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Reaction Mechanisms in Delignification of Pine Kraft-AQ Pulp
with Hydrogen Peroxide Using Mn(IV)-Me,DTNE as Catalyst
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Pine Kraft-AQ pulp was bleached with hydrogen peroxide catalyzed by [LMn(IV), (1-O)s](ClO,), at
80 °C for 120 min under optimum reaction conditions. The resulting bleached pulp was hydrolyzed
with cellulase to obtain insoluble and soluble residual lignins. The alkaline effluent from the bleaching
was acidified to precipitate alkaline soluble lignin. These lignin preparations were purified, and then
analyzed by 2D HMQC NMR spectroscopic techniques. The results showed that biphenyl (5—5) and
stilbene structures are preferentially degraded in the bleaching process, while -O-4, -5, and —f
structures undergo degradation only to a lesser extent. This implies that hydrogen peroxide bleaching
using the catalyst is more effective in delignification of softwood pulps than hardwood pulps. The
possible reaction mechanisms for the delignification of residual lignin in the pine Kraft-AQ pulp in the
bleaching process are discussed on the basis of the 2D HMQC NMR spectroscopic data and the
model compound experiments.
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residual lignins; alkaline soluble lignin; 2D HMQC NMR spectroscopic technigue; epoxidation of conjugated
double bonds
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It is well established that hydrogen peroxide becomes SN W o, YN
effective as a delignifying agent only at temperatures above 100 gﬁﬂﬁl\;iﬁ.&ynq (PFOOL _\\/Nﬂg\;}‘f,o«'yn:;?/ (10097
°C (1, 2). However, Odermatt et al3( and Cui et al. 4—6) 2N o S R I
showed that upon addition of a binucleus manganese complex
[LMn(IV)(1-0) sMn(IV)] (CIO.), (C-2) (Figure 1), where Lis ~ F2Vn(0aO5JCE00 (D M ORICI0; (€2

’ . T "

1,2-bis(4,7-dimethyl-1,4,7-triazacyclonon-1-yl)ethane Me MnV)Mes ] . ]
DTNE), at relatively low temperatures (380 °C), hydrogen L = 1.4.7-trimethyl-1.4,7- L = 1,2-bis-(4,7-dimethyl-1,4,7-
peroxide easily oxidizes nonphenolic lignin model compounds triazacyclononane triazacyclonon-1-yljethane

such as those witk-hydroxyl and conjugated double bonds ~Figure 1. Structures of binucleus manganese (IV) complexes.
that otherwise would not be oxidized by hydrogen peroxide.
Kinetics studies on pulp delignification using hydrogen peroxide
catalyzed byC-2 showed that selectivity and reactivity of
hydrogen peroxide as an oxidant is improved by the catalytic
effect of C-2. Odermatt et al. (3) postulated that a similar
binucleus manganese complex,1fIn(IV)(u-O)sMn(IV)L 4]
(PR)2] (C-1), where L is 1,4,7-trimethyl-1,4,7-triazacy-
clononane (MgTACN), is less effective as a catalyst th@n2

for the bleaching of pulps with hydrogen peroxide on the basis

of a literature review a.n.d expe_rlmental data. . compound experiments have established @G&tcatalyzes the
. Thg cafalysiC-2 glgn|f|cantly increases the degree 9f d?"g' oxidation ofa-hydroxyl groups to the correspondingcarbonyl
nification and the brightness, but decreases the viscosity sllghtly.groups as well as epoxidation of double bonds conjugated to

The increase in the reaction temperature slightly increases they .o\ ~tic fings including stilbene type structures (4). The

resulting epoxide intermediates then undergo anti-Markovnikov

h*T? WhOEW CorreSPOBdence should be addressed: E-mail: addition of hydroperoxide anions (HO®under the reaction
¢ $r|5§;:r?ﬁ%n?%f@/\rllggggng' Paper Science. conditions leading to oxidative cleavage of the double bonds.
* Department of Biochemistry. Conceivably, these reactions contribute appreciably to improving

