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GENERAL INTRODUCTION

Authorities in the field of lignin chemistry have
agreed that the lignin complex is an extremely sensitive
material which is chemically changed during isolation by
mineral acids or alkalies, by acidulated organic solvents,
by hot sulfite solutions or by many other reagents. Since
present methods of isolating lignin involve such drastic
treatments, the products probably bear only an indirect
structural relationship to lignin "in situ". 1In conse-
quence, very little is known of the nature of lignin as it
exists in wood. The problem of isolating unchanged lignin
seems to depend upon the development of methods that avoid
drastic conditions of acidity and temperature. A success-
ful solution of this problem would obviously facilitate the
study of lignin "in situ" since investigations of the
mechanism of pulping processes and other reactions would
not be complicated by the presence of debris from the
carbohydrates.

From the composition of extractive-free spruce wood
and its holocellulose component, the composition of spruce
lignin "in situ" has been computed by the meihod of
differences. The calculated composition; C, 67.5; H, 6;
CHz0, 14% is independent of the chemical nature or state
of combination of lignin in wood. The fact thet isolated
spruce lignins usually contain from £ to 5¢ less carbon

than the calculated carbon content was traced, at least in



part, to the customary practice of drying lignins at
105°C prior to analysis, whereupon a slight thermal
decomposition results in loss of carbon.

A method of isolating lignin was developed which
involved oxidation of the extractive-free wood meal
with aqueous solutions of periodate at pH 4.1 and 20°C,
solution of the oxidized carbohydrates in boiling water
near pH 7 and recovery of the undissolved lignin residue
by filtration. The product has been termed "periodate
lignin". Although somewhat oxidized, periodate lignin
is remarkably similar to lignin in wood with respect to
its behavior toward ethanol containing hydrogen chloride
gas, high-pressure hydrogenation and alkaline oxidation
with nitrobenzene. It has been demonstrated that
periodate lignin is completely soluble in sulfite
liquor under normal pulping conditions, a particularly
impressive observation since other isolated lignins,
for obscure reasons, have lost the capacity to dissolve
in a standard sulfite cook. Treatment of the periodate
lignin with acids, or even water, at elevated temperatures

prior to the cook resulted in a greatly decreased solubil-

ity of the lignin in sulfite liquor.



HISTORICAL INTRODUCTION

1. General

Early in the development of plant chemistry it was
assumed that the tissue of stalks, stems, lecves and trunks
of trees was a definite chemical substance. The French
chemist Payen was able to obtzin from wood a carbonydreate
material that he called "cellulose". Payen observed (1)
that the carbon contentAof extrcctive-free plant material
ranged from 47 to 51% and concluded that, since carbohy-
drates contain only about 45% carbon, there was preseint
some substance or group of substances of non-carbohydrete
nature., The plant skeleton became incrusted with these

substances during growth. By treating wood in succession

with nitric acid and potassium hydroxide he obtained a more
or less pure cellulose as a residue and showed thet the ex-
tracted fraction was richer than celluleose in carbon.
Schulze (£) found that the incrustants, which he named
nlignin" could be removed by maceration of the plant tissue
with a mixture of cold nitric acid and potassium chlorzte.
The material dissolved by this oxidation included those
components now known as lignin and hemicellulcses. 1In
addition to the lines of research just cescribed, tre unine-
teenth century witnessed several aevelopments of great
technical importance. The use of strong, hot alkali &nd of
chlorine by Payen for the pulping of woods and grasses led,

about 1860, to the kraft and sulfate processes (z) while
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the sulfite process was first described in 1867 (4).

bPayen's investigations of cellulose convinced him
that it was a carbohydrzte based on glucose resiaues.
However, acid hydrolyzates of many celluloses obtcined
from lignified plant tissue were found to contein sub-
stantial amounts of galactose, arabinose, mannose or
xylose, as well as glucose. Schulze (5) noted that the
polysaccharides which yielded these other sugars were much
more readily hydrolyzed by dilute acids than cellulose and
were extracted from the cell wall by agueous alkali. These
less-resistant carbohydrates, constituted chiefly from
sugars other than glucose, were given the nzme of "hemi-
celluloses",

For many years there was much speculation as to the
manner in which lignin was associated with the carbohydrzte
constituents of wood. Payen assumed tlat, in lignified sub-
stances, the cellulose was merely surrounded or impregnated
with lignin. There were many who opposed this view and
maintained the older opinion that plant tissue was essen-
tially an homogeneous chemical entity. The necessity of
employing drastic chemical reagents for the separation of
cellulose, the hemicellulose and lignin was cited as
evidence that these substances were only products resulting
from the breakdown of a uniform complex. All attempts to
disprove the validity of this "lignocellulose" theory vere
unavailing until additional information was made available

by the development of x-ray and birefringence techniques in



the early years of this century. As a result of this iri-
formation it became incredible that the regularly orgenized
crystal lattice of cellulose could be in uniform chemical
combination with large amorphous molecules of lignin. The
existence of a lignin-hemicellulose complex hzs been a sub-
ject of much controversy, however, and remains so until the
present day.

The extreme complexity of plant tissue resulted in the
very slow growth of wood chemistry. At the end of the
nineteenth century it was known that lignified plant material
was composed of cellulose, hemicelluloses and lignin. These
components were defined in terms of solubility in various
reagents——=a property that rarely serves as a basis for a
satisfactory definition. The knowledge that had been gained
was incomplete and largely qualitative. Cellulose was
thought to be a polysaccharide constructed from glucose
residues but in an unknown manner. The hemicelluloses vere
known to furnish galactose, arabinose, mannose and xylose
but the actual structures were unknown. Still less was
known of the nature of the lignin complex. Guantitative
methods for the estimation of these wood constituents had
not been developed.

The rapid growth in importance of the pulping inaustry,
combined with the urgent need to utilize forest resources
more completely, provided the stimulus for a vest amount of
research in wood chemistry. Nevertheless, knov.ledge oi the
chemistry of wood is still far from complete. This state-

ment is particularly applicable to the veguely defined lignin

complex. Not only is the nature of the basic units comprising



lignin "in situ" still unsettled but also it is extremely
doubtful that native lignin has ever been isolated with-
out chemical change. The chemist Hagglund (6), writing in
"Holzchgmie", commented as follows on this unsatisfactory
state of affairs; "In no field of chemistry is such a
lack of agreement of views concerning the constitution of
a material likely to exist as in the case of lignin",

In spite of these limitations, however, Norman (7)
was able to summarize the present state of knowledge about
the composition of wood as shown in the diagram. A portion

of the hemicellulose fraction, called "cellulosans" by

FIG, T

e -

Hemicellulosec:
(extracted by alkali)
AL

-~ A

Cellulosens| | Polyuronice

True Cellulose
Femicelluloces Lignin

> > oo
P

]
\

\ Methoxy-
' hexuronic
v Xvlan Acids
Anhydroglucose ’
. Mannan ||Pentose:
Units Voo vvlose
Glurosan Arabinose l,
' Hexose:
: Galaectose
: Glucose Amor-
Oriented ioriented} | amorphous phous
L\ _J
Ve
Plant Cellulose
\ 4
N
Holocellulose

Norman, is hard to extract by alkali and is included in the

micellar structure of the "true" cellulose. The other por-



7

tion, which is readily extrected, conteins prectically all
of the "uronic acign groups and appears to be more closely
associated with the lignin than with the cellulose. The
term "holocellulose" has been coined for the sum total of
the carbohydrate freactions and "lignin" now refers to all
constituents of a non-carbohydrete nature.

Schorger (8), and Schwalbe and Becker (9), were the
first to develop an analytical scheme for the amount of ash,
solvent-extractables, cellulose, pentosans, lignin and
nethoxyl in wood. The isolation cic estimation both of
holocellulose and of lignin are of great importance to this
discussion and will be considered in qgetezil.

2. Isolation and Estimation of Holocellulose and Liguin:

The need for a method of isolating, as a single fraction,
the entire carbohydrate content of wood had been long recog-
nigzed by workers in the wood chemistry field. The Cross and
Bevan method, employing successive treatments of extrected
wood with boiling dilute sodium hydroxide solution, cold
chlorine water, and hot sodium sulfite solution contzining
sodium hydroxide, resulted in destruction of t.ue more sen-
sitive hemicelluloses and the isolation of only about 80/
of the originzl carbohydrates(10). In 1¢cl Schmict and
Graumann (11) claimed the quantitative separstion of lignin
and the carbohydrztes of wood by alternate treatments with

0.2 normal aqueous chlorine dioxide and &;- aqueous socium

sulfite solution at room temperature. The residue, wnich

was entirely free of lignin, weas termed "Skelettsucstanz'.
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Subsequent investigations proved, however, that although

the hexoses of wood were unaffected by sodium sulfite
solutions part of the pentosans were dissolved (12).
Numberous modifications of the method appeared involving,
in general, refinements in technique. Schmidt, Tang, and
Jandebeur (13) suggested that the chlorine dioxide treat-
ment be carried out in agueous pyridine solution at pH 6.8.
It was claimed that under these conditions the incrustants
could be removed in a single treatment and that the hydro-
lytic effect upon the "Skelettsubstanz" was at a minimum.
The method still resulted in loss of carbohydrates, however,
and was much too time-consuming for routine work.

Ritter and Kurth (14) employed brief chlorinations of

the wood meal alternated by extractions with a solution of

15% pyridine in ethanol. Five or six treatments eliminated
the great bulk of the lignin, the residual small fraction of
which was later removed by a 30-minute bleach with calcium
hypochlorite solution at pH 7.0 to 7.5. They designated the
residue as "holocellulose", a term that has become accepted
in preference to Schmidt'!s "Skelettsubstanz". Although the
method was very rapid, a slight loss of carbohydrates
occurred, particularly with coniferous woods. To overcome
this difficulty, Kurth and Ritter (15) increased the con-
centration of pyridine in the pyridine-ethanol solution to
504 and eliminated the hypochlorite bleach. It was found
that the failure of the residue to display the usual orange
color characteristic of chlorolignin on chlorination con-

stituted a satisfactory end-point for the preparation of



holocellulose. The procedure gave highly reproducible
results which, judging from the lignin estimetion, were an
accurate measure of the total carbohydrate content of wood.
A still more rapid method was reported by Van Beckum and
Ritter (16) who recommended replacement of the pyridine-
ethanol solution by a mixture of 3% monoethanolamine and
ethanol as the extractant. Although satisfactory results
were obtained from hardwoods, the data from conifers (17)
and straw (18) are reported to be difficult to reproduce.
For some time it has been known that wood can be
delignified by treatment with aqueous chlorite solutions
at moderately high temperatures (19). More recently Sohn
and Reiff (20) made a systematic study on a variety of
plant materials and found that lignin-free fibres, having
a high hemicellulose content, could be obtained by oxi-
dation with chlorite in a buffered system at 50 to 70 ° C.
About the same time Jayme (21) and others (22) (23) (24)
described the preparation of holocellulose from spruce
wood shavings with acidified sodium chlorite solutions.
In 1945 Lovell (25) reported the isolation of fibrous
holocellulose from unextracted pine and hemlock by treat-
ment of the wood, in the form of shavings, with 7.5%
aqueous sodium chlorite solutions buffered with acetic
acid to pH 5. The removal of lignin was accomplished in
four stages at temperatures ranging from 60 to 75 ° C.
After thorough washing of the lignin-free residue, the
yield of holocellulose was scomewhat lower than that
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obtained from the same woods by the chlorine-monoethanola-
mine method. A similar procedure which resulted in a more
nearly quantitative yield of holocellulose was described by
Wise (26). Unextracted Redwood and Douglas fir wood meals
were subjected to a single, prolonged treatment with 10%
aqueous sodium chlorite solutions buffered with acetic acid.
After thorough washing of the residue, the hemicelluloses
were extracted with aqueous potassium hydroxide, leaving a
final residue of « - cellulose. The hemicelluloses were
recovered by acidification of the alkaline extract with
acetic acid. Analysis of the woods for ash, solvent-
extractables and lignin gave results which, when combined
with the yields of o - cellulose and hemicelluloses,
accounted for very nearly all of the originsl wood. 1In a
later paper (27) Wise reported that the chlorite method
might be used effectively in the summative analysis of
coniferous woods but did not appear so satisfactory in the
case of hardwoods.

The chlorite method, although showing grezt promise,
is still in the early stages of development. It has the
advantage of being applicable to the large-scale preparation
of holocellulose, from which the hemicelluloses mey be
readily extracted in guantity for detailed examination. The
chlorine-ethanol-pyridine method is recognized as the most

dependable procedure for the accurate and reproducible

analysis of any species of wood.
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There is at present no entirely satisfactory method
known for the quantitative isolation of lignin in a pure
and chemically unchanged state. A number of the methods
used for estimating lignin may be termed indirect, be-
cause they depend upon some property such as methoxyl
content, halogen absorption or color reactions with various
reagents. Since these procedures do not involve the
isolation of lignin and have only an historical value, they
will not be discussed further. The remaining methods, re-
ferred to as direct, may be divided conveniently into two
classes: (a) Those that depend on the removal of the
cellulose and other carbohydrates leaving the lignin as an
insoluble residue, and (b) those that involve solution of
the lignin leaving the polysaccharides undissolved. Many
of the direct methods result in only a partial separation
of lignin and the carbohydrates with which it is as:sociated
and are, therefore, of little interest as analytical pro-
cedures. However, they are important in structural studies
of lignin and all will be discussed briefly.

(a) Almost all the published methods that involve the
solution of the holocellulose are based on hydrolysis of the
polysaccharides by treatment of the extractive-free plant
material with strong mineral acids. The most important of
these procedures employed 72% sulfuric acid although other
concentrations varying from 64 to 70% have also been used.

This method is generally associated with the name of Klason

(28) and, in a modified form, was accepted as a standard
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for the estimation of Iignin (29). The modified procedure
involved digestion of the extracted wood meal with 7%
sulfuric acid at room temperature until gelatinization was
complete, followed by dilution to 3% acid and boiling under
reflux for three hours. The insoluble lignin was collected
on a tared filter crucible, dried, and weighed.

Willstatter and Zechmeister (30) were the first to note
that cellulose was readily dissolved in hydrochloric acid

of 40 to 42% strength, but that the lignin remained un-
dissolved. Willstatter and Kalb's (31) estimation for
lignin accordingly used fuming hydrochloric acid at room
temperature for four hours, followed by addition of ice and
dilution with water. After thorough washing with dilute
hydrochloric acid and water, the lignin residue was boiled
with water and the acid in the solution was neutralized with
soda. The light-brown lignin preparation was collected on a
filter, dried, and weighed. Among the many modifications of
this procedure that of Urban (32), who employed a mixture of
hydrochloric and phosphoric acids for the hydrolysis of the
polysaccharides, was most noteworthy.

Fredenhagen and Cadenbach (33) found that anhydrous
hydrofluoric acid rapidly converted cellulose and the
associated carbohydrates of wood into water-soluble sugar
anhydrides at room temperature. The method was superior to
those employing sulfuric and fuming hydrochloric acids in
that elevated temperatures were unnecessary. Freudenberg

(34) alternated treatments of the wood sawdust with boiling
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1% sulfuric acid and cold cuprammonium solution. However,
the lignin was somewhat soluble in cuprammonium solution
and the yield of "cuproxam-lignin" was lower than that ob-
tained by other methods. The procedure was also rather
laborious and the product not completely freec of cellulose.

An entirely different approach to the problem of
isolating lignin, not involving acid hydrolysis of the
carbohydrates, was studied by Ploetz (35). The selective
dissolution of the polysaccharides by the action of enzymes
of the type found in the digestive juices of the Weinberg
snail was employed. It was found that the last traces of
carbohydrates could not be removed by this treatment and
Ploetz used extractions with cupriethylenediamine in order
to overcome this difficulty.

(b) Numerous methods depend on the solution of lignin
by reagents in which cellulose and the other polysaccharides
of plant material are more or less insoluble. In this class
may be included the procedures by which holocellulose is
isolated in addition to the well-known sulfite, soda and
kraft pulping processes. Since the lignin appears to be
radically altered during extraction by all of the latter

methods the products are of little interest in structural

studies of lignin "in situ'.
The lignin of straws (36), corn cobs (37), flax

shives (38) and similar materials was found to be soluble
in hot aqgueous solutions containing 2 to 10% of sodium

hydroxide. A similar procedure making use of alcoholic
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sodium hydroxide was employed by Phillips (39) for the
extraction of lignin from corn cobs. The lignin of wood
is more resistant to alkalies and Mehta (40) reported

that it was necessary to heat wood with 4% sodium
hydroxide solution in order to secure partial deligni-
fication. Complete removal of the lignin of woods
required higher concentrations of alkalies at elevated
temperatures (41). In all cases acidification of the
alkaline extract resulted in precipitation of the "alkali"
lignin.

In 1893 Klason (42) discovered that spruce wood was
partially delignified by heating with alcohol containing a
trace of hydrochloric acid. It was later noted that anhy-
drous methanol (43), ethanol (44), butanol (45), amyl
alcohol (46), benzyl alcohol (47), ethylene glycol (48) or
dioxane (49) containing about 2% of dry hydrogen chloride
extracted part of the lignin from wood. The lignin was
recovered by neutralization and concentration of the
extract followed by the addition of az large excess of water.
Bailey (50) reported that the lignin of jack pine and other
woods could be removed in part by cooking with butanol and
water under pressure at 180° C. A more interesting method
for the separation of a lignin fraction from wood making use
of a neutral solvent without addition of an acid catelyst
wasldiscovered by Brauns (51). Extractive-free wood meal was
extracted with ethanol in a percolator at room temperature

for a prolonged period of time. On evaporation of the al-

coholic solution under reduced pressure a light-colored,
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amorphous solid was obtained in a yield of 2 to 3% of the
weight of the wood. Since the conditions of the extraction
were very mild Brauns considered the product to be identi-
cal with lignin "in situ" and termed it "isolated native
ligninm,

Wood was rapidly delignified by treatment with
anhydrous phenol containing hydrogen chloride at 80 to 90°C
(52) . Other methods for isolating lignin fractions include
those based upon the use of thioglycollic acid and hydrogen
chloride (53), acetyl bromide (54) and formic acid (55).

The various schemes for the proximate analysis of wood
are of great practical value in solving problems concerning
its possible technological utilization; also in purely
scientific studies involving comparison of species, different
wood elements and parts of a single tree such as heartwood
versus sapwood, bark or roots versus branches. It has al-
ready been noted that the most satisfactory method for the
quantitative isolation of the total carbohydrate fraction is
Ritter's chlorine-ethanol-pyridine (15) or, in some cases,
the chlorine-ethanol-monoethanolamine modification (16).

The accepted procedure for lignin is Klason's sulfuric acid
method (29). The accuracy of these analytical procedures is
indicated by the fact that they give yields of holocellulose
and lignin that together account for substentially all of the
extractive-free wood. Data obtained for several represen-
tative species of hard and soft woods (56) are summarized in

Table I. The results in the right-hand column show that
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99.5 to 100.3% of the original wood was represented by the

Teble I

Lignin and Holocellulose Determinations (@)

Lignin plus

Wood Holoce%lulose(b) pitforanos @ Tignin loseld)

% %
White Spruce 73.3 26 .7 <6 .6 99.9
Bastern Hemlock 68.5 51.5 31.5 100.0
Balsam Fir 69.9 o0.1 50.1 100.0
Willow 78.3 <l.7 2.0 100.3
Meple 76.3 23.7 255 99.8
White OQOak 75.4 24 .6 4.1 99.5

(a) Based on oven-dry weight of extractive-free wood.
(b) Chlorine-ethanol-monoethanolamine method.
(¢) EBxtractive-free wood minus holocellulose.

(d) Column 1 plus column 3.

isolated lignin and holocellulose. Freeman and Peterson (57)
applied the chlorine-ethanol-pyridigg %8dsix American hardwoods
and obtained summative analyses of ash, extractives, Klason
lignin and holocellulose which ranged from 99.5 to 101.0% of
the weight of the unextracted wood. Very satisfactory concor-
dance between the lignin and holocellulose estimetions led some

workers to assume that the borderline between lignin ana the

carbohydrate fractions was quite sharply defined. There is,
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however, a whole series of observations indicating that the
apparent precision of the summative wood analyses might
have been caused by a fortuitous cancellation of errors.

In this event, the problem of separating pure, unchanged

lignin and holocellulose has not yet been solved.

It has been demonstrated repeatedly that the amount of
lignin obtained from wood depends not only on the method of
isolation but also is altered by variation of the experi-
mental conditions within any given method. Lignin values
ranging from 15 to £8.5%, depending on the isolation pro-
cedure, were reported for sprucewood by Hggglund (6). Ploetz
(58) varied the concentration of sulfuric acid in the Klason
estimation from 62 to 80% aud obtained lignin contents from
£0.2 to 25.3 % for pine and from 26.8 to £9.5% for elder.

In view of these observations it is not surprising that
the elementary composition of the lignin complex varies
somewhat with the source and with the method employed for its
isolation. Heuser (59) showed that the pine lignins isoleted
by numerous modifications of the fuming hydrochloric acid
method analyzed from 62 to 68.7% carbon while Freudenberg (60)
reported that lignins obtsined from pine by various methods
had carbon contents ranging from 62 to 67%. Schatz and Sarten
(61) claimed that the carbon contents of birch and beech
lignins varied from 60.7 to 67.1% depending on the method of
preparation. A few of the many other similar results are
given in Teble II and were selected from the compilation by

Phillips (62). This dependence of the amount and composition
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of lignin upon the exact experimentazl conditions of the

. "
isolation led Schutz end Sarten to the conclusion that the
lignins resulted from the brezkdown of vicod constituents

of unknown constitution.

Table II

Cerbon, Hydrogen and Methoxyl Contents

of Various Isolated Lignins

Source Method of Isolation Carbon Hydrogen Methoxyl
7 A %
Spruce Sulfuric Acid ilethod 6.9 5.3 14.5
Beech  Sulfuric Acid Method 65.0 5.0 16.6
Spruce Fuming Hydrochloric 64.0 O.C 14.4
Acid Method
Fir Fuming Hydrochloric 6c .6 S.c
Acid Method
Spruce Urban's Method 65.9 6.0
Spruce Aqueous Sodium Ey- 64.0 5.5
droxide Method
Spruce Cuprammonium Method 6c.6 Se'7 16.0
Spruce Alcohol Extraction 65.6 6.2 1=.1
without Acid Cata-
lyst

As such, isolated lignins vere mere artifacts unsuitable
for further study. Schlitz and Sarten demonstrated that ex-
traction of wood with water st 90 to 100°C brought up to
45% into solution. Acidification or neeting of the extract

at higher temperatures produced a precipitate that corres-
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ponded to lignin in its elementary composition, methoxyl
content and general chemical behaviour. When the extrac-
tion was conducted at 120 to 150°C the total amount of
"lignin" recovered from the residual wood and the agueous
extract was 22% greater than the lignin content of the
original wood,

Twenty years ago Fuchs (63) attempted to arrive at
the elementary composition of lignin "in situ" from the
difference between the average composition of the entire
wood and the carbohydrate components. The undeveloped
state of wood analysis at that time forced him to assume
that 71.5% of a wood consisted of hexosans and pentosans
in a 2:1 ratio and also to assume reasonable analyses for
the wood and for these components. The composition
calculated for lignin in the remaining 28.5% of the wood
was then corrected by assuming that ash, protein, resin
and wax had the average composition C, 50.0%; H, 6.4% and
amounted to 4.1%. Fuchs pointed out that the result found
for "genuines lignin" C, 63.1%; H, 5.9% was independent of
its chemical nature or state of chemical combination.
Although similar calculations have been made from time to
time by others (64) the underlying analytical asta seem to
have been assumed rather than determined. This deficiency
was avoided by Wald (65) who first eliminated by extraction
the resins, waxes and proteins from Northern Pine and then

took advantage of the fact that the holocellulose fraction
prepared by the method of Kurth and Ritter (15) accounts,
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with the Klason lignin, for substantizlly 11 of the wood.
Direct knowledge of the holocellulose-lignin ratio and of
the analyses of the extracted wood and holocellulose then
made it possible to calculzte the composition of wood
lignin without further assumptions. The composition cal-
culated for Northern Pine lignin "in situ" was about

C, 67.8; H, 6.0% with a methoxyl content of 16.2%.

