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ABSTRACT

A review of the collective evidence for the mecha-
nism of action of anthraquinone (AQ) in alkaline
pulping systems indicates that a unique set of reac-
tions is governing the chemistry. AQ and its re-
duced forms, anthrahydroquinone dianion (AHQ2)
and radical anion (AHQ®), are mediating reactions in
which electrons are transferred from carbohydrates
to lignin, causing the former to be oxidized to rela-
tively stable aldonic acid polymer end units, and the
latter to be reduced, leading to fragmentation and
_solubilization. The two effects account for the ob-
served improved pulp yields and faster pulping
rates. Experiments indicate that single electron
transfer (SET) reactions are more efficient than nu-
cleophilic reactions (soda/kraft systems) in breaking
down lignin. The chemistry of AQ, soda, and kraft
pulping will be reviewed and evidence for SET
reactions presented.

INTRODUCTION

Kraft, the dominant chemical pulping process in the
world, uses NaSH and NaOH to degrade the lignin
component in the wood. While the process obvi-
ously has several advantages, there are also disad-
vantages, including low pulp yield, odor emissions,
and the dark color of the resulting pulp. High levels
of bleaching chemicals are needed to brighten the
pulp; the resulting effluents contain large amounts
of organic material that is an environmental concern.
The kraft process on pine affords a pulp yield
<50%, with nearly equal losses of carbohydrate and
lignin components [1]. Yet, alternative pulping
technologies generally can not match the good eco-
nomics and pulp strength of the kraft process.

Alternatives often involve the use of anthraquinone
(AQ): soda/AQ, sulfite/AQ, and alkaline sulfite/AQ/
methanol (ASAM). Of course, AQ can also be used
in conjunction with kraft; several pulp mills have

gone this route in an effort to increase production,
reduce sulfur emissions, and/or reduce bottlenecks
[2]. There is generally a few % pulp yield increase
and faster delignification associated with the use of
AQ. However, in the case of soda/AQ, the pulp
tear strength is 10-15% lower than kraft [3]. The
strength reduction may be related to retention of
more hemicellulose fibers and/or to carbohydrate
oxidative depolymerization reactions [4].

Anthraquinone exists in several oxidation states
during pulping: the oxidized form (AQ); the partially
oxidized (partially reduced) semiquinone form,
anthrahydroquinone radical anion (AHQ®); and the
fully reduced form, anthrahydroquinone dianion
(AHQ?).
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The yield increase with AQ has been attributed to a
set of redox reactions (Figure 1). Here, AQ or
AHQ:oxidizes carbohydrate aldehyde end units,
thereby reducing the extent of alkaline carbohydrate
degradation; in the process AHQ-2 is formed. The
latter reacts with lignin, causing fragmentation of
the lignin (a rate increase) and oxidation of the
AHQ2 back to AQ or AHQ:. These redox reactions -
account for the large effects observed from a small
amount (<0.1%) of AQ that is generally employed.
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Figure 1. Anthraquinone redox reactions with
wood components [5].

If we wish to make improvements in, or replace, the
kraft process, we need to understand the chemistry
associated with the action of the pulping chemicals.
To this end, we need to understand how AQ works.



The mechanisms for delignification of wood during
alkaline pulping have intrigued wood chemists for
decades [6]. This curiosity was heightened when
AQ was first introduced in 1977. In many respects,
the discovery of AQ as a pulping promoter was be-
cause of the greater understanding of how reagents
might improve the selectivity of pulping [2].
[Selectivity in this context means the ability to re-
move lignin from wood without affecting the prop-
erties of the fibrous carbohydrate components. ]

One of the main difficulties in establishing the de-
tailed chemistry of pulping systems is the dominance
of the delignification rate by the first step in the pro-
cess -- formation of a quinone methide intermediate
(Eq. a). The rates of subsequent steps (i.e., Egs. b
and c) in a multistep process are difficult to deter-
mine; however, the rates of these steps are critical to
the partitioning of the quinone methide towards a
productive fragmentation processes, as opposed to
undesirable competing reactions, such as vinyl ether
formation reactions (Eq. d) [6]. The predominant
-productive delignification event appears to be cleav-
age of the abundant B-aryl ether linkages (Eq. c) [6].

Initially, the accepted mechanism of action of AHQ
was similar to that proposed for NaSH, namely a
nucleophilic addition of AHQ2 to a lignin QM to
give an adduct (Eq. b), followed by an elimination
reaction that regenerated AQ and led to B-aryl ether
cleavage [7]. However, research has shown that the
AHQ-QM adduct formation reaction is reversible [8],
thus opening up other possibilities for the mecha-
nism of AHQ-induced B-aryl ether fragmentation.

