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The inner bark of a Douglas-fir [Pseudotsuga menziesii (Mirb)

Franco] was successively extracted with ethanol-water (15.4% solu-

bilized), benzene-ethanol (4.4% solubilized), hot water (11.1%

solubilized) and aqueous ammonium oxalate solution (2.8% solu-

bilized). The ethanol-water extract contained only a trace of free

glucose and the benzene-ethanol extract contained no free carbo-

hydrates. The monosaccharide residues therefore appeared to exist

primarily as part of polysaccharide structures and not in the form

of simple sugars. The hot-water and the ammonium oxalate extracts

contained polysaccharides and pectins. The residue remaining after

the ammonium oxalate extraction accounted for 66.3% of the inner

bark.

A holocellulose fraction was isolated by delignification of the

ammonium oxalate-insoluble material with acidified sodium chlorite.



The initial holocellulose fraction accounted for 44.3% of the original

inner bark sample. It was somewhat yellow in color indicative of

incomplete reaction. A white holocellulose was isolated by a second

treatment with acidified sodium chlorite. This final holocellulose

fraction accounted for 30.6% of the original inner bark.

The holocellulose contained 3.1% acid-insoluble lignin (Klason

determination) and 4.1% acid-soluble lignin. It was composed of the

following percentages of sugars: anhydroarabinose residues, 2.6;

anhydroxylose residues, 6.3; anhydromannose residues, 9.5; an-

hydrogalactose residues, 2.3; anhydroglucose residues, 61. 1.

Crystalline tetra-O-acetyl-L-arabinose diethy dithioacetal, crystal-

line penta-O-acetyl-D-galactose diethyl dithioacetal, crystalline

penta-0-acetyl-p-D-glucopyranose, crystalline di-O-benzylidene-

D-xy1ose dimethyl acetal, and crystalline D-mannose phenylhydrazone

were prepared from acid hydrolyzates of the holocellulose. These

derivatives proved that the polysaccharides in the holocellulose con-

tained sugar residues in the configurations of L-arabinose, D-galac-
=

tose, D-glucose, D-xylose, and D-mannose.

The holocellulose was fractionated into its component poly-

saccharides. These consisted of a xylan, a galactoglucomannan, a

mannan, and a glucan-rich residue. An acid hydrolyzate of the xylan

showed the following sugars: xylose, arabinose, glucuronic acid.

An acid hydrolyzate of the galactoglucomannan was qualitatively



analyzed by paper chromatography and was shown to be composed

of: glucose (strong spot), mannose (strong spot), galactose (medium

spot), xylose (medium spot), and arabinose (trace spot).

The mannan was composed of the following percentages of

sugars: anhydromannose residues, 85. 7%; anhydrogalactose resi-

dues, 7.0%; anhydroglucose residues, 4.6%. The mannan was

completely methylated and hydrolyzed. Paper chromatography of

the hydrolyzate showed the major component to be 2,3, 6-tri-O-

methyl-D-mannopyranose but also showed the presence of 2, 3, 4, 6-

tetra-0-methyl-D-rnannopyranose, 2, 3, 4, 6-tetra-0-methyl-D-

galactopyranose, 2, 3, 4-tri-O-methyl-D-galactopyranose, and 2, 3-

di-O-methyl-D-mannopyranose. Crystalline 2, 3, 6-tri-O-methyl-_

D-mannopyranose 1, 4-Ins (E-nitrobenzoate) was prepared from the

hydrolyzate of the methylated mannan. These data and the negative

specific rotation of -40° are consistent with a polysaccharide struc-

ture composed primarily of a linear chain of anhydro-D-manno-

pyranose units lined by p-D-(1--4) glycosidic bonds with occasional

anhydro-D-glucopyranose units in the chain. There are anhydro-

galactose branches on this main chain with an occasionally interposed

D-galactopyranose entity in a side chain. This poly-.
saccharide is a unique and novel material which has not previously

been demonstrated to occur in the wood or bark of trees.

Paper chromatography of the hydrolyzate of the glucan-rich



residue showed the presence of glucose, mannose, galactose, and

traces of xylose and arabinose. A 4-day treatment with refluxing

formic acid was required to cleave away the mannose and galactose

residues indicating that these moieties were part of the glucan-rich

polysaccharide structure. The final residue contained glucose only.

Viscosity measurements on the final residue in M diethylenediamine

copper II reagent showed a degree of polymerization of 67 for the

glucan portion. Acetolysis of the glucan portion yielded crystalline

cellobiose octaacetate. The glucan portion was completely methylated

and hydrolyzed. The primary substance was 2, 3, 6-tri-O-rnethyl-D-

glucopyranose as shown by paper chromatography.

The data show that the alkali-insoluble polysaccharide in

Douglas-fir inner bark is not true cellulose, but rather that it pos-

sesses repeating p-r2-(1--,-4) glucan portions with minimum chain

lengths of 67 repeating anhydroglucose units. Several of these re-

peating portions may be bonded by linkages with other monosacchar-

ides, most notably mannose.
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DOUGLAS-FIR BARK: ISOLATION AND CHARACTERIZATION
OF A HOLOCELLULOSE FRACTION

I. INTRODUCTION

The chemical components which comprise the bark of Douglas-

fir [Pseudotsuga menziesii (Mirb. )Franco] are not well understood.

Two to three million tons of the bark are generated each year from

forest commerce, but a relatively small portion of this natural raw

material finds commercial outlets. Much of the bark is burned.

Sometimes the energy is utilized as heat from boilers, but often

burning is simply a means of disposal which contributes to a general

air pollution problem. Before new and more valuable uses of bark

can be introduced, a better understanding of its chemical constituents

and physical properties is needed.

Carbohydrates are important chemical components in bark,

and, as the present work shows, comprise some 50% of the Douglas-

fir inner bark. However, little attention has been devoted to under-

standing the chemical and physical properties of these constituents.

The objective of the present work was to isolate and character-

ize the holocellulose material and to investigate each solubilized

fraction during this isolation for other polysaccharides, The sample

was taken from a standing Douglas-fir tree, 18. 8 inches in diameter,

at breast height. Successive extractions with organic solvents



removed the so-called Uextractjvestt which interfered with carbo-

hydrate isolation. Hot water and 0. 5% ammonium oxalate treatments

separated the water-soluble polysaccharides and the pectins. An

important isolation step involved a mild treatment with acidified

sodium chlorite, a method commonly used to separate lignin mater-

ials from carbohydrates. The insoluble fraction was termed "holo-

cellulose" and a characterization of this fraction represents a major

portion of this work. The study involves the use of modern techniques

of separation, purification, analyses and characterization. The

advent of these methods allowed the separation of purer materials

and a new understanding of the chemical groupings, linkages, and

structural features of the holocellulose fraction.



II. HISTORICAL REVIEW

In some of the early literature, authors refer to Douglas-fir

as Pseudotsuza taxifolia (Poir. ) Britt. and other names. However,

the presently preferred botanical name is Pseudotsuga menziesii

(Mirb. ) Franco. The names all refer to the same genus and species.

Mention is made of this to avoid confusion about the exact species

investigated.

A description of bark anatomy is given to define the specific

material investigated. Grillos (44), Grillos and Smith (45), Chang

(28), and Ross and Krahmer (97) provide detailed anatomical descrip-

tions of Douglas-fir bark. Bark is said to consist of inner bark and

outer bark (Plate I, page 4). The inner bark (phloem cells) is the

portion from the vascular cambium to the cork cambium of the inner-

most cork layer. The outer bark (rhytidome) is everything to the

outside of the innermost cork cambium (Plate I, page 4 ).

The inner bark comes from the vascular cambium, that layer

of living cells between the wood and bark which divide to form wood

to the inside and bark to the outside. The inner bark is composed

mainly of sieve cells, axial and ray parenchyma, and sclereids

(Plate I, page 4 ). Parenchyma and sieve cells remain alive in

the living tree as long as they are components of the inner bark.

The sclereids are sharply pointed, spindle-shaped, short

3



Plate I. Anatomy of Douglas-fir bark. a

aFrom: Wellons, J. D. and R. L. Krahmer. Self bonding in bark composites. Accepted for publica-
tion in Wood Science. 1973. 14=.
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fibers of a red brown color (Plate I, page 4). They are often re-

ferred to as bast fibers. They are lignified cells and develop some

distance from the vascular cambium from axial parenchyma cells.

The axial parenchyma cells in becoming sclereids elongate from 0. 1

to 0, 5 mm in length to 1 to 2 mm in length by apical intrusive growth,

and form thick walls. Kiefer and Kurth (66) and Ross and Krahmer

(97) describe and illustrate the general appearance and position of

the sclereids in Douglas-fir bark.

Ross and Krahmer (97) show that Douglas-fir outer bark con-

sists of layers of cork in which growth increments are usually

visible. Among the corky layers are interspersed areas of phloem

tissue that contain the slcereids and other cell types found in the

inner bark (Plate I, page 4). The cork layers form from cork
cambia (Plate I, page 4), which are living cells that were once

living parenchyma cells of the inner bark. New cork cambia

form in the inner bark and cut away part of the inner bark, which

now becomes part of the outer bark. The cork cambia produce cork

cells to the outside and a few storage cells to the inside. Cork cells

have thin cellulose walls which are coated with suberin. Suberin is

essentially an ester condensation polymer of hydroxylated, satu-

rated, and unsaturated straight-chain fatty acids (109). The cork

layers may also contain tannin, dihydroquercetin, and starch, All

cells outside the innermost cork cambium are dead because no food

supply can pass through this layer of cork cells. This then results
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in an outerbark composed of cork cells and dead phloem cells,

which were once inner bark.

The studies on the anatomy of bark have shown it to be a com-

plex physical material. The chemical composition of bark is equally

complex. It is known, however, that the major constituents of the

inner bark are the carbohydrates (50-60%), just as they are the

major constituents (70-80%) in wood (7% 109). However, little atten-

tion has been devoted to the carbohydrates present in the bark of

trees. In contrast, the carbohydrates in the wood of trees have been

extensively studied. Polysaccharides such as pectinic acids, galac-

turonogalactans, arabinogalactans, 4-0-methylglucuronoxylans,

arabino-4-0-methylglucuronoxylans, glucomannans, galactogluco-

mannans, and cellulose have been isolated from the wood of numerous

species of both gymnosperms and arborescent angiosperms and their

chemical structures elucidated (8, 50, 123, 129, 130, 143).

One reason for this had undoubtedly been the greater economic

importance of wood as compared with bark. Another is probably to

be found in the occurrence in bark of non-carbohydrate constituents

such as suberin, tannins, phlobaphenes, and various phenolic com-

pounds, all of which make the isolation of polysaccharides from bark

difficult. Wood contains none or few of these components.

Segall and Purves (109) discussed these difficulties in a review

of the early literature on the chemistry of bark. The so-called



"extractives" were known to interfere unless they were removed

by exhaustive, successive extractions with alcohol, water or other

neutral, chemically inert liquids, such as diethyl ether or petroleum

ether. The most noteworthy early work on the extractives of various

barks was that of Zellner and his associates (151). They showed

that the chemical composition of bark extractives varied with the

species and age of the bark, but quantitative data were almost en-

tirely restricted to the gross amounts of extractives removed by

different liquids.

The early literature (109) showed that after all of the solvent-

soluble materials had been removed by exhaustive extraction, some

70 to 90% remained as undissolved residue. Segall and Purves

(109) commented that the constituents of this residue included suberin,

a name derived from cork oak (Quercus suber L. ). Suberin was

studied intensively by Zetzsche and his collaborators in the decade

1927-1937 (153, 154). Suberin was isolated by mechanically sepa-

rating the cork fraction from other bark components and then remov-

ing the outer cork constituents with hot 3% caustic soda and hot 5%

sodium bisulfite. Hydrolysis of the suberin residues gave a

mixture of unsaturated and hydroxylated, higher fatty acids

including phellonic acid, also known as a-hydroxybehenic

[CH3 (CH2 )19
CHOHCOOH]; n-eicosanic acid [HOOC(CH2 )20

COOH];

phloionic acid [HOOC( CH2)7( CHOH)2( CH2) C0014]; phloionolic acid
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[HOH2C(CH2 )7 (CHOH)2 (CH2 )7 COM]. Degradation of suberin with

hot nitric acid yielded substantial amounts of suberic acid

[HO0C(CH2)6CO0H] and azelaic acid [HOOC(CH2)7CO0H]. Thus

it would appear that suberin is essentially an ester condensation

polymer of hydroxylated, saturated and unsaturated straight-chain

fatty acids.

Segal and Purves (109) also reported that the barks which

were investigated contained large amounts of complex, insoluble

bodies of low or zero methoxyl content that appeared to be closely

allied chemically to the soluble phlobaphenes and tannins. These

bodies grossly increased the apparent "Klason lignin" content of

barks. However, it was found that they could be extracted with dilute

alkali, and thus an improved lignin value could be obtained on the

remaining residue.

After removing all of the above mentioned materials it was

possible to acid hydrolyze the remaining residue and investigate

some of the rnonosaccharides released. It appeared that the poly-

saccharides in bark were based predominantly upon glucose, and to

a lesser extent on galactose, mannose, xylose, arabinose and

rhamnose. The existence of true cellulose could not be established.

Kurth (70) also reviewed the early literature on the chemical

composition of barks. He reported that barks contained hemicellu-

loses and "cellulose." The sugars associated with the hemicelluloses
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were glucose, galactose, mannose, arabinose and xylose. The

"cellulose" was simply that fraction which remained after treating

extracted bark with four successive portions of a mixture of one

part nitric acid and four parts alcohol. No additional evidence

that the material was cellulose was given.

Kiefer and Kurth (66) isolated a holocellulose fraction from the

bast fibers, or sclerekls, of Douglas-fir bark. Whole bark was col-

lected, ground and screened. All fractions larger than 40-mesh were

reground and rescreened. The fibers were obtained in an almost

pure state by stirring the crude fiber fraction in five times its vol-

ume of distilled water at room temperature. By virtue of their high

specific gravity, the fibers readily sank to the bottom of the container,

whereas cork and other impurities remained on the surface and were

skimmed off.

The over-all percentage composition of the bast fibers was

determined and is presented in Table 1 (page 10). For sake of com-

parison, analyses of Douglas-fir wood, taken from the literature (43),

are included in the table. The data indicate that the bast fibers may

be a lignocellulosic material with a composition similar to that of

wood. The higher lignin content of the bast fibers and the lower

methoxyl content of this lignin, however, are notably dissimilar

from those found in wood.

Paper chromatograms of an acid hydrolyzate of the holocellulose



Values based on oven-dry extractive-free material

aValues in percent of oven-dry, unextra.cted materials.

bFrom: Kiefer, H. J. and E. F. Kurth. The chemical composition
of the bast fibers of Douglas-fir bark. Tappi 36:14-19. 1953.

cFrom: Graham, H. M. and E. F. Kurth. Constituents of extrac-
tives from Douglas-fir. Industrial Engineering Chemistry 41:409-
414. 1949.

dCorrected for lignin content.

10

Table 1. Compositional analyses of bast fibers and Douglas-fir wood.

Ash 0.60 0.17
Lignin 44.80 30.15
Holocellulose 5458d 71.40
Pentosans 8.62 10.11

Methoxyl group 3.89 4.75
Acetyl group 2.39 0.59
Uronic acid anhydride 4.62 2,80
Methoxyl on lignin 7.16 15.20

Fiberb Woodc

Ether solublea 2.92 1.32
Alcohol solublea 8.65 5.46
Hot-water solublea 2.58 2.82

Sum of three extractivesa 14.15 9.60
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showed the presence of glucose, galactose, mannose and xylose.

The limited techniques of paper chromatography at that time did not

resolve mannose and arabinose. Their fermentation procedures for

quantitative analyses indicated an apparent absence of arabinose in

Douglas-fir bark. This paper by Keifer and Kurth (66) and the one

by Holmes and Kurth (54) appear to be the major works published on

the carbohydrates in Douglas-fir bark. These materials seem to

have been largely ignored to date.

However, the carbohydrates in the barks of other species have

been investigated. Some of the more pertinent work is included for

comparison purposes and because the experimental techniques re-

ported were of use in the present study.

Barks appeared to contain a well-defined hemicellulose frac-

tion. In 1930, Schwalbe and Neumann (106) detected large amounts

of readily hydrolyzable hexosans and pentosan.s in the inner barks

of spruce, pine, and red beech; and in 1938 Buston and Hopf (23)

reported the presence in ash bark of 20% of hemicellulosic material

which, upon hydrolysis gave galactose, mannose, and arabinose.

In 1947, Cram, Eastwood, King and Schwartz (30) detected glucose,

mannose, galactose, and xylose in hydrolyzates of barks from western

red cedar, and reported that one-third of the glucose had originated

from the hemicellulose fraction. In 1955, Chang and Mitchell (27)

carried out analyses on the barks of many North American pulpwood
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trees. The hydrolyzates from 72% sulfuric acid treatment of extrac-

tive-free barks were found to contain various amounts of glucose,

galactose, mannose, arabinose, and xylose.

In 1957, Lindberg and Meier (78) reported on the physical

properties of glucomannan hemicelluloses from the bark of Norwegian

spruce [Picea abies (L. ) Karst. ]. Meir (84) carried out similar

investigations on the glucomannans and on an arabinoxylan from the

bark of pine (Pinus silvestris L. ).

In addition to hemicelluloses, many barks appeared to be very

rich in pectic substances (23, 106). Ash bark (106) contained 7% of

pectic material, and balsam bark was found by Hay and Lewis (51)

to contain 14% of a "water-soluble mucilage" in addition to other

carbohydrates. In 1938-39, Sharkov and co-workers published a

series of papers (111, 112, 113) on pectic materials in the inner

barks of pine, fir, and birch. Pine bast was reported to contain

up to 35% pectin.

Anderson and co-workers also studied the pectin components

of both inner bark (4) and the adjacent cambial zone (4, 5); 10%

of pectic material was isolated from the inner bark of black spruce

(93). In 1956, Kotasek found that hydrolysis of an aqueous extract

of spruce bark yielded D-galacturonic acid, in addition to arabinose,

glucose, galactose, xylose, and rhamnose (67).

The carbohydrate gums constitute another group of
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polysaccharides which can be associated with barks (63). The best

known of these are the "gum exudates" which in many cases arise

from mechanical damage to, or parasitic infection of, the exterior

of the tree, although in some instances exudation appears to take

place spontaneously. It can perhaps be argued that the gum exudates

are not necessarily "normal" components of bark, but similar poly-

saccharides are known to be present in some barks where they

undoubtedly fill a normal physiological role. A well known example

is "slippery elm mucilage," which occurs in the inner bark of Ulmus

fulva Michx. now known as Ulmus rubra Mahl., to the extent of lb%

or more (3). It is secreted in the bark "in sac-like membranes,

considerably larger than the surrounding cells, and scattered irregu-

larly throughout the tissue" (41). This mucilage has been shown by

Anderson (3), and by Hirst and co-workers (40, 41, 55) to contain

residues of D-galacturonic acid, p-galactose, 3-0-methyl-D-galac-
=

tose, and L-rhamnose.

Another interesting gum was isolated from the inner bark of

red fir, by Becker and Kurth (10). Upon hydrolysis, it yielded

glucuronic acid, glucurone, an aldobiouronic acid, galactose,

arabinose, and two other sugars which were tentatively identified

as 6-deoxy-glucose and 6-deoxy-idose, respectively.

Inner barks usually contain starch. Larsen and Lynn (76)

detected starch in the bark of western larch, and Anderson and
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Pigman have reported its presence in the inner bark of black spruce

(4). Histological studies show very clearly that starch granules,

similar to those of cereal starches, are present in the parenchymatus

cells of bark (26, 80) where they undoubtedly act as a food reserve.

Although there were the above-mentioned reports, the work on

bark carbohydrates prior to 1960 appears to be scattered and lacking

in detail. In 1960 Painter and Purves (91) reported the first sys-

tematic attempt to classify the polysaccharides present in a bark

[white spruce, Picea glauca (Moench) Voss] and to compare them

with those in the wood of the same tree. They isolated at least six

different carbohydrate fractions from the inner bark of white spruce

and concluded that the bark contained (i) starch, mainly in the form

of granules, (ii) much pectin material, consisting of pectinic acid,

gala.ctan, and arabinan, and (iii) hemicellulosic material, consisting

of xylan and mannan components similar to those of wood. Jabbar

Mian and Time11 (58) studied the polysaccharides in white birch.

They found that the bark contained a pectinic acid, an acidic xylan,

and cellulose in addition to several other polysaccharides. The

carbohydrate composition of the original bark agreed closely with

previously reported values for white birch bark (27). The cellulose

portion was later fully characterized (59).

In a separate study of the carbohydrates present in the phloem

(inner bark) of white birch (Betula papyrifera Marsh. ), Time11 and
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Jabbar Mian (132) succeeded in isolating several polysaccharides

in high yields. However, the extraction gave evidence that only a

few of the polysaccharides were obtained in a state pure enough to

warrant further structural investigations. Hydrolysis of these

polysaccharides yielded galacturonic acid, galactose, and arabinose

in a ratio of 66:7:27 and also traces of glucose, xylose, and rhamnose

units. Timell (124) analyzed the carbohydrtites occurring in the bark

of several gymnosperms each representing a different genus. After

exhaustive extraction with ethanol-benzene, the products were an-

alyzed by standard methods (122). The results are presented in

Table 2 (page 16). It should be noted that the procedure used for

determination of the "lignin" content included not only the true lignin,

known to be present in bark, but also most of the other non-carbo-

hydrate components, such as tannins and phlobaphenes. The bark

holocelluloses were prepared by reacting extractive-free barks with

acidified sodium chlorite (145). The holocelluloses were re-extracted

with hot water, 0. 5% ammonium oxalate followed by 24% aqueous

potassium hydroxide, and finally with 17.5% sodium hydroxide con-

taining 4% borate (64). The yields of these separations are summar-

ized in Table 3 (page 17).

In the early 19601s Timell and co-workers reported their

investigations on several polysaccharides isolated from the bark

of amabilis fir [Abies amabilis (Dougl. ) Forbes] (124). These



Table 2. Chemical composition of barks.

aAll values in percent of extractive-free bark.
Fir: Amabilis fir [Abies arnabilis (Dougl. ) Forbes]
Spruce: Engelmann spruce (Picea engelmanni Parry)
Pine: Lodgepole pine (Pinus contorta Dougl. )
Ginkgo: (Ginkgo bilob a L)

From: Timell, T. E. Isolation of polysaccharides from the bark of gyrxmosperms. Svensk
Papperstidning 64:651-661. 1961.

Component Fir Spruce
Pine Ginkgo

Inner Outer Inner Outer

(Summative Data)

Lignin 38. 1 39. 4 24, 6 46. 9 7. 5 45. 6

Ash 2, 1 4. 0 3. 3 2. 2 24. 4 10. 1

Acetyl 0. 8 0. 5 0. 2 0. 8 0. 2 0. 3

Uronic anhydride 5. 6 8. 0 9. 9 7. 7 11. 5 9. 4

Residues of:

Galactose 1. 6 2. 4 4. 3 4. 2 4. 5 1. 7

Glucose 37. 4 35. 7 40. 9 26. 8 38. 3 23. 8

Mannose 8. 0 2. 9 2. 5 2. 5 3. 4 2. 1

Arabinose 3. 2 3. 3 10. 6 5. 5 6. 2 3. 5

Xylose 3.2 3.8 3.7 3.4 4.0 3.5

(Other Data)

Pentos an

Material soluble

9.2 11.3 19.3 13.0 11.6 8.9

in cold water 4. 8 9. 0 13. 7 5.4 19. 5 8. 7

Material soluble
in hot water 8. 4 20. 3 22. 7 12.7 21. 1 14. 0

Material soluble
in 1% sodium
hydroxide 35. 4 51, 6 47, 0 56. 5

16

a, b



From: Timell, T. E. Isolation of polysaccharides from the bark of gymnosperms. Svensk
Papperstidning 64:651-661. 1961.

Table 3. Yield 8a obtained on extraction of barks. b

Component Fir Spruce Pine Ginkgo

Holocellulose 57.9 58. 2 63. 8 56. 5

Water extract 2.1 2.6 4. 3 0. 7

Ammonium oxalate extract 7.0 11.2 11.9 12. 5

Potassium hydroxide extract 7.4 9. 4 14. 2 3. 8

Sodium hydroxide-borate extract 3.3 4.1 3. 0 1.9

Residue 38.1 30. 9 30.4 37. 6

aAll values in percent of extractive-free bark.
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polymers included a possible cellulose (125), a galactoglucomannan

(128), a glucomannan (126), a xylan (127), and a pectin (14). In

1964, Ramalingam and Time11 (95) isolated an arabino-4-0-methyl-

glucuronoxylan, a "glucan, " and an alkali-soluble galactoglucomannan

from the bark of Engelmann spruce (Picea engelmanni Parry). This

bark also contained substantial quantities of pectic material, minute

amounts of galactoglucomannan of the water-soluble type, and 30%

cellulose. These reports by Time11 and associates include consid-

erable data on barks in general and provide excellent descriptions

of laboratory techniques for studies of bark polysaccharide chemistry.

In 1969, Beveridge, Stoddart, Starek and Jones (13) reported

some outstanding work on the structural features of slippery elm

mucilage. This is the mucilage first isolated by Anderson in 1933

(3) and previously studied by Hirst, Gill, Jones, and Hough (40, 41,

55). The 1969 work continued the studies on the fine structure of

this complex mucilage. These workers concluded that the poly-

saccharide contains chains of 3-0-methyl-D-galactose residues

attached to the C4 positions of certain L-rhamnose residues, and

that 3 0-methyl-D-galactose residues occur in some cases as non-

reducing end-groups. D-galactose is attached as single residues

or as 4-0-substituted residues to the C3 positions of some L rham-

nose residues. The evidence indicates that the polysaccharide is

more highly branched than was at one time supposed. This recent



19

work shows the continued interest in the chemistry of bark carbo-

hydrates by researchers in a number of laboratories.

Time11 and co-workers (39, 131) have recently reported work

on a new facet of bark polysaccharides. This involves the p-D-(1-3)-

glucan known as callose. Callose is a polysaccharide which is widely

distributed in the plant kingdom and occurs especially in the sieve

elements of all tree barks, where it fills the sieve pores of non-

functioning or dead sieve cells (gymnosperms) and sieve tubes

(angiosperms). The polysaccharide has attracted much interest

among botanists but its chemical nature remained unknown until 1957.

At this time Kessler managed to devise a laborious procedure by

which phloem cells were separated mechanically, and lignin and

cellulose were removed chemically, leaving behind callose particles

which could be observed under the microscope. The total amount of

pure callose obtained in this way was 140 mg. The polysaccharide

was found to be a p-D-(1-4-3)-glucan (7).

Fu, Gufman and Time11 (39) devised a convenient chemical

method for the isolation of callose in 50-100 g quantities from the

inner bark of conifers. They prepared a holocellulose fraction from

extractive free inner bark of Scots pine by the acidified sodium

chlorite reaction. The holocellulose was extracted with water and

0.5% aqueous ammonium oxalate. The chlorite liquor, water and

ammonium oxalate extracts, all recovered by freeze-drying were
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combined. Starch was removed by several repeated treatments with

a-amylase and hot water. The insoluble material remaining was

callose; yield 2.5% of the bark. It is a unique aspect of callose that

although it was originally extracted from the bark holocellulose with

water and aqueous solvents, once isolated in a solid state, the final,

pure callose was almost completely insoluble in all solvents tested.

These workers (39) showed the presence of 1, 3-glucosidic bonds

in callose by various means. The polysaccharide consumed only

0.11 mole of periodate reagent. Partial acid hydrolysis gave glucose

and the laminaribiose series of polymer-homologous oligosaccharides.

No cellobiose could be detected. When the callose was treated with

an endo-t3-1,3-glucanase, glucose and laminaribiose as well as

small amounts of laminaritriose were produced. Because of its

extreme insolubility, the polysaccharide could be methylated only

with difficulty and in low yield. After methanolysis, gas-liquid

chromatography of the methyl-0-methylglucosides and the methyl-

0-methylglucoside acetates showed the presence of 2, 4, 6-tri-O-

methylglucose and small amounts of 2, 3, 4, 6-tetra-0-methylglucose.

These results indicated that callose contains 1,3-linked p-D-gluco-,
pyranose residues. However, the low yield of methylation product

prevented any further structural analysis and it remains to be

established whether or not the polysaccharide is branched,

As mentioned previously, the isolation of carbohydrates from
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bark is more difficult than from wood because of the greater amounts

of non-carbohydrate materials. Painter and Purves (91) commented

that in the extraction of polysaccharides from bark, a number of

special problems arise which are not encountered with wood. Timell

(124) also reported difficulties in isolating homogeneous polysacchar-

ides from barks and commented that a complete removal of lignin,

tannins, and phlobaphenes had to be effected if a successful fractiona-

tion of the polysaccharides was to be achieved. Meier (84) showed

that even small amounts of residual lignin in a mixture of hemi-

celluloses was capable of impeding fractionation to an astonishing

degree.