degree of delignification in the catalytic process, but does not
appreciably affect the brightness. In the absence of a catalyst,
hydrogen peroxide has a much higher capability to act as a
nucleophile that attacks double bonds and carbonyl groups,
leading to degradation of the chromophoric groups3]. The
considerable increases in the degree of delignification and
brightness improvement achieved by addition of the catalyst
C-2 shows that the catalysis improves hydrogen peroxide not
only as an oxidant but also its reactivity as a nucleophile. Model
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the delignification C_’f residual lignins in pulps: The objective_ Table 1. Physical Characteristics of the Bleached Pulps Obtained from
of the present studies was, therefore, to elucidate the reactionthe Noncatalyzed and Mn(IV)-ME,DTNE (C-2)-Catalyzed Delignification

mechanisms in theC-2 catalyzed bleaching with hydrogen
peroxide by observing the structural changes occurred in the
residual lignin of pine Kraft-AQ pulp in the bleaching process
using advancedH-13C correlation 2D-NMR spectroscopic

techniques, such as the heteronuclear multiple-quantum coher-

ence (HMQC) sequence. In addition, the change in the molecular
mass distribution pattern of the residual lignin preparation was

studied because radical species, such as hydroxyl radicals, could

be involved in the bleaching process. This could lead to
dehydrogenative polymerization of phenolic lignin fragments.

MATERIALS AND METHODS

The Kraft-AQ southern pine pulp with Kappa number 26.5 was
provided by Covington mill of Westvaco Corporation. Degussa AG,
Hanau, Germany, supplied the catalysts used in this study.

Delignification of Pine Kraft-AQ Pulp with Hydrogen Peroxide
Catalyzed by Mn(IV)-Me ,DTNE (C-2). Kraft-AQ pulp (10 g, oven
dried) with pulp consistency of 3% in deionized water was placed in
a plastic bag. The pH of the pulp slurry was adjusted to 2.0 by
concentrated k80, and was immersed in a constant temperature water
bath at 70°C for 30 min. The pulp was removed from the bath, filtered,
washed thoroughly with deionized water, and then oven dried. The
Kappa number of the acid-washed pulp was 26.5. To a mixture of pulp
(6 g, oven dried), and 0.12 g of NaOH (2% on oven dried pulp) and
50 mL of deionized water in a 200 mL Erlenmeyer flask on a constant
temperature water bath was added 0.24 g g®H4% on oven dried
pulp) and 0.45 mL of 0.04 mg/mL Mn(IV)-M®TNE (C-2) solution
(10 ppm on oven dried pulp). An appropriate amount of deionized water
was then added to the resulting mixture to bring the pulp consistency
of 10% under vigorous mechanical stirring and the reaction temperature
was kept at 80C for 120 min with starting pH 11.5 and ending pH
10.9. The concentration ofJ, after bleaching was determined and it
was found that bO, was almost fully consumed. The kappa number,

of Pine Kraft-AQ Pulps with Hydrogen Peroxide at 60° and 80 °C for
120 min?

delignification

Kappa degree of viscosity GE

pulp samples no. delig. (%)° (mPa/s) brightness
original pulp® 26.5 21.3 25.8
uncat. delig. (60 °C) 19.8 25.3 173 30.1
uncat. delig. (80 °C) 19.6 26.0 16.8 36.2
C-2-cat. delig. (60 °C) 16.4 38.1 15.2 40.3
C-2-cat. delig. (80 °C) 15.1 43.0 14.9 43.1

a Reaction conditions: see experimental section. b Acid-washed pulp. ¢ Based
on Kappa number of the acid-washed pulp.

software. All measurements were carried outwat5 mmi.d. *H/BB
(1°°Ag-3'P) triple-axis gradient probe (Nalorac Cryogenic Corp.). The
operational frequency for théH nucleus was 500.128 MHz and
conditions for analysis included a temperature of 3R0a 9C° pulse
width of 10us, and a 1.5 s pulse delagh).

RESULTS AND DISCUSSION

C-2-Catalyzed Delignification of Pine Kraft-AQ Pulp with
Hydrogen Peroxide. The results of the pulp delignification
show (Table 1) that in noncatalyzed delignification, only
approximately 26% of the residual lignin can be removed. The
lignin removal is accompanied by a slight loss in the viscosity
and increase in the brightness. An increase in the reaction
temperature from 60 to 80C does not affect appreciably the
degree of delignification in the absence of the catalyst, but
results in an additional loss in the viscosity and increase in the
brightness. In addition, the optimum catalyst charge was
determined in the previous investigation as 10 ppm on @)Ip (

viscosity, and GE brightness were measured according to Tappi standard.e., 6 times lower than the value reported in the earlier study

T236, T230, and T452 (9), respectively.