The carbon contents found by analysis of isolated

lignins (Table II) are of the same order as those
calculated by Fuchs but generwully are considerably lower
than those computed by Wald. The cause of the discrepancy
is not obvious but several workers have made observations
that may have a bearing on the subject. Norman (66) showed
that xylose--a building-stone always present in lignified
cell walls--and other sugars formed insoluble residues
under the conditions of lignin isolation with strong acids.
Schitz and Sarten (61) pointed out that such humic material
probably were formed concurrently with the saccharification
of the polysaccharides of plant materials and contributed
to the residue known as lignin. In a series of experiments,
they demonstrated (Table III) that when xylose was added to
plant materizl, up to 50% more "lignin" was present in the
mixture than in the original substance. Schﬁtz and Sarten
cleimed that these experiments explained why the yields and

carbon contents of lignins varied according to the sacchari-

fication conditions.
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Table ITI

Lignin Content of Mixtures of Xylose

and Prehydrolyzed Straw (@)

Parts of Xylose Lignin Increase
% %
0 22.1 0
20 £5.0 13
50 £9.0 31
100 34.5 56

(a) Based throughout on 100 parts of straw.

Jayme and Hanke (67) found that most of the lignin was very
readily removed from spruce wood by sodium chlorite. When
the weight of the residue was only slightly greater than
that of the holocellulose of the original wood, as deter-
mined by conventional methods, it still contained about 2%
of residual lignin and the holocellulose in the residue
corresponded almost exactly to the theoretical yield. On
purification, the chlorite extract was shown to contain
simple sugars which were designated as "uberschusskohlen-
hydrate". The sugars actually identified accounted for 3
to 44 of the weight of the wood and there was evidence of
larger quantities, perhaps amounting in all to as much as
8%. The conclusion was that on treatment of wood with
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strong acids this part of the carbohydrates was not

saccharafied but was built up into "lignin" with a

depressed carbon content.

In an unpublished research, Atchison (68) found
that the sum of the Klason lignin and holocellulose, the
latter isolated by the chlorine-ethanol-monoethanolamine
method, amounted to almost exactly 100% of the original
sprucewood. Cubsequent experiments showed that the
holocellulose contained excess nitrogen having an
ethanolamine equivalent of 1.8 to 5.5%, based on the
weight of the holocellulose. In a similar research,
Thomas (69) showed that, despite his ability to account
for 99.6% of aspen, 7% of the pentosans of the original
wood had been lost. The presence of excess nitrogen in

the holocellulose indicated that the loss of pentosans
had been compensated for by absorption of ethanolamine.

Even after extraction of the holocellulose with hot water,
50% of the excess nitrogen remained. Wise (£7), in
commenting on these observations, concluded that the
apparent precision of the summative wood anclyses given in
the literatﬁfe is caused by a neat balancing of slight ex-
perimental errors.

The general impression gained from a review of the
literature is that present methods fail to accomplish the
complete separation of the lignin complex and the total

carbohydrate fraction. It is known that the three major

constituents of the cell wall, namely, cellulose,
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hemicelluloses and lignin, exist in the closest physiceal
association, some of their chemical properties probably
overlap and lignin may exist in a state of chemical com-
bination with hemicelluloses (35) (67) (70) (71) (72).
These considerations decrease the probability of effecting

a sharp separation.

8. Relevant Portions of the Chemistry of Lignin:

When wood or other lignified plant materizl is heated
under pressure with a solution of acid sulfites and sul-
furous acid the lignin is dissolved leaving & residue of
cellulose and part of the hemicelluloses. Recause of the
commercial importance of the process and the desirability
of utilizing sulfite waste liquors the chemical mechanisms
involved have been the subject of extensive investigation.
However, lack of definite knowledge concerning the structure
of lignin has contributed to the difficulties of determining
the nature of the reaction between lignin and the components
of the cooking liquor. The many explanations that have been
proposed (73) (74) (75) to account for the processes by
which lignin is rendered soluble in sulfite liquor are to a
considerable extent speculaztive in character but it is
generally concluded thet both degradation of the lignin
molecule and introduction of lyophilic groups occur (76).

Lindsey and Tollens (77) first showed that the lignin
in sulfite waste liquor was present in the form of calcium
salts of sulfonic acids. The solid lignosulfonic acid

salts have been precipitated from solution by addition of
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sulfuric acid, sodium chloride, calcium chloride, lead
acetate or &-naphthylamine hydrochloride. Attempts to
isolate definite fractions by fractional precipitation
indicated that the lignosulfonic zcids obtained were
mixtures (78) (79). These acids proved to be particu-
larly intractable and unsuited to further study.
Treatment of the salts with minerzl acids resulted in
the formation of free sulfonic acids which rapidly
decomposed on exposure to the atmosphere.

The commercial sulfite process ccnsists essentially
of the digestion of wood, in the form of chips, st
temperatures ranging from 150 to 150°C in an agueous

solution containing alkaline-earth or alkali bisulfites
(usually calcium bisulfite) and excess sulfur dioxide.
The active constituents of the cooking liquor are Ca'’,
HSOz", H' and SOp. During digestion lignin combines with
SOg or HSOz while the less resistant hemicelluloses are
hydrolyzed to simpler compounds, a portion of the cellu-
losé is degraded and extraneous components of the wood
react with the liquor. The kinetics of sulfite digestion
were subjected to critical study by Maass and co-workers
(80) and although much valuable information was obtained
the results must be accepted subject to the limjitations
of the laws of chemical kinetics when applied to a system
as heterogeneous as that just described.

Early investigators (81)(82) reported that deligni-
fication of wood by the sulfite process approximately
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obeyed the laws of z first order reaction. Calhoun,
Yorston and Maass (80) found significant aeviations from
the first order reaction rate, particularly in the early
stages of the cook. Yorston (83) noted that the rate of
peptization of certain colloids yielded plots similar in
shape to those corresponding to the rate of pulping of
wood with sulfite liquor. He suggested that, in the later
stages of the cook, the reaction might well consist of the
peptization of solid lignosulfonic acids into a colloidal
solution. An investigation of the rate of sulfonation of
lignin revealed that uniform sulfonation to the extent of
about 5.5% of sulfur in the undissolved lignin was all
that was necessary in sulfite pulping (84). Stangeland
(82) expressed the view that this minimum sulfur content
was acquired early in the cook but the findings of Yorston
and Green (84) did not substantiate this opinion.

The importance of temperature in sulfite digestion
has long been recognized (85). Numerous workers (86) (87)
have supposed that solution of lignin in sulfite liquor
odcurred only above some critical temperature. Sankey and
Hibbert (88) considered 110°C to be this critical point
below which the lignosulfonic acids were chemically
different from those produced at higher temperatures.
However, investigations of the rate of removal of lignin
during sulfite pulping have given no support to these

opinions and have shown that the process is apparently a

continuous function of temperature (89).
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Operators of sulfite digestors have noticed that
excessive steaming of the charge before liquor was pumped
in resulted in some physical or chemical change in the
wood that made subsequent delignification difficult.

This important observation was followed by the investi-
gation of the effect of various pre-treatments of wood on
the rate of sulfite pulping. Corey and Maass (90) showed
that heating chips in distilled water at 130°C for lengths
of time varying from one to six hours considerably re-
tarded the rate of solution of the lignin in sulfite
liquor. During the pre-treatment of wood with water, the
latter became acid, owing to the liberation of formic and
acetic acids from the wood. This fact suggested that the
hydrogen ion concentration of the solution had been
responsible for the pre-treating effect and it was sub-
sequently shown that cooking wood in acid or alkaline
solutions resulted in greatly increased resistance of the
lignin to sulfite pulping (91). Pre-treatment of the wood
with solutions of a large number of inorganic salts pro-
duced the same effect (92). Corey, Calhoun and Maass (93)
found that the pre-treatment effect was increased when the
preliminary cook was conducted at elevated temperztures or
for prolonged periods of time. A sample of spruce wood

meal which had been pre-treated for ninety-six hours at

140°C in a solution of pH 3 underwent no appreciable
delignification when subjected to a standard sulfite cook.
similarly Lautsch (94) reported that spruce wood which had
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been prehydrolyzed with dilute acids could not be
delignified by the sulfite process under the scme con-
ditions as untreated wood. During their experiments,
Corey, Calhoun and Mazss observed that pre-treatment of
wood specimens resulted in an increased lignin content
of the wood as determined by the method of Ross and
Potter (95) or by the Madison sulfuric acid method (96).
The amount of "apparent lignin" formed varied from 1 to
5% of the weight of the original wood, depending on
the temperature and duration of the pre-treatment. Tne
nature of the changes occurring during pre-treatment was
unknown and, although Corey and Maass (90) recognized
that chemical changes in the lignin were possible, they
considered a physical change to be more probable.
Phillips (97) stated that "isolated lignins, such
as acid and alkali lignins and those extracted with an
organic solvent in the presence of a miner«l acid
catalyst, are insoluble in hot bisulfite solutions",
Hibbert (98) pointed out that this fact was a strong in-
dication that deep-seated chemical changes occurred
during isolation of the lignins from wood since lignin
"in situ" was quite readily soluble in hot bisulfite
liquor. It was shown that the acetylated oak lignin
isolated by Suida and Titsch (99) gave, on deacetylation,
and for the first time, an extracted lignin completely

soluble in hot bisulfite solutions at 110°C. However,

since lignin is normally soluble in sulfite liquor only
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at more elevated temperatures, some changes must have
occurred in the oak lignin during isolation with the
acetylating mixture.

The difficulty of separating lignin from the carbo-
hydrates of plant materials has necessitated the employment,
as already noted, of drastic chemical reagents. The
products isolated by treatment with strong acids are dark,
amorphous, highly-insoluble solids like Klason or
Willstgtter lignin, while those obtained by extraction with
acidulated organic solvents or alkalies are generzlly light-
colored, amorphous, soluble materials like methanol lignin.
From the analysis of methanol and phenol lignins and lignin
sulfonic acids it is obvious that condensation of lignin
with elements derived from the medium of extraction is of
frequent occurrence (100) (101) (102). Such drastic treat-
ments of wood probably produce, in addition, obscure and
deep-seated structural changes in the lignin itself (103)
and these changes are probably greatly increased when
elevated temperatures are used as in technical pulping
processes., Whatever the nature of these changes may be,
isolated lignins differ from their progenitors in wood by
remaining largely, or in part, undissolved uncer the normal
conditions of a standard sulfite cook (97) (67).

Many attempts have been made, particulerly in the past

fifteen years, to acquire information concerning the basic

units of which lignin is composed by degradation of isola-

ted lignins. Similar studies have been made on the entire
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wood without attempting to isolate the lignin. 1In the
former case the unknown elterations which occurred during
isolation proved to be a complicating factor while in

the latter instance debris from the carbohyarates in-
creased the experimental difficulties. The yields of
identifiable fragments have been disappointingly low and
the results difficult to interpret.

Oxidation, one of the most important operations used
for the degradation of an orgenic substance, has not
afforded results of particular importznce insofar as the
elucidation of the structure of lignin is concerned. Vhen
the extremely sensitive lignin is subjected to oxidation,
even under mild conditions, complete disruption of the
molecule usually occurs and low-molecular products zre
obtained. Oxidation of isolated lignins aqna lignin-
containing meateriels with such common reagents as ozone
(104), chromic acid (105), permengenate (106) and activated
oxygen (107) were formic, acetic, oxalic, malonic and
succinic acids. Pauly and Feuerstein (108) reported that
vanillin was produced by the ozonolysis of lignin in
glaciél acetic acidbut their results were not confirmed
in later investigations. Anisic acid (I) was obtained by
oxidation of methylated alkali lignin from corn cobs with
5 N nitric acid (109). Rassow and Neumann (110) found
that solutions of glycol lignin absorbed oxygen from the
air in the presence of such catalysts as spongy platinum

and the products included p- hydroxybenzoic acid in 6%
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yield. Electrolytic oxidation (111) of butanol lignin at

a lead cathode with sodium hydroxide electrolyte produced a
high yield of identifisble compounds accounting for approxi-
mately 80% of the lignin. Among these products were found
&~ resorcylic (II), protocatechuic (III), p- hydroxybenzoic
and m- toluic gcids in a total yield of £3.5% s well =zs

aliphatic acids and ketones.
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Fischer, Schrader and Treibs (11Z) subjected isolated
lignins to air-oxidation in the presence of zlkali under
pressure at <00 C and recovered, in addition to simple
aliphatic acids, significant amounts of benzoic, phthallic,
trimellitic (IV), hemimellitic pyromellitic (V), benzene
pentacarboxylic and mellitic (VI) acids. ¥hen vood was

oxidized in & similar manner the same products were ob-

tained in comparable yields (11&). 1In a parzllel series of

experiments, cellulose and the humic materisls obtained by
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treatment of sucrose with strong acids were oxidized (114)
and the products isolated, although in considerably lower
yields, were similar to those obtained from lignin. However,
in view of the drastic method employed by Fischer and co-
workers, it was considered doubtful whether the results could
be interpreted as definitely indicating that an aromatic
nucleus was present in the lignin molecule or in humified
carbohydrates (115). In connection with their studies of
various coal components, Bone and co-workers (116) oxidized
Willstédtter lignin with alkaline permangznate under carefully
controlled conditions and isolated from the reaction mixture
mellitic and other benzene polycarboxylic acids in a total
yield of about 13%. The same workers clearly demonstrated
that in the conditions employed only fused ring systems of
the polynuclear hydrocarbon type gave rise to benzene poly-
carboxylic acids and that rings containing oxygen were

completely degraded.
Vanillin (VII) was produced when the dry residue of

sulfite waste liquors was heated with lime (117) but no
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attempt was made to follow up this important observation
until recent years. In 1928 Kurschner (118) reported
that vanillin was formed when sulfite liquor was heated
with sodium or potassium hydroxide while a stream of zir
was passed through the solution. Subsequently many
workers (119) (120) (121) investigated the formation of
vanillin from lignin sulfonic acids and concluded that
the yield of vanillin depended not only on the conditions
of the alkaline hydrolysis but also on the length of the
heating period and the temperature prevailing during the
delignification of the wood with bisulfite cooking liquor.
The lignosulfonic acids obtained from hardwoods yielded
syringaldehyde (VIII) as well as vanillin on degradation
with hot aqueous alkali (122). In addition to vanillin
and syringaldehyde, acetovanillone (IX) and aceto-
syringone (X) were identified as degradation products of

sulfite waste liquors (123).
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Freudenberg and co-workers (124) reported that the
presence of a mild oxidizing agent in the zlkaline re-
action mixture was necessary for the proauction of
vanillin from isolated lignins or wood. Nitrobenzene
was found to be the most satisfactory oxidant and by its
use vanillin was obtained from spruce "cuproxam" and
Willstdtter lignins as well as from the spruce wood it-
self in yields of 19.3 to £4.3% of the weight of the
original lignin.

Pearl (125) showed that cupric hydroxide and other
mild inorganic oxidants could be substituted for the
nitrobenzene. Hibbert and co-workers (1£6) (127) applied
Freudenbergt!s alkaline nitrobenzene oxidation to a wide
variety of woods and determined the yields of vanillin
and syringaldehyde (Table IV) by fractional sublimation
of the crude mixtures obtained frcm the bisulfite-soluble
fraction of the reaction mixture. Syringaldehyde and
vanillin were recovered from hardwoods in a ratio of
about 3:1 while softwoods yielded vanillin only.

Valuable information concerning the nature of lignin
has been gsined through high-pressure hydrogenation
studies within recent years. Among the earliest workers
were Fierz-David and Hanning (128), who subjected
Willstgtter lignin to catalytic hydrogenation under a
pressure of 250 atmospheres, nickel being used as the
catalyst. In the absence of a catalyst practically no

nydrogenation took place even at 500 atmospheres pressure.
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Table IV

Nitrobenzene Oxidation of Extractive-free Woods

Species Vanillin(a) Syringa%dehyde(a)
White Spruce 3.5 None
White Pine 18.5 None
Red Cedar 4.0 None
Hemlock 2.1 None
Redwood 23 .5 None
Red Maple 10.2 o4.7
Silver Maple 12.7 35.2
Yellow Birch 11.0 338.7
Aspen 9.4 d<.1
Red Oak 10.5 34.3

(a) Yields calculated on the basis of the Klason lignin

content of the woods.

A yield of about 8% of phenols was reported but no attempt
was made to identify specific compounds. PBoomer and Edwards
(129) subjected wood to high-pressure hydrogenation in a
tetralin medium at high temperatures and found complete
solution in the absence of a catalyst. The products were,
however, classified only on the basis of solubility.

The first detailed characterization of the hydrogena-

tion products of lignin was accomplished by Harris, D'Ianni
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and Adkins (130). Methanol lignin from extractive-free
aspen wood was hydrogenated in dioxane solution at &
pressure of 220 to 400 atmospheres and a temperature of
260°C in the presence of a copper-chromium oxide catalyst.
After eighteen to twenty hours the absorption of hydrogen
ceased and on removing the catzlyst a colorless or slightly
yellow solution was recovered. The cyclic products
positively identified were 4-n-propylcyclohexanol-l (XI)
and 4-n-propylcyclohexanediol-1,2 (XII). The high yield

of methanol (Table V) was undoubtedly in part caused by the

Table V
Products from Hydrogenation cf Methanol Lignin

Product ielg(a)
8m.)
Methanol 22
4-n-propylcyclohexanol-1l 9

»

4-n-propylcyclohexanediol-1,2
3~ (4~hydroxycyclohexyl) propanol-l(b) 20

(a) From 80 grams of lignin.

(b) Not positively identified.

presence of methoxyl groups derived from the dioxane during
the hydrogenation. These other products accounted for
about 50% of the lignin after allowance was made for its

methoxyl content. 1In addition, high-boiling materials
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containing more than nine carbon atoms were obtained in

a yield of about 30% and with an average composition of
C18Hz20z OF CogHyp04.

Adkins, Frank, and Bloom (131) hydrogenated "Meadol",
isolated by the soda process, under approximately the

conditions employed in hydrogenating methanol lignin. It
was found that "Meadol" gave a lower yield of 9- carbon

compounds and a correspondingly higher yield of high-
boiling compounds. Of the high-boiling fraction, a con-
siderable portion contained %5 to 70 carbon atoms per
molecule. It was concluded that condensation and
cyclization had occurred during isolation of the lignin
by the soda process and that the resultant structures
were resistant to hydrogenolysis.

The hydrogenation of maple ethanol lignin by Hibbert

CHAOH
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and co-workers (132) (133) gave the same 9- carbon compounds
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as aspen methanol lignin but in a yield that indicated a
difference in structure between the two types. The diol
reported by Harris and co-workers was positively identi-
fied as 3-(4-hydroxycyclohexyl) propanol-1l (X111).
Hydrogenation of maple and spruce woods yielded propyl-
cyclohexane derivatives to the extent of about 36% of the
Klason lignin content of the wood. The low-boiling
fractions obtained by hydrogenation of butanol lignin
(134) contained products that suggested combination of
lignin with the solvent during isolation. The presence

of tetrahydrofurfuryl alcohol was interpreted as an indi-
cation of the existence of furan rings in lignin, although
this result might have been explained by assuming that the
separation of lignin and pentosans was incomplete.

By proper adjustment of the reaction variables sub-
stantial yields of phenols have been obtained by the
hydrogenation of lignin. Lautsch (135) found that in an
alkaline medium and at lower temperctures it.wag possible
to obtain mainly phenols. In a further investigation of
the reaction in an alkaline medium, Freudenberg and co-
workers (136) (1%7) obtained phenols almost exclusively at
260°C when not too active catalysts were employed. The
yield of phenols amounted to 40 to 50% of the weight of the
lignin. It was concluded that the presence of alkali

lowered the hydrogenation velocity and thus repressed ring

saturation.
In an unpublished research, Pepper (1Z8) hydrogenated
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maple wood in alkaline aqueous dioxane at 165°C over Raney
nickel catalyst. The following products were obtained in

a total yield of 23.8% based on the Klason lignin content

of the wood; 4-hydroxy-5—methoxyphenylethane, 2-(4-hydroxy,
3,5—dimethoxy—phenyl) ethanol, and 4-hydroxy, 3,5-dimethoxy-
phenylethane. Rehydrogenation of the high-boiling fractions
gave a further yield of 3.5% of ethyl and propyl substituted

cyclohexanols. The fact that 8- carbon compounds were
obtained was attributed to the drastic cleavage action of
Raney nickel in the presence of alkali. The hydrogenation
of hydrochloric acid lignin with less active catalysts (139)
gave a 50% yield of aromatic oils from which pyrocatechol
and dihydroeugenol were isolated.

Hibbert demonstrated (140) that cyclic structures were
not present among the products obtained by hydrogenation of
holocellulose under the conditions employed in lignin
studies. In contrast to this work, Fierz-David and Hanning
(128) investigated the hydrogenation products of starch and
cellulose and claimed thzt guaiacol and xylenol were found
in a total yield of 2.4%. Cyclohexanol and cyclopentanol
were also present. However, the yields were much lover than
those obtained from lignin and it has been considered highly
improbable that the cyclic structures isolated by the
hydrogenation of the latter were derived from polysaccharide

components of wood.

In the isolation of lignin by heating wood or other

plant material with alcohols in the presence of an acid
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catalyst, the extract obtained is filtered, neutrzlized,
concentrated, and poured into an excess of water, where-
upon the lignin is precipitated. For some time the
practice was to discard the filtrate from the lignin but
recently Hibbert and co-workers (141) found that this
filtrate contained important degradation products of

lignin, which could be isolated by extraction with ether

or bengene. By differential extraction of this oily
extract with sodium bisulfite, sodium bicarbonate, and
sodium hydroxide solutions, it was resolved into carbonyl,
acidic, phenolic, and neutral components. The proximate
composition and yields of the fractions thus obtained were
studied (142). The total yield of oils obtzined from
hardwoods was much grester than that from softwoods. When
the ethanolysis was carried out in an inert atmosphere no
acidic fraction was obtained (143).

A detailed study of the phenolic fraction of the oil
from spruce wood revealed the presence of o- ethoxypropio-
vanillone (XIV) (14l1) whereas both «- ethoxypropiovanillone
and o~ ethoxypropiosyringone (XV) were identified in the
similar fraction from maple wood (142). In the bisulfite-
soluble oils from maple wood vanillin, syringaldehyde,
methyl-4-hydroxy-3-methoxyphenyl diketone (XVI) and methyl-
4-hydroxy-3,5-dimethoxyphenyl diketone (XVII) were found
(144). However, the similar frection from spruce wood
contained only vanillin and methyl-4-hydroxy-Z-methoxyphenyl

diketone. As in the case of the alkaline oxidation of
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lignins, ethanolysis of softwoods yielded only guaiacyl
derivatives whereas both guaiacyl and syringyl types were

obtained from hardwoods (145).
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The ethylated compounds were undoubtedly formed through
interaction of ethanol with the corresponding hydroxy
structures.

Hibbert postulated that the action of ethanolic
hydrogen chloride on lignin involved both polymerization
and depolymerization changes (146). This assumption
accounted for the fact that ethanolysis removed only part
of the lignin from wood (142) and that the remainaer was
not readily decomposed in sulfite solutions under the
conditions of a standard cook (147) This belief was
stréngthened by the discovery that re-ethanolysis of

ethanol lignins yielded the same units as were obtained
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by the customary wood ethanolysis procedure (146) and that
the phenylpropane derivatives isolated were very sensitive
compounds having a strong tendency, even under the influ-

ence of mild reagents, to undergo ortho- and para-nuclear

condensations forming polymers (148).

