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Abstract: The complex interaction of softwood residual kraft lignin with oxygen at elevated temperatures, pressures,
and pH’s was investigated by isolating and systematically oxidizing the lignin, as a function of time and temperature.
The isolation of the oxidized lignin was carried out using a multistep procedure developed specifically to recover all
species. Detailed quantitative31P NMR measurements provided, for the first time, three-dimensional plots describing
the formation and (or) elimination of the various functional groups. Oxidative demethoxylation reactions were found to
induce the formation of catechols, which are, most likely, reactive intermediates of the oxidation. The rate of
carboxylic acid formation and guaiacyl phenol elimination was found to follow two distinct phases: a rapid initial
phase followed by a slower phase. More specifically, the rate of carboxylic acid group formation was found to
dramatically increase as the reaction temperature increased, analogous to the profiles obtained for the elimination of
guaiacyl phenolic units. At reaction temperatures typical of conventional commercial oxygen delignification
installations (80–100°C), only minor oxidation was found to occur within the lignin. At these temperatures, increasing
the reaction time did not significantly aid the formation of carboxylic acid groups on lignin despite the idealized two-
phase homogeneous conditions. The technological ramifications of these data imply that a three-phase oxygen
delignification system, operating at temperatures below 100°C, causes only minor oxidative changes to the structure of
the lignin in the fibre. It was also possible to isolate the effect of alkali and temperature on the structure of residual
kraft lignin through experiments in which pressurized oxygen was replaced by nitrogen. These data revealed a
concealed set of alkali-induced condensation and fragmentation reactions.
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nuclear magnetic resonance (nmr), residual kraft lignin.

Résumé: En procédant à son isolement et son oxydation systématique en fonction du temps et de la pression, on a
étudié l’interaction complexe de la lignine kraft résiduelle de bois mou avec l’oxygène à des températures, pressions et
pH élevés. On a réalisé l’isolation de la lignine oxydée en appliquant une méthode en plusieurs étapes développées
spécifiquement pour récupérer toutes les espèces. Des mesures quantitatives détaillées de RMN du31P ont permis
d’obtenir pour la première fois des courbes tridimensionnelles décrivant la formation et (ou) l’élimination de divers
groupes fonctionnels. On a trouvé que les réactions de déméthoxylation oxydante induisent la formation de catéchols
qui sont vraisemblablement des intermédiaires réactifs dans l’oxydation. On a trouvé que la vitesse de formation de
l’acide carboxylique et d’élimination de guaïacol phénolique suit deux phases distinctes : une phase initiale rapide
suivie d’une phase plus lente. D’une façon plus spécifique, on a trouvé que la vitesse de formation d’acide
carboxylique augmente d’une façon dramatique lorsqu’on élève la température; on a obtenu des profils analogues pour
l’élimination des unités guaiacyles phénoliques. À des températures réactionnelles semblables à celles utilisées dans les
installations commerciales conventionnelles de délignification par l’oxygène (80-100°C), on observe peu d’oxydation de
la lignine. À ces températures, une augmentation du temps de réaction n’aide pas d’une façon significative à la
formation d’acides carboxyliques sur la lignine malgré les conditions homogènes en deux phases idéalisées. Les
ramifications technologiques de ces données impliquent qu’un système de délignification à l’oxygène en trois phases, à
des températures inférieures à 100°C, ne provoque que des changements oxydants mineurs de la lignine de la fibre. Il
a aussi été possible d’isoler l’effet des métaux alcalins et de la température sur la structure de la lignine kraft
résiduelle en procédant à des expériences dans lesquelles l’oxygène sous pression est remplacé par de l’azote. Ces
données révèlent certaines conditions induisent des réactions de condensation et de fragmentation.

Mots clés: blanchiment, catéchols, acides carboxyliques, délignification, guaiacyle, cinétique, oxygène, phénols,
phosphore, résonance magnétique nucléaire, lignine kraft résiduelle.
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Regulatory pressures, motivated by concerns regarding the
toxicity of pulp and paper mill effluents containing chlori-
nated organic matter, have driven this industry to consider
and (or) implement new delignification and bleaching tech-
nologies. In this context, the use of oxygen delignification is
becoming of paramount global importance. The environmen-
tal, technical, and economic benefits of oxygen delignifica-
tion include lower chemical requirements in the subsequent
bleaching sequence, higher brightnesses with an equivalent
amount of chemicals, lower amounts of rejects, and lower
water consumption due to the greater recycling potential of
oxygen stage effluent (1, 2). However, an oxygen deligni-
fication stage allows for limited delignification (3, 4). Beyond
approximately 50% delignification, severe cellulose depoly-
merization takes place, causing deterioration of pulp viscos-
ity and strength characteristics. This lack of selectivity is the
main drawback of oxygen delignification (5).

