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SOLVOLYTIC LIQUEFACTION OF WOOD UNDER MILD CONDITIONS
- Suen-Man Yu
Energy and Environment Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
ABSTRACT
Conversion of wood to liquid products requires cleavage of bonds
which crosslink the wood structure. The curreﬁt technology (PERC
process) uses high temperature (360°C) to initiate thermolytic bond
cleavage and several thousand psig of carbon monqxide in the presence
of sodium carbonate to remo§e wood oxygen. At such high seVerity,v
energy and capital expenditure are understandably extensive.
This study éxamines a low-severity wood solubilization process
utilizing a solvent medium_éonsisting ofra's@all'amount §f sulfuric

acid and a ﬁotentially wood-derivable alcohol. ~ In one half hour of

reaction time at 250°C under 15 psia starting nitrogen pressure, over
ime r 15 psi g P

I3

95% of the wood (maf) was rendered acetone-soluble. The product is a

soft, black, bitumen-like solid at room temperature but readily

softens at 140°C. Between 25 and 50% of the origiﬁal wood oxygen,
depehding on alcohol used, was removed as water. Approximately 2 to
17% of the alcohols were retained in the product. Gel perméatibn_

chroﬁatography showed that the product's median molecular weight is

around 300.

The Soivolytic wood-liquefaction process was determined to be:
largely a kinetic-controlled process. Using computer-fitting tech-

nique, two kinetic models were evaluated. The reaction was determined



to berfirst order in wood and the rate was dependent on the amount of
residual acid and/or wood-derived organic acids.

Based on experimental and literature results, a mechanism for wood
solubilization is proposed. This involves protonation of the etheric
éxygen atoms, leading to subsequent bond scission to form carbonium
ions-which are stabilized by solvent alkoxylation. At severe condi~-
tions, polymerization and condensation reactions resulﬁ in acetone-

insoluble materials.

T
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CHAPTER I

INTRODUCTION

A. The Energy Dilema

Even those who questioned the reality of the energy shortage in
our nation a few years ago baVe largely come to the same conclusion
Ehat we now live in an era of continuously dwindling fuel supply and
continuously escalating fuel cost. Awareness of long gasoline lines
in 1979, of buildings cold in winter and warm in summer, and of elec-
tricity bills now a major item, are all vivid evidences of the energy
dilemma we are facing. The projection is that the situation Qill only
get worse. It is thus generally agreed that additional energy sup-
plies of all kinds will be needed, if our present standard of living
is to iﬁcrease at all or.even'hold constant.

A recent trend of energy consumption in the United States is
illustrated in Table.l. Petroleum accounted for 457 of the total
usage; of it, 51% was imported. As'thekpresent sole source of trans-
portation fuel, petroleum has become‘a prime target for concern.
Remedies range from strong conservation measures to total replacement
from alternative sources. Among the alternatives, fossil and non-
fossil, regenerable sources are generally regardéd as‘thé trﬁe’long-
term solution. This sentiment was echoed by a National,Séience
_FoundationiReporﬁ (1), "Energy in Transition: 1985-2010," whichvst#ted
that coal willvprovide one-third to one-half of U.S. energy by 2000,
despite intervening problems. Soon afterward, however, '"truly sus-

tainable energy sources must begin to become available, to provide new



Table 1. U.S. Energy Consumption in 1980

: Quantity in Units
Oil or Qil Equivalent | Percentage Commonly Used for
Source (MM Barrels per Day) of Total Each Source
Petroleum 178,* 45 - 17 million barrels
. per day
Natural Gas 9.2 245 19.2 trillion cubic
v feet per year
- Coal’ 9.0b.* 24 - 800 million tons
per year
Nuclear 1.4* 3.5 251 billion kilowatt
, hours per year
Hydro 1.1 3 230 billion kilowatt
—_— —_— hours per year
37.7 100

8{ncludes imports of 8.7 million barrels per day (mbd) also includes ““natural gas liquid"’
(~ 2mbd), excludes 0.2 mbd of exports

, PExcludes exports of 0.6 mbd oil equivalent
*Updated information from:

(i) Oil & Gas Journal, Sept. 22, 1980
(ii) Business Week, Dec. 8, 1980

Source: Department of Energy, Energy information Administration, Annual Report to

Congress, Volume 11, 1977 (Washington, D.C., Government Prmtmg Office, 1978),
pp. 5, 23, 51,145
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flexibility for energy policy and to relieve some of the pressure on
coal and other energy sources."

B. Energy Alternatives

Alternative energy sources available to us are few and costly.
The list includes shale oil, coal, tar sands, nuclear power, and solar
energy. Although solaf energy is the ultimate long-term solution, its
extremely low concentration places in doubt its use as a major source
of electric power. The high investment costs for solar cells or
optical concentrators, added to the huge land néeded, may always limit
the amount of energy to be made aVailab}e in this way. Nature, how-
ever, continuously concentrates solar energy in the form of biomass,
and indirect utilization of solar energy through converting biomass to
high-grade fuels is now technically'feasible. The biomass feedstocks
investigated include wood, energy croﬁs like corn, and agricultural
and municipal wastes. A recent assessment made for the Department of
Energy (2) placed the total annual biomass resourée availability at |
over 57 x 1015 Btu or 57 quads. For a thermal efficiency (3,4) of

72Z in converting biomass to oil and a heating value‘dfv6 X 105 Btu

to a barrel of oil, the total biomass potential corresponds to 6.8 x

.109 barrels of oil per year - this is more than the total annual

crude o0il consumption in the United States.

Using a more conservative estimate of recoverable of surplus
biomass on a renewable basis of 8.6 Q per year (2,5), Ergun (6) pointed
out that a modest 25% utilization amounts to, or‘ié equivalent to, as

much as 8% of the imported oil. At $32 per barrel, this amounts to



8.32 billion dollars. This is sufficient incentive for intensive
efforts to convert biomass to usable fuels.

As compared to other fuel sources, biomass offers many benefits:
minimal environmental effects because of its low sulfur, nitrogen, and
ash; renewability; and availability in easily recoverable quantities.
Technologies for converting biomass to various types. of fuels are
currently available and benefits can be realized even in the near
term. Above all, biomass is an indigenous resource that can reduce
our dependent on imported oil.

C. Wood as a Source of Energy

Among the various sources of biomass, renewable plants rather than
wastes may serve the ultimate objectives best. Wood, one of the renew-
able plant products, is the subject of this investigatidn. Cultivation
of trees (silviculture), selecting species that give high energy yield
per acre and a short growth cycle (4 - 7 years), is ﬁresently beiﬁg
explored (7-10);' Energy farms utilizing such species, closely spaced,
can be managed in the same w#y as present forest resources used for
wood Production. One obvious advantage of energy farms is that they 
minimize the exorbitant cost of biomass collection, handling, and
transportation, recently estimated (11) at $15 per ton of green wood
(50% moisture) for a 40-50 mile collectiqn radius.

Wood, like coal, was utilized extensi?ely during the early
twentieth century. In 1900, wood supplied roughly 25% of the total
energy in the United States. " Even as late as 1940, more than 20% of

homes still used wood for space heating. Today wood contributes only



1.5% of all U.S. Energy consumption, equivalent to about one-half
million barrels of oil per day. The wood fuel industry is small
compared to the giant paper and lumber industries.

Apart from providing heat through direct burning, wood was also
formerly used as a source of chemicals 1ike charcoal, methanol,
acetone, and acetic acid, and it remains a source of organic materials
like terpentine, pine oil, resin acids, and tannins. It was not until
the bountiful availability of 'cheap" 0il in‘the Middle East and of
"cheap" natural gas in the U.S. that conventional wood usage started
to decline. Now that oil and gés are no longer cheap and unlimited,
intefest has revived in wood as a dependable energy source.

Fuel energy from wood is now obtained almost_entirély through
direct combustion, providing the equivalent of 140,000 barrels of oil
per day in the U.S.; this figure could double by the year 2000 (12).
Although combustion is a simple process, the energy generated is dif-
ficult to store and transport, let alome its questionable ability to
adapt to existing equipment. Converting wood to liquid and/or gaseous
fuels can.be viabie alternaﬁive. Considerable research under way is
aimed at identifying and establishing processes capable of converting
wood to liquid fuel, either directly, or indirectly following initial
gaSificétion to synthesis gas. .

Direct liquefaction processes include pyrolysis, reduction by
synthesis gas (the PERC and LBL processes), and fermentation to ethanol
from sugars formed by hydrolysis of the cellﬁlose aﬁd hemicéllulose

constituents in wood. The product of pyrolysis or reduction is a heavy



0il which may substitute for no. 6 fuel oil. This product has 7 to 20%
oxygen, depending on the degree of reduction; is rich in phenols; and
has heating values up to 16,000 Btu per pound, depending on oxygen
content; its storage stability and.its possibilities for furthef
refining remain in question. In the fermentation case, only the
cellulosic fraction in wood_is.converted;'1ignin remains as a market-
able solid by-product. |

The indirect liquefaction routes can produce high-quality liquid
fuels (methanol, Fischer-Tropsch liquids, Mobil—procesé gasoline) but
require high capital investiment and have fairly low overall thermal
efficiencies.

D. Liquefaction Process Rationale

Wood is a complex heterogeneous material.  Its conversion to a
soluble product is inevitably a complex process. The conversion
involves depolymerization of polymers of several types, and reduction
of the high oxygen content. Since the majority of the oxygen exists
as aliphatic hydroxyl in polysaccharides or phenolic hydroxyl in
lignin, a wood liquefaction process must involve an attack on hydroxyl
groups accompanied by aidepolymerizatipn. In terms of the structure
of cellulose and lignin, the depolymerizatin process obviously involves
breaking a number of carbon-oxygen bonds. This bond breaking can be
effected through high temperature and pressure treatment (thermolysis)
with or without catalysts, but less destructive reactions should be
possible. The latter are preferred because of lower energy require=
ments. The problem is to identify the reactions and required

catalysts.
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Oxygen removed from wood would exit the process either in the form
of water, carbon monoxide, or carbon dioxide. The sulfur and nitrogen
content of wood is so low that their oxides are essentially negligible.

From a product standpoint, oxygen removal raises the heating value and

" thus its value. However, a good fuel also demands high H/C ratio of

the product. Therefore, a good liquefaction process might simultane-

ously aim for high feed solubilization and high carbon dioxide gas

. production. Carbon dioxide gas production results either from thermal

decomposition (decarboxylation) or reduction by cafbon‘monoxide, or by
both as in the case of the PERC liquefaction process. Removal of
oxygen in the form of water requires reduction by hydrogen, or an
intefnal condensation reaction with water elimination.

In addition to effective wood depolymerization'and oxygenvfemoval,
the ability of the process to prevent condensation of the depolymerized
species is also very important. As in cases of goal liquefaction, the

condensed or repolymerized product often turns out to be even more

“difficult to liquefy than the original materials. - Thus, the success

of any process also largely depends on this considerafion. The proba-
biiity of repolymerization reactions increases hand in hand with oxygen
removal. The more oxygen is removed, the more bondé are b:okeﬁ, and |
the higﬁér the changes of condensation. An ideal process, however,

requires large amount of oxygen removal but little or no repolymeriza-

-tion reactions.

‘Various ways of lowering or eliminating condensation reactions

were attempted; all of them have used the stabilizer technique:



depolymerized species are captured and made inert by stabilizers be-
fore théy even have a chance to repolymerize. A common stabilizer is
hydrogen which is suppliéd by hydrogen donor solvents. Techniques
such as alkylation or alkoxylation (13,13a) were also tried and have
achievedvsome success.

Because of its effiéacy for preventing or reducing condensation
reactions, hydrogenation has been one of the most popular routes. If
molecular hydrogen is the agent, a catalyst is génerally reqpired.
The catalyst may be heterogeneous (molydeﬁhm, nickel, etc.) or
hoﬁogeneous (zinc chloride (13b), metal carbonyls (13c);‘etc;); The
-use of hydrogén donor solvéntsvis another approach to supply hydrogen
for product stabilization., To name a few, tetralin, isopropanoi and
cyclohexanol are all proven H-donor solvents. Most of the possible
processeé when applied to wood suffer from two common drawbacks.
Firstly, they operate at high temperature and pressure. Secondly,
"wood feed is in the form of a slurry; thus, limiting mass and heat
transfer, not to méntion product selectivity, during the defunctional-
iéation or deoxygenation process. Therefore a process which uses a
solvent or solvents that can solubilize wood before or during the
reaction becomes~of:real interest. Prefetabiy the solvent(s) will
have the ability to stabilize, or to carry solutes which cap off de-
polymerized products. Finally, the economics of a process is greatly
improved if the process operates under milci temperature and pressufe.

In summary, an ideal liquefaction process would have all or most

of the following qualities: .
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o ability to depolymerize wood uﬁdér relative mild con&itions-
o little or no consumption of reducing gas |

o effect good overall oxygen removal

o ability to prevent condensation reactions

o produce a liquid product

E. Scope of this Inveétigation

Direct liquefaction of wood under an atmosphere of synthesis gas
and steam has been demonstrated on a scale of about 50 lbs drvaood
per hour in a nomiﬁal 3 ton/day DOE process demonstration unit (PDU)
at Albany, Orégon, éperatihg at 360°C and 4000 psig.witb residence

time on the order of an hour. Slurry of wood flour (65 mesh) is fed

in recycle oil (PERC process) or water (LBL process). To date, the

system has been able to use only dilute-slurry feeds. Feed-handling
problems and severe operating conditions have led to many mechanical

difficulties with pumps, seals, phaée separatofs, and check valves,

- and firm engineering data have not yet been obtained. While there is

‘optimism that improvements in the LBL process will surmount the diffi-

culties, a modified simple method of liquefying wood could be very
attractive.

" The objective of this investigation, therefore, was to search for

‘such a. process: one that is chemically sound; preferably using pre-

solubilized wood rather than slurry; operating at low-severity condi-.
tions, i.e., modefately low temperaturé and low pressure; consuming a
minimum of carbon monoxide and hydrogen; yielding quality liquid
product; entailing simple product—separation steps; and adaptable to

large-scale commercial applications.
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The study was to include effects of process variables such as
temperature, pressure and residence time, so as to establish tﬁe
optimum conditions. Because of the availability of wood at various
moisture levels, namely green wood (50% as logged), field-dried wood
(10-15%), and dried wood (0-4%), the effecf of treating these differ-
ent grades of raw material would be of interest. As solubilization
implies the use of a recycle solvent, solvent degradation and loss are
always a primary concern relative to the §rocess economics; thus,
solvent recoverability;would be a topic for study.

Experimental products would need to be characterized both -
physically and chemically by analytical teghniques'such as elemental
analysis, melting point determination, structure examination by scan-
ning electron microscopy and molecular-weight determination by perme-
ation chromatography (GPC). From these measurements the liquefaction

process chemistry with its mechanistic pathway was to be elucidated.
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CHAPTER II

BACKGROUND

A. Structure ana Reactions of Wood
1. Structure

The pfincipal components in wood are classified as cellulose,
hemicellulose, lignin; and organic extractives, presenf in amounts of
40-50%, 20-35%, 15-35%, and 3-5%, respectively. For simplicity a
softwood species, Douglas Fir, was chosen for use, because it is
abundantly grown in the Pacific Northwest region where the Albany PDU
is located.

As shown in Table 2, dried Douglas Fir is two-thirds carbohydraté:
41% cellulose and 267 hemicellulose.  Lignin'consti§utes most of the
rest. Minor components include 1% ether-soluble (organic»matérials),
3% organic acids such as glucuronic acid and about 0.5% inorganic
ash. Tablé 3 gives the elemental analysigvof.moisture;free‘Do;glas
Fit: 53.0% carbon,.5.60% hydrogen and 40.547% oxygen. As with low-rank
coals, this large oxygen content poses process economics pfoblems in |
converting the raw materiél into fuels of high heating value. Unlike
coal, the bouglas'Fir contains such small amounts of sulfur, nitrogen,
and inorganic ash that pretreatments to remove these components are
probably not requi?ed.

The chemisﬁry and structure of wood can only be described in terms
of its constituents - cellu}ose, hemicellulose, and lignin - which»afe

reviewed briefly in the following. paragraphs.
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Table 2. The composition of Douglas Fir

~ Percent
(moisture free basis)

Cellulose _ 41
‘Hemicelluose 26
Lignin 28
Uronic anhydride | 3
Ether-soluble extractives | 1.0
Acetyl - 05
Ash 0.5

100.0
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Table 3. Typical Elemental Ahalysis of Douglas Fir

Percent
(moisture free basis)

Carbon " | 53.17

" Hydrogen o | 5.61
N itrogen 0.13
Sulfur - 1005
Ash R 050
Oxygen (by difference) 40.54

100.00
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Cellulose, a major wood component, is a linear, highly crystalline
polymer consisting of anhydrous glucose units linked together in '"head
to tail" fashion. In woéd, it s molecular weight ranges from 20,000 to
300,000. In the modular structure of cellulose (Fig. 1), the glucose
units are connected by B-1,4 glycosidic oxygen bonds thch breék easily
under hydrolysis. Because of the highly ordered molecular structure,
most solvents (including water) are not capable of swelling cellulose.

Hemicelluloses in wood resemble cellulose in that they are both

carbohydrates. Monomeric anhydrous sugar units.such as mannose,
galac;ose, xylose, arabinose, as well as glucose and sugar acids com-
prise the backbone of hemicellulose. Compared to cellulose, hemi-
cellulose has a relatively unordered structure and a lower molecular
weight (500 to 2000). Itsvstructﬁre is amorphous, thus making it an
éasier target for solvent attack and degradation.

It is generally believediﬁhat hémicellulose is not bonded
covaleﬁtly to cellulose. However, a high degree of hydrogen bonding
and physical intermixing make it diffiéult, if not impossible, to
separate the two without decomposing them.