The methods of isolation of any group of plant polysaccharides

will have certain unique aspects arising from the nature of the start-

ing material and accompanying impurities. However, experience

has led to a general procedure for the systematic isolation of plant

polysaccharides, particularly the cell-wall polysaccharides. This

proced,dre includes preparation of the "holocellulose" and is spe-

cifically intended to remove lignin and related materials which

interfere with the extractive removal of hemicelluloses.

Numerous methods have been described for the delignification

of plant materials with the aim of minimum alteration of the carbo-

hydrates present. However, they can all be considered modifications

of one of three principal procedures. All are based on an oxidative
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removal of the lignin.

Schmidt and Graumann(102) first delignified wood with gaseous

chlorine. Schmidt, Tang and Jandelbeur (104) and Schmidt, Memel,

Jandelbeur and Simson (103) later modified this procedure to include

a treatment which involved long standing (up to three weeks) in watet

containing pyridine and chlorine dioxide.

A short time later, Ritter and Kurth (72, 96) devised a method

whereby wood was subjected to repeated chlorinations and subsequent

extractions with a solution of pyridine in alcohol. In this work, Ritter

and Kurth (96) introduced the term "holocellulose" for the material

remaining after oxidative delignification. They commented: "Since

the material is composed of hemicelluloses and cellulose, it has been

termed "holocellulose," meaning whole or entire cellulosic material."

They further contended: "The authors propose the term "holocellu-

lose" as preferable to Skelettsubstanzen, maintaining that the latter

term does not describe the material correctly either from the physi-

cal or chemical point of view." The term "holocellulose" was

quickly adopted and since that time has been generally and commonly

accepted by workers in the field.

The original Ritter and Kurth method (72, 96) has now been

superseded by the method suggested by Van Beckum and Ritter (136,

137, 138, 139) which requires successive treatments of the ground

tissue at 750 with water, chlorine, ethanol, and a 3% solution of
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monoethanolamine in ethanol until the residue remains uncolored

on addition of the monoethanolamine solution.

The methods suffer from several disadvantages, not the least

of which is the use of the toxic gaseous chlorine. Other disadvan-

tages include harmful increases in temperature when too much wood

is used, and also some monoethanolamine is often adsorbed on the

holocellulos e.

Jayme (60) and Jayn-ie and Hanke (61) modified the original

chlorine dioxide oxidation method of Schmidt and co-workers (103,

104) by generating the chlorine dioxide in situ through a reaction of

dilute acetic acid with sodium chlorite. This was a great improve-

ment because it removed the handling of hazardous chlorine dioxide

gas. The technique was further developed by Wise, Murphy and

ID,Addieco (145) and again modified by Whistler, Bachrach and

Bowman (141). This procedure soon won general acceptance and

is the method most commonly used today (143).

The third procedure used for the preparation of wood holo-

cellulose involves peracetic acid followed by mild sodium borohydride

reduction (77). However, this method of oxidative delignification

has not been generally applied.

The delignification reaction used in the present work was the

acidified sodium chlorite method (141). The method has several

obvious advantages. It requires a relatively cheap and stable



24

oxidizing agent, it gives a product of unusual brightness, and it can

easily be used for delignifying both small and large quantities of

material.

It has been the aim for many years by workers in the field to

quantitatively separate plant carbohydrates from the lignin and other

components without alteration of the carbohydrates. However, in

practice, this goal is never reached and often not even approached.

Either the holocellulose isolated still contains considerable non-

carbohydrate components, or, if the reaction conditions are severe

enough to remove all non-carbohydrates, then the holocellulose

remaining is somewhat degraded. At one time it was thought that

both the chlorine (72, 96) and the chlorite methods (60, 61, 141, 145)

yielded a quantitative recovery of polysaccharides. However, it is

now known that this is not the case and according to Time11 (129)

holocellulose isolation by any means can result in losses of poly-

saccharides as well as alterations in their structures.

Bublitz (21, 22) and Jayme and Hanke (61) were among the

first to show that the sodium chlorite delignification reaction solu-

bilized some of the carbohydrates. They isolated carbohydrate

material from chlorite liquors and Thomas (120) observed polyuronide

material in the wash waters from a chlorination method.

Douglas-fir bark carbohydrates solubilized by the acidified

sodium chlorite delignification reaction have been recently studied
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by Lai (73). She isolated the solids dissolved by the sodium chlorite

treatment and after acid hydrolysis identified rhamnose, xylose,

arabinose, mannose, galactose and glucose by paper chromatography.

The sugars were quantitatively analyzed by gas-liquid chromatography

of their alditol acetates. The monosaccharide ratios were: glucose,

59.1; arabinose, 11.9; galactose, 3.9; mannose, 3.7; xylose, 1.0;

rhamnose, 1.0. Rhamnose had not been previously reported in

Douglas-fir bark. All of this work tends to indicate that consider-

able care must be exercised in isolating the holocellulose material

in order to keep carbohydrate solubilization and degradation to a

minimum.

After the isolation of the holocellulose, or delignified material,

it is necessary to separate and purify the various polysaccharides

which comprise the holocellulose because studies of the structures

of hemicelluloses require homogeneous polymers isolated in high

yields with minimal degradation. Since the early work of Thomsen

(121) in 1879 and particularly that of Schulze (105) in 1891, alkaline

extraction has been the principal method employed for the removal

of the hemicellulose group from plant material. The early extrac-

tions were made on solvent-extracted plant substances but in more

recent years holocellulose has served as the starting material.

Alkaline extraction of plant material, or of holocellulose, can

result in many changes in the polysaccharides even under oxygen-free
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conditions (143). Alkaline degradation occurs at the reducing end

groups of the polysaccharide and gives rise to saccharinic acid units

by way of a p-elimination reaction. This leads to the exposure of new

reducing groups, and the "peeling" reaction proceeds in a stepwise

manner unless interrupted by a "stopping" reaction. Thus, some

care must be exercised in making these alkaline extractions.

A wide variety of alkaline extraction conditions have been

employed. Most frequently used, however, are solutions of sodium

or potassium hydroxide, the strengths of which are varied from

slightly alkaline to solutions of strengths equal to those used for the

preparation of a-cellulose (i.e. 17.5% in the case of sodium hydrox-

ide). Relatively dilute alkalies suffice to dissolve xylans and galacto-

glucomannans, but higher concentrations are required for the extrac-

tion of glucomannans (24, 48, 129, 130). Unfortunately, the solu-

bilities of the various hemicelluloses tend to overlap considerably.

Such extractions will therefore not yield pure hemicelluloses; they

will yield merely fractions that are rich in one of the hemicelluloses.

Impure fractions have usually been purified by precipitation,

using acids, organic liquids, or complexing reagents such as Fehling's

solution. None of these agents is specific for a given hemicellulose;

separation depends on differing rates of precipitation, is usually

lengthy and laborious, and is rarely complete.

Great improvements were offered by the discoveries of two
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specific precipitants: barium hydroxide, which forms complexes

with polysaccharides containing mannose units (these complexes are

insoluble in aqueous alkali) (47, 49, 85, 87); and cetyltrimethyl-

ammonium hydroxide, which forms complexes with acidic poly-

saccharides which are insoluble in water (108). However, an inher-

ent disadvantage of all precipitation methods is the possibility of

co-precipitation of soluble polymers, which affects yield or purity

advers ely.

A truly great improvement in the isolation of homogeneous

hemicelluloses was the excellent work by Beelik, Conca, Hamilton

and Partlow (11). These workers developed a new procedure based

on the principle of selective extraction for the isolation of the three

main hemicelluloses from softwood holocelluloses. Selectivity

was assured by impregnating the holocellulose with a 1-2% barium

hydroxide in the first three extraction steps. Impregnation was

particularly effective when used in conjunction with 10% potassium

hydroxide. Xylans readily dissolved in this medium, while the disso-

lution of mannose-containing polymers was largely suppressed. After

removal of the barium hydroxide, the easily soluble galactogluco-

mannan was extracted from the holocellulose in the second step of

the sequence with 1% sodium hydroxide, and the glucomannan in the

last step with 15% sodium hydroxide. All three hemicelluloses

obtained in this fashion were quite homogeneous, and thus tedious
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secondary purifications by precipitations were kept to a minimum.

Modifications of the above described method of Beellik, Conca,

Hamilton, and Partlow (11) were used in the present investigation

of Douglas-fir bark hemicelluloses with good success.

After isolating the homogeneous hemicelluloses, it becomes

necessary to characterize them and determine at least some aspects

of their chemical structure. Through careful depolymerization of

polysaccharides by hydrolysis, acetolysis or other reactions, the

monosaccharides which serve as building units may be obtained and

subsequently identified. This determination of the constituent sugar

units is the first and one of the most fundamental operations in

establishing the nature of a polysaccharide.

Depolymerization of polysaccharides is usually effected by

acid or enzyme hydrolysis or by acetolysis. Sulfuric acid is often

the medium of choice because the sulfate anions can be later removed

by the addition of barium hydroxide, resulting in the formation of

insoluble barium sulfate.

Qualitative identification of the monosaccharides can be realized

by paper chromatography or by retention times with gas-liquid

chromatography. Quantitative analysis of the monosaccharides is

almost always accomplished now with gas-liquid chromatography.

Gas-liquid chromatography of sugars has lagged behind the technique

with other families of compounds such as the hyd rocarbons, sterols,
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terpenes and so on because of two characteristics of the sugars

themselves. Firstly, sugars are heat sensitive, they char easily;

secondly, they are non-volatile.

These two problems have been overcome by the preparation of

heat-stable, volatile sugar derivatives. The first real improvement

in this area was the excellent work published by Sweeley, Bentley,

Makita and Wells (116) and their use of the trimethylsilyl ether

derivatives. This procedure was quickly adapted to the analyses of

monosaccharides in wood and pulp hydrolyzates (12, 18, 75). Al-

though the method works quite well it does suffer from the fact that

each anomer of the sugars as well as the ring isomers yield their

own individual peaks. This means a great number of peaks must be

resolved by the gas-liquid chromatograph and the results show con-

siderable overlapping of peaks which makes quantitative measure-

ments difficult.

This problem was overcome by the "alditol acetate" procedure

first applied by Gunner, Jones and Perry (46) and extended by

Sawardeker, Sloneker and Jeanes (101) and by Albersheim, Nevins,

English, and Karr (2). The method includes a reduction of the

carbonyl group of the monosaccharides to the alcohol (sugar alditol)

with sodium borohyd ride. This prevents the formation of the anomers

and ring isomers and provides only one alditol form for each mono-

saccharide. The alditols are acetylated to give heat sensitive,
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volatile derivatives. The method was adapted to wood carbohydrates

by Crowell and Burnett (31) and more recently by Borchardt and Piper

(17). Modifications of the experimental conditions described by

Borchardt and Piper (17) are those used in the present work.

To have full knowledge regarding the structure of a polysac-

charide it is necessary to know the position of attachment of the

glycosidic bridges and to ascertain whether the linkages are of the

a- or 13-type (144, p. 63). In certain simple cases, such as those

in which aldohexose units are joined only by 1-4.2 or 1-*3 links, an

e ssentially unambiguous proof of the location of these linkages may

be obtained by periodate oxidation methods or by rriethylation and

identification of the methylated monosaccharides obtained on hydroly-

sis. However, if more than one type of linkage occurs, or if the

linkages are to carbon atoms C4, C5 or perhaps C6, periodate and

methylation methods do not definitely locate the glycosidic bond. In

any case, the subsequent step in the structural proof after determin-

ing the monosaccharide building blocks is to methylate the polysac-

charide. Several of the polysaccharides isolated in this work have

been methylated, hydrolyzed, and the methylated fragments identified.

The recent advances in chromatographic separations coupled

with the physical techniques now available to characterize materials,

allow for a comprehensive study of bark carbohydrates. It is pos-

sible to isolate the carbohydrates, to quantitatively analyze the
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amounts present, and to at least partially determine their character-

istics and structural features. The experimental work herein reported

represents an effort to elucidate some of these questions.



III. EXPERIMENTAL

A. Collection of Bark Samples

The inner bark used in this study was taken from a standing

Douglas-fir tree in the George T. Gerlinger State Experimental

Forest, located near Black Rock, Oregon, U. S. A., and operated

by the School of Forestry, Oregon State University, in cooperation

with the State Forestry Department of Oregon. Outer bark was chipped

off the tree, 18.8 inches in diameter at breast height, in May 1969,

The inner bark plus cambium were then carefully stripped from the

tree and immediately brought to the laboratory where the cambium

layer was removed. The cambium-free inner bark (4832.0 g, mois-

ture content 44.9%, hot air oven at 1100) was immersed in 18 liters of

95% ethanol. Water (1207.0 1) was later added to adjust the solution

to ethanol-water (4:1 v/v) with calculations for the moisture content

of the inner bark.

The tree was later cut and by count of the annual rings was 130

years old.

B. Sample Preparation

The inner bark, after soaking in the ethanol-water (4:1 v/v)

for three days, was recovered by filtration and washed well with

fresh ethanol-water (4:1 v/v).

32
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The combined filtrate and wash liquors were concentrated on

a rotary evaporator (Bachi, Rotavapor, Switzerland) to less than 2

liters. Water was added to exactly 2 liters in a volumetric flask

and three 10-ml aliquots of the adjusted solution were removed and

the nonvolatile solids determined by the Celite-vacuum drying method

(29). The values obtained were 2.057 g per 10-ml aliquot which

corresponded to a total of 411.4 g of material in the ethanol-water

(4:1 v/v) extract or 15.4% of the original inner bark on a dry weight

basis.

The extract was tested for monosaccharides by paper chro-

matography using the solvent system ethyl acetate-pyridine-water

(8:2:1, v/v/v). A trace of glucose was detected by spraying the

chromatograms with o-aminodiphenyl reagent (0.4 g o-aminodi-

phenyl dissolved in a solution prepared from 100 ml of glacial acetic

acid and 20 ml of distilled water) and heating at 100±2° in an oven

for 5 min (133).

The residue of inner bark (air-dried) was ground in a Wiley

Mill (A. H. Thomas Company, Philadelphia, Pa. ) and fractionated

according to particle size by screening with screens of an increasing

number of meshes per inch (The W. S. Tyler Company, Cleveland,

Ohio). All fractions were examined under a microscope. It was

observed that those materials retained on the screens of 20 and 35

meshes per inch were bundles of fibers. These fractions were
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reground and rescreened. All materials (1612.8 g) which passed

through 35, 60, and 80 mesh per inch screens and were retained on

a 100 mesh per inch screen were used in preparing the sample for

future investigations. In addition 238.3 g out of the 390.0 g which

passed through a 100 mesh per inch screen but were retained on a

150 mesh per inch screen were included. None of the larger material

(23.6 g) retained on the 35 mesh per inch screen was used.

C. Benzene-Ethanol Extraction

A part of the recombined bark fractions (1500.0 g, dry weight)

was divided into three portions (618.0 g, 618.0 g, and 264.0 g dry

weight). Each portion was extracted with a solution of benzene-

ethanol (2:1, v/v; 1400 ml of benzene and 700 ml of ethanol for the

large portions, and 598 ml of benzene and 299 ml of ethanol for the

small portion) in a Soxhlet extractor. Each extraction was continued

for 37. 5 hr (a minimum of 50 solvent exchanges).

The non-volatile solids in the benzene-ethanol extract were

determined by the Celite-vacuum drying thod (29); weight, 77.9 g

or 4.4% of the original inner bark on a dry-weight basis.

The extract was tested for monosaccharides by paper chromatog-

raphy using the solvent system ethyl acetate-pyridine-water (8:2:1

v/v/v). No sugars were detected by the o-aminodiphenyl spray

reagent described earlier.



D. Hot-Water Extraction

A part of (1458.3 g, dry weight) of the air-dried residue remain-

ing from the benzene-ethanol (2:1 v/v) extraction was divided into

four portions (three of 363.8 g and one of 366.9 g, dry weight). Each

portion was stirred into 3 liters of distilled water at 55° in a 4-liter

beaker. The extraction was continued at 50° -60° for 24 hr with intexi-

mittent stirring.

The mixture was separated by filtration using a Bachner funnel.

The filtrate was condensed on a rotary evaporator, freeze-dried, and

the solids weighed; weight, 202.5 g or 11. 1% of the original inner

bark on a dry weight basis.

E. Ammonium Oxalate Extraction

A part ( 1248.0 g dry weight) of the residue (dried in a hot-dry

room at 32° and relative humidity 31% for 4 days) was divided into

4 fractions each containing 312. 0 g. Each fraction was extracted

with 3 liters of 0.5% aqueous ammonium oxalate solution in a 4-liter

beaker at 70-80° for 26 hr.

The in.solubles were recovered on a Bachner funnel, washed

thoroughly with water and dried in a hot-dry room at 32° (relative

humidity 31%) for 3 days; weight 1198.0 g or 66.3% of the original

inner bark on a dry weight basis.
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The filtrate was concentrated on a rotary evaporator, freeze-

dried, and the solids (63.5g air-dry weight) were stored for future

reference.

F. Acidified Sodium Chlorite Delignification;
Isolation of a Holocellulose Fraction

An amount (1194.0 g dry weight basis) of the above residues

from the ammonium oxalate extraction was divided into six batches.

Five batches contained 196.8 g each and one contained 210.0 g.

Each batch was stirred into 3.0 liters of distilled water at 75-800

and the temperature was maintained throughout the reaction. A

steady stream of nitrogen was bubbled through the mixture to prevent

the accumulation of gases and the mixture was stirred mechanically.

Glacial acetic acid (20.0 ml) was added, followed by sodium chlorite

(60.0 g). Fresh glacial acetic acid and sodium chlorite were added

two more times at one hour intervals. During the second addition

foaming occurred on top of the beaker so 2-5 ml of isoamyl alcohol

was added into the foaming mixture to prevent additional foaming.

At the end of 4 hours, the yellow solids were recovered by filtration

using a Bachner funnel with Whatman No. 1 filter paper, and washed

with distilled water. The yellow solids were dialyzed for one week,

washed with distilled water, dried with ethanol and finally dried in

the air for two weeks; weight 797.6 g, dry weight basis or 44.3%

of the original inner bark. The filtrate was dialyzed for one week,



concentrated on a rotary evaporator and the solids recovered by

freeze-drying. They were stored for future reference.

The yellow color of the residue from the acidified sodium

chlorite treatment indicated incomplete reaction, Therefore,

the delignification was repeated on 783.9 g (dry weight basis) of the

yellow solids. The residue was recovered by filtration, dialyzed

for one week and freeze-dried. The moisture content as determined

by Karl Fischer titration (65, 79, 88) was 8.68%. The white-colored

acidified sodium chlorite insoluble solids which were thus obtained

were termed "holocellulose"; weight 540.9 g (dry weight) or 30.6%

of the original inner bark on a dry weight basis.

The filtrate from the second delignification reaction was not

investigated further.

G. Characterization of the,Holocellulose Fraction

1. Elemental Analysis for Nitrogen, Sulfur,
Phosphorus and the Halogens

To a small test tube (75 x 12 mm), supported in a clamp, was

added 0.06 g of sodium metal. The tube was heated in a Bunson

Burner flame until the sodium melted and the vapors rose 1-2 cm up

the walls of the tube. Then 0.02 g of holocellulose was added portion-

wise onto the molten sodium. The tube was strongly heated over an

open flame until the entire end was red hot. The tube was then

37



38

plunged into a small beaker containing 10.0 ml of distilled water.

The hot tube was shattered. The mixture was heated to boiling. The

insolubles were removed by filtration, and the filtrate recovered for

elemental analysis (140, p. 902).

A second 10.0 ml of filtrate from the sodium fusion reaction

was similarly prepared.

An aliquot (2.5 ml) of the above filtrate was added to a test

tube containing about 0.1 g of powdered ferrous sulfate. The mixture

was gently heated with shaking until it boiled. Without cooling, just

enough dilute sulfuric acid was added to dissolve the iron hydroxide

and give the solution an acid reaction. No precipitate of Prussion

Blue formed, indicating the absence of nitrogen.

A known nitrogen containing compound, alanine (0.02 g), was

fused with sodium as described above. A precipitate of Prussion

Blue formed upon reacting the acidified sodium fusion solution with

ferrous sulfate indicating the presence of nitrogen.

A second aliquot (2.0 ml) of the filtrate from the sodium fusion

reaction was acidified with dilute acetic acid. A few drops of lead

acetate were added. No yellow precipitate formed which indicated

no sulfur.

A known sulfur-containing compound, cystine, was fused with

sodium as above. A yellow precipitate formed in the filtrate by

acidifying with acetic acid and adding a few drops of lead acetate.
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This indicated the presence of sulfur.

A third aliquot (2.0 ml) of the filtrate from the sodium fusion

reaction was acidified with 3.0 ml of concentrated nitric acid and

boiled for one minute. The solution was cooled and to it was added

an equal volume of ammonium molybdate reagent. The solution was

warmed to 40-50° and allowed to stand. No yellow precipitate

formed which indicated the absence of phosphorus.

A known phosphorus containing compound, glucose-l-phosphate

was fused with sodium as described above. A yellow precipitate

formed upon reacting the acidified sodium fusion solution with am-

monium molybdate indicating the presence of phosphorus.

A fourth aliquot (2.0 ml) of the filtrate from the sodium fusion

reaction was acidified with dilute nitric acid and added to an excess

of silver nitrate solution. No precipitate formed, indicating the

absence of halogens.

Known sodium chloride (0.02 g) was fused with sodium as

described above. A precipitate formed when the acidified filtrate

was added to a silver nitrate solution, indicating the presence of a

halogen. The mother liquor was removed by decantation and the

precipitate was treated with dilute ammonium hydroxide solution.

The white precipitate was readily soluble in the ammonia solution

indicating the presence of chlorine.



2. Determination of Lignin

a. Acid-Insoluble Lignin (Klason Lignin). A portion (0. 4566 g,

dry weight) of bark holocellulose was placed in a 500-ml, three-

necked round-bottomed flask submerged in a cold water bath (18-20°).

An amount (10.0 ml) of cold (13-15°) 2.0% sulfuric acid was added

slowly with stirring. The sample was allowed to stand, with frequent

stirring, for 2 hours at 18-20°. The holocellulose became com-

pletely dispersed in the acid. The transparent sirup was diluted to

3.0% sulfuric acid concentration by slowly adding 376.0 ml of dis-

tilled water. The sample was refluxed for 4 hours. The insoluble

material was recovered by filtration using a Gooch crucible (fine

porosity) which had previously been dried and weighed. The residue

in the crucible was washed free of acid with 150.0 ml of hot water

and dried in an oven at 105±2° until the weight became constant (18

hours) (118). The average of three determinations was 0.0139 g or

3. 1% of the holocellulose.

b. Acid-Soluble Lignin. The filtrates from the above Klason

lignin determinations were combined to yield a solution of 1544.0 ml.

The solution was analyzed for the acid-soluble lignin content by the

characteristic lignin absorptions at 280 nm and 210 nm (20, 42). The

instrument used was a Beckman ACTA TM III UV-Visible spectro-

photometer. The instrument was standardized by placing 3.0 ml
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of 3.0% sulfuric acid solution in both the reference and sample cells

(cell widths 1.0 cm) and scanning over the ultraviolet spectral range

from 320 nm to 200 nm. The sample cell was cleaned, dried and 3.0

ml of the acid filtrate from the Klason lignin determination was

added. The sample was scanned over the ultraviolet spectral range

from 320 nm to 200 nm. Absorption peaks were recorded at 280 nm

(absorbance 2. 62) and at 210 nm (absorbance 3. 77).

3. Hydrolysis with 77.0% Sulfuric Acid

A sample of holocellulose (913. 2 mg, dry weight) was placed

in a 1.0-liter round-bottomed, three-necked flask submerged in an

ice bath. Sulfuric acid (77.0%, 12.4 g) was added and the mixture

was kneaded with a glass rod for 1. 0 hr. The colorless, translucent

paste was maintained at ice-bath temperature, stirred, and water

(247.0 ml) was added dropwise to 3.9% acid concentration, Small,

insoluble particles were observed in the dilute solution. The dilute

solution was refluxed for six hours. The small, insoluble particles

remained. The solution was filtered but the amount of insoluble

material was too small to weigh. The filtrate was neutralized to

pH 5 with saturated aqueous barium hydroxide solution. The result-

ing precipitate of barium sulfate was removed by centrifuge and

washed well with water. The decandate plus washings were concen-

trated on a rotary evaporator to a sirup.



4. Qualitative Carbohydrate Analysis
by Paper Chromatography

The hydrolyzate from the sulfuric acid hydrolysis was separated

into its component monosaccharides by paper chromatography. Three

drops of the hydrolyzate sirup were dissolved in 1.0 ml of distilled

water. The contents of five micropipettes of the above dilute hydroly-

zate were spotted on Whatman No. 1 chromatographic paper. A

solution of a known monosaccharide mixture containing 1.0% each

of glucose, galactose, mannose, arabinose and xylose were placed

along with the unknown hydrolyzate on the front of the chromato-

graphic paper 3 cm from one end. The chromatographic sheet was

developed by the descending method in a chromatographic tank of

dimensions 61 cm x 67 cm x 82 cm in height pre-saturated for one

day with the developer, ethyl acetate-pyridine-water (8:2:1 v/v/v).

The solvent was allowed to migrate almost to the bottom of the papers

(6-8 hr). The papers were removed from the tank and air dried.

They were placed back in the tank and developed again as above

(repeated 3 times). The papers were sprayed with o-aminodiphenyl

reagent (0.4 g o-aminodiphenyl dissolved in a solution prepared from

100. 0 ml of glacial acetic acid and 20.0 ml of distilled water) and

heated at 100±2° in an oven for 5 min to develop the color. The

monosaccharides after separation and reaction with the color reagent
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were investigated under ultraviolet light. Hexoses showed a white

color and pentoses showed a red brick color under the ultraviolet

light. The chromatograms showed a very strong spot for glucose,

medium spots for mannose and xylose, and trace spots for arabinose

and galactose. There was a trace spot which barely moved from

the origin. This was attributed to glucuronic acid because Lai (73)

showed that hexuronic acids moved very slowly in the solvent system

used and Zerrudo (152) showed the presence of glucuronic acid in a

xylose fraction later isolated from the holocellulose.

5. Isolation of Crystalline Sugar Derivatives

a. Isolation of Sugars by Preparative Paper Chromatography.

A part (6.0 g, dry weight) of bark holocellulose was added to 77.0%

sulfuric acid (90.0 g) in a 5-liter round-bottomed flask which was

submerged in an ice-water bath. The mixture was stirred for 1 hr

at the end of which time it appeared as a translucent sirup. Water

(1688.0 ml) was added slowly to the sirup to dilute the sulfuric acid

to 3.9% concentration. The solution was refluxed for a total of

six hours. It was allowed to cool to room temperature and neutral-

ized to pH 5.0 by the careful addition of aqueous saturated barium

hydroxide solution. The resulting precipitate of barium sulfate was

removed by centrifugation and washed well with water, The decandate

plus washings were concentrated to about 20.0 ml on a rotary
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evaporator.

Aliquots of approximately 0. 1 ml each of the concentrated

hydrolyzate were streaked with a syringe across large pieces of

Whatman No. 3 MM chromatographic paper, 9 cm from one end of

the paper. After the streaks were dry, the papers were developed

by the descending method using the solvent system ethyl acetate-

pyridine-water (8:2:1 v/v/v). The solvent was allowed to migrate

almost to the bottom of the papers (about 6-8 hr). The sheets were

removed and dried in the air overnight. The sheets were developed

and air-dried again (repeated 5 more times). A strip 1.0 cm in

width was cut from the center of each sheet along the direction of

solvent migration. The strips were sprayed with o-aminodiphenyl

reagent and dried in an oven at 105±3° for 10 min. The degree of

separation was examined under ultraviolet light. It required six

solvent migrations to the bottom of the sheets to adequately separate

the monosaccharides (glucose, galactose, mannose, arabinose, and

xylose) in the holocellulose hydrolyzate.

After assurance that the sugars were well separated, 1.0 cm

strips were cut from the papers in the direction of solvent flow at

6 cm intervals across the width of the papers. These strips were

sprayed with o-aminodiphenyl indicator as before. After location

of the sugars, the strips were re-fitted back into the original paper

chromatograms and the unsprayed cross-bands of each sugar cut out.
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The sugars were collected from 60 such paper chromatograms.

