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Douglas-fir bark fiber was isolated from whole bark via three meth-

ods: dry, disc-refined and electrically purified (fiber A); pressurized,

disc-refined and water washed (fiber B); and mechanically fractionated

and alkali extracted (fiber C). These three fiber types wexe used to

test the hypotheses that extractives are responsible for the thermal

properties of bark fiber from 25° to 250°C, and that thermal outgassing

can be controlled by the fiber recovery process.

Each fiber type was sequentially extracted with benzene, diethyl

ether, ethyl alcohol and water. Benzene soluble extractives proved to

be the most stable, and ethanol and water soluble extractives the least

stable thermally. The ether soluble extractives were only a minor con-

stituent of the total extractives. Thus it is speculated that removal

of tannins, the major component of the ethanol and water soluble

extractives, will increase the thermal stability of the bark fiber.

Fiber B had the lowest extractive content, 3.6%, and the highest

L/D ratio, 16. This fiber type consisted of "clean", single fibers

which were the most stable theLnally, losing only 1% of their oven-dry



weight when heated to 237°C. From 1200 to 250°C this fiber generated

1.07 x 10-3 moles of gas per g of fiber. Twenty percent of fiber B

doubled the impact strength of thermoplastic and thermosetting molding

compounds.

Fiber A had the highest extractive content, 13.3%, and the lowest

L/D ratio, 8. This fiber type consisted of fiber bundles held together

by a reddish, phenolic sheath. It was the least stable thermally,

losing 1% of its oven-dry weight by 199°C. From 120° to 250°C this

fiber generated 1.54 x 10-3 moles of gas per g of fiber.

Fiber C (a commercial product of Weyerhaeuser Company, WEF 313)

consisted mostly of "clean" single fibers. This fiber type had a rather

high water soluble extractive content (5%). Inadequate washing is be-

lieved to have caused this solubility, as further evidenced by this

fiber having the highest pH, 7.3, and ash content, 3.8%. This fiber

type lost 1% of its oven-dry weight at 210°C. It generated 1.67 x 10-3

moles of gas per g of fiber when heated from 120° to 250°C.

Qualitative analysis of the volatiles generated upon heating the

extractives and three fiber types indicated that the volatiles from all

of these consist of approximately 95% water and 5% carbon dioxide.
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THERMAL CHARACTERISTICS OF DOUGLAS-FIR
BARK FIBER 25° TO 250°C

I. PROBLEM CHARACTERIZATION

Our increasing standard of living has caused an excessive drain on

all our natural resources. In addition, society demands a progressive

program of resource conservation. At the same time, production costs

have spiraled to the point where manufacturers are realizing a steady

decrease in profit. These facts demand greater and more efficient use

of our natural resources.

Approximately 10% of every Douglas-fir tree is bark. An estimated

1.5 million tons of Douglas-fir bark are wasted each year, in addition

to those which are used for fuel or sold for any other use (Hall, 1971).

This great volume of bark results from the fact that Douglas-fir has

the second thickest bark of any native species. Thus, Douglas-fir bark

can present a disposal problem. Public demand for abatement of air and

water pollution forces researchers to investigate all uses for this

bark "waste".

Douglas-fir bark is unique, increasing its potential for use. On

the average, it contains approximately 45% fiber (sclereids), but

this fiber is much tougher than most bark fiber. This bark also con-

tains 35% cork, a much greater amount than is typical of conifers

(Hall, 1971). A tremendous amount of research has attempted to utilize

whole bark, these fractions of whole bark, or various extractives from

the bark. From these researches have come several potential products.

The canadians have worked with an extract to be used as a "resin" for
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composite boards, and a drilling oil to "cure all the diseases of oil

well mud" (Hall, 1971). Bohemia Lumber Company of Oregon has developed

limited use for all bark components; the fiber is used as an adhesive

resin modifier, and the cork is used as a decorative panel. The

Weyerhaeuser Company has produced a reinforcing agent for plastics from

the fiber (Soule and Hendrickson, 1966). They produced this reinforcing

fiber in large quantities on a pilot plant basis for about three years,

but decided against constructing a manufacturing plant. These are only

a few of the many decision makers attempting to utilize whole or various

fractions of Douglas-fir bark in the Pacific Northwest.

The research in this dissertation is aimed at the use of Douglas-

fir bark fiber in various molded wood or plastic products. The

Weyerhaeuser Company projected a substantial market for such uses and

decided not to penetrate those markets because of company policy dis-

favoring investment in specialty as opposed to major commodity products.



A. Problem Analysis

Decision maker and his objective. The decision makers in this pro-

blem are the producers of Douglas-fir bark fiber to be utilized as a

filler or modifier In various molded products. These products include

particleboard, hardboard, molded wood products, or plastics, such as

condensation, free radical, or thermoplastic molding compounds.

The decision maker's objective is to produce, at minimum cost, a

bark fiber which would be technically suitable as a filler or reinforce-

ment for the above products and marketable at a competitive price.

Decision maker's potential alternatives. A potential market area

for bark fiber would be its use as a filler. This fiber might be suit-

able as a raw material for wood composites, such as particleboard,

hardboard, and wood fiber moldings, or it might be suitable for general

purpose plastic moldings. Another potential market area would be to use

the fiber as a reinforcing agent for thermosetting molding compounds

which polymerize via condensation reactions, e.g., polyphenolics; for

thermosetting molding compounds which polymerize via free radical cross-

linking reactions, e.g, polyesters; or for thermoplastics, such as

polypropylene, polystyrene and polyvinyl chloride. Each of these mar-

ket areas requires that specific fiber characteristics be maintained at

production conditions.

(a). Filler

The least specific product line would be the use of bark fiber

as filler or particles in wood composites. The filler would be required

3
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to occupy volume in a manner which would not adversely affect the pro-

cessing or physical properties of the final product. It cannot contain

constituents which would seriously change the chemistry of its sur-

roundings, particularly the pH, at processing temperatures of 140°C to

170°C, lasting for five to ten minutes (Carlyle et al, 1956). These

conditions are typical for particleboard and would greatly depend on

the adhesive used. Hardboard processing conditions are somewhat more

severe with maximum temperatures reaching as high as 200°C, but with

press times as short as one or two minutes.

Typical resins used in composite boards and plastic moldings and

their processing pH, temperatures and press times are as listed in Table

1.

Table 1. Production resins and their required processing

The particles or fibers used for this product line may not contain

materials which would generate sufficient volatiles at processing tem-

peratures to cause blisters or delamination of the board. Also, the

conditions (Kreibich et al, 1967 and Lehmann,

1968).

Temperature Time

Resin PI

4-5

(°C) (min)

urea-formaldehyde

composite adhesives 160 3-4

molding compound

phenol-formaldehyde

composite adhesives

4-5

8-10

160

170

3

3-6

molding compounds 8-10 160-165 3-4
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particles cannot increase handling costs by clogging the feed lines of

continuous processing equipment.

Presently, only limited amounts of bark fiber are added to hard-

board. Particleboard manufacturers are using sawdust, splinter-type

wood residues, sander dust, etc., but not bark.

The limitations described for a fiber used in composite wood pro-

ducts also apply to a filler used in plastic molding compounds. These

products must have a minimum impact strength of 0.13 - 0.19 joules/cm

(0.25 - 0.35 ft lb per inch) for a general purpose molding compound con-

taining 50% filler (Miller et al, 1974). The major filler presently

used is wood flour. If the chemical composition of bark fiber is com-

patible with the resin during processing, it most likely would not

reduce the impact strength of the finished product.

(b). Reinforcing agent

Bark fiber used to reinforce plastics has greater requirements

than a fiber used only as a filler. As with the filler, the ease of

handling and blending in continuous, automated equipment is critical for

the fiber to be competitive. The bark fiber must not cause staining of

molds, sticking in molds, or mold corrosion. It must contribute to easy

flash release from moldings and have a relatively high bulk density

(Kreibich et al, 1967). The fiber must not have components which would

inhibit the reaction of plastic monomers, preventing or retarding cure

of the molded product. The reinforced plastic also must have an

appearance acceptable to the consumer.
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But in addition to these properties, the fiber must contribute to

the impact strength. For the fiber to contribute to the strength of a

molding, the fiber must bond to the plastic. This would require a

relatively "clean" fiber surface, which is capable of being wetted by

the curing or molten plastic. Thus, the bark fiber must not contain

impurities or encrustations that prevent bonding to the free fiber sur-

face. It would be beneficial for the fiber to contain functional groups

accessible to, and reactive with, the plastic resin. It must be noted

that condensation reactions can be acid or base catalyzed; thus, curing

of the plastic could be adversely affected by changes in pH due to ma-

terials present on the bark fiber or which are generated during

processing.

The bark fiber used to reinforce plastics must not give off exces-

sive amounts of gas at process temperatures. These gases would cause

bubbles in the molded plastic reducing its strength and disturbing its

surface texture. But, in addition, if the gas remains at the fiber sur-

face, it could form a pocket around the fiber, preventing bonding

between the fiber and plastic. This would prevent any improvement of

the impact strength.

The kind of gases generated is also important. Condensable vapors

that are readily adsorbed by the molding compound would not be nearly so

detrimental as would permanent gases.

Plastic molding compounds require a reinforcing fiber which is low

in cost, will improve product stiffness at high temperatures (135°C),

product impact at low temperatures (20°C), have good handleability, and

is thermally stable at these temperatures.
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Several reinforcing fibers presently are being used in the markets

that bark fiber would compete for. The characteristics of these fibers

are found in Table 2.

Compared to the fibers listed in Table 2, properly treated bark

fiber would be low in cost, have good handleability, uniform properties,

and should improve impact strength.

3. Problem context. These requirements for a filler or reinforcing fi-

ber may or may not be consistent with the inherent characteristics of

Douglas-fir bark fiber. The natural constraints that result from using

this fiber are outlined in the following survey.

(a). What is Douglas-fir bark fiber?

Whole bark is composed of "inner" and "outer" bark (Picture

1). The "inner" portion consists of all tissues between the cambium

and the latest formed periderm or cork layer. This portion of the bark

is composed of sieve elements, phloem parenchyma, sclerenchyma, and ray

parenchyma (Ross, W. D. and Krahmer, R. L., 1971). The "outer" portion

of the bark consists of all tissues between the latest formed periderm

and the outside of the tree. The "outer" bark contains all the tissues

of the "inner" bark, plus the periderm or cork tissue. The bark fiber,

which is the raw material being considered here, is the sclerenchymatous

tissue (sclereids) of both the "inner" and "outer" bark. These cells

are spear-shaped, lignified and thick-walled cells with a length of

approximately 1 mm and a diameter of 50 Tim.

The structural components in Douglas-fir bark fiber walls have been

studied by Chen, 1973, Zarrudo, 1972, and Laver et al, 1974. They found
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Table 2. Characteristics of several reinforcing fibers (Soule and Hendrickson, 1966).

Material

Chopped glass

Chopped sisal

Advantages

Very good impact
and flexural
strength

Good impact
strength

Disadvantages

High cost, degrades
during mixing,
causes mold wear

High cost, poor
handleability &
flash removal, poor
appearance

Resin

Thermosetting
& thermoplastic

Thermosetting

Asbestos Low cost, moderate High resin absorp- Thermosetting
flexural and impact tion, reduced flow & thermoplastic
strength



(1) Weights based on oven dry unextracted fiber. (2) Kiefer

and Kurth, 1953. Isolation via milling, screening and floata-
tion. (3) Hergert and Kurth, 1952. Isolation via milling
and screening. (4) Short, 1971, using fiber A. Isolation
via milling and screening.

10

that the fiber wall was similar to that reported by Kiefer and Kurth,

1953. But in addition, they found the inner bark contained 30.6% holo-

cellulose, with the monosaccharides L-arabinose, D-galactose, D-glucose,

D-xylose, and D-mannose. And they identified several polysaccharides

never isolated before. The differences in the findings of these re-

searchers are thought to result from the more accurate analytical

procedures used by the more recent research. These differences are not

attributed to the method of isolating the bark fiber.

In addition these fibers may contain large quantities of extrac-

tives. Results of previous research on extractive content of Douglas-

fir bark fiber are shown in Table 3.

Table 3. Previous research findings on the extractive content
of Douglas-fir bark fiber.

Percent Soluble(1)

Solvent (2) (3) (4)

Hexane -, 3.07

Benzene -- 1.12 4.37

Ether 2.92 1.38 0.83

Ethanol 8.65 10.72 7.12

Water 2.58 1.64 0.79

Total 14.15 17.93 13.31
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Extractives are the non-structural components or secondary constit-

uents of plants that are dissolved by organic solvents or water without

any "modification" (Hillis, 1972). Benzene soluble extractives would

include fats, oils, waxes, and esters of hydroxy acids. A benzene sol-

uble extract from the whole bark, which was fl-'hexane insoluble, was

found to contain a number of fl-fatty acids and a, w-dicarboxylic acids

ranging in chain lengths from 16 to 28 and 16 to 24 carbons, respec-

tively (Loveland and Laver, 1972). The hexane soluble fraction consists

mostly of lignoceryl and ferulic acids (Kurth and Kiefer, 1950; and

Kurth, 1950).

Diethyl ether soluble extractives consist mostly of dihydroquerce-

tin (Kiefer and Kurth, 1953). This compound is classified as a

flavonoid. These compounds have a C6C3C6 carbon skeleton (Browning,

1963).

Polyphenolics such as tannin and phlobaphene comprise the majority

of the ethyl alcohol extractives (Hergert and Kurth, 1952). These ma-

terials are defined as substances that convert animal hide into leather.

Phlobaphene material differs from tannins by being more highly condensed

and not water soluble.

The water soluble extractives consist of tannin and carbohydrate

compounds. This fraction is believed to consist of lower molecular

weight materials than similar materials in the ethyl alcohol fraction.

The above extractives are heterogeneous mixtures which overlap

from one solvent extraction to the next. Naturally, the extraction

sequence would change the composition of each extract.
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(b). Isolating Douglas-fir bark fiber.

To utilize the bark fiber, it must be isolated from the whole

bark. Various methods have been used to fractionate fiber from whole

bark; chemical, mechanical, electrical, and floatation, or a combina-

tion of these. The physical and chemical make-up of the fiber is

greatly affected by the fractionation technique used.

Mechanical fractionation is the least expensive fiber fractionation

technique, but results in a very heterogeneous fiber.

Isolating bark fibers by hammermilling, air drying, Rota p screening

and final purification by floatation produces a fiber which is encrusted

by a reddish-brown sheath rich in phenolic acids (Kieferand Kurth, 1953).

This sheath originates from sieve elements and parenchyma cells adjacent

to the fiber in the bark. These cells are fractured during isolation of

the fiber, and their fragments adhere to the fiber surface. An analysis

of fibers produced by the mechanical segregation method of Kiefer and

Kurth, 1953 gave the results listed in Table 4. The reddish-brown phe-

nolic acid sheath surrounding the isolated fiber is soluble in dilute

alkali solutions, and has the empirical formula C36H35013.

I used a combination of disc refining of dry bark at atmospheric

pressure and electrical fractionation to separate fiber from whole bark.

The fiber constituted approximately 46% of the weight of the air-

dried bark (Short, Wellons and Lin, 1973). This fiber had the reddish-

brown sheath described by Kiefer and Kurth. Since the recovery system

was similar to that of Kiefer and Kurth, this fiber would be similar in

properties to their fibers. Thus, mechanically isolated bark fiber,



1/Values based on oven-dry extractive-free material.

3/Values based on oven-dry unextracted material.
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Table 4. Analysis of isolated bark fiber (Kiefer and Kurth, 1953).

Cell Wall Components1/
Extractive
Components

Ash 0.60 Ether
soluble 2.92

Holocellulose 54.48

Galactose 3.54 Ethanol
soluble 8.65

Mannose 6.31 Hot water
soluble 2.58

Glucose 39.83 Total 14.15

Xylose 11.03

Arabinose 0.00

Pentosans 8.62

Lignin 44.80

1% sodium hydroxide 22.00

Hydrogen chloride 11.80

Klason 11.00

Acetyl group 4.62

Uronic acid anhydride 7.16

Methoxyl group 3.89

Methoxyl on lignin 2.39
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with its torn surface and extensive sheathing, would retain a large

amount of its extractives. These extractives would be vulnerable at

fabrication temperatures.

Steaming bark prior to or during disc refining weakens the bond

between the fibers and adjacent parenchyma and sieve cells (Wellons and

Miller, 1972). As a result, the sheathing material is removed, exposing

the remaining extractives to high temperatures and water vapor. Thus,

the fiber would have lower wax, tannin and carbohydrate content.

Further purification using water floatation would remove the lower mo-

lecular weight tannins and carbohydrates. The amount removed would

depend upon time and water temperature. Long exposure to high water

temperatures would greatly reduce the tannin and carbohydrate content

of the final fiber.

When fiber is fractionated by chemical processes, an even different

fiber should result. The Weyerhaeuser Company recovers a bark fiber by

extracting bark in kraft white liquor to digest cork and encrustants.

Effects of chemical fractionation depend on the chemical make-up of the

fractionation media. Alkali fractionation and purification of bark fiber

would remove the sheathing material, tannins, carbohydrates, and acidic

materials. The extent of this extractive removal would depend on the

alkali concentration and time of exposure. This pulping is indiscrim-

inate and removes many components that may not interfere with the

fiber's use as a reinforcement or filler. For economic reasons, the

alkali extraction limits this operation to kraft pulp mills where bark

can already be used as fuel.
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Once the fragmented sheath has been removed from the fiber surface,

the chemical composition of the cell wall components should be relative-

ly unaffected by the fractionation process. But extractive materials

will continue to be very dependent on the fractionation process.

(c). Thermal properties of bark fiber.

When bark fibers are heated above ambient temperatures, vola-

tiles are given off to a greater extent than is true of wood fiber.

