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[57) ABSTRACT 

A method for delignifying wood pulp is disclosed. The 
method comprises the steps of obtaining a wood pulp 
and exposing the wood pulp to a polyoxometalate of the 
formula [VnMomW1Nb0Tap(TM)q(MG),O,J>:- where n 
is 1-18, mis 0-40, I is 0-40, o is 0-10, pis 0-10, q~6. 
r~6. TM is ad-electron-containing transition metal ion, 
and MG is a main group ion, provided that 
n + m + o +I+ p ~ 4 and s is sufficiently large that x>o. 
The exposure is under conditions wherein the polyox
ometalate is reduced. In a preferable form of the inven
tion, the method additionally comprises the step of 
reoxidizing the polyoxometalate. 

13 Claim.s, 18 Drawing Sheets 
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Polyoxometalates. Polyoxometalates are discrete pol
DELIGNIFICATION OF WOOD PULP BY 

VANADIUM-SUBSTITUTED 
POLYOXOMETALATES 

5 
FIELD OF THE INVENTION 

The field of the present invention in general is the use 
of transition metal-derived agents in the delignification 
of wood or wood pulp. Specifically, the field of the 
present invention is the use of vanadium-substituted 
polyoxometalates in wood pulp bleaching. 

BACKGROUND OF THE INVENTION 

Pulping. The transition of a tree into paper involves 15several discrete stages. Stage one is the debarking of the 
tree and the conversion of the tree into wood chips. 
Stage two is the conversion of wood chips into pulp. 
This conversion may be by either mechanical or chemi
cal means. 

Bleaching is the third stage. Delignification is the first 
step in the bleaching of chemical pulps. Lignin, a com
plex polymer derived from aromatic alcohols, is one of 
the main constituents of wood. During the early stages 
of bleaching, residual lignin, which constitutes 3-6% of 25
the pulp, is removed. Currently, this is typically done 
by treatment of the pulp with elemental chlorine at low 
pH, followed by extraction with hot alkali. Once a 
significant portion of the residual lignin has been re
moved, the pulp may be whitened, by a variety of 
means, to high brightness. Chlorine dioxide is com
monly used in the brightening step. 

Although chlorine compounds are effective and rela
tively inexpensive, their use in pulp mills results in the 
generation and release of chlorinated organic materials, 35 
including dioxins, into rivers and streams. Due to in
creasing regulatory pressures and consumer demand, 
new, non-chlorine bleaching technologies are urgently 
needed by manufacturers of paper-grade chemical 
pulps. 

In recent years, attention has been drawn to the po
tential use of enzymatic processes associated with fun
gal degradation of lignin to develop environmentally 
friendly technologies for the pulp and paper industry. In 
many wood-rotting fungi, extracellular metalloenzymes 45 
such as glyoxal oxidase, a copper-containing oxidase, in 
combination with lignin and manganese peroxidases, 
both of which contain iron in a protoheme active site, 
harness the oxidative capability of dioxygen and direct 
its reactivity to the degradation of lignin within the 
fiber walls. In this biochemical process, high valent 
transition metal ions serve as conduits for the flux of 
electrons from lignin to dioxygen. 

Therefore, transition metal ions are known to possess 
redox properties that are useful in the delignification SS 
and bleaching of lignocellulosic materials. However, 
the behavior of transition metal ions in water is often 
difficult to control. In aqueous solution, complex equi
libria are established between ionic hydroxides and 
hydrates, as well as between accessible oxidation states 
of the metal ions. In addition, many transition metal 
oxides and hydroxides have limited solubilities in water, 
where the active metals are rapidly lost from solution as 
solid precipitates. Wh~t is needed in the art of pulp 
bleaching is a reusable transition metal-derived bleach- 65 
ing agent composed of relatively inexpensive and non
toxic materials that is suitable for use in a bleaching 
procedure. 

ymeric structures that form spontaneously when simple 
oxides of vanadium, niobium, tantalum, molybdenum or 
tungsten are combined under the appropriate conditions 
in water (Pope, M. T. Heteropo/y and Jsopo/y Oxometa
lates Springer-Verlag, Berlin, 1983). In a great majority 
of polyoxometalates, the transition metals are in the d0 

electronic configuration which dictates both high resis
tance to oxidative degradation and an ability to oxidize 
other materials such as lignin. The principal transition 
metal ions that form polyoxometalates are tungsten(VI), 
molybdenum(VI), vanadium(V), niobium(V) and tan
talum(V). 

Isopolyoxometalates, the simplest of the polyox
ometalates, are binary oxides of the formula £Mm0y)P-, 
where m may vary from two to over 30. For example, 
ifm=2 and M=Mo, then the formula is [Mo2<n]2-; if 
m=6, then [Mo6019]2-; and if m=36, then [Mo3. 
60112]8-. Polyoxometalates, in either acid or salt forms, 
are water soluble and highly resistant to oxidative deg
radation. 

Heteropolyoxometalates have the general formula 
(XxMmOy)P- and possess a heteroatom, X, at their cen
ter. For example, in the a-Keggin structure, a-[PW
12040]3-, X is a phosphorus atom. The central phospho
rus atom is surrounded by twelve W06 octahedra. 

Removal of a (M=0)4+- moiety from the surface of 
the a-Keggin structure a-(PM12040]3-, where M is 
molybdenum or tungsten, creates the ''lacunary" a
Keggin anion, a-[PM11039)7-. The lacunary a-Keggin 
ion acts as a pentadentate ligand for redox active transi
tion metal ions, such as· vanadium(V) in a
[PVW 11040]4-. Further substitution is also possible, 
giving anions of the form [XxM'm,MmOy]P-, such as 
[PV2Mo10040]5-. The redox active metal ions are 
bound at the surface of the heteropolyanions in much 
the same way that ferric ions are held within the active 
sites of lignin or manganese peroxidases. However, 
while stabilizing the metal ions in solution and control
ling their reactivity, the heteropolyanions, unlike en
zymes or synthetic porphyrins, are highly resistant to 
oxidative degradation (Hill, et al., J. Am. Chem. Soc. 
108:536-538, 1986). 

Previously, polyoxometalates have been used as cata
lysts for oxidation under heterogeneous and homogene
ous conditions, analytical stains for biological samples, 
and for other uses still in development. The use of po
lyoxometalates in pulp bleaching has neither been de
scribed nor suggested. 

SUMMARY OF THE INVENTION 

In the present invention a variety of vanadium(V) 
substituted polyoxometalates are used as bleaching 
agents. 

The general formula for a polyoxometalate useful in 
the present invention is [V11MOmW1NboTap(TM)q(MG
),05Jx- where n is 1-18, mis 0-40, I is 0-40, o is 0-10, p 
is 0-10, q~6. r~6. TM is ad-electron-containing transi
tion metal ion, and MG is a main group ion, provided 
that n+m+o+l+pii;;4 and s is sufficiently large that 
x>o. The present invention is a method of delignifying 
pulp comprising the steps of obtaining a wood pulp and 
exposing the wood pulp to a polyoxometalate of the 
above general formula under conditions wherein the 
polyoxometalate is reduced. 

Preferably, the wood pulp is exposed to a polyox
ometalate of the formula [VnOr]x-, where n ~4. r~ 12 
and x=2r-5n, or [VnMomWo(TM)p(MG),Pr]x-, 
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where TM is any d-electron-containing transition metal FIG. 7b is a plot of E vs A for pulps obtained after 
ion, MG is a main group ion, l~n~8. n+m+o~l2 stages VE and AE is Example 4. 
and p+q::i!4, or lVnMomWo(MG),O,Jx- where MG is FIG. 8 is a plot of E vs A for pulps obtained after 
either ps+, Ass+, or S6+, l~n:a:9, n+m+o=18 and stages VE and AE in Example 5. 
p=2. FIG. 9a is an FT Raman plot of untreated mixed pine 

The present invention is also a method of delignifying Kraft pulp. 
pulp comprising the steps of obtaining a wood pulp; FIG. 9b is an FT Raman plot of commercially 
exposing the wood pulp to a compound of the general bleached softwood Kraft pulp. 
formula, wherein the polyoxometalate is reduced; and FIG. 9c is an FT Raman plot of pulps obtained after 
then oxidizing the reduced polyoxometalate. 10 each stage ofa AEP control sequence (no polyoxometa

Preferably, the reduced polyoxometalatc is reoxi latcs). Spectra were obtained after A, AE and AEP 
dized with an oxidant selected from the group consist stages of Example 1. 
ing of air, dioxygen, hydrogen peroxide and other or FIG. 9d is an FT Raman plot of pulps obtained after 
ganic o~ inorganic peroxides (free acid or salt forms), or each stage of a VEP sequence. Spectra were obtained 
ozone. IS after V, VE and VEP stages of Example 1. 

