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Liberation of Phenolic Hydroxyl Groups by Alkaline Cleavage of

Lignin Sulfonic Acids

By QUINTON P. PENISTON AND JOSEPH L. McCaRTHY

The conception of softwood lignin as a polymer
of oxygenated guaiacyl propane structural units
postulates the occurrence of one phenolic hydroxyl
per methoxyl grouping. It has been concluded
by most workers within the field that phenolic
hydroxyl groupings occur in a free state in at least
some structural units of the polymer. Thus,
Tomlinson and Hibbert! have stated: ‘“The fact
that methylated (dimethyl sulfate and alkali)
lignin sulfonic acids yield veratric aldehyde affords
conclusive proof that the original lignin sulfonic
acid contains a free phenolic hydroxyl group,”
and F. E. Brauns? has concluded, from diazo-
methane methylation studies, that: ‘‘...lignin
sulfonic acid in addition to the sulfonic group has
a free phenolic hydroxyl.”” Freudenberg and co-
workers® have suggested that the phenolic hy-
droxyl group is bound in native lignins by an ether
linkage to a secondary aliphatic hydroxyl and that
this linkage is broken by sulfonation to yield a
sulfonic acid and a free phenolic hydroxyl. From
more recent investigations using a technique in-
volving hydrazine reduction of toluene sulfonate
esters of phenolic hydroxyl groupings to toluene
sulfinate esters, Freudenberg and Plankenhorn*
have concluded that there are present 0.075, 0.14,
and 0.31 free phenolic hydroxyl groups per lignin
structural unit in cuproxam lignin, hydrochloric
acid lignin, and deacetylated acetic acid lignin,
respectively.

To secure further information as to the status
of the phenolic hydroxyl groupings in lignin sul-
fonic acids, conductometric titration studies have
now been made of exhaustively dialyzed sulfite
waste liquor solutions which, as is established in
another communication,® consist of salts of lignin
sulfonic acids of a high degree of purity.

Experimental Part

Conductometric titrations were coaducted in 509
ethanol solution using carbonate-free sodium hydroxide.
A 60-cycle Wheatstone bridge circuit with pointer type AC
galvanometer was used. The titration cell, of 100-ml].
capacity, was constructed with buret delivery tubes and
glass stirrer mounted in the lid. This was connected by a
ground glass joint to the body containing platinized elec-
trodes. The cell constant was 0.492 ¢m.™1.

Samples from alkali cleavage experiments were adjusted
with dilute hydrochloric acid to pH 4. A measured excess
of standard acid was then added and the samples were
boiled to expel carbon dioxide and sulfur dioxide formed by
desulfonation of the lignin sulfonic acid. After cooling in

(1) Tomlinson and Hibbert, TEIs JoUrRNAL, 58, 350 (1936).

(2) Braums, Paper Trade Journal, 111, no. 14, 33-39,
(1940).

(3) Freudenberg, Meister and Flickinger, Ber., 70, 500 (1937).

(4) Freudenberg and Plankenhorn, ibid., 75, 857-867 (1942).

(5) Peniston and MecCarthy, THIS JOURNAL, 70, 1324 (1948).

Oct.

stoppered flasks, aliquots were titrated with 0.01 N io-
dine solution to determine residual sulfur dioxide. Weak
acids, determined conductometrically on separate aliquots,
were corrected for residual sulfite.

Potentiometric titrations were conducted using a Leeds
and Northrup glass electrode pH electrometer.

Total solids and total sulfur recovery in the fractiona-
tion of alkali cleaved lignin sulfonic acid were corrected for
sodium sulfate resulting from alkali neutralization by con-
ductometric sulfate® determinations.

Other analytical procedures have been described iu a
separate communication.®

Extinction coefficients for the nitroso lignin test were
determined using a Coleman Spectrophotometer.

Alkali cleavage experiments were generally conducted
in glass apparatus under a reflux condenser using a nitrogen
atmosphere. Some experiments were conducted using
small stainless steel autoclaves in a constant temperature
oil-bath.

The lignin sulfonic acid concentration was generally 20
g. per liter. Free lignin sulfonic acids were prepared from
calcium or sodium lignin sulfonate solutions by treatment
with an) acid regenerated cation exchange resin (Amberlite
1R 100).