Lignin probably comprises the most complex, least characterized,
group of substances in nature. Lignins constitute 28% of .the wood
subStange in Douglas Fir, and are defined as thé total noncarbohydrate
fréction of the extractive-free portion. Entirely different aﬁd
separaté.froﬁ the carbohydrate polymers, lignin is essentially a
highly branched three—dimensional amorphous polymer consisting of

aromatic building units. Numerous wood chemists. (14-16) have



‘Fig. 1.

The Structure of Cellulose.

CH,0H

XBL 795-1647
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attempted to elucidate its structure; the lignin model devised by
Freudenberg (17,18) (Fig. 2) is considered to be most nearly typical.
.Lignin consists primarily of methoxyphenyl-propane building units
linked together by carbon-carbon and carbon-oxygen bonds, but many
details remain in doubt. It iévgenerally believed that lignin is
bonded to hemicellulose vié ether or glycosidic bonds; receﬁt electron
microscopy studies (19) seem to:support this view.

A whole mature wood is made up of elongated cells (fibers)
consisting of four majof layers (Fig. 3a), the fibers being bonded
togethe; with intercellular substances. Lignin is present in high
concentration (Fig. 3b) in the outer layers (P) and decreases rapidly
towards the inner wall (S3). In contrast, cellulose content is low in
P but comprises over 80% of $S3. Hemicellulose is usually found in all
layers, but its percentage incféases-in the inner layers.

Because lignin is concentrated in the outer layers of fibers, it
is believed to provide structural rigidity, stiffening the fibers and
holding them together. The aim of wood-pulping reaction is to remove

this bonding layer so as to free wood fibers. In wood liquefaction

the objective is complete solubilization, requiring reactive chemicals-

~that can degrade both lignin and cellulose.

2. Chemical Reactions

At normal temperatures, wood has remarkable resistance to degrada-
tion by chemicals and solvents. Depending on the prevailing tempera-
ture and chemical environment, wood can be subjected to reaction but

rarely undergbesvtotal degradation. One noted example is the

L
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Fig. 2. The Structure of Lignin.
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production of pulp, or delignified wood, for making paper. Some major
wood reactions are summarized in the following paragraphs.

Water at room temperature has very little chemicai effect on wood.
This méy be attributed to the highly complex interpenetrating network
of Qood fibers and high crystallinity of the carbohydrate system which
effectively‘reduces the accessibility of gﬁemical reagents. As temper--
ature risés, reactions commence. Some weakly bonded hemicellulose
fractions, notably the uronic acid (sugar acid) will bebdis;olved; the
rate of dissolution goes up with température. As the dissolved acids
make the system more and more acidic, hemicellulose and cellulose
hydrolysis commences. At temperature above 140°C, removal of hemi-
cellulosg becomes rapid. Some lignin also dissolves to a lessef
degree.. Heating wood in slightly acidified water to 250°C produces a
brownish liquid and a black charry reéidue.

Concentrated mineral acids at room temperature, for example 72%
sulfuric or 4éZ hydrochloric acid, are capable of hydrolysing the
carbbhydrate fraction of the wéod,vleaving degraded but condensed
lignin as a solid residue. This low-temperature high-acidity process
constitutes a basis for lignin determination. Dilute acid, on the
other hand, only reacts with wood at higher temperature (e.g., 180°C),
to effect hydrolysis and recover reducing sugars (glucose) from wood:
These sugars serve as a starting material to be fermented to a cfu&e
ethanol which, under current conditions, can be mixed with gasoline to

make gasohol.
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Wood is severely degraded in strong alkaline solution (10-25%
NaOH) at room temperature. Hemicelluloses are most susceptiﬂle to
dissolution. Extractives and lignin degradation products are also
found in solution, especially when the temperature is raised. The
Kraft pulping process is based on this principle for removing lignin
from Qoodf However, alkaline pulping involves a penalty in reduced
pulp yield, because cellulose is also sdbject to degrada;ion.

Woéd is moderately resistant to oxidation an§ reduction reactionsr
except at relatively high temperature; Pyrolysis of wood, a process
involving self-oxidation and reductiéq, is cbnducted at temﬁeratures N
of 450-600°C. Caﬁalytic wood hydrogenation (20) at above 300°C has
béen found promiging in producing petroleum~-like product.

(a) Reactions of Cellulose and Hemicellulose

Because of the similarity of structures of hemicelluloses and

cellulose,'known reactions of cellulose will often be applicable for
"hemicelluloses as well. Due to the lack of crystaliinity aﬁd low
mqlécular Qeight of the latter, their reaction will generally be
faster and more compiete.'

Ma jor reacﬁions of cellulose will be sﬁmmarized briefly. Tﬁe
reactivity (21-23) of cellulose is essentially attributable to tbe'
presence of one primary and two secondary hydroxyl groups on each
anhydroglucose unit. On this basis cellulose should react like a
polyalcohol, but there are two major differences between the reactions
of cellulose and other-alcohols. Firét; uniformity of cellulose

reactions is sometimes very difficult to achieve. Because cellulose
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is normally in a solid state during reaction, problems are encountered
in_méking all hydroxyl groups.fully-available for reaction. Second,
bond breaking of C-C and C-0 links usually occurs in cellulose, giving
faster degradation than for polyalcohols.

Cellulose degradation via hydrolysis in an acidic medium is a com-
mon reaction. The mechanism is welllunderstood, in that B-glycosidic
bond s between the glucose units are brokén, and water is added to the
depolymerized anhydroglucose units to make gluéoSe.monomeré.h Cellu-
lose also degrades in alkaline medium as illustrated in the Kraft
pulpiﬁg process. The degradation starts at‘the reducing end of the
chain and occurs fhrough the formation of a carbonyl at carbon-2
position. The end product is a mixture of degraaed cellulose and
" metasaccharinic acid which is formed via benzilic acid type ‘
-rearragnement.

Cellulose reactivity for all reactions can be increased by swe}l-
ing agents or complexing agents. The swelling agents expand the cellu-
lose and weaken its cr?staliinity, so as to increaée contact with the
solvent. Complexing agents like strong sodium hydroxide, tetramine
copper(Il), ethylenediamine coppet(II), or acid salts function
similarly,

(b) Reactions of Lignin

Among the wide spectrum of reactions involving lignin, two
pertinent to this study are pulping and alcoholysis reactions. The
former involves dissolving lignin from wood in either alkaline solu-
tion as in the Kraft process, or acid solution as in Sulfite pulping.

Mechanisms for both processes are well worked out.
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In pulping, lignin is removed by carbon-oxygen bond scission,
generating carbonium ions which are stabilized by nucleophilic addi-
tions of active pulping reagents. The active.reégents in the Kraft
ahd Sulfite processes are sodium hydrosulfide and sulfurous acid
respectively.

Alcoholysis constitutes another important reaction of lignin in
the context of liquefaction. As early as 1900 chemists working to
extract and isolate lignin from plant material, with the aim of
identifying its structure, used alcoholysis as a popular approach.
Lignin for these experiments was obtained as ﬁhe residue from acidic
.cellulose hydrolysis.

Harris and co-workers (24) used methanol with a small amount of
HCl in dioxane to partially dissolvé lignin at 120°C. MacGregor, -
Evans and Hibbert (25) isolated spruce lignin by cooking 10 grams of
spruce wood flour in 350 cc ethanol cbn;aining Zzlhydrogen'chloride,
at 70°C for 12 hours. The resultant ligﬁt»brownish solution was
evaﬁdrated to recover the lignin. Structure determinations revealed
that ethanol hadvalkylated to the B-carbon én the pfopyl side-chain of
lignin., Hibbert and co-workers (26-28) attempted the ethanoiysis of
14(4—aceto*y-3-methoxy phenyl)—Z-propaﬁe in a medium of ethanol and 2%
hydrogen chloride at 50°C to model thevreaction 6f spruce lignin.
qbtained earlier.

Adler and Gierer (29) alkylated Brauns sprucé lignin with methanol
‘and 0.5% HCl at room temperature for 48 hours. As ¢gch as 0.5 methoxyl
group per methoxyl group originally présent was introduced, suggesting

that methoxylation was an etherification type of reaction.
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Hibbert et al. (30) and Sarkanen and Schuerch (31) have depolymer-
ized spruce lignin by ethanolysis, using a mixture of ethanol and
chloroform as solvent and a small amount of hydrogen chloride as cata-
lyst. They discovered that extensive bond scissioning occurred if
ethanolysis was carried out at high temperature (150°C). The extracted
lignin has an a-carbonyl group in the propyl chain. The oxygen contenf
of the product lignin was reduced, indicating a possibility of intra-
molecular dehydration reactions occurring concurrently.

Kosilova and Polcin (32) found that methanolysis of spruce wood in
a medium of 0.5% HCl in anhydrous methanol followed first-order rate
behavior. Addition of 10% dioxane doubled the rate. Alcoholysis in
general was discussed in terms of solvent acidity and solubility
paréméter. Again, product analysis turned up evidence of extensive
B-carbon bond scission. |

B. Wood Liquefaction Literature Review

1. Wood Pulping for Paper Making

Mechanical pulping (33), the first pulping process to convert wood
to low grade pulp, was developed in about 1800 and is still used. The
wood blocks are held against a grindstone in the presence of water and
the wood is reduced to a fibrous form. The product contains both
cellulose and lignin, and makes poor paper.

Sulfite pulping (33) utilizes chemical reagents such as calcium
sulfite and other sulfite salts. Wood chips are cooked in the weakly
acidic pulping solution at.160 to 180°C for 5 to 10 hours. Delignifi-

cation is believed to occur through attack by the HSO3 ions on

carbon-oxygen bonds that link the lignin monomers:
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The other widely used pulping reaction, the Kraft process (33),
involves cbokingbwood chips in aqueous sodium hydroxide containing
sodium sulfide at 170 to 180°C for 5 to 10 hours. -Herew.the carBon—
oxygenvbonds are cleavedbby sodium hydrosulfide, formed from

hydrolysis of sodium sulfide:

Na,S + H,0 === NaOH + NaiS
The‘HS- also "caps'" the brokeﬁ bonds and preventé their'reéolymeri—
zation. An undesirable side reaction of the Kraft process is a degra-
dation of cellulose which reduces the overall yiéld.

The.waste liquors in both Sulphite and:Kraft ﬁroéesses-are evapo-
rated to recover the pulping-réagents'and concentrate the dissoived
lignin, which is then burned to pfovide'process heat. .Attempts‘(34 35)
have been made to hydrogenate 11gn1n-conta1n1ng 11quots w1th the aim of

Jproduc1ng phenolic derlvatlves. The high sulfur content of the liquor.
and the ﬁon—uniformity of the‘products have 1ed to unusually high costs

of separation.
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2. Wood Hydrolysis

Wood hydrolysis recently is becoming a more and more popular
technique for obtaining sugars from wood by hydrolytic cleavage of
B-glycosidic bonds, either.in strong acid at low temperature or in
dilute'acid at high'temperaturé (36-38). Glucose is the main product,
with smaller quantities éf mannose, galactose, xylose, and Qfabinose.
In addition to sugars, decomposition products like hydroxymethyl-
furfural, other furfurals (42) and organic acids are also present in
the high-temperature product.

Wood hydrolyzate is a good raw material for fermentation to ethanol
(39-41) for blending with gasoline to be marketed as gasohol. Other
fermentation products include butanol, acetone, butylene glycol, and
organic acids, as well as yeast which is of value in animal feeds.
Sugar degradation éroducts like furfural and hydroxymethylfurfural
(42) are at time inteqded products from wood hydrolysis. Levulinic
acid, dervied from hydroxymethylfurfural, is being produced commer-
cially for conversion to chemicals like diphenolic acid, chemical sol-
vents, and plastisizers, etc.

3. The PERC Process

Appell and co-workers (43) at.PERC discovered a way to dispose of
urban waste, notably cellulosic matter, by converting it to oil. 1In
1921, Fischer and Schrader (44) demonstrated the effectiveneés of
solubilizing low-rank coals in a medium of carbon monoxide and water
at elevated temperature (380°C) and pressure (4500 psgi). Conversion
as high as 407% was reported. Later studies (45) were extended to

process cotton, newsprint, and pine needles, using either 380°C or
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250°C with 4500 psig of carbon monoxide for one hour. The low-
severity experiﬁent gave a soft bitumen-like product, solid at room
temperature; it had high oxygen content (20%) and was éparingly
soluble in benzene. The high;severity conditions gave a viscous dark
brown liquid with an oxygen content of less than 10%, and was wholly
soluble in acetone.

The investigation (46) was later extended to include wood waste
and bovine manure as reactants. Using similar reaction conditions,
batch autoclave experiments were used to evaluate the effects of>
temperature, carbon monoxide, water, and catalytic additives. Sodium
carbonate was found to be the best catalyst, and presence of water was
found to be essential (possibly for the genératién of hydrogen by the
water-gas shift reaction). Water also acted as a reactant for cellu-
vlose hydrolysis and'as.a solvent.to receive water-soluble products,
but its high vapor pressure tended to raise the dperating p:essure‘
prohibitively.

At tempetatures‘of 250 to 400°C (47) there was little effect on
" conversion and oil yield. Below 250°C reaction was too.slow for any
practical purposes, and above 400°C the product was carbonized. The
250°C product was tar-like ﬁt roomrtemperafure,-énd pumpable near
100°C or above; The 380°C product was a black freé—flowing liquid
with a viscosity of 150 centistoke at 50°C and 152 centistoke at
88°C. In processing wood waste, 325°C was reported to be an optimum

température,-at which a pourable product was produced.
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Effects of carbon monoxide pressure on 0il yield and conversion
were studied. The results are summarized in Table 4. Using water as
solvent, a 2000 psig operating pressure at 250°C corresponding to 600
psig of initial carbon monoxide was found to yield acceptable product
quality and carbon monoxide consumption. |

In an effort to increase oil yield and conversion by raising the
process temperature, organic solvents were examined as reaction media.
Anthracene oil, phenols, isoquinoline, and other high-boiling solvents
were tested at 380°C and initial CO pressure of 600 psig for 15
minutes. It was found that the oil yield increased from 25% without
the solvents to 50% or higher with thé solvents. This improvement was
believed due in paft to the extraction of organic intermediates from
the aqueous phase into the oil phase, where they are converted to oil.
Thesée high-boiling solvents also provided a polar liquid medium which
assisted the breakdown of large carbohydrate molecules to soiuble
reactive species. Among the solvents tested, anthracene oil ranked
best. Cresols were found to effect even a higher oil yield but
incofborated ihto the product resulting in solvent loss. From the
process: standpoint a wood-derived carrier oil would be ideal, because
its incorpdraﬁion would be economically acceptable.

Process mechanistic studies (45) were carried out through the use.
of methyl ethyl ketone,vn—butyraldehyde, benzaldehyde, acetophenone,
and other model compounds at 250°C with sodium carbonate as catalyst.
Based on these studies and certainvearlier work, a reaction mechanism

consisting of the following steps was“proposed:
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Table 4. Effects of Carbon Monoxide Pressure on Cellulose Conversion.

Initial CO(psig) Qil yield (%) Conversion (%) Operating Pressure (psig)

0 24 78 960

100 24 76 1,150
200 32 83 1,380
300 32 82 1,480
1 400 34 84 1,500

500 35 87 1,640
600 40 90 1,840
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(i) Sodium carbonate in water reacts with carbon monoxide to

yield sodium formate.

Na2C03 + 200 + HZO—-&-»_HCDZNa + CO2

(i1) Adjacent hydroxy groups in carbohydrate dehydrate to form

enol which isomerizes to ketone.

OO —z
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(1iii) Formate ions and water reduce this carbonyl group to make

alcohol.

j Ly
HOO. + C c— > C C + CO
2 | I | - 2

H H 0

L P
—C <|:— + HO0—> ? o + OH

| - |
H 0 H OH

(iv) Hydroxyl ions react with CO to regenerate formate ions.

OH + co——-»Hooz'

Two major side reactions were believed to have taken place. A

desirable one involved benzylic-acid rearrangement of two adjacent
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carboxyl groups, yielding hydroxy acid which then decarboxylated
(lowering the oxygen content without consuming O or formate). An
undesirable side reaction involved condensation with formation of char, -
a step which aﬁpears to be inhibited by higher pressure and carbon
monoxide. The mechanistic pathway for converting lignin to oil (45)
was said to involve reduction of carboxyl groups by carbon monoxide
(eqn. iii) via formate ions (eqn. iv). This thus eliminated much of
the cross-linking and charring that normally accompanied the heat
treatment of lignin. Eliminating condensation and cross-linking of
dépolyﬁgrized material seems to be the key for obtaining good quality
product at high temperature and préssure.

To pursue this development, a process demonstration unit (Fig. 4)
was built at the Bureau of Mines faciiity iﬁ-Albaﬁy, Oregon, in 1977
to handle 3 tons of wood feed per day. After the unit was commis-
sioned, it was plagﬁed with operatioﬁal problems which faised serious
doubts regarding process feasibility of the carriéf (anthracene oil)
to slurry more than 10% wood flouf, compared with 30% in the original
design. Even at below 10% slurry, serious equipment and check-valves
failures occurred. |

Lawrence Berkeley Laboratory contracted with DOE to monitor the
PDU development in mid-1978. An immediate ﬁask was to help to over-
come the equipment plugging. Research indicatgd.the benefit of a&ding
a front-end acidic hydrolysis>reactor which broke down both wood chips
and wood flour and rendered the mixture pumpable by conventional pdmps.

With this approach, a first barrel of wood-derived oil was produced in
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1979, establishing the "LBL Process" feasibility. However, acid used
in the hydrolysis reaction needs to be neutralized before the lique-
faction step.

The oil from Albany PDU using the LBL modified approach is a black
viscéus liquid at room temperéture. It is soluble in acetone, and has
a specific gravity and 210°F viscosiﬁy of 1.10 and Sé centipoise;
respectively. Elemental analysis showed that it contains roughly 13%
oxygen and an H/C ratio of 1.17. The heating value for the product
was estimated to be ‘around 15,000 BTU per pouﬁd.-

Schaleger (48) and Battelle Pacific Northwest Laboratofy (49)
conducted some extensive chemical characterization teéfs and found
that the product contains 30-35% phenblic materials, 45% neutral oil,
and the rest heavy residuals. Roughly 65% of the product is distill-
able at 210°F and 10 torr. GCMS result revealed the presence of
guaiacol and propyl-guaiacol (apparently derived from lignin) and
furfurals, cyclopentanone, and cycloﬁexanone’(apparently from
cellulose degradation).