These volatiles originate from the evaporation of adsorbed vapors, such

as moisture in the fiber, or from products of thermal degradation. These

degradation products could be classified as permanent gases, water vapor,

volatile acids and possibly low molecular weight phenolics. Because

outgassing may cause delamination as well as surface blisters on compos-

ite and molded products, the amount of outgassing limits the utility of

a bark fiber either as a filler or a reinforcement.

The amount of outgassing should depend on the fractionation tech-

nique used to isolate bark fiber from the whole bark. Because the bark

fiber outgasses more than wood fiber, I suspect the extractives contrib-

ute substantially to this outgassing. Any method which physically

isolates the bark fiber with minimum degradation to the fiber sheath

would produce a fiber with possibly the greatest potential for outgas-

sing. Other methods of isolating bark fiber which remove part of the

fiber sheath should reduce the amount of outgassing.

Increasing process temperatures during the utilization of the bark

fiber, no matter what fractionation technique was used to isolate the

fiber, would increase the amount of outgassing. The lower the rate of

temperature increase, the longer the fiber is exposed to higher
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temperatures, and the greater would be the amount of outgassing. Out-

gassing may be reduced by removal of vapors during processing or by

condensation of volatile materials within the product. These effects

would depend on the nature of the environment surrounding the fiber

in the finished product. Attempts have been made to reduce the outgas-

sing of bark fiber by preroasting it at temperatures in excess of

processing temperatures. This procedure leaves the fiber encased in a

sheath of char, and reduces its tendency to bond to most plastic resins.

Due to extent of thermal degradation of lignin and cellulose at

temperatures greater than 250°C, increasing the processing temperature

abovethis maximum would adversely affect fiber strength and cause ex-

cessive outgassing, no matter how the fiber had been segregated.

4. Information needed. If bark fiber is to compete against chopped

glass, chopped sisal, cotton floc, asbestos, talc, or wood flour for

filler and reinforcement markets, both cost and technical limitations

must be known.

The economics associated with using bark fiber as a filler in com-

posite products, or as a reinforcement in molding compounds, must be

analyzed with respect to processing costs and size of market. Capital

expenditure for the substitution could be closely estimated, as well as

the potential market for each of the product lines. The composite pro-

ducts are well established, and if bark fiber can be prepared for the

product lines discussed at a cost below the competition, it would seem

to be economically feasible. The cost of producing the bark fiber

would depend on the amount of processing that would be required to make
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the fiber technically feasible. Because economic decisions can be made

only after technical feasibility is established, this study concentrates

on the technical questions.

To determine the technical feasibility of using bark fiber, the

thermal limitations of the fiber must be known. These thermal limita-

tions would be the amount of volatiles generated, as well as what

compounds are evolved at various processing conditions.

I believe that the thermal properties of Douglas-fir bark fiber at

lower temperatures are controlled by extractive components, and not by

the lignocellulosic cell wall framework. If that is true, then the

thermal properties of the bark fiber can be modified as needed by vary-

ing the fiber recovery process. Because most of the extractives are

associated with the sheath on the fiber surface, any process which effi-

ciently removes that sheath should reduce the amount of outgassing when

fiber is heated. In addition, removing this sheath should improve bond-

ing to the fiber surface. This research is designed to test these

hypotheses.



B. Study Objectives

The objective of this study is to qualitatively and quantitatively

describe the thermal characteristics of Douglas-fir bark fiber recovered

by both mechanical and chemical processes.

1. Specific statement of objective.

Determine temperatures at which major phase changes and chem-

ical reactions occur in nitrogen for Douglas-fir bark fiber and each of

its major components. Temperatures will be varied from ambient to 250°C

with an accuracy of 5°C.

Determine the number of moles and composition of gas released

from each fiber type as a function of temperature and time. The number

of moles of gas generated will be recorded with an accuracy of l0-

moles per g of sample over the temperature range of ambient to 250°C.

Determine weight loss of fiber and its components as a func-

tion of temperature and time. Weight loss will be recorded to an

accuracy of 0.01 g per g of starting material from ambient to 250°C.

Three fiber types will be used for this study. The first, fiber A,

will be a mechanically refined and electrically purified fiber. This

fiber type will consist mostly of fiber bundles with a sheath of asso-

ciated torn parenchyma cells. The second type, fiber B, will be a

pressurized disc refined fiber purified via cold water floatation. The

third fiber type, fiber C, will be Weyerhaeuser's WEE' 313, a

mechanically isolated fiber purified by an alkali extraction.

18



II. PYROLYSIS OF BARK FIBER

The intent of the chapter is to review supporting information on

the pyrolysis of Douglas-fir bark fiber. Only limited thermal analyses

have been reported for any bark. Thus, this review must make the

assumption that the thermal properties of the components of bark fiber

are similar to their counterparts in wood. These components are grouped

as cellulose, non-cellulosic polysaccharides, lignin, and extractives.

Several excellent reviews extensively cover the thermal analysis of

wood and its components: F. C. Beall and H. W. Eickner, 1970; and F.

C. Beall, 1968. G. D. McGinnis, 1970, is excellent in his summary of

previous research on the mechanisms for the various thermal responses of

wood components. A somewhat earlier review, but still excellent in its

coverage, is by W. D. Major, 1958.

As evident by those literature reviews, most of the research to

date is concerned with thermal degradation from ambient to complete de-

composition. Because this research is not concerned with thermal

degradation above 250°C, the higher temperature pyrolysis is not included

in this review. The thermal decomposition reported in those reviews in-

cludes both pyrolysis and combustion. Pyrolysis differs from combustion

in that pyrolysis occurs in an inert atmosphere, while combustion occurs

in an atmosphere permitting rapid oxidation. In this study, emphasis is

placed on pyrolysis because that more closely simulated the processing

conditions of the bark fibers in composites. It is generally accepted

that thermal analysis performed in a vacuum is similar to analysis in an

inert atmosphere of nitrogen, helium, etc. (Fang and McGinnis, 1975).

19
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Although research. dates back to the ancient Egyptians using pyroly-

sis products of wood to embalm the dead (Allen and Mattila, 1970), most

of the work prior to the 1950's was rather primitive. Instrument re-

finements in the early l970's gave a new birth to thermal degradation

research- Because cellulose and its derivatives have a large market,

pyrolysis research has focused on it at the expense of lignin, hemi-

cellulose, and extractives. But with the need for complete tree

utilization, research in these areas will greatly expand in the near

future.

The instruments and associated analytical procedures used for pyro-

lysis are relatively new and not fully understood. Thus, research

reported to date is very contradictory. Pyrolysis research may use a

wide variety of closely related materials, atmospheric surroundings,

heating rates, instruments, etc.. This great variability in technique

makes the results very difficult to compare and fully understand.

A pyrolytic study entails exposing a sample to a programmed temper-

ature increase and observing associated chemical changes. The principal

techniques used to record these changes include: thermogravimetric

analysis (Tak); differential thermal analysis (DTA); differential scan-

ning calorimetry (DSC); and effluent-gas analysis (EGA). TGA is a

technique whereby sample weight is continuously recorded as a function

of temperature. DTA measures the temperature change occurring in a sam-

ple being heated at a fixed rate. DSC differs from DTA in the method of

controlling sample temperature and in that energy absorption is measured

rather than temperature increased. 14 DSC thermograms, distances from

the base line are directly equivalent to the rate of energy absorption



for endothermic responses, or energy release for exothermic responses.

Thermogram peak area is directly related to the heat of transition in

calories. EGA can be used as a qualitative and quantitative analysis

of the volatile decomposition products (Einhorn, 1974).

21



A. Thermal Analysis of Bark

Several researchers have thermally analyzed whole bark of several

species. Euler et al, 1947, investigated the isolation of spruce bark

constituents after pyrolysis. These researchers found that if the

pyrolysis material is weakly acidified or basic, then during the pyrol-

ysis the fatty acid esters and phlobaphenes will decompose and go over

into the distillate. They found that water content influenced the pro-

ducts of the pryolysis: dried bark generated large yields of alcohol-

soluble products.

Kurth and Ratnan, 1950, studied the products obtained by destruc-

tive distillation of Douglas-fir bark, 400° to 490°C. These researchers

concluded that bark gives slightly higher yield of acetic acid, methanol,

and acetone than Douglas-fir wood.

A. H. Vroom, 1952, pyrolyzed air dried, ground white spruce bark by

a fluidization technique. At temperatures up to 275°C, the distillate

consisted of yellow oils waxes and an aqueous solution. A gas sample

taken at 325°C consisted of 62.3% CO2, 34.4% CO and 3.3% CH4.

Chow and Pickles, 1971, modified a thermogravimetric analyzer to

study thermal softening of wood and bark under constant load at a heat-

ing rate of 16°C per minute. Oven dry samples softened at 180°C, but

results from infrared spectra, x-ray diffraction and differential ther-

mal analysis indicated that bark exhibited neither physical nor chemical

changes at less than 200°C. The softening temperature was moisture

dependent. As the moisture content increased from 0 to 30%, the

softening temperature dropped from 180°C to 160°C (Figure 1). Chow's

22
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Figure 1. Thermal softening curves of Douglas-fir samples having dif-
ferent moisture contents (Chow et al, 1971).
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Figure 2. Dynamic differential thermograms of wood and bark samples
(Chow et al, 1971).
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DTA thermograms for Douglas-fir wood and bark are reproduced in Figure

2. These researchers speculated that after 180°C, carbohydrates de-

polymerized and the extractives and lignin components polymerized.

Chow later (1972) conducted a kinetic study on bark board forma-

tion. He speculated that phenolic substances in Douglas-fir and red

alder bark polymerized at temperatures near 200°C.



B. Cellulose

1. Physical and chemical reactions. Philpot, 1971, investigating the

pyrolysis products and thermal characteristics of cottonwood and its

components, presented a graphical representation for the pyrolysis of

cellulose as shown by Figure 3. It is an excellent descriptive summary

Dehydration (<250°C)
Oxidation

Cellulose Levoglucosan-40-Polymer

CO2
CO

H20 02
Char Glowing

Flammable
02

Flaming
Volatiles

Depolymerization (>320°C) Tar
Degradation

PYROLYSIS OMBUSTION

Figure 3. Pyrolysis and combustion of cellulose (Philpot, 1971).

of the latest information on the subject. At temperatures less than

250°C, pyrolysis is slow and consists mostly of dehydration and oxida-

tion. At temperatures greater than 320°C, pyrolysis is fast and consists

mostly of depolymerization and degradation. Although temperatures dic-

tate the major route of pyrolysis, all pyrolytic reactions are

competitive reactions.

From ambient to approximately 250°C, pyrolysis of cellulose is

rather slow, but the thermal degradation is a continuous reaction that

starts to accelerate at 250° to 300°C (Tang, 1967; Shafizadeh and Fu,

25
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1973). The major chemical reactions consist of random dehydration

and oxidation along the cellulose chain with simultaneous depolymeriza-

tion and degradation. A$ cellulose undergoes these various chemical

reactions, levoglucosan is considered to be the primary intermediate

pyrolysis product. Shafizadeh, 1968, has summarized the various mech-

anisms proposed for cellulose depolymerization to levoglucosan (Figure

4). These mechanisms are:

(a). Free radical, peeling reaction

cleavage of oxygen bond at C-4 of cellulose.

migration of hydrogen atom from C-6-0H to C-4.

formation of oxygen bridge between C-6 and C-1.

blockage of C-6 hydroxyl group, stabilize free radicals

with formation of 1,4 anhydro ring (path 1-2-7, Figure 4).

(b). (3-D glucose intermediate

Shafizadeh indicates that early researchers considered 13-D

glucose to be an intermediate for the thermal degradation of cellulose

to levoglucosan (path 1-3-7, Figure 4).

(c). Direct conversion

Another possible mechanism for the degradation of cellulose to

levoglucosan is by direct conversion via concerted displacement (path

1-4-7, Figure 4).

(d). 1,2-anhydro, and 1,4-anydro intermediate

A series of concerted displacement reactions utilize 1,2-

anhydro and 1,4-anhydro intermediates to produce levoglucosan from

thermal decomposition of cellulose (path 1-5-7 and 1-6-7, Figure 4).
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Figure 4. Thermal depolymerization of cellulose to levoglucosan. (1)

Cellulose; (2) Free-radical intermediate; (3) 13-D-g1ucose

intermediate; (4) Direct conversion intermediate; (5) 1,2-

anhydro intermediate; (6) 1,4-anhydro intermediate; (7)

levoglucosan (Shafizadeh, 1968).
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The decomposition of levoglucosan is not well understood and,

therefore, does not lend itself to a descriptive explanation. This

material (number 7, Figure 4) melts at 180°C and pyrolyzes to water,

formic acid, acetic acid, and phenols at 250° to 270°C (Browne, 1958;

Sandermann and Augustin, 1964).

It is known that the hydroxyl groups of a carbohydrate upon dehy-

dration and oxidation will generate water and acidic groups. These

acidic groups will decompose to CO2, CO, and other materials when ther-

mally decomposed, as shown by the following:

The specific mechanism for low temperature pyrolysis of cellulose is

not known, but it is possible that a dehydration and oxidation, as

illustrated, could be responsible.

The dehydration, oxidation, and depolymerization, degradation re-

actions are competitive reactions and become excessive in a nitrogen

atmosphere only at temperatures greater than 300°C (Browne, 1958). If

the cellulose is not bone dry, adsorbed water would be volatilized from

ambient to temperatures slightly in excess of 100°C.

These chemical reactions and this water vapor desorption from

cellulose cause an endothermic energy response on a differential thermo-

gram at approximately 100°C and at 300°C (Tang, 1967; Shafizadeh and Fu,

1 9 7 3) .
These endothermic responses are illustrated in Figure 5.

With the addition of oxygen to the pyrolytic atmosphere, the rate

of initial pyrolysis is greatly increased, and more water is produced by
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Figure 5. Thermogram of cellulose (Philpot, 1971)

the oxidation reaction. Major, 1958, also concluded that CO2 resulted

from carboxyl groups decomposing and CO resulted from carbonyl groups

decomposing.

2. Extent of outgassing and weight loss. McGinnis, 1970, points out

that cellulose starts to thermally degrade as the temperature is raised

above ambient. Therefore, as the temperature is increased, cellulose

will continuously lose weight. The rate of weight loss at temperatures

below 120°C depends on the initial moisture content because the pri-

mary reaction is evaporation of moisture sorbed on the cellulose. The

number of moles of water vapor generated could be calculated from

moisture content data.
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Between 120° to 250°C, the rate of weight loss is relatively lower

than the rate from ambient to 120°C.

Philpot, 1971, thermally analyzed dry cottonwood cellulose in a

nitrogen atmosphere at a programmed rate of 15 degrees per minute. The

TGA scan is illustrated in Figure 5. His results indicate a slow loss

of 5% of weight from ambient to 250°C.

A limited amount of CO2 and CO are produced at temperatures less

than 250°C. This would be especially true in a nitrogen atmosphere, or

in a medium with a limited supply of oxygen (Madorsky et al, 1958;

Murphy, 1962; Kilzer and Broido, 1964; and Bryce and Greenwood, 1966).

Major, 1958, isothermally analyzed dry cotton linters at 170°C. His

findings indicated that in an inert atmosphere, almost no carbon diox-

ide and very little carbon monoxide were evolved (less than 10-3 mole/

162 g linters). The evolution of carbon dioxide and carbon monoxide

from oxygen-heated linters was linear with time; at any given time, the

amount of carbon dioxide was approximately twice the amount of carbon

monoxide.

As temperature increases above 250°C, the rate of weight loss and

the amount of CO and CO2 generated would substantially increase.
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Figure 6. Differential thermal analysis of DMSO xylan (Philpot, 1971).

C. Hemicellulose

1. Physical and chemical reactions. The thermal degradation of he,mi-

celluloses have been studied the least of the structural components in

the woody cell wall. This could be due to the problem of isolating pure

samples of a specific hemicellulose.

Hemicelluloses are believed to be less stable thermally than cellu-

lose or lignin (Domansky and Rendos, 1962; Sandermann and Augustin,

1964; Beall, 1971). Philpot, 1971, working with 0-acety1-4-0-methyl-

glucouronoxylan, reported (Figure 6) that pyrolysis began at 215°C and

proceeded rapidly up to 275°C. Endothermic DTA responses were recorded

X
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from approximately 1300 to 200°C, and at 250°C, and 325°C. An exother-

mis response occurred at approximately 225°C, 300°C, and 400°C.

Browne, 1958, reported that hemicelluloses, particularly pentosans,

decomposed considerably between 200° and 260°C. They evolved more gases

than cellulose.

Beall, 1971, found that hardwood native xylan responded differently

on thermal analysis than deacetylated or a commercial xylan. From

abmient to 300°C, all three xylans showed an endotherm near 100°C, and

an exotherm near 300°C. But, the native xylan also showed an endotherm

at 250°C. Similar thermal analysis with softwood xylan showed the endo-

therm near 100°C, but only a broad exotherm between 200° and 300°C.

These results are illustrated in Figures 7 and 8.

McGinnis, 1970, found that a DTA of cottonwood xylan exhibited endo-

therms at 125° and 250°C, and an exotherm near 290°C (Figure 9). He

reported the pyrolytic products to be furan compounds, acetic acid,

methanol, and lower molecular weight aldehydes and ketones. Analysis was

in a nitrogen atmosphere with a programmed temperature from ambient to

500°C.

Differential thermal analysis of softwood mannans by Beall, 1971,

showed a dehydration endotherm near 100°C, but only a very gradual exo-

therm from 250° to 400°C (Figure 8). Similar analysis by Shimizu et al,

1972 (Figure 10) showed 0-acetyl-galactoglucomannan to exhibit endotherms

at 100° and 210°C, and an exotherm at 290°C.

