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Potential for Converting
Wood into Plastics

Chemicals from wood may regain importance as the cost

of petroleum continues to rise.

Recent increases in the price of petro-
leum and concern about its availability at
all have stimulated interest in using renew-
able resources in its place. This study at-
tempts in a preliminary way to consider
the use of wood including wood residues as
a raw materials base for synthetic poly-
mers. Wood is our most abundant renew-
able resource and has the additional ad-
vantage over annual vegetation that most
of the biomass resulting from the con-
version of solar energy is stored in the tree,
often for scores of years, until it is har-
vested.

Chemicals from wood is not a new con-
cept. The destructive distillation of wood
to charcoal is an ancient art, and until re-
cently the controlled thermal degradation
of wood by pyrolysis and distillation was
used as a source of chemicals. However,
during this century fossil materials such as
coal, oil, and natural gas have become
more convenient sources of chemicals.
Current economics favors petroleum, al-
though we may eventually return to our re-
newable resource—wood—as the raw ma-
terial of choice.

Despite the fact that most of the synthet-
ic organic chemicals produced for use as
solvents, polymers, plastics, and chemical
intermediates are petroleum based, chem-
icals from wood, or silvichemicals as they
are sometimes called, are still derived in
large quantity. Table 1 lists those which
are in commercial use.

Most important in this compilation is
our most widely used polymer, cellulose,
which is for the most part used in its natu-

12 SEPTEMBER 1975

Irving S. Goldstein

ral fibrous state after extraction from the
wood. However, chemically modified de-
rivatives of cellulose such as cellulose ace-
tate and rayon also amount to billions of
pounds.

A considerable research effort has been
directed for many years toward the pro-
duction of greater quantities of chemicals
and polymers from wood (1, 2). However,
with the exception of periods of national
emergency in several countries there have
been no full-scale commercial plants oper-
ated outside of the U.S.S.R. Industrial
chemicals from wood have found a place in
the controlled economy of the U.S.S.R.

In the rest of the world the trends during
the past decade until 1973 have been much
stronger in the opposite direction, with the
cost of petrochemicals continuing to de-
cline while the cost of wood continued to
rise. These trends led to such effects as the
virtual discontinuance of research on
chemical utilization of wood in the United
States and the development of petrochem-
ical based polymers for synthetic pulp,
which, although useful for their inherent
properties by themselves, were being
talked about as replacements for cellulose
on a lower cost basis.

It has now become apparent that this
price trend was temporary, and that ulti-
mately the true cost of a limited exhaust-
ible material will become greater than that
of a renewable resource. We can continue
to enjoy inexpensive petroleum at a price
based only on low extraction costs plus an
arbitrary profit margin only as long as the
supply lasts or other countries are willing
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to sell it to us. Eventually we will have to
rely on another source of carbon for our
organic materials because petroleum will
have become either exhausted or so scarce
that it will be too expensive.

Of the alternative carbon sources coal
and wood, coal is also a finite resource and
will ultimately be consumed leaving only
wood as a renewable resource in perpetu-
ity. Extraction costs and transportation
costs for coal are higher than for petro-
leum and costs to repair and prevent envi-
ronmental damage are also considerable.
Just as the cost of oil has not reflected the
depletion of the resource, the cost of coal
has not reflected environmental damage.
Chemicals from wood appear to have a
better competitive chance against coal-de-
rived chemicals than against the artificially
priced petrochemicals. Research on coal
chemicals has also been neglected.

The objective of this article is to provide
a perspective on the suitability of wood as
a chemical raw material for plastics and
for production of polymers. For this pur-
pose sufficient wood must be available,
suitable processes for conversion must be
on hand or developed, and the costs must
not be unreasonable.

Availability of Wood

In 1974 the total U.S. production of
plastics noncellulosic synthetic fibers and
synthetic rubber amounted to almost 37
billion pounds or over 18 million tons.
These materials are broken down by cate-
gories in Table 2, which also shows the
amount of lignocellulose raw material
from wood needed to produce the various
synthetic polymers estimated from opti-
mistic approximate yields of the mono-
mers obtainable from the wood. About 95
percent of the total polymers produced are
conceptually derivable from wood, al-
though the multiple process steps required
for some would militate against the ex-
ploitation of this source. The amount of
lignocellulose required would be just under
60 million tons. Interestingly enough the
ratio of the two major wood components,
cellulose and lignin, which would be
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needed is about 2 : 1, which is the same as
their natural abundance in the wood.

