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Abstract

This is a review of historical and modern literature data on the structure versus prop-
erties of wood lignin in view of the concepts developed by the authors based on their
own research. Changes in the structure of lignin and related changes in its chemi-
cal reactivity during alkaline wood pulping are assessed based on the comparison
of the structures of lignin at three kinetically distinct stages of delignification: ini-
tial, bulk and final. Lignin gradually moves from a solid to a liquid phase during
the pulping process; therefore, structures of native, dissolved and residual lignin are
elucidated and compared. The emphasis is on changes in the molecular weight dis-
tribution and content of alkylarylether bonds, and functional groups, in particular
phenolic hydroxyls. For comparison, splitting rates for a- and p-alkylarylether bonds
in both phenolic and non-phenolic lignin model compounds are analyzed. Based on
the comparative analysis of the experimental data, it is suggested that native lignin
in wood consists mainly of three distinct fractions that are different in chemical reac-
tivities of alkylarylether bonds. This phenomenon results in three kinetically distinct
stages of the pulping process. Wood delignification is essentially a process of lignin
functionalization followed by its dissolution. The functionalization, i.e., formation
of additional functional groups in the macromolecule, continues until it reaches the
level sufficient for lignin dissolution under chosen conditions, and then, deligni-
fication occurs. At the bulk stage of pulping, the rate of delignification is directly
proportional to the degree of functionalization. The data characterizing the effect
of redox reactions on the structure and chemical reactivity of lignin in alkali—anth-
raquinone pulping are analyzed in detail in view of their general importance for our
understanding of the chemical reactivity of lignin. Results of polarographic stud-
ies of numerous representative lignin model compounds (>70 samples) and lignin
samples, including chemically changed lignins, are compiled, and a diagram of
reduction potentials of polarographically active functional groups in lignin is drawn.
From a comparison of redox properties of lignin and 32 pulping additives, criteria
for selection of potential alkaline pulping catalysts are derived. Solubility belongs
to basic properties of polymers, lignin included, and all methods of delignifica-
tion of plant materials can be essentially reduced to solid polymer functionalization

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00226-018-1059-1&domain=pdf

8 Wood Science and Technology (2019) 53:7-47

followed by its dissolution. Factors contributing to lignin solubility are analyzed,
including such characteristics as molecular weight, temperature, liquid—solid ratio
and ionic strength. Based on the analyzed data, a uniform scale of solubility for dif-
ferent lignin types is proposed, and formulae for calculating lignin solubility in alka-
line media are derived.

Introduction

The chemical structure of lignin and its effect on chemical reactivity of lignin is
one of the key issues in wood chemistry, first, due to practical implications of such
knowledge in the pulp and paper industry. A variety of lignins in different plant spe-
cies and a complex array of transformations that native lignins undergo during tech-
nological processes and natural transformation of lignocellulosic materials make
explanation and prediction of chemical properties of lignin difficult even at the cur-
rent level of development of analytical techniques.

Continuous progress in our understanding of lignin chemistry, specifically, in
comparative analysis of molecular mass, functional groups, types of interunit bonds
and, more generally, structures of lignins in wood, black liquor and pulp, neverthe-
less gives a clear idea of chemical processes during wood pulping (Brunow and
Miksche 1976; Dimmel and Gellerstedt 2010; Fengel and Wegener 1989; Geller-
stedt and Henriksson 2008; Gierer 1980, 1982a, b; Lindberg 1979; Santos et al.
2013; Sarkanen and Ludwig 1971; Shorygina et al. 1976). In this paper, focus is put
on the studies that correlate structural changes in lignin with changes in its chemi-
cal reactivity and also discuss structural factors affecting its solubility in pulping
liquors. This is a review of historical and modern literature data on the structure
versus properties of wood lignin in view of the concepts developed based on the
authors’ own research. The data on the structures of native and technical lignins are
comparatively analyzed and related to lignin valorization, the latter issue attracting
significant interest in recent years (Ragauskas et al. 2014; Rinaldi et al. 2016; Galkin
and Samec 2016; Kirkis et al. 2016).

Chemical reactivity of alkylaryl bonds in lignin and kinetics of delignification

Lignin is an irregular polymer with a variety of bonds connecting its phenylpro-
pane units (PPU), predominately a- and -O-4 ether bonds (65/100 PPU in both
hardwood and softwood lignin, see Tables 1 and 2). Typical chemical structures of
softwood and hardwood lignin and typical products of their degradation in alkaline
media are shown in Fig. 1.

The kinetics data in Tables 3 and 4 suggest certain types of structure—chemical
reactivity relationships in lignin under the conditions of soda and kraft pulping. The
a-O-4 linkages in phenolic units (I, III) are the most reactive, while in non-phe-
nolic units (II, IV) they are stable (Ljunggren 1980). The p-O-4 linkages in phe-
nolic (VI) and especially non-phenolic (XII) units are much less reactive. Thus, the
ratio between the rate constants at 140 °C for units XII, VI and (I, III) is 1:24:2600
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Table 1 Functional group and interunit linkage content in Bjorkman lignin of spruce (per 100 PPU)
(Sakakibara 1991)

Functional group/linkage Content Functional group/linkage Content
Aliphatic OH 93-109 a-O-y (open) 6
p-Hydroxybenzyl OH 5-6 p-O-4 49-51
p-Alkoxybenzyl OH 10-15 B-5 9-14
Phenolic OH 26-33 Phenylcoumarane 11
Total carbonyl 20 Non-cyclic 3
a—-C=0 6-7 B-6, p-2 2.5-3
Non-conjugated C=0 10 B-p 13
Ar—-CH=CH-CHO 34 Pinoresinol 2-10
Ar-CH=CH-CH,OH 3 B-1 2-15
Ar—-CHOH-CHOH-CH,OH 2 5-5,5-6 19-22
Ar—C-C-CH;, 4 4-0-5,4-0-1 7-8
a-O-4 (open) 6-13 Condensed units 45-50
p-Hydroxybenzylaryletheric (open) 2-4

p-Alkoxybenzylaryletheric (open) 5-9

Table 2 Functional group and

. L . Linkage Content

interunit linkage content in

Bjorkman hgmn of beech (per Linkage (non-cyclic o- and p-etheric) 65

100 PPU) (Nimz 1995) .
B-1 (1,2-diarylpropane) 15
B-5 (phenylcoumarane) 6
B—p pinoresinol and syringaresinol 5
o—P 2.5
5-5 (biphenyl) 2.3
B—p in dienzyltetrahydrofurane units 2
5-O-4 (diphenylether) 1.5
B-p and a-6 (tetraline units) 0.5

(Table 3). Unit XII is of special interest because -O-4 bonds are the most common
in lignin (Table 1), predominantly between non-phenolic structures because the con-
tent of phenolic hydroxyl groups in native lignin is just 10-15/100 PPU (Gellerstedt
and Lindfors 1984a).

Chemical reactivity of f-O-4 bonds depends on the number and positions of sub-
stituents in the aromatic ring and side chain of the lignin fragment (Table 4). Rate
constants in the series (V, VII, IX) and (VI, VIII, X) show how the susceptibility of
B-O-4 bonds to splitting changes when going from softwood to hardwood lignin.
It is known (Fengel and Wegener 1989; Sarkanen and Ludwig 1971) that guaiacyl
units predominate in softwood lignin (see A and B in structures V and VI), while
hardwood lignin is built from mixed guaiacyl and syringyl units (see A and B in
structures IX and X).
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Fig. 1 Structural fragments of lignin containing a- and $-O-4 bonds

Tables 4 and 5 illustrate the highest splitting rate of the $-O-4 bond in syrin-
gyl units as compared to other types of structures in lignin during kraft pulping.
These data match published data on a higher delignification rate of hardwood versus
softwood (Fengel and Wegener 1989; Sarkanen and Ludwig 1971; Shorygina et al.
1976).
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Table 3 Rate constants of the
pseudo-first-order reaction of
alkylaryl ether linkages splitting
in lignin during kraft pulping
(Ljunggren 1980)

Table 4 Rate constants of the
pseudo-first-order reaction of
alkylaryl ether linkages splitting
in lignin during soda and kraft
pulping (Kondo et al. 1987)

Table 5 Ratio between p-O-4
bond splitting rates in guaiacyl
and syringyl units of lignin at
the conditions of soda and kraft
pulping (Kondo et al. 1987)

1(°C) [OH], (M) k (min~!' x 10%)
Structure*
I 11 VI XII
70 1.10 46 0.038 0.0032
90 0.75 200 0.36 0.023
110 0.68 800 2.8 0.17
130 0.49 2700 18.1 0.82
140 0.45 4700 433 1.82
150 0.40 - 97.6 3.75
170 0.35 - 451.0 15.8
170 0.20 - 451.0 9.0
*As shown in Fig. 1
Pulping  7(°C)  k(min~'x10%)
Structure*
\% VII IX VI Vil X
Soda 120 - - - 05 03 -
130 0.5 4.5 - 0.7 05 -
140 _ - - 1.4 1.5 -
Kraft 110 3.1 7.0 13.0 1.0 13 2.0
120 8.1 145 379 25 32 4.7
130 206 332 1020 6.6 73 12.1
*As shown in Fig. 1
Pulping process t (°C) Ratio between p-O-4 bond splitting

rates

Units*
VII/V IX/v VIII/VI X/V1
Soda 120 - - 0.6 -
130 9.0 - 0.7 -
140 - - 1.1 -
Kraft 110 2.3 42 1.3 2.0
120 1.8 4.7 1.3 1.9
130 1.6 5.0 1.1 1.8
* See Fig. 1
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Assessing the kinetics of the splitting reaction during soda pulping is more compli-
cated. Under these conditions, a competing side reaction of enolization (formation of an
enol ether structure XV) takes place, and the kinetics is affected by the ratio of the two
reactions:

k,
K — » Splitting of the B—0—4 bond
Fragments V-X —/ k,
\—> Formation of an enol ether

In Kondo et al. (1987), the rate constant k was measured based on the consumption
of the initial model compound and k; based on accumulation of one of the products of
the f-O-4 linkage splitting. This product originating from the ring B in the initial model
compound is either guaiacol (see G in Fig. 1) or 4-methylsiringol.

