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ABSTRACT 

This thesis describes the results of the analytical effort dealing with the 

products from the preliminary experimental runs using the Advanced Extruder Feeder 

Biomass Liquefaction Facility in the period from August 1985 to December 1986. 

Results of the analyses show that a low-oxygen crude wood oil could be produced 

over a wide range of temperatures, pressures, with or without carbon monoxide and 

with or without a sodium carbonate catalyst. 

The analytical procedures have been adapted to evaluate the crude wood oil 

by standard investigative procedures, including elemental analysis, nuclear 

magnetic resonance, infrared spectroscopy, gas chromatograph-mass spectrometery, 

and gas chromatography. 
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CHAPTER 1 

INTRODUCTION 

1.1 History 

Early research at the U.S. Bureau of Mines Pittsburg Energy Research Center 

(PERC) demonstrated that biomass solids can be directly converted to heavy oil-like 

liquids by reacting them with synthesis gas (syngas—carbon monoxide and hydrogen) 

at elevated temperature and pressure in the presence of a catalyst such as sodium 

carbonate (1,2). This proecss concept is basically an adaption to biomass feedstoks 

of the COSTEAM process for direct liquefaction of lignite. Research on the COSTEAM 

process was initiated at PERC and later conducted at the Grand Forks Energy 

Technology Center (GFETC) in North Dakota (3). 

Additional studies on biomass (3) led to the construction of a biomass 

liquefaction pilot plant at Albany, Oregon. The facility, which is designed to 

process as much as three ton/d of wood, was operated for DOE by Rust Engineering. 

The concept is referred to as the PERC process, because the original process 

development work was done at PERC. The facility has generally been referred to as 

the Albany Process Development Unit (PDU). Somewhat similar studies underway in 

Canada led to the construction of Canadian pilot plants that employ hydrogenation 

with a nickel catalyst to liquefy wood (3). 

1.2 UA Approach To Biomass Liquefaction 

Recently, through research sponsored by the U.S. Department of Energy 

(DOE), under its Thermochemical Conversion Program managed by Battelle PNL, the 

1 



University of Arizona has developed a unique method of pumping concentrated, 

viscous biomass slurries, characteristic in biomass direct liquefaction systems. 

The overall schematic diagram of the system is shown in Figure 1.1. Preliminary 

experimental runs showed that a low-oxygen crude wood oil could be produced with oi 

without carbon monoxide and with or without a sodium carbonate catalyst (4). 

1.3 Objective and Scope of Research 

Briefly, the basic objective of this thesis work was to characterize a crude 

wood oil produced at the University of Arizona using the Advanced Extruder Feeder 

Biomass Liquefaction Facility in the period from August 1985 to December 1986. 

This involved: 

1) the development of analytical procedures to evaluate the crude wood oil 

mentioned above. 

2) identification of the analytical tests necessary to assure that this crude 

wood oil characteristics is relevant to the interests of the various fuel 

industries. 

3) the characterization of the crude wood oil utilizing the following 

techniques; a) elemental analysis, b) liquid-liquid extraction for the 

determination of residue percentage in the crude wood oil, c) vaccum 

distillation, d)heat of combustion, e) Karl Fisher titration for the 

determination of moisture content, f) nuclear magnetic resonance for the 

quantitive analysis of aromatic content, g) infrared spectroscopy for the 

functional group analyses, and h) gas chromatograph-mass spectrometer for 

the qualitative definitive analysis of particular components in wood oil. 

Analytical procedures are shown schematically in Figure 1.2. 
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4) the comparsion of the crude wood oil with certain coal, coal derived oil 

and petroleum fuels. 



CHAPTER 2 

LITERATURE REVIEW ON BIOMASS LIQUEFACTION 

2.1 Introduction 

The development of processes for the conversion of biomass material into 

oils has the major objective in the United States of providing an additional source 

of alternative liquid fuels. The objective is to transform a carbonaceous solid 

biomass material which is originally difficult to handle, bulky and of low energy 

concentration, into pumpable oils having physicochemical characterstics which 

permit storage, transferability through pumping systems, and furtuer use either in 

direct combustion furnaces or as feedstocks for hydrotreatment leading to specific 

fuels and chemicals (5). 

The above definitive goal could be considered analagous to coal, lignite 

and peat. Since the primary product is a 'liquid oil' the term liquefaction has 

been widely accepted to represent such a conversion route. 

In engineering terms a generalized conceptual liquefaction process is 

depicted in Figure 2.1. It involves: 

-preparing the feedstock at a convenient moisture content and size range 

(typically <0.5mm); 

-slurrying the feedstock within a liquid carrier (oil recycle cut, specific 

solvent or simply an aqueous system); 

-pumping the slurry through a heat exchanger where temperatures near the 

reaction conditions are rapidly established; 

6 
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-adding a reducing gas (H2 or H/CO at <30 MPa) with a fraction of the gas added 

to the preheater; 

-carrying out the main reaction in an appropriate converter, i.e., reactor 

system; 

-separating the products via a multistage let-down system where vaper-liquid 

equilibria is normally used to separate light, middle and heavy condensates 

from non-condensable gases; 

-conducting solid-liquid separation—this step normally involves distillation, 

centrifugation and/or extraction; 

-recovering a particular cut utilizing a specific solvent. 

In most liquefaction approaches catalysts and/or addititives are either 

introduced initially to the slurry or they can be present in the converter in a 

fluidized mode. Catalysts can have various functions, the most common being 

depolymerization, cracking, hydrogenolysis, hydrogenation and deoxygenation. 

The liquefaction of carbonaceous materials takes place through a complex 

sequence of structural and chemical changes which involve: 

-solvolysis resulting in micellar-like substructures; 

-depolymerization to smaller and soluble molecules; 

-thermal decomposition leading to new molecular rearrangement through 

dehydration, decarboxylation, and the rupture of covalent bonds, especially 

the C-0 and C-C bonds; 

-hydrogenolysis in the presence of hydrogen; 

-hydrogenation of functional groups. 

The extent of the above reactions will vary according to the original material, the 

severity of the liquefaction conditions and the presence of interacting solvents 
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and catalysts. Current evidence from coal liquefaction suggests that in the 

presence of organic solvents the dissolution step (through solvolysis and partial 

depolymerization) is rapidly achieved and can be strongly influenced by plasticity 

effects. 

The another objective of liquefaction is to produce a pumpable liquid fuel 

and if possble to increase the H/C ratio of the product oil relative to that 

present in the original feedstock. A decrease of the O/C ratio is also necessary to 

produce hydrocarbon-like products. Addition of hydrogen is thus needed to increase 

the H/C ratio and to decrease the oxygen content mainly through the formation of 

water. In biomass materials oxygen removal occurs via internal dehydration and 

decarboxylation reactions occurring during the initial pyrolytic stages. 

Dehydration can contribute to up to 46% removal of the initial oxygen 

content in "Populous tremuloides" type of wood with decarboxylation contributing an 

additional 10%. Internal dehydration also results in a considerabe decrease of the 

available hydrogen in the initial biomass. About 43% of the initial hydrogeen is 

thus lost in the case of "Populus" under certain liquefaction conditions. 

The ideal crude wood oil would be an oxygen-free hydrocarbon liquid. 

although research to date has never produced it. Products of liquefaction are 

highly complex mixtures of oxygen-containing derivatives and some hydrocarbon 

derivatives of the lignin, extractives, and cellulosic components of the biomass. 

The oxygen content of various crude wood oil products ranges from about 7wt% to 

more than 30 wt%, depending upon temperature and pressure condition 
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2.2 Literature Review of Research 
on Biomass Liquefaction 

2.2.1 Bureau Of Mines Research 
On Biomass Liquefaction 

In the early 1970's the Bureau of Mines showed that cellulosic materials, 

all other carbohydrates, wood wastes (largely cellulose and lignin), urban wastes 

(mostly cellulose plus other carbohydrates, proteins, fats, and small amounts of 

other organic materials), sewage sludge, agricultural wastes, and bovine manure can 

be converted to oil with carbon monoxide and water. Some plastics depolymerize and 

dissolve in the product oil; some remain as part of the unconverted residue (1.2). 

2.2.1.1 Effect of Carbon Monoxide. Carbon monoxide and water react to form 

hydrogen and carbon dioxide in the following water-gas shift reaction: 

CO + H2O ^ CO2 * H2 

Because some hydrogen adds to cellulose during its conversion to oil, it seemed at 

first reasonable in the 1970's to suppose that the hydrogen gas formed in the 

water-gas shift was responsible for converting cellulose. However, experimental 

work injecting hydrogen directly into the reactor, showed little effect upon 

product quality; an equivalent molar amount of carbon monoxide was much more 

effective. Early work showed that carbon monoxide consumption at lower 

termperatures (250°C) was low. 

2.2.1.2 Effect of Water. The original experiments in the early 1970's by 

the Bureau of Mines with carbon monoxide on low-rank coal (lignite) were successful 

without added water, because this coal has a large amount of moisture. However, 

addition of water was beneficial. It served as a vehicle (solvent) for the 
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reaction. Cellulose forms water on being heated and the added water plus carbon 

monoxide improves the oil yield. However, added water also shifts the water-gas 

reaction in the direction of more carbon dioxide and hydrogen, thus consuming more 

carbon monoxide; this side reaction may or may not be desirable. 

The critical temperature of water is 373.1^C; above this temperature all 

the water is in the gaseous state. There were indications that the presence of 

liquid water is desirable. This temperature must of course be below 375°C. If 

insufficient water is added, most of it will be in the gas phase, even when below 

375°C. 

2.2.1.3 Nature of Conversion Reactions. The Bureau of Mines speculated on 

the possible chemical reactions in 1971 as follows: 

Cellulose, starch, and other carbohydrates can undergo a large number of 
reactions on treatment at elevated temperature and pressures with carbon 
monoxide, water, and sodium carbonate or other alkaline salts. Since almost 
every carbon atom in a carbohydrate is bonded to an hydroxyl group (-OH), 
some dehydration will take place. Hydrolyses of the polysaccharides to 
glucose will also occur; glucose and ets secondary products are soluble in 
water. Hydrolysis of the fats in the refuse to long-chain palmitic and 
stearic acids also occurs. Probably the most important overall reaction in 
converting cellulose to oil is the splitting out of oxygen to form 
molecules with high hydrogen-to-carbon ratios. Cellulose and other 
carbohydrates lose water and carbon dioxide by thermal degradation alone. 
In addition, oxygen can also be lost by reaction with the added carbon 
monoxide to form carbon dioxide, by hydrogenation, by various 
disproportionate reactions, and by combinations of these reactions. 

Wood is considerably more difficult to convert to oil than other biomass 

sources, but good oil yields were obtained by the Bureau of Mines in the presence 

of organic solvents as shown in Table 2.1 during wood liquefaction at 275°C. It wa^ 

believed that some carbon monoxide was evolved during the decomposition of the wood 

and was apparently about equal to the amount of carbon monoxide consumed. 
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Table 2.1 Effect of Water and Solvent on Wood Liquefaction (50 g softwood 
sawdust, 1 hr at 275°C, 300 psig CO) 

Cresol 
solvent. 