The paper bands thus collected were placed in 1 liter beakers

(a different beaker for each sugar), and the sugars eluted with 800.0

ml of distilled water. The eluate of each isolated sugar was concen-

trated on a rotary evaporator to a sirup. Methanol was added to the

sirup and then re-evaporated (repeated 3 times), and final drying

was achieved in a desiccator.

Each isolated sugar sirup was re-chromatographed on paper

simultaneously with a solution of known sugars (glucose, galactose,

mannose, arabinose and xylose; each 1.0% concentration). In this

way each isolated sugar sirup was of assured purity before prepara-

tion of a crystalline derivative was attempted.

b. Diethyl Dithioacetal Acetate Derivatives of Galactose and

Arabinose. Diethyl dithioacetal acetate derivatives of known mono-

saccharides were synthesized for direct comparison with derivatives

of the sugars from the holocellulose hydrolyzate. The general pro-

cedure for each known sugar was that reported by Wolfrom and

Karabinos (146). Galactose (100.0 mg) was dissolved in concen-

trated hydrochloric acid (1.0 ml, 12N) in a 100-ml round-bottomed.

flask submerged in an ice-water bath. Ethyl mercaptan (1.0 ml)

was added under a well ventilated hood and the mixture was stirred

for one hour. The mixture was neutralized at ice-bath temperature

by the addition of ammonium hydroxide (13-14 drops, 15N). During
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neutralization, white smoke resulted and a green precipitate formed.

The mixture was concentrated to dryness under aspirator vacuum

on a rotary evaporator at 400. Dryness was accomplished by the

addition and re-evaporation of absolute ethanol (repeated 5 times).

The greenish yellow color disappeared after the second or third

evaporation of ethanol, and a white solid resulted.

Diethyl dithioacetal acetate derivatives of known mann.ose,

galactose, arabinose, and xylose were similarly prepared. However,

only penta-O-acetyl-D-galactose diethyl dithioacetal (m. p. 75. 00 -

0° ; literature value 76. 5° -77. 0° ) ( 146) and tetra-0-acetyl-L-

arabinose diethyl dithioacetal (m. p. 78. 0-79. 0° ; literature value

79.0° -80.0° ) (146) crystallized. Therefore, similar derivatives

of only the galactose and arabinose sirups isolated from the holo-

cellulose were prepared; penta-O-acetyl-D-galactose diethyl dithio-

acetal, m.p. 76.50 -77. 5° , unchanged on admixture with authentic

material, [a]D23 + 10.00 (c 4. 0, chloroform), literature value + 11.00

(146); tetra-O-acetyl-L-arabinose diethyl dithioacetal, m. p. 77.0° -
r 123 . 550, unchanged on admixture with authentic material,
LaiD

26.4° (c 1.54, chloroform), literature value - 30.00 (146).

c. Acetate Derivative of Glucose. An amount (5.4 ml) of acetic

anhydride was heated to about 100° and 0.44 g of anhydrous sodium

acetate was added. In small portions, 1. 0 g of D-glucose was added

with stirring over the course of 30 min.



The reagent for preparing di-O-benzylidene dimethyl acetal deriva-

tives of D-xylose was prepared by dissolving 2.0 ml of redistilled

benzaldehyde in a mixture of 2. 5 N methanolic hydrogen chloride

(1. 0 ml) and spectro-quality methanol (6.0 1), An aliquot (2. 50 mg)

of D-xylose was treated with 5. 0 ml of the reagent at room tempera-

ture. After standing for 1 hr, silky needles appeared in the solution.
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When the addition was completed, the solution was cooled to

room temperature, poured into 16 ml of ice water, and stirred for

30 min. The acetylated product was extracted with three 20-ml por-

tions of chloroform. The extracts were washed with 20. 0 ml of

distilled water and concentrated on a rotary evaporator to a sirup.

Glucose pentaacetate was crystallized by dissolution of the sirup in

methanol followed by the dropwise addition of water until a permanent

cloudiness resulted. After two crystallizations from 95% ethanol,

white crystals of penta-0-acety1-13-D-glucopyranose were obtained;

yield 234.0 mg, m.p. 133. 5-135.0; literature value 135.00 (9).

Glucose sirup (250 mg) isolated from the bark holocellulose

hydrolyzate by preparative paper chromatography was similarly

a.cetylated. White crystals of penta-0-acety1-(3-D-glucopyranose were

obtained; yield 112 mg, m.p. 133-134°, unchanged on admixture with
23. 5authentic material, [a]D + 3. 9 ° (s. 3. 4, chloroform), literature

value +3.8° (9)

d. Di-O-benzylidene Dimethyl Acetal Derivative of D-xylose.
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After standing for 6 hr, the solution solidified. The white crystals

were recovered by filtration, washed with 200 ml of ice water and

dried in a desiccator for 3 days. When recrystallized from spectro-

quality methanol, silky needles of di-O-benzylidene-D-xylose dimethyl

acetal were obtained; m.p. 210-211.50, literature value, 211-212°

( 131).

Xylose sirup isolated by preparative paper chromatography

from bark holocellulose hydrolyzate was similarly treated with the

prepared reagent and crystalline needles were obtained. After

recrystallization from spectro-quality methanol, silky needles of

di-O-benzylidene-D-xylose dimethyl acetal were obtained; yield 90.7

mg, m. p. 211.0-212.50, unchanged on admixture with authentic
23.5material, [a]3 (c 1.0, chloroform), literature value -7.0°

(142).

e. Phenylhydrazone Derivative of Mannose. D-mannose (1.0 g)

was added to a solution of phenylhydrazine (1.0 ml) in 95% ethanol

(15.0 ml) in a 50-ml round-bottomed flask. The mixture was warmed

for 30 min in a hot water bath (60°) and then placed in the refriger-

ator overnight. The resulting crystals of D-mannose phenylhydrazone

were removed by filtration and washed successively with a few drops

each of water, ethanol, and diethyl ether; yield 945 mg, m.p. 191-

1920. The crystals were again washed with a few drops each of

water, ethanol, and diethyl ether; yield 905 mg of glistening
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23.5snow-white crystals, m.p. 194-195°, [a]3 25° (c 0.1 pyridine),
°literature values 199.0-200.0° [a]+26D (c 0.1 pyridine) (57).

An aliquot (9. 0 g air-dried weight, moisture content 8.68%)

of holocellulose was hydrolyzed with 77.0% sulfuric acid as described

in section III-G-3 (page 41) One-third of the resulting hydrolyzate

was concentrated to a sirup. The sirup was dissolved in 95% ethanol

(45.0 ml) followed by the addition of phenylhydrazine (3.0 ml) (57).

The mixture was warmed for 30 min in a hot-water bath (55° ), cooled,

and kept in the refrigerator overnight. The resulting white crystals

were recovered by filtration and washed successively with water,

ethanol, and diethyl ether; m.p. 160-162°. These crystals were

dissolved in water (50.0 ml) and kept in the refrigerator overnight.

The insoluble white crystals were recovered by filtration and dried;

yield 226.7 mg, m,p. 193.5-194.5, unchanged on admixture with
23.5authentic D-mannose phenylhydrazone;

[a]D
+ 25° (s_ 0.1, pyridine)

literature value +26° (57),

Another aliquot (5.0 g air-dry weight, moisture content 8.68%)

of holocellulose was refluxed with 90% formic acid (50.0 ml) for 1 hr

(147). The residue was removed by centrifugation and filtration!

The filtrate was concentrated to a sirup which was hydrolyzed with

0.5 N sulfuric acid (50.0 ml) under reflux for 2.5 hr. The acid

hydrolyzate was neutralized to pH 5.0 with a saturated aqueous solu-

tion of barium hydroxide and the resulting precipitate was removed
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by centrifugation. The remaining inorganic salts were removed by

refluxing the concentrated sirup with absolute methanol followed by

filtration (repeated four times) and removal of solvent.

The resulting sirup was dissolved in 95% ethanol (15. 0 ml)

followed by the addition of phenylhydrazine (1.0 ml) (57). The solu-

tion was warmed (550) for 30 min and then kept in a refrigerator

overnight. The resulting white crystals were recovered by filtration,

washed successively with water, ethanol, diethyl ether, and dried;

yield 132.4 mg; m. p. l94°-196°, unchanged on admixture with

authentic D-mannose phenylhydrazone; [a]23. 5 + 25° (c 0. 1, pyridine),

literature value +26° (57).

6. Quantitative Determination of Reducing
Sugars by Copper Reduction

a. Standardization of Sodium Thiosulfate Solution. Potassium

iodate (1.41387 g) was dissolved in distilled water and the solution

was diluted to 1 liter in a volumetric flask. An aliquot (100. 0 ml) of

the solution was removed with a pipette. A 1.8 M potassium iodide

solution (10. 0 ml) and a 12 M hydrochloric acid solution (3. 0 ml)

were added to the aliquot. This solution was titrated with the sodium

thiosulfate solution to be standardized (about 0.005 M) to a starch

end-point. The exact molarity (0. 0058 M) of the sodium thiosulfate

solution was calculated from the average of triplicate samples (37,

p. 460; 38, p. 379).
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Preparation of Somogyi Copper Reagent. Rochelle salt

(40.0 g) (potassium sodium tartrate), disodium hydrogen phosphate

heptahydrate (53.0 g), and 1.0 N sodium hydroxide (100.0 ml) were

dissolved in 500.0 ml of water and 80.0 ml of an aqueous solution

containing 8.0 g of cupric sulfate pentahydrate was stirred in. Finally,

180.0 g of anhydrous sodium sulfate was added and dissolved.

Potassium iodate (37.2 mg) was dissolved in 100 ml of water

and the solution was added to the Somogyi reagent which was then

diluted to 1.0 liter and allowed to stand for 3 days (53, 114).

Determination of Total Reducing Sugars in the Holocellulose

Hydrolyzate. Holocellulose (300 mg air-dry weight; moisture content

8.68%) was dissolved in 77% sulfuric acid (4.50 g) in a 150-ml three-

necked round-bottomed flask in an ice bath. The mixture was diluted

to 3.9% sulfuric acid concentration by the dropwise addition of water

(86.5 ml). The solution was heated to reflux and aliquots (2.0 ml)

were withdrawn at 30 min intervals.

Each aliquot was neutralized to pH 2.0 with 3% aqueous sodium

hydroxide solution (1.28 ml). Each neutralized solution was diluted

to 25. 0 ml in a volumetric flask. Three aliqu.otes (5.0 ml each) of

these solutions were added with a pipette to test tubes (20 cm x 2.4

cm). Similarly, 5.0 ml of three standard glucose solutions containing

1.0 mg, 0. 75 mg and 0.5 mg per 5 ml of solution were added to iden-

tical test tubes. A blank of 5.0 ml of water was added to another test
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tube. Somogyi reagent (5.0 1) was pipetted into each of these test

tubes under a stream of nitrogen gas. The solutions were heated in a

boiling water bath for 10 min and cooled in a water bath for 10 min.

Each solution was oxidized by adding 2.5% aqueous potassium iodide

(0.5 ml) and 2 N sulfuric acid (1. 5 ml) and each was allowed to stand

for 5 min with occasional shaking. The solutions were titrated to a

starch end point with standardized sodium thiosulfate (0.0058 M)

within 30 min. The amount of copper reagent reduced by the reducing

sugars was obtained by subtraction of the titer of the sample from

the titer of the blank. The amount of reducing sugar in the test tubes

of the unknown hydrolyzate was calculated by direct comparison with

the known amounts of glucose in the standard solution (75).

The initial sample of holocellulose was refluxed a total of 10

hr and then heating was discontinued while the aliquots which had been

withdrawn were analyzed. The titration results showed that mono-

saccharides were still being released after 10 hr of reflux. There-

fore, a second sample of holocellulose (300 mg) was hydrolyzed by

sulfuric acid as before but the reflux time was extended to 18 hr.

Aliquots (2.0 ml) were removed every two hours and analyzed for

reducing sugars with the Somogyi reagent. The reducing power of

the solution ceased to increase after 12 hr of reflux, indicating that

hydrolysis was complete at this time.



7. Quantitative Carbohydrate Analysis by
Gas-Liquid Chromatography

a. Preparation of Authentic Alditol Acetates. Galactitol (0.50

g) was added to 10.0 ml of an acetylating reagent composed of pyridine-

acetic anhydride (1:1 v/v). The mixture was refluxed for 1 hr and

poured into ice-water (40.0 ml). A white precipitate formed which

was recovered on filter paper and washed well with water. The white

solid (galactitol hexaacetate) was recyrstallized 3 times from 95%

ethanol: m.p. 171-172°, literature value 171° (1, 101).

Glucitol (sorbitol), mannitol, arabinitol, and inositol were

similarly acetylated: glucitol hexaacetate, m. p. 99. 50, literature

value 99 ° -99. 5° (1, 101); mannitol hexaacetate, m. /3. 125.5°,

literature value 126° (1, 101); arabinitol pentaacetate, m. p. 76°,

literature value 76° (1, 101); myo-inositol hexaacetate, m. p. 215-

216°, literature value 214-215° (74).

Xylitol was acetylated as above but the derivative would not

crystallize from 95% ethanol. The oil of xylitol pentaacetate was

poured into ice water and extracted 3 times with chloroform. The

chloroform extract was condensed to a sirup and dissolved in 95%

ethanol. It did not crystallize. Neither did it crystallize from

methanol, 70% ethanol, 85% methanol, acetone, diethyl ether, or

a mixture of acetone, diethyl ether and ligroin. The sirup was dried

by the addition and removal of methanol under vacuum (repeated 3
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times). The xylitol pentaacetate then crystallized from acetone and was

recrystallized two times, m.p. 570, literature value 61°-62° (1,

101).

Rhamnose (O. 1 g) was dissolved in 100 ml of water in a 100-ml

round-bottomed flask and was reduced with sodium borohyd ride (0.8 g)

for 2 hours at room temperature. Acetic acid was added to the solu-

tion until no gas evolved. The solution was concentrated to a sirup

and dried by the addition and removal of methanol on a rotary evapo-

rator (repeated 5 times). The sirup was dried in an oven at 105° for

15 min. The dry sirup was acetylated with an acetylating reagent of

acetic anhydride (75 ml) and concentrated sulfuric acid (5 ml) for 1

hr at 50-60°. The acetylated mixture was cooled for 5 min and poured

into ice water and extracted with chloroform (300 ml, 300 ml, 200 ml).

The chloroform extract was condensed to a sirup and dissolved in 95%

ethanol. No crystals formed. The sirup was dried several times

by the addition and removal of methanol on a rotary evaporator. It

still did not crystallize from any solvent tried.

Each of the above crystalline alditol acetates was dissolved in

turn in methylene chloride (2.0% solution) and injected (2 41) separately

into the gas chromatograph (Hewlett-Packard 5751B Research Chro-

matograph equipped with dual flame ionization detectors, Hewlett-

Packard Company, Palo Alto, California). The conditions were:

column, 6.5% ECNSS-M on Gas Chrom Q 100/120 mesh, 6 ft x 1/8 in



O.D. stainless steel; injection port 1800; detector 240°; column

temp 180° isothermal; helium flow 30 ml/min; range setting 102,

attenuation setting 16.

In this way the retention time of each alditol acetate was deter-

mined. A mixture of the alditol acetates was dissolved in methylene

chloride (2.0% concentration of each) and an aliquot (2 p.1) of the

solution was injected into the gas chromatograph. Resolution of

the six compounds was excellent, and, under the chromatographic

conditions outlined above, the retention time of each compound in the

mixture was: arabinitol pentaacetate 23 min; xylitol pentaacetate 33

min; mannitol hexaacetate 59 min; galactitol hexaacetate 68 min;

glucitol hexaacetate 83 min; myo-inositol hexaacetate 109 min.

These retention times were used to identify alditol acetates prepared

from the holocellulose hydrolyzate.

b. Determination of Optimum Gas-Chromatographic Conditions.

Glucitol hexaacetate (4. 63 mg), galactitol hexaacetate (0. 25 mg),

mannitol hexaacetate (0. 75 mg), arabinitol pentaa.cetate (0. 25 mg),

xylitol pentaacetate (0.50 mg), and myo-inositol hexaacetate (6.25

mg) were dissolved together in methylene chloride (1.0 m1). Aliquots

(2 p.1) of the solution were injected into the gas-chromatograph under

various ranges of injection port temperatures (180-230°). The areas

under the peaks of the resulting spectra were measured with a plani-

meter. The percent recovery was calculated by comparing the peak
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areas of the other sugars to myo-inositol hexaacetate as 100%. The

best recoveries were realized under the following conditions: injec-

tion port temperature, 1800; detector temperature, 240° and column

temperature, 180° isothermal. These were the conditions generally

used in this work.

c. Determination of an "Instrument K Factor". The response

of the gas chromatograph to the alditol acetates was determined by

preparing 5 mixtures of the known alditol acetates in various ratio

concentrations as shown in Table 4.

Each of the mixtures in Table 4 was dissolved in methylene

chloride (1. 0 ml) and an aliquot ( 2 41) was injected into the gas chro-

matograph. The areas under the peaks of the resulting spectra

Table 4. Mixtures of alditol acetates for determination of an
"Instrument K Factor."

Sugar Wt. in mg

Myo-inositol hexaacetate 10. 0 10. 0 10. 0 10. 0 10. 0

Glucitol hexaacetate 8. 0 12. 0 16. 0 20. 0 24. 0

Galactitol hexaacetate O. 3 O. 45 O. 6 O. 75 O. 9

Mannitol hexaacetate 1.4 2. 1 2.8 3. 5 6. 2

Arabinitol pentaacetate 0. 4 O. 6 O. 8 1. 0 1. 2

Xylitol pentaacetate 1. 1 1. 65 2. 2 2. 75 3.3
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were measured by a planimeter. The percent recovery was calcu-

lated on the basis of myo-inositol hexaacetate as 100%. The "Instru-

ment K Factor" for each alditol acetate was obtained as the slope of

the line obtained by plotting the chromatographic peak area ratios

(alditol acetate area/myo-inositol area) vs. the weight ratios (alditol

acetate weight/myo-inositol weight). The resulting "Instrument K

Factors" were as follows: xylitol pentaacetate, 0.95; arabinitol

pentaacetate, 0.96; mannitol hexaacetate, 0.96; galactitol hexa-

acetate, 0. 98; glucitol hexaacetate, 0.92.

d. Analysis of the Holocellulose Hydrolyzate. An amount (300

mg, air-dry weight, moisture content 8. 68%) of holocellulose was

dissolved in 4. 5 g of 77.0% sulfuric acid in an ice-bath for one hour

with occasional stirring. After one hour, the translucent paste was

diluted to 3.9% sulfuric acid by dropwise addition of 84.4 ml of dis-

tilled water from a dropping funnel. The dilute solution was refluxed

for 6 hr. The solution was diluted to 100.0 ml from which 25. 0 ml

of hydrolyzate was removed. To this 24. 0 ml of hydrolyzate, 25. 0

mg of myq.-inositol was added. The hydrolyzate was neutralized to

pH 5.0 with saturated aqueous barium hydroxide solution, centrifuged,

concentrated to 25.0 ml and transferred to a 100.0 ml round-bottomed

flask. Sodium borohydride (0.08 g) was added to the flask and allowed

to react for 2 hr at room temperature (1).

The excess sodium borohydride was decomposed by adding
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acetic acid until gas evolution ceased. The solution was concentrated

to a sirup on a rotatory evaporator, and methanol (10.0 ml) was

added and re-evaporated. The addition and removal of metnanol was

repeated eight times (2). The resulting sirup was dried in an oven

at 105° for 15 min to ensure complete removal of water.

An aliquot (8.0 ml) of a solution containing acetic anhydride

(7.5 ml) and concentrated sulfuric acid (0.5 ml) were added to the

dry solid and the mixture was heated for 1 hour at 50-60° in a water

bath. After cooling for 5 min the acetylation mixture was poured

with stirring into about 70 ml of ice-water in a 150-ml beaker. Two

immiscible layers (water layer on top and acetate layer on the bottom)

formed. These were transferred to a 150-ml separatory funnel and

the alditol acetates were extracted with three successive amounts of

methylene chloride (25 ml, 15 ml, and 10 ml). The methylene chlor-

ide extract was concentrated to dryness on a rotary evaporator at

75°. Water (1.0 ml) was added to the sirup and re-evaporated to

remove remaining acetic anhydride. The resulting alditol acetates

were dried in a desiccator. The alditol acetates (20.0 mg) were

dissolved in methylene chloride and diluted to 1.0 ml in a volumetric

flask (1.5%). An aliquot (2.0 41) of the solution was injected into

the gas chromatograph for quantitative analysis (17).

The areas under the peaks were measured with a disc integrator

(duplicate analyses) and were found to be: arabinitol pentaacetate,



81.0; xylitol pentaacetate, 290.0; mannitol hexaacetate, 460.0;

galactitol hexaacetate, 104.0; glucitol hexaacetate, 2720.0; myo-

inositol hexaacetate, 1757.0. The ratio of the total area of the

sugars to the area of myo-inositol was therefore 2655.0/1757.0 =

2.1.

A second sample of holo cellulose (300 mg) was hydrolyzed as

above except that it was refluxed for 12 hr instead of 6 hr in 3.9%

sulfuric acid. The alditol acetates were prepared and injected into

the gas chromatograph as above. The areas under the peaks were

measured with a planimeter and were found to be (duplicate analyses):

arabinitol pentaacetate, 13. 2±0,6; xylitol pentaacetate, 39. 7±2.0;

mannitol hexaacetate, 62. 0±3. 1; galactitol hexaacetate, 15. 4±7. 7;

glucitol hexaacetate, 386. 0±19. 3; myo -inositol hexaacetate, 232. 2±

11.6. The ratio of the total areas of the sugars to the area of

myo -inositol was therefore 516.3/232. 2 = 2. 2. This increase in

the sugar released from the 12 hr of reflux compared to the sugars

released from the 6 hr of reflux is in agreement with the kinetic run

followed by Somogyi analyses which had indicated that a minimum

reflu.x time of 12 hr was required to completely hydrolyze the holo-

cellulose (section III-G-6-c, page 51).
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H. Fractionation of the Holocellulose Fraction
into its Component Polysaccharides

1, Impregnation with 2.0% Barium
Hydroxide, then Extraction with 10.0%
Aqueous Potassium Hydroxide Solution

Air-dried holocellulose (54.3 g moisture content 9%) from

Douglas-fir inner bark was slurried for 20 min at 25° in 779.0 g of

aqueous barium hydroxide solution containing 63.4 g of barium

hydroxide octahyd rate. The consistency of the slurry was 6,0%

based on the holocellulose content,and the concentration of barium

hydroxide in the liquor was 4.4%. At the end of the 20-min period,

952.0 g of 18.35% aqueous potassium hydroxide solution was added

which lowered the slurry consistency to 2.81% and the barium hydrox-

ide concentration to 2.0%. The potassium hydroxide concentration

of the extraction liquor was 10.0%. Treatment was continued for a

second 20 min period at 25°. Separation was attempted by filtration

through Whatman No. 1 filter paper and a filter crucible. It was

difficult to filter the colloidal solution. The difficulty was overcome

by filtration through milk filter-disks (Rapid-Flow filter disks, 6 1/2

in, single gauze faced, manufactured by Johnson and Johnson, 4949

W. 65th St., Chicago 38, Illinois). The solids were washed with

distilled water, dialyzed for three days, freeze-dried and weighed;

weight 42.3 g or 85.3% of the starting holocellulose. They were
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termed "Residue A" (11).

The filtrate plus the washings were acidified with acetic acid

to a pH of 5. 0, and condensed to 500 ml on a rotary evaporator. The

polysaccharide solids were precipitated from the filtrate by the addi-

tion of 1500. 0 ml of methanol. The precipitate was recovered by

centrifuge and redispersed in 700.0 ml of 70.0% methanol. The re-

precipitation was repeated 4 times. Methanol was removed from the

precipitate by the addition of water followed by evaporation using a rota-

tory evaporator. The solids were recovered by freeze drying. The mois-

ture content as determined by Karl Fischer (65, 79, 88) was 12.6%.

The dry weight was 3. 5 g or 7. 0% of the original holocellulose. They

were labelled "Hemicellulose A" (11). Hemicellulose A was found to

be readily soluble in water.

2. Extraction with 1.0% Aqueous Sodium Hydroxide Solution

Residue A (41.4 g dry weight) was extracted with a 1.0% aqueous

sodium hydroxide solution by adding it to 990.0 g of a 9.97% aqueous

sodium hydroxide solution to give a 4.0% slurry consistency based

on the content of Residue A. The mixture was stirred for 20 min at

250. The solids were recovered by filtration using milk filter disks.

The residue was washed with 250.0 ml. of 1.0% sodium hydroxide

solution followed by a 1. 0 liter of distilled water. The solids were

transferred with water to a dialysis bag and the mixture was dialyzed



for 3 days against running water. The solids which remained in the

dialysis bag were recovered by freeze-drying and weighed; weight

39.1 g or 78.2% of the original holocellulose. This residue was

labelled "Residue B" (n).

The filtrate and combined washings were condensed to 1.0

liters and acidified with acetic acid to pH 5.0. The solids were

precipitated by the addition of 3 liters of methanol, and then recov-

ered by centrifuge. The precipitate was redispersed in 700.0 ml

of 70. 0% methanol. This redispersion, purification procedure was

repeated two more times. The methanol was removed from the

final precipitate on a rotary evaporator. The solids were slurried

in water and the mixture was freeze-dried. The weight of solids

recovered was 0.91 g or 1.8% of the original holocellulose. These

solids were labelled "Hemicellulose B" (11). Hemicellulose B was

found to be readily soluble in water.

3. Extraction with 15.0% Aqueous Sodium Hydroxide Solution

To Residue B (38.6 g dry weight) was added 923.0 g of a 15.1%

aqueous sodium hydroxide solution to give a 4.0% slurry consistency

based on the content of Residue B and a solution concentration of

15.0% in sodium hydroxide. After stirring for 20 min at 25°, the

insolubles were recovered by filtration using milk filter disks. The

residue was washed with 250.0 ml of 15.0% aqueous sodium hydroxide
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solution and 1.0 liters of distilled water. The residue was dialyzed

for 5 days against running water and freeze dried. The moisture

content as determined by Karl Fischer titration (65, 79, 88) was

11.1%; The dry weight was 31.3 g or 62.6% of the original holo-

cellulose. The residue was labelled "Residue C" (11).

The filtrate and washings were combined, acidified with acetic

acid, condensed to 1.0 liter and the solids were precipitated by the

addition of 3 liters of methanol. The solids were recovered by

centrifuge and washed well with water. The precipitate was redis-

solved in alkali and redispersed three times in 700.0 ml of 70.0%

methanol. The methanol was removed on a rotatory evaporator and

the precipitate freeze-dried. The moisture content as determined by

Karl Fischer titration (65, 79, 88) was 8.9%. The dry weight was

1.46 g or 2.9% of the starting holocellulose. These solids were

labelled "Hemicellulose C" (11). The rotation was taken in 1 N

sodium hydroxide solution, [adD23 - 40° (c 0. 25, N sodium hydroxide).

4. Extraction with 18.0% Aqueous Sodium Hydroxide Solution

The residue from the 15.0% aqueous sodium hydroxide extrac-

lion (Residue C) was hydrolyzed with 77.0% sulfuric acid and the

hydrolyzate chromatographed on paper as previously described. The

paper chromatogram showed a large amount of glucose, medium

amounts of mannose and galactose, and trace amounts of xylose and
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arabinose. It was thought possible that replacing the aqueous 15.0%

sodium hydroxide extraction with an 18.0% sodium hydroxide extrac-

tion would result in a better separation of a homogeneous polysac-

charide residue.

Therefore, a portion (50.0 g dry weight) of holocellulose was

impregnated with 2.0% barium hydroxide then extracted with 10.0%

aqueous potassium hydroxide as previously described. The amount

solubilized was 3. 1 g. The residue was extracted with 1.0% aqueous

sodium hydroxide solution as previously described. The amount

solubilized was 0.82 g. To the residue (39.0 g dry weight) was added

932.5 g of 18.1% aqueous sodium hydroxide solution. The slurry

consistency was 4.0% based on the carbohydrate content and the

sodium hydroxide concentration was 18. 0%. The above mixture was

stirred for 8 hr at 25° (147). The insolubles were recovered by

filtration using milk filter disks. The residue was washed with 250. 0

ml of 18. 0% aqueous sodium hydroxide solution and finally washed with

700. 0 ml of distilled water.

