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ABSTRACT 

The batch distillation of crude wood oil by direct liquefaction was 

studied; azeotropic distillations and some characterization were, also, 

performed. It was found that 26-33 percent of the crude wood oil could 

be distilled by simple batch vacuum distillations with pressures from 

50-300 mm Hg- With the use of ethylene glycol and glycerol 29-85 percent 

more oil was distilled partly due to the azeotrope formed which allows 

the oil to boil at a reduced pressure. The water liberated and the 

polymerization which took place during the distillations were studied. 

It was found that fluid catalytic cracking bottoms eliminates 

polymerization when it is co-distilled with the crude wood oil. A novel 

scheme for the separation of the phenolic fraction by azeotropic 

distillation is presented. 



9 

CHAPTER 1 

INTRODUCTION 

The objective of this work was to study the distillation of 

biomass crude oil which included characterization, azeotropic 

distillation, and co-distillation. Achievement of this objective will 

guide future work to separate a byproduct in addition to the fuel oil 

which would improve the economics of the liquefaction process. The 

primary byproduct is a phenolic fraction of about 15 percent by weight. 

It is hoped that the recovery of this phenolic fraction will improve 

the overall economics of the biomass liquefaction process. 

The approach to achieving these goals involved a review of the 

crude wood oil characterization along with some new analysis, after 

which the distillation studies were started. The specific points of 

interest relative to distillation included: 

- amount distilled at various boiling point teirperatures 

- effect of pressure on distillation 

- char formation and polymerization during distillation 

- water formation during distillation 

- azeotropic distillation with a variety of compounds 

- analysis of the distillate fractions and the undistilled material to 

achieve an understanding of this reactive wood crude oil 

- molecular weight distributions before and after distillation 
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CHAPTER 2 

BACKGROUND 

2.1 Early Work History 

The early technology for the liquefaction of biomass was 

developed around the beginning of the last century for the conversion 

of coal to liquid fuels. 

Berthelot (1870) found that hydriodic acid, H+I , would convert 

about two-thirds of wood or coal to a liquid fuel. The premise being 

that any organic matter could be reduced and saturated with hydrogen to 

form a hydrocarbon. The bonds are broken and capped with hydrogen. 

Ground and dried wood was mixed with 80 times its weight of hydriodic 

acid in a sealed tube. The tube was then heated to about 275°C for 20 

hours under a developed pressure of about 100 atms (1500 psi). 

In 1913, Bergius (Storch 1963) was able to convert 40-45 percent 

of dry ash free coal to oil, 35 percent to residue, and 20 percent to 

gas. The method used hydrogen under a pressure of 3000 psi for 2 hours 

at 480°C. A powdered coal was pumped through a continuous reactor with 

a heavy recycled oil and small amounts of titaneferous iron as the 

catalyst. The product was high in OfN, and s and also of high M.W. 

which all contributed to make it poor in quality. Later efforts 

improved the hydrogenation reaction by using better catalysts such as 

iodine and stannous oxalate. 

Today, the processes for producing liquid fuels from coal can be 

grouped into four categories: pyrolysis, solvent extraction, catalytic 
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liquefaction, and indirect liquefaction. 

In pyrolysis, the coal is heated to temperatures above 400°C to 

convert the coal into gases, liquids, and char. The increase in 

hydrogen in the gases and liquids is achieved by reducing this value in 

the char. 

Solvent extraction uses a coal derived liquid such as tetralin 

that transfers hydrogen to the coal. Hydrogen is supplied under 

pressure to regenerate the hydrogen-transfer-liquid. 

In catalytic liquefaction, hydrogen is added to the coal under 

pressure and with a catalyst present. 

In indirect liquefaction, the coal is gasified before being 

liquefide. Coal reacts with C>2 and steam to produce gases which are 

purified and then liquefied with the aid of a catalyst. The advantage 

here is that the catalyst is not contaminated by the impurities in the 

coal as they are in Fischer-Tropsch. 

Today, there are three major coal liquefaction processes (Mangold 

1982): Exxon Donor Solvent, H-Coal Process, and Solvent Refined Coal. 

In the Exxon Donor Solvent (EDS) process, crushed coal is fed with 

a hydrogen donor solvent. This is the solvent extraction method 

previously mentioned. The effluent is distilled in a series of steps 

where the donor solvent, light gases, naphtha, medium and heavy oils, 

and vacuum bottoms are separated. The donor solvent is regenerated in 

a fixed bed catalytic reactor. 

The H-Coal Process brings crushed coal and recycled oil into 

direct contact with a catalyst bed. This is the catalytic liquefaction 

method and similar to the process developed by Bergius but with a more 
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effective catalyst and at lower pressure. 

The Solvent-Refined Coal Process (SRC) feeds crushed coal, a 

recycle stream acting as a solvent, and hydrogen gas into a reactor 

where the minerals present in the coal act as catalysts. The process 

is said to remove sulfur and oxygen by the combination with the 

hydrogen in the reactor. This process is, also, an example of the 

solvent extraction method similar to the EDS process except, that 

hydrogen is added directly into the reactor and there is no seperate 

catalytic reactor for the regenaration of the donor solvent. It is 

important to note that any hydrogen donor solvent present is generated 

insitu and recycled. 

There are also three indirect, processes for the liquefaction of 

coal (Mangold 1982): Mobil Gasoline Synthesis, Fischer-Tropsch 

Synthesis, and the Zinc Halide Hydrocracking Process. 

In the Mobil process, indirect liquefaction, coal is gasified with 

oxygen and steam. The gas is purified then catalyt.ically converted to 

methane and methanol. The methane can be used as a fuel, and the 

methanol could be converted by the Mobil process to water, gasoline, 

and a light gas that can be used to produce additional methane. The 

Mobil zeolite catalyst, ZSM-5, converts methanol to a remarkably narrow 

hydrocarbon fraction (Ĉ -Ĉ )̂ unlike Fischer-Tropsch which produces 

heavy paraffins. 

The Fischer-Tropsch method of indirect hydrocarbon synthesis dates 

back to the 1920*s. The Germans used this process during WWII when 

their supply of petroleum was cut off. South Africa chose this process 

for their Sasol plants. The Fischer-Tropsch process is similar to the 
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Mobil process in the synthesis gas section, but it is quite different 

in the catalytic synthesis to gasoline, and its yield of gasoline is 60 

percent less. 

In the Zinc Halide Hydrocracking process, crushed and dried coal 

is fed with a recycled oil into a bed of molten zinc chloride at 

400-450°C and 1500-3000 psi. The gas and liquid products are separated 

by distillation. The catalyst contains ash, nitrogen, sulfur, and 

residue and must be regenerated by vaporizing it at 900°C, condensing 

it, and recycling it back to the reactor. The process has suffered 

economically from its inability to recover a high percentage of the 

relatively expensive zinc chloride catalyst. 

2.2 Wood Liquefaction 

Several processes for the liquefaction of coal have been 

mentioned. While in principle these processes could be utilized for 

wood liquefaction, there is one important difference: wood contains 

much more elemental oxygen than does coal or petroleum as seen in 

Table 1. For the Albany crude oils TR-9 and TR-12, Douglas fir was 

used (Rust Engineering 1982). It contains about 50 percent cellulose, 

29 percent lignin, 18 percent hemicellose, and 3 percent extractives by 

weight on a dry wood basis. Wood, also, contains less sulfur and is 

more volatile(70-90 percent) than a typical coal (30-45 percent). 

There are three primary processes (White 1984) for the conversion 

of wood and other biomass materials including municipal solid wastes: 

High pressure direct liquefaction. Low pressure gas pyrolysis and 

Supercritical extraction. 
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The Bureau of Mines showed that wood and other biomass could be 

converted to oil with carbon monoxide, water and sodium carbonate or 

other alkaline salts (Appel 1975). The water and carbon monoxide 

undergo the water-gas-shift reaction to form hydrogen. The hydrogen 

adds to the carbohydrate chains when they are broken. It is also 

thought that the carbon monoxide reacts by combining with an oxygen to 

form carbon dioxide. Since almost every carbon atom in a carbohydrate 

is bonded .to a hydroxy1 group, some dehydration will also take place. 

In this way, oxygen is removed as CO and 1̂ 0, hydrogen is added, and 

the molecular weight of the biomass is reduced. 

Table 1. Comparison of the elemenntal composition, ash content, and 
heat of combustion for wood, coal, and petroleum. 
Values are percent by weight on a dry basis. 

C H 0 N S Ash Btu/lb 

Wbod (Douglas Fir) 48.3 6.1 40.9 0.13 0.2 0.4 8200 
(Bechtel 1978) 

Coal (High Volatile 77.7 5.0 6.2 1.5 1.6 8.0 13900 
Bituminous) (Perry 1973) 

Petroleum 86.0 11.0 0.03 0.08 1.0 0.02 16500 
(Enc Chem Tech 1982) 
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2.3 The PERC process at Albany Oregon 

The Albany facility operated on the basic PERC process, so 

designated because the original work was conducted at the Pittsburg 

Energy Research Center (PERC) for the U.S. Bureau of mines in the 

1970's. It was operated by the Bechtel Corporation, followed by the 

Rust Engineering Company (the latter for prime contractor, Wheelabrator 

Cleanfuel Corporation). The process involved reacting wood flour in a 

recycled oil slurry at about 370°C and pressures up to 4000 psi. The 

process was run from 1978-81. The capacity was three tons of wood 

chips per day. 

In most of the work to be demonstrated in this thesis, TR-9 (Test 

Run 9) crude wood oil was used. It was produced by the continuous 

direct liquefaction of Douglas wood flour at Albany. A flow diagram 

can be seen in Figure 2. 

It should be noted that three of the longer and more successful 

runs using the PERC process were: TR-8, TR-9, and TR-12. In order to 

start up the first run, TR-8, anthracene was used as the recycle, 

carrier oil. The concentration of anthracene in the product oil 

exponentially decreased since the process is run in a recycle mode. 

The process can be summarized as follows: Wood flour is fed with 

recycled oil in a 1:10 ratio with a piston pump to the reactor at about 

370°C and 3000 psi. Synthesis gases composed of 60:40 ratio by volume 

of carbon monoxide to hydrogen are, also, fed to the stirred reactor. 

The products leaving the reactor go to a flash drum where gases and 

water vapor are separated from the crude oil product. Part of the 

product is recycled and part of it is removed. 
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It is inportant to note that the off gases from the flash drum are 

composed of 55 percent C02 and 42 percent H2. Some of these gases are 

dissolved or entrained in the crude wood-oil product, and they showed 

up during the initial part of the vacuum distillations. 

CATALYST-• 
SOLUTION GAS TO 

VENT CONDENSER 
ANO INCINERATOR 

CRUDE 
PRODUCT 

BLENDER 

SLURRY 
CIRCULATING 

PUHP 

PRODUCT PRESSURE FLASH 
COOLER LETDOWN TANK 

GAS FIRED 
HEATER 

RECYCLE OIL ANO 

PLUS FLOW 
REACTOR 

HIGH 
PRESSURE 

PUMPS 

CATALYST 
ran- n 

Figure 2. Flow diagram for the production of TR-9 and TR-12 
at Albany, Oregon using the PERC process. 
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2.4 The U of A Process 

The University of Arizona has been conducting research on the 

biomass liquefaction technology under DOE funding since 1978 (White 

1978). During the course of this research, the University has 

developed a unique method of pumping concentrated, viscous biomass 

slurries characteristic in biomass direct liquefaction systems. This 

method uses a modified single screw extruder similar to those used for 

very viscous materials in the polymer industry. The modified extruder 

has now been shown to be capable of punping slurries as high as 60 

percent wood flour by weight as compared to 10-20 percent in 

conventional pumping systems. The ability to handle such 

concentrations is expected to improve direct liquefaction process 

economics substantially by reducing recycle oils by 80 percent, 

decreasing preheater and reactor heat loads three fold, eliminate 

drying and special grinding of wood chip feedstocks, eliminateing the 

troublesome preheater by partially using the extruder-feeder as such, 

and producing a "higher quality" wood oil by less exposure to high 

temperatures and a narrower residence time distribution. The flow 

diagram for the process is shown in Figure 3. 