In kraft pulping, rate constants k and k; are close, while k; <k in soda pulping.
Thus, for a model compound of structure F, k/k; =8 at 130 °C. This explains why soda
pulping is much slower than kraft pulping, and why deep delignification is not possible
in soda pulping without substantial loss of carbohydrates.

Structures with shorter side chains (V, VII, IX) are more reactive in kraft pulping
than related structures that carry y-CH,OH groups (Table 4). It should be noted that the
latter (VI, VIII, X) are the most typical of native lignin.

A comparative study of the effect of a substituent in A and B rings on -O-4 linkage
splitting in phenolic units of lignin (V) demonstrated that a substituent in ring B has a
stronger effect under the conditions of soda pulping (Dimmel and Schuller 1986a, b).
Consistent with other experimental data, it indicates that when the linkage splitting is
a predominant reaction versus enolization (this is the case at high alkalinity), $-O-4
splitting is the rate-determining reaction. At lower alkalinity, formation of enol ether
becomes a predominant reaction.

Under the conditions of kraft and anthraquinone (AQ) pulping, the rate of linkage
splitting is affected by a substituent in the ring A only. This suggests quinone methide
formation (1) that precedes the bond splitting being the rate-determining stage:

¢
R \\/ 3
| B
HO
0] 0 o2
OMe
IS
4
Z one OMe
0.

R=H CH,, CH,0H
ey

@ Springer



Wood Science and Technology (2019) 53:7-47 13

The effect of a side chain on the p-O-4 linkage splitting can be assessed based
on the kinetic data published by Gierer and Ljunggren (1979, 1983) and Gierer
et al. (1980). In the absence of hydroxyl groups in the side chain, this bond is stable
toward alkali at elevated temperatures (see structure V' in Table 6). In structures
with a-hydroxyl substituents, it splits at a rather high rate in both phenolic and non-
phenolic lignin structures (compare structures V and XI in Table 6). The non-phe-
nolic units are less reactive, and the rate constant depends on the alkalinity but not
concentration of sodium sulfide (see also Table 3).

The chemical reactivity of -O-4 bond changes dramatically in structures com-
bining y-hydroxyl and a-carbonyl groups in a side chain (structure XIV in Table 6).
It splits at room temperature at a rate exceeding that in any other lignin structure at
140-170 °C.

General analysis of the effect of a side chain structure on the kinetics of a f-O-4
bond splitting (Gierer and Ljunggren 1983) led to the identification of three major
factors that determine how strong the effect of an adjacent group is:

e adegree of ionization of the group;
e nucleophilicity of the anion formed upon ionization;
e arate of formation of a product or intermediate involving the group.

The critical factor for the f-O-4 bond splitting in both phenolic and non-phenolic
structures of lignin is the presence in the side chain of a functional group that can
ionize in alkaline media.

Summing up the kinetic data on $-O-4 bond splitting in different structural frag-
ments of lignin, the pulping reagents can be ranged in the following way:

e phenolic units (V, V)HS™ > AHQ > HO™
e non-phenolic units (XI, XI[)HO™ >HS™ > AHQ

Table 6 Pseudo-first-order rate constants of the reaction of splitting a $-O-4 bond in typical lignin struc-
tures under the conditions of kraft, soda and soda—AQ pulping

Unit* t (°C) [HOT] (M) [HST] (M) kx10? (min~") References

N 170 1.00 - Stable Gierer and Ljunggren (1983)
\% 143 0.50 0.08 45.2 Gierer and Ljunggren (1979)
XI 137 0.50 - L5 Gierer and Ljunggren (1979)
XI 170 0.51 - 23.0 Gierer and Ljunggren (1979)
XI 170 0.52 0.08 24.7 Gierer and Ljunggren (1979)
X1V 29 0.50 0.09 46.0 Gierer et al. (1980)

A\ 140 1.00 ok 16.4 Brunow and Poppius (1981)
* See Fig. 1

** Unit V without a-OH group
*#% Unit V, R=CH,
##kk AHQ instead of HS™ (0.13 M)
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In actual wood pulping, many structures of lignin are involved in reactions with
liquor components simultaneously, and it is often hard to conclude what reaction is
rate-determining. Besides, non-phenolic units gradually convert into phenolic ones
in the course of pulping, and concentrations of active reagents of the liquor decrease
because of their reactions with both lignin and carbohydrates, and products of their
degradation. Altogether, it results in a very complicated kinetics.

Considering structure-reactivity relationships in lignin, general descriptiveness
of the proposed kinetic equations is less important than a correlation between the
rate of splitting of - and B-arylether bonds in lignin and rate of its dissolution. Such
a correlation was established in a study (Ljunggren 1980) that was, however, criti-
cized later for direct comparing of the rate constants in dimer models in a homoge-
neous solution and rate of dissolution of a lignin polymer in a heterogeneous system
(Obst 1983).

A different approach to this problem was developed: a-O-4 and $-O-4 bond split-
ting in lignin releases free phenolic hydroxyl groups that leads to eventual dissolu-
tion of lignin in an alkaline medium; therefore, it makes sense to compare the rates
of dissolution of lignin and of formation of new phenolic hydroxyls in lignin under
the conditions of alkaline pulping.

Changes in molecular mass and rate of dissolution of lignin

In some studies (Evstigneyev 2001, 2003; Evstigneyev et al. 1987a, b, 1990),
changes in the MMD through stages of pulping were followed using a GPC tech-
nique that eliminates polyelectrolyte interference (Spheron P-1000 gel, DMF eluent
with LiBr and H;PO,).

In this study, unimodal gel chromatograms were obtained in lignins from soda,
soda—AQ, kraft and kraft—-AQ pulping in digesters. All GC curves were found to
be unimodal, with the same position of the maximum, shape and ¢ values in all
stages of pulping. It suggests that average MM of lignin remains the same through
all stages of pulping. The GPC method, when distortion factors are suppressed, can
be used reliably in comparative studies of lignin MMDs during pulping, while other
methods are more suitable for absolute MM determination. Vapor osmometry dem-
onstrates that M, values of soda lignins are all close (Table 7). Compared to the
GPC data, this suggests sodium sulfide and AQ having no special effect on lignin
depolymerization as compared to sodium hydroxide.

Table 7 Molecular masses

= Lignin type M,
of lignins from spruce
(Evstigneyev 2001) Bjorkman 2088
Soda 1593
Soda-AQ 1556
Kraft 1587
Kraft-AQ 1560
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In batch digesters, the liquor gradually becomes rich with dissolved lignin, and
secondary reactions become possible that would affect MMD. Besides, some lignin
is unavoidably lost during its separation by acidification of the liquor. To minimize
these effects, pulping experiments in a flow-through reactor were conducted, with
MMD characterization without separation of lignin from the liquor (Evstigneyev
2001). Sample gel chromatograms are presented in Fig. 2a, which can also be com-
pared to a chromatogram of Bjorkman lignin of spruce so that the changes in lignin
during pulping could be assessed.

Figure 2 is consistent with increasing MM during pulping; however, this change
is not dramatic and is observed only at the ramping stage (first 80—100 min; no
changes at 120—180 min). It means that MM of dissolved lignin does not change at
the bulk and final stages of soda pulping.

Comparable results were obtained for kraft pulping (Fig. 2b). A comparison of
Vg values in the peak maximum shows that the values for the initial, bulk and final
stages of kraft pulping are the same as in soda pulping within an experimental error.