More recently, equipment modification in the PDU has resulted in a
successful run without prior hydrolysis. A product oilvrelatively free
of start-up anthracene oil (50) was found to be quite similar to the
"LBL" oil, but lower (<7%) in oxygén'content.

4. Miscellaenous Wood Related Hydro-Liquefaction Process

Fierz-David (51) and Bowen et al. (52) showed in early 1900's that

cellulose could be converted to iiquid materials by means of high-

temperature (420-440°C) hydrogenation. They also demonstrated the
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feasibility of turning cellulosic plant materials into a bitumen-like
material under elevated temperature in.caustic medium. Their work
thus set the course for converting biomass material to hydrocarbon.

Fierz-David's work was followéd up by Berl et al. (53-56), who
reacted cotton with sodium hydroxide at 310 to 330°C and obtained gases
and tars. The tars were:- subsequently hydrogenated at 420°C to yield
more gases and hydrocarbon oils. Heinemann (57-59) confirmed the
earlier result by transforming cellulosic matters, notably sugar cane,
cotton wood, bamboo sticks, etc. to a bitumen-Iike material under
alkaline conditions at elevated temperature. By—prodhctg inc lude
carbon dioxide, methane, water, phenols,. and phenolic carboxylic acids.
The process conditions used were quite severe: five hours digestion at
250°F, followed by another five hours at 800°F in a 7.5 to 1 ratio of
1 N. aqﬁeous NaOH to -biomass. The yield of bitumen solid was low, and
varied proportionally with the alkali charged. Hydrotreating the
bitumen materials with catalysts like molybdenum oxide of sulfide at
750°F under 1000 psig-hydrogen yielded gasoline, mid&le distillate,
and 1§bricating oil.

Lignin was also tested as a. substrate for hydroliquefaction.
Lautsch and others (60,61) used 1-4% sodium hydroxide media at 250 to
350°C for 8 to‘12'hogrs with various nickel, cobalt, and copper . salts
as catalysts. Products obtained were soluble in ether (10—30%) and
were about one-third distillable; they were primarily.phenolic materi-
als with less active catalysts, or cyclohexanol and cyc}ohexanol

derivatives with more active catalysts.
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In other work, Harris and Adkins (62,63) used copper chromite to
hydrogenate lignin at 250 to 300°C for 12 to 15 hours in dioxane,
yielding 30 wt?% of distillable product. Hachihama (64) and Ritchie
(65) used Raney nickel at 250°C for 5 hours at 300 psig of hydrogen to
hydrogenate lignin, and obtained a product of which 24 wt% was distill-
able. Hibbert and co-workers (66) used both copper chromafe and Raney
nickel under similar conditions, and obtained 70 wt% distillable.
Ruthenium and its saICS';ere found by Vasyermiéa (67,68) and Sergeeva
(69) to be effective catalysts in treating alkali.lignin.

A mixed solvent containing spdium hydroxide, ethanol, and water
was used by Lautch and Prayolo (70,71) to hydrogenate lignin with
Raney nickel as.caﬁalyst, at 350°C for 9 to 11 hours, up to 807 of
lignin was convefted, and the resultant product was up‘to 50% distill-
able.. Othér solvents investigated included phgnolv(72,73) and cresol
v(?h) with catalysts such as molybdenum oxide, molybdenum sulfide, and
bog iron ore. O0il and tar from lignin asvhigh a§'75% were obtained;
~ addition of small amounts of sulfur, in some cases, enhanced the
hydrogenation and increased the oil yield.

Acia_media,for catalytic hydrogenation of lignin were also
investigated. Hachihama and Jyodai (75-77) hydrogenated liénin
isolated with hydrochloric acid tteatment from sources like wobd,
beech and bagasse. With a nickél oxide catalyst at 300°C, conversion
was highv(>7OZ) and the products were deterﬁinéd to be phenolic deriv-
atives. Sakakibosa et al. (78-80) used copper.chromite.ahd also

cobalt, molybdenum, and nickel carbonyls to hydrotreat lignin obtained
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from acid hydrolysis of wood. Catalysts were found to be effective in
the temperature range of 400 to 450°C, but phenol yields were lower
than those obtained from alkali lignin under the same conditions.
Whole-wood hydrogenation to makevdistillable product has also been
looked into. Lindbold (81) impregnated sawdust with nickei hydroxide
and tested it at 250°C in an atmosphere of.hydfogen. Approximately SZ
hydrogen (based on wood) was absorbed, and 30% of the product was
distillable. -When cobaltous sulfide was used:to_impregnate wood,v7%
of hydrogen was absorbed giving 407 of oil product 6f which 67%
distilled below 180°C. Higher temperature (400°C) produced excessive
gaséous products unless nickel hydroxi&e, zinc chloride, or molybdic
acid was present to suppress gas formation. Hallbnquist (82) cérried
out numerous hydrogenation reactions of Douglas Fir in acidic (pH=4)
aqueous solution. The ekperiments.were.run at 250°C and 2500 psig of
" hydrogen using Raney nickel as catalyst. Up to 10%-of hydrogen was
adsorbed to yield approximately SOZFdistillable liquids. Rantala (83)
reported that copper and cobalt hydroxides, nickel formate, ammonium
molybdate and chromate each catalyzed the liquefaction of sawdust at
high temperature yielding oil yield as high as 35%. Shajberk and
Savarin (84) used wood flour impregnated with nickel acetate under
hydrogen aﬁmosphere at 165-230°C, and obtained more. than 70% of liquid
products Witﬂ very 1itt1evgas-formation. More recently, Boocock
(20,85) of the University of Toronto treated a fast grbwing hardwood,
hybrid popular, suspended in water at temperatures around 350°C aﬁd

hydrogen pressure of approximately 1500 psig. Raney nickel was used
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as a hydrogenatibn catalyst. Complete conversion of wood to oil and
gas was reported. The oil was low in oxygen (~10%) and had a heating
value of 17,500 Btu per pound.

H-donor liquefaction approaches reminiscent of German technology
for liquefying coal were also tried, Boomer and Edwards (86) heated
Doﬁglas Fir sa@dust in tetraliﬁ at 300 to 3SQ°C with an initial
hydrogen pressure ofIIOOO psig, with complete conversion of wood and
partial conversion of tetralin to naphthalene. Bobrov and Kolotova
(87) hydrogenated spent sulfite liquor in hydrogenated oil at 350°C,
observing. substantial hydrogenAconsumﬁtion at 350°C with a high yield-
of heavy oil; a lighter o0il boiling below 150°C was obtained by trea;-.
ment above 400?0, Suida and Drey (88,89) hydrogenated spruce lignin
using decalin at 450°C and 12 hours; éroduct consisting of 40% iiquid;
15%2 tar, 30% residue and 15% gases and water was obtained.. Similar
‘results were obtained by Kleinert (90,91) who treated spruce quuor
with cyclohexanol at. 300°C for three hours. Other solven;s, cyclo-
hexadiene, cyclohexene, and o-pinene, were also investigated as

possible hydrogen donors.
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CHAPTER II1I

PROCESS FUNDAMENTALS

A, Concept

Wood liquefaction involves a lot of bond breaking which can either
be achieved thermally, with and without catalysts, or via chemical
reaétions. Catalytic and non-catalytic thermolysis processes have
been shown to be feasible. The Albany PDU's PERC process is a classi-
cal example of the application of high-temperature catalytic process
in wood liquefaction. In this case, high temperature is needed
because of the inability of the solvent to solubilize.wood at low-
severity conditions. It was predicted that if wood can be dissolved,
better mass and.heat transfer will result in a liquefaction process
feasible under milder process conditions. Therefore, the key is to
solubilize wood.

Genérally speaking, solubilization usually requires high tempera-
ture. However, a chemical reaction if effected properly will allow
the dissolution process to take place under milder conditions. Hence
an immediate objective was to identify this ‘'chemical reaction." Since
chemistry of wood is described via chemistry of its constituents,
chemical reactions of lignin and cellulose therefore would be the
sources of ideas for wood solubilization processes. After an exten-
sive literature survey and an indepth look at wood chemistry, such
"chemical reaction" was identified.

The liquefaction process concept developed is based on two well

known reactions, they are:
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o cellulose hydrolysis
o lignin alcoholysis

1. Cellulose Hydrolysis

Cellulose has always been relatively easier to solubilize than
lignin. Cellulose hydrolysis in?olves depolymerizing cellulose in an
aeidic medium atirelatively low temperature (<200°C) for én hour or
less. For this step, no gas is needed (other than water vapor).

With respect to oxygen removal, hydrolysis acts in the wrong
vdirectiqn. The g—glycosidic carbon-oxygen bonds are opened and capped,
usually by water in the solvent; this in effect increases the oxygen
content in the product. However, if process conditions can be found
to promote dehydration without condensation, oxygen can again be re-
moved in the form of water. Cellulose éan be transformed via glucose
inﬁo hydroxymethylfurfural or related compoundé_as an intermediate at
loﬁ-sevérity atmbspheric—pressure conditions, thus lérgely eliminating
the need for reducing gas.

Hydroxymethylfurfural monomer is a liquid at room temperature. It
has an 0/C ratio of 0.5, compared to 1.0 for glucose and 0.83 for cel-
‘lulose. Further oxygen reduction can be achieved by hydrogénatiqn.
Decarboxylatioﬁ offers another viable option, but cérbon monoxide input
is needed for this method. h \

2. Lignin Alcoholysis

Lignin alcoholysis is less thoroughly understood. It involves
solubilizing lignin in a solvent or mixture of solvents. This concept

of solubilizing lignin was utilized quite extensively in the early
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1900's by wood chemists such as Brauns (14,15), Hibbert (26,27), and
Freudenberg (17) in their isolation of lignin from plant materials.
Iheir reaction conditions were rather ﬁild: 40° to 120°C, at from 5 to
48 hours, with very low yields ( 5%). - Nevertheless, the method of
dissolving lignin into solvents was firmly established.

Research using combinatioris of alcohols as delignification agents
has continued actively over the last fifty years (92-96). Process
severity was mild (160 - 250°C), but residence times were long (5 -

10 hours). Yields as high as 90% lignin removal were reported, but
unacceptably high-solvent_or alcohols losses occurred through incorpo-
ration. Recent work (97) indicates that adding a catalyst could con-
ceivably catalyse lignin solubilizaton without adversely incorporating
excessive amounts of solvents. The catalysts used were mainly acid:
saits such as zinc chloride, ferric chloride, and aluminum bromide.

With procésses for separately liquefying or solubilizing cellulose.
and lignin potentially available, the aim has been to identify a
system such that both cellulose hydrolysis and lignin éolvolysis could
‘occur simultaneously. This translated into the.problem of finding a

solvent or mixture of solvents capable of solubilizing lignin and

cellulose.
B. AEEroach

Once the liquefaction concept was decided, a trial process had to
be conceived. With the aim to utilize lignin alcoholysis and

cellulose acid hydrolysis, acidified alcohol in solvents were the
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obvious choice - but which acids and which alcohols? Process condi-

tions were another issue yet to be solved.

‘1. Solvent Selection

Dissolution.of cellulose and hemicellulose in acidic medium has
"been much investigated (98—102). It is only a matter of Cﬂoosing the
process conditions such as acid conceﬂtration; temperature, and resi-
dence time. On the other hand, solvents that can dissolve lignin are
not so well established. The situation is further‘complicqted by the
fact that the solvent or solvents which are capable of'dissolving.
lignin must simultaneously solﬁbilize éellulose. For this reason, a
careful literature study was initiated to screen solvents.

One frequenﬁly studied method to dissolve or- extract lignin is
ethanolysis. Other alcohols like phenol (103), butanol (103), and
ethylene glycol (104) and also non-alcoholic solvents such as DMSO and
DMF (104) héve been:used; but since the objective was structure deter-
mination, little consideration was given to their capacities and
extraction rates. The process temperatures used were mild (from 40°
and 120°C), rates slow, and the yields of lignin removed very low.
Thus, the procedures had littievrelation’to industriai appLication;

Oﬁher solvents were tested with befter results. Kachi and
Terashina (105) treated dry pine meal with.benzyl ethyl ether in
anhydrous dioxane at 90°C for 8 hours obtainihg 25% solubilization éf
lignin, or more if small amountS»of‘gatalysts like hydrogen chloride
and boron trifluoride were added;“ Scﬁerch_(106,107).discovered that

solvent effectiveness increases as the'hydrogen-bonding capacity of
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the solvent increases, attributable to the carbonyl and hydroxyl
groups in lignin. He suggested that the best lignin solvents have a
Hildebrand solubility parameter of about 11. His data are shown in
Table 5 and Figure 5. Ekman and Linberg (108) found that binary
organic solvent mixtures dissolve lignin better than the individual
solvents. Using milled wood lignin from Scotch pine, they correlated
lignin solubility empirically as a function of solvent composition,
solubility parameter, dielectric constant, and molecular weight using
the data shown in Table 6.

2. Solvents Derivable from Wood

From an overall point of view, a process self-sufficient in
supplying its own process solvents would be highly desirable. The
overall proceés economics would be more favorable and could potential-
ly shorten the lead time for process commercialization.

(a) Lignin

Acid degradation with 0.2 M hydrochloric acid in dioxane-water
(9:1) for 4 hours was used by Lundquist (109,110) on milled wood
lignin from birch. He obtained considerable amounts of phenols with
one or two aromatic rings. Most of the phenols identified were
related to derivatives of arylglycerol B-aryl ether,
1,2-diaryl-1,3-propanediol, or syringaresinol structures.

Pepper and co—workersv(lll),\in hydrogenation of spruce lignin
using Raney nickel and palladium-charcoal as catalysts, obtained
. phenols, phenolic deri?atives (catechol, cresol, and methoxy phenols),

and a small amount of straight-chain alcohols. Dioxane-extracted
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Table 5. The Solubility of Isolated Lignin in Single Solvent.
(Refs. 106, 107)

Solvent Cohesive EnergyiDensity “Indulin”’ “’Meadol’’
{cal/cc) % Kraft Pine Soda Hardwood

Hexane 7.4 : Ins Ins
‘Ether 7.5 Ins Ins
Carbon tetrachloride 8.6 Ins Ins
Xylene . 878" Ins ~ Ins
Diethylene glycol 9.1 ' Sol Sol
Ethyl acetate 9.1 _ Sli Sli
Benzene 9.15 o Ins Ins -
Methyl ethyl ketone 9.3 : Par Par
Chloroform v 9.3 : Ins Sli
Chiorobenzene 9.5 | Ins Ins
Carbon disulfide 100 ~lns fns
Dioxane 10.0 Sol ' Sol

" Nitrobenzene - - 10.0 Ins . Sli
Acetone 10.0 ' , Par Par
Methyl formate 1016 Par Par
Acrylonitrile : 105" Sli : Sl
1-Nitropropane : 10.7 ins Ins
Pyridine o - 107 Sol ~ Sol
.Nitroethane _ 1.1 ins _ ' Ins
Butanol 11.4 Ins Ins

- Propanol , 11.5 Sli Ins
Acetonitrile 11.89 st : - Sl
Nitromethane 12.6 Sli ' - Sli
Ethanol ' 12.7 Sii Sli
Ethylene glycol . 14.2 . Sol Sol
Methanol ‘ 14.3 _ Par _ - Par
Glycerol : 16.5 : “Ins , Ins
Water : ’ 23.4 " Ins ‘ Ins
Notes:

Ins : insoluble

Sli : slightly soluble
Par : partially soluble
Sol : soluble
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Table 6. Solubilities of Pine Lignin at
Room Temperature. (Ref. 106)

) . Solubility, mg/mi
Solvent System wi(?)
Milled Wood Dioxan Soda
Lignan Lignin Lignin
Ether
— 1.2.Dichioroethane 0 0.0 0.165 0.050 -
20 0.300 0.070
40 (1) 0.715 0.122
60 0340 0.310
80 0.330 0.174
100 0.575 0.220
— Dioxan o’ 0.0 0.075 0.0
20 0.055 . 0130 0.0
40 0.085 0.255 0.090
60 0.185 0.310 0.202
80 0.255 1.335 0.845
) 100 6.25 65.75 278
- Acetone 0 0.0 0.112 0.042
20 0.030 0.285 0.220
40 0.095 0.460 0.194
60 0.106 0.580 0.386
80 0.315 . 0.615 0.428
100 1.200 2.405 0.840
— Ethanol [} 0.0 0.0 0.0
20 0.040 0.195 . 0.020
40 0.060 0.395 0.130
60 0.065 ) 0.615 0.234
80 : 0.070 0.715 . 0,230
100 . 0.140 0.805 0.330
1.2-Dichloroethane ‘0 0.0 0.175 0.336
~ Ethanol 20 [41] . 1.200 0.690
40 14.90 1.440
60 71.50 35.40
80 §8.00 . . 3.780
100 1.035 0.226
t-Butanol ’ .
— Acetone 0 0.0 0.090 - 0.026
20 |l 0005 0.315 '0.266
40 0.050 . 0738 0.410
60 0.930 0.910 . 0.430
80 1.970 1.280 0.872
100 1.200 2.405 0.907
— Ethanol =~ 0 0.005 0.090 " 0.026
: 20 0.030 0.160 - . 0.046
40 .0.085 0.150 0.074
60 . 0050 . 0.245 0.162
- 80 I 0070 0.400 0.202
100 0.140 0.865 0.410
- Methanol -0 - 0.008 0.080 0.026
20 0.015 0.295 . 0.080
40 . -0.030 0.540 0.130
60 0.055 0.470 0.186
80 : 0.060 0.740 0.382
100 0.385 ] 1.100 0.338
Dioxan o - ' -
- Water [} . 6.26 o 56.50 0.740
40 645 . 315 -
85 0.585 0.262 0.106
90" 0.500 0.135 0.094
95 0.130 0.115 0.154
100 ] 0.030 0.085 | . o.046.