Isolation and Purification of Residual Lignin and Purification
of Dissolved Lignins. The residual lignins were isolated from the
unbleached and bleached Pine Kraft-AQ pulps by treatment with
cellulase in acetate buffer solution (pH 4.5) according to the procedure
of Chang and co-worker9) to obtain the residual lignin from the
pine Kraft-AQ pulp (KRL), and the insoluble residual lignin (ISRL-B)
from the bleached pulp, respectively. A part of the residual lignins in
the bleached pulp was dissolved in the cellulase solution (pH 4.5) and
was recovered by acidification witlL M H,SO, solution to obtain the
soluble residual lignin (SRL-B) from the bleached pulp. The lignin in
the alkaline bleaching effluents was precipitated by acidifying the
effluent with 1 M H:SO, solution to obtain the alkaline soluble lignin
(ASL). The resulting lignin preparations were purified according to
the procedure described by Chang and co-workers (10). The yield of
ISRL-B and SRL-B was 15.1 and 45.6% per residual lignin in the Kraft-
AQ pulp. Elemental analysis: ISRL-B (C% 50.01, H% 5.46, N% not
detectable); SRL-B (C% 55.96, H% 6.36, N% 3.84). The SRL-B

(6).
Yields and Constituents of the Lignin Preparations
Obtained from Bleached Pine Kraft-AQ Pulps. The total yield

of lignin preparations isolated by the cellulase hydrolysis of
the bleached pine Kraft-AQ pulp (Kappa number 15.1) was
approximately 61%. The yield of the insoluble residual lignin
(ISRL-B) and soluble residual lignin (SRL-B) was 15.1 and
45.5% of residual lignin in the bleached pulp, respectively.
Although the yield of the SRL-B was much higher that that of
the ISRL-B, the nitrogen content in the latter was below the
detection limit while that in the former was 3.81%. Accordingly,
the contribution of protein contaminants to the yield of SRL-B
is 10.8% [=6.25x 0.0381(N%)x 45.5]. This was verified by
the 2D HMQC spectrum, which will be discussed later.
Consequently, the true yield of the SRL-B was 34.7% (
45.5%-10.8%). The yield of alkaline soluble lignin (ASL) from

contained ca. 23.8% of proteins as contaminants based on N% of thethe bleaching effluent was 22.3% of the residual lignin in the

elemental analytical data: protein content §25 x N%).

Gel Permeation Chromatography.Gel permeation chromatography
was performed on a Pharmacia FPLC system equipped with>a BO
cm i.d. Superdex-75 column. A lignin sample (5 mg) was dissolved in
5 mL of 0.1 M NaOH solution containing 0.5 M LiCl. The sample
solution was injected onto the column and eluted with 0.1 M NaOH
solution containing 0.5 M LiCl with a flow rate of 0.3 mL/min. The
eluent was monitored with a UV detector at 280 nm.

1H-13C Correlation 2D-NMR Spectroscopy. The NMR spectra
were recorded with a Bruker AVANCE 500 MHz spectrometer with
the Oxford narrow bore magnet after dissolving approximately 40 mg
of each lignin preparation in 0.75 mL of DMS@-containing 0.01%
TMS as internal standard. The system was controlled by the SGI INDY
host workstation and the data were processed using the XWINNMR

unbleached pine Kraft AQ pulp (Kappa number of 26.5). The
nitrogen content in the ASL was also below the detection limit.
Thus, approximately 72.1% of the residual lignin in the
unbleached pine Kraft AQ pulp was recovered as lignin
preparations after the bleaching. The fate of the remaining 28.9%
of the residual lignin in the unbleached pulp is not known.
However, it is likely that it consists mostly of volatile degrada-
tion products, which escaped from the reaction mixture during
the processes of bleaching and isolation.