Changes in MMD during alkaline pulping can also be elucidated in experiments
on Bjorkman lignin, which can condense under these conditions. The sample was
cooked in glass ampules and analyzed directly, without lignin separation from the
liquor (Fig. 3). In the course of pulping, the MMD curves moved to the lower molec-
ular mass region. Quantification here can be done by comparison of M, and Vj val-
ues for Bjorkman lignin and soda lignins (Table 7). It can be seen that soda pulping
causes a decrease in MM of Bjorkman lignin of spruce from ~2100 to ~ 1600, while
in kraft pulping the lower limit of MM changes is less than 1600 that suggests more
intensive lignin degradation. No increase in MM was observed in both processes.

A general conclusion here is that sodium sulfide and AQ do not significantly affect
lignin depolymerization during alkaline delignification of wood. Further, there are no
indications of lignin condensation in soda pulping, at least, not in the form of intermo-
lecular aggregation. Why is it that delignification is faster in the presence of sodium
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Fig.2 Normalized gel chromatograms of lignin from a soda and b kraft pulping of spruce wood in a
flow-through digester. BL Bjorkman lignin (Evstigneyev 2001)
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Fig.3 Normalized gel chromatograms of spruce Bjorkman lignin a soda and b kraft pulping (Evs-
tigneyev 2001)

sulfide or AQ? They indeed accelerate splitting of $-O-4 bonds that results in a higher
content of phenolic hydroxyl groups in kraft lignin and soda—AQ lignin (see below),
but this does not result in more intense degradation of lignin macromolecule.

In the authors’ opinion, the explanation is due to the fact that in lignin the units are
connected by both ether and carbon—carbon bonds, the latter being resistant to the pulp-
ing conditions. Table 1 shows that the total content of carbon—carbon bonds is close
to that of ether bonds («-O-4 and B-O-4). Thus, it is suggested that most lignin units
are connected to each other by both splittable and resistant bonds. In this case, break-
ing a-O-4 and B-O-4 bonds does not necessarily lead to depolymerization of lignin.
On the other hand, it leads to enrichment of lignin with phenolic hydroxyl groups that
improves solubility. This could be the mechanism of delignification acceleration by
sodium sulfide and AQ. Schematically, it can be illustrated using a phenylcoumarane
structure as an example:

C, C,

(‘3H20H

H-C H-C
OMe OMe
H-‘c 5 H—‘é b
+OH "~
_—
- OMe -t OMe
(0] O_

@

@ Springer



Wood Science and Technology (2019) 53:7-47 17

A small fraction of units connected to the macromolecule exclusively by labile
ether bonds (likely located on a periphery of the macromolecule) detaches during
pulping and manifests itself in black liquor as monophenols.

A method of assessment of the theoretical yield of monomers after catalytic
hydrogenolysis of native and technical lignins has recently been developed based on
these considerations (Evsnigneyev 2018).

As demonstrated, differences in the rates of soda, soda—AQ, kraft and kraft-AQ
pulping cannot be explained based on the changes in macromolecular properties of
lignin affected by different liquor reagents. Therefore, it is more likely that the effect
of sodium sulfide and AQ on alkaline delignification lies in the functionalization,
changes in the chemical structure of lignin that are different from degradation and
condensation reactions.

Lignin functionalization and the alkaline delignification rate

A rate curve for wood delignification in kraft pulping normally has three distinct
parts that differ in the rate of lignin dissolution: initial (fast), bulk (slow) and final
(very slow) (Sjostrom 1981). The curves, generally, have a typical S-shape that
can be illustrated by the data on soda, soda—AQ, kraft and kraft—-AQ pulping of
spruce (Evstigneyev et al. 1992a; Fig. 4), kraft pulping of aspen and turpentine pine

100

80

60

L,o,

40

20

1 1 1
30 60 90 120 150 180
T, min

110 135 1656 170 170 170
t,°C

Fig. 4 Delignification curves of soda (*), soda—AQ (+), kraft (o) and kraft-AQ () pulping of spruce
(Evstigneyev et al. 1992a)
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(Gullichsen 1999), and kraft and sulfite pulping of Western hemlock (Chiang et al.
1989). It is important from the technological point of view to understand why del-
ignification slows down so significantly in the end of pulping. We can answer this
question based on the literature data on the structures of native, dissolved and resid-
ual lignins.

To assess structural changes in lignin leading to its dissolution during pulping,
correlations were studied between, on the one hand, the content of functional groups
and alkylaryl bonds in dissolved lignins and, on the other hand, rate and degree of
delignification (Evstigneev 2003; Evstigneyev and Rusakov 1990; Evstigneyev et al.
1990, 1992a). It is proven that fast dissolution of lignin begins upon accumulation of
sufficient phenolic groups, usually functionalization of about 50% PPU.

At the bulk stage, the rate of lignin dissolution is proportional to the rate of
release of free phenolic hydroxyl groups (Fig. 5). Adding 3.7 mM OH,,, is needed
to dissolve 1 g lignin, and the observed differences in delignification rates originate
from different rates of achieving this level. Thus, the data suggest that delignifica-
tion is essentially a process of lignin functionalization followed by its dissolution.

It was found that in kraft pulping the number of new phenolic hydroxyls is pro-
portional to the degree of splitting of interunit alkylarylether bonds in lignin (Evs-
tigneyev et al. 1991).

Based on these results, a method was developed to calculate the number of such
bonds in dissolved and residual lignin at any given moment of pulping. It is based on

the balance equation connecting the number of OH,;,, and the number of the said

1.6
@
12 b *
oo 2o
1 0.8 |
=
L J
L]
0.4
1 L L 1 A | i L
0.1 0.2 0.3 0.4

W, - mmol-min~ '

Fig. 5 Phenolic hydroxyls content in dissolved lignin versus rate of dissolution at the bulk stage of soda
pulping of softwood (spruce, pine): (e) soda, (+) soda—AQ, (o) kraft and (@) kraft—-AQ pulping (Evs-
tigneyev et al. 1992a, b)
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bonds in, on the one hand, dissolved and residual lignin and, on the other hand, in
native lignin. The interunit linkage splitting releases the phenolic groups:

B e |
o c—. .. 5 *  Ho it
L —
OCHy _SH (OH)_ OCH,
OCH4 OCHg
OR OH
3)
At any moment of the pulping,
Oond + Qonr + Qora + Qory = Z 0, 4)

where Qg 4 is the number of free phenolic hydroxyls in dissolved lignin, Qg is
the number of free phenolic hydroxyls in residual lignin, Qpg 4 is the number of
bound phenolic hydroxyls in dissolved lignin, Qpg , is the number of bound phenolic
hydroxyls in residual lignin and ) Q is constant.

Z Q = Qon,i + Qor.i» &)

where Qqy; is the number of free phenolic hydroxyls in native (initial) lignin and
Qor,; is the number of bound phenolic hydroxyls in native (initial) lignin.

In Eq. (4), all the values are numbers of the bonds and groups in lignin (mM) but
not their contents. Qpy ;, Qop ¢ and Qg values were calculated based on the analytical
data on the quantities of initial, dissolved and residual lignins and content of phenolic
hydroxyls in these lignins. All the data are given for 100 g o.d. spruce wood containing
27.2 g lignin. For pine wood, Gellerstedt’s experimental data (Gellerstedt and Lind-
fors 1984a, b; Robert et al. 1984) were utilized. Figure 6a gives a summary of data for
OHen (Qow)- It should be noted that had demethylation contributed significantly to the
mechanism of the release of free phenolic hydroxyl groups, the slope in the Qncps—A
graph would have the opposite direction while the same value as the one in the Q,—A
graph at the same stage of pulping. Meanwhile, in all stages of pulping, the Qg4
graph for dissolved lignin is a straight line with the same slope.

The numbers of bound phenolic hydroxyls in dissolved lignin are calculated
based on the following equations:

Bulk stage: QOR,d = QOH,i_QOH,r (6)
Final stage: Qor ¢ = Qon.i —CPon.r -A' ™)
A = Qopyg—mA, (8)
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1ok (D)

Q... mmol

Fig.6 Dependence of the quantities of free (a) and bound (b) phenolic hydroxyl groups on the degree of
delignification in dissolved (1) and residual (2) lignins of kraft pulping of pine (Evstigneyev et al. 1991)

where m is a slope of curve 1 (Fig. 6a) at the bulk stage (m=0.98). The number of
bound phenolic hydroxyls in residual lignin (Qgg ) is calculated based on Eq. (4).
The constant Y Q is measured by extrapolation of the part of curve 1 at A>80% to
A=100%. Calculated Qg 4 and Qpg , values are presented in Fig. 6b.

There is a linear correlation between the number of bonds split during pulping
and the quantity of dissolved lignin (Fig. 6b, curve 2). When 1 mM (~1%) of the
bonds is broken, 1% initial lignin is dissolved. To calculate the content of bonds
from their number, one should divide all values in Eq. (4) by the quantity of lignin
at the delignification stage under consideration and, using this correction, determine
the number of such bonds per 100 PPU.