Notes:
(1 ery solubte.
}Percentage of second component.
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lignin dissolved in diesel o0il was hydrogenated by Rieche and
Lindenhayn (1125 under high hydrogen pressure (360 atm.) and high
temperature (400°C), using oxides and sulfides of iron, copper,
molybdenum, or tungsten as catalysts. The yield of monohydroxy phenols
ranged from 1 to 38%, along with other products such as guaiacol,
anisole, and p-tolymethyl ether. Similar résults were obtained by
Parker (113) by hydrogenating maple lignin over Raney nickel in 5%
-sodium hydroxide solution.

Bronovitskii and éo—workers (114) hydrogenated lignin in a mixture -
of recycled phenols over sulfides of cobalt, copper, nickel, and iron.
An 807 éonversion gave products varying from monomeric hydroxyphenyl
propane, cyciohexanol, ethylene glycol, and glycerol, to ethanol and
methanol. Dimers, trimers, and polymers of phenyl propane structures
were also observed..

San John and Dobrev (115) reported infrared and gaé chromatographic
data for mixed alkyl phenols and neutral substances obtained by hydro-
genation of corncob lignin in anthracene Qil with limonite catalyst at
330°C, under hydrogen pressure of 240 atﬁ. for 2 hours. p-Cresol
accounfed»fOt 54% of thé total phenols. Figure 6 depicts solvents
derivabie from 1igniﬁ.

(b) Cellulose

Liquid solvents from celluioée, as studied by Harris and co-workers
(102), contain hexoses and pentoses, some carboxylic acid, and decompo-
sition products such as hydroxymethylfurfural and other furfurals,

Clark (116) discoverd that hexose sugars readily hydrogenated to their
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corresponding sugar alcohols; higher temperature was required for
clevage of the sugar molecules resulting in products like sorbitol,
1,2-propanediol, glycerol, ethylene glycol, and aiiphatic alcohols
like hexanol, butanol, ethanoi,vand methanol. Figure 7 depicts the
possibie products from depolymerization of cellulose.

| All of these solvents are quite polar, with large hydrogen-bonding
capacities. The solubility parameters of the wood-derived solvents
just mentioned vary from a high of 15.7*% (ethylene glycol) and 14.5%
(phenol) to a low of 10.4% (Butanol) making them possibly good ;olvents
for lignin. |

3. Selection of Process Conditions

After identifying the solvents potentially feasible to solubilize
wood, it was decided to devise liquefaction process conditions under
which to examine the solvents' capability to liquefy wood.

(a) Solvent Medium

A mixture of two solvénts was envisionéd: alcohol to solubilize
lignin, and aqueous aéid to hydrolyze cellulose. Préfetably these two
solvents should be completely miscible. Immiscibility of the organic
and aqueous solvents would tend to retard the solubiiization of both
lignin andbcelluioSe, even though it might facilitate recovery of the

alcohols for process recycle.

* King, C. J., "Separation Processes," p. 738, Table 14-7, McGraw-Hill, .
New York, 1970. : S
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These considerétions suggested the use of a half-and-half mixture
(by volume) of alcohol and water at a fairly low pH. Possible acidi-
fiers were sulfuric acid, and carboxylic acids such as acetic, formic,
or glucuronic acid. Emphasis was given to using organic acids because
they are, like alcohols used, derivable from wood.

(b) 'Procesé Temperature.

Typical Kraft process or Sulphite process (33,117) delignification
("pulping") is carried out at temperatures from 160°C to 200°C for
times of 2 to 5 hours. Alcoholic delignifications (95-97) reactions
investigated entail similar process conditions. Pepper and Steck
(118), in hydrogenation of aspeh lignin, found that 195°C for 5 hours
resulted in the best yield‘(~SO%) of phenols and phenqlic derivatives.
Invadditioh, cellulose hydrolysis takes place at 120°C to 200°C. Thus,
a median temperature of 180°Cv§ould serve conveniently as a base |
temperéture to be studied. The Albany'PDU (PERC Pfocess) uses 325°C
to 360°C, and other hydrogenation researchers (20,85,119) have often
used temperature over 300°C, because high temperature serves to break
carbon-oxygen and carbon-carbon bonds. However, in this investigation,
bond scission should be grgatly enhanced by alcoholysis and ﬁydrolysis.
Hence, a temperature of 300°C or higher was not believed necessary, and
250°C was picked as the highest temperature to be investigated.

(c) Reaction Time

Delignification typically requires 2 to 5 hours, depending on
temperature. Cellulose hydrolysis is much faster, needing less than

30 minutes above 180°C and about an hour below 120°C. Hydrogenation
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and hydrogenolysis have residence times varying from 1 to 24 hours.
For an economical process, long residence times appear prohibitive,
and it was concluded that a reaction time of 1 hour would be suffi-

‘cient to establish solvent suitability and system performance.

(d) Reducing Gas and Catalyst

vReducing gas in the form of carbon monoxide and hydrogen has been
utilized in the high-temperature PERC process and in lignin hydrogena-
tion, where these gases are believed.to act as capping'agents to
stabilize depolymerzied species. On the other hand, reducing gas was
never used in alcoholysis or other solvent delignification, or in
;elluiose hydrolysis. To be able to compare our results with those at
the PDU or in LBL'; bench-scale develbpment'unit, it was decideq to
use 400 psig of synthesis gas (1:1 carbon monoxide énd‘hydrogen) in
the pfesent study. Since no reducing gas usage was anticipated, ﬁost

. of our runs would be made without added catalysté.
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CHAPTER 1V
EXPERIMENTS

A. Raw Materials

1. Wood Procurement and Analysis

The raw feed used in this investigation was wood flour of a
soft-wood species, Douglas Fir, shipped to this laboratory from DOE's
Albany PDU. The Albany PDU procures wood chips from a nearby paper
mill, dries them, and grinds thém to approximately 65 mesh. They are
then further dried to a moisture of 4%, stored, and shipped in
barrels. Uponvarrival at this Laboratory, the wood flour was-allowed
to equilibrate with room'femperature dir, which raised its moisture
content to about 10%, and was used as—-is. |

Douglas Fir has roughly 40% cellulose and 30%Z each of hemicellulose
and lignin (Table 2). It contains about 1% of organié_extractives'and
0.5% inorganic ash. Sulfur and nitrogen are approximately 0.05% and

0.13%, respecti?ely.

2. Other Reagents
In addition to wood flour, the other reactants used were butanol,
ethylene glycol, cyclohexanol, and phénol, as well aé mgthanol;
ethanol, glycerols, catechols, etc., all of reagent-grade quality.
Along with alcohols, small amounts of écids were used to ca;alyze
the solubilization. They were sulfuric, hydrochloric, acetic, and
formic acids.b Among inorganic acids, sulfuric acid was utilized
- extensively and was generally preferred because of its relative low

hazard.
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Other reagents such as zinc chloride, ferric chloride,
a-phallendrene, and cyclohexadiene were also used in some of the
e#perimental runs in conjunction with either an aqueous system or anm
alcoholic system.

B. Experimental Apparatus

1. Parr Autoclave

Most of the experiments were performed in a 300_m1 Parr autoclave
reactor manufactured By Parr Instrument Compapy in Moline, Illinois.
A picture of the Parr reactor is shown in Fig. 8.

The reactor was_ﬁade entirely of type 316 stainless steel.

- Heating was achieved by an external electrical heater. The reactor
‘was fitted with inlet and outlét'gas lines which allowed gas to be
charged and discharged. Reactants, in this case wood flour, acid, and"
alcohol, were weighed consecutively-inﬁo a glass liner which was
designed to fit snugly the interior of the reactor. Stirring of.the'
reactants was provided by a mechanical stirrer on a vertical shaft
propelled by a dc motor. During stifring, cooling water was used to
cool the packing glands for this shaft; it proved necessary to replaée
the packing aftef every 10-15 runs,'depending on severity of the
experimeﬁﬁs,

Temperature control was provided by a tﬁermocouple,‘temperature
controllef, and cooling water supply. A deviation from set-point
temperature in the réactor, 5ensed'by the thermocouple and reiayed to
the controller, would either activate,the héater or the cooling-water
flow. Temperature controi of +2°C was achieved through this mode of

operation.
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Fig. 8. The 350-ml Parr Autoclave Reactor.
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2. Other Apparatus

Other major equipment used include pyrex glass soxhlet extractors,
a Buchi rotary evaporator, two vacuum ovens, and a vacuum distillation
" unit for solvent recovery study-.

C. Experimental Procedure

The procedure described below was used in most of the experiments.
Wood flour, as is, was weighed into the reactor glass liner. Process
solvent in the ratio of 4 gm solvent/l gm wood was next weighed into
the liner. A predetermined smail amount of sulfuric acid wés then
transferred into the liner through a disposable pipette. Weighings
were done with an accuracy of +0.005 gram.

The loaded glass liner was lowered céfefully into the Parr auto-
clave reactor, which was then bolted shut with high-pressure screws.
Approximateiy 1000 psig of nitrogen was chargéd into the reactor for_a
leak teétu If the reactof pfoved leak-free, the nitrogen charge was
bled off, and replaced several times with fresh nitrogen with inter-
vening bleed-off to provide virtﬁally completeﬂremovaliof air froﬁ the
- reactor. After the last bleed, atmospheric-pressure nitrogen remained
in the reactor.

The heater was heated red hot prior to iowering the reactor in the
Heater, in orderbto insure a minimum heating tiﬁe. This point was
counted as time.zero and a_stopclock was started. Temperature and
pressure were monitored every‘tWO minutes until reacfion temperature
" was reached, and every five minutes at reaction cbnditions. It took

roughly 40 minutes to'get.up to 250°C. A temperature change of 4°C,
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i.e. +2°C at reaction temperature of 250°C could bring about a pressure
change of up to 80 psig depending on the solvents used; this pressure
fluctuation occasionally made data-taking rather difficult.

Once a predetermined reaction time was completed, the reactor was
removed from the heater. The cooling water was turned on to give a
maximum water through the internal cooling loop. Simultaneously, a
bucket of cold water was also raised around the reactor to immerse
it. This combination cooling was extremely effective, so that a
;ypical time to cool from 250°C to 50°C was 2.5 to 3 minutes. During
cooling the pressure droppéd rapidly to a level slightly higher than
atmospheric; the residual gas in the reactor was usually vented, but
in some cases, was collected in pre-evacuated gas sampling cylinders.

The reactor was opened and its entire contents were poured into é
numbered, dried, and pre-weighed thimble plaéed in a beaker. The
remaining unpoured material in the glass linér was carefully scraped
'ingo the thimble with a stainless steel labdratory scrapper; using
this method, material balances of 95-plus percent were usually
achieved. The liquid, both alcohol and converted wood, was allowed to
pass through the thimble into the beaker. This process took 2 hours.
or longer (in some cases, five hours) depending on the viscosity of
the fluid. The collected liquid was then evaporated under vacuum so
as to recover and measure the soluble fraction of wood-derived
material. The remaining gluey solid or unconverted wood in the
thimble was subjected to acetone extraction in a soxhlet extractor,

overnight or until the wash acetone was entirely colorless. The
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thimble was then removed from the extractor, placed intq a clean
‘beaker; and dried in a vacuum oven maintained at 2 torr and 110°C
temperature. After 24 hours the thimble was weighed, replaced in the
vacuum oven for another 24 hoﬁrs, then weighed again. If the weights
agreed to within the accuracy of the balance, the drying process was
terminated. A sample (~0.5g) of the residue was sent for elemental
analysis, and the remain@er was stored in a vacuum dessicator.

The acetone wash together with extracted materialAwas’plaqed in a
vacuum evaporator. The acetone was evaporated, condensed, and collec-
ted under a steady stream of nitrogen, and the recovered acetone solu-
ble fraction was weighed. In some runs both the solvent-soluble and
acetone-séluble materials were subjected to toluene soxhiet'extraction.
The percent acetone insolubles were used primarily as a solubility
indicator to evaluate the process effectiveness at various process
conditions. In retrospect, the wood was éonverted‘into solvent and
acetone solubles, acetone insoluble (residue or unﬁonverted wdod),
plus a small;quantity of gas which waé later-determingd to be predomi-

nantly carbon dioxide.

D. Chemical Analysis

1. Elemental Analysis

In most cases;zthe teéovéred solublé fractions and the insolgble
wood were sent for e1ementa1_ana1Yses which were'perforﬁed by Mr.
V. T; Tashiﬁian and Ms. D. James of the University of California's
Micro-Analytical Laboratory. ' The cérboﬁ éhd hydrogen aﬁalyses were

carried out via the Perkin-Elmer Model 240 automated elemental
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analyzer. 1Inorganic ash was obtained by weight difference before and
after combusting the sample at 800°C. 1In some experiments involving
use of inorganic catalysts such as zinc and ferric chlorides, both
zinc and iron were analyzed after samplg digestion in a mixturevof
sulfuric acid and hydrogen peroxide via the Perkin-Elmer Model-360
atomic adsorption units.

2. Solvent Incorporation

In solvent incorporation study, unincorporated solvent was
recovered via vacuum distillation. = The various collected liquid
samples during distillation were analysed for the process solvent
used, and for water. Knowing the ambunt of solvent (on a dry basis)
both initially and after the reaction enabled omne to calculate the
amount incorporatgd by difference. The alcohol and water analyses
were performed on a Model-920 Varian Gas Chromatograph equipped with a
1/4" x 7' column packed with Porapak Q and using a thermoconductivity
detector. Helium flow réte was set at 60 ml/min., with filament cur-
rent at 150 mA. For analysis, 2-microliter.samp1es were ipjected into
the injector port.which_was set at a temperature of 220°C depending on
the solvents involved. A thermél conductiviﬁy detector was used to
measure alcohol and water. Standards of known concentration of alco-
hol in water and vice versa were injected routinely to calibrate the
instrument, results being in\the form of peaks recorded on a Model
9176 Varian chart recorder.

3. Gas Analysis

Gases collected were analysed on a Carle Analytical Gas

Chromatograph equipped with dual columns, one specifically for
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hydrogen analysis. The column temperaturé and the filament current
were set at 75°C and 200 mA, respectively. One-microliter samples
were injected through a fixed-volume sample-injection loop to insure
maximum reproducibility. Carrier gases were helium and nitrogen, and
their flow rates were set at 60 and 40 ml/min. respec;ively, The GC
results were obtained as peaks recorded on:.a MSdel 023 Varian Iﬁte-
grator. A standard gas which contained 29.02% hydrogen, 24.2% carbon
uéénoxide, 3.34% carbon dioxide, 5.01% methane, 4.89% ethylené, 1.712
propane, 4.93%Z propylene, and the rest helium was used to calibrate

the result obtained.

4. Klason Lignin Test

In some experiments the resultant insoluble or unconverted materi-
-al obtained was subjected to lignin determination. In the test, con-
centrated sulfuric acid is used to dissolve the carbohydrates, and‘thé
lignin is measured as residue.

A dry sample of one gram was weighed and placed into a béaker
'élong with 15 ml of 72% sulfufic-acid added with stirring. The mix—
ture was allowed to stand for two hours in a water bath at 18—20°C,
with frequent stirring. It was- then washed into a l-liter beaker or
" flask, water (~550 ml) was added for dilution.to 3% sulfuric acid con-
centration, and the solution was.boiled for four hours under reflux.

TheN;nsoluble lignin component was allowed ﬁo settle, and thg.
mixture was then filtered through a dry filtering crucible. The
lignin fetainedvin‘the<crucib1e Qas washed free of acid with about

200 ml of hot water. The crucible and contents were then dried in a



60

vacuum oven overnight and weighed; drying and weighing were repeated
until the weight was constant. Insoluble content (lignin) was ex-
pressed as weight percent of the initial dry sample.

" E. Additional Analysis

1. Scanning Electron Microscopy (SEM)

For several experiments, the insoluble materials'were'éubjected to
SEM to examine their structure. The technique was also applied to un-
treated wood. The sample was sprinkled onto a special SEM mouht, and
subsequeqtly sputter—-coated with gold to render it conductive. The
surface was then examined in the AMR iOOO Scanning Electron Microscope
loéatéd in the Materialg and Molecular Rééearch Division of ﬁhe
Lawrence Berkeley Laboratory. Usually several magnification shots per

sample, from low to high, were taken.

2. Gel Permeation Chromatography (GPC)

Products obtained from the four sglécted brocess solvents were
 analysed by GPC fbr their molecular-weight distribution. Each sample
for GPC analysis was dissolved as a 5% solution in tetrahydrpfuran
(THF), and filtered through 0;45 um Millipore filters. About 5 to
10uf of sample wés;injected into the Perkin Elmer Series-Z High Pres-
sure Liquid Chromatograph equipped with a Varian GPC column suitable .
for molecular weight ranges.from 100 or less to 2000 or more. THF was
used as eluting éolvent at a flow rate of 0.8 ml/min., and the eluate
was monitored by UV absorbance at 245 nm. Dimethoxy phenyl propanol

(MW=196) and polystyrene (1% solution) were used as standards.
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CHAPTER V

RESULTS AND DISCUSSIONS

A. Preliminary Process Feasibility

The effectivgness of the solvent mixtures for solvélysis, measured
as product acetone solubles, can be seen.in Table 7. These results can
be compared with Seth's for solubilizing wood by hydrogenation under
similar reaction conditions (Table 8). Solvolysis sho&ed some advan-
tages over hydrogenation. The differgnce in performance was particu-

larly pronounced in the phenol-water system, with even the unacidified

“water (RP 2 and 5) surpassing the performance of the hydrotreating .

-medium. Ferric and zinc chlorides were used as acidification agents

in RP 12, 17, and 29, with the amounts of wood solubilized comparablé
té those when sulfuric acid was the-catalfsc. In all éases considered
(except.for phenol), the insoluble'residgé was nevef below 20%.