Structures lIdentified in the Pine Kraft-AQ Residual
Lignin (KRL). The residual lignin (KRL) from the unbleached
pine Kraft-AQ pulp was characterized by the 28-13C HMQC
NMR technique. The oxygenated aliphatic region of the HMQC
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Figure 2. Major substructures in residual lignin preparations isolated from unbleached and bleached pine Kraft-AQ pulps and beaching effluent. L; =
H or lignin moiety; L, Ls, and L, = lignin moieties.

spectrum of KRL (Figure 3A) shows clearly that the KRL  70.0/3.52, and CH-5 of xylan backbor@® @t /oy 63.4/3.19.
contains arylglycerol-g-guaiacyl ether structures (8-O-4) (1), Inaddition, the cross-signals@t/oy 73.6/3.02, 74.2/3.29, 75.1/
phenylcoumarani:5) (2), and pinoresinolf—/) (3) structures 3.41, and 77.0/3.12 correspond to oxygenated CH groups of
(Figure 2). The presence dfis evidenced by the cross-signals carbohydrates. The spectrum also exhibits a cross-sigiaf at
atoc/oy 71.8/4.76, 84.6/4.28, and 60.2/3.56, corresponding to oy 102.6/4.23 corresponding to CH-1 of carbohydrates (not
CH-a, CH-f, and CH-yof 1, respectively (1112). The cross- shown inFigure 3A). This indicates that either the Kraft-AQ
signals atbc/oy 87.4/5.46 correspond to CHl-of 2 (13), while cook had not degraded the ligricarbohydrate complexes
those atoc/oy 85.2/4.62 and 71.2/4.13 correspond to CH-a/ completely or that the lignin—carbohydrate complexes were
CH-o' and CHy/CH-y' of 3, respectively. The signals for CHI- formed in the pulping process.

of 2 and 3 (dc/on 53.2/3.43 and 53.8/3.03, respectively) are Furthermore, the aromatic region of the HMQC spectrum of
overlapped with the very intense signal for the {&flAr-OCHjz KRL (Figure 3B) shows that the KRL also contains biphenyl
centered abc/0y 55.6/3.73, and are not discernible. Moreover, (5—5) structure 4), stilbene structure5), and also 55

the spectrum also exhibits cross-signals for CHxo3-O-4 structures with ax-carbonyl and/ooi-carboxylic acid group?).
structure with a benzyl ether bond between Guwod C-6 of The cross-signal centered &t/0n 120.6/6.68 corresponds to
pB-glucose unit 8) centered adc/oy 81.6/4.56 (1415), CH-6 CH-6/CH-6' of 4, while those atc/oy 112.2/7.53 andc/0n

of the glucose unit in lignircarbohydrate complexes @§/0y range of 126.3127.0/7.44-7.60 correspond to CH-2 and CH-6
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Figure 3. 2D HMQC NMR Spectra of residual lignin (KRL) prepared from the unbleached Pine Kraft-AQ pulp. (A) Oxygenated aliphatic region; (B)

aromatic region. Solvent: DMSO-ds.
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Figure 4. 2D HMQC NMR Spectra of insoluble residual lignin (ISRL-B) prepared from the bleached Pine Kraft-AQ pulp. (A) Oxygenated aliphatic region;

(B) aromatic region. Solvent: DMSO-ds.

of etherified7, respectively 16—18). The signals aic/oy 120.3/
7.26 and 128.4/7.32 correspond to CH-6 and =€EH- groups

in 5, respectively (16). No cross-signals corresponding to

guaiacyl groups with a-carbonyl ora-carboxylic acid group

(6) were identified in the spectrum. It is evident that both
biphenyl @) and stilbeneX) structures are among the abundant
structures in the pine Kraft-AQ residual lignin (KRL).

Structures ldentified in the Insoluble Residual Lignin

(ISRL-B) from the Bleached Pulp. The oxygenated aliphatic

region of the 2D HMQC NMR spectrum of ISRL-B-igure
4A) shows that the ISRL-B also contaiisO-4, 3-5, andf—f
structures{, 2, and3). However, the signals for these structures appreciable decrease in the intensity of signals for structures
are somewhat less intense than the corresponding signals in th@, and3 is observed in the spectrum.