The filtrate plus washings were acidified with acetic acid to

pH 5.0 and concentrated to 1.0 liters. The condensed filtrate was

dispersed in 3. 0 liters of methanol. The resulting precipitate was

reprecipitated 4 times from 70.0% methanol, and finally freeze-dried;

weight 3. 18 g or 6.4% of the original holocellulose. The residue from

the 18.0% aqueous sodium hydroxide solution was dialyzed for 3 days
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and freeze-dried; weight 26. 7 g or 53.4% of the starting holocellulose.

These solids were hydrolyzed with 77.0% sulfuric acid and the hydroly-

zate paper chromatographed as previously described. The chromato-

grams showed a large amount of glucose, small amounts of mannose

and galactose, and trace amounts of xylose and arabinose. There

was thus no improvement in the homogeneity of these solids over

those in Residue C from the 15.0% aqueous sodium hydroxide extrac-

tion. Therefore, characterization of the final residue remaining after

fractionation of the holocellulose was performed on Residue C from

the 15.0% aqueous sodium hydroxide extraction.

I. Characterization of Hemicellulose A; Isolation of a Xylan

1. Qualitative Carboh drate Analysis by Paper Chromatography

A portion of Hemicellulose A (300 mg, air-dry weight, moisture

content 12.6%) was dissolved in 77.0% sulfuric acid (4.5 g) for 1.0 hr

at ice-bath temperature. Water (84.4 ml) was added to dilute the

acid to 3.9% concentration. The solution was heated to reflux and

aliquots (2.0 ml) were withdrawn every 2 hr over a period of 10 hr.

Each aliquot was neutralized to pH 2.0 with 3.0% sodium hydrox-

ide solution and diluted to 25. 0 ml in a volumetric flask. Three

aliquots (5.0 ml each) were analyzed for the content of reducing

sugars (xylose equivalents) by the Somogyi procedure (section III-

G-6-c, page 51). No increase in the reducing power was evident



after 4 hr of reflux and hydrolysis was considered complete after

this time.

A second aliquot (300 mg, air-dry weight, moisture content

12.6%) was hydrolyzed with sulfuric acid as described above but

reflux was terminated at the end of 4.5 hr. The hydrolyzate was

neutralized and paper chromatographed as previously described for

the holocellulose hydrolyzate (section III-G-4, page 42 ) The paper

chromatograms showed a very strong spot for xylose, weak spots

for glucose, galactose, and arabinose and a trace spot for mannose.

There was a slow moving spot which barely migrated away from the

origin. This spot was attributed to glucuronic acid because Lai (73)

showed that hexuronic acids moved very slowly in the solvent system

used and Zerrudo (152) showed the presence of glucuronic acid in this

same xylan fraction isolated from the holocellulose fraction of Douglas-

fir inner bark.

J. Characterization of Hemicellulose B;
Isolation of a Galactoglucomannan

1. Qualitative Carbohydrate Analysis by Paper Chromatography

Hemicellulose B (250.8 mg, dry weight) was dissolved in 4.5 g

of 77.0% sulfuric acid for 1.0 hr at ice-bath temperature. The re-

sulting translucent solution was diluted to 3.9% sulfuric acid by the

addition of 84.42 ml of distilled water. The dilute solution was
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refluxed, neutralized, and paper chromatographed as described above

for holocellulose hydrolysis (section III-G-4, page 42 ). Paper chro-

matograms of the Hemicellulose B hydrolyzate showed very strong

spots for glucose and mannose, weak spots for galactose and xylose,

and a trace spot for arabinose.

K. Characterization of Hemicellulose C; Isolation of a Mannan

1, Qualitative Carbohydrate Analysis by Paper Chromatography

Hemicellulose C (273.3 mg, dry weight) was hydrolyzed, neu-

tralized, and paper chromatographed as described above for Hemi-

celluloses A and B (section page 65, and section III-J-1,

page 66). The Hemicellulose C hydrolyzate showed a very strong

spot for mannose, weak spots for glucose and galactose, and trace

spots for arabinose and xylose.

2. Quantitative Carbohydrate Analysis by
Gas-Liquid Chromatography

A portion of Hemicellulose C (150 mg, air-dry weight, mois-

ture content 8.9%) was acid hydrolyzed as described for the holocel-

lulose fraction (section III-G-7-d, page 57) with a reflux time of

8 hr. One-third of the solution was removed and .myo,-inositol (100.0

mg) was added to it. The aliquot was neutralized and the sugar aldi-

tol acetates were prepared as described for the holocellulose fraction
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(section III-G-7-d, page 57 ). A part (20 mg) of the resulting sirup

of alditol acetates was dissolved in methylene chloride and diluted to

the mark in a 1.0 ml volumetric flask. An aliquot (2 41) of the solu-

tion was injected into the gas chromatograph under the general condi-

tions previously established. The gas-chromatographic spectrum

showed trace peaks for rhamnitol pentaacetate, arabinitol penta-

acetate and xylitol pentaacetate. The peak areas of these sugars

were too small to measure. The areas under the remaining peaks

as measured by a planimeter were (average of triplicate samples):

galactitol hexaacetate, 8±0.4; mannitol hexaacetate, 94±4; glucitol

hexaacetate 5±0.25; myo-inositol hexaacetate 235±10.

3. Methylation of the Mannan

A portion of Hemicellulose C (1.4 g, air-dry weight, moisture

content 8.9%) was dissolved in 18.0% aqueous sodium hydroxide

solution (50.0 ml) at ice-bath temperature with stirring. The solu-

tion was methylated by the simultaneous addition of 30.0% aqueous

sodium hydroxide solution (100.0 ml) and dimethyl sulfate (50.0 ml)

over a period of 3 hr while maintaining the solution at ice-bath tem-

perature. Acetone (100.0 ml) was added to prevent foaming. The

mixture was stirred for an additional 45 hr at room temperature.

The solution was cooled to 00 in an ice bath, neutralized with 10.0%

sulfuric acid, and dialyzed for 3 days against running tap water. The
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solution was concentrated on a rotary evaporator, freeze-dried and

the entire methylation sequence was repeated (147).

The product was further methylated by dissolution in tetra-

hydrofuran (150.0 ml) followed by treatment over a period of 60 hr

with seven 10.0 g portions of crushed sodium hydroxide, each fol-

lowed by a portion (12.0 ml) of dimethyl sulfate (36). The product

was dialyzed against running tap water for 3 days. The concentrated

dialyzate was extracted with three-300.0-ml portions of chloroform.

The chloroform extract was concentrated on a rotary evaporator,

dissolved in acetone and filtered. The concentrated filtrate (50.0

ml) was poured into petroleum ether (200.0 ml), and the white pre-

cipitate which resulted was recovered and freeze-dried; yield of a

white powder, 40.7 mg. An infrared spectrum (potassium bromide

pellet) of a portion of the methylated Hemicellulose C showed no

-1absorption in the regions of 3800-3300 cm (90, p. 34) indicating

that there were no free hydroxyl groups in the material. Therefore,

methylation was considered complete.

4. Hydrolysis of the Methylated Mannan

The methylated mannan (40.7 mg) was hydrolyzed with 10.0

ml of 90% formic acid at 97° for 3 hr. The formic acid was removed

by evaporation under reduced pressure followed by the addition and

removal of water. The sirup so obtained was hydrolyzed with 0.5 N
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sulfuric acid (5.0 ml for 2. 5 hr at 9 7 ° ) to hydrolyze any formate

esters which may have been formed. Upon cooling, the solution was

neutralized with barium hydroxide, and the solids were removed by

centrifugation. The remaining inorganic salts were removed by

refluxing the concentrated sirup with absolute methanol, followed

by filtration (repeated four times) and removal of solvent (147).

The sirup so obtained was dissolved in a few drops of water

and subjected to paper chromatography using 2-butanone saturated

with water as the developer (16). The chromatogram was allowed

to run until the solvent front had moved 32 cm from the origin where

the sample was applied (2.5 hr). The developed chromatogram was

allowed to air-dry and then sprayed with aniline hydrogen phthalate

indicator (1.66 g of phthalic acid dissolved in 100.0 ml of water-

saturated n-butanol containing 0.93 g of freshly distilled aniline) (56,

92). The papers were allowed to air-dry again for 15 min, heated in

an oven at 105° for 15 min and viewed under ultraviolet light. Three

spots were evident with the following Rf values: 0.89 (trace), 0.51

(very strong), Q.24 (trace), (Rf value is the distance the spot moved

divided by the distance the solvent front moved, both measured from

the point of application of the material).

A second aliquot of the hydrolyzate of the methylated mannan

was subjected to paper chromatography using n-butanol-ethanol-

water 95:1:4 v/v/v) as developer (52). The solvent front was allowed



to migrate 40 cm past the origin where the spot was applied (19 hr).

The papers were sprayed with aniline hydrogen phthalate indicator as

described above. Seven spots were evident which had the following

RG values (RGvalues determined by dividing the distance the sugars

have moved from the starting line by the distance moved by 2,3, 4, 6-

tetra-0-methyl-D-glucopyranose): 0.96 (trace), 0.82 (very strong),

0.64 (trace), 0.52 (trace), 0.38 (trace), 0.28 (trace), 0.21 (trace).

5. 2, 3, 6-Tri-O-methyl-D-mannopyranose 1, 4-bis (E-nitrobenzoate)
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The hydrolyzate from the methylated mannan was refluxed with

absolute methanol and filtered. The residue was again extracted with

boiling methanol (repeated three times) to extract the sugars away

from inorganic residues resulting from the neutralization with barium

ions. The methanolic extracts were evaporated.

The sirup so obtained was dried in a desiccator over phosphorus

pentaoxide for 2 days. The dry solids (about 40 mg) were dissolved

in 3.0 ml of pyridine and 233 mg of E-nitrobenzoyl chloride was added

(94, 147). The reaction mixture was kept at 60-70° for 30 min and

was then maintained overnight at room temperature. It was neutral-

ized with saturated sodium bicarbonate solution until effervescence

ceased. The solution was extracted with three consecutive 20-ml

portions of chloroform, dried with magnesium sulfate, and evaporated
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under reduced pressure to dryness. The yellowish sirup did not

crystallize.

The sirup was redissolved in a few drops of hot methanol and

the solution was allowed to stand at room temperature. The meth-

anol slowly evaporated and around the top of the solution the sirup

which was slowly deposited did crystallize. However, the crystals

were imbedded in the yellow-colored sirup. This type of slow crys-

tallization was repeated several times and a few white crystals could

be scraped from the top side-walls. These were dried and they

showed two distinct melting points. A part of the solid melted at

160-165° but on continued heating another part melted at 188-189°.

The melting point reported for 2, 3, 6-tri-O-methyl-D-mannopyranose

1, 4-bis (R-nitrobenzoate) was 190-191° (94, 147). Therefore, the

higher melting material in the present work was undoubtedly the

desired compound.

L. Characterization of Residue C; Isolation of a Glucan Portion

1. Hydrolysis with 77.0% Sulfuric Acid

A portion (200 mg, air-dry weight, moisture content 11. 1%) of

the residue from the 15.0% aqueous sodium hydroxide extraction

(Residue C) (section III-H-3, page 62 ) was hydrolyzed with 77.0%

sulfuric acid according to the procedure previously described (sec-

tion III-G-3, page 41 ).
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Paper chromatography (section III-G-4, page 42) of the hydroly-

zate showed the presence of a large amount of glucose, medium

amounts of mannose and galactose, and trace amounts of xylose and

arabinose.

Four Hour Formic Acid Extraction

A portion (1.0 g, air-dry weight) of Residue C remaining after

the 15.0% aqueous sodium hydroxide extraction was refluxed (9 7 ° )

with 100.0 ml of 95% formic acid for 4 hr. The insoluble residue

was recovered by centrifuge, washed with water and freeze-dried;

weight 0. 18 g.

A portion (0.15 g) of the above residue was hydrolyzed with

77.0% sulfuric acid and the hydrolyzate paper chromatographed as

previously described. The chromatograms showed a large amount

of glucose, a small amount of mannose, and trace amounts of

arabinose and xylose.

Four Day Formic Acid Extraction

A portion (10.0 g, air-dry weight, moisture content 11. I%)

of Residue C was extracted with 200.0 ml of 95% formic acid for 4

days in a Soxhlet extractor using a porcelain extraction thimble. An

amount (25.0 ml) of additional formic acid was added each day. At

the end of 4 days the residue was recovered by washing with distilled
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water, centrifuged, and freeze-dried. The moisture content as

determined by Karl Fischer titration (65, 79, 88) was 11.1%. The

dry weight was 3.6 g (148).

An amount (150 nag air-dry weight, moisture content 11.1%) of

the above residue was hydrolyzed with 77.0% sulfuric acid and the

hydrolyzate was paper chromatographed as previously described.

The paper chromatogram showed glucose only.

4. Quantitative Determination of Reducing
Sugars by Copper Reduction

A part of the glucan residue from the 4 day formic acid extrac-

tion (150 mg, air-dry weight, moisture content 11.1%) was dissolved

in 77.0% sulfuric acid (2.25 g) for 1 hr at ice-bath temperature. The

translucent solution was diluted to 3.9% acid concentration by the

dropwise addition of water (42. 2 m1). The solution was heated to

reflux and 2.0 ml aliquots were removed every 2 hr over a total per-

iod of 10 hr. Each aliquot was neutralized with sodium hydroxide

solution, diluted to 25 ml and three 2. 5 ml aliquots were removed for

determination of the reducing values by the Somogyi reagent (section

III-G-6, page 50 ). The maximum amount of reducing sugars (103.3074

was present after 4 hr of reflux and hydrolysis was considered com-

plete at this time.



Quantitative Carbohydrate Analysis
by Gas-Liquid Chromatography

A portion of the glucan residue (150 mg air-dry weight, mois-

ture content 11.1%) was dissolved in 77.0% sulfuric acid. The solu-

tion was diluted to 3.9% acid concentration and refluxed for 5 hr as

described above (section III-L-4, page 74 ). The acid solution after

reflux was condensed to 1.5 ml. An aliquot (0.3 ml) was removed,

diluted to 25. 0 ml and myo-inositol (100.0 mg) was added. The ali-

quot was neutralized and the sugar alditol acetates were prepared as

described for the holocellulose fraction (section III-G-7-d, page 57 ).

The alditol acetates were analyzed by gas-liquid chromatography as

described for the holocellulose fraction (section III-G-7-d, page 57 ).

The gas-chromatographic spectrum showed trace peaks for rhamnitol

pentaacetate, arabinitol pentaacetate, and xylitol pentaacetate (too

small to measure). The areas under the remaining peaks as meas-

ured by a planimeter were (average of three determinations): glucitol

hexaacetate, 41±2; myo-inositol hexaacetate, 165±8.

Acetolysis of the Glucan Portion

An amount (2.0 g air-dry weight, moisture content 11.1%) of

the residue from the formic acid extraction was kneaded into a mix-

ture of acetic anhydride (8.0 ml) and concentrated sulfuric acid (0.2

ml), at ice-bath temperature (3° ), until completely wetted. The
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mixture was placed in an oven at 500 for 14 days (148). The result-

ing dark brown sirup was mixed with acetic acid ( 10. 0 ml). The

suspension was stirred with 500.0 ml of cold water and an additional

250.0 ml of water were added. The mixture was stirred for 30 min

and filtered through a sintered-glass funnel. The residue was washed

free of acid with water, air-dried, and extracted with boiling ethanol

(95%, 200.0 ml). However, no crystals appeared in the ethanol

extract.

The aqueous filtrate from the above filtration was extracted

with chloroform (250. 0, 250. 0, 100.0 ml). The chloroform extract

was washed with 10.0 ml of a saturated aqueous solution of sodium

carbonate and concentrated on a rotary evaporator to yield a solid.

However, the material resisted crystallization.

Since no crystals resulted from the above acetolysis, a second

acetolysis was attempted simultaneously with the acetolysis of filter

paper. The acetolysis of filter paper (2.0 g) resulted in crystals of

cellobiose octaacetate (1.56 g), m.p. 228-228. 5° , literature value

223-2240 (148).

However, still no crystals resulted from the acetolysis of the

residue from the formic acid extraction. Therefore, the reaction

was repeated but the reaction time was shortened from two weeks to

one week. Crystals of cellobiose octaacetate (550 mg) were obtained.

The material was recrystallized three times from 95% ethanol; yield
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275 mg, m.p. 224-225°, [a]D23 + 40° (c 3.0, chloroform); unchanged

on admixture with authentic material, literature value 223-224°,
[a]D22 + 400 (c 3. 0, chloroform) (148).

7. Molecular Weight Determination of the Glucan
Portion by Viscosity Measurements

An amount (100 mg, dry weight) of the residue from the formic

acid extraction was placed into a 25.0 ml stoppered volumetric flask

which had been previously weighed and swept free of air by a stream

of nitrogen gas. Diethylenediamine copper II reagent ( cupriethylene-

diamine) (General Chemical Division, Allied Chemical, Columbia

Road and Park Ave., Morristown, N. J. or Ecusta Paper Division,

Olin, P. 0. Box 200, Pisgah Forest, N.C. ) at 25° was added and

the solution was shaken until the glucan was completely dissolved.

The flask was filled to the mark with the solvent and mixed thoroughly.

The filled flask was carefully weighed to determine the density of the

solution in g/25 ml. An aliquot (10. 0 ml) of the solution was trans-

ferred to a Cannon-Ubbelhode dilution viscometer previously placed

in a water bath at 25±0. 01° and flushed with nitrogen. After 5 min

the solution was drawn into the bulb of the viscometer by applying

pressure with nitrogen. The pressure was released and the time

required for the minis cus to pass between the two calibration marks

was measured to 0. 1 seconds. Triplicate measurements were made

until duplicates agreed to within ±0,3% (19, p. 537, 119).
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The solution was diluted directly in the viscometer with a

suitable amount of solvent and mixed by stirring with a stream of

nitrogen. Measurements were taken with each dilution. A total of

six concentrations were measured. The viscosity of the pure solvent

was also measured. The intrinsic viscosity was found to the 0.432

p.1/g in diethylene diaminecopper II ion.

Methylation of the Glucan Portion

A portion (1.4 g, air-dry weight, moisture content 11.1%) of

the residue from the formic acid extraction was methylated by the

procedure previously outlined for the methylation of Hemicellulose

C (section III-K-3, page 68); yield 605 mg. An infrared spectrum

(potassium bromide pellet) of a portion of the methylated material
-1showed no absorption in the regions of 3800-3300 cm (90, p. 34),

indicating that there were no free hydroxyl groups. Therefore,

methylation was considered complete.

Hydrolysis of the Methylated Glucan Portion

A part of the methylated glucan (150 mg, dry weight) was

dissolved in 2.25 g of 77.0% sulfuric acid at ice-bath temperature

for 1 hr and then diluted with 42.2 ml of water to 3.9% sulfuric acid

concentration. The solution was refluxed for 6 hr. There remained

considerable insoluble materials in the solution which were removed
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by centrifugation. The decantate was neutralized with saturated

aqueous barium hydroxide solution to pH 5.0 and the precipitate was

removed by centrifugation. The resultant hydrolyzate was condensed

to a sirup on a rotary evaporator.

The sirup so obtained was dissolved in a few drops of water

and subjected to paper chromatography using 2-butanone saturated

with water as the developer (16).

The sirup from the hydrolysis of the methylated mannan (sec-

tion III-K-4, page 69 ) was chromatographed on the same sheet of

paper. The chromatogram was allowed to run until the solvent front

had moved 32 cm from the origin where the sample was applied (2.5

hr). The developed chromatogram was allowed to air-dry and then

sprayed with aniline hydrogen phthalate indicator (1.66 g of phthalic

acid dissolved in 100.0 ml of water-saturated n-butanol containing

0.93 g of freshly distilled aniline) (56, 92). The papers were allowed

to air-dry again for 15 min, heated in an oven at 105' for 15 min and

viewed under ultraviolet light. Four spots were evident from the

hydrolyzed glucan residue with the following R values: 0.82 (trace),

0.56 (very strong), 0.21 (trace), 0.06 (trace).

Second aliquots of the hydrolyzate of the methylated glucan and

of the methylated rnannan (section III-K-4, page 69 ) were subjected

to paper chromatography using n-butanol-ethanol-water (5:1:4 v/v/v)

as developers (52). The solvent front was allowed to migrate 40 cm
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past the origin where the spot was applied (19 hr). The papers were

sprayed with aniline hydrogen phthalate indicator as described above.

Five spots were evident from the hydrolyzate of the methylated glucan

with the following RG values (RG values determined by dividing the

distance the sugars have moved from the starting line by the distance

moved by 2, 3, 4, 6-tetra-0-methyl-D-glucopyranose): 1. 0 (trace),

0.83 (very strong), 0. 67 (trace), and 0. 28 (trace).



IV. RESULTS AND DISCUSSION

A. Collection of Bark Samples

A sample of inner bark free from outer bark and vascular

cambium was desired because it provided a relatively homogeneous

starting material. Outer bark contains considerable cork material

which is rich in extractives (71). These would interfere with the

experimental studies of the carbohydrates by contaminating the water-

soluble polysaccharides and by impeding the delignification reaction.

The cork would thus affect the isolation and quantitative analyses of

the sugars. The vascular cambium contains proteins, ash, and vari-

ous carbohydrates (68) and its chemical composition and physical

properties are quite different from those of the inner bark. There-

fore, the two are better separated and investigated separately.

The bark sample was taken from a standing tree to reduce con-

tamination from other sources. One tree was sampled and because

of the complexities of the investigations no attempts were made to

analyze the variations in chemical composition between trees of vari-

ous ages or different geographical locations.

The sample was collected in May because in the Spring of the

year the outer bark of Douglas-fir is easily separated from the inner

bark by simply chipping it off. The inner bark plus the vascular

cambium were stripped from the tree and taken to the laboratory
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where the vascular cambium layer was carefully separated away.

The inner bark was immersed in ethanol-water to denature the

enzymes and prevent possible enzymatic alteration of the natural

materials from their native state (144, p. 27).

B. Sample Preparation

It is desirable, before proceeding with polysaccharide separa-

tion, to remove as much as possible of the low-molecular weight

materials (simple sugars, organic acids, lipids, waxes, and so on)

present in the bark. Some of these materials are readily oxidized

and would interfere with the delignification reaction.

Chart 1 (page 83) outlines the scheme followed in the treatment

of the inner bark and the isolation of the different fractions. The

yields for each extraction are shown. None of the extraction proced-

ures accomplished a clear-cut separation of one type of material from

another, but in general each step in the sequence performed a definite

function.

The ethanol-water extraction served two major purposes. It

not only denatured the enzymes but it also solubilized the simple

sugars which were identified to provide a more detailed investigation

of the total carbohydrate fraction in the bark. The ethanol-water

extract contained only a small amount of glucose as shown by paper

chromatography. Therefore, the monosaccharide residues in the
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Extract, 15. 4 g solids Residue, 84.6 g

Extract, 4.4 g solids

Extract, 11.1 g solids

Extract, 2.8 g solids

Extract, 22.0 g solids

Douglas-fir Inner Bark (100.0 g dry weight)

Extraction with
ethanol-water (4:1 v/v)

Extract, 13. 7 g solids

Chart 1. Isolation of the holocellulose fraction of Douglas-fir
inner bark (g/100 g dry-weight basis).

Extraction with
benzene-ethanol (2:1 v/v)

Residue,80. 2 g

L.,Extraction
with hot water

1

Residue, 69. 1 g

Extraction with 0. 5% aqueous
ammonium oxalate

Res idug 66.3 g

Acidified sodium
chlorite treatment

1

,Residue, 44. 3 g

Residue, 30. 6 g
(Holocellulose)

83

Acidified sodium
chlorite treatment
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inner-bark exist primarily as part of polysaccharides.

The solids extracted by the ethanol-water treatment amounted

to 15.4% of the inner bark. However, in general they were black,

tarry substances and were not further investigated.

The residue after the ethanol-water extraction was dried,

ground, and fractionated according to particle size by a series of

screenings (Table 5, page 85). The fractions retained on the 20

and 35 mesh screens contained bundles of fibers as shown by micro-

scopic examination. These were reground and rescreened (Table 5,

page 85). A third grinding and screening (Table 5, page 85) was

required to break up the bundles so that most of the material passed

through a 35 mesh screen. The major fraction used was that which

passed a 35 mesh screen and was retained on a 60 mesh screen (Table

5, page 85). All of the fine material was not included in the sample

for further extraction because preliminary experiments showed that

too much fine material plugged the extraction apparatus and the filters

and made experimentation difficult,

Microscopic examination indicated that the materials retained

on the 60, 80, and 100 mesh screens were composed mostly of single

sclereids which were spindle-shaped, reddish-brown, sharply pointed

fibers. The fraction retained on the 150 mesh screen appeared to

contain broken fibers and powders as a result of grinding. This fine

material also probably contained some particles of other inner bark



Table 5. The particle-size fractions of Douglas-fir inner bark
after grinding and screening.

a+ means the materials were retained on the screen; e. g. +20
means the materials were retained on a screen of 20 meshes
to the inch.

b- means the materials passed through the screen; e. g. -20, +35
means the materials passed through a screen of 20 meshes to the
inch but were retained on a screen of 35 meshes to the inch.
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Particle
size

First grinding
and screening

(Wt in g)

Second grinding
and screening

(Wt in g)

Third grinding
and screening

(Wt in g)

+20a 124.3

-20b, +35 846. 9 110. 5 23. 6

-35, +60 487.2 908. 2 961.0

-60, +80 200. 7 349.5 363.9

-80, +100 156. 1 279. 5 287. 9

-100, +150 242, 7 385. 7 391.0



elements such as parench_yma cells and sieve cells.

C. Benzene-Etharol Extraction

The inner bark of Douglas-fir was known to contain considerable

amounts of waxes and lipids (70) and it was desirable to remove these

before proceeding with polysaccharide separation. Removal of the

waxes and lipids not only eliminated them as sources of impurities

but opened the tissue to penetration by hydrophilic solvents. Lipid

extractives are not completely removed by hydrophobic solvents such

as diethyl ether or benzene because these solvents are not able to

penetrate all parts of the plant hydrophobic structure. Ethanol, a

hydrophilic solvent, removes in addition to lipid material portions

of other constituents such as some lignin and low molecular weight

carbohydrates. A mixture of hydrophobic and hydrophilic solvents

combines the advantages of each. Such a mixture provides complete

penetration of the tissue but limits solvent action to non-lignin, non-

carbohydrate material. The most widely used solvent mixture of this

type contains benzene and ethanol in the azeotropic ratio of two to one

(69, 144, p. 114).

Therefore, benzene-ethanol was used in the present investiga-

tions (Chart 1, page 83). The soluble materials did not contain free

sugars as tested by paper chromatography, and the black, tar-like

solids were not further investigated.
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D. Hot-Water Extraction

After removal of the waxes and lipids, it was possible to remove

the hot-water-soluble materials (Chart 1, page 83). Water extraction

of plant materials generally removes sugars, water-soluble polysac-

charides, and varying amounts of non-carbohydrates.

The water-soluble components of Douglas-fir inner bark have

been investigated by Zerruido (152). Zerrudo showed that the hot-

water soluble solids contained proteins, tannins, starch and hemi-

celluloses. He was able to remove the proteins, tannins, and the

a-amylose portion of the starch by a series of enzyme hydrolyses

followed by extensive dialysis. The polysaccharides which remained

were composed of glucose, arabinose, galactose and traces of

rhamnose, xylose, and mannose. The glucose was considered to

be amylopectin which did not hydrolyze with the a-amylase enzymes

used to reduce the starch content. The arabinose and galactose resi-

dues were considered to exist in the inner bark as part of L-arabino-

D-galactan polysaccharides.

E. Am-monium Oxalate Extraction

Pectin and pectic substances are generally removed prior to

hemicellulose separation. This is especially desirable in dealing with

plant material containing large amounts of pectic substances. As
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outlined in the Historical Review (section II, page 3) of this thesis,

the barks of trees are known to contain considerable amounts of

pectic substances. Therefore, it was considered necessary to in-

clude an extraction procedure designed to remove the pectin from

the sample of inner bark of Douglas-fir.

Although some of the pectin was undoubtedly dissolved in the

water extraction (section III-D, page 35 ), not all of the pectic mater-

ial of plants is extractable with water. The insoluble part, proto-

pectin (mostly calcium pectate) was removed from the water-insoluble

residue of Douglas-fir inner bark by extraction with a 0.5% ammonium

oxalate solution (Chart 1, page 83). Presumably a cation exchange

occurred in which insoluble calcium oxalate was formed along with

soluble ammonium pectate. The latter was extracted with the filtrate.

The solids in the extract were stored for future investigation.

