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ABSTRACT 

The liquefaction of biomass to an octane improver was investi

gated by means of pretreatment followed by solvolysis. The physical and 

chemical properties of wood, in addition to the use of solubility param

eter and supercritical extraction, were discussed. 

In pretreatment, the optimum condition for reducing the H-bond 

and crystallinity of Douglas fir wood flour was found to be its treat

ment by 1 weight percent HC1 followed by 2 weight percent NH^OH to pro

vide an alkaline pretreatment, where the total wood loss was 12 percent. 

Also, the optimum condition for a maximum degradation yield was 

found to be the solvolysis of a pretreated wood with methyl isobutyl 

ketone at 275°C and 38 atmospheres pressure for 15 minutes. The 

total degradation yield was 62 percent. 

The solid residues had atomic compositions similar to coal, but 

with lower cyclic structure and higher surface area. Analysis of the 

extractive products showed that they were oxygenated hydrocarbons and 

could be used as octane improvers in fuels. 

x 



CHAPTER 1 

INTRODUCTION 

1.1 Background 

The energy crises demand alternative sources for producing fuel 

and chemicals. Biomass materials are the most abundant polymers on 

earth. By far the largest category is wood. These materials are obtain

able as the original biomass on the land, as use and manufacturing 

residues or by-products, and as municipal solid waste. Since about one-

third of the world's land surface is covered by forests, consequently, 

forests become the main source of producing renewable biomass. However, 

the costs of collection and handling are much higher than for coal 

located in a specific coal mine. 

At present, under the good market conditions, only about 60 per

cent of the biomass of the softwoods is utilized, and the amount of waste 

is even greater with hardwoods. Also, piling or handling of these wastes 

is an additional problem of environmental pollution. Thus, it is of 

great importance for mankind to search for a feasible conversion method. 

On the other hand, none of the existing conversion methods of 

biomass are economically feasible. Either they involve high residence 

time and high chemical consumptions, or they do not have a reasonably 

high yield for valuable products. 

1 
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1.2 Objectives of Research 

During the initial phase of the investigation of biomass lique

faction at the University of Arizona, it was decided to investigate the 

usefulness of a relatively new method of supercritical fluid extraction 

as an alternative way of biomass conversion. We wanted to know whether 

a pretreated biomass sample, followed by supercritical extraction, could 

yield a significant amount of suitable product(s). 

Several basic research objectives were set. First, it would be 

necessary to select a typical biomass sample and study the physical and 

chemical properties of the sample. Second, we would investigate the 

theory and application of solvent interactions with respect to a biomass 

sample. Lastly, we would discuss the effect of process variable with 

respect to the amount and quality of the product(s). 

The detailed research steps which were planned are as follows: 

1. .. Design of a semi-batch extraction vessel with a fast heating-up 

to the desired condition of temperature and pressure for a wide 

variety of biomass materials. 

2. Select a solvent and a feasible procedure for pretreating the 

wood sample in order to reduce the crystallinity, hydrogen 

bonding, and the degree of polymerization. 

3. Select a solvent for the second stage of process (solvolysis) 

which can dissolve the pretreated wood and later can be separated 

easily for recycling purposes. 

4. Operate the solvolysis step in such a way that a minimum amount 

of gas and residum will be produced. 
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5. Control the variables in the solvolysis step in such a way that 

a high yield of high-quality products can be obtainable. The 

liquid products could become an octane improver for fuels. 

6. Analyze the chemistry of the products to understand the effect 

of solvent and operating variable on the pretreatment and the 

solvolysis steps. 
/ 

The research was, therefore, primarily oriented toward showing the effect 

of pretreatment and the process variable on the amount and quality of 

the product(s). 



CHAPTER 2 

THEORETICAL CONSIDERATIONS 

In biomass extraction, like any other extraction process, one 

needs to have detailed information about physical and chemical proper

ties of solute and solvent. 

This chapter discusses some important physical and chemical prop

erties of wood which affect the extraction process. The effect of exter

nal variables such as time, temperature, and chemicals on wood will be 

considered. The theory and the role of solubility parameters and super

critical conditions in extraction of a solute will also be discussed. 

2.1 Physical Structure of Wood 

Wood is a heterogeneous chemical substance, differing markedly 

from species to species. Appendix A shows the anatomy and physical 

structure of woods. The physical structure of a wood directly affects 

physical properties such as density, internal surface, moisture content, 

adsorption, permeability, diffusion, and swelling. 

In order to understand the behavior and reaction of a wood in 

pretreatment and solvolysis steps, one needs to have a strong knowledge 

of the above physical properties. 

4 
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2.1.1 Porosity and Density 

Wood is a porous material consisting of various, complex, 

tubular, cellulosic structural units cemented together with a large part 

of the lignin and infiltrated with extracts. 

The fact that within a single species, even within the same 

tree, there are differences in the density makes a study of the cause of 

these variations of considerable interest. For example, the lower por

tion of a tree is more dense than the top, or the amount of summer wood 

(late wood) causes the density to increase from 15% to 60%. Also, the 

age of the tree and its growth conditions can influence the density. 

Usually a frequency curve set-up is used to evaluate the fluctua

tions of density in a certain wood species (Wenzl, 1970), because the 

specific gravity does not indicate anything about the distribution of 

the wood substance itself in the wood structure, such as, for example, 

in the form of numerical data of the average diameter or the thickness 

of the cell wall. Such data, however, are of some importance with 

regard to the strength properties and other characteristics of pulps and 

paper prepared from the wood. 

Thus far, only the density of the wood has been discussed. Wood 

is a porous material and the total density values are composed of the 

density of the cell wall and the cavities. Investigations of the 

density of cell-wall substance by different methods are numerous and 

some of the results are given in Table B.l (Appendix B). 

Most species of wood in the United States which fall in the dry-

volume, specific gravity range of 0.3 to 0.85 will have dry void volumes 

ranging from about 42% to 80%. The percentage of void volume, e, can be 
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calculated from the bulk specific gravity of the wood on a dry-volume 

basis, g, and the specific gravity of wood substance, g^, as follows: 

e = 100 (1 - ) (2.1) 
80 

As per Stamm and Harris (1953), g^, the dry weight of wood substance 

divided by the volume exclusive of voids, varies slightly from species 

to species and averages about 1.46. 

2.1.2 Internal Surface Area of Wood 

The microscopically visible internal surface area of wood is 

2 3 2 
quite large, about 15 ft /in (0.21 m /g) for wood with a specific 

gravity of 0.4. This surface, however, is quite small in comparison 

with the internal surface within the cell-wall structure on which water 

is adsorbed. By various indirect methods, this surface has been esti-

2 
mated to be about half an acre per cubic inch (300 m /g) of wood with a 

specific gravity of 0.4. This capillary surface does not exist in dry 

wood. It is formed in the process of water adding its volume to the 

volume of the cell wall. The cell-wall capillaries are, therefore, 

referred to as transient capillaries (Stamm and Harris, 1953). Differ

ent methods for measuring the internal and external surface area of wood 

(or cellulose) samples are discussed in Browning (1967). 

According to Sanyer (1978), by mercerizing cotton, the specific 

2 
surface area as measured by nitrogen adsorption decreased from 0.4 m /g 

2 for mature Locklett cotton and 0.8 m /g for immature Memphis cotton to 

2 
0.2 m /g for both cottons. However, when the untreated cottons were 
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swollen in water, followed by solvent exchange with anhydrous methanol 

and pentane, then dried, the area available to nitrogen increased to 25 

2 
and 34 m /g for unmercerized mature and immature cottons, respectively. 

Using the same process as above, an even greater increase in the surface 

area was found for mercerized mature and immature cottons: 100 and 148 

2 m /g, respectively. Since mercerization has been shown to result in 

increased adsorption of moisture and alkalies, as well as reduce the 

crystallinity of cellulose, the greatly reduced adsorption of nitrogen 

after mercerization alone was quite puzzling. In additional experiments, 

the specific surface of cellulose hydrolyzed with hydrochloric acid 

2 
(hydrocellulose) was found to increase from 0.6 m /g in the air-dried 

2 state to 126 m /g when it was swollen in water before solvent exchange 

and drying. When the hydrocellulose was subjected to solvent exchange 

and drying without pre-swelling with water, however, the specific sur-

2 face was only 6 m /g. Thus, the water treatment was thought to play an 

important role in the development of the larger surface area by sepa

rating the close-fitting crystallites so that most of their surfaces 

would be available for nitrogen adsorption. 

2.1.3 Moisture Content 

The moisture content varies markedly within the tree and usually 

decreases from the bark toward the pith, i.e., it is highest in the sap-

wood and lowest in the heartwood. Also, it can increase from the base 

to the crown of the tree. In conifers (softwood), at different stem 

heights, moisture content depends to a great extend upon the composition 

of the stem as regards sapwood and heartwood. 
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Table B.2 (Appendix B) gives some data of interest with regard 

to the relationship between the volume weight, the proportion of water 

by weight, volume of freshly felled wood, and the specific weight of dry 

wood. 

Water is held in the wood substances by two different forces. 

The wood itself binds the water by adsorption. The adsorbed water is in 

equilibrium with the atmospheric moisture. When the relative humidity 

of the atmosphere is 100%, the moisture content of the wood is about 30%, 

calculated on the basis of absolutely dry wood. This moisture content 

is also called "the fiber saturation point." 

Also, in the hollow spaces of the wood, water can be bound by 

capillary forces. At the fiber saturation point, these spaces are 

filled with air, but when more water is added to the wood it penetrates 

the hollow spaces. When all the air in the wood is displaced, the maxi

mum amount of water has been bonded. 

The amount of bonded water represents a measurement of the 

porosity of the wood. The thicker the cell wall, the more intermicellar 

cavities and, therefore, the more water bonded by the wood. At low 

moisture contents, the movement of the water in the wood is limited 

essentially to a water vapor movement through the capillaries filled 

with air, but, with increasing moisture content, the diffusion also 

increases (Wenzl, 1970). 

2.1.4 Adsorption 

2.1.4.1 Adsorption of Water Vapor. Wood has a very great 

affinity for water. With regard to the differences in the adsorption of 
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water vapor by the individual chemical components of wood, investigators 

in this field have shown that the adsorption capacity of wood is gener

ally greater than that of the cellulose isolated from the wood. For a 

sample of Eucalyptus regnans, the fractions of the total adsorption cal

culated were 47% for cellulose, 37% for hemicellulose, and 16% for 

lignin (Wenzl, 1970). In addition, the experimental procedures for 

measuring adsorption of cellulose (or wood) samples are explained exten

sively in Browning (1967). 

In common with other hygroscopic (water-loving) substances, wood 

reduces the vapor pressure of water; that is, the tendency for water 

vapor to leave wood is less than its tendency to leave a mass of liquid. 

Figure 2.1 gives the moisture content-relative vapor pressure curves for 

Sitka spruce at several different temperatures. The curves shown in 

Figure 2.1 for Sitka spruce are representative of most species. Hard

woods tend to have slightly higher adsorption values than softwoods, 

presumably because of the higher hemicellulose content. The curves indi

cate that the hygroscopicity decreases with an increase in temperature. 

The adsorption of water vapor by wood corresponding to the saturation 

vapor pressure (unit relative vapor pressure) decreases linearly by 

approximately 0.1% for each degree Centigrade increase in temperature. 

Here, it is necessary to discuss in some detail the adsorption 

process. As can be seen from Figures 2.1 and 2.2, the desorption iso

therms can be followed from the state of absolute dryness up to the 

state of complete saturation, i.e., to the fiber saturation point. In 

addition, the ratio of the adsorbed to the desorbed moisture content over 

the relative vapor pressure range of 10% to 95% is quite constant and 
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varies but little for different species, isolated cellulose, and lignin. 

The average value is about 0.85 (Stamm and Harris, 1953). The adsorption 

isotherms, typical for porous substances of colloidal character, show an 

S-shape, caused by the fact that the processes of adsorption, chemisorp-

tion, and capillary condensation overlap (Wenzl, 1970). In the range of 

low humidity (about 0% to 20%), chiefly chemisorption occurs, which 

takes place monomolecularly and is accompanied by a pronounced heat 

effect. In the next range of humidity (up to about 60%), pure adsorp

tion takes place and leads to the formation of multimolecular adsorption 

layers with a considerably lower heat effect. With high humidity (up to 

90% and over), capillary condensation is added to the multimolecular 

adsorption layers and the heat effect finally drops to zero. 

With desorption, the hygroscopic equilibria are higher than with 

adsorption. This phenomenon, as applied to colloids, is termed 

"hysteresis." Therefore, the amount of water that wood can hold at any 

relative humidity depends on whether it has been brought to that condi

tion from a higher or lower relative vapor pressure or moisture content. 

Figure 2.2 shows a hysteresis loop for spruce at 25°C. It has been 

quite definitely proved that the hysteresis loop is not due to a lack of 

equilibrium or to adsorbed air (Stamm and Harris, 1953). It is gener

ally explained on the basis of availability of the hydroxyl groups of 

cellulose and lignin for bonding water. Under the original water-soaked 

condition in which wood is formed, the maximum number of hydroxyl groups 

is satisfied with water. As the wood dries, the hydroxyl groups of 

cellulose and lignin are drawn more closely together and eventually 

satisfy each other instead of being satisfied by water. When water is 



13 

again bonded, part of the hydroxyl groups of cellulose and lignin con

tinue to satisfy each other and are, thus, unavailable for bonding. 

The complete cycle, hysteresis loop in Figure 2.2 represents the 

boundaries of an equilibrium area, any point of which may correspond to 

the moisture adsorption of the wood under suitable relative vapor pres

sure and preliminary treating conditions. The intermediate adsorption 

curve in Figure 2.2 represents the experimental results for relatively 

large blocks of wood and only moderate relative humidity control, condi

tions under which both adsorption and desorption may take place in the 

same block of time. 

2.1.4.2 Adsorption of Gases and Vapors. The non-polar, inert 

gases are adsorbed by wood and by cellulose only to the extent of a 

small fraction of 1 percent. Polar gases, such as carbon dioxide, 

hydrochloric acid, ammonia, and sulfur dioxide, are more strongly 

adsorbed, in the order given (Stamm and Harris, 1953). The adsorptive 

power of wood for these gases seems to be greater than that of cotton. 

Most organic liquids are adsorbed to a lesser degree than water 

under saturation vapor conditions. The adsorption of primary alcohols 

decreases rapidly from methyl to amyl alcohol. However, more organic 

vapor may be retained under low relative vapor pressures than water. 

For example, at temperatures as high as 105°C, several percent of 

ethanol are still retained in wood and cotton. 

2.1.4.3 Selective Adsorption from Solution. Alkalies are 

selectively adsorbed to a high degree from an aqueous solution by 

cellulose. This might be due to a reaction in molecular proportions, 
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Acids are but very slighlty adsorbed from dilute solution by cellulose 

and wood. Strong acids dissolve the cellulose and cause hydrolysis. 

The cations of bivalent and trivalent salts, such as barium chloride and 

aluminum chloride, are selectively adsorbed by cellulose and by wood, 

presumably as the hydroxide. Sodium chloride, sugar, and glycerin are 

negatively adsorbed (adsorption of water in preference to compound) from 

an aqueous solution by wood. Phenols and hydrocarboxylic acids are 

positively adsorbed from an aqueous solution and they cause the wood to 

swell beyond its capacity to swell in water (Stamm and Harris, 1953). 

2.1.5 Permeability 

Treating of wood always involves permeability of liquids and 

vapors through its capillary structure. Therefore, it is considerable 

importance to study the complex capillary structure from the standpoint 

of determining the part of the structure which is chiefly responsible 

for controlling the rate of movement of liquids and vapors through wood 

under different driving forces. 

When liquid flows through capillaries of different radii con

nected in parallel, the pressure is the same on each capillary. The 

rate of flow through the different capillaries, however, will vary 

directly proportional to the fourth power of their radius. Water 

flowing through one fiber cavity of wood to another must either pass 

through the transient cell-wall capillaries or through the pits. Due to 

the larger radius of the pits (as compared to the cell wall) in soft

woods, the flow of liquids under pressure is almost entirely through the 

pit membrane pores and combination of fiber cavities in series with the 
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pit chambers (Stamm and Harris, 1953). The sapwood of softwoods is, in 

general, considerably more permeable than the heartwood because of the 

more numerous and larger pit membrane pores. 

If the wood contains some air bubbles in the fiber cavities, as 

it normally does, even in the green condition, applied pressure will 

force the air bubbles into the pit chambers, where an air-liquid 

meniscus will form in the pit membrane pores. In order to force the 

liquid out and the air through these fine capillaries, the surface ten

sion of the liquid in the capillaries must be overcome. This may require 

pressures of 7 to 500 pounds per square inch for the heartwood of soft

woods and 3 to 150 pounds per square inch for the sapwood of softwoods. 

That is why impregnation under high pressures must be resorted to in 

order to make preservatives, fire retardants, and dimension stabilizing 

chemicals flow appreciably into wood containing both free water and air. 

2.1.6 Diffusion 

The passage of substances through wood can occur under diffusion 

conditions, as well as under pressure permeability conditions. The 

diffusion of water-solubles can occur through the transient cell-wall 

capillaries of water-saturated wood, as well as through the coarser 

capillary structure when the molecular weight of the solute is suffi

ciently low so that it can pass through the structure. The parallel 

combination of the pit chamber and pit membrane pore system and the 

transient cell-wall capillaries offers considerably less resistance to 

diffusion than the fiber cavities with which they are in series. 
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The continuous diffusion through the cell walls is practically-

negligible in comparison with that through the fiber cavities. 

According to Stamm and Harris (1953), Figure 2.3 shows how the transverse 

diffusion decreases with an increase in the specific gravity of the wood 

at different temperatures. However, the theoretical value for the ratio 

of longitudinal to transverse diffusion varies from 10 for water-

saturated wood of low specific gravity to 15 for wood of an average 

specific gravity. 

If wood is filled with a non-swelling liquid, such as benzene, 

rather than with water, diffusion of a solute through the wood is modi

fied in that there are no effective transient cell-wall capillaries 

through which diffusion can occur. As a result, diffusion in the fiber 

direction is only moderately reduced, whereas the transverse diffusion 

is greatly reduced. 

Data for gaseous diffusion in porous solids at elevated tempera

ture ranges are scarce. However, Roberts and Satterfield (1965) have 

estimated the effective diffusivities in a carbonaceous material under 

reaction conditions by using an assigned temperature coefficient then 

extrapolating from the room temperature data. Also, a. Wicke-Kallenbach 

(WK) type diffusion apparatus was used to measure diffusivities at ele

vated temperatures by Yang and Liu (1982). They used a mixture of Ar-^ 

and gases with graphite at temperatures ranging from 295°K up to 

978°K. The results of their work are shown in Figures C-3 and C-4 

(Appendix C). According to Figure C-3, the effective diffusivity of 

-4 
Ar-N^ (with a flux ratio of 1.15) at room temperature is about 7.43x10 

2 
cm /sec and increases linearly with a slope of 1.173 on a log-log basis. 
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2.1.7 Swelling and Shrinking 

It was previously pointed out that adsorbed water adds its 

volume to the volume of dry wood substance and that 30% water, on the 

weight of the dry wood, can be bonded within the cell-wall structure. 

Figure A.5 (Appendix A) shows the effect of alternate swelling and 

shrinking of a Loblolly pine fiber. As can be seen from this figure, 

the parallel bundles of fibrils are wrapped with external microfibrils. 

Once part of this outer wrapping has been broken, then bundles of 

fibrils are dispersed. Also, due to this wrapped structure of fiber, 

the shrinking and swelling of wood is 1.5 to 3.5 times greater in the 

tangential direction than in the radial direction. Experimental proce

dures for measuring the extent of swelling for wood or cellulose samples 

are discussed extensively in Browning (1967). 

2.1.7.1 Water. According to Wenzl (1970), heavy wood with 

thick cell walls swells or shrinks more than light wood with thin cell 

walls. Figure C.5 (Appendix C) shows the relationship between the 

specific weight of wood and the apparent swelling pressure between 30% 

and 100% relative humidity. The internal pressure increases rapidly 

with the specific weight and, at 1.44, reaches a value of 11,000 psi. 

However, prior steaming of wood decreases this swelling pressure which, 

in turn, increases the stability of the shape of timber. 

The stresses resulting from moisture gradients put the wood 

under compression or tension and thus promote internal dimension changes. 

The extent of these swelling forces is so great that swelling cannot be 



mechanically prevented. Mechanical restraint merely changes the direc

tion of swelling and shrinking. 

2.1.7.2 Aqueous Solutions. Certain aqueous solutions swell 

wood and other cellulosic materials beyond the normal water-swollen 

dimensions. In general, dissolved materials that are selectively 

adsorbed from solution cause appreciable swelling beyond the swelling in 

water. Measurements of the external swelling of wood in saturated 

aqueous solutions of a series of chloride and a series of potassium 

salts gave the following order of swelling: 

ZnC^ > LiCl > CaC^ > MgCl^ > Mnd^ 

KSCN > KI > KBr 

BaCl. > NaCl > NH, CI > KC1 
2 4 

KC1 > KNO_ > K„SO, > KC10o 3 2 4 3 

Saturated solutions of the salts above the horizontal line are quite 

effective in increasing the swelling, Whereas those below the line have 

an almost negligible effect. The more effective salts are those which 

are more soluble in water. 

Concentrated mineral acids, such as sulfuric and phosphoric 

acids, swell cellulose considerably, then dissolve it, and finally 

hydrolyze it. They are believed to form additional compounds with 

cellulose. They also swell wood appreciably beyond the swelling in 

water. 
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Dilute mineral acids with pH values of 2 to 6 show no swelling 

action on wood beyond that obtained in water. Dilute alkalies, however, 

cause a swelling beyond the swelling in water, which becomes quite 

appreciable above a pH of 8. 

Organic solvents are generally poor penetrating and swelling 

agents for cellulose, but when an organic solvent-soluble derivative of 

cellulose is formed, organic solvents or an excess of organic reagents 

can effectively facilitate penetration and reaction. In the case of 

aqueous reagent systems, small reagent molecules commonly penetrate 

channels and pores of cellulose to reach as few as 10-15% of the total 

hydroxyl groups of a highly crystalline cellulose, or as many as 85-95% 

of the decrystallized cellulose (Sanyer, 1978). Pores of cellulose dis

criminate by a sieving action among solute molecules on the basis of 

molecular size; as solute molecules in aqueous media approach the size 

of the water molecule, potentially they will reach all the internal sur

faces that are wet by water increases. In addition, the capability of a 

water-soluble solute to penetrate pores of cellulosic fibers depends not 

only upon molecular weight or size, but also upon the ability of the 

solute to participate in strong donor and acceptor hydrogen bonding in 

order to compete at the water-cellulose interface for use of bonded 

water as solvent water. 

Aqueous solutions of a number of organic compounds cause consid

erable swelling beyond the swelling in water. Such compunds are 

phenols, phenol-formaldehyde resinoids, pyrogallol, urea, thiourea, and 

chloral hydrate. In concentrated solutions, these substances may swell 

wood as much as 25% beyond the swelling in water. 
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Aqueous solutions of chemicals which swell wood beyond the 

swelling in water cause a greater degree of swelling of wood substances 

than the increase in external dimensions indicates because of the high 

internal swelling. When wood is swollen in a strong alkali solution, 

the lumen of the fibers may be almost completely closed. 

2.1.7.3 Non-Aqueous Solutions. The swelling of wood in most 

water-free, organic liquids is less than in water. In general, it 

increases with an increase in the dielectric constant of the liquid, but 

there are a number of striking exceptions, as shown by the data in 

Table 2.1. The data indicate that swelling may be correlated to a 

higher degree with the tendency for hydrogen bonding. Molecular size 

also appears to be a controlling factor. Increasing the molecular 

weight of the liquid in the alcohol, acid, and acetate series causes a 

decrease in swelling power. 

Water in swollen wood can be replaced by another liquid, if that 

liquid is completely miscible with water, without causing a shrinkage of 

the wood. The water in wood, at a moisture content above the fiber 

saturation point, can be replaced by ethyl alcohol or acetone by soaking 

the wood in the organic liquid, thus allowing the organic liquid to 

diffuse in and the water to diffuse out, and at suitable intervals 

replacing the organic liquid, which now contains water, with fresh 

organic liquid. 



Table 2.1 External volumetric swelling relative to that 
in water for oven-dry, white pine sections in 
various water-free organic liquids. — From 
Stamm and Harris (1953). 

Swelling Media 

Relative 
Swelling 
(%) 

Dielectric 
Constant 

Carbon tetrachloride 1.7 2.24 

Chloroform 3.2 5.05 

Ethyl ether 3.0 4.33 

Benzol 0.0 2.28 
Toluol 1.6 2.39 
Aniline 4.8 7.25 
Chlorobenzene 5.2 5.94 
Bromobenzene 5.8 5.40 
Benzaldehyde 6.0 18.00 
Nitrobenzene 13.7 36.10 

Amyl alcohol 4.9 15.80 
n-Butyl alcohol 13.5 17.80 
Propyl alcohol 45.0 21.80 
Ethyl alcohol 83.0 25.70 
Methyl alcohol 95.0 31.20 

Ethyleneglycol monoethyl ether 90.0 -

Acetone 63.0 21.40 

Methyl acetate 80.0 7.30 
Ethyl acetate 54.0 6.40 

Oleic acid 39.0 2.45 
Valeric acid 57.0 2.68 
Propionic acid 67.0 3.19 
Acetic acid- 75.0 7.10 
Formic acid 120.0 62.00 

Formamide 123.0 84.00 

Diethyl amine 116.0 4.00 
Alpha picoline 114.0 10.00 
Pyridine 120.0 12.00 
Piperidine 150.0 6.00 
Morpholine 157.0 -

Water 100.0 81.00 
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2.2 Chemical Structure of Wood 

2.2.1 Constituents 

Wood is a heterogeneous chemical substance and its constituents 

differ markedly from species to species. However, from a commercial 

point of view, the most important types are softwoods and hardwoods. 

The constituents of these two kinds of trees are given in Table 2.2 and 

Table B.4 (Appendix B). In addition, the amount of these constituents 

varies from one part of a tree to another, as shown in Table B.3 

(Appendix B). 

Since the analysis of wood is based on the isolation and iden

tification of certain groups of wood components, it does not deal with 

the determination of chemically uniform substances. As can be seen from 

Tables 2.2 and B.4, the main groups are cellulose, hemicellulose, 

lignin, and extractives. A more exact and brief definition of these 

terms is given below. Later, these groups will be discussed in detail 

in a proper manner. 

Cellulose is a linear polysaccharide built up from orhydroglu-

cose units which are connected with each other by l-*-4-|3-glucoside 

linkages and which possess an orderly structure. The hemicelluloses 

comprise all non-cellulosic polysaccharides and related substances, such 

as, for instance, the uronic acids and their derivatives. Lignin is a 

substance which contains a basic skeleton of four or more substituted 

phenylpropane units per molecule. The extractives consist of a large 

number of organic compounds which can be extracted with other organics 



Table 2.2 Average weight percent chemical com
position of softwoods and hardwoods. 
— From Thomas (1977). 