spectra of KRL. Although the spectrum does not exhibit the

cross-signals for CH-cf structure8 centered atc/oy 81.6/
4.56, it shows signals for CH-6 of glucose unit in ligrin

carbohydrate complexes at/dy 69.5/3.52, CH-5 of xylan
backbone (9) abc/oy 62.6/3.21, and oxygenated CH groups
of carbohydrates alc/0y range of 72.0—74.5/3.25—3.55. This
indicates that the bleaching does affect, to some degree, the
degradation of the benzyl ether bonds in the structural 8pe
and lignin—carbohydrate complexes. In addition, the spectrum
shows new cross-signals in the/on range of 61.6-67.5/4.00—

4.50 corresponding to oxygenated £&hd CH groups. These
signals must be derived mostly by way of oxidative cleavage
of aromatic rings and/or oxidative degradation of LCCs and, to
lesser extent, oxidative cleavage of side chain because no

In the aromatic region of the spectrufFigure 4B), the cross-
signals centered aic/0y 120.6/6.68, and 120.3/7.26 are not
discernible, in contrast to the corresponding spectrum of KRL.
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Figure 5. 2D HMQC NMR Spectra of soluble residual lignin (SRL-B) prepared from the bleached Pine Kraft-AQ pulp. (A) Oxygenated aliphatic region;
(B) aromatic region. Solvent: DMSO-ds.
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Figure 6. 2D HMQC NMR Spectra of alkaline soluble lignin (SRL) prepared from the alkaline bleaching effluent. (A) Oxygenated aliphatic region; (B)
aromatic region. Solvent: DMSO-dg.

These signals correspond to CH-64and5, respectively. In an epoxide intermediate, followed by anti-Markovnikov addition
addition, the intensity of signals &t/oy range of 125—127/ of hydroperoxide anions (HOQ under the reaction condition,
7.0—7.5, corresponding to etherified CH-6 @f increases leading to oxidation cleavage of the -€#CH- bond with
considerably. This cross-signal was shown to correlated to theformation of benzaldehyde derivatives of the type(6).
cross-signal centered aic/oy 112.2/7.53, corresponding to  However, no signals of stilbene structufesvere observed in
CH-2 of 7, by the corresponding 2D HBQC spectrum (the the spectrum. Thus, the oxidative cleavage of the alkenic double
spectrum not shown). The absence of the signal for CH® of bond in5 cannot account for all the stilbene structures (5)
indicates that there is no contribution of the alkenic CH,imo degraded. Structures of the typenust also undergo oxidative
which these signals correspond. The spectrum also shows signalsleavage of aromatic rings in addition to the oxidative cleavage
of CH-2 and CH-6 of an etherified guaiacyl structure with a of conjugated double bonds.

a-carbonyl and/oni-carboxylic acid group (6). The structures Structures Identified in the Soluble Residual Lignin (SRL-

6 could be partly derived from oxidative cleavage of double B) from the Bleached Pulp. As discussed previously, the
bonds in the stilbene structure (5). Thus, it is evident that most SRL-B contains approximately 24% of protein contaminants
of the 5-5 and stilbene structured &nd5) undergo oxidative derived from cellulase, according to elemental analysis. In the
cleavage of both side chains and aromatic rings in the bleaching.oxygenated regions of the spectrufigure 5A), the cross-
The -CH=CH- bond irb would undergo epoxidation to give  signals abc/oy 48.4/4.23, 49.6/4.54, 51.8/4.28, 55.2/4.31, 57.8/
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A. Catalytic Cycle for C-2-Catalyzed Oxidation of -Arylether Structures (1)
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B. Overall Reaction Mechanisms
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Figure 7. Catalytic cycle and reaction mechanisms for oxidative degradation of 3-aryl ether (5-O-4) structures (1).