In order to probe the nature of the iﬁsoluble residue, the Klasoﬁ
lignin test was performed on residues from runs RP é and RP 3; lignin
was the major component (>80%). The finding suggests that the aqueous
systems do not depolymerize the lighin. In terms of the structure of
wood cells (Fig. 3a,b), lignin is.the glueingfagent that glues the
fibrous cellulose together.. Since penetration of process liquid into
the fibrous elements should be greétly enhanced if this gluey lignin

layer is first dissolved, it is surprising that considerable carbo-

- hydrate, but not much lignin, was dissolved in the treatment.
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Table 7. Solubilities of Wood in Alcohol and Acidified-Water
Mixtures With and Without Additives.

Expt. # Solvent Acetone Insolubes (%) |
RP-8 Methanol* _ 47.81
4 Methanol _ 27.82
7 Ethanol* 39.25
3 Ethanol ‘ 25.30
11 Phenol 4.18
2 Water 42.64
5 Water** 45.73
12 : 10% FeCl;/Ethanol*** 34.23
17 _ 5% FeCl;/Ethanol*** ‘ 28.10
29 - 5% ZnCl,/Methanol*** 24.67

Process Conditions:

e Solvent = 50/50 : alcohol/water (pH = 2.5)
e Solvent/wood = 4/1

¢-400 initial psig CO/H, (1:1)

e 250°C, 1 hr. ’

Notes:

*pH=2.0,180°C, 1 hr.
*pH=7.0
*** Acid salts used instead of H, SO,
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‘Table 8., Conversions of Wood Treated with
Inorganic Salts and Hydrogen Donor
Solvent. (Ref. 120)

Inorganic Salts

Acetone Insolubles (%)

Molybdic Acid

Zinc Chloride
Antimony Tribromide-
Nickel Chloride |
Ferric Chloride '

Ferric Chloride*
Sodium Carbonate*
Copper Chromite
Ferric Sulfate

None

. 633
56.2
63.1
417
39.7
48.9
48.0
57.7
56.0
49.8

Process Conditions:

e Wood = 12g
e Tetralin = 48¢g
e Water = 19g
e Acid salt = 1g

200 initial psig hydrogen

.#250°C, 1 hr,
Note:

* Under carbon monoxide instead of 'hydrg;éen .
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An experiment using conditions similar to those of RP 3 was con-—
ducted in an one-liter autoclave reactor, and produced sufficient
insoluble material for further testing. Two experimenes were per-
formed to provide more informatiqn about the residue. First, the
Kraft pulping reaction was carried out, in which 15 grams of residue
was digested in 2.5 grams of 1.1 N NaOH and 1.5 grams of sodium
sulfide at 180°C for 3 hours. Second, another portion of the residue
was subjected to the lignin alcoholysis reaction, using butanol and
0.2% HCl1 at 160°C for 3 hours. In both tests, considerable residue
(up to 90%) remained undissolved, indicating a more inert lignin-like
material., This finding suggests that lignin either dissolves aﬁd then
repolymerizes, or undergoes irreversible cfésslinking during the
treatment. From a process standpoint, it is important to investigate
ways to maximize solubilization or minimizg insoluble residue. Lower-
ing the temperature; shortening the residence time, or introducing
synthesis gas at different‘preésures, might work in'this direction.
Finally, the possibility of using woodvchips;'or preferably moist
chips, instead of dry wood flour (65 mesh) appeared to need
investigation.

The results cited showed that an acidified medium of alcohol (or
-phenol) and water is able to solubilize more than 50% of the wood and
thus tend to validate the propoéed process.concept.

B. Solvent Selection Study

To identify solvents that could best solubilize wood, a list of
wood-derivable solvents was drawn up through a literature study.

Experiments were performed with these-solvents to evaluate.their
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effectiveness in wood solublization under the same reaction conditions
as in the feasibility study. In addition to sulfuric.acid, acetic and
formic acids were also used.

Table 9 shows the experimental results. They réveal that mixtures
of water and hydroxy-organics such as cyclohexanol, phenol, cresol, or
catechol are good solvents for wood. The percent insoluble varied
from 6.6% in cyclohexanol to as low as 1.02% in catechql. Generally,
the aliphatic alcohols (cellulose-derivable) did not achieve as much
solubilization as the lignin-derivable phenols or alcohols.

That ﬁeutral water (RP 5) alone was able to solubilize more than
50% wood prompted a look at alcohol-water mixtures with no added acid
(Table 10). The results clearly indicated that solvents without acid
héve a greatly reduced capacity for solubilization. Organic acids
such as acetic and formic were then tested as substitutes for sulfuric
acid. 'Owiﬁg to their weaker-acidity,vabout 20 times as much was used
to achieve the required pH, and the experimental results (Table 11)
demonstrate that organic acids were just as good as sglfuric acid.
However, because of the much larger amount needed, it was then decided
to stay with sulfuric acid.

For selected runs, the gas,chromatog;ams showed that‘the‘réactor
gas coﬁpositions before énd after reaction were ﬁearly identical,
except for a very small amount of carbon dioxide (about 1% of the_mix—
ture) in the off gas. Thus, it appears that the synthesis gas did not
participate in the solvolysis, a welcome but not surpriging.result.

(One would not expect synthesis gas to react at 250°C without a
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Table 9. Solubilities of Wood in Selected Alcohol and

Acidified-Water Mixtures.

Acetone Insolubles (%)

Expt. # Solvent
Cellulose-derivable: )
RP 8 Methanol* 47.81
4 Methanol 27.82
7 Ethanol* 39.25
3 Ethanol 25.30
25T Ethanol** 50.08
21 Propanol 19.43
23 Butanol 16.52
34 Pentanol 18.77
35 Hexanol 13.80
19 Ethylene glycol 15.29
20 Glycerol 26.67
Lignin-derivable:
30 Cyclohexanol 6.60
11 Phenol 4,18
22 Catechol 1.02
31 Cresol 4.33
32 Guaiacol 478
2 Water 42.64
28 Water*** 45.73

Process Condition:

e solvent = 50/50 : alcohol/water (pH = 2.5)
e solvent/wood = 4/1

‘e gas = 400 initial psig CO/H, (1:1)

e 250°C, 1 hr.
* pH=20,180°C

** 300°C

* %% pH =~ 7.0
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Table 10. Solubilities of Wood in Alcohol-Water

Mixtures.
| Expt. # Solvent . Acetone Insolubles {%)
RP30NA | Cyclohexanol 83.82
11 NA | Phenol ' 68.27
32 NA Guaiacol _ 74.25

Process Conditions:

e Solvent = 50/50 : alcohol/water -
e Solvent/wood = 4/1

® 400 initial psig CO/H, (1:1)
¢-250°C, 1 hr.
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Effects of Organic Acids Versus Sulfuric Acid

Table 11.
Additives on Wood Solubility.

Expt. # Acid - Solvent Acetone Insolubles (%)

RP 23A Acetic - Butanol 21.73
35A Formic - Hexanol 17.25
11A Acetic - Phenol 9.00
19A Formic - Ethylene Glycol 19.62
23 Sulfuric - Butanol 16.52
35 Sulfuric - Hexanol 13.80
11 Sulfuric - Phenol 4.18
19 Sulfuric - Ethylene Glycol 15.19

Process Conditions:

® Solvent = 50/50 : alcohol/water (pH = 2.5)
® Solvent/wood = 4/1

- @ 400 initial psig CO/H, (1:1)
e 250°C, 1 hr.
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catalyst.) 1In order to vérify the non-participation of synthesis gas,
several experiments were repeated using 400 psig of nitrogen with the
same conversions (Table 12). The results prompted us to use 15 psia
of nitrogen in all subsequent experiments.

The batch reactor's long heat-up time was always a concern in
these runs. Characteristically, it took 40 minutes to heat to 250°C,
about two-thirds of the time at reaction temperature. Besides long
heat-up, water also imposes stricter pressure specifications on equip-
ment because of its high vaporvpressure. In an effort to improve the
situation, it was decided to try pure alcohols as process solvents
Because of'their lower heat capacity (and usually lower vapor pres-
sure). Sulfuric acid was again added; in an amount comparable to that
for the alcohol-water runs. These systems took an average of only 25
minutes to reach 250°C. Moreover, on the basis of insolubles, the
pure alcohols achieved better solublization (Table 13) than alcohol-
water mixtures. |

Based on the experiments reported so far, four alcohols (or
hydroxyorganics) were chosen for further stud&: two céllulose-
derivable, butanol and ethylene glycol; and two lignin-derivable,

cyclohexanol and phenol.

C. Effects of Process Parameters

1. Temperature

.Figures 9 through 12 are plots of bercent unconverted (residual
insoluble wood) versus reaction. temperature, from 120° to 300°C, for

phenol and three alcohols. Experimental conditions and numerical data

_are listed in Tables 14 through 17.
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Table 12. Solubilities of Wood in Alcohol-Water
Mixtures Under Inert Atmosphere.
-Expt. # Solvent ‘Acetone Insolubles (%)
RP 23N Butanol 20.33
23 Butanol* 16.52
35N Hexanol 12.67
35 Hexanol* 13.80
11N Phenol 2.37
11 Phenol* 4.18
TIN1 Phenoi** 5.76

Process Conditions:
¢ Solvent = 50/560 : alcohol/water (pH = 2.5)
e Solvent/wood = 4/1
e 400 initial psig N,
e 250°C, 1 hr.

Notes:

* 400 initial psig CO/H, (1:1)

** ~ 15 psia N,
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Table 13. Solubilities of Wood in Alcohols with
Small Amount of Sulfuric Acid.

‘Expt. # Solvent Acetone Insolubles (%)
RP 50 Butanol 16.92
51 Hexanol : 8.70
191 Phenol : 1.35
156 Cyclohexanol ' 4.32 |
208 Ethylene Glycol 3.99

Process Conditions:

e Solvent/wood = 4/1

e 15 psiaN, '

¢ 0.1 wt-% H, S0, in Solvent
e 250°C, 1 hr.
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Table 14: Wood Solvolysis. in Butanol; Temperature Effect

Expt. # Acid Conc. (%) Time (hr.) Temp. (°C) Acetone Insolubles (%)
RP 230 0.1 05 120 92.50
44 180 34.50
56 250 13.19
65 300 32.09
RP 232 0.1 1 120 84.52
54 180 30.20
50 250 16.92
231 300 30.50
RP 47 0.26 ° 0.5 120 89.70
49 180 18.17
250 130.18

57

Process Conditions:

e Solvent/wood = 4/1
e 15 psia N,

9L



- Table 15: Wood Solvolysis in Ethylene Glycol; Temperature Effect

Expt. # | ‘Acid Conc. (%) Time (hr.) Temp. (°C) Acetone Insolubles (%)
RP 237 0.1 0.5 120 85.50
76 180 49.58
82 250 ' 5.49
236 300 27.52
RP 235 0.1 1 1120 82.63
243 180 44.00
208 250 '3.99
236 300 39.43
RP 88 0.25 05 120 72.25
© 75 180 28.79
77 250 3.52
244 - 300 35.04

Process Conditions:

. Sol\vent/vs'/ood = 4/1
- & 15 psia N,

LL



Table 16: Wood Solvolysis in Cyciohexanol; Temperature Effect

Expt. #

Temp. (°C)

Acetone Insolubles (%)

Acid Conc. (%) Time (hr.)

RP 249 0.1 0.5 120 88.12
55 ' 180 34.92

101 250 3.52
229 300 13.60
RP 255 0.1 1 120 83.00
89 180 . 24.47

156 250 4.32
248 . 300 26.28

RP 71 0.25 0.5 120 75.41
48 180 8.06

114 180 8.91

80 - 200 11.79

74 250 38.47

Process Conditions:

e Solvent/wood = 4/1
® 15 psia N,

8L



Table 17: ~Wood Solvolysis in Phenol; Temperature'Effect

Expt. # Acid Conc. (%) Time (br.) Temp. (°C) Acetone Insolubles (%)
RP 102 0.1 0.5 120 87.50
-70 - 180 26.20
94 200 12.97
RK 9 215 -3.88
RP 102 250 1.25
241 300 11.08
RP 98 0.25 0.5 120 72.48
69 ' 180 1.90
96 250 1.17
240 300 14.93
RP 250 0.1 1 120 85.00
186 180 25.34
191 250 1.35
242 300 11.10

. Process Conditions:

e Solvent/wood = 4/1
® 15 psia N,

6L
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All four curves show a maximum wood solubilization at an inter-
mediate temperature. For example, for the 0.1% acid'runs, the optimum
temperature is 250°C. Except for ethylene glycol, 0.25% acid_fequires
'a lower temperature, 180°C,»for an equally good conversion. Thus, for
good solubilization, .a lower temperaturevrequires a highervacid con—
centration, and vice versa.

Rapid solubilization commences above 120°C, and ceases in the
range of 180° to 250°C. Above 250° to 360°C, the solubility always
decreases, indicating repolymerization of the previously depolymerized
wood. = Higher acid concentration (0.25%)-promotes.the repolymeriza-
tions more effectively than lower (0.1%).

| The repolymerized material was black and charred in appearance,
and did not resemble any material’previously obtained. In order to
collect enough of this material for furﬁher testing, a one-liter auto-
clave run using the conditions of-RPvés-was»made. The resulting solid
was subjected to solvolysis using phenol at condition of 0.17% acid,
250°C, and 0;5 hour. Only 20% solubiiity was obtained, demonstrating
.the dissimilarity between this solid and the wood feed. Under the
scanningi:electron microscope, the-repolymeriZed materia1.appeared
porous (Fig. 13), with small holes covering the entire surface. Sub-
'jectingntheﬁmaterial to the Klason lignin test, none was dissolved,
indicating the absence of carbohydrates. Elemental analyseé showed
b/C and H/C at 0.42 and 1.21, respectively, for the material indicat-
ing its similarity to lignin which havé O/C and H/C of 0.4 and 1.4.

An attempt to.determine its molecular weight by gel permeation
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(b)

XBB 823-1770

Fig. 13. Scanning Electron Micrograph of (a) Untreated
Wood Flour (5KX), (b) Repolymerized Product
(5KX) .
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chromatography failed, due to its insolubility in as polar a solvent
as tetrahydrofuran. Clearly, from a process point of view, the

repolymerization should be avoided.

2. Acid Concentration

Figures 14 through 17 show plots of percent unconverted wood
versus amounts of acid used for runs employing acid concentrations
ranging from 0.0l to 0.75 weight-i in solvent. Experimental condi-
tions and numerical data are listed in Tables 18 through 21.

At each temperature, except for phenol runs, the cﬁrves indicate
optimum acid concentrations corresponding to maximum.solubilization.
For good conversion (}90%5, 0.1% acid requires a temperaturé of 250°C,
while 180°C is sufficient for 0.25% acid. Very low solubility (<15%)
wés observed at 0.01% acid, while considerable conversion was obtainéd
at or above 0.05% (especially at 250°C). At both 180°. and ZSOfC, acid
strengths above 0.25% generally brought about an increase in‘insoluble
residue, except for phenol. | |

The insolublg material obtained‘at high acid concentrations physi-
cally resemblea the porous solid_ébtained previously. Eiementél
analyses showed its O/C and H/C to be 0.52 and 1.18, respectively,
very near the previous results. However, in the Klason lignin teét,
over half bf the solid was dissolved indicating thaf tﬁe majority
éomponents were carbohydrates. These results suggest that the repoly-
merized solid obtained at high acid concentration contains C-O bonds,
while thé one obtained at high temperature contains newly formed C-C

bonds.



Acetone -_irisoluble wood (%)

- 90}t - & 180°C, I/2hr - B
' ' o 250°C, 172 hr i
o 180°C, Ihr
_____ =
.
0 R I 1 L | | 1
0] - 0Ol 02 03 | 04 05 06 o7 08

I00f L 1 1 T ' T , 1

- Sulfuric acid conc.in solvent (%) E

XBL 816-993

Fig. 14. Solubilities of Wood Versus Acid Concentrations
in Butanol. ' '

€8



Acetone-insoluble wood (%)

100[

| T |

Fig. 15.

1 |

& |80°C,1/2hr

o 250°C, /2 hr o

o 180°C, Ihr |

,’
/,/// |
] 1 , ] . I | ____ -
Ol 02 03 04 05 06
~ Sulfuric acid conc.in solvent (%)

XBL 8l6-988

68



“Acetone -inSolubIe wood (%)

100

90

T 1 1 1
a 180°,I1/2 hr | 1
a 250°,1/2hr |
o 180°%, Ihr
B
—{ == pe
A
I R | _ 1
0.2 03 4 05 06
Sulfuric acid conc. in solvent (%)
XBL 8i16-987

: Fig. 160

L8



Acetone-insoluble wood (%)

88

100 T T | T I

90 a 180°C,I/2hr .
o 250°C, 1/2hr

80 © 180°C, | hr _ -

b ] | 1
0 Ol 02 03 04 05 06

Sulfuric acid conc.in solvent (%)
) XBL 816-999

Fig. 17. Solubilities of Wood Versus Acid Concentrations
‘ in Phenol. ’



Table 18: Wood Solvolysis in Butanol; Acid Concentration Effect

Acetone Insolubles (%)

Expt. # Temp. (°C) Time (hr.) Acid Conc. (%)
RP 233 180 0.5 0.025 73.08
- 44 ' 0.1 34.50
49 0.25 18.17
46 0.52 8.13
68 0.75 - 8.64
RP 252 - 180 1 0.025 70.03
54 0.15 30.20
- 82 . 0.25 6.67
182 0.5 9.21
43 0.52 12.23
RP 234 250 05 0.025 61.12
56 0.1 13.19
57 0.25 30.18"
58 0.50

34.73

Process Conditions:

e Solvent/wood = 4/1

‘® 15 psia N,

68



Table 19: Wood Solvolysis in Ethylene Glycol; Acid Concentration Effgct

Expt. # Temp. (°C) Time (hr.) Acid Conc. (%) Acetone Insolubles (%)
RP 247 ' 180 . 0.5 0.025 79.03
238 ' 0.1 49.58
76 | 0.15 40.59
75 | 025 28.79
41 0.5 469
RP.239 180 1 ' 0 82.50
251 : 0.1 44.17
78 0.25 27.77
86 0.5 13.19
RP 87 250 0.5 v 0 72.50
82 0.1 : 5.49
77 . : ' 0.27 3.52
81 | 05 23.20

Process Conditions:

* Solvent/wood = 4/1
e 15 psia N,

06




Table 20: Wood Solvolysis in Cyclohexanol; Acid Concentration Effect

.Time (hr.)