In 1974 the estimated total wood pulp
production in the United States was just
under 50 million tons; this amount re-
quired about 100 million tons of wood at
50 percent yield. The wood needed for
chemical conversion to polymers, there-
fore, would amount to 60 percent of that
now being used for pulp.

Although wood for pulping must meet
certain requirements such as species suit-
ability for pulping, fiber length, and fiber
morphology, wood destined for chemical
utilization need not. Consequently, large
quantities of wood unsuitable for pulping
or conversion into solid wood products
would be suitable for chemical processing.
The demand for wood for chemicals would
be modest compared to other wood uses
and could be filled from sources not suit-
able for other uses.

In 1970 wood residues at primary manu-
facturing plants amounted to 15 million
tons and logging residues to about 50 mil-
lion tons (3, 4). Supplies of hardwood tim-
ber are increasing although material suit-
able for high quality uses is limited. Fortu-
nately, chemical conversion can utilize the
small tree sizes and the species for which
other markets are limited. In 1970 there
was an excess of 70 million tons of net an-
nual growth over removal of hardwoods
4).

A further source of wood for the produc-
tion of chemicals could result from the
clearing of cutover land now containing
only cull trees in connection with reforesta-
tion with the supertrees now being devel-
oped by genetic improvement. Considering
only poor sites now containing hardwoods
which would be more productive in pine, a
conservative estimate for the Southern
states alone would be 1250 million tons ob-
tainable as a by-product of improved land
management. Furthermore, the potential
utilization of this ““green junk” as it is al-
luded to by many foresters, could be the
deciding factor in bringing about the use of
the land for productive, managed forests
that would meet our increasing needs for
high-quality wood for lumber, plywood,
and pulp.

An analogous situation applies in the
Southwest where woody shrubs such as
mesquite have invaded almost 100 million
acres and compete with grass for scarce
moisture. Removal of the mesquite, helped
by a credit for its chemical utilization,
would increase grazing capacity and have a
positive effect on meat supplies.

It is obvious from these considerations
that the wood needed for meeting our poly-
mer needs should not seriously disrupt oth-
er demands on the forest resource for lum-
ber, plywood, woodpulp, and the like; it
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Table 1. Silvichemicals of commerce (18).

Dimethyl sulfide
Dimethyl sulfoxide
Kraft lignin

Cellulose
Cellulose esters
Cellulose ethers

Rayons Lignin sulfonates
Wood rosin Ethyl alcohol
Turpentine Vanillin

Pine oil Yeast

Tall oil Charcoal

Bark products
Hemicellulose extracts

Tall oil rosin
Tall oil fatty acids

could even increase the availability of these
other products by supplying capital to has-
ten improved forest management.

Technical Feasibility

A common problem in elementary or-
ganic chemistry courses begins as follows:
“Starting with coal, air and water synthe-
size the following....” In a qualitative
sense, therefore, wood as a source of car-
bon can be used to synthesize any organic
material known to man. The technical
processes discussed in this section are prin-
cipally restricted, however, to those that
retain to some degree the synthetic work
already performed by the tree in convert-
ing carbon dioxide to more complicated
molecules. Reversion of the wood to car-
bon monoxide or carbon dioxide would of-
fer no advantage over the use of coal.

Wood is a mixture of three natural
polymers—cellulose, lignin, and hemicellu-
loses—in an approximate abundance of
50:25:25, depending on species and
other biological variation such as genetic
differences within species and growing con-
ditions. Cellulose and hemicelluloses are
carbohydrate polymers that are built up
from molecules of simple sugars. Cellulose
is a long-chain polymer of glucose and dif-
fers from starch, which is also a glucose
polymer, only in the way the glucose mole-
cules are arranged. Hemicelluloses are
shorter or branched polymers of five-car-
bon sugars (pentoses), such as xylose, or
six-carbon sugars (hexoses) other than glu-
cose. Lignin is a three-dimensional poly-
mer formed from phenylpropane units
which have grown into a complicated ran-
dom large molecule with many different
kinds of linkages between the building
blocks.