Softwoods Hardwoods 

Cellulose 42 + 2 45 + 2 

Hemicellulose 27 + 2 30 + 5 

Lignin 28 + 3 20 + 4 

Extractives 3 + 2 5 ± 3 
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and also, partially, with water, and which do not belong to the hemi-

cellulose group. 

To these groups, terms are often added which do not include any 

further chemical or physical definitions, but refer only to methods, 

such as the following: 

1. Holocellulose, which consists of virtually all the woody plant 

material, including the hemicellulose, after the removal of all 

lignin, resin, etc. 

2. Alpha-cellulose, which is the main component in the purified 

cotton cellulose (98-100%) and purified wood pulps (88%), is 

isolated as follows: when a plant cellulose is immersed in 

17.5% caustic soda solution at 20°C for a period of 5 minutes, 

it leaves a residue termed alpha-cellulose. 

3. Beta-cellulose is the precipitate, formed on acidification, of 

filtrate remaining from the above analysis. 

4. Gamma-cellulose is the fraction remaining after precipitation of 

the beta-cellulose has been carried out, as above. It is thought 

to be incompletely formed cellulose, which is substantiated by 

the fact that is obviously contains a large proportion of hemi

cellulose, which is found frequently in the growing areas of 

plants. 

2.2.2 Lignin 

Lignin is the major non-carbohydrate component of wood. It is 

associated with cellulose and hemicellulose, but mainly exists around 
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the middle lamella and primary wall of the cells. It is a very complex, 

cross-linked, three-dimensional polymer formed from phenolic units. 

Lignin can be isolated from extractive-free wood as an insoluble 

residue after hydrolytic removal of the polysaccharides. So-called 

Klason lignin is obtained after removing the polysaccharides from 

extracted (resin-free) wood by hydrolysis with 72 (w) percent sulfuric 

acid. Alternatively, lignin can be hydrolyzed and extracted from the 

wood or converted to a soluble derivative. Also, the polysaccharides 

can be removed by enzymes from finely divided wood meal. 

Lignins are polymers of phenylpropane units. This can be veri

fied by ultraviolet (UV) microscopy at various wavelengths directly on 

the wood sections. Figure 2.4 shows the most important building units 

of the lignin in spruce. The role of coniferyl alcohol as the immediate 

14 
precursor of softwood lignin has been demonstrated by using C labeling. 

Lignin precursors (p-coumoryl, coniferyl, and sinapyl alcohols) are 

formed from glucose by a variety of enzymic reactions involving oxida

tions, reductions, aminations, deaminations, decarboxylations, etc. 

The number of building units varies considerably from a few up 

to several hundred. More than two-thirds of the phenylpropane units in 

lignin are linked by ether bonds; the rest by carbon-to-carbon bonds. 

Figure C.6 (Appendix C) shows the principal bonds in lignin. Their pro

portions are seen in Table B.5 (spurce lignin; Appendix B) and Table B.6 

(birch lignin; Appendix B). In addition, Table B.6 shows the percentage 

of major functional groups which influence the reactivity of lignin: 

phenolic hydroxyl, benzylic hydroxyl, and carbonyl groups. Based on the 

above data, the structural scheme for spruce lignin was proposed by 
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HiCOH HtCOH 

(I) R—H, p-Coumaryl alcohol 
(IV) R«-C«HuOt Glucocoumaryl 

alcohol 

OMe 

(II) R—H, Coniferyl alcohol 
(V) R—C»HiiO, Coniferin 

MeO 

HiCOH 

OMe 

(III) R—H, Sinapyl alcohol 

(VI) R—C«H.iO» Syringin 

OMe 
OH 

(VII) Cooiferaldehyde 

Figure 2.4 The building units of lignin in spruce. 
(1966). 

— From Freudenberg 
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Adler (1977), as shown in Figure 2.5. The weight-average molecular 

weight for "milled wood lignin" (MWL) from softwood is about 20,000, 

whereas lower values have been reported for hardwood lignin. 

The lignin concentration is high in the middle lamella and low . 

in the secondary wall. Because of its thickness, at least 70% of the 

lignin in softwoods is, however, located in the secondary wall, as shown 

by quantitative UV microscopy. 

The aromatic nature of the phenolic units renders lignin hydro

phobic and the three-dimensional network provides rigidity and optimum 

resistance to compressive forces. The structural make-up of lignin from 

hardwoods differs from softwood lignin in that the basic building unit 

is syringyl, whereas guaiacyl is the primary building unit for soft

woods. Because the guaiacyl unit has a greater number of potential 

reactive sites, a higher degree of cross-linking exists. Furthermore, 

lignin formed primarily from guaiacyl has, on the average, a higher 

molecular weight. Typically, softwood lignin has about 10 times more 

guaiacyl than syringyl units, whereas in hardwoods the ratio is usually 

one-to-one. Thus, hardwood lignins are more easily degraded than soft

wood lignins. 

Many studies have indicated that covalent linkage must exist 

between lignin and wood polysaccharides. According. SjostrSm (1981), the 

hemicellulose components (xylon and galactoglucomannans in softwood) are 

bonded to lignin mainly through arabinose, xylose, and galactose 

moieties, as shown in Figure 2.6. 

Erins et al. (1976) have proposed a general model for the struc

ture of the cell-wall, ligno-carbohydrate matrix. They believed that 



Mf-OICHjCH] HyCO' 
CHjOH 

HCOH 

s^^OCHj 
0H[0-C] 

Figure 2.5 Prominent structures of 
phenylpropane units. — 

softwood lignin comprising 16 
From Adler (1977). 
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Figure 2.6 Examples of linkages between lignin and hemicelluloses. — 
From SjostrBm (1981). 



this matrix is a cross-linked polymer system in which a great role is 

played by ester cross-links. Most probably, these bonds are formed 

between glucuronic acid units of the 4-0-methylglucuronoxylan and the 

hydroxy groups of lignin. The main evidence for the role of ester 

cross-links is the similar stability of esters and structure of birch 

wood, and their dependence on the alkalinity and acidity of the medium. 

In contrast to birch, the structure and properties of spruce are more 

stable to the action of alkali (see Table 2.3).. 

According to the above-mentioned model, the amorphous ligno-

carbohydrate matrix of wood is a polymer system in which both covalent 

and hydrogen bonds cross-link. The matrix is heterogeneous in physical 

density, as well, as in the frequency of cross-links, which is generally 

determined by the globular structure of lignin (Figure 2.7). Chain-like 

molecules of carbohydrates intersect the globules and are linked cova-

lently with the lignin, to a large extent, by ester linkages. The dif

ference in the behavior of softwood and hardwood, in general, is deter

mined by a more dense lignin network, both within and among the globules 

in the former wood. 

Concerning the total composition of the cell walls, the results 

show that links between the matrix and the cellulose skeleton are formed 

by molecules of hemicelluloses which are located on the outside layers 

of the cellulose fibrils, as well as in the cross-linked matrix, and 

thus are the connecting elements. The hemicelluloses are generally con

nected with the lignin network by covalent links, but with cellulose the 

links are formed by parallel orientation and hydrogen bonds. 
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Table 2.3 Accessibility of wood ester linkages to 5.0% ammonia 
solution. — From Erins et al. (1976). 

Type of 
Ester 

Initial Temperature 
Type of 
Ester 

Concentration 
of Linkages 

(c)* 

0°C 20°C 40°C 
Wood Linkages 

Concentration 
of Linkages 

(c)* c % c % c % 

Spruce Uronic 
acid 

10.1 2. 8 28 3.2 32 4.0 40 

Acetyl 31.6 19. 0 60 24.0 76 24.4 77 

Birch Uronic 
acid 

11.6 5. 6 50 5.6 50 5.6 50 

Acetyl 87.9 68. 2 77 78.9 90 79.8 91 

*c = mmols on 100 g of wood. 



Figure 2.7 Proposed structure of the amorphous lignin-carbohydrate 
matrix in wood. 
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2.2.3 Cellulose 

Approximately 40-45% of the dry substance in most wood species 

is cellulose, located predominantly in the secondary cell wall. Cellu

lose is a homopolysaccharide composed of 3-D-glucopyranose units which 

are linked together by (l->4)-glycosidic bonds (Figure 2.8). Cellulose 

molecules are completely linear and have a strong tendency to form 

intra- and intermolecular hydrogen bonds. Bundles of cellulose mole

cules are thus aggregated together in the form of microfibrils, in which 
O 

highly ordered (crystalline) regions alternate (every 600 A) with less 

ordered (amorphous) regions. Microfibrils build up fibrils and finally 

cellulose fibers. As a result of its fibrous structure and strong 

hydrogen bonds, cellulose has a high tensile strength and is insoluble 

in most solvents. 

Depending upon material source and methods used, the number of 

glucose residues varies from 7,000 to 10,000; the microfibril widths 
O 

vary from 100 to 300 A and are about half as thick as they are wide. 

The length of microfibrils has not been determined, nor has the internal 

structure of the microfibril been clearly defined. 

2.2.3.1 Crystallinity. The determination of cellulose crystal-

linity has been extensively reviewed by Wadsworth and Cuculo (1978). 

The results of various methods used for the estimation show a definite 

pattern for the fibrous cellulose samples (Table B.7; Appendix B); that 

is, the following pattern for the degrees of crystallinity of celluloses 

in descending order: cotton > wood pulp > mercerized cotton > regener

ated cellulose. 
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CH„OH CHLOH OH OH 
HO—I HO—V 

HO- HO-
CH-OH OH CH-OH OH 

Figure 2.8 Structure of cellulose. — From Sjostrom (1981). Note that 
the 3-D-glucopyranose chain units are in chain conformation 
(4C1) and the substituents HO-2, HO-3, and C^OH are 
oriented equatorially. 
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Sjbstrom (1981) believes that the unit cell of native cellulose 

(cellulose 1) consists of four glucose residues (Figure 2.9). In the 
O 

chain direction (C), the repeating unit is cellebiose residue (10.3 A), 

and every glucose residue is accordingly displaced 180° with respect to 

its neighbors, giving cellulose a two-fold axis (Figure C.7; Appendix C). 

The morphology of native cellulose crystallinity can be changed 

due to the effect of external temperature and solvents. Thus, modified 

celluloses can be produced with different properties and applications. 

Microcrystalline cellulose (Battista, 1975) can be hydrolyzed 

from cellulosic material at its level-off DP. These highly ordered 
O 

colloidal particles, which possess a dimension from 50-5,000 A, have 

billions of newly exposed surface-OH groups ripe for hydration with a 

polar solvent such as water. 

2.2.3.2 Hydrogen Bonding. Sarko (1976) believes that a cellu

lose molecule is not likely to exist in anything but a highly extended, 

hydrogen-bonded conformation that is capable of further hydrogen bonding 

into a sheet-like organization of chains (Figure 2.10). The sheets are 

able to pack together in various ways, thus leading to polymorphism of 

crystal structure (Figure C.7; Appendix C). 
O 

In addition to the 0(3)-H>•*0(51) hydrogen bond of length 2.72 A 

defined in the model, there is a second intramolecular bond: 
O 

0(2')-H"*06 of length 2.87 A. These intramolecular bonds run on both 

sides of the cellulose chain. Also, there is an interchain hydrogen 

bond between 0(6)-H and 0(3) of the next chain along the a axis; this 
O 

bond is 2.79 A in length. No hydrogen bonding occurs along the unit 
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Figure 2.9 Axial projections of the 
(cellulose I, above) and 
below). — From Sjostrom 

structures of native cellulose 
regenerated cellulose (cellulose II, 
(1981). 

& 



Figure 2.10 Projection of the (020) plane in cellulose I, showing the 
hydrogen bonding network and the numbering of the atoms. — 
From Sjostrom (1981). Each glucose residue forms two 
intramolecular hydrogen bonds (03-H*»*05' and 06***H-02') 
and one intermolecular bond (06-H*"03). 



cell diagonals, rather the hydrogen bonding is all in the 020 planes, 

and the structure is seen as a series of hydrogen bonded sheets of 

chains, where successive sheets are staggered and all the chains have 

the same sense. In contrast, for regenerated cellulose, the only 

acceptable structure contains antiparallel chains (i.e., the chains have 

alternating sense). 
O 

The length of hydrogen bonds (2.72-2.79 A) determined in cellu

lose are in agreement with the general rule explained by Joesten and 

Schaad (1974). According to them, if the length of R(0***0) is greater 
O 

than 2.54 A, then the hydrogen bond must be nonsymmetric. 

2.2.3.3 Reactivity and Accessibility. There are two secondary 

(HO-2 and HO-3) and one primary (HO-6) reactive hydroxy group in each 

g-D-glucopyronose unit in the cellulose chain. Owing to the inductive 

effects of neighboring substituents, the acidity and the tendency for 

dissociation are increased according to the series: HO-6 < HO-3 < HO-2. 

Therefore, HO-2, as a rule, can be etherified most readily in comparison 

with the other hydroxy groups. After substitution of HO-2, the acidity 

of HO-3 is usually increased, which results in its higher reactivity. 

On the other hand, in esterification, the primary hydroxyl group (HO-6) 

possesses the highest reactivity. 

Accessibility means the relative ease by which the hydroxyl 

groups can be reached by the reactants. For example, HO-6, the least 

hindered hydroxyl group, shows higher reactivity toward bulky substit

uents than the other hydroxyl groups. 
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In addition, the morphology of cellulose has an effect on the 

reactivity. The hydroxyl groups located in the crystalline regions with 

close packing and strong hydrogen bonding can be completely inaccessible, 

whereas those in the amorphous regions are highly accessible and reac

tive. Also, the degree of crystallinity depends on the pretreatment of 

cellulose Figure C.ll (Appendix C) shows the effect of crystallinity on 

the reactivity of cellulose. When samples of cotton yarn are preswelled 

by ethyl amine, the crystallinity subsequently decreased and the reac

tivity increased (curve b). Finally, curve c demonstrates the effect of 

drying on increasing the crystallinity or decreasing the reactivity. 

On the other hand, the fine structure of cellulose is generally 

considered to have a strong influence on the rate, extent, and uni

formity of its chemical reactions. According to Nelson and Oliver 

(1971), accessibility plays the major role, while other structure-

related factors, such as fiber dimensions, purification process, crystal

line form, and hydrogen bonding, have lesser effects. Since accessibil

ity is the transport of reagents inward to reaction sites, it therefore 

depends on fiber microporosity and internal surface area. For example, 

pore size distribution measurement indicates that the pores with 
O 

diameters of 25-75 A may be particularly influential for promoting reac

tivity since fibers which perform well in acetylation processing have a 

characteristically high volume of pores in this size range. In addition, 

when a large fraction of surface area is associated with pores that are 

too small for reagent penetration, then there is a correlation between 

internal surface area and acetylation reactivity. 
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2.2.4 Hemicelluloses 

Hemicelluloses are defined as plant, cell-wall polysaccharides, 

other than cellulose and pectin, that are extractable by alkaline solu

tions. A few hemicelluloses can be extracted in hot water, but most 

require mild to concentrated alkaline solution with 10% sodium hydroxide 

as a common extractant. The amount of hemicelluloses of the dry weight 

of wood is usually between 20% and 30% (Table B.4; Appendix B). 

In contrast to cellulose, which is a homopolysaccharide, hemi

celluloses are heteropolysaccharides. Like cellulose, most hemicellu

loses function as supporting material in the cell walls. Most hemi

celluloses have a degree of polymerization of only 100-200. Figure C.8 

(Appendix G) shows the structural formulas of the monomeric sugars that 

play a role in the structure of the hemicelluloses. 

Three well-defined groups of hemicelluloses, i.e., the xylans, 

mannans, and galactans, have been recognized as single or collective 

components in all lignified plants. Figures C.9 and C.10 (Appendix C) 

show the structure of galactoglucomannans and glucuronoxylan, the 

principal backbone component of softwoods and hardwoods, respectively. 

Table B.8 (Appendix B) gives the degree of polymerization, percentage, 

and the molar ratio of the different units in softwood and hardwood 

hemicelluloses. 

Although the existence of chemical bonds between cellulose and 

hemicellulose have not been proven, there are hydrogen bonds and van der 

Waal's forces which can provide sufficient mutual adhesion. Obviously, 

as explained previously, chemical bonds exist between hemicellulose and 

lignin. 
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2.2.5 Extractives 

The content of extractives and their composition vary greatly 

among different wood species and also within different parts of the same 

tree. Wood extractives can be divided into three groups: aliphatic 

compounds (mainly fats and waxes), terpens and terpenoids, and phenolic 

compounds. The amount and chemistry of these extractives were discussed 

extensively in Wenzl (1970) and Sjostrom (1981). 

The extraction solvents are common chemicals at normal tempera

ture, such as ether, benzene, alcohol, and water (or hot water). 

According to Table B.3 (Appendix B), ether and hot water can extract a 

significant amount of compounds from Douglas fir bark. Anderson (1977) 

explains a process in which the extracted chemicals from bark can be 

used as a bonding agent for particle board. 

2.3 Degradation of Wood 

Biomass materials are subject to decomposition unless they are 

preserved. Light, heat, moisture, enzymes, and chemicals can affect the 

structure of wood by breaking the hydrogen and chemical bonds of its 

constituents. 

2.3.1 Effects of Light, Enzymes, 
and Time 

According to Kringstad and Lin (1970), the structural feature of 

phenylpropane units in lignin is subject to light absorption. Near 

ultraviolet light affects the a-carbonyl function, then the exited unit 

abstracts hydrogen from free phenolic units present in lignin, or from 

polysaccharides, whichever is possible, thus generating phenoxy radicals 
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which are intermediates in the degradation processes. However, if the 

wood lignin is reduced by borohydride and then hydrogenated catalyti-

cally, the wood lignin will be stable towards near ultraviolet irradia

tion (Lin and Kringstad, 1970). 

Biodegradation of the lignocellulosic materials can be achieved 

through several steps. The first step is delignification of the biomass. 

Lignin is recognized as a barrier to cellulose degradation by celluloses 

(Kirk and Moore, 1972). The delignification step can be carried out by 

chemical treatment or by enzymatic processes. The processes for biode-

lignification of wood by using living cultures of white-rot fungi were 

explained by Rosenberg and Wilke (1980). Also, cellulose can be biode-

graded by three main types of microorganisms called true bacteria, 

actinomycetes, and higher fungi. Those microorganisms which can utilize 

native cellulose rather than only soluble derivatives are termed truly 

cellulotic. The genetics, sources, and the effects of these enzymes on 

cellulose were explained by Wilke et al. (1983). 

Resin, an extractive content of wood, is subject to gradual 

degradation due to oxidation and enzymic hydrolysis. Thus, storage of 

wood decreases the amount of turpentine and tall oil (Figure C.12; 

Appendix C). The storage of wood is recommended for sulfite pulping, 

while, on the other hand, it is prevented in the Kraft pulping process 

(Sjostrom, 1981). 

2.3.2 Effect of Temperature (Pyrolysis) 

Degradation of wood due to temperature effects is of great 

importance for our project; therefore, a relatively extensive study of 



this subject should be considered. When wood is exposed to heat for a 

period of time, it will show a permanent loss of strength, resulting 

from chemical changes in its components. The thermal decomposition can 

start at temperatures below 100°C if wood is heated for an extended 

period of time. 

Thermal analysis of cottonwood and its major components are 

given by Shafizadeh and DeGroot (1976). As Figures 2.11 and 2.12 indi

cate, the thermal behavior of wood is the sum of the thermal responses 

of its major components: cellulose, hemicellulose (xylan), and lignin. 

All samples were initially dried at 50-100°C. 

Hemicellulose is the least stable component and it decomposes at 

225-325°C. Cellulose decomposes at higher temperatures, within the 

narrower range of 325-375°C. Lignin, however, decomposes gradually 

within the range of 250-500°C. The cell-wall polysaccharides are 

responsible for producing the volatile pyrolysis products, while lignin 

predominantly forms a charred residue. Due to the complexity of thermal 

reactions, the wood components should be studied individually. 

2.3.2.1 Cellulose. Among the tree's major components, the 

pyrolysis reactions of cellulose have been studied most extensively. 

Depolymerization of the polysaccharides by transglycosylation at about 

300°C provides a mixture of levoglucosan, other monosaccharide deriva

tives, and a variety of randomly linked oligosaccharides, as shown in 

Figure 2.13 and Table 2.4 for cellulose. This mixture is generally 

referred to as the tar fraction. As can be seen from Table 2.4, 

increasing the atmospheric (nitrogen only) pressure increases the tar 
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Table 2.4 Analysis of the pyrolysis products (in percent) of cellulose 
at 300°C under nitrogen. — From Shafizadeh and DeGroot 
(1976). 

Condition 
Atmospheric 
Pressure 1.5 Mm Hg 

1.5 Mm Hg, 
5% SbCl3 

Char 34.2 17.8 25.8 

Tar: 19.1 55.8 32.5 

Levoglucosan 3.57 28.1 6.68 

1,6-anhydro-g-D-glucofuranose 0.38 5.6 0.91 

D-glucose trace trace 2.68 

Hydrolyzable materials 6.08 20.9 11.8 
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formation, whereas presence of the catalyst increases the D-glucose 

formation. 

The above reactions are accompanied by dehydration of the sugar 

units in cellulose. These give unsaturated compounds, including 

3-deoxyglucosenone, leveglucosenone, furfural, and a variety of furan 

derivatives. However, at somewhat higher temperatures, fission of sugar 

units provides a variety of carbonyl compounds, such as actaldehyde, 

glyoxal, and acrolein, which readily evaporate. 

Addition of an acetic catalyst or slow heating promotes the 

dehydration and charring reactions, charcoal formation, and glowing igni

tion; whereas rapid heating to high temperatures promotes the fission 

reactions, volatilization, and flaming combustion (Shafizadeh and 

DeGroot, 1976). 

Cabradilla and Zeronian (1976) explain the influence of crystal-

linity on pyrolysis by examination of amorphous celluloses. The results 

of the study indicate that amorphous cellulose decomposes more readily 

at lower temperatures than crystalline cellulose. As seen in 

Figure C.13 (Appendix C), the TG (thermogravimetric) curve for cotton 

(F = 0.38) shows a slight loss due to elimination of physically 
am 

adsorbed water below 100°C, a very slight loss of weight between 

100-280°C, and major weight loss due to thermal decomposition between 

280-380°C. Fam is the moisture regain and it is conversely related to 

the degree of crystallinity of the sample. 

The char yield of amorphous cellulose has been reported to be 

greater with crystalline cellulose. X-ray analysis shows that prepared 

amorphous cellulose can regain its crystallinity when isothermally being 
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- heated at 250°C. Decrystallization can be obtained by adding ethylamine 

(10 g per 100 ml solution) to a cellulose sample at vacuum and 0°C for 

4 hours. 

2.3.2.2 Hemicellulose. The second important component of wood 

in pyrolytic degradation, the hemicelluloses, which are present in 

deciduous wood chiefly as pentosans and in coniferous woods almost 

entirely as hexosanes, undergoes thermal decomposition very readily. It 

is, therefore, to be expected that furan derivatives would readily be 

found among the decomposition products (Table B.9; Appendix B). 

Unlike those in the acid hydrolysis, the yields of furfural in 

pyrolysis are low. However, hydroxymethyfurfural can be formed from 

glucose molecules of decomposed cellulose by the splitting off of water 

and can form furfural by the splitting off of formaldehyde. In addition 

to the above products, acetic acid is one of the final products of the 

thermal decomposition of the three main components of wood. 

The pyrolysis of neat xylan yields about 16% tar, whereas pre-

treatment with a Lewis acid, i.e., ZnCl^, significantly decreases the 

production of tar (Table B.10; Appendix B). At higher temperatures, the 

glycosyl units and random condensation products are further degraded to 

a variety of volatile products, as shown previously in Table B.9 

(Appendix B). 

2.3.2.3 Lignin. In comparison to the polysaccharides, the 

pyrolysis of lignin is relatively unexplored. Although the thermal 

reaction of lignin occurs over a wide temperature range (250-500°C), the 

decomposition is most rapid between 310-420°C. 
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Table B.ll (Appendix B) lists the major pyrolytic products from 

lignin. The most abundant product is char, a highly condensed, carbona

ceous residue, obtained in about 55% yield. The aqueous distilled 

liquid, which is about 20%, contains mainly water and some methanol 

gacetone and acetic acid. Due to the structure of lignins in hardwoods, 

higher methanol and acetic acid yields can be expected in comparison with 

softwoods. Another pyrolytic product is tar, which has a yield of about 

15%, and is a mixture of phenolic compounds closely related to phenol-

guaiacol and 2,6-dimethoxy-phenol. The last pryolytic fraction consists 

of volatile products, such as CO, CH^, CO^, and ethane, produced in 

about 12% yield. 

The addition of acidic additives lowers the decomposition temper

ature of wood and its components, including lignin. ZnC^ has a unique 

effect on promoting condensation reactions. The addition of this acid 

significantly reduces the evaporation of levoglucosenone by promoting 

the condensation of this dehydration product to non-volatile materials 

that are charred on further heating (Shafizadeh and Chin, 1977). 

Figure 2.14 shows the rate of weight loss of pine in pyrolysis 

at normal heating rates. As can.be seen, the maximum decomposition 

occurs at about 380°C. However, this maximum is a function of the 

heating rate when everything else is constant. Figure 2.15 shows this 

phenomenon. 

2.3.3 Chemical Reactions 

In the following section, a brief literature review about the 

effect of chemicals on wood was attempted. Furthermore, the author has 
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tried to select some typical chemical reactions which may help in the 

understanding of the effect of solvent(s) on the structure of woods or 

wood constituents. Therefore, whenever it was appropriate, the influence 

of physical and chemical properties of wood and its constituents were 

discussed. It was hoped that, after a careful study of the following 

section, in conjunction with the previous sections on the physical and 

chemical properties, we would be able to select a definite pattern for 

our pretreatment step in our future biomass liquefaction process. 

In fact, wood does not react with many chemicals as though it 

were a simple mixture of its components (as known in isolated forms), 

but often behaves in an anomalous manner. This is particularly true of 

the formation and properties of organic derivatives of wood. The 

resistance of the cellulosic portion of wood to solution in Schweizer's 

reagent is an often cited example. 

According to Jahn (1952), hydrochloric acid up to 5 percent, 

sulfuric acid up to 20 percent, and dilute organic acids have no 

appreciable effect on wood at room conditions. Pine, spruce, and larch 

lose up to 10 percent, and oak, beech, and linden up to 30 percent of 

their wet bending strength after treatment with acids or alkalies in 

the pH range of 3-11. Caustic solutions dissolve some of the hemi-

cellulose and attack the lignin slightly at ordinary temperatures. 