It is an object of the present invention to delignify FIG. 10 is a Uv-vis, E vs A. plot, of solutions of com
hardwood and softwood pulp. pound l partially reduced by use in bleaching (red) and 

It is an additional object of the present invention to subsequently reoxidized by air (ox). 
dclignify pulp using a polyoxometalate. FIG. 11 is a ltp NMR spectrum of a solution of com

It is an additional object of the present invention to 20 pound 2 dissolved in a mixture of water and D20. Phos
employ an oxidant in the bleaching of pulp that may be phoric acid was added as an internal reference. 
regenerated by reoxidation of its reduced form. 

DESCRIPTION OF THE INVENTIONIt is a feature of the present invention that suitable 
polyoxometalates may be reoxidizcd with an oxidant The present invention is a method for removing sub

25selected from the group consisting of air, dioxygcn, stantial quantities of residual lignin from pulp. As such, 

hydrogen peroxide and other organic or inorganic per it is an effective alternative to chlorine and plays a simi

oxides (free acid or salt forms), or ozone. These oxi lar role in the bleaching process. 

dants arc more environmentally friendly than chlorine 


In Generalcompounds. 30 
It is another feature of the present invention that a The first step in the present invention is the produc

polyoxometalate compound may be used as an oxidant tion of a wood pulp. Wood pulps may be produced by 
in a repeated bleaching sequence. any conventional chemical method, including both 

Other features, objects and advantages of the present kraft and non-kraft pulps. Suitable pulp production 
invention will become apparent upon examination of 35 methods are described in "Pulp and Paper Manufac
the specification, claims and drawings. ture," 2nd Edition, Volume I, The Pulping of Wood, 

R.G. Macdonald and J.N. Franklin Eds., McGraw-Hill 
DESCRIPTION OF THE FIGURES Book Company, New York, 1969. 

FIG. 1 is a structural drawing of two polyoxometa- Wood pulps are generally divided into softwood 
]ates. FIG. la is a Keggin structure of the formula 40 pulps (e.g., pine pulps) and hardwood pulps (e.g., aspen 
[(Xn+)M12040J<S-n)-. FIG. lb is a Wells-Dawson pulps). Softwood kraft pulp is the most difficult to 
structure of the formula ((Xn+)2Mu062]<16-2n)-. The delignify because Jignin is more abundant in softwoods 
heteroatoms, Xn+, in these two structures reside in than in hardwoods. Due to structural differences, 
internal tetrahedral cavities and have been omitted in largely attributable to the lower average number of 
the drawing for clarity. 4S methoxy groups per phenyl ring, softwood lignin is Jess 

FIG. 2a is a plot of E vs A for pulps obtained after susceptible to oxidative degradation. The Examples 
stages V and A in Example 1. below describe the efficiency of the method of the pres-

FIG. lb is a plot of E vs A for pulps obtained after ent invention with softwood kraft pulp. However, the 
stages VE and AE in Example 1. present invention is suitable for delignification of hard-

FIG. le is a plot of E versus A for pulps obtained after so wood pulps also. 
stages VEP and AEP in Example 1. In the P stage, 40% 

Polyoxometalate Bleaching System HiOi/O.D. pulp was used. 
FIG. 3 is a comparison of untreated Kraft pulp with The next step of the present invention is the exposure 

pulps obtained after V and A (FIG. la.). of the pulp to a polyoxometalate. Polyoxometalates 
FIG. 4 is a plot of E vs A for pulps obtained after ss suitable for the present invention are applied as stoichio

stages VEVE, AEAE, VEVEP and AEAEP in Exam- metric oxidants, much as chlorine and chlorine dioxide 
pie 2. In the P stage, 10% H20:z/O.D. pulp is used. are currently. The general formula lVnMomW1N

FIG. 5 is a comparison of VEP (40% H20i/O.D. b0Tap(TM)q(MG),05}x- where n is 1-18, mis 0-40, I is 
pulp in P) and VEVEP (10% H20:z/O.D. pulp in P) 0-40, o is0-10, pis0-10, q~6, r~6. TM isa d-electron
with AEP (40% H20:z/O.D. pulp in P) and AEAEP 60 containing transition metal ion, and MG is a main group 
(10% H2i/O.D. pulp in P). ion, provided that n+m+o+l+p5::4 and s is suffi-

FIG. 6a is a plot of E vs A for pulps obtained after ciently large that x>o. In this general formula, it is 
stages V and A in Example 3. crucial that the vanadium ions are in their highest (d0, 

FIG. 6b is a plot of E vs A for pulps obtained after +5) oxidation state. MG is typically B3+, AJ3+, Si4+, 
stages VE, AE, VEP and AEP in Example 3. In the P 65 Ge4+, ps+, Ass+ or S6+. 
stage, 40% H202/0.D. pulp was used. Preferably, the polyoxometalates are of one of three 

FIG. 7a is a plot of E vs A. for pulps obtained after different formulas that are subsets of the general for-
stages V and A in Example 4. mula: 
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Formula 1, an isopolyvanadate, is (VnO,]i-, where 
n~4, r~ 12 and x=2r-Sn. N86(V1o02s], compound 4 
in the Examples below, is an example of a sodium salt of 
a polyoxometalate of this formula. 

Formula 2, the Keggin structure, is (VnMOm-
Wo(TM)p(MG)qO,Jx-, where TM is any d-electron
containing transition metal, MG is a main group ion, 
l:in~8, n+m+o:i 12 and p+q~4. Hs[PV2Mo1o040], 
compound 1, is an example of an acid of this formula. 
N&4[PVW11040), compound 2, is an example of a so
dium salt. 

Formula 3, the Wells-Dawson structure, is (VnMOm. 
Wo(MG)p,Jx- where MG is either ps+, Ass+, or S6+, 
l~n~9. n+m+o= 18, and p=2. H9[P2V;W1s062], 
compound 3, is an example of this structure. Although 
many other possible structural formulas are known, 
these structures are suitable since they are the most 
well-known and some of the easiest to obtain. 

FIG. I is a diagram of two polyoxometalates of the 
formulas [(Xn+)M12040]<8-n)- and 
[(Xn+)2M1s062](16-2n)-. 

Polyoxometalate salts are generally water soluble 
(hydrophilic). However, hydrophobic forms can be 
made easily and are suitable for use in selective bleach
ing with solvents other than water. Some cations suit
able for formation of hydrophobic forms are defined in 
U.S. Pat. No. 4,864,041 (inventor: Craig L. Hill). 

The polyoxometalate of the present invention is typi
cally in an acid, salt or acid-salt form. For example, 
compounds I and 3 are in acid form. Suitable cations for 
salt formation are Li+, Na+, K+, Cs+, Nff4+ and 
(CH;)4N+ which may be replaced in part (acid-salt 
form) or in full (acid form) by protons (ff+). For exam
ple, polyoxometalate compounds 2 and 4 have a sodium 
counter ion. The listed cations are sensible choices, but 
there are others that are available and cost effective. 

The present invention involves the step of oxidative 
degradation of residual lignin by the polyoxometalates. 
Another embodiment of the present invention addition
ally has the step of regeneration of the polyoxometa· 
lates with chlorine-free oxidants. In the first step (eq. 1), 
mixtures of water, pulp and a fully oxidized polyox
ometalate (Pox), are heated, preferably in a sealed vessel. 
During the reaction, the polyoxometalate is reduced, as 
the lignin-derived material within the pulp is oxidized. 
The reduced polyoxometalate (P red) must be re-oxi
dized before it can be used again. This is done by treat
ing the polyoxometalate solution with chlorine-free 
oxidants such as air, dioxygen, hydrogen peroxide and 
other organic or inorganic peroxides (free acid or salt 
forms), or ozone (eq. 2). Alternatively, reoxidation (eq. 
2) could be performed at the same time as reduction (eq. 
1), thus omitting the necessity for two separate steps. 

(1)
Pulp+P-Bleached Pulp+Prw1 

(2) 

As described below in the examples, aqueous polyox
ometalate solutions, preferably 0.001 to O.lOM, are pre
pared with a pH of 1.S or higher. The polyoxometalate 
may be prepared as in references given in the Examples 
or by other standard procedures. Pulp is added to the 
polyoxometalate solution to a consistency of approxi
mately 1-12%. The mixture is heated in a sealed vessel 
either in the presence or absence of oxygen (V stage). 
The temperature and duration of polyoxometalate treat
ment will depend upon other variables, such as the 
nature of the pulp, the pH of the polyoxometalate solu

tion and the nature and concentration of the polyox
ometalate. 

An attractive feature of polyoxometalates is that they 
are reversible oxidants and could thus function as medi
ating elements in a closed-loop bleaching system in 
which used polyoxometalate solutions are regenerated 
by treatment with chlorine-free oxidants. Example 9a 
below describes the comparison of the oxidative poten
tial of the vanadium(V)/vanadium(IV) couple with 
other oxidants, indicating that vanadium (IV) is thermo
dynamically capable of reoxidation by all of these oxi
dants. 