4. Structures Suggested for Lignin:
It has been shown that the nature of the lignin com-

plex varies from one species to another (149) and even
with the age of the plant and the locality in which it
grew (150). Because the lignins studied by the many
workers in the field varied both in source and method of
preparation, a satisfactory correlation of results has
been made most difficult. The consequent wide divergence
of opinion as to the nature of lignin "in situ" was ex-
pressed by Bailey (151) as recently as 1940; "Lignin is

a compound, elther aliphatic, aromatic or heterocyclic in
nature, which has a morphological but not crystalline
arrangement, which has no fusion point, which hss no known
inert solvent, whose reactions are obscure, whose deriva-
tives are unexplained, whose molecular weight is decidedly
uncertain and whose fundamental chemical structure is
definitely unknown." Despite the truth of Bailey's
commentary on the status of the lignin problem, several
workers have attempted to correlate the scattered evidence
in the form of suggested structures for lignin. These
formulations, while highly speculatory in nature, may per-

haps serve some useful purpose in that they constitute a
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summation of present knowledge from which future investi-
gations may be carried on.

Hilpert and his collaborators (152) assumed the
extreme position that isolated lignins did not exist as
such in the plant but were nothing more than the resini-
fied debris obtained by interaction of certain labile
methylated carbohydrate components of wood with the
reagents used for the isolation of lignin. Schutz and
Sarten (61), after discussing the indecisive evidence
available, concluded that lignin suffered deep-seated
transformation during isolation and that no sharp line
of chemical demarcation existed between it and the well-
known carbohydrate components of wood. These authors
pointed to the drastic methods .employed for isolation of
lignin, to the fact that similar treatments of carbohy-
drates produced lignin-like materials, to the detection
of small quantities of aromatic compounds in the reaction
products of humified carbohydrates and to the isolation of
niberschusskohlenhydrate" by Jayme as substantiation of
their belief,

It may be stated, however, that the existence of
Hilpert's labile methylated carbohydrates has never been
demonstrated. Furthermore, the assumption that lignin
nin situ" exists in the form of a carbohydrate is in gross
discordance with the carbon values ctlculated for
unchanged lignin by Wald (65) since the carbon content of

even a fully methylated hexosan or pentosan falls below
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55%. Measurement of the ultraviolet absorption spectra
of lignin and lignin derivatives indicated a benzenoid
structure (153) (154) in agreement with the evidence
obtained from alkaline oxidation, high pressure hydro-
genation and ethanolysis. Several authorities, including
Phillips (155), Freudenberg (156), Hibbert (157),
Percival (158) and Erdtman (159) recently reviewed the
chemistry of lignin and all agreed that the substance was
a condensation product based upon polyhydroxy phenols
with oxygenated side chains three carbon atoms in length.
Klason (160) was the first to suggest an aromatic
structure for lignin and considered that it was essen-
tially a condensation product of coniferyl alcohol (XVIII)
and oxyconiferyl alcohol. On the basis of his experi-
mental results, Freudenberg (161) concluded that lignin
was a poly-ether formed by the condensation of phenylpropane
units of the type of XIX and XX, or of similar carbonyl

compounds.
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For a number of years Freudenberg considered spruce lignin
to be a linear polymer of structure XXII while hardwood

lignins had an analogous structure based on units containing

C

..O-D—CH,,—CHOH-CA:,-O-@-C/»Q—CHOH-CH,-O--

XXII

the syringyl nucleus (XX). Such a simple structure should
be easily degraded by hydrolysis or hydrogenolysis giving
high yields of phenylpropane derivatives similar to those
actually isolated. The fact that lignin does not readily
undergo degradation suggests a continuous carbon-carbon
chain throughout much of the structure and, consequently,
Freudenberg modified his views (162). He then considered
that spruce lignin was a polymer formed by the nuclear con-
densation of etherified, oxygenated phenylpropane units,
the etherification taking place through a phenolic &snd an

alcoholic hydroxyl group of the side chain (XXIII).
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Freudenberg expended considerzble effort in an attempt
to co-ordinate these lignin formulae with a theory of the
bio-synthesis of lignin involving continuous condensation
of simple phenylpropane building-stones of the type shown
(156). Of particular interest to this theory was the dis-
covery by Hibbert (142) that units (XIV, XV, XVI, XVII),
similar to those postulated by Freudenberg, actually
existed in a variety of plant materials and could be ex-
tracted by treatment with ethanolic hydrogen chloride.

The fact that these oxygenated phenylpropane building-
stones were isolated as soluble ethyl derivatives indicated
that they did not exist as such in wood. Erdtman (159)
suggested that they probably existed originally in com-
bination with carbohydrates linked through a glycosidic

bond as in (XXI). Coniferin, a compound of tnis type,

occurs in the cambial sap of sprucewood (163). Hibbert

also showed that of - hydroxypropiovanillone and o -
hydroxypropiosyringone readily underwent intramolecular
transformations involving hydrogen migrations and oxidation-

reduction systems (157). These phenolic derivatives had a
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strong tendency, even under the influence of mild
reagents, to undergo ortho- and para-nuclear condensations

with the formation of polymers (XXV) .
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This lignin polymer contained a furan ring similer to that
proposed by Freudenberg (XXIII) and the only essentizl

difference between the two structures was in the mechanisms

postulated for their formation.

It is of unusual interest to the Hibbert and
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Freudenberg theories of lignin structure that dimeric
forms of simple phenylpropane units have been isolcted
by ether extraction of the heartwood of severzl species
of wood. These crystalline lignans, such as pinoresinol,
lariciresinol and matairesinol, have the skeletal
structure (XXVI). The "sulfite liguor lactone", whicl
Lindsey and Tollens (165) first isolztec from the sulfite
waste liquor of spruce, was shown to have the structure
(XXVIII). This lactone, conidendrin, was probably de-

rived from the extraneous components of the wood and
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connection between it and lignin, or primordial lignin,
has not been establishea. Nittner (166) thoroughly re-
viewed the chemistry of the lignans znd pointed out their

importence as probable intermeciztes in the bio-synthesis

of lignins.
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The lignin structures visualized by Freudenberg znd
Hibbert do not account for the formation of benzene
polycarboxylic acids during oxidation of isolated lignins
with alkaline permsngenate, since these structures con-
tain nbthing but phenol-type nuclei. Many of the lignans
of the type (XXVI) are extremely sensitive and undergo,
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under the influence of a trace of acid or #1lkali, intra-
molecular condensations to the tetrahydro-l-phenylnaphthzlene
form (XXVII). R. D. Haworth (167) pointed out that lignin
might be & mixture of polypropylbenzenes resulting from a
general scheme of piosynthesis in which the dimeric forms,
the lignans, are involved as intermediates. It may be that,

during the isolation of lignin with strong acid or alkali,
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similar intermolecular and intramolecular condensations
occur resulting in complicated systems of fused rings
and carbon~-carbon cross-linkages. On this basis it is
possible to account for the formation of the fused ring
systems that Bone (116) found to exist in Hillstgtter
lignins.

Jayme and Hanke (67) concluded from their isoletion
of "ﬁberschusskohlenhydrate" from spruce wood that lignin
was chemically combined with & portion of the poly-
saccharides. They suggested that lignin "in situ" was &
dehydrated polyhexosan containing two guaizcyl substitu-

ents in each glucose unit. This structure (XXIX) was only
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one of several forms of lignin "in situ" &as other types
were supposed to be produced by dehydration of the
polysaccharide unit (XXX) or by condensation of phenolic
and alcoholic hydroxyl groups of adjacent chains (XXX1).
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All these typeé and their modifications presumebly
existed "in situ" as a mixture. Jayme's attempts to
explain many of the known reactions of lignin on the
basis of these structures are, in meny cases, plsusible,
but his concept of the formation of phenylpropane deriva-
tives by fission of the bond between carbon atoms two and
three of the glucose unit seems open to criticism. The

carbon content of less than 60% calculated for these lignin

structures is grossly inconsistent with the values computed

by Wald. McKinney (168) suggested that at least part of
the lignin of wood might exist as phenolic glycosides of

polysaccharide components of wood. The question of whether

the phenolic residue (XXXII) was a simple unit or complex

group of aromatic nuclei was left open.
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The variety of structures that have been proposed
for lignin is itself sufficient indication of the state
of disagreement among lignin chemists. In 1944 Phillips
(169) commented upon this state of affairs in the follow-
ing words; "Although evidence of a fragmentary nature
can be mustergd for each of these formulas it must be
stated that all of them are speculetive in character.

It cannot be emphasized too strongly that it is entirely
premature to propose any constitutional formuls for lignin
considering our incomplete knowledge of the chemistry of
the substance." Future progress in the field seems to
depend, to a great extent, upon the ability of chemists
to devise a method for the separation of chemically un-
changed lignin from the carbohydrates of plant material.
Possible Approaches to the Study of Lignin "In Situ":

The solution of the problem of isoleting lignin

5.

without change probably requires new methods tnat avoid

high temperatures and employ neutral chemical reagents.
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Brauns' (51) extraction of ™native lignin" witnin 96% ethznol
at room temperature met these requirements, but the failure
of 97% of the lignin to be so extracted suggests that his
"native lignin" is not identical with the bulk of the
lignin in wood. Ploetz' (35) selective dissolution of the
holocellulose by enzymes constitutes another approach but
his incidental use of extractions with cupri-ethylene-
diamine solutions to remove the last traces of carbohydrates
increased the risk of chemical change. A third possible
method originated in the discovery by Jackson and Hudson
(170) that cellulose oxidized with cold periodic acid
became soluble in hot water, owing to the nearly quantita-

tive formation of a readily decomposed periodate oxycellulose.
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Later work by Grangaard, Gladding and Purves (171) showed
that side-oxidations of the cellulose were at a minimum at
pH 4. Jeyme and co-workers (17<) (173) (174) extended the

reaction to xylans, starch and other carbohydrates found in
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plant material. The cleavage products were found to be
solubilized by hot water. On the other hanu, Freudenberg
and his collaborators (175) briefly stated that lignin was
apparently unchanged by periodate, although a decrease
from 16% to 10% in the methoxyl content of the licgnin was
observed. Oxidation with dilute aqueous periodate was also
employed by Pennington and Ritter (176) to free certain
lignin sulfonic acids from traces of polysaccharides. Their
research clearly showed that a methoxyl-contzining fragment
was cleaved from a lignin sulfonic acid during the oxidation.
Such investigations opened up the possibility of
oxidizing the holocellulose portion of solvent-extracted
wood with periodate at pH 4 and 20°C, removing the oxidized
product by solution in hot water at pH 7, and of recovering
the undissolved lignin concentrate. Since the procedure
involved neither greatly elevated tem eratures, minerel
acids nor alkali, it would be expected to isolate woua
lignin with little or no resinification, although the product
might be somewhat oxidized. Preliminary experiments by Wald

(65) showed that one gram samples of Northerin Pine Klason

lignin consumed about 0.5x10—'3 moles of 0.5% aqQueous

periodate in three hours at 20°C and pH 4.1 but that further
consumption of periodate was minute. In the same conditions,

pine holocellulose required about £ Xx10° moles, and the pine

wood about 1.5X 10 °° moles of the oxidant. Both wood znd
holocellulose sufferea little or no decrease in weignt when

oxidiged as described, but a sharp decrease occurred when tue



o4

products were boiled in water at pH 7. It was found tiat
the undissolved residues were again sensitive to perivacte
oxidation and that the oxidation-extraction cycle could be
repeated until holocellulose was completely dissolved.

With Northern Pine wood, thirteen repetitions of the
oxidation-extraction cycle increased the Klason lignin con-
tent from the initizl figure of £8.4 to only 56.9%. At
this point the work was discontinuea. The precent work
consists of an extension of Wald's investigations to
several species of wood and en examination of the behaviour
of the isolated periodate lignins toward standard pulping
reagents, hydrogenation, ethanolysis, oxidation and similar
procedures. Detailed analyses of spruce wood and hoclo-
cellulose, leading to a calculeted composition for spruce

lignin "in situ", are also presented.



DISCUSSION OF RESULTS

A. ELEMENTARY COMPOSITION OF SPRUCE LIGNIN "IN SITU"

The method which Wald (65) developed for computing
the elementary composition of lignin "in situ" from those
of the wood and the residual holocellulose was applied to
spruce lignin. It is important to note that the results
of these calculations represent the composition of the
lignin actually removed from the original wood, but since
only a small fraction of the total lignin remazins in the
holocellulose, the calculated composition of "lignin
removed" very closely approximates that of the entire
lignin complex "in situ".

In calculating the composition of "lignin removed"
from those of the wood anu the holocellulose, the ratio
by weight existing between these two constituents of wood
must be determined as accurately as possible. The yield
of holocellulose (Table VI, Column A) when subtracted
from 100 gives the percentage of "lignin removed" as shown
in the fifth column. This calculation sssumed no error in
the estimation of holocellulose and automatically corrects
for the small amount of lignin deliberately left in the
latter. Alternatively, the Klason lignin determinations on
wood and holocellulose can be assumed to be correct urd
their difference (Column 6) gives & velue for "lignin re-
When meking this computation, it was necessary to

moved",

express the amount of lignin in the holocellulose &as a

percentage of the wood (Column B). The date in columns 5



TABLL VI

Ratio of Holocellulose to Lignin Remgved

Black Sprucewood

Holocellulose

Analysis Yield % L;gnin(b)%
(A) (B)
1 72.1 0.8
2 7206 103

(a)
Klason Lignin Removed
Lignin % {100-4) (B-C) Average
(¢)
28,8 27.9 28.0 27.9 < 0.1
28,8 27.4 27,5 27.4f 0.

Error in ratio (Analysis 1), 27,9 ¥ 0.1 or % 0.2%

L t )

(a) All analyses corrected for moisture and ash.

(b) As percentage of wood.

96
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and 6 are not identical and the probable error noted in
the average of each pair corresponds to the amount by
which the lignin-free holocellulose plus the Kleson
lignin failed to account for exactly 100% of the wood.
Numerous other workers have obtained material balances
of the same order of precision (57). Although this
precision probably owed something to a chance cancel-
lation of errors of unknown size (27) consideration
shows that precise knowledge of such errors would throw
light upon the chemical nature of the "lignin removed"
rather than alter its average composition. The diver-
gences noted were ¥ 0.1% and the ratio of "lignin
removed" to holocellulose was accordingly in doubt by
¥ 0.5%, or by £ 0.24 on the besis of the wood.

The carbon, hydrogen and methoxyl contents
determined for the holocellulose and wood, all data
being corrected for moisture and ash, are summarized in
Table VII. The percentage of carbon in the "lignin
removed" was obtained in each case from the relationship:

(4 C in holocellulose) (yield of holocellulose)

$(% C in "lignin removed")(vield of nlignin removed")

=% C in wood %100

quations enable the hydrogen and methoxyl con-

This

Similar e

tents of the "lignin removed" to be calculated.
method of calculation is illustrated by Teble VIII in which
esses the ahalyses of the holocellulose (line 1)

, and the carbon, hydrogen and

line 3 expr

as fractions of the wood



TABLE VII

Analysis of 8Spruce Wood and Holocellulgse

(a (a)
Sample Mois ture Ash Lignin Holocellulose Carbon ) Hydrogen Methoxyl
8pruce Wood 7.43% 0.35°0.03% 28.77-0.03% 70.9%C.1% 51.3%0.14% 5,98L0,01% 4,73%
Holocellulose A (D) 0.78%0.07 1.17%6.07 44.gt0.1 5,98%0.23 1,06*0,02
Holocellulose B (D) 0.93%0.10 1.75%0.02 44.95c.2  6.13%0,17 1.27f0.04 g

(a) Corrected to the basis of a moisture— and ash—free sample,

(b) Dried for 6 hours at 105 C.
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methoxyl contents of the "lignin removed" were obtained
by difference. The limits of divergence between the
duplicate or triplicate analyses were carried forward
additively in the calculations and created an uncertainty
of * 0.7% in the percentage of carbon in the lignin.
Fortunately the calculated analyses were not very sensi-
tive to slight changes in the holocellulose-~lignin ratio
and the additional possible error from this cause w&as only
* 0.8%. The extreme calculated error in this case was

* 0.8% in the carbon, and also * 0.7%4 in the hydrogen and
methoxyl analyses, so that the true values are probably

not fer from C, 67.5; H, 6% (Table IX).

A comparison of the calculated carbon and hydrogen
contents of spruce lignin with those obtsined for Northern
Pine lignin by Wald (Table IX) reveals a very close agree-
ment. The methoxyl value computed for spruce lignin is
somewhat lower than either that assigned to pine lignin

min situ" or that found by analysis of several isolated

spruce lignins (56). This discrepancy is difficult to

- explain unless it is assumed that the particular spruce

wood used was characterized by a low methoxyl content.

In agreement with Wald, it was found that the carbon con-

tents of isolated lignins generally fall £ to 5% below that

calculated for lignin ™in situ'. This observation may in-

dicate that isolated lignins are not jdentical with lignin

as it exists in the original wood. Lautsch and piagolo

(136), however, quote values as high as C, 67% for certaln
b



TABLE VIII

(a)
Calculation of Lignin Composition

(Analysis I)

Base Weipght arbon Hydrogen
Holocellulose 100 W.glo.1 6.0£0.2
Wood ) 100 51,2%0,1 6,0£0.0
(o
Holocellulose 72.1 32.1%0.1 4,3%0,.2
Lignin Removed 27.9 19.2%0,2 1.7%0.2
Lignin 100 67.850.7 6.1%0,7

Applying possible error of 0,2% in lignin-bolocellulose ratio,
Lignin (corrected) C, 67.80.8; H, 6.1%0.7; OH30, 14.0%0.1%

(a) All analyses corrected for moisture and ash,

(b) GCorrected to wood basis by factor Ea.l.

Me thoxyl

1,.1£0,02

4,73
0.8%0.01

3.9%0.01
153 .0+0.04

09
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lignins isolated from spruce and their results agree well
with those calculated for spruce lignin in Table IX.

The accepted method of drying wood or lignin for
analytical purposes consists of heating the sample in air
at 105°C until the weight becomes approximately constant.
A sample of spruce Klason lignin, heated in this way for
six hours, decreased in weight by 8.21% (Table X), but
when dried to constant weight at room temperature "in
vacuo" over phosphorus pentoxide the decrease wes only
7.58%. This decrease corresponded zlmost exactly to the
water content as détermined by the Karl-Fischer method.

It is important to note that the conventional method of
drying used in the present research underestimated the
true dry weights of wood and Klason lignin by not more
than a few tenths of one per cent. In consequence, the
carbon and hydrogen percentages, corrected for apparent
"moisture" content, were high only by smaller variable
amounts. It, therefore, seems that the discrepancies
between observed and calculated carbon contents of lignins
cannot be entirely explained on the basis of the moisture
determination.

Heating at 105°C for six hours had apparently re-
moved about 0.6% of the dry substance of the Klason lignin.
More prolonged periods of heating (Table XI) caused an
additional loss of 0.2 to 0.5¢ of the lignin substance.
The losses in weight were accompanied by decreases of & to

3% in the carbon content of the dry lignin, as compared to



TABLE IX

Theoretical and Qbserved Analyses of Spruce Lignin

Extreme Calculated values % G % H % GH;O
Spruce  Anal, 1 67.3 — 68.3 5.9 = 6.3 13,9 - 14,1
Spruce 2 67.4 - 68.0 5.0 - 6,1 13,6 - 14,0

Probable Values
Spruce 67.5 6.0 14,0
Pine (a) 6705 600 16.0

Isolated Lignins
Native Spruceébg 63.9 6.15 14,
Spruce Klason(¢ 65.7 5.82 15,

Theoretical Lignin Units
Oxygenated phenylpropane resin‘d) 6l - ZO 6.0 15,8
Hydroaromatic derivatives 60 - 08 9.0 15,3
Dime thyl pentosans (e) 52.5 7.5 8.8

a Calculated by Wald,

b) Analyzed by Brauns (51) .

c) After drying in air at 105 C for 6 hours,

d) Analyzed by Cramer, Hunter and Hibbert (141)
e

Hilpert and Hellwage (152)

i

29
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the value obtained by allowing for the "moisture® content
of unheated samples. Similar effects were noted when
spruce wood was heated in air at 105°C although it has
been reported (65) that holocellulose is stable under
these conditions. §Since heating air-dry spruce Klason
lignin in a stream of nitrogen carefully purified from
traces of oxygen, produced similar results, the decrease
in carbon content could not be attributed to an oxidation.
In view of Moore'!s (177) observation of the evolution of
small amounts of carbon dioxide and lower hydrocarbons
from coals heated "in vacuo" at 100°C after being de-
gassed at room temperature, the decrease in carbon content
of lignin under similar conditions may be tentetively
attributed to a slight, but undoubtedly complex, thermal
decomposition.

It is possible that the wide spread practice of
analyzing lignins after drying at elevated temperatures
is responsible for the customary deficiency of 2 to 5% in
carbon content. The necessity of using unheated samples
for analytical purposes is obvious.

A review (685) of various lignin "building-units"
suggested from time to time in the literature shows that
the majority require carbon contents of 55 to 65.7%, the
exceptions being three proposed by Freudenberg (178) (179)
with 67.2 to 67.7% carbon. Although the carbon content
of & recent variant of the phenylpropane structures,

g-hydroxy-l-(4-hydroxy-5-methoxyphenyl)-1-pr0panone, and
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TABLE X

MOISTURE IN SPRUCE KLASON LIGNIN

Heated in air 6 hr. at 105°C 8.21%

Dried "in vacuo" over P50g 7.58%

Karl-Fischer estimation 7.63%
TABLE XTI

ANALYSES(®) OF W0OD AND LIGNIN AFTER

HEATING AT 105°C

Hours at 105°C % Chang? }n
in air % C 9% H weight (b
Spruce Wood 0 (e) 51.2 6.2 (+ 7.49)
24 48 .8 6.1 - 0.21
48 48.5 603 - 0040
Spruce Klason o (e) 87.4 5.4 (+ 8.2)
48 65.8 601 - 0028

Hours at 105°C
in nitrogen

Spruce Klason o () 67.4 5.4 (+8.2)
lignin 24 64.1 6.1 ~0.24
48 64.7 6.1 -0.50

(a) Duplicate combustions were all within 0.18% of the

averages quoted.
(b) Based on weight after drying 6 hr. at 105°C

(¢c) On air-dry samples and analysis corrected to base

welght after drying 6 hr. at 105°C.
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its dismutation isomers, is only 61%, the substance readily
yielded a resin (141) with a carbon content of 70% (Tzble
IX). Less drastic resinification might well leave the
composition within the acceptable range. A glance at the
composition of methylated pentosans eliminates them from
consideration as possibilities for lignin "in situ". If
less highly methylated carbohydrates are assumed in order
to reduce the methoxyl content to the proper range, the
gross discordance in carbon content is increased.

It was previously pointed out that the composition

of lignin calculated from those of the entire wood and the
holocellulose is independent of its chemiczl nature or
state of chemical combination. The results found for
spruce "lignin removed" C, 67.5; H, 6% place it definitely
within the range of aromatic compounds and exclude the
possibility that lignin "in situ" exists as a carbohydrate.
The introduction into theoretical lignin formulae of many
hydroaromatic units also appears to be inadmissible,
because such units would raise the hydrogen content from

the calculated value of 6% to the neighbourhood of 9%.
B. PREPARATION OF PERIODATE LIGNINS

I Preliminary Investigations:

The mean analyses of the extractive-free woods used
in this research are summarized in Table XII. Oven-dry
wood was not used, since it is well-lkmown that this process
impairs the colloidal properties of wood and since it was

observed that the carbon content of oven-dry wood was less
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TABLE XII

ANALYSES OF EXTRACTIVE~FREE WOODS

@

Analysis Birch Beech Ma%l Spruce

Moisture 6.21 9.84 7.48 7.49
ash(@) 0.12 0.26 0.15 0.35
Lignin(b) 20.0 23.3 21.6 28.8
Holocellulose - - - 70.9
Pentosans - - - 13.2
Methoxyl - - - 4.73
Carbon - - - 51.3
Hydrogen -~ -~ - 5.97

(a) Calculated on the basis of a moisture-free sample.
(b) All remaining values are based on moisture- and

ash-free samples.
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than the value calculated from the combustion of air-dry
samples. It will be noted that the sum of the lignin and
holocellulose contents of spruce wood amounts to 99.7 *
0.17% of the wood and constitutes s satisfactory check
upon the accuracy of the experimental technique.