F. Acidified Sodium Chlorite Delignification;
Isolation of a Holocellulose Fraction

The presence of lignin in plant tissues presents an obstacle to

the removal and purification of hemicelluloses. Lignin retards or

prevents the complete solution of hernicelluloses, either because of

mechanical obstruction, or perhaps through some type of chemical

bonding mechanism. Furthermore, lignin is partially soluble in the

various alkaline solutions used for dissolving hemicelluloses and,
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consequently, poses a purification problem in various subsequent steps

designed to isolate the pure polysaccharides. It is preferable, there-

fore, to remove this polymeric substance prior to hemicellulose ex-

traction. In fact Time11 (124) showed that it was essential to com-

pletely delignify the bark of gymnosperms if a successful fractiona-

tion of the polysaccharides was to be achieved.

One of the greatest advances made in hemicellulose research

was the development of special pulping, or delignification, techniques

in which complete or nearly complete lignin removal is attained with

a minimum of removal and of physical and chemical change of the

polysaccharides. The polysaccharide residue is termed "holocellu-

lose" (96). The various methods of holocellulose isolation have been

reviewed in detail in the Historical Review section of this thesis

(section II, page 3).

The delignification reaction used in the present investigation

of Douglas-fir inner bark was the acidified sodium chlorite method.

The method had several advantages for this particular research.

It required a relatively cheap and stable oxidizing agent, was rea-

sonably fast, and was readily applicable to the relatively large

amounts of sample to be delignified.

Chart 1 (page 83) shows that 66.3% of the inner bark remained

insoluble after exhaustive extraction with ethanol-water, benzene-

ethanol, hot water and ammonium oxalate solution. Therefore, about
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two-thirds of Douglas-fir inner bark consists of lignocellulosic-

like materials.

The lignin was dissolved from these materials by treatment

with acidified sodium chlorite solution. This solution generates a

strong oxidizing medium the chemistry of which has been described

(25). Theoretically chlorite anion (from sodium chlorite) has to be

acidified to be an effective oxidizing agent as depicted in the following

equations

C102
+ 3H+ + 2e -4- HC10 + H 0

2

HC10 + H+ + 2e Cl + H 0
2

In acidic media the chlorous acid anion (chlorite anion) is

reduced according to two stepwise reactions, A and B, and as a

whole, therefore, provides four oxidation equivalents. The hypo-

chlorous acid formed as an intermediate in the reduction of chlorous

acid anion (equation A) has a higher oxidationpotential than chlorous acid

and hence can oxidize the latter to chlorine dioxide via reaction C.

HC10 + 2HC102 2C102 + H20 + H+ + Cl

Furthermore, hypochlorous acid, in mobile equilibrium with ele-

mental chlorine, and chlorine dioxide may also be formed with chlor-

ous acid in acidic media by the decomposition depicted in equation D.



8HC102 6C102 + HC10 +HC1 + 3H20

Therefore, in acidic media not only both chlorine dioxide and chlorous

acid but also hypochlorous acid and chlorine are all involved in the

reaction.

The oxidation products obtained from lignins by the above reac-

tive groupings are unstable and difficult to characterize. However,

the chemical behavior of sodium chlorite and chlorine dioxide on

lignin model compounds (vanillin, vanillyl alcohol, cx-methy1-vani11y1

alcohol, and syringyl alcohol) has been elucidated in a series of inves-

tigations by Sarkanen and his co-workers (25, 33, 34, 99, 100). They

showed that during the oxidation substituted p.-benzoquinones are

formed. They also reported that some of the aromatic rings, par-

ticularly the guaiacyl nuclei, suffer oxidative cleavage between the

methoxyl and hydroxyl groups resulting in the formation of deriva-

tives of muconic acid monomethyl esters.

As mentioned above, elemental chlorine is one of the reaction

intermediates in acidified sodium chlorite oxidation reactions and

gives rise to reactions characteristic of this species, such as ring

substitution and side-chain displacement as well as hydrolysis of

alkyl-aryl ether bonds (32).

All of the above oxidative reactions tend to decolorize the plant

material, but may not in all cases result in complete dissolution of
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the lignin-like compounds. Therefore, a white holocellulose residue

is not necessarily a criteria for a lignin-free material. It is thus

necessary to perform a careful analysis for residual lignin in a holo-

cellulose as was done in the present work (section 111-0-2, page 40).

The holocellulose material remaining after complete delignifi-

cation should, in theory, comprise the entire cellulose and hemi-

cellulose portions of the bark. In practice, this goal is never reached

and often not even approached (129). The acidified sodium chlorite

delignification reaction was shown by Lai (73) to solubilize some of

the bark carbohydrates. She investigated the solids dissolved in the

first acidified sodium chlorite treatment of this sample of inner bark

(Chart 1, page 83 ) and showed that the solubilized carbohydrates

amounted to 12.4% of the original sample of inner bark. This is

compared with the insoluble residue, or holocellulose, isolated from

the first acidified sodium chlorite treatment which amounted to 44.3%

of the original inner bark (Chart 1, page 83 ). Although this residue

was yellow in color and thus contained some lignin it can be consid-

ered to be mostly carbohydrate. Therefore, when the acidified sodium

chlorite soluble and insoluble carbohydrates are summed, they repre-

sent 56.7% of the Douglas-fir inner bark. The acidified sodium chlor-

ite reaction solubilized 12.4/56.7 x 100 = 21.9% of these carbo-

hydrates. This represents an unusually high amount of carbohydrates

solubilized by this mild delignification technique. Acid hydrolysis
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of the solubilized polysaccharides released the following ratio of

monosaccharides: glucose, 59.1; arabinose, 11.9; galactose, 3. 9 ;

mannose, 3.7; xylose, 1.0; rharnnose, 1. 0 (73).

The high ratio of glucose was unexpected because cellulose

would not be readily soluble in the reaction solution. A possibility

exists that the large amount of glucan polysaccharide might be callose,

a p-D-(l3) glucan which Fu, Gutmann and Timell (39) have recently

shown to be solubilized by the acidified sodium chlorite oxidation of

conifer barks. This aspect of bark polysaccharides is reviewed in

detail in the Historical Review section of this thesis (section II, page

3). Whether or not this interesting and unusual glucan is present

in the inner bark of Douglas-fir has yet to be demonstrated.

The chlorine dioxide and chlorine gases generated during the

acidified sodium chlorite reaction are toxic and the reaction should

always be carried out in a well ventilated hood. The presence of

these gases was indicated by yellow fumes which accumulated above

the aqueous slurry as the reaction progressed. Nitrogen gas was

bubbled through the mixture to carry these gases out of the reaction

flask. Sodium chlorite itself is explosive in the presence of organic

matter and should be kept away from material such as paper and rub-

ber (19, p. 396).

The amount of holocellulose isolated can be compared with the

holocellulose content of other gymnosperm barks. Timell (124)
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isolated holocellulose fractions from the barks of amabilis fir [Abies

arnabilis (Dougl. ) Forb.], Engelmann spruce (Picea engelmanni

Parry), lodgepole pine (Pinus contorta Dougl. ), and Ginkgo biloba

L. He reports the quantity of holocellulose based on "extractive free"

bark after benzene-ethanol extraction. The results are grouped in

Table 6 (page 95) along with those reported by Kiefer and Kurth (66)

from the bast fibers of Douglas-fir bark and the results of the present

holocellulose isolation. The holocellulose content reported for the

present work was the residue from the first treatment with acidified

sodium chlorite (Chart 1, page 83 ). Although the yellowish color

indicated incomplete reaction, the fraction was undoubtedly composed

mostly of carbohydrates.

The data in Table 6 (page 95) show that the amount of holo-

cellulose isolated in the present work was less than that from bast

fibers of Douglas-fir (66). However, the starting material included

other cell types in addition to the bast fibers and these may have been

more susceptible to solubilization. The present experimental proced-

ures also included an extraction with hot water and ammonium oxalate

solution following the benzene-ethanol extraction (Chart 1, page 83 )

which Kiefer and Kurth's (66)work did not include. These treatments

opened the tissue to more extensive penetration by the acidified sodium

chlorite reagent and hence increased the solubility.

However, even with these variations in the starting material



Table 6. Holocellulose content of various gymnosperm barks.

Bark species

Douglas-fir inner bark

Douglas-fir bast fibers

Amabilis fir

Engelmann spruce

Lodgepole pine

Ginkgo biloba L.

Holocellulose content
(% of extractive-free bark)a

55.b

58. 2d

63.8d

56.5d

aExtractive-free bark is the residue remaining after extraction with
benzene-ethanol (2:1 v/v).

bThe holocellulose from the first treatment with acidified sodium
chlorite in the present work.

cFrom: Kiefer, H. J. and E. F. Kurth. The chemical composition
of the bast fibers of Douglas-fir bark. Tappi 36:14-19. 1953.

From: Time11, T. E. Isolation of polysaccharides from the bark
of gymnosperms. Svensk Papperstidning 64:651-661. 1961.
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and the methods of sample preparation the holocellulose contents

are not greatly different (Table 6, page 95). It would appear that

Douglas-fir inner bark contains between 55% and 62% of a holocellulose

fraction calculated on an extractive-free basis. These contents are

essentially the same as those reported by Timell (124) for the holo-

cellulose content of the barks of several gymnosperm species (Table 6,

page 95). Therefore, gymnosperm barks in general appear to con-

tain about 60± 5% holocellulose on an extractive-free basis.

Because the holocellulose from the first acidified sodium chlor-

ite treatment was yellowish in color, it was treated a second time

with acidified sodium chlorite solution (124). A white holocellulose

was obtained in a yield of 30.6% based on the original sample (Chart 1,

page 83). No effort was made in the present work to isolate and

characterize the dissolved materials because previous work (78, 138)

has shown that the acidified sodium chlorite reaction alters the carbo-

hydrate and lignin-like compounds considerably. Therefore, to

relate these degraded substances to their form in the native state

would be difficult. However, this solubilization might make some

difference in the overall yield of carbohydrates from Douglas-fir bark

if they were to be isolated. In the present work they are considered to

be a soluble fraction which has yet to be characterized. The white

holocellulose remaining is the major carbohydrate fraction and is

the subject of a major portion of this work.



G. Characterization of the Holocellulose Fraction

Elemental Analysis for Nitrogen, Sulfur,
Phosphorus and the Halogens

Organic compounds isolated from natural sources often contain

one or more of the above elements. Therefore, it is best to qualita-

tively determine if they are present because purification techniques

are usually required when they are found. However, the tests for

these elements in the holocellulose fraction were negative. There-

fore, plant materials, such as proteins, which contain these elements

were not present in the holocellulose fraction.

Determination of Lignin

a. Acid-Insoluble Lignin. As discussed in detail in the Histor-

ical Review (section II, page 2) the separation of the carbohydrate

materials from other plant substances, particularly lignin, is difficult

and results in a choice between two possibilities. Most of the poly...

mericphenols can be removed by strong oxidation reactions but in

such a reaction the degradation of the desired carbohydrates is exten-

sive. However, when mild oxidative conditions are used, as in the

present work, considerable polyphenolic substances are not separated

from the carbohydrate (holocellulose) fraction.

It is thus necessary to analyze for these polymeric phenols in
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order to have a complete knowledge of the holocellulose &action. The

usual analysis is the "Klason lignin" determination (118). The holo-

cellulose isolated from the inner bark of Douglas-fir was found to

contain 3.1% Klason lignin. This is not a particularly high amount of

this type of material and so the holocellulose fraction seemed to be

quite free of highly polymeric lignin-like molecules.

b. Acid-Soluble Lignin. The digestion of a holocellulose mater-

ial with 72% sulfuric acid (Klason lignin determination) results in the

solubilization of some lignin-like substances which are thus not

measured as "Klason lignin." These materials are referred to by

the term, "acid-soluble lignin and they must be determined to obtain

a complete analysis of a holocellulose fraction (42).

These materials are best analyzed by ultraviolet absorption.

Lignin-like compounds strongly absorb energy at 280 nm and this

band has been used for the quantitative determination of acid-soluble

lignins. However, the formation of 5-(hydroxymethyl)furfural from

hexoses and furfural from pentoses formed during the refluxing step

in the Klason lignin determination was found to interfere with this

determination. Browning and ublitz (20) showed that interference

by these compounds could be minimized by determining the absorbance

of the filtrate at two wavelengths.

Using absorptivity values for lignin and for carbohydrate degra-

dation products obtained, respectively, from spruce Brauns lignin
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and from a synthetic mixture of glucose, xylose, mannose, and

glu.curonolactone which had been subjected to the hydrolysis condi-

tions of the lignin determination, Browning and Bublitz (20) were able

to write the following equations:

A280 = 0.68 CD
+ 18 CL

A215 = 0.15 C +70
CL

Where
A280

and AZ15 were the absorbance values of the lignin

filtrate, 0.68 and 0.15 the absorptivities of carbohydrate degradation

products, 18 and 70 the absorptivities of lignin. at 280 and 215 nm,

respectively, and CD and CL the concentrations in grams/liter of

carbohydrate degradation products and of soluble lignin in the filtrate.

Goldschmid (42) showed that by solving the simultaneous equations, the

following expression for the soluble lignin concentration in the filtrate

could be obtained:

4.53 A215 - A280-
L 300

In the present work the acid-soluble lignin content of the hobo-

cellulose isolated from Douglas-fir inner bark was determined by

scanning the filtrate from the Klason lignin determination (section III-

0-2-a, page 40) over the wavelength range from 320 to 200 nm (Figure

1, page 100). Absorption maxima were observed at 280 nm and 210

nm. The 280 nm peak was the usual one observed for lignin
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Figure 1. Ultraviolet spectrum of the acid-soluble lignin from the holocellulose fraction.

a - Absorbance recorded at a sensitivity setting of 3.
b - Absorbance recorded at a sensitivity setting of 2.
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compounds and the 10 nm peak was slightly shifted from the 215 nm

peak reported by Browning and Bublitz (20). However, a shifting of

wavelength due to different materials and different analytical tech-

niques is not uncommon ( 42 ).

The absorbances at 280 nm and 210 nm were 2.62 and 3.77

respectively. These values were used to calculate the acid-soluble

lignin as follows:
4. 53 A215 - A280

CL - g/1300

4. 53 x 3. 77 - 2. 62 g/l = 0.048 g/l.
300

Using this figure in conjunction with the filtrate volume (1544.0

ml) and the dry weight of the sample (1.8264 g) (section III-C-2-a,

page 40) the value of 4.07% acid-soluble lignin in the holocellulose

was calculated. Thus the total lignin content was 3. 1% (acid-insoluble)

plus 4. 1% (acid-soluble) to equal 7. 2%.

The amount of acid-soluble lignin thus exceeded the amount of

acid-insoluble lignin as is generally the case with holocellulose mater-

ial (42). Therefore, correcting the lignin content for soluble lignin

was essential. Although the absorptivity values for lignin and carbo-

hydrate degradation products may be somewhat uncertain, as stressed

by Browning and Bublitz (20), this error is small compared with that

resulting from not correcting for soluble lignin at all.



3. Hydrolysis with 77.0% Sulfuric Acid

An important step in determining the structures of polysacchar-

ide materials is to acid hydrolyze them to their monosaccharide com-

ponents. For water-insoluble polysaccharides two steps are usually

required. The first is to dissolve the material in a strong acid, usu-

ally sulfuric, and the second is to dilute the acid with water followed

by reflux to hydrolyze the glycosidic bonds. It is important to per-

form the hydrolysis with complete dissolution of polysaccharides and

with minimum decomposition of sugars.

The holocellulose fraction from Douglas-fir inner bark was

found to completely dissolve in 77.0% sulfuric acid, the concentra-

tion used to dissolve cellulose (75). It was necessary to add water to

the solution slowly with strong stirring to prevent local heating which

might have caused degradation of the sugars. After dilution to 3.9%

sulfuric acid concentration, the solution was refluxed to bring about

hydrolysis.

The acid solution was neutralized to pH 5.0 with aqueous barium

hydroxide, resulting in a heavy precipitate of barium sulfate. This

method of neutralization was preferred because the pH could be

controlled easily. A final pH of about 5.0 was desired because mono-

saccharide solutions should not be allowed to become alkaline. The

action of alkali on monosaccharides follows three general courses (75):
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isomerization, fragmentation, and internal oxidation and reduction.

Such reactions interfere with the qualitative and quantitative results

of monosaccharide analyses and considerable care was taken to avoid

them.

4. Qualitative Carbohydrate Analysis by Paper Chromatography

The identification of the monosaccharides released from poly-

saccharides on acid hydrolysis is fundamental to an understanding of

these polymers. Paper chromatography has become the standard way

of tentatively identifying the monosaccharides. Several solvent sys-

tems are well established and operation of the individual sugars can

usually be achieved with relative ease.

Paper chromatograms of the hydrolyzate from the holocellulose

fraction of Douglas-fir inner bark (section III-G-3, page 41 ) showed

the presence of glucose (very strong spot), mannose (medium spot),

xylose (medium spot), galactose (trace spot), and arabinose (trace

spot) (Figure 2, page 104). Figure 2 (page 104) demonstrates that

these sugars moved the same distance as authentic sugar samples on

the same chromatogram.

A trace spot was also evident near the origin (Figure 2, page

104). This spot was attributed to the presence of glucuronic acid

because Lai (73) showed that hexuronic acids migrated very slowly

in the solvent system used and Zerrudo (152) showed that a xylan
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Figure 2. Paper chromatogram of the acid hydrolyzate of the holocellulose fraction.
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fraction isolated from the holocellulose contained glucuronic acid

residues.

5. Isolation of Crystalline Sugar Derivatives

a. Isolation of Sugars by Preparative Paper Chromatography.

Qualitative paper chromatography (section III-G-4, page 42) provided

an indication of the monosaccharides present in the holocellulose

hydrolyzate. However, it is possible for two or more sugars to

migrate the same distance and so paper chromatography did not

unambiguously identify the rnonosaccharides. The chromatography

did not show whether the sugars were of the D or the L configurations

and hence did not completely designate the sugars. Therefore, it

was considered necessary to isolate crystalline derivatives of the

sugars to unambiguously prove their presence and their configura-

tions.

To prepare crystalline derivatives it was necessary to first

separate the mixture of monosaccharides into their individual, isolated

sirups. Since large amounts of each sirup were not required, the

isolation was accomplished by preparative paper chromatography as

described in section III-G-5-a (page 43 ). In this way sirups of

glucose, galactose, mannose, arabinose and xylose were obtained.

The only limitation to the procedure was the time required to develop

a sufficient number of paper chromatograms to obtain enough
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milligrams of sirup. Each isolated sirup was reacted with reagents

which provided derivatives which crystallized readily. In every case

derivatives of authentic monosaccharides were also crystallized for

comparison purposes. These derivatives are discussed in the follow-

ing sections.

Diethyl Dithioacetal Acetate Derivatives of Galactose and

Arabinose. Although the diethyl dithioacetal acetate derivatives of

many monosaccharides have been reported in the literature (146) not

all of them crystallize easily. In the present work only the derivatives

from authentic D-galactose and L-arabinose crystallized easily

although diethyldithioacetal acetate sirups of D-glucose, D-xylose and

D-mannose were also prepared.

Because only a few milligrams of each monosaccharide sirup

was available from the holocellulose hydrolyzate, only the sirups

from the easily crystallized galactose and arabinose fractions were

reacted to prepare diethyl dithioacetal acetate materials. In this way

crystalline penta-O-acetyl-D-galactose diethyl dithioacetal and

crystalline tetra-O-acetyl-L-arabinose diethyl dithioacetal were

obtained (section III-G-5-b, page 45). These materials proved for

the first time the presence of D-galactose and L-arabinose residues

in the polysaccharides from Douglas-fir inner bark.

Acetate Derivative of Glucose. The acetylation of glucose is

a common reaction and in the present work white crystals of
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penta-O-acetyl-p-D-glucopyranose were readily prepared from

authentic D-glucose. The glucose sirup isolated from the holocellu-

lose hydrolyzate also yielded penta-0-acetyl-p-D-glucopyranose upon

acetylation (section III-G-5-c, page 46 ). This derivative proved for

the first time the presence of D-glucose residues in the polysacchar-

ides from Douglas-fir inner bark.

Di-O-benzylidene Dimethyl Acetal Derivative of D-Xylose.

The acetates and the diethyl dithioacetal acetate derivatives of xylose

do not crystallize easily. However, D-xylose can be easily identified

as its di-O-benzylidene dimethyl acetal and in the present work di-0-

benzylidene-D-xylose dimethyl acetal was readily obtained from au-

thentic D-xylose. The xylose sirup isolated from the holocellulose

hydrolyzate also yielded di-O-benzylidene-D-xylose dimethyl acetal

upon reaction (section III-G-5-d, page 47 ). This derivative proved

for the first time the presence of D-xylose residues in the polysac-

charides from Douglas-fir inner bark.

Phenylhydrazone Derivative of Mannose. Mannose is a

difficult sugar to crystallize and there are also few derivatives of

mannose that crystallize easily. However, D-rnannose phenylhydra-

zone crystallizes readily and can be used to identify or to isolate the

sugar. The reaction must be carefully done, or a second molecule

of phenylhydrazine will add to the sugar and the phenylosazone will

result. In fact this is what occurs with the other monosaccharides.
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Phenylosazones cannot be used to identify sugars because both Cl

and C2 are involved and sugars which differ only about Cl and C2,

such as mannose, glucose and fructose, cannot be differentiated.

Thus to identify mannose, the reaction must be stopped after the addi-

tion of only one mole of phenylhydrazine to give m.annose phenyl-

hydrazone. Isbell and Frush (57) have reported the reaction condi-

tions to perform this step.

In the present work D-mannose phenylhydrazone was readily

prepared from authentic D-mannose. Because D-mannose phenyl-

hydrazone crystallizes so readily from the reaction system outlined

by Isbell and Frush (57), it can be preferentially crystallized from

mixtures of monosaccharides. Thus, in the present work, a complete

hydrolyzate sirup (77,0% sulfuric acid hydrolysis) of the holocellulose

from Douglas-fir bark was reacted with phenylhydrazine without prior

separation of the monosaccharides by preparative paper chromatog-

raphy. After standing overnight in the refrigerator, white crystals

of D-mannose phenylhydrazone were obtained (section III-G-5-e,

page 48 ). The same derivative was also obtained from a sirup

resulting from the hydrolysis of holocellulose with formic acid (sec-

tion III-G-5-e, page 48 ). This derivative proved the presence of

D-mannose residues in the polysaccharides from Douglas-fir inner

bark.



6. Quantitative Determination of Reducing
Sugars by Copper Reduction

a. Standardization of Sodium Thiosulfate Solution. There are

numerous modifications of the standard Fehlingis copper reduction

test for the presence of reducing sugars. However, one of the more

common methods for the quantitative analysis of reducing sugars is

the Somogyi (53, 114) procedure. This method is based on the ability

of certain sugars (reducing sugars) to act as reducing agents. The

sugar reacts with Cu++ in the aqueous alkaline medium to produce
++

cuprous oxide. The cuprous oxide is oxidized by iodine back to Cu

and the excess iodine is titrated with thiosulfate. The reactions are:

++RCHO + 2 Cu + 5 OH RCO + Cu20 + 3
2 F120sugar

103
+ 51 + 6 H+-4- 3

I2
+ 3H20

++
+Cu2

0 2 H+ + I 2 Cu + 2 I + H202

2
+ 2

S203 2 I + S406

This method has been widely and successfully applied on both

milligram and microgram quantities, both titrimetrically and color--

metrically. Its accuracy over a wide range of sugar concentrations,

the ease and rapidity of operation, and its proven reliability place it

above other micro-oxidation methods (53).
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As evidenced from the above equations, thiosulfate anion is used

as the standard titer to measure the excess iodine concentration. In

the present work the sodium thiosulfate solution was standardized by

titration to a starch end-point of an accurately diluted solution of

potassium iodate which had been prepared from recrystallized and

dried potassium iodate solids.

b. Preparation of Somogyi Copper Reagent. Several different

alkaline copper reagents have been recommended for use in conjunc-

tion with the iodometric determination of reduced copper. The most

common ones are Somogyil s 1945 (114) reagent and his 1952 reagent.

Somogyies 1945 phosphate-buffered reagent possesses an advantage

over the 1952 carbonate-buffered reagent, in that amyloses are held

in solution in the 1945 reagent but are precipitated from the 1952

reagent. Therefore, the 1945 reagent has become the standard pro-

cedure and was the method of choice in the present work. The pro-

cedure for preparing the reagent is given in section III-G-6-b (page

51 ). The amount of potassium iodate added to the reagent deter-

mines the amount of iodine released and hence the amount of sodium

thiosulfate titer needed. Therefore, some preliminary titrations are

often required to determine the best amount of potassium iodate to

add. The blank should require between 9. 0-10. 0 ml of 0.005 M

sodium thiosulfate solution. When performed properly the method

is very good for determining the overall reducing power of a solution
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and the precision is ±0. 01 mg for D-glucose or about ±2%, averaged

throughout the range 0.3 to 3.0 mg of glucose.

c. Determination of Total Reducing Sugars in the Holocellulose

Hydrolyzate. When determining the quantitative amounts of monosac-

charides released from a holocellulose fraction on acid hydrolysis, it

is important that the time of refluxing be carefully determined. If

the refluxing time is too short, complete hydrolysis is not realized

and the quantitative analysis will be erroneous because those mono-

saccharide residues linked by the more acid-resistant glycosidic bonds

will not be determined. If the refluxing time is too long, acid degrada-

tion of the hydrolyzed rnonosaccharides will be extensive. Acid rever-

sion to new, complicated polymers may also occur on extended heat-

ing. The importance of the correct reflu.x time to achieve maximum

monosaccharide yield has been demonstrated by Laver, Root,

Shafizadeh and Low (75) in their studies of pulp analyses.

The simplest way to measure the proper time to reflux the

acid solution is to measure the reducing power of the hydrolysis

solution as the reaction progresses. In the present work this was

accomplished by removing aliquots of the refluxing solution at spe-

cific times and determining the reducing power of the aliquots by the

Somogyi method (section III-G-6-c, page 51 )'. Glucose was used as

a convenient standard reducing sugar in which terms the concentra-

tion of monosaccharides was measured. A plot of the reducing power
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in glucose equivalents versus the time of reflux is shown in Figure 3

(page 113). The figure shows clearly that 12 hours is the optimum

time to reflux the hydrolysis wolution to achieve maximum yield of

monosaccharides. After the reflux time the solution showed 87.3%

glucose equivalents.

The reflux time of 12 hours (Figure 3, page 113) was consider-

ably longer than the 4.5 hours of reflux time which Laver, Root,

Shafizadeh, and Lowe (75) showed to be necessary for wood pulps.

Therefore, the holocellulose fraction of Douglas-fir inner bark con-

tained glycosidic bonds which were more acid resistant than those in

wood pulps. These acid resistant bonds were attributed to the man-

nose containing polysaccharides in the holocellulose. Wolfrom,

Plunkett, and Laver (150) had shown that a mannan-rich holocellulose

isolated from the green coffee bean required 15 hours of reflux time

to bring about complete hydrolysis.

7. Quantitative Carbohydrate Analysis
by Gas-Liquid Chromatography

a. Preparation of Authentic Alditol Acetates. Carbohydrates

are neither heat resistant nor volatile and so derivatives must be

prepared which will volatilize without degradation in order to perform

gas-liquid chromatographic analyses. The numerous derivatives

which have been tried are outlined in detail in the Historical Review

(section II, page 3 ).
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The derivatives most commonly used today are the "alditol

acetates." In the preparation of the alditol acetates the monosacchar-

ides are first treated with sodium borohydride to reduce the aldehyde

function to the alcohol function. This has the result of preventing ring

isomerization to the pyranose and furanose forms and so prevents

the formation of alpha and beta forms of the sugars. The end result

is only one form, the alditol, for each of the monosaccharide sugars

rather than three, four or even five forms. The acetate esters are

synthesized from the alditols to make volatile, heat resistant deriva-

tives.

Identification of compounds by gas-liquid chromatography is

realized by comparing the time required for the unknown material

to pass through the column with the time required for a sample of

the authentic material to pass through the column. These times are

called "retention times." Qualitative paper chromatography of the

hydrolyzate of the Douglas-fir holocellulose (section III-G-4, page

) had shown the presence of glucose, mannose, galactose, xylose

and arabinose (Figure 2, page 104). Therefore, authentic crystalline

alditol acetates of each of these sugars were synthesized to positively

determine retention times and instrument response for quantitative

analyses (Table 7, page 115). myo-Inositol hexaacetate was also

synthesized to be used as an internal standard. Each of these crys-

talline materials was passed through the gas chromatograph and the



aFrom: Abdel-Akher, M., J. K. Hamilton, and F. Smith. The reduction of sugars with sodium
borohydri de. Journal of the American Chemical Society 73:4691-4692. 1951.

