
3/

g.

alytical
ce during
her a one-
he
d phenol
ontain
trial

techniques
nine
es, comme
lémentaire
N de la
oré dans
té montré
entaires du

ts
C. R. Biologies 327 (2004) 817–826

http://france.elsevier.com/direct/CRASS

Plant biology and pathology / Biologie et pathologie végétales

Towards a new concept of lignin condensation in kraft pulpin
Initial results✩

Göran Gellerstedt∗, Andrea Majtnerova, Liming Zhang

Department of Fibre and Polymer Technology, Royal Institute of Technology (KTH), S-100 44 Stockholm, Sweden

Received 3 November 2003; accepted 23 March 2004

Available online 11 September 2004

Presented by Michel Thellier

Abstract

In kraft pulping, a comparatively large amount of lignin remains in the fibres after the cook. Based on various an
techniques for lignin, such as thioacidolysis, GPC and NMR, it is suggested that lignin condensation reactions take pla
the cook. The reaction seems, however, not to involve ionic intermediates as has been suggested previously but rat
electron mechanism with elemental sulphuras the initiator. Support for such a reaction has been found through kraft cooks in t
presence of an added phenol, 2,6-xylenol, as well as through NMR analysis of kraft lignin. It was found that the adde
is incorporated in the pulp lignin with linkages indicative of radical coupling. Furthermore, kraft lignin was found to c
substantial amounts of chemically linked fatty acids. By complementary analyses of sulphur and polysulphide in an indus
black liquor, the presence of these compounds throughout a kraft cook was demonstrated.To cite this article: G. Gellerstedt et
al., C. R. Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Vers une nouvelle conception de la condensation de la lignine dans le procédé kraft. Résultats initiaux. À l’issue d’une
cuisson papetière de type kraft, une assez grande quantité de lignine demeure dans les fibres. L’utilisation de diverses
d’analyse de la lignine, comme la thioacidolyse, la CPG et la RMN, suggère que des réactions de condensation de la lig
se produisent au cours de la cuisson. Cependant, la réaction ne semble pas faire intervenir des intermédiaires ioniqu
cela avait été proposé auparavant, mais impliquerait plutôt un mécanisme de type monoélectronique, avec le soufre é
en tant qu’initiateur. L’incorporation d’un phénol lors de la cuisson kraft, le 2,6-xylenol, ainsi que les analyses par RM
lignine kraft obtenue plaident en faveur d’une telle réaction. Il a ainsi été montré que le phénol additionnel était incorp
la lignine résiduelle des pâtes, à la suite de la formation de liaisons au cours d’un couplage radicalaire. De plus, il a é
que la lignine de kraft contenait des quantités substantielles d’acides gras liés chimiquement. Les analyses complém
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rocédé de
soufre et des polysulfures d’une liqueur noire industrielle ont établi la présence de ces composés tout au long du p
préparation de la pâte kraft.Pour citer cet article : G. Gellerstedt et al., C. R. Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords: condensation; electron transfer reactions; fatty acids; GPC; kraft pulping; NMR analysis; phenols; thioacidolysis

Mots-clés : condensation ; réactions de transfert électronique ; acides gras ; CPG ; fabrication de pâte kraft ; analyse RMN ; phénols ;
thioacidolyse
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1. Introduction

Kraft pulping is by far the most important indu
trial method in the world for the production of chem
ical pulps. The process has the advantage of b
rather insensitive to the type of wood species and
inorganic process chemicals can be efficiently rec
ered and reused. The resulting cellulosic fibres
strong and can be used in a large variety of pa
and board products. A major drawback is, howev
the comparatively high amount of residual lignin th
is still attached to the fibres when the cook, for rea
sons of fibre quality, must be interrupted. As a res
a rather large amount of lignin must be removed
the subsequent bleaching operation rendering this
of the total process expensive in terms of costs
bleaching chemicals and operation equipment. Con
sequently, if a prolonged delignification in the co
could be achieved without any detrimental effects
the pulp quality, a much-improved economy and a
creased environmental load might be obtained in
kraft pulp mill.