In the production of wood pulp, the lig-
nin, which acts as a cement between the
cellulose fibers and as a stiffening agent
within the fibers, is dissolved away by vari-
ous chemical processes leaving the cellu-
lose together with some remaining hem-
icelluloses behind in fibrous form. Some
hemicelluloses are lost in the process be-
cause of their lower molecular weight and
greater solubility.

Conversion to Gas or Liquid
Feedstocks

Wood can be converted in very high
yield to synthesis gas (carbon monoxide +
hydrogen) by heating at temperatures up
to 1000°C (5). This product can be readily
converted to methanol. Small quantities of
by-products useful in polymer synthesis
are also generated. For example, from
3300 tons of wood per day the following
are obtainable: ethylene, 172 tons; acety-
lene, 25 tons; propylene, 17 tons; benzene,
60 tons; and toluene, 9 tons. At these low
yields about 150 million tons of wood
would be needed each year to meet our eth-
ylene needs for polymers alone.

Somewhat higher yields of unsaturated
hydrocarbons in wood gasification have
been reported when an electric arc at a
temperature of 2000° to 2500°C is used.
Acetylene has been obtained in yields of up
to 15 percent (6), which would still require
an excessively large wood supply.

Recent research at the U.S. Bureau of
Mines (7) has successfully converted wood
into oil that can be used as a liquid boiler
fuel. Wood or other organic materials are
reacted with carbon monoxide and water
at 350° to 400°C at a pressure of 4000
pounds per square inch in the presence
of various catalysts. Oil yields of 40 to
50 percent have been obtained. A pilot
plant is under construction at Albany,
Oregon.

This wood-to-oil process has implica-
tions for polymer synthesis in that the oil
produced might be further converted to
monomers in the same way that petroleum
is processed. Since the oil still contains as
much as 8 percent residual oxygen, con-
ventional hydrocracking processes might
not be effective because of the poisoning of
catalysts by the water generated.

Conversion to Monomers for

Conventional Polymers or Plastics

Of the 18 million tons of synthetic poly-
mers listed in Table 2, 95 percent are deriv-
able from ethylene (47 percent), butadiene
(12 percent), and phenol (36 percent).
These building blocks are all obtainable
from wood. Ethylene and butadiene can be
made from ethanol, which in turn can be
made by fermentation of glucose, the hy-
drolysis product of cellulose.

hydrolysis fermentation
_—

Cellulose glucose

ethanol — butadiene or ethylene

Phenol and related compounds are obtain-
able from the hydrogenation or hydro-
genolysis of lignin.
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Lignin — phenols — phenolicresins,
polyesters, and other aromatics

Wood hydrolysis, the conversion of the
carbohydrate polymers in wood to simple
sugars by chemical reaction with water in
the presence of acid catalysts, has been
known for 150 years and has been prac-
ticed on a commercial scale in this country
during World War I, in Germany during
World War 11, and is still in use in the
U.S.S.R. The simple hydrolytic cleavage
to sugars is complicated in the case of cel-
lulose by its crystalline organization, which
restricts the accessibility of the dilute acid
to the bonds to be hydrolyzed. This resist-
ance to hydrolysis requires the use of tem-
peratures and acid concentrations which
cause decomposition of the resulting sug-
ars. Processes must balance rate of hydrol-
ysis against rate of decomposition of the
desired products (1, 8, 9). Glucose yields of
approximately 50 percent of the weight of
the cellulose have been attained.

Increasing this yield by rendering the
cellulose more accessible to the hydro-
lyzing reagent would provide great eco-
nomic benefits and warrants a high level of
technical activity. The nature of the lignin
residue is affected by the catalyst used and
by the operating temperatures in the hy-
drolysis. It would be desirable to end up
with the most reactive lignin possible to al-
low its facile conversion to other useful
products. The Udic-Rheinau process (8)
utilizing strong hydrochloric acid as the
catalyst does provide such a reactive lignin.