Strong caustic solutions and glacial acetic acid cause swelling and 

weakening of wood. The drying of alkali-impregnated wood causes 

serious deterioration in strength, due to the swelling action of the 

alkali on the cellulose and to the promotion of atmospheric oxidation. 

Wood impregnated with dilute mineral acids and allowed to dry becomes 
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weak and brittle due to hydrocellulose formation. A similar result is 

obtained with salts which readily hydrolyze to form mineral acids. 

2.3.3.1 Inorganic Salts. Zinc chloride is a strong swelling 

agent for wood. When used in 2-5 percent solutions, as in industrial 

practice, it does not have a great effect on the strength. In contrast, 

if it is used above 5 percent concentration, then it may seriously reduce 

the strength of the wood. 

In addition, if the zinc chloride solution were acidified 

slightly (150 g ZnCl^, 100 g water, 0.15 g HC1), then the solution would 

be strong enough to dissolve wood (Lektorskii, 1940). The experiment 

contained 0.1-0.2 gram of wood and ran at 135°C for 5-15 minutes. 

According to Jahn (1952), cuprammonium hydroxide is an important 

solvent for cellulose and wood. He summarized the following experi

mental results: 1) finely divided wood without prior hydrolytic treat

ment is partially soluble in cuprammonium solution; 2) hardwoods dissolve 

to a greater extent than softwoods, due probably to the lesser amount of 

lignin and greater amounts of hemicelluloses in hardwoods; and 

3) pretreatment either chemically (cold dilute acids or alkalies) or 

physically (ultrasonic waves or drastic grinding) results in greater 

solubility of the wood, due to the higher rate of easily broken chemical 

bonds between the polysaccharides and lignin. 
<33 

Table B.12 compares the effect of inorganic salts, water, and 

caustic soda on aspen wood at high temperatures. Sodium hydroxide, 

sodium sulfite, and sodium sulfide were found to be good delignifying 

agents; sodium carbonate, thiosulfate, and phosphate are moderate 
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delignifying agents; and neutral salts, sodium sulfate and bromide, and 

water alone remove comparatively little lignin. The latter salts modi

fied the lignin, although they were not able to remove the lignin from 

the wood. The modified lignin was extractable by alcohol-benzene or 

organic solvents. 

2.3.3.2 Inorganic Acids. Most chemical reactions of wood and 

wood components involve hydrolysis directly or indirectly. Many agents, 

such as oxygen, light, salts, acids, and bases, are active in acceler

ating the hydrolysis of groupings in wood. 

In fact, cold, dilute acids have no appreciable effect on wood. 

On the other hand, hot, dilute acids convert cellulose to stable 

cellulose (hydrocellulose), then to soluble polysaccharides, and finally 

to simple sugars. The controlling step in this step-wise conversion is 

the hydrolysis of the hydrocellulose to soluble polysaccharides. The 

reaction rate increases with increasing temperature and concentration of 

the acid. The hydrolysis of the hydrocellulose and the sugars is a 

first-order reaction, in both concentrated and dilute acid solutions. 

In comparison with cellulose, the hemicelluloses are more easily 

hydrolyzed. The hydrolysis is a first-order reaction. In order to 

synchronize the hydrolysis of the cellulose with the opposing reaction 

of the decomposition of the sugars, a short reaction period at a high 

temperature and the rapid removal of the hydrolyzates from the solution 

are required for a technical hydrolysis of wood. Joshi (1983) studied 

acid hydrolysis of biomass at a high temperature and a short holding 
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time. According to his experimental work, the maximum sugar yield at 

optimum conditions is about 220°C and 40 seconds. 

Lignin is resistant toward acids of any concentration. It is 

believed that lignin exposed to hydrolysis conditions undergoes auto-

condensation in which the functional groups of the side-chain, the 

phenolic hydroxyl groups, and the reactive hydrogen atoms of the 

aromatic rings are involved. 

Crude sugars obtained from hydrolysis of wood can be used 

simultaneously as a raw material for the production of chemicals, such 

as ethanol, glycerol, furfural, and organic acids (Wenzl, 1970). A 

detailed technological processing and economic analysis for production 

of furfural and ethyl alcohol from crude wood sugars is presented, by 

Hokanson and co-workers (1975). Products such as ethanol, glycerol, and 

furfural have shown a great potential as candidates for gasoline 

boosters (see Section 2.6). 

2.3.3.3 Inorganic Bases. Ammonia exerts a moderate solvent 

action on wood. Yellow birch wood meal treated with concentrated 

ammonia at room temperature lost 10.9 percent of its weight (with 17.5 

percent of original pentosans dissolved). The solvent effects of a 2 

percent ammonia solution and a 5 percent caustic soda solution on 100-

mesh wood meal, treated 24 hours at room temperature, are shown in 

Table B.13. On the other hand, alkali at high temperature attracts 

cellulose. 

The dissolution of lignocellulose by treating finely derived 

material with 10 percent alkali at 20-25 atmospheres of pressure and 
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and 200-220°C for 30-60 minutes at a solid:liquor ratio of 1:20 has been 

patented by Mirlis and Nemtzova (1934). 

Methanol, acetone, acetic and formic acids, and oils are formed 

when wood is treated with caustic soda solution at high temperatures. 

Table B.14 shows the decomposition of wood in strong caustic solution at 

elevated pressure and temperatures. The evolved gas above 200°C in this 

process is mainly hydrogen. 

The solvent power of alkaline solutions is related to the simul

taneous swelling of the celulosic fiber, and maximum solubility is 

generally observed at about the same concentration as maximum swelling. 

The degree of swelling by alkali metal hydroxides becomes large if the 

concentration is greater than about 0.1 M, and it reaches a maximum at a 

concentration which depends upon the nature of the alkali and the 

temperature. 

Indeed, the solubility of cellulose in alkali solutions generally 

increases with decreasing temperature, owing to the increased swelling 

which occurs at lower temperatures. The solubility and swelling decreases 

up to about 50 C, but at higher temperatures the solubility increases 

because of chemical attack by the alkali solution (Browning, 1967). 

On the other hand, the hemicelluloses are, for the greater part, 

soluble in alkaline solutions, because of their relatively low degree of 

polymerization and because of the presence of carboxyl groups. 

2.3.3.4 Organic Compounds• Organic agents are not strong 

enough to affect wood appreciably. Only the fraction of wood which is 

called extractives can be dissolved in organic solvents, such as ether, 
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benzene, and alcohols. According to Table 2.1, wood can be swelled by 

organic agents. The swelling rate by formic acid is even higher than 

the swelling rate of water. Although formic acid alone is not suffi

ciently strong to effect on cellulose, in the presence of an inorganic 

acid it is able to convert cellulose to the cellulose formate. This 

product is then easily hydrolyzed by dilute acid. Guinot (1941) treated 

one part of pulp with 5 parts of anhydrous formic containing 2 percent 

sulfuric acid as a catalyst. Then, the temperature of the mixture was 

brought to 80°C; complete solution occurred in 2 hours. 

In. .another example, when alkali spruce (14.9 percent methoxyl) 

is treated with methanol-hydrogen chloride, the methoxyl content 

increases to 20.4 percent, indicating that new methoxyl groups have been 

introduced by the reaction of the alcohol with the lignin. Polyhydroxyl 

alcohols, such as glycol and glycerol, in the presence of a small amount 

of mineral acid, also react with lignin and form condensation products. 

Table B.15 shows the overall crude oil yields and composition for a 

number of ethanolysis products which are extracted from different 

species of wood (Brauns, 1952). Redwood and Douglas fir give the least 

amount of yield in this process. 

Hydrogenation of wood and wood products is another interesting 

process which needs to be discussed. Hydrogen gas is able to react with 

the organic compounds to form a vast variety of cleavage products at 

elevated temperature and pressure. The organic compounds such as wood, 

which is in solid state, should be dissolved in an inert organic liquid, 

preferably a hydrogen carrier. The carrier should be able to give up 

part of its hydrogen when in the reactor and, in turn, is able to be 
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regenerated outside the reactor, so the recycling can be repeated. 

Hydrogenation usually requires a catalyst, such as metal and metallic 

oxides. The type of catalyst may vary the type of cleavage that occurs 

and, thus, the type of end-products. However, the number of products 

obtained by hydrogenation is so great that most researchers only con

centrate on making liquid fuel products without trying to separate or 

characterize the components. 

Indeed, tetralin is a typical hydrogen carrier; if used in 

excess, it can supply the hydrogen for the stabilization of the thermal 

decomposition products, or if used with additional hydrogen and a 

catalyst, it can act as a medium to convey hydrogen to molecules that 

may not be hydrogenated otherwise. If there is no excess of tetralin in 

the solution, then a catalyst appears necessary to obtain good yields of 

liquid products. Nickel was found to be an effective catalyst. 

Hydrogenation of cellulose yields 32 percent oil, which consists 

of about 20 percent alcohols, ketones, aldehydes, and phenols; about 50 

percent neutral compounds; and 5 percent fatty acids. Hydrogenation of 

lignin gives considerably higher yields of oils and other phenolic 

products (Fierz-David and Hanning, 1925). 

2.4 Solubility Parameters 

Solubility parameter concepts have been used increasingly in 

many areas of industrial and academic endeavor because of the signifi

cant predictions that can be obtained. These concepts are generally 

applied to solvent selection in the industrial community, while the 
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calculation of solubilities and thermodynamic properties have concerned 

the more theoretical workers. 

Often, more than one solvent may be required to dissolve several 

chemical species when no single solvent is capable of dissolving all the 

chemicals present. Unfortunately, no good method exists to accurately 

predict the solubility and solution behavior of multicomponent systems. 

The failure of existing methods to yield results other than qualitative, 

except for simple systems of small molecules with no polar or specific 

interactions, is due largely to the complicated nature of large mole

cules, their non-ideal behavior, and complicated chemical interactions. 

The following discussion is a review of the various solubility 

parameter approaches and applies the theory to suggest possible solvents 

for lignin, cellulose, and hopefully wood. 

2.4.1 Thermodynamic Considerations and 
Approaches to Polymer-Solvent Systems 

Probably the most useful theory of solubility is that proposed 

by Hildebrand and Scott (1950). This is based on the thermodynamically 

sound principle that the free energy change upon dissolution of a poly

mer in a solvent must be negative. 

The change in free energy of mixing can be expressed by the 

second law of thermodynamics at constant temperature and pressure: 

<p • <P + p<p' T<p (2-2) 

For mixing at constant temperature and pressure, miscibility occurs when 

the free energy becomes negative. In addition, for an ideal solution, 
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the volume change, AV", is zero. This yields the following expression 

for the entropy of mixing in ideal solutions: 

AS*1 p = - R(Xj_ Ln X1 + X2 Ln X^ (2.3) 

where X and X are the respective mole fractions in the binary system, 
i. ^ 

Therefore, for an ideal solution in which the entropic term is a posi

tive value and the internal energy change is small, the free energy 

becomes negative and solubility occurs. 

The internal energy of mixing for two non-polar liquids can be 

estimated as: 

AEM = ̂ ^Vl + X2V2)(61 ~ 62)2 (2,4) 

M M 
where, for an ideal solution, AH = AE . The (f>'s are the volume frac

tions of the liquids and the X's are their mole fractions. 

In simplistic terms, the process of mixing two substances can be 

thought of as removing a molecule from the surroundings of like mole

cules and placing it in the surroundings of the molecules of the second 

substance. The energy required to separate the molecules of a pure sub

stance is termed the cohesive energy (CED). The solubility parameter, 

6, is defined as the square root of CED per molar volume: 

AE 
CED = (2.5) 

6 = (CED)1/2 
AE • 1/2 
v 
V 

( 2 . 6 )  



For small molecules, AE^ (and consequently, 6) can be measured 

directly by calorimetric methods or indirectly by measuring the vapor 

pressure, p, as a function of absolute temperature, T. The Clapyron 

equation can be used to extract an enthalpy of vaporization, AH^: 

. AH 
d£ = Z (2 7) 

dT T(V - V.) U,/; 
g x> 

where 

AE = AH - p(V - Vn) (2.8) 
v v r g Si 

V and V are the molar volume of the compound in the vapor and liquid 
g *< 

at temperature T, respectively. 

According to Hansen (1967), the cohesive energy density, CED, 

arises from contributions of hydrogen bonding (AE), permanent-dipole-

permanent-dipole interactions (AEp), and dispersion of van der Waal's 

interaction (AE^) as: 

pwT) 
- AE = AE„ + AE,, + AE_ (2.9) 

or 

v H —p D 

62 = 6^ + 6p + <5* (2.10) 

In 1971, Hansen and Beerbower.found the values of each individual solu

bility parameter independently. According to their correlation, hydro

gen bond contribution to 6 can be related to 4,650 cal per each OH 
El 

group in the structure of the compound. 
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The non-polar contribution was estimated from homomorph consid

erations and the polar contribution was calculated from: 

p2 _ 12,108 e - 1 ( 2 2 
P " —2~ ——2 D + 2)W (2-n) 

V 2e + n^ 

where e is the dielectric constant (static value), n^ is the index of 

refraction for D light (sodium), and y is the dipole moment expressed in 

—18 
Debye units [10 (esu)(cm)]. This method works well for linear mole

cules, but molecules containing hydrogens, sulfur, or cyclic rings 

present difficulty in selecting a homomorph. 

Hansen (1967) used the individual solubility parameters for 

solute (6^) an<l solvent (6^) in order to construct a sphere of the 

equation: 

4 " - V>2 + «P.l - 5P,2)2 + <Vl " V2>2 

(2.13) 

The radius, R^, was determined empirically for a given polymer such that 

the number of non-solvents laying within the sphere and solvents laying 

without the sphere were minimized. A computer can be very helpful in 

the calculation and plotting of the sphere. Figure C.14 shows such a 

solubility plot for poly(methyl methacrylate) based on solution in 

solvents. 

Several attempts intended both to simplify the three-dimensional 

approach into a two-dimensional approach and to yield more correlation 

have been made without obvious improvement. Blanks and Prausnitz (1964) 



proposed calculation of Flory's interaction parameter, x> from Hansen's 

theory. Flory's parameter has a maximum value, xn, above which the u 

system will be immiscible and below which will be miscible. The 

critical Flory's parameter is given as: 

Xc = 0.5(1 + 1//UL)Z (2.13) 

For high molecular weight substances, Xq 0.5. Flory's interaction 

parameter, x> also includes both entropic and enthalpic contributions: 

X = XH + Xs (2.14) 

where xc ranges from 0.3 to 0.4; Blanks and Prausnitz elect to assign b 

it the value of 0.34. Thus, xn ti ~ 0.16. 

The enthalpic contribution is calculated from the expression: 

<2-15) 

where is a function of the temperature of the mixture, 6 p ,  and 6^ 

Finally, knowing x> molar volumes (V/), and volumetric fraction 

(<|K ), one can find the free energy of mixing (AGm) and the activity of 

the solvent (a^) in the mixture by the following expressions: 

AGm = RT(n^ Ln <() + n2 Ln <J>2 + n^x^) (2.16) 

Ln a;L = Ln <j>1 + (1 - V^)^ X+ \ (2.17) 
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Chen (1971) expands the Blanks and Prausnitz (1964) method by 

constructing a solubility circle with axes Xtt an<i <$ • The center of the 
H H 

circle is placed on the 6 axis at 6 of the polymer. Solvent strengths 
H H 

are then calculated and placed on the figure corresponding to their 6„. 
n 

The solubility circle has the equation: 

The radius is determined empirically in much the same manner as Hansen's 

(1967) sphere with the same minimum solvent exclusion and non-solvent 

inclusion. Figure C.14 shows a circle drawn by using equation 2.15 for 

polystyrene in 85 liquids. These liquids are made of six groups with 

respect to Hansen's classification for polymer-liquid mixtures: 

1) soluble; 2) nearly soluble; 3) strongly swollen, slightly soluble; 

4) swollen; 5) slightly swollen; and 6) no visible effect. 

RA (<SH,1 ~ 6H,2^ + 4*xH* 
(2.18) 

Bagley and Scigliano (1976) construct a solubility circle simi-

2 2 1/2 
lar to Chen's with axes (.<$,_> + <5,J and 6 . Here, is calculated 

U r H ri 

from the internal pressure of the solvent: 

(2.19) 

and 

(2.20) 

The quantity (6P/6T)V is easily obtained experimentally. 

All of these approaches are similar and provide similar results. 

None yield significantly improved reliability and there is considerable 
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debate over the best method to use. Comparison of the work shows that 

the results vary with various polymer systems and choice of parameter 

components vary from author to author. Martin (1975) has compiled the 

most extensive list of solvent parameters (800) published to date. 

Mattin's tables provide a few physical properties of solvents, the indi

vidual solubility parameter, and the total solubility parameters at 

25°C and 760 mm Hg. 

2.4.2 Theoretical Estimation 

Several researchers have done regression analysis on the contri

bution of specific groups to the CED of solvent molecules. According to 

Van Krevelen (1972), the solubility parameter can be calculated from 

these data using the relationship: 

5t • ¥ (2-21) 

and substituting the tabulated F values for the appropriate constituents. 

Again, the tabulated values vary from author to author. Results are 

good for some macromolecules and unreliable for others. 

Blanks and Prausnitz (1964) have proposed a method for estimating 

the polar and non-polar contributions toward the solubility parameter 

predicted using the group contribution approach. The liquid most 

closely resembling the monomeric unit of the polymer is selected. The 

polar and non-polar contributions of this liquid are assumed to be in 

the same ratio for the polymer. That is: 
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6D ~ 
D,L 

(2 .22 )  

and 

6„ = P.L 
(2.23) 

It follows that this concept can be expanded to include the hydrogen 

bonding parameter also: 

6H - (S - Sp - «„) (2.24) 

This method works adequately for estimating purposes, but should not be 

relied upon as a substitute for experimental data. 

Hoy (1969) describes a similar method which may be used for 

amorphous polymers and it is outlined here. The overall solubility 

parameter is calculated from the expression: 

<5 = 
(nSFT) + 135 

nSV, 
(2.25) 

Tg 

where is the group and its contribution to the overall solubility 

parameter, V,j, is the group contribution to the molar volume, and n is 

given by the empirical relation: 

n = 0.5(Ea£) 1 (2 .26)  

p 
The term is the group aggregation constant. Then the chain aggrega

tion number, a, is estimated from the expression: 
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777.4 ZAI 
a = 

ZV, (2.27) 
Tg 

The hydrogen bonding, polar, and non-polar parameters are then obtained 

from the respective relations: 

S H = S  

a - 1 
a 

1/2 
(2 .28)  

and 

6 = 6  
P 

ZF_ 

aZF„ 

1/2 

(2.29) 

. _ ,.2 2 ,2.1/2 
D - " SP " V (2.30) 

The quantity Fp is the group contribution to the polar parameter. Thus, 

the only required data for calculation are density and molecular weight. 

Martin (1975) used Hoy's method and calculated the individual and total 

solubility parameters for several amorphous polymers. 

2.43. Effects of Temperature and Pressure 

The solubility parameter data given in the literature are for 

standard temperature, 25°C, and 1 atmosphere. In order to use these data 

at different temperatures and pressures, some empirical equations are 

given by Hansen and Beerbower in 1971. The following is a brief presenta

tion of their work. 

The dispersion solubility parameter, 6^, is directly related to 

the temperature coefficient of expansion, d(Ln V)/dt, as follows: 
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d<SD 
-fir = - 1-25 6D[d(Ln V)/dT] (2.31) 

The polar component is less temperature dependent and the changes can be 

shown by: 

d6P 6P 
ff- = - -j- [d(Ln V)/dT] (2.32) 

On the other hand, there is no rigorous way to estimate the changes of 

6 with temperature. However, a very simple equation, as follows, might 
H 

be helpful: 

d6 
H = - 6. 

dT H 1.22x10 
3 + j dT 

d(Ln V)1 (2.33) 

According to the above authors, when temperature increases, then 

hydrogen bonds weaken rapidly, causing 6 to decrease. They believe 

that this phenomenon is true only for alcohols and does not apply to all 

organics as a general rule. However, the above equations are valid only 

at moderate temperature since, by definition, the solubility parameter 

approaches zero as the temperatures approach the critical temperature. 

Effect of pressure on the solubility parameters can be another 

interesting subject. Generally, a large increase in pressure tends to 

increase all the solubility parameters because of the decrease in molar 

volume, V. A very challenging extension of this subject is to apply it 

to supercritical gases which can be compressed to liquid-like densities. 

This subject has great industrial applications and will be discussed in 

detail in Section 2.5. 
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2.4.4 Experimental Procedures 

For small molecules, the solubility parameter, 6, can be found 

by direct calorimetric method according to equation 2.6 given earlier. 

Also, 6 can be calculated indirectly by measuring the vapor pressure, p, 

as a function of absolute temperature, T, according to equations 2.7 

and 2.8. 

With large molecules, the above methods cannot be used. However, 

for cross-linked polymers, a common procedure is to obtain a series of 

swelling data. In this method, a wide range of solvents should be 

selected and then the inverse of molar volume of polymer (l/V^ versus 

solubility parameter of the solvents (6^) can be plotted. Then the 

maxima of the plot corresponds to the solubility parameter of the 

polymer. 

If the polymer is composed of single monomers, viscous flow can 

occur and the viscosity can be increased as the polymer swells. Thus, 

by measuring the viscosity of solutions of the same polymer at the same 

concentration in a variety of solvents, one should be able to deduce a 

consistent value of 6^ for the polymer. 

Song and Brownawell (1970) explained another method similar to 

the above. They selected a single solvent for a polymer and determined 

the intrinsic viscosity, [rj] , change with respect to temperature. 

According to their results, as temperature increases, the [n] increases, 

but the solubility parameter of the solvent, 6^, decreases. Thus, a 

plot of [n] versus 6^ at different temperatures should yield a maximum 

which can be assigned as the solubility parameter of the polymer. 
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An interesting method is presented by Ghosh (1970). A coating 

of 13 percent polyethylene on chromosorb P (100/200 mesh) was packed in 

a gas chromatographic column. By introducing a small amount of a sol

vent into the carrier stream, the activity coefficient at infinite dilu-

OO 00 
tion, y , can be determined. Since solvency is proportional to 1/y , 

OO 
the solvent with the minimum y is chosen to assign to the solubility 

parameter of the parameter. Thus: 

i Viv« h - " " r a  < 2 - 3 4 >  

where and p^ are the molecular weight of stationary phase and the 

vapor pressure of the pure solute at the experimental temperature (T), 

respectively. V is the specific retention volume and is given by Liu 
§ 

and Prausnitz (1976) as: 

Vo = Qt (J_/mJ (2.35) 
g  r  1 2 .  

Q is the volumetric carrier gas flow rate and is the mass of polymer 

in the gas chromatograph column. tr is the net retention time and can 

be found from the experiment. J^ is the pressure gradient correction 

factor for the column and can be found by: 

(P /P)2 - 1 
J 9  =  1 . 5  — ^  ( 2 . 3 6 )  
2 (P1/P)J - 1 

where P^ is the inlet pressure and P is the column pressure. 
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Thus, given a polymer, different solvents can be introduced into 

the column and the retention time, t^, can be measured. Knowing the tr 

values, the corresponding degree of solvency for each solvent can be 

measured. Then the solubility parameter of the solvent which corre

sponds to the maximum solvency can be assigned as the solubility param

eter of the polymer. 

A gas-liquid partition chromatography technique has been used in 

order to study the thermodynamics of interaction between solvent-polymer 

and polymer-polymer systems. In this method, Flory's interaction param

eter, x> was determined for several systems as a function of temperature 

and composition. As previously noted, the x can be used in equations 

2.16 and 2.17 in order to find important thermodynamic properties such 

as free energy of mixing or activity coefficient of the solvent, 

respectively. 

Kiebler (1940) used another approach to determine the solubility 

of coal at elevated temperatures. He proposed a linear equation of the 

form y = a + where y was the amount of extract; P_^ was the internal 

pressure of the solvent used, which previously was given by equation 

2.19; and a and b were the constants, which were functions of tempera

ture only, but not the solvent. The constants a and b are found 

experimentally. 

2.4.5 Application of the Approach to 
the Solubility of Wood Constituents 

As was mentioned earlier in Section 2.2., the structure of wood 

is made of several constituents. These constituents have large molecu

lar weights and very complex structures. In addition, the existence of 
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secondary bonds and crystallinity in some of these compounds and their 

association together inhibit the scientists from predicting a precise 

model for wood constituents. 

On the other hand, there does not exist any organic solvent 

strong enough to dissolve wood completely at room temperature (see 

Section 2.3.3.4). However, according to Table 2.1, there are some 

organics which are able to swell wood beyond its swelling by water. 

Finally, based on the best proposed structure known to date, one may try 

to estimate the solubility parameter for the wood components. 

2.4.5.1 Lignin. The solubility parameter of lignin, based on 

the structure shown in Figure 2.5, was estimated. Also, by assuming a 

100 percent amorphous structure for lignin, then Hoy's method (see 

Section 2.4.2) can be used. The group contribution values are extracted 

from Tables B.16 and B.17 (Appendix B). In addition, Table 2.5 gives 

the calculated parameters necessary for the calculation of the solubility 

parameters. Applying the equations given previously in Section 2.4.2, 

then: 

n = ̂ 4 (2.26) 

T 

0,5 - 0.1184 
4.224 

nEF + 135 
6 - -J- (2.25) 

Tg 

(0.1184)(29,587) + 135 _ , 
(0.1184)(2,395) 



Table 2.5 Group contribution values for the proposed lignin 
structure. 

Functional 
Group No. F 

T FP VTg 4 

-<*3 19 148.3 0 21.548 0.0226 

-CH2- 15 131.5 0 15.553 0.0200 

>CH- 27 86.0 0 9.557 0.0131 

=CH- 4 121.5 29.1 13.178 0.0184 

-CH= (aromatic) 40 117.3 30.4 13.417 0.0178 

>C= (aromatic) 50 98.1 31.7 7.422 0.011 

-0- (ether) 29 115.0 105.6 6.462 0.0175 

-CH0 1 292.64 259.9 23.261 0.445 

-OH (primary). 14 329.4 329.4 12.457 0.0493 

-OH (secondary) 9 289.2 289.2 12.457 0.044 

-OH (phenolic) 5 171.0 171.0 12.457 0.006 

>C=0 1 263.0 257.0 17.265 0.040 

5-member ring 2 20.99 41.5 - 0.003 

6-member ring 16 -23.44 29.8 - -0.0035 

Metha sub. 16 6.6 -11.9 - 0.001 

Para sub. 15 40.3 -16.5 - 0.006 

Z 29,587 15,098 2,395 4.224 



76 

777.4 ZAI 
a = 

2 V, Tg 

(777.4X4.224) 
2,395 

- 1.371 

(2.27) 

5 = g[a " 1 
H a 

= 12.83 

1/2 

fo. 371 
1. 371 

1/2 
= 6.674 

(2 .28)  

/ z f t  
6 = 6  

aZF, 
T 

1/2 

- 12.83 
15,098 

(1.371)(29,587) 

1/2 
= 7.827 

(2.29) 

_ , 2 2 ,2.1/2 
«D - (S - «H - 6p) 

- [(12.83)2 - (6.674)2 - <7.827)2]1/2 = 7.668 

(2.30) 

Thus, the solubility parameters for the lignin structure were 

estimated. Then the calculated values can be compared to the experi

mental values found by Hansen (1967). Table 2.6 shows these values. As 

can be seen, overall, the estimation is fairly good; only the 6 and 6 
Jr n 

are little off. Since the estimation did not consider the existence of 

the external bonds between lignin and surrounding materials, the errors 

could be the result of this omission. 