The process can be summarized as follows: Wood flour, recycled 

oil, and catalyst are fed into the extruder at atmospheric pressure. 

The extruder feeds the slurry into the reactor at 3000 psi. Carbon 

monoxide and superheated steam are fed into the bottom of the reactor. 

The slurry moves up through the reactor in a plug flow manner. The 

reactor is heated by electrical heating bands and by the heat of 

reaction between steam and carbon monoxide. The slurry exits the 
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reactor into a pressure let-down vessel where the pressure is held 

constant with a control valve. The vapors and gases which exit through 

the control valve go through a condenser to remove water and other 

condesables. The product oil is released from the bottom of the 

pressure letdown vessel according to the level in the vessel which is 

measured with a nuclear level detector. When the product oil leaves 

the letdown vessel it goes from 3000 psi to 1000 psi, and water and 

other light components are flashed off and condensed. The product oil 

is then flashed down from 1000 psi to atmospheric pressure where more 

light components are flashed off and condensed. The product oil is 

then vacuum distilled to produce a liquid oil distillate and a solid 

undistilled fraction. A portion of the undistilled fraction is 

recycled and the remainder exits the system— 
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CHAPTER 3 

THEORY AND RELEVANT DATA 

3.1 Azeotropic Distillaton 

3.1.1 Immiscible Azeotropes 

An azeotrope of two liquids occurs when the mole fraction of the 

vapor and liquid phases are equal, and upon distilling the solution, it 

is impossible to obtain a pure distillate. There are two general types 

of azeotropes: miscible and immiscible. 

An iimiiscible mixture of two liquids will always azeotrope. This 

can be understood in terms the Gibb's phase rule. 

p + F = C + 2 

Where P is the number of phases; F is the degrees of freedom; and C is 

the number of chemical species. 

For a mixture of two immiscible liquids being distilled, there 

are three phases: two liquid phases and one vapor phase. 

F = 2 + 2- 3 = l 

Thus, there is only one degree of freedom, and if one sets the 

pressure, all other intensive variables are fixed. Therefore, the mole 

fraction of the components cannot change as they move up the 

distillation column. 
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The vapor pressure above two immiscible liquid compounds is equal 

to the sum of the vapor pressures of each pure component. 

P = PA + PB 

The two vapor pressures are additive because each compound acts as 

though the other one does not exist, an example of this would be a 

hydrocarbon and water, in reality, there are no perfectly immiscible 

liquids, although the miscibile concentration may be very low. 

3.1.2 Mi scible Azeotropes 

In the second type of azeotrope, the compounds in the liquid are 

completely miscible, and they interact with each other through 

intermolecular forces. The most common interaction being hydrogen 

bonding. This causes non ideal solutions and hence a deviation from 

Raoult's law. This law states that the partial pressure of species A 

above the liquid mixture is equal to the product of its mole fraction 

in the mixture times the vapor pressure of pure species A. 

Raoult's Law: Pj = xR P° PB= P| 

P " PA + PB P = (P̂ -P|)xA • P° 

Figure 4 shows that, for a solution obeying Raoult's law, the 

total pressure above a liquid composed of components A and B is linear 

with respect to the mole fraction of A in the liquid. The second 

diagram in Figure 4 shows that the mole fraction in the liquid, x. 
A, 3 S 
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equal to the mole fraction in the vapor, ŷ , only at the end points for 

an ideal solution. 

P=const. 

Figure 4. Mole fraction of A vs. total pressure P for an ideal solution 
(left). Mole fraction of A in the liquid vs. mole fraction of 
A in the vapor for an ideal solution (right). 

An ideal mixture of two liquids cannot form an azeotrope. The 

proof is as follows. The mole fraction in the vapor for an ideal 

solution is: 

YA = 
pA *A PA 

For an azeotrope to occur, yft must equal xA. This will only be 

true if P° equals P or at x̂  equals 0. It can now be shown for an 

ideal solution that P» ûals p only at ̂  equals 1. 
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P = PA = XA PA + *B PB = XA *A + < 1 " XA > PB 

PA - P& 
which implies: = = 1 

po _ po 

A B 

Therefore, an ideal solution which obeys Raoult's law cannot form 

an azeotrope because the vapor and liquid mole fractions are equal only 

at the end points. 

It has to be remembered that there are no ideal solutions; just as 

there are no completely immiscible liquids. The real world is, always, 

somewhere in between. These are important principles that are learned 

early in chemical engineering education; however, they are reviewed in 

some detail due to their importance in this study. 
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3.2 Chromatography 

3.2.1 Size Exclusion Chromatography 

An economic source of fuel and chemicals may be derived from wood 

and other cellulosic materials such as municipal solid wastes and other 

biomass. In the conversion of biomass into usable products, the high 

molecular weight (MW) carbohydrate polymers must be broken down into 

smaller MW fractions. Therefore, it is important to know the molecular 

weight distribution (MWD) after conversion to assess the reactor 

performance and the value of the product. 

Size exclusion chromatography (SBC), formerly known as gel 

permeation chromatography (GPC), is a rapid and convenient method of 

determining the MWD. The principals of SBC are straight foward. The 

sample is dissolved in a solvent and loaded onto the column. The 

column separates the sample according to the length of the molecules 

present (PhiHup 1984). The larger molecules elute first since they 

enter fewer pores of the column packing and, thus, travel a shorter 

distance. A detector measures the sample as it elutes out of the 

column, giving a curve of time versus detector deflection. The time 

represents the MW and the detector deflection represents the amount of 

sample. 

The basic equation for SBC is the following: 

VR = VM + K V£ 

Where Vg is the volume of the stationary phase (the pore volume); K is 

the extent to which molecules enter the pores, VM is the volurne of the 
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mobile phase (the volume outside of the particles and pores), and Vn is 

the retention volume. K has a value of zero for the largest molecules 

and one for the smallest molecules. Its value is between zero and one 

for all molecules which are smaller than the largest pores and larger 

than the smallest pores. 

Resolution data for various pore sizes, pore size distributions, 

and linking of columns of different pore size in series are presented 

by Schultz (1984). These data are for ultra styragel packing which 

consists of crosslinked polystyrene divinyl benzene. Experimental data 

for the increase in the number of theoretical plates and the increase 

in the range of K when columns are linked in series are given. 

The weight average molecular weight (Kw) and the number average 

molecular weight (Mn) can be determined from SEC. An example of how to 

find Mw and for a detector which gives a signal proportional to the 

concentration of the sample eluted are given by Cazes (1966). 

Twi Mi Mi 
Mw = — Mn " 

2>i 2>d 4 J" t J 

In the determination of Mw and in biomass oils, difficulties 

are encountered. For example, when a uv detector is used, the height 

of the chromatogram is a measure of the uv absorbance in a given 

concentration of the eluant. Some compounds in the complex biomass 

oils are stronger uv absorbers than others, and the height of the 

chromatogram is not proportional to the mass of molecules being eluted. 
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In fact, some species may not absorb uv radiation at. certain 

wavelengths. Fortunately, biomass oils are very aromatic, so uv 

detectors can be used to obtain limited results. 

SEC has limited ability in analyzing for specific compounds. The 

maximum number of peaks in the chromatogram of a SEC column has been 

calculated to be about 20 (Giddings 1967). The concentration of 

individual compounds in a complex mixture such as a biomass oil can be 

made in the following manner. A calibration curve is made with a pure 

sample of the compound to be quantified to determine the area versus 

the amount. The retention volume is also recorded. Then the biomass 

oil is injected, and the area under the peak at the proper retention 

volume is used to determine the maximum amount of the species present. 

This is only a measure of the maximum amount since other compounds may 

have the same retention volume, and would be part of the chromatogram 

peak. 

There are some difficulties in determining the MWD by SEC. First 

of all, there may be some absorbance by the analyte giving K greater 

than unity. Secondly, hydrogen bonding between the solvent and the 

analyte will cause the effective size to increase, thus increasing the 

retention volume. This is especially true when THF is used since there 

are phenols and organic acids present in the oil. THF is used anyways 

since it is a good solvent for both the polar and nonpolar compounds in 

the oil. 

To determine the accuracy of using polystyrene and IGEPALS 

(alkanes with a 4-phenol termination) as MW standards, Johnson (1988) 

used biomass oil model compounds. The true MWs of the model compounds 
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were compared with the MW's found using these MW standards. These 

results were found using polystyrene divinyl benzene packed columns 

with 50 A pore size and 5 jjm particle size. THF was the mobile phase, 

and uv and refractive index detectors were used. Johnson shows the 

actual chromatograms for several wood pyrolysis oils. 

Johnson concluded that the phenols and other polar compounds 

results agree with the PS and IGEPAL standards, showing slightly 

greater apparent MW's due to hydrogen bonding with the mobile phase, 

THF. He also concludes that the naphthalene model compounds show 

apparent MW's less than true MW's due to the compact molecular 

structure and affinity for the aromatic packing. 

The accuracy of using SEC for determining and Mn can be 

evaluated by comparison with results from the more complicated and 

time consuming vapor phase osmometry (VPO). Comparisons with 

hydroxypropylated lignans were performed by Siochi (1989): lignan is 

second only to cellulose in natural abundance. Siochi did this work 

using several crosslinked styrene divinyl benzene packed columns. The 

detectors were refractive index and differential viscometry types. 

Siochi shows that the diferential viscometry detector was slightly 

unstable due to sample concentrations near the lower detector limit. 

The degree of agreement between values found with SEC and VPO are given 

by Siochi. He concludes that there is good agreement and that SEC with 

a differential viscosity detector is a valid method for finding and 

Mn-

A difficulty in using SEC for MWD's of lignin compounds arises 

from their limited solubility in THF, and stronger solvents are needed. 
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These stronger solvents can give K values as high as 1.5 for 

polystyrene standards Johnson (1989). These increased retention 

volumes are explained in two ways. First, the stronger solvents alter 

the pore sizes. Secondly and more importantly, the polystyrene 

standards are strongly affected by adsorption onto the styrene divinyl 

benzene particles in the presence of these strong solvents. 

There are many detectors for SEC such as the bulk detectors, 

refractive index, viscometric, and conductivity and the solute 

detectors, uv, flourescense, and electron capture (Scott 1977). 

A new and exciting method of determining the MWD in SEC uses a low 

angle laser light scattering (LALLS) detector. The advantage of using 

LALLS is that the MWD can be measured directly without the use of MW 

standards. The MW is found from the concentration, the second virial 

coefficient, the Rayleigh factor, and the polymer constant. (Ouani 

1974). By using a bulk detector, refractive index for example, in 

series with the LALLS detector the concentration can be found and used 

to compute the MWD directly with the values found in standard tables 

for the other coefficients. 

A LALLS detector with a 0.1 pi detector volume and laser beam 

focused to 80 pn was used by Jordan (1980) . He gives estimates for the 

sensitivity and accuracy of using LALLS. 

One drawback with LALLS is that it can only be used to find the 

MWD for pure samples, therefore not applicable to complex samples such 

as biornass oils. This is from the fact that different compounds in a 

complex mixture have different RI's or absorb varying amounts of uv 

radiation, thus making it extremely difficult to measure accurately the 
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concentration at the column outlet. Also, the coefficients needed to 

determine the MW are no longer constants. Even with this limitation 

T.AT.Tfl does have a use in studying the conversion of biomass into oil. 

Cellulose was studied by LALLS by Lauriol (1987). The MWD of 

cellulose was determined by first tricarbanilating it to make it 

soluble in THF without altering the MW. These results were compared to 

those found from more traditional means with good agreement. 

The MW of cellulose from different sources was determined by Evans 

(1980). The cellulose was tricarbanilated to make it soluble in THF 

which was used as the mobile phase. Evans' work differs from Lauriol's 

work in that he determined the MW by using cellulose tricarbanilate 

(CTC) standards for calibration and a simple uv detector. The MWD of 

the CTC standards was found using LALLS photometry. Evans reports his 

data as the degree of polymerization. He determined there to be about 

4000 monomer units in cotton linters and about 2000 monomers in 

bleached wood pulp on a number average basis. 