Sawardeker, J. S., J. H. Sloneker, and A. Jeanes. Quantitative determination of mono-
saccharides as their alditol acetates by gas-liquid chromatography. Analytical Chemistry
12:1602-1603. 1965.

From: Langlois, David L Methods in Carbohydrate Chemistry. Vol. II. ed. by R. L. Whistler
and M. L. Wolfrom. New York, N. Y., Academic Press. 1963. p. 85.

The gas chromatographic conditions were: Column, 6.5% ECNSS-M on Gas Chrom Q 100/120
mesh, 6 ft x 1/8 in 0. D. stainless steel; injection port 1800; detector 2400; column temp 1800
isothermal; helium flow 30 ml/min; range setting 102; attenuation setting 16.
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Table 7. Physical constants and retention times of the crystalline alditol acetates.

Alditol acetate Melting
point

Melting point from
the literature

Retention time
in minutes

Arabinitol pentaacetate 76. 00 76. 00 a 23

Xylitol pentaacetate 57.0° 61. 0-62. 0° a 33

Mannitol hexaacetate 125. 5° 126.00 a 59

Galactitol hexaacetate 171.00 171. 0°-172. 0° a 68

Glucitol hexaacetate 9950 99. 0o-99. 5°a 83

myo-Inositol hexaacetate 215. 0°-216. 0° 214. 0°-215. 0° b 109
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retention time for each was determined. The crystalline materials

were then mixed and again passed through the gas chromatograph to

ascertain the resolution. The resulting spectrum is shown in Figure

4 (page 117). The separation of each alditol acetate was excellent

and the retention times of each was measured at the center of the

peak (Table 7, page 115).

Determination of Optimum Gas-Chromatographic Conditions.

There are many parameters which can be varied in gas-liquid chro-

matographic techniques. The resolution of the peaks will be changed

by changes in the carrier gas flow and changes in the column temper-

ature. Peak heights and peak areas will also change with changes

in injection port and detector temperatures. Therefore, in the pres-

ent study several conditions were systematically changed until the

optimum conditions were determined (section III-G-7-b, page 55 ).

The conditions used throughout the rest of the work were: column,

6.5% ECNSS-M on Gas Chrom Q 100/120 mesh, 6 ft x 1/8 in 0.D.

stainless steel; injection port 1800; detector 240°; column temp 180°

isothermal; helium flow 30 ml/min; range setting 102; attenuation

setting 16.

Determination of an "Instrument K Factor!' Gas chromato-

graphic detectors respond differently to different compounds. These

response factors must be known to obtain quantitative results. The

recorder is also a possible source of error and the precision
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Figure 4. Gas-liquid chromatographic spectrum of authentic crystalline alditol acetates. Peak "a" is arabinitol pentaacetate, "b" is xylitol
pentaacetate, It is mannitol hexaacetate, "d" is galactitol hexaacetate, "e" is glucitol hexaacetate, "f" is myo-inositol hexa-
acetate. Conditions: Column, 6. 5% ECNSS-M on 100/120 mesh Gas Chrom 9,6ft x1/8 in 0. D. stainless steel; injection port
180°; detector 2400; column temp. 180° isothermal; helium flow 30 ml/ min; range setting 102, attenuation setting 16.
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obtainable with standards should be determined (82, p. 137). A

good way to reduce these sources of error is to add an accurately

weighed amount of an internal standard to the mixture to be analyzed

and compare the peak areas of the compounds to be measured against

the peak area of the internal standard, The internal standard used in

the present work was myo-inositol hexaacetate.

The response of the gas chromatograph to each of the alditol

acetates to be measured was calibrated by analyzing varying, but

accurately weighed, amounts of each crystalline, authentic, alditol

acetate with authentic, crystalline myo-inositol hexaacetate (section

III-G-7-c, page 56 ) (Table 4, page 56). The calibration factor for

each alditol acetate was obtained by plotting the ratio of the area of

each alditol acetate to the area of the standard myo-inositol hexa-

acetate as ordinate against the ratio of the weights of each as the

abscissa. Straight lines passing through the origin resulted for

arabinitol pentaacetate (Figure 5, page 119), xylitol pentaacetate

(Figure 6, page 120), mannitol hexaacetate (Figure 7, page 121),

galactitol hexaacetate (Figure 8, page 122) and glucitol hexaacetate

(Figure 9, page 123). The slope of each of these lines is the "Instru-

ment K Factor" and represents the overall response of the gas chro-

matographic system to each of the alditol acetates calibrated against

the internal standard, myo-inositol hexaacetate. The "Instrument

K Factors" were: arabinitol pentaacetate 0.96; xylitol pentaacetate
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Figure 5. Recovery of authentic arabinitol pentaacetate to determine an "Instrument
K Factor.
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Figure 7. Recovery of authentic mannitol hexaa cetate to determine an
"Instrument K Factor.
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Figure 8. Recovery of authentic galactitol hexaacetate to determine
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0.95; mannitol hexaacetate 0.96; galactitol hexaacetate 0.98,

glucitol hexaacetate 0.92. These "Instrument K Factors" were

used in subsequent calculations.

d. Analysis of the Holocellulose Hydrolyzate. A sample of

the holocellulose from Douglas-fir inner bark was carefully hydrolyzed

and the sugars in the hydrolyzate were reduced with sodium boro-

hydride (section III-G-3, page 41 ). The addition and evaporation

of methanol in this procedure was important because Crowell and

Burnett (31) had shown that the boric acid released in the reduction

reaction retarded acetylation of the alditols. Albersheim, Nevins,

English and Karr (2) showed that the boric acid level could be reduced

to a convenient level by a number of additions and reevaporations of

methanol. The boric acid was presumably converted to volatile

methyl borate which was evaporated from the sirup. The removal

of boric acid is important otherwise the acetylation reaction does not

proceed. Acetylation and the gas-liquid chromatographic analysis

was accomplished as outlined in section III-G-7-d (page 57 ).

The gas-liquid chromatographic spectrum of the alditol acetates

prepared from the acid hydrolyzate of the holocellulose fraction is

shown in Figure 10 (page 125). The peak attributed to rhamnitol

pentaacetate was identified by preparing a sirup of rhamnitol penta-

acetate and determining the retention time. However, it was present

in amounts too small to be measured (Figure 10, page 125).
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Figure 10. Gas-liquid chromatographic spectrum of the alditol acetates prepared from the acid hydrolyzate of the holocenulose fraction. Peak ne
is from rhamnose, "b" is from arabinose, "c" is from xylose, "d" is from mannose, "e" is from galactose, "f" is from glucose, "g"
is from myo-inositol. Conditions: column, 6. 5% ECNSS-M on 100/120 mesh Gas Chrom Q, 6 ft x 1/8 in 0. D. stainless steel; injec-
tion port 1800; detector 240°; column temp. 180° isothermal; helium flow 30 ml/min; range setting 102, attenuation setting 16.
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The areas under the peaks were measured with a planimeter

and were found to be (duplicate analyses): arabinitol pentaacetate,

13.2; xylitol pentaacetate, 39. 7; mannitol hexaacetate, 62.0; gala.cti-

tol hexaacetate, 15.4; glucitol hexaacetate, 386.0; rnyo-inositol

hexaacetate, 232.2.

The following equation was used to determine the concentration

of each individual anhydromonosaccharide residue in the holocellulose

fraction (17).

CxIxFx 100% anhydromonosaccharide residue - RxSxHxK

where

C = chromatographic area of the component alditol acetate peak.

R = chromatographic area of the myo-inositol hexaacetate peak.

I = weight of the myo-inositol originally added, in grams.

S = dry weight of the original holocellulose sample, in grams,

F = factor to convert weight monosaccharide to anhydro-

monosaccharide residue (0.88 pentose) (0.90 hexose).

H = hydrolysis survival factor (98).

K = "Instrument K Factor" (section IV-G-7-c, page 116).

Using the area under the peak of glucitol hexaacetate as an example

the calculations become:

386.0 x 100 mg x 0.90 x 100% anhydroglucose residue - - 61.1%232.2 x 273.96 mg x 0.974 x 0.92



127

In a similar way the percentages of anhydromonosaccharide

residues in the Douglas-fir inner bark holocellulose were calculated

(average of two determinations): anhydroarabinose residues, 2. 6;

anhydroxylose residues, 6.3; anhydromannose residues, 9. 5; anhy-

drogalactose residues, 2.3; anhydroglucose residues, 61.1. The

total yield of anhydromonosaccharides was 81.8%. This value is

comparable to the values of 74.9%, 78.0% and 81.9% reported by

Bor chard and Piper (17) for the total carbohydrate content of chlorite

holopulps and appears to be favorable for materials of this type.

The value of 81.8% carbohydrates plus the value of 7.2% lignin

(section IV-G-2, page 97) accounts for 89.0% of the solids in the

holocellulose fraction. This total value is similar to the values

usually reported for the solids content of materials of this type. For

example Monier-Williams (89) accounted for 90.7% of the cellulose

in his original work which is the basis for most cellulose and holo-

cellulose hydrolysis methods. The degradation of natural materials

by the concentrated acid conditions required to bring about hydrolysis

is always extensive. Total recoveries of 87.5% and 93.3% have been

reported (110, 150) for holocellulose fractions isolated in a similar

way. Therefore, the total recovery of 89.0% of the solids from the

Douglas-fir inner bark holocellulose fraction appears favorable

because of the difficulty of hydrolyzing the material.



H. Fractionation of the Holocellulose Fraction
into its Component Polysaccharides

1. Impregnation with 2. 0% liarium
Hydroxide, then Extraction with 10.0%
Aqueous Potassium Hydroxide Solution

The study of the structure of bark hemicelluloses requires

homogeneous polymers isolated in high yields with minimal modifica-

tion. This is usually accomplished, as in the present work, by delig-

nifying the bark and extracting the resulting holocellulose with aqueous

alkali. Solubility differences can be exploited for the separation of

individual hemicelluloses by judicious use of cations and concentra-

tions. Thus, relatively dilute alkalis suffice to dissolve xylans and

galactoglucomannans, but higher concentrations are required for the

extraction of glucomannans (48, 129, 130).

Potassium hydroxide is a better solvent for xylans than foi

glucomannans, which are more effectively extracted with sodium

or lithium hydroxide (48). A detailed discussion of the various fac-

tors known to be associated with obtaining pure, homogeneous poly-

saccharides,is given in the Historical Review (section II, page 3 ).

The procedure used in the present work to separate the poly-

saccharides which comprise the holocellulose from Douglas-fir inner

bark is outlined in Chart 2 (page 129). The key feature was selective

blocking of the dissolution of mannose-containing polysaccharides in
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70.0% Methanol
solubles, 5. 4 ga

Extract

Neutralized, then
methanol to 70.0%
then centrifuge

1.0% NaOH

a

Hemicellulose B, 1. 7 g

Extract

Neutralized then
methanol to 70.0%
then centrifuge

Holocellulose (100. 0 g dry weight)

2.0V3Ba (OH)2, then KOH to 10.0%

Residue A, 85. 3 g

Extract Residue B, 78. 2 g

Neutralized then
methanol to 70.0%
then centrifuge

Chart 2. Fractionation of the holocellulose from Douglas-fir
inner bark into its component hemi celluloses.

Calculated by difference.

1 29

Residue C,
62. 6 g

70.0% Methanol Hemicellulose A, 7. 0 g
solubles, 7. 7 ga

70.0% Methanol Hemicellulose C,
solubles, 12. 7 ga 2. 9 g
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the first extraction step. This was accomplished by impregnating

the holocellulose with aqueous barium hydroxide (11). The impreg-

nated holocellulose was then contacted with 10.0% aqueous potassium

hydroxide which was known to be a good solvent for xylan-rich poly-

saccharides. The extract was neutralized and methanol was added

to 70.0% concentration. The resulting precipitate was labeled

"Hemicellulose A." Hemicellulose A was recovered in 7.0% yield

based on the starting holocellulose (Chart 2, page 129).

2. Extraction with 1.0% Aqueous Sodium Hydroxide Solution

Residue A (Chart 2, page 129) remaining from the 10. 0% potas-

sium hydroxide extraction was expected to contain most of the man-

nose-containing hemicelluloses because of the impregnation with

barium hydroxide (11). After removal of barium ions by dialysis,

the residue was extracted with 1.0% aqueous sodium hydroxide which

has been shown to be a good solvent for galactoglucomannan hemi-

celluloses (11).

The extract was neutralized and methanol was added to 70.0%

concentration. The resulting precipitate was labeled "Hemicellulose

B." Hemicellulose B was recovered in 1. 7% yield based on the start-

ing holocellulose (Chart 2, page 129).



Extraction with 15.0% Aqueous Sodium Hydroxide Solution

The concentration of the sodium hydroxide extraction medium

was increased to 15.0% sodium hydroxide because it has been shown

(11) that polysaccharides rich in mannose residues become soluble

in concentrated alkali solutions. The extract was neutralized and

methanol was added to 70.0% concentration. The resulting precipi-

tate was labeled "Hemicellulose C. Hemicellulose C was recovered

in 2.9% yield based on the original holocellulose (Chart 2, page 129).

Extraction with 18.0% Aqueous Sodium Hydroxide Solution

Residue C (Chart 2, page 129) was hydrolyzed by acid by the

method described in section III-G-3 (page 41 ). Paper chromatog-

raphy showed considerable amounts of mannose and galactose and

traces of xylose and arabinose as well as glucose in the hydrolyzate.

It was thought possible that increasing the sodium hydroxide concen-

tration from 15.0% to 18.0% would extract more of the mannose- and

galactose-containing polysaccharides and leave a relatively homogene-

ous glucan as a residue. However, the residue from the 18.0% sodium

hydroxide still appeared to contain the same ratios of sugars. There-

fore, further investigations were concentrated on the extract and

residue from the 15.0% sodium hydroxide extraction (Chart 2, page

129) rather than those from the 18.0% sodium hydroxide extraction.
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I. Characterization of Hemicellulose A; Isolation of a Xylan

1. Qualitative Carbohydrate Analysis by Paper Chromatography

The minimum hydrolysis time in acid to achieve the maximum

yield of monosaccharide was determined to be 4 hr. A plot of glucose

equivalents (%) versus reflux time in hours is shown in Figure 11 (page

133). The curve indicates complete hydrolysis after 4 hr and in most

cases additional aliquots of the material were refluxed for 4.5 hr to

6 hr.

The maximum amount of xylose equivalents released was found

to be 59.3%. However, the fraction contained 29.7% ash determined

as the oxides (152). The major inorganic ion was considered to be
++

Ba because of the previous impregnation with barium hydroxide

(section III-H-1, page 60 ). By calculation the percentage of barium

ions in the fraction would be 26.6%. Therefore, the total solids

accounted for in the fraction was 85.9%. Acid degradation of xylose

containing polysaccharides is known to be extensive (2, 98). In fact

the conversion of pentoses to furfural under conditions of acid reflux

is the basis of the TAPPI standard method for the determination of

pentosans in wood and pulp (117). The relatively low total recovery

of materials in the Hemicellulose A fraction was, therefore, attributed

to acid degradation.
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Figure 11. Hydrolysis curve for the release of
reducing sugars from Hernicellulose
A (a xylan) in refluxing 3.9% sulfuric
acid.
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A paper chromatogram of the acid hydrolyzate (Figure 12, page

135) showed a very strong spot for xylose, weak spots for glucose,

galactose, and arabinose and a trace spot for mannose. There was

a slow moving spot which barely migrated from the origin. This spot

was attributed to glucuronic acid because Lai (73) showed that hexur-

onic acids moved very slowly in the solvent systems and Zerrudo

(152) showed the presence of glucuronic acid in this xylan fraction

isolated from the holocellulose fraction of Douglas-fir inner bark.

The Hemicellulose A fraction was studied in detail by Zerrudo

(152).

The trace amount of mannose indicates that the impregnation

of the holocellulose with barium hydroxide worked well in blocking

the dissolution of mannan-containing hemicelluloses. The isolation

of a xylan free from hexosans appeared to be quite complete. These

results are in agreement with those previously reported (11) for the

separation of materials of this type.

J. Characterization of Hemicellulose B;
Isolation of a Galactoglucomannan

1. Qualitative Carbohydrate Analysis by Paper Chromatography

Hernicellulose B (Chart 2, page 129) was hydrolyzed with sulfuric

acid and the hydrolyzate qualitatively analyzed by paper chromatog-

raphy as outlined for the holocellulose material (section III-G-4, page
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Figure 12. Paper chromatogram of the acid hydrolyzate of Hemicellulose A;
a xyla.n. Solvent: ethyl acetate-pyridine-water (8:2:1, v/v/v).

o represents a very strong spot.

- I represents a weak spot.
represents a trace spot.
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42 ). The chromatogram (Figure 13, page 137) showed strong spots

for glucose and mannose, weak spots for galactose and xylose, and a

trace spot for arabinose.

The fraction still contained some xylose residues indicating

that the extraction of the xylose-containing hemicelluloses was not

complete by the extraction with 10.0% potassium hydroxide (Chart 2,

page 129). Beeiik, Conca, Hamilton and Partlow (11) also reported

xylose residues in similar fractions isolated from western hemlock

holocellulose and grand fir holocellulose.

Hemicellulose B was considered to be a galactoglucomannan

according to the definition provided by Casebier and Hamilton (24).

These workers consider galactoglucomannans to be those hemicellu-

loses which contain primarily glucose and mannose, but also some

galactose and which have been extracted from suitable sources with

dilute alkali and are readily soluble in water. This definition is in

contrast to their definition for glucomannans which can be obtained

only by extraction with high strength sodium hydroxide (.-.-'9% or

higher) and which are insoluble in water.

The xylose residues were thought to result from xylans not

extracted by the 15.0% potassium hydroxide treatment. Thus they

probably were not part of the galactoglucomannan polymer. This is

consistent with the results published by Beelik, Conca, Hamilton

and Partlow (11) who found equal amounts of xylose and galactose
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Figure 13. Paper chromatogram of the acid hydrolyzate of Hemioellulose B; a galactoglucomannan.
Solvent: ethyl ac e tate -pyridine -w ate r (8:2: 1, v/ v/ v ) .

0 represents a very strong spot.
(*\. represents a weak spot.

represents a trace spot.
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in their acid hydrolyzates of Hemicellulose B but termed the polymer

a galactoglucomannan after the definition of Casebier and Hamilton

(24).

K. Characterization of Hemicellulose C; Isolation of a Mannan

Qualitative Carbohydrate Analysis by Paper Chromatography

Hemicellulose C was hydrolyzed, neutralized, and analyzed by

paper chromatography by the methods described for the holocellulose

fraction (section III-G-4, page 42). The chromatogram (Figure 14,

page 139) showed that the Hemicellulose C fraction was composed of

a large amount of mannose residues, small amounts of glucose and

galactose residues, and trace amounts of arabinose and xylose resi-

dues.

The results indicate that all of the xylan hemicelluloses had

been extracted by the 10.0% potassium hydroxide and the 1.0% sodium

hydroxide treatments. This is in agreement with the results reported

by Beelik, Conca, Hamilton and Partlow (11) for hemicelluloses

from softwoods.

Quantitative Carbohydrate Analysis
by Gas-Liquid Chromatography

The gas-liquid chromatographic spectrum of the alditol acetates

prepared from the acid hydrolyzate of Hemicellulose C is shown in



Galactose

Glucose

Mannose

Arabinose

Xylose

Standard Hemicellulose C
mixture hydrolyzate-s-

Figure 14. Paper chromatogram of the acid hydrolyzate of Hernicellulose C; a mannan.
Solvent: ethyl acetate-pyridine -water (8: 2: 1, v/ v/ v).
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139



140

Figure 15 (page 141). It is clear that the major peak present is

from mannitol hexaacetate. The areas under the peaks of rharnnitol

pentaacetate, arabinitol pentaacetate, and xylitol pentaacetate were

too small to be measured. The areas under the remaining peaks as

measured by a planirneter were (average of triplicate samples); man-

nitol hexaacetate, 94; galactitol hexaacetate, 8; glucitol hexaacetate,

5; myo-inositol hexaacetate, 235. The percentages of anhydrornono-

saccharide residues were calculated similarly to those for the holo-

cellulose fraction (section IV-G-7-d, page 57) from the formula:

CxIxFx 100% anhydrom.onosaccharide residue - RxSxHxK

The results were: anhydromannose residue, 85. 7%; anhydrogalactose

residue, 7.0%; anhydroglucose residue, 4. 6%; total recovery 97. 3%.

The ratio of anhydrosugars in Hemicellulose C was therefore:

anhydroglucose, 1. 0; anhydrogalactose, 1. 5; and anhydromannose,

18. 6; or in whole numbers anhydroglucose, 2.0; anhydrogalactose,

3.0; anhydrornannose, 37.0.

Hemicelluloses extracted from gymnosperms with concentrated

aqueous sodium hydroxide (15-18%) are usually glucomannans which

almost always contain some galactose residues (11, 130). For

example Bishop and Cooper (15) isolated a glucomannan from jack

pine which contained D-mannose, D-glucose, and D-galactose in the

mole ratio of 49:17:2. Schwarz and Timell (107) isolated a
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Figure 15. Gas-liquid chromatographic spectrum of the alditol acetates. prepared from the acid hydrolyzate of
Hemicellulose C; a rnannan. Peak "a" is from rhamnose, "b" is from arabinose, 'lc" is from xylose,
"d" is from mannose, "e" is from galactose, "f" is from glucose; "g" is from myo-inositol. Condi-
tions: column, 3% ECNSS-M on 100/120 mesh Gas Chrom 9, 6 ft x 1/8 in 0.D. stainless steel;
injection port 1800; detector 2400; column temp. 1800 isothermal; helium flow 30 ml/min; range
setting 102; attenuation setting 8.
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glucomannan from amabilis fir which had a mole ratio of galactose to

glucose to mannose of 0.1:1:3, and Belik, Conca, Hamilton and

Partlow (11) more recently isolated a glucomannan from western

hemlock with a mole ratio of galactose to glucose to m.annose

0. 11:1. 00:3. 80.

The ratio of glucose residues to mannose residues has usually

been within the range of 1:3. 3±0. 8, a ratio of 1:3.0 has been most

common. Therefore, the polysaccharide isolated from Douglas-fir

inner bark in the present work is very unique and novel in that the

ratio of D-glucose to D-mannose is 1.0 to 18.6. To-date there has

never been a polysaccharide isolated from the wood or bark of trees

which possesses this high a ratio of mann.ose. Because of the high

mannose content the polymer is termed a mannan. The polysaccharide

is one of the few mannans isolated from land plants thus far (Table 8,

page 143). The mannans which have been isolated tend to have traces

of galactose, or glucose, or both, associated with them (6, 147) just

as the present one does. The specific rotation of the mannan was

[a]D23-40° (c 0. 25, N sodium hydroxide). This is close to the rota-

tions of mannans from other plant sources as shown in Table 8 (page

143). The agreement in rotation with known mannans supports the

above conclusion that the fraction from Douglas-fir inner bark is a

mannan.

The fact that almost all of the hemicellu.loses thus far isolated



Table 8. Physical constants of mannans from various plants.

[a]15-20Source ID, c1.0
Plant Common name N sodium hydroxide

Phytelephas Ivory nut
rnacrocarpa mannan A

Ivory nut
mannan B

-46a

-48a

aFrom: Wolfrom, M. L., M. L. Laver, and D. L. Patin. Carbo-
hydrates of the coffee bean. II. Isolation and characterization of
a mannan. Journal of Organic Chemistry 26:4533-4535. 1961,

b 23. 5Rotation of mannan described in present work: ra}D c 0.25, N
sodium hydroxide.

143

Orchis and Salep
Eulophia

Pseudotsuga Douglas-fir bark -40
menziesii bark
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from gymnosperms by extraction with concentrated aqueous sodium

hydroxide (15%-18%) have been found to contain residues of galactose,

glucose, and mannose strongly suggests that the galactose residues

are integral parts of all of these polysaccharides. The common fail-

ure to remove these residues by further fractionation also points in

this direction. Reprecipitation four times (section III-H-3, page 62 )

did not remove the galactose moieties from the present work. If not

attached to the mannan, the residues must accordingly originate from

a galactoglucan, or more likely, a galactomannan. These polysac-

charides should be water-soluble and thus easy to separate from the

alkali-soluble mannan. However, repeated washings and reprecipi-

tations did not remove the galactose and glucose moieties.

3. Methylation of the Mannan

Methylation of a polysaccharide provides information about the

positions of the glycosidic bonds which unite the anhydromonosac-

charide residues in the polymer. The usual procedure is to form

methyl ethers on all of the free hydroxyl groups. These etbers are

resistant to the acid hydrolysis conditions ordinarily applied and so

hydrolysis of the completely methylated polysaccharide frees only

the hydrqxyl groups involved in the glycosidic linkages. Location

of the positions of the freed hydroxyl groups determines the point of

attachment to the glycosidic bond in the original polymer. These
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techniques are discussed in detail in the Historical Review section II,

page 3).

It is important that all of the hydroxyl groups in the original

polysaccharide be methylated. The methylation reaction is usually

analyzed by infrared spectroscopy because the hydroxyl groups absorb

readily and their disappearance as methylation progresses can be

followed.

In the present work with the mannan from Douglas-fir inner

bark, methylation proved difficult (section III-K-3, page 68 ). How-

ever, after extended reaction time the infrared spectrum showed no

absorption for hydroxyl groups in the usual regions of 3800 - 3300

cm-1 (90, 134) as shown in Figure 16 (page 146). Therefore, methyla-

tion was considered complete.

A comparison of the infrared spectra of the mannan and the

methylated mannan (Figure 16, page 146) shows the disappearance of

an absorption band at 1630 cm-1 on methylation. Tipson and Isbell

(134) and Tipson (135) have reported similar observations in the

infrared spectra of carbohydrates taken in potassium bromide pellets,

and have attributed the band to water, either in the compound, the

alkali halide, or both. Ih the present work (Figure 16, page 146) a

trace of water in the spectrum of the mannan would certainly explain

the disappearance of the band on methylation.
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Figure 16. Infrared spectra of Hemicellulose C; a mannan, and methylated Hemicellulose C; a methylated mannan.



4. Hydrolysis of the Methylated Mannan

Formic acid has been shown to be a good medium for the

hydrolysis of mannans (147) and was used in the present work. The

initial formic acid treatment was followed by hydrolysis with dilute

sulfuric acid to hydrolyze any formate esters which might have been

formed (147).

Paper chromatography of the hydrolyzate sirup in two different

solvent systems showed Rf and
RG

values consistent with the presence

of 2, 3, 6-tri-O-methyl-D-mannopyranose (very strong spot), 2, 3, 4, 6-

tetra-0-methyl-D-mannopyranose (trace spot), 2, 3-di-O-methyl-D-

mannopyranose (trace spot) 2, 3, 4-tri-O-methyl-D-galactopyranose

(trace spot), and 2, 3, 4, 6-tetra-O-methyl-D-galactopyranose (trace

spot). The chromatograms for the solvent systems are shown in

Figure 17 (page 148), and Figure 18 (page 149). The glucan hydroly-

zate shown on these figures will be discussed later. The unidentified

spots are possibly incompletely hydrolyzed oligomers which are often

present in hydrolysis of this type (147). The data from the paper

chromatograms are grouped in Table 9 (page 150) and Table 10 (page

151).

5. 2, 3, 6-Tri-O-methyl-D-mannopyranose 1, 4-bis(R-nitrobenzoate)

The crystallization of 2, 3, 6-tri-O-methyl-D-mannopyranose

147
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Figure 17. Paper chromatogram of the hydrolyzates of the methylated glucan portion and
methylated Henri cellulose C.
Solvent: 2-butanone saturated with water; for Pf values.

0 represents a very strong spot.
represents a trace s pot.
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2, 3, 4-tri-O-methyl-
D-galactopyranose

Unidentified

2, 3, 6-tri-O-rnethyl-
D-mannopyranose

2, 3, 4, 6-tetra-0-
inethyl-D-
rnannopyranose

Figure 18. Paper chromatogram of the hydrolyzates of the methylated glucan
portion and methylated Hernicellulose C. Solvent: n-butanol-
ethanol-water (5:1:4, v/v/v) for RG values.

0 represents a very strong spot.

represents a trace spot.



Table 9. Rf values of methylated sugars from the hydrolyzate of
the methylated mannan.

Rf valuea of
spot from
mannanb

0. 89 Unidentified

0. 66 2, 3, 4, 6-tetra-0-methyl- 0.68
D-galactopyranose

0. 51 2, 3, 6-tri-O-methyl- 0. 50
D-mannopyranose

0.24 2, 3 -di-O-methyl- 0.22
D-mannopyranose

Compound

aR value is the distance the spot moved divided by the distance the
solvent front moved, both measured from the point of application of
the material.

bSolvent system: 2-butanone saturated with water.

cFrom: Boggs, L., L. S. Cuendet, I. Ehrenthal, R. Koch, and
F. Smith. Separation and identification of sugars using paper chro-
matography. Nature 166:520-521. 1950.