Table 2.7 presents a list of possible lignin solvents which were 

extracted from Hansen's tables and modified for this work. As is obvious 

from the effect of solvents on milled wood lignin (MWL) shown in the 



Table 2.6 Comparison of the estimated and the 
actual solubility parameters for 
lignin. 

Solubility Parameter 
(component) Estimated Experimental 

Total, 6 12.8 15.6 

Dispersion, 5^ 7.7 10.8 

Polar, 6^ 7.8 7.0 

H-bond, <S 
ri 

6.7 11.2 
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Table 2.7 Possible lignin solvents. 

Effect of 
_ » . Solvent on 

Solvent B P H 5 Lignin (MWL) 

Formic acid 2, .47 4. .5 8, .5 12, .15 a 
Diacetone alcohol 5, .21 5, .56 6. .14 9, .78 a 
Oxitol (cellosolve) 6, .33 4, .43 7, .42 10, .71 a 
Methyl cellosolve 6, .35 4. .87 8. .51 11, ,68 a 
y-Butyrolace tone 9, .11 5. .98 6, .88 12, .87 a 
Ethylene glycol 4, .93 7, .37 14, .56 17, .05 a 
Cyclohexyl amine 8, .45 2. .0 2, .9 9. .05 b 
M-cresol 8, .82 3. ,0 6, .1 11. .11 c 
Pyridine 9, .25 3. ,7 3. .6 10. .61 c 
Aniline 9, .53 3, .7 4, .2 11. .04 c 
Diethylene glycol 6, .06 6. .0 11, .40 14, .24 c 
Dipropylene glycol 5, .78 6. ,52 12, .20 14, .99 c 
Dioxane 8. .55 4. .2 2, .0 9. .74 d 
Tetrahydrofuran 8. .22 3. .25 3, .5 9. ,08 e 
Tetralin 9, .4 0. .5 1, .4 9, ,50 f 
Acetic acid 6. .79 5. .97 9. .26 12. ,94 f 
Acetone 7. .58 5. .7 2, .0 9. ,77 S 
Methyl alcohol 5. .66 6, .36 11, .73 14, .50 g 
Ethyl alcohol (96%) 6, .17 5, .46 9, .78 12, .78 g 
Toluene 8, .67 1. .0 2, .0 8. .91 g 
Methyl iso butyl 
ketone 7, .49 3. .0 2, .8 8. ,57 h 

Water 7. .0 8. ,0 20. .9 23. ,5 h 

Soluble, but solution contains some particles. 

Reaction occurs. 
c 
Soluble. 

^Almost soluble. 

Strongly swollen, slightly soluble. 

^Swollen. 

^Little swelling. 

No visible effect. 
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table, one should not compare the total 6 of the lignin with the one for 

solvents only, but should also consider the individual solubility 

parameter components of the solute and solvent together. 

2.4.5.2 Cellulose. Estimation of the solubility parameter for 

cellulose cannot be achieved by the group contribution method as was 

performed for amorphous polymers. The highly crystalline nature of 

cellulose makes it insoluble in any organic solvent at room temperature. 

According to Van Krevelen (1972), in order to adapt the method of solu

bility parameters to a highly crystalline polymer, more terms should be 

added to the free energy of mixing as it was defined earlier in equa

tion 2.2 for non-crystalline compounds. These terms are the heat of 

fusion, AHm> and the entropy of fusion, AS^. Thus, the free energy of 

mixing becomes: 

M M M 
AG = (AH + AH ) - T(AS + AS ) (2.37) 

m m 

Furthermore, there are some experimental observations which have 

not yet been theoretically well-explained. For example, experimentally, 

it was shown that polyethylene and polytetrafluoroethylene, which are 

insoluble in all solvents at room temperature, obey the solubility 

parameter rules when the temperature is increased to T > T r r room 

On the other hand, crystalline polymers do obey the solubility 

parameter rules at room temperature insofar as the swelling behavior is 

concerned, but, as was mentioned earlier, the structure of cellulose is 

linear, while the swelling occurs significantly only on cross-linked 

polymers. 
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Another example is for the case when there are specific inter

actions between a polymer and solvent(s). It was shown that cellulose 

at room temperature is soluble in 70 percent sulfuric acid or in aqueous 

ammonia thiocyanate. 

In summary, due to the complex structure of cellulose and lack 

of extensive theoretical work on the solubility parameters of crystalline 

polymers, the author believes that the solubility parameter approach 

cannot be applied to wood solubility. 

2.5 Supercritical Fluid Extraction 

The ability of supercritical fluid solvents to dissolve materials 

of low volatility has received increasing attention for its relevance to 

an entirely new extraction process. Fluids slightly above their criti

cal temperatures and pressures exhibit high solvencies toward high-

molecular solutions. Table B.18 presents critical data of potential 

solvents. 

The high solvency power can be seen intuitively from density-

pressure curves presented in Figure 2.16. The figure suggests that, at 

a given pressure, the solvent power of the compressed gas should 

increase as the temperature decreases; at a given temperature, the 

solvent power of the compressed gas should increase as the pressure 

increases. The critical temperature and pressure of propane are 370°K 

_2 and 4.88 Mnm , respectively. According to the figure, at 520°K propane 

obeys the Ideal Gas Law, while at A00°K it deviates from the law. How

ever, at 360°K the inflection associated with vapor-liquid transitions 

can be seen clearly along line ABCD. 
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Pressure, MN m 
-2  

Figure 2.16 The density of propane as a function of pressure at differ
ent temperatures.— From Pawl and Wise (1971). 
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2.5.1 Statistical Thermodynamics 

A simple model for approximating the concentration of a low 

volatile solute in the compressed extracting fluid was discussed by Pawl 

and Wise (1971). The model starts from the equation of state for a pure 

gas in the form of: 

(2.38) 

This can then be modified for a mixture of two gases to: 

(2.39) 

where the virial coefficients, J^ and are given by: 

(2.40) 

(2.41) 

Also, the chemical potential, of the solute in gas phase is: 

0 
2J 

22 
3J 
23 
,2 V 

+ (2.42) 
2V' 

where is the molar concentration of component 2. Moreover, the 

chemical potential of pure solid 2, ̂ (s)' *s 6*ven 
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w2(s) =li2 + PVs <2*43> 

where V is the molar volume of the solid. 
s 

Finally, as an equilibrium criteria, ~ ̂ (s)' so e1uat:'-ons 

2.42 and 2.43 reduce to: 

C0 PVo 2J-„ 3J„, 
T 2 s 22 23 /r\ / / \ 

^ =  m  — "  •  4 )  

where is the concentration of solute in the absence of compressed 

fluid. Equation 2.44 can be simplified by dropping the third virial 

coefficient term and by assuming = B12' '3̂ ie n̂a-'- f°rm then: 

C2 Vs " 2B12 Ln —4 = (2.45) 

C2 

The cross-linked coefficient, can be found easily if the critical 

properties and vapor pressure data of components 1 and 2 are known. 

2.5.2 Solubility of Solids 
in Compressed Fluids 

Many investigators have studied the classical naphthalene-carbon 

dioxide system. Figure 2.17 provides a solubility diagram for this sys

tem. As can be seen, depending upon the pressure level, the solubility 

of naphthalene can increase with increasing temperature or decrease with 

increasing temperature. This behavior is due to the balance between the 

terms in equation 2.45. Since naphthalene can also be extracted by 

ethylene in almost the same amount, it supports the view that the 
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Figure 2.17 Solubility of naphthalene in carbon dioxide. 
Krukonis (1983). 
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phenomenon of solubility in compressed gases does not necessarily 

depend on the chemical nature of the gas solvent. However, in both 

cases, when the extraction temperature is above the critical temperature 

of the gas, a gradual increase in pressure causes an abrupt increase in 

the solubility. Table B.18 shows the critical constants of the poten

tial solvents for supercritical extraction processes. 

Commerical use of gas extraction involves such complex sub

strates that the systems cannot be discussed in terms of individual pure 

components. Pawl and Wise (1971) explain a sample crude oil which is 

extracted by methane at 313°K. According to them, the overall extrac-

-2  tion of the oil in compressed fluid (20-80 MNm ) increases with pres

sure, similar to what was seen for the single component, except that 

there were families of curves, each family corresponding to a certain 

group of volatiles of the crude oil. 

Fong et al. (1982) worked on supercritical extraction of coal. 

They investigated the effect of pressure, temperature, and types of sol

vent. Increasing temperature or pressure from subcritical to critical, 

then above critical, did not show an appreciable effect on the amount of 

coal extracted by toluene. They then studied the pore size distribution 

of coal with respect to the molecular size and shape of the solvents. 

Their results show that, in order to reduce the mass transfer resistance, 
O 

small molecules such as benzene, methanol, and ethanol (less than 4.5 A) 

would be more suitable. However, smaller molecules have less solvent 

power, according to equation 2.45 given earlier. Because larger mole

cules have deeper potential well in the Lennard-Jones model (and, hence, 

can interact more strongly with other molecules), they will show a more 
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negative value for •C*ie relati°ns'1iP between anc* the extractant 

amount was shown earlier by equation 2.45. For further information, 

Figure 2.18 shows the amount of extracted coal versus for different 

solvents. Thus, in the above extraction, the size of solvent molecule 

and its interaction coefficient are the most important variables which 

have to be optimized, in addition to solvent polarity. 

2.5.3 Solubility of Supercritical 
Fluids in Polymers 

Since cellulose can be considered as a polymer, it is worthwhile 

to study the behavior of polymers in supercritical fluids. A glance at 

the subject in the literature shows that, so far, the research and data 

are limited mainly to the industrial application of polymer processing. 

2.5.3.1 Molten Polymers. One interesting generalized observa

tion is the phase diagram for a polymer-fluid system. Figure 2.19 shows 

the critical behavior of a gas-molten polymer mixture. As can be seen, 

at low temperatures, the system consists of two phases. This region is 

separated from the one-phase region by a locus called the upper critical 

solution temperature (UCST). As the temperature is increased beyond the 

UCST, a one-phase region and finally phase splitting occur again. The 

minimum point in the high-temperature, two-phase region is called the 

lower critical solution temperature (LCST). The temperature at which 

the phase splitting occurs can be obtained from Van Krevelen (1972). 

The type of critical behavior shown in Figure 2.19 applies to 

gas-polymer equilibria, as well as to liquid-polymer equilibria (Bonner, 

1976). On the other hand, if pressure were plotted versus weight 
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mixtures. — From Bonner 1976). 
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fraction of polymer (at constant temperature), curves similar to those 

in Figure 2.19 would result. 

2.5.3.2 Crystalline Polymers. Polymers whose molecular struc

ture contains crystalline lattices show abnormal behavior towards sol

vents and will dissolve only if there is some interaction between 

polymer and solvent. However, if a crystalline polymer is heated above 

its melting point in the presence of a suitable solvent, it will often 

dissolve, but will separate when the solution is cooled (similar to what 

was shown in Figure 2.19). 

Semi-crystalline polymers which contain crystalline and amor

phous regions behave as expected. According to Bonner (1976), the 

apparent effect of the crystalline regions of the polymer is to prevent 

solubility of the fluid in the volume occupied by the crystalline poly

mer. In addition, fluids at high pressure act on the crystallinity of 

the crystalline polymer; consequently, the solubility can be changed. 

2.6 Octane Improver 

In this section, a brief attempt is made to show the potential 

demand for, and the future of, octane improvers. Since biomass is one 

of the most abundant organic materials on the earth, it would be of 

great interest to study the possibility of biomass liquefaction products 

in terms of an alternative source of octane improvers. 

2.6.1 Background 

It can be stated that octane improvers are achieved by two 

general categories. One consists of additives or catalysts that are 
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added to the pre-cracked' hydrocarbon stream such that the product's com

position is pushed towards those components (i.e., iso-octane) that are 

relatively higher in octane number (Heck, McClung, and Witt, 1980). The 

second category of octane improvers refers to that compound added to, or 

blended with, the already refined hydrocarbon stream in order to 

increase the octane number. The second category itself can be divided 

into those which contain metal in their structure, such as tetra-ethyl 

lead and tetra-methyl lead, and those which do not contain any metal and 

are primarily aromatics or oxygenated hydrocarbons. 

Fuels are characterized by their knocking behavior through an 

index called the octane number. An octane number of 100 indicates that 

100 percent 2,2,4-trimethyl pentane (iso-octane) will have the same 

knock behavior as the fuel in question.. An octane improver should have 

a correct range of volatility. The desired compounds have boiling 

points between 40-120°C. 

Much research has been done on general relationships between 

octane number and hydrocarbon type; usually C^-Cg compounds are the 

best. According to Magee et al. (1980), the following can improve the 

octane number of a product: higher olefin content, increased olefin 

branching, centrally located double bond in olefin, and increasing 

degree of aromatic substitution. 

Among the aromatics, toluene has been used in great amounts. It 

is the second alternative after tetra-ethyl lead. However, the use of 

toluene in the dealkylation process for production of benzene has 

created a price war between the petroleum companies and the 
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petrochemical market. Besides its relatively low blending volatility, 

toluene is an excellent blending ingredient for gasoline. 

Alcohols have been considered as a potential octane improver 

because of their high octane numbers. One major problem with the 

alcohols is their low blending capability with gasoline. Anderson (1982) 

points out that a 4.75 percent methanol blend with a cosolvent can play 

a big role as a gasoline octane modifier. The phase separation problem 

in the blend reduces as the molecular weight of the alcohols is 

increased. An ethanol-water blend is a relatively stable mixture and 

its emission gives a better octane number and less NO formation (Kampea, 

1980). Tertiary butyl alcohol (TBA), a coproduct from a propylene oxide 

plant, also attracted some investors due to its remarkable properties. 

Suntech, Inc., reports that a 3.0-5.5 percent blend of TBA with methanol 

is going to be marketed by Oxirame Corp. under the trade name "axinol." 

Mixture of methanol-higher alcohol blends with gasoline was studied by 

Talbot et al. (1983). According to them, at the lower oxygen level, the 

improvement in blend properties increases with the amount of higher 

alcohol. However, when the total alcohol content of the blend increases, 

then less high alcohol is desirable. 

On the other hand, ethers, in general, can blend with gasoline 

better than alcohols. The two candidates are methyl tertiary butyl 

ether (MTBE) and tertiary amyl methyl ether (TAME). Their octane 

numbers are higher than alcohol, while their production cost is about 

the same. These ethers can be formed by the reaction of methanol with 

isobutylene (MTBE) and isoamylenes (TAME) at moderate conditions (Talbot 

et al., 1983). However, in the United States, experts are looking for a 
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potential high consumption rate for isobutylene; therefore, MTBE is the 

most probable future replacement for the lead octane boosters. 

2.6.2 The Potential Wood Products 

As was explained previously in Section 2.2, the wood constit

uents are primarily made of carbon, hydrogen, and oxygen. A quick 

glance at the cellulose, hemicellulose, and lignin structures 

(Figures 2.8, 2.6, and 2.4, respectively) indicates that there is 

enough evidence to convince one to think about their conversion to 

potential octane improvers such as alcohols and ethers. In fact, White 

(1982) presented a summary of all possible obtainable products from the 

various proposed biomass liquefaction processes. According to the 

summary, all the compounds were oxygenated hydrocarbons and, in fact, 

several of them are already known as gasoline boosters. 

Ethanol, an octane improver, is already produced from cellulosic 

materials at a commercially feasible cost. According to Figure 2.13, 

the pyrolytic condensation of cellulose yields ring-type products. 

Furfural, as a possible octane improver, is produced from wood with a 

condensation reaction similar to what was shown in Figure 2.13. 

Hemicelluloses, in pyrolytic condensation reactions, also pro

duce oxygenated hydrocarbons such as alcohols, aldehydes, and acids (see 

Table B.10). 

Lignin, one of the main constituents of wood and a by-product of 

the pulp industry, primarily is made of phenolic units, as can be seen 

from Figure 2.4. Clements, Beck, and Heintz (1982) believed that the 

lignin fraction of biomass materials offers a significant potential for 



production of aromatic compounds. Also, they discussed the development 

TM 
of the Lignol process by Hydrocarbon Research, Inc., which produces 

mixed alkylphenols, benzene, fuel oil, and fuel gas from Kraft lignin. 

In fact, as previously noted in Section 2.6.1, aromatic compounds such 

as toluene already have been used as excellent octane improvers. How

ever, to show that the alkylphenols or any other major product from a 

lignin liquefaction process can be used as an octane improver, further 

research is required. 

It should be noted that the ultimate goal of our biomass lique

faction process at the University of Arizona is to produce oxygenated 

hydrocarbons which could become gasoline boosters. 



CHAPTER 3 

EXPERIMENTAL APPARATUS AND PROCEDURES 

3.1 Solvolysis Apparatus 

3.1.1 Design and Development 

It is of primary importance to design a laboratory reactor unit 

so that the experimental results obtained can be easily correlated to a 

continuous commerical reactor for biomass liquefaction. An ideal pro

cess for our purposes would be one in which materials in the reactor 

could be heated or quenched instantaneously when required. Also, the 

process should provide a well-mixing, desired space-time, and the 

needed elevated temperatures and pressures. 

The single-screw extruder reactor developed by White in 1978 for 

wood hydrolysis had the characteristics of the ideal commerical-scale 

biomass liquefaction reactor. However, this unit could not be used in 

our early experimental work since, due to the size of the unit, the 

required raw materials, such as solvents, would be too costly. On the 

other hand, a small, calorimetric bomb reactor could be used because it 

uses very low amounts of solvent and the temperature and pressure of the 

experiment are easy to control. In spite of these advantages, the 

material in the bomb reactor cannot be heated or quenched instantaneously 

before or after the experiment, respectively. A reactor unit which 

94 



95 

would not have the problems of the extruder reactor and calorimetric 

bomb reactor needed to be developed. 

3.1.2 The Solvolysis Reactor 

The designed reactor was mainly a 3/4" elbow made of 316 stain

less steel. Figure 3.1 is a photograph of the reactor. At the upper 

part of the reactor, there were a thermocouple, a purge valve, and a 

pressure transducer. The flow entered from the left-hand side, passed 

through the 3/8" tubing, reached the 3/4" elbow, passed the sintered 

filter, and finally passed through the 3/8" stem valve. The total 

available volume of the solvolysis reactor was 30 cc. All fittings were 

also made of 316 stainless steel, and found to be leak-proof. The 

detailed specifications of the reactor parts will be given in the next 

section. 

Also, as will be explained in the operation section, this 

portable tubing reactor uses low" amounts of raw materials and can be 

instantaneously heated, quenched, loaded, or unloaded. 

3.1.3 Accessories of the Solvolysis Unit 

The overall photograph and schematic of the solvolysis unit and 

its accessories are shown in Figures.3.2 and 3.3, respectively. The 

important accessories are the: fluidized bath, temperature and pressure 

recorders, gas cylinders unit, solvent heating unit, and product 

collecting unit. 



Figure 3.1 The solvolysis reactor 



Figure 3.2 The overall view of the solvolysis unit. 
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3.1.3.1 Fluidized Bath. The fluidized bath, model SBS.4, 

Techne Incorporated (New Jersey), was used for uniform and fast heating 

of the solvolysis reactor. The bath itself is a cylindrical, stainless 

steel vessel of welded construction and an inside diameter of 11.8 cm 

(7 1/8"). The vessel is suspended within, but thermally insulated from, 

an outer, mild steel, cylindrical container. At the bottom of the 

vessel, a sintered stainless steel, porous plate acts as a support for 

the solid bed and ensures a uniform flow of air through the vessel. The 

solid material can be fluidized by means of dry air flow at a constant 

2 
gauge pressure of about 0.21 kg/cm (3 psi). 

A 750 watt, Inconel-sheathed, electric heating element is 

mounted just above the porous plate. To reach the maximum temperature 

(600°C), two hours of preheating time were required when the entering 

air was at room temperature. However, the preheating time could be 

lowered by sending hot air instead of cold air to the bath. A regulator 

was used to set the desired flow rate of air for achieving the "boiling" 

condition in the bath. A pneumatic safety valve is provided to switch 

off the heating current in the event of failure of the air supply. The 

temperature of the bath can be controlled by manual or automatic means. 

Manual control of temperature can be achieved by using the switch and 

the electrical current regulator at the desired positions. On the other 

hand, the bath temperature can be controlled automatically by the digital 

thermometer. The digital thermometer (Athena Controls, Inc., model 

4500TE) had a narrow temperature band of ±1°C. 

The entire bath was placed on two oil jacks, one at each side. 

Consequently, the bath can be moved up or down simply by raising or 
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lowering the jacks. Finally, the bath provides a working volume in the 

shape of a cylinder 16.5 cm (6.5") in diameter and 12.7 cm (5") deep. 

3.1.3.2 Temperature and Pressure Recorders and Controllers. As 

can be seen from Figure 3.2, the fitted type k thermocouple in the 

reactor was connected to the thermocouple switch. Therefore, when the 

switch was on for this thermocouple, the temperature of the reactor 

could be read by the digital thermometer (Keithley, model 870, Omega 

Engineering). In addition, the current from the switch was sent to the 

relay unit which was made in our departmental electronics shop. Then 

the relay unit could condition the current for sending to a recorder. 

A Hewlett-Packard (model 680) recorder was used to print the temperature 

profile of the reactor. Thus, the temperature of the reactor could be 

printed on the recorder at the same time as it was observed by the 

digital thermometer. 

In the same manner, the thermocouples connected at different 

positions on the solvolysis unit made it possible to read or print the 

temperature changes during the experiment. According to Figure 3.3, 

there were four thermocouples: one in the solvent reservoir, a second 

in the reactor, a third in the product reservoir, and a fourth in the 

hot air flow just before its entrance into the fluidized bath. 

A pressure transducer made by Entran Devices, Inc. (model EPS-

1032-2500), was connected to the reactor unit (see Figure 3.1). The 

connection of this pressure transducer to a recorder could show the 

pressure changes during the solvolysis experiment. A recorder made by 
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Beckman Instrument, Inc. (model 1005), was calibrated in order to print 

the pressure change in the desired scale. 

In addition to the pressure transducer, there were three pres

sure gauges in the solvolysis unit: one on the gas cylinder, one at the 

product reservoir, and a third at the entrance to the fluidized bath 

(see Figure 3.3). 

3.2 Raw Materials Selection 

Since there were two kinds of treatment, the raw materials also 

should be divided into two different categories. 

3.2.1 For Pretreatment 

The biomass used in this research was Douglas fir wood flour as 

received from Albany, Oregon. The wood flour sample and its chemical 

constituents were shown in Figure 4.1. Since Douglas fir has a very 

tough structure and is more resistive to chemicals than most other woods, 

it would be challenging to study. 

As was intended, the pretreatment solvent must be suitable tech

nically and commercially. The solvent should be cheap, non-toxic, 

recoverable, and effective, but not very reactive on wood at a moderate 

temperature (< 100°C). According to our study, the inorganics shown in 

Table D.l were found to be potential pretreatment solvents. However, 

according to our preliminary results, it was decided to use only the 

three most important solvents for pretreating the wood flour. The three 

solvent mixtures were: 
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1. Dilute HC1 solution, 1% by weight at 96°C. 

2. l(w)% HC1 at 96°C, followed by 2(w)% NH^OH at room temperature. 

3. l(w)% NH^OH in a saturated ZnO solution (the solubility of ZnO 

in cold water is - 0.00016 gr/100 cc). 

It should be noted that the concentration, temperature, and pretreatment 

time were optimized in order to have the best wood degradation. 

3.2.2 For Solvolysis 

Similarly, the solvolysis solvent had to be feasible from a 

technical and commercial point of view. The solvent had to have low Tc, 

Pc, cost, toxicity, and evaporation rate at room temperature. In addi

tion, it had to be a good solvent for a wide range of oxygenated hydro

carbons, and recoverable at the end of solvolysis without significant 

loss due to possible decomposition or reactivity with other products. 

According to our survey, it was found that methyl isobutyl ketone (MIBK) 

would be our best choice with respect to the above characteristics and 

our experimental limitations. However, acetone, phenol, and methyl 

tetrabutyl ether (MTBE) were used in several solvolysis experiments in 

order to complete our theoretical considerations. 

It should be noted that the effects of the solvolysis solvents 

were studied mainly on the three kinds of pretreated wood flour which 

were explained in the previous section (3.2.1). Also, pretreated wood 

samples before and after solvolysis were shown in Figures 4.2 and 4.3 

respectively. 

Finally, it should be mentioned that, since we did not have an 

opportunity to obtain a high-pressure, liquid pump for the solvolysis 
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unit, an external pressure from a gas cylinder was used. Using nitrogen 

and carbon dioxide gas at high pressure would have the following advan

tages. First, it would be possible to predict the effect of the super

critical extraction. Second, for the pretreated wood flours, a pressure 

above 35 atmospheres presumably should allow the solvents to permeate 

through the capillaries of the wood and withdraw the air from the 

cavities. In addition, using an inert gas such as nitrogen at a moderate 

pressure during the solvolysis would stop the combustion of the wood 

samples, vrtiile it could increase the tar formation (see Table 2.4). 

3.3 Experimental Procedure 

3.3.1 Pretreatment 

Three pretreatment samples were prepared for use in the 

solvolysis extraction: 

1. 15 gr of Douglas fir wood flour (at room condition) were treated 

with 150 cc of 1 (weight) % HC1 at the boiling temperature of 

the solution (96°) for one hour. A Soxhelt extractor was used 

for the treatment. The residue was washed two times and then 

dried in an oven at 80°C overnight. The weight loss was found 

to be 8%. This pretreatment was called Run #10 and the obtained 

wood flour was stored in a glass container at room temperature. 

2. The sample from Run #10 was treated for further degradation by 

2 (w) % NH^OH solution at room temperature for one hour. The 

same washing and drying steps as done for Run #10 were performed. 

The total weight loss with respect to the original wood flour 

was 12%. This pretreated sample was called Run #9. 