To oxidize the reduced polyoxometalate, the polyox
ometalate solution is collected after the reaction is com
plete, titrated with eerie ammonium sulfate to deter
mine the extent ofpolyoxometalate reduction, and reox
idized. Titration with eerie ammonium sulfate is useful 
for monitoring the reduction of the polyoxometalate 
solutions, but is not an essential part of the bleaching 
process itself. The oxidant is preferably air, dioxygen, 
peroxides, or ozone. 

The pulps are washed with water and extracted for 
1-3 hours at 60°-100° C. in 1.0% NaOH (E stage). The 
cycle may be repeated in a VEVE sequence, followed 
by an alkaline hydrogen peroxide (P) stage. For the P 
stage, typically 30% aqueous hydrogen peroxide is 
added to a mixture of pulp and dilute alkali to give a 
final pH of approximately 9-11 and a consistency of 
1-12%. The mixture is then heated for 1-2 hours at 
60°-85° C. The quantity of hydrogen peroxide, defined 
as weight percent relative to the O/D. (oven dried) 
weight of the pulp may vary from 1-40%. 

In the bleaching of chemical pulps, the polyoxometa· 
!ates react with lignin to render it more susceptible to 
extraction with hot alkali. Since many pulping pro
cesses, including the Kraft process, require cooking 
wood chips in hot alkali, we envision that polyoxometa· 
!ates will be useful in commercial pulping because of the 
role that polyoxometalates play in the bleaching of 
Kraft pulp. Thus, the present invention includes treat
ing wood chips or wood meal with polyoxometalates, 
under conditions analogous to those used in the V stage 
of the bleaching process, and then pulping the wood 
chips or meal under alkaline conditions. The result is 
that greater reductions in lignin content are found, after 
alkaline pulping, in polyoxometalate treated wood, than 
in wood pulped under the same conditions, but with no 
polyoxometalate pre-treatment. 

EXAMPLES 

Bleaching of chemical pulps. Representative com
plexes from three classes of vanadium-containing po
lyoxometalates, differing from one another in both com
position and structure, were evaluated. The complexes 
evaluated were as follows: a phosphomolybdovanadate, 
Hs[PV2Mo1o040] (compound 1) (Kozhevnikov, I. V., et 
al. Russian Chemical Reviews, S1:107S-1088, 1982); the 
phosphotungstovanadates N84[PVW 11040] (compound 
2) (Kuznetsova, L. I., et a]., Jnorganica Chimica Acta, 
167, 223-231, 1990) and H9[P2V3W1s062] (compound 
3) Finke, R.G., et al, J. Am. Chem. Soc. 108, 2947-2960, 
1986); and an isopolyvanadate, N86[V1o02s] (compound 
4). 

To demonstrate the effectiveness of the polyoxometa
lates, the amount of residual lignin remaining after the 
polyoxometalate treatment was monitored. Positive 
results, relative to controls, are more pronounced after 
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subsequent extraction of the pulp with 1.0% aqueous area under the curve decreases. The spectra are dis
NaOH (VE sequence). In several cases, the VE sequen played as comparisons of polyoxometalate treated pulps 
ces were followed by an alkaline hydrogen peroxide and control pulps at specified stages of the bleaching 
stage (P stage) to demonstrate that the polyoxometalate sequence. Sets of spectra were obtained for each of the 
treated pulps are easier to brighten than the control 5 bleaching Examples 1-S and are presented at FIGS. 
pulps. In one case, a VEVEP sequence was carried out 2-8. 
to demonstrate that the effectiveness of the polyox FT Raman spectroscopy. FT Raman spectra were 
ometalate treatment can be greatly enhanced by using a obtained from solid pulp samples after each stage V, VE 
repetitive sequence. and VEP, and after the control sequences fl., AE and 

General method. Bleaching experiments were carried 10 fl.EP, for a bleaching experiment using Hs[PV2Mo1
out as follows: Aqueous polyoxometalate solutions, 0.01 
to 0.10 M, were prepared. The pH of each solution was 
adjusted to 1.S to 2.S. Mixed pine Kraft pulp (kappa 
number=33) was then added to the polyoxometalate 
solution to a consistency of approximately 3.0% and the 15 
mixtures heated at 100° C. for four hours in a sealed 
vessel (V stage). In some cases the reactions were run 
anaerobically, under nitrogen. 

After exposure to the pulp, the polyoxometalate solu
tions were then collected, and several aliquots were 20 
titrated with eerie ammonium sulfate to determine the 
extent of polyoxometalate reduction. A color change in 
the solution, from red or orange to dark brown, green 
or blue, also indicates reduction of the polyoxometa
lates. The bulk of the polyoxometalate solutions were 25 
then reoxidized with air, dioxygen, hydrogen peroxide 
and other organic or inorganic peroxides (free acid or 
salt forms), or ozone. 

The pulps were washed with water and extracted for 
one to three hours at 60°-8S 0 C. in 1.0% NaOH (E 30 
stage). In some cases, this cycle was repeated in a 
VEVE sequence, followed by an alkaline hydrogen 
peroxide (P) stage. 

After each stage, the pulps were analyzed for lignin 
content both spectroscopically (Uv-vis and FT Raman 35 
spectroscopy) and chemically (kappa numbers). Fiber 
damage was monitored by measuring the viscosities of 
pulp solutions according to TAPPI methods. Tech
nidyne brightnesses were obtained according to TAPPi 
methods. Reoxidation of the reduced polyoxometalates 40 
by air, hydrogen peroxide, peroxyacids and ozone was 
monitored by Uv-vis spectroscopy, and the integrity of 
the material in the reoxidized polyoxometalate solutions 
was confirmed by 31p NMR spectroscopy. 

Control experiments were carried out using identical 4S 
conditions in parallel sequences, but with no added 
polyoxometalates. We call the control version of the V 
stage, in which no polyoxometalate was added, the a 
stage. 

Two spectroscopic techniques, transmission Uv-vis so 
spectroscopy and FT Raman spectroscopy, were used 
to monitor the removal of lignin-derived material from 
the chemical pulp upon treatment with the polyox
ometalates. 

Uv-vis spectroscopy. Uv-vis spectra of the pulp sam- SS 
pies exposed to the four different polyoxometalate com
pounds were obtained after each stage V, VE and VEP, 
and after the control sequences fl., fl.E and AEP. For 
each spectrum, approximately 10 mg of oven dried pulp 
was dissolved slowly in 8S% phosphoric acid at room 60 
temperature. Uv-vis spectra of the resultant solutions 
were obtained using a Perkin Elmer Lambda 6 spectro· 
photometer, and displayed as plots of extinction coeffi
cients (E in units of L/g-cm) vs wavelengths (!.). from 
600 to 190 nm. Since cellulose is transparent over this 65 
frequency range, we attribute the observed absorption 
to conjugated structures associated with residual lignin. 
Thus, as residual lignin is removed from the pulp the 

0040] (compound 1), carried out as described in Exam
ple 1 (VEP sequence; 40% H2020.D. pulp in the P 
stage). Raman spectra of pulp samples were recorded 
using a Nicolet 910 Raman instrument, using a 180" 
reflective sample geometry. The spectrometer was a 
dedicated near infra-red FT Raman bench using the 
1064-nm line from a Nd3+: Y AG laser for excitation. 

Kappa numbers and brightnesses. Kappa numbers, 
obtained by permanganate oxidation of residual lignin, 
are an index of how much lignin is present within a 
wood or pulp sample. Although difficult to measure 
accurately or to interpret when only small amounts of 
lignin are present, kappa numbers are a widely used and 
easily recognized index of lignin content. Kappa num
bers were obtained using T APPi methods T236 om-SS 
and um-246. 

Brightnesses are a measure of how much light is re
flected from a sheet of paper made from a specific pulp 
sample. Higher numbers mean that more light is re
flected. To the eye, brightness corresponds to a whiter 
sheet of paper. The untreated :((raft pulp used in this 
work has a brightness of 2S.4%. FulJy bleached com
mercial pulps can have brightnesses as high as 90%. The 
ultimate goal of bleaching is simply to achieve high 
brightness with minimal fiber damage. Handsheets for 
brightness tests were prepared by adaptation of T APPI 
method T218 om-83. Brightnesses were obtained from 
single handsheets using a Technidyne instrument. 

EXAMPLE l 
Hs[PV2Mo1o040](compound l); VEP Sequence 

2.0 g oven-dried (O.D.) weight of mixed pine Kraft 
pulp was added to a O. lOOM solution of compound l, 
adjusted to a pH of l.4S by addition of lN NaOH, to a 
final consistency of 3.0% in a JOO mL round-bottomed 
flask. The pH of the mixture was l.S4. The flask was 
sealed in air and heated in a 100" C. bath for four hours. 
During heating, the solution changed from orange to 
dark green-brown. 