Expt. # . Temp. (°C) Acid Conc. (%) Acetone Insolubles (%)
RP 228 - 180 0.5 0.01 85.01
1] 0.1 34.92

48 0.25 8.06

114 0.25 8.91
45 05 7.40
RP 91 180 1 0 93.48
89 0.1 24.47
73 0.25 4.47
42 0.5 11.73
RP 155 250 05 0.01 78.39
253 - 0.05 36.00
101 0.1 3.62
74 0.25 38.17
254 0.50 40.50

" Process Conditions:

- @ Solvent/wood = 4/1

® 15 psia N,

16



Table 21: Wood Solvolysis in Phenol; Acid Concentration Effect

Acetone Insolubles (%)

Expt. # Temp. (°C) Time (hr.) Acid Conc. (%)
RP 261 180 0.5 0.01 77.00
RK 8 0.05 53.04
RP 70 012 26.20
69 0.27 1.90
95 0.5 1.32
RK b 180 1 0 73.20
RP 186 0.1 256.34
97 0.25 1.83
RP 245 250 0.5 0. 51.60
RA 10 0.05 14.36
RP 102 0.1 1.25
117 0.1 0.81
96 0.25 1.17
246 0.5

1.50

Process Conditions:

e Solvent/wood = 4/1
® 15 psia N,

z6
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In real process situations, low sulfuric acid concentration is
preferred, not only for reduced chemical costs, but also because of
1esser oppoftunity for repolymerization. Tﬁus, 0.1% acid at 250°C is
probably preferable to 0.25% acid at 180°C.

3. Residence Time

" The effecﬁ of reaction timé on wood solubility is shown in
Tables 22 through 25 and Figures 18 thtough 21. The time given is the
sum of heating time and the time at reaction-temperature; typical heat-
ing times from room to 180°C and 250°C are 14 and 25 minutes,
respectively.

As is-characteristic of slow heating in batch equipment, there is
always some uncertainty in interpreting conversion versus time results;
espeéially.so if a system achieves considerable conversion during heat-
up as in runs at 0.1% acid and 250°C, where more than 80% of the wood
is solubilized when the reaction mixture is'immediately cooled upon
reaching 250°C. It is, however, possible to draw some conclusions
about time dependence which will be discusseq at-a iatter point.

Most of the conversion-time plots show the existence of an optimum
time beyond which the yield of soluble material starts to decrease.

For 180°C runs, the optimum time at reaction temperafure is about 1
hour, whereas at 250°C 0.5 hour is suffiqient. Conversion durifig
heat-up to 180°C is much less .than during héat-up to 250°C. ~£n 0.1%
acid-phenol run, heat-up ffom room temperature to 180°C éolubilized

55% of the wood, with 25% more dissolved from 180° to 215°C, and 10%



Table 22: Wood Solvolysis in Butanol; ResidencevTime Effect

Expt. # Acid Conc. (%) Temp. (°C) Heat-up Time at - Acetone
o : Time (min.) Temp. {min.) Insolubles (%)
RP 165 0.1 180 18.3 0 80.07
180 ' 18.8 3.75 64.22
171 17.1 7.5 54.94
60 21.0 15.0 47.55
227 - 225 46.25
44 22.0 30.0 34.50
54 18.8 60.0 30.20
RP 167 0.1 - 250 43.2 0 7.26
173 ‘ 1.3 7.5 6.91
56 45.0 30.0 13.19
50 44,0 60.0 16.92
RP 166 0.25 180 17.6 0 51.31
172 : 17.0 7.5 35.25
53 - 23.0 15.0 24.69
49 19.0 30.0 18.17
52 24.0. 60.0 6.67
64 20.0 75.0 6.72
RP 169 .05 180 16.9 0 38.40
181 17.9 7.5 23.80
59 22.0 15.0 10.77
46 24.0 30.0 8.13
43 22.0 60.0

12.23

Process Conditions:

] Sb|vent/wood = 4/1
e 15 psia N,

%6



Table 23: Wood Solvolysis in Ethylene Glycol; Reside'hce Time Effect

' : 0 ° Heat-up Time at _ Acetone
Expt. # Acid Conc. (%) Temp. {C) " Time (min.) Temp. (min.) . Insolubles (%)
RP 206 - 0.1 ’ ' 250 23.0 0 23.31
. 223 - 7.5 9.76

207 22,5 15.0 5.30
82 22.0 . 30.0 5.49
208 25.3 60.0 3.99
224 - 90.0 21.78
225 - 90.0 20.82
RP 204 0.25 ' 180 16.1 0 43.97
221 ' » — 3.75 43.25

. 220 - 7.5 39.25

- 205 15.56 15.0 34.78
75 14.0 30.0 28.79

78 15.0 60.0 27.77

RP 90 | 0.25 150 220 0 4.47
. 84 : 23.0 15.0 -2.97
77 23.0 30.0 3.62

83 22.0 60.0 3.96
222 - 90.0 31.58

Process Conditions: »
o Solvent/wood = 4/1
e 15 psia N,

66



Table 24: Wood Solvolysis in Cyclo.hexanol; Residence Time Effect

Expt. # | Acid Conc. (%) Temp. (°C) _Heat-up _ Timeat Acetone
Time (min.) Temp. (min.) Insolubles (%)

RP 152 0.1 180 16.6 0 73.04
148 - 3.75 56.24
161 16.7 7.5 49.63
162 -17.8 15.0 41.09
b5 18 - 30.0 34.92
89 14 60.0 24.47
RP 150 0.1 250 26.9 0 15.53
174 27.5 37.5 11.69
164 2.8 7.5 10.54
151 27.5 - 15.0 7.26
147 - 22,5 4.84
101 - 30.0 3.52
156 28.0 60.0 4.32
RP 178 0.25 180 15.0 0 55.78
154 16.6 3.75 36.92
163 17.9 7.51 17.49
177 15.0 15.0 10.06
114 14.0 - 30.0 8.91
73 14.0 60.0 4.47

Process Conditions:

e Solvent/wood = 4/1
e 15 psia N,

96
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Table 25: Wood Solvolysis in Phenol; Residence Time Effect. .

: ; . Heat-up Time at Acetone
Expt. # | Acid Conc. (%) Teme. (%) Time {min.} Temp. {min.) “Insolubles (%)

RP 196 0.1 : --180 13.5 0 53.50
149 - 3.7 42.37
193 ‘ 13.9 7.5 36.30
185 . 12.3 16.0 35.67

194 ) T 15.0 22,5 28.85
70 ‘ : 14.0 - © 30.0 26.20
186 14.8 60.0 . 25.34
RK 10 0.1 215 24.5 0 20.91
11 20.8 3.75 16.50
1A - 3.75 15.01

12 ‘ 20.5 : 7.5 . 12.83:

13 : 215 15.0 : 6.74

9 240 -~ 30.0 3.88

14 - 60.0 3.42

RP 187 0.1 1 250 26.0 [ 7.59
195 26.1 3.75 2.77
189 27.2 v 7.5 ) - 1.68
190 v 24.6 15.0 2.14
117 27.0 30.0 : 0.81
102 25.0 ) 30.0 1.25
191 : . 248 60.0 . 1.35

RP 103 0.25 . 180 136 - 0 39.41
192 14.3 7.5 10.54
RK 6 14.9 - 110 4.04.
RP 93 - 15.0 3.82
69 125 30.0 - 1.80.

97 ) 13.8 60.0 " 1.83

Process Conditions:

® Solvent /wood = 4/1
® 16 psia N,
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more from 215° to 250°C. For an hour at reaction temperature, conver-
sions at 180°C, 215°C, and 250°C are roughly 752, 95%, and 99%, respec-
tively. Reaction rates evidently are falling off as time progresses.
The rapid initial dissolution rate but progressively slowing down is
probably due to product inhibition effect.

Upon adding'O.ISZ—more’écid to a system which has reacted at 180°C
for 0.5 hour, an additional 30 minutes at 180°C gives a conversion
comparable to tha; of 0.25% acid at 180°C and 0.5 hour in a direct
run. A similar result was obtained by adding 0.2% acid to a system
which previously had been run with 0.05% acid. at 180°C for 0.5 hour.
These results suggest that the slowing down of the dissolution rate as
reaction progresses 1s caused by a decrease in acid concentration. In
other words, adding additional acid to a 'dead'" system revives it.

. Apparently, part of the wood-derived products complexes with, or
consumes the acid, to an extent~faste: than 0.1% but less than 0.25%.

Raising the temperature of a product mixture with 0.1% aéid, run
for 0.5 hour at 180°C (or at 215°CC) to 250°C, gives a conversion com-
parable to that with 0.12 acid, run for 0.5 hour at 250°C. ' These
results suggest that the.acid-consuming reaction may be paftly re-

- versed at higher reaction'temﬁeratures, although other reasonable

interpretations are also possible.

4. Solvent to Wood Rati;

Based on Seth's (120) results, a four-to-one ratio (weight) of
solvent to wood was chosen for all experimental runs. The process
woﬁld be improved if an equally good conversion were obtained at a

lower solvent ratio. Thérefore, this factor was:also investigated.
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Cyclohexanol was used as test solvent, in ratios from 2:1 to 6:1
under experimental conditions which had given maximum solubilization
at 4:1 ratio. The result of the experiments is‘tabulatéd in Table 26
and plotted in figure 22. Duplicate runs were made for the 4:1 case,
so that experimental reproducibility could be assessed.

The plot iﬁdicates that wood solubility varieé more or.less linear-
ly from 2:1 to 4:1. No additional solubility was obtained beyond 4:1.
Observation prior to the reactions suggested that a 4:1 ratio corre-
sponded to a minimum amount of solvgnt needed to wet adequately thé
wood flour. For ratios higher than 4:1, similar wood:solubility was
obtained, suggesting that only a minimum overall wetting of the wood .
is essential to yield good dissolution. .There is, thérefore, no proc-

ess advantage in increasing the solvent-to-wood ratio beyond 4:1.

5. Speed of Stirring

Some recent work in organosolv pulping (95,97) have ihdicated
degree of agifation to be a factor in the overall délignification
rate. The published‘results show that with no agitation, tﬁe reaction
took two to three times longer to échieve.the ééme degreebof lignin
removal than with full agitation. Because of the basis of soivolyéis
concept, we have evaluated the stirring effect in our systém1 Thé
results are listed in Table 27 and Figure 23. | |

The results indicate that stirriﬁg at 360 RPM achieved similar, if
not slightly better, solubilization coﬁpared with no agitation‘ In

these runs, most insoluble material was observed to cling around the



104

Table 26, Solubilities of Wood Using Different Solvent to

Wood Ratio Feed.

Expt. # . Solvent : Wood (gm/gm) Acetone Ir-olubles (%)
RSW 1 2:1 48.17
2 25:1 25.27
3 3:1 13.42
4 3.5:1 9.45
| RP 101 4:1 3.62
RP 163 4:1 3.08
RSW 5 5:1 3.37
RSW 6 6:1 4,67

- Process Condition:
¢ Solvent = cyclohexanol
15 psia N, '

° :
o 0.1 wt-% H,S0O, in Solvent, 250°C, % hr.
)

Speed of stirring = 140. RPM
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Table 27. Solubilities of Wood Versus Degree of Agitation.

Expt. # Speed of Stirring (RPM) Acetone Insolubles (%)
RSS 1 0 6.23
2 80 3.43
3 80 3.65
4 118 3.52
5 140 3.17
6 160 6.02
7 172 4.14
8 184 4.57
9 204 5.56
10. 220 4.55
11 240 5.32
12 274 4.78
RP 101 360 3.52
RP 163 360 3.08

Process Condition:

solvent = cyclohexanol

solvent/wood = 4/1

15 psia N,

0.1 wt-% H, SO, in solvent, 250°C, % hr.
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stirrer shaft, indicating that this could be a characteristic of the
reactor and its stirring arrangement. The scattered data points be-
tween 140 and 360 RPM may be related to the above observation. The
fact that no .agitation is essentially as effective as vigorous agita-
tion indicates that solvolysis is not limited by external mass |
transfer.

In a continuous process, the lack of dependence of agitation means
probable independence of Reynolds number. This improves our flexibil-
ity in optimizing reactor size, permits use of viscous slurry, allows
use of larger pipe diameter for feed and product, and above all reduces
cost.

6. Wood Particle Size

Recent literature (95,97) also suggests that delignification using
a mixture of alcohol and water in equal amount is limited by internal
diffusion. To evaluate their findings in our syétem, we treated wood
of different particle sizes ranging from wood flour (65 mesh) to wood
chips (1/4" to 1/8"). Chips are an eventual preference due to their
already widespread usability in the pulping industry.

Table 28 lists the results obtained. Most experiments were
repeated to insure accuracy and demonstrate reproducibility. The
results indicate that the amount of insolubles differs by only 1%
between 65 and 10 mesh wood flour, a figure well within experimental
and analytical error. Even using wood cﬁips, substantial dissolution

was observed.
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Table 28. Solubilities of Wood ovaifferent Particle Sizes.

Expt. # Particle Size (mesh) ~ Acetone Insolubles (%)
RM 11 regular chips (% - %" x %) 13.81
2% o . 1.03
13** & 5.82
14%%+ ' : . 11.67
8 8 4.40
9 8 5.27
10 8 v K 4.03
6 10 - 7.23
7 10 , - -10.45
4 _ 16 7.88

5 16 o 913
3 20 : _ 8.24
1 30 v 6.33
2 30 , 8.06
RSS 1 65 : 623

Process Condition:
® solvent = cyclohexanol
e solvent/wood = 4/1
e 15psiaN, -
- o 0.1 wt-% H, SO, in solvent, 250°C, % hr.

. * solvent = Phenol
** solvent = Ethylene Glycol
*** solvent = Butanol



110

The insoluble materials from the chip runs were dark brownish in
color, mushy in appearance, and did not conform to physical integrity
of wood chips. To determine the processability of this solid, one of
the chip runs was conducted for a slightly longer period, 35 minutes
at 250°C instead of 30 minutes. The run netted 6% insélubles, suggest-—
ing that equally good solubilization in chips and flour under similar
conditions are possible.

From the reaction standpoint, the finding that both particle size
and stirring speed exert such a negligible influence on solubilization
suggests that solvolysis is a kinetic controlled reaction. It would
be of interest to determine the various kinetic parameters that char-
acterize solvolysis.

7. Wood Moisture Content

A process to handle moist wood feed would reduce or eliminate the
dryiﬁg stepvprior to solvolysis, which could be advantageous. ''Green'
wood qontains as much as 50% water when logged. After several weeks
of sﬁipping and open-air storage, the wood's moisture falls to the
10-15% level. Such field-dried logs are further dried to 4% before
they are .chipped and pulped. Chips and flour can absorb moisture from
humid air, and may require re-drying before they are processd.

Experimental runs were made to evaluate the soluﬁilization of wood
flour at moisture levels of 9% (as received), 15% (field-dried), and
50% (green wood), with each of the four solvents. The conditions were
0.1% acid and 250°C for 0.5 hour, or, for butanol, 0.25% acid and 180°C

for 1 hour.



111

Table 29 gives the experimental results. The trend suggests that
higher wood moisture reduces solubilization. The reduction, however,
is small. For example, wood conversions were 98.75% and 94.517% for
the 9% moist wood in phenol and ethylene glycol, versus 95.90% and
97.22% at 15% moisture, and versus 96.197 and an average of 90.89% at
50% moisture. It thus appears that both chips or flour from green or
field-dried wood can be solvolyzed just as well as the 9% moisture
wood. The big difference appears to be in the operating pressure:
Evidenced by the data (Table 29), the difference in operating pressure
at 250°C varies from 100 psig (bhenol) to as much as 500 péigi(cyclo-
hexanol) for the field-dried and green wood. High opérating pressure
translates into stricter equipment specifications and thus high capital
expenditure.

In addition to thé eérlier result thaﬁ chips can be solvolyzed
thus eliminating the grinding process, the use of green wood further
improves process economics by ayoiding drying the feed. From an over- '
all process standpoint, green¥wood solvolysis has opened up the possi-
bility of solubilizing wood or other biomass oﬁ tﬁe spot where it is
logged or collected. This could impact pésitively on the usually pro- -
hibitively high transportation and collection charges related to
5iomass operatioﬁ.

8. Solvent Incorporation

Solvent consumption is an important process factor that requires
investigation. All four solvents were studied under process condi-

tions that produced the least amount of residue. Vacuum distillation



Table 29. Solubilities of Wood of Different Moisture Levels.

_ _ Moisture Acetone Maximum Pressure
Expt. # Solvent (% in wood) insolubles (%) attained (psig)
RP 52 Butanol* 9 6.67 135

106 v 15 6.96 130

140 e 15 6.04 135
107 " 50 8.36 255
159 e 50 7.33 270
82 Ethylene Glycol 9 5.49 175
110 " 15 2,78 180
142 " 50 7.81 380
179 " ' 50 10.40 365
101 Cyclohexanol 9 3.52 210
108 ' 15 5.73 360
175 " - 15 6.38 350
160 " _ 50 5.98 545
143 " 50 6.15 560
102 - Phenol ‘ 9 1.25 225
112 - " 15 4.10 265
113 " 50 3.81 350
Process Conditiohé:

Note:

e Solvent/wood = 4/1
e Speed of stirring = 140 RPM
e 15 psia N, .

e 0.1% wt-% H, S0, in solvent, 250°C, % hr.

* 0.25% wt-% H, SO, in Butanol, 180°C, 1 hr.

(481
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was used to recover unincorporated solvent. Prior to distillation, a
predetermined amount of sodium hydroxide was added, in order to neu-
tralize the acid rem;ining in the system and thus avoid condensation
reactions during distillation. Table 30 lists the results of this
study.