The review paper presented here attempts to establish
that the chemistry of AQ pulping is unique and in-
volves a set of single electron transfer (SET) steps
(Figure 2). The proposed steps begin with an elec-
tron transfer from AHQ to a lignin quinone methide
(Eq. €). The resulting QM radical anion then breaks
down to an ion and a radical fragment (Eq. f). The
latter picks up an electron from another AHQ-2 to
give a second phenolate ion (Eq. g). The AHQ-2
ions are regenerated when a carbohydrate is oxidized
by AHQ: to an aldonic acid (Eq. h). The sum of
these equations, Eq. i, indicates that electrons are
transferred (via soluble AHQ ions) from carbohy-
drates to lignin, causing the former to be oxidized to
relatively stable aldonic acid polymer end units, and
the latter to be reduced, leading to fragmentation and
solubilization. The two effects account for the ob-
served improved pulp yields and faster pulping rates.
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Figure 2. Postulated SET reactions between AHQ
ions and wood components [5]; CA = coniferyl alc.

RESULTS

Several approaches have been employed to establish
the nature of QM/AHQ interactions; some have been
inconclusive. One study examined steric effects in
QM/AHQ reactions; adduct reactions are subject to
steric inhibition, while SET reactions are relatively
insensitive [9]. We employed models and AHQ
substrates with different strategically placed bulky
groups, but changes in the rates of QM formation
clouded the interpretation of the results [10]. Study-
ing models with different ring substituents showed
us that the p-ring is lost as an anion (not as a radical)
[11]. This observation is compatible with either an
adduct or SET mechanism. Nevertheless, several
studies have demonstrated the existence of SET re-
actions in the reactions of AHQ and QMs; these are

outlined below. The key to studying QM/AHQ reac-
tions is to recognize that the slow rate of formation
of quinone methide intermediates will generally mask
the rates (and chemistry) of subsequent steps, but
that most QM reactions are reversible.

Electrochemistry

We have electrochemically generated AHQ radical
anions in select organic solvents and studied their
reactions with independently prepared QMs [12].
Quinone methides have a relatively long lifetime in
organic solvents [13]. The reduction potential of
AQ + e — AHQe is -0.92 volts in acetonitrile; the
QM 1 had a acetonitrile reduction potential of -1.17
volts corresponding to a QM + e —» QM= transition.
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A cyclic voltammogram of a mixture of AQ and QM
1 in acetonitrile/electrolyte showed a enhanced
current associated with the -0.9 volt AQ reduction
and the absence of a -1.2 volt QM reduction. The
observation is consistent with the chemistry shown
in Eq. j. The current associated with the reduction of
QM 1 is not seen because 1 is rapidly reduced by
AHQ:before the sweeping potential reaches -1.2
volts. The enhanced current for the -0.9 volt signal
is due to regeneration of AQ by the QM, effectively
increasing the AQ concentration at the electrode
surface. The behavior observed is not consistent
with an adduct mechanism; the expected adduct had a
very different cyclic voltammogram.

AQ + e —» AHQ> + QM —» QM: + AQ ()

A preparative electrolysis of a mixture of AQ and
QM 1 in acetonitrile/electrolyte was performed at
-0.8 volts. This potential was chosen because it is
sufficiently close to the first AQ reduction potential
to cause some production of AHQ, but too low in
energy to reduce the QM. In the absence of the QM,
the preparative electrolysis immediately produced red
colored AHQ ions. In the presence of the QM, the



red color began to appear after about two hours of
electrolysis. Analysis of the solution after 2 hours
showed the presence of p-aryl ether fragmentation
products 2 and 3, derived from QM 1. Obviously,
the generated AHQ: transferred an electron to the
QM, which led to fragmentation.

The above chemistry demonstrates that SET reac-
tions between AHQ and QMs are possible at room
temperature in organic solvents. Can this chemistry
also operate at 170°C in water/alkali? In order to an-
swer this question, we electrolyzed 1M NaOH solu-
tions of bleached pulp/AQ and wood meal/AQ in a
pressure vessel that contained several electrodes
[14]. The temperature was increased from 20-165°C
while periodically recording cyclic voltammograms.
The bleached pulp experiment showed the typical
reversible redox currents of AQ. The wood meal
showed an enhanced AQ reduction current that lasted
for ~30 minutes at 165°C. The wood meal contained
lignin and, thus, the experiment suggested that a
reduction of lignin and oxidation of AHQ= or AHQ2
‘was occurring under pulping conditions.