The fundamental interactions of oxygen in aqueous alkali
with various lignin model compounds have been the subject
of various structural and kinetic enquiries (6–12). However,
it should be noted that the conclusions of such studies can-
not fully describe the events that occur when oxygen inter-
acts with lignin macromolecules. The polymeric and cross-
linked nature of lignin induces physical constraints that make
it significantly less reactive toward oxygen than model com-
pounds (12). It is likely that the multitude of branching and
cross-linking variations that occur within lignin may cause
significant accessibility variations of reactive moieties to-
ward even the same functional groups.

Moreover, during oxygen delignification, molecular oxy-
gen can be transformed into a variety of species possessing
different reactivities, with different lignin functional groups
adding to the complexity of the process. In actual fact, the
stepwise reduction of molecular oxygen can proceed via either
four one-electron transfer steps or two two-electron transfer
steps (Scheme 1) (9). In the course of these transformations
some extremely reactive species are formed, including hydro-
peroxy radicals, hydroxy radicals, and hydrogen peroxide
(13).

The reactions in Scheme 2, between the species produced
during the stepwise reduction of oxygen depicted in Scheme 1,
are also possible, both in the presence and in the absence of
metal ions (14).

The chemistry depicted in Schemes 1 and 2 clearly indi-
cates that hydrogen peroxide is inevitably present under con-
ditions of oxygen delignification. Therefore, both oxygen
and hydrogen peroxide may cooperatively participate in de-
fining the delignification chemistry of such systems. Gierer
has classified hydroxyl radicals and the oxygen biradical as
electrophilic species, while hydroperoxide anions and super-
oxide anion radicals are classified as nucleophilic species
(14, 15). Consequently, the electrophiles will react with the

centres of high electron density in lignin, while the nucleo-
philes will react with the centres of low electron density as
shown in Scheme 3.

Numerous studies have also demonstrated that the pheno-
lic units of lignin are amongst the most significant reaction
sites for oxygen delignification (11). The primary interaction
of alkali with these structures yields anions that are candi-
date structures for attack by oxygen and its multitude of co-
existing species (16).

In an effort to provide an additional perspective on the
complex interaction of kraft lignin with oxygen in alkaline
media at elevated temperatures and pressures, we isolated
residual softwood kraft lignin and systematically oxidized it
as a function of time and temperature. This was carried out
to bridge the existing knowledge gap between model com-
pounds and actual residual kraft lignin. Detailed quantitative
31P NMR measurements on the oxidized lignins provided,
for the first time, the actual kinetics of formation and (or)
elimination of guaiacyl phenols, carboxylic acids, catecholic
phenols, and aliphatic alcohols present in residual kraft lignin.
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Scheme 1.The stepwise reduction of molecular oxygen
(biradical) via four one-electron transfer steps and two two-
electron transfer steps (9).

Scheme 2.The reactions that may occur between the species
produced during the stepwise reduction of biradical oxygen in
the presence and absence of metal ions (14).

Scheme 3.The centres of high and low electron densities on the
C9 unit of lignin. These are the respective sites for attack by
electrophiles or nucleophiles.



Isolation of residual kraft lignin
A black spruce (Picea mariana) kraft pulp (kappa number

30.9) was freed from metal ions by stirring the pulp in a
DTPA solution (60°C, 1 h) and, after a washing step, the
pulp was treated in an acid solution (H2SO4 at pH 3, room
temperature, 2 h), followed by thorough washing with de-
ionized water. The residual lignin was then isolated from the
pulp in several batches by using a slightly modified acido-
lysis procedure described elsewhere (17). The residual lignin
samples were thoroughly homogenized to ensure sample
uniformity. The yield of the isolation procedure varied be-
tween 35 and 45% while its purity was confirmed by UV
and Klasson lignin content measurements.