Discussion

Typical results with untreated lignin sulfonic
acid solutions are illustrated in Fig. 1, which
shows comparative conductometric and potentio-
metric titrations on the same solution of lignin sul-
fonic acids. From the character of curves ob-
tained, it is clear that only small amounts-—cer-
tainly less than 0.2 mole per mole of methoxyl of
weak acids with pK values between 4 and 10—can
be contained. Since phenolic hydroxyl groups in
lignin sulfonic acids, if free, should fall within this
range, the absence, or presence in only low con-
centrations, of these groupings, is indicated.

However, free phenolic hydroxyl groups do exist
in lignin sulfonic acids which have been subjected
to an alkaline environment. Such conditions may
arise during methylation reactions which have
been used to indicate the presence of free phenolic
groups! and have been found by Karrer and asso-
ciates,” to lead to rapid cleavage of some antho-
cyanins to simple phenolic substances. Treat-
ment of lignin under more strongly alkaline con-
ditions and at higher temperature yields products
which are precipitable with carbon dioxide and
thus presumably phenolic in character and under
these conditions lignin sulfonic acids yield vanillin
and other phenolic substances.

When the lignin sulfonic acid preparation de-
scribed in Figure 1 was treated with 5%, sodium
hydroxide at 100° for several time periods, the re-
action products showed the conductometric titra-
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Fig. 1.—Potentiometric and conductometric titrations

of lignin sulfonic acid showing low weak acid content:
1.0 ml. NaOH = 0.164 mole of acid per mole of OCH;,.

tion curves given in Fig. 2. After sodium hy-
droxide addition equivalent to the midpoint of the
indicated weak acid lines, all solutions were found
to be approximately pH 9, indicating that the ioni-
zation constants for the acids titrated are in the
expected range for phenolic hydroxyl groups.
From the above and similar studies on different
lignin sulfonic acid preparations, it is concluded
that treatment in five per cent. sodium hydroxide
solutions at 100°, causes liberation in about two
hours of about 0.67 mole of phenolic hydroxyl per
mole of methoxyl. Following this there is a more
gradual formation of weak acid groups which con-
tinues with the time of cleavage,

The rate of the initial phenolic hydroxyl libera-
tion appears to be approximately proportional to
the alkali concentration. Thus in aqueous solu-
tions 1% in sodium hydroxide, the rate is found
to be roughly one-fifth of that observed in solu-
tions 5%, in sodium hydroxide. Also, at the lower
alkali concentration, the more gradual acid forma-
tion is not discernible. Thus there may be two
reactions involved or two different groupings
cleaved by the alkaline treatment.

The liberation of phenolic hydroxyl groups in
lignin sulfonic acid should result in its increased
reactivity in chemical reactions dependent on the
presence of active nuclear hydrogen. After alkali
treatment there should be evident increased ease
of oxidation and of halogenation, increased re-
activity in condensation reactions, ¢. g., with form-
aldehyde, and in substitution reactions such as
coupling with diazonium salts or reaction with
nitrous acid. Two such reactions have now been
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studied in comparison with titration data for the
amount of weak acid liberated in alkali cleavage.

Conductivity (translated scale).

L
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Fig. 2.—Conductometric titrations of L. 8. A. after alkali
cleavage.

Pearl and Benson® have developed a procedure
for determination of lignin sulfonic acid in sea
water utilizing the color formed by reaction with
nitrous acid presumably forming a nitroso lignin.
Mr. William G. Westover,® in collaboration with
H. K. Benson and the authors, has studied the
effects of alkali cleavage on the color developed in
this reaction.

Pennington and Ritter’® have recently investi-
gated oxidation of various phenolic substances with
periodic acid and have found that substances with
guaiacyl nuclei with free phenolic hydroxyl groups
are readily oxidized with accompanying de-
methylation. Dr. Pennington has examined a
series of our alkali cleavage samples using the
periodate oxidation technique.

