (Later I will 

discuss examples of hydrocarbon-producing plants, such as Hevea). The 

costs of producing sugar cane in 1974 in Brazil are shown in Table III, 

and you can see that the percentage of the total cost for cane production 

for fertilizer was 16.5% and the land rental, which is the largest single 

cost, was 37%; this information was obtained from Planalsucar in Brazil 

in 1974. 

If it were possible to use relatively inexpensive land (say in the 

northeastern part of Brazil) for sugar cane production for materials use, 

the cost of the land rental would be lower. Also, if there were some way 

of reducing the cost of fertilizer that also would reduce the cost of 

the final product, alcohol for chemicals use. 

In the United States the picture is more or less the same, as shown 

in FIGURE 10 in the form of energy costs (energy input) for food, feed 

and fiber. Again, notice that fertilizer costs are the largest single 

item, roughly one-third of the total. Of that fertilizer, a very large 

fraction (which,varies from year to year and place to place) is the 

cost of the ammonia (nitrogen) which is put into the soil. The cost of 

the ammonia is depend.ent upon the source of the hydrogen to reduce the 

nitrogen, and most of the hydrogen has been coming from natural gas. 

Since the price of natural gas has been increasing, the price of ammonia 

has also risen correspondingly. Therefore, there is great interest in 

finding ways of reducing that nitrogen cost for commodities production. 

An alternative would be to use biological nitrogen fixation in 

connection with cane, if tl'at is possible. Biological nitrogen fixation 

by root nodule bacteria in legumes is an ancient art and modern science. 
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) 

11-!REE YEAR YIELD Ct-t.~=TRIC TOOS): 2()) THREE ANNUA.L CUTTINGS ON A SINGLE PLANTING 

INPUTS TOTAL 
CRUZEIROS 

Tor'(% cosr 
~) 

1. MAOiiNERY SERVICES 1 035~12 7~32. 
2. LIM: 148~76 LOS 
3. FERTILIZER 2 355~)1 16~68 
4. HERBICIDES 436138 3AJ8 
5. PLANTS 363~64 2~57 
6. LABOR FORCE 1120.53 10~46 
7. TRANSPORTATION 1120~53 .. 7~93 
2. LEGAL CHARGES 619~59 4~38 
9. AN I MAJ.. LABOR 10~99 0~07 

.. JD. FIN.ANCING · 59lL84 -4~21 
SUBTOTAL , I • I I I I I I I 8 163~75 

11~ ADMINISTRATION 756A>~ 5~35 . 

SUBTOTAL I' I I I f I I I I I 8 920164 
12~ LAND RENTAL 5 2a5~@ :0~85 ., 

.IQIA1. I I I I I I I I I I I 14 12712.4 100~00 

EXOiANGE RATE (END OF 1974): 6~9444 CRUZEIROS= $1~00 

' 

;.. 

PER TON. 
(CRUZEIROS) 

5,01 
OJ2 

1L40 
2~11 I 

1,76 ..... 
V1 
Ill 

7.,16 I 

5~42 
3100 
0105 
2188 
39~51 

3~67 
43118 
25119 
68137 

XBL 757 -5"52.9 

.. 
• .. 
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Only recently, however, has it been found that there may very well be 

microorganisms associated with grasses of th~ type of corn and cane which 

conceivably could be usefully developed. Specifically, a nitrogen-fixing 

Spirillum species has been found associated with certain maize genotypes 

growing in Brazil. Finally, in the more distant future, comes the possibility 

of introducing the nitrogen-fixing enzyme system directly into the genotype, 

or at least phenotype, of some of these highly dependent plants such as cane 

and corn. Such transfer of genetic information from one organisms to another 

with a much higher transfer rate than is possible by interchromosomal transfer 

has been accomplished using extrachromosomal information-carrying plasmids 

in microorganisms. For example, a gene containing plasmid has been transferred 

from Klebsiella pneumoniae to£. coli lacking that gene. Whether nitrogen 

fixing information could eventually be integrated into the recipient's 

chromosomes and thus be stabilized in the recipient is not yet known. In 

fact, even the location of some of these nitrogen fixation genes in the 

nitrogen fixing root nodule bacteria is still in question. 