The amounts of solvent incorporated averaged at about 2.5%
(relative to solvent used) or about 9.5% (relative to initial dry
wdod), except for phenol of which more than 17% (based on solvent) or
75% (based on dry wood feed) was not recovered. Along with solvent
incorporated, water was formed during sol?olysis (Table 30). Roughly
10% (based on initial dry wood) water was formed in solvents except
phenol which netted more than 237 water. It is interesting to note
that the amount of water formed is proportional to the amount of sol-
vent incorporated.

Since neither ﬁydrogen nor carboﬁ monoxide is required in

-SOIVOlySiS, a net water formation’éould only be explained by.dehydra—
tion reactions. This net watér formation serves both a desirable and
undesifable purpose. It is desirable because wood oxygen is reduced
and more importantly, bonds that crosslink wood are broken to form
low-molecular-weight fragments. On the other hand, it is undesirable
because in reducing’oxygen, hydfogen goes with it and in effect lowers

the amount of hydrogen in the solvolytic product.



Table 30. Amounts of Solvent ‘Incorporated and Water

Solvolysis.

Formed During

Solvent Incorporated (%)

Solvent based on

initial dry solvent

initial dry wood

~ Water Produced
(% initial dry wood)

Butanol* 2.32 10.18 12.38
Ethylene Glycol 2.24 9.84 9.96
Cyclohexanol 2.87 12.60 1 A4
Phenol 17.56 77.14 23.30
Process Conditions:

e Solvent/wood = 4/1

e Speed of stirring = 140 RPM =

e 15 psia N, -

® 0.1% wt-% H, SO, in Solvent, 250°C, % hr.

Note:

* 0.25% wt-% H, SO, in Butanol, 180°C, 1 hr.

1T
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9. Product Characteristics

(a) Appearance

After unincorporated solvent is removed by distillation, the
residual solvolytic product aﬁpears-as a shiny, tar-like, viscous
material at 100°C. It hardens when temperatures drop below 100°C.

Examining with the scanning electron microscope (Figure 24),bthe
product displays a crystal-like structure. The absence of cellulosic
fibers is indicative of complete structural destruction of the woody
structure. |

(b) Elemental Analysis

~Table 31 shows the elemental compositions of the solvolytic
products. The product oxygen contents vary from 20 to 35% (by weight),
which correspond to roughlyFIS to 40% oxygen reduction based on origi-
ﬁal wood oxygen.

.Recalling earlier result that phenol solvolysis prodﬁces the
largest amount of water among the four solvents, it correlates well
' with the elemental result that the phenol trea;ed product has the
least amount of oxygen, and, as Sﬁown in the next section, the lowest
'sqftening point. Since a low oxygén and iow molecular weight product
is desirabie, it wiil»be of:interest to relate the oxygen (and hydro-
gen) contents of the prbducﬁ-tovthe process parameters:and the nature
of thersdlvénts. |
(c) Properties

The acetone-soluble solvolytic products are pgrcially soluble in

toluene. Toluéne solubility ranges ffqm less than 6% to slightly more
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Fig. 24. Scanning Electron Micrograph of (a) Wood Flour Before
' Solvolysis (5KX); (b) Cyclohexanol Treated (250°C,

0.1 wtZ HZSO4, 0.5 hr) Solvolytic Product (5KX).
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Table 31. Elemental Content of the Solvolytic Products.

R _atomic ratio Oxygen Removed, %
Product/Solvent System | Carbon | Hydrogen | Oxygen | H/C 0o/C based on initial dry wood
Butanol** . | 61.12 614 | 3202 |
. - 57.62* 4.77* 34.50* | 0.99* 0.45* 14,90
Ethylene Glycol 59.19 5.44 34.65 ‘ _
. : -68.71* 5.67* 33.34* | 1.16* 0.43* 17.76
Cyclohexanol ~ 6288 | 606 303 | | | -
: 62.16* 5.21* 32.63* | 1.01* 0.39* 19.51
Phenol 7432 | 531 1891 | | |
73.62* | 452* 21.79* | 0.74* 0.22* 46.25

Process Conditions:

‘@ Solvent/wood = 4/1

e 15 psiaN, . ' B

® 0.1 wt-% H, S0, in Solvent, 260°C, % hr.
Notes: . ‘

* Corrected for incorporated solvent i.e. on solvent free basis_
** 0.25 wt-% H, S0, in Butanol, 180°C, 1 hr.

8TT
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than 25% (Table 32). Toluene is chosen as a solubility test solvent
because its solubles are presumably of better quality - less.oxygen—
ates, lower molecular weight, and lower melting (or softening) than
acetone solubles.

All four toluene solubles-aré light brown in color. At room
temperature, the acetone solubles are soft bitumen-like solids, while
the toluene solubles are highly viscous liquids. Upon héating, béth
solubles soften and start to flow. Table 32'depigts their softening

temperature.

(d) Molecular Weight

Gel permeation-chromatography (GPC) was used to determine the
molecular weight distribution of the solvoiytic products. Table 33
displayé the GPC results. The medién méleCular weight of the acetone
solubles ranges from 260 to 350, with the phenol treated product fanks
the lowest. Tﬁis is indicative that a more severe depolymerization
occurred in the phenol system. The median molecular welghts for
toluene solubles of cyclohexanol and phenol are both around 200.

10. Solvolysis Kinetics

Following ﬁhe plots of acetone—inédluble wood versus time (Eig.'18
thrpugh.Zl), two kinetic models are proposed to describe the solvolysis
behavior: an acid-sulfation equilibrium model, and anvorganic acids
vproduction model. |

(a) Acid-Sulfation Equilibrium Model

The model involves the assumption that the wood-derived products

W-OH form sulfate esters with sulfuric acid in two steps:



Table 32. Solubilities of the Solvolytic Products in Tdluene.

. Acetone solubles Toluene Solubles
Product/Solvent System | softening Temp. (°C) % initial dry wood softening Temp. (°c)

Butanol* 151 5.59 **
Ethylene Glycol 145 15.12 e
Cyclohexanol 137 22.17 32
Phenol 85 25.45 e

Process Conditions:

e Solvent/wood = 4/1

® 15 psia N,

¢ 0.1 wt-% H, SO, in Solvent, 250°C, % hr.

Notes:

0zZ1

* 0.256 wt-% H, SO, in Butanol, 180°C, 1 hr.
#* a viscous liquid at room temperature
Untreated Wood (oven-dry):

Acetone Solubility = 2.42%
Toluene Solubility = 0.24%
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Table 33. Molecular Weights of the Solvolytic Products.

Product/Solvent System

Median
Molecular Weight

Butanol
Ethylene Glycol

Cyclohexanol - AS*
TS**

' Phenol - AS*
TS**

Albany oil (LBL process)

1300
350

350
200

260
180

~ 300-400

Notes:
* AS : Acetone Soluble

** TS : Toluene Soluble
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SOA+H++W-OH_’W_SOZ+HO S 060G 00000 PO RCOEOESEOLEOLEODOEGTOEOIEOETDS (1)

2

S0 + _—ry - |
WS04+H +W-OH<——W2 SOA-..HZO ® 9 60 00 PP OELSEERIESIOCOEOPRCOEOSEICTS (2)

It is also assumed that reaction (1) is irreveréible, and that reaction
(2) does not commence unless reaction (1) is essentially completed.
This second assumption is supported by reéults of wood hydrolysis
reactioﬁs (121,122), in which the end pH of the hydrolyzing medium
usually fises by 1 to 2 units. . |

The equilibrium constant for reaction (2) is fitted by estimating
that the residual acidity is 2%, 5%, and 10% of the startiﬁg acid for
180°C, 215°C, and 250°C, respectively. These values account for the
behavior that the 250°C runs solubilize more wood than 180°cC. .

Total W-OH is given by W-OH = y.x, where y = proportion of reactive

W-OH group per unit conversion. The W-OH balance is:

,-50, + WSO, + W-OH = y.x

The available H+ is then:

(8" = % (H+)o - W,-80,, _where_(H+)o = amount of starting acid.

+ . . .
The H consumed in the first reaction 1is:

1, + _ -
5(1{ )_o = wz-soa +W-s0,
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Therefore, the equilibrium equation takes the form
(W,-50,) (W,-80,)

K = =
(W-50) (") (W-0) (a2 (y x-H -

2780,)

Knowing K at reaction temperature, one can calculate K during

heat-up by applying‘Van Hoff's equation:

1nK = a +

~1lo

, where a, b are constants.

The following table gives a sample calculation for the phenol system

at 0.1 wt.—% acid:

~ TEMP.

| X
°C . _ °K % H* _ K
180 453 Co7s 0.0025 338,000
215 488 8s ©0.005 43,900

250 523 98 0.01 - 6,000

Plugging in the K values and their respective temperatures; a and b are
determined to be 14,000 and'-ZO, réspectively.
The following rate equation was found to fit the conversion-time -

data closely:
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where x = Wood conversion (percent acetone-solubles), ko = rate
constant (ﬁin-l), E = activation energy (14000Ca1/gﬁ01e),
T = temperature (°K), and H+ = percent of available acid.

To calculate conversion during reaction heat-up, the following

heat-up equation is used (T, is temperature in °C):

C

(c.+C,t)

ch 1 72
d

= C2(3OO - Tc) or. T, =300-e

are constants; C, and C, are determined when the heat-

where C, and C 1 9

1 2

up equation is fitted with the experimental data.

Numerical integratioﬁ of the rate equation was carried out on a
Hewlett-Packard (HP-85) computer.v The strategy diagrém and the com-
puter program are given in the appendix. Table 34 tabulates the kos
for all ﬁour solvents. Figures 25 through ?1 show the calculated
vconversidn—time ploté tqgether with experimental data points for
phenol and cyclohexanol systems at various acid concentrations and
process temperatures. |

(b) Organic Acids Production Model

Recent work (121,122) in Lawrence Berkeley Laboratory's Biomass
group has indicated the formation or liberation of organic acids dur-
ing wood liquefaction. The residual activity is considered to be due
to catalysis by the organic acids, which aﬁpear to ionize more at high
temperature. |

The model assumes that sulfuric acid is continuously and irrever-

sibly consumed, and that. wood-derived organic acids are. continuously
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Equilibrium Model.

& = koe HOH(I—x)

Solvent System

Process Conditions

Acid Conc. (%), Temp. (°C)

Rate Constants, ko
(min.™) |

Butanol

0.1%, 180°C
0.1%, 250°C
0.25%, 180°C

0.5 x 107

Ethylene Glycol

0.1%, 250°C
0.25%, 180°C
0.25%, 250°C

0.5x 107

| Cyclohexanol

0.1%, 180°C
£ 0.1%, 250°C -
0.25%, 180°C

0.75 x 107 -

Phenol

0.1%, 180°C
0.1%, 215°C .
0.1%, 250°C
0.25%, 180°C

25x 10"
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Versus Reaction Time; 0.1 wt¥%

sto4 in phenol at 180°C.
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Fig. 26. Percent Acetone-Insoluble Wood
Versus Reaction Time; 0.1 wt¥%
H‘ZsO4 in phenol at 215°C.



100

Acetone - soluble wood (%)

Acetone-soluble wood (%)

127

100

80

60

40

20

i 1 1

. i
0 20 40 60 80 100
Timev(min.)

Fig. 27. Percent Acetone-Insoluble Wood
Versus Reaction Time; 0.1 wt%

sto4' in phenol at 250°C.
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Fig. 28. Percent Acetone-Insbluble Wood
' Versus Reaction Time; 0.25 wt% .
H2504 in phenol at 180°C.
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Fig. 29. Percent’Acetone-Ihsoluble Wood
Versus Reaction Time; 0.1 wtZ
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Fig. 30. Percent Acetone-Insoluble Wood
Versus Reaction Time; 0.1 wtZ

H,S0, in Cyclohexanol at 250°C.
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produced. The following kinetic equation is used to computer fit the

experimental data:

dx _ _
It " (klﬂ + sz)(l X)

vhere le and kZW, respectively account for acid consumption and

organic acids production; therefore,

T i
dx _ RT + RT n
Tt = K¢ (Hofy.x) + K,y pe z x (1=x)
where x = percent acetone-soluble wood, klO and k20 are rate constants
(min-l), E, and E, = 14 and 30-KCal/gmole, respectively, H = (H+)° -

y.x = percent available acid, and z = organic acids produced per unit
conversion. |

| To cdmputelcoﬁversion during heat-up, the samé time-temperature
dependence equations as in the acid-sulfation equilibrium model was
used here. The kl and k2 are tabulated in Table 35. Figures 32
and through 36 depict the conversion-time plots for phenol and cyclo-

hexanol systems. The strategy diagram and computer program for the

model are given in the. Appendix.
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=14000 =30000

%’%=<kle RT H + k,e T zx

) (=

Table of Rate Coﬁstants for the Organic Acids Production

Solvent System

Proccss ‘Conditions

Acid Conc.(%), Temp.(°C)

k; x10’

Rate Constants (min.™")|
| kA(107)z

Butanol

0.1%, 180°C
0.1%, 250°C
0.25%, 180°C

0.5

0.1

Ethylene Glycol

©0.19, 250°C
0.259%, 180°C
0.25%, 250°C

0.5

0.075

| Cyclohexanol

0.1%, 180°C
0.1%, 250°C
0.25%, 180°C

0.75

0.15

Phenol

0.1%, 180°C
0.1%, 215°C
0.19%, 250°C
0.25%, 180°C

2.5

0.35
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CHAPTER VI

SOLVOLYSIS‘PROCESS CHEMISTRY

Earlier work at PERC laid the chemical foundations of a high
temperature, high pressure process to liquefy wood. The reaction
occurred via a controlled pyrolysis (thermal degradétion) accompaﬁied
by reductive reactions with carbon monoxide as reductant. Due to the
lower process temperature and the absence of reducing gas, the sol-
volysis reaction mechanism must be very different. In order to under- .
stand better the interactions in a system of acid, alcohol, and wood,
the chemistry of such system will be explored here. Firstly, reaction
of acid and alcohol in the absence of wqod will be discussed. Second-
ly, reaction of alééhol and wood will be examined. Finally the acid-
alcohol-wood system will be discussed with the goal of identifying
those bonds that are broken 1eading to Qood solubilization;

A. Sulfuric Acid-Alcohol

The reaction of sulfuric acid and alcohol can be represented by

the following equations:

ROH + HZSO4 — ROSO3H + HZO

In excess alcohol,

ROSO,H + ROH > ROSO,0R + H,0

2 2

3
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In most sulfation reactions studied, excess acid was used. Reactions
involving a small amount of acia have rarely been invéstigated. If we
recall that acid is also consumed by some of the wood-derived products,
the fact that significant slowing down in wood dissolution occurs only
when over half of the wood is dissolved suggests that the acid consump- _
tion by process alcohol compared to consumption by wood-derived
products is relatively minor.

B. Alcohol-Wood

Many researchers have published their alcohol-wood reactions find-
ings but few have attempted to explain the reaction mecﬁanism involved.
Experiments were conducted to evaluate how wooa interacts with alcohol.
The results are shown.iﬁ.Table 36.

In the absence of acid, incomplete wood solubilization is achieved.
The insoluble wood ranges from 51.6% in phenol to 89.5% in butanol.

It is interesting to note that water alone is able to solubilize close
to 60% of the wood, a figure surpassing phenol. The relatively high
éolubility in water might in part be due to the orgaﬁié acid fraction
of the hemicelluloses. The.acid freed as a result of hemicellulose
dissolution could be consumed by the alcohol, whereas with no acid
consuming reaction in water the acid is available to attack wood.
Another possible explanation is the length of heat-up time. Because.
of higher heat capacity, water takes twice as long to heat and hence
allows more time for wood to dissolve.

C. Acid-Alcohol Wood

Comparing the result of runs with and without acid (Table 36),

wodd,solubilization is. clearly enhanced by acid. Although acidity is
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Table 36. Solubilities of Wood in Alcohols With and Without
Sulfuric Acid.

Solvent Acidity Acetone Insolubles (%) |
pKa ~ without acid - with acid
Butanol* 16.1 89.50 : 6.67
'Ethylene Glycol 14.4 72.50 5.49
-Cyclohexanol 15.5 81.82 - 3.52
Phenol- 9.9 51.60 | 1.25 .
Water 15.8 468 | 3283

Process conditions:

e 0.1% wt-% H,S0, in Solvent
® 250°C, % hr

. ® 15 psia N,
Note:

* 0.25% wt-% H,S0,, 180°C, 1 hr.
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a factor that influences dissolution, phenol with its lowest pKa is
still too weak an acid to show any catalytic action on the

solubilization.

In the presence of acid, the cellulose and hemicellulose are

believed to be depolymerized by acidic hydrolysis. The mechanism
(123-125) calls for the fdrmation of intermediate carbonium ions which
are stabilized by alkoxyl groups (or phenyl from pheﬁol) in alcoholic
medium. Th;svttaﬁsaCetalization reaction would explain the solvent-

incorporation result reported earlier.

XBL 816-913

~I1f heating continugs: the depolymerized carbohydrates dehydrate to
yield hydroxymethylfurfural and water. This water elimination reac-
tion is documented (125) to occur at or above 180°C, and in our case,
the claim is supported by the formation of water. In using phenol,

more highly depolymerized product, as indicated by its lower molecular
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weight, apparently lead to relatively heavier solvent incorporation -and

higher water formation.

Glucose Hydroxymethyifurfural

XBL 816-909

If prolonged heating and/or high temperature (e.g. 3QO°C) prevails,
hydroxymethylfurfural polymerizes to yield a high‘moleculaf weight
product. Some of the insoluble repolymerized material obtained iﬁ our
runs is believed to be polyhydroxymethylfurfural.

The idéa of adding acid to promote lignin dissolution in alcohol
was employed by Adler and Gierer (29). Brauns et al. (14,15) treated
lignin in acidified methanol, and noted that alcohol was incorporated
into the depolymerized lignin'product.