Up to this point, the mobile phase in the SEC papers reviewed has 

been THF. An aqueous mobile phase was utilized by Gharfeh (1986). The 

column is packed with glycerol coated, porous glass and 0.1 molar 

patassium dihydrogen phosphate as the mobile phase. The pore size was 

200 A and the particle size is 37-74 Jim. This method is useful in 

analyzing the MWD of the water soluble fraction of biomass oils. It 

was used to study polymers in oil field brine. Unfortunately, Gharfeh 

did not report the MWD of the polymers in his brine; he reported, on 

the polymer concentratons. 

In summarizing the state of SEC in determing the MWD's of biomass 
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oil, the response would be to expect more of it in the future due to 

the relative ease, speed, and accuracy as compared to older methods 

such as VPO, precipitations, etc. The use of SEC in characterizing 

biomass and petroleum oils is becoming a common and expected analysis. 

Improvements in the future in column resolution will give better and 

better accuracy especially when coupled to extremely small volume 

detectors such as LALLS. It will also become possible to do more and 

more quantitative analysis with SEC. 
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3.2.2 Gas Chromatography 

The gases given off during the distillations were analyzed by 

molecular sieve and porous polymer gas chromatography. 

There are three general types of separations: molecular sieve, gel 

and alumina, and porous polymer. The pores in the column range in size 

from about 3-10 A in diameter (Thompson 1977). The small molecules 

pass through these pores more easily than do the large ones, so the 

small ones come through first. It is possible for very large molecules 

to be excluded entirely from the pores and elute without retention. 

The molecular sieves are artificially prepared zeolites which are 

the aluminosilicates of sodium, potassium, or calcium. The two types 

of molecular sieves are 5 A and 10 A; the smaller giving slightly 

better resolution but longer retention time. A reducton in temperature 

can increase the resolution, but it increases the residence time. 

Carbon dioxide is adsorbed by 5 A molecular sieves, but is 

released after about 3-4 hours. It has a peak width of about 30 mins., 

so it doesn't affect peaks of much shorter width. If a large enough 

quantity of CO2 is absorbed onto a column, it can cause noticable 

changes. 

Water can also absorb onto a molecular sieve, and it causes the 

most trouble for deactivation. The problem can be remedied by heating 

the column overnight. 

The Porapak (Waters) and Chromosorb (Johns-Manville) porous 

polymers are two similar products that are widely used. Those made 

from styrene and divinylbenzene have low polarity, and those made from 

acrylic esters and other polar materials have higher polarity. 
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3.3 Karl-Fischer Titration 

Karl-Fischer titrations were done to determine the water content 

of the crude wood oil and separation products. The ASTM standard test 

for water using Karl-Fischer reagent was used: ASTM E 203-64. 

The method is valid for concentrations from a few ppm to pure 

water. The sample is dissolved in a suitable solvent that does not 

react with the Karl-Fischer reagent. The Karl-Fischer reagent is a 

mixture of iodine, sulfur dioxide, pyridine, and methanol or glycol 

erher. As long as any water is present, iodine is reduced to hydrogen 

iodide. The end point can be determined by several means such as 

visually or electrometrically. The reactions that take place are: 

C5H5N*I2 + C5H5N*so2 + C5H5N + H2O 2C5H5N*SO3 

Water can be determined directly in the presence of the following 

compounds: 

C5H5N*S03 + ROH C5H5N*HS04R 

Acetals Halides 

Acids Hydrocarbons, sat'd and unsat'd 

Acyl Halides Ketones, stable 

Alcohols Nitriles 

Aldehydes, stable Grthoesters 

Amides Peroxides 

Amines, weak Sulfides 

Anhydrides Thiocyanates 

Disulfides Thioesters 
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Esters Ethers 

There is interference by some classes of compounds (Mitchell 1948) 

such as the carbonyls and mercaptans. 

For liquid petroleum products Methanol:Chloroform 1:3 by volume 

works well for a solvent. 

3.4 Soxhletic Extraction 

Soxhlet extraction was used to determine the solubility of the 

crude wood oil, the distillates, the undistilled crude oil, the wood 

flour and other materials in THF. It works by dripping the solvent at 

slightly below its boiling point over the sample. 

The solvent is evaporated in a boiling flask by a heating pad. 

The vapors rise and condense in a water cooled condenser. Then they 

drip down over the sample in a cellosic filter thimble. When enough 

solvent has dripped down, it reaches a level high enough for a small 

siphon to take effect. This causes the solvent plus soluble sample to 

drain back into the boiling flask. The solvent is re-evaporated and 

the cycle is repeated. Once the solvent is clear or after a sufficient 

period of time, all of the soluble material is extracted. 

The thimble plus the undissolved material is then dried overnight 

in a moisture free environment, it is then weighed to determine the 

percent insoluble. 
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CHAPTER 4 

EXPERIMENTAL APPARATUS AND PROCEDURE 

4.1 Distillation 

The distillation diagram is shown in Table 5. The sample would be 

placed in the 500 ml boiling flask immediately before a run was to be 

performed. Next, dry ice and acetone or methanol would be added to the 

cold-traps. Then the vacuum pump would be turned on to check for air 

leaks. The temperature of the upper and lower thermocouples were then 

recorded with the time, and the variac for the heating pad was turned 

on. The temperature of the upper and lower thermocouples were then 

recorded as a function of the amount distilled. The time, the variac 

percent of full voltage, and the vacuum pressure were also recorded. 

The temperature measured by the upper and lower thermocouples was 

read from two separate instruments. One was a voltage meter, capable 

of reading down to 1 pV, connected to the thermocouples by an ice 

point device. The voltage was then converted to temperature units with 

a conversion chart for J-type thermocouples. The second instrument was 

an Omega model 115 JF which displayed a reading in °F. 

The pressure difference between the system and the ambient air was 

measured with a mercury manometer connected from the outlet of the 

second dry ice trap to the ambiant air. The ambient pressure was read 

with a mercury barometer. The system pressure was then found by taking 

the difference in these two readings. 

The rate of heating was controlled by the voltage applied to the 
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Figure 5. Diagram of the distillation apparatus. 
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heating pad. The applied heat was regulated so that approximately 

1 ml/min of distillate was recovered in the graduated cylinder. This 

was sufficiently slow to approach total reflux or an infinite nuniber of 

theoretical plates. 

4.2 Chromatography 

4.2.1 Size Exclusion Chromatography 

For High Performance Liquid Chromatography (HPLC) a Waters 

Associates model ALC/GPC unit was used. It was upgraded with a liquid 

end assembly which increased the maximum pump outlet pressure from 1000 

to 6000 psi. The detector was a Beckman model DB-GT grating 

spectrophotometer. A Waters model U6K universal liquid 

chromatographing injector was used. Finally, a Beckman 10" model 1005 

linear recorder was used. 

The columns used were Waters brand yaStyragel. Three columns 

were used in series: a 1000 A, a 500 A, and then a 100 A pore size. 

The 100 A is designed to separate 50-1500 MW units, the 500 A is 

designed to separate 100-10,000 MW units, and the 1000 A 200-30,000 MW 

units. 

Tetrahydrofuran (THF) was the carrier solvent for all HPLC 

analysis. The pressure was about 1400 psi; the flow rate 1.0 ml/min; 

and the pump was set at 30 percent of full displacement. The uv 

wavelength was 250 run where anthracene and phenanthrene are very strong 

absorbers. A standard curve was made as seen in figure 6 with the 

compounds listed in Table 2. 

Since a spectrophotometer was used for the detector, there was an 
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unusually large detector volume of 1 ml. The column pore volume, V 
s 

was 15 ml and the dead volume, V , was 18 ml. It is believed that the 

large detector volume did not negatively affect the MWD's to an 

appreciable extent since V was 15 times greater than the detector 

volume. Although it was not done in this work, the effective detector 

volume could be reduced by adding a solvent stream to the eluant stream 

before it enters the detector; this increases the volume of the eluant 

which is equivalent to reducing the detector volume. 

The standardization curve used to determine the effective 

molecular weights of the biomass oils is shown in Figure 6. Phenol has 

an effective MW of 210 which is greater than its true MW of 94. This 

is due to the hydrogen bonding beween it and the solvent, THF, used for 

the mobile phase. The column cannot resolve MW's below 180 as shown in 

Figure 6. 

Table 2. Retention volumes of the compounds used to construct the 
M.W. standardization curve. 

M.W. ret. vol (ml) 

Benzene 78 32.5 
Phenol 94 29.3 
Xylene 106 32.5 
Anthracene 178 32.3 
Phenolphthalein 318 26.4 
Irganox 1010 1178 23.0 
Polystyrene 2000 21.8 
Polystyrene 4000 20.7 
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Figure 6. Molecular weight (MW) standardization curve of Vr versus MW 
which was made using the standard compounds shown above. 
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4.2.2 Gas Chromatography 

The analysis of the gases given off during the distillations were 

measured on a Hewlet Packard 5880 Series gas chromatograph. An 

accompanying terminal was included which allowed control of the 

parameters and print-out. 

Two columns were needed to analyze all of the gases. The one in 

position "A" was a 6 ft. by 1/8 in. stainless steel column packed with 

porapak Q 80/100. The one in position "B" was a 10 ft. by 1/8 in. 

stainless steel column packed with a zeolite molecular sieve 13X 45/60. 

The parameters used were 80 °C oven temp., 200 °C detector temp., and 

125 °C injector temp. A single filament thermalconductivity detector 

was used, and He was the carrier gas. 

Pure gas species were used to find the volume of a particular gas 

from the area under a curve. These conversion values are given in 

Table 3. It was found that the area varied approximately linearly with 

the volume of gas over the range used. 

The total flow rate of gases through the thermal-conductivity 

detector was 60 ml/min of this 35 ml/min were in the modulator, 

12.5 ml/min in column A, and 12.5 ml/min in column B. The He carrier 

gas was fed into the GO at 40 psi, and the modulator's control pressure 

was 30 psi. 



41 

Table 3. GC conversion factors for determining the gas volume from 
the area under a curve and the retention volumes, found 
with gas standards. 

COLUMN A COLUMN B 

species area/ul VR (ml) species area/ul VR (ml) 

H2 43.9 5.4 H2 50.7 10.5 

AIR 7492 5.8 °2 8847 15.0 

CO 8289 5.8 N2 9110 17.4 

N2 7943 5.8 CO 8093 25.1 

CH4 6233 7.9 CH4 6126 28.6 

CO2 9592 11.8 

c2H4 6958 17.8 

C2«6 8987 22.1 

H2O - 52.4 

C3H6 12105 65.3 

C3H8 12105 72.8 

4.3 Karl-Fischer Titration 

The water analysis was done with a Fischer Model 392 K-F Accesory 

and a Fischer Model 395 Burette/Dispensor. The 392 Accessory enploys 

an amperometric methode of titration. An electrode with dual platinum 

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

microampmeter and a dc voltage source. A polarizing voltage is applied 

while the Karl Fischer Reagent is slowly added, until eventually all 

sample water has been consumed in the reduction of sulfur dioxide, and 

is therefore present as an efficient current carrier. The resulting 

large standing current is then observed by the microampmeter as a sharp 

end point indication. 
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The analysis was done by first filling the beaker with the 

solvent, 3 volumes of chloroform with X volume of methanol as suggested 

by ASTM E203. These solvents should be anhydrous, but since some water 

is present, it must be neutralized by the addition of K-F solution 

until the end point is reached. Next a known amount of pured water is 

added to determine the amount of K-F solution needed to neutralize it; 

this gives the K-F conversion factor (ml Î O/ml K-F soln). Once this 

value is found, a sample with an unknown amount of water can be 

titrated. The volume of K-F needed is then multiplied by the K-F 

conversion factor to give the amount of water present. 

The 392 Accessory was set with the following parameters: minimum 

rate 8, proportional band 8, end point 30 seconds, and end point set 30 

jjamps. 

