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SUBTASK 4.1 -CONVERSION OF LIGNOCELLULOS C MATERIAL TO CHEMICALS
AND FUELS

EXECUTIVE SUMMARY

A direct converson of cdlulosc wagtes, including resin-bonded furniture and building waste, to
levulinate estersis being investigated with the view to producing fuels, solvents, and chemicd intermediates
as well as other useful by-products in an inexpengve process. The acid-catayzed reaction of cdlulosic
materids with ethanol or methanol at 200?C gives good yidlds of levulinate and formate esters, aswell as
useful by-products, such as a solid residue (charcoa) and aresnouslignin resdue. Aninitid plant desgn
showed reasonable rates of return for production of purified ethyl levulinate and by-products.

Inthisproject, investigations have been performed to identify and devel op reactionsthat utilize esters
of levulinic acid produced during the acid-catdyzed ethanolys's reaction. We wish to develop uses for
levulinate esters that dlow their marketing at prices comparable to inexpensive polymer intermediates.
These prices will dlow a sufficient rate of return to judtify building plants for utilizing the wagte
lignocelulosics. If need is demondtrated for purified levulinate, the initia plant design work may be
adequate, at least until further pilot-scale work on the processis performed.

Methanol and ethanol give the highest yields of levulinate esters and can be obtained at low cost of
production. These esters are, therefore, preferred intermediates for conversion to many other products.
Thelevulinatesareketoestersand, therefore, substratesfor avariety of condensation and additionreactions
at the ester and keto groups.

Reactions of ethyl levulinate with phenol were performed so that resin intermediate products
(diphenolate esters) could be compared to those formed from levulinic acid (diphenalic acid), which had
been previoudy prepared. Conditionsfor successful conversionsto the diphenolate ester were devel oped.
The ethyl diphenol ate was converted to bis epoxy derivativesthat reacted with hardener to give very tough
pligble resin. An extremely tough polyurethane film was a so produced from the diphenolate ester.

Levulinate ester was a0 efficiently converted into aglassy polymer viareaction with primary akyl
amines. Thispolymer may have gpplication in coatingsand films. Findly, thereaction of urea-formadehyde
with lignin was investigated as a modd for the reaction occurring during the ethanolysis of particleboard.
A potentialy useful, extremey sticky resin was produced.



SUBTASK 4.1 -CONVERSION OF LIGNOCELLULOS C MATERIAL TO CHEMICALS
AND FUELS

INTRODUCTION

Cdlulosic biomass condtitutes ahuge and renewabl e resource that can be converted to chemica and
fud feedstocks. More efficient means for conversions of agricultura, forest, and congtruction waste are
sought so that useful biomass-derived products can not only competewith or eventually replace petroleum-
based products, but aso supplement and complement the use of petroleum-based fuels as additives to
promote more efficient burning and lower emissons. Using these cdlulose resources effectively can thus
reduce the disposa problems and pollution resulting from accumulation of cdlulosic wadte.

Some waste biomass is converted to useful products, like ethanol, in fermentation industries, and
both fud and chemicd feedstocks have been prepared by acid-catayzed therma decomposition of
cdlulose (1). Heating lignocdlulosic materias in aqueous acid hydrolyzes the cellulose to glucose and
subsequently converts the glucose to levulinic (4-oxopentanoic) acid and formic acid. Advances in the
therma processing equipment resulted in improvements in the conversions of cellulosicsto levulinic acid
(2). The potentid usefulness of levulinic acid from this degradative processing is demondtrated by the
hydrogenation of levulinic acid to the dternative fud additive, methyltetrahydrofuran (methyl THF), thet is
currently being promoted for use in P-fud (3). Although levulinic acid exhibits poor solubility, it does
increase octane numbers (4). Soluble derivatives of levulinic acid could be developed for oxygenate fuel
additives that would not only increase the efficiency of the engines, but also lower emissons from the
engines consuming these fuels. a-Angedlica lactone is readily prepared by acid-catalyzed dehydration of
levulinic acid and has been shown to increase octane ratings (5).

Severd higher-vdue applications of the therma degradation products from celulosics are
commercidly developed or have been previoudy investigated. Furfurd is derived from hemicdlulose
containing five-carbon sugars, and a large market exists as a chemical intermediate. Severa years ago,
diphendlic acid, a polymer intermediate, was prepared from levulinic acid (6) and used for synthes's of
various coaings (7). Low-cost levulinate feedstocks resulting from process innovations could revive the
levulinate industry and achieve the goa of converting waste to chemica products or intermediates for
solvents, surfactants, and resins, including inexpensive binders.