Oxidation of residual kraft lignin
The residual kraft lignin was oxidized with pressurized

oxygen under alkaline conditions at 80, 95, 110, 125, and
140°C for 20, 40, 60, and 80 min using a 1 L Parr reactor.
To avoid metal ion contamination, all interior parts of the reac-
tor (including cooling coils and sampling ports) were coated
with Teflon. A customized glass liner was used as the actual
reaction flask. The following parameters were applied to all
oxidations described in this work: 560 mg of residual kraft
lignin was mixed with 400 mL of deionized, distilled water.
Sodium hydroxide (280 mg, which is equivalent to 2.3 wt.%
based on pulp (κ no. 30.9)) was then added, causing
solubilization of the lignin. The pH prior to the onset of the

reaction was between 11.5 and 11.6. Prior to placing the
lignin sample in the reactor, the whole system was heated to
80°C. After sealing the system, the reactor was rapidly
heated to the desired temperature. It was then purged with
oxygen several times prior to being subjected to a constant
oxygen pressure (100 psig or 0.68 MPa) that was maintained
for the duration of the oxidation.

To isolate the effect of alkalinity in the absence of oxygen,
a series of samples was reacted at 140°C using 0.68 MPa of
nitrogen pressure under the same conditions described above.

Quantitative recovery of oxidized and fragmented
lignins

After the treatment, the sampling valve of the Parr reactor
was opened and an aliquot of lignin solution was cooled to
room temperature by passing it through an efficiently cooled
reflux condenser. The pH of the sample was then immedi-
ately adjusted to 2, which caused the remaining polymeric
fraction of the lignin to precipitate out. The precipitated
lignin was then recovered by centrifugation, washed with
deionized distilled water whose pH had been adjusted to 2,
freeze-dried, and stored in a desiccator (see Scheme 4).

The above washings were all combined with the initial fil-
trate, which contained lower molecular weight lignin frac-
tions combined with hydrophilic lignin fragments. At this
point the molecules soluble in organic solvents were ex-
tracted with ethyl acetate until the organic layer was no lon-
ger coloured. The ethyl acetate extract was allowed to dry in
air and stored in a desiccator.

Consequently, the remaining aqueous portion of the sam-
ple was enriched in oxidized lignin fragments. The volume
of this fraction was first reduced in a rotary evaporator (set
at 35–40°C) and it was freeze-dried. The collected solids
were then treated with dry dimethylformamide, DMF, fil-
tered to remove inorganic salts, and the filtrate was added
dropwise in an excess of diethyl ether (400 mL), allowing
the precipitation of the hydrophilic fragments and washing
out excess DMF. Finally, the collected lignin fractions were
combined, mixed thoroughly, and stored in a vacuum desic-
cator prior to31P NMR analyses.

31P NMR analyses of oxidized lignins
Quantitative31P NMR analyses were carried out on the

starting and the oxidized lignins using published procedures
(18–20). Since oxidized lignins were found to be of limited
solubility in pyridine–CDCl3, a new solvent system for the
acquisition of these spectra was used in this effort. Approxi-
mately 40 mg of our lignin sample was dissolved in 500µL
of deuterated DMF. A mixture of pyridine/CDCl3 (300 mL,
1.6/1 v/v) was then added and the samples were phosph-
itylated with 100 mL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane, synthesized according to published pro-
cedures (21, 22). Solutions of 100 mL of cyclohexanol (1.1 mg)
and chromium acetylacetonate (0.55 mg) in 10 mL of
pyridine/CDCl3 (1.6/1 v/v) were also added to serve as the
internal standard and relaxation reagent, respectively.

The31P NMR spectra were acquired on a Varian XL-300 MHz
spectrometer (operating at 121.5 MHz). The chemical shifts
reported are relative to the reaction product of water with
the phosphitylation reagent, which has been reported to give
a sharp signal at 132.2 ppm (20, 23). For each spectrum 128
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Scheme 4.Schematic representation of the recovery method
developed to quantitatively isolate lignin and its fragments after
oxidation with oxygen at elevated temperatures and pH’s.



transients were acquired with a delay time of 25 s between
acquisitions.