4.4 Soxhelet Extraction 

The Soxheletic extractor was used with Tetrahydrofuran (THF) as 

the solvent and with a disposable cellulosic thimble. The experimental 

procedure for this analysis is as follows: The 500 ml boiling flask is 

filled with about 250 ml of THF. The porous thimble is weighed before 

and after placing the sample in the thimble. The entire apparatus is 

placed in a constant temperature oil bath. The temperature is 

maintained initially at 70°C and increased to about 95°C. The 

temperature is increased to compensate for the boiling point elevation 

of THF once the solubles begin to dissolve in it. The amount of time 

needed for the extraction is usually about 4-5 days. 

When the extraction is completed, the thimble containing the 



insoluble fraction is dried under a fume hood for several days. Then 

it is dried in a dessicator for eight hours. The solubility is then 

found by subtracting the amount of residue from the amount of biomass 

fed and dividing by the amount fed. 
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CHAPTER 5 

ANALYSIS OF THE CRUDE WOOD OIL 

5.1 General Techniques 

Before any information can be obtained on the separation of the 

crude wood oil products, one must determine the chemical 

characterization of the oil to be separated. The crude wood oil 

primarily used throughout this thesis is the product from Test Run # 9 

(TR-9) at the PERC process in Albany, Oregon. Crude wood oil TR-12 

{barrel #803) and U of A crude oil were also used. The early U of A 

experimental runs used crude wood oil TR-9 as the carrier to feed the 

wood flour into the reactor through the extruder in about a 1:1 ratio. 

Later, an all U of A oil was made using its own vacuum bottoms as the 

recycled, carrier oil. 

The first analysis done on the crude oil was soxhletic extraction. 

It was found that 96.6 percent of TR-9 and 94.8 percent of TR-12 on a 

dry basis is soluble in THF, and only 3 percent of wood flour is THF 

soluble on a dry basis. This is an indication that the extent of 

conversion is good since the high MW carbohydrates in wood are broken 

down and reduced to become THF soluble. In doing the soxhletic 

extraction, the amount of water in the sample is always found by K-F 

titration, so the THF soluble fraction on a dry (water free) basis can 

be found; the values can range from 1-15 percent by weight. 

Viscosity data for wood oils TK-9 and TR-12 show that they are 

pseudoplastic. At room temperature, if pulled slowly, it will stretch, 
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but if hit with a hammer, it will shatter like glass. The numerical 

value of the viscosity is highly dependeant on the temperature and on 

the amount of dissolved water present in it. 

The pseudoplastic nature of the crude wood-oil indicates that, it 

is composed of long molecular chains. The MWD of the THF soluble 

fraction of TR-9 and TR-12 can be seen in Figures 7 and 8. The upper 

MW limits for Figures 7 and 8 are about 4000. The maxima in the 

distributions have effective MW's of 260. The true maxima MW's are 

less than 260 because some of the compounds in the crude oils can 

hydrogen bond to THF making there apparent sizes greater than their 

true sizes. 

The MWD can be used to identify likely compounds in the crude wood 

oil with the aide of other analyses. For example, phenols have been 

identified as one of the main components in wood oil. Phenols, also, 

hydrogen bond to THF which gives them an effective MW higher than their 

true MW's. The effective MW of phenol is 207; 113 MW units greater 

than its true MW of 94 as shown in Figure 6. This is due to the 

hydrogen bonding of THF on phenol which increases its effective size. 

Other phenolic compounds will hydrogen bond to THF. If one assumes the 

same degree of hydrogen bonding on all phenols, then a phenol of true 

MW 147 will elute out of the column in the MWD maximum of 260. This 

would be a phenol with four branched carbons. 

The anthracene content can also be determined from these 

distributions. At 250 nm in the ultra violet spectra, anthracene and 

phenanthrene are very strong absorbers. Using an anthracene standard, 

an upper limit on its concentration can be made. No distinction is 
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made here between anthracene and phenanthrene since they both absorb 

nearly equally at this frequency (Simons 1979). 

The value of 1.3 prcent by wt. of anthracene was found in TR-9 and 

0.2 percent by wt. in TR-12. This supports estimations made by Rust 

Engineering (1982) for their runs. It also contradicts D. Elliot 

(1985) who found 14.2 percent anthracene by wt in TR-9 and 0.6 percent 

in TR-12. This discrepency may be explained by the fact that the 

samples tested were taken from different barrels and hence from 

different times during the same run. As the run progressed, the 

anthracene content slowly decreased due to the removal of it in the 

product stream in the recycle reactor system. 

The acid, neutral, and insoluble mass fractions of TR-9 and TR-12 

were found by D.C. Elliot (1982) as shown in Table 4. These values 

were found by dissolving the crude wood oil in excess 5 percent aqueous 

NaOH. The solution was then extracted with methylene chloride to yield 

the neutral fraction after stripping off the organic solvent. HC1 was 

then added to the aqueous phase, and then it was re-extracted with 

methylene chloride to yield the acidic fraction after stripping off the 

solvent. The insolubles were filtered from the aqueous phase and 

dried. 

The values for elemental analysis of the unreacted wood flour used 

for the production of TR-9 and TR-12 and their values on a dry basis 

are shown in Table 5. It can be seen that there was a large reduction 

in the oxygen content and a corresponding increase in the heating 

value. 

Another method of analysis is Nuclear Magnetic Resonance (NMR). 



This procedure can determine the percent of carbon and hydrogen in 

aromatic bonds. The results shown in table 6 were found by Yi Zhao 

(1987) for U of A distilled oil. The oil is highly aromatic because 

the starting wood flour is made up of cellulose, hemicellulose, and 

lignin all of which are aromatic compounds. 

Table 4. Acid, Neutral, and Insoluble fractions (percent by wt) of 
TR-9 and TR-12 from D.C. Elliot (1982). 

Product Neutral Acid Insoluble Total recovery 

TR-9 64.9 21.2 13.8 92.4 

TR-12 50.3 25.3 24.4 92.0 

Table 5. Elemental analysis and heat of combustion (percent by wt) 
for wood flour, TR-9, and TR-12. 

C H O N Btu/lb 

wood flour 48.3 6.1 40.9 0.1 8200 
(Douglas Fir) 

TR-9 85.1 8.0 6.9 0.0 16500 

TR-12 80.6 10.3 9.1 0.0 15300 

Table 6. NMR data for aromatic carbon and hydrogen content (percent 
by wt) of U of A distilled oil and petroleum. 

U of A distilled oil: 45 aromatic C 25 aromatic H 

Petroleum: 14 aromatic C 
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The results from these techniques help elucidate what the crude 

wood-oil is composed of. It is composed of a large number of compounds 

with molecular weights that vary continously up to about 4000 g/mol. 

It is composed entirely of carbon, hydrogen, and oxygen. On a dry 

basis there are 17 carbon atoms and 18 hydrogen atoms for every oxygen 

atom in TR-9; there are 12 carbon atoms and 18 hydrogen atoms for 

every oxygen atom in TR-12. The crude oil is much more aromatic than 

petroleum. Finally, since there is a large acidic fraction probably 

due to the phenols and carboxylic acids, the crude oil is capable of 

absorbing up to 15 wt percent water. 

5.2 Species Identification 

Individual chemical species in the crude wood oil have been 

identified using Gas Chromatography/Mass Spectrometry {GC/MS). The 

results for TR-9 and TR-12 are shown in Table 7. U of A results are 

shown in Table 8. 

There are sane problems with this method of identification. Only 

the fraction of the crude oil which can be gasified can be identified. 

Also, the gasification of the crude oil at high temperature causes 

chemical changes to take place, altering the results. More will be 

said about the instability of the oil in Chapter 6. 

For crude wood oil TR-9, the largest single group identified by 

GC/MS is the PolyAromaticHydrocarbons (PAH's). These are not 

characteristic of wood liquefaction; they come from the anthracene used 

as a carrier oil during start up. The start-up oil for TR-12 was TR-9, 

so the PAH's are present in a much smaller amount in TR-12. An outline 
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of the conditions for the production of TR-9 and TR-12 is given in 

section 2.3. 

The GC/MS data in Table 8 are for distilled U of A oil using TR-9 

as the carrier oil. Since this oil was first distilled some chemical 

changes took place and it is slightly different than the crude oil. 

As with TR-9, a large number of PAH's were identified. This is to 

be expected since TR-9 was used as the carrier oil for this U of A 

distilled oil analzsed. Also, a large number of phenols were 

identified. 
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Figure 7. MWD of the THF soluble fraction of TR-9. 10 pi injected. 1.08 mg TR-9 db/g THF. 
THF mobile phase. T=28°C. Flow rate 0.87 ml/min. 



Figure 8 .  MWD of the THF soluble fraction of TR-12. 
THF mobile phase. T=28°C. Flow rate 0.89 

10 pi injected. 2.69 mg TR-12 db/g THF. 
ml/min. 

m 



Table 7. GC/MS data from D.C. Elliot (1982). Values are in mass 
percent. 

chemical group TR-9 TR-12 

Water 8.9 7.3 

C2C5 acids - 0.5 

Guaiacols 0.1 0.7 

Cyclopentanones 0.2 0.3 
c8~c9 cyclic ketones - 0.3 

Cyclopentanones 0.4 0.4 

C7-C9 cyclic ketones 0.4 0.3 

Unsaturated phenols 0.5 0.5 

Phenols 6.8 4.5 

Dihydroxybenzene s - 3.8 

Methyl naphthols 0.4 

Cg alkylbenzenes 0.5 -

PAH 14.2 0.6 

Benzof urans 0.7 -

Other heterocyclics 0.9 -
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Table 8. GC/MS data from Yi Zhao's M.S. thesis (1987). These are all 
of the comounds that he identified as "highly probable" 
or "probable" of being present in the distilled wood-oil. 

1) Alliphatic Hydrocarbon 
Tricosane,2-methyl-
Tridecane 
Pentadecane 
Heptadecane 
Cyclopropane,l-methyl-2-(l-methyl)-3-(1-methylethy1idene)-cis 

2) Aromatic Hydrocarbon 
Phenanthrene 
Anthracene 
Phenanthrene, 4-methyl -
MethylAthracene 
5-H-Dibenzo[a,d]-cycloheptene,5-methylene-
9H-Flourene,9-methylene-
Benzo[b]thiophene,2,7-diethyl-

3) Aromatics 
Phenol, 4-ethyl-2-methoxy-
2,3,4,6-Tetramethylphenol 
Phenol,diethyl 
Phenol,3-roethyl-
Phenol,3,5-diethyl-
Phenol,2,4-dimethyl-
Phenol,2,3,6-trimethyl-

4) Ketons 
2-Pentanone, 4-*hydrojcy-4-methyl-

5) Ester 
1,2-Benzenedicarboxylie acid,dimethyl ester 
1,2-Benzenedicarboxylie acid,diethyl ester 

6) Furan 
Dibenzofuran 

7) Alcohol 
Benzenemethanol, 4-methyl-
2-Buten-l-OL, 3-methyl 

8) Sugar Derivatives 

D-galactitol, 2- (acetylmethylamino) -2-deoxy-3,4,6-tri-o-methyl-l, 5-diacetate 
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CHAPTER 6 

DISTILLATION RESULTS 

6.1 University of Arizona Oil 

The crude wood oil from the U of A process was distilled at the 

reactor site. This distillate had an aqueous and an organic phase. It 

was then shaken and redistilled in the laboratory at 260 mm Hg. The 

boiling point curve can be seen in Figure 9. Five cuts were collected, 

and the boiling point range for each fraction can be seen in the 

figure. The first fraction contained all of the water and some of the 

light oil. The last fraction included the highest boiling distillate 

and the oil left behind in the boiling flask. Each of these cuts were 

run through the HPLC, and their MKD's can be seen in Figures 10-13. 

The results are summarized in Table 9. 

The SEC results show that the retention volume increases with the 

boiling point. This is expected since higher MW compounds have higher 

boiling points. The retention volume is related to the hydrogen 

bonding capability of the oil because THF can hydrogen bond to some 

compounds in the oil increasing the molecular size. This is one reason 

why the average MW's are only approximate. Also, only compounds which 

are uv absorbers are detected. This should not be a serious limitation 

because the wood oil is highly aromatic, and the aromatics are strong 

uv absorbers. 