The described method was used to determine alkyl-O-aryl bonds content in both
soluble and insoluble lignin samples of different origins (Evstigneyev et al. 2017).
The content of alkyl-O-aryl bonds in native lignin of softwood (pine, spruce) is
79/100 PPU. In isolated lignin preparations, the content of these bonds decreases in
the order: Freudenberg lignin (71/100 PPU) > Bjorkman lignin (61/100 PPU) > Pep-
per lignin (44/100 PPU). In dissolved alkaline lignins, a small amount of alkyl-O-
aryl bonds: 36/100 PPU in soda lignin and an average of 23/100 PPU in soda—AQ
lignin, kraft lignin and kraft—-AQ lignin, is preserved. In residual lignin that repre-
sents the fraction of native lignin with interunit bonds, stable under the conditions
of kraft cooking, 66/100 PPU of such bonds are contained. A relatively high content
of alkyl-O-aryl bonds (61/100 PPU) is preserved in technical hydrolysis lignin. Cur-
rently, application of the solid-state *C CP/MAS NMR method opens new avenues
in the characterization of such chemical bonds (Evstigneyev et al. 2018).

Structure of residual lignin

The key unresolved issue in our understanding of the chemistry of alkaline del-
ignification is the cause of the dramatic decrease in the rate of lignin dissolution
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at the end of pulping. As a possible cause, lignin—carbohydrate bonds (Fengel
and Wegener 1989; Sarkanen and Ludwig 1971; Yamasaki et al. 1981), the effect
of pores in a cell wall on lignin diffusion (Favis and Goring 1981) and lignin
condensation (Sarkanen and Ludwig 1971) was suggested. The nature of residual
lignin is still a subject of active discussions.

Gellerstedt (1996) noted that the conditions of kraft pulping favor lignin sec-
ondary condensation, and condensation reactions are observed in model studies;
however, it is not proven if polymer components are affected by such reactions.
It is important in this regard that residual lignin from kraft pulp does not contain
diphenylmethane structures (Balakshin et al. 2000) and that chemicals known to
condense with lignin model compounds have no effect on actual pulping of wood
(Gellerstedt and Al-Adjani 1998).

Condensed structures in technical lignins (e.g., with 5-5, B-5 or 4-O-5 bonds)
may originate from native lignin but not be a product of secondary reactions dur-
ing pulping. Thus, based on '*C NMR, the content of condensed structures in
both milled wood lignin and kraft lignin is around 55% (Kringstsad and Morck
1983).

In residual lignin, the picture is more complicated. While generally it is believed
that it contains more condensed structures, the accuracy of quantification is not quite
certain (Dimmel and Gellerstedt 2010). There also are some uncertainties in the cur-
rent understanding of lignin-carbohydrate bonds, e.g., if hemicelluloses or cellulose
are bound to lignin, and if such bonds mostly form during pulping (Gellerstedt 1996;
Helm 2000). Based on known mechanisms of lignification, it is believed that chemi-
cal bonds between hemicelluloses and lignin are intrinsicantly present in wood;
however, the evidences of that are mostly indirect. Such bonds are relatively rare, by
some estimates, just one per carbohydrate chain (Gellerstedt 1996).

It is not surprising then that no signal can be assigned to such bonds in the NMR
spectra; see discussion in a review by Maunu (2002).

However, a review by Balakshin et al. (2008) claims, based mostly on the research
by the authors, that in lignin—carbohydrate complex (LCC) samples isolated from
both wood and kraft pulp, lignin—carbohydrate (LC) bonds could be identified when
multi-dimensional NMR spectroscopic techniques were applied (phenyl glycoside,
y-ester and benzyl ether bonds).

Wood pulping slows down when lignin content in pulp reaches < 10%; there-
fore, to study the complexes, such methods as enzymatic hydrolysis (Yamasaki et al.
1981) are employed. A method was developed from separation of lignin—carbohy-
drate complexes (glucomannan, xylan, cellulose) based on endoglucanase treat-
ment, dissolution of the residue in alkali and subsequent precipitation (Lawoko et al.
2004, 2005) that led to the conclusion that 90% residual lignin after kraft pulping
of spruce is chemically bound to carbohydrate, with glucomannan-lignin structures
predominating.

Physical association between lignin and carbohydrates through hydrogen and van
der Waals interaction was also discussed (Dudkin and Gromov 1991, p. 178), but
this type of interaction is likely secondary in an aqueous medium.
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An alternative approach to residual lignin and other issues related to the chem-
istry of alkaline pulping was developed in recent publications (Evstigneyev et al.
1993, 1994, 1996). It is based on the studies of chemical transformations under the
pulping conditions of isolated lignins structurally close to native lignin.

The dissolution curves of Freudenberg lignin and wood lignin under the condi-
tions of kraft pulping are presented in Fig. 7. They both are S-shaped that reflect
the three stages of delignification. At the initial ramping stage, Freudenberg lignin
dissolves more slowly than native lignin, but the rate of dissolution increases signifi-
cantly from 160 °C, and most of the sample moves into the solution in a short time.

In both samples, the process slows down in the final stage. The reasons of this
phenomenon were discussed above, and lignin—carbohydrate bonds are mentioned
as one of the proposed causes (Yamasaki et al. 1981). Freudenberg lignin contains
almost no carbohydrates and is not topologically hindered; therefore, this observa-
tion does not support the hypotheses that lignin—carbohydrate bonds or cell pores
play any significant role in the kinetics of delignification. More likely, the primary
factor affecting the kinetics is changing reactivity of lignin, i.e., easiness in intermo-
lecular fission releasing free phenolic groups.

Close similarity of kinetic curves illustrated in Fig. 7 allows us to consider
Freudenberg as an adequate lignin model in wood pulping studies.

FTIR data are consistent with this theory: The spectra of dissolved kraft pulp-
ing of wood and Freudenberg lignin are almost identical (Evstigneyev 2001). The
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Fig. 7 Kinetics of delignification curve of spruce chips (1) versus dissolution of spruce Freudenberg
lignin (2) (Evstigneyev et al. 1996)

@ Springer



Wood Science and Technology (2019) 53:7-47 23

difference in the slopes of kinetic curves at the bulk and final stages of pulping
(Fig. 7) can be explained by the absence in Freudenberg lignin of carbohydrates,
which decrease the pH of the liquor. Besides, Freudenberg lignin does not contain
easily hydrolysable fraction of native lignin that is lost when the lignin is separated
from wood. It also explains some differences in delignification curves at the initial
stage of pulping.

FTIR studies of residual Freudenberg lignin after kraft pulping demonstrated the
same bands as in dissolved lignins; however, relative band intensities varied dramat-
ically. The bands at 29242934 (CH,, CH,) and 1369-1375 (CH;) cm™ in residual
lignin are twice as high as in dissolved one. The intensities were normalized to the
aromatic ring; therefore, the difference indicates a higher content of aliphatic groups
in residual lignin (Evstigneyev 2001).

Based on own experimental and literature data on the structure of residual lignin
available to date, it might be suggested that the reason of a decreasing rate of del-
ignification at the final stage of wood alkaline pulping is the absence of hydroxyl
groups adjacent to -O-4 bonds in some of the side chains of residual lignin:

OCH,

OH
[OR]

The p-O-4 bond in such structures is stable toward liquor reagents because it is -
and y-aliphatic hydroxyl groups that facilitate splitting of the bond in alkaline media
(Gierer and Ljunggren 1983).

Indeed, structures with aliphatic side chains were found in native lignin (Table 1)
and among products of kraft pulping of spruce wood (Gierer and Lindenberg 1980)
and birch (Niemeld 1990). A dimer containing $-O-4 bond in its aliphatic side chain
is mentioned as one of the products of kraft pulping of softwood (Rinaldi et al.
2016).
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CH,
c=o0

(|3H3 CH,OH

C|:H2 H,C OCH,4 HC—O CH,-CH,—CH,OH
CH OH CH

2 CH 2 H,CO
OCH, OCH, OCH,4
OH OH OH

It was found that a -O-4 dimer with y-OH functionality is relatively stable under
the conditions of kraft pulping; this suggests that it is the a-OH group that is most
important for easy B-O-4 splitting. Residual lignin contains a noticeable quantity of
B-O-4 structures (Maunu 2002).

Structure of native lignin

Currently, no method can tell us the MM of lignin in wood. Moreover, even the
theoretical definition of the lignin MM in wood is not quite certain because, his-
torically, there are two competing views on the native lignin topology. One con-
cept treats lignin as an infinite three-dimensional network (Sarkanen and Ludwig
1971), while the other considers it as a branched molecule of a relatively small size
(Shorygina et al. 1976). In early works of Freudenberg, lignin macromolecule was
described as one of a relatively small size but branched and essentially three-dimen-
sional (Freudenberg 1965). On the other hand, if lignin is an indefinite three-dimen-
sional network, the very concept of a molecule does not apply as it is always the
case with polymer networks (Irzhak et al. 1979, p. 7).