Some investigators report that organic acids are generated at

temperatures in excess of 200°C, originating from side chains of
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Figure 7. Differential thermal analysis pyrolysis of hardwood xylan
subjected to various extraction methods, heated in nitrogen
at 10°C/min. (Beall, 1971).
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Figure 10. Differential thermal analysis and thermogravimetric analysis
curves of the 0-acetyl-galactoglucomannan heated in air and

nitrogen at 2.5'C/min. (Shimizu et al, 1972).
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hemicelluloses, e.g. acetic acid from acetyl groups (Fletcher and Harris,

1952i and Beall, 1972).

As with cellulose and lignin, sorbed water would be volatilized at

temperatures between ambient and 120°C, creating an endothermic DTA

response. Sergeeva and Vaivads, 1954, reported that hygroscopic water

was more difficult to remove from birch xylan than cellulose. This re-

sulted in a deeper and more prolonged endotherm with xylan.

2. Extent of outgassing and weight loss. Being relatively unstable

thermally, the extent of outgassing from hemicelluloses would be greater

than cellulose and lignin at temperatures from ambient to 250°C, due to

substantial decomposition at temperature near 250°C. The total amount

of generated volatiles would also be dependent on moisture content.

Figure 11 (McGinnis, 1970) indicates that the cottonwood xylan

starts to lose weight at 215°C and at 250°C has lost approximately 17%

of its initial dry weight.

Beall, 1969, found that over 60% of the native hardwood xylan

thermally decomposed from ambient to 250°C. Thermal decomposition was

initiated at approximately 215°C. Beall's softwood xylan started to

thermally decompose at 200°C, but only 40° of the initial dry weight was

lost at 250°C (Figure 12). Beall found that mannan weight loss was

similar to the xylan, but was dependent on the galactose content. The

higher the galactose content, the slower the weight loss.

Shimizu et al, 1972, reported 0-acetyl-galactoglucomannan started to

thermally decompose at 180°C, and lost 30% of its initial dry weight at

250°C.
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Softwood dlucomannan (1:1:3)

C Cellulase lignin
Hardwood xylan (native)

Softwood glucomannan (0.1:1:3)

F Cellulose filter paper

Figure 12. Thermogravimetric analysis pyrolysis of representative wood
components heated in nitrogen at 6°C/min. (Beall, 1969).

D. Lignin

1. Physical and chemical reactions. Lignocellulosic materials are a

complex mixture, so the method of isolating lignin dictates its physical

and chemical make-up. Also, lignin is an amorphous material composed of

an almost random linking of phenylpropane structures. These facts cause

problems with interpretation of the thermal analysis results with

"lignin".
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Figure 13. Differential calorimetric analysis pyrolysis of various
forms of lignin DHP, sulfuric acid, Bjorkman, Brownell,
and cellulase -- heated in nitrogen at 10°C/min. (Beall,

1971).

Sorbed water on the lignin would be volatilized from ambient to

approximately 120°C. This evaporation would be detected as an endother-

mic response on a DTA thermogram.

Several investigators have reported thermal reactions to occur with

lignin in the temperature range of 175° to 225°C (Philpot, 1971;

Domansky and Rendos, 1962; Beall, 1971; Berkowitz, 1957; and Abe, 1968).

These reactions are usually detected by differential calorimetry and

thermogravimetric analysis (Figures 13, 14, and 15). What reactions

occur, and what the actual reaction temperatures are, is mostly a matter

of speculation by those authors. They speculate that lignin starts

noticeable thermal degradation at temperatures near 150°C and gradually



A DHP

C Blorkman
Brownell
Cellulase

Figure 14. Thermogravimetric analysis pyrolysis of different lignin
forms heated in nitrogen at 6°C/min. (Beall, 1969).
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degrades to completion near 450°C. Figure 13 illustrated the endo-

thermic dehydration reaction near 100°C, and the later exothermic

decomposition reaction (Figure 9).

Browne, 1958, reported that from 200° to 280°C, an endotheLmic re-

action occurs with the generation of hydrogen and carbon monoxide. This

degradation was conducted in an atmosphere of oxygen.

Fletcher and Harris, 1952, state that water is generated from the

cleavage of the carbon-oxygen bond in hydroxy and methoxy groups. Other

pyrolytic products include formic, acetic and propionic acid, steam-

volatile phenols, cresols, guaiacols, and xylenols, a tar fraction con-

taining mostly catechols, methanol, and acetone (Browne, 1968 and

Phillips, 1929). The aromatic products are derived from the aromatic

nuclei of lignin. The organic acids, methanol, acetone and carbon mono-

xide, methanol and several other low molecular weight volatiles are most

likely generated from the thermal degradation of the "propane" side chain

of lignin. Allen and Mattila, 1970, speculated that the carbon-to-carbon

bonds of lignin are cleaved at approximately 400°C. The C - 0 bonds

would be thermally less stable than C - C bonds. Thus, when lignin is

heated to only 250°C, most of the aromatic compounds would be very minor

components of generated volatiles compared to water, carbon dioxide, and

carbon monoxide.

2. Extent of outgassing and weight loss. As with cellulose, the amount

of outgassing when lignin is heated from ambient to 250°C would depend

on the amount of sorbed moisture.
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Beall, 1969, pyrolyzed five forms of lignin via thermogravimetric

analysis in nitrogen. His results indicated that in addition to mois-

ture, the initial weight loss was directly related to the molecular

weight of the lignin. The higher the molecular weight, the greater was

the theimal stability of the lignin. Four of the five lignin samples

analyzed lost 10% in weight at temperatures up to 250°C. Maxi-

mum rate of weight loss occurred at temperatures greatly in excess of

250°C.

Beall's TGA scans are illustrated in Figures 14 and 15. These scans

indicate that the presence of oxygen greatly increases the rate and

extent of thermal decomposition of lignin.

Due to the lower initial decomposition temperature, the extent of

outgassing of lignin from 100° to 200°C could be greater than cellulose

from ambient to 250°C (Allen and Mattila, 1970; Beall, 1969; Beall,

1971; Abe, 1968; and Domansky and Rendos, 1962).



E. Extractives

Research. on the thermal decomposition of either wood or bark ex-

tractives is almost nonexistent. However, considerable data are

available on various organic compounds that could be treated as models

of the extractives occurring in Douglas-fir bark.

The benzene soluble extractives of bark would contain the relative-

ly nonpolar hydrocarbons. The majority of these extractives consist of

esters of long chain alcohols and fatty acids and have been generally

classified as benzene waxes. Craig et al, 1968, investigated natural

and hydrocarbon waxes in nitrogen. Several commercial paraffin waxes

gave DTA endotherms between 30° and 37°C. These endotherms were contrib-

uted to solid-solid transitions of the lattice structure. In addition

to these premelting endotherms, the waxes produced melting curves from

52° to 82°C (Figure 16). It was observed that impurities added to hydro-

carbon waxescaused a decrease in the transition temperatures. Also, no

DTA peaks were observed from 120°C to the test limit of 200°C.

Lange and Jochinke, 1965, investigated the solidification and melt-

ing of waxes using DTA. They showed that natural and synthetic waxes

and wax-like products can be characterized by DTA. The temperature

range was from 25° to 120°C. These investigators observed similar therm-

al responses as Craig et al, 1968. Many waxes showed broad endothermic

responses at the melting temperature: carnauba wax, 80°C; candelilla

wax, 65°C; and beeswax, 60°C. In addition, the following related com-

pounds showed maximum endothermic responses at the stated temperatures:

stearic acid, 65°C; naptilhaline, 80°C, and sperm oil, 50°C. These
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researchers found that melting temperature is depressed when acids are

mixed together. DTA responses indicate that an acidified wax has a

narrow, sharp melting endotherm compared to an esterified wax.

Sandermann et al, 1970, investigated volatile free fatty acids in

various woods. Several wood species, including Douglas-fir, were ex-

posed to various temperatures and the fatty acids were analyzed

qualitatively and quantitatively by gas chromatography. Spruce and

beech wood were also analyzed after treatment with 2% caustic soda solu-

tion. Table 5 summarizes their results. Douglas-fir produced 2.4%

(D.D. weight) acetic acid when heated at 225°C for five hours. All the

other volatile fatty acids amounted to less than 1%. Upon treatment of

the wood with caustic soda, the amount of free fatty acids generated was

greatly increased compared to untreated wood.

Schuller and Conrad, 1966, reported DTA and TGA scans for several

major resin acids found in pine oleoresin. Both DTA and TGA were con-

ducted in nitrogen atmosphers. Results are summarized in Table 6.

These researchers attributed premelting endotherms to molecular trans-

formation. Results indicated that the resin acids had endothermic

melting temperatures between 140° and 175°C, but less than 10° was

volatilized at temperatures up to 225°C.

The majority of the ethyl ether soluble extractives consist of the

flavonoid, dihydroquercetin (3, 3', 4', 5, 7 pentahydroxy flavanone).



Table 5. Maximum yield of volatile acids from wood under various experimental conditions
(Sandermann et al, 1970).

Species and
conditions

Yield of Volatile Acids as Percent of Dry Weight
Formic
acid

Acetic
acid

Propionic
acid

Butyric
acid

Acrylic
acid

Crontonic
acid

Fagus sylyatica 0.05 7.0 0.25 0.0 0.0 0.0
250°C, 2 h

Quercus robur 0.13 3.0 0.69 Trace 0.0 0.0
225°C, 5 h

Picea abies Trace 4.3 0.21 0.0 0.0 0.0
250°C, 2 h

Pseudotsuga 0.19 2.4 0.36 Trace 0.0 0.0
taxifolia
225°C, 5 h

Larix decidua 0.17 1.8 0.26 0.08 0.0 0.26
(Heartwood)
225°C, 1 h

Larix decidua 0.22 2.4 0.46 0.0 0.0 Trace
(Sapwood)
225°C, 1 h

Tectona grandis 0.06 1.72 0.31 0.08 0.115 0.10
225°C, 1 H
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Table 6. Thermal characteristics of resin acids (Schuller. and Conrad,

1/
- Previously reported data found in literature.

1966).

M.P., °C
Temp., °C, of Per-
cent Loss (TGA)

Name of Acid Lit./ DTA 10% 50% 90%

Levopimaric 150-2 140 241 288 402

Neoabietic 171-3 158 251 281 424

Palustric 162-7 166 247 286 410

Abietic 172-5 175 258 293 312

Dehydroabietic 171-3 175 252 292 323

Isopimaric 162-4 156 236 279 428

Pimaric 217-9 187-194 241 277 298
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Troughton and Chow, 1973, reported that this phenolic extractive, upon

heating for two minutes at 195°C, produced a powerful chromophore group.

This chromophore was observed on a differential reflectance spectrum as

a well resolved peak at 430 nm and a broad peak at 550 nm. No explana-

tion was presented for the observed thermal change of dihydroquercentin

at 195°C. The melting temperature for dihydroquercetin is reported to

be 240-242°C, with decomposition occurring at or slightly above the

melting temperature (Aft, 1961).



F. Conclusions

Several speculations can be made about the limitations of bark

fiber when it is heated. Assuming that the cell wall components of

bark fiber are similar to those of wood, then limited thermal degrada-

tion of the fiber wall is the summation of the degradation of its

components (as observed to be the case with wood, Philpot, 1971 and

Browning, 1963). Approximately 10% weight loss would occur up to 250°C,

and the primary gas produced would be water. The same cannot be said

for the extractive components, if you assume volatilization substantially

increases as the extractives are heated above their melting points.

Fatty acids, resin acids, and simple sugars are inclined to degrade at

temperatures below 250°C and would contribute substantially to thermally

induced vapors.

Table 7 is a list of the components and approximate temperatures

where active pyrolysis and extensive weight loss occurs, thus providing

upper temperature limits for the use of unextracted bark fiber.

Continued heating beyond the temperatures listed in Table 7 for

structural components of the fiber wall would cause drastic changes in

the structural characteristics of the fiber.
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Table 7. Upper temperature limits for various wood components and
extractives.

Component Temperature (°C)

Cellulose 30021

Hemicellulose 225

Lignin 250

Extractives

Benzene1/ 603/-

Ether 235-3/

Ethanol 200-3/

3/
Water 240-

"1/
Solvent for sequential extraction.

Temperature where weight loss is approximately 10%.

Melting point of major component.
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III. SUMMARY OF PROCEDURES

This chapter contains only descriptive summaries of experimental

methods used for the study. Detailed procedures are located in the

appendices.

A. Collection and Preparation of Bark Fiber

Three fiber types were prepared from Douglas-fir [Pseudotsuga

menziesii (Mirb) Franco]. A relatively "crude" fiber, fiber A, was

isolated by disc refining 61 kg dry bark. The fiber was isolated by a

combination of electrical and mechanical screening (Short, Wellons and

Lin, 1973). The bark chunks for this fiber were randomly selected from

-

about 30 logs at the mechanical debarker of a local veneer mill.

A second fiber type, fiber B, was obtained from 136 kg of similar

chunks of whole bark which were chipped, pressurized disc refined at

2.7 atm (25 psig) steam pressure, and isolated by floatation and wet

screening.

Weyerhaeuser Company supplied the third fiber type, fiber C (CEF

313). This fiber was obtained by mechanically grinding and screening

whole bark, extracting the fibers with kraft white liquor at 100°C, and

rod milling the extracted fiber.

Fibers were equilibrated to laboratory equilibrium moisture con-

tent, their moisture content determined on a Cenco moisture balance, and

then stored in closed containers in the laboratory (Appendix A).
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Fibers were examined under a microscope at low magnification to

determine the presence of non-fiberous materials. The proportion of

non-fiberous material present was determined by photographing random

samples of the fiber, projecting the photograph onto a dot grid, and

counting the number of dots occurring on fiber and other particles,

respectively (Appendix B).

The physical dimensions of the three fiber types were determined

by projecting the image of a random sample (approximately 50 fibers) of

each fiber type through a lens onto a screen and measuring the fiber

lengths and diameters. Magnification was approximately 39 times. The

length was measured from tip-to-tip, regardless of fiber curvature.

The diameter was measured at mid-fiber length. Only sclerieds were

measured, cork particles and parenchyma fragments were ignored.

Each fiber type was examined under a scanning electron microscope

equipped with a Polaroid camera. The microscope, a model MSM-2 "MINI-

SEM" from International Scientific Instruments, had a 15kv accelerating

voltage, magnification range of 30X to 40,000X with a resolution of 300

A. Specimens were mounted with silver paint on aluminum studs and coated

with platinum prior to viewing.
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C. Chemical Components in Fibers

The solvent extractables in the three fiber types were determined

by continuously dripping heated solvent through a sample of the fiber

at the rate of 100 ml per hour. Appendix C illustrates the procedure

used. The following solvent sequence and temperatures were used:

Solvent Temperatures (°C)

Benzene 60

Diethyl ether ambient

Ethanol (95%) 60

Water 60

Technical grade solvents were distilled prior to each extraction. Lab-

oratory distilled water was not redistilled. Approximately 2400 ml of

each solvent was used per 50 g sample of fiber. Extractives were

recovered on a rotary evaporator and vacuum dried at 40°C.

The solubility of each fiber type in one percent aqueous caustic

soda was determined by heating at 100°C for one hour a slurry of 60 ml

of 1% NaOH and 1 g of fiber. After heating, the mixture was filtered

and sequentially washed with hot water, 50 ml of 10% acetic acid, and

again with hot water. The samples were dried at 100°C for 15 hours,

and the alkali solubility calculated on an oven-dry basis.

The amount of ash in each fiber type before and after extraction

was determined by heating duplicate samples (2.0 g each) for one hour at

600°C. Moisture content was determined via a Cenco moisture balance

prior to analysis. Ash content was calculated on a dry weight basis.
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A Hewlitt Packard 185-B CHN Analyzer was used to determine the

percent of carbon, hydrogen and nitrogen in the fibers and their ex-

tractives. The percent of oxygen was determined by subtracting the ash

and the percentage of the other three components from 100%. Duplicate

samples were analyzed on fiber type B to verify that the analysis was

repeatable. Variation was found to be less than 1% (Appendix D).

The pH and buffering capacity of the fibers were determined by

titrating a 10/1 (w/w) slurry of water and fiber with 0.025 NaOH or HCl

and measuring EMF across a glass-calomel electrode pair (Appendix E).



D. Thermal Analysis of Fibers

After extraction, but prior to thermal analysis, all fiber types

and their extractives were dried to constant weight under vacuum over

Drierite. The drying procedure is described in Appendix F. Residual

water in the unextracted and extracted fibers, plus their extractives,

was determined by the Karl Fischer titration technique. Its application

to this study is covered in Appendix F. After residual moisture deter-

mination, samples were sealed in air-tight glass containers and stored

In desiccators until thermally analyzed.

Duplicate samples (10 mg) of the fibers and their extractives were

analyzed via a Perkin-Elmer Differential Scanning Calorimeter, DSC-1B.

Generally, DSC scans of duplicate samples were superimposable. Simul-

taneously, effluent was detected via the associated Perkin-Elmer

Effluent Analyzer Assembly. A detailed procedure is outlined in Appen-

dix G. Samples were packed into aluminum pans and heated uncovered,

allowing visual observations to be recorded. Temperature was increased

at a rate of 10°C per minute, with a calorimeter sensitivity of 16 mcal

per second for full scale deflection. Nitrogen was used as a carrier

gas at a flow rate of 37 cc per minute.

The effluent analyzer was at its highest sensitivity with a range

dial setting of one.

Perkin-Elmer's TGS-1 Thermobalance was used to determine weight

loss of duplicate samples of the three fiber types and their extractives

when heated to 250°C. Generally, TGA scans of duplicate samples were

superimposable. Conditions for TGA scanning were adjusted to correspond
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to the DSC experiments, heating rate - 10°C per minute; nitrogen carrier

gas at a flow rate of 33 cc per minute. Samples were one to three mg,

as limited by the physical size of the platinum sample pan. The exact

procedure is described in Appendix H.