Therma processing of carbohydrates in nonagueous solvents containing alcohols offers a direct
conversonto levulinate estersthat are useful for fuelsand chemica intermediates (Figure 1). Fructose was
converted to levulinate esters by heating with ethanol and a solid acid (8). When the reactions of
lignocellulosics, such as wood and biomass wastes, were conducted in acohol with strong acid catdyss
in an autoclave at temperature greater than 195?C, the levulinate and formate esters of the acohol were
obtained, along with small amounts of furfura (9). A German patent for a chemica process for
decomposition of cdlulosic waste in dcohols was awvarded (10). In the case of paper wastes and pulps,
a dirred precooking stage was required. At lower temperatures, incomplete converson of cellulose
occurred, and dkoxymethylfurfurd was obtained. The
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Figure 1. Conversion of cdluloseto esters.

adkoxymethylfurfuras are presumed to be intermediates in the formation of akyl levulinates and akyl
formatesviacleavage of the carboxyal dehyde group onthefurfura intermediatein aseverd step sequence.

Garvesreported formation of insoluble humic resdueat the higher temperatures (9). In earlier work,
the acid-catayzed reactions of ethanol with seed hulls and with chaf or straw waste at 200?C produced
acharcoa product with modest surface areas. A sgnificant part (20%-30%) of the celluloseis carbonized
to charcod, which is easily removed by filtration. Flash didtillation of the excess dcohol and solvent
extraction of the levulinate ester leave aresinous product congsting mainly of the lignin component of the
biomass. Thus multiple marketable products are available from processing waste biomass with the acidic
acohals.

Particleboard from furniture manufacturing waste presents aunique disposa problem because of the
urea-formadehyde (UF) resin used in binding the wood particles and the polymer-laminated coatings.
Many thousands of tons of wood wastes are produced in each furniture plant annudly in the form of cut-off
pieces and sawdust. The composite materials may form toxic and corrosive gases during combustion, and
wastes must be landfilled or burned in anincinerator that safely consumestheresin and plastic materidsas
wdl asthewood. Landfilling thiswaste currently costls millions of dollars per year for agood-sized furniture
plant. Thusan environmentaly and economically feasible processfor converting the compositewood waste
to usable productsis urgently needed.

Asan dternaiveto landfilling or high-temperature incineration, the acid-catalyzed decompositionin
acohol efficiently and safdy convertsthe composite materidsto akyl levulinate a moderate temperatures.
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The product compostion obtained by heating particleboard chipsin ethanol with sulfuric acid catdyst for
30 min a 200?C was similar to that obtained from ordinary wood trestment. The charcoa product was
removed by filtration, the ethanol, water, and ethyl formate product flash didtilled, and the ester levulinate
separated from the resinous product by extractioninto diethyl ether. In thiscase, theresinous productsaso
contained the UF binding resins that were initidly present in the waste board. The UF resin-derived
components were intimately mixed with or chemicaly attached to the lignin resin; there was no way to
extract and separate the lignin from the UF component.

For this processng, the waste particleboard was chipped but not ground to afine med. Milling of
the particleboard is not necessary because the cdlulosic materid is rapidly decomposed in the acid-
catalyzed reaction, thereby releasing the resin into the solvent and resulting in amore economica process.
In the Garves patent (10), the wood and waste paper were first converted to a pulp and to a fluff,
respectively. The moisture content of the as-received particleboard was 3 wt%. Waste materids such as
this with low moisture contents provide a good substrate for the acohol reaction, since no drying is
required.

Experimental Details

Inatypica reaction, a mixture of 16 g of chipped laminated particleboard, 150 mL of ethanol, and
3 g of concentrated sulfuric acid was heated a 200?C for 30 minutesin a300-mL Parr pressure reactor.
The mixture was dlowed to cool to room temperature. The product mixture was filtered with a Buchner
funnel, and the charcod residue was washed with ethanol and dried to give 5.4 g of charcod. Thefiltrate
was neutralized with sodium bicarbonate and distilled to recover the excess ethanol and the water, ethyl
formate, and trace amounts of diethyl ether produced in the reaction. To extract thelevulinate eter, diethyl
ether was added to the resdue from the distillation, which contained a small amount of ethanol. The
insoluble portion of the didtillation bottoms gave the resin product (3.3 g). The ether soluble portion
contained ethyl levulinate and a smdl amount of furfurd. After stripping the ether on arotary evaporator,
the resdue (4.5 g) was vacuum-digtilled to give ethyl levulinate (3.8 g) and impure furfura (0.4 g).