Still further off lies the possibility of using these plasmids to 

introduce nitrogen fixing gene from nitrogen fixing bacteria into higher 

plants, such as corn and cane. Since these two types of cells do not, 

of course, normally exchange genetic material, this development would h~ve 

to be accomplished in part through the construction of a cane (or corn) 

cell-viable carrying agent external to both the donor and acceptor cells, 

that is, the chemical assembly of the genes into the carrier in the test 

tube. This would be followed by the introduction of the carrier DNA into 

the protoplast cell of the higher organism (cane or corn} and the regenera

tion of the entire plant from such a protoplast. The formation of proto

plasts from cane and the regeneration of cane cells and a cane callus has 



6 0 9 7 2 

-17-

been known for some ·time, as has been single cell cloning of whole carrot 

and tobacco plants. Whether or not such a transfer of a bacterial gene into 

the protoplast of a higher plant would be stable and productive is still 

a very moot question, but one which deserves considerable effort. 

Rubber 

Let us now return to the plant that can make hydrocarbon instead of 

carbohydrate, i.e., rubber. Most plants store their solar energy mostly. 

in the form of carbohydrates, but there are some plants which store energy 

in the form of a hydroc~rbon. The most familiar example is, of course, 

the rubber tree (Hevea) and the hydrocarbon is stored in the rubber tree 

in the form of an emulsion which we know as latex. 

Hevea grew originally in Brazil and was transplanted very successfully 

to M~lqysiq and Indonesia. Rubber, of course, being a hydrocarbon not a 

carbohydrate, has exactly the same type of chemical composition as petro

leum. Here, then, is a tree which is a source of hydrocarbon. However, 

Hevea hydrocarbon has somewhat different atomic arrangement and a 

different molecular weight than hydrocarbon in petroleum. Before the 

development of synthetic rubber from petroleum products, Hevea was the 

source of all rubber which was used throughout the world. 

If we could control the molecular weight of the Hevea hydrocarbon 

(keep it down to 10,000 instead of 500,000 and 2,000,000) and harvest 

the product, we might have an annually renewable 11 fuel 11 tree. One 

of the reasons .I am discussing these things is to indicate what economic 

pressures can do to agronomy and how science and its application can respond, 

in turn, to economic pressures. 

As you may be aware, the rubber has a very interesting history, 

particularly in South America. Rubber was discovered in Brazil by 

Western Europeans in the early 19th century and rubber collection was 
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extensively practice·d,especially in the Amazon basin. The vulcanization 

process which was discovered by Goodrich about 1820-1830 made rubber a 

potentially useful agricultural product. Natural rubber collection in Brazil 

for commercial purposes began· in the latter part of the 19th century, and Brazil 

was the only area in which the large scale use of rubber trees occurred. 

Part of the reason was the large area of Brazil itself which was required 

for rubber tree growing and, secondly, there was an ample ,supply of low-cost 

labor for harvesting the rubber. The rubber collection was successful in 

Brazil from about 1850-1910, and then things changed abruptly. 

Hevea seeds from Brazil had been sent to Kew Gardens in London, at 

the request of Sir Joseph Hooker in 1873, where they were germinated 

and the seedlings transplanted to Malaysia where Great Britain had 

extensive holdings. The transplanted seedli.ngs were successful and 

rubber production in Malaysia became much greater than that of Brazil 

because of plantation culture. {In Brazil, 'the trees grew relatively. 

widely separated in the Amazon jungle and it was necessary to go through 

the jungle from tree to tree to collect the latex.) The plantation system 

of rubber production eliminated the large labor force which was required 

in Brazil, and the plantation production of rubber in Malaysia virtually 

insured the demise of the Brazilian rubber trade. By 1915 both Malaysia and 

Indonesia were producing rubber on plantations, a much more efficient 

production method. Brazil was, therefore, eliminated from the natural rubber 

business, with Malaysia having the largest share of the natural rubber market 

until the beginning of World War II when the Japanese occupied the Malaysian 

plantations, cutting off the supply of natural rubber. 

As a result of this latter event, chemists throughout the world (in the 

United States, the United Kingdom, Germany) developed synthetic rubber 

processes, us\ng petroleum, economically. At the end of World War II it 

_ ... 

