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Abstract

Acid sulfite delignification of western hemlock { Tsuga heterophylla) was carried out from 90°C to a final
temperature of 145°C.  Kraft pulping was also carried out from 90°C, but to a final temperature of 170°C.
At various stages of delignification structural units condensed at C,-positions in residual lignins were
determined directly without isolating their lignins. In kraft pulping, the formation of structural units
condensed at C,-positions started at the point where about 50% of the lignin were removed. In acid sulfite
pulping, the formation of those occurred when 65-70% of the lignin were removed. About 55% of the
phenyl nuclei were found associated with condensed structures at C,-positions in the residual lignins in both
kraft and acid sulfite pulps having a kappa number about 35.
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Introduction

During pulping, lignin macromolecule is depolymerized mainly through the cleavage of ether linkages to
become dissolved in pulping liquor.  In kraft pulping®, the first step of delignification involves the formation of a
quinone methide intermediate from the phenolate anion by the elimination of a hydroxide, alkoxide, or phenoxide
ion from the benzylic carbon. Then this intermediate is attacked by the nucleophilic hydrosulfide ions with
formation of a thiirane structure and simultaneous cleavage of the S-aryl linkage. The cleavage of aryl ether
linkages results in increasing hydrophilicity of lignin because of the liberation of phenolic hydroxyl groups. The
depolymerized lignin fragments are dissolved in the cooking liquor as sodium phenolates. On the other hand,
during acid sulfite pulping® the e-hydroxyl and the a-ether groups are cleaved readily under simultaneous
formation of benzylium ions irrespective of whether phenolic hydroxyl groups are free or etherified. The
cleavage of open a-aryl ether linkages represents the only noteworthy fragmentation of lignin during acid sulfite
pulping. The benzylium ions are sulfonated by attack of hydrated sulfur dioxide or bisulfite ions, resulting in
increasing hydrophilicity of lignin molecule. The extent of delignification depends largely on the degree of
sulfonation as well as the depolymerization,

As described above, in the course of kraft and acid sulfite delignification, the reactivity of benzylic carbons is
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greatly enhanced resulting in the attack of nucleophilic agents, due to the formation of quinone methides and
benzyl cations, respectively. The attack of hydrosulfide or bisulfite ions to a-carbons which is very important

23 In general, the latter leads to increased

for dissolution always competes with that of phenolic nuclei
molecular weight of lignin and the solubilization of lignin is retarded or inhibited. For example, lignin dissolution
is retarded particularly during the final phase of kraft pulping as a result of condensation®”.  Also, pine heartwood
having reactive phenolic extractives such as pinosylvin and its monomethyl ether cannot be delignified by the
conventional acid sulfite process®.

The condensation at benzyl carbons during kraft and acid sulfite pulping leads to diphenylmethane type

1-3) " In order to achieve the overall understanding and perfect control of pulping reactions, the

structures
information on when and how frequently the condensation occurs is of the utmost importance. Especially,
secondarily condensed moieties in residual lignins give a great influence to the color of pulp and its bleachability®,
The quantity of diphenylmethane type units in pulp residual lignin directly reflect the extent of condensation
reactions within the wood during the pulping. In the present work, at various stages of kraft and acid sulfite
delignification, structural units related to condensation at C,-positions in pulp residual lignins were analyzed and

discussed.

Materials and Methods

The wood chips were cut from the sapwood portion (20-73 annual increment) of a 73 year old western
hemlock (T'suga heterophylla) log to a constant chip size (2.5%2.5%0.3 cm®). The chips were air dried, after
which the moisture content was 7-8%.

Pulping
Kraft liquor:  Effective alkali (EA) 17.1% (as NayO on OD wood, corresponding to 44.15 g/l of NaOH) and the
sulfidity 24.9%.
Acid Sulfite liquor: A solution of 15.6 g/1 of NaOH was adjusted to pH 1.5 with SOy, corresponding to about
27.6 g/l of total SO,

Thirty grams of oven dry wood was used, and the liquid to wood ratio used was 5:1.  After soaking 24
hours at room temperature (about 25°C) in the digester or in the shaker, the cooking system was transferred toa
preheated, rocking digester (94°C).  As soon as the temperature in the digester decreased to 80°C, the system
was heated at a rate of 1°C/min until the temperature reached 170°C (kraft) or 145°C (acid sulfite). The
samples were then pulped to various lignin contents by keeping them in the digester for different lengths of time.
Delignified wood or pulps were filtered off, followed by thorough washing and air drying. The samples (wood or
pulps) were ground to pass 80 mesh. The meals were extracted with ethanol-benzene (1:2) for 48 hours and
dried over P»0s.

Isolation of milled wood lignin (MWL)

The isolation and purification of the MWL’s were done according to LUNDQUIST et al.®, and BJORKMAN",
The elemental compositions of MWL are as follows: C%, 61.42; H%, 5.67; 0%, 32.91; OCH3%, 13.44. Based
on these information, the molecular formula per Cq unit is CgHg 303 12(0CHjz)p. 83 and the molecular weight per
Cg unit is 192.28 g/mol. The MWL was used as a reference sample for the determination of lignin by acetyl
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bromide method.

Lignin content determination

The lignin content was measured using the Klason+ acid soluble lignin determinations. Klason lignin was
determined using a TAPPI standard T222, and the acid soluble lignin was measured according to TAPPI UM
250. The lignin content at the late stages of pulping was also checked using acetyl bromide lignin determination.
The procedures of JorNsoN et al.®’ and Marron® were followed, with the modifications according to Van Zy'?
and CHIANG and Funaoka'?,

Structural analysis of pulp residual lignins
It was done by a combination of nucleus exchange and nitrobenzene oxidation. Detailed procedures for
these two reactions and the product analysis by gas chromatography are described in detail in the previous

papers!!—19,

Results and Discussion

The dissolution of lignin during a standard kraft and a standard acid sulfite pulping of western hemlock is
shown in Fig. 1. As can be seen in this figure, both systems are able to remove about 95% of the lignin and the
general pattern of lignin dissolution is rather similar for these systems.