In kinetic pulping experiments, it has been dem
strated that the final part of the delignification, amou
ing to approximately 10% of the total, proceeds
a much lower rate as compared to the previous
[1]. The exact transition point between the two ra
can be affected by the conditions in the cook a
e.g. a higher alkali concentration has been show
increase the amount of rapidly removed lignin. K
netic pulping experiments do not, however, give a
indication of a different type of lignin, merely that di
ferent chemical environments can affect the reactio
rate. Thus, in such experiments any differences in
chemical structure of lignin are difficult to identify
since e.g. no sharp drop of alkalinity takes place at
transition point to the final delignification phase. Sp
troscopic and chemical analyses of isolated residua
lignin from unbleached kraftpulps indicate, howeve
that the structure is much more complex than tha
native lignin (MWL) but also of lignin isolated from
pulp after a kraft cook followed by bleaching[2].

Much work on kraft pulping chemistry has been f
cused on the reasons for the low reactivity of the fi
portion of the lignin attached to the fibres. As a m
jor reason, condensation reactions taking place in
lignin during the kraft cook has been suggested[3–7].
Among other alternative explanations, the format
of reduced and thus unreactive side-chain struct
can be found[2,8].

It has been known since a long time that theγ-
hydroxymethyl group present in virtually all of th
lignin side-chains is, in part, released as formaldeh
during the course of a kraft cook. Based on NMR da
the extent of release of formaldehyde has been fo
to be comprehensive and less than half of the or
nal hydroxymethyl groups are still present at the e
of the cook[9]. Experiments with kraft pulping o
wood meal containing radioactive lignin have sho
that one portion of the released formaldehyde is fo
in a low molecular weight fraction, whereas anoth
seems to be linked to the high molecular weight p
of the dissolved lignin[10]. These results have bee
further confirmed by kraft cook of wood meal in th
presence of radioactive formaldehyde[4]. Addition of
formaldehyde has also been done to kraft cook of
lated native lignin (MWL) followed by analysis of th
lignin with 31P NMR[7]. In the spectrum, signals we
found supporting the view that a 5,5′-linked diguaia-
cylmethane structure is formed.

Quantitative13C NMR analysis of dissolved an
isolated residual fibre lignin also supports the vi
that structures of the diguaiacylmethane type
present since the spectra contain a sharp signa
around 29 ppm attributable to the methylene gro
[5,8,11]. On analysis using the 2D HSQC NMR s
quence, however, no signal above the noise level c
be detected at the right place, i.e. at∼ 29 and 3.8 ppm
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[12]. Obviously, the 1D NMR techniques are not ab
to provide an unambiguous assignment due to the
tremely high degree of structural complexity of t
lignin. It can, however, be concluded that formald
hyde, indeed, is incorporated into the polymeric lign
during pulping. Many individual reaction types a
possible but, obviously, the coupling between two a
matic rings in polymeric structures is not a favour
mode of reaction.

The formation of quinone methides in pheno
lignin units as a result of elimination of anα-hydroxyl
or α-ether group is a well-known reaction in alk
line pulping. In model experiments, it has been clea
demonstrated that an available phenolic compo
will add to the α-carbon atom, thus giving rise t
a substituted diarylmethane structure[3]. Despite the
fact that this type of condensation occurs readily in
kaline conditions, the existence of such structure
the polymeric lignin is difficult to prove. In 1D NMR
analysis, using the DEPT sequence, of various
solved kraft lignins an increased number of meth
carbons in the range of 0–55 ppm in comparison
MWL has been observed and interpreted as being
to condensation reactions[5]. Results which are con
tradictory to this interpretation have, however, be
published[13]. Thus, a polymer-supported quino
methide was found to be unreactive when treated w
alkali at high temperature in the presence of a
active phenol:syringol. A corresponding experim
with a low molecular weight quinone methide, on t
other hand, gave, as expected, a high yield of
condensation product. Therefore, it can be conclu
that the difference between reactions in low mol
ular weight model systems and in polymers can
large.