..- :J 
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became apparent that the natural rubber plantations in Malaysia were no longer 

economical, and natural rubber had difficulty competing with the synthetic 

product. 

The rubber growers in Malaysia then undertook to develop methods to 

improve the yield of natural rubber, and they accomplished this in twenty 

years, raising the yield from 200 lbs/acre (1945) to 2000 lbs/acre (1965). 

It is presently felt that it will be possible to achieve yields as high as 

5000 lbs/acre of rubber, and some very unusual Hevea trees may yield as much 

as 8000 lbs/acre/year. This achievement has been due to a combination of 

agronomy, breeding and grafting. These high rubber producers are really 

triple trees, with two grafts. Onto the hardy root stock, the trunk, which is 

large with many latex tubes, is grafted and, finally, a crown with a large 

number of leaves, which collect the sunshine. 

The story of rubber should indicate that if we learn how to manipulate 

such thtngs as Hevea production it is not such a facetious comment that we 

might have a "fueP tree by altering the Hevea tree itself to control the 

molecular weight of its principal product, polyisoprene. Of course, Hevea 

cloning from plant cuttings has long been practiced, and in many properties 

these breed relatively homogeneously. However, genetic introduction of 

properties such as nitrogen fixation into Hevea or other latex-producing 

plants from non-interbreeding sources must await the development of 

the techniques mentioned in connection with the introduction of nitrogen 

fixation into sugar cane. 

A photograph of a freshly tapped rubber tree in Brazil is shown in 

FIGURE 11. The top ridge of the bark has just been freshly· stripped of 

coagulated latex and a fr~ction of a millimeter of the surfac~ removed 

with a special knife. This has opened the tops of the laticifers running 
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vertically through the region of th~ bark, and the latex h*s risen through 

the freshly cut openings and now runs down along the tapped surface of the 

cut to be collected in the cup in the foreground. Eventually the latex 

coagulates on the suface of the cut, and some small distance down through 

the laticifers, and thus stops the flow. This is the reason that a fresh tap 

is required every day or two in the rubber trees, which is one of the principal 

economic costs in the continued collection of latex. 

Other Hydrocarbon Producing Plants 
•. 

There are about two thousand other species of plants which do not make 

rubber but which are hydrocarbon producers, some of which might be useful 

for producing materials which could be used as alternative fuel and material 

sources. There are actually some 3000 species of Euphorbiaeceae in Brazil 

alone, of which Hevea is one species, but in the United States there are 

only a few Euphorbia species. Presently in our laboratory we have begun to 

analyze the 1atex of the Euphorbia species which grow in the western part 

of the United States and we are trying to learn the chemical composition. 

Even though our studies are in the preliminary stage, we have learned that 

the material while not rubber is indeed hydrocarbon. 

We began our studies in Berkeley of latex-producing plants using those 

species which we could obtain easily. One of these is Euphorbia lathyrus, 

(FIGURE 12) which grows about one meter high and which contains approxi

mately 5% to 8% latex. The latex is obtained from this plant in an ex

traction process similar to that used for sugar cane or guayule. 

We have examined latex from about five different species of Euphorbia, 

one of which (Avalois sp. of Northern Brazil) is very similar to Euphorbia 

tirucalli (FIGURE 13) which grows well in Southern California. The latex 

from E. tirucalli is approimxately one-third hydrocarbon, of a different 

molecular arrangement than rubber. The molecular weight distribution for 
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Hevea brasiliensis(a· latex obtained from Hevea i.n Malaysia) and Euphorbia 

coerulescens, a latex-producing plant of Northern California, is shown in 

FIGURE 14. Hevea has a molecular weight of 500,000 to 2,000,000, but the 

Euphorbia has a molecular weight of about 50,000 or less, indicating that it 

is a relatively small molecule more similar to petroleum than it is to 

rubber. Therefore, it would appear to be a successful candidate for a success

ful candidate for chemical manipulation with a view toward extracting 

molecules which might be substitutes for petroleum in various materials uses. 

In addition to the molecular weight distribution of the principal 

hydrocarbon, polyisoprene, from various species of latex-producing plants, 

. we have· identified a number of small molecules in various fractions of the 

latex of both Hevea and.;_. coerulescens. The gas chromatograms of the 

extracts and the mass spectra corresponding to the numbered chromatographic 

peaks are shown in the following sequence of figures (FIGURE 15-FIGURE 20). 