The pulp, now somewhat darker and slightly reddish
brown in color, was coJlected on a Buchner funnel and 
the partialJy reduced polyoxometalate solution 
(pH= 1.98) was saved. 

The partially reduced polyoxometalate solution was 
titrated to an orange endpoint with eerie ammonium 
sulfate. 3.2% of the vanadium(V) present, or 
2.07 x J0-4 mol of vanadium(V) per l.O g O.D. pulp, 
had been reduced to vanadium(IV). 

The pulp was washed three times with water and 
heated for three hours at ss• C. in 1.0% aqueous NaOH 
at a consistency of 3.2% in an open round-bottomed 
flask. At the end of this time the alkali solution was 
brown, and the pulp had lost some of its dark reddish 
color. After coJlecting and washing with water, the 
pulp was treated with 40% Hi02 (relative to the 0.D. 
weight of the pulp) at a consistency of 2.0% for 1.5 
hours at 85" C. and an initial pH of 10.42. 
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A control experiment was performed in parallel TABLE 2
under identical conditions, but without added polyox
ometalates. In the control, no darkening of the pulp 
occurred in the first stage (A) and little color was ob
served in the aqueous NaOH solution after the E stage. 

Prior to reuse of the polyoxometalate solution, air 
was bubbled gently through the polyoxometalate solu
tion for 1.5 hours at 60° C., and the pH of the solution 
was then adjusted to 1. 5 with concentrated H2S04. The 

'IJ 'IJ 

v 6.52 11.04 'IJ(A- VJ = 4.52 
E 6.58 12.03 'IJ(A- VJ = 5.45s 

FIGS. la, 2b, 2c and 3 illustrate spectrophotometric 
differences in pulps treated with compound 1. FIG. 2a 
is a plot of E versus >. for pulps obtained after stages V 

reoxidation was monitored spectrophotometrically (see 10 and A. FIG. 2b is a plot ofE versus>. for pulps obtained 
Example 11). After reoxidation, the 31p NMR spectrum 
of the reoxidized polyoxometalate solution was ob
tained. No phosphorus-containing decomposition prod
ucts were observed. 

Table 1 describes kappa number and brightness mea- lS 
surements for the V stage, E stage and P stage of Exam-
pie 1. The kappa number, indicating the amount of 
lignin present, is lower in the V and VE measurements 
as opposed to the A and AE measurements. Significant 
delignification is evident after the E stage in the polyox- 20 
ometalate treated pulp, while brightening does not 
occur until the P stage. 

An asterisk in Table 1 or any of the following tables 
indicates that a value is too low to be determined accu
rately. 2s 

TABLE I 
Kappa No. Brightness Kappa No. Brightness 

v 19.2 19.l ~ 24.7 31.7 
E 10.7 26.7 E 18.9 33.5 
p (1.7)• 71.2 p 7.2 S5.9 

30 

Pulp viscosity (TJ) is a measurement of the extent to 
which cellulose fibers have been damaged during 
bleaching. Before bleaching, the mixed pine kraft pulp JS 
had a viscosity in solution with cupric sulfate and ethyl
ene diamine (according to TAPPi methods) of 30 mPa· 
sec- 1• To determine the viscosity of the pulp after the 
V and A stages, compound 1 was used as described 
above, but with careful exclusion of dioxygen during 40 
the V stage. Pulp viscosities, measured after V and A, 
and after VE and AE are tabulated below in Table 2. 

In the present invention, the efficacy of the polyox
ometalate compounds 1-4, was demonstrated at low pH 
values of 1.5 to 2.5. After heating at these pH values for 4S 
four hours at 100° C., substantial acid-catalyzed degra
dation of the cellulose fibers occurs. As a result of the 
low pH values used in the examples, pulp viscosities are 
all lower than they would have been if the reactions 
were done at higher pH values. Many polyoxometalates so 
are stable at higher pH values. For example, compound 
3 is stable when heated for four hours at 100• C. at a pH 
of 4 (I.A. Weinstock, unpublished results) and materials 
closely related to compound 2, e.g., NaxH6-x[PW9. 
V3040], are stable at pH values as high as 8 (Kuznet- ss 
sova, L.I., et al., Inorganica Chimica Acta, 167, 223-231, 
1990). However, the stability of 1 at higher pH values 
has not been firmly established. In order to demonstrate 
the efficacy of compounds 1-4, as bleaching agents, as 
quickly as possible, we chose a low pH at which all of 60 

the materials are stable at elevated temperatures. 
Therefore, although the viscosities reported here are 

low, the relatively small differences between the po
lyoxometalate-treated pulps and the control pulps 
heated at the same pH, but with no added polyoxometa- 65 
lates suggest that when run at higher pH values, the 
polyoxometalate-treated pulps should meet industry 
standards. 

after stages VE and AE. FIG. 2c is a plot of E versus>. 
for VEP and AEP pulps. FIG. 3 is a comparison of 
untreated Kraft pulps with these V stage and A stage 
pulps. The P stage for the plots of FIG. 2 involved 40% 
H202 per O.D. pulp. 

FIG. 2a and FIG. 2b indicate that there is less lignin 
present in the V stage than in the A stage and that there 
is less lignin present in the VE and VEP stage than 
there is in the AE and AEP stage. FIG. 3 indicates that 
significant decreases in residual lignin are not observed 
after the V stage alone. 

EXAMPLE2 

Hs[PV2Mo1o040] Compound 1); VEVEP Sequence 

Compound 1 was used in a V 1EV 2EP sequence, with 
a control sequence denoted A1EA2EP. In the first stage, 
Vi. 5.0 g 0.D. weight of mixed pine kraft pulp was 
added to a O. lOOM solution of compound 1 to a final 
consistency of 3.0% in a 500 mL round-bottomed flask. 
The pH ofthe mixture was 1.52. The flask was sealed in 
air and heated in a 100° C. bath for four hours. 

At the end of the reaction, the pH of the solution was 
1.70 and 3.13% of the vanadium(V) present, or 
2.03X 10-4 mol of vanadium(V) per 1.0 g O.D. pulp, 
had been reduced. Extractions were carried out in 1.0% 
NaOH as described above. After the second V stage, 
V2 (1.0 g oven dried weight of the V 1E treated pulp at 
a consistency of 1.0% in a 0.03M solution of compound 
1 at a pH of l.SO), 4.38X 10-~ mol of V(V) per 1.0 g 
0.D. pulp were reduced. After a second extraction 
stage, the pulp was treated with 10% H202, relative to 
the O.D. weight of the pulp, at a consistency of 2.0% 
for 1.5 hours at 85" C. and an initial pH of 11.19. The 
control sequence, A1EA2EP, was carried out in parallel 
with no added polyoxometalates. 

Table 3 describes the kappa number and brightness 
measurements for the different stages in the above-
described experiment. Kappa numbers are less at every 
stage of the polyoxometalate-exposed pulp than the 
control pulp. In particular, the effect of repeating the 
VE sequence is shown by the large differences in kappa 
numbers measured after V1EV2E and A1EA2E. Note 
that, due to repetition of VE, only 10% Hi02 per 0.D. 
pulp is needed to dramatically improve the brightness of 
the polyoxometalate treated pulp relative to that of the 
control. 

TABLE 3 

___K_a.;..;pp'-a_N_o_._B_n-'·g;...h_in_es_•___K_•.:...:PP;...8_N_0_·__B_ri.::.gh_in_ess_ 

V1 19.2 19.1 ~1 24.7
10 7 26 7 33.S~ · · !. 18·92 

E s.2 E 17.1 
P (1.4)" 68.3 P 9.9 so.a 

FIG. 4 is a plot of E versus >. for the VEVE stage 
versus the AEaE stage and the VEVEP stage versus 

31.7 
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the ll.E/l.EP stage. The plot indicates that there is less 
lignin present in the polyoxometalate-exposed pulps. 

FIG. 5 is a comparison of VEP (with 40% H102. 
/O.D. pulp in the P stage) and VEVEP (with 10% 
H102/0.D. pulp in the P stage) with ll.EP (40% H102. 
/O.D. pulp in P) and ll.Ell.EP (with 10% Hi02/0.D. 
pulp in the P stage). FIG. 5 indicates that 10% H202. 
/O.D. pulp in the P stage, after the repetitive sequence 
VEVE gives a result similar to that obtained using 40% 
H2020/D. pulp after a single VE sequence. 