Another discrepancy in the current understanding of lignin is the degree of the
order in native lignin as related to its biosynthesis. Specific traits of lignin biosynthe-
sis are usually considered causing a multitude of interunit bonds and irregularities in
lignin structure (Fengel and Wegener 1989; Ralph 2010; Vanholme et al. 2010; Shi
et al. 2010; Weng and Chapple 2010; Bonawitz and Chapple 2010; Magalhaes et al.
2010; Zhao and Dixon 2011; Liu 2012; Mottiar et al. 2016; Rinaldi et al. 2016).
Phenoxyl radicals are generated from lignin precursors (coniferyl and related unsat-
urated alcohols) by dehydrogenase and oxidase enzymes. Radical recombination is
random, and the spin density in the radical is a primary factor in determining the
type of a forming bond. Thus, enzymatic control is absent in building a lignin mac-
romolecule that yields an irregular polymer. This is quite different from the process
of polysaccharide biosynthesis.
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However, some published data indicate a degree of regularity in isolated lignin
samples. Thus, Karmanov (2004) suggests a nonlinear self-organization process in
lignification of cell walls that results in the formation of an ordered structure of a
fractal type. Computer modeling suggests a spiral shape of linear parts of a lignin
macromolecule (Faulon 1994; Faulon and Hatcher 1994) that is quite typical of
biopolymers.

MMD curves for hardwood and softwood lignins were obtained using a MALDI
(matrix-assisted laser desorption ionization) technique that provides the most accu-
rate absolute mass values to date (Metzger et al. 1992). Average MM values (M)
were found to be 2600 + 100 in hardwood and 2300 + 100 in softwood lignins; own
measurement for Bjorkman spruce lignin by MALDI was 2090 (Evstigneyev et al.
2016). The fine structure of the mass spectra suggests the presence of tetramer (in
hardwood) and trimer (in softwood) oligomers (Srzic et al. 1995).

Some regularity in lignin was also observed at a supermolecular level. A scan-
ning tunneling microscopy study of dehydrogenative polymerization of coniferyl
alcohol (model lignification) suggested that the polymer has a modular structure
(about 20 PPU in one module) associated in supermodules (larger particles consist-
ing of about 500 PPU), which, in turn, form a web (Radotic et al. 1994). Separated
lignins form monomolecular films on the surface of water that is sometimes consid-
ered as a (vague) indicator of possible self-organization (Luner and Roseman 1986).

Raman spectroscopy indicates orientation of lignin in the cell wall at a molecular
level (Atalla and Agarwal 1985; Agarwal and Atalla 1986). It seems to be illogical
that all wood constituents but lignin are genetically programmed and formed under
enzymatic control; only lignin is considered as random (Ralph et al. 2004).

A modern theory of the structure of native lignin is presented by Gellerstedt and
Henriksson (2008), where lignin is treated as a mixture of branched and linear mac-
romolecules. Crestini et al. (2011) and Crestini (2014) consider lignin as just a lin-
ear polymer. Linear macromolecules in a low molecular mass fraction of eucalyptus
lignin were proven by mass spectrometry (Evtuguin and Amado 2003).

The content of alkyl-O-aryl bonds in native lignin of softwood (pine, spruce) is
79/100 PPU (Evstigneyev et al. 2017). A model of alkylarylether bonds distribution
in native lignin is proposed that differ in their chemical reactivities under the condi-
tions of wood alkaline pulping (Fig. 8).

According to this model, native lignin in wood consists of three fractions F,
(23%), F, (10%) and F; (7%) that differ in chemical reactivities of their alkylary-
lether bonds following the sequence: F; > F,>> F;. In the process of wood pulping,
fractions F; and F), dissolve, thus yielding soluble lignin, while most of the F; frac-
tion remains yielding residual lignin. The idea of such three fractions in native lignin
is consistent with known differences in the kinetics of the main stages of pulping:
initial, bulk and final (Wilder and Daleski 1965; Kleinert 1966; Ljunggren 1980;
Kondo and Sarkanen 1984; Chiang et al. 1990; Evstigneyev et al. 1996).

The authors’ studies support the idea that the F; fraction of lignin is responsible
for the known fact of virtual impossibility of complete lignin removal by cooking
only; the subsequent bleaching stage is always needed to approach this goal. Chemi-
cal reactions of conventional cooking processes (kraft, sulfite) are predominantly
nucleophilic, while traditional bleaching sequences involve electrophilic reactions
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F, (23 %) 0-O-4, $-O-4 in phenolic PPU

F, (70 %) B-O-4 in non-phenolic PPU

F; (7 %) alkylaryletheric bonds in PPU
with aliphatic side chains

Fig. 8 Model of alkylarylether bond distribution in native softwood lignin (Evstigneyev 2012)

(Fengel and Wegener 1989). Substrates for the nucleophilic attack resulting in
breaking the polymer chain are mostly a-positions in lignin, and these positions are
not chemically active in the F; lignin fraction. Thus, under the cooking conditions,
no active intermediates are formed in this fraction, and therefore, no bond splitting,
lignin functionalization nor subsequent dissolution occurs. On the other hand, reac-
tion centers for electrophilic reactions of residual lignin are, predominantly, aro-
matic rings that yield dicarboxylic acids upon reactions with oxidative bleaching
chemicals.

Redox properties of lignin and delignification catalysts

Polarography can hardly be considered as a popular method of lignin analysis. To
assess its usefulness and limitations, a systematic study of electrochemical reactions
of lignin and its model compounds (more than 70 structures) was performed in Evs-
tigneyev et al. (1992b, 1999, 2004) and Evstigneyev (2009). A detailed analysis of
electrochemical reactions of lignin and lignin model compounds is provided in a
review (Evstigneyev 2014).

A diagram in Fig. 9 based on the results obtained using monomer and dimer
lignin model compounds shows structure-reactivity relationships in lignin structures
in reductive electrochemical reactions.

A comparison between model compounds and chemically modified (NaBH,,
LiAlH,, CH,N,, (CH;0),S0,) lignin samples allowed ascribing peaks in differential
pulse polarograms of lignin to certain bonds and functional groups (Fig. 10).

Only carbonyl groups and conjugated double bonds in diphenyl structures are
polarographically active. Polarography differentiates aldehyde and ketone groups
and can, therefore, be used in studies on lignin reactions involving such structures.

Polarograms of soda and soda—AQ lignins are shown in Fig. 11. From the mecha-
nistic point of view, the most interesting are two overlapping peaks at £, —1.98 B
and —2.07 V corresponding to reduction of carbonyl a-groups.

The content of these groups in soda—AQ lignin is much higher than in soda
lignin (Fig. 12). It reaches the maximum during a transition from the initial to
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Fig.9 Diagram of reduction potentials of polarographically active functional groups and bonds in lignin
model compounds (DMSO/tetrabutylammonium perchlorate) (Evstigneyev et al. 2004)
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Fig. 10 Diagram of reduction potentials of polarographically active functional groups and bonds in
lignin (Evstigneyev et al. 2004)
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Fig. 11 Polarograms of soda—AQ (1) and soda (2) lignins (DMSO/tetrabutylammonium perchlorate (3))
(Evstigneyev et al. 1992a)
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Fig. 12 Dependence of a-carbonyl groups content on the degree of delignification in dissolved lignin (A,
%) of soda (e) and soda—AQ (+) pulping of spruce wood (Maiyorova et al. 1995)
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bulk stage of pulping and decreases in the final stage. These results are discussed
in more detail in connection to the mechanism of AQ lignin reactions (Evs-
tigneyev 2014).

The data suggest that AQ may affect the pulping process in two ways. First, it
involves lignin in reactions that do not take place without AQ present; this results
in the formation of oxidized groups (compare polarograms in Fig. 11). Second, AQ
accelerates reactions that take place without the catalyst present but at a slower rate
(B-alkylarylether bond splitting).

Considering the redox mechanism of chemical transformations of AQ and oth-
ers efficient during alkaline pulping (Shevchenko and Deineko 1983), one could
expect that their activities depend on their reduction potentials, and there should be
a correlation between redox properties of AQ and lignin. There is still no straightfor-
ward answer to the question about such dependencies. However, as a general trend
it may be noticed increased activity with reduction of the potential, and the range
E,=0.1-0.25 V seems to be optimal (Nomura and Nakamura 1978; Algar et al.
1979). Lindenfors (1980) reported a linear correlation between the efficiency and
potential in small series of naphthoquinones, but it was not applicable to AQ deriva-
tives. Besides, naphthacenequinone (E,~0.1 V) is less active than AQ (E,~0.15 V),
while the opposite could be expected based on the potentials only.

The E, (pH 0) values of a series of quinones corresponded to their catalytic activ-
ities in soda pulping (Nomura and Nakamura 1978; Lindenfors 1980). It could be
expected that redox parameters of quinones in an alkaline medium better correlate
with the efficiency. However, Eckert and Amos (1980, 1981) demonstrated in this
case no correlation. They determined polarographically reduction potentials of flu-
orenone and structurally similar but inactive in pulping compounds. Based on these
data, they suggested that any diarylketone can be considered as a potential catalyst
if such a ketone reduces at E<—1.2 V, is stable under the pulping conditions and
bears some structural features. Later, Eckert and Amos (1982) and Amos and Eckert
(1982) emphasized the effect of hydrophilicity on the catalytic activity. Werthemann
et al. (1981) suggested the potential range from —0.55 to —1.05 V to be character-
istic of active catalysts and emphasized the effect of xylophilicity/hydrophilicity on
the activity (Werthemann 1981).