Comparison of yields from various fractions·of the Hevea and Euphorbia 

extracts is shown in Table 4. Clearly much remains to be done on the 

chemistry of these many latex-producing plants, but it is already apparent 

that there are genuine possibilities for harvesting economic amounts of 

crude-oil like hydrocarbons from land in dry, sunny regions such as 

Southern California to Southwest Texas which today canot be easily used 

for food or fiber production. Table 4 gives a comparison of yields from 

various fractions of the extracts from latex-producing plants. 



TABLE IV 

COMPARISON OF YIELDS FROM VARIOUS FRACTIONS OF THE HEVEA AND EUPHORBIA EXTRACTS 

Species Water soluble Water (%) 1 

components (%) 1 

Hevea 

brasiliensis 3.4 64.8 

EuEhorbia 

coerulescens 9.2 63.2 

1 % Total extract 

Organic-solvent soluble co~ponents 

High molecular 

weight {%}1 

30.7 

27.1 

Low molecular weight (%}1 

Neutral 

0.5 

0.3 

Acidic Basic 

0.3 0.3 

0.1 0.1 

XBL 767-6036 
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MODEL SYSTEt~S Of_PHOTOSYNTHETIC SOLAR ENERGY CONVERSION 

In addition to our efforts to learn more of the intricacies of the 

carbon reduction cycle in photosynthesis and to possibly develop some 

additional methods of regulating the cycle for development of certain 

types of ~roducts (carbohydrate, hydrocarbon), we are very much concerned 

with the nature of the quantum conversion process itself, not only in 

green plants but in model systems as well. In the green plant we know 

that the quantum conversion process takes place in the chlorphyll

bearing organelles of the plant, which are called chloroplasts and 

which themselves have a microstructure as shown in FIGURE 22. The 

quantum conversion process occurs in the lamellar layers, the detailed 

structure is discussed later. 

Some details of the quantum conversion process which takes placein 

these chloroplasts are shown in FIGURE 23, which reverses the emphasis of 

FIGURE 7. The major carbon reduction cycle of FIGURE 7 is placed in a 

circle to the right and the .. black bOX 11 is expanded to be the major focus 

of interest. It is evident that two successive quanta are required to move 

electrons from the water to the highly reduced acceptor (trap I) even more 

reduced than molecular hydrogen itself. The beginning of the electron flow 

from the water is induced by the absorption o'f light by pigment P6ao to an 

excited state (Photosystem II). This excited electron flows back down a 

potential gradient through plastoquinone and cytochrome f. In the course 

of this movement, some high energy phosphate is generated from ADP and 

ortho-phosphate, the electron returning eventually to the hole left by an 

excitation in pigment P700 (Photosystem I). Excitation of this pigment 

brings the electron to a very high reduction level which can give rise to 

molecular hydrogen or reduced carbon dioxide. 
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The structure of this pigment system and electron transport system is 

not yet known in detail, but the fact that there are two quite different 

enzymatic processes at either end of the system seems established. 

Chloroplast Membrane 

Let us re~urn to our earlier discussion of the chloroplasts in w~ich 

all of the hydrogen and oxygen generating complexes are located, and examine 

in more detail an electron micrograp~ of such a chloroplast (FIGURE 22}". 

This picture is the result of the method of "freeze-etching•• in which the 

sample is frozen, cracked, the ice sublimed away, and the resulting struc

ture shadowed with heavy metal or carbon. One can see a lamellar structure 

in great detail, the lamellae coated with particles {protein) of different 

sizes. It is not unreasonable to suppose (and it is a current hypothesis) 

that the low oxidation catalysts which generate hydrogen and the high 

oxidation catalysts which generate oxygen are on opposite sides of 

these lamellae, _and they may ~e contained in the two different types 

of particles visible in FIGURE 24. Whether these_do indeed represent 

the oxidizing and reducing sides of the photosynthetic system remains 

to be established, but they may, however, represent two aspects of the 

same particle in which the two catalysts are _separately mounted. 