The oxidation of residual kraft lignin under high pressure
and alkalinity is known to partially degrade the lignin with
concomitant formation of functional groups such as quinones
and carboxylic acids (24), significantly altering its solubility.
Since the primary objective of this work was to identify and
quantify these structural changes under conditions of an ox-
ygen delignification stage, extensive efforts were made to
quantitatively isolate the lignin after the reaction.This en-
sured that most of the highly oxidized and low molecular
weight fragments were included in the quantitative31P NMR
analyses that followed. To accomplish this, a multistep pro-
cedure was developed (Scheme 4) to recover all of the species
possessing different solubility characteristics in different sol-
vents.The application of this scheme provided recovery yields
between 75–95%.

Careful optimization work showed that the oxidized lignins
could be divided into three distinct fractions. One fraction
could easily be precipitated out of aqueous alkali by de-
creasing its pH to 2. More hydrophilic fractions were then
recovered by extracting aqueous lignin solutions with ethyl
acetate. Finally, highly oxidized lignin macromolecules and
fragments were isolated by selectively dissolving them with
dimethylformamide (DMF), separating them from inorganic
salts. It should be noted that no attempt was made to recover
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Temperature of
oxidation (°C)

Time of oxidation
(min)

Carboxylic acids
(mmol/g)

Guaiacyl phenols
(mmol/g)

Catecholic phenols
(mmol/g)

Aliphatic alcohols
(mmol/g)

80 20 0.48 0.52 0.18 1.97
40 0.5 0.45 0.14 1.91
60 0.51 0.43 0.16 1.78
80 0.54 0.39 0.14 1.8

95 20 0.41 0.57 0.19 2.07
40 0.47 0.49 0.25 2.13
60 0.57 0.37 0.16 1.78
80 0.56 0.34 0.26 1.76

110 20 0.63 0.37 0.16 1.72
40 0.71 0.26 0.15 1.65
60 0.73 0.19 0.13 1.68
80 0.92 0.19 0.18 1.48

125 20 0.62 0.38 0.24 1.74
40 1.14 0.25 0.22 1.71
60 1.16 0.24 0.22 1.89
80 1.21 0.21 0.21 1.81

140 20 0.98 0.21 0.27 1.33
40 1.1 0.2 0.18 1.42
60 1.4 0.15 0.23 1.23
80 1.5 0.11 0.17 1.13

Control lignin 0.26 0.57 0.2 2.01

Table 1. The amounts of the various hydroxyl groups present within the starting and the oxidized residual kraft lignins, determined by
quantitative31P NMR.

Fig. 1. Typical quantitative31P NMR spectra, signal assignment,
and integration ranges applied during the course of this work.
The phosphitylation reagent employed was 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (19, 20).



and quantify volatile by-products such as CO, CO2, and
methanol.

A series of typical quantitative31P NMR spectra of soft-
wood residual kraft lignins obtained after phosphitylation
with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane is
displayed in Fig. 1. The integration ranges and signal assign-
ment were similar to those reported by Sun and Argyro-
poulos (23, 25) based on previous model compound (20) and
lignin studies (19). Therefore, the foundations of the follow-
ing discussion belong in the quantitative31P NMR data of
Table 1, which summarizes the amounts of the various hy-
droxyl groups present within the starting and oxidized resid-
ual kraft lignins.

The reactivity of guaiacyl phenolic units with oxygen
Molecular oxygen, in alkaline media at elevated tempera-

tures, has been considered to behave as a biradical species
(9, 13). Therefore, the first step in the oxidative degradation
of phenolic units is thought to be the abstraction of an elec-
tron from the phenolate anion by biradical oxygen, giving
the corresponding phenoxy and superoxide anion radicals
(9). At the same time, the protonation of reduced oxygen
gives rise to hydroperoxy radicals, which are known to be-
have as stronger oxidants than molecular oxygen (13), react-
ing faster with lignin units. As such, phenoxy radicals are
attacked by hydroperoxy radicals at the centres of high elec-
tron densities as shown in Scheme 3. The reaction products

are known to be the relatively unstable cyclohexadienone
hydroperoxide intermediates (14–16), leading todemethoxylation,
ring-opening, and side-chain elimination reactions (Schemes
5 and 6). In fact, such species have been detected,isolated,
and quantified as photochemical transformation products of
commercial antioxidants (26–28). The demethylation and
ring-opening reactions give rise to catechols and various
mono and dicarboxylic acids, such as maleic and muconic
acids (Scheme 6), while the side-chain elimination reactions
cause the formation of other organic acids andpara-qui-
nones, thus depolymerizing lignin. The outcome of all these
reactions is the actual elimination of guaiacyl phenolic units.