EXAMPLE3 

Na.[PVW11040) (Compound 2); VEP Sequence 

1.0 g O.D. weight of mixed pine kraft pulp was added 
to a 0.09M solution ofcompound 2 to a final consistency 
of 3.0% in a 100 mL round-bottomed flask. The pH of 
the mixture was adjusted to I.SO with concentrated 
H2S04. The flask was sealed in air and heated in a 100° 
C. bath for four hours. During heating, the solution 
changed from orange to greenish-brown. The pulp, 
now somewhat lighter in color, was collected on a 
Biichner funnel and the partially reduced polyoxometa
late solution (pH= 1.67) was saved. 43.6% of the 
vanadium(V) present, or 1.27 X 10-3 mol vanadium(V) 
per 1.0 g 0.D. pulp, had been reduced to vanadium(IV). 

The pulp was washed three times with water and 
heated for three hours at BS" C. in 1.0% aqueous NaOH 
at a consistency of 3.2% in an open round-bottomed 
flask. At the end of this time the alkali solution was 
brown, and the pulp was lighter in color. After collect
ing and washing with water, the pulp was treated with 
40% Hi02 (relative to the 0.D. weight of the pulp) at a 
consistency of 2.0% for 1.S hours at 85° C. and an initial 
pH of 10.48. 

The reduced polyoxometalates in the solution of 
compound 2 were reoxidized by addition of oxone (po
tassium monopersulfate compound) (30 mg/mL polyox
ometalate solution) and heating to 100° C. for 10 min
utes. The reoxidation was monitored spectrophotomet
rically and the 31p NMR spectrum of the reoxidized 
polyoxometalate solution was obtained (see Example 
12). Phosphorus-containing products of rearrangement 
or isomerization were observed at concentrations ofless 
than approximately S.0%. No phosphorous-containing 
decomposition products were observed. 

Table 4 describes the kappa number and brightness 
measurements for the different stages of the above-
described experiment. Notably, the kappa number after 
VE is dramatically lower than that after ll.E and is too 
low to measure accurately after the P stage in the VEP 
sequence. Once again, the brightness measurement indi
cates that the polyoxometalate treated pulp is easier to 
brighten than the control pulp. 

TABLE4 
Kappa No. Brightness Kappa No. Brightness 

v ~ 24.7 31.7 
E 7.6 E 18.9 33.5 
p 67.8 p 7.2 55.9 

FIGS. 6a and 6b describe spectroscopic measure
ments for the V and fl. stages (FIG. 6a) and the VE and 63 
VEP versus /l.E and ll.EP stages (FIG. 6b). The Figures 
indicate that there is less lignin present in the pulp 
treated with compound 2. 

EXAMPLE4 

H9[P2V3W15<>62) (Compound 3); VE Sequence 

0.10 g. O.D. weight of mixed pine Kraft pulp was 
added to a O. IOM solution of compound 3 to a final 
consistency of 2.7% in a IS mL round-bottomed flask. 
The pH of the mixture was adjusted to I.SO with con
centrated H2S04. Air was removed in three freeze-
pump-thaw cycles, and the flask was seaJed under puri
fied nitrogen and heated in a 100° C. bath for four hours. 
During heating, the solution changed from red-orange 
to dark orange brown. The pulp, slightly changed in 
color, was collected on a Buchner funnel and the par
tially reduced polyoxometalate solution (pH= 2.0S) was 
saved. S.33% of the vanadium(V) present, or 
2.29xJ0-4mol vanadium(V) per 1.0 g O.D. pulp, had 
been reduced to vanadium(IV). 

The pulp was washed three times with water and 
heated for three hours at BS" C. in 1.0% aqueous NaOH 
at a consistency of 3.2% in an open flask. At the end of 
this time the alkali solution was light brown. The re
duced polyoxometalates in the solution of compound 3 
were reoxidized immediately upon addition of oxone 
(potassium monopersulfate compound) ( 11.3 mg/per 
mL solution) at room temperature. The reoxidation was 
monitored spectrophotometrically and the 3lp NMR 
spectrum of the reoxidized polyoxometalate solution 
was obtained. Two new signals, estimated at approxi
mately S.0%, were observed. The new signals may be 
due to positional isomers of compound 3, but this has 
not been established. 

FIGS. 7a and 7b are plots ofE versus>. for the V and 
fl. stages (FIG. 7a) and the VE and ll.E stages (FIG. 7b). 

EXAMPLE S 

N86[Vio02s] (Compound 4); VE Sequence 


0.10 g oven-dried weight of mixed pine Kraft pulp 
were added to a O. lOM solution of compound 4 to a final 
consistency of 2.7% in a 1 S mL round-bottomed flask. 
The pH of the mixture was adjusted to 2.S with concen
trated HiS04. Air was removed in three freeze-pump
thaw cycles, and the flask was sealed under purified 
nitrogen and heated in a 100" C. bath for four hours. 
During heating the solution changed from orange to 
red-brown and precipitate of the same color fell out of 
solution. The mixture of pulp and precipitate was col
lected on a Buchner funnel and washed with water. 
Little if any of the precipitate dissolved. The pulp was 
soaked for 3 hours at room temperature in 1 N NaOH to 
dissolve the precipitated vanadates, washed with water, 
and extracted for three hours at ss· c. in 1.0% aqueous 
NaOH. The extract was light brown in color. 

FIG. 8 is a plot ofE versus>. for pulps obtained after 
stages VE and /l.E. 

Reoxidation Of Used Bleaching Liquors Containing 
Reduced Polyoxometalates 

All of the oxidants mentioned below are thermody
namically capable of reoxidizing all of the reduced po
lyoxometalates. Nonetheless, differences in rates have 
been observed, and no clear pattern of reoxidation rates 
is yet discernible. The most desirable oxidants are prob
ably air, dioxygen, or hydrogen peroxide, with air the 
most desirable. 

http:ll.Ell.EP
http:ll.E/l.EP
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reduction potentials listed here show that V(IV) are
EXAMPLE 6 thermodynamically capable of reoxidation by all of the 

Solutions of Hs[PV2Mo1o040] (compound 1), par
tially reduced after reaction with Kraft pulps at ele
vated temperature, were exposed to air as described in S 
Example 1. Moist air was bubbled gently (approxi
mately 0.1 L/min air) through the dark blue-green po
lyoxometalate solutions for 1.5 hours at 60° C. During 
this treatment the blue-green color was discharged to 
give dark orange solutions that became lighter in color 
upon treatment with mineral acid. The reoxidation was 
monitored by Uv-vis spectroscopy and, after reoxida
tion was complete, D20 was added and 31 P NMR spec
tra of the solutions were obtained. Compound 1 exists as 
a mixture of positional isomers. Although the distribu- IS 
tions of these isomers changed during bleaching and 
reoxidation, no new signals were observed. 

In addition to air, ozone was also used as a reoxidant. 
The solutions were exposed to a stream of ozone (O. l 
L/min of a 3.0% mixture of o3 in o2) at 100 ° c. for 
several minutes. The result was identical to that ob
tained upon prolonged exposure to air. 

EXAMPLE? 

Solutions ofN14[PVW11040] (compound 2), partially 25 
reduced after use in bleaching, were not reoxidized at a 
convenient rate by air or ozone. However, they were 
readily reoxidized by incremental addition of oxone 
(potassium monopersulfate compound, Du Pont) or 
ammonium persulfate at 100" C. Reoxidation Was moni
tored by Uv-vis spectroscopy. The integrity of com
pound 2 was confirmed by 31p NMR spectroscopy. 
Although compound 2 remained largely unchanged, 
small signals, comprising approximately 5.0% or less of 
the sample, were observed. These signals have been 35
tentatively assigned to isomers of Nas[PV2W1o040), a 
close relative of compound 2. 

EXAMPLE 8 

Solutions of H9[P2V3W1s062] (compound 3), par
tially reduced after use in bleaching, were not reoxi
dized at a convenient rate by air, but were reoxidized 
rapidly, at room temperature, by oxone, and within 
several minutes at 100° C. after incremental addition of 
30% hydrogen peroxide. Reoxidation was monitored 4s 
visually, and indicated by a change in color of the solu
tion from dark orange-brown to bright red-orange. 
Two new 31 P NMR signals, mentioned in Example 3, 
were observed in roughly the same proportions in solu
tions reoxidized by either oxone or hydrogen peroxide. 

EXAMPLE9 

Selectivity of the Vanadium-Substituted 
Polyoxometalates for Lignin 

Example 9(a) Oxidation potentials of the polyox- SS 
ometalates. The standard electrode potential for the 
vanadium(V)/vanadium(IV) couple in IM acid is 
+ 1.00 V versus the normal hydrogen electrode (NHE). 
This should be compared to the standard potentials for 
one-electron reductions of lN204 (+ 1.07), 1/402
( + 1.23), Cl02 ( + 1.27 V), IC'2 ( + 1.36), !H202 ( + 1.78) 
and 1/203 ( +2.07), all versus NHE. Although the rates 
of lignin oxidation by these materials depend upon the 
mechanism(s) of electron transfer operating in each 
case, the one-electron redox potentials suggest that 65 
vanadium(V) containing polyoxometalates may be 
more selective than many of the above materials, al
though somewhat less reactive. At the same time, the 

oxidants, including dioxygen and hydrogen peroxide, 
commonly used in bleaching. 