Results of the three characterizations of the
same series of alkali treated lignin sulfonic acid
samples are shown in Fig. 3, in which the conduc-
tometric moles of weak acid per mole of methoxyl,
the increase in extinction coefficient at 4700 A. for
the nitrous acid reaction product, and the moles of
periodate consumed per mole of methoxyl, are
each plotted as ordinates against the time of
alkali cleavage as abscissa. The three quantities
show pronounced increases during the early stages
of treatment, indicating an increase in concentra-
tion of free phenolic groups. After two hours of
treatment, however, there is no further increase in
periodate consumption, or in the extinction coeffi-
cient, while a continued gradual increase in weak

(8) Pearl and Benson, Paper Trade J., 111, no. 18, 35-38 (1940).

(9) Westover, B, S. Thesis, University of Washington, 1946,
(10) Pennington and Ritter, TE1s JOURNAL, 69, 187 (1947).
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acids is still apparent. It is believed, therefore,
that for the experimental conditions used libera-
tion of phenolic groups is substantially complete
in two hours, and that generation of other acidic
groupings is probably responsible for the subse-
quent gradual rise in titratable acids. Ritter and
Pennington!® have observed that pure guaiacyl
type phenolic substances in general consume three
moles of periodate per mole of methoxyl. This
would imply that in alkali cleavage under con-
ditions used only two thirds of the potential
_ phenolic hydroxyl groups have been liberated and
suggests the possibility that a different type of
linkage exists for the remaining third. A similar
result is obtained by linear extrapolation to zero
time of the gradual weak acid increase. On this
basis the amounts of phenolic hydroxyl liberated
in the first two hours are in close agreement as
determined by periodate consumption or titration
(Fig. 3a).

The increase in extinction coefficient for the
products of reaction with nitrous acid agrees
reasonably well with the assumption that light
absorption of the lignin polymer is due to two typi-
cal groupings, 4. e., structural units with free phe-
nolic hydroxyls, and those remaining as phenolic
ethers. The observed extinction coefficient,
“Kons,”’ should thus be expressible as a sum of two
terms as

(G + C)Kow. = KiC1 + K:C 6y

where “Cy”’ and “C,” represent the molar concen-
trations of free and combined phenolic hydroxyl
groupings per mole of methoxyl, and “K;” and
“K,"” represent the extinction coefficients asso-
ciated with these respective groupings. If the
concentrations of free phenolic hydroxyl found ex-
perimentally by periodate oxidation be taken as
Cy, then C; may be regarded as the difference be-
tween unity and (. Using values found experi-
mentally by the nitroso technique for the total ex-
tinction coefficient, Kops, then the individual ex-
tinction coefficients, K, and K,, may be evaluated
by simultaneous solution of Equation 1 using data
derived from samples hydrolyzed for two different
time intervals. Taking K; and K, as 76 and 20,
respectively, calculation of the terms K;C; +
K;C; as compared to (C; + Cp)Kops shows (Table
II) satisfactory correlation of the results of the
periodate oxidation method with those of the ni-
troso method except for the original sample in
which some phenolic hydroxyl may have been
liberated under the alkaline conditions obtaining
during the carrying out of the nitroso method.
The liberation of phenolic hydroxyl groups by
mild alkaline treatment of lignin sulfonic acid
necessarily brings about other changes in molecu-
lar structure. If all of the structural units of the
lignin polymer are joined together by non-cyclic
ether linkages (such as in Formula I), simple
cleavage of these ethers would result in conversion
of the polymer to the monomer. However, if
furan or pyran rings are ianvolved (such as in
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Fig. 3.—Phenoiic hydroxyl liberation by alkali cleavage.

Formula II), reduction in molecular weight would
require not only liberation of the phenolic hy-
droxyl but also rupture of carbon to carbon bonds.

TaBLE 1

CORRELATION OF EXTINcTION COEFFICIENTS WITH
AMOUNT OF FREE PHENOL

Time, (KiC1 4+  (CL+ Co)-
hr. C1 Ca KiCt  KGy KiCy) Koba
0 0.16 0.94 12.2 18.8 31.0 38.0
0.167 .43 .57 382.7 11.4 4.1 42.1
0.50 .52 .48 39.5 9.6 49.1 49.2
1.00 .63 .37 479 7.4 55.3 52.8
2.00 .66 .34 50.1 6.8 56.9 57.8
4.00 .68 .32 51.6 6.4 58.0 57.2
6.00 .68 .32 51.6 6.4 58.0 58.5
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II. Cyclic lignin structure