(g) 

H2O 
ml 

Catalvst 
Type Amount 

Pressure 
psig 

Conver. 
pet 

Yield, 
pet 

wood 

CO used 
g/100 g 

50 200 HC02Na 5 1,900 99.9 48 6 

50 50 Na2C03 2 1,780 99.3 60 4 

75 10 None 0 1,470 99.0 58 0 

75 10 HCO2H 1 1,500 99.3 58 0 

75 10 HC02Na 1 1,560 99.8 60 0 
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The Bureau of Mines did considerable work at pressures below 2,000 psig and 

at 250°C. However, the products obtained at these mild conditions were pitches 

instead of oils. The lowest temperature at which a suitable oil could be produced 

was 300°C, at which temperature the combined water vapor and carbon monoxide 

pressure exceeded 2,000 psig. 

The Bureau of Mines conducted some interesting experiments using forrnc 

acid or sodium formate in place of carbon monoxide. This lowered the operatir.g 

pressure at 250°C to the range of 1,000 - 1,100 psig, and still gave good oil 

yields, as shown in Table 2.2 below. This technique would be less successful above 

250°C because the formates decompose too rapidly. 

The unstabilized crude wood oil is very reactive to continued exposure to 

high temperatures. The Bureau of Mines studied the effect of recycling wood-derived 

oil. When using an initial carrier oil, such as mixed cresols, it was calculate. 

that after six runs, using the product as recycle oil carrier, the original carrier 

oil would be reduced to about 9 percent. A series of runs at 250°C showed that the 

product became too thick to use after only four cycles. A temperature of at least 

300°C and pressures of 2,700-3,000 psig were needed to obtain a product with 

acceptable softening point. 

2.2.2 Other Research on Biomass Liquefaction 

In addition to the Bureau of Mines work on Biomass liquefaction was made 

Battelle Pacific Northwest Laboratories, the Albany Biomass liquefaction facility 

and the Lawrence Berkeley Laboratory as well as some other places to be described 

later. 



Table 2.2 Liquefaction of Wood in Absence of Carbon Monoxide (50 g softwood 
sawdust 50 g Cresol solvent, 1 hr at 250°C) 

Water, ml Catalyst, g Pressure, Oil yield Conversion 
Type Amount psig pet pet 

HC02H HCO2H 

100 1 5 1,070 60 99.6 

100 5 1 1,040 55 99.0 

100 2.5 2.5 1,050 55 99.8 

50 2.5 2.5 1,040 41 90 



2.2.2.1 Battelle Pacific Northwest Laboratories. A fundamental study 

using pure cellulose (Solka-floc) was performed at Battelle, sponsored by the 

Division of Chemical Sciences, Processes and Techniques branch, DOE (6). A series 

of 129 autoclave experiments analyzed by statistical methods indicated that carbon 

monoxide, while it promotes the attainment of high yields as claimed by the Bureau 

of Mines, is not necessary for the reaction to proceed. Analysis of the products by 

13c-NMR, GC/MS, and gel permeation chromatography indicated that the nonvolatile 

fraction of the oil consists of 44% aromatic carbon and 7% aromatic hydrogen, 

corresponding to a benzenoid polyaromatic with a substitution ratio of 5:1. 

However, the oxygen content of the non-volatile fraction and distillable oil is 

approximately the same. Since the oil contains a series of polyalkylated furans, 

this suggests that the char is a poly-furan rather than a conventional aphaltene 

derivative. Volatile products from the oil fraction consisted of furans, cyclic 

keones, linear and branched alkenes, and phenolics. The high proportion of 

phenolics relative to normal crude oil could explain the observed highly corrosive 

nature of the biomass-derived oils. 

2.2.2.2 Albany Biomass Liquefaction Facility. The Albany facility 

operated on the basic PERC process, so designated because the original work was 

conducted at the Pittsburgh Engergy Research Center (previously named Bureau of 

Mines). The Albany facility was operated initially by the Bechtel Corporation, 

followed by the Rust Engineering Company (the latter for prime contractor, 

Wheelabrator Cleanfuel Corporation). The process involved reacting biomass in an 

oil slurry with carbon monoxide and hydrogen at temperatures up to about 380°C and 

pressures up to 3,000 psig. 
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The final Albany test run, Test Run No. 12, prior to shutdown and phaseout 

on June 30, 1981, produced over 11,000 pounds of wood oil is a sustained and 

controlled run. The oil had characteristics closely approximating the original 

design basis as shown below in Table 2.3. 

2.2.2.3 Lawrence Berkeley Laboratory fLBO. This laboratory, a part of 

the University of California at Berkeley, provided technical assistance to the 

Biomass Facility at Albany, Oregon. For example, during the earlier period of 

Albany operations, it provided useful guidance from material balances on what 

chemical reactions might be occurring (7). It deduced that Douglas Fir wood 

converted to oil plus small amounts of water-soluble products and char at about 52-

55 wt% efficiency. Based on an approximate stoichiometric analysis, the following 

changes occur. 

100 lbs dry wood -> 0.65 Mol CO2 (by decomposition) 

• 0.5 Mol CO • 0.5 Mol CO2 (by reduction) 

• 53.55 lbs oil • char • water solubles. 

Carbon monoxide used is about 200 SCF/100 lbs wood, which translates to 370 

SCF/100 lbs product. The yield of non-gaseous product would be less than 51% if 

carbon monoxide were generated by decomposition of wood or by reaction of wood or 

its products with water. This appeared to be contrary to observations made on the 

Albany runs. 

LBL researchers focused their attention on the prehydrolysis of wood to cut 

down swelling so that wood/water slurries containing up to 25 wt% wood could be 

pumped (8). This was done at 180°C, 45 min, with 500 ppm sulfuric acid. They used 

moist chips, water content of 75 wt% and operated at about pH of 2 in a stirred 



Table 2.3 Summary of Properties of Albany Crude Wood Oil 
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Design Run 12 
Basis Product 

Specific gravity 1.1 1.11 
Viscosity 515 cp at 135 cp at 

140°F 210°F 
Heating value 13,390 Btu/lb 14,840 Btu/lb 

(Calculated) (measured) 

Crude Wood Oil Analysis: 

Carbon 72.62 78.9 

Hydrogen 7.05 8.51 

Nitrogen 0.13 0.5 

Sulfur 0.14 0.08 

Oxygen 20.05 12.3 
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autoclave. The wood chips disintegrated into fine particles and some courser but 

friable particles. When the resultant sludge was passed through a disc refiner, a 

pumpable slurry was obtained. 

LBL constructed a bench-scale liquefaction unit based upon the above 

water/oil/wood slurry concept. It was operated with limited success, but ran into 

plugging problems, possibly due to the small diameter of process tubing. Also, a 

considerable amount of the wood oil product dissolved in the large water phase, and 

the economics of recycling this large water phase or treating it for disposal did 

not look attractive from limited experimental data 

2.2.2.4 Upgrading Crude Wood Oil bv Hvdrotreatina. Currently, Battelle 

Pacific Northwest Laboratory has a major effort on the development of a 

hydrotreating process for wood oil product upgrading (9,10). Crude wood oil 

fractions from the product of direct liquefaction of biomass have been subjected to 

hydrogenation with a number of transition metal oxide catalysts. Sulfided cobalt-

molybdenum has been found to be effective for the hydrodeoxygenation of phenolics. 

The product of choice from hydro-treating would be the aromatic product which 

maximizes oxygen removal and minimizes hydrogen consumption. 

2.2.2.5 Other Interest in Biomass Liquefaction. This section emphasized 

direct biomass liquefaction in the.United States, but would be remiss if it did not 

point out the high interest in biomass liquefaction in other parts of the world, 

especially Canada and Europe. Low pressure pyrolysis is being investigated at the 

University of Sherbrooke, Canada (11). At the Royal Institute of Technology, 

Sweden, a research project in progress compares the dissolution of coal, peat and 

biomass in hydrogen donor solvent - tetralin at 350°C to 400°C, cold pressure of 



nitrogen 5.0 MPa and reaction time 15 to 120 minutes (12). At the University of 

Saskatchewan. Canada the liquefaction ofaspen poplar wood to produce a proto-oil 

was investigated (13). In batch reactor studies, the water to wood ratio emerged as 

the most important parameter affecting yield and quality of oil. The department of 

Scientific and Industrial Research, New Zealand, believes that biomass liquefaction 

has several inherent advantages over other processes for obtaining liquid fuels 

(14). The process is rapid and it does not require the production of reducing 

gases. This should allow smaller scale plants than for other processes. Biomass is 

much less abrasive, and it is softer than coal. 

2.3 Current Status of Liquefaction Work 

Historical reviews related to the mechanisms aspects of biomass 

liquefaction are available (2,15). Liquefaction reaction can be classified under 

chemical degradation, thermal degradation and hydrocracking. 

Batch autoclave studies are the general method of conducting preliminary 

exploratory work in liquefaction. Three major problems are present in batch 

autoclave work: long heat-up times (~5-8°C/min) leading to increasing probabilities 

for secondary reactions; erratic gas-liquid-solid mixing regimes resulting in 

kinetic segregation effects; erratic gas-liquid-solid mixing regimes resulting in 

kinetic segregation and incorrect gas/slurry ratios not representative of 

continuous converters. Thus, caution is needed while interpreting either kinetic 

data or product distribution from autoclave runs. In fact, the product distribution 

might very well be a consequence of extensive secondary reactions. Recent Canadian 

(16) autoclave work on biomass liquefaction of poplar confirmed the general trends 

and yields obtained through many decades of laboratory experimentation. Chornet et 



al. (16) reported THF-soluble yields comprised between 42 and 71% using anthracene 

011 as solvent at temperatures of about 425°C. The oils were in all cases highly 

oxygenated. 

Of more interest than the autoclave work are attempts to liquefy biomass in 

small continuous units. Problems studied are associated with feedstock preparation, 

pumpability and rheology of wood suspensions, heat and mass transfer effects as 

well as reactor configuration and let-down systems for temperature and pressure 

reduction. Solvolysis with wood recycle oil is the basis for the analysis of Run TR 

12 conducted in the PERC mode at the Albany facility. This process development unit 

was designed based on the work of Appel et al (2). Pumpability problems limited 

the use of the facility to a maximum concentration of about 12 wt% dry solids. 

Initial continuous work at the University of Saskatchewan (17) has been centered 

around an extrusion device in which aspen meal is progressively converted at 

temperatures of about 360°C. Alkaline conditions are insured by the presence of 

Na2CC>3, which also acts as a catalyst. 

In order to increas the concentration of solids being pumped, researchers 

at the University of Arizona, are conducting research on an advanced concept for 

direct liquefaction that would use very concentrated biomass slurries. The goal of 

this work has been to use a modified plasticating extruder as a slurry 

feeding/pumping device. The modified extruder/feeder system is capable of handling 

slurries as concentrated as 60% wood solids in biomass oil . Conventional systems, 

by comparison, typically cannot handle slurries containing over about 12 wt% wood. 

The University of Arizona had designed and constructed and integrated extruder-

feeder liquefaction system as shown in Figure 1.1. 