Phyny! nuclei in softwood protolignin are classified into non-condensed (Type A) and condensed (Type B)
guaiacyl units (Fig. 2). Guaiacyl units in residual lignins are divided into non-condensed (Type A), those (Types
L517%18) and other types of condensed (Type B) units (Fig.

2). The quantities of A, B, A" and B” types of structural units in residual softwood lignins can be obtained from

A’ and B’) associated with diphenylmethane moieties

the yields of their monomeric derivatives, guaiacol+ catechol (NEP), after direct degrading of pulps by nucleus
exchange reaction (Fig. 3), and, vanillin+ vanillic acid (NOP), after nitrobenzene oxidation (Fig. 4)''~9. The
nucleus exchange reactions is a combination of alkylation and dealkylation reactions in the presence of boron
trifluoride and excess phenol'®2?, This reaction converts quantitatively the non-condensed (Type A) and
diphenflmethane type (Types A" and B") phenyl nuclei into guaiacol which is partially demethylated to catechol

according to the reaction temperature (Fig. 3). Thus the sum of guaiacol and catechol (NEP, mol%) represents
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the quantity of non-condensed units in non-delignified wood or the quantities of non-condensed (Type A) and
diphenylmethane type (Types A’ and B) units in delignified wood. Consequently, in delignified wood sample,
by subtracting the non-condensed units (Type A) from the yield of NEP, the quantity of diphenylmethane type
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Fig. 4. Lignin structural units giving monomeric products (NOP) by nitrobenzene oxidation.

units (Types A’ and B”) can be obtained. In this calculation, the estimation of non-condensed unit (Type A) is of
the utmost importance. The alkaline nitrobenzene oxidation converts only non-condensed units (Type A) that
are not involved in diphenylmethane type units into NOP (Fig. 4*. Therefore, NOP/NEP value in pulp
residual lignin is getting lower with increasing amounts of diphenylmethane type structures (Types A’ and B) in
lignin molecule. Assuming that the conversion rate of non-condensed units (only Type A) to NOP in modified
lignin is not so different from that in original lignin, the quantity of non-condensed unit (Type A) can be calculated
as follows®?:

[NOP/(non-condensed, type A)loriginal
=[(NOP/(non-condensed, typeA)lresidua lignin
Non-condensed units (Type A) in residual lignin, mole%,
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Because, in original lignin, the yield of NEP represents the quantity of non-condensed unit (Type A).

== (NOP) resiquat/ [INOP / (non-condensed, Type A)lorigina
= (Nop)residual/ (N OP/ NEP)ox‘iginal

of NOP/NEP for the western hemlock original lignin was 0.77.
Fig. 5 shows the variations of NOP/NEP values in residual lignins against the extent of delignification.

The overall variation patterns are very similar between both pulping processes.

The value

In kraft pulping, the value got

slightly higher in the early stage of delignification, mainly due to the formation of coniferyl type conjugated

systems from phenolic f-aryl ether units, giving high yield of NOP?Y.  This observation is strikingly similar to a

early study on kraft pulping of Douglas-fir'”. In both processes the variations of NOP/NEP were relatively
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small until the delignification of about 70%, suggesting that lignin structures were not changed dramatically.
After that, in the final stage of delignification, the values of NOP/NEP were rapidly dropped to about 0.2. This
fact means that the residual lignin in the final stage is of structures quite different from those in the early stages.
The relationships between the compositions of residual lignins and the removal of lignin are shown in Figs. 6
and 7. In kraft pulping the non-condensed units (Type A) were dissolved slightly faster than condensed units
(Type B). Acid sulfite delignification also has the same pattern, but the preferential dissolution of non-
condensed units was stopped in the earlier stage, compared to kraft delignification. High mobility of
non-condensed units in addition to the dissolution resistance of condensed units would permit faster dissolution of
non-condensed units in the early stages. Until the delignification reached about 70%, it seemed that there was
no dramatic difference between the dissolution of non-condensed and condensed units. In kraft pulping, the
residual lignins had the structures condensed at C_-positions after about 50% of lignin were removed, after which
the quantity of diphenylmethane type units increased dramatically in the final stage. In acid sulfite pulping the
condensation at C,-positions occurred at about 65-70% delignification. The delayed formation of dipheny-
Imethane type moieties in acid sulfite pulping was probably due to the competitive reaction of forming sulfonic
acid groups at C,-positions, thus preventing the reactive sites for diphenylmethane formation. On the other
hand, in kraft pulping, the cleavage of j-aryl ether linkages results in the formation of reactive conjugated

112328 However, also in acid sulfite pulping, the

structures, promoting condensation reactions between units
residual lignins in the final stage had high frequency of condensed structures at C -positions.  In the combination
analysis of nucleus exchange and nitrobenzene oxidation, the units grouped as diphenylmethane types are of
originally non-condensed units?®, Therefore, above results show that in both pulpings originally non-condensed
units were left in high frequency in pulp. It would be reasonable that at the final stages of pulpings with lowered
sulfide and bisulfite ions reactive non-condensed units were subjected to condensation with adjacent phenyl nuclei
at C,-positions rather than the attack of sulfide or bisulfite ions, resuiting in a delayed dissolution.

For both puling systems, condensed structures at C,-positions became major in residual lignins. About
55% of the phenyl nuclei were found associated with condensed structures at C,-positions in the residual lignins

in both kraft and acid sulfite pulps having a kappa number of about 35.
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