The presence of aliphatic methine carbons in
range of 0–55 ppm (13C NMR) in lignin polymers
is to a large extent due to the presence ofβ-5, β-1
and β–β structures. In part, these structures surv
the kraft cook and, consequently, the correspondin
methine groups can be found in the NMR spectr
of dissolved as well as of isolated residual lign
The observed increase in the number of such
bon atoms as given by DEPT analysis of kraft lign
[5] demonstrates, however, that also other struct
must contribute. Recently, by NMR analysis usi
the HSQC sequence, one ‘new’ lignin structure h
been found and identified as lignin-bound secoisol
ciresinol. The two identicalβ-CH groups in this struc
ture were found at 41.0 and 2.20 ppm (Cβ/Hβ) and
the amount was calculated to be around 2% in s
wood kraft lignins[14].

The presence ofβ-1 structures in native lignin ha
been the subject of some controversy and largely
verging values for the amount have been publish
The reason for this is probably the fact that a subs
tial amount of the precursor, the spiro-dienone, can
present together with theβ-1 structure itself[15]. Dur-
ing a kraft cook, all types ofβ-1 structures seem to b
degraded early in the cook, however, and no contr
tion from such structures can be found in either the
solved or the isolated residual lignin. Thus, the con
bution to methine groups (0–55 ppm) in residual kr
lignins seems to be restricted toβ–β structures of the
secoisolariciresinol (∼ 2%) and pinoresinol (∼ 2%)
types and to remainingβ-5 structures (∼ 5%) [12].
Other types of structures, if present, are of very l
abundance.

DEPT spectra of kraft lignins have also revea
a large quantity of methylene groups in the ran
of 0–55 ppm[5]. In analogy to the results obtaine
from lignin model experiments with soda/AHQ pul
ing liquor[16], the presence of such methylene grou
in kraft lignins has in previous work been interpret
as being due to a one-electron reduction of quin
methide intermediates[2]. The large variety of this
type of NMR signals indicates, however, that other
planations might prevail.

In the present work, the shortcomings of the
sults obtained from model experiments and from
NMR spectra for explaining the chemical structure
kraft lignins and the hope of finding a reasonable
planation for the unreactivity of the final portion
the fibre lignin have been addressed. For these
sons, kraft-pulping experiments have been combi
with isolation and analyses of lignins using thioa
dolysis, GPC and 2D NMR techniques as predomin
analytical tools. Based on such analytical data, a n
hypothesis on the origin of lignin condensation in kr
cooking has emerged. In order to gain further supp
for the presented view, some complementary data h
been collected through selected analyses and m
experiments.
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Table 1
Kraft cooking conditions

Cook Reference 2,6-xylenol

White liquor [OH−] = 1.32 M [OH−] = 1.32 M
[SH−] = 0.34 M [SH−] = 0.34 M

[Na-2,6-DMP] = 0.2 M
Liquor:wood ratio 4:1 4:1
Initial temp. (◦C) 70 70
Temperature (◦C) 170 170
Time (min) 81, 103, 132, 140 79, 104, 131, 148
H factor 752, 1007, 1324, 1403 735, 1020, 1314, 14
Residual alkali (M) 0.37, 0.35, 0.33, 0.31 0.45, 0.41, 0.39, 0.3
Kappa number 40.1, 34.3, 26.4, 24.7 40.4, 31.3, 26.1, 21
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2. Materials and methods

2.1. Kraft cooking experiments

All pulping experiments were carried out on i
dustrial spruce wood chips (Picea abies). These were
manually sorted prior to cooking to remove ba
knots and oversize chips. Each cooking experim
was done with 300 g of chips (dry basis) in stainle
steel autoclaves at a liquor-to-wood ratio of 4:1. T
cooking liquor (white liquor) contained 1.32 mol l−1

of sodium hydroxide and 0.34 mol l−1 of sodium sul-
phide. The liquor was introduced to the chips af
30 min of evacuation of the autoclave at a temp
ature of 70◦C followed by a temperature increa
of 1 ◦C min−1 up to 170◦C. This temperature wa
kept until the desired time-temperature relationsh
the H-factor, was reached. One series of cooks
carried out in the presence of 2,6-dimethylphenol (2
xylenol) which was added to the cooking liquor as
sodium salt (Na-2,6-DMP). All cooking data are co
lected inTable 1. After cooling of the autoclave in
cold water, the black liquor was collected and the p
sample washed overnight with distilled water and d
integrated. Residual alkali in the black liquor and t
amount of oxidizable groups, the kappa number, in
pulp were determined according to the standard m
ods SCAN-N 33:92 and SCAN-C 1:77, respectivel