Product Quality
Esters

The purity of the ethyl levulinate fractionswas determined by gas chromatography. The ether extract
contained 85% ethyl levulinate, 10% furfurd, and about 2% levulinic acid. The didtilled ethyl levulinate cut
was generdly 97% to 98% ethyl levulinate with 2% levulinic acid. The crude extract should be gppropriate
for use directly asafue oxygenate or for converson to afud such as methylTHF. The distilled products
would be suitable for use as a fragrance or for most chemica reactions.



Resin

The recovered resin mixture was very tacky and has potentia for recycling asaboard resin. It was,
however, very darkly colored and evolved a dight odor of levulinate ester. It may, therefore, be more
appropriately used as a fine cod binder for making briquettes or a waterproof granular fuel. Additiond
work isbeing conducted to determinethe potentia for wood binder recycling, but considerableinterest has
been shown in thelow-cost cod binder gpplications, and the market could easily consumeadl theresinsthat
could possibly be produced.

Carbon

The charcod is moderately active even without further steam activation. The surface area was
determined by the iodine number method (456 mg 1./g). Steam activation converted the initid charcod
product to a higher area activated carbon with the iodine number 540 mg I,/g, but with loss of about half
of the carbon. The initid charcod should be adequate for a number of decolorizing and other agueous
trestments.

Advantages of the Cellulose Degradation in Ethanol

Performing the reaction of cellulosic materidsin ethanal rather than water offersthe advantage of a
more direct route to the ester. This provides a convenient one-step reaction to produce afuel oxygenate
additive at minima cost, compared with two-step reactions involving formation of the acid in the agqueous
conditions.

A second advantage of the ethanol processis the ease of product workup into the various product
fractions. Thecharcod product isfiltered from the soluble products; the ethanol solvent, ethyl formate, and
product water are readily stripped; and the ethyl ester easily removed from the resin and didtilled without
decompostion. In contrast, the purification of levulinic acid is more difficult from a water solution, and
consequently, the production of levulinic acid is limited.

Particleboard Waste Process Design

A schematic for awaste particleboard processing is shown in Figure 2. This process avoids hegting
the resin in the presence of ethyl levulinate, which generates a highly insoluble resin product. Instead, the
ethyl levulinate is extracted from the resin and subsequently vacuum-didtilled to purify it.

Plant Design

A prdiminary plant design and cost andysis for the particleboard processng was performed in
another project (11). This projection used extensive didtillation equipment to produce pure ester products
fromwaste particleboard input at 33,000 tons/year. Product output isshown in Table 1. Assuming that the
vaue for the ethyl levulinate is $0.15, based on fud additive use, the analysis showed that the after tax
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Figure 2. Particleboard waste process.

TABLE 1

Process Products for 33,000-ton Plant

Product Y early Production, million |b Est. Market Vaue, $lb
Ethyl Levulinate 15 0.15-60

Ethyl Formate 7 0.50

Furfura 1 0.70
Charcoa 1022 0.25

Resin 15 0.10

internd rate of return (IRR) would be 3.4%, which isnot enough to justify building aplant for this market.
If, however, the vadue of ethyl levulinate as a solvent and chemical intermediate could be increased to
$0.60/1b, the sengitivity analysis showed that the IRR would be an acceptable 20%.

Thus more development work needs to be done to understand the value of the reaction products
(esters, charcod, and recovered resin) in various chemica markets and determine if fud use isthe only
option for developing the large market needed for the ethyl levulinate produced. If the fuel oxygenate



additive market isthe only large market option, less distillation processng would be required, and revison
of the process and plant design is needed. The production cost could be much lower, since the cost of the
digtillation columns was 65% of the purchased equipment cost.

This projection used extensive didtillation equipment to produce pure ester products, but assumed
alarge market would exigt only for fud additives, which would not require a pure ester. Thus revison of
the process cost/market analysis is appropriate, but more development work needs to be done to
understand the value of the acohal reaction products (esters, charcoa, and recovered resin) in various
chemical markets and determine if fuel useisthe only option for developing alarge market.

RESULTS AND DISCUSSION
Conversions of Alkyl Levulinates

A mgjor god for promoting commerciaization of the acohol processing of waste particleboard and
plywood is the expansion of markets for alkyl levulinates. The mgor current market for akyl levulinates
isin fragrances, where the ethyl levulinate has avaue of about $10/1b. Butyl levulinateis dso used, but the
market isrelatively smdl for both esters.