In an attempt to shed more light in this complex series of
events, the profiles of guaiacyl phenolic group elimination
during the oxidation of residual kraft lignin were determined
and are plotted as a function of temperature and time in Fig. 2.

It is apparent that the rate of guaiacyl phenolic unit elimi-
nation increases as the oxidation intensifies. The reaction
temperature, rather than the reaction time, seems to be of
primary significance in causing the elimination of these units.
The rate of guaiacyl unit elimination is considerably slower
at 80 and 95°C than at 110, 125, or 140°C. Furthermore, the
degradation of guaiacyl units at temperatures above 100°C
seems to proceed in two distinct phases: an initial rapid de-
crease of the guaiacyl units is observed within 20–40 min,
followed by a significantly slower regime. Similarly, Lai et
al. (29) claimed that 10% of these uncondensed phenolic
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Scheme 5.The major reactions involving phenolic units and free radical species during oxygen delignification (9–16).



units are eliminated rapidly during oxygen delignification at
100°C and 90 psi oxygen pressure (1 psi = 6.9 kPa),
followed by a slow phase during which their concentrations
remain relatively constant. Such behaviour is reminiscent of
the kappa number reduction profiles usually encountered
during oxygen delignification of kraft pulps. Physical con-
straints such as a diffusion-controlled reaction whose rate
depends on the rate of transport of reagents from one phase
to another could be responsible for stalling the reactivity in
the slow phase (30). However, the data of Fig. 2 represent
the oxidative elimination of guaiacyl phenolic units from
within residual kraft lignin under homogeneous oxygen
delignification conditions, making it likely that guaiacyl phen-
olic units may exist within residual kraft lignin whose reactivity
toward oxidative reactions is different. Branching and cross-
linking variations that occur within lignin may be responsi-
ble for the observed reactivity and (or) accessibility varia-
tions.

Formation of carboxylic acids within residual kraft
lignin

The presence of carboxylic acid groups on the lignin ma-
cromolecule is considered to promote lignin solubilization in
alkaline media during oxygen delignification (10, 23) or other
bleaching stages (25). Lignin oxidation reactions may induce
the formation of carboxylic acids via a number of pathways
either as monomeric fragments or functional groups attached
at the end of side chains of the lignin macromolecules (12,
31, 32). The most significant pathway involves side-chain
elimination and ring-opening reactions in phenolic centres.
Side-chain elimination reactions would form vanillin-like
structures (which degrade further) while ring-opening
reactions lead to moieties resembling muconic acid moieties
(16). Another pathway may involve an electrophilic attack at
lignin centres of high electron density, causing the formation
of a four- membered cyclic peroxide intermediate termed
dioxetane (14, 16, 24); (Scheme 6). This reactive species re-
arranges to induce efficient cleavage of C—C bonds. It
should be noted that after the initial electrophilic attack, the
molecule may also be attacked by external nucleophiles, but
according to Gierer (14) these are only minor reactions.
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Scheme 6.Reactions proposed to occur under oxygen
delignification conditions involving phenolic moieties and
superoxide anion radicals via dioxetane intermediates (14).

Fig. 2. Three-dimensional plots depicting the oxidative
elimination of guaiacyl phenolic units from within residual kraft
lignin under homogeneous oxygen delignification conditions.

Fig. 3. Three-dimensional plots depicting the buildup of
carboxylic acids within residual kraft lignin as a function of time
and temperature under homogeneous oxygen delignification
conditions.



Figure 3, displaying the three-dimensional plots for the
buildup of carboxylic acids within residual kraft lignin as a
function of time and temperature, is very revealing. For all
temperatures studied, two regimes can be distinguished
describing the rate of carboxylic acid group formation: an
initial rapid phase that dominates the process for the first
20 min (at all temperatures), followed by a slower one. At
temperatures between 125 and 140°C, the rate of carboxylic
acid group formation within the first 20 min of the process
is very high. For example, the concentration of these groups
after 20 min of reaction reaches and exceeds 1.0 mmol/g;
while at 80–95°C, 80 min of reaction caused only a minor
enrichment of the lignin structure in carboxylic acid groups
(less than 0.5 mmol/g).