Photochemical Membrane 

The question remains whether the electrons are physically able to move 

from one side to the other of the molecule or membrane while, at the same 

time, the two sides are prevented in some wayfrom reacting with each other. 

This prevention ofback reaction may be achieved by mounting the electron 

donors and the electron acceptor molecules on oppos.ite sides of a membrane 

and requiring only that the excited electron can actually pass the membrane 
• I . 

(perhaps by a tunneling mechanism) while the ground state electron on the 

acceptor molecule cannot, thus providing a barrier to the back reaction. 

~-



-24-

An alternative structure would be to surround each individual molecule 

with a nonconducting hydrocarbon-rich barr,ier through which the excited 

electron must pass and through which the ground state acceptor electron 

cannot return. Whether either or both of these ideas plays a role remains 

to be established. However, that there are mobile charges generated in such 

a lamellar system seems to be established. 

Using the notion of charges mobile through a membrane, one can 
' ' ' 

construct a synthetic system in which hydrogen might be evolved on one 

side of a membrane and oxygen on the other. Such a concept, shown in part 

in· FIGURE 25, is still hypothetical. However, the idea is that the separated 

electron is taken off the membrane by means of an iron-sulfide catalyst 

which will generate hydrogen with proteons from the medium •. The hole is 

filled by a manganese comp 1 ex (as yet unknown) which, in turn, removes an 

electron ultimately from water to generate molecular oxygen and a proton .. 

A proton carrier is built into the membrane to transmit the protons through 

the membrane. The basic principle, shown in FIGURE 23, is the tunneling of 

the electron from the excited state to the conducting system, represented 

here by the carotenoid. At the other end of the carotenoid will be another 

photosensitized electron transfer to an acceptor molecule, and the electron 

will then pass out through it to the iron-sulfide catalyst. The manganese 

and iron might very well be mounted on the membrane itself and not be free 

to move in the medium. 

Since the energy of at least two visible quanta would be required 

to generate hydrogen and oxygen from water, two such membranes, with 

somewhat different sensitizers, could be placed in a series arrangement 

and connected by a molecular electron transport system. The directionality 

of the movement of electrons would be determined by the relative heights 
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and thickness of the insulating barrier that would have to be traversed. 

Finally, one can conceivably suggest that each of these catalysts 

might be i ndi vi du.11ly surrounded by the e 1 ectron anGI proton permeabi 1 ity 

barriers so that the back reaction is prevented. It is also possible to 

remove the excess electrons on one sidP of the barrier and neutralize 

the hole on the other side of the barrier by means of a redox system which 

could deliver useful current and voltage in an external circuit by use of 

a pair of electrodes. 

~ .. 
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CONCLUSION 

As we learn the detailed structures of each of the crucial components 

in the photoelectron transport system and how they are ·constructed it should 

be possible to reconstruct the photochemical system for generating molecular 

hydrogen from water in a relatively stable synthetic system without t11e 

need of an agricultural environment. This hydrogen_could be used directly 

as fuel, or be a component in the construction of hydrocarbon fuels from 

hydrogen-poor sources such as coal and shale. It might even be possible 

to construct a carbon dio~ide {or nitrate) reduction system as well, 

~nd thus have the capability of generating reduced carbon (or nitrogen) 

in a similar synthetic system. 

This kind of a totally synthe'tic system which emulates and simulates 

the chloroplast membrane activity of the green plant may very well be, 

in the future, another system of capturing the energy of the sun and 

producing a storable fuel directly from it. Such a device would not 

compete with either land or water regions of the earth which might 

ultimately be required to fulfill the food needs of the growing population 

of the world and the increasing expectations of that population. 

We are currently in.the process of constructing s~ch a synthetic 

membrane, and we know that one side will probably be, but we are still not 

certain as to the events on the oxygen-producing side. Within five to 

fifteen years I believe that such.a synthetic membrane will be a reality. 

In the meantime: Grow sugar cane, make alcohol, and from the alcohol 

-run automobiles and make chemicals. In between, grow Avalois sp. and make 

of it a 11 gasol ine tree ... 
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Solar Energy Collection Processes 
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MOLECULAR WEIGHT DISTRIBUTION FOR Hevea brasiliensis (RRIM 701) 
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