104 

3. This experiment was intended for observing the effect of zinc on 

swelling of the wood sample. Therefore, 10 gr of wood flour 

were treated with 500 cc of NH^OH solution (1 volume %) and 

saturated ZnO mixture. Since the solubility of ZnO in aqueous 

solution at room temperature is very low (about 0.00016 

gr/100 cc), one should not worry about any pollution problem of 

the pretreated wood sample with zinc. However, the treatment 

was 60°C for one hour and the pH of the solution during the 

experiment was dropped from 10.8 to 10.4. Also, the weight loss 

due to treatment was about 10%. The washing and drying of the 

sample was the same as for the other two pretreated samples. 

The pretreated wood flour from this experiment was called Run #10 

and later was used as a raw material in the solvolysis 

experiments. 

3.3.2 Solvolysis 

1. The fluidized bath was filled to about 3 inches from the top 

with the solid particles provided by the manufacturer. The air 

2 supply was set at 0.21 kg/cm gauge pressure and a right flow 

rate which would give a boiling condition to the lifted parti

cles. Then the electrical heating unit was turned on prior to 

the bath. This heating unit was used to warm up the feed air to 

the bath so it could speed up the heating period of the bath. 

Then the automatic controller was turned on in order to heat up 

the bath temperature to the desired steady-state value. 
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2. 0.5 gr (at room condition) of a pretreated wood flour and 10 cc 

of a solvolysis solvent were placed in the reactor. Then the 

reactor was connected to the solvolysis unit as shown in 

Figure 3.2. At this moment, the reactor was suspended above the 

fluidized bed. 

3. The air vibrator was turned on. The vibrator shakes the reactor 

so that the wood sample will be well-mixed during the solvolysis 

extraction. 

4. The desired pressure condition in the reactor was obtained by 

opening the proper regulator of a gas cylinder. 

5. The recorders and digital thermometer were turned on, and the 

reference thermometer was placed in the ice-water bath. 

6. Then the bath was raised by jacking up to a point at which the 

reactor was immersed completely in the hot fluidized particles. 

According to Figure 3.4, the temperature in the reactor was 

increased similar to the behavior of a first-order system and 

the time constant (T) for a typical run was about 1.75 minutes. 

Thus, at 2T and 3T, the percent responses were 86.5 and 95, 

respectively. Obviously, when the set temperature was higher, 

the time constant had to be smaller, which causes the reactor to 

reach its steady-state temperature faster. However, in the 

solvolysis experiments, the reaction time was considered after 

time reached to 2T. 

7. After the desired reaction (extraction) time was achieved, the 

hold knobs in the jacks were released. Consequently, the bath 

dropped down immediately to its starting position and the 
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Figure 3.4 A typical temperature history for the solvolysis reactor and 
the fluidized bath. 
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reactor came free of the fluidlzed particles. At this time, the 

outlet valve of the reactor was opened in order to flush the 

gaseous product into the product reservoir. Then the bath was 

turned off. 

8. The cooling water valve to the shell around the product reser

voir was opened in order to cool off the products. 

9. After a considerable time, the pressure inside the reservoir was 

released and then the liquid-oil product was collected in a test 

tube. 

10. The solid residue remaining in the reactor was carefully trans

ferred into a petri dish, ensuring that no residue was left in 

the reactor. 

11. After the fluidized bath was cooled to the normal temperature, 

the inflow air was turned off. 

12. All electrical switches, air flow, and water flow were turned 

off. 

Finally, it should be mentioned that the results obtained by 

these treatments were fairly accurate and the data were reproducible as 

close as ±2%. 

3.4 Material Balance and Chemical Analysis 

3.4.1 Material Balance 

As can be seen from the previous section, the starting wood 

flour was pretreated and then followed by a solvolysis treatment. Since 

heat could increase the hydrogen bonding in the wood samples, the 
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original wood flour and the pretreated samples were not oven-dried prior 

to the experiments. Therefore, all the weights of the samples, such as 

wood flour, pretreated wood flour, and the solid residue of the sol-

volysis, were based on the room condition. Thus, in mass balance calcu

lations, one should consider the amount of moisture in the sample. 

Figure 3.5 shows the schematic for mass balance of a solvolysis sample. 

3.4.2 Chemical Analysis 

As was previously mentioned, the size of sample in solvolysis 

was small. Therefore, the solvent extraction methods which could yield 

identification of the different fractions of the liquid product were not 

performed. Instead, the chemical analyses such as gas chromatography 

(GC) and mass spectrometry (MS) were used to obtain results. 

Also, the solid residues from the solvolysis were analyzed for 

their atomic compounds and their moisture contents. 

In the next chapter, the results of these chemical analyses will 

be discussed in detail. 
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Figure 3.5 Schematic for the mass balance of a solvolysis sample. 



CHAPTER 4 

PRESENTATION AND DISCUSSION OF RESULTS 

4.1 Effect of Pretreatment 

4.1.1 Results 

Using pretreatment, a reduction of the structural resistance of 

wood was attempted. Hence, the pretreated sample could be extracted 

easily in the next solvolysis treatment. It was previously discussed in 

Section 2.3 that, at low temperature and concentration, only a few 

inorganic agents could attack the wood structure. Moreover, as dis

cussed in Section 3.2.1, a suitable pretreating solution should have 

other properties besides its solvent strength. 

Table D.l (Appendix D) shows the pretreatment results of Douglas 

fir wood flour with several potential solvents. As can be seen, the 

amount of dissolution was increased directly with respect to concentra

tion, temperature, and time. The table also provides the color of solu

tions. Therefore, knowing the color of the starting pretreatment solu

tions, which were colorless, the presence of any color product during 

the pretreatment could be an indication of a strong dissolution or 

possibly a chemical reaction. Finally, according to the same table, it 

should be noted that the overall solvents degradation was in declining 

order from acids to bases to salts. 
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The ultimate analysis and moisture content of wood and its con

stituents are presented in Table 4.1. According to the results, the 

weaving cotton and filter paper had a C/H ratio similar to the theoreti

cal cellulose. As can be seen from the table, the percent of carbon is 

in increasing order from cellulose to wood to lignin, whereas it is the 

opposite order for the percent of hydrogen. Although the ultimate 

analysis results were in good agreement with the theoretical values, it 

was not the same case for moisture content and there were some discrep

ancies between the theoretical values and the experimental results which 

were obtained from the University Analytical Center. 

The biomass sample which was used in our study was Douglas fir 

wood flour obtained from Albany, Oregon. The close-up look and the 

chemical composition of the sample are presented in Figure 4.1. More

over, Figure 4.2 shows the effect of pretreatment on the same wood 

sample shown in Figure 4.1. As can be seen, the treatment showed 

noticeable physical changes and the color of the sample became darker. 

These physical changes should be the result of degradation of the sample. 

The effect of pretreatment on the wood sample which caused some degrada

tion could be proven by the amount of extract in the solvolysis step. 

Table 4.2 provides the solvolysis results for a few samples. 

Experiment numbers 60 and 32 used untreated and treated wood flour, 

respectively. Since in these two experiments no solvolysis solvents 

were used, they could be assumed to be a pyrolysis step under the 

nitrogen environment at 34 atmospheres (initially). Although there was 

a small improvement in the yield of product gas due to the pretreatment, 



Table 4.1 The ultimate analysis of wood constituents 
and moisture content of wood. — Note that 
the ultimate analysis results were based 
on oven-dry (or moisture-free) samples. 

Constituent (%) 

Sample N C H Ash % Moisture 

PC - 44.4 6.17 - • -

C 0.20 43.4 6.01 0.27 2.99b 

FP 0.00 43.2 6.00 0.00 3.47b 

WF 0.00 47.5 5.95 0.18 7.7° 

L 1.65 61.8 5.42 1.32 3.0° 

3> 
PC = pure cellulose, theoretically assuming 
^6%0°5^n' ̂  weaving cotton; FP = #1 qualitative 
filter paper (made by Watman); WF =» Douglas fir wood 
flour; L = Kraft lignin (received from Westvaco). 

Data obtained from the University Analytical Center. 

Data obtained from the literature. 
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Douglas Fir (Albany) Wood Flour 

20 mesh 

61.2 % 

27.2 % 
1 . 2  % " r *  

4A % ' ' 

fw*,iJ&ffisi8iK»lBP3 * * . .-ivsvisikd 

Figure 4.1 Douglas fir (Albany) wood flour sample. — The chemical 
composition results were obtained from Shafizadeh and 
DeGroot (1976). 
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Pretreated Wood Flour for further use in solvolysis 

hydrolysis (l(w) %, 96°c, 1 hr) followed by 

f2 (w) %, 25°C, 1 hr) ammonia degradation. No weight 

for the above sample (filterate washed only with 

J&vOf. distilled water) in oven. Iff it set inwoven 

at 80°C, the lost will be 12%. 
•• -v- >V. V';'- , 

2MM1* 

Figure 4.2 Pretreated wood flour sample. 
Run #10. 

— This sample was obtained by 



Table 4.2 Effect of pretreatment. — The solvolysis conditions were T = 300°C, t = 15 
minutes, and the external gas (N2) initially at 34 atm. Note that the weight 
of the samples are all based on room-dried condition (80°C) . 

Solvolysis 
Run No. 

Pretreatment 
Solvent3 

% Loss of 
Wood by 

Pretreatment Feed 
Solvolysis 
Solvent 

% Degradation 
by Solvolysis 

60 none — wood flour none 50 

32 NH40H, ZnO 
(from Run #10) 

10 pretreated 
wood flour 

none 54 

121 NH40H, ZnO 
(from Run #10) 

10 pretreated 
wood flour 

MIBK 36 

63 HC1 followed 
by NH.OH 

(from Run #9) 

12 pretreated 
wood flour 

MIBK 53 

64 HC1 only 
(from Run #8) 

8 pretreated 
wood flour 

MIBK 38 

cl See Section 3.2.1 for the conditions and procedure of the pretreatment. 

^The pretreatment time was 1 hour for all experiments except for Run #9, which was 2 hours 
(see Section 3.3.1 for more information). 
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the pretreatment effect on wood can be seen by a pyrolysis step. In 

addition, experiment numbers 121, 63, and 64 from Table 4.2 give the 

results of solvolysis of the three different kinds of pretreated wood 

flour. Obviously, experiment number 63 showed a significant advantage. 

Moreover, in-order to see the effect of pretreatment on the 

chemical composition of wood, the ultimate analysis of the above three 

pretreated samples before and after the solvolysis step are presented in 

Table 4.3. As can be seen, the carbon percent in the pretreated sample 

Runs #10, #9, and #8 increased. These increases in the carbon percent 

also were reflected in their solvolysis samples. In addition, the ulti

mate analysis results of unpretreated wood flour and its corresponding 

pyrolysis are given in the same table. It is obvious from Table 4.3 

that the carbon percent in the unpretreated wood in comparison with pre

treated wood samples was low, while in comparison with solvolysis 

results it showed that the pyrolysis sample had the highest carbon 

percent. 

4.1.2 Discussion 

It can be seen from Table D.l (Appendix D) that acids showed 

more dissolution than the bases or salts. The effect of acids decreased 

in the following order: HC1 > > CH^COOH. As previously discussed 

in Section 2.3.3.2, hot dilute acids hydrolyze the hemicellulose frac

tion of wood very rapidly, but have less effect on cellulose, and almost 

no effect on lignin since lignin at the above conditions goes through an 

autocondensation rather than a degradation. The liquid solutions 
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Table 4.3 Ultimate analysis of pretreated and unpretreated wood 
flour before and after the solvolysis step. — Note 
that the conditions of the pretreatment and solvolysis 
steps were the same as those in Table 4.2. Also, the 
pyrolysis step (for unpretreated wood flour) was the 
same as solvolysis, except with no solvent in the 
reactor. 

Pretreatment 
Solvent 

Condition of 
the Sample % N % C % H % Ash C/H 

NH^OH, ZnO pretreated 0.00 47.4 5.9 
(Run #10) wood flour 

residue after 0.10 57.2 5.5 
solvolysis 
(Run #121) 

0.30 8 . 0  

0.52 10.4 

HC1 followed 
by NHAOH 
(Run #9) 

pretreated 
wood flour 

residue after 
solvolysis 
(Run #63) 

0.00 48.6 6.4 

0.43 58.2 5.4 

0.80 7.6 

10.8 

HC1 only pretreated 0.27 49.0 6.1 
(Run #8) wood flour 

residue after 0.18 61.1 5.2 
solvolysis 
(Run #64) 

0.6 8 . 0  

11.8 

No solvent unpretreated 
wood flour 

0.00 47.6 6 . 0  0.18 7.93 

residue after 
pyrolysis 

1.22 71.64 4.84 0.48 14.80 
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obtained from the acid hydrolysis of wood are expected to contain a mix

ture of simple sugars. 

In addition, the results of Table D.l (Appendix D) show that 

acids, overall, dissolved wood more than bases and much more than salts. 

However, the swelling effect showed the opposite pattern of what was 

obtained by the above hydrolysis, because salts swelled wood the most, 

bases less, and acids the least. 

In one experiment, a sample of wood chip which was treated with 

Znd.2 showed an extensive swelling atid later, when it was dried, several 

cracks could be observed on its surface. This observation was in com

plete agreement with what has been discussed in Section 2.1.7.2. Conse

quently, selection of a pretreating solution should be optimized further 

to obtain the following: 1) a reduction in the DP of cellulose due to 

hydrolysis, and 2) a physical destruction of wood structure due to its 

swelling effect. 

The ultimate analysis and moisture contents of wood and its con

stituents are shown in Table 4.1. A comparison shows that the chemical 

composition of cotton and filter paper was in agreement with the theo

retical cellulose formula, (C£H.A)_) . It should be noted that the b iu d n 

filter paper can be assumed to be a degraded cellulose. 

On the other hand, lignin has a higher C/H ratio than a cellu

lose sample. Since wood is a composite of lignin and cellulose, its 

results, therefore, should lay between the lignin and pure cellulose, 

depending upon their compositions. According to Figure 4.1, Douglas fir 

contains 27.2 percent lignin and 61.2 percent holocellulose. 



119 

Table 4.1 also provides the moisture content of wood and its 

constituents. The data obtained from the University Analytical Center 

were not in agreement with the other sources in the literature. For 

example, for the lignin sample, Westvaco indicated 3 percent moisture, 

while the University Analytical Center reported 12.6 percent. As was 

previously discussed in Section 2.1.3, the moisture content of wood 

samples depends upon the history of the sample, the experimental temper

ature, and, most important, upon the relative vapor pressure of the room 

in which the experiment takes place. Unfortunately, the University 

Analytical Center failed to report such data; therefore, it would be 

hard to judge the accuracy of their results. However, according to 

Figure 2.1, the moisture content for Douglas fir wood flour (with 

respect to the average humidity and temperature of our lab) should be 

7.7 percent. 

The effect of pretreatment on wood flour is shown in Table 4.2. 

Experiments 60 and 32 are just the pyrolysis results of the treated and 

untreated woods. As is obvious, the effect of pretreatment showed more 

degradation in a wood sample. The increase in the degradation amount 

could be directly related to the structural decomposition of wood. The 

degradation of wood due to chemical reaction was discussed previously in 

Section 2.3.3. It was mentioned that pine and spruce lose up to 10 per

cent of their wet bonding strength after treatment with chemicals in the 

pH range of 3-11. Since the pretreatment solution in Run #10 was 

treated at pH 10.8 and 96°C, some weakening in the strength of wood — 

which implies some reduction in the crystallinity and the degree of 

polymerization (DP) — should be expected. 
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The effect of dilute ammonia on different kinds of woods is 

given in Table B.13 (Appendix B). The amount of extract from wood 

reported in Table B.13 is in agreement with what was found from the pre-

treatment of Run #10. Also, according to our experimental results in 

Table D.l (Appendix D), the amount of extract from wood increases as the 

concentration of alkali, the temperature, and the time of extraction 

increase. The dilute alkali at room temperature only attacks hemi-

celluloses, but as the temperature increases the lignin and then the 

cellulose become subject to the attack. At the conditions of Run #10, 

hemicelluloses and some of the lignin should be degraded by the alkali 

effect. In addition, the swelling effect of the alkali and ZnO could 

cause a reduction in the crystallinity and hydrogen bonding of the 

cellulose. Since the solubility of ZnO in water is low, there should 

not be any pollution problem due to the presence of zinc. 

As previously noted in Section 2.3.3, the accessibility of cellu

lose increases as the crystallinity decreases. Figure C.ll (Appendix C) 

shows that a decrease in crystallinity causes an increase in the 

accessibility. By releasing more hydroxy groups from the crystalline 

and tightly hydrogen bonded lattices, the cellulose becomes more 

accessible to the reactions. However, if such a sample is dried out, 

then the effect of temperature causes the formation of new hydrogen 

bonds which could reduce the accessibility of the cellulose sample. Due 

to this fact, the pretreated wood samples in the experiments were used 

without applying heat for the drying of the samples. 

Table 4.2 also shows the results of two more pretreated samples: 

Runs #9 and #8. Pretreatment solution in Run #8 was HC1 at 96°C for one 
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hour. In this experiment, it was expected that the acid would dissolve 

most of the hemlcelluloses and convert some of the cellulose to hydro-

cellulose, but would not have any chemical effect on lignin. Acids at 

the above conditions could not dissolve lignin because it undergoes an 

autocondensation reaction which involves the functional and hydroxyl 

groups of the structure. Finally, it should be noted that conversion of 

cellulose to hydrocellulose causes the wood sample to become brittle and 

weak. In addition, a hydrocellulose product is the first step in 

hydrolysis of a cellulose which later yields polysaccharides and finally 

the simple sugars. 

On the other hand, in Run #9, the wood flour was first treated 

with 1 (w) percent at 96°C for one hour and then treated with 2 (w) per

cent NH^OH at room temperature for another hour (for more information, 

see Section 3.2.1). The purpose of this experiment was to test the 

joint effects of acid and alkali on the wood sample. As can be seen, 

the amount of wood lost in this experiment was only 12 percent, which is 

2 percent more than experiment number 10. It was concluded that acid 

could attack hemicellulose and cellulose, whereas alkali treatment could 

attack lignin and cause a greater effect on the remining hemicellulose 

and cellulose. 

Finally, to correlate the effect of pretreatment on wood sol-

solysis, experiments 121, 63, and 64 were performed. These experiments 

were solvolysis of the pretreated wood samples from Runs #8, #9, and 

#10, respectively. It is obvious from the last column in Table 4.2 that 

the amount of degraded wood increases in the following order: alkali 

treatment < acid treatment < acid-alkali treatment. Thus, the best 
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pretreatment procedure was the acid-alkali pretreatment of Douglas fir 

wood flour, which gave 12 percent weight loss during the pretreatment, 

and 53 percent during the solvolysis step following its pretreatment. 

Hence, based on the above results, one could conclude that the 

acid-alkali treatment (Run #9) of wood affected the physical structure 

of wood. The changes in the physical structure should be a consequence 

of chemical changes such as reduction in the degree of polymerization, 

crystallinity, and hydrogen bonding of the sample wood. 

The ultimate analysis of the pretreated and unpretreated wood 

flour before and after solvolysis is shown in Table 4.3. As can be seen, 

the percent of carbon in the pretreated wood and in the corresponding 

solvolysis residues was in increasing order: Run #10 < Run #9 < Run #8, 

or NH^OH-ZnO treated < HC1-NH^0H treated < HC1 treated. To explain this 

is the fact that lignin is richer in carbon than cellulose and, 

according to what was discussed earlier, alkali attacks lignin better 

than cellulose; therefore, the alkali treated sample should lose more 

lignin (consequently, more carbon) than the acid treated one. On the 

other hand, in Run #8 (the acid treated sample), the acid solution 

attacked holocellulose, but not the lignin; consequently, the percent of 

carbon was increased relatively. This order of increase in percent of 

carbon and the C/H ratio for the pretreated samples was also obtained 

in the residues of their corresponding solvolysis step. 

The ultimate analysis of the Douglas fir wood flour (untreated) 

and its corresponding residue after pyrolysis (same as solvolysis, but 

with no solvent) are also shown in Table 4.3. A comparison between pre

treated residue with wood flour showed that, again, lower carbon percent 
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in alkali treated and higher carbon percent in acid treated were consis

tent with the theoretical considerations since alkali attacked lignin 

most, while acids cannot attack lignin at all and lignin has a higher 

percent of carbon than hemicellulose and cellulose. 

The high percent of carbon in the pyrolytic residue was possibly 

due to the dehydration steps that a wood sample could take during the 

pyrolysis. Figure 2.13 shows the thermal degradation of a cellulose 

sample. In the next section, the correlation between the carbon percent 

and the heating value will be presented. 

4.2 Solvolysis 

4.2.1 Results 

As explained in Section 3.2, the purpose of solvolysis was to 

search for a desirable solvent which can dissolve the pretreated wood 

sample under an optimum experimental condition. Hence, all of the sol

volysis experiments were started with a pretreated wood flour as a feed 

sample. Also, in addition to the feed sample and the solvolysis sol

vent, an external gas was used from a cylinder in order to pressurize 

the solvolysis reactor. 

A pretreated wood flour and its corresponding residue after the 

solvolysis step are shown in Figures 4.2 and 4.3, respectively. The 

solid residues obtained from these solvolysis steps had very important 

properties, such as high heating value and high surface area. 

Figure 4.4 represents a plot of solid residue versus temperature 

for a number of solvolysis experiments. Each point on the curve was 

repeated two times and they were reproducible to ±2 percent. According 
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Residue of pretreated Wood Flour after solvolysis 

Residue/Feed = 64% 

Initial Pressure = 550 psig 

Solvolysis Pressure = 630 psig 

Temperature * 300°C 

Time min 

Solvent MIBK 

Solution 

Figure 4.3 Residue of the pretreated wood flour after solvolysis. 
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to the data in Figure 4.4, in general, the amount of solid residue 

decreased as the temperature increased, except 275-285°C. Then, above 

285°C, the yield of solid residue decreased until the curve approached 

an asymptotic value, as was expected. Obviously, by subtracting the 

amount of residue obtained from the original wood sample, the amount of 

degraded product which was produced by the solvolysis experiment can be 

obtained. 

The type of behavior in Figure 4.4 seemed to be general because 

when the solvent changed from methyl isobutyl ketone (MIBK) to methyl 

tertiary butyl ether (MTBE) the same kind of behavior was still 

observed. 

Figure 4.5 shows the solid residue as a function of temperature 

for two different kinds of solvent systems. The upper curve corresponds 

to MIBK as the solvent with ̂  as its external gas, while the lower 

curve corresponds to MTBE as the solvent with CC^ as its external gas. 

One may assume both curves follow almost the same pattern, except that 

the MTBE-CX^ system had less residue than the MIBK-^ system. 

The carbon percent in the solid residue changes with the temper

ature. Figure 4.6 gives the percent carbon in the solid residue and the 

percent of solid residue as a function of temperature change. As can be 

seen from a comparison of the curves, a hump in the percent of carbon 

corresponds to a similar hump which was given in the production of solid 

residue. Regardless of this hump, in general, the percent carbon of the 

solid residue increases directly with the temperature. 

The effect of pressure on the extraction yield for two different 

temperatures is shown in Figure 4.7. The pressure in these solvolysis 
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experiments was exerted by the vapor pressure of the solvent (which is 

10 atm) and the initial external nitrogen gas from the cylinder. Both 

curves show a minimum around 30-39 atm of pressure. 

In solvolysis, as in pyrolysis, times does not have a major 

effect on the amount of extraction yield and percent carbon in the solid 

residue. Figure 4.8 shows solid residue and percent of carbon in the 

solid residue as a function of solvolysis time. According to the 

curves, 90 percent of the changes occurred in the first 5 minutes, which 

corresponds to only one-third of the experimental time. 

Table 4.4 gives the solid residue production and the percent of 

solvent which can be recovered after the solvolysis steps for three sol

vents. The MTBE system (with as its external gas) corresponded to 

the least amount of residue or the highest yield of products removed by 

the solvent. However, MIBK, with less vapor pressure than MTBE, showed 

more solvent recovery. As discussed later, these experiments were not 

designed to accurately measure solvent recovery or possible chemical 

reactions of the solvents. 

Finally, Table 4.5 gives the amount of the products that were 

obtained at three different temperatures. The 275°C corresponds to the 

highest liquid-oil yield, while 285°C corresponds to the lowest liquid-

011 and the highest solid residue yield. On the other hand, 390°C gives 

the lowest amount of solid residue and the highest amount of the gas 

products. 

Finally, Appendix D provides a chromatogram which was obtained 

from the gas chromatographic (GC) analysis of a typical solvolysis 

experiment. In addition, Table D.2 (Appendix D) provides retention time 
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Table 4.4 Effect of different solvents on the amount of 
residue and solvent recovery.— Note that sol
volysis experiments ran for 15 minutes at 255°C 
and with initial pressure of 38 atm. 

Feed Solvent 
External 
Gas % Residue 

% Solvent 
in the Liquid 
Product0 

PWFa acetone N2 
88 20 

PWFa MIBK N2 
84 75 

PWFb MTBE C02 
64 37 

Pretreated wood flour obtained from Run #10. 

kpretreated wood flour obtained from Run #9. 
Q 
Percent of original solvent which was collected as liquid 
by flashing the extraction mixture from the solvolysis to 
the room condition. 
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Table A.5 Influence of solvolysis temperature on the value of the 
products. -- Note that all experiments started with pre-
treated wood flour (Run #10), MIBK, and N2 initially at 35 
atm, then ran for 15 minutes. 

Temperature 
(°C) 

% Degradation 
Due to 
Pyrolysis 

% Solid 
Residue 

% Degraded 
Product Due to 
Solvolysis Only3 

% Liquid-Oil 
Volume^ 

275 5 38 54 15.8 

285 7 79 12 10.1 

390 9 32 56 14.1 

& Amount of degraded product in the gas obtained by differences while 
assuming 7.0 percent moisture content for the wood sample. 

Fraction of the degraded product which was collected as liquid 
according to the defined experimental procedure. 
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for some chemicals which were experimented with under the same GC condi

tions. Comparison of the data in Table D.2 with those provided by the 

GC chromatogram of the products, then, allows one to predict the nature 

of the liquid-oil fraction. 

4.2.2 Discussion 

The solvolysis treatment was attempted to dissolve the pre-

treated wood flour with a suitable solvent. The suitable solvent for 

the solvolysis step was defined in Section 3.2.2. In this section, the 

effect of pretreatment, solvolysis solvent, and the operational vari

ables on the amount of product yield will be discussed. 

The products from the solvolysis steps were divided into three 

fractions, as was explained earlier in Section 3.4. As the result of 

separation of the solvolysis product at room conditions, the following 

three fractions were obtained: gas product, liquid-oil product, and the 

solid residue. Since the separation of the liquid product from gaseous 

product was obtained simply by flushing, which was described in Section 

3.3.2, most of the volatile, and some of the heavy, compounds could not 

be recovered by the liquid-oil fraction. 