Thus, a linear correlation between the redox potential and catalytic activity hardly
exists. On the other hand, there is clearly a range of potentials corresponding to the
catalytic activity that is still not unambiguously explained. In addition, the role in
delignification of ASQ, an alkaline-soluble product of one-electron reduction of AQ,
is not quite clear; it may participate in lignin-splitting electron transfer mechanisms,
but no direct evidence was provided. Solubility and stability under the pulping con-
ditions are also critically important in the potential catalyst assessment.

Polarographic data from the authors’ work (Evstigneyev and Shalimova 1985a,
b) are summarized in Table 8. Benzoquinone and naphthoquinone are unstable in an
alkaline medium (50% DMFA, 0.55 N NaOH) at room temperature. Their polaro-
grams show several reduction peaks that change their position and height upon re-
recording, likely due to reactions of the quinones with hydroxide anions (Pedersen
1973). Phenanthrenequinone reduces at 0.59 V and decomposes under pulping
conditions.
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Table 8 Redox properties, stability and solubility of compounds relevant to soda—AQ pulping (Evs-
tigneyev and Shalimova 1985a)

No. Compound -E, (V) R -E, (V¥) S

1 Benzoquinone - - - -

2 Naphthoquinone - - - -

3 Phenanthrenequinone 0.59; — q - -

4 AQ 0.65; 0.85 r 0.65; 0.85 1.0

5 1-Amino-AQ 0.77; 0.95 r 0.77; 0.94 3.0

6 2-Amino-AQ 0.75;0.91 r 0.74; 0.90 6.0

7 2,7- Diamino-AQ 0.85; 0.95 r 0.84; 0.94 10.0
8 1-Chloro-AQ 0.63;0.83 r 0.63; 0.83 2.0

9 2-Chloro-AQ 0.58;0.78 r 0.58;0.77 0.2
10 1,5-Dichloro-AQ 0.63;0.83 i 0.62; 0.82 0.2
11 1-Ethyl-AQ 0.68; 0.86 r 0.67; 0.86 1.0
12 2-Methyl-AQ 0.66; 0.86 r 0.68; 0.86 3.0
13 1,5-Dinitro-AQ 0.67;0.97 i - -

14 1,5-Di(benzoylamino)-AQ - - 0.89; 1.03 -

15 2-Sulfo-AQ, sodium salt 0.58;0.75 r 0.87; 0.95 -

16 1,8-Disulfo-AQ, dipotassium salt 0.63;0.79 r 0.79; - -

17 1,5-Disulfo-AQ, disodium salt 0.72; — q 0.79; — -

18 1-Sulfo-AQ, potassium salt 0.69; — q 0.79; — -

19 1-Hydroxy-AQ 0.78; — r 0.78; — 423.0
20 1,2-Dihydroxy-AQ 0.99; - q 0.98; - 2884.0
21 1.4-Dihydroxy-AQ 0.81; - q - -

22 1.5-Dihydroxy-AQ 0.84; — q 0.84; - 2500.0
23 1,2,5,8-Tetrahydroxy-AQ 0.97; - q 0.96; — -

24 1,5-Dimethoxy-AQ 0.78; — q 0.78; — 6.0
25 1-Nitro-5-sulfo-AQ 0.53;0.84 i 0.78; - -

26 1-Nitro-2-carboxy-AQ 0.52;0.77 i 0.73 -

27 1-Amino-2-sulfo-AQ 0.66; 0.85 r 0.67; 0.85 -

28 1-N-Methylamino-AQ 0.75; 0.94 r 0.75; 0.93 1.0
29 2-Chloro-3-amino-AQ 0.70; 0.86 r 0.70; 0.87 0.6
30 1-Anilino-2-methyl-AQ 0.72; 0.85 r 0.70; 0.84 0.2
31 Phenazine 0.77; - r 0.76; — >100.0
32 Fluorenone 1.04; 1.29 q 1.06; 1.26 50.0

E,, potential corresponding to a peak on a pulse differential polarogram, E,* the same upon exposure
to soda pulping conditions, R reversibility of the electrochemical process; S solubility in 1 N NaOH in
DMFA: water 1:9 at 25 °C, (mol/l) x 107>, The potentials are measured in volts with a saturated mercury
chloride reference electrode with a margin of error+0.01 V. Reversibility: r reversible, i irreversible, g
quasi-reversible

The substituent effect on the reduction mechanism and the value of reduc-
tion potential is clear in a series of AQ derivatives. The compounds presented in
Table 8 can be divided into two groups based on one- or two-stage reduction. AQ,
its amino-, chloro-, sulfo- and alkyl derivatives as well as compounds 27-30 (mixed
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substituents) reduce in two subsequent one-electron stages. Reduction of AQ in
aqueous alkaline media containing organic solvents is proven to proceed via ASQ
anion radical (Heifetz and Bezugly 1969):

e e
AQ 5 ASQ™ 5 AHQ*"

Reductive potentials of AQ derivatives are consistent with known electron effects
of the substituents. Electron—donor amino, ethyl and methyl groups move the poten-
tial to more negative values, while electron—acceptor chloro and sulfo groups move
it in the opposite direction.

Most of AQ derivatives (4-12, 15, 16, 27-30; 1,5-dichloro-AQ is an exception)
reduce reversibly that is confirmed by their cyclic voltamperograms (Fig. 13). Our
interest in the electrochemical process is driven by the similarities between polaro-
graphic and redox potentials in reversibly reduced compounds so that polarographic
values can be used in the assessment of redox properties in alkaline media (Heifetz
and Bezugly 1969). Reversibility criterium was used in determining the character of
the process (Bond 1980).

Sulfonate derivatives of AQ (15, 16, 27) were found to be unstable under the pulp-
ing conditions that is evidenced by the measured post-pulping potentials. 2-Sulfo-
AQ and 1,8-disulfo-AQ are completely transformed, while 1-amino-2-sulfo-AQ only
partially. AQ itself as well as its amino-, chloro- and alkyl derivatives (4—12, 29) is
stable; the post-pulping polarograms are essentially the same.

All the studied chemicals to some extent accelerate delignification (Table 9). Fig-
ure 14 shows correlation between the redox potential and lignin content in pulp after

pulping.

Fig. 13 Cyclic voltamperogram
of AQ in 0.55 N NaOH in 50%

DMFA (Evstigneyev and Shali-
mova 1985a)

04 -08  -12 E, V(vs. SCE)
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Table 9 Effect of potential catalysts on lignin removal and carbohydrate yield in soda pulping of spruce
wood (Evstigneyev and Shalimova 1985b)

No. Compound Pulp characteristics, % to control
Lignin content Yield of lignin-
free carbohy-
drates
1 Benzoquinone 100.0+2.6 99.7+0.2
2 Naphthoquinone 80.4+2.9 101.7+0.8
3 Phenanthrenequinone 57.9+3.2 100.7+0.5
4 AQ 24.0+0.5 105.4+0.7
5 1-Amino-AQ 36.1+0.9 102.2+0.3
6 2-Amino-AQ 26.3+1.3 104.6+0.8
7 2,7-Diamino-AQ 31.3+6.3 103.1+0.9
8 1-Chloro-AQ 26.4+1.2 105.9+0.5
9 2-Chloro-AQ 28.2+1.8 104619
10 1,5-Dichloro-AQ 49.1+5.4 101.9+0.3
11 1-Ethyl-AQ 25.3+0.5 104.1+0.5
12 2-Methyl-AQ 233+0.2 106.3+0.1
13 1,5-Dinitro-AQ 44.0+0.7 103.8+0.1
14 1,5-Di(benzoylamino)-AQ 47.3+0.8 104.6 +2.8
15 2-Sulfo-AQ, sodium salt 39.5+0.9 104.6 £0.2
16 1,8-Disulfo-AQ, dipotassium salt 73.1+11.0 103.0+0.6
17 1,5-Disulfo-AQ, disodium salt 89.4+2.0 102.8+0.7
18 1-Sulfo-AQ, potassium salt 53.0+4.1 104.9+0.3
19 1-Hydroxy-AQ 52.6+0.2 104.0+0.1
20 1,2-Dihydroxy-AQ 68.4+1.0 100.5+0.4
21 1.4-Dihydroxy-AQ 71.5+£0.7 98.4+0.1
22 1.5-Dihydroxy-AQ 744+1.4 101.9+1.3
23 1,2,5,8-Tetrahydroxy-AQ 86.4+3.5 100.6+0.9
24 1,5-Dimethoxy-AQ 45.1+1.5 100.4+0.2
25 1-Nitro-5-sulfo-AQ 739+1.4 104.0+0.3
26 1-Nitro-2-carboxy-AQ 46.8+1.0 107.2+0.4
27 1-Amino-2-sulfo-AQ 37.6+13 104.7+1.0
28 1-N-Methylamino-AQ 434+1.3 102.5+0.3
29 2-Chloro-3-amino-AQ 29.7+1.0 103.6
30 1-Anilino-2-methyl-AQ 403+1.9 101.5+0.3
31 Phenazine 423+2.4 100.4+0.4
32 Fluorenone 41.2+09 97.5+0.1