The results of preliminary experiments to determine
the rate characteristics, and the extent of some periodate
oxidations of the woods are indicated by the plots in
Figs.II and III. Samples, 0.3 to 1.0 grams, of air-dry
spruce wood meal (corrected for moisture content), oven-
dry holocellulose and oven-dry Klason lignin, were oxidized
with an excess of approximately 1% sodium paraperiodate
buffered to pH 4.1 and kept at 20°C. In all cases the
molar excess was based on the assumption that the plant
materials consisted entirely of anhydroglucose units, but
the results are expressed as moles of paraperiodate con-
sumed per gram of sample. At various times 5 ml. aliquots
were removed from the suspensions which were continually
and mechanically stirred at a slow rate. Analysis of these
aliquots showed the amount of periodate remaining at any
time and, by difference, account was taken of the periodate
withdrawn in the successive aliquots. The uniformity of
the results was somewhat marred by experimental difficul-
ties connected with the removal of accurate and represen-
tative aliquots from the heterogeneous reaction mixture.
The first series of oxidations employed 0.006 moles of

periodate per gram of wood, holocellulose, or Klason
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lignin (Fig. II, plots II, ITII, IV) and the second, 0.012
moles per gram of sample respectively (Fig. III, plots
I, II, III). The data corresponding to the plots in
Figs. III and IV are summarized in Tables XXI and XXII.
In general, this work confirms the results of Vald
on Northern Pine. The oxidation of the carbohydrate
portion of wood has been shown to proceed somewhat more
rapidly than that of wood itself (Fig. II, plots I and
II; Fig. III, plots II and III). The lignin complex is
much more resistant to the attack of the periodate ion.
In all cases a rapid initiazl reaction is followed by a
slower consumption of periodate. After a period of three
hours, the oxidation of holocellulose and wood with one
molar equivalent of periodate proceeds at a slow, approxi-
mately constant rate although less than one third of the
oxldant has been consumed. The nature of this slow
rgaction is difficult to assess. A secondary oxidation
under the conditions chosen seems improbzble. Neverthe-
less, if such is the case, holocellulose should show a
rapid consumption of one mole of oxidant followed by a
slower reaction. Since an increase in the concentration
of periodate increased its consumption by wood and
holocellulose, the amount of oxidation attainec in any
experiment probably depended on physical factors. 1In the
case of wood, the slow reaction could be accounted for on
the basis of a protective sheath of resistant lignin

leaving only a fraction of the carbohydrate components
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available for oxidation. However, this consideration
would not apply to holocellulose itself, which shows only a
slightly greater rate than wood. It is moré probable that
the reduced rate is largely due to difficulty experienced
by the reagent in penetrating to the interior of the in-
tricate and complex carbohydrate structure. Increase of
the colloidal surface through mechanical means or swelling
should result in a more rapid oxidation. Increasing the
concentration of the reagent results in an increase of rate
for both the initial and secondary reactions, as shown in
Figs. II and III.

It was found by Wald that the initial consumption of
periodate by Klason lignin corresponded to approximately
one mole of oxidant per Brauns-Hibbert building unit (65)
or 0,0012 moles per gram. Fig.II, plot III, shows that
oxidation of Klason lignin with a molar equivalent of
periodate results in an initial consumption consiaerably
below this amount, followed by an exceedingly slow dis-
appearance of the reagent. The oxidation with two molar
equivalents of oxidant shows an initial consumption of
approximately 0.0012 moles per gram of lignin, in good
agreement with Wald's result. The fortuitous nature of
this agreement became apparent when the concentration of

the periodate was trebled (Fig.III, plot I), all other con-

ditions being unchanged, and a consumption of 0.0066 moles

per gram of lignin in 5.5 hours, with no substantial decrease

of weight during that time, was noted. It is doubtful if
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information as to the equivalent weight of lignin can be
obtained from such plots, since there is no information
as to the number of units in the lignin molecule suscep-
tible to attack by periodate. It is clear, however, that
Klason lignin is not entirely inert toward periodate and
that increasing the concentration of the latter increases
the rate of oxidation.

A large-scale oxidation of extractive-free spruce
wood was carried out. In a similar experiment, Wald had
attempted to minimize the oxidative effect of periodate on
lignin by using solutions of low concentration and de-
creasing the amount of periodate added as the oxidation
proceeded. After thirteen alternate oxidations and hy-
drolyses the residue analyzed only 56.9%4 Klason lignin
and contained considerable amounts of carbohydrates. It
was felt that the number of treatments necessary might be
reduced and the lignin content increased by maintaining
the concentration of reagent throughout the procedure.

One hundred grams (corrected for 7.58% moisture 9z.4
grams) of wood meal was divided into two equal portions
and each placed in a two-litre Erlenmeyer flask fitted
with a sealed stirrer. Each portion was oxidized with
700 ml. of a solution containing 18 grams of sodium para-
periodate buffered to pH 4.1 with glacial acetic acid.
During the oxidation stirring was carried out and tne

temperature maintained at 20°C in a thermostatically con-

trolled water bath. On addition of the reagent to the
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wood meal, the temperature was observed to rise to £3°C
and then, in a few minutes, to fall again to 20°C.

After three hours the oxidized wood meal was washed
free of periodate and iodate ions with water and boiled
under reflux with 4 litres of distilled water for three
hours. After refiltering, the oxidation-hot water cycle
was repeated. The liquors from the hydrolysis were
bright yellow in color and were saved for future inves-
tigation. The pH of these ligquors was never below 6.5
and the pH of the periodate solutions remazined constant
at 4.1 during the oxidations. Fig.IV, a plot of the
consumption of periodate in grams in the successive
oxidations against the number of the oxidations, shows
that the effectiveness of the individual oxidations
decreased in an irregular fashion. The analytical data
corresponding to Fig.IV are summariged in Table XXIII.
At intervals, a small sample of the oxidized, hot-water
extracted wood was removed, dried through solvent ex-
change with anhydrous methanol and benzene, and analyzed
for Klason lignin. The Klason lignin content (Table XXIV)
is plotted against the number of oxidations in Fig.V.
Since it was felt that grinding would open up the wood
structure and thus permit the more feady penetration of
the reagent, after seven oxidations the residue was dis-
integrated in the Waring blender for one hour. After ten
oxidations the residue was again disintegrated for three

hours. The particle size was visibly reduced to almost

colloidal dimensions by these treatments and the increases
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in the consumption of reagent and in the Klason lignin
content are marked in Fig.IV and noticeable in Fig.V.

After 17 oxidations the material was dried through
solvent exchange and under vacuum. The residue weighed
44,9 gm. (corrected for samples withdrawn for lignin
analysis) and represented 48.6% of the original wood.

The Klason lignin content was now 60.7%. If the lignin
structure had been unattacked by the treatment, the lignin
content, calculated from that of the wood and the loss of
weight, should have been 63.84. However, small amounts of
the material were undoubtedly lost in the Waring blender
and no correction could be made for such losses. Thus
little or none of the original lignin appears to have been
lost as a result of the oxidation.

Although the relatively high lignin content indicated
that eventually a lignin concentrate completely free of
carbohydrates could be obtained, the procedure is open to
criticism because of the length ot time reguired. Since
an increase in concentration of the periodate resulted in
a higher consumption (Fig.III) the rate and extent of the
reaction over a wider range of concentration was investi-
gated. Five samples of spruce wood meal weighing approxi-
mately two grams each were separately oxidized with <00 ml.
jodate of increasing concentration (Table

of agueous per

XXV, Columns £ and 3). The mixtures were kept at pH 4.1
2

and 20°C and all other conditions, save periodate

concentration, were jdentical. The progress of the
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oxidations was followed by the removal of aliguots and

the titration of the residual periodate. Fig.VI, in which
the consumption of periodate, in moles per gram sample,

is plotted against time, shows that the extent of the
initial rapid oxidation increases with the concentration
of the periodate. The slower, secondary oxidation, which
dominates after twenty or thirty hours in all cases, also
increases somewhat with periodate concentration. After
120 hours in the first four cases, and after 72 hours in
the fifth, the wood residues were washed free of iodate
and periodate and were boiled with water at pH 6.5 for

3.5 hours. Drying of the residues was through anhydrous
methanol and benzene and "in vacuo" at room temperature.
Table XIII, Column 4, gives the weights of these residues
as percentages of the original wood. Vhen the Klason
lignin content (28.8%) of the wood is aivided by the
fractional yield of residue, the result (Column 8) repre-
sents the Klason lignin content of the residue on the
assumption that no lignin was lost during the oxidation.
Comparison with the observed Klason lignin percentages
(Column 7) suggests that in the first four cases only =
small fraction of the lignin was removed by oxidation in

a water-soluble form. However, since the reliability of

the lignin estimation 1s questionable, the discrepancies

may not be significant. The loss in lignin during run S

was 68.8/80.5 or 11.1% and is substantisl. Nevertheless,

88.9% of the originel lignin was recovered in a state of
PRy
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68.8% purity by a single oxidation lasting three days.
It is evident that the task of preparing a lignin of
still higher purity would be greatly facilitated by
employing periodate solutions of higher concentrations
for shorter times.

Fig.VII describes successive oxidations of 9.1 gm.
of spruce wood meal (corrected for 7.43% moisture) by
550 ml. of 1.3% periodate solution at 20 C and pH 4.1.
Each oxidation last;é 72 hours and was followed by the
extraction of‘buffer and salts from the residue with cold
water and the dissolution of oxidized carbohydrates in
hot water. The upper plot gives the total amount of
sodium paraperiodate in grams present at the beginning
of each oxidation. Inspection of the lower plot shows
that the consumption of oxidant decreased very sharply
after the fifth oxidation in spite of the fact that the
concentration of periodate available was not greatly changed
(Table XXVI). The residue from the seventh oxidation, after
drying through solvent exchange, weighed 26.17% of the
original wood and analyged 85.67% Klason lignin. These
figures account for 78.2% of the lignin originally present.

IT Large-scale Preparation of Periodate Lignins:

Fig.VIII summarizes the large-scale oxidation (Spruce
Periodate Lignin A) described in the Experimental Portion
and planned from the results of the smaller-scale experi-
ments just described. The weight of sodium paraperioaate

jnitially present in each oxidation was about one-third,



TABLE XIII

(a)
Analyses of Periodate—oxidized Spruce Wood
Sample Sample Weight of percent lLoss Weight of Sample Weight of % Calculated
Number Weight Ooxidized in Weight for Lignin Lignin Klason % Klason
Residue Analysis Residue Lignin Lignin (b)
gm, gle gy Ly
1 1.9173 0.7697 6k4,28 0.7510 0.5167 68.80 80.54
2 1.9752 0.8484 57 .04 0.8232 0.5429 65,22 66,96
3 2.0515 1,0021 51,15 0.9299 0.5361 57,65 58 .89
4 1.9939 1.3710 31,24 1.3054 0.5285 40.49 41.84
5 1.9303 1.7132 11.25 1,6263 0.5193 31.91 32,42

(a)
(b)

the original lignin content,

All weights are corrected for moisture,

Calculated lignin values are deduced from the loss in weight and

02
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instead of about one-half, the weight of the wood meal.
With this change, all the added periodate was consumed

in the first three oxidations and the time of sixty hours
allowed for each oxidation ﬁas probably unnecessarily

long (Table XXVII). In two subsequent preparations (Spruce
Periodate Lignins B and C), the period of oxidation was
accordingly reduced to twenty-four hours. The consumption
of periodate by the samples is plotted against the number
of oxidations in Figs.IX and X (Tables XXVIII and XXIX).
Table XIV summarizes the conditions of all three oxida-
tions and the yilelds of products obtained. Analytical
data for the isolated lignins are given in Table XV, all
analyses being carried out as described in the Experimental
Portion.,

The chlorinations in the holocellulose estimation
(periodate lignin A) lasted three minutes each and caused
the periodate lignin immediately tc become orange-yellow
in color. After the first extraction with 50% alcohol-
pyridine (for 3.5 hours) the residue was a sticky, dark-
brown mass that had to be disintegrated with a glass rod
prior to re-chlorination. These color changes persisted
to the seventh chlorination, the proauct from which was
completely soluble 1n alcohol-pyridine. The pentosan

estimation of periodate lignin A proceeded normally ex-

cept that the distillate failea to give the usual pink

color with aniline nydrochloride test paper cnd presumably

contained no furfural. When phloroglucinol was adaed, the
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TABLE XIV

(a)
Large-gcale preparations of Spruce pPeriodate Lignins

Periodate Lignin

Weight of Number of Duration — - “(e)
preparation gpruce ngg Oxidations of Oxidation Yield Klason Lignin Yield
(b)
Spruce Periodate Lignin (A) 101.9 6 60 29,6 86.0 86.7
Spruce Periodate Lignin (B) 225.2 6 a2y(e) o7.4 93.7 97 . U
Spruce periodate Lignin (C) 497.6 5 2y(d) 139.5 95.8 93.2

(a)
(o)
(¢)
(d)
(e)

All caloulations on the basis of moisture~ and ash—- free samples,
With 2 litree of 1.7% periodate solution.
With 2 litres of 5.0% periodate solution,
With 6 litres of 3.4% periodate solution,

calculated from Klason lignin contents of periodate lignins and original wood,

92



TABLE XV

a
Analyses( ) of Spruce Periodate Lignins
Spruce Periodate Klason

Lignin isture Ash Lignin Holocellulose Garbon Hydrogen Methoxyl

% % % % % % %
(a)(P) 2,02 1.56 86,0 None 60.5 6.0 10.8
(B) 3.13 1.78  93.7 - 61,2 5.9 12,2
(0) 2.36 1.43  95.8 - 61.7 6.0 12.0

(a) Corrected to the basis of moisture= and ash-free samples,

(p) Table XIV.

lg
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color of the "furfuraln" phloroglucide precipitated was
brown instead of the usual black. This precipitate was
probably the phloreglucide of formaldehyde, since treaces
of the latter were isolated from similar distillates as
the crystalline dimedon derivative, m.p. 185 to 186°C,
by the method described in the Experimental Portion.

In addition an unidentified materisl was isolated as the
bright red, crystalline, chloroform-soluble 2,4~
dinitrophenylhydragone, m.p. 175 to 184°C. It was con-
cluded that periodate lignin A was free, not only of
holocellulose, but even of any degraded pentosans that
might have become solubiligzed and escaped detection in the
holocellulose determination.

In a parallel series of oxidations, periodate lignins
were prepared from approximately 35 gm. samples of
extractive-free spruce, maple, birch and beech woods
using 600 ml. of 5% aqueous periodate solution at pH 4.1
and 20°C in each stage of the oxidations. The yields and
analytical data for these periodate lignins are summarized
in Table XVI. The plots of periodate consumed (Table XXX)
against number of oxidations given in Fig.XI clearly show
that, from the fourth oxidation onward, the woou resiaue
becomes increasingly resistant to oxidation by periodate.
This resistance is characteristic of all species oif wood
examined, since all the curves have the same general shape.
It is difficult to explain the differences in position of
the curves of Fig.XI in the light of present knowledge of
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TABLE XVI

(a)
Yields and Analytical Data for Isolated periodate Lignins

rizinal Woods periodate Liznins
Species Klason Ash
Lignin % Yield Klason Ash Methoxyl Oarbon Hydrogen
Lignin
Wood Klason Lignin % %

Basis Basis (Db)

Spruce  28.8 0.35 29.8  97.2 93,7(¢) 1,97 12,2 61.4 6.0
Maple 21,6 0,15 22.3 773 74.9 1,14 20.4 53 .4 5.4
Birch 20.0 0.12 21.8  85.4 78.5  1.08  21.4 57.6 5e3
Beech 23.3 0,26 24 4 75.2 72.2 2.17 16.7 54.6 6.1

(a) Average of duplicate values corrected for ash and moisture content
of the sample,

(v) Yields calculated on the basis of the Elason lignin contents of the
original woods and the periodate lignins,

(o) Periodate lignin B.

06
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the chemistry of wood. Undoubtedly such facitors as thLe
ratio of lignin to holocellulose, penetrability and the
structure of woods are influentizl in determining the
reaction rate., Table XIV (Column 5) znd Table XVI
(Column 4) show that, in the case of spruce wood, the
yleld of periodate lignin was about 1% higher than that
of Klason lignin from the same wood. When the periodate
lignin was itself submitted to the Klason procedure, the
sample from spruce analyzed from 86 to 96% Klason lignin
and accounted practically quantitatively for all of the
latter present in the original wood. The case was
sharply different for the three hardwood lignins, which
contained only 70 to 80% of Klason lignin and accounted

for only 75 to 85% of the Klason lignin of the wood. In
these cases, wood constituents accounting normally for
15 to 25% of the Klason lignin were lost during the
periodate oxidations. The ready solution of roughly the
same amount of hardwood, as opposed to softwood lignins,
has been noted by other workers (18%2).

In the following experiment an attempt was made to
determine if a wood residue stable to periodate could be
obtained. A sample of spruce pericdate lignin (%)
weighing 4.1 gm. was reoxidized with 400 ml. of a solution
containing approximately 17 gm. of sodium paraperiodate
buffered to pH 4.1. After sixty hours the residue was
hydrolyzed in one litre of boiling water for three hours.

Five oxidations were carried out in all, the consumption of
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periodate being plotted against number of oxidations in
Fig.XIII, plot I. Although the materizl had not cezsed
to reduce the oxidant, the consumption dropped to a very
small amount. The Klason lignin analysis of this
meterial had risen to 96.3% but the elementary analysis
was not greatly changed at 62.1% carbon and 5.8% hydrogen.
Fig .XII, plot III, records the results of a preliminary
experiment of the same nature. In tiis case, 1.9 gm. of
the same spruce periodate lignin was repeatedly oxidized
with 3.5 gm. of paraperiodate. The product, yield 85.1%
by weight, contained 92.2% of Klason lignin, whereas 101%
was the theoretical figure calculeted frocm the yield. 1In
both series of oxidations some of the matericls analyzing
as Klason lignin had been lost as water-solubles.

In order to determine the behavior of spruce Klason
lignin toward periodate more fully, a progressive oxiaa-
tion was carried out on a semple of this lignin weighing
£.0gm. Approximately 4 gm. of the periodste was dissolved
in 200 ml. of water and buffered to pH 4.l with zcetic acid.
The oxidation was &llowed to continue for 7. hours &t 20°C
with stirring. The residue was then recovered, wasnied, &ha
hydrolyzed for three hours in 500 ml. of boiling vater.
The hydrolysis liquors were definitely colored, indicating
that partiel solution had occurred. Five oxidations ana
hydrolyses were carried out. The residue weighed 1.5 gm.

after drying for eight hours at 105°C. This weight repre-

sents a loss of £8.0%. Consumption of periocete by the
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sample is plotted against the number of oxidations in
Fig .XII, plot II. Data corresponding to the plots in
Fig.XII are summarized in Table XXXI. Although it is
true that spruce Klason or periodate lignins could be
made to suffer a loss of magnitude similar to that
found during the preparation of hardwood lignins, the
conditions of the periodate oxidations had to be made
much more drastic.

Throughout this work the standard enalysis by the
72% sulfuric acid method has been used in following
the lignin content of the oxidized wood. The accuracy
of this method is questionable as it has been shown (66)
that fructose, xylose and other carbohydrates form in-
soluble residues under the conditions of the Klason
lignin analysis. In addition, there is the possibility
that aldehydes resulting from the periodate cleavage of
carbohydrates may condense with themselves or with
phenols of the lignin complex in the presence of sulfuric
acid. Such a condensation would result in high results
for lignin. Accordingly, attempts were made to cetermine
the result upon the Klason lignin analysis of adding

holocellulose and oxidized holocellulose to periodate

lignin samples prior to analysis. About 0.5 gm. of the

spruce periodate lignin A (analyezing 86 .0% Klason lignin)

was mixed with about 1.5 gm. of lignin-free holocellulose

from the same wood specimen to give a ratio of lignin to

holocellulose approximately the same &S that in the
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original wood. Analysis of this mixture in the standard
manner with 78% sulfuric acid gave the original value of
86.0%, calculated on the basis of the periodate lignin
used. The Klason lignin estimation therefore appears to
be indifferent to the carbohydrates present in the
holocellulose. Periodate-oxidized holocellulose was
then mixed with periodate lignin in approximately the
ratio of lignin and holocellulose in wood. The mixture
was boiled for three hours with distilled water, filtered
and the residue dried. The original Kleson lignin content
of the periodate lignin had been 86.04 but the values ob-
tained for the mixtures ranged from 90 to 95¢ calculcted
on the basis of the periodate lignin originally present in
the mixture. These results support the view that the
Klason lignin analysis may give only an approximate esti-
mation of the lignin content of periodate oxidized wood.
The periodate lignins prepared in this research were
quite free of iodine, were bright brown in color snd re-
tained much detailed morphological structure. The lignin
was entirely insoluble in cold solutions of bicarbonate or
alkali while methanol, ethanol, ether, benzene, chloroform
and dioxane completely failed to dissolve any of the lignin
even when suspensions in these liquids were boiled for

several hours. Since it is felt that the method of

isolation used could not have resulted in resinification,

the insolubility of periodate lignin suggests thzt native

lignin is also jnsoluble in all ordinary solvents and is a
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substance of high molecular weight. The assumption that
lignin "in situ" is a low molecular phenolic body,
rendered insoluble by combination with carbohydrates,
suggests that the carbohydrate-free periodate product
would have exhibited some solubility, which was not the
case.,

Although the yield of spruce lignin was close to
quantitative, the carbon analyses (Table XIV and XVI)
were definitely lower than those calculated for lignin
"in situ" and are evidence of oxidation. This oxidation
had also removed some methoxyl groups but even drastic
treatments with periodate failed to depress the methoxyl
content by more than one-third, or below 10%. Both the
yields of 75 to 85% and the carbon contents below 607
(Table XVI) observed for the hardwood pericdazte lignins
showéd the effects of oxidation, but nevertheless the
methoxyl contents remained in the range celculated for
hardwood lignins.

C. SULFITE PULPING OF PERIODATE LIGNINS

Semi-cooked periodate lignins were invariably re-
covered as highly swollen materials which‘readily
collapsed on washing with 95% ethanol. Even after these
residues had been carefully dried "in vacuo" at 55°C they
returned to their swollen state on standing in cold water
for a few hours. This observation is of interest in

connection with the theory that during the later sta.es

of a sulfite cook solid lignosulfonic acids from the wood

are peptized into solution (183).
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The data for the rate of pulping of spruce
periodate lignin (Fig.XIII) are uncorrected for the time
required for the bomb to assume the temperature of the
bath. Thls omission should not change the shape or slope
of the curve but merely alter its position relative to
the horizontal time axis. For purposes of comparison a
curve from data obtained on spruce wood meal by Calhoun
under conditions comparable to those employed in this
research is included in Fig. XIII. The reaction rates
corresponding to the slopes of the semi-log plots are in
quite close agreement, although if the rates are deter-
mined as the reciprocal of the time to 90% delignification,
a significantly lower rate pertains to the pulping of
periodate lignin. Calhoun's data were corrected for
temperature-~lag and the residual lignin values were
incidentally corrected for ash, since they were obtained
after an acid treatment which undoubtedly removed combined
calcium. The periodate lignin residues were too small
for reliable ash determinations. Similar corrections,
however, would cause the plot more closely to approach
that for the pulping of spruce wood (Fig.XIII). Although
investigators of the rate of removal of lignin from wood
during sulfite pulping found that the process is a
continuous function of temperature (185) the plot of
residual spruce periodate lignin against temperature
(Fig.XIV) shows a discontinuity between 118 and 1£7°C.

Further evidence of the occurrence of at lezst two
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reactions was obtained from the character of the un-
dissolved lignin residues. In the case of cooks of short
duration or at lower temperatures, the dried residues were
of much the same appearance as the original lignin. When
the cooking reaction was prolonged or carried out ct
higher temperatures, the residual lignin was recovered as
a gummy mass which solidified into a dark resin-like
material on drying. The sulfur content of the lignin
residues (Fig.XIV) are in agreement with Yorston's (84)
observation that uniform sulfonation\to the extent of
about 5.5% of sulfur seems to be necessary for sulfite
pulping.