Both the keto and the carboxylate functiond groups of levulinic acid and esters are available for
derivatization, and alarge number of transformations of either or both groups have been investigated in
previous studies (12-15). Levulinate esters of higher dcohols and glycols have been used as pladticizers,
especidly for vinyl chloride polymers (16). We previoudy investigated the easy tranesterification reactions
of methyl and ethyl levulinate to a number of ester products (17).

Condensation Reactions

Levulinic acid is known to react with aldehydes at carbon atoms adjacent to both the acid (a) and
keto (3 and d) groups to form amixture of the a-, (3-, and d- akylidene or arylidene derivatives (12, 13,
15). With excess formadehyde, levulinic acid is substituted with five or sx hydroxymethyl (methylol)
groups, and cyclization to alactone occurs (18). These condensation reactions could be utilized to produce
inexpendve resins from the crude ethyl levulinate obtained from waste particleboard without ditillation.
Another reason for sudying the reactions of the ester with aldehydesisto determinethe potentid for smilar
reactions occurring during the cellulose degradation reaction or the subsequent workup of productswhere
adehydes such as furfurd are present.

Thereactionsof ethyl levulinatewith severa ddehydeswereexamined. Thereaction of formal dehyde
with ethyl levulinate was conducted with dilute sulfuric acid catayst; the methylol derivatives undoubtedly
formed but were not isolated. The reaction with formadehyde in ethanol solution formed a sticky resin,
which was an excdlent binder.



The reection of ethyl levulinate with furfurd gave a condensation product; the mgor isomer is
presumed to be thed-furfurylidend evulinateester, sncetheacid-catayzed reaction of furfura withlevulinic
acid producesthisisomer (19). Some of thisreaction could occur during the preparation of ethyl levulinate,
snce furfurd and acid catalys are present, but no furfurylidenedevulinate ester was detected in the ether
extract. Thusif condensation reactions occur, the products stay in the char or the resin products and are
likely of higher molecular weight.

In order to sdectively obtain the a-substituted condensation products from levulinate esters, it is
necessary to protect the ketone group. Ethyl levulinate reacts with one mole of ethylene glycol to form the
cydic ketal. Condensation of the protected ester with benza dehyde gave the a-benzylidene ester (Figure
3).

Resin Inter mediates

The acid-catdyzed condensation of ethyl levulinate with urea was investigated. After hesting the
mixture, ethanol was evolved, so it is presumed that the condensation involved both carbonyl groups of the
levulinate ester. The reaction produced a sticky resin that was soluble in dcohal.

A smilar reaction of ethyl levulinate was conducted with a preformed soluble UF resin. The acid-
catalyzed reaction incorporated the levulinate into the resin structure forming an insoluble mass. This
reaction does not occur to a large extent during the initid particleboard degradation owing to the large
volume of ethanol solvent; however, it can cause aproblem inthe workup of the products after the ethanol
has been removed. The reaction explains the failure of attempts to ditill ethyl levulinate directly from the
levulinate-resin product mixturewithout prior extraction of the ester fromtheresin. These attemptsresulted
inlow eser yidds and the formation of intractable resin. Thus by extracting the ester, we can avoid the
inadvertent condensation reaction with the resin.

The conversion of waste particleboardsin ethanol/acid produceslarge amounts of aresinousproduct
containing the origind UF bonding resin of the board and much of the lignin derived from the wood. In
order to understand the formation and properties of this resnous materia, we have conducted a model
reactioninthelaboratory, reacting aninexpensdve commercid UF resinwith alignin preparation to produce
an extremely gticky resin product (now the UF-lignin resin) that resembles the product obtained from the
particleboard ethanolysis reaction. Neither the starting UF resin nor the lignin was a dl sticky. Not only
does this experiment support our concept of how the ethanolysis reaction products are formed, it dlows
usto prepare alarge amount of Smilar resnfor testing asawood or other binder, so that we do not need
to runthe ethanolysisreaction at avery large scaefor the present purposes. Thevery sticky UFligninresin
has potentia for recycling as a particleboard resin or could be used as a fine coa binder (briquette or
waterproof granular). Mild thermd treatment causes the UF-lignin resin to thermoset to a very tough
materid.
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Figure 3. Formation of aldehyde condensation product.