Figure 4.3 shows the solid residue after the solvolysis step of 

the pretreated wood flour. The pretreated wood flour which was used in 

this experiment actually was the same shown in Figure 4.2 and in 

Table 4.2 (Bun #121). However, according to the experimental results, 

the solvent, methyl isobutyl ketone (MIBK), at the given experimental 

conditions, could extract about 36 percent while excluding the 10 per

cent degradation yield by the pretreatment step. The obtained solid 
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residue appears to have a chemical composition similar to coal, but with 

the additional property of a high surface area. 

The effect of temperature on the yield of solvolysis product is 

shown in Figure 4.4. It was expected to see a smooth, monotonic curve, 

rather than an abrupt change in the yield amount between 275-285°C. Due 

to the complexity of the material and lack of data about identity of the 

products and their thermodynamic relationships, one could only predict 

some causes for the above phenomenon. Following is some discussion in 

order to explain the above fact. 

Since the solvent (MIBK) and nitrogen are immiscible, then, 

ideally, each one should have its own vapor pressure. The pressure of 

the reactor was initially set at 38 atm by the nitrogen in order to sub

stitute the external solvent mixture for the internal moisture in the 

wood capillaries (Section 2.1.5). On the other hand, MIBK initially was 

liquid, but after receiving heat from the reactor it becomes vapor, and 

finally a fluid gas depending on the conditions. Since the experimental 

temperature, 275-285°C, was well above the normal boiling temperature of 

MIBK, the solvent should be at gas phase. 

It should be mentioned that the critical temperature and pres

sure for MIBK are 298°C and 34 atm, respectively. It is a fact that, 

when a polar compound dissolves in a liquid, then, due to formation of 

new H-bonds, the vapor pressure decreases and the system will have a 

vapor pressure curve different than its original pure constituents. 

Figure C.16 (Appendix C) shows that, by dissolving 25 percent methanol 

in benzene, the T£ and Pc of the solution are reduced with respect to 

the pure benzene. Since the critical temperature of probable products 
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such as methanol, ethanol, acetone, benzene, and phenol all are less 

than MIBK, then it would not be hard to believe that the critical 

temperature of solution probably would be around 275-285°C. However, it 

is less probable to have a sudden increase in the amount of extractive 

product just by simply moving above the critical temperature when the 

pressure of the system is low (see Figure 2.17). 

Also, as was explained earlier, the amorphous cellulose can be 

decrystallized by heating at around 250°C (in pyrolysis). Therefore, if 

the decrystallization happened after 275-285°C, then, obviously, it 

should have decreased the rate of extractive products. 

Finally, the most probable cause for the abrupt change around 

275-285°C can be related to thermal properties of the wood sample. As 

was discussed earlier in Section 2.3.2 and also shown in Figure 2.11, 

the differential thermal analysis (DTA) of wood is not a linear function 

of temperature. Figure 2.11 shows the DTA for Cottonwood; however, the 

behavior is general and similar behavior can be expected for Douglas fir 

wood flour. According to the figure, there are several humps in the 

curve, indicating the endothermic and exothermic reactions of wood. 

Moreover, these humps are cumulative results of the changes that 

happened in the individual constituents of the wood. The degradation of 

hemicelluloses was endothermic around 250°C, but, as the temperature 

increased to 285°C, the degradation of the three constituents became 

exothermic. Finally, around 285°C the degradation of lignin, and around 

320°C the degradation of cellulose, started to become endothermic. 

This behavior, with small modification, is shown in solvolysis 

in Figure 4.4. Thus, one can assume that, up to 275°C, the endothermic 
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property of the hemlcellulose was responsible for monotonic increase of 

the product yield. Also, between 275-285°C, the degradation becomes 

exothermic, and finally at 290°C it switches to endothermic degradation 

of wood constituents. Obviously, some of the degraded products were 

dissolved in the solvent and the effect of temperature rise could have 

brought more solubility and extraction yield. 

Hence, the extraction step by the solvent could speed up the 

degradation and then overall solvolysis yield would be higher than the 

pyrolysis yield. This effect can be seen in Figure 4.9. According to 

the figure, the solvolysis curve always appeared under the pyrolysis 

curve. This pyrolysis curve was obtained from Figure 2.15 and the 

experimental condition was similar to our work. Thus, the difference 

between the two curves at certain temperatures corresponds to the rule 

of solvolysis. According to Figure 4.9, the effect of solvolysis was 

highest at 275°C. 

One more advantage of solvolysis over pyrolysis is that, in 

solvolysis, the degraded products are rich in carbon number and, as will 

be discussed later, they are oxygenated hydrocarbons with potential to 

be considered as octane improvers. Also, the yield of these kinds of 

products would be higher in solvolysis than in hydrolysis extractives. 

According to Table 4.5, the amount of product (solvolysis at 275°C) was 

as high as 54 percent. Actually, in pyrolysis, the intermediate com

pounds which were formed in the early stages of heating would decompose 

to more stable monocarbonic compounds (see Figure 2.13). 

Figure 4.5 shows the effect of solvent on the solvolysis in 

these exploratory experiments. The upper curve shows the solvolysis of 
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the pretreated wood flour (Run #10) with MIBK as the solvent and nitro-

gent gas. In comparison, the lower curve shows the solvolysis of the 

pretreated wood flour (Run #9) with MTBE as the solvent and CO^ gas. As 

it appears from the figure, the MTBE-CC>2 system behaved similarly to the 

MIBK-N2 system. Therefore, having the minimum and maximum in the sol

volysis curve should be a general phenomenon which, as discussed 

earlier, depends on the thermal properties of wood. Furthermore, the 

curve corresponding to the MTBE-CC^ system showed less solid residue, 

which corresponds to more degradation. The reason for the greater 

degradation was not because of MTBE, which would be considered as a 

stronger solvent than MIBK, but was due to the presence of CC^ and the 

better pretreated sample. The following two paragraphs would support 

this conclusion. 

First, as was explained earlier in the theory of gas adsorption 

in Section 2.1.4.2, a polar gas (CC^) can be adsorbed by wood more than 

a non-polar gas (^) • In fact, at moderate temperatures, CC^ can be 

adsorbed by woods more than HC1, NH^* and SO^. In addition, the super

critical extraction of coffee and naphthalene with CC^ was developed 

industrially. 

Second, the pretreated wood flour (Run #9) which was used in the 

solvolysis with MTBE-CC^ was the best pretreated sample, as was 

explained in Section 4.1.2. Table 4.2 shows that this pretreated wood 

flour can yield 17 percent more degradation than the one which was used 

for the MIBK-N2 system. 
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Consequently, because of a better pretreated sample and a 

stronger gas, MTBE showed more degradation yield in Figure 4.3, although 

its solvent strength was lower than MIBK. 

Table 4.4 gives another interesting aspect of the solvolysis. 

The table shows that acetone extracted 4 percent less than MIBK, 

although acetone is a stronger solvent for polar compounds. This is 

mainly because: 1) the critical pressure of acetone (47.7 atm) was 

above the system pressure; 2) 6^, the dispersion solubility parameter 

component of the acetone, is much smaller than MIBK (see Table 2.7); and 

3) the critical temperature of the acetone (24°C) was lower than MIBK. 

Thus, acetone did not dissolve the heavy compounds as well as MIBK, 

which implies a lower extraction yield and higher solid residue weight. 

In addition, Table 4.4 shows that solvent recovery in the case 

of acetone was less than MTBE and MIBK. The recovery of solvent is 

directly related to the volatility of the three solvents. Accordingly, 

at least 75 percent of the MIBK can be collected in the liquid phase by 

direct flushing of the product gas from the solvolysis reactor. 

Obviously, some of the solvent might be decomposed during the solvolysis 

and the rest collected with the liquid and gas fractions of the products. 

Indeed, the decomposition rate of MIBK should be lower than MTBE because, 

in general, ketones are more stable than ethers. Consequently, when a 

recycle system for biomass solvolysis is required, solvents such as MIBK 

could be of great interest. 

The effect of temperature on the carbon content of the sol

volysis solid residue is shown in Figure 4.6. The carbon content of the 

solid residue (char) increases as the solvolysis temperature becomes 
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higher, except around 275-285°C. Between these temperatures, there is a 

hump in the curve. In addition to this curve, another curve shows the 

total residue versus temperature for the MIBK-^ system, as previously 

explained in detail. As can be seen from the figure by comparison of 

the above two curves, the hump in the carbon content curve corresponds 

to a similar, but deeper, hump in the total solid residue curve. As was 

mentioned earlier, this abrupt change between 275-285°C was due to the 

exothermic degradation of hemicelluloses. Therefore, less degradation 

within this temperature range would leave a greater percent of carbon 

because hemicelluloses have a lower percent carbon than overall wood. 

As was shown in Table 4.1, the carbon percent of lignin (phenolic back

bone) is much higher than the cellulosic fraction. Thus, it is believed 

that lower extraction of the heavy phenolic compounds between 275-285°C 

caused the carbon percent in the solid residue to increase. 

Figure 4.8 shows the effect of time on the carbon content and 

the production of solid residue. The samples were the pretreated wood 

flour (Run #10) followed by solvolysis at 350°C, with MIBK as the sol

vent and N£ as the external gas. It is obvious from the figure that 66 

percent of the change was achieved in the first 5 minutes of the 

solvolysis. 

It should be mentioned that the degradation of wood below 225°C 

is negligible. In addition, with a fast heating-up procedure (- 160°C/ 

min), the time between 225°C and the desired reactor temperature would 

be about 20 seconds. Therefore, the degradation during the transient 

heating-up time should be negligible. 
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In solvolysis, the goal is to produce more liquid-oil. 

According to Shafizadeh and DeGroot (1976), in pyrolysis, a faster 

heating rate and higher temperature promote the gasification process, 

while lower temperatures and the presence of moisture and inorganics 

increase the amount of char formation. In fact, in a solvolysis process, 

one could optimize the above variables in favor of more liquid-oil 

production. 

Figure 4.8 also shows the carbon content of the solid residue. 

It can be seen that the percent of carbon in the char increases as the 

process time increases. This could be explained by considering the 

dehydration mechanism of cellulose, as shown in Figure 2.13. Since the 

dehydration and charring of cellulose causes some water loss from the 

molecules, the overall carbon percent of the char increases as the time 

proceeds. 

Table 4.6 gives the heating values for combustible materials 

according to the theory. As can be seen, the heating value is directly 

related to the percent of carbon in a material. Solid residues obtained 

from solvolysis had atomic compositions similar to lignite coal. How

ever, they had lower ash, lower polycyclic structure, and higher surface 

areas than lignite, all of which are advantages for the consideration of 

the solid residue as a potential solid fuel. 

Figure 4.7 shows the effect of pressure on solvolysis. The 

pressure in the solvo^sis reactor was exerted initially by the nitrogen 

gas cylinder at the desired amount. It should be noted that, since 

there is no air in the reactor, there should not be a combustion reac

tion initially. However, as the process proceeds at a higher 



Table 4.6 High heating values of the solid residue in 
comparison with other combustible materials. 

Material (Ash-Free) 

AH 
c 

(cal/g) Source 

Medium-volatile bituminous -8,300 a 

High-volatile C bituminous -6,800 a 

Sub-bituminous C -5,200 a 

Lignite A -4,450 a 

Cellulose -4,300 b 

Douglas fir lignin (Klason) -6,370 b 

Decomposed Douglas fir (punky) -5,120 b 

Solid residue from solvolysis (73% C) -6,700 c 

aFrom Probstein and Hicks (1982). 

^From Shafizadeh and DeGroot (1976). 

CFrom Table D.2 (Appendix D); the residue obtained by sol-
solysis at conditions: T = 335°C; t = 15 minutes; 
external nitrogen P = 38 atm; pretreated sample (#10); 
and solvolysis solvent = MIBK. 
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temperature, the moisture content of the sample becomes vapor. This 

vapor can react with solid wood samples and produce carbon monoxide. 

Then this carbon monoxide with the additional moisture can produce 

hydrogen and carbon dioxide. However, according to Probstein and Hicks 

(1982), in gas-shift reactions, as the temperature increases, the equi

librium yields decrease and, up to about 225°C, the yields are still 

favorable. Moreover, the hydrogen produced from the gas-shift reaction 

could react with the additional carbon monoxide to produce methanol (at 

low temperature) and methane (at high temperature). 

Figure 4.7 provides the percent degradation versus pressure 

curves for two different temperatures. It seems that both curves were 

following the same trend, except that, at higher temperatures, the 

corresponding curve becomes flatter. Also, as was mentioned earlier, 

275°C was the temperature which corresponded to the maximum degradation 

(see Figure 4.3). 

According to Figure 4.7, increasing the pressure from atmo

spheric up to a moderate value (around 30-35 atm) caused a decrease in 

the extraction yield. One explanation for this could be due to the 

pressure dependency of the product gas. Due to the thermal degradation 

some gases produced, imposing the external nitrogen gas on the reactor 

should suppress the reactions. Consequently, by increasing the ̂  pres

sure, the degradation decreased. 

However, as was discussed earlier, by increasing the pressure, 

the surface tension of the liquid (moisture) inside the wood capillaries 

would reduce, so the bonded water would be forced out and the solvent 

mixture (MIBK-^) would permeate inside. The interaction of hot solvent 
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with the available capillaries (with extensive surface area) could give 

more extraction, which caused a termination of the curve in Figure 4.7. 

Figure 4.10 compares a typical supercritical extraction curve 

with the solvolysis results at different reactor pressures. It should 

be clear that, since nitrogen is an immiscible gas in MIBK, one should 

not confuse the reactor pressure and the solvent (MIBK) pressure. How

ever, as previously explained in theory (Section 2.5.2), an abrupt 

increase in the supercritical extraction of a solid is expected when a 

solvent at above supercritical temperature is increased to a higher 

pressure that causes the supercritical fluid to become a "liquid-like" 

solvent. 

It seems that the solvolysis curves at the low vapor pressure of 

solvents did not behave similarly to the supercritical extraction curve, 

probably due to the special structure of wood. As can be seen from 

Figure 3.10, at higher temperatures, the solvolysis curves become 

flatter and show a small similarity to the one for supercritical extrac

tion. It should be mentioned that, since critical temperature of the 

pure solvent (MIBK) is 298°C, the 300°C curve should be above the criti

cal temperature of the solvent (and probably of the mixture also). 

Unfortunately, due to the experimental limitation, it was not possible 

to obtain the solvolysis results at higher pressure for solvent; there

fore, a precise correlation between the supercritical extraction and the 

solvolysis cannot be proposed with confidence. 

Finally, the material balance and chemical analysis of the sol

volysis products should be discussed. Table 4.5 provides the percent of 

gas, liquid, and solvent that were obtained from solvolysis at three 
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different temperatures. With liquid, it meant the fraction of the pro

duct which can be separated by flashing to room temperature and pres

sure. Thus, if a different separation method had been used, then dif

ferent results for the material balance would have been obtained. As 

can be seen from Table 4.5, operation at each temperature had its own 

advantage in production of the phases. 

On the other hand, according to what was discussed earlier in 

Section 2.3.2, each constituent of wood has its own specific thermal 

property. For example, hemicelluloses decompose at 225-325°C, lignin 

decomposes at 250-300°C, and celluloses decompose at higher temperatures 

within the narrower range of 325-375°C. Since the chemical composition 

of the above constituents is different in nature, one should not, there

fore, expect a linear relationship between the chemical composition of a 

product and the pyrolysis temperature. The carbon percent of solid 

residue versus temperature was discussed earlier in this section (see 

Figure 4.6). 

In general, in pyrolytic decomposition of wood, the cell wall 

polysaccharides are responsible for producing the volatile products, 

whereas lignin predominately forms a charred residue (see Table B.ll in 

Appendix B). In contrast, in solvolysis, the goal was to minimize the 

char and volatile products. Thus, according to Table 4.5, 275°C was the 

most favorable temperature. However, at this temperature, the gas pro

duct was relatively high. In order to decrease the gas fraction, one 

should increase the solvolysis pressure and should use a more delicate 

technique for better separation of the liquid product from the gas. 
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As was previously shown in Table 4.6, the solid residues pro

duced by solvolysis contained high carbon content. In fact, the carbon 

content of solid residues was comparable to lignite. Since the sol-

volysis residues also have less ash, less polycyclic rings (cancer pro

ducer) , and higher surface areas, they could become a valuable commer

cial source of energy. 

The liquid-oil fraction of the solvolysis product was shown pre

viously in Table 4.5. The liquid-oil contains about 85-90 percent of 

the starting solvent; therefore, by a separation step, it can be 

recovered and then recycled to the original solvolysis reactor. On the 

other hand, 10-15 percent of the liquid-oil fraction was products which 

were stable at room temperature. At first glance, 10 percent extraction 

might seem very low, but if it is compared to the industrial supercriti

cal extraction processes, which is about 3 percent, then the signifi

cance of our solvolysis results can be appreciated. 

Next, in order to study the chemistry of these liquid-oil 

extracts, the samples were sent to the University of Arizona Analytical 

Center. Some analyses by gas chromatography and mass spectroscopy were 

obtained. Unfortunately, due to the complexity of the samples, a con

clusive identification was not possible. The following explains some of 

the results. 

Figure D.l (Appendix D) gives a GC chromatogram for a liquid-oil 

product. According to the chromatogram, the solvent (MIBK) separated at 

2.20 minutes, while the impurities had retention time starting from 0.43 

minutes to 17.82 minutes. Appendix D provides retention 
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times for some pure compounds which were used in the same GC conditions. 

Thus, a comparison can be made between the table and the chromatogram. 

One interesting result shown in the chromatogram (Figure D.l) is 

a set of twelve peaks which starts at 11.84 minutes (retention time) and 

repeats regularly every 0.57 minutes. These compounds may well repre

sent a polymeric material such as styrene. 

Another analytical result obtained by mass spectroscopy confirms 

that there were some styrene and dihydroxybenzene substituents (such as 

dimethoxybenzene). These substituents ranged in molecular weight from 

124 for cresol [CgH^ (OHjOCH^] to 180 for diethoxy benzene [C^H^ (002^) 2] • 

In addition, Tables 4.1 and 4.2 provide some ultimate CHN and 

ash analyses. According to the tables, the nitrogen and ash contents of 

wood flour and solid residue are less than 1 percent. Consequently, it 

c^n be expected that the extracted compounds from the wood flour were 

essentially oxygenated hydrocarbons. There are three points to support 

this idea. First, due to the interactions between the extracted liquid 

products and the polar stationary phase of a GC column, one can conclude 

that the products had to be highly polar. Second, a comparison between 

the retention time given by the GC chromatogram and Table D.2 

(Appendix D) confirms the polarity of the oxygenated materials. Lastly, 

since MIBK is a polar material itself, it should not be able to dissolve 

a non-polar material. 

In summary, from the above discussion, one can conclude that 

liquid-oil fractions of solvolysis should contain compounds that are 

soluble in the solvent (MIBK), stable at room temperature, and have a 

oxygenated hydrocarbon backbone structure with some polarity. In fact, 
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such products can be potentially interesting for their substitution as 

gasoline boosters or for direct use as fuels in a burner. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The following is a summary of some important theoretical and 

experimental conclusions. 

According to the estimation made in Appendix D, the rate of 

extraction or chemical reactions in the wood flour should not be con

trolled by mass transfer. Due to the structure of wood, the internal 

surface area is very high and the existence of open capillaries would 

allow the chemicals to permeate or diffuse through the cavities very 

easily. 

The effect of heating/drying before or after pretreatment could 

increase the H-bonding and crystallinity. Consequently, the degradation 

rate in solvolysis would be affected by the structural changes. 

The effect of pretreating solution on Douglas fir wood was found 

to be satisfactory. One of the most effective pretreatment procedures 

was the treatment of wood flour with 1 weight percent HC1 followed by 2 

weight percent NH^OH solution. In this method, despite low wood loss 

(about 12 percent), the degradation yield was very significant. The 

increase in the degradation yield could be possible only when the 

H-bonding and the crystallinity of the sample were significantly 

reduced. According to the theory, the degradation yield in other woods, 
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especially hardwoods, was expected to be higher, if they were treated 

with the above method. 

The effect of external gas on solvolysis was considered as 

follows: 

1. It would make an inert environment in the solvolysis reactor, so 

it would prohibit the combustion reactions. 

2. It would probably increase the liquid/vapor ratio, which would 

cause more chemical to be dissolved by the liquid phase. 

3. Its pressure above 35 atmospheres would allow the solvent to 

permeate inside the pores in the wood. 

4. If pressure of the system increases to above supercritical pres

sure, then, theoretically, the solvent power of fluid would 

increase sharply. 

The results obtained from solvolysis showed that MIBK was a 

suitable solvent. In one experiment, the overall solvolysis yield was 

62 percent, while 54 percent of that was due to the solvent action only. 

Moreover, the solid residue had an atomic composition similar to 

lignite, but with higher surface area and lower polycyclic structure. 

Using N£, the temperature and pressure of the experiment were 

275°C and 38 atmospheres, respectively. However, the solvolysis yield 

could be improved by using a different solvent and external gas system 

instead of the above MIBK and nitrogen. 

In fact, according to the results, MTBE with showed better 

solvolysis yield. It is interesting to emphasize that MTBE is a well-

known octane improver and its availability and cost of production have a 
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bright future. On the other hand, since MTBE is more volatile and has a 

smaller dipole moment (less polarity) than MIBK, the solvolysis can be 

optimized with respect to the desired variables. 

Also, comparison of the degraded products obtained from 

pyrolysis and solvolysis showed that in the former most of the products 

were the small decomposed molecules, while in the latter most of the 

products were larger molecules which were extractable by the solvent. 

Moreover, the nature of these larger molecules in the liquid-oils showed 

that they were oxygenated hydrocarbons, so they could be considered as 

octane improvers for gasoline or any fuels. 

The results also showed that, at 275°C, when the pressure of the 

N2 gas was low, the pyrolytic degradation was the major one. However, 

when the pressure was increased above 35 atmospheres, the solvent could 

permeate inside the wood structure more easily and would cause more 

solvency and more extraction. 

Finally, it was found that the effect of degradation was signif

icant only during the first 5 minutes, since increasing the time of 

extraction from 5 to 15 minutes could only increase the solvolysis yield 

33 percent. Hence, a continuous biomass liquefaction unit using a 

reactor such as a plasticating extruder could be feasible. 



CHAPTER 6 

RECOMMENDATIONS 

The following are some suggestions for further research on the 

solvolysis system: 

1. Installation of a high-pressure pump in the solvolysis unit 

which could pump solvolysis solvent or solvent-wood flour 

slurries into the reactor. With this pump, it would be possible 

to study solvolysis at high pressure and confirm the effect of 

supercritical extraction accurately. 

2. Connection of our gas chromatography unit directly to the sol

volysis unit would allow one to study the gas product of 

solvolysis instantaneously. Also, addition of the slurry pump 

and the GC unit would make the solvolysis unit an ideal con

tinuous reactor system with an on-line analysis ability. 

3. The feasibility of using a GC column as a solvolysis reactor 

should be investigated. 

4. Addition of a few solvent reservoirs to the unit would allow the 

pretreatment and solvolysis as a two-step process in a single 

unit. This would be possible because the pretreating time was 

on the order of 1 to 2 hours. 

5. Increasing the amount of feed to the solvolysis reactor would 

allow more liquid product, part of which could be used for 
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fractionation into the different extractables. This would per

mit one to study some properties of the products in terms of 

their polarity, functional groups, etc. Also, the other part of 

the liquid products could be injected directly into our liquid 

chromatograph. Then the LC unit would allow one to find the MW 

and the amount of each product in the liquid-oil. 

6. Knowing more about the nature of the oxygenated hydrocarbons 

produced by solvolysis, one should prove the feasibility of 

these products as octane improvers. 

7. Studying the microscopic structure of the pretreated wood flours 

in order to prove that H-bonding and degree of crystallinity 

were decreased by the treatment; although the solvolysis results 

in this study indicated indirectly that their reductions in the 

wood sample were inevitable. 

8. Selection of woods which have less lignin than Douglas fir could 

show higher solvolysis yield, because the amount of lignin is 

directly linked to the toughness of a wood. 

9. Studying the effect of other solvents besides ketones and ethers 

could be worthwhile. Because ketones and ethers are only proton 

acceptors, the role of other solvents such as proton donor, 

donor/acceptor, or presence of free proton in a mixture should 

be investigated. 

10. Use of solubility parameter methods — a common method for 

selection of solvents for a compound at low temperatures — 

could not be applied to the wood solvolysis. 
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11. More data points should be obtained in Figures 4.3 and 4.6. The 

data points should be more around the minimums and maximums of 

the curves and they should also differ from each other in the 

smallest change which the experimental limitation would allow. 

12.. Although, from the results, one could predict that the solvents 

were not decomposed during the solvolysis extraction, further 

investigation such as analytical composition of the products 

should be pursued. 

Application of the above recommendations would improve the state 

of the exploratory work of this thesis and then one could extend the 

work for further study of process feasibility of the solvolysis method. 



APPENDIX A 

WOOD ANATOMY 

From a commercial point of view, there are two major kinds of 

wood: softwood (gymnosperms) and hardwood (angiosperms). The botanical 

basis for classification is whether or not the tree seed is naked (soft

woods) or is covered (hardwoods). Thus, the softwoods are often 

referred to as evergreen trees and hardwoods as deciduous trees (Brown, 

1952). The structure of wood which is visible under the microscope 

varies considerably from softwoods to hardwoods. 

The two major woods of the northwestern United States — 

Ponderosa pine and Douglas fir — are softwoods. In addition, softwoods, 

in general, are more resistive to external effects. It is, therefore, 

of great importance to emphasize softwood and to study its anatomy. 

According to Thomas (1977), the anatomy of softwood is less 

complex than hardwood. The two main cell types which constitute soft

wood are tracheids, which conduct and support, and parenchyma, which 

store food. These two cell types can be further classified as to their 

orientation, that is, longitudinal or transverse. 

Since longitudinal tracheids constitute about 90% of the volume 

and are, therefore, largely responsible for the resulting physical and 

chemical properties of softwood, a detailed description of their anatomy 

is merited. 
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Figure A. 1 shows a three-dimensional sketch of the fibrous 

structure of a softwood. It clearly illustrates that springwood and 

summerwood, longitudinal tracheids make up the largest volume of the 

wood. 

The longitudinal tracheid is about 100 times longer than it is 

wide. Depending on the species, most domestic softwoods have longitudi

nal tracheids ranging from 3 to 5.mm in length. Redwood has the longest 

tracheids, up to 7.3 mm, and cedar the shortest, about 1.8 mm. The 

width of longitudinal tracheids for domestic species ranges from 20 ym 

for cedar up to 80 ym for redwood. 

Although the tracheids (fibers) are hollow tubes closed at both 

ends, communication does occur from fiber cavity to fiber cavity through 

the bordered pits (Figure A.2). These are openings in adjacent cell 

walls spanned by a thin membrane, a continuation of the lignin cementing 

material between fibers (middle lamella). The number of bordered pits 

in a fiber is about 50 to 300. Figure A.3 shows a bordered pit with its 

microfibrils and torus at the center. 