. The mechanism of the acid enhancement effect was diééussed by
Nikitih (127,128). He propdsed that acid activates lignin.aﬁd converﬁs
it into an unstable and active intermédiate,-a quinomethide. If no
suitable agent is present, it undergoes repolymerization. In an aléo-
holic medium, it is hydroxyalkylated to form a stable compound. This

may be illustrated as follows:
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E:ZOH é::zori E:ZOH | CH,OH
v 7 2 2 CH,
HC—OH HC~0H ~ HE HC-OR
Y +
H* 7 . ‘ _ROH
OMe - (, ” OMe OMe OMe. +H0.
OH :OH E 0 OH '

lignin monomer unit

XBL 816-908

Nikitin's proposed quinomethide mechanism wés suppbrted by Larsson
and Lindberg (129), who pérformed a kinetic study on acidic hydrolysis
of vanillyl methyl ether, taken as a lignin model compound. The meéh-
anism proposed conéists of quinoﬁethide formation followed by a-ether
bond §cissioning.v Kratzl et ;1¢ (130) also reported that quinomethide
was‘inVOIQed in hydrolyzing cyclic a-aryl ethér, another lignin model
compound .

- While it is possible to explain a-carbon etheric bond cleavage
using Nikitin's théory, the fac; that 8-carbon etheric bonds account
for half of the lignin crosslinks suggests that-oﬁher mechanisms also
operate during ligninvsolvolysis. Kratzl et. al. (130) observed
B;carbon-oxygen-bond cleavage by performing an acid-catalyzed sol-
volysis of guaiacyl glycerol-g-acryl-ether at 185°C. Their proposed
mechanism involves removal of y-proton and elimination of guaiacyl,

followed by elimination of theybenzylfc=hydroxy1 function as water.
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HCHOH ~ HCOH CHO
! I HC
H(.: —0 C3 H(.: ’ ]
HCOH HCOH | HC
OMe + _H o
OMe OMe OMe

OH OH OH

. +
HO Cy HO c,
OMe OMe
XBL 816 -910

More evidence was given by Hibbert (131) who isolated and identi-

fied four guaiacyl ketones (Figure 37, structures iv to vii) from the

water soluble products obtained from the reaction of spruce wood and

boiling ethanol. He believed the ketones were formed from B-hydroxy

coniferyl alcohol (iii) or its keto form (ii), both are lignin monomer
units. Adler and cowrokers (132,133) extended Hibbert's assumption by
demonstrating that a-arylglycerol B-ether (i), a recognized feature in
lignin structure, also yielded the same ketqnes; Figure 37 illustfates
the mechanism Qf'ketoﬁes formation. The mechanism involves.protonationv
of etheric oxygen foilowed by bond cieavage to form carbqﬁium ioﬁ which

is 'capped' by a hydroxyl.group. In our case, alkoxyl_(drvphenyl)'

would be the capping agent, another mechanism for solvent incofporatibn.
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Fig. 37. The Mechanisms of a-aryl Glycerol B-ether Hydrolysis
Yielding Hibbert Ketones.
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D. An Overall Picture

‘By fitting experimental.observations and literature information
inté an overall picture, we can put together a reaction sequence lead-
ing to wood solubilization (Figure 38). -The primary steps include
protonation, bond cleavage and species stabilizatioq.

Following the formation of hydronium ions, protonation is believed
to occur rapidly éuch that C-0 bonds cleavage can be achieved quickly.
The resultant carbonium ion intermediates must be capped for stabili-
zation if repolymerization is to be avoided. Alkoxyl or phenyl groups
are believed to serve the role of capping agents. The presence of
hydronium iéns also causes the depolymerized wood species to release
water which lowers the product wood oxygen. At elevated tempefatures
- (>250°C) and/of prolonged heating (>1 hr.), excessive dehydratiop
causes ;he depolymerized wood to répblymerize and form acetone

insolubles.

E. Liquefaction Stoichiometry
For better ‘'understanding of the solvolysis reactions, the follow-

ing equation can be used to describe the chemical results: -

‘Alcohol + Wood — Solvolytic Product + Water and co,
At optimum process conditions, wood is almost entirely converted or
solubilized. Among the by-products, water accounts for the majority
(10 - 24% of dry starting wood), carbon dioxide makes up 99% of the
off gas (0 - 4.5% of dry starting wood) with the rest shared among

carbon monoxide, methane and ethane.
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Wood, alcohol, acid

Wood in
Solvolytic Medium
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A
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Depolymerized Wood Species
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Liquefied Wood Product

Repolymerized Wood
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Fig. 38. Reactions Sequence Leading to Wood Solubilization

in a Solvolytic Medium.
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Below is a summary of equations for the four-solvent systems:

1. Butanol:

443856102, 53 * 0-13CH 0= 0.95C5 oHg 1,05, 0 * 0-35 D
2. Ethylene Glycol:
Cy uay 107,53 * 0+16C,HO0, —=C, ooHo , 0, | + 0.69H,0 + 0.0500,

3. Cyclohexanol:

C4.43%5.6102.53 * 0-13CgH 0 —0.97C5 5, He 0601.9 * 0-62H0 * 0.1C0,
4, Phenol;
C4.43%5.6102.53 * 0-82CqH0—=>1.5C¢ gHs 3101 5, + 1.29H,0 + 0.100

2. - |

Thé bases for the above equations are:

1. One hundred grams of starting wood (dry). Starting wobd'(dry)
has 53.17% carbdn, 5;612 hydrogen, 40.54% oxygen, also a few
tenths of one percent of nitrogen, sulfur, énd inorganic ash
which are assumed negiigible and thus nét accounted for in the
wood's formula.

AZ, Carbon dioxide was assumed to be the dnly gaseous productvwhose
amount. was calculated using ideal gas Behavior. |

3. Data for solvent incorporatéd, water produced, and product
elemental compositions came from Tables 30 and 31.

F. Product Hydrogenation Prospect

The solvolytic product contains considerable amounts of oxygen
(20-30%). 1In order to realize a higher heating value, further

deoxygenation is necessary. One option is to catalytically
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hydrogenate the product. Hydrogenation entails the advantage of
reducing the phenolics in the product to cyclohexanols which are
recyced to slurry the feed. This lessens thé amount of solvent
incorporated.

Figure 39 shows the heating value of biomass-derived oil and
related organic.materials as a function of oxygen content. A repre-
sentative atomic hydrogen to carbon ratio of various fuels is shown in
Figure 40. A good mid-range transportation fuel (diesel-jet fuel mix-
ture) may be represented as a pure hydroéarbon containing 12-15%
hydrogen by weight. The composition of this fuel and other petroleum
‘derived liquid fuels are contrasted with PERC/LBL oil, our solvolytic
products, and other solid fuels in Figure 41. Rough calculations show

15 SCF of hydrogen 1is

that for 100 1b of solvolytic product, 1.5 x 10
required to make mid-range transportation fuel. This large amount of

needed hydrogen could be a limiting factor. in process economics.
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Fig. 39. Higher Heating Values of Biomass-Derived 0ils and Related
Organic Materials as a Function pf Oxygen Content.
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Fig. 40,  Atomic Hydrdgen to Carbon Ratio of
‘Various Fuels. :
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CHAPTER VII
CONCLUS IONS

The process feasibility of utilizing simultaneous lignin alcohol-
ysis ;nd cellulose hydrolysis to dissolve wood 1s established. A
system consisting of small amounts of sulfuric acid and a potentially
wood-derived alcohol 1is demonstrated to be capable of cleaving the
bonds which crosslink the polymeric wood structure. At 0.1 wt% sul-
furic acid in phenoi; it takes less than 30 minutes at 250°C to render
over 95% of the wood acetone soluble whereas the original wood is less
than 2% acetone soluble. No hydrogen or synthesis gas is required. |
Other solvents almost equally effective are cyclohexanol, ethylene
glycol, and butanol.

A 4 to 1 solvent to wood ratio is found tq'adequatelvaetvthe wood
and yield good ovefall ;onversion. Both speed.qf stirring and‘wood
particle size exert small, essentially negligible, éfféctSvon convér-
sion, indicating that wood solvol}sis is kinetically cqntrolled.v
Kinetic models have been generated to computer fit the experimental
aata; the results show that solvolysis is first order in wood and in
available acidic protdns.

From 10 - 75% (dry woéd basis) of the solvents is found to be
retained in the product, This is_prbbably,due’td'solvent alkox?iation »
(phenylation in the case oélphenol) occurring during bond cleaQage.
Water, roughly 10 - 25% (dry wood basis) depehding on solvent used, is
generated during wood solvolysis. Its formation appears té be caused

by dehydration and by condensation reactions responsible for wood
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debxygenation. At higher severity conditions, wood solubility drops
accompanied by less solvent incorporation or more water formation.
This indicates solvent alkoxylation is a means of stabilizing depoly-
merized wood fragments to keep them from repolymerizing.

The mechanism of wood solvolysis is believed to involve pro-
tonation of etheric oxygeﬁs which are the major links in»lignin and
carbohydrates. The protonation is quickly followed by bond scission,
generating reactive radicals which are prone to recombine unless sta-
bilizers are present. Under inert atmosphere, the solvent is believed
to play the role of a stabilizer. Oxygen reduction is mainly achieved
by dehydration and/or mild condensation reactions.

This work has demonstrated that wood solubilization méy take‘place
at conditions considerably milder than the current PERC process (360°C,
2000’psig 0). Better understanding of wood behavior in a medium of
acid and alcohol could well pave the way for wood liquefaction proc-—
esses which are less energy and capital intensive and more energy

efficient with a better product distribution.
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1%@180c

ODRTR 7.23. 3. 72,26, :835.2¢6.
8%,2% .8, . 87.37.2., 82,52 2.
LB2e,82.3, .87 | DATA AT . 1%@

2150 '

DATR 7.22.8, .92.,2%3 . 6. 93,33
7, .9%,44.8, 9&85.55.8, .99.5

S.8,.93.25.8, .99 ' DATA AT
C1xezsec

DATR 5.13. 8. . €61.19.9, .9.24

&, 96.,28.8., 926,42 &, . 98,73

g..9%9 | DATA AT .Z2S%@1800C

T FOR PfCLOHEAHNOL
&,15 €5, .27.20.4. .
24.15..5:4 31.65,.58.46. FS.

B5.7€6 .85, €75 ¢ DATA AT 1

= EIBBC

DRTR 7. .15, .845.38.3, .824
+34 .65, .95.42 15, 827,42 65
. 982,57 15, 985.87.15,.987
¢ DATR RT 1% e@z5ec

DATH 5.15 5, . 442.19.25, £31
.23, .§25.3@8.5,.9@%,45 5. 9%
. .5, .385 @

55 ! OATA AT .25

A FOR BUTANOL
T.12,.199,22 .75, .3%52,2
451,324, .523.41 .5, .53¢&.
BR35.73, €48 ! DATA AT
12ac
4,42 . 4. . 327.58.9. . 3321,
Ceeg, 183 4, 831 ! DATA
1% . 258C
f &,28 1, 487.27 .6, . 645,
1..8232.50.1, g%¢.,80.1, .9
L9585 1, . 9€¢3 ! DATA AT . 25%
izac.
! DHTH FHP ETH«L:NE GLYCDOL
DRTH S.32 z. . 7€7.38.7, 94z,
IS 2. 947.53.2,.945.83.2, .9
£ | DATA AT 1% & zSal
DATA w.15.15. 51,18 9. 6£8,
22 €5..7B5.39.15, 882.45 1S
. 852.75.15, .952 | DATH AT
255 eizac
DRTH 4,22.5, . 955.37.9, .97.95
2.5, €S5.82.5,.9¢ ' DATA AT
RSN @ 250C
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B. Organic Acids Production Model

1. Program Flow Sheet

Input known data _
E, = 14,000 (from previous model)
Hg. kqg (from previous model), C,, C,

time t=0

Guess, kzo . 2z, Ez, n

A

Compute conversion

. plot

Tt=t+ At

. Does it fit
real data?
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) Oraw The Jurwve
Flat The Data Foints .
4 1

' Compute And Draw’The Curve
GOSUE 2161

'

I Print 3rafFrh and warilables
GOSLIE £94i .

define the. time-Tene
tuncrion.

GOSUE 1411

!

MOVE @,

|
i
' Initiaslize T and % and
i
i

Coo =f Bo e 0O Fot g Ty 1) €D ) £ s R D

C
2. Program
1821
S Uy 1621 T=2@
1251 w=m
T1 V FROGEAN OFRGAL 10 MODE! 1861 Y= . 1&
1741
Fil D e e e ———————————— 1281 ¢
. i : 1231 Dafine The Time-Temp Func
%1 ¢ CALCULATES AND DRAWES THE tian v
CURVE OF COMVERISION WS 1521 DEF FNTfN = Z00-ExF(5 . 6348 Y
- TIME . +T1¥H 427215 v -
1 1391 1
i * 1281 1 .
1 !t Imitialize The Yariables 2all RETURN
1 GOIUE 271 2G4
v i
1 ! Set The Yariables 2181 !
1 GOSUE 4771 131 )
1!
1 ! Oraw The Grarh HAxis it v
1 . GOsUE SSS51 2121 ! SUBROUTIMNE To Compute  And
1
1
1
1
1
1
L4

ner

LRSS Iy Bty I FITIOR UK IR DAL DX L I O N CREes IOV IEY RV GV EX G Kl

ISB I - )
71 EHD OO0 LOOF TO CALCULATE. THE
21 ! CURYE .
1t
210 =H3 TO 198 STEP RS
11 Y e m—m T2+272.1% THEH GQTO 25
81 ! T2 iz the max teme.
Za ! : ’ 2541 T=FNT:Ix
271 v SUEBEDUTIHE Inittaralizes the 2551 IF T:T2+2732.1S THEN T=T2+27
Variables .15 . :
aay ) 2981 H=H1-Y%i
221 2971 IF H<3 THEH H=6
251 T 25981 R1I=ASXKILEXPI-E1-{1 . 2837%T)
wRy T2 IHXHAEZXENF O -E2 01 QETRT ) 2 kX
1H31 H R 45 T
1351 E [XIN)) n=Xley
1981 E O3 !
1111 K . S41a-7 DRAW T.%
1id41 ¥ SE1a-13 !
115a v Bel HERT 1
1261 R q 0.
1221 ¢ 1 FETURH
1261 RETURMN FE N
1221 a1
1221 1
1351 L T N
- R PO
A5G5R
1411 4518 ! SUBROUTIHE to zet the
1441  SUBROUTINE Imitializes T. 4511 Vo wariabies.
1471 v A And Lesinez The 1520
1991 + Time=Tems FUNCTIONM
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r
A

HE 3
—

]
+ DISF ~THE WALUES OF THE CONM £241 MOVE 2.9

START S SFEM _ E2T1 !
4301 DIsF ~7Ti=":T1 €301 RETURHN
42321 DI=F "T2=":T72 £331 !
a4l DISF "E1=":E1l f£3gl !
4591 OIGF "EZ=".E2 £Z31 1.
4951 DISP “K1="iK1 E4BB | e
451 DISFE "Ka="iK2
Spae DISP "Hi=":HI €421 ' SUEROUTINE PLOTS THE ORTH
5041 DISF "A%=" ;A3 FOINTS
Savy DIsSP
S161 DISF
S131 DISP

i

REARD N

FOR 1=1 TO MW
RERDO ®.Y

GOSUWE $511. ! GRAPH POINTS

"ARE YOI GOING TO CHAN
GE AWY OF THE. YARIRELEST A

HIWER EITHER V2% OR NO .
i

[

INPUT J1%
]

LR Fo 0T
——

nincneh
[

iF HUMC 1S =NUMC*N" Y THEN R
ETURN

=4 =TT T TN RN fa 4 4
ol Fod g LTy Gl ) =) Ba e D A

Ay Ty T Ty Oy T T3 Ty T Ty T

S251 IF MUMCJILE»=NUIMC"Y" ) THEN G RETURN
N7 S=341 ELSE GOTO S131 0
5311 | - .
S341 DISF “AFTER EACH VARIABLE A 51 DATA 7. 47,15 . 7. .S&.21
.HD ITS YALUE RRE ENTERED. P "4, 4. 4 35 4. 71,43
FESS ENOLINE. " 3. T4, 78 1 DATA AT
5371 DISF "AFTER ALL OF THE CHAM {nEieac
GES HRE MADE. FRESS CONT.® cvoq
401 FAUSE \
sS4zl ! . |
5431 G070 4771 e
4351 !
S431 ! REM & PLOT LCREOSS %
sS:y ,
SRS | e ———————— ‘
MOME H.%
FEM SUEBROUTIHE DRAWS AXIS IMOME B, 525 & IDRAW B.-. 85
' IMOVE 1 5. 9825 & IDRAW -3.8
[} | '

BELERR
SCALE —-14d.1148.

4 fa e 0N

"sj.‘“ﬂ-]'.'d;;ISID-.!r;'—l.hlilr‘

NAMIE 9.5.8.1 i
YARIS Q.. 85.8.1 )
‘ ]

el Bl B I s 00 PR SN N |

RN AL oo

REM % LABEL #-AXIS %
]

SUBFROUTINE to Frint

]
l arafrh and wariables.
. '

LOTF &
FOR
MOWE ®=2. 5.-.
LABEL VALSIX)
HEXT &

i

TGO 1@ STER &8

S )

CoOPY _ . .

FRINT .. ."T1=",T1.."T2=";:T2.
: LYEL="iEL. . "EZ="GEZ. KIS

FEM % LREEL Y-RA<ISZ . ¥ Kl..%k2="; FZL." W= Y.t H=

f

D W K R SR
LY LY R YR VAV RN Y]

N E AN
&N i) T e 0T

D
EaIOCUR) B ALY O YO IR I MR B GRS ol SR e

T
<
<
g
S
g
&
3

N T O N e P O N N e

€ "iH

e LOIR & - 55 PRINT "AL1=",A1.."AS=":A3
g1 For w=@ TU | STEF .1 ST

£1 MOWE -18.,%- 032 265 RETURN

&1 LREEL YWALFCY D agE )

£211 NEXT %7 ELT
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