The results of the sulfite cooks of maple, birch and
beech periodate lignins (Table XVII) indicate that there
is probably very little difference in the pulping qualities
of lignins derived from various species of wood. Differences
in the morphological structures probably account for the
slight differences that have been noted. Table XVII also
summariges various pretreatments which impaired the capacity
of spruce periodate lignin to dissolve in a standard sulfite
cook. Pretreatment with acid solutions, or even with hot
water, markedly retarded solution of the lignin in sulfite
liquor under conditions in which untrested lignin was com-
pletely soluble. In order to explain the effect of such
pretreatments, it has been assumed (90) that a condensation

or polymerization occurred which retards the sulfonation

and subsequent solution of the lignin. The exact nature of
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TABLE XVII

(a)

Pulping of periodate and Pretreated pPeriodate Lignins in Sulfite Liquor
Periodate Lignin pretreatment Percent Residue
Spruce None 2.9
Maple None 11. 4
Birch None 7.0
Beech None 8.9
S8pruce Cooked with water for 79.8
6 hours at 105°0
Spruce Subjected to Klason 98.9
lignin procedure
8pruce Refluxed with N HC1 &6.4
for 4 hours
Spruce Subjected to ethanolysis 93.4

procedure

(a) All cooks at 135°0 for 6 hours in liquor containing

2 percent combined and 6 percent total sulfur dioxide.

101
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the transformation is, however, unknown and a proper ex-—
planation must await the elucidation of the structure of
lignin itself. The new in}ormation contributed by the
above experiments is that the pretreatment effect is a
function of the lignin alone and is not dependent on the
presence of the wood carbohydrates.

The sulfite liquors from periodate lignins, on
addition of sulfuric acid, sodium chloride, calcium
chloride or .-naphthylamine hydrochloride, precipitated
solid lignosulfonic acids in the customary fashion.
Another sample of spruce periodate lignin was completely
dissolved when cooked with 20% sodium hydroxide solution
at 160°C for 8 hours. The very close similarity between
periodate lignin and lignin "in situ” in their behavior
toward both sulfite and alkali pulping reagents suggests
that lignin is not greatly modified during isolation by the

periodate method.

W e —— O ————— G S —————————

The hydrogenation of lignin has been accomplished
under a wide variety of conditions. In most cases high
temperatures have been found necessary in order to obtzin
workable products. Some lignins have required the presence

of very active catalysts, and alkali or acid, before

hydrogenation occurs. In a series of experiments designed

to determine the minimum temperature at which hydrogenation
of spruce periodate lignin occurred, approximately S gm. of

the lignin was suspended in 15 ml. of carefully purified,
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anhydrous dioxane and placed in a stzinless steel bomb
having a volume of 500 ml. In the first experiment, £.5
gm. of Raney nickel catalyst was added to the suspension
and, with an initial hydrogen pressure of 3000 p.s.i.,
the temperature was raised to 175°C. After six hours,
during which no absorption of hydrogen was noted, only
a small portion of the lignih (estimated to be less than
10%) had gone into solution. A fresh portion of catalyst
was added and the tempersture brought to 200°C. After
six hours no hydrogen was absorbed and the lignin remained
undissolved. Since dioxane is unstable above £10°C in
the presence of Raney nickel, the experiment was terminated.
In a similar experiment with copper-chromite catalyst,
about £.5 gm. was added to the lignin suspension and
hydrogen admitted to an initial pressure of 1800 p.s.i.
The temperature was successively brought to 175, 00, 25
and £60°C for six hour periods but only at the latter tem-
perature did hydrogen absorption become apparent. The
product, on distillation from a Claisen flask, gave a
water-white distillate and a dark, viscous still residue
which in this experiment was very small in amount. When
these products were dissolved in methanol, the failure of
ferric chloride to color the solution pointed to the entire

absence of phenols.

The next experiment was carried out to determine the

yield of products boiling above the solvent dioxane. A

sample of periodate lignin weighing 5.5 gm. was suspended
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in 125 ml. of dioxane and hydrogensted in the presence of
2.5 gm. of copper-chromite catalyst at an initial pressure
of 2000 p.s.i. and 260°C for twelve hours. The products
were distilled from a Claisen flask under reduced pressure.
The distillable portion, b.p. up to 200°C/8 microns weighed
0.96 gm. and thus represented 18.2% of the original lignin.
A dark, non-distillable, resinous residue weighed 0.82 gm.
or 15.6% of the wgight of the lignin hydrogenated. About
two-thirds of the lignin was not recovered.

A similar hydrogenation of 39.5 gm. of periodate
lignin is described in the Experimental Portion and the
results are summarized in Table XVIII. The yield of 3.97
gm. of methanol recovered represents about 80% of the
original methoxyl content but the total yield of identified
proaucts, based on carbon contents, accounts for only 18.9%
of the carbon in the lignin. 1In addition, unidentified
fractions amount to 1.1 of the periodate lignin. It is
thus seen that about half of the carbon in the lignin was
not recovered «nd apparently was lost as gaseous products
during the hydrogenation. Standard procedures were used in
identifying the 4-n-propylcyclohexanol-l and 4-n-
propylcyclohexanediol-1,2 as described in the Experimental
Portion. The difficulty experienced in obtaining & good
yield of the crystalline urethane derivatives was attributed

to the presence of isomers, presumably of a cis-trans nature,

in each crude fraction. Table XVIII also contezins data

obtained by Harris (186) for the hydrogenation of spruce



TABLE XVIII

Hydrozenation of Spruce Periodate and Methanol Lignin

Product Black Spruce Periodate Lignin White Spruce Methanol Li
Percent b Percent of Percent by Weight (b
Weight ~garbon (a) T =25 2
Water 13,6 10.3
Methanol 10.1 6.1 15,0
4-n-propylecyclohexanol-1 8.0 10,3
21,0
M-n-propylcyclohexanediol-l,2 2.3 2.5
High-boiling 01l 8.6 10,6 )
2.0
Non-distillable Resin 10,6 14.5 3 °
Total 5342 44,0 98.3

(a) Values calculated from carbon contents of original periodate
lignin and producis.

(b) Data obtained by E. E. Harris from hydrogenation of white
spruce methanol lignin in dioxane solution at 250°0
with copper chromite catalyst (136).

Got



108

methanol lignin under conditions comparable to those
used in this research. The discrepancy in the total
yields of products for the two lignins, although large,
may not be of great significance because methanol lignin
accounts for only about one-quarter of the total lignin
in wood (187). Hibbert and co-workers (133) hydrogenated
spruce wood under somewhat similar conditions and re-
covered high-boiling products, derived from the Klason
lignin content of the wood, in the following yields;
22.3% of an alcohol (nf° = 1.4600 to 1.4700) assumed to
be mostly 4-n-propylcyclohexanol-l; 20.7% of a material
(n§5 = 1.4700 to 1.4800) probably chiefly 4-n-propyl-
cyclohexanediol-1,2; and 43.2% of an unidentified resin,
n%o = 1.4800. It was specifically pointed out that the
yield and nature of the products were dependent upon the
pretreatment to which the wood had been subjected and even
upon the amount of water in the dioxane medium. The
exact correspondence observed in the chemical structures
of the products isolated from spruce periodate lignin and
spruce wood, particularly the isolation of the same

derivatives of propylcyclohexane, is strong evidence that

no extensive structural change occurred during the prepa-

ration of the periodate lignin.

E. ETHANOLYSIS OF SPRUCE PERIODATE LIGNIN

Preliminary experiments showed that spruce periodate
lignin was completely insoluble in neutral solvents, but

that in boiling methanol, ethanol, butanol, amyl alchohol
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and dloxane containing about 2% of hydrogen chloride the
lignin was partially soluble. The dissolved portion
imparted a deep wine color to the solvent while the un-
dissolved residue, when dried, was a dark brown, friable
meterial. Repeated treatment of this residue with fresh
portions of the acidified solvent resulted in a final
residue that was quite insoluble in the reagent.

Judging only from visual observations, the solubility
“increased with the higher alcohols, probably because of
their higher boiling-point. Anhydrous dioxane containing
2% of hydrogen chloride appeared to be the best solvent
studied. However, a dark residue remzined undissolved as
in the other cases.

This residue amounted to 48.2% when spruce periodate
lignin C was exhaustively extracted, as described in the
Experimental Portion, with boiling anhydrous ethanol
containing 8% of hydrogen chloride. Table XIX is a
summary of the yields of the various ethanolysis frac-
tions observed, together with the yields reported by
Hibbert and co-workers (143) for a similar study of spruce
wood. The ethanolysis of spruce wood extracted some 35
to 40% of the lignin as a yellow to brown, water-insoluble
substance termed ethanol lignin and as water-soluble oils.
The higher yield of ethanol lignin (21.77) from periodate
lignin was probably connected with the fact that in this
case the ethsnolysis was exhaustive, whereas the spruce

wood was subjected to a single extraction. The fect that



TABLE XIX

Summary of Data from Ethanolysis of Spruce Lignin

percent Yield
Product
- Spruce Periodate L;gg;g(a) Spruce Wood ()
Water-insoluble
Undissolved Lignin(¢) 4g.2 64.0
Ethanol Lignin‘d) 2l.7 10,0
wWater-soluble
Ether-soluble Oils 11.5
18.0
Ether-inseluble Tar {3
Total 88.7 92,0
(a) Yields based on weight of original spruce periodate lignin corrected

(o)

(c)
(d)

for moisture and ash content.

pata obtained by H. Hibbert and co-worker from the ethanolysis of
extractive-free spruce wood.,

Analysis; C, ©5.9; H, 5.4; CH30, 20 .84

Analysis; O, 63.8; H, 6.4; CH30, 20.5%

80T
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the insoluble residue from the periodate lignin was
resistant to pulping in sulfite liquor under standard
conditions (Table XVII) was in agreement with previous
observations to the effect that wood residues obtained
from ethanolysis experiments are difficultly deligni-
fied with sulfite liquor (188). It will be remembered
that according to Hibbert (189) the building-units
isolated from the ethanolysis products of wood lignins
are extremely sensitive materials. These units

readily condensed with each other and the re-ethcznolysis
of ethanol lignin also resulted in the formation of
insoluble residues. Such observations, combined with
the insolubility of the unextracted lignin in sulfite
liquor, led Hibbert to postulate that during ethsnolysis
both depolymerization and polymerization reactions of
lignin building-units occurred concurrently. The
present research clearly demonstrates that the formation
of this sulfite-insoluble residue is not in any way
dependent upon the presence of the holocellulose of wooad.
Ethanol lignin obtained from periodate lignin was
similar in its analysis (Table XIX) to that prepared
from spruce wood in the usuel menner (190). The yields
of water-soluble oils and the total yields of products
obtained in each case compsre very favorably. The close
similarity in behavior toward ethanolic hydrogen chloride
is further indication that lignin is not radically modi-

fied during isolation with periodate solutions.
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F. ALKALINE OXIDATION OF SPRUCE PERIODATE LIGNIN

Preliminary work showed that spruce periodate lignin
was unusually sensitive to oxidation by atmospheric oxygen.
When small lignin samples were heated with tetralin under
reflux the lignin was slowly dissolved, giving highly
colored red solutions. However, when the extraction was
carried out in an atmosphere of nitrogen, only a very small
amount of lignin was dissolved even in several days time,
and it thus became clear that the lignin was degraded to a
soluble condition in the presence of hot tetralin and air.
Complete solution occurred when small samples of periodate
lignin were heated in glass-stoppered flasks on the steam
bath for several days with 2 to 12% sodium hydroxide
solution. The failure of the lignin to dissolve in warm
aqueous alkali maintained in an atmosphere of oxygen-free
nitrogen again proved that oxidation was the cause of
solution. The rate of solution was greatly accelerated
by passing a slow stream of eir through the warm alkzline
suspension.

A sample of spruce periodate lignin weighing approxi-
mately £ gm. was treated with 500 ml. of &% sodium hydroxide
solution in a glass-stoppered flask on the steam bath. The
mixture was thoroughly shaken occasionally and after six days
the lignin was completely dissolved. Carbonation of the
golden-yellow solution gave a voluminous white precipitate
which was found to be largely sillce dissolved from the glass-

ware. On neutralization with dilute hydrochloric acid a
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small amount of a dark brown, amorphous materic:l
precipitated and was removed by filtration. The
acidified solution, which had a distinct odor of vanillin,
ylelded an ether extract which was back-extracted with
20% sodium bisulfite solution to remove all carbonyl com-
pounds., After acidification of the bisulfite extract with
dilute sglfuric acid, the liberated sulfur dioxide was
removed under vacuum. Addition of a filtered solution of
2,4=-dinitrophenylhydrazine to the solution gave a red pre-
cipitate which was recovered by filtration and dried in
the vacuum oven at 55°C. The melting-point of the crude
product was 245 to 248°C. Recrystallization from ethznol
gave very fine crystals melting at 266°C, not depressed by
admixture with an authentic sample of the 2,4-dinitro-
phenylhydrazone of vanillin.

Table XX summarizes the yields of products obtzined
from the nitrobengzene oxidation of spruce periodate lignin
C outlined in the Experimental Portion. The ary, water-
insoluble material obtained by acidification of the
alkaline reaction mixture was very readily soluble in
ether or alcohol but, strangely enough, was almost com-
pletely insoluble in alkzli. This insolubility in alkali
suggests that the material was formed on acidification and
did not exist as such in the original alkaline solution.

The yield of vanillin, as estimated from the weight of the
crude 2,4-dinitropheny1hydrozone, was very close to that

obtained by Hibbert and co-workers from spruce wood
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TABLE XX

PRODUCTS FROM NITROBENZENE OXIDATION OF LIGNIN(2)

ield

Fraction Ty @y (b)

Water-insoluble precipitate 6.5 32 .6

Acidic fraction 1.1 5.5

Phenolic fraction 0.6 5.0

Non-phenolic aldehydes 0.5 1.5

phenolic aldehydes (as vanillin)(¢) 25.0
Total 67.6

(a) Oxidation of 20.0 gm. of spruce periodate lignin (C)

(b) Based on the weight of original periodate lignin.

(¢) Vanillin content of aliquots calculated by
multiplying weight of the crude dinitrophenyl-
hydrazone precipitate by the factor 0.4578.
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(Table IV). Although the melting-point of the phenyl-
hydrazone was in the range reported by Pearl (125) for
crude vanillin 2,4-dinitrophenylhydrazone precipitates,
the calculated yield was undoubtedly high. The bisulfite-
soluble materials were shown to consist, in part, of a
dark, tarry material which probably contributed to the
hydrazone formation. It is important to note that the
presence of vanillin in the reaction products was
definitely established through isolztion of the pure
dinitrophenylhydrazone and crystalline vanillin. There-
fore, the loss of methoxyl that occurred during the
preparation of spruce periodate lignin and purification
of lignin sulfonic acids (176) was not connected with
the complete destruction of the guailacyl nucleus in the
lignin. This observation is of particular interest
since it has been reported that vanillin and other
methoxyl-containing phenols of the type obtained by
degradation of lignins are rapidly attacked by solutions
of periodate (191).

G. CONCLUSIONS REGARDING THE NATURE OF LIGNIN "IN SITU"

The changes produced in the lignin complex under

the conditions of the periodate isolation appear to be
limited to the removal by oxidation of some highly

methylated side group and almost assuredly do not in-
volve condensation or polymerization reactions. This
belief, combined with the fact that periodate lignins
are isolated as highly insoluble, amorphous materials,
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is a strong indication that lignin exists "in situ" as

a substance of high molecular weight. Hilpert's (152)
belief that lignin "in situ" is a carbohydrate or mixture
of carbohydrates, is inconsistent with the high carbon
content calculated for unchanged lignin and difficult to
reconcile with the resistance of lignin to periodate
oxidation. Since cyclization during isolation of the
lignin with periodate is highly improbable, the detection
of considerable amounts of cyclic materials like venillin
in the degradation products of periodate lignin is
additional evidence of the existence of aromatic units in
lignin "in situ".

One of the most interesting structures proposed for
spruce lignin in recent years is that of Jayme and Hanke
(67) who suggested a polyhexosan skeleton with two
guailacyl residues substituted in each hexose unit.
Although unsaturated structures resulting from dehydration
of the hexose unit were also visualized (page 49), they
were assumed to revert to the hydroxylated form (XXIX)

during extractions with hot water. Such a structure,

CHz O
o)
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which according to Jayme and Hanke, is the principal
component of spruce lignin in the conditions of the
periodate isolation, would be susceptible to cleavage
between the second and third carbon atoms of the
hexose unit. The resulting cleavage product should be
readily decomposable and there is no obvious reason to
believe that it would not be completely disintegrated
to soluble products in subsequent stages of the iso-
lation. If solution did not occur, the hydrogenation
products from the cleaved structure would probably be
methyl (propyl) cyclohexane and ethylcyclohexane
derivatives but certainly not the propylcyclohexane
derivatives isolated.

The structures suggested by Freudenberg for lignin
(page-44) account for its relative stability to the
periodate reagent and, perhaps, for the formation of
propylcyclohexane derivatives during hydrogenation or
vanillin on oxidation. On the basis of the present work,
it cannot be assumed, however, that the entire spruce
lignin complex conforms to Freudenberg's concept since
the large loss of carbon as gaseous substances during
hydrogenation (Table XVIII) corresponds to a loss of

aromatic units from the Freudenberg structure that is

highly improbable. It is difficult to account for the

partial loss of lignin substance and methoxyl groups
during the periodate isolation on the bzsis of a uniform
polymer such as that visualized by Freudenberg. A more
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probable explanation is that lignin is a complex in the
true sense of the word and far less homogeneous than is

sometimes assumed.

The new periodate lignin, although somewhat oxidized,
very clearly duplicates the behavior of lignin "in situ”
toward acid ethanol, high pressure hydrogenation, oxi-
dation and in alkali and sulfite cooks. The latter
similarity is particularly impressive for, insofar as can
be ascertained, other isolated lignins have lost tﬁe
capacity to dissolve in a normal sulfite cook. Their
negative behavior is entirely consistent with the obser-
vation that periodate lignins are rendered insoluble by
such slight chemical treatments as heating in water at
135°C or in normal hydrochloric acid at 100°C. Wood
lignin, therefore, is a highly sensitive complex whose
potential solubility is greatly decreased by obscure
qhemical changes when isolated by methods employing high
temperatures or mineral acids. Periodate lignins seem to
fulfil, to a great extent, the need for an isolated lignin
that is reasonably free from the suspicion of having
suffered resinification or chemical change during isolaction.
They seem to be most promising materials for fundamentzl
studies on the nature of lignin "in situ" as well as for
more technical investigations, for example, on lignin
sulfonic acids, which at present may be complicated by

carbohydrate residues derived from the original wood.



EXPERIMENTAL PROCEDURES

A. ELEMENTARY COMPOSITION OF SPRUCE LIGNIN "IN SITU"

I. Preparation of Materials:

(1) Extractive-free Spruce Wood Meal.

A sound log of black spruce, approximately 140 years
in age, was freed of bark, sawn into pieces and all knots
were removed. The pieces were put through a chipper and
the chips spread out to dry. After 96 hours the chips
were ground in a Wiley mill, that portion passing a 40
mesh screen and resting on an 80 mesh screen being retained.
The dry wood meal was exhaustively extracted in a metal
Soxhlet (no rubber connections) with a boiling mixture of
alcohol and benzene in the ratio of 1:2. This extraction
reguired on the average about sixty hours. After thorough
air-drying, the wood meal was extrectea in a glass Soxhlet
with 95% ethanol for four hours, then for a further four
hours with hot water and again air-dried. Screening to
break up lumps, thorough mixing and storage in large glass-
stoppered bottles followed.

(2) spruce Holocellulose.

Holocellulose was prepared from the extractive-free
spruce wood by the method of Kurth and.Ritter (15). Wcod
meal (about 7 gm.) was weighed into & large sinterea-glass
extraction thimble in which all subsequent operations were
carried out. Brief chlorinations were accomplished by

placing the extraction thimble in a rubber adaptor fitted
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to a suction flask, passing the gas through the flask
under slight pressure from a cylinder upwerd through the
thimble, and thoroughly stirring the wood meal with a
glass rod. After three to four minutes the flow of
chlorine was terminated and the orange-colored wood meal
was lmmediately covered with a solution of 50% pyridine
in ethanol. The thimble and contents were then trans-
ferred to a glass Soxhlet and extracted with pyridine-
ethanol for three hours., The chlorination-extraction
cycle was repeated until the orange color developed on
chlorination was barelv discernible. The residue was
then thoroughly washed with alcohol followed by water,
dried at 105°C for 6 hours and weighed. Complete re-
moval of lignin was impracticable since over-chlorination
results in destruction of the more sensitive hemicellu-
loses. Considerable difficulty in determining the correct
"end-point" was encountered and several prepearations were
lost through over-chlorination and consequent darkening of

the holocellulose residue.

II. Methods of Analysis:

Analyses for moisture, lignin and ash were carried
out according to the procedures det:iled by the United
States Forest Products Laboratory (192) and only
deviations from these procedures will be noted.

(1) Ash.
Determimations of ash were carried out by igniting

approximately 2 gm. samples of the materizl to constent
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weight over Meker burners.

(2) Moisture.

(a) Unless otherwise stated, moisture contents were
determined by heating duplicate o gm. samples at 105°C
for eight instesd of three to five hours, since the shorter
periods were found to give less reproducible results.

(b) The moisture content of certain lignin specimens
was determined by drying duplicete £ gm. ssmples "in vacuo"
over phosphorus pentoxide untiil constent veight was atteined.
It was found that most of the moisture was removed during
the first two or three days but that a slow loss of weigkt
occurred over a period of three weeks.

(¢) Mitchell's (193) method of estimating the moisture
content of cellulose specimens by the use of the Karl-
Fischer reagent was applied to lignin in some cases.

(8) Lignin.

Klason lignin determinations were made by mixing 40
ml. of 7% sulfuric acid (by weight) with £ gm. wood meal
samples. Pre-cooling the acid to 0°C wes adopted in order
to avoid appreciable heating of the szmple before mixirg
was complete. The period of two hours at room temperature,
recommended for the dissolution of carbohydrates, was ex-

tended to sixteen hours at 10°C with occasional sheking (65).

This change gave minimum, more reproducible results. After

dilution of the mixture to 3% acidity znd boiling under
reflux for three hours, the Klason lignin was recovered by

filtration, dried at 105°C for eight hours end weighed.
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(4) Holocellulose.

Analyses for holocellulose were carried out by the
original method of Kurth and Ritter (15) since it res
been reported (17) (65) that more accurate and reprodu-
cible results are obtainable from softwoods by this
procedure than by the more rapid technique of Van Beckum
and Ritter (16),

(5) Carbon and Hydrogen.

Combustion analyses were on the semi-micro scale
and, unless otherwise specified, with air dry samples.
Moisture and ash determinations were simultaneously
carried out on separate samples and the results used to
correct the combustion data to a moisture and ash-free
basis. All combustion anslyses Quoted are averages of
concordant duplicate or triplicate estimations.

(6) Methoxyl.

The method of Viebock anda Schwappach (194) and
Viebock aﬁd Brecher (195) as modified by Peniston and
Hibbert (196) for the analysis of woods and pulps, was
adopted for methoxyl determinations.

III. Chemical Instsbility of Lignin at 105°C:

Duplicate, weighed samples of air-dry spruce Klzson
lignin conteined in weighing bottles were thoroughly
degassed in a vacuum desiccator at 1.5 m.m. pressure, A
nitrogen chamber was constructed by fitting & glass
cylinder of 800 ml. volume.with a large two-hole cork

stopper in which glass tubes had been inserted. This
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apparatus was placed in an air-oven with the inlet and
outlet tubes protruding through a two-hole stopper
closing an opening in the top of the oven. The degassed
samples were placed in the cylinder and air removed from
the apparatus by thorough flushing with a stream of
nitrogen purified by passage through an alkzline solution
of pyrogallol. The temperature of the oven was then
quickly raised to 105°C and the samples heated in a con-
tinuous stream of oxygen-free nitrogen. At intervals,
the duplicate samples were removed and the loss in weight
was determined from one, while small portions were with-
drawn from the other for combustion analysis. FHeating
was continued only after thoroughly flushing the system
with nitrogen. Results of the initial combustion
analyses were corrected for moisture and ash by heating
separate samples for eight hours in the air-oven at 105°C
and ignition of the dry residues to constant_weight.