The MW averages were found using the assumption that the detector 

output is proportional to the molar concentration of the eluant. This 
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is not entirely true since the detector is a uv detector and the height 

of the chromatogram is really proportional to the uv absorbance in a 

given concentration. More precise values could be found using 

refractive index in addition to viscometry or LALLS type detectors. 

If a solvent was used for the mobile phase with less hydrogen 

bonding and polarity than THF, there would be less of a difference in 

the retention time between the phenols and the neutral molecules like 

anthracene. In this case the uncertainty in the MW would be less. THF 

was used here because the crude wood oil is very soluble in it and 

anthracene eluted after the phenols giving better quantitation of it. 

It should be mentioned that much more work could be done with 

chromatographic analysis, and an entire thesis could be written on this 

subject alone. 

Table 9. MW and boiling range of University of Arizona distillate. 

Fraction b.p. range °C "w Mn max 
{260 mm Hg) 

"w Mn 

First 74-144 
Second 144-196 188 185 240 
Third 196-214 195 192 250 
Fourth 214-254 206 199 400 
Fifth 254- 508 260 1600 

The data in Table 9 is useful in that it gives information about 

the nature of the oil. For example, the third fraction has a boiling 

range between 196 and 214 °C at 260 rrm Hg. Its average MW is about 

195. This means, if this oil is phenolic in nature, it should have 5 
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or 6 additional carbons in order to give the correct boiling point. 

This also agrees with the elemental analysis done on the third fraction 

of TR-9 distillate (which will be shown to be very similar to u of A 

distillate) by Elliot (1982). He found the percent, elemental 

composition of the fraction boiling in this range to be: 80.1 C, 9.4 H, 

and 9.4 O by weight which also indicates a phenol with 5-6 branched 

carbons. 



. 0 t 100 200 300 volume distil led (ml) 
Figure 9. Redistillation curve for University of Arizona distillate. P=260 mm Hg. Amount 

distilled = 400 ml. Redistillation date 11-11-88. 
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Figure 10. MWD of the second U of A distillate fraction. 10 pi injected at 4.31 mg sample/g THF. 
THF mobile phase. T=28°C. Flow rate 0.89 ml/min.  ̂

00 



Figure 11. MWD of the third U of A distillate fraction. 5 jjI injected at 5.34 mg sample/g THF. 
THF mobile phase. T=28°C. Flow rate 0.88 ml/min. 



Figure 12. MWD of the fourth U of A distillate fraction. 10 ul injected at 2.73 mg sample/g THF. 
THF mobile phase. T=28°C. Flow rate 0.87 ml/min. 
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Figure 13. MWD of the fifth U of A distillate fraction. 5 pi injected at 1.02 mg sample/g THF. 
THF mobile phase. T=28°C. Flow rate 0.88 ml/min. 
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6.2 Albany Test Run #9 Crude Wood Oil 

A series of distillations were done with TR-9 at various 

pressures. The results can be seen in Tables 10 and 11. There are 

several results which were found with these runs. 

First of all, as the pressure is increased, the amount left 

undistilled in the boiling flask increases and the amount distilled 

decreases. There are two reasons for this. One, as the pressure 

increases, the boiling points increase, and since the distillation runs 

were terminated once the temperature in the boiling flask reached 

400°C, more material was left behind. The second reason is that at a 

higher temperature more char is formed which remains as undistilled 

material. 

The second result is that the density of the distilled oil and its 

chemical composition is dependent on the pressure during the 

distillation. This means that the oil is not simply being distilled, 

but it is undergoing a chemical transformation to some degree. This 

was found by measuring the relative amounts of the distillate which 

separated into three phases: heavy oil, aqueous, and light oil. 

The amount of gases lost at lower pressure is more because more of 

the distillate is in the vapor phase and is lost with the gases. 

An analysis of the gases given off during the distillation runs 

again shows some reaction to be taking place. Initially, traped gases 

are given off. These are H0 , ̂  
z ana uj2 which were off gases from the PERC 

process (Fig.2). After about 2-3 hours, CO and CO„ 
z are generated when 

temperatures reach 100-300-C in the boiling flask. H., and CH4 are the 

two primary gases generated toward the end of the distillation when the 
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temperature approaches 400°C in the boiling flask. 

The heavy and light oil layers from a distillation of TR-9 the 

distillate from U of A crude oil at about 10 mm Hg (which has a density 

less than water) were analyzed by SBC. Figures 15, 16, and 17 show the 

chromatograms. It can be seen that the three samples have similar 

MWD's. 

Soxhletic analysis was done on the material left undistilled in 

the boiling flask to determine the amount of char. This was compared 

to the amount of char in the TR-9 before distillation. It was found 

that 19.3 percent by wt of the dry TR-9 was converted to a THF 

insoluble material during the distillations at 50 mm Hg. This THF 

insoluble material is thought to be a cross linked thermoset or char. 

This reaction is an undesirable effect since this char has little known 

value and may cause plugging when it is recycled through the reactor. 

The THF soluble fraction of the vacuum bottoms from the 

distillation at 50 mm Hg were run through the HPLC as can be seen in 

Figure 14. The upper limit of the MW is about 4400 which has not 

increased from that of the THF soluble fration of TR-9 before 

distillation. This indicates that molecules are not combining with 

themselves to form larger molecules during the distillation (this 

assumes that the THF insolubles gcreated are of high MW which is 

reasonable since most low MW compounds are THF soluble). This must 

mean that the char is formed by molecules growing on already existing 

char particles or seeds. This is similar to crystallization. To 

reduce char formation during distillation, the seeds could be removed 

beforehand. This could be done by dissolving the crude wood oil in THF 
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for exanple and filtering out these large seed molecules. 

No anthracene peak is detected in the THF soluble fraction (Figure 

14) meaning it was completly distilled over, decomposed, or reacted. 

By examining the chromatograms from the distillates for the same 

distillation (Figures 15 and 16), one sees the anthracene 

concentrations to be 2.8 and 3.6 percent by wt, respectively. 

The light oil (less dense) has some higher MW compounds as shown 

in figures 15 and 16. Since it has less anthracene which is heavier 

than water, this contributes to making it less dense than water. 

The MWD for the U of A distillate is shown in Figure 17. There is 

2.4 percent by wt anthracene which means that it is not an all u of A 

oil since anthracene is not a product of liquefaction and only a result 

of its use as a carrier oil for TR-9. 

There are also some higher MW compounds than in the TR-9 

distillates as shown in Figure 17. This is probably because a higher 

vacuum was used, about 10 mm Hg, to distill the U of A distillate 

compared to 50 mm Hg for the TR-9 distillate. The U of A distillate 

has a density less than water which may mean that the higher MW 

components and the lower anthracene concentration decrease its density 

relative to the TR-9 distillate. 
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Table 10. Comparison of amount of undistilled oil, distilled oil, water 
formed, and THP insolubles formed for the distillations of 
TR-9 at 50, 100, and 300 mm Hg. Values are percent of dry 
TR-9. h.o.= oil with a density greater than water. 
l.o.= oil with a density less than water. 

time P 
(rim Hg) 

undist total 
dist oil 

h.o. l.o. Aq form THP 
insol form 

4'18" 50 57.4 31.5 25.5 6.0 8.1 16.6 

4'26" 100 62.2 26.1 17.5 8.6 9.9 9.2 

4 r08" 300 66.8 25.5 2.1 23.4 6.5 24.3 
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Table 11. Comparison of off gases for the distillation of TR-9 at 50, 

100, and 300 mm Hg. Values are % by volume. 

P=50 mm Hg 

time m op 
b * 

tt°f h2 
co C°2 ch. 

4 c2h6 c2h4 c3h8 c3hi 

1'00" 110 102 - - - - - - - -

2'00" 437 105 21.4 28.2 44.9 4.7 0.7 0.2 - -

3'00" 555 404 6.9 14.2 47.7 25.9 4.3 1.0 - -

4* 00" 680 444 37.5 3.0 2.9 35.5 10.9 1.7 2.7 5.! 

P=100 rrm Hg 

time V F  t,°f 
t h2 

co c°2 ch4 c2h6 c2h4 c3h8 C3H6 

1'22" 314 122 0 0.2 99.1 0.5 0.2 0 - -

2'00" 472 124 0 24.1 72.2 2.6 0.8 0.3 - -

2'50" 582 428 0 2.4 44.8 46.1 5.1 1.6 - -

4'00" 671 417 49.3 2.5 3.6 31.7 10.6 2.4 - -

P=300 rim Hg 

time V F  tt-f h2 co c°2 ch4 c2h6 c2h4 c3h8 c3h6 

1'00" 174 159 41.1 0 58.9 0 0 0 0 0 

2' 00" 469 166 13.1 20.7 61.8 3.8 0.6 0 0 0 

3' 00" 603 426 0 2.5 8.4 81.2 2.5 0.7 2.9 1.8 

4'00" 694 469 20.9 3.1 5.5 37.5 18.5 2.9 7.8 3.8 
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Figure 14. MWD of the THF soluble fraction of the undistilled fraction ofTR-9. 15 yl 
injected at 78.2 mg sample/g THF. THF mobile phase. T=28°C. Flow rate 0.89 ml/min. 
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Figure 15. MWD of the light oil layer from the distillation of TR-9 at 50 mm Hg on 2-8-89. 3 ul 
injected at 2.45 mg sanple/g THF. THF mobile phase. T=28°C. Flow rate 0.90 ml/min. 
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Figure 16. MWD of the heavy oil layer from the distillation of TR-9 at 50 mm Hg on 2-8-89, 
2.5 ul injected at 2.52 mg sample/g THF. THF mobile phase. T=28°C. Flow rate 
0.89 ml/min. 
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Figure 17. MWD of University of Arizona distillate. 6 pi injected at 1.58 mg sample/g THF. 
THF mobile phase. T=28°C. Flow rate 0.88 ml/min. 
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chapter 7 

CO-DISTILLATION RESULTS 

7.1 AZBOTROPIC DISTILLATION 

7.1.1 Ethylene Glycol 

Ethylene glycol (EG) and crude wood oil TR-9 were co-distilled to 

study the amount and composition of the distilled and undistilled oil. 

Appendix B summarizes the distillations and shows the boiling point 

curves. 

A general explanation of the distillations can be summarized as 

follows. Initially, the water in the TR-9 distills out since it has 

the lowest boiling point. Some oil, the lowest boiling fraction, will 

azeotrope out with it.. Since TR-9 is composed of oil with boiling 

points higher than that of water, the amount of oil which distills at 

this point is small because the vapor pressure contribution of the oil 

is small. 

After the water is depleted, EG distills in an azeotrope. Since 

EG and oil are irrmiscible, there are two phases in the boiling flask. 

Therefore, the oil azeotropes out with the EG below the boiling point 

of EG. The oil distills with itself as it moves up the distillation 

column, so the boiling point of the oil in the azeotrope increases as a 

function of the amount of the EG/oil azeotrope distilled; this should 

cause the boiling point of the azeotrope to gradually increase to the 

boiling point of pure EG. The boiling temperature of EG is higher than 

waters boiling point, so more oil azeotropes out with EG than with 

water. 
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After the EG is depleted, the components of the crude wood oil, 

which are soluble in EG, distill. They don't distill in the azeotrope 

because of their miscibility with EG. These are the phenols, organic 

acids, and other hydrogen bonding compounds. In this way the phenols 

and other hydrogen bonding compounds can be separated from the oil. 

At the end of the distillation, the oil which did not azeotrope 

with EG distills. This oil would have distilled with EG if a 

sufficient amount of EG was added at the beginning. 

The temperature in the boiling flask is kept down while there is 

EG present. Once this EG distills the temperature can be seen to rise 

rapidly. This is a good way of keeping the temperature down to reduce 

the reaction rate of polyerization in the boiling flask. At the very 

end of the run when the temperature in the boiling flask reaches about 

BSŜ C, an exothermic reaction can take place with the undistilled 

fraction of TR-9 crude wood oil and a rapid increase in the temperature 

in the boiling flask was observed. 

There are some difficulties in conducting this experiment. The 

nonidealities such as nonequilibrium, a finite number of theoretical 

plates, and small air leaks in the system are the three main problems. 