Example 9(b) Oxidation of model compounds as a 
measure of selectivity. Hs[PV2Moio040] (compound l, 
and its sodium salt Nas[PV 2Mo1o040], oxidize activated 
phenols to quinones (Lissel, M., et al. Tet. Lett.; 33, 
1795-1798, 1992) and benzylic alcohols to a-ketones 
(Neumann, R. et al., J. Org. Chem., 56, 5707-5710, 
1991). Both phenols and benzylic alcohols are constitu
ents of lignin. Significantly, primary alcohols (constitu
ents of cellulose) are not oxidized even after 22 hours at 
90• C. 

In our hands, 2-methoxy-4-methyl phenol and 4
hydroxy-3-methoxybenzyl alcohol (vanillyl alcohol) 

were readily oxidized by compound 1, and veratryl 
alcoho} was oxidized to veratryl _aldehyd~ in 30 minutes 
at 100 C. However, after heating~ mixture of com
pound 1 (10.0 mL of a O.OlM solution at Pf! 1.5) and 
0.25 g ofcotton cellulose for four hours at 100 C. under 
anaerobic conditions, only about 0.1 % of the polyox
ometalate present had been reduced. These results dem
onstrate that the vanadium-substituted polyoxometa
lates are highly selective for lignin-derived material, 
implying that minimal oxidative degradation of cellu
losic fibers should occur during the use of these materi
als in bleaching. 

EXAMPLE to 

FT Raman Spectroscopy 

FIGS. 9a, 9b, 9c and 9d describe results obtained in 
the FT Raman study of solid pulp samples. FT Raman 
spectra were obtained from solid pulp samples after 
each stage V, VE and VEP, and after control sequences 
.6., .6.E and .6.EP for a bleaching experiment using com
pound I carried out as described in Example 1. For the 
VEP sequence, 40% H202 per O.D. pulp was used. 

The bands observed in the FT Raman spectra of 
lignocellulosic materials correspond to both lignin and 
carbohydrate components of the pulp. The broad band, 
observed at 1590 cm- l in the present study, is due to the 
ring-breathing mode of phenyl rings present in the re
sidual lignin. The intensity of this band correlates well 
with the amount of residual lignin in the sample. 

EXAMPLE 11 

Uv-vis Spectroscopy of Polyoxometalate Solutions 

Upon reduction, solutions containing only fully oxi
dized vanadium-substituted polyoxometalate solutions 
darken to blue, green, or brown, depending upon the 
concentration of polyoxometalate in solution, the per
centage of total available vanadium(V) ions that have 
been reduced, and the nature and composition of the 
reduced species. Upon reoxidation, the dark color is 
discharged, and the solution returns to its original color. 
Reduction and reoxidation of the polyoxometalates was 
monitored quantitatively by observing characteristic 
changes in the Uv-vis spectra of the polyoxometalate 
solutions. For example, the absorbance of the oxidized 
form of compound I goes to zero at about 540 nm 
whereas the reduced form has a broad band from 450 to 
900 nm with a maximum absorbance at about 650 nm. 

A 0. toM solution of Hs(PV2Mo1o040) (compound I) 
was used in a bleaching (V) stage as described in Exam
ple I, and subsequently reoxidized with air as described 
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in Example 6. The reduced (red) and reoxidized (ox) MG is a main group ion, n+m+o+l+pE;4, ands 
Uv-vis spectra are shown in FIG. 10. is sufficiently large that x>o, under conditions of 

EXAMPLE temperature, time, consistency, pH and reactor12 design wherein the polyoxometalate is reduced and 
Phosphorus-31 Nuclear Magnetic Resonance Spectra of S enhanced delignification occurs. 

Polyoxometalate Solutions 2. The method of claim 1 where in the polyoxometa-
The integrity of phosphorus-containing polyox- late is of the formula lVnO,Jx-, where n6;4, rE; 12 and 

ometalates, in aqueous solution, was confirmed by 31p x=2r-5n. 
NMR spectroscopy. N114(PVW 110o40) (compound 2) 3. The method of claim 2 additionally comprising a 
was prepared at the Forest Products Laboratory, and, 10 step of reoxidizing the reduced polyoxometalate with 
unlike its close relative, the potassium salt an oxidant. 
K.t[PVW110-40), may not be a previously isolated mate- 4. The method of claim l wherein the polyoxometa
rial. The 31p NMR spectrum serves two purposes; illus- late is of the formula [V,.MomWo(TM)p(MG)qO,Jx-, 
tration .of 31p NMR spectroscopy, and, in particular, where TM is any d-electron-containing transition metal 
demonstration that compound 2 is correctly repre- lS ion, MG is a main group ion, l:iin;;i!8, n+m+o;;i! 12 and 
sented as N114[PVW110o40). p+qiH. 

The lip NMR spectrum of a sample of compound 2 5. The method of claim 4 additionally comprising a 
was diluted with 020, and phosphoric acid was added step of reoxidizing the reduced polyoxometalate with 
as an internal reference. The lip NMR spectrum of this an oxidant. 
solution is shown in FIG. 11. The chemical shift of 20 6. The method of claim l wherein the polyoxometa
phosphorus-31 was reported relative to that of phos- late is of the formula [V,.MomWo(MG)p<>,Jx- where 
phoric acid reference which was set at 0.0 parts per MG is either ps+, As5+, or S6+, l;;i!n;;i!9, 
million (ppm). The single signal at -14.89 ppm is attrib- n+m+o= 18, and p=2. 
uted to the phosphorus atom located at the center of the 7. The method of claim 6 additionally comprising a 
heteropolyoxoanion [PVW11040)4-. The literature is step of reoxidizing the reduced polyoxometalate with 
value for the acid form of this material H4[PVW 11040), an oxidant. 
is -14.7. Since no other phosphorus-31 resonances are 8. The method of claim l wherein the polyoxometa
observed, the observed spectrum confirms that the po- late is selected from the group consisting of [PV2Mo1. 
lyoxometalate solution contains at least 95% of the o0-40)5-, [PVW11o40]4-, [P2v3w15o62]9- and

30desired material, N34[PVW 110-40). [V 11p 28]6-. 

EXAMPLE lJ 9. The method of claim 8 additionally comprising a 
step of reoxidizing the reduced polyoxometalate with 

Use of Compound 1 in Pulping an oxidant. 
3 grams of 96% aspen wood meal (the remaining 4% 35 10. The method of claim 1 additionally comprising a 

being water) were heated at 84° C. for 1.5 hours, with step of reoxidizing the reduced polyoxometalate with 
stirring and gentle aeration (ca. 0.1 L/min of air) in a an oxidant. 

. O. lOM solution of compound 1 at a pH of 0.30. A con- 11. The method of claim 10 wherein the oxidant is 
trol was performed by heating 3 grams of 96% aspen selected from the group consisting of air, dioxygen, 
wood meal under identical conditions but with no po- 40 peroxides and ozone. 
lyoxometalates. The two samples were each subjected 12. The method of claim 10 wherein the step of reoxi
to a short Kraft cook and the Jignin content of each dizing the reduced polyoxometalate is simultaneous 
sample was determined. with the step of reducing the polyoxometalate. 

The lignin contents of the two samples were analyzed 13. A method for delignifying wood comprising the 
according to T APPi methods T222 and um-249. The 45 steps of 
control sample was found to be 18% delignified, while obtaining a sample of wood fibers; and 
the sample treated with compound 1 was shown to be exposing the wood fibers to a solution of polyox
50% delignified. ometalate of the formula [VnMOmW1N

We claim: b0Tap(TM)q(MG),Oi}x- where n is 1-18, mis 0-40, 
1. A method for delignifying wood pulp comprising so 1 is 0-40, o is 0-10, pis 0-10, q~6. r~6, TM is a 

the steps of: d-electron-containing transition metal ion, and MG 
obtaining a wood pulp; and is a main group ion, n+m+o+l+p5::;4 and s is 
exposing the wood pulp to a solution of a polyox- sufficiently large that x>o, under conditions of 

ometalate of the formula [V,.MomW1N- temperature, time, consistency, pH and reactor 
boTap(TM)q(MG),Os]x- wherein n is 1-18, m is 55 design wherein the polyoxometalate is reduced and 
0-40, I is 0-40, o is 0-10, pis 0-10, q:1!6, r;;i!6, TM enhanced delignification occurs. 
is a d-electron-containing transition metal ion, and • • • • • 
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	Polyoxometalates. Polyoxometalates are discrete pol
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	DELIGNIFICATION OF WOOD PULP BY 
	VANADIUM-SUBSTITUTED 
	POLYOXOMETALATES 

	5 
	FIELD OF THE INVENTION 
	FIELD OF THE INVENTION 
	The field of the present invention in general is the use of transition metal-derived agents in the delignification of wood or wood pulp. Specifically, the field of the present invention is the use of vanadium-substituted polyoxometalates in wood pulp bleaching. 
	BACKGROUND OF THE INVENTION 
	Pulping. The transition of a tree into paper involves 

	15
	several discrete stages. Stage one is the debarking of the tree and the conversion of the tree into wood chips. Stage two is the conversion of wood chips into pulp. This conversion may be by either mechanical or chemical means. 
	several discrete stages. Stage one is the debarking of the tree and the conversion of the tree into wood chips. Stage two is the conversion of wood chips into pulp. This conversion may be by either mechanical or chemical means. 