The rate of carboxylic acid group formation seems to dra-
matically increase as the reaction temperature increases,
analogous to the profiles obtained for the elimination of
guaiacyl phenolic units. It is interesting to observe that only
minor oxidation occurs within the residual kraft lignin at re-
action temperatures typical of conventional commercial oxy-
gen delignification installations (80–100°C).

At these temperatures, increasing the reaction time does
not seem to significantly aid the formation of carboxylic
acid groups. Higher temperatures, however, cause the con-
centration of carboxylic acid groups to steadily increase as a
function of treatment time. In general, the efficiency of oxi-
dation of residual kraft lignin significantly increases above
100°C even though these experiments were conducted under
idealized two-phase homogeneous conditions. The data im-
ply that a three-phase oxygen delignification system operat-

ing at temperatures below 100°C causes only minor oxida-
tive changes on the structure of the lignin on the fibre.

The effect of oxidation on the pH of the medium
Since pH is known to seriously affect the efficiency of an

oxygen delignification stage, it was deemed appropriate to
examine the dependence of pH as a function of temperature
and time during the oxidation of residual kraft lignin. The
amount of sodium hydroxide used in the present sequence of
experiments was similar to that used during a commercial
softwood oxygen delignification installation (2.3% based on
oven dry fibre, see Experimental).

The data of Fig. 4 show the contribution of the oxidized
groups in residual kraft lignin toward lowering the pH of the
aqueous medium during oxygen delignification conditions.
In a manner analogous to the formation of carboxylic acid
groups (Fig. 3), the pH of the medium is practically unaf-
fected at temperatures below 100°C. This could be signifi-
cant information when one considers the design of oxygen
delignification operations at temperatures above 100°C. For
such a case, one should make provisions so that enough al-
kali is present in the medium to compensate for the greater
pH losses that the oxidation of lignin will cause above
100°C. A benchmark observation guiding such a design
could be that at 110°C and after 80 min of reaction, the
pH of the medium was found to be slightly below 10. The
trend of decreasing pH in an alkaline oxidative extraction
was observed previously when the temperature was raised
from 70 to 110°C, with some benefits observed by increas-
ing the alkali charge (33).

Another interesting feature of the data of Fig. 4 is the fact
that the pH profiles show two- phase reactions only at tem-
peratures of 125 and 140°C, in contrast to the data of Fig. 3
(see relevant discussion). At lower temperatures the pH de-
crease is smooth throughout the examined time range.

Oxidative demethoxylation reactions
Model compound studies have shown that demethoxy-

lation reactions may occur under oxygen delignification con-
ditions (13). However, there has been no direct quantitative
evidence for the occurrence of such reactions in residual
kraft lignin during oxygen delignification. Despite the fact
that the exact mechanism of demethoxylation is not known,
Kratzl et al. (13) have assumed that a phenoxy radical may
react with oxygen or hydroperoxy radicals, yielding cyclo-
hexadienone hydroperoxides (Scheme 7). For these species,
after demethoxylation, rearrangement and ring rearomatization
yield catechols that are easily oxidized toortho quinones
and then to a muconic acid type of structures (13).
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Fig. 4. Three-dimensional plots depicting the pH profiles of the
medium as a function of time and temperature during the
oxidation of residual kraft lignin, under homogeneous oxygen
delignification conditions.

Scheme 7.Possible reactions, operating on phenolic units, that may account for the formation and subsequent elimination of catechols,
during the oxidation of residual kraft lignin at elevated temperatures and alkalinities.



The quantitative31 P NMR spectra of Fig. 1 show the
characteristic signals of catechols in the region 138.6–139.1 ppm
(19, 20, 23). Apparently, catechols form during the oxidation
of residual kraft lignin, since these signals are not as obvious
in the spectrum of the starting material (Fig. 1). Since this
novel methodology allows the detection and quantification
of catechols in a lignin sample, it was used to quantify them
as a function of time and temperature (Fig. 5).