The University of Arizona has completed construction of the research unit 

in early 1985 and has began experimental operation in mid-1985. Results to date 

show that the unit can be operated consistently and reliably over a variety of 

experimental conditions. It has demonstrated the capability of pumping up to 60 wt% 

wood flour slurries into pressure system. The biocrude product produced is low in 

oxygen content and has a high heating value. 

A few important process criteria must be considered in the development of a 

continues process for biomass liquefaction, including but not limited to the 

following: 

1. Pumpability of biomass suspensions into a pressure reaction system. It is 

different to pump biomass. such as wood, because it absorbs.a high 

percentage of liquid. 

2. Since concentrated wood slurries show pseudoplastic Theological properties, 

this has an influence on heat transfer and mass transfer. 

3. Corrosion characteristics and equipment lifetime, particularly valves and 

pumps, are not known. An assessment of the engineering behaviour of 

potential alloys is a part of any process development. 



CHAPTER 3 

SUMMARY OF THE UNIVERSITY OF ARIZONA PROCESS DESCRIPTION 

3.1 Overall Description 

The Advanced Laboratory-scale Extruder-Reactor Biomass Liquefaction Unit as 

shown in Figure 1.1 is being utilized experimentally to convert wood flour to 

liquid crude wood oil fuels by direct liquefaction. The reaction is carried out at 

a pressure of from 500 to 3,000 psi and a temperature of about 350°C. To obtain 

this high pressure with a slurry of up to 60 wt% wood flour, an advanced 

technology extruder-feeder system developed at the University of Arizona has been 

utilized. The extruder-feeder is capable of developing 3,000 psi pressure at its 

discharge and simultaneously preheat the slurry before it enters a vertical 

reactor. 

As the slurry enters the reactor it is mixed with the products and 

reactants of a water gas shift reaction. This is done in a gas dispersion unit. 

This unit consists of a flanged tee where the water gas shift reaction will start 

to occur, and then be introduced to the slurry through a sparger. To get an even 

distribution of the gas bubbles throughout the slurry, static mixer elements will 

be used. Superheated steam is being used in the water gas shift reaction to help 

heat up the slurry to the reaction temperature of 350°C. This also produces 

molecular hydrogen, which is believed to also be needed in the lilquefaction 

reactions. Heater bands are used along the reactor to control the temperature at 

350°C. The pressure of 3,000 psi in the reactor is controlled by the controlled 
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venting of reaction gases from the let-down vessel system. In addition to the 

reactor pressure, the let-down system can seperate the products into vapor and 

liquid fractions. 

3.2 Extruder-Feeder System 

The extruder-feeder system consists of a 3.4 ft^ crammer-feeder with a 5 

hp motor, and an extruder-feeder which can develop 3,000 psi pressure. The crammer-

feeder with an operating capacity of 2.6 ft^ feeds the extruder feeder at a 

continuous rate. The single screw extruder-feeder has i.75 in. diameter with an L/D 

ratio of 24:1. The screw is a polyethylene type. The motor is 15 hp, 3 phase, 220 

volt. The clutch drive allows the screw speed to be varied from 5 RPM to 180 RPM. 

Flow rates can range from about 5 to 30 Ib/hr. The extruder-feeder allows the unit 

to produce the operating pressure of 3,000 psi even though slurries of up to 60 

weight percent wood flour are utilized. The extruder-feeder will also act as a 

preheater heating up the slurry to 150°C, or if desired up to about 250°C. 

3.3 Vertical Reactor System 

The liquefaction reaction are carried out in two flanged sections of 

Xalloy-lined steel tubular reactors. The sections have an I.D. of 1.75 in. and 

operate at 350°C and 3,000 psig. The flanged sections are connected by reactor 

spools which can be used for gas injection and reactor sampling. The reactor will 

utilize static mixer elements at some future date. These elements will aid in the 

dispersion of the gases introduced by the gas dispersion system or through the 

reactor spools. Equally important, the static mixers will assist in maintaining a 

very uniform radial temperature profile, especially considering the fact that a 

minimum amount of heat transfer through reactor walls is expected. Each reactor 



24 

section has heater bands to maintain reaction temperatures of 350°C. These 

heaters are utilized (a) for heat-up purposes, and (b) to maintain the outer 

reactor wall as close as possible to (a) the reaction temperature within the 

rector. This assumes that the major heat load can be supplied by the preheated CO, 

the extruder-feeder as a preheater, and the injection of superheated steam, and (b) 

that the heats of liquefaction reactions are no larger than those calculated 

theoretically. 

3.4 Pressure Let-Down Vessel System 

The let-down vessel system has two purposes. These purposes are (a) to 

regulate the reactor pressure at 3,000 psi and (b) to split the products into 

vapor and liquid fractions. The let down is carried out by flashing in two stages. 

The liquids from this flashing are collected in the flash drum and are being 

removed during long runs by use of an on/off solenoid valve at the bottom of the 

tank. The overhead from this flash is in turn let down through a control valve to 

atmospheric pressure and then condensed in a cold trap. 

3.5 Real Time Microprocessor Control System 

The Let-down system control valves, the steam superheater flow control 

valve, the CO flow control valve and the reactor temperature control heaters are 

all controlled by a real time control system developed at the University of Arizona 

for a Franklin microcomputer system. The input signals are fed to the computer from 

various pressure, temperature and flow transducers. Using a digital PID control 

program, the output to the valves and heaters can be altered so that the input that 

the computer receives approaches the process set points. The CO and steam valves 

are controlled by flow. The let-down valve for the off-gas controls the reactor 



pressure and the let-down valve for liquids controls the liquid level in the 

vessel. The heaters are controlled by temperature. Provision has been made for 

eventual flow control of feed by adjustment of screw RPM based on feed flow rate. 

The system is presently configured for 16 PID controlers but is expandable up to 

256 PID controllers. This system also has the flexibility to be used for real time 

data acquisition. 



CHAPTER 4 

EXPERIMENTAL PROCEDURES 

In this chapter the experimental procedures using the Extruder-Feeder 

Continuous Unit or the Autoclave are outlined. The chemical analysis procedures and 

fuel characterization are detailed. 

4.1 Extruder-Feeder Continuous Unit 

Objectives for each test run were established in the early stage of 

planning for the given test run. Plans were then made as to how to implement the 

operation to attain the objectives. This included the preparation of feedstock and 

assembly of the whole unit and the checking out the operability ofthe experimental 

unit. 

When all preparations for a given test run were completed, the actual run 

was performed by the entire research group. 

All runs were carried out under the direct on-site supervision of a 

faculty advisor. During the experimental run, the products of heavy crude wood 

oil, the light condensate oil and the gas were taken respectively from the 

following places: the outlet valve of let-down vessel, condenser and off-gas line. 

After each test run, the reactor effluent containing the heavy crude wood oil were 

crushed up and mixed up homogeneously, and then some samples were taken for 

analysis. 
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After a series of preparation work on the oil sample that were made, various 

analytical measurements were made to the selected sample as outlined in the 

chapter one. All the analytical results are reported in chapter five. 

4.2 High Pressure Autoclave 

4.2.1 Experimental Apparatus and System 

The autoclave has been used to study the reactions involved in the biomass 

liquefaction in support of,the extrude-feeder reactor facility, in which high 

temperature and high pressures can be achieved in the desired ranges of 330°C-400°C 

and 3,000 psi and more. The mixing in the autoclave is achieved by a a magnetically 

driven agitator. The versatility of operation was acquired by appropriate inlet and 

outlet flow streams including a pressure control valve on the outlet off-gas line 

for the control of autoclave pressure. The pressure control valve enables the 

release of pressure when the desired pressure in the autoclave is achieved. The 

temperature of the autoclave is governed by an analog proportional temperature 

controller. The electrical heater bands permit fine temperature control. An overall 

diagram of the autoclave and the various auxiliaries are shown in Figure 4.1. More 

details on the autoclave unit are shown in Figure 4.2. 

A stirred autoclave designed for high temperature and pressure reactions is 

shown on Figure 4.2. The inlet and outlet piping system allows semi-continuous 

operation for gas-slurry reactions. The inlet and outlet permit versatile operation 

of the apparatus and at the same time admit gathering of data 

The stirred autoclave has a magnetically driven agitator, which provides a 

uniform reactant mixture. The reactor temperature can be controlled in two ways: 
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a Introduction of superheated steam into the vessel, which permits faster 

heating of the reactant, and rough temperature control. 

b. Control by electric band heaters surrounding the autoclave. The steam inlet 

is controlled by a Wee Willie\Masoneilan control valve. This type of 

control valve can be operated automatically by the microprocessor to vary 

the amount of steam introduced into the reaction vessel. In contrast to an 

on-off valve, the operation of this valve is intermittent and only allows a 

constant flow when open. 

The gas inlet system consists of a pressure let-down regulator which is set 

slightly above the reaction pressure, a Micropack valve and a volumetric flow

meter, which measures the gas flow rate independently of its pressure and 

temperature. The gas inlet system is also designed to pressure test the autoclave 

with an inert gas. 

The outlet system consists of a Micropack valve which controls the 

reactor's pressure, a pressure transducer, a gas meter, and a series of sampling 

tubes which allows gathering of outlet gas samples at known time intervals to be 

analyzed later by the gas chromatograph unit. The autoclave is equipped with an 

adjustable pressure relief valve which will automatically vent if the reactor's 

pressure is above a certain level. In case of total failure of the above mentioned 

pressure release system, the rupture disc will burst if the presure continues to 

rise. 

Pressures and temperatures were monitored throughout the experiments, and 

were recorded for data processing. They also provided the feed-back signals for 

control purposes whenever applicable. 
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4.2.2 Experimental Procedures 

For this thesis work, only batch type operation was performed. 

In the batch type operation the various feedstocks were premixed and added 

to the glass liner in the autoclave. The system was then tightly closed and checked 

for pressure leaks. Then the system was purged by nytrogen and the appropriate 

reacting gases were charged into the system. The heaters were then turned on and 

the required temperature was reached and controlled for the length of the 

experiment. The off-gas valve was closed and it opened only if the pressure in the 

autoclave exceeded the required or safe pressure. When the experiment was 

terminated the heater was turned off and the reactor was let to cool off. Gaseous 

samples and liquid samples were then taken for chemical analysis. The pertinent 

data is given in chapter five. 

4.3 Chemical Analysis Procedures 

4.3.1 Elemental Analysis of Crude Wood Oil 

The ultimate analysis of wood oil was performed using Perkin-Elmer Model 

240C Elemental Analyzer. 

The 240C Perkin-Elmer is based upon the proven combustion design of the 

classical methods of Pregl and Dumas and the original work of Professor W. Simon 

and co-workers (18).This concept is characterized by a static, self-integrating 

system in which steady state measurements of combustion products may be made 

without the limitations of sample size, sample type or ambient conditions, which 

are imposed by a gas chromatographic approach. The gas chromatographic approach is 

dependent upon flow control, column temperature control, dead volume management and 
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fluctuating ambient conditions (e.g. pressure changes, etc.) These operating 

parameters do not have to be considered with the P/E 240C. 