Conversion of cellulose to glucose by en-
zymatic hydrolysis using an enzyme from
Trichoderma viride has received much at-

tention at the U.S. Army Natick Labora-
tory. However, lignocellulose is resistant to
the enzymes unless very finely ground or
partially delignified. Other microbiological
conversions of wood to useful chemicals
are entirely possible, but have not ad-
vanced beyond the preliminary research
stage.

Fermentation of the glucose solutions to
ethanol is readily accomplished in yields of
85 to 95 percent by means of commercially
proven techniques. The further conversion
of ethanol to ethylene in 96 percent yield
and to butadiene in 70 percent yield is also
straightforward and was practiced on a
commercial scale in the United States dur-
ing World War II in plants that require
much lower capital costs than those based
on hydrocarbon conversion (10).

Phenolic products have been obtained
from the lignin component of wood by
various hydrogenation and hydrogenolysis
techniques. Yields of 25 to 35 percent of
monomeric phenols have been reported
(11, 12) in pilot plant experiments, but ver-
ification on a commercial scale has not
been attempted because of hitherto unfa-
vorable economic comparisons with phe-
nol production from petroleum.

Polymers and Plastics from

Macromolecules Present in Wood

The components of wood are already
high polymers and can be utilized in that
form without degradation to simple com-
pounds and repolymerization. Most no-
table is the use of cellulose to the extent of
almost 50 million tons per year, a quantity

greater than the total of all synthetic poly-
mers combined.

Cellulose derivatives such as rayon and
cellophane (both regenerated celluloses),
cellulose acetate, carboxymethylcellulose,
and cellulose butyrate are important mate-
rials and could become even more impor-
tant compared to completely synthetic ma-
terials as economic conditions change.
Polymeric materials are marketed on the
basis of cost and performance. The proper-
ties of cellulose derivatives may be modifi-
ed and new derivatives developed—for ex-
ample, by graft polymerization—to meet
performance criteria at competitive costs.
These shifts would probably occur in re-
sponse to normal market influences.

The lignin component of wood may also
be modified, esterified, etherified and con-
densed to change its physical properties.
Furthermore, a relatively neglected major
component of bark, polyphenolic acids,
may be extracted in high yields and can be
used in the preparation of resins, adhe-
sives, and binders. Meeting adhesive and
resin needs from this source would reduce
the requirements for phenol.

New wood-based intermediates. The
hemicellulose component of wood is much
more readily hydrolyzed to simple sugars
(pentoses) than the cellulose is to glu-
cose. Prehydrolysis of the wood with a
dilute acidic solution provides an aqueous
xylose solution which can be further con-
verted to furfural in 75 percent yield (13).
Furfural can serve as a raw material for
resins and adhesives and as an inter-
mediate for the production of chemicals
useful in making condensation polymers
such as nylon. Furfural is now produced

Table 2. 1974 production of plastics, synthetic fibers, and rubber (/9) and estimated lignocellulose raw material base required.

Production

Lignocellulose

Production Lignocellulose

. N . s
Material (10° tons) E??)?ll;)i(is : Material (10° tons) (r«lzgllil(';ds )
Plastics Synthetic fibers (cont’d.)
Thermosetting resins
Epoxies 125 355(L) Noncellulosic
Polyesters 455 1,220 (L) Nylon 1,065 3,045 (L)
Urea 420 Acrylic 320 640 (C)
Melamine 80 Polyester 1,500 4,020 (L)
Phenolic and other tar- Olefin 230 920 (C)
acid resins 670 1,915 (L) Total noncellulosic fibers 3,115
Thermoplastic resins Synthetic rubber
Eg}g‘;{;";};e 100 ®L) Styrene-butadiene 1,615 5,700 (C), 1,920 (L)
Low density 2,985 11,940 (C) Butyl 180 1,060 (C)
High density 1,420 5,680 (C) Nitrile ) 95 190 (C)
Polypropylene and copolymers 1,125 4,500 (C) Polybutadiene 360 2,120(C)
Styrene and copolymers 2,505 7,445 (L) Polyisoprene 100
Polyvinyl chloride 2,425 4,225 (C) Ethylene-propylene 140 825(C)
Other vinyl resins 175 440 (C) Neoprene and otht.:rs 280
Total plastics 12,485 Total synthetic rubber 2,770
Total plastics, noncellulosic
Synthetic fibers fibers, and rubber 18,370
Cellulosic Obtainable from lignocellulose 17,490 58,445
Rayon 410 Cellulose derived (C) 38,240 (C)
Acetate 190 Lignin derived (L) 20,205 (L)