4.22, and 66.2/4.00 are from the protein contaminants. Similarly, of signals corresponding to CH-6 of structBeand CH-2 in
in the aromatic region of the spectruiigure 5B), the cross- structure7 imply that there is no contribution of -GHCH- of
signals ab /oy 111.4/7.33, 115.0/6.64, 118.4/6.98, 118.4/7.57, 5 and CH-6 of both phenolic and etherifédo the intensity of
121.0/7.06, 123.7/7.14, 126.4/7.18, 128.6/7.23, and 130.1/7.02signals atdc/oy range of 123—130/7—7.3. Consequently, the
are also from the protein contaminants. These are verified by signals of protein contaminants do not interfere with the analysis
comparing the spectra of SRL-B with the corresponding spectra of the spectra in this spectral region. It is apparent, therefore,
of cellulase. that both 5—5 and stilbene structure4 é&nd 5) undergo
Despite the contamination, the spectrum can be analyzed. Inintensive, oxidative degradation in the bleaching in addition to
the oxygenated aliphatic region of the 2D HMQC spectrum the degradation of-O-4, 5-5, andS—{ structures 1, 2, and
(Figure 5A), very weak cross-signals corresponding to @H-  3). As discussed previously, the stilbene structures (5) undergo
and CH-gof the 3-O-4 structure (1) are discernible, but none oxidative cleavage of double bonds by way of epoxidation as
of the signals fop3-5 andp—p structures (&and3) are present.  well as oxidative cleavage of aromatic rings.
In addition, no cross-signal for CH-5 of xylan backbor®d ( Structures Identified in the Alkaline Soluble Lignin (ASL)
andpS-0-4 structure with a benzyl ether bond between @nd from the Bleaching Effluent. The oxygenated aliphatic region
C-6 of glucose (8) are detected. This could have resulted from of the 2D HMQC NMR spectrum of ASLHigure 6A) shows
hydrolysis of carbohydrates by cellulase, although these signalsthat the alkaline soluble lignin (ASL) contains rather appreciable
are present in the corresponding spectrum of ISRIFBre amounts of5-0-4, 5-5, andp—f structures (12, and3). The
4A). The nature of other signals is not identified. spectrum also exhibits the signals for CH-5 of the xylan
In the aromatic region of the spectruigure 5B), none of backboneg) and CH-6 of glucose units in lignincarbohydrate
cross-signals corresponding to CH-6 of-% and stilbene complexes, in addition to oxygenated CH groups of carbohy-
structures (4and5) is discernible. However, signals of CH-2, drates. Thus, it is evident that the ASL also contains considerable
CH-5, and CH-6 of guaiacyl groups are observed. The absenceamounts of fragments derived from degradation of lignin
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Figure 8. Overall reaction mechanisms for oxidative degradation of phenylcoumaran (5-5) structures (2).

H;CO
OL; OL
4
H® |3 C-2-Catalyzed
4™X2  Epoxidation
CO0®
H;CO C co H;CO
OL; \_ 00
4o OOOH
Anti-Markovnikoy
addition of HOO ©
Ly ©oocC Ly Ly Ly
H-Q 2 3
SN + OHC/‘\2
- ’ COOH COOH OH
H;CO 5 830@ H;CO ¢’ H,CO o
oL, @ OL; O OL; O
af 4g 4h 4i

Figure 9. Overall reaction mechanisms for oxidative degradation of biphenyl (5-5) structures (4).

carbohydrate complexes, although it does not contain the benzyl Possible Reaction Mechanisms in the Delignification of

ether bond of the typ8. Lignin Substructures in the Residual Lignin. In the degrada-
The aromatic region of the spectrum (Figure 6B) exhibits tion of 5-O-4 structuresX) (Figure 7), the hydroperoxide anion
only very weak cross-signals for CH-6 of-5 structures4) (HOO) initially attacks one of the Mn(lV) atoms to cleave

and stilbene structure®), in addition to a very weak signal  one of the thre@—O bonds. This gives the catalyst intermediate
corresponding to the -CH=CH- &. However, the spectrum  C-2awith one Mn(IV) atom being bonded to an -OOH group,
exhibits cross-signals corresponding to CH-2 of guaiacyl and and the other Mn(IV) atom to an -Ggroup. The Mn(1V)-OOH
5-—5 structures witha-carbonyl groups in structure§ and group then abstracts one electron from an aromatic ririgtof
etherified 7. The structure$ could be partly derived from produce a corresponding aryl cation radial with concomitant
oxidative cleavage of double bonds in stilbene struct&je ( single-electron-transfer to the @gly» orbital of the g(c*) set
Signals corresponding to CH-2, CH-5, and CH-6 of guaiacyl of Mn (IV) nucleus (9, 20), which is the now the highest
groups are observed in the spectrum. Here again, it is evidentoccupied molecular orbital (HOMO) and the oxidation state of
that most of 5—5 and stilbene structures gnd 5) undergo the Mn atom is reduced to the catalyst intermed@{2b with
oxidative degradation. the oxidation state of Mn(lll). The Mn(lll) nucleus in turn
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Figure 10. Overall reaction mechanisms for oxidative degradation of
stilbene structures (5).