The results of subsequent analyses were corrected for ash
content only. Simultaneously duplicate samples of spruce
wood and Klason lignin were heated in air at 105°C, the

loss in weight and carbon contents being followed in an

entirely similar manner. The date obtained cre summarized

in Table XI.
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B. PREPARATION OF PERIODATE LIGNINS

JT. Materials and Apparatus:

(1) Extractive-free wood meals.

The extractive-free spruce wood mezl already des-
cribed was used. Similar birch, beech and maple wood
meals were prepared or obtained.

(8) Preparation of trisodium paraperiodate.

Trisodium paraperiodate, Na3H2106, was prepered by
oxidiging sodium iodide, dissolved in strong aqueous
sodium hydroxide kept at 80°C, with bromine according
to the directions of Lange and Paris (197). The
product is highly insoluble in cold alkali ana was re-
covered in 90% of the theoreticecl yield and in a state
of 957 purity by filtration.through sintered gless,
since filter paper is rapidly destroyed by periodate.
The substitution of chlorine at 100°C for the more
expensive bromine, and of sodium iodate for sodium
iodide, as described by Hill (198), gave a very pure
product in about 80% yield.

Aqueous solutions of sodium periodate were prepared
by sheking the salt in water slightly acidulated with

acetic acid. A small amount of material remained un-

dissolved and was removed by filtration. This

insoluble substance proved to be silica removed from the
glassware during the heating with hot caustic soda. The
acidity was then adjusted to pH 4.1 with glacial acetic

acid and the solution was allowed to stand overnisht.
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Any further precipitate that formed was removed by
filtration. After the oxidation of the wood meal, the
supernatant solution contained sodium iodate and any

remaining paraperiodate. The latter was precipitatec

by adding a sufficient quantity of caustic soda to the
mother liquor and was recovered in a nearly pure con-
dition. The filtrate from this operation, containing
sodium iodate, was treated at 80°C with bromine or at
100°C with chlorine in order to remove iodate as the
insoluble periodate. This simple recovery system made
possible an economic use of the expensive periodate salt.

(3) Continuous-washing apparatus.

The filtration and washing of large guantities of
oxidized wood mezl proved to be unusually difficult and
tedious. Since even dilute periodate solutions rapldly
destroy filter paper, ordinary Buchner funnels could not
be used and sintered glass filters quickly became clogged
with the finest wood particles. In order to cope with
this problem, a large continuous-washing device (Fig .XV)
was constructed. This apparatus consisted essentielly of

a 20-litre glass cylinder with a constant-level siphon

inlet and a filter outlet attached to the water pump.

The filter outlet was constructed from & two-plece

Blichner funnel fitted with a screen of =00 mesn copper

gauge, which was jnverted in the cylinder at the desired

level. After removal of the jodate-rich mother liquors

from an oxidation by filtration through sintered gless,
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the residue was transferred to the glass cylinder. 2
large, motor-driven stirrer thoroughly agitated the
suspension of wood meal while fresh tap water was ae-
livered from the inlet and the wash-water vas withdrawn
through the filter. It was found that large guantities
of oxidized wood meal could be weshed free of inorganic
impurities overnight with no attention. The wood residue
could then be col.ected on large sintered glass filter
funnels and given a final wash with distilled water.

II. Methods of Analysis:

Determinations of ash, moisture, lignin holocellulose,.
carbon, hydrogen and methoxyl were carried out by methods
previously outlined.

(1) "Pentosans".

"Pentosan" estimations were by distilling 2 gm.
samples with 12% hydrochloric acid and estimating the
furfural formed as the phloroglucide. All technical de-
tails were as described by the Forest Products Laboratory
(192). The method developed by Hunter, Vright and Hibbpert
(180) was used in separating from the furfural distillate
of periodate lignin any formaldehyde that was formed
during the heating with hydrochloric acid. Continuous
extraction with ether was employed to remove the furfural,

along with a small portion of the formaldehyde, from the

distillate. After evaporating the ether extract to dryness

the residue was taken up in & smell amount of weater ana

the hydrazones precipitated by adaition of

2.4-dinitrophenylhydrazine solution. The dry mixture,
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consisting chiefly of the dinitrophenylhydrazone of
furfural and a small amount of that of formaldehyde, vas
extracted with cold chloroform whereupon the formaldehyde
derivative was dissolved while the furfurzal dinitrophenyl-
hydrazone remained as a residue. The bulk of the
formaldehyde was estimated by adjusting the acidity of
the extracted distillate to pH 4.6 (181) and zdaing
dimedon reagent. After allowing the precipitate to settle
by standing 24 hours at 10°C it was collected on a tared
filter, dried and weighed.

() Analysis of Periodate Solution.

Trisodium paraperiodate was estimated in aqueous
solution by a slight modification of the method of Fleury
and Lange (199). Aliquots of 5 ml. were transferred by
pipette into a 125 ml. Erlenmeyer flask, diluted with
distilled water up to 30 ml. and made just alkaline to
phenolphthalein with normal caustic soda. The zddition
of freshly prepared sodium bicearbonate solution, or of a
small piece of dry ice, adjusted the pH of the mixture to
the proper value of 8 to 9 as shown by the feint pink
color of the phenolphthalein indicator. £in excess of
solid potassium iodide was then added together with 10 ml.

of standard 0.1 N arsenious acid, the latter being run in

accurately from a pipette. After ten minutes, the excess

arsenious acid was back-titratea with decinormal iodine.

The chemistry involved is expressed in the following
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equations:~

NazHoIOg 4 ZKI + HoO0 —> 2KOH + £NaOH + NalOg + I-
Is + HzAsOz+ HoO —» HzAsOy+ £FI
Since iodates do not liberate iodine from iodides in neutrzl
or basic solution, only the periodate present enters into
the reaction. The zmount of periodecte present ic calculated
by the following formulase:-

Blank = Ml. of HzAsOzx N. of HzAsOr x 10
N. of Ig

Grams of Periodate = (Blank-Titre)x £94 xN. of Io T

1000x £ »10x 0.1000 v

where T is the total volume of the solution znd V the volume
of the aliquot.

IIT. Large-scale Oxidation of Spruce Wood:

A sample of spruce wood mezl weighing 101.9 gm.
Corrected for 7.46% moisture) was oxidized with £ litres of
a solution containing approximately <5 gm. of trisodium
paraperiodate buffered to pH 4.1 with glacisl acetic acid.
The temperature was maintszined et £0°C by immersing the
container in the water bath &1id the mixture was slowly
stirred for 60 hours. The oxidized resiaue was recoverea
by filtration and was washed with water viiti tedious repe-
titions until the washings, on acidification, reiled to
liberate iodine from potassium iodide. Vhen iodete end any
excess periodate had been thoroughly removed in tils manner,
the residue was boiled under reflux for three hours witn 8

1litres of water at a pH close to 7. After recovery by
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filtration and washing with water, the residue vas re-
oxidigzed with the same amount of sodium parzperiodate
solution. At no point in the cycle was the recsidue
permitted to dry in air. After six alternate oxidations
and hydrolyses the product analyzed 86.0% Kleson liznin.
The consumption of periodate was followed by titrating
5 ml. aliquots of the original periodzte solution and
the undiluted filtrate after each oxidation period had
elapsed. The date for these analyses &are given in
Table XXVII and the consumption of pericdete is plotted
against the number of oxidations in Fig. VIII. The time
allowed for oxidation was too long in this experiment, &s
all the reagent present was consumed in each of the first
three oxidations.

The product from the oxidstion (Spruce pericdste
lignin A) was stored in a flask under vater until used.
) small amount of toluene was nlaced on the surfece of the
water to prevent the growth of molds. Camples were re-
moved as reqguired and were freed of water by csolvent
exchange with anhydrous methanol and benzene, the finel
drying being under vacuum. 2 complete enalysis of this

material is summariged in Table XV.
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C. SULFITE PULPING OF PERIODATE LICGNINS

I. Materials and Apparatus:

(1) sulfite liquor.

The quantity of calcium oxide calculzted to give the
required concentration of combined sulfur dioxide ves
suspended in distilled water. Sulfur dioxide vas bubbled
through the suspension until the desired total sulfur
dioxide concentration, as determined by titration of
aliquots of the solution, was attsined.

(2) Digestor vessels.

Experimental cooks were carried out in glass-lined,
Monel metal bombs of 150 ml. capacity, sealed with lead
gaskets. The desired temperatures were attained by
immersing the bombs in an oil-bath controlled by a
bimetallic thermoregulator.

II. Methods of Analysis:

(1) Sulfite liquor.

Analysis for free and combined sulfur dioxide content
of liquors was carried out by the method of Pzlmrose (£00).
Aliquots of £ ml. were diluted with vater to a total voiume
of 50 to 100 ml. and starch-potassium lodide sulution was
added. The solution was then titratea to the first per-
manent blue color with N/8 potassium iodate solution. irter
destroying the blue color with & drop of N/10 thio-sulfate
solution and adding methyl red or bromthymol blue irqaicetor,
the solution was.titrated with N/8 sodium hydroxide solution.

The sulfur dioxides concentrations were ccliculested frim the
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following equations:
0.2 (Volume of Iodate) = Total S05

0.2 (Volume of Sodium Hydroxide) = Combined SO

The concentration of free sulfur dioxide wagygifference of
the results obtained as above.
(2) Sulfur.

The sulfur content of partially cooked lignins was
determined by the Carius method (£01) using samples
weighing about 30 mg.

J1I. Experimental Cooks:

Throughout these experiments liguor conteining 5%
combined cad 1% frée sulfur dioxide was used. A sample
of lignin weighing approximately £ gm., together with
100 ml. of liquor, was sealed in a bomb which was then
placed in the oil-bath &t the temperature at which the
cook was to be conducted. At the end of the reaction, the
bomb was immediately removed and cooled by plunging in
cold water. Semi-cooked lignins were recovered &s very
highly swollen materials which quicklv blocked sintered
glass filters and made filtration impossible. Ceparation
of residual lignin from the liquors and washing was
therefore accomplished by centrifuging. After thorough
washing, the swollen residue was collapsed by wasning once
with ethanol, collected in a tared sintered glass filter
crucible, washed with ethanol, dried "in vacuo" at 559C

and weighed.

Data on the rate of pulping of spruce periodate
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lignin were obtained by carrying out & series of cooks

at & bath temperature of 135°C for periods of tvc to seven
hours. In Fig.XIII the residual lignin, expressed &s a
percentage of the weight of the original lignin (uncorrected
for ash), is plotted against time. A series of cooks was
conducted at temperatures ranging from 100 to 1:5°C for a

constant time of six hourc<. The percentsge of undissolved

lignin (uncorrected for ash) is plotted agezinst tempercture
in Fig.XIV, which also contzins the sulfur analyses of the
residues plotted zgasinst temperature. In both series of
cooks spruce periodate lignin (C) was used. Tne pulviy
qualities of various pre-tiecsted lignins, as well as birch,
beech and maple periodate lignins were comparea by sub-
jecting each to a standard sulfite cook at 1:5°C for six
hours. The results of these cooks are summarized i Teble
XVII.

D. HYDROGENATION OF SPRUCE PERIODATE LIGNIN

I. Materials and Apparatus:

(1) Copper-chromite catalyst.

The catalyst was prepared according to the directions
of Folkers and Connor (202) and stored in a stoppered
bottle until used.

(2) Anhydrous dioxane.

The method recommended by veisberger and Prosksuer
(203), in which commercial dioxane was heated under reflux
with hydrochloric acid in an inert atmosphere, wa:s used.

The final distillation was from metzllic sodium.
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(3) Karl-Fischer reagent.

The Karl-Fischer reagent, prepared by addition of
liquid sulfur dioxide to g cold‘solution containing
methanol, pyridine and iodine as directed by Smith,
Bryant and Mitchell (204), was used in estimating water.
Water determinations were carried out with the ¥ilkens-
Anderson titrimeter in which the Karl-Fischer reagent,
the standard water solution and the solution being
titrated were adequately protected against contamination
by atmospheric moisture at zll stages of the procedure.
The solution was mechanically stirred during titration
and the end-point detected electrometrically.

(4) Cooke-Bower column.

A slightly modified Cooke-Bower (205) column having
an efficiency of 28 theoretical plates was used for
separating the hydrogenation products of lignin. Intro-
duction of a ground-glass bearing in the receiver
assembly (Fig.XVI) permitted more satisfactory work at
reduced pressures and the addition of a ground-glass joint
at the cold finger obviated the possibility of contamina-
tion from the rubber stopper formerly used. Adequate
control of the temperature of the electrically-heated

still-pot and column was accomplished through a system of
rheostats inserted in the electriczl heating circuits.
II. Methods of Analysis:

(1) Estimation of water.

The water-equivalent of the Karl-Fischer reagent was
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determined by standardigation against solutions of care-
fully dried methanol to which a known quantity of water
had been added or against weighed amounts of hydrated
sodium acetate. Aliquots (5 ml.) of the solution con-

taining an unknown amount of water were diluted with anhydrous

methanol and an excess of the Karl-Fischer reagent was

added. The excess reagent was then back-titrazted with the

standard water solution (204). Analysis of methanol solu-
tions of known water content indicated high accuracy and

reproducibility of results by this method.

III. Large-scale Hydrogenation of Ligning:
Spruce periodate lignin (B), weighing %9.5 gm.,

corrected for ash, was suspended in one litre of freshly
purified, anhydrous dioxane contained in a stzinless steel
Aminco bomb having a capacity of £.5 litres. Twenty-five
grams of copper-chromite catalyst was added to the suspen-
sion. Oxygen was removed from the bomb by flushing three
fimes with hydrogen at a pressure of 600 p.s.i. Hydrogen
was admitted to a pressure of 1975 p.s.i. and the bomb was
heated to £60°C with mechanical rocking to assure agitztion
of the contents. After twenty hours the bomb was cooled
and opened, but the lignin had not gone completely into
solution. The liquid was removed from the catelyst and
residual lignin by filtration and was stored in a tightly

stoppered bottle. The difference in weight of the combined

catalyst and lignin and the catalyst originally present
jndicated that about 60% of the lignin had been dissolved.
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This residue was suspended in one litre of fresh dioxane
and an additional £5 gm. of catalyst was added. A

second hydrogenation (initial pressure of 2425 p.s.i.)
proved sufficient to convert all the remaining lignin
into soluble products. The combined, filtered liquors
were colored sligﬁtly yellow. The course of the hydro-
genation was followed by frequent temperature and pressure
readings which are recorded in Table XXXII.

ceparation and Identification of Hydrogenation Products

Fractional distillation of the hydrogenate at atmos-
pheric pressure through a modified Vigreaux column yielded;
Fractionl, b.p.56 to 80°C; Fraction 2, b.p.80 to 101°C;
Fraction 3, b.p.101 to 104°C; and Fraction 4, the residue,
boiling above 104°C. The latter on distillstion under re-
duced pressure from a Claisen flask, yielded Fraction 4A,
12.2 gm., b.p. below 200°C at 8 m.m. pressure, ziac Fraction
4B, 3.4 gm., b.p.115 to 200°C at 10 microns pressure. The
still residue, Fraction 5, 4.2 gm., was & dark resinous
material that solidified on cooling tc an amorphous mass.
The further fractionation of these fractions gave the

following results;
Fraction 1 was slowly distilled through the Cooke-

Bower column at atmospheric pressure. The fraction boiling

from 65.5 to 67°C was retained and the remainder, which

distilled continuously with rising temperature, was combined

with Fraction 2. The colorless distillate, c.97 gm., b.D.

65.5 to 67°C, nZ> = 1.3368, gave a 3.5-dinitrobenzoate
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and o - naphthylurethane of methano]l showed no depression
from the recorded values of 107°C and 123.5°C, respectively
(206).

Fraction 2. The fraction boiling from 80 to 101°C

contained the water formed during the hydrogenation, since
during previous operations exposure of the hydrogenate to
moisture had been carefully avoided. The estimation of
water was made by diluting Fraction 2 to a definite volume
with anhydrous methanol and titrating 5 ml. aliquots with
the Karl-Fischer reagent as previously described. The
water content of the fraction was estimated to be 5.6 gm.
or 13.59% of the weight of the lignin hydrogenated.
Fraction 3. This fraction had distilled at 101°C with

the exception of the last few drops which were recovered as
the temperature rzpidly rose to 104°C. The boiling-point
and refractive index (n%5 = 1.4236) indicated that the

fraction was almost pure dioxane.

Fraction 4A. The portion of the hydrogenate boiling

below 200°C at 8 m.m. pressure was carefully fraectionated
through the Cooke-Bower column. The pressure was reduced
to 7 m.m. and with the cold-finger temperzture at :=0°C, the
still-pot and column were heated until the column was
flooded. The temperature was then‘lowered znd agein slowly
raised until the column was operating under total reflux

at a rate of approximately 50 drops per minute. After tre

elapse of one hour to assure equilibrium conditions within

the column, the temperature of the cold-finger weas slowly
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raised by introducing warm water and distillation was
carried out at a reflux ratio of approximately 100:1.

As distillation proceeded, the temperature of the still-
pot and column was slowly raised in order to maintain

the rate of reflux. Samples of the distillate weighing
approximately 0.2 gm. were collected. Vhen it was
necessary to interrupt the distillation, equilibrium
within the column was restored as described before con-
tinuing. Sub-fractions 1 to 46 were collected below a
still-pot temperature of 140°C. At this point the
pressure was reduced to 1 m.m. and sub-fractions 47 to

61 were collected below the same still-pot temperature.

The refractive index of sub-fractions 1 to 22 (n%? = 1.412 -
1.417) indicated that all consisted of some slightly impure
dioxane not removed in the initial, rough separation. All
were shown to boil very near 101°C at atmospheric pressure.
The fractionation curve obtained by plotting refractive
index against grams (cumulative) of distillate for the
remainder of the sub-fractions (Fig.XVII, Table XXXIII)

possessed two distinct "flats" corresponding to two main

components in the distillate,
Isolation of 4-n-propylcyclohexsnol Derivatives

Sub-fraction %6 was selected as typicel of the "flat"

comprised by sub-fractions 28 to 46 inclusive. The & -
naphthylurethane was prepared according to the directions

of Schriner and Fuson (206) and after repeatea



138

830upodd uopjwueFoapAy ujuIjy 23VPOILIA JO SAIND UOCTIVIITI®IC —

. " (SAILVIGRAK ) B YITLISIC L0 SRWD
9 s ] h ¢ 2

_.|.1._. [ _ _ L

“1lax°71d

L B S




139

recrystallization from chloroform melted at 1:- to 124°C.
The phenylurethane was similarly prepared and after
recrystallization melted at 130 to 131°C. These melting-

points were not depressed by admixture with zuthentic
samples of the - naphthylurethane and phenylurethane of
4-n-propylcyclohexanol-l.

Analysis: Sub-fraction 38; C, 75.9; H, 12.4%. Calculated

for 4-n-propylcyclohexanol-l; C, 76.1; H, 1l£.7%.

Synthesis of 4-n-propylcyclohexanol-1l

Phenyl propionate was prepared and rearrenged to p-
hydroxypropiophenone through the Fries reaction as des-
cribed by Rosenmund and Lohfert (207). The product,
recrystallized from methanol and having the correct melting-
point of 146 to 147°C, was obtained in a yield of ©7.8%, in
good agreement with a yield of 51% reported by Rosenmund.
The p-hydroxypropiophenone, £4.1 gm., was hydrogenatea in

125 ml. of dioxane over 15 gm. of copper-chromite catalyst

CAH;
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at 250°C and initial hydrogen pressure of 1800 p.s.i.

for ten hours. The theoretical amount of hydrogen had
then been absorbed. The catalyst was removed by filtra -
tion and the solvent evaporated under reduced pressure.
Distillation of the residue from a Claisen flask at 7 m.m.
pressure gavé'19.2 gm. of a colorless liquid, b.p. 92 to
95°C, n§®> = 1.4605, in an overall yiela of approximately
23%. The phenylurethane and o- naphthylurethane were
prepared and, after recrystallization from chloroform,
melted at 150 to 131°C and 134.5 to 155°C, respectively.
These melting-points agree with previous published
values (130).

Isolation of 4-n-propylcyclohexanediol-1,2

Sub-fractions 55 and 56 were selected as typical of
the "flat" comprised by sub-fractions 5: to 58 of Fig.
XVII. Analysiss: Calculated for a propylcyclohexanediol,

CgHgOg; C, 68.4; H, 11.4%. Found for sub-fraction £6;

c, 68.1; H, 10.6%. The o - naphthylurethane was prepared
from sub-fraction 55 and after repeated recrystallization
from chloroform melted at £17.5 to x19°C. This figure
corresponded to the melting-point of the bis--naphthyl-
urethane of 4-n-propylcyclohexanediol-1,2 (130). In order
to confirm the adjacent position of the two alcohol units,
sub-fraction 54 was subjected to oxidation with 0.005 N
sodium paraperiodate solution (208). The disappearance of

periodate was followed with the usuzl arsenite-iodine

titration and it was found that 0.10<1 gm. of the aiol con-
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sumed 0.1901 gm. of periodate, i.e., one moie of tie
diol cousumed almost exactly one mole of periodszte.
This result proved that the compound was a 1,2 -
glycol and removed the possibility that it was
5-(4-hydroxycyclohexyl)-propanol-l.

Fraction 4B: The high-boiling material, obtained

as a light yellow, viscous 0il, wes soluble in ether,
dioxane and methanol. No coloration was observed on
treatment of a methanolic solution with ferric chloride
and phenolic substances were presumed absent. Analysis:

Found; C, 76.4; H, 11.4; CH,0, 1.91%.

Fraction 5: The dark, non-distillable resin was

soluble in ether, dioxane and methanol, but guite
insoluble in water. Tests for phenolic groups on

methanol solutions were negative. Ether solutions were

highly fluorescent under ultra-violet light. Amalysis:
Found; C, 84.3; H, 11.8; CHz0, £.17%. Very probably both
fractions 4B and 5 were mixtures. The yields o: the
various hydrogenation products are summarized in Teble

XVIII.
E. ETHANOLYSIS OF SPRUCE PERICDATE LIGNIN

Spruce periodate lignin (C), weighing 9.: gm.
corrected for moisture, was placed in a litre rounda-
bottom flask fitted with a ground-glass condenser in re-
flux position. A two-hole stopper in the top of the

condenser carried a calcium chloride drying-tube and a

and a glass inlet tube extending to & point about two
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inches below the neck of the flask. About 200 ml. of
anhydrous ethanol containing 2% of hydrogen chloride gas
was added to the flask and air was removea from the
apparatus by thorough flushing with a current of oxygen-
free nitrogen continued for a period of two hours. After
being heated under reflux on & steam-bath in z continuous
stream of nitrogen for 48 hours, the liquid was cooled and
the insoluble residue was collected on a fritted glass
filter. The extract was neutralized with excess sodium
carbonate and was stored in a stoppered container. The
residual lignin was re-extracted with boiling ethanolic
hydfogen chloride three times in the menner described.
At the end of the fourth extraction the extract, which in
the first operation was colored deep red, was only light
yellow in color and the undissolved lignin appearea to be
inert to further treatment. The residue was thoroughly
washed with water and dried through solvent-exchange wvith
dry methanol and benzene. The combined, neutralized ex-
tracts were filtered and concentrated to about one-third
volume under reduced pressure.