As the fiber and extractive samples were heated in the thermobal-

ance, the nitrogen carrier gas swept the volatiles through a series of

liquid nitrogen cold traps. After trapping the volatiles, most of the

nitrogen carrier gas was stripped from the condensed volatiles by

evacuating the cold trap for 24 seconds. The condensed sample in each

liquid N2 cold trap was warmed to room temperature and analyzed via a

Varian Mat CH7 Mass Spectrometer. All samples were duplicated for a

given temperature range (Appendix 1).

The amount of gas generated as a fiber sample was heated in vacuum

was recorded by measuring pressure rise in the vacuum system. This

system and its operation are described in Appendix J. Random samples of

fiber before and after extraction were placed in a platinum TGA sample

pan and suspended in the TGA furnace, positioned in the vacuum system.

After evacuating the system to approximately 5 X 10-3 torr, the furnace

temperature was increased 10°C per minute to 300°C. The increase in

pressure of the system (25°C) was recorded via an oil manometer with a

sensitivity of approximately 0.07 torr.



E. Reinforcin Phenolics with Bark Fibers

Ten cm diameter discs were compression molded using Union Carbide's

Bakelite Phenolic Molding Compound and 20% of each type of fiber. The

molding mixture was held in the mold at a temperature of 120C and

pressure of 116 atm (1700 psi) for five minutes. The molded discs were

conditioned to laboratory equilibrium moisture content prior to test-

ing for dropped-ball impact strength. Conditioned discs were placed in the

test apparatus and a 237 g ball was dropped repeatedly on the center of

a disc from heights increasing each time by increments of 2.5 cm.

Failure was defined as the height at which the ball completely shattered

the disc or opened an obvious crack from the point of impact to the

edge of specimen. Duplicate samples were randomly tested, and the

average value recorded as the impact strength. Samples containing only

resin were tested as controls (Appendix K).

Fracture surfaces of the molded phenolic discs were examined with

the scanning electron microscope following the procedure used to examine

isolated fibers.

57



TV. RESULTS AND DISCUSSION

A. Physical Properties of Fibers

Fiber purity. Fibers B and C, the pressurized, disc-refined and

alaki extracted fibers, were found by microscipic observation to contain

no cork or other non-fiberous fragments. Fiber A, the dry, disc-refined

fiber, contained 90% fiber and 10% cork on a volume basis. Assuming

fiber and cork densities of 1.40 (Soule and Hendrickson, 1966) and 0.45

(Krahmer and Wellons, 1973) g/cc, respectively, the mixture would be

96% fiber and 4% cork on a weight basis. The purification processes

removed all dust ( 100 mesh) from the fiber. The cork impurity of fiber

A would be expected to increase the amount of extractives because cork

has relatively more extractives than fiber, 40% compared to 14%,

(Hergert and Kurth, 1952; Kiefer and Kurth, 1953).

Fiber surface structure. Microscopic examination of fiber A showed

that the fiberous particles consisted of bundles of fibers held together

by a matrix of torn cells. The sheath of cell fragments completely

encased the fiber bundles and conformed to the general shape of the

fibers (Picture 2). This fiber structure resulted from the tearing of

the walls of parenchyma cells adjacent to the fibers. Little or no

separation was seen between these parenchyma cells. It has been pro-

posed that the "sheath" surrounding the bark fiber is phenolic in nature,

because the parenchyma cells of bark contain a large amount of phenolic

material.
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Picture 2. Scanning electron micrographs. of Douglas-fir bark fiber
randomly selected from a) dry, disc-refining, fiber A;
b) pressurized, disc-refining, fiber B; c) alakali
extraction, fiber C (Miller et al, 1974).
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Fiber type C was quite different from fiber type A. It had less

sheathing material, and only a few fibers were in bundles. Most were

single fibers without sheathing material (Picture 2). The limited

amount of sheathing material and the number of fibers per fiber bundle

reflect the effect of the alkali extraction and the rod milling after

alkali extraction.

The sheath on fiber types A and C would be prone to removal during

handling. Thus, extensive screening or fiber scuffing on conveyor belts

in a commercial process would cause a decrease in the amount of sheathing

material, increasing the amount of powdery fragments in the fiber.

The "cleanest" fiber was type B (Picture 2). This type was invari-

ably single fibers having no surrounding sheath of torn parenchyma cells.

Wellons and Miller, 1972, speculated that the pressurized disc refining

removed the sheath of the fiber by separating the fiber from adjacent

cells at the middle lamella. Some fiber breakage might occur, but not to

the extent that would occur with fibers A and C. The floatation process

and wet screening used to purify fiber B effectively removed broken

fibers and extraneous materials.

Approximately 10% of the individual fibers: of type B had an oily,

fused surface appearance. This could indicate that the refining temper-

ature (130°C) caused some components in the sheathing material to fuse

onto the individual fiber surfaces.

3. Fiber dimensions. Table 8 lists the length (L), diameter (D), and

L/D ratio for the three fiber types. Considering the possible error in

measuring technique, the differences in length, diameter, and L/D ratio



Table 8. Properties of the three fiber types.

1/
- Values based on oven dry, unextracted fiber.

2/ Values based on oven dry, extractive free fiber.
3/

Ninety-five percent confidence limit.
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Property
4

Dry, disc-
refined

Fiber Type
B

Pressurized,
disc-refined

C
Alkali
extracted

Length (mm)
3/

1.41 i3O.11- 1.09 ±0.03 0.96 ±0.05

Diameter (mm) 0.18 0.02 0.07 ±0.01 0.08 ±0.01

L/D Ratio 7.83 15.57 12.00

% Soluble In1/

Benezene (65°C) 4.4 0.6 1.4

Diethyl Ether 0.8 Trace Trace
(25°C)

Ethanol (60°C) 7.1 2.1 1.5

Water (60°C) 1.0 0.8 5.0

% Ash

Before Extraction 1.1 0.5 3.8

After Extraction 0.8 0.4 1.8

1% NaOH (100°C)2/ 37.2 17.1 18.0

Klason Lignin/ 21.5 25.4 25.3

Chlorite 39.5 52.6 52.9
Holocellulose2/
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between the unextracted and extracted fiber were not significant. Thus,

they were averaged together.

Fiber A, the dry, disc-refined fiber, was the longest and also had

the largest diameter. As a result, fiber A had the lowest L/D. This

result is consistent with the fact that fiber A was in bundles of fiber.

Thus, the length was the length of a fiber bundle and not the length of

an individual fiber.

Fiber B, the fiber generated from pressurized,, disc-refining, was

the second longest fiber. Both fiber B and C were individual fibers,

thus fiber B was the longest individual fiber. This difference in

lengths of fibers B and C could be due to the wet screening used to re-

cover fiber B. It could also be due to the combination of refining,

extracting and rod milling that was used to recover fiber C, causing

greater breakage and reducing the average length of fiber C. Fiber B

was also the thinnest as would be expected since the parenchymatous

sheath was removed most consistently from this fiber type. As a result

of its smaller diameter and greater length, fiber B had the largest L/D.

An L/D ratio of 15 is marginal for a fiber to increase the impact

strength of molding compounds. Thus, fiber B would be somewhat more

acceptable as a reinforcing agent than fiber C; and fiber A very ques-

tionable as a reinforcing agent, considering only the physical

dimensions.



B. Chemical Com onents in Fibers
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1. Extractives in bark fiber. Each fiber type was sequentially ex-

tracted with benzene, ether, ethanol, and water. Table 8 summarizes the

quantity of extractives removed from each fiber by the various solvents.

Fiber A had the largest amount of extractives (13.3%) because of

its extensive sheathing of fractured parenchyma cells and approximately

three precent extractive rich cork as an impurity. The majority of fiber

A extractives were ethanol soluble, as would be expected since the

sheathing material is known to be rich in polyphenolics. Removing the

extractives from fiber A did not break the fiber bundles, but appeared

to remove some encrustations from the surrounding parenchyma. cells,

causing the sheath_ to be more clearly defined. The results for fiber A

are Similar to results obtained by Kiefer and Kurth, 1953 and also by

Hergert and Kurth, 1952 (Table 2).

Fiber B had the least amount of extractives removed (3.6%). The

extraction sequence caused no noticeable change in the surface texture

of fiber B. The majority of its extractives were ethanol soluble. It

contained a negligible amount of ether solubles. Because this fiber was

exposed to relatively severe mechanical processing and some cold water

extraction during fiber isolation, it would be expected tb contain less

water soluble extractives than fiber A. But the low total extractive

content was surprising. Apparently, the alcohol solubles are almost

totally in the fiber sheath which was effectively removed by the

pressurized refining process.
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Fiber C, having undergone both mechanical processing and alkali

extraction, was expected to have the least extractives. But, instead

fiber C had the greatest water solubility of the three fiber types and

was intermediate to fibers A and B in total extractive content. This

result is not easily explained. The alkali extraction used during fiber

isolation was kraft white pulping liquor. This liquor causes the lignin

and some lower molecular weight carbohydrates to become water soluble

along with the normally water soluble tannins. If the alkali extraction

was followed by insufficient wash_water in the industrial process, these

"solubilized" tannins, lignins, and carbohydrates may not have been

removed completely.

Table 9 describes the color of the extractive solutions' at low

concentration.

Table 9. Colors of the various extractive solutions from the three
fiber types.

Fiber Type
Solvent AB C

Benzene Light yellow Light yellow Light yellow

Diethyl ether Colorless Colorless Colorless

Ethyl alcohol Brown Light brown Wine red

Water Dark brown Golden-yellow Golden-yellow

From these colors, it seems that the alcohol extract of fiber C was

considerably different in composition from that of fiber types A and B.

Also, the water extract of fiber A was different from that of fibers B

and C.
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The earlier discussion of what extractives occur in each solvent

was based on the literature. To support those conclusions about what

these extractives might be and how they varied from fiber to fiber, an

elemental analysis was conducted on the various extractives. Their

associated empirical formulae are listed in Table 10. Because the

elemental analysis was of mixtures, these results must be interpreted

cautiously.

The relative amounts of oxygen in the extracts increased as the

polarity of the solvent increased. This result is reasonable consider-

ing that the more polar the solvent, the more polar the extractive

removed. The oxygen content of the water soluble extractives was exces-

sively high. Because oxygen was determined by difference, these results

contain cumulated errors. Possibly ash was not compensated for

adequately, or the water solubles were oxidized during recovery.

The ethyl alcohol solubles from fiber C differed from those of

the other fiber types in.having substantially higher proportions of

oxygen and hydrogen. The observed color differences in the extracts,

Table 9, also ,indicated that the nature of the components present

in this extract of fiber C differed from those found in fibers A and B.

Considering the empirical formulae of various model compounds (Table 12),

these results suggest that proportionately more carbohydrates were

extracted from fiber C by ethyl alcohol than from the other fiber types.

However, carbohydrates have no color in ethanol. The fact that the

ethanol solubles from fibers A and B were identical in empiricalformulae

but these fibers differed greatly in the yield of ethanol solubles



Table 10. Empirical formulae for extractives from each fiber type.

1/
- Total ash_removed during the extraction procedure is assumed to be
found in the water soluble extractives. Thus, only the formulae
for the water soluble extractives were corrected for the total ash
removed during the sequential extraction procedure (Table 8). In

addition the water soluble extractives were corrected for their
residual water content (Table 13).
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Extractive Empirical Formulae

Benzene

Fiber A C1.00 H1.67 00.10

Fiber B C1.00 H1.66 00.14

Fiber C 1.00 H1.72 00.15

Ether

Fiber A ci.00 H1.16 00.36

Fiber B 1.00 H1.20 00.30

Fiber C C1.00 H1.44 00.19

Ethanol

Fiber A 1.00 H1.15 00.44

Fiber B 1.00 H1.15 00.44

Fiber C C1.00 H1.47 00.68

Water/

FiberFiber A C1.00 111.37 °0.94

Fiber B 1.00 H1.54 °1.05

Fiber C l. 00 01.07



illustrates the effectiveness of the pressurized refining at removing

the source of these extractives.

Table 11. Empirical formulae for each fiber type before and after
extraction.

"Corrected for residual water content (Table 13).

2. Structural cell wall components. I do not expect that the fiber

recovery methods used in this study greatly affected the amount of

strucutral cell wall substances in the bark fiber. To verify this, a

chemical analysis was performed on each fiber type (Table 8). In addi-

tion elemental analyses also were conducted on fibers, and the associated

empirical formulae are given in Table 11 for unextracted and extracted

fiber of each type. Similar calculations were performed for pure cell

wall components and a hypothetical "extractive-free fiber" composed of

55% polysaccharide, 23% lignin and 22% catechin.

The results of the Klason lignin and chlorite holocellulose

analyses verified that the recovery methods used in this study did not
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Sample 1/Empirical Formulae-

Fiber A C1.00 H1.42 00.56

Fiber B c1.00 H1.54 00.61

Fiber C C1.00 111.47 00.60

Extracted Fiber A C1.00 111.37 00.64

Extracted Fiber B C1.00 111.50 00.66

Extracted Fiber C 1.00 H1.44 00.60



1/Based on 55% polysaccharide, 23% lignin and 22% catechin.

Fiber A had a higher ratio of lignin to polysaccharide (0.54), but that

would be expected considering that the phenolic sheath is associated

with thin walled parenchyma cells which would be relatively high in

lignin. The fiber walls have a much thicker S2 layer that would be

expected to contain a relatively high concentration of polysaccharide.

Generally the elemental analyses indicate that removal of extrac-

tives caused the fiber to have a relatively higher oxygen content

compared to unextracted fiber. This was expected considering that

carbohydrates, the major component of the fiber, are the most oxygen-

rich organic compounds present in the fiber wall. Thus, removal of

organic extractives of lower oxygen content from the fiber would cause
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greatly affect the amount of structural cell wall substances. The ratios

of lignin to polysaccharide are identical for fibers B and C CO348).

Table 12. Empirical formulae for hypothetical lignocellulosic fiber
and pure cell wall components.

Compound Empirical Formulae

Hypothetical "extractive-free
fiber"1/ C1.00 H1.43 00.63

Lignoceric Acid (Benzene sol.) C1.00 H2.00 C0.08

Dihydroquercetin (Ether sol.) C100 110.80 90.47

Catechin (Ethanol & water sol.) C1.00. 110.93 9 0.40

Glucose C1.00 H2.00 91.00

Polysaccharide C1.00 111.67 90.83

Softwood Lignin C1.00 H 1.33 00.33
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the extracted fiber to have a higher oxygen content. If polarity can

be based on oxygen content only, the extracted fiber might have more

polar surfaces than the unextracted fiber. In addition, the amount of

hydrogen per carbon atom was slightly greater for each unextracted fiber

compared to the extracted fiber. This would be expected considering

the removal during extraction of the highly saturated waxes.

Extracted fiber A had the lowest hydrogen content relative to

carbon. This reflects the relatively low hydrogen content of the

phenolic sheath still remaining after fiber extraction. There was

moderate agreement between all of the extractive-free fibers and the

hypothetical fiber containing catechin. These results are in agreement

with the findings of Kiefer and Kurth, Table 4.

3. Caustic soda solubility. Results of the 1% caustic soda solubility

testS of the three fiber types are given in Table 8. The hot, dilute

sodium hydroxide solvent used for this test removes a complex mixture

of extractives and cell wall polymers. Particularly tannins and

phlobaphenes, plus some lower molecular weight ligning and hemicellu-

loses, are removed.

Fiber A, with its surrounding sheath of torn parenchyma cells, had

a very high, hot caustic soda solubility as a result of the phenolics

present.

Fibers B and C had essentially the same caustic soda solubility.

This was surprising, since fiber C was extracted with an even more

concentrated solution of hot caustic soda when prepared. The relatively

high_ caustic solubility of fiber C indicates again that the washing of
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this fiber after the kraft white liquor extraction must have been rela-

tively incomplete.

The absence of the sheath of fiber B is reflected in this fiber's

low solubility in the hot, 1% caustic soda.

Ash analysis. Results of an ash analysis (including all inorganic

salts) of the unextracted and extracted fiber types are shown in Table

8. Unextracted fiber C had the greatest ash content, and fiber B had

the least. Extraction lowered the ash content of fiber C substantially,

but only slightly lowered the ash in the other two fibers. The solvent

sequence used for extraction normally would not remove a large amount of

inorganics from the fiber. Thus, the ash content was not expected to

greatly decrease from extraction. It was assumed that the total ash

removed during extraction would be found mostly in the relatively polar

water solvent. During fiber isolation, fiber C was alkali extracted;

thus, it likely retained sodium and sulfur following this extraction

with the kraft white liquor. This is consistent with the high water

solubility of that fiber. The slight decrease in ash after extraction

of fibers A and B, and the fact that fiber B had less ash than A,

suggests that components associated with the fiber sheath do contribute

to the ash content of the fiber.

Fiber pH. Fiber pH and the fiber's buffering effect were determined

for each of the fiber types. The pH results are illustrated in Figure

17.

Fiber A had the lowest initial pH and was strongly buffered before

extractive removal. These results verify that the large amount of
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phenolic extractives depress the fiber pH and contribute to the

buffering effect at high pH.

Fiber B had an initial pH of 5 whether it was extracted or not.

This pH is normal for lignocellulosic material, indicating little or

no extractive affect.

Fiber C had the highest pH as a result of the caustic left as an

impurity on the fiber. Both the pH and the ash analyses confirm that

extraction did not remove all of the caustic.