150

Rf value of
known

compound b' c



Table 10. RG values of methylated sugars from the hydrolzyate of
the methylated mannan.

RG valuea of spot
from mannanb

0.96

0.82

0.64

0.52

0.38

0.28

0.21

Compound

2,3,4,6-tetra-0-
methyl-D-manno-
pyranose

2,3,6-tri-O-methyl-
D-mannopyranose

2,3,4-tri-O-methyl-
D-galactopyranose

unidentified

unidentified

unidentified

unidentified

RG value
of known b,c

compound

aRG value is the distance the spot moved divided by the distance
moved by 2,3,4-6-tetra-0-methyl-1-glucopyranose.

bSolvent system: n-butanol-ethanol-water (5:1:4 v/v/v).

cFrom: Hirst, E. L. and J. K. N. Jones. The application of
partition chromatography to the separation of the sugars and
their derviatives. Discussions Faraday Society 7:268-274.
1949.
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0.81
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1, 4-bis(2-nitrobenzoate), a derivative of 2, 3, 6-tri-O-methyl-D-

mannopyranose shows that the hydroxyl group on C4 of the manno-

pyranose compound was freed on hydrolysis of the methylated mannan.

The isolation of the crystalline derivative supports the paper chro-

matographic evidence (Tables 9 and 10, pages 150 and 151 respec-

tively) for the presence of 2, 3, 6-tri-0- methyl-D-mannopyranose in

the hydrolyzate of the methylated mannan.

A structure for the mannan from the inner bark of Douglas-fir

can now be proposed based on the experimental data. The structure

for an average repeating unit is shown in Figure 19 (page 153) The

presence of mannose, glucose, and galactose residues was demon-

strated by paper and gas-liquid chromatography. The preparation of

crystalline derivatives proved them to be of the D-configuration. Gas-

liquid chromatography showed the ratio of these sugars to be: an-

hydroglucose-anhydrogalactose-anhydromannose 2:3:37. A p-glyco-

sidic linkage was deduced for the main chain from the negative optical

rotation ( -40° ). Complete methylation followed by hydrolysis pro-

duced the following partially methylated monosaccharides:

2, 3, 4, 6-tetra-0-methyl-D-mannopyranose

2, 3, 4, 6-tetra-0-methyl-D-galactopyranose

2,3, 6-tri-0-methyl-D-mannopyranose

2,3, 4-tri-O-methyl-D-galactopyranose

2, 3-di-0-methyl-D-mannopyranose



15 CH20H
OH CH20H CH20H

CH OH

CH20H CH20H15

-figure 19. Proposed structure for the mannan isolated from the holocellulose fraction of Douglas-fir inner bark.
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The 2, 3, 4, 6-tetra-0-methyl-D-mannopyranose and the 2, 3, 4, 6-

tetra-0-methyl-D-galactopyranose represent non-reducing terminal

units. The mannopyranot e moiety certainly terminates the main chain

and the 2,3, 4, 6-tetra-0-methyl-D-galactopyranose units are branches

(130). The 2,3, 6-tri-O-methyl-D-mannopyranose material was shown_

to be the major component both by paper chromatography and by pref-

erential crystallization of a derivative. Therefore, the main chain

is composed of mannopyranose units linked by p-D-(1-3-4) glycosidic

bonds. There were no methylated glucose derivatives identified.

However, it is known that the Rf and RG values for 2, 3, 6-tri-0-

methyl-D-mannopyranose and 2,3, 6-tri-O-methyl-D-glucopyranose-
are too close together to allow separation of the two compounds (16,

52). Therefore, 2, 3, 6-tri-O-methyl-D-glucopyranose spots were

undoubtedly hidden within the large 2,3, 6-tri-O-methyl-D-manno-

pyranose spots. Thus, the proposed structure (Figure 19, page 1,53)

shows two anhydroglucose units attached p-D-(1-4-4) for every 37

anhydrornannose units. Based on literature reports for materials

similarly isolated (47, 126, 130) these are best accommodated in

the main chain.

The 2, 3, 4-tri-O-methyl-D-galactopyranose materials indicate

(1-4- 6) glycosidic units attached to galactose moieties. These can

best be accommodated as part of side chains (130). Thus the proposed

structure (Figure 19, page 153) shows an occasionally interposed

(1-4-6)-linked D-galactopyranose entity in the molecule.

The 2, 3-di-O-methyl-D-mannopyranose units indicate a degree
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of branching from C6 of the anhydromannopyranose residues in the

main chain. These branches can be best accommodated by the galac-

tose side chains (86, 130, 149).

Although variations in the fine structure of the polysaccharide

are possible, the structure proposed (Figure 19, page 153) is consis-

tent with the data. It is a unique and novel material not previously

isolated from the wood or bark of trees.

L. Characterization of Residue C; Isolation of a Glucan Portion

1. Hydrolysis with 77.0% Sulfuric Acid

A paper chromatogram of the acid hydrolyzate of Residue C

(Chart 2, page 129) showed a strong spot for glucose, medium spots

for mannose and galactose, and trace spots for arabinose and xylose

(Figure 20, page 156). Other workers (11, 125) have noted similar

sugars in the residual material after extraction of hemicelluloses

from holocellulose fractions. It has not been established to date (11,

125) whether these residues are homogeneous mannogalactoglucans

or mixtures of hemicelluloses and cellulose.

The approach used in the present work was to treat the material

with hot formic acid because formic acid has been shown to readily

hydrolyze mannose-rich fractions (6, 35, 62, 147). In one particular

case (148) formic acid was shown to be nearly selective for the
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Figure 20. Paper chromatogram of the acid hydrolyzate of Residue C.
Solvents ethyl acetate-pyridine-water (8:2: 1, v/ v).

0 represents a very strong spot.

1/4..
represents a medium spot.
represents a trace spot.



hydrolysis of the mannose polysaccharides and had little effect on

cotton linters, a pure cellulose.

Four Hour Formic Acid Extraction

Residue C was first treated with refluxing formic acid for 4 hr.

Although this has been shown to be ample time to completely hydrolyze

mannans (147), the residue from the treatment still contained mannose

residues (medium amount) and xylose and arabinose residues (trace

amounts) as shown by paper chromatography (Figure 21, page 158) of

the acid hydrolyzate. This lends support to the concept that Residue

C (Chart 2, page 129) might be composed of mannose units attached

to glucose units.

Four Day Formic Acid Extraction

Longer extraction time in the refluxing formic acid was attempt-

ed. The yield of residue remaining was 36.0% and so degradation was

quite extensive. A paper chromatogram of the acid hydrolyzate of the

residue showed the presence of glucose only (Figure 22, page 159).

The glycosidic linkages joining the other monosaccharide moieties

had been cleaved leaving a glucan portion as a residue.

Quantitative Determination of Reducing
Sugars by Copper Reduction

157

Since the material under investigation contained glucose only,
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Figure 21. Paper chromatogram of the acid hydrolyzate of the residue remaining
after 4 hr of formic acid extraction of Residue C.
Solvent: ethyl acetate-pyridine-water (8:2:1, v/v/v).

represents a very strong spot.
0 represents a weak spot.
- represents a trace spot.
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Figure 22. Paper chrornatogr am of the acid hydrolyzate of the residue remaining
after 4 days of formic acid extraction of Residue C.
Solvent: ethyl acetate-pyridine-water (8:2:1, v/v/v).

0 represents a very strong spot.
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the Somogyi copper reduction method with glucose as the standard

sugar would give a reliable quantitative analysis of the amount of

glucan in the sample. The amount of reflux time required for total

hydrolysis was also determined by removing aliquots as the reaction

progressed and determining the reducing power. The results are

shown in Figure 23 (page 161).

The hydrolysis was complete after 4 hr of reflux and the overall

yield in glucose equivalents was 103.3%. Values of greater than 100%

recovery occur in this type of procedure due to the accumulative

sources of error in moisture content determinations, dilution meas-

urements and the error of the Somogyi method (53). The high yield

shows that the residue remaining after extracting Residue C (Chart 2,

page 129) for 4 days with formic acid was a glucan portion.

5. Quantitative Carbohydrate Analysis
by Gas-Liquid Chromatography

The gas-liquid chromatographic spectrum of the alditol acetate

prepared from the acid hydrolyzate of the glucan portion is shown in

Figure 24 (page 162). The spectrum shows trace peaks for rhamnitol

pentaacetate, arabinitol pentaacetate, and xylitol pentaacetate. The

areas of these peaks were too small to be measured. Primarily the

spectrum shows peaks for glucitol hexaacetate and the added myo-

inositol hexaacetate. The areas under these peaks, as measured by
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Figure 24. Gas-liquid chromatographic spectrum of the alditol acetates prepared from the acid hydrolyzate of the residue
remaining after 4 days of formic acid extraction of Residue C. Peak "a" is from rhamnose, "b" is from
arabinose, "c" is from xylose, "d" is from glucose, "e" is from myo-inositol. Conditions: Column, 3%
ECNSS-M on 100/120 mesh Gas Chrom Q, 6 ft x 1/8 in 0. D. stainless steel; injection port 1800; detector
240°; column temp. 1800 isothermal; helium flow 30 ml/min; range setting 102, attenuation setting 8.
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a planimeter were (average of three readings): glucitol hexaacetate,

41; myo-inositol hexaacetate, 165. The percentage of anhydroglucose

residues was calculated similarly to those for the holocellulose frac-

tion (section IV-G-7-d, page 124) from the formula:

CxIxFx 100% anhydroglucose residue - RxSxHxK

The results showed the percent of anhydroglucose residues to be

94.4%.

6. Acetolysis of the Glucan Portion

A definitive method of establishing linkages in a polysaccharide

is by fragmentation analysis. If known dimers can be identified, then

the linkage joining the two anhydromonosaccharide units is established.

In the present investigation of the glucan portion, cellobiose octa-

acetate was isolated in crystalline form. Thus the presence of I3-D-

(1-4-4) glycosidic bonds in the glucan portion was established. This

represents the first time that 13-D-(1 -4.4) glucosidic bonds have been

proven in Douglas-fir bark. It is interesting to note, however, that

the time of acetolysis had to be shortened from two weeks, which is

the usual reaction time for cellulose (148), to one week. No cello-

biose octaacetate was obtained if the acetolysis of the glucan from

Douglas-fir bark was allowed to react for two weeks. This would

indicate that the chain length was short, because if the acetolysis



proceeds too far on a glucan then glucose pentaacetate is produced

rather than the dimer. Thus the acetolysis showed the presence of

13-D-(1-.4) glucosidic bonds, but indications were of a short chain.

7. Molecular Weight Determination of the Glucan
by Viscosity Measurements

The calculations of the viscosity data were made as follows:

11 = K pt

= 1//10

11sp (1-1o)/10 = 'r 1

lisp/C reduced viscosity
lim
c-0 /c)sp

where

= viscosity in centipoise (cp)

= viscosity in pure solvent'no

= relative viscosity

[111 = intrinsic viscosity in deciliters/gram (dl/g)

= viscometer constant

= density at 25.00 ±0.01

= time in seconds for solution to flow through the

viscometer

= concentration in g/dl

The data for the viscosity measurements are shown in Table 11
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aAverage of triplicate determinations.

b1 calculated from the expression n lipt where K = 0. 0150, a viscometer constant determined from
the known viscosity and density of water at 25 °± 0. 10.

Table 11. Viscosity measurements in M diethylenediamine copper II.

Conc.
(g/dl)

Density
(g/m1)

aTime
(secs)

ii
( cp)

"rlx, sp lsp/C
(dug)

0.400 1.09600 123.8 2.0353 1. 2032 0.2032 O. 5080

0.308 1. 09 549 118.1 1. 9 407 1. 1473 O. 1473 O. 4782

0.250 1. 09 517 115.5 1. 89 74 1. 1217 0. 1217 O. 4868

0.211 1.09495 113.6 1.8558 1. 1030 O. 1030 O. 4882

0.182 1.09480 111.8 1.8360 1. 5854 O. 0854 0.4692

0.160 1.09467 110.4 1.8128 1.0716 0.0716 O. 4475

0 1. 09379 103.1 1. 69 16
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(page 165).

The plot of the reduced viscosities against the concentrations

is shown in Figure 25 (page 167). The best straight line through the

points was determined by linear regression analysis. The value for

the intrinsic viscosity was obtained by extrapolating the plots to zero

concentration. This was determined to be 0. 43 dl/g.

McPherson and Ohm n (19, p. 708, 83) calculated the degree of

polymerization (DP) of glucans from their intrinsic viscosities in

diethylenediarnine copper II solution by using the equation

Pri] = 0.0098 DP°' 9

where the constants are those given by Marx (81) for cellulose. Using

the above relationship and a value of 0.43 dl/g for the intrinsic vis-

cosity, a DP of 67 is obtained for the glucan portion. This value

shows quite a short chain length. This, however, is consistent with

the difficulties encountered in isolating crystalline cellobiose octa-

acetate from acetolysis of the glucan portion (section IV-L-6, page

1&3) because the chain length appeared so short that the acetolysis

was going all the way to glucose pentaacetate rather than some

stopping at cellobiose octaacetate.

8. Methylation of the Glucan Portion

The glu.can portion was methylated to substitute all of the

hydroxyl groups prior to hydrolysis. The infrared spectra of the
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Figure 25. Relationship between the reduced viscosity
and concentration in M diethylenediamine
copper II solution of the glucan portion from
Douglas-fir inner bark, at 25.0° ± 0, 01%.

aValues are averages of three replications.

167



168

unmethylated and methylated glucan are shown in Figure 26 (page 169).

The spectra show the disappearance of the hydroxyl absorption in the
-

3800-3300 cm1 range (90, 134) indicating that all of the hydroxyl

groups had been methylated.

The spectrum Qf the glucan portion (Figure 26, page 169)
-1showed a strong absorption at 1735 cm which was attributed to

an ester linkage (90). This ester was undoubtedly a formate ester

resulting from the extensive treatment of the material with formic

acid. This concept was supported by the presence of a small band

at 1180 cm-1 which Nakanishi (90) claims to be quite specific for a

formate ester. Both of these bands disappeared.o' n methylation

(Figure 26, page 169) as would be expected.

The spectrum of the glucan portion also showed a slight absorp-

tion at 1630 cm-1 which was attributed to water in the compound, the

alkali halide, or both (134, 135). This band also disappeared on

methylation (Figure 26, page 169).

9. Hydrolysis of the Methylated Glucan Portion

The methylated glucan portion was hydrolyzed with sulfuric

acid in the same way that the glucan portion had been hydrolyzed (sec-

tion III-L-4, page 74). Paper chromatography in two different solv-

ent systems showed Rf and RG values consistent with the presence of

2, 3, 4, 6-tetra-0-methyl-D-glucopyranose (trace spot), and
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2,3, 6-tri-O-methyl-D-glucopyranose (very strong spot). The chro-

matograms for the solvent systems are shown in Figure 17 (page 148),

and Figure 18 (page 149). The spot for 2, 3, 6-tri-O-methyl-D-

glucopyranose was very pronounced. The data from the paper chro-

matograms are grouped in Table 12 (page 171) and Table 13 (page 172).

The isolation of crystalline cellobiose octaacetate from ace-

tolysis of the glucan portion (section IV-L-6, page 75 ) proved the

presence of p-D-(1-.-4) linkages and hence established the presence

of 2, 3, 6-tri-O-methyl-D-glucopyranose in the hydrolyzate from the

methylated glucan. Thus the identification of 2, 3, 4, 6-tetra-0-methyl-

D-glucopyranose by comparing relative spot movements on paper

chromatograms was placed on firm ground. This material came

from the non-reducing end group of the glucan portion.

The identification and location of 2, 3, 4, 6-tetra-0-methyl-D-

glucopyranose was important to the identification of 2, 3, 6-tri-O-

methyl-D-mannopyranose through its RG value (Table 10, page 151)

(Figure 18, page 149). Thus the evidence for (1-4-4) linkages in the

mannan (section 1V-K-5, page 147) was supported by the chromato-

graphic results from the glucan portion (section IV-L-9, page 168).

The above data on the glucan portion is consistent with the

presence of a linear polysaccharide of 67 repeating anhydrogluco-

pyranose units attached by 3-D-(1- 4) glucosidic bonds. The data also

indicate that these short glucan portions may not be part of a true



Table 12. Rf values of methylated sugars from the hydrolzyate of
the methylated glucan portion.

Rf valuea of
spot from

glucan portionb

Compound R value
of known

co-mpoundb,e

0. 82 2, 3, 4, 6-tetra-0-methyl- 0. 82
D-glucopyranose

0. 56 2, 3, 6-tri-O-methyl-D- 0. 56
glucopyranose

0. 21 unidentified

0. 06 unidentified

aRf value is the distance the spot moved divided by the distance the
solvent front moved, both measured from the point of application
of the material.

bSolvent system, 2-butanone saturated with water.

cFrom: Boggs, L., L. S. Cuendet, I. Ehrenthal, R. Koch, and
F. Smith. Separation and identification of sugars using paper
chromatography. Nature 166:520-521. 1950.
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Table 13. RG values of methylated sugars from the hydrolyzate of
the methylated glucan portion.

RG valuea of
spot from

glucan portion

Compound

1. 0 2, 3, 4, 6-tetra-0-methyl
D-glucopyranose

0. 83 2, 3, 6-tri-O-methyl-D-
glucopyranose

0. 67 unidentified

0. 41 unidentified

0. 28 unidentified

aRG value is the distance the spot moved divided by the distance
moved by 2, 3, 4, 6-tetra-0-methyl-D-glucopyranose.

Solvent system: n-butanol- ethanol-water (5:1:4 v/v/ ).

From; Hirst, E. L. and T. K. N. Jones. The application of
partition chromatography to the separation of the sugars and
their derivatives. Discussions Faraday Society 7:268-274.
1949.

RG value
of known
compoundb,c

1. 0

0.83

172
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long chain cellulose structure. Of particular note is the extensive

reflux time (4 days) required for formic acid to hydrolyze away these

sugars. Mannose rich hemicelluloses are known to hydrolyze in 3

to 4 hr with refluxing formic acid (6, 35, 62, 147) but the mannose

moieties were not hydrolyzed from Residue C until after some 4 days

of refluxing.

An additional indication that this material might not be a true

cellulose is that Wolfrom and Patin (148) showed that refluxing formic

acid caused only 20% weight loss in cotton linters under similar con-

ditions showing that the cellulose molecule is quite resistant to

formic acid. The loss of 64.0% weight of Residue C is indicative

of linkages in the polymer that are not (3-D-(1-4.4) glucosidic bonds.

Time11 (124, 125) was not able to definitely show whether or

not the glucan-rich polysaccharide residues from four gymnosperm

barks were cellulose. Each of the fractions contained mannose and

xylose residues. They possessed low number average degrees of

polymerization (between 216 and 702) and Time11 suggested the pos-

sibility of branching. The glucan-rich residue from the inner bark

of white birch also showed indications of branching (59).

The data in the present work indicate that the residual alkali-

insoluble polysaccharide in Douglas-fir inner bark (Residue C, Chart

2, page 129) possesses repeating 13-D-(1--*4) glucan portions with

minimum chain lengths of 67 repeating anhydroglucose units. These
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repeating blocks may be held together by linkages through mono-

saccharides other than glucose, most notably rnannose. A proposed

structure is shown in Figure 27 (page 175). The 67 anhydroglucose

units reflect that this is the established minimum number in the

isolated polymer. The number in the native polysaccharide may be

more. The anhydrornannose units depict the indications of possible

linkages and residues other than p-D-( anhydroglucose moieties.

The proposed structure is used to illustrate that the alkali-insoluble

residue possesses chemical properties somewhat unlike those of the

ordinary long-chain cellulosic material.



CH OH CH2 OH OH CH20H

Figure G7. Proposed structure for the glucan portion.



V. SUMMARY AND CONCLUSIONS

A sample of Douglas-fir inner bark was successively extracted

with ethanol-water (4:1 v/v) (15.4% solubilized), benzene-

ethanol (2:1 v/v) (4.4% solubilized), hot water (11.1% solubil-

ized), and 0.5% ammonium oxalate (2.8% solubilized) (Table 14,

page 177).

The ethanol-water extract contained only a trace of free glucose

and the benzene-ethanol extract contained no carbohydrates.

Therefore, the monosaccharide residues in the inner bark

were concluded to exist primarily as part of polysaccharides

and not in the simple sugar forms.

The residue from the ammonium oxalate extraction amounted

to 66. 3% of the inner bark and it would appear, therefore, that

about two-thirds of Douglas-fir inner bark consisted of ligno-

cellulosic-like materials.

The residue from the ammonium oxalate treatment was reacted

with acidified-sodium chlorite-reagent to remove the lignin.

An amount of 22.0% of the solids were solubilized in the treat-

ment.

The holocellulose residue which remained from the first acidi-

fied sodium chlorite treatment amounted to 44.3% of the inner

bark. It was yellowish in color indicating incomplete reaction.

176
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Table 14. A compilation of the data on the fractionation of Douglas-
fir inner bark.

Fraction Percentage
of inner

bark

Ethanol-water (4:1 v/v) solubles 15.4

Benzene-ethanol (2:1 v/v) solubles 4. 4

Hot water solubles 11. 1

Ammonium oxalate solubles 2.8

First acidified sodium chlorite solubles 22.0

Second acidified sodium chlorite solubles 13. 7

Holocellulose residue 30.6
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The yellowish holocellulose was again reacted with acidified

sodium chlorite and a white holocellulose fraction was recov-

ered (30.6% of the original inner bark) (Table 14, page 177).

The holocellulose showed negative elemental tests for nitrogen,

sulfur, phosphorus, and halogens.

The holocellulose contained 3. 1% acid-insoluble lignin (Klason

determination) and 4. 1% acid-soluble lignin. These figures

were used in calculating the total solids content of the holocellu-

lose.

The acid hydrolyzate of the holocellulose contained the following

monosaccharides : glucose, mannose, xylose, galactose,

arabinose, and a hexuronic acid.

Crystalline tetra-O-acetyl-L-arabinose diethyl dithioacetal,

crystalline penta-0-acetyl-D-galaetose diethyl dithioacetal,

crystalline penta-0-acety1-13-D-glucopyranose, crystalline

di-O-benzylidene-D-xylose dimethyl acetal, and crystalline

D-mannose phenylhydrazone were synthesized from acid

hydrolyzates of the holocellulose. These crystalline materials

proved the presence of L-arabinose, D-galactose, D-glucose,

D-xylose, and D-mannose residues in the holocellulose poly-
=

saccharides.

An hydrolysis curve of the holocellulose in refluxing 3.9%

sulfuric acid showed that complete hydrolysis was achieved
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only after 12 hours of reflux. The time was much longer than

that ordinarily required for the hydrolysis of cellulose (5-6 hr)

and was attributed to the presence of mannose containing poly-

saccharides in the holocellulose.

Gas-liquid chromatography of the alditol acetates prepared from

the acid hydrolyzate of the holocellulose fraction showed the

following percentages of anhydrosugar residues: anhydroarabi-

nose residues, 2. 6; anhydroxylose residues, 6.3; anhydro-

mannose residues, 9. 5; anhydrogalactose residues, 2.3; an-

hydroglucose residues, 61. 1. The total yield of anhydromono-

saccharides was 81.8%.

The value of 81.8% carbohydrates plus the value of 7.2% lignin

accounted for 89.0% of the solids in the holocellulose fraction.

The holocellulose was fractionated into its component polysac-

charides by impregnation with barium hydroxide followed by

selective extraction with alkaline solutions of increasing

strengths (Table 15, page 180)

Hemicellulose A (extracted with 10.0% potassium hydroxide)

contained the following ratio of sugar residues: xylose, 4.5;

ara.binose, 1.0; glucuronic acid, 1.0. The material was there-

fore designated to be a xylan.

Hemicellulose B(extra.cted with 1.0% sodium hydroxide solution)

contained the following sugar residues: glucose (strong),



Table 15. A compilation of the data on the fractionation of holo-
cellulose from Douglas-fir inner bark. a

aReference is made to Chart 1 (page 83) and Chart 2 (page 129).

bCalculated by difference.

180

Fraction Percentage
based on

holocellulose

Percentage
based on

inner bark

Hemicellulose A 7.0 2.1

Solubles from Hernicellulose A
isolation 7. 7b 2. 4b

Hemicellulose B 1.7 0.5

Solubles from Hemicellulose B
isolation 5. 4b 1. 7b

Hernicellulose C 2.9 0.9

Solubles from Hemicellulose C
isolation 12. 7b 3.8b

Residue C 62.6 19.2
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mannose (strong), galactose (medium), xylose (medium), and

arabinose (trace). The material was designated to be a galacto-

glucomannan. The presence of xylose and arabinose were con-

sidered to be due to incomplete extraction of the xylan (Hemi-

cellulose A) with potassium hydroxide.

Hemicellulose C (extracted with 15.0% sodium hydroxide solu-

tion) contained the following ratio of sugar residues: ma,nnose,

85. 7%; galactose, 7. 0%; glucose, 4. 6%. The material is con-

sidered to be a mannan. Hemicellu.lose C represents the first

time that a polysaccharide as rich in mannose has been isolated

from wood or bark. It is a unique and novel material.

The mannan was completely methylated and the methylated man-

nan was hydrolyzed. The major component in the hydrolyzate

as identified by paper chromatography was 2, 3, 6-tri-O-methyl-

D-rnannopyranose.

Crystalline 2, 3, 6-tri-O-methyl-D-mannopyranose 1, 4-bis (R-

nitrobenzoate) was prepared from the hydrolyzate of the methyl-

ated mannan. These facts in combination with the negative

specific rotation of the mannan (-40°) established that the pri-

mary linkages in Hemicellulose C were 13-D-(1-4-4)-manno-

pyranose in nature.

Paper chromatography of the methylated mannan hydrolyzate
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also showed the presence of 2,3, 4, 6-tetra-0-methyl-D-

mannopyranose, 2, 3, 4, 6-tetra-0-methyl-1-galactopyranose,

2, 3, 6-tr i-O-methyl-D-mannopyranos e, 2, 3, 4-tri-O-methyl-

D-galactopyraiose, and 2, 3-di-O-methyl-D-mannopyranose.

The data are consistent with a polysaccharide mannan repeating

unit composed of a backbone of 37 anhydro-D-mannopyranose

units attached p-D-( 1-- 4) with two anhydroglucose units inter-.
posed for every 37 of these anhydro-D-mannopyranose units.

There are side chains of anhydro-D-galactopyranose units with

an occasionally interposed (1->6)-linked D-galactopyranose entity

in the side chains.

Residue C remaining after extraction of the xylan, the galacto-

glucomannan, and the mannan contained the following sugar

residues: glucose (strong), mannose (medium), galactose

(medium), arabinose (trace), and xylose (trace).

Residue C was exhaustively extracted with refluxing formic acid.

The material insoluble in the formic acid media contained

glucose residues only (94.4% recovery). Therefore, it was

designated to be a glucan portion.

Crystalline cellobiose octaacetate was isolated by acetolysis of

the glucan portion.

The degree of polymerization (DP) of the glucan portion was

shown to be 67 by viscosity measurements in M
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diethylenediamine copper II solution.

The glucan portion was completely methylated and hydrolyzed.

Paper chromatography of the hydrolyzate showed that the pri-

mary substance present was 2, 3, 6-tri-O-methyl-D-gluco-

pyranose. These data in combination with the crystalline cell -

biose octaacetate results showed that the primary linkages in

the glucan portion were p-D-( 1-0-4) glucopyranose in nature.

The data indicate that the residual alkali insoluble polysacchar-

ide in Douglas-fir inner bark (Residue C) possesses repeating

13-D-(1-1-4) glucan portions with minimum chain lengths of 67

repeating anhydroglucose units. These repeating portions may

be held together by linkages through monosaccharides other than

glucose, most notably mannose.



BIBLIOGRAPHY

Abdel-Akher, M., J. K. Hamilton, and F. Smith. The reduc-
tion of sugars with sodium borohydride. Journal of the Ameri-
can Chemical Society 73:4691-4692. 1951.

Albersheim, Peter, Donald J. Nevins, Patricia D. English,
and Arthur Karr. A method for the analysis of sugars in plant
cell-wall polysaccharides by gas-liquid chromatography.
Carbohydrate Research 5:340-345. 1967.

Anderson, E. The mucilage from slippery elm bark. The
Journal of Biological Chemistry 104:163-170. 1934.