*Estimated from optimistic approximate yields of monomers obtainable. (C) Cellulose derived; (L) lignin derived.
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Theoretical yields

2CH,= CH,
Ethylene
(CeH1605)n CeH 1,06 2C,Hs0OH 56
CH,= CH—CH=CH,
Cellulose Glucose Ethanol Butadiene
162 180 92 54
Best present yields
ol ~2CH,— CH,
[ o, Ethylene
(CoHi009)n—22% . CoH,,0,—22% . 2¢,H,0H 25.7
%
CH,=CH—CH=CH,
Cellulose Glucose Ethanol Butadiene
162 90 43.75 18

Fig. 1. Conversion of cellulose to ethanol, ethylene, and butadiene. The numbers in italics refer
to molecular weights in the case of theoretical yields, and actual weights for best present yields.

The same applies to Fig. 2.

from corncobs and bagasse, but would be
available in much greater yield from an in-
tegrated large-scale wood hydrolysis plant.

The glucose obtained from hydrolysis of
cellulose instead of being fermented into
ethanol can be converted into S5-hydroxy-2-
furaldehyde which in turn is readily con-
verted to levulinic acid (/4). This material
could well serve as an intermediate for a
new family of polymers. Levulinic acid pri-
marily for processing into diphenolic acid
was produced commercially for a time in
the 1960’s, but the loss of the diphenolic
acid outlet caused the venture to be aban-
doned.

New lignin-based intermediates. More
complex molecules than simple phenols
may be obtained from lignin by less drastic
treatments than hydrogenation. For ex-
ample, hydrolysis of alkali lignins under
neutral conditions gives yields of up to 25
percent of material with catechol (dihy-
droxyphenol) reactivity (/5). These com-
pounds could find useful applications in
various resins. Other treatments of lignin
might provide fragments with reactivity
which would use even more of the lignin
molecule.

Economic Opportunity

The preceding discussion on technical
feasibility has indicated several areas
where it would be highly profitable to de-
vote further technical effort. The following
seem especially important:

1) Conversion of viscous oxygen-con-
taining oils from wood liquefaction into
useful monomers.

2) Increasing the accessibility of crystal-
line cellulose to hydrolytic reagents to al-
low higher yields in wood hydrolysis.

3) Developing processes for the con-
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version of reactive lignins from wood hy-
drolysis to low-molecular-weight phenolic
materials useful for polymer synthesis.

Chemical utilization of wood has pro-
gressed conceptually to a remarkable de-
gree considering the relatively small re-
search effort which has been devoted to it
in comparison with the effort expended on
petrochemicals during the past 50 years.
An increase in the scale of wood research
could be expected to provide commen-
surate further progress.

It is not possible with the data now
available to provide a permanent and com-
plete economic analysis of the relative
costs of producing synthetic polymers
from a wood and a petroleum base. Such
calculations are also made difficult by the
current flux in the costs of petroleum, oth-
er fuels, wood, plants, and capital. There is
also the problem of internal accounting in
which the internal transfer price of feed-
stocks affects petrochemical prices, and
this is greatly influenced by the demand for
and supply of gasoline and heating oil as
well as by crude oil costs.

The published cost data cited below are
now obsolete, but they are presented as
points of reference to which escalation fac-
tors can be applied. Data for raw material
costs alone are provided for ethylene, eth-
anol, butadiene, and furfural.

Wood costs. Exact figures for wood
costs are difficult to assign. The cost of
wood at the mill can vary from a negative
cost for unusable residues which must be
disposed of to as much as $40 per ton for
quality hardwood sawlogs. Chipped wood
can vary from $15 per dry ton from a total
tree chipping operation to $25 per dry ton
for bark-free pulp chips. For the purpose
of this study a value of $20 per dry ton is
assumed for wood suitable as a raw mate-
rial for chemical conversion. With petro-

leum at $12 per barrel, wood has an
equivalent value as fuel of about $20 per
ton or 1 cent per pound compared to 3.8
cents per pound for the petroleum.