With the P/E 240C as shown in Figure A of Appendix A, a sample is oxidized 

under non-mixing conditions in a pure oxygen environment for two to six minutes. 

The process concludes with a dynamic combustion procedure. The resulting combustion 

products are swept into a mixing chamber, where they are controlled to a constant 

pressure, temperature, and volume. The temperature is thermostated at 75°C, the 

volume fixed at 300 cc. and the pressure of 2 Atmospheres absolute is controlled by 

the Perkin-Elmer patented absolute pressure switch. This total design permits 

normal operation regardless of ambient conditions and assures long-term stability. 

This homogeneous mixture is then analyzed by passage through a series of 

three high-precision thermal conductivity detectors (glass-coated platinum 

filaments), each detector consisting of two sensing cells. 

Between the first pair of T.C cells is an absorption trap containing a 

dehydrating material, magnesium perchlorate. As the gas-passes through, water is 

removed from the stream. The differential signal obtained before and after the 

trap, as read on a potentiometric recorder or a digital readout system, reflects 

the water concentration and, therefore, the amount of hydrogen in the original 

sample. A similar measurement is made of the signal output of a second pair of 

conductivity cells, between which there is a trap that removes cabon dioxide. The 

remaining gas now consists of nitogen and the charged helium. This gas passes 

though a conductivity cell, the output of which is compared to that of a reference 

cell where pure helium flows to give the nitrogen concentration. 

For oxygen analysis, the sample is pyrolyzed in a helium environment. The 

products are swept through heated platinized carbon to convert oxygen products of 
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reaction to carbon monoxide. The carbon monoxide is then oxidized by copper oxide 

to carbon dioxide which is detected and measured in the same manner and sequence as 

carbon in the CHN mode. 

For sulfur analysis, the sample is oxidized in an oxygen environment using 

either tungstic oxide or copper oxide as the combustion tube reagent plus a 

dehydrating reagent designed in the cool zone of the same tube, for removing water 

of combustion. The dry SO2 product of reaction is separated and detected in the 

hydrogen bridge (CHN mode) by using silver oxide as the absorbing reagent between 

the cells (22). 

Flow schematic of the Model 240 C Elemental Analyzer is shown in 

APPENDIX A. 

4.3.2 Aromatic Carbon and Hydrogen 
Content of Wood-Derived Oils 

The determination of the aromatic carbon and hydrogen content of wood oil 

was accomplished using both Proton spectra (Bruker WM - 250 NMR Spectromater) and 

carbon - 13 spectra (Bruker AM-250 NMR spectra), both of which are available at the 

Department of Chemistory in the University of Arizona 

The basis of NMR technique is the resonance interaction between a high-

frequency field and the nuclei of a compound placed in an external magnetic field. 

The nuclei of some isofopes having a spin quantum.number possess a magnetic moment 

produced by the spin of the nucleus. Typical examples are 1H and 13C and the 

equipment used were based on these two isotopes. Isotopes with both the number of 

neutrons and the number of protons being even O^C and ^H) do not have any nuclear 

magnetic moment and cannot be detected by this technique. When electromagnetic 

radiation of a right frequency (the resonance frequency) is passed through the 



substance containing isotopes of the former category, it is absorbed by the nuclei 

which shift from a lower to a higher energy level. The NMR spectrum of the compound 

is then obtained by plotting the extent of absorption at different frequencies 

against the frequency. 

For the sample preparation, deuterated solvents like CDCL3 were used for 

internal field - frequency lock. 

4.3.3 Infrared Spectroscopy 

1. An infrared spectrometer subjects a sample compound to infrared radiation 

in the 2-15-micrometer wavelength range. This region is also described in 

terms of wavenumber (frequency), 5000 cm""1 -670 cm"1, which is essentially 

the number of cycles or waves in a distance of one centimeter. Although 

this radiation is weak and unable to inflict permanent alteration on a 

molecule, it does supply sufficient energy for bonds in the molecule to 

vibrate by stretching, scissoring, bending, rocking, twisting, or wagging. 

2. An infrared spectrum is usually studied in two sections. The area from 2 

micrometer to 7 or 8 micrometer is the functional group area The bands in 

this region are particularly useful in determining the types of groups -

alkene, alkyne, aldehyde, ketone, alcohol, acid-present in the molecule. 

3. A description of Fourier transform infrared (FTIR) instruments together 

with an account of the underlying theory and optical advantages compared to 

conventional dispersive spectrometrs has been given by a number of authors 

(19-21). 
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4. Fourier Transform Infrared (FUR) spectroscopy is potentically a powerful 

tool for the characterization of wood oil structure, both quantitively and 

qualitively, even though only qualitively data has been obtained in this 

thesis work. 

5. In this thesis work, infrared absorption spectra were recorded in a fixed 

thickness KBr cells over the range 500-4000 cm""' using a Perkin-Elmer 

Model 1800 Fourier Transform Infrared Spectrophotometer. 

4.3.4 Gas Chromatograph-Mass Spectrometer-
Data System (GC - MS - DS) 

A diagram of the system used to analyze wood oil sample is shown in Figure 

4.3. Basically, the system was built around an HP 5970 B Mass selective Detector. 

The gas chromatograph contains a major part, i.e. 25 m * 0.20 mm I.D. fused silica 

column. The oven temperature was programmed from 50°C to 170°C at 20°C/min, and 

from 170°C to 285°C at 3°C/min. The apparent pressure in the MS ion source has 

about 2*10"5 Torr. The mass data were stored on disk for subsequent analysis using 

either the HP 59970C chem station and the HP 59870 RTE Data system, both of which 

are available for use with the HP 5970 B. 

A general chromatogram depicting all of the GC peaks is obtained by 

plotting the total ion current (TIC) VS spectrum index number (scan number) which 

is also directly related to retention time. In addition to retention time a 

compound can be further identified by selected ion monitoring; i.e. plotting the 

ion current due to the mass per charge value characteristic of that compound, 

usually the moleculer ion (Figure 4.4.). Finally, the mass spectra acquired during the 

emergence of a compound are examined, and the structure assignment completed. 
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4.3.5 Gas Chromatograph 

The gaseous phase of the liquefaction product is analyzed using a Gas 

Chromatograph available in our own laboratory. This Gas Chromatograph is in a 5880 

A Hewlett Packard unit, which has a thermal conductivity detector. Two different 

columns were used, namely, porapak Q 6X1/8" and molecular sieve 13 X, 12'X1/8". 

Each column has a different selectivity for the gas components. In general, porapak 

Q detects some low hydrocarbons and carbon dioxide, whereas the molecular sieve 13 

X detects permanent gases (air, hydrogen, carbon monoxide). 

After getting the area of each component form the output diagram, it is 

necessary to convert this value to volume by using a response factor. (Details are 

given in Appendix DO 

4.4 Fuel Characterization 

4.4.1 Moisture Analysis of Condensate Oil 

Moisture analysis of condensate oil was performed by Fisher Model 392 K-F 

accessory and the Fisher digital burette available in thte Department of Material 

Science of the University of Arizona and which together make a Karl Fisher 

titration system. 

4.4.1.1 The K-F Accessory. The Model 392 K-F Accessory module employs an 

amperometric method of titration. Specifically, an electrode with dual-platinum 

sensors is immersed in a sample solution and connected in series with a 

microammeter and a dc voltage source. A polarizing voltage is applied while the 

Karl Fisher Reagent is slowly added, until all the water in the sample has been 

consumed in the reduction of iodine by sulfur dioxide. If the water is totally 



consumed the free iodine in the titrant is no longer reduced to iodide and is, 

therefore, present as an efficient current carrier. The resulting standard current 

is then observed by the microammeter as a sharp endpoint indication. 

The Model 392 has a built-in variable-speed magnetic stirrer to obtain 

optimum mixing, along with the necessary solid-state circuitry and controls to 

cause automatic titrant delivery from the digital burette to a special reaction 

vessel at a preselected rate, and to proportionally reduce the titrant flow as the 

endpoint is reached. Also included are solenoid-actuated airflow control valves 

that operate in conjunction with an integral dry-air pressure pump to govern 

solvent delivery and reaction vessel evacuation systems. The reaction vessel itself 

screws into a cover assembly which is fitted with six sealable ports that handle 

titrant delivery, solvent delivery, sample delivery, waste outlet, air inlet and 

the electrode (23). 

4.4.1.2 Digital Burette. The Fisher digital burette is designed to 

deliver highly accurate quantities of liquid, either as a dedicated part of a 

titration system or as a stand-alone dispenser. 

4.4.1.3 The Calculation of Results. 

F VC1000) 
ppm H2O = 

W 

F VC0.1) 
or wt.% H2O = 

W 

titrant volume dispensed (ml) 

water factor (mg h^O/ml)* 

where: 

V = 

F = 



W - sample weitht (g) 

* : F is the water factor. It is equal to 25/V, where V is the titrant volume 

dispensed when the known volumes of water standard in methanol (Fisher No. SO-W-2) 

is used as the test sample. 

4.4.2 Heating Value Measurement of Wood Oil 

The heating value for the liquid product is important to obtain since it 

characterizes the product for its heat content and may also be helpful in 

determining the chemical mechanism involved in the liquefaction. 

The heating values are obtained using a Pear 1341 plain pocket oxygen bomb 

calorimeter as shown on Figure 4.5. The material used as a primary standard for 

the caiorimetric measurement is benzoic acid. This standard was obtained from the 

manufacturer to insure precision of the data The ASTM method was used for the 

procedures and calculations. 

The principle of operation is as follows: A weighed sample is put into the 

calorimeter and is being ignited by an electrical spark. The heat released 

representing the heat of combustion of the sample is absorbed by the water in the 

bath thus raising its temperature. From this temperature rise and knowing the 

water hold-up the amount of heat released by the sample can be calculated. The ht 

released per unit weight is the heat of combustion. The benzoic acid mentioned 

before as being used as a standard helps in getting heat losses and heat capacities 

of the system in form of a constant for the calorimeter in the range of the 

temperatures tested. 

4.4.2.1 Procedure. Solid Samples were prepared by compressing the 

material into pellets by a pellet press. The samples were then weighed using an 
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analytical balance and sized to fall between 0.8g and 1.2g. Liquid sample can be 

weighed directly into open combustion capsules. One ml of water was placed in the 

bottom of the bomb. The bomb was pressurized with oxygen to 33 atm. This pressure 

is sufficient to burn the sample yet low enough to allow development of gas 

turbulence within the bomb. Using a volumetric flask the water bath bucket was 

filled with two liters of water. Since the local water contained a high mineral 

content distilled water was used. After the bomb was in place in the calorimeter 

the agitator was run for five minutes to obtain an initial equilibrium before data 

taking was started. 

Temperature data was taken as a function of time. Readings of an accuracy 

of 0.005°C were taken at 1 minute intervals for five minutes before ignition and 

for 10 minutes after the highest temperature, was observed. During the temperature 

rise period readings were made at 15 second intervals for 2 minutes, with an 

accuracy of 0.01 °C, in order to identify the 63% of temperature rise after the 

total temperature rise has been measured. The highest observed temperature was also 

noted. This occurred during the third minute after ignition. After each test the 

calorimeter bucket and bomb were cleaned and dried to assure the accuracy of each 

determination. 