	Bleaching is the third stage. Delignification is the first step in the bleaching of chemical pulps. Lignin, a complex polymer derived from aromatic alcohols, is one of the main constituents of wood. During the early stages of bleaching, residual lignin, which constitutes 3-6% of the pulp, is removed. Currently, this is typically done by treatment of the pulp with elemental chlorine at low pH, followed by extraction with hot alkali. Once a significant portion of the residual lignin has been removed, the pu
	25

	Although chlorine compounds are effective and relatively inexpensive, their use in pulp mills results in the generation and release of chlorinated organic materials, including dioxins, into rivers and streams. Due to increasing regulatory pressures and consumer demand, new, non-chlorine bleaching technologies are urgently needed by manufacturers of paper-grade chemical pulps. 
	35 

	In recent years, attention has been drawn to the potential use of enzymatic processes associated with fungal degradation of lignin to develop environmentally friendly technologies for the pulp and paper industry. In many wood-rotting fungi, extracellular metalloenzymes 45 such as glyoxal oxidase, a copper-containing oxidase, in combination with lignin and manganese peroxidases, both of which contain iron in a protoheme active site, harness the oxidative capability of dioxygen and direct its reactivity to 
	Therefore, transition metal ions are known to possess redox properties that are useful in the delignification SS and bleaching of lignocellulosic materials. However, the behavior of transition metal ions in water is often difficult to control. In aqueous solution, complex equilibria are established between ionic hydroxides and hydrates, as well as between accessible oxidation states of the metal ions. In addition, many transition metal oxides and hydroxides have limited solubilities in water, where the act
	ymeric structures that form spontaneously when simple oxides of vanadium, niobium, tantalum, molybdenum or tungsten are combined under the appropriate conditions in water (Pope, M. T. Heteropo/y and Jsopo/y Oxometalates Springer-Verlag, Berlin, 1983). In a great majority of polyoxometalates, the transition metals are in the delectronic configuration which dictates both high resistance to oxidative degradation and an ability to oxidize other materials such as lignin. The principal transition metal ions tha
	ymeric structures that form spontaneously when simple oxides of vanadium, niobium, tantalum, molybdenum or tungsten are combined under the appropriate conditions in water (Pope, M. T. Heteropo/y and Jsopo/y Oxometalates Springer-Verlag, Berlin, 1983). In a great majority of polyoxometalates, the transition metals are in the delectronic configuration which dictates both high resistance to oxidative degradation and an ability to oxidize other materials such as lignin. The principal transition metal ions tha
	0 

	Isopolyoxometalates, the simplest of the polyoxometalates, are binary oxides of the formula £Mm0y)P-, where m may vary from two to over 30. For example, ifm=2 and M=Mo, then the formula is [Mo2<n]2-; if m=6, then [Mo6019]2-; and if m=36, then [Mo3. 60112]8-. Polyoxometalates, in either acid or salt forms, are water soluble and highly resistant to oxidative degradation. 
	Heteropolyoxometalates have the general formula (XxMmOy)P-and possess a heteroatom, X, at their center. For example, in the a-Keggin structure, a-[PW12040]3-, X is a phosphorus atom. The central phosphorus atom is surrounded by twelve W06 octahedra. 
	Removal of a (M=0)4+-moiety from the surface of the a-Keggin structure a-(PM12040]3-, where M is molybdenum or tungsten, creates the ''lacunary" aKeggin anion, a-[PM11039)7-. The lacunary a-Keggin ion acts as a pentadentate ligand for redox active transition metal ions, such as· vanadium(V) in a[PVW 11040]4-. Further substitution is also possible, giving anions of the form [XxM'm,MmOy]P-, such as [PV2Mo10040]5-. The redox active metal ions are bound at the surface of the heteropolyanions in much the same
	Previously, polyoxometalates have been used as catalysts for oxidation under heterogeneous and homogeneous conditions, analytical stains for biological samples, and for other uses still in development. The use of polyoxometalates in pulp bleaching has neither been described nor suggested. 
	SUMMARY OF THE INVENTION 
	In the present invention a variety of vanadium(V) substituted polyoxometalates are used as bleaching agents. 
	The general formula for a polyoxometalate useful in the present invention is [V11MOmW1NboTap(TM)q(MG),05Jx-where n is 1-18, mis 0-40, I is 0-40, o is 0-10, p is 0-10, q~6. r~6. TM is ad-electron-containing transition metal ion, and MG is a main group ion, provided that n+m+o+l+pii;;4 and s is sufficiently large that x>o. The present invention is a method of delignifying pulp comprising the steps of obtaining a wood pulp and exposing the wood pulp to a polyoxometalate of the above general formula under con
	Preferably, the wood pulp is exposed to a polyoxometalate of the formula [VnOr]x-, where n ~4. r~ 12 and x=2r-5n, or [VnMomWo(TM)p(MG),Pr]x-, 

	5,302,248 .3 4 .
	where TM is any d-electron-containing transition metal FIG. 7b is a plot of E vs A for pulps obtained after ion, MG is a main group ion, l~n~8. n+m+o~l2 stages VE and AE is Example 4. and p+q::i!4, or lVnMomWo(MG),O,Jx-where MG is FIG. 8 is a plot of E vs A for pulps obtained after either ps+, Ass+, or S6+, l~n:a:9, n+m+o=18 and stages VE and AE in Example 5. p=2. FIG. 9a is an FT Raman plot of untreated mixed pine 
	The present invention is also a method of delignifying Kraft pulp. pulp comprising the steps of obtaining a wood pulp; FIG. 9b is an FT Raman plot of commercially exposing the wood pulp to a compound of the general bleached softwood Kraft pulp. formula, wherein the polyoxometalate is reduced; and FIG. 9c is an FT Raman plot of pulps obtained after then oxidizing the reduced polyoxometalate. 10 each stage ofa AEP control sequence (no polyoxometa
	Preferably, the reduced polyoxometalatc is reoxilatcs). Spectra were obtained after A, AE and AEP dized with an oxidant selected from the group consiststages of Example 1. ing of air, dioxygen, hydrogen peroxide and other orFIG. 9d is an FT Raman plot of pulps obtained after ganic o~ inorganic peroxides (free acid or salt forms), or each stage of a VEP sequence. Spectra were obtained ozone. IS after V, VE and VEP stages of Example 1. 
	It is an object of the present invention to delignify FIG. 10 is a Uv-vis, E vs A. plot, of solutions of comhardwood and softwood pulp. pound l partially reduced by use in bleaching (red) and It is an additional object of the present invention to subsequently reoxidized by air (ox). dclignify pulp using a polyoxometalate. FIG. 11 is a ltp NMR spectrum ofa solution ofcom
	It is an additional object of the present invention to pound 2 dissolved in a mixture of water and D20. Phosemploy an oxidant in the bleaching of pulp that may be phoric acid was added as an internal reference. regenerated by reoxidation of its reduced form. 
	20 

	DESCRIPTION OF THE INVENTION
	DESCRIPTION OF THE INVENTION

	It is a feature of the present invention that suitable polyoxometalates may be reoxidizcd with an oxidant The present invention is a method for removing sub
	25
	25

	selected from the group consisting of air, dioxygcn, stantial quantities of residual lignin from pulp. As such, .hydrogen peroxide and other organic or inorganic perit is an effective alternative to chlorine and plays a simi.oxides (free acid or salt forms), or ozone. These oxilar role in the bleaching process. .dants arc more environmentally friendly than chlorine .
	In General
	In General
	In General
	compounds. 30 


	It is another feature of the present invention that a The first step in the present invention is the producpolyoxometalate compound may be used as an oxidant tion of a wood pulp. Wood pulps may be produced by in a repeated bleaching sequence. any conventional chemical method, including both 
	Other features, objects and advantages of the present kraft and non-kraft pulps. Suitable pulp production invention will become apparent upon examination of methods are described in "Pulp and Paper Manufacthe specification, claims and drawings. ture," 2nd Edition, Volume I, The Pulping of Wood, 
	35 

	R.G. Macdonald and J.N. Franklin Eds., McGraw-Hill 
	R.G. Macdonald and J.N. Franklin Eds., McGraw-Hill 
	R.G. Macdonald and J.N. Franklin Eds., McGraw-Hill 
	R.G. Macdonald and J.N. Franklin Eds., McGraw-Hill 
	DESCRIPTION OF THE FIGURES 

	Book Company, New York, 1969. 