transfers one electron from thg(e*) orbital to the Mn(lIl)-
O—OH bond with concomitant release of a hydroxyl radical
(HO-) that attacks @ centered radical species resulting from
Cy—Cjg bond cleavage of the aryl cation radialin a concerted
reaction to give fragment$b and 1c, with transferring of a
proton (H") to the catalyst intermediat@-2b to give the catalyst
intermediateC-2c. Thus, the Mn(lll) is oxidized back to the
oxidation state of Mn(lV). The fragmeritc then undergoes
hydrolysis to produce a phenol fragmétand glycolaldehyde
(1e). Elimination of a hydroxide anion (HQfrom the catalyst
intermediateC-2c gives the catalysSt-2, completing one cycle
of catalysis. The proposed catalytic cycle is consistent with the
results of Gilbert et al. (21) and Hage et &2j.

The degradation of-5 structures (2) is similar to that of
B-0-4 structures (1). However, as shown Hkigure 8, a
hydrolysis of intermediat@b is required after ¢—Csz bond
cleavage of the aryl cation radidh with concomitant attack
of hydroxyl radical on a @3 centered radical intermediate. This
gives intermediat@c, which undergoes hydrolysis to produce
aryl aldehyde and phenol fragme@d and2e. The mechanism
for degradation ofs—pf structures (3) is similar with that of
[-5 structures (2).
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The degradation of 5—5 structures (4) involves epoxidation
of aromatic rings (Figure 9). The aryl cation radicdla
undergoes a concerted attack by hydroxyl radical on C-3,
followed by nucleophilic attack of the resulting-©H group
on C-4 to produce epoxide intermediatdh and catalyst
intermediateC-2¢. The epoxide intermediath then undergoes
nucleophilic attack of hydroperoxide anion (HOXat C-3 in
alkaline solution to give peroxyl-hemiactal intermedidte The
ring cleavage between C-3 and C-4afwith concomitant base-
catalyzed hydrolysis of the resulting ester groups produces
muconate anion intermediadel that undergoe€-2-catalyzed
epoxidation to give 4,5-epoxy-2-hexenedioate anion intermediate
4e. Anti-Markovnikov addition of hydroperoxide anion on C-5
of 4e, followed by C-C bond cleavage between C-4 and C-5
of the resulting 5-hydroxyperoxyl-4-hydroxyl-2-hexenedioate
anion intermediatéf, produces benzoyl formic acid fragment
4g and 3-formyl-2-propenoic acid fragmedh. The former
undergoes further oxidative decarboxylation to give benzoic acid
fragment4i, while the latter undergoes degradation involving
the double bond. Thus; 55 structures4) are almost completely
degraded, as evidenced by the fact that almost no cross-signals
corresponding to CH-6/CH-6 of is discernible in aromatic
region of 2D HMQC spectra of ISRL-B, SRL-B, and ARL
preparations. The 55-structures (¥belong to symmetry species
point group C, (23). The Cy-axis passes through the bond
between the two aromatic rings and bisects the angle between
the two planes containing these rings. Although the structure is
dissymmetric with respect to the, axis, the axis bisects the
structure in two parts. Because of this stereochemistry, it is
conceivable that the aromatic ring 4fundergo the oxidative
cleavage more readily than those of other lignin substructures;
the catalyst is trapped by the stereochemistry and electron
configuration of4.

In the degradation of stilbene structur&$ (Figure 10), the
aryl cation radicabais an extended conjugated system, & C-
centered cation radical species. The attack of hydroxyl radical
to the C-/ followed by nucleophilic attack of the resulting~C
OH group on Cet with concomitant transfer of a proton to the
catalyst intermediate produces the diaryl-epoxide intermediate
5b and the catalyst intermedia@2c. A nucleophilic attack of
hydroxide anion (HO) on C-a produces the 1,2-diol intermedi-
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Figure 11. Molecular mass distribution of lignin preparations. KRL, residual lignin from the unbleached Pine Kraft-AQ pulp; ISRL-B, insoluble residual
lignin from the bleached Pine Kraft-AQ pulp; ASL, alkaline soluble lignin from the alkaline bleaching effluent.
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