If a processing system required a pH lower than six to be maintain-

ed, fiber B would be more suitable than fiber C. If the system required

a pH higher than seven to be maintained,fiber C would be more suitable.
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1. Differential scanning calorimetry. DSC scans for all three un-

extracted and extracted fiber types were nearly identical. Figure 18

illustrates these scans of unextracted fiber. These scans showed a

gradual endothermic response, with no obvious transition temperatures

and no exothermic responses. This endothermic response is the summation

of all thermal reactions, including increasing heat capacity, vapor

loss, plus endothermic decompositions. Thus any differences in amount

of thermally induced outgassing apparently are masked by these other

thermal responses.

The effluent detector monitoring the gas stream leaving the DSC

did suggest that the fiber types differed in either amounts or composi-

tion of gas given out. When all three unextracted fiber types were

heated in the DSC, the effluent detector gave a maximum response near

100°C, then decreased to a minimum near 170°C, and finally began to

increase sharply after 200°C. All three unextracted fiber types gen-

erated response curves of similar shape but different magnitudes

(Figure 19).

The magnitude of the effluent detector responses is due to the

type as well as the quantity of effluent because the theithal conductiv-

ity detector in the effluent analyzer responds to both the amount of

gas passing it, as well as the conductivity of that gas. Thus dif-

ferences in detector response do not necessarily mean differences in

amount of outgassing. Even if we assume that volatiles vary more in

amount than in composition, several variables would affect the amount

73



0

1

I I I I I I 1 I I I

UNEXTRACTED BASELINE
FIBER

N.%

A

S.
S.

20 40 60 80 100 120 140 160 180 200 220 240 260

TEMPERATURE, C

Figure 18. Differential scanning calorimetry of the three fiber types.



UN EXTRACTED

I

FIBER A

WATER--..

FIBER C

FIBER
N\cA

it\\

FIBER B

EXTRACTEDIII I I

-'.. .-=';""' ':. :"-%\, 11...... ....... ...imam..
. ..........

S .... .... . I. . ... ETHANOL
**..

-- -- -C-"-rwr. ..",
....-3~ ...... '44.... "---,

..... .. . ' ' is
.....

/e -.... .....

-............/, ' BENZENE -...., ...,. N,
... ..,ETHER. '...N \EXTRACTS

I I I 1 I I 1 I N.
20 4O 60 80 100 120 140 160 180 200 220 240 260

TEMPERATURE, °C.

Figure 19. Effluent detector responses from heating the three fiber types
and extractives.



76

of effluent; moisture content, amount of thermally unstable materials

present, and sample size. These effects would be additive. Table 13

shows the initial moisture contents of the fibers. No attempt was

made to quantify the effluent detector response because effluent com-

position was unknown and because sample size varied slightly (1%).

After extraction, all three fiber types had very similar effluent

detector response curves. These curves were similar in shape to the

response curves of the unextracted fiber types, but indicated substan-

tially less volatiles after fiber extraction, assuming the gases were

of the same composition. Complete removal of extractives should leave

the fibers relatively homogenous compared to unextracted fibers. If

extraction was complete, outgassing of the fibers would be due to the

structural components of the fibers, which should be nearly identical

in all three fiber types.

Because of the DSC responses of the fiber types were so similar

and yet the effluent detector indicated differences in amount of com-

position of volatiles, analyses of the various extractives were

performed to examine causes for differences in the thermal stability of

the fiber types (Figure 20, 21, 22, and 23). Visual observations were

correlated with the DSC scans and summarized in Table 14.

The benzene soluble extractives (Figure 20) for all three fiber

types had melting temperatures near 48°C. This value has been previously

reported (Kurth, 1967) as the melting temperature for this extractive.

The DSC curves for the benzene soluble extractives of all three fiber

types had a single peak only at the melting temperature. After the

endothermic melting response, the DSC curves leveled for 5-15°C and then
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Table 13. Moisture contents of samples used for thermal analysis.-/

1.44

Water

A 2.40

2.82

2.02

77

11'Determined by Karl Fischer titration.

These negative moisture contents suggest that components of the ben-

zene soluble extractives interf erred with the moisture titration.

3/- Insufficient sample.

Fiber M.C. (%) Extractive M.C. (%)

Unextracted Benzene

A 1.06 A

0.83 -0.82

1.01 -0.71

Extracted Ether

A 1.11

1.01 Ethanol

1.10 A 0.51
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Table 14. Differential scanning calorimetric transition temperatures

1/
- Excludes melting endotherms.

82

of fiber extractives.

Extractive

Observed
Melting Range

(°C)

Visual
Outgassing

(°C)

Initial
Endothermic
Responsel/

(°C)

Benzene soluble

A 48 none 57

B 48 none 78

C 48 none 59

Ether soluble

A 120, 225 160 45

B 40-60 85 60

C 40-60 none 60

Ethanol soluble

A none none 35

B 110-115 132 35

C 110-115 140, 175 35

Water soluble none none 35
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became increasingly endothermic for all three fiber types. The extrac-

tives from fiber A and C became endothermic at a greater rate than the

extractive from fiber B, indicating that the benzene soluble extractive

from fiber B is the more thermally stable. This result could have been

caused by the removal of relatively unstable components during the

pressurized refining to isolate fiber B. No outgassing could be observed

visually from ambient to 250°C. Because the benzene extractive is a

major component of the dry, disc-refined fiber, type A, (see Table 8),

this endothermic response is likely an important contributor to the

endothermic response of unextracted fiber A.

The ether soluble extractives for the three fiber types (Figure 21,

Table 14) each gave a different DSC response curve. The fiber A ether

extractive seemed to be considerably less stable at lower temperatures

than-that from B or C. Initial endothermic responses were observed at

45°C for fiber A, and 60°C for fibers B and C. The ether soluble ex-

tractives from fibers B and C were observed to melt at temperatures

prior to 60°C, while melting was not observed for the extractive of A

until 120°C, after which it appeared to solidify and melt again at 225°C.

Gas bubbles were observed in the ether soluble extractives at 1600 and

85°C for fibers A and B respectively. No outgassing could be observed

for this extract of fiber C. Because the ether soluble eXtractives were

only trace components of all three fiber types, these unusual thermal

responses were not studied further.

The ethanol soluble extractives of fiber A were the most endothermic

of all. They generated an increasingly endothermic DSC response from

ambient to 250°C (Figure 22) with no transition temperatures apparent and
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no visible outgassing occurring. The very large amount of these extrac-

tives in fiber A and this broad endothermic response indicate

heterogeneous extractives with no dominant compound. These relatively

unstable extractives undoubtedly caused the majority of the outgassing

from fiber A.

Fibers B and C had ethanol soluble extractives with melting tempera-

tures near 115°C. These are reflected as slight increases in the slope

of the DSC curves at that temperature. Because the samples contained

about 1% water and because outgassing was very extensive after 140°C,

the ethanol soluble extractives of both, fibers B and C continued

endothermic through the melting range.

The ethanol soluble extractive from fiber C was isolated as a tacky

material whereas that from fibers A and B was solid; thus, ethanol could

be present in this extractive. The trapped solvent could account for

some of the outgassing observed. The ethanol soluble extractives of

fibers B and C had distinctive exotherms at 180°C and 215°C, respective-

ly. These may have been due to repolymerization or to a different mode

of thermal decomposition at those temperatures.

The thermal instability of the extractive for fiber C is reasonable

considering that the alkali extraction used to recover this fiber could

substantially depolymerize phenolic components of this eXtractive. The

purification process may have not depolymerized the phenolic materials

sufficiently to make them become water soluble, but could have made them

thermally unstable. The pressurized refining of fiber B may likewise

have caused a similar decrease in thermal stability of its ethanol

soluble extractives.
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The water soluble extractives of all three fiber types (Figure 23)

gave gradually increasing endothermic responses from ambient to 250°C

with no apparent transition temperatures. These curves do not describe

any substantial differences between these extractives, although the

fiber B extractives were less endotheLmic. As indicated by Table 13,

these water soluble extractives had approximately two percent moisture,

which would contribute to the broad endothermic response from ambient to

120°C. The very large concentration of water solubles in fiber C (Table

8) make this component the major cause of outgassing from that fiber

type.

Effluent detector response curves are shown in Figure 19 for the

extractives from fiber B. These are typical of all three fiber types,

and indicate that all four extractives outgassed slightly as soon as

temperatures were above ambient. Benzene and ether soluble extractives

did not outgas substantially until approximately 150°C, after which

outgassing increased at a constant rate as the temperature was increased.

The ethanol soluble extractives initially outgassed at a relatively low

rate until approximately 100°C, outgassed only slightly from 1000 to

130°C, and then started to outgas at a greater, but constant rate until

approximately 220°C where the rate of outgassing drastically increased.

The initial outgassing could be contributed to initial mOisture content

because the moisture content was 1.44% (Table 13). The water soluble

extractives generated volatiles at an increasing rate from ambient to

80°C, and then at a constant rate from 80° to 120°C. This response was

likely due to initial moisture content, 2.82% (Table 13), the highest

moisture content of all extractives. After 130°C the rate of outgassing



decreased until 230°C, above which _it started to increase at an

increasing rate.

2. Thermogravimetric analysis. The results of the thermogravimetric

analyses confirm the observations made from the calorimeter scans. Re-

sults of the TGA investigation with the three unextracted fiber types

are illustrated in Figure 24. The results show that fiber B had the

least weight loss, 3.7% when heated from ambient to 250°C, confirming

the effluent analysis indications of differences in amount of outgassing

for the three fiber types. Fiber A, with a 6.0% weight loss, was the

least thermally stable. Fiber C lost 5.8% of its initial weight.

Superimposing the thermograms of the above fibers at 120°C removes

differences in initial moisture, the primary reason for weight loss at

these temperatures. However, this procedure would eliminate the effect

of components which are thermally unstable at temperatures lower than

120°C. This is considered a minor error. As evident from Figure 24,

superimposing the curves at 120°C did not change the order of thermal

stability; fiber B lost about 1:6% weight from 120°-250°C and was more

stable than fibers A and C, which lost about 3.7% weight each over the

same temperature range.

The thermogravimetric analyses of the extracted fibers are pictured

in Figure 25. These TGA scans also were superimposed at 120°C to remove

initial moisture effects.

The thermal stability of the extracted fibers followed the same

order as the unextracted fibers. Fiber B lost 3.6% of its initial

weight, fiber C lost 4.2%, and fiber A lost 5.5% of its initial weight

86
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from ambient to 250°C. Superimposing these TGA scans at 120°C did not

change the order of fiber thermal stability. Over the range from 120°-

250°C, fiber A lost 2.7% weight, fiber B lost 1.3%, and fiber C lost

2.3% weight.

If the extractions were complete, superimposing the TGA scans at

120°C would generate an order for the three fiber types which. would be

independent of extractive content. However, it is not likely that these

extractions completely removed all components except cell wall poly-

saccharides and lignin. Thus, superimposing the TGA scans at 120°C was

not expected to eliminate differences between fiber types. As previous-

ly, indicated, extraction did not remove the sheath surrounding fiber A,

did clean some of the type C fibers, but did very little to the surface

of fiber B. I suspect that the surface encrustations remaining after

extraction caused the observed differences between the superimposed

TGA scans of extracted fibers A, B, and C.

Removing extractives should have caused the extracted fiber types

to lose less weight than the unextracted fiber types, according to the

effluent analyses. Figure 26, a comparison of superimposed TGA scans of

the unextracted and extracted fibers, supports this conclusion. But,

the improvement in thermal stability after extraction of the three fiber

types varied in magnitude.

Removal of extractives from fiber B caused the least amount of im-

provement with respect to the fiber's thermal stability. This would be

expected considering this fiber had the least amount of extractives

present.
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Fiber A Showed the greatest improvement in thermal stability upon

extractive removal. Fiber C showed the second greatest improvement.

Relatively large improvement in thermal stability of fibers A and C

relative to fiber B reflects the larger amount of extractives in fibers

A and C relative to B.

Figures 27, 28, 29 and 30 illustrate the thermal stability of the

various extractives from the three fiber types. The benzene extractive

was thermally most stable of the four extractives. This extractive did

not show substantial weight loss until it was heated in the range of 165°

to 180°C. Above this temperature, the benzene extractive decomposed at

a very rapid rate.

The rate of weight loss was greatest for fiber C benzene solubles,

and the least for fiber B benzene solubles at temperatures greater than

165°C (Figure 27). This could indicate differences in the method of

isolating the various fiber types. Although the benzene solubles were

approximately one percent for both fibers B and C, the relatively greater

weight loss of benzene soluble extractives for fiber C compared to B,

could indicate ,a more homogeneous nature of these extractives for fiber

C compared to B. Or, possibly the alkali extraction of fiber C caused

saponification of the benzene soluble extractives causing increased

thermal decomposition of the extractive. As previously indicated by

Table 13, moisture was assumed not to be present in this extractive.

Thus, weight loss due to moisture evaporation would not be recorded.

Because melting was observed for the benzene soluble extractives of the

three fiber types at a temperature near 48°C, it can be concluded that

these extractives had a very low vapor pressure until temperatures near
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180° are reached. This was further substantiated by only slight out-

gassing being detected via the effluent analyzer until the temperature

reached 180°C.

The ether soluble extractives for fibers B and C have similarly

shaped curves for weight loss versus temperature. These extractives

for fiber B started to lose weight at a lower temperature than fiber

C 105°C verses 135°C. Again, this could indicate differences in

initial bark fractionation. The ether soluble extractives of fiber A

initially responded differently than those of the other two fiber types.

For fiber A, these extractives had a large weight loss starting near

70°C and ending near 105°C. After this initial rapid weight loss, the

weight loss with increasing temperature was somewhat slower.than that

observed for fibers B and C. I speculate that this initial weight loss

observed for fiber A was due to trapped solvent and moisture from ex-

traction procedures. The thermal stability of these extractives is not

of great concern due to the negligible quantities present, especially

with fibers B and C.

The ethanol soluble extractives were thermally the least stable of

the various extractives. For fiber A, these extractives started to

show substantial weight loss at 75°C and continued to lose weight at a

steady rate with increasing temperature. For fiber B, the ethanol solu-

ble extractives showed substantial weight loss at 60°C, but showed a

decreased rate of weight loss between 110° to 130°C. At approximately

130°C the rate of weight loss increased. These extractives were less

thermally stable than that of fiber A but more stable than that of

fiber C. Fiber C ethanol solubles were essentially identical in weight
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loss to those of fiber B up to about 120°C. After this temperature,

the rate of weight loss greatly increased for the fiber C ethanol solu-

bles. Because the ethanol soluble extractives for fibers B and C are

thermally less stable than those of A, these extractives greatly

affected the thermal stability of the bark fiber. Furthermore the exo-

therms occurring in the DSC curves for the ethanol solubles of fiber B

and C verify the greater reactivity of these major extractives. Appar-

ently the steam used for recovery of fiber B and the alkali used for

recovery of fiber C greatly affect thermal stability. The greater

thermal stability of fiber A ethanol solubles compared to B and C is

offset by the large quantity of these extractives in fiber A. And even

in fiber A, the ethanol solubles are thermally the least stable

component.

" The water soluble extractives of fibers A and C responded similarly

to increasing temperature. They showed gradually increasing weight loss

from 40°C to 250°C. These extractives had the highest moisture content

of all, so I speculate that a relatively large amount of the initial

weight loss can be attributed to evaporation of adsorbed moisture

(Table 13). The larger amount of water solubles in fiber C should cause

this extractive to produce the major quantities of gas from fiber C

when heated. The water soluble extractives of fiber B responded quite

differently from that of fibers A and C, These extractives had a large

weight loss when heated from 50° to approximately 120°C. This outgas-

sing was also evident in the data from the effluent detection (Figure

19). The effluent detector indicated fiber type B also outgassed at a

temperature near 180°C, which is also evident from the increase in



98

weight loss with temperatures above 180°C (Figure 301. The water solu-

bles from fiber B had the largest initial moisture content (Table 13)

which is expected to be responsible in part for the large initial

weight loss. This increase in rate of weight loss near 180° to 200°C

is also apparent for fibers A and C. However, rate of weight loss of

the water solubles from fiber B is essentially identical to that of

fibers A and C at temperatures above 120°C, so preheating of fiber B to

120°C would eliminate this outgassing.

3. Quantitative gas analysis. The pressure due to volatiles generated

as the various bark fibers were heated from ambient to 250°C was re-

corded. The moles of gas generated per g of unextracted fiber is plotted

in Figure 31. A similar plot for extracted fiber is pictured in Figure

32. As was done for the TGA, the effect of sorbed moisture and solvent

was removed by superimposing the curves of Figures 31 and 32 at 120°C.

The respective results are illustrated in Figures 33 and 34. Table 15

contains a summary of the pressure increases plus the average molecular

weights of the gases generated from 120° to 250°C. Molecular weights

are given in Table 15 only for the temperature range from 120° to 250°C

because predrying of fiber during processing would remove materials

which would contribute to the outgassing pressure from ambient to 120°C.

These results consistently substantiate the TGA scans for the fiber

types, and reaffirm the superiority of fiber B as an additive to molding

compounds. These results also confirm the instability of the extractive

components. The pressure per g for the fibers before extraction was

greater than after extraction when heated from 120° to 250°C. This
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Table 15. Quantitative analysis and molecular weights of the volatiles
generated due to heating the various fibers.

Sample
Moles of Gas/q Fiber (103) Gas Molecular

120°-250°C35°-120°C 120°-250°C

Fiber

A 1.53 1.54 24

B 1.78 1.07 16

C 1.40 1.67 24

Extracted Fiber

A 1.66 1.44 19

B 1.83 1.03 14

C 1.50 1.33 18
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Figure 32. Moles of gas generated due to heating extracted fibers from ambient to 250°C.
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Figure 33. Moles of gas generated due to heating unextracted fibers from 1200 to 250°C.
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difference was greatest for fiber type C, the alkali extracted fiber,

and only slight for fiber B, the pressurized refined fiber. The lower

pressures of the extracted fibers are reasonable considering removal of

the thermally unstable extractives.