For the compounds that are reduced in two stages, the second peak potential is
applied because it is widely accepted that the active species reacting with lignin dur-
ing pulping is AHQ dianion (Shevchenko and Deineko 1983). In the chemicals char-
acterized by reversible reduction, the polarographic potentials reflect both reductive
and oxidative properties of the species.
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Fig. 14 Reduction potentials and catalytic activity of AQ and its derivatives (numbers are the same as in
Table 9; L = lignin content in pulp after cooking, e two-stage reduction, [l one-stage reduction) (Evs-
tigneyev and Shalimova 1985b)

As can be seen in Fig. 14, compounds 4, 6-9, 11 and 12 are the best catalysts,
and in all of them, electrochemical reduction proceeds through two one-electron
reductive steps, i.e., ASQ intermediate. These compounds are stable in both
oxidized and reduced form and are to some extent soluble (1-10x 10~ mol/l).
Lesser activity of compounds 5, 10, 15, 16, 27-30, which reduction is similar
mechanistically, can be ascribed to their lesser stability.

Based on the described results, the following general requirements can be
formulated toward potential quinone catalysts of soda pulping: Electrochemical
reduction proceeds in two one-electron, fully reversible stages: the potential of
the second stage being close to — 0.85 V; stability of the compound in its reduced
and oxidized forms under the conditions of soda pulping; sufficient solubility
(1-10 x 107> mol/l).

Applicability of the developed criteria to other classes of organic chemicals was
tested on two additives described in the literature (Shevchenko and Deineko 1983),
phenazine and fluorenone (31 and 32 in Table 9). They both are stable under pulping
conditions and moderately soluble in aqueous alkali. The polarogram of phenazine
contains only one peak, and the second reduction stage of fluorenone is irreversible
and characterized by a very negative potential (—1.29 V). Thus, they do not meet all
the listed criteria. Not surprisingly, they are inferior catalysts to AQ.

The trends in activities of redox catalysts as dependent on their redox proper-
ties, stability and solubility as found in the studies of soda pulping are also fully
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applicable to kraft pulping that is confirmed by experimental data reported in Evs-
tigneyev and Shalimova (1987).

Lignin solubility

All delignification technologies for plant biomass can be reduced to a chemical
functionalization, i.e., adding hydrophilic groups to the macromolecule that leads to
dissolution of the polymer. It is critically important to fully understand what factors
determine solubility of lignin in process media.

The popular Schuerch method for evaluation of lignin solubility is based on the
empirical correlation between, on the one hand, the Hildebrand parameter and power
of hydrogen bonds in the solvent and, on the other hand, lignin solubility. This
method is applicable to organic solvents only and gives just a qualitative estimate
such as soluble, partially soluble or insoluble (Sarkanen and Ludwig 1971). Later, a
Hildebrand parameter was supplemented with Hansen parameters that reflect nonpo-
lar interactions, dipole—dipole interactions and hydrogen bonds (Hansen and Bjork-
man 1998). However, these solubility parameters cannot reliably describe interac-
tion of organic solvents with wood and its components.

A thermodynamic study on lignin solubility in dioxane and acetone demonstrated
that the said solvents interact with acidic groups in the polymer and the quantity of
available for solvation groups is more important for solubility than the size of the
macromolecule (Pilyugina et al. 1974). In aqueous media, a thermal effect of inter-
action between lignin and alkali is determined by the content of phenolic groups
(Andreyev et al. 1974). All commercial processes to date are based on aqueous
media and the most popular of them (kraft, soda) on aqueous alkali. In recent years,
there has been a lot of interest in the literature on organosolv pulping; however, the
latter remains an academic exercise with no prospect of large-scale commercializa-
tion (Hergert and Pye 1993).

In studies by Evstigneyev (2010, 2011), solubility of lignin in aqueous alkali was
quantified.

Solubility of kraft spruce lignin in aqueous sodium hydroxide is illustrated in
Fig. 15. In the figure,

= l;s/lﬁ’

where § is the mass part of dissolved lignin; L, is the mass of dissolved lignin, g; and
L, is the initial quantity of lignin, g;

f =OH"/OH,}¢,

where fis the part of titrated phenolic hydroxyl groups in lignin; OH™ is the quantity
of hydroxide anions in the solution, mmol; and OH_, .. is the quantity of phenolic
hydroxyls in lignin in the solution, mmol.

Figure 15 shows that full dissolution of lignin is achieved at f=1, i.e., full ioniza-
tion of all phenolic hydroxyl groups (1:1 phenolic hydroxyl-alkali stoichiometry).
Dependence of lignin solubility on f value is an S-shaped curve with three distinct
areas: At f=0-0.2, the tangent of the slope is 1.25; at f=0.2-0.6, it reaches 1.83; at

phen
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Fig. 15 Dependence of solubility of kraft lignin of spruce in aqueous solution of sodium hydroxide on
the quantity of titrated phenolic hydroxy groups (Evstigneyev 2010)

f=0.6-1.0, it is <0.05. The cross-section points of the three linear parts of the curve
correspond to S values 0.25 and 0.98 (shown). Thus, the analyzed sample consisted
of three fractions of 25, 73 and 2% that are different in their solubility in alkali.

The first fraction dissolves at pH 7.65-9.04, the second one at pH 9.04-9.82 and
the third one at pH 9.82-11.43. It should be noted that a glass electrode was not
stable when measuring in lignin suspension (500 mg lignin in 20 ml solution of
NaOH). Therefore, the pH values were calculated based on the equation for titration
of a weak acid with strong base (Hulanicky and Masson 1987):

[H,0%] = K,(1-H/f, )

where a constant K,=2.25x107'% is calculated based on the value pK,=9.65 for
kraft lignin (Kurzin et al. 1997).
Equation (9) can be written for the f parameter

f=K,/[H;0%]+K, (10)
at f=0.5, i.e., pH=pK,, it can be presented as
f=pK,/pH + pK, (11)

Lignin solubility depends on f (Fig. 15); then,

Si—0s = F(pK,/pH + pK,) (12)
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Equation (12) shows that lignin solubility depends on the pH of the solution
and pK, of acidic groups in lignin. It would be difficult to present this dependence
through the entire range of f values for the curve in Fig. 15 as a simple equation
because of the different slopes in the three areas. Therefore, it is more convenient
to use S value at f=0.5 as a parameter characterizing solubility of lignin samples
in aqueous alkaline media; the physical sense of this parameter is the solubility
of the sample, in which half of the phenolic hydroxyls is titrated. Then, there is a
need for a method that would expediently and accurately determine the quantity
of such groups.

Two methods are currently used to measure phenolic hydroxyls. Ménsson
(1983) method is based on the pyrrolidine aminolysis reaction of acetylated
lignin. An alternative method is based on the bathochromic shift of spectral bands
of phenols upon ionization of their hydroxyl groups (Zakis 1987).

The method proposed in Evstigneyev (2011) combined elements of both tech-
niques and included differential spectroscopy of a lignin sample with a known
hydroxyl content determined by aminolysis. The band at 250 nm is symmetrical,
has little overlap and, therefore, is suitable for making a calibration curve.

First, the calibration curve was made in coordinates optical density—lignin con-
centration. Then, based on the content of phenolic hydroxyls in the sample, it was
re-done in coordinates optical density—content of phenolic hydroxyls. Standard
deviation was found to be +0.13 mmol/g.

Dependence of lignin solubility on the molecular mass is shown in Fig. 16.
Solubility of all polymers decreases with mass; lignin though has some specif-
ics. It was found thermodynamically that the quantity of groups available for

0.8 -

02 . 1 L | L | L
24 28 32 3.6 lgM

Fig. 16 Solubility of fractions of dioxane lignin of spruce versus molecular mass (Evstigneyev 2011)
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solvation is more important than the molecular mass in determining lignin solu-
bility (Pilyugina et al. 1974).

In several fractions of dioxane lignin, the content of phenolic hydroxyls was
measured using the method described above. It was found to be decreasing with the
increase in MM: 3.40; 3.15; 2.95; 2.05 mmol/g (62, 58, 54, 38 per 100 PPU). Lignin
solubility was found to be proportional to the number of hydrophilic groups per PPU
in the macromolecule.