The concentrated extract was poured in a tnin stream
into two litres of water with rapid stirring, whereupon
a tan-colored precipitate separated from the solution.
After allowing the ethanol lignin to settle overnignt, it
was recovered by filtration, thoroughly washed with v.ater,

dissolved in acetone and reprecipitated by pouring into

3 ~ 3 S - m M -
seven volumes of rapidly stirred water. The ethanol
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lignin was allowed to settle, collected on a filter,
washed with water and dried under vacuum at 55°C. The
friable, light brown powder was reserved for analysis.
The combined solutions and washings were continuously
extracted with benzene until no further colored mater-
ials were removed by the extractant. After drying the
extract over anhydrous sodium sulfate, the solvent was
removed under reduced pressure, leaving a dark red,
viscous o0il. This residual oil was taken up in acetone
and poured into five volumes of petroleum ether, where-
upon a red tar separated. The petroleum ether solution
was removed from the tar by decantation and the etier-
soluble oils recovered by evaporaztion of the solvent.
The yields of the products obtained are summerized in
Table XIX.

F. ALKALINE OXIDATION OF SPRUCE PERIODATE LIGNIN

Spruce periodate lignin (C), weighing £0 gm., was
suspended in 1.5 litres of 8% sodium hydroxide solution
contained in a stainless steel autoclave. After adaing
50 ml. of nitrobengene, the autoclave was sealed and
neated at 160°C for three hours with mechanical rocking.
Oon cooling and opening the autoclave, it weas found that
the lignin had been completely converted into soluble

products. The alkaline reaction mixture was filtered,

extracted with ether to remove excess nitrobenzene and

other nitrogenous products, and acidified to pH & with

dilute sulfuric acid. A dark, amorphous precipitate
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separated from the solution and was recovered by filtration,
washed and dried "in vacuo" at 55°C. The acidulated solution,
which smelled strongly of vanillin, was then continuously znd
exhaustively extracted with ether. The ether extract was
resolved into carbonyl, acidic, phenolic znd neutral compo-
nents by shaking successively with saturated sodium bisulfite,
20% sodium bicarbonate and 59 sodium hydroxide solutions.

Acidic Fraction: The agueous bicarbonate solution wsas

acidified to pH 5 with dilute sulfuric acid &nd, after
warming under reduced pressure to remove as much carbon
dioxide as possible, was back-cxtracted with ether. The
ether extract was dried over anhydrous sodium sulfate,
filtered and the solvent removed by evaporation. A small
quantity of colored, solid metericl remained.

Phenolic Fraction: The ether solution obtained by ex-

traction of the acidified aqueous sodium hydroxide extract
was dried over anhydrous sodium sulfate, filtered and evap-
orated to dryness. As before the solid residue was
colored and consisted, in part, of crystelline materizals.
The methanolic solutions of the substance became highly
colored on addition of ferric chloride solution, an indice-

tion that phenolswere present.

carbonyl Fraction: The aqueous sodium bisulfite

solution was acidified and sulfur dioxide was removed under
reduced pressure at room temperature. Adaition of sodaium

hydroxide solution to pH 10 was followea by ether extraction

to remove non-phenolic carbonyl components. After ad justing
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the acidity of the aqueous solution to pH 3 with dilute
sulfuric acid, the volume was increased to two litres with
distilled water. Two aliquots of 250 ml. each were with-
drawn and the remainder was continuously extracted with
ether for 48 hours. On addition of approximately 100 ml.
of £,4~dinitrophenylhydrazine solution (209) to each of
the aliquots, a brick-red, voluminous precipitates formed.
After warming the solutions on the stesm bath for one

hour the precipitates were recovered by filtration through
tared sintered glass crucibles, dried for four hours at
105°C and weighed. The.crude dinitrophenylhydrazine
melted at 240 to 247°C and, after twice recrystzllizing
from 95% ethanol, melted at 262 to 264°C. The melting-
point (210) of an authentic sample of the 2,4-dinitrophenyl-
hydrazone of vanillin (266°C) was not depressed by
admixture with the crystals obtained from the periodate
lignin. The ether extract from the remainder of the
solution was dried over anhydrous sodium sulfate, filtered,
and evaporated to dryness. This dark-colored residue was
extracted with hot water, leaving a residual, dark, tarry
material. On cooling the water extract, light-colored
crystals were obtained which, after drying, meltea at 72.5
to 81°C. Admixture with authentic samples of vanillin
depression of the melting-point from the

resulted in no

recorded value of 81 to ge°c. The yields of the various

products obtained by alkaline oxidation of spruce periodate

lignin are summarized in Table XX.



TABLE XXI

xidation of Spruce Holocellulose

NazH2I0g Consumed zwummaom Consumed
Time Iodine Titre (a) - by Sample (b) per Gram of Bample
o) 7.54 ml, 0.000 gm, 0,.,00000 moles 0,000 gnm, 0.00000 moles
20 7.60 0.059 0.00020 0.122 0.00041
40 7.64 0.103 o.ooowm 0.21k4 0,00073
95 1.73 0.199 0.000 O.413 0,001
Hmm 71.78 0.27 0.0009 o.mmm 0,00192
245 7.85 0.35 0.00120 0.73 0.00250
wmo 7.90 o.::m 0.00144 0.879 0.00299
0 7.92 O. 0.00152 0.921 0.00313

A sample weighing 0.4830 gm. (or 0.0030 moles as anhydroglucose) was oxidized with 190 ml,

of a solution containing 1.9519 gm. (or 0.0066 moles) of zmummHom.
Qxidation of Spruce Wood, Fiz,II, plot II
0 w.mw ml, 0.000 gu.  0.00000 moles  0.000 gm.  0.00000 moles
20 7.61 0.050 0.0001 0.087 0.00029
50 7.71 0.150 0.0005 0.259 0. 00088
95 1.77 0,228 0,00077 0.394 0.00133
wmm 7.81 0.295 0.00100 o.wom 0.0017
245 7.86 o.mmm 0.00124 0.630 0.0021
50 8.00 O. .NW 0.00161 0.816 0.0027

A sample weighing 0.6305 gm. (or 0.0038 moles as anhydroglucose) was oxidized with 180 ml
of a solution containing 1.8644 gm. (or 0.0063 moles) of zmwmmHom.

ohT
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TABLE XXI (Contd,)

Qxidation of Spruce Klason Lignin, FigoeIl, plot III

Na;H,10g Consumed N§}§2106 Consumed
Time Iodine Titre by Sample per Gram of Sample
0 min, 6.54 ml, 0.000 gm. 0.,00000 moles 0.000 gm, 0.00000 moles
25 6.55 0.019 0.00006 0.000 gm, 0.00000
60 6.57 0,069 0.00023 0.166 0.00056
115 6.58 0.038 0.000 0.236 0.00080
185 6.59 0.12 0.000 0.311 0.00106
40 6.0 0.15 0.00052 0.370 0.00126
55 6.61 0.157 0.00053 0.379 0.00129

A sample weighing 00,4162 gm. (or 0.0022 mole8 as anhydroglucose) was oxidized with
185 ml, of a solution containing 1,2816 gm. (or 0.0064 moles) of Na3H2106.

(a) Analyses were carried out on 5 ml, aliquots using 10 ml. of 0,7061 N-arsenious
acid and 0.9732 N-iodine from a semi-micro buret,

(b) All oxidations at pH 4.1 and 20°C.

lht



TABLE XXII

Oxidation of Spruce Klason Lignin, Fig,III. plot I
§33§2106 Consumed Na;H5I104 Consumed
Time Iodine Titre(a) by Sample (b) per Gram of Sample
O min, 7.53 ml, 0.000 gm, 0,00000 moles 0,000 gm. 0,00000 moles
50 7-28 0.074 0,00035 0.434 0.00149
95 7.62 0.170 0.00028 1.004 0.00341
125 7.64 0,202 0.00068 1,191 0.00404
2hs5 7.68 0.269 0.00091 1.584 o.ooggs
350 7.71 0.351 0.00112 1.947 0.00662

A sample weighing 0.3404 gm. (or 0.0021 moles as anhydroglucose) was oxidized with

170 ml., of a solution containing 1.7512 gm. (or 0,0060 moles) of Na3HEI°6‘
Oxidation of Spruce Holocellulgse, Fig,III, plot II
O min, 7.R{ ml, 0.000 gm, 0.00000 moles 0,000 gm, 0.00000 moles
20 7.6 0.033 0.00011 0.052 0,00018
50 7.70 0.120 0.00040 0.150 0.,00064
95 7.82 0.216 0.00073 O.z 1 0.00116
155 7.9 0,30 0.00103% 0.482 0.00164
230 7.9 O.i 0.00120 0,560 0.00190
20 8.07 0.445 0.00151 0.70 0.,00239
50 8.10 0.458 0.00156 0.72 0.002

A sample weighing 0.6335 gm. (or 0.0032 moles as anhydroglucose) was oxidized with

150 ml., of a solution containing 1.52 gm., (or 0,0056 moles) of Na3H2106’

2ht



TABLE XXII ontd

QOxidation of Spruce Wood, Fig,JII. plot III
§§3H2106 Consumed EEJHZIOG Consumed
Time Iodine Titre by Sample per Gram of Sample
O min, 8,05 ml, 0.000 gnm, 0.00000 moles 0,000 gm, 0.00000 moles
20 8.29 0.115 0.00039 0.112 0.00038
50 8.38 0.198 0.00067 0.19 0.000 E
95 8.25 0.314 0.,00107 0.30 0.0010
157 g, 2 0.325 0,00134 0.385 0.00131
235 8.7 0.469 0.00159 0.457 0.00155
2%8 8.80 0.528 0,00179 0.515 0,0017
8.84 0.564 0.00190 0.550 0.0018

A sample weighing 1,0260 gm, (or 0.0063 moles as anhydroglucose) was oxidized with
170 ml, of a solution containing 1,5011 gm. (or 0,0055 moles) of N33H2106.

Oxidation of Spruce Klason Lignin, Fig,III, plot IV
O min, 6.91 ml, 0,000 gm, 0.00000 moles 0,000 gm. 0,00000 moles
40 6.93 0.030 0.00010 0,094 0.00032
90 6.9 0.053 0.00018 0.1l64 0.00056
150 6.95 0,066 0.00022 0.206 0.00070
250 6.95 0.066 0.,00022 0.206 0.00070
70 6.9 2 0.066 0.00022 0,207 0.00070
70 6.9 0,067 0.00022 0.208 0,00071

A sample weighing 0,322l gm. (or 0.0020 moles as anhydroglucose) was oxidized with

160 ml. of a solution containing 0,7644 gm. (or 0,0026 moles) of Na352106,

64t



TABLE XXII (Contd,)

(a) Analyses were carried out on 5 ml, aliquots using 10 ml, of 0,7061

N arsenious acid and 0,9732 N iodine from a semi-micro burette,

(b) All oxidations at pH 4.1l and 20°C

05t
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TABLE XXIII

Qxidation of Spruce Wood at pH 4,1 and 20°¢g, (Fig, IV)

Iodine Titre(D) (a)
Oxidation Initial Final 33332196 Addedla H333 10, Consumed

1 6.15 ml, 8,23 ml, 17.53 gnm, 7.996 gm.
2 6.17 7.78 17.45 6.189
3 6.11 7.70 17.68 6,112
4 5.7h 7.25 19.10 5.804
5 6.14 6.60 17.56 5.612
6 6.14 7.54 17.56 5,382
7 581 7.07 18,83 4,843
8 6.30 744 16.95 4,382
9 6.22 7.32 17.26 4,228
10 6.53 7.61 16.06 4.151
11 6.38 7.42 16,64 3.998
12 6.16 744 17.49 3.920
13 6.4k 7.41 16,41 3.729
i 6.58 7.50 15.87 3.536
15 6.24 7.13 17.18 3.421
16 6. Lk 7.29 16.41 3.267
17 6.12 6.94 17.64 3,152

(a) As determined Dby analysis,

f
ith 5 ml., aliquots from a total volume o
(b) ﬁﬁgéY;is ;;ing50.1000 N arsenious acid and 0.03%4

N iodine.



TABLE XXIV

Klason Lignin Content of Qxidized Wood in Various Stages of Qxidation ig V

Percentage
Qxidation Amount Withdrawn Sample for Analysis Residue xIason Lignin

0 28, 77%
5 0.7836 gm. 0.7593 en. 0.2889 gu. 38,04
7 1.5295 1.4735 0.5972 40.53
10 2,0282 1.9585 0.8955 45.72
13 1.0680 1.0631 0.5579 52 .48
17 1,0012 0.9983 0.6060 60,70

Analyses carried out on samples dried through solvent exchange and under

vacuum in the standard manner,

241



TABLE XXV

Oxidation of Spruce Wood at pH 4,1 and 20°C in 200 ml, of Periodate Solution (Fi

Run No,l (Fi lot
Time Iodine Titre(a) Na HBIOG Na H2106consumed(b) Na H2106 consumed per gram
(hours) (ml.) 3 3 >
present by Sample of Sample
Zm, gme moles gm, mo les
0 7.59 0.865 0.000 0.0000 0.000 0.00000
6 8.08 0.541 0.223 0.0011 0.167 0.0005
12 8.22 0.429 0.43 0.0014 0.225 0.0007
2l 8.4 0.290 0.56 0.0019 0.297 0.00101
ug 8.71 0.12 0.739 0,002 0,383 0.00130
72 8.80 0.08 O.778 0.002 0.403 0.00137
96 8,82 0.052 0.312 0.0027 0.420 0,001 3
120 8.90 0,000 0.865 0.0029 0.448 0.0015
n N
0 2,19 2,449 0.000 0.0000 0.000 0.00000
6 .15 1,815 0.633 0.0061 0.317 0.00108
12 6.49 1.591 0.828 0.0029 0.430 0.00146
o 6.80 1.386 1,063 0.0036 0.233 0.00181
48 7.28 1.069 1.380 0.00 0.692 0.0023
72 7.56 0.884 1.562 0.0053 0.784 0.0026
96 7.79 0.732 1.71 0,0058 0.861 0.00292
120 8.07 0.5 1.901 0,0664 0.953 0,00324
n No
0 2,24 4.397 0.000 0.0000 0.000 0.00000
6 .58 3.512 0.834 0.0030 O.431 0.00146
12 .99 3,242 1,155 0.0039 0,563 0.00191
oy 48 2.918 1.479 0.0050 0.721 0.00245
4e 5.23 2.425 1.974 0.0067 0.962 0.00327
.35 2.01 2.38% 0.0081 1.162 0.00345
52 2,23 1.730 2.6b7 0.0090 1.300 0.00L4y2
120 6.0l 1.492 2.905 0.0098 1.416 0.00481

49 ¢



TABLE XXV (Contd,)

un No Fig,V lot 2
Time lodine Titre(a)Na H_IO Na H 10, consumed(Db) Na H_ IO consumed per gram
(hours) (m1.) 32°6 32 6 326 per g
present by Sample of Sample
£m, gm, moles gm, mo les
0 7.75 6.636 0.00Q0 0.0000 0.000 0.00000
6 9.38 5.559 1,076 0.,0036 o.guu 0.,00185
12 0.85 2.315 1.320 0.0044 0,668 0.00227
2y 1.27 L840 1,796 0,0061 0.909 0.00309
48 2.65 4,12 2.509 0.0085 1.270 0.00332
72 3.22 3.68 2,951 0.0100 1,494 0.00508
96 3.63 3.479 3.156 0.0107 1,598 0.,00543
120 3.98 3,248 34387 0.0115 1,715 0.00593
un_No Fig,V lot 1
0 2.98 9,886 0,000 0,0000 0,000 0.00000
22 4.65 8.683 1,202 0.0040 0.627 0,00213
5 2.90 7.827 2,028 0.0008 1.027 0.0035
8 .33 Z'b 0 2.225 0.0075 1,160 0.,0039
18,5 7.5 JITY 3.111 0.0105 1,622 0.00551
0 8.30 6.273 3.612 0.0122 1.884 0.00220
3.5 8.91 5.870 .015 0.01306 2.094 0.00712
72 9.82 5.209 4.616 0.0155 2,407 0.00819

(a) Analyses on 5 ml,
In the first three runs 10 ml

titrations of No.4 and all of No.5 20 ml., of arsenious acid was used,

(b) Corrected for amounts withdrawn in sampling.

aliquots using 0,1123 N iodine and 0,1000 N arsenious acid.
. of arsenious acid was used but in the first two

H61
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TABLE XXVI
Progressive Qxidation of Spruce Wood (Fig,VII)

Jodine Titre

Qxidation Initial Final Na_H I0, added Na H I0 Consumed
37e=0 326
1 6.13 9.32 4.3922 3.06059
2 6.25 8.93 4,2769 30558
3 6.18 8,80 3.7926 3.0039
4 5.86 8.42 3.5600 3.0299
5 5.86 8.16 3.5600 2.6413
6 5.80 .81 3.6239 1.1598
7 5.90 6.80 3.5141 1.0336

Analyses for perlodate carried out u

10 ml, of 0.1000 N arsenious acid.

jodine for the first
remainder 0.1116,

sing 5 ml, aliquots and
The normality of the

two oxidations was 0.0934 and in the
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TABLE XXVII

Progressive Qxidation of Spruce ond(&) (Fig, VIII)

Jodine Titre(P)
Oxidation JInitial Final Periodate addea pPeriodate Consumed

1 3,70 ml, 8,85 ml, 34,18 gm, 34,18 gm,
2 3.48 8.85 35405 35.65
3 3.58 8.85 34.98 34,98
Y 3.40 8.80 36.18 35.91
5 3.7l 7.22 33.92 23.14
6 3.98 5439 32.32 9.38

(a) Oxidation of 101.9 gm. of wood meal with 2 litres of 1l.7%

periodate solution,

(b) Analyses employed 0,1131 N iodine and 10 ml, of 00,1000

N arsenious acid,
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TABLE XXVIII

Progressive Oxidation of Spruce Wood(8) (Fiz, IX)

Oxidation Iiodige T;:ﬁ:ib) Periodate Added Periodate Consumed
1 2,73 ml, 0,00 ml. 95.60 gm. 95.60 gm,
2 2.16 0.00 100,73 100.3
3 2,16 0.00 100,3 100.3
M 2.14 7.32 101,2 100.9
5 3,47 6.12 89.88 79.99
6 4,56 3430 81.19 48,81

(a)

oxidation of 226 gm. of wood meal witn 2 litres of 5k

periodate solution.

Analyses employed 20 ml. of 0.08427 N arsenious acid in
jnitial titrations and 10 ml, in final titrations,

Back-titrations with 0.1143 N iodine,
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TABLE XXIX

Progressive Oxidation of Spruce Wood(8) (Fig . x)

Iodine Titre(P)
Oxidation Initial Final Periodate_Added pPperiodate Consumed

1 7.63 ml, 0.00 ml, 203.4 gm. 203 .4 gm.
2 7.63 0,00 203.4 203.4
3 7.63 0.00 203, 4 203 4
1 7.63 8.57 2034 194,2
5 7.63 4,10 2034 107.0

(a) Oxidation of 497.6 gm. of Wood meal with 6 litres of 3.4%

periodate solution,

(p) Analyses employed 0.1106 N iodine and 10 ml. of 0,1000

N arsenious acid.
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TABLE XXX

Progressive Oxidation of Spruce and Hardwogds(a)LF1g|311

Laat Iodine Titre(b)
Qxidation Initial Final Periodate pdded Periodate Consured

Spruce
1 9.80 ml. 9.00 ml,
2 9.60 N %.5:7 ml 38:% gme %Zou gm,
g 350 .64 20.2 1L
9.80 3-%3 20.3 7.3
5 9.80 2. 0 20.3 u'g
Beech
1 9.80 8.83 20.
2 9.80  7.80 5023 19:3
9.80 5¢55 20,3 11.8
5 9080 3.18 20.3 6.0
Birch
1l 7.42 7.42 26.0
2 742 7.08 26.0 ngg
E 7.42 .10 26,0 18, &
7.42 0,90 26,0 6.1
5 7.42 8.84* 26.0 3.4
Maple
1 7.42 0.00 26,0 26.
2 7.42 7.22 26.0 ag.g
ﬁ 7.42 7.14 26.0 21l.4
7.42 3,10 26.0 11,
5 7.42 9.65* 26.0 54

(a) Approximately 35 &n. of wood meal used in each case,

(b) Analyses employed 0.1106 N iodine, All initial and

those final titrations marked with an asterisk used

o0 ml, of 0.1000 N arsenious acid; elsewhere 10 ml,

of arsenite was used,
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TABLE XXXI

Qxidation of Periodate and Klason Lignin Specimens (Fig XII)

Iodine Titre

Oxidation Initial Final Na,Ho104 Added Na;H,I0¢ Consumed
No. 1 oOxidation of periodate lignin (86.0% Klason lignin)
1 3.57 ml. L4.94 ml,  7.0388 gm. 1.8092 gm.
e 3.55 4.6k 7.0652 1.4395
3 3.55 4.30 7.0652 0.9904
" 3.55 4,18 7.0652 0.8320
5 3455 4.10 7.0652 0.7263
No. 2 Oxidation of Klason lignin
1 2,91 ml, 6,67 ml, 349552 gn. 2.,4827 gm.
e 355 5.75 3.5326 1.4526
3 3.57 5.86 3.3194 1,3121
b 3.55 5.35 3.5326 1,1886
5 3.55 5.20 3.5326 1,0835
No. 3 Oxidation of periodate lignin (86.0% Klason lignin)
1 3.77 4,88 3.3716 gm. 0.7382 gm.
2 3.90 4.75 3.2851 0.5653
3 3.77 4.49 3.3716 0.4799

(a) Analyses carried out on 5 ml., aliquots using 10 ml. of

0.1000 N arsenious acid and 0.1131 N iodine,
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TABLE XXXII

High-presgure Hydrogenation of Spruce Periodate Lignin

Time Pressure Temperature Moles of hydrogen
in bomb

Hydrogenation No.l

g hours %9g8 p.8.1. ﬁgg°A 3.88
1.5 3100 463 %.06
2 3400 501 2,11
2.5 3250 523 3.10
: 3600 535 3.12
3425 532 2.94
6 3450 534 2.96
15 3215 533 2.76
17 3200 536 2, 73
20 3200 53 c.
Final 1550 29 2,41

|

(@
[ J

o
-

Hydrogen absorbed mo lee

Hydrogenation No,2

0 2430 29 3.80
0.5 2900 323 3.86
1.5 900 3 3.86
2 200 495 3485
5.5 ugoo 53 3.88
10.5 4450 535 BoSé
20.5 4150 33 35
Final 2130 9 3.32

Hydrogen absorbed 0,48 moles

Total hydrogen absorption 1,09 moles
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TABLE XXXIII

(Contd.,)

i
I

Total recovered

(a) The Cooke-Bower column was used,

Weight

0,169

o.wmmm
0.1799
0.15806
0.1327

0.1
01159

11,1661
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CLAIMS TO ORIGINAL RESEARCH

(1) The composition of spruce lignin ™in situ® has been
calculated by a refined method from the composition of
the extractive-free wood and its holocellulose fraction
and is wi?hin * 1% of; C, 67.5; H, 63 CHz0, 147.

(2) Both spruce wood and spruce Klason lignin have been
shown to decrease in carbon content by 2 to 59, based on
the weight of lignin, on heating at 105°C. The loss of
carbon is not dependent upon the presence of atmospheric
oxygen and probably occurs by a slight thermal decomposi-
tion.

(3) Lignin has been isolated by a method involving
oxidation of the extractive-free wood with agueous solu-
tions of periodate at pH 4.1 and 20°C, solution of the
oxidized carbohydrates in boiling water near pH 7 and
recovery of the insoluble "periodate lizain" residue by
filtration. The yield of carbohydrate-free periodate
lignin from sprucewood was nearly quantitative but those
from three hardwoods ranged from 75 to 85% of theory.
Much of the morphological structure of the original wood
was preserved in the isolated lignin.

(4) Isolated spruce periodate lignin has been shown to
duplicate spruce lignin "in situ" very closely in its
behavior toward ethznol containing hydrogen chloride gas,
toward high-pressure hydrogenation, toward alkaline

oxidation with nitrobenzene and in insolubility toward
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neutral solvents.

(5) It has been demonstrated that periodate lignins,

to a greater extent than any other isolated lignin, also
resemble the lignin in wood in their capacity to dissolve
under the conditions of standard sulfite and alkali cooks.
The ability to dissolve in sulfite liquor was lost when
the periocdate lignin was pre-treated with acid solution or

with water at a high temperature.