2.2. Analysis of industrial black liquors

A series of black liquors covering the whole coo
ing cycle were taken out from a Swedish pulp m
producing softwood kraft pulp in the batchwise mod
Each sample was analysed for the presence of elem
tal sulphur and polysulphide sulphur using a gas ch
matographic method based on derivatization of s
phur with triphenylphosphine at two different pH va
ues[17]. At a pH of 11.5, only the originally presen
sulphur can be derivatized, whereas at a pH of 5.5 b
the originally present sulphur and the sulphur or
inating from the decomposition of polysulphide a
included in the analysis.

2.3. Model experiment with 2,6-xylenol

In a 100-ml stainless steel autoclave, 2 g of 2
xylenol (0.0164 mol), 0.0164 mol of sodium hydro
ide and 0.246 moles of polysulphide solution, p
pared according to[18], were added under pure nitr
gen giving a total volume of 75 ml. The autoclave w
heated at 135◦C during 60 min and, after a tempe
ature increase of 1◦C/min to 165◦C, a further heat-
ing at this temperature was done for another 30 m
After cooling, the resulting mixture was neutralise
extracted with methylene chloride and subjected
analysis by GC-MS using a DB 5MS J&W Scie
tific column (30 m length, 0.32 µm I.D., 0.25 µm fil
thickness) with the program: 100◦C/5 min, 4◦C/min,
280◦C/10 min. Split injection was used.

2.4. Isolation of lignin from the black liquor

To each of the black liquors produced in t
laboratory cooks, disodium-EDTA (approximate
1 g/100 ml) was added to chelate any metal io
present in the sample. The pH was adjusted to pH= 5
with sulphuric acid while continuously adding nitr
gen to the liquor in order to remove all malodoro
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gases liberated in the pH-adjustment. The combine
precipitate and solution was put in a freezer ov
night and subsequently allowed to tow to∼ 0◦C. At
this point, the precipitated lignin was filtered on
glass filter G4 and the lignin further washed with i
water. After suspension of the lignin in water a
freeze-drying, the lignin was extracted with penta
for 6 h in a continuous extractor to remove all extra
tives. Further purification of the lignin was done
dissolving the lignin in dioxane-water 9:1, where
carbohydrate-containing material is left as a resid
After repeated washing of the residue with dioxa
water 9:1, the combined solution was evaporated an
the lignin again suspended in water and freeze-dri

2.5. Analytical methods

Thioacidolysis was carried out as described in[19].
Samples of kraft pulp and wood (milled in a Wiley m
using a 40 mesh screen) were first extracted with a
tone in a Soxhlet extractor for 24 h prior to analy
in order to remove extractives and any remaining
cess of 2,6-xylenol (if added in the cook). All samp
were also pre-swollen in water as described in[20] and
solvent-exchanged to dioxane before addition of
thioacidolysis reagents in order to achieve a comp
dissolution of the lignin.

Analysis by gel permeation chromatography (GP
was done with a Waters system on all thioacido
sis mixtures obtained from wood and pulp samp
as described in[20]. Each analysis was run on a s
ries of three Ultrastyragel columns having pore si
of 100, 500 and 1000 Å, respectively. A mobile pha
of dioxane-water 9:1 and a flow rate of 0.6 ml min−1

were used and UV detection was done at 280 nm.
13C NMR spectroscopy was done on a previou

isolated kraft residual lignin and a dissolved bla
liquor lignin obtained from a cook in the presen
of 2,6-xylenol [21]. Both 1D and 2D (HSQC) se
quences were employed in order to find out the p
sible coupling mode between lignin and 2,6-xylen
On similar lignins, isolated from normal kraft coo
ing, several 2D sequences, such as HSQC, HMBC
HSQC-TOCSY, were used in order to get detailed
formation about the origin of the aliphatic methyle
carbons present in the range of∼15–45 ppm. The
data obtained are collected inTable 2with the struc-
tural assignments shown inFig. 1. The following ex-
Fig. 1. The fatty acid and dihydroconiferyl alcohol structures sug
gested as origin of aliphatic methylene groups present in the13C
NMR range of∼15–45 ppm. Shift values for the groupsa–f are
given inTable 2. R denotes the unidentified portion of the fatty ac