Standardization of the calorimeter was carried out using a pellet of 

benzoic acid of calorific grade. The standardization test is the same as for 

testing a fuel sample. It provides a calibration in terms of an energy equivalent 

of the calorimeter in calories per degree Celcius. The calculation and testing 

methods were taken from ASTM standards; designation D 240, test method No. 791b. 

Thermochemical corrections for the heat of formation of sulfuric acid was neglected 

due to the low sulfur content of the samples tested. Corrections for radiational 
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heat loss or gain is approximated by assuming that the calorimeter is heated by its 

surroundings during the first 63% of the termperature rise at a rate equal to that 

measured for a 5 minute period prior to the combustion. The rate for the final 37% 

of the rise is taken as that of a period after the combustion where heat transfer 

has assumed at a quasi steady-state. Correction for heat of combustion of the fuse 

wire was computed assuming a value of 2.3 calories per cm. for the No. 34 B&S gage 

"Chromel C" wire used for these experiments. 

4.4.2.2 The Details of Calculating the Heat of Combustion (see 

APPENDIX B). 

4.4.3 Distillation of Crude Wood Oil 
at Reduced Pressures 

4.4.3.1 Scope. This method covers the determination, at reduced pressure, 

of the boiling temperature ranges of crude- wood oil products which can be partially 

vaporized at a maximum liquid temperature of 580°F at pressures down to 2 mmg, 

absolute. 

4.4.3.2 Summary of Method. The sample is distilled at some controlled 

pressure between 2 mmHg, absolute, and 10 mmHg, absolute, under conditions which 

provide approximately one theoretical plate fractionation. Data are obtained from 

which a distillation curve relating volume distilled and boiling point at the 

controlled pressure can be prepared. 

4.4.3.3 Apparatus. The apparatus used is shown schematically 

in Figure 4.6 and consists primarily of a round bottom flask, a Closed-End 

Manometer and a Vacuum Pump. 
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4.4.3.4 Sample Preparation and Experimental Procedures. The sample 

preparation and the experimental procedure were as follows: The crude wood oil 

obtained from the let-down vessel was first crushed to fine powder using a crusher. 

The sample was sifted into a 500 ml. round-bottom flask. Next, the outside of the 

flask was cleaned and weighted. The weight of the empty flask had been recorded 

previonsly, thus enabling the calculation of the net weight of the sample. 

The distillation was performed in the following manner: First, the pressure 

of the system was reduced to about 2mm / Hg; then the temperature was raised 

gradually to 550°F. The run was stopped when no more condensate was obtained. The 

wt% of light oil fraction as a function of temperature at a constant pressure of 

about 2 mm/Hg is given in Figure 4.7. 

4.4.4 Liquid-Liquid Direct Extraction 

This extraction had been used as a means to analyze the solids content of 

crude wood oil. This is needed in order to get some practical feeling on the 

liquefaction process. The extractor as shown in Figure 4.8 is used to separate the 

soluble parts of the sample being analyzed from its solid contents. The solvent 

used for extraction of Tetrahydrofuran (THF), which dissolves all the oil produced, 

including the carrier fluids like asphalt and vaccum bottom but does not dissolve 

the solid biomass. From the tests made with dry and unreacted wood flour, less than 

3% was extracted by THF. 

The experimental procedures for wood oil analysis using the above mentioned 

apparatus are as follows: The boiling flask is filled with 200 ml or 400 ml of 

THF, depending on whether a 500 ml or 1000 ml flash is used. The weighed wood o" 

sample was placed at the bottom of the boiling flask. The entire apparatus is 
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assembled, and the boiling flask is immersed in a water bath. The temperature of 

the water bath is kept between 65°C and 70°C to ensure that only THF with a boiling 

point of 66°C vaporizes. 

After the THF has begun boiling for about one hour or two hours, all oil in 

the original sample would be dissolved, with only insoluble residue at the bottom 

of flask. The amount of time required for the extraction increases with higher 

conversions to oil present in a sample. 

When She extraction is completed, the resulting product out of the flask 

was filtered using Whatman #4 filter paper, which saperates the insoluble from the 

solution containing the wood oil. Then the filtered residues was placed under a 

fume hood for evaporation of the THF which takes at least between one and two days. 

4.4.5 Viscosity of the Distillate of 
Crude Wood Oil 

4.4.5.1 Test Method for Kinematic Viscosity of the Distillate of Crude Wood 

Oil. The Cannon Fenske Viscometer used is shown in Figure 4.9. This test method 

covers the determination of the kinematic viscosity of both transparent liquid and 

opaque liquid by measuring the time for a volume of liquid to flow under the 

gravity through a calibrated glass capillary viscometer. The dynamic viscosity can 

be obtained by multiplying the measured kinematic viscosity by the density of the 

liquid. This test method is intended for application to liquids for which the shear 

stress vs. shear rates is linear (Nentonian flow). 

4.4.5.2 Procedures for Kinematic Viscosity and Calculation Results (see 

APPENDIX C) 

4 4 53 Information on ROUTINE VISCOMETER fsee APPENDIX C). 
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Figure 4.9 Cannon-Fenske Routine Viscometer 



50 

4.5 Characterization of Crude Wood-Derived Fuels 

In doing the characterization of crude wood-derived fuels, the viscosity 

of wood oil is measured according to the ASTM Method D 445-83 (1984). Samples 

obtained from each run were distilled by refering to data from the ASTM D 1160-77 

(1984). 

Heat of combustion of wood oil was measured by following the ASTM D 240 

method and the operational manual of the oxygen bomb calorimeter. The moisture test 

of condensate sample was measured in accordance with the standard method offered in 

the operating manual of Karl Fisher titrameter. 



CHAPTER 5 

RESULTS ON CHARACTERIZATION OF CRUDE WOOD OIL 

5.1 Introduction 

Since all the data on the characterization of wood oil will have been given 

in this chapter, it seems to be appropriate that this introduction section is 

devoted to the pertinent facts concerning the operating conditions of the major 

runs made during the period from August 1985 to December 1986, from which the 

samples of wood oil utilized in this thesis were obtained. 

1. General. In each subsequent run, samples of wood derived oil were taken 

from product bucket during the process. Then, all obtained samples were 

characterized using various analytical methods. 

2. Operating conditions. Experimental operating conditions for some of the 

initial runs made at the University of Arizona over the period of August 

29. 1985 through December 1986 are shown in Table 5.1. These experimental 

runs were purposely planned to cover several extremes of operating 

conditions, namely, temperatures, pressures, with and without reactant 

carbon monoxide, and with and without sodium carbonate. 

52 Chemical Composition Aspects of Wood Oil Characterization 

5.2.1 Elemental Analysis 

The description of both the analytical method for elemental analysis and 

the analyzer itself was already given in the fourth chapter. 
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Table 5.1 Continuous Biomass Liquefaction Experimental Conditions 

Run Flour Bottoms H2O Catalyst Temp. Press. Rate Time 
No. Cwt%) (wt%) (wt%) (wt%IN. WF) (°C) (Psi) (Ib/hr) (min.) 

E1 40 60 8 10 375 3.000 10 72 

G1 38 62 12.2 2 400 800 6 120 

G2 38 62 8.8 0 400 1.000 8 90 

G3 38 62 15 0 400 1,200 7 103 

G4 40 60 19.7 0 400 2.300 10 72 

H3 38 62 15 2 400 3,000 3 240 

H4 40 60 15 0 400 3,000 8 90 

11 35 65 10 0 400 600 3 240 



Of paramount important is the elemental analysis since it provides direct 

access to the oxygen content of the oil and will thus dictate (through 

stoichiometry) the amount of H needed to upgrade it. Table 5.2 shows the elemental 

analysis of crude wood oil distillates obtained by liquefaction from runs at the 

operating conditions previously specified in Table 5.1. Elemental analyses of 

feedstocks and carrier oils are also given in Table 5.2. 

The data shown above indicate that oxygen content is reduced from 42% in 

the wood flour (white birch) to the range of 5-10% in the oil product, such that 

hydrotreating to a transportation fuel should be facilitated. Even though the 

operating conditions were varied in the wide range, there is a relatively small 

variation in hydrogen content of oils obtained under different conditions. However, 

the carbon content changes from 80.00 wt% to 84.72% while the oxygen content varies 

from 5.24 to 10.02%. Nitrogen content of all samples examined is very low as 

indicated above. The product from different runs turned out to have a hydrogen-to-

carbon atomic ratio of approximately 1.3. By proper operation, UA approach should 

be able to routinely produce a product containing between 5-10% oxygen depending on 

the operating conditions. 

The liquefaction of wood to a crude wood oil having an appreciable amount 

oxygen content and essentically little variation in the hydrogen content as shown 

above means that for even a 100% of theoretical conversion to wood oil, there is a 

large loss of weight of product compared with the feedstock weight. Under certain 

liquefaction conditions, the elimination of oxygen from wood can occur by about 60 

percent as water and 40 percent as carbon dioxide (24). Under other liquefaction 

conditions, the removal of oxygen from wood is claimed to occur by about 5 percent 

water and 95 percent carbon dioxide (25). Assuming the removal of oxygen from white 
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Table 5.2 Elemental Analysis of Crude Wood Oil Obtained by Liquefaction 

(a) Crude Distillate 
Run Analysis (wt%) 
No. C H O N 

E1 82.71 9.07 6.52 0.13 

G1 84.72 9.03 5.24 0.22 

G2 84.51 8.66 5.73 0.22 

G3 84.12 8.67 7.48 0.34 

G4 82.00 8.81 6.67 0.21 

H3 81.64 8.46 8.90 0.10 

H4 80.00 8.40 10.02 0.00 

11 84.04 8.45 5.30 0.33 

Cb) C H O N (wt%) 

Black Vacuum Bottoms 78.96 6.71 12.05 0.26 

Brown Vacuum Bottoms 81.58 6.25 9.22 0.37 

Distillate Black V.B. 85.21 7.60 5.32 0.23 

White Birch Wood 46.98 5.61 41.26 0.04 



birch wood as being 100%. 70%, 50%, 30% and 0% respectively as CO2. and 

correspondingly, the removal of oxygen from wood as H2O varing from 0%,30%,50%,70% 

to 100% respectively,theoretical loss of weight of wood varies from 57% to 46.4% 

shown in Table 5.3. Thus. 100 pounds of dry white birth wood can theoretical 

produce about 43 pounds of crude wood oil. under the assumption that the 

elimination of oxygen from the wood occurs 50 percent as water and 50 percent as 

carbon dioxide. 

5.2.2 GC/MS 

In the last chapter, the description of the Gas Chromatography-Mass 

Spectrometry and the analytical procedures followed in using the GC/MS were given. 

The data obtained is reported in the following section and the discussion on that 

data is also delievered. 