Evidence of Radical Intermediates

Another way to establish the existence of an SET
mechanism is to show that a radical is produced
during reaction. Radicals are known to cyclize to 5-
membered rings with 5-hexenyl substrates. There-
fore, we studied the reaction of a 5-hexenyl radical
probe that could form a QM under soda, kraft, and
soda/AQ pulping conditions [15]. The expected SET
reactions are shown in Figure 3.

The soda and kraft reactions of radical probe 4 led
largely to recovered starting material. In contrast,
alkaline AHQ2 led to a rapid consumption of 4 and
the production of a mixture of 8 and 9, with the
former dominating. Heating 4 in aq. NaOH that
contained glucose also gave a mixture of 8 and 9,
but at a slower rate and with the latter dominating. It
is apparent that radicals 6 and 7 were formed during
both soda/AHQ and soda/glucose treatments. In the
AHQ case, 6 was rapidly reduced (a hydrogen atom
supplied by AHQ) to give 8, while with glucose the
reduction was slower and more cyclization occurred.

The reduction of QMs by AHQ-2 to give -CH,-
benzyl carbons has also been observed in the treat-
ment of a B-methoxy phenolic lignin model with
AHQ at 150°C [16] and the reactions of syringyl
alcohol (10) in alkali at 135°C (Figure 4) [17].
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Figure 3. SET reactions of compound 4 [15].
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A comparison of the reactions of syringyl alcohol
with soda, kraft, soda/AHQ, and soda/glucose indi-
cates that only the AHQ and glucose cases led to any
significant reduction to syringol (13), presumably
by way of SET transfer to the QM 11 to give inter-
mediate radical anion 12. The AHQ case also pro-
vided a substantial amount of a dimer product 14, a
product that logically results from the coupling of a
radical anion with the QM or another radical anion.

Reductions of lignin QMs during pulping would
reduce the occurrence of undesirable condensation
reactions and may partially account for the effective-
ness of AQ as a pulping promoter. [Radical cou-
pling would be deterimental; but might be insignifi-
cant due to a low concentration of radicals.]

These observations indicate that AHQ chemistry is
different from soda and kraft chemistry; radicals are
produced in the AHQ case and not in soda and kraft.

‘Organometallic/QM Reactions

While not an example of AHQ chemistry, the reac-
tions of organometallic compounds, such as 15,
provide additional support that single electron trans-
fer chemistry is possible under pulping conditions.
Watson, Wright, and Fullerton (17) report that the p-
aryl ether cleavage a lignin model, when reacted with
15, is similar to that observed with AHQ; they argue
that the most likely mechanism is SET. The cobalt
oxidation state change of II — III for SET reaction is
reasonable, but the change of II — IV required to
form an adduct is unlikely. In addition, formation of
a 15/QM adduct would be unlikely due to the steric
bulk of 15.

— so, —

15

Enhanced Fragmentation by AHQ

Additional supporting evidence for SET anthraquin-
one reactions comes from a comparative study of the
reactions of model 16 under different pulping condi-
tions (19). This model produces quinone methide
17 in alkali at 150°C (Figure 5). The terminal hy-
droxyl group on the side chain is capable of reacting
with the QM intermediate to give cyclic product 18.
The rate of QM fragmentation can be "timed" relative
to the cyclization event by determining the relative
yields of guaiacol (3) and cyclized product 18.
Consequently, this "clock" reaction provides infor-
mation on the relative efficiencies of different pulp-
ing additives to fragment a lignin model.
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Figure 5. A clock reaction to determine relative effi-
ciencies of pulping additives (19).

Model 16 has been reacted under soda, kraft, and
soda/AHQ conditions; in each case the NaOH level
was the same, meaning that rate of cyclization should
be the same. All experiments showed the same rate
of disappearance of 16. This indicates a common
slow step, namely quinone methide formation. In
terms of product differences, AHQ gave high levels
of fragmentation, and little cyclization; soda was just



the reverse; and kraft conditions were in-between.
Thus, the fragmentation efficiency (delignification
effectiveness) was: AHQ > > kraft >> soda.

Additional studies with organic/water solvent mix-
tures showed that organic solvents greatly enhanced
the model fragmentation reactions with AHQ, but
had no effect with soda and kraft.

CONCLUSIONS

Electrochemical studies indicate that AHQ transfers
single electrons to quinone methides and that the re-
sulting QM: readily undergoes -aryl ether fragmen-
tation. The products obtained from high temperature
alkaline reactions of syringyl alcohol and a radical
probe lignin model demonstrate that radicals are
formed in the case of AHQ but not for kraft condi-
tions. The superior fragmentation efficiency of
AHQ, together with an observed synergistic effect
between AHQ and organic solvents, indicate that the
‘chemistry of AQ pulping is unique - SET.
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