perimental conditions were used: instrument Bru
Avance 400 MHz, sample amount∼100 mg, solven
acetone(d6)/D2O 5:1, ambient temperature, 1D ru
(quantitative) with a 5-mm broadband probe using
inverse gated proton decoupling with 10 s betwe
pulses and a 90 degree pulse angle, 2D HSQC, HM
and HSQC-TOCSY spectra acquired with a 5-mm
verse probe equipped with a gradient coil. For
HSQC and HSQC-TOCSY spectra, the data acqu
tion was done with a delay of 2 s between puls
a coupling constant of 150 Hz, an acquisition tim
of 0.2 s, a spectral window of 12.8 ppm in F2 a
150 ppm in F1 and with 2 K×1 K increments. In the
HSQC-TOCSY experiment, a mixing time of 60 m
was used. The 2D HMBC spectrum was acquired w
a spectral window of 12.8 ppm in F2 and 200 ppm
F1 with increments of 2 K× 0.5 K, giving an acqui-
sition time of 0.2 s in F2. A delay time of 60 ms w
used for the evolution of the long-range couplings.

3. Results and discussion

3.1. GPC analysis of kraft lignins

On thioacidolysis of wood, the lignin can be com
pletely degraded into a mixture of monomeric, dime
and trimeric products with only traces of high
oligomers. This can be clearly shown by GPC of
product mixture and from wood the monomeric a
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n one

/14.0
Table 2
Identification of methylene groups in kraft lignin based on HSQC, HMBC and HSQC-TOCSY NMR spectra with the1H/13C chemical shift
values listed. Chemical structures are shown inFig. 1. It should be noted that the fatty acid methylene group c may contain more tha
methylene group

Structure a b c d e f a

Dihydroconiferyl alcohol 2.54/32.1 1.74/34.9
Fatty acid 2.22/34.2 1.51/25.2 1.21/29.9 1.19/32.1 1.20/22.9 0.80

a Methyl group.
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Fig. 2. GPC curves of thioacidolysis mixtures obtained from two
of the reference kraft pulps shown inTable 1(the other two pulps
gave similar chromatograms). In each chromatogram, the prom
peak at around 60 min is assumed to be derived from carbohydr
whereas the thioacidolysis monomers and dimers elute at aroun
and 45 min, respectively (cf.[19]).

dimeric thioacidolysis products constitute the predom
inant peaks in the chromatogram with only a we
shoulder containing the higher oligomeric mater
[20]. A similar analysis of kraft pulp reveals, how
ever, that a considerable amount of material havin
higher molecular weight is now present. Thus, lign
reactions in the kraft cook, resulting in the form
tion of non-degradable structures, take place. In
der to further verify the formation of new structure
not degradable by thioacidolysis, in the lignin duri
kraft cooking, a series of four kraft cooks was carr
out covering a range of kappa numbers of∼ 40–20
(Table 1). All pulps were subjected to thioacidolys
and the products subsequently analysed by GPC
shown inFig. 2, the same pattern was obtained from
samples. By normalizing the chromatograms using
‘polymeric’ peak as standard, a trend towards decre
Fig. 3. GPC curves of the thioacidolysis mixtures obtained fro
kraft cook to kappa number 34.3 and a kraft cook in the presenc
2,6-xylenol to kappa number 31.3.

ing relative amounts of monomers and dimers co
be clearly seen as the cooking time was increased

A second series of kraft cooks was also done c
ering approximately the same kappa number ra
(Table 1) but now in the presence of a large amou
of a reactive phenol, 2,6-xylenol, since, in previou
work, it was shown that this phenol can be readily
corporated into the polymeric fibre lignin[21]. Again,
thioacidolysis was done and the resulting mixtu
analysed by GPC. The resulting chromatograp
curves were found to be very similar to those sho
in Fig. 2. In order to get a more detailed comparis
between the GPC-curves obtained in the absence
presence of 2,6-xylenol, the thioacidolysis mixtu
from the pulps at around kappa number 30 were c
pared in the same chromatogram. The result, sh
in Fig. 3, demonstrates that at similar kappa numb
and H-factors, the cook containing 2,6-xylenol see
to contain a higher amount of the ‘polymer’ fractio
assuming similar amounts of monomers and dimer
both cooks.
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The presence of non-degradable material in
thioacidolysis reaction demonstrates (most likely) t
new carbon–carbon linkages have been formed in
lignin during the kraft cook. Based on the discu
sion above, the presence of diarylmethane struct
formed through condensation either with formald
hyde or involvement of a quinone methide seem
however, rather unlikely. Another alternative for t
formation of higher molecular weight material wou
be radical coupling reactions.