The cost of wood for producing a specif-
ic chemical also depends on the yield ob-
tainable. Given the raw material at 1 cent
per pound, a hydrolysis plant producing
only glucose in 50 percent yield on cellu-
lose would have a wood cost of 4 cents per
pound of glucose (50 percent cellu-
lose x 50 percent yield). However, if the
plant were integrated to utilize the lignin
and hemicellulose components as well, the
wood cost per pound of glucose would be
only 2 cents a pound. It is obvious that
such integrated plants would be mandatory
for a successful chemicals from wood
scheme.

Gasification and liquefaction processes.
Preliminary calculations provided in the
1971 report (5) concluded that the produc-
tion of synthesis gas with some attendant
yield of chemicals from lignocellulosic res-
idues would require a raw material supply
at a cost of only $2 to $5 per ton. The low
yield of chemicals from this process plus
the low likelihood of availability of the
large tonnages of waste wood at such a low
cost make it appear unpromising. The au-
thors also estimated that acetylene produc-
tion from wood (6) would not be econom-
ical because of the high temperatures and
high voltage electrical energy required.

Perhaps the most complete cost figures
obtainable for a wood conversion process
are those developed for the Bureau of
Mines liquefaction process (7). The oper-
ating costs for a 3000 ton per day wood
waste plant with a capital investment of
$51,000,000 (1973) would be $7.24 per bar-
rel of liquid fuel produced at 50 percent
yield. If the wood waste were free, this
would be the entire cost of the product. If
the wood cost were $20 per ton, the cost
per barrel would increase to $15.64 [$8.40
wood cost for a 420-pound barrel (42 gal-
lons at a density of 1.20) at 50 percent
yield]. This range of $7 to $15 per barrel is
certainly comparable to the present $11 to
$12 price for some imported petroleum.
The conversion of this liquid oil from wood
to chemicals useful for synthetic polymers
has not been studied, but at $15.64 a barrel
or 3.9 cents per pound this synthetic oil
with a density of 1.20 would cost the same
for a raw material as crude oil with a den-
sity of 0.88 at $12 a barrel. High chemical
yields (about 40 percent) would be needed
to avoid excessive wood demands.

Ethanol, ethylene, and butadiene. Figure
1 summarizes the process steps and yields
in these transformations. The first step in
the production of ethanol from wood is the
hydrolysis of cellulose to glucose. Hydra-
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tion of the cellulose yields 180 pounds of
glucose for each 162 pounds of cellulose
hydrolyzed. If the glucose yield is 50 per-
cent and the cellulose component of the
wood costs 1 cent a pound, assuming utili-
zation of the lignin and hemicellulose
wood components, the material cost for
glucose production would be 1.8 cents a
pound. If the wood cellulose could be com-
pletely hydrolyzed to glucose in 100 per-
cent yield, the material cost would be 0.9
cent a pound. Gross production costs for
hydrolysis of waste to sugars were esti-
mated in 1971 (16) at 1.65 to 2.08 cents a
pound giving a total glucose cost of 2.55 to
4 cents a pound, depending on yield.

The hydrolyzate sugars in solution may
then be converted to ethanol by fermenta-
tion. The cost of this fermentation is diffi-
cult to estimate since no large fermenta-
tion plants have been constructed recently
in this country for the production of eth-
anol. Yields of 95 percent are obtainable.
Fermentation costs of 1.35 cents a pound
were suggested in 1973 for a 250-ton-a-day
plant (/6), and could be as low as 1 cent a
pound in a large installation. The cost of
ethanol from glucose (87.5 pounds from
180 pounds at 95 percent yield) would then
be 6.25 to 9.25 cents a pound or 41 to 61
cents per gallon. Material costs alone
would be 3.7 cents per pound or 25 cents
per gallon at 50 percent yield of glucose.
The current market price for ethanol from
petrochemicals is $1 per gallon for 95 per-
cent (190 proof) alcohol.