LITERATURE CITED

(1) Payen, A., Compt. rend., 7, 1052, 1125 (1838); 9, 149
(1829); 10, 941 (1840).

(2) Schulge, F., Chem. Zentr., 28, 321 (1857).

(3) Mellier, A., Patented in France in 1854, Quoted from
Hess, "Die Chemie der Zellulose", P.z44,

(4) Tilghman, B.C., Bull. soc. chim., 2 , 8, 1&7 (1867);
Jahresber der Chem., 20, 952 (1867).

(5) schulze, E., Ber., 24, 2277 (1891); Z. physiol. Chen.,
16, 387 (1892).

(8) Hggglund, E., "Holzchemie", Akademische Verlagsgesell-

schaft M. B. H., Leipzig, 1939.
(7) ott, E., "High Polymers", Vol. 5, Cellulose and

Cellulose Derivatives, Interscience Publishers, Inc.,
New York, 1945, P.431 by A. G. Norman.
(8) Schorger, A. W., J. Ind. Eng. Chem., 9, 556, 561 (1317).
(9) Schwalbe, C. G., and Berker, E., Z. angew. Chem., /%,
229 (1919).
(10) Cross, C. F., end Bevan, E. J., "Cellulose", :nd Fd.,
Longmans, Green and Co., London, 1911, P.9S.
(11) Schmidt, E., and Graumann, E., Ber., 54, 1860 (12:1).
(12) Heuser, E., and Merlau, O., Cellulosechem., 4, 101
(1923) .
(13) Schmidt, E., Tang, Y. C., and Jandebeur, V.,

cellulosechem., 13, 1&9 (1932); Naturwiss., 13, 7 =

(1930) .



167

(14) Ritter, G. J., and Kurth, E. F., J. Ind. Eng. Chem. ,
25, 1250 (1933).

(15) Kurth, E. F., and Ritter, G. J., J. fm. Chem. Soc.,
56, 2720 (1934).

(18) Van Beckum, W. G., and Ritter, G. J., Paper Treade J.,
105, =277 (1937).

(17) Van Beckum, W. G., and Ritter, G. J., Paper Trzac J.,
105, 127 (1937).

(18) Schenck, W. A., and Kurth, E. F., J. Ind. Eng. Chem.,
33, 1398 (1941).

(19) Taylor, M. C., and White, J. F., U. S. Patent 1,894,501
(Jan.17, 1933).

(20) sohn, A. W., and Reiff, F., Paoier-Fabr., 40, 1, 105
(1942); Sohn, A. W., Zellwolle, Kunstseide, Ceide, 48,
78 (1943).

(21) Jayme, G., Cellulosechem., £0, 4% (1942); Die Chemie,
55, %23 (1942).

(22) Hagglund, E., Heiwinkel, H., and Bergek, T., J. orakt.
Chem., 162, 17 (1943).

(23) Klauditz, W., Papier-Fabr., 39, 225 (1941).

(24) Runkel, R., and Schoeller, P., Paoier-Fabr., 40,
201 (1942).

(25) Lovell, E. L., J. Ind. Eng. Chem., 37, 1054 (194%).

(¢6) wise, L. E., J. Ind. Eng. Chem., /nel. Ed., 17,

63 (1945).

(27) wise, L. E., Paper Trade J., 127, 11 (1946). .
(28) Klason, P., cellulosechem., 4, 81 (1922); 12, «© (1.°1);

gvensk Papperstidn., £6, 316 (19:%).



(9)

(30)
(31)
(52)
(38)

(54)

(35)
(36)

(87)
(38)

(89)
(40)
(41)
(42)

(43)

(44)

168

Lignin in Wood, TAPPI Standard T 13 m-43, Technical

Association of the Pulp and Paper Industry, New York
1943.

’

Willstatter, R., and Zechmeister, L., Ber., 46,

2401 (1913).

willstatter, R., and Kalb, L., Ber., 55, 2637 (198£).
Urban, H., Cellulosechem., 7, 73 (1926).
Fredenhagen, K., and Cadenbach, G., Z. angew. Chem.,
46, 113 (1933).

Freudenberg, K., Harder, M., and Markert, L., Ber.,
61, 1762 (1928).

Ploetz, T., Ber., 73B, 57,61,74,790 (1940

Beckmann, E., Liesche, 0., and Lehmann, F., Z. ange&.
Chem., 34, 285 (1921).

Phillips, M., J. Am. Chem. Soc., 50, 1986 (1v:8).

powell, W. J., and Whittaker, H., J. Chem. Soc., 1&5,
357 (1924).

Phillips, M., J. Am. Chem. Soc., 49, <057 (1927).
Mehta, M. M., Biochem. J., 19, 958 (19£5).

Larocque, G. L., and Maass, 0., Can. J. research,
19B, 1 (1941).

Klason, P., Teknisk Tidskrift, Abdelningen for Kemi

och Metallurgie, 23, 55 (1893).
Brauns, F. E., and Hibbert, H., Can. J. Resezrch,

13B, <8 (1935) .
Brickman, L., Pyle, J. J., McCarthy, J. L., and

Hibbert, H., J. Am. Chem. focC., 61, 868 (1939).



(45)
(46)

(47)

(48)

(49)
(50)

(51)

(52)

(58)
(54)

(55)
(56)
(57)
(58)
(59)

(60)
(61)

169

Charbonnier, H., Paper Trade J., 114, 21 (12<:),
Hggglund, E., and Urban, H., Cellulosechem., 8,

69 (1927); 9, 49 (1928).

Friedman, L., and McCully, C. R., Pzper Trade J.,
107, =28 (1928).

Hibbert, H., and Rowley, H. J., Can. J. Fesearch,

2, 357 (1930).

Wedekind, E., Cellulosechem., 17, 45 (19386).

Bailey, A. J., Paper Trade J., 110, 29 (1240);

111, 27, 86 (1940).

Brauns, F. E., J. Am. Chem. Soc., 61, 2120 (12:¢9);
Paper Trade J., 111, 3% (1940).

Kalb, L., and Schoeller, V., Cellulosechem., 4,

37 (1923).

Holmberg, B., Rer., 69, 115 (1926).

Kerrer, P., and Widmer, F., Helv. Chim. Acta., 4,

700 (192l).

Freudenberg, K., Janson, £., Knopf, E., &nd Fzag, t.,
Rer., 69, 1415 (1936).

Wise, L. E., "Wood Chemistry™. Reinhold Publishing
Corporation, New York, 1944, p.611l, by R. D. frecren.
Freeman, R. D., and Peterson, F. C., J. Ind. Eng. Chem.,
Anal. Ed., 13, 803 (1941).

Ploetg, T. Cellulosechem., 18, 49 (1e=0).

Heuser, E., Cellulosechem., £, 81 (1921).
Freudenberg, K., Ber., 62, 1814 (1879).

Schﬁtz, F., and Sarten, P., Cellulosechem.. :1, <& (loed).



(62)
(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)
(76)

170

Reference 56, P.<96, by M. Phillips.,

Fuchs, W., "Chemie des Lignins", J. Springer,

Berlin, 1926.

Freudenberg, K., Lautsch, %., snd Piezolo, G.,
Cellulosechem., 21, 95 (1943). |

Wald, W. J. Ph, D. DPissertation, Massachusetts
Institute of Technology, 1940.

Norman, A. G., "Biochemistry of Cellulose,
Polyuronides, Lignin, etc.", Oxford at the Clarendon
Press, 19a7.

Jayme, G., and Hanke, G., Cellulosechem., 21, 1:&7
(1943) .

Afchison, J. E., Ph. D. Tl'issertation, Lavrence College,
1942,

Thomas, B. B., Ph. D. Dissertation, lLawrence College,
1944,

Brauns, F. F., snd Brown, D. 8., J. Ind. Eng. Chem.,
30, 779 (1938).

Klason, P., Rer., 56B, %00 (1923).

Bailey, A. J., Paper Trade J., 110, -9 (1240).
Klason, P., Teknisk Tidskrift, Afdelringen ror Kemi
och Metallurgie, 23, 49 (1893); Per., 53, 70t (1v£0).
Freudenberg, K., Sohns, F., Dﬂrr, ., and Nieménn, C.,
Cellulosechem., 1l£, =6& (1931).

Freudenberg, K., and Sohns, F., Zer., 86, fo: (lviv).

Hagglund, E., and ngg, G., Svensk. Pazpperstidn., 40,
) [ ]

23 (1937).



171

(77) Lindsey, J. B., and Tollens, B., Ann., £67, <1 (189%).
(78) H&nig, M., and Spitzer, J., Wonatsh., 39, 1 (1918).
(79) Melander, XK. H. p., Cellulosechem., 2, 41 (1921).

(80) Calhoun, J. M., Yorston, F. H., and Mazss, 0., Can.

J. Research, 15B, 457 (1927).

(81) Schmidt-Nielson, S., Paper Trade J., 84, 4% (1927).

(82) stangeland, G. E., Kgl. Norske Videnskabers Selskabs,
No. 1, 1932.

(83) Yorston, F. H., "Studies in Sulfite Pulping",
Department of Mines e2nd Resources, Lands, Parks and
Forests Branch, Dominion Forest Service, Cenada,
Bulletin 97, P.26 (1942).

(84) Green, H. V., and Yorston, F. H., Project 70 M,
Progress Report No.6, Forest Products Laboratories
of Canada, Sept., 1935.

(85) Miller, R. N., Paper Trade J., 81, 55 (19<5).

(88) Brauns, F. E., Paper Trade J., 111, 33 (1940).

(87) Miller, R. N., and Swanson, W. H., "Chemistry of tle
sulfite Process", Lockwood, 1928.

(88) Sankey, C. A., and Hibbert, H., Can. J. Rese&erch,

5, 1 (1931).

(89) calhoun, J. M., Yorston, F. H., and Maass, O., Can.
J. Research, 17B, 1&1 (19:9).

(90) Corey, £A. J. and Maass, 0., Can. J. Feseercl, 13B,

149 (1935).

(91) Corey, A. J., and Maass, 0., Can. J. Reseerch, 1

289 (1935).




172

(92) calhoun, J. M., and Maass, 0., Can. J. Fesearcn, 1:F,
80 (1957).

(93) Corey, A. J. Calhoun, J. M., and Macss, 0., Can. J.
Research, 15B, 168 (1937).

(94) Lautsch, W., Cellulosechem., 20, 119 (194%).

(95) Ross, J. H., and Potter, G. J. C., Research iotes,
Vol. £, 49 (1929), Forest Products Laboratories of
Canada.

(96) Ritter, G. J., Seborg, R. M., and itchell, R. L.,

J. Ind. Eng. Chem., Anal. Fd., 4, £02 (19:£).

(97) Reference 56, P.3%39 by M. Phillips.

(98) Steeves, W. H., and Hibbert, H., J. Am. Chem. Soc.,
6l, <194 (1939).

(99) Suida, H., end Titsch, F., Monatsh., 54, 700 (19%9).

(100) King, E. G., and Hibbert, H., Can. J. Resesrch, B, 14,
12 (1936)
(101) Hillmer, A., Cellulosechem., 6, 169 (13<%).
(102) 1indsey, J. B., and Tollens, B., Ann., 267, 541 (1892).
(103) Brauns, F. E., J. Am. Chem. Soc., 61, =120 (1959).
(104) Doree, C., and Hell, L., J. Soc. Chem. Ind., 4o,
257 T (1924).
(105) Freudenberg, K., and Sohns, F., Ber., 863, rer (loce).
(106) Kinig, J., Papier-ztg., 37, £899 (1912).
(107) Konig, J., Ber., 29, 5564 (1906)

[ S

(108) Pauly, H., and Feuerstein, K., German vetent blk, oo7

(Sept. 28, 1928).



(109)
(110)
(111)

(112)

(113)

(114)

(115)
(116)

(117)
(118)
(119)

(120)

(121)

173

Phillips, M., and Goss, M. Jey Jo. fm. Chem. Soc.,
b5, 3466 (1933).

Rassow, B., and Neumann, P., Wochenbl. Papierfsabr.,
66, Sondernummer, 25 (1935).

Bailey, A., and Brooks, H. M., J. im. Chem. Soc.,
68, 445 (19486).

Fischer, H., Schrader, F., and Treibs, A., Ges.
Abhandl. Kennt. Kohle, 5, 221 (1921); c.t. Chem.
Abstr., 17, 2557 (1923).

Fischer, H., Schrader, F., and Treibs, A., Ges.
Abhandl. Kennt. Kohle, 6, ££ (1921); c.t. Chem.
Abstr., 18, 2331 (1924).

Fischer, H. Schreder, F., and Treibs, f., Ces.
Abhandl. Kennt. Kohle, 5, £30 (1921); c.f. Chem.
Abstr., 17, £556 (1923).

Reference 56, P.318 by M. Phillips.

Bone, W. A., Parsons, L. G. B., Sapiro, F. B., and
Groocock, C. M., Proc. Ray. Soc., Series t, 148,
492 (1935).

Grafe, V., Monatsh., £5, 987 (1904).

Kirschner, K., J. prakt. Chem., £ , 118, =28 (19z8).
Kﬁrschner, K., and Schramek, W., Tech. Chem.
pPapier - u. 7zellstoff-Fabr., £8, 65 (1921).

Tomlinson, G. H., and Fibbert, H., J. Am. Chem.

Soc., 58, 345 (1985).

plgglund, E., and Bratt, L. C., Svensk Papperstidn.,

89, 547 (1936).



174

(122) Hewkins, W. L., Wright, G. F., and Hibbert, H., J. Am.
Chem. Soc., 59, Saan (1937).

(123) Buckland, I. K., Tomlinson, G. H., and Hibbert, H.,
J. Am. Chem. Soc., 59, 597 (1937); Can. J. Resecrch,

16B, 54 (1938).

(124) Freudenberg, K., Lautsch, W., and Engler, K., Rer.,

| 73, 167 (1940).

(125) pearl, I. A., J. Am. Chem. Soc., 64, 1429 (1942).

(126) Creighton, R. H. J., McCarthy, J. L., end Hibbert,
H., J. Am. Chem. Soc., 63, 3049 (1941).

(127) Creighton, R. E. J., Gibbs. E.D., and Hibbert, H.,
J. Am. Chem. Soc., 66, 32 (1944).

(128) Fierz-David, H.E., and Hanning, M., Helv. Chim.
Acta., 8, 900 (1925).

(129) Boomer, E. H., and Edwards, J., Can. J. Research,
13B, 323 (1935).

(130) Herris, E. E., D'Ianni, J., and Adkins, H., J. Am.
Chem. Soc., 60, 1467 (1938).

(131) Adkins, H., Frank, R. L., and Bloom, E. &, J. fm.
Chem. Soc., 63, 549 (1941).

(132) Cooke, L. M., McCarthy, J. M., and Hibbert, H.,
J. Am. Chem. Soc., 63, 5056 (1941).

(133) Godard, H. P., McCarthy, J. ¥., snd Fibbert, H.,

5. pm. Chem. Soc., 63, 3061 (1941).

(134) Bailey, A. J., J. Am. Chem. Soc., 65, 1165 (1240).

(135) Lautsch, W., cellulosechem., 19, 69 (1941).



175

(136) Freudenberg, K., Lautsch, %., and Piazolo, G
Ber., 76B, 486 (1943).

*)s

(137) Freudenberg, K., Lautsch, V., Piazolo, G., end
Scheffer, A., Ber., 74B, 171 (1941).

(138) Pepper, J. M., Ph. D. Dissertation, McGill
University, 1943,

(129) Hachihama, Y., Zyodai, S., and Umezu, M.J., Soc.
Chem. Ind., Japan, 43, (Suppl.), 127 (1940).

(140) Bower, J. R., McCarthy, J. L., and Hibbert, H.,

| J. Am. Chem. Soc., 63, 3066 (1942).

(141) Cramer, A, R. HFunter, M. J., and Hibbert, H,,
J. Am. Chem. Soc., 61, 509 (1939).

(142) Hunter, M. J., Cramer, A. B., and Fibbert, H.,
J. Am. Chem. Soc., 61, 516 (1939).

(143) Brickman, L., Pyle, J. J., McCarthy, J. L., and
Hibbert, H., J. Am. Chem. Soc., 61, 868 (19:9).

(144) Hunter, M. J., and Hibbert, H., J. Am. Chem. Soc.,
61, 2190 (19%9).

(145) Brickman, L., Pyle, J, J., Hawkins, W. L., and
Hibbert, H., J. Am. Chem. Soc., 62, 986 (1940).

(146) MacInnes, A. S., West, E., McCarthy, J. L., and
Hibbert, H., J. Am. Chem. Soc., 6%, 2803 (1940).

(147) BHewson, W. B., and Hibbert, H., J. Am. Chem. Soc.,
65, 1173 (1943).

(148) Hewsoﬁ, ¥. B., McCarthy, J. L., and Hiboert, H.,
J. Am. Chem. Soc., 63, 3041 (1941).



176

(149) Reference 7, P, 458 by F. E. Rrauns.

(150) Phillips, M., and Goss, M. J., J. Agr. Research,
51, 301 (1935).

(151) Bailey, A. J., Paper Trade J., 110, 1 (1940).

(152) Hilpert, R. S., and Hellwage, H., Ber., 68, 380
(1935).

(153) Herzog, R. 0., and Hillmer, A., Ber., 60, 365
(1927); 64, 1288 (1931); Z. physiol. Chem., 168,
117 (1927); Papier-Fabr., 30, £05 (1932).

(154) Hggglunq, E., and Klingstedt, F. V., Z. physik.
Chem., 152, 295 (1931).

(155) Phillips, M., Chem. Reviews, 14, 103 (1934).

(156) Freudenberg, K., Ann. Reviews Biochem., 8, 81 (1939).

(157) Hibbert, H., Paper Trade J., 113, 39 (1941).

(158) Percival, E. V., Ann. Repts. Chem. Soc., 29,

142 (1942).

(159) Erdtman, H., Svensk. Papperstidn., 44, £4¢ (1941);
Pulp and Paper Mag. of Canada, £55 (1942).

(160) Klason, P., Arkiv. Kemi, Minerzl. Geol., 3,

17 (1908); Paper Trade J., 74, 45 (1922).

(161) Freudenberg, K., "Tannin, Cellulose, Lignin',
Springer, Berlin, 1953; Fortschrift d. Chem. org.
Naturstoff., II, 1 (1989), Epringer, Vienna.

(162) Freudenberg, K., Meister, M., and Flickinger, E.,
Ber., 70, 500 (1937).

(163) Klason, P., Svensk Kem. Tid., 9, 135 (1897).



(164)
(165)
(168)
(167)
(168)
(169)
(170)

(171)

(172)
(173)

(174)
(175)

(176)

(177)

(178)

(179)
(180)

177

Haworth, R. D., Ann. Repts. Progr. Chem., 33,
266 (1936).

Lindsey, J. B., and Tollens, B., Ann., 267,

353 (1892).

Nittner, E., Oesterr. Chem-Ztg., 43, 176 (1940).
Haworth, R. D., J. Chem. Soc., 448 (1942).
McKinney, J. W., Paper Trade J., 122, 58 (1946).
Reference 56, P.349 by M. Phillips.

Jackson, E. L., and Hudson, C. S., J. Am. Chem.
Soc., 59, 2049 (1937).

Grangaard, D. H., Gladding, E. K., and Purves,
C. B., Paper Trade J., 115, 41 (194%).

Jeyme, G., and Satre, M., Ber., 75, 1840 (194%).
Jayme, G., Sgtre, M., and Moris, S.,
Naturwissenschaften, 29, 768 (1241).

Jayme, G., and Satre, M., Ber., 77, 242 (1944).
Freudenberg, K., Sohns, F., and Janson, A., Ann.,
518, 62 (1935).

Pennington, D., and Ritter, D. M., J. Am. Chem.
Soc., 68, 1391 (1946).

Moore, E. S nCoal", liiley and Sons, New York,

ey

1940, popo 52-36 .
Freudenberg, K., Naturwissenschaften, &7, No.l4,

227 (1939).
Freudenberg, K., Angew. Chem., 5&, 9562 (1€c9) .

v
—

Hunter, M. J., Wright, G. F., and Fibbert, r.,

Ber., 71, 734 (19%8).



178

(181) Heim, O., J. Ind. Eng. Chem., Anal. Ed., 10,
431 (1938).

(182) McMillan, J. M., Gortner, R. A., Schmitz, H., end
Bailey, A. J., J. Ind. Eng. Chem., 30, 1407 (1938).

(183) Reference 83, P.26.

(184) calhoun, J. M., Ph. D. Dissertation, McGill
University, 1938,

(185) Reference 83, P.51,

(186) Harris, E. E., Paper Trade J., 24, 27 (1940).

(187) Brauns, F. E., and Hibbert, H., Can. J. Research,
13 B, 28 (1935).

(188) Hewson, W. B., Ph. D. Dissertation, McGill
University, 1942.

(189) Kulka, M., and Hibbert, H., J. Am. Chem. Soc.,

65, 1180 (1943).

(190) Klason, P., Tek. Tid., 23, Uppl. C, 55 (1893).

(191) Ritter, D. M., Private communication to C. B. Purves,
August, 1946.

(192) Methods used at the Forest Products Laboratory for
the Chemical Analysis of Pulps and Pulpwoods, United
States Department of Agriculture, Forecst Service,
1939.

(193) Mitchell, J., J. Ind. Eng. Chem., Anal. Ed., 1%,

390 (1940).
(194) Viebock, R., and Schwappach, A., Ber., o, 2818 (1930).
(195) viebock, F., end Brecher, C., Zer., 63, 3207 (1270).



(196)

(197)

(198)
(199)

(200)
(201)

(02)

(203)

(204)

(205)

(206)

(207)

179

Penniston, Q. P., and Hibbert, H., Pzper Trade J.,
109, 46 (1939).

Lange, J., and Paris, R., J. Pharm. Chim., 21,

403 (1935).

Hill, A.E., J. Am. Chem. Soc., 50, 2678 (1928).
Fleury, P., and Lange, J., J. Pharm. Chim., 17,
107, 196 (1933).

Palmrose, G. V., Paper Trzde J., 100, 38 (1935).
Gatterman, L., and Wieland, H., "Lzboratory
Methods of Organic Chemistry", Macmillend and Co.,
Ltd., London, 1941.

Folkers, K., ana Connor, R., J. Am. Chem. Soc.,
53, 2012 (1931).

Weissberger, A., and Proskauer, E., "Organic Solvents,
Physical Constants and Methods of Purification",
Oxford at the Clarendon Press, London, 19&5.

Smith, D. M., Bryant, W. M. D., and Mitchell, J.,
J. Am. Chem. Soc., 61, 2407 (1939).

Bower, J. R., and Cooke, L. M., J. Ind. Eng. Chen.,
Anal, Ed., 15, 290 (1943).

Schriner, R. L., and Fuson, R. C., "Systematic
Identification of Organic Compounds", John Viley and
Sons, Inc., New York, 1940.

Rosenmund, K. W., and Lohfert, H., Ber., ol, <601

(1928); c. f. Organic Syntheses, Coll. Vol.II,

p. 5435.



180

(208) "Organic Reactions", Vol. II, John Wiley and Sons,
Inc., New York, 1944, P.341 by E. L. Jackson.

(209) Allen, C. F. H., J. Am. Chem. Soc., 52, 2955 (1930).

(210) Huntress, E. H., and Mulliken, S. P., "Identification
of Pure Organic Compounds", John ¥Wiley and Sons, Inc.,

New York, 1941,






McGILL UNIVERSITY LIBRARY

1xm RS 1947 §

X

BTV T LA
A 2, . Lot S 7
. M . - - v
e‘ oL (Wi 1 . - H
- i v
I_L“_ ] v ’:
1 s
o ¢
pig's =
PR ey
] 4t
L u -
-
R 7
R 1 .
-\
-
r
. 4
- -
4
rg
"
’
»
.
-
i X -
-.1‘" X
'!=_ h 1 Pdy ' 4