Already in the 1960s, radical coupling reactio
were suggested to occur in the soda pulping of w
[22]. A more thorough understanding of any possi
electron transfer reactions in alkaline pulping was
obtained until some 10 years ago, however. By
use of lignin model compounds such as syringyl
cohol it could be demonstrated that electron tran
reactions indeed are possible during the conditions
countered in soda[23] as well as in kraft or soda/AQ
pulping [24]. Thus, the treatment of syringyl alco
hol with sodium hydroxide resulted in the formatio
4-methylsyringol together with several other produ
resulting from one-electron transfer reactions. 4-me
ylsyringol was also found as a product in both kr
and soda/AQ pulping albeit in lower and much high
amounts, respectively.

3.2. Kraft cooking with 2,6-xylenol

From kraft cooks, carried out in the absence a
presence of 2,6-xylenol, the corresponding fibre
nins were isolated[21] and subjected to NMR analy
sis. By recording 1D and 2D spectra of these lign
as well as the two corresponding difference spectr
could be demonstrated that the only observable dif
ences between the two samples were those relate
the two methyl groups and to the aromatic ring c
bons in 2,6-xylenol. From the integral values for t
lignin methoxyl group and for the methyl groups in t
2,6-xylenol unit, respectively, an incorporation of a
proximately 14% 2,6-xylenolunits per phenylpropan
unit could be calculated. Furthermore, the arom
methine groups from xylenol could be integrated g
ing a value of 2–3 such groups per xylenol, indicat
that the xylenol had been incorporated in the resid
lignin both as biphenyl and biphenyl ether structure

Based on these results, any major condensatio
action between e.g. the side chain Cα-group in lignin
and the C4 of the 2,6-xylenol must be ruled out
accordance with the results described in[13] since,
otherwise, a new major aliphatic methine group wo
appear in the spectra of the lignin-xylenol sample.
the same reasons, a reaction between 2,6-xyleno
phenolicβ-O-4 structures in lignin resulting in ethe
cleavage and formation of a stilbene structure as s
gested in[25], has to be excluded since, in such a ca
two more olefinic carbons should be observed in
NMR spectrum.

3.3. NMR analysis of kraft lignin

In a previous work, the presence of large qua
ties of methylene groups in kraft lignins had been
terpreted as being due to a reduction of intermed
methylene quinones formed during the course of
kraft cook [2]. In addition, any diarylmethane stru
tures formed through condensation between phen
lignin units and released formaldehyde will result
such groups[7]. By careful NMR analysis of dissolve
as well as of residual kraft lignins using 2D NM
sequences like HSQC, HMBC and HSQC-TOCSY
could be demonstrated, however, that the vast ma
ity of the methylene groups seems to originate fr
dihydroconiferyl alcohol units and from fatty acid(
(Fig. 1). Whereas the former of these is well know
as an integral part of the lignin structure[26], the
presence of chemically linked fatty acid structures ha
not been observed before. The estimated abund
for each one of these structures is around 2%, ba
on the intensity of one methylene group per arom
ring in lignin. Despite the application of different 2
NMR sequences, the exact identity of the fatty acid
could not be revealed completely although severa
the methylene groups were unambiguously identifi
A possible structure is pinolenic or linoleic acid, bo
major unsaturated fatty acids present in softwood
should be noted that the carbon shift for one of
methylene groups in the fatty acid coincides well w
the shift for a 5,5′-linked diarylmethane structure
The proton shift is, however, quite different. A po
sible mechanism to account for the presence of a f
acid chemically linked to the lignin would be a on
electron transfer reaction. Thereby, a phenoxy rad
in lignin would couple to an unsaturated fatty acid ra
ical thus creating a stable carbon–carbon or carb
oxygen bond.
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3.4. Sulphur as an electron transfer agent