The conversion of ethanol to ethylene in
96 percent yield has been performed com-
mercially in this country, but not for the
past 20 years. The plants have been dis-
mantled and attempts to locate production
cost data from old files have been unsuc-
cessful. Since the process is simple, a pro-
duction cost of 1 cent per pound might be
assumed for the sake of argument. The
cost of ethylene from ethanol (27 pounds
from 46 pounds at 96 percent yield) would
then be 11.7 to 16.8 cents per pound, de-
pending ultimately on yield and production
costs for glucose production from cellu-
lose. Material costs alone would be 6.3
cents per pound at 50 percent glucose yield
and 4.2 cents per pound at 75 percent glu-
cose yield. The current published market
price for ethylene is 9 to 11 cents per
pound.

The conversion of ethanol to butadiene
in 70 percent yield has also been performed
commercially in this country, again not for
over 20 years. In this case also, the plants
have been dismantled and production costs
have not been located. The process is re-
puted to require lower capital costs than
other butadiene syntheses. Here we might
assume a production cost of 2 cents per
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(CsHgO))y——

Theoretical yields Xylan
132
) (CsHgOwn
Best present yields Xylan
132

CsH 1005 CsH,0,
Xylose Furfural
150 96
0 0
_‘QO—A)_’CusOs 75% CsH,0,
Xylose Furfural
135 65

Fig. 2. Conversion of xylan to furtural.

pound since two steps are required. The
cost of butadiene from ethanol (37.8
pounds from 92 pounds at 70 percent yield)
would then be 18.5 cents to 24.5 cents per
pound, depending again on the cost of glu-
cose. Material costs alone would be 9 cents
per pound at 50 percent glucose yield and 6
cents per pound at 75 percent glucose
yield. The current published market price
for butadiene is 18 to 22 cents per pound.

These crude cost estimates indicate that
the cost of ethanol, ethylene, and butadiene
from wood might come within striking dis-
tance of the cost of these materials from
petroleum. A more rapid increase in petro-
leum costs over wood costs might bring
about a truly competitive situation or even
a change in the raw material of choice.

Recent projections of the cost of ethyl-
ene and ethanol (I7) based on naphtha
reaching $124 to $136 per metric ton by
1977 place ethylene at 14 to 16 cents per
pound and ethanol at $1.00 to $1.33 per
gallon in 1977.

Phenols and furfural. At the time that
pilot plant studies were being carried out
on the production of phenols by hydro-
genation of lignin in 1966 (11), cost esti-
mates indicated that a $6,000,000 plant
could produce about 100,000,000 pounds
of phenolic materials a year at a price of 9
cents a pound for phenol and 6 cents a
pound for cresylic acids. Since synthetic
phenol was then available at 7 cents a
pound, a commercial plant was not built.

Today phenol has become both ex-
pensive and scarce. The published price is
27 to 33 cents per pound. Wood costs and
plant costs have not risen that rapidly, and
thus it appears that now a plant to produce
phenols from lignin could be very profit-
able. Catechols can also be obtained from
lignin (15) at a much lower cost than by
synthetic methods starting with benzene.

When furfural was 11 cents per pound in
1961, a cost estimate for the production of
furfural from xylose solutions from the hy-
drolysis of wood indicated a break-even
price of 8.7 cents per pound (13). Now that
the market price for furfural is 37 cents per
pound, the economics for furfural produc-
tion from wood in an integrated plant
would be even more favorable. In the 1961
study the cost of xylose in solution was es-
timated at 2.3 cents a pound. In an in-
tegrated plant in which all the wood was

used, the raw material cost per pound of
furfural would be only 2 cents per pound.

Enzymatic processes. An alternative
method of producing glucose is the enzy-
matic hydrolysis with cellulase. Economic
analysis of the U.S. Army Natick Labora-
tory two-step process involving the culture
of Trichoderma viride, followed by appli-
cation of an enzyme-containing filtrate to
the substrate, indicated a production cost
of 5.3 cents per pound (/6), somewhat
higher than the acid hydrolysis cost esti-
mates. Moreover, cellulose with a high lig-
nin content is resistant to enzymatic hy-
drolysis, so wood would have to be partial-
ly delignified or finely ground to undergo
hydrolysis by enzymes, adding additional
processing costs.