Results listed in Table 15 indicate that over 50% of the gas gen-

erated for all three fiber types can be eliminated by initially heating

the fibers to 120°C. This assumes no moisture is readsorbed after this

heat treatment or "drying" process.

The molecular weights reported in Table 15 are calculated from the

TGA scans and the pressure rise data as a check on the validity of

these analyses. These calculations are very sensitive to slight changes

in the slopes of either the pressure and TGA curves, and due to accuracy

of these data, the calculated molecular weights could be in error as

much as +3 g/mole.

Considering that the molecular weight of water is 18, these results

suggest that the gas generated from the fibers must consist mostly of

water. Fiber B showed a very low average molecular weight of gas evolved

from 120° to 250°C, and that value was only slightly decreased by ex-

tractive removal. Unless some hydrogen or methane was generated, this

molecular weight value is low as a result of experimental error. The

relatively low extractive content of fiber B is reflected-by the negli-

ble change in molecular weight of the volatiles after extractive removal.

The molecular weights of the gases generated from unextracted fiber

types A and C were similar, but higher than the gases from unextracted

fiber B. Extractive removal lowered the molecular weights of the gases

generated, but the values were still very close to 18.
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4. Qualitative gas analysis. The volatiles generated as the unex-

tracted and extracted fibers were heated were trapped and analyzed via

mass spectroscropy. This unique trapping technique is described in

Appendix I. Results are listed in Table 16. The data indicate that the

volatiles were composed of approximately 95% water and 5% carbon dioxide.

Also, the gas composition was essentially the same for the temperature

ranges of 25° to 170°C to 250°C. The various fibers contained initially

approximately 1% moisture content. Thus, removal of this initial mois-

ture would have increased the percentage of carbon dioxide generated,

and decreased the percentage of water generated in the lower temperature

range.

The gases liberated from the various extractives of each fiber type

also were analyzed via mas spectroscopy. The spectral results are

listed in Table 17. Table 18 contains the mass spectra of those com-

pounds most likely to occur in these samples. The spectra of the

extractives appeared to be more complex than those from the various

fiber types, most likely because of solvent still adsorbed in the dry

extracts. The extractives did appear to decompose generally to water

and carbon dioxide.

The unique procedure used to trap and analyze the volatiles had

several disadvantages. The volatiles were cold trapped using liquid

nitrogen as a coolant. The boiling point of liquid nitrogen is -196°C.

Thus, gases having a high vapor pressure at -196°C would not be trapped

to any great extent. Table 19 contains a list of pertinent compounds

and the temperature at which they have a relative vapor pressure of one

torr. Due to the high vapor pressure of carbon monoxide, methane and



Table 16. Composition of volatiles_generated during heating of bark
fiber.
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Temperature Range
25° - 170°C 1700 - 250°C

Sample HH20(%) C0(.%)2 H20(96) CO2(96)

Unextracted Fiber

A 100 100

B 97 3 96 4

C 95 5 97 3

Extracted Fiber

A 96 4 100

B 98 2 98 2

C 96 4 95 5



, 3(46)

1/
- Mass number in parentheses.

2/Experimenta1 error due to contamination via an air leakage.

Table 17. Qualitative analysis of volatiles generated during heating of bark extracts.

Soluble
Extractive Temperature 1/

Mass and Percent Composition-

Fiber A

Benzene
Ether

25°

25°

1700

- 250°C
- 170°C
- 250°C

98%(18),
85%(18),

96%(18),

2(44)

8(31),

2(31),

2(44),

2(44)
2(45), 2(58), 1(73)

Ethanol
Water

25°

25°

- 250°C
- 250°C

2%(15),

79%(18),
65(18),
2(19),

1(19),
2(31),

4(27),

17(44)
1(30), 17(31), 1(44), 6(45)

Fiber B

Benzene
Ethanol

Water

25°

25°
170°
25°

- 250°C
- 170°C
- 250°C
- 250°C

92%(18),

81%(18),
38%(18),
83%(18),

8%(44)

3(30),
6(30),
1(32),

4(31),
11(31),
2(41),

4(43),
9(43),

1(43),

5(57),

8(44),
11(44),

3(86)

14(57),
2(57)

14(86)

Fiber C

Benzene
Ethanol

Water

25°

25°

170°

25°
170°1

- 250°C
- 170°C
- 250°C
- 170°C
- 250°C

94%(18),
93%(18),
2%(15),
96%(18),
80%(18),

3(32)-,
3(44),

63(18),
4(44)

2/4(32)'

3(44)
2(57),

2(30),
2(86)

2(31), 9(32), 16(44), 4(57), 2(86)



Table Mass spectra of pertinent compounds.18.
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Compound Mass and Relative Peak Heights

and Relative peak heights in parenthesis based on base peak
(Base Peak) as (1000).

Benzene 52 51 77 50 39 79 76 74 38

78 (175) (157) (154) (134) (112) (64) (53) (44) (41)

Diethyl ether 29 15 46 14 31 13 30 16 12

45 (788) (573) (456) (125) (70) (54) (36) (24) (24)

Carbon dioxide 28 16 22 45 46 29 27

44 (67) (56) (14) (11) (04) (01) (01)

Acetone 58 15 27 42 14 26 29 39 41

43 (331) (305) (75) (68) (59) (49) (37) (34) (19)

Acetic acid 45 60 29 42 28 44 41 31 61

43 (936) (577) (156) (145) (56) (49) (45) (45) (14)

Oxygen 16 28 34

32 (36) (4) (1)

Ethanol 45 29 27 46 43 28 30. 42 19

31 (349) (272) (242) (153) (82) (70) (63) (33) (23)

Nitrogen 14 29

Carbon monoxide 12 16 29 14 30 13

28 (47) (17) (12) (8) (2) (1)

28 (52) (7)

Dioxane 29 88 58 31 15 30 43 26 57

28 (371) (306) (240) (174) (168) (132) (114) (92) (60)

Water 17 16 19 20

18 (211) (09) (05) (03)

Methane 15 14 13 17 12

16 (754) (75) (29) (12) (8)



Table 19. Temperatures at which pertinent
compounds have a vapor pressure
of one torr.

1/- Vapor pressure over solid material.
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Compound Temperature (°C)

Acetic acid

Water

Formic acid 1/
-20.0-

Ethanol -31.3

Dioxane 1/
-35.8-

Benzene -36.7

Acetone -59.4

Ether -74.3

Carbon dioxide -134.3-

Methane
1/

-205.9-

Carbon monoxide -222.0-

1/
Hydrogen -263.3-
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hydrogen at -196°C, these three gases would not have been condensed in

the liquid nitrogen cold trap, but mostly would have been swept away by

the nitrogen carrier gas.

In addition, the nitrogen carrier gas diluted the gas samples.

This dilution of the volatile s was a disadvantage of this unique tech-

nique. Nitrogen has a mass spectrum with a base peak at a mass 28. So

does carbon monoxide; thus carbon monoxide would be extremely hard to

identify.

Due to these disadvantages and the fact that gas samples were not

analyzed for one-half hour after being trapped, the experimental error

of these qualitative analyses of the volatiles is believed to be two to

three percent.

In analyzing the mass spectra, it was assumed that the observed

mass peak at 18 was due to water, and the mass peak at 44 was due to

carbon dioxide. Considering the experimental error associated with this

technique, no additional information can be gained from the analysis of

the unextracted and extracted fibers. Several additional comments can

be made concerping the volatiles generated from the various extractives.

The benzene soluble extractives decomposed to approximately 95%

water and 5% carbon dioxide. These extractives from fiber A generated

the highest percentage of water, and those of fiber B generated the

lowest percentage of water. The reverse was true of the percentage of

carbon dioxide generated.

The ether soluble extractives from fiber A generated gases from 25°

to 170°C which consisted of a relatively lower percentage of water than

those generated from 170° to 250°C. Carbon dioxide was generated in
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both of these temperature ranges. The ether soluble extractives from

fiber B and C Were not analyzed because of the negligible quantity of

ether soluble extractives present in these fibers. In the volatiles

from the ether soluble extracts of fiber A, there was some unknown

material with a mass peak at 31. There was also an indication of a

negligible amount of a higher molecular weight component present. These

materials were not identified.

The ethanol soluble extractives generated volatiles consisting of a

lower percentage of water than the volatiles from the benzene or ether

soluble extractives. This was especially evident in the temperature

range from 1700 to 250°C. The volatiles from the ethanol soluble ex-

tractives produced the most complex mass spectra of all extractives

analyzed. These spectra contained several unidentified peaks of mole-

cules larger than carbon dioxide. Fiber B contained the highest initial

moisture content of the fibers (Table 13), thus a higher percentage of

the water generated in the lower temperature range, 25° to 170°C, would

be initial moisture content and not a product of thermal decomposition.

The results indicated that the volatiles from fibers B and C were very

similar in composition, especially in the temperature range from 170°

to 250°C. Both of these fibers showed a significant mass peak of 44 in

the higher temperature range only. This is attributed to carbon dio-

xide. In this higher temperature range fiber C generated 16%

carbon dioxide compared to 8% from fiber B. A comparison of the

mass spectra from fibers B and C indicates there is some component gen-

erated which has peaks of 57 and 86. This component has not been

identified. It is speculated that the smaller mass peaks observed are
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due to fractionation of this unidentified component. The peak at 31

could not be due to residual ethanol due to the lack of a peak at 45.

The ethanol soluble extractives from fiber A generated volatiles

from 25° to 250°C which. contained water and residual ethanol. The rela-

tive peak heights of masses at 19, 27, 30, 31, 45 and 46 follow that

reported for ethanol CTable 181. The peak at 29 would be undetectable

due to dilution of the gas by nitrogen. A small percentage of carbon

dioxide was detected.

The water soluble extractives of the three fiber types generated

volatiles containing approximately 80% water and 15% carbon dioxide.

These extractives had the highest initial moisture content of the four

extractives. Thus, if the initial moisture was absent, the percentage

of carbon dioxide would be higher.

As a summary of these thermal decomposition studies, the tempera-

tures at which the fibers and their extractives showed substantial weight

loss are listed in Tables 20 and 21. A 1% weight loss after 120°C is

selected for comparing the fibers, because Hendricksen and McCain, 1971,

proposed that alkali extracted fiber may be used in thermoplastic mold-

ing compounds at temperatures up to approximately 210°C. At that

temperature, fiber C has lost 1% weight on normalized curves. If a 1%

weight loss criteria is used, the pressurized refined fiber B can be

used at molding temperatures of 237°C, or 27°C higher than the commer-

cial, alkali extracted fiber. This temperature increase would allow a

number of other molding compounds to be used with bark fiber, as well as

improve the properties of those compounds now used.



Table 20. Thermal stability of fibers.

Temperature Limit*
Fiber oc

*Based on 1% weight loss in TGA, normalized
to zero at 120°C.
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nAu 199

Extracted "A" 220

1113111 237

Extracted "B" 243

210

Extracted "C" 224



Table 21. Thermal stability
of the fiberi

extractives.-/

- Temperatures are given for the
various extractives where weight
losses were 1%.
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Soluble
Extractive

Temperature
°C

Fiber A

Benzene 175

Ether 70

Ethanol 75

Water 85

Fiber B

Benzene 180

Ether 105

Ethanol 60

Water 50

Fiber C

Benzene 165

Ether 135

Ethanol 55

Water 70
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From the above discussion on the thermal stability of the various

extractives, and a comparison of the total extractive contents of the

three fiber types, methods for improving the thermal stability of the

fiber types can be proposed. The effect of initial moisture content of

the three fiber types will be assumed equal. Fiber type A had the

largest amount of ethanol soluble extractives. Due to the relatively

low thermal stability of these extractives, the thermal stability of

fiber A could be greatly improved by removal of the ethanol soluble ex-

tractives, in other words, removal of the parenchymatous sheath. Fiber

type B had a small amount of both ethanol and water soluble extractives.

According to the above discussion, removal of additional ethanol soluble

extractives would improve the thermal stability of this fiber type

slightly. However, its thermal characteristics are nearly approaching

those of a pure lignocellulosic substance, so little improvement can be

expected. Although the amount of water soluble extractives was larger

than the ethanol soluble extractives for fiber type C, the observed

greater instability of this fiber's ethanol soluble extractives compared

to the water soluble extractives, would warrant removal of both extrac-

tive types to improve this fiber's thermal stability. Better washing

after the caustic extraction would likely achieve this goal.

Because tannins comprise the majority of both the ethanol and water

soluble extractives, the tannins are responsible for the majority of the

thermal instability of the various fiber types. Thus, removal of the

tannins, at any molecular weight level, should improve the thermal

stability of the resulting fibers, and greatly reduce fiber outgassing

at temperatures near 200°C. The low ether soluble extractives content



and high thermal stability of the benzene soluble extractives make

these components uniMportant to the theLmal stability of the fiber.
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A- Reinforcing Plastics With Bark Fibers

To observe fabrication characteristics, the various unextracted and

sequentially extracted fibers were molded at 120°C with _a phenolic mold-

ing compound into 10cm x 0.32cm round discs. The fiber level was 20%

on an oven dry basis. The molded discs were tested for dropped-ball

impact strength. Test results are reported in Figure 35 as the average

value of two samples. The molded discs had a density range from 1.34

g/cm3 to 1.38 g/cm3 with. an average of 1.36 g/cm3.

Results show that addition of each fiber type at 20° increased im-

pact strength. There were no significant differences in the impact

strength as a result of the sequential extractions for any of the fiber

types. Fiber A had the lowest impact strength of the three fiber types

with an average height of drop of 28cm (11 inches). Fiber B had the

highest at 38cm (15 inches), and fiber C 33cm (13 inches). The control

had an average height of drop of 18cm (7 inches).

As expected, the length-to-diameter ratio for the various fiber

types was directly related to impact strength. The larger the L/D

ratio, the greater the impact strength. Thus, in this instance the

L/D ratio may dominate over any chemical characteristics of the fiber

with respect to impact strength. Molding at this low temperature was

not expected to indicate differences due to outgassing.

A scanning electron microscopic examination was made of the broken

surfaces of the molded discs. This inspection indicated very little fi-

ber breakage at the surface of the matrix. Most of the fibers were

pulled from the matrix, and broken at some distance from the surface of
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the matrix. Thus, there was very little bonding apparent between the

fiber and phenolic matrix. No distinction could be made between the

unextracted and extracted fiber types. Pictures 3, 4, and 5 illustrate

these results.

Several other pertinent observations were made from these three

pictures. Pictures 3 and 5 show broken fibers surrounded by matrix

which has been removed from around the fiber's base. This could imply

that the fibers were flexing during the impact testing, causing the

matrix to crumble adjacent to the fiber during fracture of the molded

disc. Next to the broken fibers are obvious pits where fibers were

pulled out. There are no torn fibers around the walls of the cavities,

indicating no strong bond between the fibers and phenolic matrix. The

remaining fibers are broken, indicating some bond between the fiber and

phenolic matrix. Picture 4 shows similar results, except that the fiber

was not broken. The majority of the fibers observed did not break, but

pulled from the matrix.

In a companion study (Miller et al, 1974) we investigated pressur-

ized, disc refining as a method for obtaining bark fiber to be utilized

as a reinforcing agent in thermoplastic and thermoset fiber composites.

The pressurized, disc refined fiber we used in that study was from the

same source material as fiber B. We concluded that the properties of

this particular fiber were very conducive to increased impact strength.

In that study we observed both dropped-ball and IZOD impact strength data

to confirm the reinforcing capacility of pressurized, disc refined fiber

as a reinforcing fiber for both phenolic and polypropylene plastics

(Figure 36). The dropped-ball method was used only to estimate impact
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STEAM PRESSURE, PSI
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50 0
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Fiber Heated To:
105°C

PHEOLIC MOLDING COMPOUND

210-225°C
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N = 10

-
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122

20 30

FIBER % BY WEIGHT

Figure 36. Impact strength of specimens of injection-molded polypro-
pylene and of compression-molded general purpose phenolic
molding compound tested by the IZOD method. Reinforcing.

fiber was from bark refined at four steam pressures
(Miller, et al, 1974). Note: 1. ft lb/in = 0.534 joules/

strengths in preliminary measurements. The IZOD method was used to

measure the impact strengths.

IZOD impact strength of the fiber-phenolic moldings increased

linearly with fiber content from 0.16 joules/cm (0.3 ft lb/in) at 0%

fiber to approximately 0.37 joules/cm C0.7 ft lb/in) at 30% fiber. The

highest loading, 30%, achieved a Type 3, improved impact, classification

for the phenolic molding.
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We discovered that the IZOD impact strength_ of injection molded

(260°C) polypropylene reached a maximum at 20% fiber content. The IZOD

impact strength of unfilled polypropylene was 0.91 joules/cm (1.7 ft lb/

in) but increased to the maximum of 1.66 ± 0.11 joules/cm (3.1 ± 0.2 ft

lb/in) at the 20% fiber loading. Soule and Hendrikcsen, 1966 reported

a similar phenomena with alkali extracted fiber analogous to fiber C.

However, their polypropylene increased from 0.85 to only 1.28 joules/cm

(1.6 to only 2.4 ft lb/in) at the 20% fiber loading, and then decreased

to 1.01 joules/cm (1.9 ft lb/in) by 30% loading with fiber. Although

their fiber was certainly from a different batch than our sample of fi-

ber C, the properties they reported were identical to those we measured,

except they reported an L/D of 15. It seems from this that fiber B is

definitely superior to fiber C for reinforcing polypropylene. Fiber

similar to A was used for injection molding of polyethylene, but was

found unsatisfactory because outgassing from the fiber caused the poly-

ethylene melt to foam (Currier and Laver, 1971). These differences

presumably result from both the differences in surface properties and

outgassing during molding.