The fibrils have a thread-like structure which becomes exposed 

during the beating of wood and gives rise to the bonding properties of 

fibers in paper. 

Figure A. 4 shows isolated softwood fibers from which the outer 

fibril wrappings have been stripped in the process of being taken down 

into the constituent fibers. Thus, first the outer layer (microfibrils) 

must be broken in order to reach the inner layer of the fiber. 

Figure A. 5 shows a fiber with corresponding fibrils at one end and a 

swelled portion of the inner layers at the other end. 
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Figure A.l Magnified three-dimensional diagrammatic sketch of a 
softwood. — From Stamm and Harris (1953). tt, end surface; 
tg, tangential surface; rr, radial surface; tr, fibers or 
tracheids; wr, wood ray; fwr, fusiform wood ray; vrd, verti
cal resin duct; hrd, horizontal resin duct; sp, springwood; 
sm, summerwood; and ar, annual ring. 



Figure A. 2 View of internal cell walls of springwood longitudinal 
tracheids. - From Thomas (1977). The circular dome-like 
structures are bordered pits which permit liquid flow 
between contiguous longitudinal tracheids. The smaller, 
egg-shaped pits in clusters lead to adjacent transversely 
oriented ray cells. 400X. 
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Figure A.3 View of a bordered pit membrane with the,dome-shaped pit 
border removed. — From Thomas (1977). The dark central 
portion is the torus. The stringlike microfibrils radiating 
from the torus constitute the margo portion of the pit mem
brane. Water flows freely from cell to cell through the 
opeinings between the margo microfibrils. 3,000X. 
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Figure A.4 Isolated softwood fibrils with larger sections of parent 
fibers. — From Stamm and Harris (1953). About 1,500X. 
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Figure A.5 Loblolly pine fiber, showing transverse wrapping of fibrils 
of the outer layer and the extreme transverse swelling of 
the inner layers from which the outer layer has been 
dissolved. — From Stamm and Harris (1953). About 1,000X. 
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The intermediate stage during formation of a fibril is called a 

micelle. The length of a micelle, as reported by Higham (1963), is 

1/100,000 mm. Micelles are the submicroscopic particles which are 

responsible for the optical anisotrophy of the cell wall. These 

particles, which are characteristic of crystalline structure of cellu

lose, will be explained in detail later in this appendix. 

The cell wall structure is explained in detail by Wenzl (1970). 

The synthesis of the new cell wall occurs through the plasma of the 

mother cell. This semi-solid layer contains acid cell-wall substances, 

such as pectins. When the growth of the surface of the primary wall is 

completed, it is strengthened by the deposition of a thickening layer. 

This is called a secondary wall and is distinguished by a fibrillar 

structure; its cellulose content may be 90% or more. When the secondary 

wall is swollen, or when wood tracheids are subjected to an enzymatic 

degradation, there remains a fine inner skin which has been shown to be 

a separate wall layer. It is called the tertiary wall and is identical 

with the inner layer of the secondary wall. Figures C.l and C.2 

(Appendix C) show the fine structure of a wood fiber cell. 

Whereas the middle lamella appears to be homogeneous under the 

electron microscope, the primary wall shows a system of interwoven, 

microscopic cellulose fibrils. After delignification for several hours 

with sodium chlorite, clearly visible changes in the middle layer can be 

seen. It becomes wider and the primary wall partially separates from 

its cell wall. Thus, connective microfibrils and contact points between 

neighboring primary walls can be seen. 
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Through hydrolysis of the polysaccharide portion with sulfuric, 

phosphoric, and hydrochloric acid, lignin frameworks showing the single 

wall layers beside each other can be obtained. The structure of the 

lignin framework confirms the long-known fact that the lignin is present 

in its most compact form in the middle layer, while its concentration is 

considerably less in the cell wall but increases toward the outer layers 

and those adjacent to the lumen. Microanalyses of the middle wall of 

Douglas fir, for example, gave a lignin content of 72% and a pentosan 

content of 14%. The residual portion consisted of hemicelluloses of the 

glucuronic acid type. 

The structure of a secondary wall for a wood fiber, as shown in 

Figures C.l and C.2, consists of three layers. According to the termi

nology given by Wenzl (1970), the three layers are termed: the outer 

layer (S^), the middle layer (S2)> and the inner layer (S^)• 

The growth in thickness of the secondary wall is appreciable and 

the wall thickness can reach 1 to 10 microns. Its cellulose content may 

amount to 90% or more. The result is that the microfibrils are no 

longer arranged in a loose distribution, as in the primary wall, but are 

relatively densely packed in a parallel arrangement and are in contact 

with each other. The parallel texture, formed by the parallel arrange

ment of the submicroscopic fibrils, gives special mechanical and optical 

properties to the secondary cell wall. Stretched out fiber cells can be 

dissected by a lengthwise incision of the fibrils into microscopic 

fibrils. 

A comparison among the layers in the cell wall shows that the S£ 

wall is thicker than the other layers. In addition, each of these 
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layers shows a different structure. The primary wall resembles a net

work; the outer (S^) and the inner (S2) layers of the secondary wall 

show spiral structures in the longitudinal direction of the parallel-

arranged fibrils. The structure of layer corresponds to an S-screw 

motion (right-screwed), whereas the secondary wall shows a Z-screw 

motion (left-screwed). From this, it may be concluded that the layer, 

in fact, possesses specific properties. 

The layer differs from the secondary wall also in its 

increased resistance toward enzymatic degradation. Because xylan (a 

hemicellulose) is the essential component of this layer, there is more 

resistance to alkaline decomposition than to an acid cook. The wider 

structures of the inner layer are considered for extra accumulation of 

hemicelluloses or low molecular crystalline cellulose. 



APPENDIX B 

SUPPLEMENTARY TABLES 
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Table B.l Specific gravity and packing density of the cell walls of 
different wood species. — From Wenzl (1970). 

Wood Species 
Growth 
Status 

Specific 
Gravity 

(g/cm3) 

Cell-Wall 
Packing 
Density 

(g/cm3) 

Redwood young early 
young late 
old early 
old late 

0.2575a 

0.6216 
0.3004 
0.6655 

0.7315a 

0.9220 
0.8755 
0.9739 

Eastern spruce - 0.5000 1.04 

Western hemlock - 0.4160 1.04 

Silver fir - 0.3960 1.10 

Douglas fir - 0.5000 1.25 

Slash pine - 0.6450 1.32 

Slash pine young early 
young late 

0.3340 
0.7400 

0.98 
1.17 

Douglas fir early 
late 

0.2690b 

0.7090 
0.99C 

0.99 

Beech - 0. 5560-0.66l0d 1.21-1.27® 

Poplar, 30% tension wood - 0. 4050-0.4720 1.19-1.20 

Birch - 0. 5600-0.6000 1.12-1.18 

Eucalyptus - 0. 5200-0.5220 1.02-1.06 

cL Calculated by the maximum-moisture method using 1.53. 

^Determined by the maximum-moisture method after extraction with 
alcohol-benzene. 

Calculated from f'na specific gravity and average tracheid dimen
sions, assuming a rectangular lumen. 

Grams oven-dry per cubic centimeter air-dry. 

Grams oven-dry per cubic centimeter cell wall. 



Table B.2 Relationship of fresh volume weight, dry volume weight, and moisture content of differ
ent wood species. — From Wenzl (1970). 

Pine Spruce Douglas fir 

Sap- Heart- Sap- Heart- Sap- Heart-
wood wood wood wood wood wood Oak Birch Maple 

3 Fresh volume weight (kg/m ) 980 550 960 520 910 540 1000 950 970 

3 
Dry volume weight (kg/m ) 420 390 420 570 510 540 

Moisture content: 
By weight (kg) 560 130 570 130 490 120 430 440 430 
By volume (%) 56 13 57 13 49 12 43 44 43 
By weight (%) 133 31 146 33 117 29 75 86 80 



Table B.3 Analysis of Douglas fir wood, bark, and 
needles. 

Content (%) 

Fraction Wood Bark Needles 

Ether-soluble 1.2 34.4 11.2 

Benzene-alcohol-soluble 4.4 - 19.1 

Hot water-soluble 5.6 29.2 7.2* 

Ash 0.2 0.9 5.6 

Lignin and phenolics 27.2 26.1 36.4 

Holocellulose 61.2 9.4* 20.5 

*By difference. 
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Table B.4 Chemical composition of various wood species. — From 
Sjostrbm (1981). All values are given as % of the dry 
wood weight. 

Softwoods Hardwoods 

Douglas 
fir 

Monterey 
pine 

White 
spruce 

Red 
maple 

Silver 
birch 

Total 
extractives 5.3 1.8 2.1 3.2 3.2 

Lignin 29.3 27.2 27.5 25.4 22.0 

Cellulose 38.8 37.4 39.5 42.0 41.0 

Glucomannan3, 17.5 20.4 17.2 3.1 2.3 

Glucuronoxylan^ 5.4 8.5 10.4 22.1 27.5 

Other 
polysaccharides 3.4 4.3 3.0 3.7 2.6 

Residual 
constituents 0.0 0.4 0.3 0.5 1.4 

£ 
Including galactose and acetyl in softwood. 

^Including atabinose in softwood and acetyl in hardwood. 



Table B.5 Percentages of different types of bonds in 
spruce (Picea abies) Lignin (MWL). — From 
Adler (1977). 

Bond Type* Percentage 

A Arylglycerol-3-aryl ether 48 

B Glyceraldehyde-2-aryl ether 2 

C Noncyclic benzyl aryl ether 6-8 

D Phenylcoumaran 9-12 

E Structures condensed in 2- or 6-positions 2.5-3 

F Biphenyl 9.5-11 

G Diaryl ether 3.5-4 

H 1,2-Diarylpropane 7 

I 3,3-linked structures 2 

^Letters A through I are defined in Figure C.6. 



Table B.6 Percentages of different types of 
bonds in birch (Betuta verrucosa) 
lignin (MWL). — From Adler (1977). 

Bond 
Type* Guaiacyl Syringyl Total 

A 22-28 34-39 60 

B - - 2 

C - - 6-8 

D - - 6 

E 1-1.5 0.5-1 1.5-2.5 

F 4.5 - 4.5 

G 1 5.5 6.5 

H - - 7 

I - - 3 

^Letters A through I are defined in 
Figure C.6. 
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Table B.7 Average ordered fraction measured by various techniques. 

Technique Cotton 
Mercerized 
Cotton 

Wood 
Pulps 

Regenerated 
Celluloses 

Physical 

X-ray diffraction 0.73 0.51 0.60 0.35 

Density 0.64 0.36 0.50 0.35 

Absorption and Chemical 
Swelling 

Deuteration or 
moisture regain 0.58 0.41 0.45 0.25 

Acid hydrolysis 0.90 0.80 0.83 0.70 

Periodate oxidation 0.92 0.90 0.92 0.80 

Iodine sorption 0.87 0.68 0.85 0.60 

Formylation 0.79 0.65 0.75 0.35 

Non-Swelling Chemical 
Methods 

Chromic acid 
oxidation 0.997 0.66-0.60* - -

Thallation 0.996 0.69-0.42* — _ 

*Mercerization followed by solvent exchange. 



Table B.8 The major hemicellulose components. — From Sjostrom (1981). 

Amount 
(% of 
Wood) 

Compos] .tion 

Hemicellulose Type Occurrence 

Amount 
(% of 
Wood) Units 

Molar 
Ratios Linkage Solubility* DP 

n 

Galactoglucomannan softwood 5-8 g-D-Manp 
g-D-Glcp 
a-D-Galp 
Acetyl 

3 
1 
1 
1 

1+4 
1+4 
1+6 

alkali, water* 100 

(Galacto)glucomannan softwood 10-15 g-D-Manp 
g-D-Glcp 
a-D-Galp 
Acetyl 

4 
1 
0.1 
1 

1+4 
1+4 
1+6 

alkaline borate 100 

Arabinoglucuronoxylan softwood 7-10 g-D-Xylp 
4-0-Me-a-D-ClcpA 
a-t-Araf 

10 
2 
1.3 

1+4 
1+2 
1+3 

alkali, 
dimethylsulfoxide,* 
water* 

100 

Arabinogalactan larch wood 5-35 g-D-Galp 
a-t-Ara/ 
g-D-Arap 
g-D-GlcpA 

6 
2/3 
1/3 
little 

1+3, 1+6 
1+6 
1+3 
1+6 

water 200 

Glucuronoxylan hardwood 15-30 g-D-Xylp 
4-O-Me-a-D-Gl cp A 
Acetyl 

10 
1 
7 

1+4 
1+2 

alkali, 
dimethylsulfoxide* 

200 

Glucomannan hardwood 2-5 g-D-Manp 
g-D-Glcp 

1-2 
1 

1+4 
1+4 

alkaline borate 200 

*The asterisk represents a partial solubility. 



Table B.9 Pyrolysis products of xylan and treated 
xylan at 300°. — From Shafizadeh and 
Chin (1977). 

Product Neat 
+10% ZnCl2 

Liquid condensate 30.6a 45.3 

Carbon dioxide 7.9 7.5 

Char 31.1 42.2 

Tar: 15.7 3.2 

High mol. wt. component (17 )b -

D-xylose from hydrolysis (54)C -

Percentage, yield based on the weight of the 
sample. 
k Based on the weight of the tar. 
c 
Based on the weight of oligosaccharides. 
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Table B.10 Pyrolysis products of xylan and treated xylan at 
500°. — From Shafizadeh and Chin (1977). 

Xylan O-Acetylxylan 

Product 
Near +10% ZnCl2 Near +10% ZnCl2 

Acetaldehyde 2,4a 0.1 1.0 1.9 

Furan Tb 2.0 2.2 3.5 

Acetone ^ 

Propionaldehyde ' 
0.3 T 1.4 T 

Methanol 1.3 1.0 1.0 1.0 

2,3-Butanedione T T T T 

l-Hydroxy-2-propanone 0.4 T 0.5 T 

3-Hydroxy-2-butanone 0.6 T 0.6 T 

Acetic acid 1.5 T 10.3 9.3 

2-Furaldehyde 4.5 10.4 2.2 5.0 

Carbon dioxide 8 7 8 6 

Water 7 21 14 15 

Char 10 26 10 23 

Balance (tar) 64 32 49 35 

Si Percentage, yield based on the weight of the sample. 
b T = trace amounts. 
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Table B.ll Pyrolysis products of lignin at 450-550°. 

Fraction Products 
Yield 
(%) 

Volatile Carbon monoxide, methane, carbon dioxide, ethane 12 

Liquid Water, methanol, acetone, acetic acid 20 

Tar Phenolic compounds 15 

Char Carbonaceous residue 55 



Table B.12 Analysis of residual aspen wood after drying in aqueous solutions of inorganic salts, 
caustic soda, and water. — From Wise and Jahn (1952). 

Chemical 

Amount* 
% of 

Original 
Wood 

Wood: 
Liquor 
Ratio 

Time 
(hr) 

Temperature 
(°C) 

Yield 
(%) 

Alcohol-
Benzene 
Soluble 
Material 
(%) 

% of Or] Lginal Wooc 

Chemical 

Amount* 
% of 

Original 
Wood 

Wood: 
Liquor 
Ratio 

Time 
(hr) 

Temperature 
(°C) 

Yield 
(%) 

Alcohol-
Benzene 
Soluble 
Material 
(%) Lignin Pentosans Cellulose 

Alpha 
Cellulose 

Original wood . _ 2.66 26.5 17.55 62.05 46.0 
Water - 3:100 2 170 70.9 8.8 19.8 3.1 49.3 41.9 

- 3:100 12 170 68.8 10.9 20.0 1.6 47.2 38.0 
Na„C0 20 3:100 2 170 70.8 1.4 13.6 9.9 54.7 38.5 

Z J 
20 3:100 12 170 67.8 1.6 12.1 8.5 53.9 35.7 

Na SO 26.8 3:100 2 170 73.8 7.8 19.2 4.7 51.6 28.1 
Z 4 26.8 3:100 12 170 68.9 9.7 18.2 2.2 47.9 19.8 

Na_S 0 «5H 0 46.8 3:100 2 170 70.7 4.8 16.2 5.0 53.5 35.1 
Z Z j z 

46.8 3:100 12 170 60.5 4.7 12.7 2.1 47.5 31.5 
Na.SO, 23.8 3:100 2 170 68.9 +0.4 10.2 9.6 57.3 40.5 
z z 

23.8 3:100 12 170 60.3 +0.3 5.5 7.9 54.4 36.8 
Na.S 14.7 3:100 2 170 65.0 2.0 9.7 8.0 53.2 41.0 
z 14.7 3:100 12 170 60.4 3.0 8.9 5.9 50.2 40.5 

NaOH 15.1 3:100 2 170 65.4 1.0 9.6 8.8 54.2 42.9 
15.1 3:100 12 170 60.0 0.9 7.1 7.8 52.6 39.1 

Water - 3:100 2 186 68.6 11.5 19.7 1.7 47.5 39.4 
- 3:100 12 186 60.7 13.7 20.7 0.2 38.8 25.0 

Na3P04*12H20 47.8 3:100 2 186 72.8 5.2 16.1 8.8 55.2 39.3 

NaBr 57.5 3:100 12 186 58.5 13.0 20.9 0.8 35.8 12.6 

*The amount of chemical used in this aspen series is equivalent on the sodium basis to 20% of the 
oven-dry original wood, except in the case of NaBr which is equivalent to 29.6%. 



Table B.13 Effect of dilute alkali on different 
species of wood at room temperature for 
24 hours. — From Jahn (1952). 

2% NH.OH 
4 5% NaOH 

Species Extract Extract 

White pine 13.0 5.5 

Hard maple 8.4 15.2 

Aspen 8.1 20.0 

Yellow birch 7.1 20.5 
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Table B.14 Decomposition of wood by aqueous caustic soda* at high pres
sure and temperature. — Gas product in 1/100 g wood; all 
other decomposition products in g/100 g wood. 

Lye Added to Alkaline Liquor before High Pressure Heating 
(g/ioo g wood) 

Liquor Not 
Heated at 

Product 350°C 0 10 20 30 0 10 20 30 

Time of 
heating at - 0 0 0 0 15 15 15 15 
350°C (min) 

Gas 
Spruce - 5.9 6.5 - 11.6 13.0 8.4 - 8.9 
Birch - 8.48 7.62 8.42 - 10.58 9.54 - -

Beech - 8.44 13.60 15.78 - 13.73 16.77 19.00 -

Tar and pitch 
Spruce - 26.8 22.1 - 10.3 26.2 25.6 - 23.8 
Birch - 27.8 - - - 23.0 24.8 - -

Acetic acid 
Spruce 4.77 6.54 7.10 - 11.50 12.62 15.36 - 11.78 
Birch 9.83 10.17 11.17 11.85 - 11.93 12.92 - -

Beech 6.91 13.10 13.20 12.38 - 21.73 21.02 20.89 -

Formic acid 
Spruce 3.60 0.94 2.09 - 3.24 0.61 1.34 - 1.96 
Birch 5.82 3.25 2.29 2.81 - 3.69 2.86 - -

Beech 4.86 2.23 ' 2.18 2.05 - 1.21 1.75 1.63 -

Methanol 
Spruce 0.97 1.38 1.35 - 1.63 1.52 1.25 - 1.29 
Birch 0.37 1.43 1.42 1.26 - 1.03 1.15 - -

Beech 0.58 1.47 1.15 0.98 - 1.58 0.96 0.92 -

Acetone 
Spruce 0.12 0.58 0.54 - 0.41 0.77 0.74 - 0.76 
Birch 0.04 0.46 0.32 0.42 - 0.30 0.52 - -

Beech 0.03 0.92 0.53 0.64 — 1.52 1.09 0.88 — 

*Wood treated first with NaOH (48% of weight of spruce, 50% of birch, 
46% of beech) at 200°C for 8 hours (80.9% of the spruce, 92.1% of 
birch, and 94% of beech dissolved). This black liquor then heated to 
350°C as indicated. In some cases, the autoclave was cooled immedi-r 
ately after reaching 350°C and in others this temperature was main
tained for 15 minutes, as indicated. 



Table B.15 Yield of crude oils and ketones identified in the oils obtained in the ethanolysis 
of various plant materials. 

Yield of a-Ethoxy- a-Ethoxy- Vanilloyl Syringoyl 
crude propio- propio- methyl Syring- methyl 

Source oils (%) vanillone syringone Vanillin ketone aldehyde ketone 

Spruce 12 + + + 
Redwood 8 a - + + - -

Douglas fir 9 + - + + - -

Dicotyledons 
Maple 35 + + b c + + 
Red oak 32 + + - c - + 
Jute 43 + + a + + + 

Mono co ty1edons 
Bamboo 30 + - + b - -

Cornstalks 23 + + + c + + 
Rye straw 15 + + + + + + 

3 Not investigated. 

^Uncertain. 
C o Vanilloyl methyl ketone was absent; instead, a compound melting at 194-195 C was isolated. 
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Table B.16 Molar cohesion and volume constants used for cal
culation of solubility parameter.— From Martin 
(1975). 

Group Bond Type 
F 
T FP Ct

Q 

-CH3 saturated 148.3 0 21.548 
-CHo- saturated 131.5 0 15.553 
>CH- saturated 86.0 0 9.557 
>C< saturated 32.0 0 3.562 
CH9= olefin 126.5 32.7 19.173 fa -CH= olefin 121.5 29.1 13.178 
>c= olefin 84.5 30.8 7.183 
-CH= aromatic 117.3 30.4 13.417 
>c= aromatic 98.1 31.7 7.422 

-0- ether 115.0 105.6 6.462 
-0- acetal 115.5 5.0 6.462 
-0- epoxide 176.2 76.2 6.462 
-coo- ester 326.6 256.2 23.728 
>c=o ketone 263.0 257.0 17.265 
-CH0 aldehyde 292.64 259.9 23.261 
>(C0)20 anhydride 567.3 567.0 40.993 
-C00H acid 276.1 203.2 26.102 
-0H-> H-bond OH 237.5 237.5 10.647 
-OH primary 329.4 329.4 12.457 

(not H-bonded) 

-OH secondary 289.2 289.2 12.457 
-OH tertiary 390.4 390.4 12.457 
-OH phenolic 171.0 171.0 12.457 

NHo amino 1° 226.6 226.6 17.012 
-NH- amino 2° 180.0 180.0 11.017 
>N- amino 3° 61.1 61.1 12.569 

-C=N nitrile 354.6 354.2 23.066 
-NCO isocyanate 358.7 4.0 25.907 
HC0N< formamide 497.2 354.0 35.830 

-CONH- amide 554.7 437.0 28.302 
-CONH2 amide 589.9 483.6 34.297 
0C0NH urethane 616.9 436.2 34.784 

-S- thioether 290.4 209.4 18.044 



Table B.16 — Continued. 

Group Bond Type F 
T FP VTg 

CI primary 205.1 150.0 19.504 
CI secondary 208.3 154.0 19.504 
CI, twinned 342.7 275.0 39.008 
CI aromatic 161.0 39.8 19.504 

Br primary 257.9 60.0 '25.305 
Br aromatic 205.6 49.0 25.305 

F primary 41.3 35.8 11.200 

Conjugation 23.26 -9.7 — 

cis -7.13 -7.1 -

trans -13.50 -13.5 -

4 Member ring 77.76 98.0 -

5 Member ring 20.99 41.5 -

6 Member ring -23.44 29.8 -

7 Member ring 45.10 0 — 

Bicycloheptane ring 22.56 - -

Tricyclodecane ring 62.47 — — 

Base value 135.1 - -

Ortho sub 9.7 -6.5 — 

Meta sub 6.6 -11.9 -

Para sub 40.3 -16.5 — 
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Table B.17 Lyderson group constants used for calculation of solubility 
parameter. — From Martin (1975). 

Aliphatic Cyclic AP Aliphatic Cycli< 
Group AT AT T AP AP 

CHo .020 .0226 .227 _ 

CHo .020 .013 .0200 .227 .184 
>CH- .012 .012 .0131 .210 .192 
>C< .000 -.007 .0040 .210 .154 
=CH2 .018 - .0192 .198 -

=CH- .018 .011 .0184 .198 .154 
=C< .000 .011 .0129 .198 .154 
=CH aromatic - .011 .0178 - .154 
=C aromatic - .011 .0149 - .154 

—0— .021 .014 .0175 .16 .12 
>0 epoxide - .027 .0267 - .12 
-coo- .047 - .0497 .70 -

>C=0 .040 .033 .0400 .29 .02 
-CHO .048 - .0445 .33 .05 
-(co2o) .086 - .0863 .76 -

-C00H .039 - .0390 .70 -

-0H-* .082 - .0343 .06 — 

-OH primary .082 — .0493 .06 
-OH secondary .082 - .0440 .06 -

-OH tertiary .082 - .0593 .06 -

-OH phenolic .035 — .0060 -.02 ' — 

-NHO .031 _ .0345 .095 — 

-NH- .031 .024 .0274 .135 .09 
>N- .014 .007 .0093 .17 .13 
-C=N .060 - .0539 .36 -

-NCO .054 _ .0539 .46 — 

HC0N< .062 - .0546 .50 -

-CONH- .071 - .0843 .425 -

-C0N< .054 - .0729 .46 -

-CONH2 .071 - .0897 .385 -

-0C0NH- .078 - .0938 .605 — 

-S- .015 .008 .0318 0.27 0.24 
-SH .015 • .015 .27 — 

-CI 1° .017 .0311 0.32 — 

-CI 2° .017 - .0317 .32 - ' 

CI2 twin .034 - .0521 .04 -

CI aromatic .017 - .0245 .32 -
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Table B.17 — Continued. 

Aliphatic Cyclic AP Aliphatic Cyclic 
Group AT AT T AP AP 

-Br .010 .0392 0.50 _ 

-Br aromatic . .010 - .0313 .50 -

-F .018 _ .006 0.224 
-I .012 - - 0.83 -

Conjugation — — .0035 — — 

cis double bond - - -.0010 - -

trans double bond - - -.0020 - -

4 Member ring — — .0118 _ — 

5 Member ring - - .003 - -

6 Member ring - - -.0035 - -

7 Member ring — — .0069 — — 

Ortho _ _ .0015 — — 

Meta - - .0010 - -

Para — — .0060 - -

Bicycloheptyl 
Tricyclodecane 

.0034 

.0095 



Table B.18 The critical constants of the potential sol
vents. •— From Smith and Van Ness (1975). 