The dips in the distillation curves before an increase in the slope can 

be explained in the following way. Since the temperature in the 

boiling flask is rising rapidly, the heat added from the heating pad 

goes to the specific heat of the material in the boiling flask which 

means it doesn't go to the heat of vaporization. The only material 

moving up the column is pulled up by small air leaks below its boiling 

point. 
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A comparison of the distillations with EG to the results at the 

same pressure without it are shown in Table 12. It can be seen that 

the amount of oil recovered is 32 percent greater by wt with EG for Run 

5-16-89. The reason less oil was recovered in Run 5-17-89 may be 

because the oil is simply dissolved in the distilled EG and thus less 

was observed in the oil phase because a large amount was used for this 

distillation. At this point no analysis has been done to determine the 

composition of the distillate phases and the amount of EG dissolved in 

the oil phase and vice versa. Another reason less oil was recovered 

for man 5-17-89 is that more EG was used and the length of time for the 

distillation was longer. Therefore, there was more time for any 

reaction between EG and TR-9 to take place; this is confirmed by the 

formation of more water for this distillation. 

It was hoped that the total amount of oil recovered would increase 

with the addition of EG since the temperature is kept down and the rate 

of formation of char is decreased. This was shown to be true. 

The appendixes show the molar composition of the gases given off 

during the distillations with EG. Initially, some CĈ  and are given 

off. These are simply trapped gases from the PERC process. Comparing 

the gases given off with EG to Run 5-24-89 without it, one sees that 

the gases aren't given off until the EG is depleted and the temperature 

in the boiling flask rises to about 250QC. This is what was expected 

to happen, and confirms that it is holding down the destructive 

distillation of TR-9. 

No analysis has yet been done on the distillate which comes out 

immediately after the EG is depleted. It is thought that this contains 
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the phenol rich fraction, and this could be confirmed by doing GC/MS 

analysis on this fraction. 

Table 12. Recovered oil, water formed, and THF insolubles formed for 
distillations with and without EG. Values are percent by wt 
of dry TR-9 

Run Date P time EG/TR-9 ratio oil water THF insolubles 
(mm Hg) (g/gTR-9db) recovered formed formed 

2-24-89 300 4'08" 0 25.6 6.5 25.4 

5-16-89 300 3'35" 1.1 33.7 5.0 13.0 

5-17-89 300 4'36" 3.4 16.0 8.1 0.6 

7.1.2 Glycerol 

Codistinations with glycerol and TR-9 were done, and they were 

expected to be very similar to those with EG and TR-9 since glycerol 

and EG are chemically very similar. 

OH OH OH OH OH 
M l  I I  

H-C-C-C-H H-C—C—H 
Ml II 

H H H H H 

Glycerol Ethylene Glycol 

Glycerol has a higher MW and thus a higher boiling point than EG: 

290QC and 199°C respectively at atmospheric pressure. It was hoped 

that a smaller amount of glycerol would be needed to separate out a 

given amount of oil because of the lower vapor pressure (or higher 

boiling point) of glycerol. Both compounds have strong hydrogen 

bonding capabilities which make them insoluble with the crude wood oil 
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which allows azeotropic distillation. 

An experimental codistillation curve for glycerol and TR-9 can be 

seen in figure CI, and a summary of this distillation can be found in 

table CI in the appendix. 

At the beginning of the distillation, water is distilled off at 

75°C, slightly below the boiling point of pure water at the 

distillation pressure of 300 ithti Hg as seen in Figure CI. The fact that 

a small amount of oil azeotropes with water is the reason it comes out 

slightly below the boiling point of pure water. The first 16 ml of 

distillate contains the following: 

7.8 ml H20 from TR-9 

1.6 ml H20 from glycerol 

1.0 ml light oil 

5.6 ml 1̂ 0 formed in the boiling flask 

16.0 ml TOTAL 

It can be seen from the above results that water is being formed 

even during the initial part of the distillation. 

After most of the water is depleted from the boiling flask, the 

oil begins to distill out with glycerol at about 109°C. Water is being 

formed during the entire distillation in the boiling flask. Once the 

water is formed it flashes out through the top of the distillation 

column causing the temperature to drop. This is why there are dips in 

the distillation curve in figure CI especially during the last half of 

the distillation when the temperature in the boiling flask has 
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increased and subsequently increased the rate of reaction. 

At the end of this distillation, when the temperature in the 

boiling flask reached abcut 371°C, a very exothermic reaction took 

place similar to previous runs with and without codistillation. The 

applied heat to the boiling flask was then shut off, and the material 

gradually cooled down. 

The summary of Run 5-31-89 in the table CI shows the composition of 

the gases given off during this distillation. These gases are 

generated during the run giving information about the type of reaction 

taking place. 

A large amount of oil was recovered for this distillation (47.3 

percent by wt of dry TR-9). This oil needs to be analyzed for its 

elemental composition to determine if its oxygen content was increased 

by reaction with glycerol. Also, there may be some glycerol or water 

dissolved in the oil phase which has not yet been analyzed. 

A large amount of THF insolubles were also formed during this 

distilation (9.0 percent by wt of the initial dry TR-9 and glycerol). 

These THF insolubles probably were formed at the very end of the 

distillation when the temperature in the boiling flask reached 370°C. 

At this point, an exothermic reaction took place causing the 

temperature there to rise rapidly. 

One additional result found is that the glycerol and TR-9 

codistillation forms a large amount of water. This corresponds to the 

large amount of THF insoluble formed since water is given off during 

the condensation reaction. 
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7.2 Fluid Catalytic Cracking Bottoms Oil 

The bottoms from a fluid cataytic cracker (FCC) were used to 

codistill TR-9. This oil was obtained from Texaco USA. It is a high 

boiling petroleum fraction that is thermally stable (Ocelli 1988 and 

Venuto 1979). It is the fraction of petroleum that passes through a 

catalytic cracker without being converted to a lower MW fuel. 

Therefore by its very nature, it is stable. 

FCC bottoms were chosen to codistill with crude wood oil TR-9 in 

order to reduce the amount of polymerization in the boiling flask and 

to increase the amount of distillate recovered. PCC bottoms were 

found (Chen 1981 and Espenscheid 1977) to help in the conversion of 

wood flour to oil. It is thought that it has some hydrogen donor 

capability. Also, it acts to dilute the wood oil products, lowering 

the concentration and thus the reacton rate. 

Before the codistillation of the FCC bottoms and TR-9 was 

performed, the lowest boiling fraction of the FCC oil was removed. 

This was 5.1 percent by wt of the original FCC bottoms oil. The 

boiling point of the remaining FCC bottoms oil was greater than 268°C 

at 300 mm Hg. This was done so that only oil from TR-9 would distill 

during the experiment since the temperature at the top of the coulumn 

was not allowed to exceed 514°F at 300 mn Hg as seen in figure Dl. 

Comparing Figures Dl and A1 (distillations with and without FCC 

bottoms at 300 mm Hg), one sees that the temperature in the bottom of 

the boiling flask is higher for the distillation with FCC bottoms at 

the beginning. This is as expected since the temperature required to 

boil the oil is found when the partial pressure from TR-9 and FCC 
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bottoms equals the total pressure, 300 mm Hg, according to Raoult's 

law. Since the FCC bottoms have a higher boiling point than the oil in 

TR-9, the boiling tenperature is increased. 

One sees in Figure D1 that 24 ml distills out at 75.0°C which is 

slightly below the boiling point of water (75.9°C) at 300 mm Hg. This 

is the water distilling out of the TR-9 with some oil. Of this 24 ml, 

22.5 ml was in the aqueous phase and 1.5 ml in the organic phase. 

Since K-F titration showed 13.5 percent by wt Î O in the original TR-9 

which amounts to 22.6 ml, there was no water formed at this point 

contrary to distillations without FCC bottoms. 

Between 204 and 260°C, there is 14 ml oil distilled per lOOg TR-9 

with FCC bottoms and 14 ml per lOOg TR-9 without FCC bottoms. These 

two values are equal meaning that the amount of oil which can be 

recovered is the same in the two cases. 

Overall, 22.9 percent by wt of the original dry TR-9 was 

distilled. Of this, 21.2 percent was in the oil phase and 1.7 percent 

in the aqueous phase. For the distillation without FCC, 32.1 percent 

was distilled with 25.6 percent in the oil and 6.5 percent in the 

aqueous phase. The reason for the difference occurs at the end of the 

distillation when the tenperature in the boiling flask is above 340°C. 

It appears that the TR-9 is condensed into water and thermally cracks 

into lower MW oil above this tenperature. The FCC appears to reduce 

this degradation. Also, the distillation was stopped once the 

temperature of the distillate reached 268°C to prevent the FCC bottoms 

from distilling over. 

The specific gravity of the oil distillate, when FCC bottoms oil 
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was present in the boiling flask, was less than unity. This is 

different than the results without FCC bottoms oil at the same 

distillation pressure (table 10). 

Next, the gases given off during the two runs are compared. In 

both cases methane, ethanes, and propanes are given off towards the end 

of the distillation when the temperature is the highest, above 316°C. 

Some CO is also given off in both runs when the temperature goes above 

260°C. C02 is also given off in both runs. The difference is that FCC 

bottoms prevented H2 from being liberated. This is beneficial since, 

after all, the basic principle of liquefaction is based on the addition 

of hydrogen to biopolymers during their depolymerization. 

Finally, the undistilled material from both runs were analyzed for 

their THF insoluble fractions. It was found that the amount of THF 

insolubles remained unchanged for the codistillation with FCC bottoms. 

Also, the amount of water formed was very small. This means that there 

were no condensation reactions taking place during the distillation. 

This is very beneficial for operating the liquefaction process in the 

recycle mode with the undistilled material since these condensation 

polymers are thought to cause plugging when recycled through the 

reactor. 
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chapter 8 

THERMODYNAMIC MODELING 

In order to gain a better understanding of the complicated 

distillation of the crude wood oil with well over 100 compounds, model 

compounds which represent the major compounds present in the oil can be 

chosen to simplify and study the distillation. It is often much easier 

to predict by means of a model the physical properties of the oil than 

by conducting an experiment. 

This modeling will demonstrate how the phenolics and other 

hydrogen bonding compounds can be separated by azeotropic distillation. 

It will also predict physical properties of the complex oil mixture. 

Due to the limited extent of treatment which can be accomplished 

in a thesis, only an outline of the modeling can be presented to aid 

and provide direction of future work. 

In order to determine the feasibility of separating the phenols 

out of the complicated oil mixture by azeotropic distillation, a 

simplified mixture could be studied experimentally. This mixture would 

contain a typical phenol of the wood oil with 5-6 branched carbons, two 

alkanes {one boiling higher and one lower than phenol), and EG. A 

typical example of such a model compound mixture is as follows: 

model compound MW B.P.QC (atm pressure) 

Ethylene glycol 62.1 197 

Tridecane 184.4 235 

Phenol,2-ethyl-4-tert-butyl 178.3 257 

Pentadecane 212.4 271 
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The mixture would then be distilled. The EG should azeotrope with 

the alkanes allowing them to boil at reduced temperature and distill 

over leaving the phenol undistilled. The phenol could then be 

recovered by a second distillation. 

The above distillaton could be studied, without performing the 

experiment, theoretically. In this way, information could be obtained 

more quickly, more economically, and a better physical understanding 

would result. Also, the number and type of model compounds and the 

azeotroping liquid could be rapidly changed and studied. 

Model compounds could also be used to determine the physical 

properties of the complex oil mixture such as the vapor pressure, 

hydrogen solubility, etc. The choice of model compounds is based on 

detailed characterization results which is made difficult by the number 

of species present in complex oil mixtures such as petroleum, coal 

derived oils, biomass oils, etc. Some of the analyses commonly 

performed are listed in chapter 5 and include the following: 

elemental, NMR, GC, 1C, SEC, IR spectroscopy, and MS. 

There are two common methods of parameter estimation. One 

determines an average molecule from data on the average MW, the average 

aromatic carbon, the average aromatic hydrogen, the elemental 

composition, etc. From this average molecule the parameters of the 

complex mixture can be predicted. 