The differences in impact strength of the fiber-reinforced phenolic

and polypropylene polymers were further verified by inspection of the

fracture surfaces of the moldings. Most of the fibers in the phenolic

moldings were not broken at fracture, but pulled from the matrix. The

proportion of broken fibers was substantially greater in the

polypropylene moldings (Picutres 3 and 6).

We concluded that pressurized, disc-refining, fiber B, was equal

to or greater than alkali extracted bark fiber, fiber C, as a

reinforcing agent in both phenolic and propylene moldings.



V. SUMMARY

This research was conducted to test the hypothesis that the low

temperature thermal degradation of Douglas-fir bark fiber is controlled

by extractive components. Most of the extractives* were expected to

be associated with a sheath on the fiber surface which could be

modified by varying the fiber recovery process. Thus, the amount

of thermal outgassing that occurs as bark fiber is heated from

ambient to 250oC, was proposed to be controllable by the fiber recovery

process.

Three fiber types were studied: fiber A, a dry, disc-refined

and electrically purified fiber; fiber B, a pressurized, disc-

refined andand water washed fiber; and fiber C, a mechanically fractionated

and alkali extracted fiber. These three fiber recovery processes

generated three fiber types with different physical and chemical

properties. Pressurized, disc- refining, fiber type B, removed the

phenolic sheath surrounding the fibers making these fibers lowest in

extractive content and having the highest length-to-diameter ratio

of the three fiber types. This fiber type also was lowest in ash

content, 'and relatively low in caustic soda solubles.

Dry, disc-refining, fiber type'A, did not remove the phenolic

sheath, resulting in bundles of fibers with the highest extractive

content and lowest L/D ratio.

Alkali extraction of the mechanically fractionated bark fiber

caused fiber type C to consist of single, "clean" fibers. Contrary

124
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to expectations, this fiber type had a relatively high caustic soda

solubility. This was attributed to inadequate washing after the alkali

extraction step of the fiber recovery process. This belief was supported

by fiber type C having the highest ash_ content and pH of the three fiber

types.

Thermal analysis of the three fiber types verified the hypothesis

that the low temperature thermal properties of bark fibers are controlled

by their extractives. Fiber B, pressurized, disc-refined fiber, with

the lowest extractive content, was the most thermally stable of the three

fiber types. It lost only 1.6% weight when heated from 120° to 250°C

and gave off only 1.07 x 10-3 moles of gas/g of fiber.

Fiber type A, dry, disc-refined fiber, had 7.1% ethanol soluble ex-

tractives, and as a result lost 3.6% weight when heated from 120° to

250°C and gave off 1.54 x 10-3 moles of gas/g of fiber. Removal of these

thermally unstable extractives would greatly improve the thermal

stability of fiber type A.

Fiber type C, the alkali extracted fiber, had the highest amount of

water soluble extractives, but had ethanol soluble extractives which

were very unstable thermally. This fiber lost 3.8% weight when heated

from 120° to 250°C and gave off 1.67 x 10-3 moles of gas/g of fiber.

Thus, to improve the thermal stability of fiber type C, it should be

more thoroughly washed following the alkali extraction.

Diethyl ether soluble extractives constituted the smallest amount

of extractive present in all three fiber types. The benzene soluble ex-

tractives proved to be the most stable extractives thermally. Thus,
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removal of these two extractives is unimportant to the thermal stability

of the fibers.

It was speculated that since tannins comprise the majority of the

water and ethanol soluble extractives, removal of the tannins would

greatly increase the thermal stability of the various fiber types.

This removal would especially reduce fiber outgassing at temperatures

near 200°C.

Qualitative analysis of the volatiles generated as the fiber types

were heated to 250°C indicated that these volatiles consist mostly of

water with a small amount of carbon dioxide.

Thermal analysis of the three fiber types indicated that fiberB

could be used as a reinforcing agent in products requiring processing

temperatures up to 237°C without significant outgassing. Removal of

its extractives would increase this upper temperature limit to 243°C,

the upper limit for lignocellulosic fibers. Fiber C was usable only to

temperatures of 210°C and fiber A to only 199°C unless substantial

outgassing could be tolerated.

The reinforcing capacilities of the bark fiber in a thermosetting

phenolic disc molded at lower temperatures (120°C) followed the same

order as the L/D ratio -- the larger the L/D ratio, the higher the

impact strength,. Thus pressurized, disc-refining had a.definite ad-

vantage over the other processes studied. Although all three fiber

types improved impact strength, Cup to double for 20% of fiber B),

there were no visable indications of chemical bonding between the bark

fiber and the phenolic matrix, nor were there any indications that

presence of extractives influenced impact strength.
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Evidence was presented that pressurized, disc-refined Douglas-fir

bark fibers also are capable of doubling the impact strength of injec-

tion molded (260°C) thermoplastics at addition levels of 20%, and that

the thermally more stable fiber B does give slightly better impact

strength in polypropylene Moldings than fiber C.
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APPENDICES



A. Details of Fiber Generation

Fiber A was mechanically isolated, and purified electrically and

mechanically as follows.

Approximately 225 kg of whole bark chunks were randomly

removed from the mechanical debarker of Rex Veneer in

Philomath, Oregon.

Collections were made on four separate occasions. A great

variation in the thickness, cork content, and appearance of

the bark was observed.

The large pieces of green bark were cross-sectionally band-

sawed into approximately 6mm wafers producing pieces of bark

with an appearance of "very meaty bacon".

Wafers were dried for two hours at 65°C. Drying is believed

to increase the brittleness of the fiber furthering the sepa-

ration of the brittle fiber from the spongy cork during

refining.

Next, the partly dried wafers were refined in a laboratory

scale, single disc, Sprout Waldron refiner at a plate setting

of 0.3mm. Refining M.C. was approximately 3%, as determined

by oven drying until constant weight at 65°C.

After refining, the bark was mixed and conditioned on the

laboratory floor for 24 hours.

Approximatel

at random and mechanically screened via rotap vibrating

screens, and a Sweco vibrating machine.
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Y 68 kg of the conditioned bark were selected
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Bark passing a 9 mesh Tyler screen, but retained on a 30 mesh

Tyler screen was further refined in a Wiley mill containing a

0.19cm screen.

Bark which passed through a 30 mesh Tyler screen, but was re-

tained on a 65 mesh Tyler screen, was electrically purified

for fiber, along with the Wiley milled bark of step 7. The

electrostatic separator was located in the U.S.D.A. Seed Pro-

cessing Laboratory, Oregon State University, Corvallis

(Booster, 1956 and Short et al., 1973).

Bark passing through a 65 mesh Tyler screen and retained on a

100 mesh Tyler screen was classified as fiber.

Approximately 39%, O.D. weight basis, of the initial,

68 kg was isolated as fiber with a purity of 96%

weight basis.

A 300 g sample was randomly removed and defined as fiber A

for this study.

Fiber B was mechanically isolated and purified via flotation and

wet screening as follows.

Douglas-fir bark chunks were collected as described in step

1 for fiber A.

These bark chunks were chipped in a mechanical chipper located

at the Forest Products Laboratory, Oregon State University,

Corvallis, Oregon.

One hundred eighteen pounds of chipped bark were pressurized

disc refined at 2.7atm (25 psi) steam pressure and 0.13mm
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plate setting by C. E. Bauer Bros. Co., Fiber Products Labora-

tory, Springfield, Ohio.

Eleven kg of that bark was used to generate fiber B.

Approximately 3 kg of refined fiber was stirred for five

minutes by an electric mixer in 20k of cold water.

This slurry was allowed to stand for five minutes, after which

the top of the slurry was skimmed.

The sediment remaining was poured into a settling tank 30cm x

30cm x 91cm high, equipped with a divider at mid height. The

tank was filled with cold water, the fiber was slurried and

allowed to stand for three hours with the divider open.

After three hours, floating bark on top of the settling tank

was skimmed, the divider closed to trap bark suspended in the

upper half of the tank, and the water was drained.

The sediment from the lower half of the tank was wet screened

in a Bauer-McNett pulp classifier equipped with number 20, 35,

48 and 65 screens. The fiber was in the classifier for 20

minutes. Cold water was used.

The four screen fractions were dried at 100°C for 12 hours and

were dry screened via a Syntron vibrator.

The fiber retained on the number 48 classifier SCreen but which

passed on a 60 mesh Tyler screen was defined as fiber B for

this study.
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Fiber C, Weyerhaeuser's WEF 313, was obtained as follows.

A 2 kg bag of commercial WEF 313 was obtained from Mr. E. H.

Gygi, Weyerhaeuser Company. This bag was marked 9-43-131.

Approximately 700 gm of fiber was randomly sampled for this

study.

The process used to recover this fiber can be described as

follows.

a. Douglas-fir bark is hogged, dried to 5-10% moisture,

reground, and screened. Material through an 8 mesh and

retained on a 74 mesh screen is extracted.

h. Extraction is via a 2-stage counter-current system with

kraft white liquor at 100°C.

C. This extracted fiber is dried, ground and screened to a

fiber passing a 28 mesh and retained on a 200 mesh Tyler

Standard Sieve Scale.



B. Fiber Purity

Purity of fiber A was determined as follows.

A random sample of fiber was scattered over an area 2.4 cm x

1.4 cm.

Using a Zeiss steroscope with nose-piece 0.6X and eye-piece

10X, a 35 mm color slide was taken of the scattered fibers.

The color slide was projected onto a dot-grid containing 300

dots, spaced systematically at 5 cm x 5 cm. The distance of

the projector from dot-grid was adjusted so that the fiber

magnification on the grid was 50X.

I counted the number of dots which were covered by the fiber

images and the number of dots covered by other bark particles.

The number of dots covered by fiber was expressed as a per-

centage of the total dots counted.
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Extract (W)
(carbohydrates, tannins)

C. Sequential Extraction Procedure

The following is a description of the technique used to extract

the three fiber types. Cold solvent was dripped from a separatory fun-

nel through a cold condenser and was heated by passing through a hot

condenser before reaching the fiber sample located in a soxhlet. The

solvent in the soxhlet was heated to extraction temperature via a

heating tape. The solvent and extractive were flushed into a 2-necked

flask where they were gently stirred. Figure 37 and figure 38 illus-

trate the step-by-step procedure.

Fiber (F)

Benzene (60°C)-

1

Extract (B) Residue (F-B)
(fats, oils, waxes, esters
of hydroxyacids) Ether (25°C)

/Solvent temperatures during extraction.

Figure 37. Isolation of fiber extractives.
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Extractive-free fiber (EF)

Extract (E)
(flavonoids) Residue (F-BE)

Ethanol (60°C)

Extract (A) Residue (F-BEA)
(tannins, phlobaphene)

Water (60°C)



Heating Tape
and Aluminum Foil

Thimble--;
of

Fiber/S

Thermocouple
Leads

Figure 38. Cold extraction apparatus.

Drying Tube

Separatory Funnel With
Extracting Solvent

Cold Condenser

Hot Condenser

Soxhlet

Cold Condenser

2-neck Flask with Extract

Magnetic Stirrer
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All organic solvents were distilled prior to their use in the

sequential extraction. The water was taken from the labora-

tory's distilled water supply.

Random samples of the 3 fiber types were allowed to equilibrate

to laboratory conditions prior to the benzene extraction. The

moisture content of the air-dried fiber was determined via

Cenco moisture meter.

Approximately half of the fiber, 120-140 g (0.D.), was loaded

into a 50 mm x 250 mm, tared, cellulose extraction thimble,

and placed in the soxhlet.

Solvent dripped through the fiber at a rate of about 60 drops

per minute. Two thousand four hundred ml of solvent was used

per 50 g (0.D.) of fiber.

The hot condenser was maintained at approximately 45°C with

laboratory hot water.

The soxhlet was heated to extraction temperature via a heating

tape controlled by a variac.

After extraction, the fiber was air-dried, and its moisture

content determined via Cenco moisture meter.

Next, the second half of the fiber was extracted. Both batches

of extracted fiber and the extracts were blended.

The extracts with each solvent were dried under vacuum in a

Rotavapor to form a concentrated syrup, and then freeze-dried

approximately 18 hours under vacuum. Detailed drying proce-

dures are covered in Appendix F.



D. CHN Analysis

The Hewlitt Packarg 185-B CHN Analyzer used for this analysis is

located at the Monsanto Company, Eugene, Oregon. A detailed procedure

is described in Hewlitt Packard's Operational Manual, H.P. 185-B Man-

ual. The elemental analysis is done by classical catalytic conversion

of the sample to CO2, H20),and N2 for C, H and N analyses. The CO2,

H20, and N2 produced are separated and detected by an internal gas

chromatograph. The magnitude of the peaks produced is related to the

percent of C2, H2, and N2 present. The percent of 02 is determined by

the difference from 100%. The percentages of the various elements

were recorded on an ash-free basis. Abbreviated operating instructions

are as follows.

The analyzer and associated Cahn balance were calibrated as

instructions dictate.

Injection (sample) rods were burned for 5 minutes each.

Samples were weighed in supplied aluminum pans. Sample size

was approximately 0.5 to 1.0 mg. All fiber samples were

ground in a Wig-L-Bug prior to analysis.

An oxidizing catalyst (Mn02) was added, and the sample rod was

inserted into the sample port.

A 50 second combustion period was used.

Calibration constants were calculated using acetanilide as a

standard.

The percent of carbon, hydrogen, and nitrogen were calculated

from the relative areas under the absorption peaks. Oxygen
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was calculated by difference from 100%.

8. An empirical formula was calculated for each fiber and its

extractives using carbon as a base. These formulae for the

fibers and extractives were calculated on an ash-free basis.

It was assumed that the total ash removed during the sequen-

tial extraction procedure would be isolated by the relatively

polar water solvent.



E. Fiber pH

Titration curves were obtained for all three fiber types using a

0.025N solution of acid or base. The procedure used was as follows.

Distilled water was boiled to remove dissolved carbon dioxide.

The boiled water was cooled to 35°C.

Ten ml of the distilled water were added to a gram of fiber.

The fiber-water mixture soaked for approximately one hour.

The pH of the mixture was determined.

One sample was titrated with 0.025N. NaOH, and a duplicate sample

was titrated with 0.025N HC1.

A graph of pH versus acid-base additions was drawn to compare

the buffering capacities of the fibers (Figure 17).
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F. Sample Preparation and Moisture Content Determination

1. Prior to moisture determination, the fiber types and extracts

were conditioned as follows.

Unextracted and extracted fibers were brought to constant

weight over Drierite and under vacuum, their weight record-

ed to 0.01 g, using four ounce glass storage bottles as

weighing bottles.

Benzene extract:

Solvent and extract solution were concentrated to approxi-

mately 100 ml via a Rotavapor, samples were freeze-dried for

about 18 hours. Freeze-dried samples were stored under

vacuum until constant weight, and the dry sample were

stored in sealed glass containers in a desiccator.

Ether extract:

Each extract was evaporated to approximately 25 ml of solu-

tion under vacuum, dried in a hood, then stored under

vacuum with Drierite until constant sample weight. Condi-

tioned samples were stored in sealed glass containers in a

desiccator.

Ethanol extract:

Extracts were evaporated to approximately 50 ml solution

and then diluted with dioxane. All extracts were placed in

a convection oven at 40°C until "dry", and placed in a

vacuum oven at 25°C until constant weight was obtained.

Conditioned samples were stored in sealed glass containers

144



Fischer Reagent

NH+I-

145

in a desiccator.

e. Water extract:

Extracts were treated the same as the ethanol extract,

except that they were not diluted into dioxane.

After drying, the fibers and their extracts were analyzed for water

content via Karl Fischer titration. Litvay, 1973, found the Karl

Fischer titration method of moisture determination of Douglas-fir bark

at low moisture content to be most accurate. This technique is de-

scribed in various publications (Mitchell and Smith, 1948, and Browning,

1967). This technique is based on the theory that methanol displaces

the water in the sample, and this water reacts with the Fischer reagent

almost quantitatively as follows (Browning, 1967):

CH3OH

The analytical procedure is as follows.

1. Apparatus and reagents

Junior Aquatrator, Precision Scientific Company

Karl Fischer Reagent

Absolute methanol

Drierite,

Reaction vessel - specific containers of approximately 200

ml volume made for the Aquatrator
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2. Operation

Place sample 2 g) in a reaction vessel (W).

Insert RV into Aquatrator; purge with dry air; add 50 ml

dry methanol.

Remove RV and seal with Parafilm (wax sealing material).

Allow RV to stand for extraction period of approximately

five hours with occasional stirring.

Remove seal, insert stirring bar, insert RV into Aquatrator.

Purge with dry air; activate stirring bar.

Selection switch set to Direct Titration Mode.

Add Karl Fischer reagent (KF) until endpoint is detected

via an instrumental method which detects free i4ine.

I. Calculate "gross moisture content" (GMC).

Must determine the endpoint, titer of reagent, extraction time and

error term.

Error term;

This is determined for each run by averaging the moisture content

of three separate samples of absolute methanol.

Run operation sequence with methanol only; no sample.

Calculate "error moisture content" (EMC).

Calculate "adjusted moisture content" (2MC).

IAMC = GMC - EMC]

Titer of Reagent:

This term is deteimined approximately each day during continuous

running.
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1. Insert a RV equipped with a stirring bar into Aquatrator;

purge with dry air; add 50 ml dry methanol.

2. Titrate to endpoint.

3. Insert into RV through sampling filling port a known weight

of distilled water.

Use an eyedropper or a syringe.

Fill with distilled water.

Weigh syringe and water to 0.001 g.

Remove approximately one drop.

Reweigh syringe and water.