Diphenolate Resins

Levulinic acid condenses with two moles of phenoal to give 4,4-bis-(4'-hydroxyphenyl)-pentanoic
acid (diphenalic acid). This bigphenol intermediate was used to prepare severa types of resins, including
phenolic-formadehyde, epoxy, polycarbonate, polyester, and polyurethane types (7). Ethyl levulinate
should undergo asimilar reaction with phenaol to give the diphenolate ester (Figure 4). Further conversons
to resins could then be performed with the diphenolate ester intermediate. Polymeric linkages can be
effected through the two phenolic groupsin typical bisphenalic syntheses, or the carboxylate can be used
asathird linkage in cross-linked resins. Alternatively, the ester functionality can be eadily transformed to
amide and other groups with interesting binding properties. An advantage in this type of polymer is the
extension of the ester or amide functionaity away from the polymer backbone, so thet it can effectively
interact with and adhere to a surface.

The reaction of ethyl levulinate with phenal (two moles) wasinvestigated with the god of producing
a useful diphenolate resin intermediate as described above. However, the reaction of the ester under
conditions and ogousto those used for levulinic acid did not produce much of the desired ethyl diphenolate
product. Reaction conditions were modified, and after severd attempts, high yields of the ester product
were obtained, in fact 95% yields compared with 67% for the levulinic acid. The most efficient method for
gynthesis of ethyl 4,4-bis-(4-hydroxyphenyl)-pentanoate (ethyl diphenolate) from ethyl levulinate was
devised using concentrated sulfuric acid catalys, followed by dilution with ethanol at the end of thereaction
time. The smal excess amount of reactants remaining were seam-ditilled off the product.
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Figure 4. Formation and reactions of diphenolate ester.

The ethyl diphenolate was reacted with epichlorohydrin to give the corresponding bis epoxy
derivatives. Using 2 moles of epichlorohydrin, the reaction produced a rubbery materid, insolublein most
solvents. It decomposed rather than melted when heated to high temperatures. It is likely that a glycol
intermediate cross-linked at the ester group to form the rubber.

Whenalarge excess of epichlorohydrin was used in the reaction, the cross-linking was avoided, and
the mgor product was the bisglycidylphenylpentanoate. This product resembles the bisphenol A used for
making most epoxy resins. When the bisglycidyl phenyl pentanoatewas mixed inequa portionswith diamine
hardener, a hard but pliable resn was produced. The resin retained a stickiness after curing at ambient
conditions in contrast to the commercia bisphenol A resin. Heat- curing of the new resin gave avery hard
meaterid. The bonding strength of the resins (ambient and heat-cured) weretested in ahydraulic pressand
compared with the commercid bisphenol A epoxy resins. The shear strength gppeared to be smilar, but
the force required to break the bonding a a 90? angle was higher for the commercid resin. Owing to the
greater pliability and lower brittleness of the new resin, its use in floor coverings may be feasible.

Polyurethane resins were aso produced from the ethyl diphenolate under a variety of conditions.
These reactions used a bisgsocyanate to react with the phenolic groups of the ethyl diphenolate. An
extremdy tough film coating was produced by reacting the bisisocyanate with the ethyl diphenolate in a
solvent and alowing the solvent to evaporate.



Polylactam Resins

Reactions of theethyl levulinatewith primary amineswasadso investigated with the view to producing
an unsaturated lactam that should be exceptiondly reactive as a monomer for addition polymers and
copolymers with polyamide properties. Levulinic acid is converted with heat and acid to an unsaturated
lactone, angelicalactone. Reaction of the lactone with methylamine resultsin formation of the unsaturated
lactam, dlegedly with an exocyclic double bond. The radical-initiated polymerization of thelactam hasnot
beenreported, but it should go readily, especidly if itisredly the exocyclicisomer. Thereaction of the ethyl
levulinate with methylamine should a so result in formation of an unsaturated lactam. However, thereaction
of the ester did not proceed with the same ease as did the reaction of the lactone with methylamineto give
the lactam. To facilitate the converson to unsaturated lactam, the initia product was heeted a various
temperatures. The result of these experiments was the direct production of aresin product rather than the
lactam that should have distilled out under vacuum conditions. It is not known whether the unsaturated
lactamformed and polymerized (sdf-initiated radical addition) or some other condensation polymerization
reaction occurred. In ether case, the polymerization product is aglassy materid a room temperature and
may be useful for films and codting.

CONCLUSION

The successful reactions investigated in this project support the idea that the ester products from
conversion of cellulosc wastesinalcohol at 200?C can be useful intermediates for producing avariety of
resins and thereby increase the market for the estersin the chemica industry. The costswill be comparable
to thosefor bisphenal resinscurrently produced, but propertiesof the new resinswill bedifferent, especialy
with regard to pliability and brittleness.
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