The other method determines the number of different functional 

groups per mole (Allen 1986) such as rnomoaromatics, beta CĤ 's, 

aromatic hydroxyls, etc. This theory assumes the mixture behaves 
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according to concentrations of these functional groups and dosn't 

depend on how they group themselves. From these functional group 

concentrations, parameters for the complex mixture can be estimated. 

If the complex mixture is to be more exactly modeled, the above 

two methods would have to be done on many fractions (such as narrow 

boiling fractions or functional group fractions). The parameters for 

the entire mixture would then be estimated from the model compounds 

chosen for each fraction. 

Hartounian (1989) compares experimental vapor pressure data found 

using the functional group contribution method for narrow biling 

fractions. His data fits fairly well with experimental values, and he 

attributes error partly to the uncertainty in the values of the 

functional group concentrations. 

If this functional group analysis could be improved slightly to 

accurately fit. the vapor pressure data for narrow boiling fractions, 

then it could be modified to predict the behavior for an entire mixture 

of boiling fractions. This would then be useful in studying 

separations and conversions. 

The UNIFAC group contribution method was used to predict activity 

coefficients to be used to predict the solubility of hydrogen in narrow 

boiling coal distillates by the group contribution method (Hartounian 

1988). This work was the first of its kind, and it shows which 

functional groups are most responsible for increases in hydrogen 

solubility which is critical in coal and biomass conversion. 

The future of biomass liquefaction will rely heavily on 

information obtained by modeling the physical properties of the complex 
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oil mixtures produced. Novel separations and improved conversions will 

occur to improve the process economics with the use of these modeling 

techniques. 

A recommended flow scheme for the continuous separation of phenols 

from the crude biomass oil is shown in Figure 18; it could also be 

applied to separations from coal and other heavy oils. The phenol 

stream will contain other compounds with an appreciable solubility in 

EG. If glycerol, water, or another compound with hydrogen bonding 

ability is used, the extent of separation will be selectively altered. 

The principles of the separation could be batchwise studied on a 

laboratory scale. The separation efficiency could be quantified by 

analysis such as GC or acid base extraction of the phenolic and other 

streams. One defficiency of this thesis is that no analysis was 

performed on the phenolic concentratons. Modeling, as described in 

this chapter, will demonstrate the feasibility of this novel 

separation, and it will certainly suggest modifications, conditions for 

optimization, and a more detailed explanation of the the physical 

process which makes the separation possible. 
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CHAPTER 9 

CONCLUSION AND RECOMMENDATIONS 

It is believed that a much better understanding of the 

distillation process is now known, with the following conclusions: 

-the amount of distilled oil increased as the distillation pressure 

decreased 

-the density of the distilled oil increased as the distillation pressure 

decreased 

-the oil distilled when temperatures are above 350°C in the boiling 

flask are partly produced by thermal cracking of the oil 

-water is formed during the distillation of crude wood oil at all 

pressures 

-char or THF insolubles were formed in the boiling flask during 

disti llati.on 

-the maximum MW of the THF soluble fraction of the undistilled material 

did not increases 

-the gases given off initially are trapped gases from the production of 

TR-9 

-the intermediate gases are mostly CO, C02, and CH4 
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-the final gases given off when temperatures are high are mostly 

hydrogen, methane, ethanes, and propanes which are the same as gases 

known to be produced from the thermal cracking petroleum. 

-when the temperature reaches about 375°C in the boiling flask an 

exothermic reaction takes place with the undistilled oil. 

-the amount of recovered oil is increased when EG is codistilled with 

TR-9 

-even more oil is recovered when glycerol is codistilled with TR-9 

-glycerol reacts with TR-9 during distillation to form water and THF 

insolubles 

-FCC bottoms reduces reactions which take place during distillation 

which includes reduction of THF insolubles, water, and gas formation 

A number of reconmendations can be made. One involves how to 

reduce the amount of crude wood oil lost by reactions during 

distillation. The results showed that destructive distillation is 

taking place, and a condensation polymer is being formed during the 

distillation of crude wood oil. Since the MW of the THF soluble 

fraction of the undistilled material did not increase, but the amount 

of char or THF insolubles did increase, the char formation must be done 

by growth on existing high MW particles or seeds: two molecules didn't 

combine to form a molecule of twice the MW. This suggests a char 

forming reaction similar to crystallization. If the char seeds could 

be removed before distillation, this loss of distillable oil could be 

reduced. 
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Another recommendation involves steam distillation. The amount,of 

oil distilled could be increased by a method similar to steam 

distillation, namely, an immiscible compound is distilled with the 

crude wood oil to form an azeotrope. This keeps the temperature down 

in the boiling flask and thus reduces the rate of reaction of char 

formation. It also lowers the temperature at which the oil will 

distill. 

EG was found to be capable of increasing the amount of oil 

distilled. Glycerol was found to react with TR-9 to a significant 

extent, but greatly increased the amount of oil recovered. 

Another method to improved recovery of oil by distillation was to 

use an oil with a boiling point high enough to keep it from distilling 

like FCC bottoms. It acts as a solvent to reduce the concentration in 

the boiling flask and thus reduces the rate of char formation. It, 

also, may have some hydrogen donor capability. 

There are other aspects of this research that have not been 

studied. Another way of reducing char formation and thus improving the 

overall amount of distilled oil might be by adding an inhibitor. 

Much more work needs to be done with thermodynamic models of how 

the hydrogen bonding compounds such as the phenols could be separated 

from the rest of the distilled oil during distillation. It is believed 

that the phenols distill out immediately after the EG azeotrope is 

depleted. This method could be used for a continuous process as well, 

giving a much more economical way of removing the phenol fraction than 

by the conventional means of extractions. 
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Once distillation is perfected, analysis will need to be done on 

the distillate. Gas and liquid chromatography could be done to 

determine the concentrations of the various phenols. One of the 

weaknesses of this thesis is the lack of analytical analysis on the 

distillation products. 

The primary use of phenols is in phenol formaldehyde resins, and 

the primary use of phenol formaldehyde resins is for the production of 

particle board. This wood derived phenolic product should be ideal for 

this use. In fact, the crude wood oil itself might be added directly 

as an ingredient in particle board. Finally, an overall economic 

evaluation needs to be done in order to determine the production cost 

per barrel of oil and to determine if the separation of the phanols 

will increase the overall process economics. 
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APPENDIX A 

Table Al. Summary of run 2-8-89 Distillation of TR-9 
(values are mass percent). 

P=50 mm Hg time=4'06" Tmax b=385°C T,̂  t=237°C 

mass of TR-9 = 211.6 g (14.1% H2O, 3.4% wet basis THF insoluble) 

mass distilled = 98.7 g (aq 47ml: ho42ml: lo 11ml) 

mass undistilled = 108.0 g (36.4% THF insoluble) 

mass in cold traps = 0.6 g (ag) 

mass of lost gases = 4.3 g 

total mass in oil phase of distillate = 51.1 g 28.1% of dry TR-9 

(Water out) - (water in) = (water created) 

(47.0 + 0.6 g) — (29.8 g) = (17.8 g) 9.8% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

( 39.3 ) - ( 7.2 ) = ( 32.1 )g 17.7% of dry TR-9 

GAS ANALYSIS (values are mole percent) 

time Tb(°F) Tt(aF) H2 CO CM 8
 CH4 C2H6 C2H4 C3H8 c3H6 

1'00" 110 102 - - - - - - - -

2'00" 437 105 21.4 28.2 44.9 4.7 0.7 0.2 - -

3' 00" 555 404 6.9 14.2 47.7 25.9 4.3 1.0 - -

0
 
0
 

*3" 

680 444 37.5 3.0 2.9 35.5 10.9 1.7 2.7 5.9 
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Figure Al. Distillation curve for Run 2-8-89, 211.6 g TR-9 at 50 mm Hg. The upper 
curve represents the temperature in the boiling flask and the lower curve 
represents the temperature at the top of the distillation column (the boiling 
point of the distillate) as a function of the volume of distillate. 
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Table A2. Summary of run 2-6-89 Distillation of TR-9 
(values are mass percent). 

P=50 mm Hg time=4'30" Tmax b=388°C Tmax t=238°C 

mass of TR-9 = 199.1 g (14.1% H2O, 3.4% wet basis THF insoluble) 

mass distilled = 95.7 g (aq 36ml: ho47ml: lo 13ml) 

mass undistilled = 94.7 g (45.0% THF insoluble) 

mass in cold traps = 2.9 g (Aq) 

mass of lost gases = 5.8 g 

total mass in oil phase of distillate = 59.7g 34.9% of dry TR-9 

(Water out) - (water in) = (water created) 

(36.0 + 2.9 ) - ( 28.1 } = ( 10.8 g) 6.3% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

{ 42.6 ) - ( 6.8 ) = ( 35.8 )g 20.9% of dry TR-9 

GAS ANALYSIS (values are mole percentages) 

time Tb(°F) Tt(°F) H2 CO co2 CH4 C2H6 C2H4 C3
H8 c3h6 

2" 00" 405 95 1.0 4.6 90.4 3.0 0.5 0.5 - -

2'20" 443 103 - 15.9 81.0 1.80 0.6 0.6 - -

2'44" 480 318 - 20.3 71.8 5.6 1.7 0.6 - -

3* 56" 620 455 — 3.7 11.7 76.5 6.5 1.7 — — 
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Figure A2. Distillation curve for Run 2-6-89/ 199.1 g TR-9 at 50 nm Hg. The upper 
curve represents the tenperature in the boiling flask and the lower curve 
represents the temperature at the top of the distillation column {the boiling 
point of the distillate) as a function of the volume of distillate. 
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Table A3. Summary of run 2-1-89 Distillation of TR-9 
(values are mass percent). 

P=100 mm Hg time=3,43" Tmax b=385°C t=246°C 

mass of TR-9 = 193.1 g (14.1% 1̂ 0, 3.4% wet basis THF insoluble) 

mass distilled = 86.7 g (aq 43ml: ho 29ml: lo 16ml) 

mass undistilled = 103.1 g (20.6% THF insoluble) 

mass in cold traps = 1.2 g (Aq) 

mass of lost gases = 2.1 g 

total mass in oil phase of distillate = 43.7g 26.3% of dry TR-9 

(Water out) - (water in) = (water created) 

(43.0 + 1.2)g - (27.2)g = (17.0)g 10.2% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

(21.2)g - (6.6)g = (14.6)g 8.8% of dry TR-9 

GAS ANALYSIS (values are mole percent) 

time Tb(°F) Tt(°F) h2 co co2 ch4 C2H6 C2H4 c3H8 C3H6 
2'15" 508 329 1.3 28.9 64.3 4.0 1.2 1.2 - -

2 '48 596 443 - 7.0 31.3 52.7 7.0 2.1 - -

3'09" 623 456 - 5.1 11.4 77.2 5.1 1.3 - -

3 '47 722 407 42.6 2.5 3.7 36.3 12.4 2.5 _ — 
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Figure A3. Distillation curve for Run 2-1-89, 193.1 g TR-9 at 100 mri Hg. The upper 
curve represents the teirperature in the boiling flask and the lower curve 
represents the teirperature at the top of the distillation column (the boiling 
point of the distillate) as a function of the volume of distillate. g 
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Table A4. Summary of run 2-3-89 Distillation of TR-9 
{values are mass percent). 