T„ P„ VC 
C C 3 

Component (°K) (atm) (cm /g mol) 

Ethylene 282.4 49.7 129 
Propylene 365.0 45.6 181 
Ammonia 405.6 111.3 72.5 
Nitrogen 126.2 33.5 89.5 
Carbon dioxide 304.2 72.8 94.0 
Carbon monoxide 132.9 34.5 93.1 
Water 647.1 217.6 56.0 
Methanol 512.6 79.9 118 
Ethanol 516.2 63.6 167 
Acetic acid 594.5 57.1 171 
Acetone 547.9 47.7 173 
Methyl ethyl ketone 535 41.0 267 
Methyl isobutyl ketone* 571.5 32.3 -

Diethyl ether 467.7 35.9 280 
Pyridine 620 55.6 254 
Benzene 562.1 48.3 259 
Toluene 591.7 40.6 316 
Phenol* 454.9 694.3 -

m-Cresol* 705.8 45.0 -

Furfural* 570.0 54.3 -

Tetrahydrofuran* 540 51.2 224 

*Data obtained from source other than Smith and Van 
Ness. 
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Jm 

Figure C.l Cross-section, of a wood fiber cell. — From Wenzl (1970). 
M, middle lamella; P, primary wall; S^, outer layer of the 
secondary wall; S2» secondary wall; S3, inner layer of the 
secondary wall (also called tertiary wall). 
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Figure C.2 Model of a conifer tracheid. — From Wenzl (1970). M, middle 
lamella; P, primary wall; S^, transition layer (outer layer 
of the secondary wall); S2, secondary wall (central layer of 
the secondary wall); S3, tertiary wall (inner layer of the 
secondary wall). 
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Figure C.3 Effective diffusivity vs. temperature for Ar-N^. 
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Temperature, a=10 -2  

Figure C.4 Effective diffusivity vs. temperature for CC^-^* 
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Figure C.5 Relationship between specific gravity of wood and the 
apparent swelling pressure of wood between 30% and 100% 
relative humidity. 
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Figure C.6 The most common linkages between phenylpropane units. — 
From SjostrSm (1981). For proportions, see Tables B.5 
and B.6. 



Figure C.7 Projection of the chains in cellulose I perpendicular to the 
ac plane. — The center chain (black) is staggered but is 
parallel with the two corner chains. 
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Figure C.8 The structural formulas of the monomeric sugars that play a 
role in the structure of the hemicelluloses. — From Wenzl 
(1970). 
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OH ©CHjO CHjOM 

HO 
CHjOH 

•+4-&-D-Glcp-l->4-$-D-Manp-l->4-(3-D-l4anp-l->4-3-D-Mar)p-l-»-
6 2,3 
+ + 
1 Ac 

a-D-Galp 

Figure C.9 The structure of galactoglucomannans. — From Stjostrom 
(1981). Sugar units: 1,0-D-glucopyranose (Glcp); 
2,B-D-mannopyranose (Manp); 3,S-D-galactopyranose (Galp). 
R = CH3CO or H. Below the abbreviated formula showing the 
proportion of the units (galactose-rich fraction). 
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r i 
-•4-e-D-Xylp-l+4-e-D-Xylp-l+4-e-D-Xylp-l+4-e-D-Xylp-l-> 

2,3 
+ 
R 

2 
+ 
1 

4-O-Me-a-D-Gl cp A 

Figure C.10 Abbreviated formula of glucuronoxylan. — From Sj5str5m 
(1981). Sugar units: $-DHxylopyranose (Xylp), and 
4-0-methyl-a-D-glucopyranosyluronic acid (GlcpA). R is an 
acetyl group (CH^CO). 
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Figure C.ll Effect of crystallinity and hydrogen bonding on the acetyla-
tion of cotton fibers. — From Demint and Hoffpauir (1957). 
a) Original fibers, b) Crystallinity has been destroyed by 
ethylene amine treatment. Subsequent drying has resulted in 
the formation of hydrogen bonds, c) Crystallinity has been 
destroyed as above but because drying has been omitted no 
hydrogen bonds have been formed. 
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Figure C.12 Changes in the resin composition during storage of spruce 
chips. — 1) Resin acids; 2) unsaponificable substances; 
3) extractive content; 4) neutral resin components; 
5) esterified acids. 
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Figure C.13 Thermogravimetric (TG) curves of cotton celluloses having 
different degrees of crystallinities heated at 5°C/min. 
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Figure C.14 Solubility plot for poly(methyl methacrylate) based on 
solution in solvents of different delta values. — The 
circles represent areas within which the solubility is 10% 
or more. 
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Figure C.15 Solubility of polystyrene in 85 liquids using estimated 62 
values for the polymer and liquids. — From Chen (1971). 
o = soluble, group 1; a = nearly soluble, group 2; [1 = 
strongly swollen, slightly soluble, group 3; jx] = swollen, 
group 4; x = slightly swollen, group 5; * = no visible 
effect, group 6. 
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Figure C.16 Pressure-temperature diagram for methanol-benzene system. 
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Table D.l The pretreatment results. 

Chemical 
Concentration 

(%) 
Temp.a 

(°c)  k 
Time 

% 
Degradation 

Description of Liquidc 
Phase of the Products 

HCl 0.5> TR 1 12.1 B, light tan 
TH 1 32.8 . D, golden tan 

1.0> TR 1 12.9 C, light tan 
TH 1 33.6 D, golden tan-brown 

2.0> TR 2 11.8 C, light tan 
TH 2 38.9 D, dark gold 

H,SO. 0 .5> TR 1 12.0 A 
2. <* 

TH 1 27.3 B, yellow-tan 
1.0> TR 1 13.4 B, very light tan 

TH 1 31.4 D, tan 
2.0> TR 3 12.6 A 

TH 3 33.2 D, tan-brown with orange 

CH_ COOH 0.5> TR 1 13.3 A 
J TH 1 21 D, golden yellow-tan 

1.0> TR 1 12.4 A 
TH 1 22.6 D, golden tan 

2.0> TR 3 9.7 B, beige 
TH 3 22.9 E, tan-brown 

NH.0Hd 0.5> TR 1 13.0 D, deep golden brown 
with orange 

TH 1 16.0 D, deep golden brown 
1.0> TR 1 14.3 D, deep golden brown 

with orange 
TH 1 16.7 D, deep golden brown 

2.0> TR 3 14.7 D, deep golden brown 
with orange 

TH 3 16.9 D, dark brown 

NaOH 0.5> TR 4 13.3 F, golden rusty brown 
TH 4 30.7 D, dark red-brown 

1.0> TR 4 15.7 D, dark golden brown 
TH 4 34.0 D, red-brown 

2.0> TR 6 13.4 D, dark golden brown 
TH 6 35.1 D, very dark brown 

Li CI 0.5> TR 4 12.5 A 
TH 4 12.0 B, yellowish gold-tan 

1.0> TR 4 12.2 B, yellow-gold 
TH 4 11.8 C, golden brown 

2.0> TR 6 10.8 C, beige 
TH 6 12.6 C, golden brown 
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Table D.l — Continued. 

Concentration n a Temp. b % Description of Liquid 
Chemical (%) (°C) Time Degradation Phase of the Products0 

ZnCl. 0.5> TR 4 12.5 A 
L TH 4 12.0 B, yellow-gold 

1.0> TR 4 12.2 B, yellow-gold 
TH 4 11.8 C, golden brown 

2.0> TR 6 10.8 C, beige 
TH 6 12.6 C, golden brown 

Na_C0„ 0.5> TR 4 12.9 F, gold-orange-brown 
Z j 

TH 4 20.8 F, orange-red-brown 
1.0> TR 4 13.7 F, gold-orange-brown 

TH 4 25.3 F, dark red-brown 
2.0> TR 6 12.9 F, orange-red-brown 

TH 6 24.1 F, very dark red-brown 

ZnO 
0 

saturated TR 5 10.6 C, white 
saturated TH 5 13.1 C, white 

aTR = 23°C; TH = 65°C during the day, 100°C at night (oven automatically 
changed temperatures at night). 

^ 1 = 3  d a y s  +  1 9  h o u r s ;  2 = 3  d a y s  +  1  h o u r ;  3 = 2  d a y s  +  1 9  h o u r s ;  4  =  
2 days + 2 hours; 5=1 day + 15 hours; 6=1 day + 4 hours. 
c A = colorless; B = very slightly cloudy; C = slightly cloudy; D = 
cloudy; E = very cloudy; F = clear. 

^pH of the solution was increased. 

Saturated ZnO was less than 1% of the ZnO in the solution. 



Table D.2 The retention time for various chemicals in 
the gas chromatographic unit.* 

Retention Time 
Chemical (min) 

MeOH 0.48 
EtOH 0.54 
Acetone 0.59 
IPA 0.62 
MEK 0.85 
2-Butanol 0.92 
Ethyl acetate 0.96 
THF 1.06 
Benzene 1.27 
Heptane 2.11 
MIBK 2.20 
Toluene 2.52 
Xylanes 3.54 
Ethyl benzene 3.82 
2-Butoxy ethanol 4.39 

*The operating conditions for this GC (Hewlett-Packard 
5880 A) unit were: 

Injection port temperature: 250°C. 
Detector temperature: 250°C. 
Oven temperature program: 

Initial T = 32°C. 
Initial time = 2 min. 
Temperature vamp = 30°C/min. 
Final temperature = 350°C. 

Sample size: 0.2 yl. 
Run time: 20 min. 
Chart speed: 1.0(2.0) cm/min. 
Column: cross-linked methyl silicon capillary. 
Detector: flame ionization (FID). 



209 

I 0.43 0.51 

0.95 

1.30 

MIBK 

0.76 2 .20  
-2.70 

3.04 

3.66 3.50 

3.75 

5.43 

5.73 

7.58 

8.30 

Figure D.l The GC chromatogram of liquid-oil. — Solvolysis conditions: 
pretreated wood flour (Run #10) with MIBK at 300 C and 
initial N2 pressure of 38 atm for 15 minutes of extraction. 
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Figure D.l — Continued. 



211 

The calculation of heat of combustion, AH_, for solvolysis solid 

residue is based on the methods which were used to calculate the Hhv of 

coals: 

1. Using Lloyd and Davenport (1980): 

R° (kg/g) = - 0.3578[%C] - 1.135[%H] + 0.0845[%0] - 0.0594[%N] 

- 0.1119[%S] + 0.974 

- - 0.3578 [73] - 1.135 [5] + 0.0845[21.5] - 0.0594[0.5] 

- 0.0 + 0.974 

= - 29.03 kg/g 

= - 6948 cal/g 

= 12500 Btu/lb 

2. Using the Dulong formula from Frobstein and Hicks (1982) : 

Rgc (mg/kg) = 33.83[Xc]++ 144.3 
v 

X 

*H- t 
0.05 -= 33.83 [0.73] + 144.3 

= 28.03 kg/g 

= 6706 cal/g 

= 12072 Btu/lb 

Estimation of the importance of kinetics and mass transfer in 

the solvolysis experiments is as follows: 

1. From Broido (1976), the thermal degradation of cellulose can be 

assumed as: 
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Cellulose— 

kB *• volatile tars 

»• toward char formation (C-,Ho0) k0  / o n  

kg = 6-llxlO1̂  exp[-52,940/RT] hr 1 

k2 = 5.75xl013 exp[-40,500/RT] hr"1 

assuming: 

T = 260°C = 533°K 

R = 1.987 cal/(g mol)(K) 

k = 1.19xl0~3 hr"1 , 1/fe = 838 hr 
D B 

k2 = 1.42xl0~3 hr"1 , l/k2 = 705 hr 

2. From Joshi (1983), the residence time for decomposition of cellu

lose to sugars is 15-45 minutes (in Madison sugar process, 

yield 3 percent). 

3. From solvolysis, the average time is about 10 minutes. 

4. From Figure 2.3, average transverse drying diffusion = 1.2x10 ^ 

2 
cm /sec. This is for 80°C. Obviously, the diffusion rate 

increases directly with temperature. Also, the longitudinal 

diffusion is 15 times larger than the transverse diffusion rate 

for Douglas fir. 

5. The intermolecular mass transfer resistance should not be sig

nificant because of vibrating the solvolysis reactor during the 
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experiment. However, one should expect a higher intramolecular 

mass transfer constant. A quick estimation can be done as 

follows: 

2 2 
L _ (effective particle size) 
D effective diffusivity 

L = 840 y for 20-mesh wood flour, which we used. Then, from 4 

above, one can estimate the space-time of the reactor by: 

(840x10 cm^ n 0-, 
- -5 2 = 0.07 sec 
1.2x10 cm /sec 

This value is much smaller than the residence time which was 

found in 1, 2, and 3 above. Therefore, according to the above 

calculations, mass transfer should not control the solvolysis 

reactions. 



NOMENCLATURE 

Angstrom, 10 ̂  meter. 

Second virial coefficient, for component i, B^_. between the 

two components i and j. 

Third virial coefficient. 

Cohesive energy density. 

Degree of polymerization. 

Molar internal energy change of mixing. 

Molar energy of vaporization change. 

Specific gravity of wood on a dry-volume basis. 

Specific gravity of wood substance, 

Gibbs free energy change of mixing. 

Molar enthalpy of fusion. 

Molar enthalpy of mixing. 

Molar enthalpy of vaporization change. 

Modified ith virial coefficient. 

Molecular weight of component i. 

Vapor pressure. 

Total pressure. 

Internal pressure of a solvent, defined by equation 2.19. 

Inlet pressure. 

Gas constant. 

Molar entropy of fusion. 

214 
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M 
AS Molar entropy change of mixing, 

t Temperature, in degrees Centigrade. 

T Temperature, in degrees absolute. 

V Molar volume; for solvent and for solute. 

V Molar volume of gas. 
s  

V Molar volume of liquid. 
A/ 

AV*1 Molar volume change of mixing. 

Mole fraction of component i. 

00 

[y ] Activity coefficient at infinite dilution. 

6 Overall solubility parameter. 

6^ Overall solubility parameter for component i; 6^ for solvent; 5^ 

for solute in a biomass system. 

SD The dispersion component of solubility parameter. 

6 Hydrogen-bonding component of solubility parameter. H 
6 Overall solubility parameter of liquid solvent. 

Lt 

6p Polar component of solubility parameter. 

6 _ Dispersion component of solubility parameter of liquid solvent. D) LI 
6 Polar component of solubility parameter of liquid solvent, P ,L 
e Void volume, percent. 

[n] Intrinsic viscosity. 

0 + 
y. Chemical potential of component i; y. and y. are the standard 
x i i 

chemical potential of i. 

t Time constant in the first-order control system. 

<j>_£ Volume fraction of component i. 

x Flory's interaction parameter. 



REFERENCES 

Adler, E. 1977. Lignin chemistry — Past, present and future. Wood 
Science Technology, 11: 169-215. 

Anderson, B.A. 1977. Bark extracts as bonding agent for particle 
board. In Wood Technology; Chemical Aspects, I.S. Goldstein 
(ed.), American Chemical Society Symposium Series No. 43. 
Washington, D.C.: American Chemical Society, pp. 235-240. 

Anderson, E. 1982. Canadian methanol enters alternate fuel market. 
Chemical and Engineering News, June, 58: 14-15. 

Bagley, E.B., and J.M. Scigliano. 1976. Techniques of Chemistry, 
Vol. 7, Part II, M.R.J. Duck (ed.). New York: Wiley and Sons. 

Battista, O.A. 1975. Microcrystal Polymer Science. New York: 
McGraw-Hill Book Company. 

Blanks, R.F., and J.M. Prausnitz. 1964. Thermodynamics of polymer 
solubility in polar and nonpolar systems. Industrial and 
Engineering Chemistry Fundamentals, February, 3(1): 1. 

Bonner, D.C. 1976. Solubility of supercritical gases in polymers. 
Presented at 34th Annual Technical Conference, Society of 
Plastic Engineers, Atlantic City, New Jersey, April. 

Brauns, F.E. 1952. The chemistry of lignin. In Wood Chemistry, 
Vol. 1, 2nd ed., L.E. Wise and E.C. Jahn (eds.). New York: 
Reinhold Publishing Corporation, pp. 405-539. 

Broido, A. 1976. Kinetics of solid-phase cellulose pyrolysis. In 
Thermal Uses and Properties of Carbohydrates and Lignins, 
F. Shafizadeh, K.V. Sarkarnen, and D.A. Tillman (eds.). New York: 
Academic Press, pp. 19-36. 

Brown, P.H. 1952. Origin and anatomy of wood. In Wood Chemistry, 
Vol. 1, 2nd ed., L.E. Wise and E.C. Jahn (eds.). New York: 
Reinhold Publishing Corporation, pp. 7-71. 

Browning, B.L. 1967. Methods of Wood Chemistry, Vol. II. New York: 
John Wiley and Sons (Interscience Publishers). 

216 



217 

Cabradilla, K.E., and S.H. Zeronian. 1976. Influence of crystallinity 
on the thermal properties of cellulose. In Thermal Uses and 
Properties of Carbohydrates and Lignins, F. Shafizadeh, 
K.V. Sarkarnen, and D.A. Tillman (eds.). New York: Academic 
Press, pp. 73-96. 

Chen, S. 1971. Polymer miscibility in organic solvents and in 
plasticizers — A two-dimensional approach. Journal of Applied 
Polymer Science, 15: 1247. 

Clements, D.L., S.B. Beck, and C. Heintz. 1982. Production of 
industrial chemicals from biomass feedstocks. Presented at the 
National AIChE Meeting, New Orleans. 

Demint, R.J., and C.L. Hoffpauir. 1957. Influence of pretreatment on 
the reactivity of cotton as measured by acetylation. Textile 
Research Journal, 27: 290-294. 

Doolittle, A.K. 1969. Polymer solution thermodynamics, the state-of-
the-art survey. Journal of Paint Technology, 41: 483. 

Erins, P., V. Cinite, M. Jakobsons, and J. Gravitis. 1976. Wood as a 
multicomponent, crosslinked polymer system. In Applied Polymer 
Symposium, T.E. Timell (ed.), Proceedings of the Eighth Cellulose 
Conference, III. General Papers. New York: John Wiley and 
Sons, pp. 1117-1138. 

Fierz-David, H.E., and M. Hanning. 1925. Helv-Chem. Acta, 8: 900. 

Fong, W.S., P.C.F., Chan, P. Pichaichanarong, and W.H. Corcoran. 1982. 
Experimental observations on a systematic approach to super
critical extraction of coal. Presented at the National AIChE 
Meeting, New Orleans. 

Freudenberg, K. 1966. Analytical and biochemical background of a con
stitutional scheme of lignin. In Lignin Structure and Reactions, 
R.F. Gould (ed.), American Chemical Society Series No. 59. 
Washington, D.C.: American Chemical Society, pp. 1-21. 

Ghosh, S.K. 1970. Solubility parameter and hydrogen sorption of low 
density polyethylene. Die Makromolekulone chemie, September, 
143(3558): 181-187. 

Guinot, H.M. 1941. Chimie et Industrie, 46: 283. 

Hansen, C.M. 1967. The three-dimensional solubility parameter — Key 
to paint component affinities. Journal of Paint Technology, 
February, 39(505). 

Havens, J.A. 1969. Thermal decomposition of wood. Ph.D. Dissertation, 
University of Oklahoma, Norman. 



218 

Heck, R., R.G. McClung, and M.P. Witt. 1980. Catalytic processes using 
streams for octane improvements: Hydro-isomerization and 

MTBE. Presented at the Division of Petroleum Qtiemistry Meeting, 
American Chemical Society, Houston, March 23-28. 

Higham, R.A. 1963. A Handbook of Paper Making. London: Oxford 
University Press. 

Hildebrand, J.H., and R.L. Scott. 1950. The Solubility of 
Nonelectrolytes. New York: Reinhold Publishing. 

Hokanson, A.E., et al. 1975. Chemicals from wood waste. Raphael 
Katzen Associates, Cincinnati, Ohio; prepared for the Forest 
Products Lab, Madison, Wisconsin; reproduced by U.S. Department 
of Commerce, National Technical Information Service (PB-262-489), 
Springfield, Virginia. 

Hoy, K.L. 1969. Tables of solubility parameters. Union Carbide Corp., 
Research and Development Department, South Charleston, West 
Virginia. 

Jahn, E.C. 1952. The chemical behavior of wood. In Wood Chemistry, 
Vol. 2, 2nd ed«, L.E. Wise and E.C. Jahn (eds.). New York: 
Reinhold Publishing Corporation, pp. 931-974. 

Joesten, M.D., and L.J. Schaad. 1974. Hydrogen Bonding. New York: 
Marcell Dekker, Inc. 

Joshi, V.H. 1983. Acid-hydrolysis of biomass in an extruder-reactor. 
M.S. Thesis, University of Arizona, Tucson. 

Kampea, W.H. 1980. Engines run well on alcohols. Hydrocarbon 
Processing, February, 59: 72. 

Kiebler, M.W. 1940. Extraction of a bituminous coal, influence of the 
nature of solvents. Industrial and Engineering Chemistry, 
Vol. 32(10): 1389-1394. 

Kirk, T.K., and W.E. Moore. 1972. Micro-organisms on lignin. Wood 
Fiber, 4:72. 

Kringstad, P.K., and S.Y. Lin. 1970. Stabilization of lignin model 
compounds to photo-degradation. Tappi, 53(12) : 2296. 

Krukonis, V. 1983. Supercritical fluid extraction — An alternative to 
molecular distillation. Presented at the Spring National AIChE 
Meeting, Houston, March. 

Lektorskii, D.N. 1940. Lesokkim Prom., 1938, 5: 21; Khim Referat. 
Zhar., 1939, 2(4): 129; C.A., 34. 



219 

Lin, S.Y., and P.K. Kringstad. 1970. Photosensitive groups in lignin 
and lignin model compounds. Tappi, 53(9): 1675. 

Liu, D.D., and J.M. Prausnitz. 1976. Solubilities of gases and liquids 
in polyethylene. Industrial and Engineering Chemistry 
Fundamentals, 15(4): 330-335. 

Lloyd, W.G., and D.A. Davenport. 1980. Applying thermodynamics to 
fossil fuels: Heats of combustion from elemental compositions. 
Journal of Chemical Education, January, 57(1): 56-60. 

Magee, J.S., R.E. Ritter, D.N. Wallace, and J.J. Blazer. 1980. FCC 
feed composition affects catalyst octane performance. Oil and 
Gas Journal, August, 78: 63-67. 

Martin, R.A. 1975. Tables of solubility parameters. Union Carbide 
Corp., Chemicals and Plastics, Research and Development, 
Tarrytown, New York. 

Mirlis, D.I., and N.P. Nemtzova. 1934. Russian Pat. 40,567 
(December 31); C.A., 30,4006. 

Nelson, R., and D.W. Oliver. 1971. Study of cellulose structure and 
its relation to reactivity. Journal of Polymer Science, 36: 305. 

Pawl, P.F.M., and W.S. Wise. 1971. The Principles of Gas Extraction. 
London: Mills and Boon Limited. 

Probstein, R.F., and R.E. Hicks. 1982. Synthetic Fuels. New York: 
McGraw-Hill Book Company. 

Roberts, G.W., and C.N. Satterfield. 1965. Effectiveness factor for 
porous catalysts — Langmuir-Hinshelwood kinetic expressions. 
Industrial and Engineering Chemistry Fundamentals, 4: 288-293. 

Rosenberg, S.L., and C.R. Wilke. 1980. Lignin biodegradation and the 
production of ethyl alcohol from cellulose. In Lignin 
Biodegradation: Microbiology, Chemistry, and Potential 
Applications, Vol. II; T.K. Kirk, T. Higuchi, and H. Chang 
(eds.). Boca Raton, Florida: CRC Press, Inc., pp. 199-212. 

Sanyer, N. 1978. Outlook for wood cellulose. In Modified Cellulose, 
R.M. Rowell and R.A. Young (eds.). New York: Academic Press, 
pp. 65-79. 

Sarko, A. 1976. Crystalline polymorphs of cellulose: Predication of 
structure and properties. In Applied Polymer Symposium, 
T.E. Timell (ed.), Proceedings of the Eighth Cellulose Confer
ence, II. Complete-Tree Utilization and Biosynthesis and Struc
ture of Cellulose. New York: John Wiley and Sons, pp. 729-742. 



220 

Shafizadeh, F., and P.P.S. Chin. 1977. Thermal deterioration of wood. 
In Wood Technology; Chemical Aspects, I.S. Goldstein (ed.), 
American Chemical Society Series No. 43. Washington, D.C.: 
American Chemical Society, pp. 57-81. 

Shafizadeh, F., and W.F. DeGroot. 1976. Combustion characteristics of 
cellulosic fuels. In Thermal Uses and Properties of 
Carbohydrates and Lignins, F. Shafizadeh, K.V. Sarkarnen, and 
D.A. Tillman (eds.). New York: Academic Press, pp. 1-17. 

SjostrSm, E. 1981. Wood Chemistry Fundamentals and Applications. New 
York: Academic Press. 

Smith, J.M., and H.C. Van Ness. 1975. Introduction to Chemical 
Engineering Thermodynamics, 3rd ed. New York: McGraw-Hill Book 
Company. 

Song, W.R., and D.W. Brownawell. 1970. Polymer solubility parameters 
determined from measurements in a single solvent. Polymer 
Engineering and Science, July, 10(4): 222-224. 

Stamm, A.J., and E.E. Harris. 1953. Chemical Processing of Wood. New 
York: Chemical Publishing Co., Inc. 

Talbot, A.F., et al. 1983. Assessment of Ether and Alcohol Fuels from 
Coal. Washington, D.C.: U.S. Department of Energy, Office of 
Vehicle and Engine Research and Development. 

Thomas, R.J. 1977. Wood: Structure and chemical composition. In Wood 
Technology: Chemical Aspects, I.S. Goldstein (ed.), American 
Chemical Society Symposium Series No. 43. Washington, D.C.: 
American Chemical Society, pp. 1-23. 

Van Krevelen, D.W. 1972. Properties of Polymers. New York: Elsevier 
Pub. Co. 

Wadsworth, L.C., and J.C. Cuculo. 1978. Determination of accessibility 
and crystallinity of cellulose. In Modified Cellulose, 
R.M. Rowell and R.A. Young (eds.). New York: Academic Press, 
pp. 117-146. 

H.F.J. 1970. The Chemical Technology of Wood. F.E. Brauns and 
D.A. Brauns (trans.). New York: Academic Press. 

D.H. 1982. Detailed design of laboratory extruder feeder-
preheater-reactor, biomass liquefaction system. Department of 
Chemical Engineering, University of Arizona, Tucson, January. 

C.R., B. Maiorella, A. Sciamanna, K. Tangnu, D. Wiley, and 
H. Wong. 1983. Enzymatic Hydrolysis of Cellulose, Theory and 
Applications. Park Ridge, New Jersey: Noyes Data Corporation. 

Wenzl, 

White, 

Wilke, 



221 

Wise, L.E., and E.C. Jahn (eds.). 1952. Wood Chemistry. New York: 
Reinhold Publishing Corporation. 

Yang, R.T., and R.T. Liu. 1982. Gaseous diffusion in porous solids at 
elevated temperature. Industrial and Engineering Chemistry 
Fundamentals, 21: 262. 