Gas Chromatography-Mass Spectrometry has been employed for this thesis work 

as the major technique to identify the individual components in the wood-derived 

oil. By mass spectral analysis, it is possible to determine the molecular formula 

of a compound. The structure of the compound is determined by breaking the molecule 

into smaller, identifiable fragments and then piecing them back together, like a 

puzzle. With GC/MS both the qualitative and quantitative data on the particular 

components in wood oil can be obtained, even though only the qualitative data has 

been gained on the chemical composition of wood oil in this thesis work. It turned 

out that the data obtained from GC/MS are so useful that they can be used to back 

up the analytical results obtained from both infrared spectroscopy and nuclear 

magnetic resonace. 
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Table 5.3 Theoretical Conversion of Wood Flour 

Oxygen removed 
as carbon dioxide 100% 70% 50% 30% 0% 

Oxygen removed 
as water 0% 30% 50% 70% 100% 

Loss of weight (wt%) 57% 53.7% 51.6% 49.6% 46.4% 

Yield (wt%) 37.1% 40.4% 43% 44.4% 47.4% 

*: The above resudes are calculated based on the following data on the elemental 
analysis of wood-white birch, i.e.: 
O : 41.26 wt%, C : 46.98 wt%. H : 5.61 wt%, N : 0.04 wt% 



A list of the compounds identified in the distillate of the crude wood oil 

and condensate is depicted in Table 5.4. Identification of the compounds was 

performed by a comparison of experimental with catalog spectra In most cases. 
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there was a very good agreement between the two spectra and the proposed structure 

is considered to be correct. In such a complex mixture as wood oil, physical 

isolation of a sufficient quantity of pure single compounds presents a very 

difficult problem. Hence, elemental analysis, NMR, and similar techniques could not 

be used alone to provide conclusive identification. The combination of various 

techniques seems to be the best approach. 

The types of compounds identified in both the distillate and condensate 

fall into the following major chemical classes: aliphatic and aromatic hydrocabon 

such as octane and anthracene; aromatic compounds (phenols); furans such as Dibenzo 

furan; Ketones such as 2 - pentanone, 4 - hydroxy - 4 - methyl; ester; alcohol and 

amine. 

Table, 5.4 provides some insights into the oil products. The one 

distinguished component found in wood oil is anthrance which is from the vacuum 

bottom and was used as a carrier oil at the Albany plant. 

Another major component is phenol and its derivatives such as phenol. 2.4 -

dimethyl were also found. This makes the wood-derived oils rather more corrosive 

than petroleum. 

GC/MS data obtained from PNL of our two sample confirm our own GC/MS data 

which also fall into the major chemical classes as shown in Table 5.4. 



Table 5.4 Compounds Identified by GC/MS 
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1) Aliphatic Hydrocarbon 
Octane. 3-methyl- CD* 
Heptane. 2,3-dimethyl- CT) 
Decane, 2.5-dimethyl- CT) 
Tricosane, 2-methyl- CP) 
Tridecane CH) 
Pentadecane CP) 
Heptadecane CP) 
Cyclopropane, 1 -methyl-2-C 1 -methylethyl)-

3-C1 -methyl.ethyiidene)-cis CH) 

2) Aromatic Hydrocarbon 
Phenanthrene CH) 
Anthracene CH) 
Phenanthrene, 4-methyl- CH) 
Methyl-Anthracene CP) 
5-H-Dibenzo[a,d]-cycloheptene, 5-methylene- (P) 
Anthracene, 2-methyl- CT) 
1H-lndene, 1-phenyl- CT) 
11H-Benzo[b) fluorene (T) 
9H-Fluorene, 9-methylene- (P) 
Benzolb] thiophene, 2,7-diethyl- CP) 

3) Aromatics 
Phenol, 4-ethyl-2-methoxy- CH) 
2,3,4,6-Tetramethylphenol CH) 
Phenol, diethyl- (P) 
Phenol, 3-methyl- CH) 
Phenol, 3,5-diethyl- (H) 
Phenol, 2,4-dimethyl- CH) 
Phenol, 2,3,6-trimethyl CH) 

4) Ketons 
2-Pentanone, 4-hydroxy-4-methyl- CH) 

5) Ester 
1.2-Benzenedicarboxylie acid, dimethyl ester CH) 
1,2-Benzenedicarboxylie acid, diethyl ester (H) 
1,4-Benzenedicarboxylie acid, methyl ester CT) 



Table 5.4—Continued 

6) Furan 
Dibenzofuran (P) 

7) Alcohol 
Benzenemethanol, 4-methyl- CH) 
2-Buten-1-OL, 3-methyl- CHD 

8) Amine 
Benzenamine, N-(2-pyridinylmethylene) CT) 

9) Sugar Derivatives 
D-galactitol, 2-(acetylmethylamino)-2-deoxy-3,4,6-

tri-o-methyl-1,5-diacetate (H) 

*H Identification highly probable based on excellent agreement 
with literature spectrum. 

P Identification probable based on good agreement with 
literature spectrum. 

T Identification tentative based on poor agreement with 
literature spectrum. 
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5.3 Fuel Properties Aspects of Wood Oil Characterization 

5.3.1 Heat of Combustion 

5.3.1.1 Heat of Combustion. The related information on the measurement of 

heat of combustion and the oxygen bomb calorimeter used was given in chapter four. 

The heat of combustion is an important factor in the consideration of the 

oil quality. The heats of combustion of the various samples of wood oil obtained 

under the different operating conditions as outlined in the Table 5.1. are reported 

in Table 5.5. Its value ranged form 14.500 to 16,000 Btu/lb. This is less than the 

heat of combustion of petroleum fuel oils (in the range of 19000 Btu/lb) because of 

the oxygen content of the wood-derived oil. It is very interesting to compare the 

ultimate analysis data with the heating values obtained. The heating value 

correlates well with both the oxygen content and the carbon content. Correlations 

as shown in Figure 5.1. 5.2 and 5.3 were obtained. Basically, the heating values 

of wood oil increase with the carbon content and decrease with the oxygen content. 

Also, the heating value of wood oil increases as the C/O ratio increases as shown 

in Figure 5.3. 

5.3.1.2 The Development of an Empirical Heating Value Equation. An 

empirical heating value equation has been developed, based on the heats of 

combustion data obtained from ten samples, whcih is given as follows: 

L.H.V.=172.5*C+144.4*H-2.12*0 - 436.4.N 

by using the multi-variable regression method; where L.H.V. stands for low heating 

value of crude wood oil, and C, H, O and N are the weight percentage of carbon, 



Table 5.5 Heat of Combustion of Crude Wood Oil by Liquefaction 

Heat of 
Run Combustion* 
No. BTU/lb 

E1 15,473 

G1 16.140 

G2 15,723 

G3 15.658 

G4 15,397 

H3 15253 

H4 14.834 

11 15,809 

*Low heating value. 
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hydrogen, oxygen and nitrogen. Apparently, more data are needed in order to modify 

constants in the equation above. 

With the above equation , the low heating value of crude wood oil can be 

estimated from the elemental analysis data within 1-2 percent error. 

5.3.2 Moisture Analysis and Viscosity Measurements 

5.3.2.1 Viscosity of Crude Wood Oil. The knowledge on the method and 

instrumentations used in the measurement of both moisture and visosity of crude 

wood oil distillate has been given in the forth chapter. 

The product out of reactor is solid at room temperature and is fluid at 

2oooc and above. The viscosities of distillates obtained from the let-down product 

have a reasonably low viscosity, varying from 100 to 600 eSt at the temperature of 

3ooc. 

Figure 5.4 shows viscosity-temperature relationships for typical crude wood 

oil-distillates. Between the 20 and 500C, they are practically Newtonian liquids. 

It is noticed that the viscosity of distillate decreases many fold with an increase 

in temperature. At low temperature where solids begin to separate, Viscosity 

depends on the rate of shear. The viscosity of oils derived from wood is higher 

than that of petroleum-derived oils, which are ussually in the range of 10 eSt at 

the temperature of about 1 ooc. 

5.3.2.2 The Proof that Distillate Wood Oil Is a Newtonian Fluid. 

1. Newtonian. Newton assumed that the graphical equivalent of his equation 

[ 1] for an ideal liquid would be a straight line starting at the origin of 

flow curve with a positive slope of an angle of o: 1 as shown in Figu e 5.5. 

Any point on this line defines pairs of values for shear stess T ar ~~ shear 
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rate D. Dividing T by D gives the value of Y which is the viscosity as 

given in equation [1], This value can 

Y = T/D [1] 

where: 

T = shear stress 

D = shear rate 

Y = viscosity 

also be defined as the tangent of the angle a-j. The ratios of all pairs of 

T and D values belonging to this line is a constant. This means that the 

viscosity is not affected by changes of shear rate. All liquids for which 

this statement is true are called "Newtonian". 

2. With the concept of Newtonian liquid above, one can test whether the liquid 

is Newtonian or not by selecting two viscometers of different size. The 

different size viscometers have different shear rates. Therefore, with two 

different size viscometers, if the measured viscosities are the same in 

both different size viscometers, then this proves that the liquid is 

Newtonian, otherwise, it is a Non-Newtonian liquid. 

Table 5.6 gives two sets of experimental data on the kinematic 

viscosity of the distillate of crude wood oil obtained by using two 

different size viscometers. 

The shear rate Dr at the radius R, for round cross section capillaries 

can be calculated from the following equation: 

4 
D Q 

IT R3 

D * shear rate at the radius R (S~1) 



Table 5.6 Two Sets of Kinematic Viscosity Data of the Distillate of Crude Oil 

Size No. Inside Flow Calibration 
of Diameter Time Factor n Temperature 

Viscometer of Tube R 
(mm) (s) (cSt/s) (Cst) (°C) 

350 1.52 1.098 0.4616 507 29.00 

450 2.35 . 200 2.4880 498 29.26 



Q = flow rate [cm^/s] 

R = radius of the capillary [cm]. 

With the data shown in the Table 5.6., the calculated ratio of shear rates 

of two different size viscometers at the wall is equal to 1.50, while the 

calculated ratio of kinematic viscosity obtained from two different size 

viscometers is 1.02. So, it has been proved that the distillate of crude 

wood oil is Newtonman liquid at the temperature of around 30°C. 

5.3.2.3 Moisture Content of Crude Wood Oil. As soon as the distillates 

had been centrifuged for the separation of water, the Karl Fisher Titration method 

was applied to determines the amount of water left in the distillates after the 

centrifugation. 

The data on the moisture content of the sample analyzed are listed in the 

Table 5.7. Basically, the moisture content ranges from 0.5 to 1 wt%. 

5.3.3 Vacuum Distillation 

The detailed report on the apparatus used and the sample preparation in the 

vacuum distillation was written down in the in chapter four. 

Vacuum distillation is an important means of fractionating the oil into two 

cuts, namely overhead and bottom for further analysis. A typical distillation curve 

of the crude wood oil is shown in Figure 4.7. The reactor effluent obtained under 

different operating conditions contain from 20-40 wt% distillate as listed in 

Table 5.8. at experimental condition for pressure between 2 and 10 mmHg absolute. 