Summary

The conversion of wood into chemicals
for the production of most of our synthetic
plastics, fibers, and rubbers is technically
feasible. With refinements in technology a
large integrated plant utilizing all com-
ponents of the wood for production of eth-
anol (to be further processed to ethylene
and butadiene), phenols and furfural would
be approaching economic feasibility as
well at current petrochemical prices. If
crude oil prices continue to climb at a fast-
er rate than wood costs, the economic fea-
sibility of chemicals for polymers from
wood would become certain.

Although technical feasibility has not
been established, synthetic oils from lique-
faction of wood might serve as feedstocks
for cracking to chemicals in the same way
that crude oil is presently used.

The fulfillment of all our polymer needs
from wood as a raw material should not
place an impossible burden on our wood
supply, but might actually improve the
availability of wood for lumber, plywood
and pulp by providing a use for less valu-
able wood which would allow reforestation
and improved forest management.
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Solar Energy Conversion by
Water Photodissociation

Transition metal complexes can provide low-energy

cyclic systems for catalytic photodissociation of water.

V. Balzani, L. Moggi, M. F. Manfrin,

There are two fundamental ways for
converting solar energy into useful energy:
(i) thermal conversion, in which the solar
radiation is degradated to heat in the ab-
sorbing system, and (ii) quantum con-
version, in which the solar radiation is used
to cause some kind of photochemical or
photoelectric process in the absorbing sys-
tem. In this article, we discuss some as-
pects of the photochemical conversion of
solar energy by simple, nonbiological sys-
tems.

Any endothermic photochemical reac-
tion represents a conversion of light energy
into chemical energy. A kinetically stable
photoproduct must be considered as a
“fuel” since it can be stored, transported,
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and then converted to other chemical spe-
cies with evolution of energy. Therefore,
direct conversion of solar radiation into
chemical energy is, in principle, a very use-
ful conversion mode since it remedies the
major defects of solar energy, namely its
low density and intermittency.

In looking for a photochemical process
to be used as a solar energy conversion sys-
tem, some obvious restrictions must be
taken into consideration: (i) the solar radi-
ation that reaches the surface of the earth
has a defined wavelength distribution (see
Fig. 1); (ii) the infrared radiation is not
useful for generating photochemical reac-
tions since it cannot cause electronic ex-
citation; (iii) the ecological equilibrium of
our planet must not be perturbed; and (iv)
the system to be used must be as economi-
cal as possible. Taking these restrictions
into account, we can state eight require-
ments for systems to be used for the pho-
tochemical conversion of solar energy.
These requirements, which have been dis-
cussed in detail elsewhere (/), are as fol-
lows:
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1) The electronic absorption spectrum of
the system must overlap the emission spec-
trum of the sun.

2) Upon absorption of solar radiation,
the system must be able to undergo an en-
dothermic photoreaction.

3) The endothermic photoreaction must
be followed by other (thermal or photo-
chemical) reactions which must lead the
system to its original state (in other words,
the process must be a closed cycle).

4) The quantum yield of the endother-
mic photoreaction must be as high as pos-
sible.

5) At least one of the exothermic reac-
tions involved in the cycle must take place
under controlled conditions (useful reac-
tion).

6) The useful reaction should return as
large a portion as possible of the solar en-
ergy absorbed. ‘

7) The reactants of the useful reaction
should be suitable for storage and trans-
portation.

8) The system must be as economical as
possible.

Each photochemical system involving
the splitting of water and then the recombi-
nation of gaseous (g) molecular hydrogen
and oxygen

Hy(g) + V204(g) — H,0(g) + 58 kcal (1)

satisfies requirements 5, 6, and 7 (2-4).
However, as we will see later, the direct
photodissociation of water cannot take
place with solar radiation since water does
not satisfy the first requirement.

We will try to show that this basic diffi-
culty can be theoretically overcome by us-
ing properly devised systems in which tran-
sition metal complexes are used as ‘“‘cata-
lysts.” At the same time, our discussion
will provide an example of the type of ap-
proach that should be used in dealing with
the problem of the photochemical con-
version of solar energy by nonbiological
systems (3).
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