The possibility of one-electron reactions playi
a dominant role in the fragmentation reactions t
ing place in kraft pulping has been the subject
experiments with lignin model compounds. No co
clusive evidence for such a mechanism could be
tained, however[27]. Thus, the predominant clea
age of phenolicβ-O-4 structures is thought to pro
ceed via addition of a hydrosulphide ion (or a po
sulphide ion) to a quinone methide intermediate f
lowed by an intramolecular attack and fragmentat
[28,29]. The cleavage reaction is accompanied b
formation of elemental sulphur that, via reaction with
hydrosulphide ions and formation of polysulphid
may disproportionate into hydrosulphide and thios
phate ions. The latter reaction is, however, not co

Fig. 4. Content of elemental sulphur and polysulphide in the cookin
liquor as a function of cooking time in an industrial kraft cook.
plete and throughout a kraft cook, various amount
sulphur and polysulphide can be found in the bla
liquor as shown inFig. 4. Obviously, the amount o
polysulphide+ sulphur is rather low towards the en
of the cook (∼ 2–3% of the charge of hydrosulphid
ions in the white liquor). It is suggested, however, t
the sulphur/polysulphide may participate in electr
transfer reactions between the residual fibre lignin
dissolved low molecular weight phenols present in
cooking liquor. Thereby, new biphenyl and diaryl eth
(thioether) structures can be created successively
ing the cook and, at a certain point, give rise to
complete blocking of any further lignin cleavage r
actions (cf.[30]).

Although this mode of reaction still is not un
ambiguously demonstrated, the incorporation of 2
xylenol into the residual lignin, described above,
well as the finding that a fatty acid is linked to kra
lignin are both in favour of a one-electron mechanis
A further support for such a mechanism was obtai
by heating 2,6-xylenol with a polysulphide solutio
Analysis of the reaction products revealed the form
tion of several radical coupling products as shown
Fig. 5(cf. [31]).

The possibility ofsulphur/polysulphide acting as
an electron transfer agent during the course of a k
cook needs further confirmation. The well-known fa
that sulphur on heating is transformed from cyclo
tasulphur into a chain-formed biradical[32] able to
initiate e.g. cross-linking in rubber or to give couplin
products with phenols are, however, observation
favour of such a view. In the kraft cooking liquor, fo
mation of polysulphide proceeds according to Eq.(1),
Fig. 5. Products from the treatment of 2,6-xylenol with polysulphide solution at 165◦C.
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thus demonstrating the simultaneous presence of
mental sulphur and polysulphide[33].

xS0 + HS− + HO− � Sx S2− + H2O (1)

According to the results shown inFig. 4, a kraft cook
seems to contain a fairly constant amount of eleme
sulphur throughout the cook, whereas the concen
tion of polysulphide gradually decreases as the c
proceeds. These results might be interpreted as b
due to a successive formation of sulphur in the cle
age of phenolicβ-O-4 structures followed by a forma
tion of polysulphide according to Eq.(1). This reaction
should be prominent at the early phase of the co
whereas in the later part, a cleavage of non-phen
β-O-4 structures (not requiring hydrosulphide ion
will prevail [34]. Therefore, an increase in the appar
degradation of polysulphide may now take place w
simultaneous formation of hydrosulphide and thios
phate ions. Elemental sulphur, on the other hand
assumed to successively become ‘dissolved’ in the
ganic lignin phase as the cook proceeds.

4. Conclusions

The final portion of lignin is difficult to remove in
kraft cook. A major reason for this behaviour seems
be the occurrence of condensation reactions betw
fibre lignin and dissolved lignin fragments during t
course of the cook. Several pieces of evidence fo
condensation mechanism involving elemental sulp
as initiator in one-electron reactions have been
lected. Although further work is necessary to fina
confirm such reactions unambiguously, the data
tained are all in favour of such a mechanism. This w
open up new possibilities for making process chan
that can be used to extend the delignification in
kraft cook without detrimentally affecting the pu
quality.
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