The temperature was starting at about 80°F and was raised up to 550°F. The oil 

obtained this way is clear and brown immediately on removal from the receiver, but 

gradually darkens on exposure to air. The vacuum bottoms left at the bottom of the 



Table 5.7 Moisture Content of Crude Distillate 

71 

Water 
Run Content 
No. mg/ml 

E1 13.08 

G1 3.19 

G2 5.51 

G3 7.71 

G4 5.43 

H3 5.48 

H4 8.69 

11 8.29 



Table 5.8 Vacuum Distillation of Liquefaction Reactor Crude Product 
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Percentage of 
Run Reactor Product 
No. Distilled (wt%) 

E1 30.0 

G1 24.7 

G2 39.0 

G3 27.0 

G4 23.4 

H3 30.0 

H4 27.0 

11 19.0 
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distillation flask by this fractionation are quite different from those from the 

Albany plant. It looks like a porous solid and is also very brittle at room 

temperature. The vacuum distillation unit used was in essence a single plate still. 

5.3.4 Aromatic Carbon Content of Wood-Derived Oils 

Although the generation of aromatic structures from cellulose has been 

recognized for many years (26), it has generally been assumed that the aromatic 

content of oils derived from biomass is a result of lignin transformation. Nuclear 

magnetic resonance spectroscopy of wood oil indicated a significant fraction of 

aromatic content. The data obtained from GC/MS supports this result wherein the 

major aromatics identified are phenol, anthracene, indene, naphthalene and so 

forth. The aromatic bands (3000-3100 cm"1) and (1500-1600 cm"1) in the infrared 

spectra of wood-derived oil uphold this result too. Both ancj proton - NMR were 

carried out on the distillate samples obtained from crude wood oil at the 

University of Arizona in the period from August 1985 to December 1986. 

A typical output from Bruker - WM - 250 NMR spectrometer is shown in Figure 

5.6 .and it was used to calculate the ratio of aromatic hydrogen to aliphatic 

hydrogen, while Figure 5.7 shows a typical output from bruker AM - 250 NMR 

spectrometer which was utilized to figure out the ratio of aromatic carbon to 

aliphatic carbon. 

Basically, the ratio of aromatic carbon to aliphatic carbon varies from 

0.60 to 0.99 and the ratio of aromatic hydrogen to aliphatic hydrogen, ranges from 

0.22 to 0.40 as shown in Table 5.9. Aromaticity values (% C^) can be also 

expressed as the percentage of aromatic carbon atoms relative to the total of both 

aliphatic and aromatic carbon atoms. This way, the percentage of aromatic carbon 



74 

10.0 9.0 6.0 5.0 4.0 8.0 3.0 2.0 7.0 1.0 0.0 

PPM 

Figure 5.6 Typical Output from Bruker-WM-250 NMR Spectrometer 
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Table 5.9 Aromatic Content of Crude Distillate 

Aromaticity (NMR) 
Run Aromatic/Aliphatic 
No. C H 

E1 0.60 0.22 

G1 0.68 0.32 

G2 0.68 0.30 

G3 0.66 0.27 

G4 0.69 0.37 

H3 0.88 0.31 

H4 0.99 0.36 

11 0.93 0.40 
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atoms is the percentage of aromatic carbon is in the range of 45%, whereas crude 

petroleum has aromatic carbon about 14%. 

5.3.5 Functional Groups Analysis 

Although the infrared can not be employed alone as a means to deliver 

definitive data on the characterization of wood oil, it is reliable enough to help 

check out the data obtained from GC/MS. As reported in the section 5.2.2, the major 

components identified in the wood oil can be grouped into the following, ketons, 

aliphatic hydrocarbon, aromatics hydrocabon, phenol, alcohol, amine and the like. 

What has been obtained from the typical output of IR as shown in Figure 5.8 

correlates well with the GC/MS data The infrared spectrum of wood oil shows 

strong aliphatic C-H streching bands (2900 cm"1), aliphatic C-H bending bands (1480 

cm"1), aromatic C-H streching bands (3000 - 3100 cm"1) and aromatic C-H bending 

bands (1500-1600 cm"1). This means the presence of both aliphatic and aromatic 

hydrocarbon in wood-derived oil. Also in Figure 5.8, two peaks (1600-1750 cm-1) 

were observed, the bigger one representing the carbonyl band (1750 cm"1) in the 

acid enviroment and the smaller one depicting the carbonyl band (1620 cm"1) in the 

ketone enviroment. 

In addition to the above information extracted from decoding the spectrum 

of I.R one can also say that both alcohol and water could be present in wood oil 

based on the widest band (3400 cm"1). At last, a non apprent band (around 3400 

cm"1) is located from experience, which means the N-H streching band. 

5.4 Experimental Results on Vacuum Bottom 

The autoclave was used in a series of experiments to determine the effect 

of temperatue on the vacumn bottons used as a carrier oil in the liquefaction 
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process, namely, the testing of thermal stability of vacuum botoms. This was very 

significant since it is found in the calculation of material balances made on the 

basis of the liquid-liquid extraction that the amount of solids obtained after the 

extraction is much more than expected. A series of three samples were heated in the 

absence of other reactants to 3759C for 1, 2, and 3 hours, respectively, in a 

pressurized autoclave. The autoclave was cooled, ail products except gases were 

collected, and analyzed. Whereas the fresh Albany brown vacuum bottoms were 99-100% 

soluble in THF, which was assumed for a long time to be the basis for the material 

balances calculations of the liquefaction process, all three of the samples heated 

to 375°C for 1 to 3 hours showed that 50 percent of the original samples were 

insoluble in THF indicating a further cross-linking, polymerization, oxidation or 

carbonization of some type. Equally important, the other 50 wt% of the original 

sample appeared to represent about 7 wt% off-gas at 375°C and about 43% wt%, 

remaining as a "vacuum bottoms" containing some crude wood oil. 

5.5 Comparison of Crude Wood Oil with Coal and Petroleum 

Just as the calorific value, moisture content, sulfur content, and volatile 

matter content are the representatives of the quality of a solid fossil fuel, the 

elemental analysis, heat of combustion, viscosity, and aromatic carbon are widely 

accepted data of the quality of a liquid fuel. The following paragraphs offer the 

comparison of wood to coal, crude wood oil to coal and crude wood oil to petroleum 

based on the data published to date on the wood, coal and petroleum. 

5.5.1 The Comparison of Wood with Coal 

The calorific value of U.S. subbituminous C coal ranges from 8,300 to 9,500 

Btu/lb, and subbituminous B coal ranges from 9,500 to 11,000 btu/lb. On this 



basis, dry woods (8,000 to 11,300 Btu/lb) are comparable to subbituminous C or B 

coals. 

Moisture comprises typically 30 wt% of subbituminous C coal, 24 wt% of 

subbituminous B coal, and 17 wt% subbituminous A coals. On this basis, air dried 

wood with 10 wt% to 15 wt% compares favorably to a subbituminous A coal. 

The sulfur content of U.S. coals varies between 0.2 wt% and 7.0 wt%. Low-

sulfur coal (less than 1% sulfur) is found primarily in western U.S. 

5.5.2 The Comparison of Crude Wood Oil 
Distillate to Coal 

Because of the highly variable nature of coal, there is a vast number of 

technical papers and articles, as well as books. (27) Hence, this section is 

limited to providing the fundamental data on both coal and crude wood oil. such as, 

ultimate analysis on a dry basis, heating value and atomic ratio of hydrogen to 

carbon. 

From the data in the Table 5.10, it can be seen that the oxygen content of 

various coals ranges from 6.4 to 18.4 wt% whereas the oxygen content in the crude 

wood oil distillate is varying from 5 to 10 wt%. The crude wood oil distillate also 

has higher heating value in the range of 15,500 Btu/lb as compared to the coal 

heating value varying from 7,100 to 14,000 Btu/lb. The atomic ratio of hydrogen 

to carbon of the crude wood oil ranges from 0.88 to 1.28 and the atomic ratio of 

hydrohen to carbon of coal from 0.72 to 0.83. An important enviromental 

consideration is that crude wood oil contains almost no sulfur and nitrogen. By 

contrast, the various coals contain about 12 wt% of sulfur and 12 wt% of 

nitrogen, which greatly contributes to the air pollution. The sulfur in wood is 

very low and varies between 0.0% and 0.1%. Therefore, wood is a low-sulfur fuel. 



Table 5.10 Typical Proximate and Ultimate Analyses and Heating Values of Coal 
Representative of Major Coal Reserves C28) 

Ultimate anatysis(dry)(wt/i) Atomic Heating value 
Ratio (as received) 

Coal type C H S N Ash O (H/C) (Btu/ib) 

Lignite 65.7 4.5 1.0 1.2 9.2 18.4 0.82 7,100 

Western 
subbituminous 

62.6 4.0 1.0 1.0 13.6 17.8 0.77 9,400 

Illinois no.6 
70.0 4.9 3.8 1.4 9.2 .10.7 0.84 11,300 

Eastern bituminous 
(high-suffer) 

70.4 4.6 4.6 1.4 10.5 8.5 0.78 11,700 

Eastern bituminous 
(low-sulfur) 

79.9 5.5 1.3 1.5 5.4 6.4 0.83 14,000 



The volatile matter content of a solid fuel is a good indicator of the ease 

with which the fuel can be converted to a liquid or gaseous fuel by thermochemical 

processes. On a dry basis, the volatile matter content of U.S. coals is about 50%. 

Most organic materials are composed of 70% to 80% volatile matter, and some contain 

more than 90% volatiles. Since the wood is mostly composed of organic materials, 

the volatile matter content of wood is more than 70%, which suggests that it should 

be a better feed stock for the pyrolytic convession process than coal. 

In summary, the characteristics of wood, that is, high calorific value, low 

sulfur content and high volatile matter content make it to be a very good, suitable 

solid fuels for conversion to synthetic liquid and gaseons fuels by thermal 

processes, 

5.5.3 The Comparison of Typical Wood Oil 
Distillate with Coal-Derived Liquid Fuels 

The data on the typical wood oil (G3) and coal-derived liquid fuels (SRC I) 

in Table 5.11. The comparison of crude wood oil distillate with coal derived SRC 

fuel indicates that the low heating values of two kinds of fuels are in the range 

of 15500 Btu/lb on a dry basis. But, the crude wood oil has a higher atomic ratio 

of hydrogen to carbon, 1.24 compared to 0.73 respectively, and contains essentially 

no nitrogens and sulfurs. 

5.5.4 The Comparison of Wood Oil with Petroleum 

The data on the elemental analysis, heat of combustion, viscosity and 

aromatic carbon of both crude wood oil distillate and petroleum are indicated in 

Figure 5.9, where the distillation residue of both petroleum and crude wood oil are 

also included. 
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Table 5.11 Typical Data on Wood-Derived Oil and Coal-Derived Oil (28) 

Component Coal-derived oil (wt%) Wood-derived oil (wt%) 

C 87.22 84.12 

H 5.34 8.67 

N 2.33 0.34 

S 0.77 — 

0 4.21 7.48 

Gross heating value 
(Btu/lb) 16030 16449 

Low heating value 
(Btu/lb) 15543 15658 

atomic ratio (H/C) 0.73 1.24 
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Comparison of wood-derived oil distillate with petroleum shows tnat the 

crude wood oil has lower heat content and carbon and hydrogen, but contains more 

oxygen (wood oil: 7wt%; petroleum: 1 wt%). Consequently, the heating value of 

wood-derived oil is lower than that of petroleum (15,500 BTU/lb compared to 18,000-

20,000 respectively). Crude wood oil distillate also has higher viscosity and 

crude wood oil leaves a much greater residue after vacuum distillation. 