To investigate alteration in molecular size and
other changes associated with the alkaline treat-
ment, a fractionation of lignin sulfonic acid after
five hours of treatment with 5% sodium hydroxide
solution at 100°, has been conducted. Fraction
A, which is first apparent after about three hours
of treatment and increases with time of the alkali
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reaction, is insoluble in water under neutral con-
ditions and after its separation, the remaining
soluble Fraction B was dialyzed exhaustively fol-
lowing the same procedure and with the same
membranes initially used for preparation of the
lignin sulfonic acids from sulfite waste liquor.
The non-dialyzable residue (Fraction B-1), the
dialyzate (Fraction B-2), and Fractions A and B
were then analyzed to determine total material,
methoxyl and sulfur balances.

TaBLE II
FracTIONATION OF ALEALI CLEAVED LIGNIN SULFONIC
Acips
Fraction Fraction Fraction Fraction
Fraction A B B-1 B-2
Per cent. of total ma-
terial 19.1 68.5 32.4 32.8
Per cent. of total sul-
fur 10.0 58.5 21.5 31.9
Per cent. of total
methoxyl 22.5 72.3 36.0 29.7
Extinction coefficient 43 61 49 73

Although considerable material losses occurred
particularly in isolation of the peptizable Fraction
A, results (Table II) show insoluble Fraction A
to be strongly desulfonated (from about 0.50 in
the lignin sulfonic acid before alkaline cleavage, to
about 0.22 mole of sulfur per mole of methoxyl in
Fraction A). The soluble non-dialyzable residue
Fraction B-1 is desulfonated to a lesser degree
(0.43 mole of sulfur per mole of methoxyl) while
the soluble dialyzable Fraction B-2 retains prac-
tically the same proportion of sulfur as the original
lignin sulfonic acid (0.54 mole of sulfur per mole of
methoxyl). Extinction coefficients indicate that a
considerable proportion of the phenolic hydroxyl
groups remains combined in Fractions A, B, and
B-1, while in the dialyzate Fraction B-2 all phe-
nolic hydroxyl groupings appear to be free. That
about one-third of the lignin sulfonic acid is readily
dialyzable after alkali cleavage whereas the origi-
nal material had been isolated as a non-dialyzable
residue using the same membrane material, ap-
pears to demonstrate a substantial decrease in
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molecular weight for this fraction. Other indica-
tions of reduced molecular weight in cleavage
products have been obtained from observations of
a reduction in specific viscosity.

The liberation of only two-thirds of the po-
tential phenolic hydroxyl groups of lignin sulfonic
acid by alkali treatment and the apparent simul-
taneous formation of sulfonated fragments of
lower molecular weight suggest that more than
one type of linkage between structural units must
exist in the lignin polymer.

The authors are indebted to Mr. Vincent F.
Felicetta for analytical assistance.

Summary

1. Examination of a sample of purified lignin
sulfonic acids by conductometric and potentio-
metric titration methods has indicated the ab-
sence, or the presence in only low concentrations,
of free phenolic hydroxyl groupings in the ma-
terial as it exists in sulfite waste liquor.

2. By mild alkaline hydrolysis of purified lig-
nin sulfonic acids, weakly acidic groupings are
formed which show a pK value of about 9 and are
regarded as phenolic hydroxyl groupings.

3. Periodate oxidation studies, and the extent
of “‘nitroso-lignin”’ formation, as well as conducto-
metric analyses, indicate phenolic hydroxyl libera-
tion by mild alkaline treatment of lignin sulfonic
acids.

4. From periodate oxidation values and also
conductometric titrations apparently only about
0.67 mole of phenolic hydroxyl per mole of meth-
oxyl are liberated by alkali treatment under the
conditions used. The presumed remaining phe-
nolic groups (0.33 mole per mole of methoxyl) thus
appear to be bound in a more stable type of link-
age.

5. Alkaline hydrolysis of lignin sulfonic acid
brings about a decrease in molecular weight of
some fractions of the acids, and this and other evi-
dence indicates that more than one type of bond
serves to combine structural units in lignin sul-
fonic acid.
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