One can observe some minor but irregular variations in
the abundance of catechols within oxidized residual kraft
lignin as a function of time and temperature (Fig. 5). In gen-
eral, their concentration can be considered relatively con-
stant over the whole temperature range examined, implying
that catechols are involved in the oxidation process as inter-
mediates.Their participation in an oxygen delignification has
been suggested by Gellerstedt and Lindfors (30) and Renard
et al. (31, 32). It is likely that while there is a supply of
guaiacyl units in the system, these intermediates would form
and then be oxidized in a continuous fashion. In addition to
the catechols acting as important intermediates in the oxida-
tion process, they also increase the hydrophilicity of the
lignin, augmenting its solubility in alkaline media.

The effect of alkali and temperature on the reaction
pathways

During this effort we attempted to isolate the effect of al-
kali and temperature on the structure of residual kraft lignin
by substituting pressurized oxygen with nitrogen, in other-
wise identical conditions to those described so far. To em-
phasize the overall effects, this study was conducted at
140°C and the functional group distribution changes induced
on the residual kraft lignin were compared to those in
Figs. 2 and 4 obtained at 140°C.

The dramatic effect of oxygen toward inducing the forma-
tion of carboxylic acid groups within residual kraft lignin,
under oxygen delignification conditions, is shown in Fig. 6.
In the absence of oxygen, temperature (140°C) and alkali
alone do not induce the formation of carboxylic acids in re-
sidual kraft lignin. For comparison purposes under the same
conditions and in the presence of oxygen, an approximate
450% increase in carboxylic acid content was measured.

Phenolic structures that are substituted at the C5 position
may be termed condensed phenols. The fate of such units,
under both an oxidative and an inert atmosphere, at 140°C,
is shown in Fig. 7. It appears that at 140°C the amount of
condensed phenolic units decreased over 50% via oxidative
degradation reactions. However, in the absence of oxygen,
the condensed phenolic units increased by about 17%. It is
therefore likely that this increase describes alkaline conden-
sation reactions taking place within residual kraft lignin un-
der the examined conditions. At elevated alkalinities and
temperatures, phenoxy anions (33) may attack theα position
of other C9 units and consequently, after rearrangement, new
Cα–C5 units may form, see Scheme 8 (34, 35).

In addition, any residualβ-O4 units present in residual
kraft lignin, albeit in minor amounts (36), may rearrange and
cause the formation of minor amounts of formaldehyde.
These species may then methylolate the C5 position of phe-
nolic units, eventually creating new diphenyl methane struc-
tures (Scheme 8).The data of Fig. 7, therefore, reveal a
concealed set of condensation reactions.

Figure 8 displays the changes in the actual amounts of
guaiacyl phenolic units under inert and oxidative conditions.
In the presence of oxygen, the amount of guaiacyl phenolic
units decreases but in the absence of oxygen, the amount of
guaiacyl phenolic units increased somewhat. The rationale
that may be offered to explain these data is that under the
examined conditions, the small amounts ofβ-O4 bonds that
have been documented to remain on residual kraft lignin
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Fig. 5. Three-dimensional plots depicting the profile of catechol
formation as a function of time and temperature during the
oxidation of residual kraft lignin under homogeneous oxygen
delignification conditions.

Fig. 6. A comparison of carboxylic acid group formation on
residual kraft lignin in the presence and absence of oxygen at
140°C.

Fig. 7. A comparison of condensed phenolic units on residual
kraft lignin in the presence and absence of oxygen at 140°C.



may cleave (36), and will inevitably cause the formation of
new guaiacyl phenolic units.

During oxygen delignification the guaiacyl phenolic units
of softwood residual kraft lignin eliminate with the concom-
itant formation of carboxylic acids. The rates for the elimi-
nation of phenols and the formation of acids were found to
significantly increase when the reaction temperature was
above 100°C. The concentration of catechols was found to
be relatively constant over the whole temperature range ex-

amined, implying that catechols are involved in the
oxidation process as intermediates.

In general, reaction temperatures varying between 80 and
100°C caused only minor functional group changes on soft-
wood residual kraft lignin. The reactivity of this kraft lignin
substantially increased at temperatures above 110°C.
Therefore considerable oxidative delignification should be obtained
at elevated temperatures. The challenge remains, however,
for developing strategies that may prevent the unwanted de-
terioration of pulp quality.
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