Petroleum contains paraffins, isoparaffins. aromatics, and naphthene, plus 

organic sulfur, oxygen, and nitrogen compounds. By comparison, crude wood oil is 

composed primarily of ketons, esters, aliphatic and aromatic hydrocarbons, phenols, 

alcohols and furans. 

Crude wood oil has less sulfur than the average petroleum crude oil and a 

significant amount of phenols, making the crude wood oil rather more corrosive than 

petroleum. 



CHAPTER 6 

SUMMARY AND CONCLUSION 

Some of the physical and chemical properties of wood-derived oils have been 

determined. This data is directly applicable to other oils derived from biomass 

which contain cellulose as the principal component. 

Comparison of wood-derived oils with petroleum indicates the crude wood oil 

to have lower heat content and carbon and hydrogen content, but to contain more 

oxygen. It also has higher viscosities, are more acidic, due to its phenol content. 

Crude wood oil distillates has good fuel properties, such as, reasonably 

low viscosity, fairly high heat content. It is not a potential source of air 

pollution since it is low in both sulfur and nitrogen. 

Wood oils should be attractive from an environmental standpoint, due to 

essentially zero sulfur content. 

Crude wood oil can be used directly in power plants by blending with other 

heavy oils, or can be upgraded by hydrotreating to a transportation fuel, gasline, 

jet fuel and so forth. 

Some additional points related to these conclusion are as follows: 

1. Results of the analysis show that the oil product from wood can be produced 

with a range of properties in the once - through, near-plug flow high-

concentration solids vertical reactor system. All experiments have used 

white birch flour as the feed stock and the Albany vacuum bottom as the 

carrier oil. 
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2. Oxygen content is reduced from 42 wt% in the wood flour to the range of 

5-10 wt% in the oil product. Heats of combustion for the crude wood oil 

are in the range of 16,000 Btu/lb on a dry basis. 

3. The reactor product is fluid at 200°C and above and solid at room 

temperature. It contains from 20-40 wt% distillable material under vacuum. 

4. The viscosities of distillate of crude wood oil are in the range of 400 cSt 

at the temperature of 30°C. 

5. The crude wood oil is rather higher in aromatic carbon content than 

representative crude petroleum oils, 45% compared to 12-16% respectively. 

6. About forty components have been identified by GC/MS. They fall into the 

following major chemical classes: ketones, esters, aliphatic and aromatic 

hydrocarbons, phenols, furans, alcohols and amines. 



APPENDIX A 

FLOW SCHEMATIC OF THE MODEL 240C ELEMENTAL ANALYZER 

This appendix contains the flow schematic of the Model 240C elemental 

analyzer as shown in Figure A. The details on the analyzer itself are given in 

section 4.3.1. The data obtained using Model 240C analyzer are shown in Section 

5.1.1. 
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Figure A. Flow Schematic of the Model 240C Elemental Analyzer 
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APPENDIX B 

CALCULATION OF THE HEAT OF COMBUSTION 

This appendix has the details on the procedrues to be followed in the 

calculation of the heat of combustion. The general information on the oxygen bomb 

calorimeter is provided in the Section 4.4.2. 

CALCULATING THE HEAT OF COMBUSTION 

Assembly of Data. The following data should be available at the completion 

of a test in a 1341 calorimeter: 

a = time of firing 

b = time (to nearest 0.1 min.) when the temperature reaches 60 per cent of the 

total rise 

c = time at beginning of period (after the temperature rise) in which the 

rate of temperature change has become constant 

ta = temperature at time of firing, corrected for thermometer scale error 

tc = temperature at time c, corrected for thermometer scale error 

r-| = rate (temperature units per minute) at which temperature was rising during 

the 5-min. period before firing 

r2 = rate (temperature units per minute) at which the temperature was rising 

during the 5-min. period after time c. If the temperature was falling 

instead of rising after time c, r is negative and the quantity - r2 (c-b) 

becomes positive and must be added when computing the corrected 

temperature rise 

c-| = mililiters of standard alkali solution used in the acid titration 
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C2 = percentage of sulfur in the sample 

C3 = centimeters of fuse wire consumed in firing 

W = energy equivalent of the calorimeter, determined under standardization 

m = mass of sample in grams 

Temperature Rise. The typical temperature rise come for 1341 Plain 

Calorimeter is shown in Figure B. Compute the net corrected temperature rise, t, by 

substituting in the following equation: 

* = tc-ta-r-|(b-a)-r2(c-b) 

Thermochemical Corrections: Compute the following for each test: 

e-) = correction in calories for heat of formation of nitric acid(HN03) 

= c-| if .0725N alkali was used for the titration 

e2 = correction in calories for heat of formation of sulfuric acid(H2SC4) 

= (14Xc2Xm) 

e3 = correction in calories for heat of combustion of fuse wise 

= (2.3XC3) when using Parr 45C10 nickelchromium fuse wire, 

or 

= (2JXC3) when using No. 34B. & S. gage iron fuse wire 

Gross Heat of Combustion. Compute the gross heat of combustion, H , in 

calories per gram by substituting in the following equation: 

H = (tW - e 1 - e2 " e3)/m 

Example: 

a = 1:44:00 = 1:44.0 

b = 1:45:24 = 1:45.4 

c = 1:52:00 = 1:52.0 
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ta « 24.428 • .004 « 24.432°C 

tc = 27.654 • .008 = 27.662°C 

r-| = +.010°C/5 min. • +.002°C/min. 

r2 « - 004OC/5 min. =-.001°C/min. 

c i = 23.9 ml. 

C2 * 1:02% Sulfur 

C3 = 7.6 cm. Parr 45C10 wire 

W = 2426 calories/°C 

m = .9936 grams 

t » 27.662 - 24.432 - (.0023(1.4) -(-.001X6.6) 

» 3.234°C 

ei = 23.9 calories 

e2 - (14X1.02X.9936) - 14.2 calories 

e3 = (2.3X7.6) = 17.5 calories 

(3.234)(2426) - 23.9 - 14.2 - 17.5 

.9936 

= 7840 calories/gram 

= (1.8X7840) = 14,110 Btu/lb 



APPENDIX C 

PROCEDURES FOR THE KINEMATIC VISCOSITY MEASUREMENT 
OF CRUDE DISTILLATES 

The procedures for the kinematic viscosity measurement of crude wood oil 

distillate, the calculation of results and some related information on Carnon 

Fenske Viscometer shown in Fig. 4.9 are summarized in this appendix. 

C1. Procedures 

C"' I To charge the sample into the Viscometer, invert the instrument and apply 

suction to tube G, immersing tube A in the liquid sample, and draw liquid to 

mark E. 

C1.2 Place the viscometer into the holder, and insert it into the constant 

temperature bath. 

C1.3 Allow approximately 10 mintes for the sample to come to the bath temperature 

at 40°C and 15 minutes at 100°C. 

C1.4 Apply suction to tube A Cor pressure to tube F) and draw the liquid slightly 

above mark C. 

C1.5 To measure the efflux time, allow the liquid sample to flow freely down past 

mark C, measuring the time for the meniscus to pass from mark C to mark E. 

C1.6 Calculate the kinematic viscosity in centistakes of the sample by multiplying 

the efflux time in seconds by the viscometer constant. 

C2. Information on Cannon Fenske Viscometer 

The following table provides the various information on the viscometer used 

in this thesis work. 
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Table C1. Parameters of Cannon Fenske Viscometer 
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Size No. Calibration Kinematic Inside Diameter Bulb Volume 
Factor(cst.s) Viscosity of Tube R 

Range D C 
(40°C-100°C) est mm ml 

300 0.2788 50-250 1.27 3.1 3.1 
350 0.4616 100-500 1.52 3.1 3.1 
450 2.488 500-2500 2.35 3.1 3.1 



APPENDIX D 

RESPONSE FACTOR 

The details on the Gas Chromatograph are describled in Section 4.3.5. The 

calculation of response factor and typical result of gas sample are presented in 

this APPENDIX D. 

D1. The response factor can be obtained as follows: 

1. Inject the known amount (ml) of standard. 

2. Get the response peaks of components. 

3. Identify what the component is, by comparing retention time for each 

component. 

4. Calculating the response factor by dividing the area of each component by 

the injected known amount (ml) of each component. 

D2. The typical result of gas sample from run G1. 

Component Volume % 

H2 4.7 

°2 4.3 

N2 49.8 

CH4 2.4 

CO 2.9 

C02 34.8 

C2H2 < 0.1 

C2H4 1.0 
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APPENDIX E 

ADDITIONAL DATA ON CRUDE WOOD OIL AND CONDENSATE 

Additional data related to this thesis work are reported in this appendix, 

which include the elemental analysis on the crude let-down products, water 

solubility in oil for run G1, residue percentage (wt%) of run G1 and G2 products 

and the aromaticity of condensate. 
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Table E1. Elemental Analysis Data on Crude Let-Down Products and Condensate 

Crude Wood Oil 
Run No. C H N O 

E1 83.53 7.65 0.16 9.09 
G4(#234) 82.35 6.01 0.40 11.56 
H3(#6) 81.45 6.32 0.31 11.25 
H4(#5) 83.18 6.56 0.29 9.46 
I1(#8) 83.85 6.12 0.20 9.73 
11 (#9) 84.14 6.17 0.19 9.22 

Condensate 
G4C#301) 80.62 10.24 0.25 7.47 
11 (#950) 78.43 10.01 0.05 10.19 
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Table E2. Data on Water Solubility in Oil for Run G1 

Sample Moisture content (mg/ml) 

Liquid product1—oil layer 11.80 
—water layer 860.70 

of run G1 (without centrifuge)^ 

Liquid product—oil layer 1.09 
—water layer 883.34 

of run G1 (with centrifuge)^ 

1. Liquid product is collected from thecondenser in the off-gas line. Two layers 
are formed. One in the top is an oil layer and the one in the bottom layer is a 
water layer. The separation is obtained by letting the system settle for 
several days. 

2. "without centrifuge" means that the sample taken from either oil layer or water 
layer was directly analyzed using Fisher titrameter without going through the 
centrifugation step. 

3. "with centrifuge" means that, before the sample is being analyzed by the Fisher 
titrameter, the liquid sample of about 12 ml., taken from the oil layer, was 
first centrifuged for additional separation between the oil and water. After 
this step, the top liquid (about 3 ml. of oil) was removed from the sample and 
then was analyzed using the Fisher titrameter. 



Table E3. Residue Percentage (wt%) 

Sample Residue Percentage (wt%) 

G1 (#2) 38.30% 
G2 (*6) 49.11% 



Table E4. Aromaticity of Condensate 
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Aromatic / Aliphatic 
Sample C H 

11 (#950) 0.44 0.26 
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