4. Titrate to endpoint recording KF added.

5. Repeat 3 and 4 twice more.

6. Calculate average titer (T) of the three runs:

T = l weight H20 = gH20

KF (m1) ml
KF

Endpoint:

This value is determined only once for each experiment. Occasion-

ally check the zero setting on the Aquatrator, but always use the same

endpoint.

Turn Aquatrator "on".

Set to zero.

Insert RV equipped with stirring bar into Aquatrator.

Purge with dry air; add 50 ml of methanol.

Add KF and observe needle movement.
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Endpoint Defined;

Each additional drop of KF causes a 1-2 minute oscillation around

the defined endpoint for a short duration (will not fade).

Extraction time:

Run similar samples for approximately 1, 3, 5, 10, and 15

hours.

After initial extraction time, determine M.C.

Rerun same sample for 24 hours, redetermine M.C.

Extraction time is that duration where no change was observed

in M.C. from initial extraction compared to 24-hour period.

Moisture Content Determination;

Calculate moisture in Sample (M).

M = (MC) (T)
= 91120

Calculate sample moisture content (M.C.)

96M.0 - M x100
0.D. sample wt.

0.D. sample wt. = (initial sample wt.) - (N)



G. Calorimetric Procedure

In differential scanning calorimetry, the test sample and reference

temperatures are electronically maintained at the same level as the

temperature is programmed. If the test sample absorbs or evolves

energy, more or less power is supplied to the sample holder to maintain

the same temperature as the reference holder. This differential in

energy per unit time, recorded as a function of sample temperature re-

presents the energy of the associated transition. I used the calorimet-

ric procedure stated below.

The DSC-1B calorimeter was calibrated as described in the

instruction manual (Instructions - Differential Scanning Calori-

meter, Part No. 990-9556, Perkin-Elmer Corporation), by measur-

ing the melting temperatures of indium (156°C) and lead (327°C).

The calibration was periodically checked by placing a small

indium standard in the reference holder, and a large indium

standard in the sample holder. A scan was made with all con-

trols in their normal operation positions. The slope, average

and differential temperature control settings were changed as

necessary.

Scanning was conducted as follows:

I filled a standard alumunum pan with sample, compacted

the sample, and inserted it in the sample holder. I placed an

empty standard aluminum pan in the reference holder and placed

the cap over the sample chamber. After purging the sample

chamber with nitrogen for 10 minutes and setting the controls
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at appropriate settings, I started the scan and recorded visual

changes in sample during heating.

4. Control settings were as follows:

range = 16 millicalories/sec

scan speed = 10°C per minute

temperature range = ambient to 250°C

recorder speed = 2.5cm per minute

recorder span = 10 millivolts full scale

nitrogen flow = 37cc per minute

5. Duplicate samples were scanned to verify that the scans were

completely repeatable.



H. Thermogravimetric Procedure

The TGS-1 Thermobalance records weight changes in a sample as a

function of temperature while the sample is heated in a low mass furn-

ace. Sample weight is monitored via a Cahn RG Electrobalance with a

balance sensitivity of 10-6g. Furnace temperature is electronically

programmed by the DSC with the furnace being both the heater and

temperature sensor. The thermogravimetric procedure I used is as

follows.

1. The TGS-1 was calibrated as described in the instruction man-

ual, 990-9398. The magnetic standards of alumel and nickel

were used to calibrate for low temperatures by measuring the

temperatures of their magnetic transitions. Water also was

used as a standard for low temperature calibration.

2. Scanning was conducted as follows:

a platinum sample pan was filled with approximately a 5

mg sample, packed, and inserted in a stirrup, placing the

sample in the center of the TGS furnace.

a nitrogen flow rate of 33cc per minute provided and inert

atmosphere for the analysis. This same nitrogen flow rate

was used for initially purging the sample.

3. Control settings were as follows:

DSC at standby position

Scan speed = 10°C per minute

C. Temperature range = ambient to 250°C

d. Recorder speed = 2.5cm per minute
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4. Duplicated random samples were averaged to obtain the values

reported.



I. Qualitative Analysis of Gases

The volatiles generated as samples were heated in the TGA were

isolated along with the nitrogen carrier gas. The carrier gas outlet

of the TGA was fed to cold traps in series with stopcocks before and

after the complete trap. Three such traps were connected parallel so

that tha carrier gas and volatiles from the TGA could be channeled into

any of the three sets of cold traps at any desired time. The cold traps

were immersed in a plywood box lined with plastic to hold liquid

nitrogen.

A Drierite tube and an Ascarite tube were connected to the inlet

of the TGA to remove moisture and CO2 in the carrier gas prior to the

TGA. The carrier gas flowed through the TGA to the cold trap system.

If the stopcocks of the cold trap were open, the gas flowed out through

an Ascarite dryer, and a Drierite dryer, and finally through a flow-meter

to the atmosphere. The last series of driers and flow-meter were used

to avoid back-contamination from the atmosphere.

The details of each run were as follows.

The platinum TGA sample pan was filled with approximately one

to three milligrams of sample.

Pan was inserted in TGA and centered in the furnace.

The cold trap system was connected to TGA outlet with 36cm of

0.64cm I.D. Tygon tubing.

The outlet driers and flow-meter were connected to cold trap.

I opened all 6 stopcocks, 2 stopcocks per each pair trap of

cold traps.
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I purged system with nitrogen at relatively high pressure for

five minutes.

I added liquid nitrogen to the plywood box holding the series

of cold traps.

I allowed five additional minutes for equilibrium to be

established.

I reduced nitrogen carrier gas to 40 cc per minute.

I closed stopcocks to two of the three cold traps.

I started temperature programming at 10°C per minute.

I closed and opened stopcocks to the various cold traps at

desired times to isolate the volatiles generated plus carrier

gas.

At end of run, I removed plywood box housing cold traps, and

maintained liquid nitrogen around traps.

I pulled a vacuum on each set of cold traps for 0.4 minute to

remove a large amount of uncondensed nitrogen carrier gas. All

other volatiles generated from the bark fiber should have been

condensed at liquid nitrogen temperatures.

I warmed trap system with isolated volatiles to ambient

conditions.

I analyzed the trapped volatiles on the Varian Mat CH7

Spectrometer.

The mass spectrometer was located in the Agricultural Chemistry

Department, Oregon State University, and operated by Mr. Donald Griffin

of their staff. The instrument settings used were as follows:

Ionization chamber = 70 eV
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Filament current =1 60 microamps

Source temperature =-4 260°C

Inlet temperature P. 160°C

The following illustration demonstrates the technique used in

analyzing the results of each mass spectrum. The mass spectrum of the

water extractives from fiber B was used as an example. A comparison of

Table 18 and the mass spectrum lead to several conclusions. Mass peaks

at 16, 17, 18 and 19 are assumed due mostly to water, thus only the

peak at 18, the base peak, was reported as a water peak in Table 17.

The peaks at 14, 28 and 29 are assumed due to mostly N2 and excluded

from the reported results. The peak observed at 44 was assumed to be

the base peak of carbon dioxide.

The background noise was subtracted from the mass spectrum prior

to analyses. Relative peak heights of less than 1% were ignored.



Fiber B
Water Extractive

Mass Spectrum
25'-250°C

(Peak Height)

Mass No.

Background

14 18 32 44 57

I

4.62

(Peak Height)

Mass No. 18 28

RESULTS: Mass No. : 18 32 41 43 44 57

(Table 17) Sample Peak Ht.: 3.83 0.07 0.09 0.07 0.49 0.07 Total =
Composition (%): 83 1 2 1 11 2

.0".ON00 0
0 0 0 0 0



J. Quantitative Analysis of Gases

The method I used to make a quantitative analysis of the outgassing

required a system capable to initially holding low pressures. This sys-

tem also needed an accurate manometer for recording pressure as the

sample temperature increased. The physical dimensions of the Perkin-

Eimer TGS-1 Thermobalance imposed limitations on its use for my method

of quantitative gas analysis. Thus, I designed a glass manifold with

the required capabilities.

Primary investigations revealed that thermal conduction in the

wire used to suspend samples in the TGA furnace was critical because it

influenced the temperature calibration. The hang-down wire consisted of

3 cm of copper wire, 22 gauge, attached to 10 cm of Perkin-Elmer hang-

down wire supplied with the TGA thermobalance. A small hook at the end

of this hang-down wire supported a stirrup which held a platinum sample

pan. The pan was the same as used for the TGA analysis. This hang-down

wire and pan system, and the TGA furnace, were attached in a vacuum

system, such that the test sample was centered in the furnace. This

arrangement was in a vacuum manifold which could be purged with gas, or

evacuated with a vacuum pump (Figure 39). The procedure was designed

to be similar to the TGA and DSC analyses. The method used was as

follows:

I inserted a sample in a platinum sample pan, and recorded the

sample weight.

The system was purged with nitrogen for 3 minutes at a flow

rate in excess of 1000 cc per minute.
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After purging, I evacuated the system, pulled a vacuum for 0.4

minute, isolated the system, and started temperature program-

ming of the furnace.

I recorded increasing pressure to the nearest 0.5 mm on an oil

manometer in the system. The density of the oil was determined

to be 0.901 g per cc, thus readings were to the nearest 0.07

torr.

The average pressure per g of starting material for duplicate

samples was recorded.

After each run, the amount of leakage into the vacuum system

was recorded, and that pressure subtracted from the test run.

Duplicate samples were analyzed.

To illustrate the method used to calculate the amount of outgassing

that occurred as a fiber sample was heated, pressure data collected

during the heating of extracted fiber type A will be used as an example.

1. Data

Sample (1) Sample (2)

Initial weight = 2.928 mg

A B C D

Initial weight = 2.734 mg

A
(°C) (mmoil) (torr) (torr/g) (°C) ) borr) (torr/g)

25 0 0 0 25 0 0 0

34 1 0.06 21 37 1 0.07 26

48 2 0.13 44 48 2 0.13 48

64 3 0.20 68 70 3 0.20 73

80 4 0.26 89 86 4 0.27 99

97 5 0.33 113 116 5 0.33 121

120 6 0.40 137 145 6 0.40 146

160 7 0.46 157 189 7 0.47 172

200 8 0.53 181 222 8 0.53 194
230 9 0.60 205 244 9 0.60 220

251 10 0.66 225 253 10 0.67 245



160

Column Identification:

Temperature of sample

Oil manometer data indicating increase in pressure due to

sample heating.

Conversion of pressure data via oil manometer to torr.

Example: Sample 1, 200°C --

oil manometer reading = 8 mm

density of oil (picnometer)= 0.901 g/cc

density of mercury = 13.535 g/cc

DHg 13.535

- 0.901 = 15.02

Therefore, (oil reading)(Doil)
8

mm=
15.02 - 0.53 mmDHg

Thus, pressure = 0.53 torr

D. Pressure per g of initial material.

Example: Sample 1, 200°C

,Pressure = 0.53 torr

Sample weight = 2.928 mg
0.53 torr

Therefore, pressure/g = 2.928 mg - 181 torr

2. Column D data, collected from sample 1 and 2, verses tempera-

ture were plotted. Average values from the plots were converted

to moles per g, assuming the ideal gas law is obeyed, n P
RT

and the system volume, V, is a known constant (determined to

equal 271.36 cm3).
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The maximum change in height that occurred due to an increase in

pressure in the oil manometer was approximately 10 mm at 250°C. This

increase in volume was determined to cause a 1.2% error in the volume

at 250°C. This error was believed to be insignificant. Thus, the

volume, V, was assumed constant.

To determine if the ideal gas law was feasible to use at the

maximum pressure obtained, approximately 2.00 torr, considering the

predominance of the relatively polar water component of the gases, two

other gas laws were investigated. These laws were: (indicated

constants for water)

(1) Van der Waals RT = (P + a ) (V - b)

V2

a = 4.19 x 106cm6 atm/mole2

b = 37.3 cm3/mole

RT -a
(2) Dieterici's p = v-b exp. (VRT)

a = 7.02 x 106cm6 atm/mole2

b = 33.0 cm3/mole

At the maximum pressure, 2.00 torr, all three gas laws indicated

2.92 x 10-5 moles of gas at 25°C and a volume of 271.36 cm3. Thus

it was reasonable to assume that the ideal gas law was obeyed.



K. Phenolic Molding

The phenolic resin was screened via a Rotap shaker into two frac-

tions. The first fraction was material passing through a 20 mesh

screen, but retained on a 28 mesh screen. The second fraction was mate-

rial passing through the 28 mesh screen. The molding mixture was

composed of a 50/50 mix of these two screen fractions. Fiber and resin

were mixed prior to insertion in the mold.

The 10cm diameter disc mold was borrowed from Weyerhaeuser Company,

Longview, Washington. The mold was preheated, molding material added,

manually distributed, and the press closed. The press used in con-

junction with the mold was a 5400 kg Tinius Olsen. The press cycle is

illustrated in Figure 40. The maximum load was about 116 atm (1700

psig) on the molding disc.

Initially, temperature was checked via a thermocouple held in the

bottom of the mold by a series of aluminum plates under zero load. Ini-

tial molding temperature of 121°C (250°F) was detected via the thermo-

couple to occur after about five minutes. With a load applied, and

the press completely closed, this molding temperature would be reached

much quicker. After each pressing, the press was opened and the molded

disc removed. It was noticed that the press and mold cooled very rapidly

when the press was opened. No preheat cycle was used, thus it is almost

assured that maximum molding temperature was not reached until later in

the press cycle. This could account for the rather lengthy press cycle

that was needed.
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Figure 40. Press cycle for disc molding.
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L. Average Molecular Weight of Volatiles

The following procedure was used to calculate the molecular weights

of the volatiles generated as each of the unextracted and extracted fiber

types were heated from 1200 to 250°C. Complete results are listed in

Table 22. To illustrate the procedure, extracted fiber type A, the dry,

disc-refined fiber, was used as an example. The steps in the se-

quence are listed in numerical order.

1. The raw data were recorded for two different samples of

extracted fiber A.

2.928 (2) 2.734mg Sample

These values were plotted and a curve fitted to the data (Figure

2. Assuming an ideal gas, the following equation was derived:

PV = TIRT

n = -2--
molecular weight

() (RT)Therefore, molecular weight -
PV

= (% weight loss)(initial sample weight)

eq. (1)
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Sample (1) mg
Temperature: Pressure: Temperature Pressure:

(°C) (torr/g) (°C) (torT/g)

25 0 25 0

34 20.5 37 25.6

48 44.4 48 47.5
64 68.3 70 73.2
80 88.8 86 98.8
97 112.7 116 120.7

120 136.6 145 146.3

160 157.1 189 171.9

200 181.0 222 193.9

230 204.9 244 219.5
251 225.4 253 245.1



Pressure

torr
T-TTE7E

Sample 120°-250°C

wt. loss

120°-250°C

Unextracted Fiber

Average
Molecular Weight

of Gas
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Table 22. Data used to determine the average molecular weight of the
generated volatiles.

A 105 3.6 24

70 1.6 16

110 3.8 24

Extracted Fiber

A 100 2.7 19

65 1.3 14

90 2.3 18
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RT (at 25°C) = 24.46 liter - atm/mole (constant)*

V = 271.36 cm3 (constant system volume)

The percent of weight loss was determined from TGA data

(Figure 25). For extracted fiber A, the weight loss from 1200

to 250°C was 2.7%. Thus, assuming lg of sample initially,

the weight loss was 0.027g.

The pressure was taken from the curve fitted to the raw data

(Figure 40). This value was (325 - 135) torr/g or 100 torr/g of fiber

A. The pressures and weight losses recorded for the various fiber

types are in Table 22.

Mathematical calculation

M = molecular weight =
(g) (RT)

PV

(0.027 g) (24.46 liter - atm/mole) (1.028 x 103cm3/1 liter)

3
(102torr) (271.36 am )(1 atm/760torr)

M = 19 .... (Table 22)
mole

*It was assumed that the temperature of the gas, T, reached

ambient when the pressure was recorded. Ambient temperature was 25°C

(298°K).
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Digested
Lignin

M. Chemical Analysis

To substantiate the chemical composition of the bark fibers,

the analysis scheme illustrated in Figure 42 was performed on each

fiber type. Results of this analysis are listed in Table 23.

Extractive-free Fiber

1% Sodium Hydroxide

Figure 42. Chemical analysis of bark fibers.
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Acidified Sodium Chlorite 72% Sulfuric Acid

Soluble Polyphenolics Insoluble
Fiber

Insoluble Hydrolyzed Insoluble
Carbohydrate Carbohydrates Klason Lignin
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The procedure used for caustic extraction was described on page

53. The procedure is a modified TAPPI Standard for caustic soda

solubility of wood (T4m-59). Reported values are an average of

duplicate samples.

Klason lignin was isolated according to the following general

technique.

Fifteen (15) ml of 72% H2SO4 (25°C) was slowly added per
g 0.D. fiber with stirring.

The mixture was allowed to stand for 1 hour at 25°C
with frequent stirring.

Water was added to dilute H2SO4 to 3%.

The diluted solution was refluxed for 4 hours, filtered
through a coarse-porosity glass crucible, washed with
water, acetone and petroleum ether, and dried to constant
weight.

Holocellulose was isolated via the acetic acid -- sodium chlorite

process as follows:

1. Thirty-two (32) ml H20, 0.1 ml glacial acetic acid and 0.3 g
of reagent grade sodium chlorite were successively added per
g of 0.D. fiber.

' 2. The solution was heated with occasional swirling at 70-80°C
for 1 hour.

Without cooling, 0.1 ml glacial acetic acid was added followed
by 0.3 g sodium chlorite per g of initial O.D. fiber.

The solution was heated at 70-80°C for 1 hour.

Steps 2-4 were repeated for a total reaction time of 6 hours.

The solution was cooled to 25°C and filtered on a coarse -
porosity fritted glass extraction crucible.

The residue was washed with water, acetone, petroleum ether,
and dried.