A minimum ratio required for solubilization of lignin can be determined from
the solubility—phenolic hydroxyl content plot. Linear extrapolation gives the ratio
~1.7 mmol/g or 31/100 PPU. For comparison, as an independent test, changes in
phenolic hydroxyls in dissolved and residual lignin after kraft pulping of softwood
and Freudenberg lignin of spruce were analyzed (Evstigneyev et al. 1996). Through
the full length of the pulping process, the content of OH,y,, in residual (solid phase)
lignin did not exceed 30/100 PPU. In dissolved lignins, the minimum OH,j;,,, content
was 40/100 PPU. Thus, the extrapolated value of 31/100 PPU is consistent with the
actual solubility data. It is applicable to both lignin in wood and separated samples
such as dioxane and Freudenberg lignins.

Temperature-solubility dependence Solubility of lignin increases linearly propor-
tional to temperature, with a rather low temperature coefficient: S._5/1 °C=0.004;
it dissolves completely at 100 °C and is rather soluble even at room temperature.

Dependence of lignin solubility on the hydromodule is illustrated in Fig. 17. It
is changing stepwise, the solubility decreasing with hydromodule increasing. Maxi-
mum solubility is reached at H=5. This can be explained considering that in all
experiments the solubility was measured at f=0.5, i.e., the same ratio between
hydroxide anions in the liquid phase and phenolic hydroxyls. There is more water in
the system with a higher hydromodule, and sodium hydroxide becomes more dilute.
In the range of values used in this study H=35, 10, 20, 30, 40, 50, 60, concentration
of the alkali is 0.4; 0.2; 0.1; 0.07; 0.05; 0.04; 0.03 mol/l, respectively. Thus, solubil-
ity of lignin depends on absolute concentration of the base. The discussed results are

St=0s
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Fig. 17 Solubility (S) of kraft lignin versus hydromodule (H) (Evstigneyev 2011)
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consistent with the understanding of lignin dissolution as fractionation based on the
acid-base properties of dissolving fractions.

Dependence of lignin solubility on the ionic strength was studied in the range
of sodium chloride concentrations 0.01-0.4 mol/L. The effect is minor, and up to
0.1 mol/L, lignin solubility does not change (S;_,s=0.7), and at higher concentra-
tions, it decreases linearly to S;_( 5=0.6.

Lignin solubility in the studied samples is presented in Table 10, which clearly
shows that in all lignin samples solubility increases with the quantity of phenolic
hydroxyl groups.

Considering the conditions of sample preparation, it is obvious that it also cor-
responds to decreasing molecular mass of studied lignins. Thus, in a series Bjork-
man—soda—soda/AQ-kraft—kraft—AQ lignin, an average MM is 2088, 1593, 1556,
1587 and 1560, respectively (vapor osmometry, Table 7). As already mentioned, it
means that lignin solubility is determined by the ratio of hydrophilic groups to PPU
in the macromolecule. Freudenberg lignin (22 OH,;.,/100 PPU) is insoluble under
the conditions because the minimum value is 31 OH,.,/100 PPU.

The data presented in Table 10 can be used for calculating solubility of a lignin
sample under certain conditions. S;_ 5 values can easily be translated into solubility
(g/L) based on the following equation:

Sr=0.5

S = x 1000,

where H is a hydromodule, L/g. For example, solubility of kraft lignin at H=40 is
22.5 g/L.. Maximum solubility for lignin in aqueous alkali solutions can be estimated
based on the values S;_s=1and H=5 as 200 g/L.

Generally, solubility for lignin in aqueous alkali solutions in g/L is determined by
the following equation:

Sy
s = L %1000,
Hy

where S, is the lignin solubility at a certain f value and Hyis the hydromodule at that
fvalue, L/g.

The solubility for lignin in aqueous alkali solutions is determined by the quantity
of phenolic hydroxyls per PPU, and the minimum value at which lignin starts dis-

solving is 31 OH,.,/100 PPU.

Lignin valorization

Conversion of lignin into value-added products is covered in several fundamental
reviews published in recent years (Ragauskas et al. 2014; Doherty et al. 2011; Lau-
richesse and Averous 2014; Thakur et al. 2014; Sen et al. 2015; Ten and Vermerris
2015); here, major current directions in the area are listed, with brief explanations.
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Chemical transformation of lignin into value-added products is considered a
priority in developing a cost-efficient biorefinery; without efficient lignin utili-
zation, the biorefinery cannot be economical. Selective cleavage of alkylaryl
ether interunit bonds, mostly of the p-O-4 type, that yields monomeric aromatic
products is considered as one of the most promising avenues in this development
(Rinaldi et al. 2016; Galkin and Samec 2016; Kirkis et al. 2016). The yield of
monomeric products of catalytic hydrogenolysis of native (wood) lignin is close
to theoretically possible: 23% in softwood and 51% in hardwood lignin (Evs-
tigneyev 2018).

Valorization of hydrolysis lignin (HL) is a part of development of cost-effi-
cient bioethanol and biobutanol production. Nowadays, common raw materials in
this process are feedstock such as corn, sugar beet, sorghum, cassava and sugar
cane, which could alternatively be used in food production. It seems logical to
expand using wood waste instead. One of the main problems in this field, when
wood is used, is the formation of a large amount of HL waste. One ton of conifer-
ous wood yields 160-175 kg (45-49 gallons) of ethanol and 350-400 kg of the
lignin by-product. Significant research efforts to find applications for HL so far
did not yield results that would change the market situation; currently, there is lit-
tle demand for HL and its derivatives (Rabinovich 2010).

Analytical characterization of HL and other technical lignins is presented in
Table 11.

HL is not soluble (in any known solvents); therefore, its MM is not measured.
Comparing with other known lignins, HL carries much less reactive function-
alities such as carboxyl or phenolic hydroxyl groups, and it also is more con-
densed (cross-linked) and, therefore, less chemically reactive (Evstigneyev 2013).
A method of oxidation of HL with hydrogen peroxide under acidic conditions
was developed (Evstigneyev 2013; Evstigneyev et al. 2015, 2016) that yields oxi-
dated hydrolysis lignin (OHL) containing 8.9% carboxylic groups (Table 11) in
muconic acid-type structure. The solubility of lignin in dilute alkali increases
from 16.2 to 91.8% upon such transformation (Evstigneyev et al. 2016), the val-
ues of M, being comparable to M, of kraft and organosolv lignins.

Physicochemical properties of OHL suggest some new avenues of waste lignin
utilization. Thus, for this product, methylene blue sorption capacity is 97.8 mg/g

Table 10 Solubility of lignin

samples from spruce wood # Lignin type Solubility Phenolic hydroxyl con-
(20 °C, hydromodule 40:1 L/kg, =05 tent, OHye,/100 PPU
3‘—h Pulping iq case of alkaline 1 Freudenberg lignin _ 2
lignins) (Evstigneyev 2011) Co.

2 Bjorkman lignin 0.46 33

3 Pepper lignin 0.53 49

4 Dioxane lignin 0.55 52

5 Soda lignin 0.88 59

6 Soda—-AQ lignin 0.90 69

7 Kraft lignin 0.90 70

8 Kraft-AQ lignin 0.90 74
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that is twice as much as the one of a known enterosorbent Polyphepan™ (Rabi-
novich 2010; Evstigneyev et al. 2015).

OHL also is a more efficient surfactant than lignosulfonates (Evstigneyev et al.
2015). It could be important because the market demand for lignosulfonate-based
surfactants currently exceeds the manufacturing capacity. Production of lignosul-
fonates that are side products of sulfite pulping is in decline for many years (Lora
2008). Meanwhile, their applications as surfactants are quite broad—they are used
as dispersants, emulsifiers, floatation agents, additives in mining solutions, concrete,
washing compositions, etc. Considering higher activity and similar structural fea-
tures, using OHL as a lignosulfonate substituent in surfactant compositions seems
to be a natural suggestion. In Russia, the stock of HL is estimated to be around 95
million tons (Rabinovich 2009).

Conclusion

Basic principles of a functionalization theory of delignification that summarizes the
data discussed in this review and explains how structure, chemical reactivity and
solubility of lignin are interconnected, are as follows.

Native lignin in wood consists of three fractions F (23%), F, (70%) and F; (7%),
which are different in chemical reactivity of their alkylarylether bonds: F'; > F, > F3.
During the pulping, fractions, |, and F, move into the solution giving rise to dis-
solved lignin, while most of F; fraction stays with the pulp and becomes residual
lignin.

Solubility of lignin in the pulping liquor is determined by the content and pK, of
acidic functional groups, and the pH of the solution.

At the bulk stage of pulping, the rate of delignification is proportional to the rate
of lignin functionalization.

Cooking additives for accelerated wood delignification in the alkaline process
should satisfy certain requirements based on our knowledge of chemistry of the
process: some similarity in redox properties between the catalyst and lignin, stabil-
ity under cooking conditions, in both oxidized and reduced forms, and sufficient
solubility.

Altogether, the data on wood delignification by different chemical methods une-
quivocally indicate that in all the processes, delignification is related to lignin func-
tionalization, i.e., formation of functional groups providing solubility in the process
liquors.
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