P=100 mm Hg time=4'22" Tĵ  b=382°C Tĵ  t=241°C 

mass of TR-9 = 212.7 g (14.1% H20, 3.4% wet basis THF insoluble) 

mass distilled = 93.4 g (aq 46ml: ho31ml: lo 18ml) 

mass undistilled = 113.9 g (22.8% THF insoluble) 

mass in cold traps = 1.4 g (aq) 

mass of lost gases = 4.0 g 

total mass in oil phase of distillate = 47.4 g 25.9% of dry TR-9 

(Water out) - (water in) = (water created) 

(46.0 + 1.4)g - (30.0)g = (17.4)g 9.5% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

(26.0)g - (7.2)g = <18.8)g 10.3% of dry TR-9 

gas analysis (values are mole percent) 

time tb(°f) tt(°f) h2 co co2 ch4 C2H6 c2h4 c3h8 c3h6 
1*22" 314 122 0 0.2 99.1 0.5 0.2 0 - -

2'00" 472 124 0 24.1 72.2 2.6 0.8 0.3 - -

2'so" 582 428 0 2.4 44.8 46.1 5.1 1.6 - -

4 '00" 671 417 49.3 2.5 3.6 31.7 10.6 2.4 — — 
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Figure A4. Distillation curve for Run 2-3-89, 212.7 g TR-9 at 100 mm Hg. The upper 
curve represents the temperature in the boiling flask and the lower curve 
represents the temperature at the top of the distillation column (the boiling 
point of the distillate) as a function of the volume of distillate. 
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Table A5. Summary of run 2-24-89 Distillation of TR-9 
(values are mass percent). 

P=300 mm Hg time=4'08" Tfnax b=370°C t=263°C 

mass of TR-9 = 220.0 g (13.5% ̂ O, 3.4% wet basis THF insoluble) 

mass distilled = 85.0 g (aq 37ml: ho 4ml: lo 46ml) 

mass undistilled = 127.7 g (43.8% THF insoluble) 

mass in cold traps = 5.8 g (aq 5ml: lo 1ml) 

mass of lost gases = 1.5 g 

total mass in oil phase of distillate = 48.8 g 25.6% of dry TR-9 

(Water out) - (water in) = (water created) 

(37.0 + 5.0 g) - (29.7 g) = (12.3 g) 6.5% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

(55.9)g - (7.5)g = (48.4)g 25.4% of dry TR-9 

GAS ANALYSIS (values are mole percent) 

time Tb("F) Tt(°F) h2 co oo2 ch4 C2"6 c2h4 C3H8 C3
H6 

1*00" 174 159 41.1 0 58.9 0 0 0 0 0 

2,00" 469 166 13.1 20.7 61.8 3.8 0.6 0 0 0 

3* 00" 603 426 0 2.5 8.4 81.2 2.5 0.7 2.9 1.8 

4*00" 694 469 20.9 3.1 5.5 37.5 18.5 2.9 7.8 3.8 
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Figure A5. Distillation curve for Run 2-24-89, 220.0 g TR-9 at 300 run Hg. The upper 
curve represents the temperature in the boiling flask and the lower curve 
represents the temperature at the top of the distillation column (the boiling 
point of the distillate) as a function of the volume of distillate.  ̂
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APPENDIX B 

Table Bl. Summary of run 5-16-89 Codistillation of TR-9 and EG 
(values are mass percent). 

P=300 mm Hg time=3'35" b=371°C Tĵ  t=207°C 

mass of TR-9 = 148.0 g (13.5% H20, 3.4% THF insoluble) 

mass of EG = 136.6 g (0.9% H20 ) 

mass distilled = 196.8 (aq/EG 147ml: oil 35ml) 

mass undistilled = 87.0 g (24.8% THF insoluble) 

mass in cold traps = 10.3 g (Aq 5 ml oil 5 ml) 

mass of lost gases = -9.5 g 

total mass in oil phase of distillate = 43.1 g 33.7% of dry TR-9 

(Water out) - (water in) = (water created) 

(23.9 + 3.7)g - (20.0 + 1.2)g = (6.4)g 5.0% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

(21.6)g - (5.0)g = (16.6)g 13.0% of dry TR-9 and EG 

GAS ANALYSIS (values are mole percent) 

time Tb{°F) Tt(QF) h2 co co2 ch4 C2H6 c2h
4 

C3H8 C3H6 
l'OO" 230 74 0 0 100.0 0 0 0 0 0 

2'00" 339 311 0 0 100.0 0 0 0 0 0 

3'00" 581 253 0 8.5 41.6 24.5 7.5 17.9 0 0 

3* 35" 700 406 14.3 5.5 5.8 38.8 19.2 3 . 4  8 . 5  4 . 5  
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Figure Bl. Distillation curve for Run 5-16-89, 148.6 g TR-9 and 136.6 g EG at 300 mm Hg. 
The upper curve represents the temperature in the boiling flask and the lower 
curve represents the temperature at the top of the distillation column (the 
boiling point of the distillate) as a function of the volume of distillate. 
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Table B2. Summary of run 5-17-89. Codistillation of TR-9 and EG 
(values are mass percent). 

P=300 mm Hg time=4l36" Tĵ  b=355°C T,̂  t=242°C 

mass of TR-9 = 100.3 g (13.5% H20, 3.4% THF insoluble) 

mass of EG = 300.2 g (0.9% H20) 

mass distilled = 328.1 g (aq/EG 288ml: oil 15ml) 

mass undistilled = 58.0 g ( 6.7% THF insoluble) 

mass in cold traps = 10.1 g (Aq 9 ml oil 1 ml) 

mass of lost gases = 4.3 g 

total mass in oil phase of distillate = 16.0 g 18.4% of dry TR-9 

(Water out) - (water in) = (water created) 

(19.5 + 1.8 + 1.9)g - (13.5 + 2.7)g = (7.0)g 8.1% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

(3.9)g - (3.4)g = (0.5)g 0.5% of dry TR-9 

GAS ANALYSIS (values are mole percent) 

time Tb(QF) Tt(°F) h2 co co2 ch4 C2H6 C2H4 C3H8 C3H6 
1'00" 297 167 50.6 0 49.4 0 0 0 0 0 
2'00" 335 324 0 0 75.0 25.0 0 0 0 0 

3,00" 336 328 0 0 100.0 0 0 0 0 0 

4'34" 697 438 11.3 4.2 6.3 41.0 17.9 2.9 9.8 6.6 
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Figure B2. Distillation curve for Run 5-17-89, 100.3 g TR-9 and 300.2 g EG at 300 mm Hg. 
The upper curve represents the temperature in the boiling flask and the lower 
curve represents the temperature at the top of the distillation column (the 
boiling point of the distillate) as a function of the volume of distillate. o w 



Table B3. Summary of run 9-6-88 Codistillation of TR-9 and EG 
values are mass percent). 

P=260 mm Hg time=10'J2" Tĵ  b=392°C Tĵ  t=274QC 

mass of TR-9 = 131.2 g (3.4% THF insoluble) 

mass of EG = 44.4 g (0.9% H2O) 

volume of aqueous/EG phase distilled = 61.5 ml 

volume of oil phase distilled = 29 ml 
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Figure B3. Distillation curve for Run 9-6-88, 131.2 g TR-9 and 44.4 g EG at 260 mm Hg. 
The upper curve represents the temperature in the boiling flask and the lower 
curve represents the temperature at the top of the distillation column (the 
boiling point of the distillate) as a function of the volume of distillate. M 
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Table B4. Sunmary of run 9-8-88 Codistillation of TR-9 and EG 
(values are mass percent). 

P=260 mm Hg time=5'03" T,̂  b=435°C T,̂  t=265°C 

mass of TR-9 = 127.0 g (3.4% THF insoluble) 

mass of EG = 88.8 g (0.9% H20) 

volume of aqueous/EG phase distilled = 102 ml 

volume of oil phase distilled = 40 ml 
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Figure B4. Distillation curve for Run 9-8-88, 127.0 g TR-9 and 88.8 g EG at 260 mm Hg. 
The upper curve represents the temperature in the boiling flask and the lower 
curve represents the temperature at the top of the distillation column (the 
boiling point of the distillate) as a function of the volume of distillate. o 
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APPENDIX C 

Table CI. Summary of run 5-31-89 Codistillation of TR-9 
and glycerol (values are mass percent). 

P=300 mm Hg tinx̂ *20" b=393°C Tĵ  t=229°C 

mass of TR-9 = 57.9 g (13.5% H20, 3.4% THF insoluble) 

mass of glycerol = 231.4 g (0.7% H20) 

mass distilled = 207.0 g (aq/gly 168ml: oil 23ml) 

mass undistilled = 65.0 g (41.9% THF insoluble) 

mass in cold traps = 6.7 g (Aq 6ml: oil 1ml) 

mass of lost gases = 10.6 g 

total mass in the oil phase of the distillate = 23.7 g 47.3% of dry TR-9 

(Water out) - (water in) = (water created) 

(50.3 + 22.8)g - (7.8 + 1.6)g = (63.7) g 22.8% of dry TR-9 and glycerol 

(THF insol out) - (THF insol in) = (THF insol created) 

(27.2)g - (2-0)g = (25.2)g 50.3% of dry TR-9 

GAS ANALYSIS (values are mole percent) 

time Tb(QF) Tt(°F) H2 co co2 ch4 C2H6 C2H4 c3h8 C3H6 
1'00" 480 165 0 12.2 35.1 40.4 10.6 1.7 trace trace 

3 '00" 496 334 0 53.1 40.6 6.3 trace trace 0 0 

4'00" 519 430 3.7 52.5 32.4 8.0 0.6 0.3 1.0 1.5 
s'oo" 740 429 1.6 22.8 38.4 17.4 6.4 2.9 2.7 7.8 
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Figure CI. Distillation curve for Run 5-31-89, 57.9 g TR-9 and 231.4 g glycerol at 300 mm Hg. 
The upper curve represents the temperature in the boiling flask and the lower 
curve represents the temperature at the top of the distillation column the 
boiling point of the distillate) as a function of the volume of distillate. o 
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APPENDIX D 

Table Dl. Summary of run 9-20-89 Codistillation of TR-9 and 
FCC bottoms (values are mass percent). 

P=300 mm Hg time=4'52n b=361°C T,,̂  t=268°C 

mass of TR-9 = 167.3 g (13.5% H20, 3.4% THF insoluble) 

mass of FCC bottoms oil = 146 g (0.0% H20) 

mass distilled = 55.7 g (aq 25ml: oil 32ml) 

mass undistilled = 255.9 g (1.6% THF insoluble) 

mass in cold traps = 0.0 g 

mass of lost gases = 2 g 

total mass in oil phase of distillate = 30.7 g 21.2% of dry TR-9 

(Water out) - (water in) = (water created) 

(25.0)g - (22.6)g = (2.4)g 1.7% of dry TR-9 

(THF insol out) - (THF insol in) = (THF insol created) 

(4.1)g - (5.7)g = -1.6 g -1.1% of dry TR-9 

GAS ANALYSIS (values are mole percent) 

time Tb(°F) Tt("F) h2 CO oo2 ch4 C2H6 C2H4 C3H8 C3H6 
1'00" 181 — 0 0 trace 0 0 0 0 0 

2 '00 302 166 0 0 89.2 10.8 trace 0 0 0 

3 '00" 529 166 0 5.4 89.7 4.9 0 0 0 0 

4 '00 628 402 0 7.5 21.5 62.1 4.1 1.4 1.5 1.9 

s'oo" 681 514 0 10.9 13.9 47.8 23.5 3.9 — — 
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Figure Dl. Distillation curve for Run 9-20-89, 167.3 g TR-9 and 146 g FCC oil at 300 mm Hg. 
The upper curve represents the temperature in the boiling flask and the lower 
curve represents the temperature at the top of the distillation column the 
boiling point of the distillate) as a function of the volume of distillate. 
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LIST OF SYMBOLS 

symbol definition 

C number of chemical species 

db dry basis 

EDS Exxon donor solvent 

EG ethylene glycol 

F number of degrees of freedom 

FCC fluid catalytic cracking 

GC gas chromatography 

GPC gel permeation chromatography 

HPXjC high performance liquid chromatography 

IR infrared 

LC liquid chromatography 

MS mass spectroscopy 

MW molecular weight 

MWD molecular weight distribution 

NMR nuclear magnetic resonance 

P number of phases 

P pressure 

PAH polyaromatic hydrocarbon 

PA partial pressure of species A 

PA vapor pressure of species A 

PERC Pittsburg Energy Research group 

SEC size exclusion chromatography 

SRC solvent refined coal 

THF tetrahydrofuran 

TR-9 test run number 9 oil 

TR-12 test run number 12 oil 

U Of A University of Arizona 

XA mole fraction of species A in the liquid phase 

*A mole fraction of species A in the vapor phase 
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