Anderson, E. and W. W. Pigman. A study of the inner bark
and cambial zone of black spruce (Picea mariana B.S.P. ).
Nature 601-602. 1947,

Anderson, E., L. E. Wise, and E. K. Ratliff. Note on the
chemistry of the cambial zone of black spruce. Tappi 37:422-
424. 1954.

Aspinall, G. 0., E. L. Hirst, E. G. V. Percival, and I. R.
Williamson. The mannans of ivory nut (Phytelephas macro-
carpa). Part I. The methylation of mannan A and mannan B.
Journal of the Chemical Society:3184-3188. 1953.

Aspinall, G. 0. and G. Kessler. The structure of callose
from the grape vine. Chemistry and Industry. 1296. 1957.

Aspinall, G. 0. Structural Chemistry of the hemicelluloses.
In: Advances in carbohydrate chemistry. Vol. 14, ed. by
M. L. Wolfrom. New York, N. Y. Academic Press, Inc.,
1959. p. 429-433.

Bates, F. J. and Associates. Polarimetry, saccharimetry
and the sugars. United States Government Printing Office,
Superintendent of Documents, Washington, D. C., U. S.
National Bureau of Standards, Circular C440, 1942. p. 448.

Becker, E. S. and E. F. Kurth. The chemical nature of the
extractives from the bark of red fir. Tappi 41:380-384. 1958.

184



Beerlik, Andrew, Romeo J. Conca, J. Kelvin Hamilton, and
E. Vernon Partlow. Selective extraction of hemicelluloses
from softwoods. Tappi 50:78-81, 1967.

Bethge, 0. P., C. HolmstrOm and S. Juhlin. Quantitative gas
chromatography of mixtures of simple sugars. Svensk Papper-
stidning 69:60-63. 1966.

Beveridge, K. J., J. F. Stodclart, W. A. Szarek, and J. K.N.
Jones. Some structural features of the mucilage from the bark
of Ulmus fulva (slippery elm mucilage). Carbohydrate Research
9:429-439. 1969.

14, Bhattacharjee, S. S. and T. E. Time11. A study of the pectin
present in the bark of amabilis fir (Abies amabilis). Canadian
Journal of Chemistry 43:758-765, 1965,

Bishop, C. T. and F. P. Cooper. Constitution of a gluco-
mannan from jack pine (Pinus banksiana, Lamb). Canadian
Journal of Chemistry 38:793-803. 1960.

Boggs, L. L., S. Cuendet, I. Ehrenthal, R. Koch, and F.
Smith. Separation and identification of sugars using paper
chromatography. Nature 166:520-521. 1950.

Borchardt, L. G. and C. V. Piper. A gas chromatographic
method for carbohydrates as alditol-acetates. Tappi 53:257-
260. 1970.

Brower, H. E., J. E. Jeffery, and M. W. Folsom. Gas
chromatographic sugar analysis in hydrolyzates of wood con-
stituents. Analytical Chemistry 38:362-364. 1966.

Browning, B. L. Methods of wood chemistry. Vol. II, New
York, N. Y., Interscience Publishers, 1967. 882 p.

Browning, B. L. and L. 0. Bublitz. The isolation of holo-
cellulose from wood. Tappi 36:452-458. 1953.

Bublitz, W. J. A study of the carbohydrate fraction of spruce
chlorite liquor. Doctoral thesis. Appleton, Wisconsin. The
Institute of Paper Chemistry, 1949. 87 numb. leaves.

Bublitz, W. J. An investigation of the carbohydrate fraction
of spruce. Tappi 34:427-432. 1951.

185



Buston, H. W. and H. S. Hopf. IX. Note on certain carbo-
hydrate constituents of the bark of ash (Fraxinus excelsior).
The Biochemical Journal 32:44-46. 1938.

Casebier, Ronald L. and J. Kelvin Hamilton. Alkaline degrada-
tion of glucomannans and galactoglucomannans. Tappi 48:664-
669. 1965.

Chang, H. -M. and G. G. Allan, Oxidation. In: Lignins,
occurrence, formation, structure and reactions, ed. by K. V.
Sarkanen and C. H. Ludwig. New York, N. Y., Wiley-Inter-
science, 1971. p. 433-485.

Chang, Y.-P. Anatomy of common North American pulpwood
barks, Tappi Monograph Series No. 14, 1954. 249 p.

Chang, Ying-Pe and R. L. Mitchell. Chemical composition of
common Nortn American pulpwood barks. Tappi 38:315-320.
1955.

Chang, Y.-P. Bark structure of North American conifers. U. S.
Dept. of Agriculture, Technology Bulletin 1095. 1954. 86 p.

Cleland, J. E, and W. R. Fetzer. Determination of total solids
in glucose syrup. Industrial and Engineering Chemistry. Ana-
lytical Edition 13:858-860. 1941.

Cram, K. H., J. A. Eastwood, F. W. King, and H. Schwartz.
Chemical composition of western red cedar bark. Dominion
Forest Service Circular No, 62, 1947. 12 p. Abstracted in
Chemical Abstracts 41:4643f. 1947.

Crowell, E. P. and B. B. Burnett. Determination of the
carbohydrate composition of wood pulps by gas chromatog-
raphy of the alditol acetates. Analytical Chemistry 39:121-
124. 1967,

Dence, C. W. Halogenation and nitration. In: Lignins occur-
rence, formation, structure and reactions, ed. by K. V.
Sarkanen and C. H. Ludwig, New York, N. Y., Wiley-Inter-
science, 1971. p. 373-432.

Dence, C. W., M. K. Gupta, and K. V. Sarkanen. Studies on
oxidative delignification mechanisms, Part II. Reactions of
vanillyl alcohol with chlorine dioxide and sodium chlorite.
Tappi 45:29-38. 1962.

186



Dence, C. and K. V. Sarkanen. A proposed mechanism for
the acidic chlorination of softwood lignin. Tappi 43:87-96.
1960.

Dutton, G. G. S. and K. Hunt. The constitution of the hemi-
cellulose of sitka spruce (Picea sitchensis). II. Structure of
the mannan portion. Journal of the American Chemical Society
80:5697-5701. 1958.

Falconer, E. L. and G. A. Adams. The aldobiouronic acids
of hemicellulose B of oat hulls. Canadian Journal of Chemistry
34:338-344. 1956.

Fales, H. A. and F. Kenny. Inorganic quantitative analysis.
New York, N. Y. , Appleton-Century-Crofts, Inc. 1939. 71 7 p.

Fisher, R. B. Quantitative chemical analysis, 2nd ed. Phila-
delphia, Pa., W. B. Saunders Company, 1964. 501 p.

Fu, Y. -L., P. J. Gutmann, and T. E. Timell. Polysacchar-
ides in the secondary phloem of Scots pine (Pinus sylvestris L. ).
Isolation and characterization of callose. Cellulose Chemistry
and Technology. In Press, 1972.

Gill, R. E., E. L. Hirst, and J. K. N. Jones. Constitution
of the mucilage from the bark of Ulmus fulva (Slippery elm
mucilage). Part I. The aldobionic acid obtained by hydrolysis
of the mucilage. Journal of the Chemical Society, 1469-1471.
1939.

Gill, R. E., E. L. Hirst, and J. K. N. Jones. Constitution
of the mucilage from the bark of Ulmus fulva (Slippery elm
mucilage). Part II. The sugars formed in the hydrolysis of
the methylated mucilage. 1025-1029. 1946.

Goldschmid, Otto. Ultraviolet spectra. In: Lignins, occur-
rence, formation, structure and reactions, ed. by K. V.
Sarkanen and C. H. Ludwig. New York, N. Y., Wiley-Inter-
science. 1971. p. 241-266.

Graham, H. M. and E. F. Kurth. Constituents of extractives
from Douglas-fir. Industrial Engineering Chemistry 41:409-
414. 1949.

187



188

Grillos, J. Structure and development of the bark of Douglas-
fir, Pseudotsuga menziesii (Mirb. ) Franco. Doctoral Thesis.
Corvallis, Oregon State University, 1956. 67 numb. leaves.

Grillos, J. and H. Smith. The secondary phloem of Douglas-
fir. Forest Science 5:377-388. 1959.

Gunner, S. W., J. K. N. Jones, and M. B. Perry. The gas-
liquid partition chromatography of carbohydrate derivatives
Part I. The separation of glycitol and glycose acetates.
Canadian Journal of Chemistry 39:1892-1899. 1961.

Hamilton, J. Kelvin and Henry W. Kircher. The constitution
of a glucomannan associated with wood cellulose from western
hemlock. Journal of the American Chemical Society 80:4703-
4709. 1958.

Hamilton, J. Kelvin and George R. Quimby. The extractive
power of lithium, sodium, and potassium hydroxide solutions
for the hemicelluloses associated with wood cellulose and
holocellulose from western hemlock. Tappi 40:781-786.
1957.

Hamilton, J. K. and N. S. Thompson. A comparison of the
carbohydrates of hardwoods and softwoods. Pulp and Paper
Magazine of Canada 59:233-241. 1958.

Hamilton, J. K. and N. S. Thompson. A comparison of the
carbohydrates of hardwoods and softwoods. Tappi 42:752-
760. 1959.

Hay, K. D. and H. F. Lewis. The chemical composition of
balsam bark. Paper Trade Journal 111 (No. 25, Dec. 19):39.
1940.

52, Hirst, E. L. and J. K. N. Jones. The application of partition
chromatography to the separation of the sugars and their deriva-
tives. Discussions Faraday Society 7:268-274, 1949.

53. Hodge, J. E. and B. T. Hofreiter. Determination of reducing
sugars and carbohydrates. In: Methods in carbohydrate chem-
istry, Vol. I, ed. by R. L. Whistler and M. L. Wolfrom. New
York, 1N. Y., Academic Press, Inc., 1962. p. 380-394.



189

Holmes, G. W. and E. F. Kurth. The chemical composition
of the newly formed inner bark of Douglas-fir. Tappi 44:893-
898. 1961.

Hough, L., J. K. N. Jones, and G. L. Hirst. Chemical compo-
sition of slippery elm mucilage: Isolation of 3-methyl D-galac-
tose from the hydrolysis products. Nature 165:34-35. 1950.

Hough, L., J. K. N. Jones, and W. H. Wadman. Quantitative
analysis of mixtures of sugars by the method of partition chro-
matography. Part V. Improved methods for the separation and
detection of the sugars and their methylated derivatives on the
paper chromatogram. Journal of the Chemical. Society. 1 702-
1706. 1950.

Isbell, H. S. and H. L. Frush. a-D-Mannose from ivory-nut
meal. In: Methods in carbohydrate chemistry. Vol. I, ed. by
R. L. Whistler and M. L. Wolfrom, New York, N. Y Aca-
demic Press, Inc. , 1962. p. 145-147.

Jabbar, Mian, A. and T. E. Timell. Isolation and properties
of a 4-0-methylglucuronoxylan from the inner bark of white
birch (Betula papyrifera). Tappi 43:775-781. 1960.

Jabbar Mian, A. and T. E. Timell. Isolation and characteriza-
tion of a cellulose from the inner bark of white birch (Betula
papyrifera). Canadian Journal of Chemistry 38:1191-1198.
1960.

Jayme, G. Preparation of holocellulose and cellulose with
sodium chlorite. Cellulosechemie 20:43-49. 1942.

Jayme, G. and G. Hanke. The sodium chlorite oxidation
products and constitution of native spruce lignin. Cellulose-
chemie 21:127-140. 1943.

Jones, J. K. N. The structure of the mannan present in
Porphyra umbilicalis. Journal of the Chemical Society:3292-
3293. 1950.

Jones, J. K. N. and F. Smith. Plant gums and mucilages.
In: Advances in carbohydrate chemistry. Vol. 4, ed. by
W. W. Pigman and M. L. Wolfrom, New York, N. Y. Aca-
demic Press, Inc., 1949. p. 243-283.



Jones, J. K. N., L. E. Wise, and J. P. Jappe. Action of
chlorite containing metaborates on wood cellulose. Tappi 39:
139-141. 1956.

Karl Fischer Manual. Operating Instruction. Issue Y-3, TS-
68810. Precision Scientific Co., 3737 West Cortland Street,
Chicago, Illinois.

Kiefer, J. and E. F. Kurth. The chemical composition of the
bast fibers of Douglas-fir bark. Tappi 36:14-19. 1953.

Kotasek, Zdenek. Polyuronides in water extracts of spruce
bark. Vterda a qzkum v pramyslu koZ/edeilnem 1:47-61. 1956.
(Abstracted in Chemical Abstracts 51. 12525 g. 1957)

Kremers, R. E. The chemistry of developing wood. In: The
chemistry of wood, ed. by R. L. Browning. New York, N. Y.,
Interscience Publishers, 1963. p. 369.

Kurth, E. F. Separation of wood extractives into simpler
components. Industrial and Engineering Chemistry. Ana-
lytical Edition 11:203-205. 1939.

Kurth, E. F. The chemical composition of bark. Chemical
Reviews 40:33-49. 1947.

Kurth, E. F. Chemicals from Douglas-fir bark. Tappi 36:
119A-122A. 1953.

Kurth, E. F. and G. F. Ritter. Spruce holocellulose and the
composition of its easily hydrolyzable fraction. Journal of
the American Chemical Society 56:2720-2723. 1934.

73, Lai, Yu-Chai Leslie. Douglas-fir bark; carbohydrates solubil-
ized by the acidified sodium chlorite delignification reaction.
Master's thesis. Corvallis, Oregon State University, 1972.
62 numb, leaves.

74. Langlois, David L. -m.yo-Inositol from corn steep water or
calcium phytate. In: Methods in Carbohydrate Chemistry.
Vol. II, ed. by R. L. Whistler and M. L. Wolfrom. New
York, N. Y., Academic Press, Inc., 1963. p. 83-86.

190



Laver, M. L., D. F. Root, F. Shafizadeh, and J. C. Lowe.
An improved method for the analysis of the carbohydrates of
wood pulps through refined conditions of hydrolysis, neutral-
ization, and -rnonosaccharide separation. Tappi 50:618-622.
1967.

Larsen, E. E. and E. V. Lynn. The bark of American larch.
Journal of the Pharmaceutical Association 26:288-290. 1937.
(Abstracted in Chemical Abstracts 31:4451. 1937).

Leopold, Bengt. Chemical composition and physical properties
of wood fibers. Tappi 44:230-240. 1961.

Lindberg, Bengt and Hans Meier. Studies on glucomannans
from Norwegian spruce. Svensk Papperstidning 60:785-790.
1957.

Litvay, John D. Determining moisture content and moisture
sorption in Douglas-fir bark. Master' s thesis in preparation,
Corvallis, Oregon State University, 1973.

Lyness, W. I. and D. L. Opdyke. Paper presented at 133rd
Meeting of the American Chemical Society, San Francisco,
April, 1958.

Marx, M. Viskosimetrische Molekulargewichtsbestirnmung
von cellulose in Kupfer-Aethylendiamin. Macromolecular
Chemistry 16;157-177. 1955.

McNair, H. M. and E. J. Bonelli. Basic gas chromatography.
Varian Aerograph, 2700 Mitchell Drive, Walnut Creek, Cali-
fornia. 306 p.

McPherson, John A. and Olov E. Ohm. Hemicelluloses and
paper properties of birch pulps. Svensk Papperstidning 63:
762-768. 1960.

Meier, Hans. Studies on hernicelluloses from pine (Pinus
silvestris U. Acta Chemica Scandinavica 12:1911-e1918.
1958.

Meier, Hans. Barium hydroxide as a selective precipitation
agent for hemicelluloses. Acta Chemica Scandinavica 12:144-
146. 1958.

191



192

Meier, Hans. Studies on a galactan from tension wood of
beech (Fagus silvatica). Acta Chemica Scandinavica 16:2275-
2283. 1962.

Meier, Hans. Fractionation by precipitation with barium
hydroxide. In: Methods in carbohydrate chemistry, Vol. V,
ed. by R. L. Whistler, New York, N. Y., Academic Press,
Inc., 1965. p. 45-46.

Mitchell, J. and D. M. Smith. Aquametry. New York, N. Y.
Interscience Publishing Co. 444 p.

Monier-Williams, G. W. The hydrolysis of cotton cellulose.
Journal of the Chemical Society 119:803-805. 1921.

Nakanishi, Koji. Infrared absorption spectroscopy. San
Francisco, Calif. Holden-Day, Inc., 1962. 233 p.

Painter, T. J. and C. B. Purves. Polysaccharides in the
inner bark of white spruce. Tappi 43:729-736. 1960.

Partridge, S. M. Aniline hydrogen phthalate as a spraying
reagent for chromatography of sugars. Nature 164:443. 1949.

Pigman, W. W., E. Anderson, and R. L. Leaf. Occurrence
of pectic materials in wood. Journal of the American Chemical
Society 70:432-433. 1948.

Prentice, N., L. S. Cuendes, W. F. Geddes, and F. Smith.
The constitution of a glucomannan from wheat stem rust
(Puccinia graminis tritici) urediospores. Journal of the
American Chemical Society 81:684-688. 1959.

Romalingam, K. V. and T. E. Timell. Polysaccharides
present in the bark of Engelmann spruce (Picea engelmanni).
Svensk Papperstidning 67:512-521. 1964.

Ritter, G. F. and E. F. Kurth. Holocellulose, total carbo-
hydrate fraction of extractive-free maple wood. Industrial
and Engineering Chemistry 25:1250-1253. 1933.

Ross, W. D. and R. L. Krahmer. Some sources of variation
in structural characteristics of Douglas-fir bark. Wood and
Fiber 3:35-46. 1971.



193

Saeman, J. F., W. E. Moore, R. L. Mitchell, and M. A.
Millet. Techniques for the determination of pulp constituents
by quantitative paper chromatography. Tappi 37:336-343.
1954.

Sarkanen, K. V. The chemistry of delignification in pulp
bleaching. Pure and Applied Chemistry 5:219-231. 1962.

Sarkanen, K. V., K. Kakehi, R. A. Murphy, and H. White.
Studies on oxidative delignification mechanisms. Part I. Oxi-
dation of vanillin with chlorine dioxide. Tappi 45:24-29. 1962.

Sawardeker, Jawahar S., H. Sloneker, and Allene Jeanes.
Quantitative determination of monosaccharides as their aldi-
tol acetates by gas-liquid chromatography. Analytical Chem-
istry 37:1602-1604. 1965.

Schmidt, E. and E. Graumann. Incrusting substances of plants
I. Methods for the preparation of pure plant skeletal substances.
Berichte der Deutschen Chemischen Gesellschaft 54:1860-1873.
1921.

Schmidt, E., K. Meinel, W. Jandelbeur, W. Simson, K. Betz,
R. Schnegg and M. Hecker. Chain length of native cellulose
and of acetylxylan from deciduous trees. Cellulosechemie 13:
129-139. 1932.

Schmidt, E., Y. -C. Tang and W. Jandelbeur. Preparation
of skeleton substances from encrusted cell walls by chlorine
dioxide in the "one-step" procedure. Cellulosechernie 12:201-
212. 1931.

Schulze, E. Zur Kenntniss der chemischen Zusammensetzung
der pflanzlichen Zellmembranen. Berichte der Deutschen
Chemischen Gesellschaft 24:2277-2287. 1891.

Schwalbe, C. G. and K. E. Neumann. New bark [and sap] of
wood of spruce, pine and red beech. Cellulosechemie 11:113-
128. 1930.

Schwartz, E. C. A. and T. E. Timell. Characterization of
three hemicelluloses from the wood of amabilis fir (Abies
amabilis). Canadian Journal of Chemistry 41:1381-1388.
1963.



194

Scott, J. E. Fractionation by precipitation with quaternary
ammonium salts. In: Methods in carbohydrate chemistry.
Vol. V, ed. by R. L. Whistler. New York, N. Y., Academic
Press, Inc., 1965. p. 38-44.

Segall, G. H. and C. B. Purves. Chemical composition of
wood barks. Pulp and Paper Magazine of Canada 47:149-161.
1946.

Shafizadeh, F. and G. D. McGinnis. Chemical composition and
thermal analysis of cottonwood. Carbohydrate Research 16:
273-277. 1971,

Sharkov, V. I., Z. A. Tyzgunova and V. N. Kolpina. The
chemical composition of wood bark. Lesokhim. Prom. 6,
No. 2. 9-10. 1938: Khim Referat Zhur. 2:123. 1939.
(Abstracted in Chemical Abstracts 34:1050. 1940. )

Sharkov, V. I. and A. Girchits. The chemical composition of
wood bark. VIII. The pectin substances in pine bark. Lesok-
him Prom. No. 2, 9-12. 1939: Khim Referat Zhur. 9:113.
1939. (Abstracted in Chemical Abstracts 34:6324. 1940.)

Sharkov, V. I., A. Girchits and F. A. Sartaniya. The chem-
ical composition of bark. IX. The pectin substances of pine
and fir bast. Lesokhim Prom. No. 3:40-46. 1939: Khim
Referat Zhur. 8:113. 1939. (Abstracted in Chemical Abstracts
34:6324. 1940. )

Somogyi, Michael. Determination of blood sugar. The Journal
of Biological Chemistry 160:69-73. 1945.

115, Song, M. J. The structure of a xylan from Tilia americana L.
Master's thesis. Syracuse, N. Y. State University College of
Forestry at Syracuse University, 1970. 97 numb. leaves.

Sweeley, C. C., Ronald Bentley, M. Makita, and W. W. Wells.
Gas-liquid chromatography of trimethylsilyl derivatives of
sugars and related substances. Journal of the American Chem-
ical Society 85:2497-2507. 1963.

Technical Association of the Pulp and Paper Industry. Pento-
sans in Wood. Tappi standards and suggested methods. T 19
m-50. New York, N. Y. 1950.



195

Technical Association of the Pulp and Paper Industry. Acid
insoluble lignin in wood pulp. Tappi Standards and suggested
methods. T 2222 m-54. New York, N. Y. 1954.

Technical Association of the Pulp and Paper Industry. Cupri-
ethylenediamine disperse viscosity of pulp. Tappi standards
and suggested methods. T 230 SU-66. New York, N. Y.,
1966.

Thomas, B. B. An improved method for the large-scale lab-
oratory preparation of cellulose. Paper Industry and Paper

World 26:1281-1284. 1945.

Thomsen, T. Chemische Untersuchungen aber die Zusam-
mensetzung des Holzes. Journal far Praktische Chemie 19:
146-168. 1879.

Timell, T. E. Carbohydrate composition of ten North Amer-
ican species of wood. Tappi 40:568-572. 1957.

Timell, T. E., C. P. J. Glaudemans, and J. K. Gillham.
Recent studies on the polysaccharides of white birch and other
hardwoods. Tappi 42:623-634. 1959.

Timell, T. E. Isolation of polysaccharides from the bark of
gymnosperms. Svensk Papperstidning 64:651-661. 1961.

1 25. Timell, T. E. Characterization of four celluloses from the
bark of gymnosperms. Svensk Papperstidning 64:685-688.
1961.

Timell, T. E. Constitution of a glucomannan from the bark
of amabilis fir (Abies amabilis ). Svensk Papperstidning 64:
744-747. 1961.

Timell, T. E. The structure of an arabino-4-0-methyl-
glucuronoxylan from the bark of amabilis fir (Abies amabilis)
Svensk Papperstidning 64:748-750. 1961.

Timell, T. E. Constitution of a water-soluble galactogluco-
mannan from the bark of amabilis fir (Abies amabilis), Svensk
Papperstidning 65:843-846. 1962.

Timell, T, E. Wood hemicelluloses. In: Advances in carbo-
hydrate chemistry. Vol. 19, ed. by M. L. Wolfrom. New
York, N. Y. Academic Press, Inc. 1964. p. 247-302.



Time11, T. E. Wood hemicelluloses: Part II. Advances in
carbohydrate chemistry. Vol. 20. ed. by M. L. Wolfrom.
New York, N. Y. Academic Press, Inc. 1965. P. 409-483.

Timell, T. E. Recent studies on three p-D-( 1-4-3)-glucans.
Abstracts of Papers, 162nd National Meeting of the American
Chemical Society, Washington, D. C., Sept. 12-17, 1971.
Paper 29 of the Division of Cellulose, Wood and Fiber Chem-
istry.

Timell, T. E. and A. Jabbar Mian. A study of the pectin
present in the inner bark of white birch (Betula papyrifera
March) Tappi 44;788-793. 1961.

Timell, T. E., C. P. Glaudemans, and A. C. Currie. Spec-
trophotometric method for determination of sugars. Ana-
lytical Chemistry 28:1916-1920. 1956.

Tipson, R. Stuart and Horace S. Isbell. Infrared absorption
spectra in the study of mutarotational equilibria of monosa.c-
charides. Journal of Research, Physics and Chemistry,
National Bureau of Standards 66A:31-58. 1962.

Tipson, R. Stuart. Infrared spectroscopy of carbohydrates.
A review of the literature. National Bureau of Standards
Monograph 110. 1-21. 1968.

Van Beckum, W. G. and G. J. Ritter. Chemical composition
of wood. Paper Trade Journal 104 No. 19:49-50. 1937.

Van Beckum, W. G. and G. J. Ritter. Rapid methods for the
determination of holocellulose and Cross and Bevan cellulose
in wood. Paper Trade Journal 105 No. 18:127-130. 1937.

Van Beckum, W. G. and G. J. Ritter. Composition of holo-
cellulose, hydrolyzed holocellulose and Cross and Bevan
cellulose. Paper Trade Journal 108 No. 7:27-29. 1939.

Van Beckum, W. G. and G. J. Ritter. Yield and Viscosity of
holocellulose and some of its cellulose fractions. Paper Trade
Journal 109 No. 22:107-109. 1939.

Vogel, I. A. Textbook of practical organic chemistry including
qualitative analysis. Third Edition. New York, N. Y. Long-
mans, Green and Co., 1956. 1188 p.

196



197

Whistler, Roy L., J. Bachrach, and D. R. Bowman. Prepara-
tion and properties of corn cob holocellulose. Archives of
Biochemistry 19:25-33. 1948.

Whistler, R. L. and J. N. BeMiller. a-D-Xylose. Isolation
from corn cobs or xylan. In: Methods in carbohydrate chem-
istry, Vol. I, ed. by R. L. Whistler and M. L. Wolfrom,
New York, N. Y., Academic Press, Inc., 1962. p. 88-90.

Whistler, R. L. and E. L. Richards. Hemicelluloses,In: The
carbohydrates chemistry and biochemistry, Vol. HA, ed. by
Ward Pigman and Derek Horton. New York, N. Y. Academic
Press, Inc., 1970. p. 447-469.

Whistler, R. L. and C. L. Smart, Polysaccharide chemistry.
New York, N. Y. Academic Press, Inc., 1953. 493 p.

Wise, L. E., M. Murphy, and A. A. DIAddieco. Chlorite
holocellulose, its fractionation and bearing on summative wood
analysis and on studies of the hemicelluloses. Paper Trade
Journal 122:35-43. 1946.

Wolfrom, M. L. and J. V. Karabinos. The identification of
aldose sugars by their mercaptal acetates. Journal of the
American Chemical Society 67:500-501. 1945.

Wolfrom, M. L., M. L. Laver, and D. L. Patin. Carbo-
hydrates of the coffee bean. II. Isolation and characteriza-
tion of a mannan. Journal of Organic Chemistry 26:4533-
4535. 1961.

Wolfrom, M L. and D. L. Patin. Isolation and characteriza-
tion of cellulose in the coffee bean. Journal of Agricultural
and Food Chemistry 12:376-377. 1964.

Wolfrom, M. L. and D. L. Patin. Carbohydrates of the coffee
bean. IV. An arabinogalactan. Journal of Organic Chemistry
30:4060-4063. 1965.

Wolfrom, M, L., R. A. Plunkett and M. L. Laver. Carbo-
hydrates of the coffee bean. Journal of Agricultural and Food
Chemistry 8:58-65. 1960.

Zellner, J. and J. Bisko. Beitrage zur vergleichenden
pflanzenchemie XXV. Zur Chemie der Rinden (Plant



Chemistry. XXV. Chemistry of barks). Monatshefte far
Chemie 64:12-16. 1934.

Zerrudo, Jose'Velonte. Douglas-fir bark; water-soluble
carbohydrates and alkaline degradation of a xylan. Doctoral
thesis. Corvallis, Oregon State University, 1973. 156

numb, leaves.

Zetzsche, F. and E. Lascher. Cork. VIII. Cork wax. Journal
far Praktische Chemie 150:68-80. 1937. (Abstracted in
Chemical Abstracts 32:2908. 1938. )

Zetzsche, F. and K. Weber. Cork. IX. Constitution of
phloionic and phloionolic acids. Journal far Praktische
Chemie 150:140-144. 1938. (Abstracted in Chemical Ab-
stracts 32:2908. 1938.)

198