	FIG. 1 is a structural drawing of two polyoxometa-Wood pulps are generally divided into softwood ]ates. FIG. la is a Keggin structure of the formula pulps (e.g., pine pulps) and hardwood pulps (e.g., aspen [(Xn+)M12040J<S-n)-. FIG. lb is a Wells-Dawson pulps). Softwood kraft pulp is the most difficult to structure of the formula ((Xn+)2Mu062]<16-2n)-. The delignify because Jignin is more abundant in softwoods heteroatoms, Xn+, in these two structures reside in than in hardwoods. Due to structural difference
	40 

	FIG. le is a plot of E versus A for pulps obtained after so wood pulps also. stages VEP and AEP in Example 1. In the P stage, 40% 
	FIG. le is a plot of E versus A for pulps obtained after so wood pulps also. stages VEP and AEP in Example 1. In the P stage, 40% 
	Polyoxometalate Bleaching System 

	HiOi/O.D. pulp was used. FIG. 3 is a comparison of untreated Kraft pulp with The next step of the present invention is the exposure pulps obtained after V and A (FIG. la.). of the pulp to a polyoxometalate. Polyoxometalates 
	FIG. 4 is a plot of E vs A for pulps obtained after ss suitable for the present invention are applied as stoichiostages VEVE, AEAE, VEVEP and AEAEP in Exam-metric oxidants, much as chlorine and chlorine dioxide pie 2. In the P stage, 10% H20:z/O.D. pulp is used. are currently. The general formula lVnMomW1N
	FIG. 5 is a comparison of VEP (40% H20i/O.D. b0Tap(TM)q(MG),05}x-where n is 1-18, mis 0-40, I is pulp in P) and VEVEP (10% H20:z/O.D. pulp in P) 0-40, o is0-10, pis0-10, q~6, r~6. TM isa d-electronwith AEP (40% H20:z/O.D. pulp in P) and AEAEP 60 containing transition metal ion, and MG is a main group (10% H2i/O.D. pulp in P). ion, provided that n+m+o+l+p5::4 and s is suffi-
	FIG. 6a is a plot of E vs A for pulps obtained after ciently large that x>o. In this general formula, it is stages V and A in Example 3. crucial that the vanadium ions are in their highest (d0, 
	FIG. 6b is a plot of E vs A for pulps obtained after +5) oxidation state. MG is typically B3+, AJ3+, Si4+, stages VE, AE, VEP and AEP in Example 3. In the P 65 Ge4+, ps+, Ass+ or S6+. stage, 40% H202/0.D. pulp was used. Preferably, the polyoxometalates are of one of three 
	FIG. 7a is a plot of E vs A. for pulps obtained after different formulas that are subsets of the general for-stages V and A in Example 4. mula: 
	5,302,248 
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	Formula 1, an isopolyvanadate, is (VnO,]i-, where n~4, r~ 12 and x=2r-Sn. N86(V1o02s], compound 4 in the Examples below, is an example of a sodium salt of a polyoxometalate of this formula. 
	Formula 1, an isopolyvanadate, is (VnO,]i-, where n~4, r~ 12 and x=2r-Sn. N86(V1o02s], compound 4 in the Examples below, is an example of a sodium salt of a polyoxometalate of this formula. 
	Formula 2, the Keggin structure, is (VnMOm-Wo(TM)p(MG)qO,Jx-, where TM is any d-electroncontaining transition metal, MG is a main group ion, l:in~8, n+m+o:i 12 and p+q~4. Hs[PV2Mo1o040], compound 1, is an example of an acid of this formula. N&4[PVW11040), compound 2, is an example of a sodium salt. 
	Formula 3, the Wells-Dawson structure, is (VnMOm. 
	Wo(MG)p,Jx-where MG is either ps+, Ass+, or S6+, l~n~9. n+m+o= 18, and p=2. H9[P2V;W1s062], compound 3, is an example of this structure. Although many other possible structural formulas are known, these structures are suitable since they are the most well-known and some of the easiest to obtain. 
	FIG. I is a diagram of two polyoxometalates of the formulas [(Xn+)M12040]<8-n)-and [(Xn+)2M1s062](16-2n)-. 
	Polyoxometalate salts are generally water soluble (hydrophilic). However, hydrophobic forms can be made easily and are suitable for use in selective bleaching with solvents other than water. Some cations suitable for formation of hydrophobic forms are defined in 
	U.S. Pat. No. 4,864,041 (inventor: Craig L. Hill). 
	The polyoxometalate of the present invention is typically in an acid, salt or acid-salt form. For example, compounds I and 3 are in acid form. Suitable cations for salt formation are Li+, Na+, K+, Cs+, Nff4+ and (CH;)4N+ which may be replaced in part (acid-salt form) or in full (acid form) by protons (ff+). For example, polyoxometalate compounds 2 and 4 have a sodium counter ion. The listed cations are sensible choices, but there are others that are available and cost effective. 
	The present invention involves the step of oxidative degradation of residual lignin by the polyoxometalates. Another embodiment of the present invention additionally has the step of regeneration of the polyoxometa· lates with chlorine-free oxidants. In the first step (eq. 1), mixtures of water, pulp and a fully oxidized polyoxometalate (Pox), are heated, preferably in a sealed vessel. During the reaction, the polyoxometalate is reduced, as the lignin-derived material within the pulp is oxidized. The reduc
	(1)
	Pulp+P-Bleached Pulp+Prw1 
	(2) 
	As described below in the examples, aqueous polyoxometalate solutions, preferably 0.001 to O.lOM, are prepared with a pH of 1.S or higher. The polyoxometalate may be prepared as in references given in the Examples or by other standard procedures. Pulp is added to the polyoxometalate solution to a consistency of approximately 1-12%. The mixture is heated in a sealed vessel either in the presence or absence of oxygen (V stage). The temperature and duration of polyoxometalate treatment will depend upon oth
	tion and the nature and concentration of the polyoxometalate. 
	An attractive feature of polyoxometalates is that they are reversible oxidants and could thus function as mediating elements in a closed-loop bleaching system in which used polyoxometalate solutions are regenerated by treatment with chlorine-free oxidants. Example 9a below describes the comparison of the oxidative potential of the vanadium(V)/vanadium(IV) couple with other oxidants, indicating that vanadium (IV) is thermodynamically capable of reoxidation by all of these oxidants. 
	To oxidize the reduced polyoxometalate, the polyoxometalate solution is collected after the reaction is complete, titrated with eerie ammonium sulfate to determine the extent ofpolyoxometalate reduction, and reoxidized. Titration with eerie ammonium sulfate is useful for monitoring the reduction of the polyoxometalate solutions, but is not an essential part of the bleaching process itself. The oxidant is preferably air, dioxygen, peroxides, or ozone. 
	The pulps are washed with water and extracted for 1-3 hours at 60°-100° C. in 1.0% NaOH (E stage). The cycle may be repeated in a VEVE sequence, followed by an alkaline hydrogen peroxide (P) stage. For the P stage, typically 30% aqueous hydrogen peroxide is added to a mixture of pulp and dilute alkali to give a final pH of approximately 9-11 and a consistency of 1-12%. The mixture is then heated for 1-2 hours at 60°-85° C. The quantity of hydrogen peroxide, defined as weight percent relative to the O/D. (ov
	In the bleaching of chemical pulps, the polyoxometa· !ates react with lignin to render it more susceptible to extraction with hot alkali. Since many pulping processes, including the Kraft process, require cooking wood chips in hot alkali, we envision that polyoxometa· !ates will be useful in commercial pulping because of the role that polyoxometalates play in the bleaching of Kraft pulp. Thus, the present invention includes treating wood chips or wood meal with polyoxometalates, under conditions analogous
	EXAMPLES 
	Bleaching of chemical pulps. Representative complexes from three classes of vanadium-containing polyoxometalates, differing from one another in both composition and structure, were evaluated. The complexes evaluated were as follows: a phosphomolybdovanadate, Hs[PV2Mo1o040] (compound 1) (Kozhevnikov, I. V., et al. Russian Chemical Reviews, S1:107S-1088, 1982); the phosphotungstovanadates N84[PVW 11040] (compound 2) (Kuznetsova, L. I., et a]., Jnorganica Chimica Acta, 167, 223-231, 1990) and H9[P2V3W1s062]
	To demonstrate the effectiveness of the polyoxometalates, the amount of residual lignin remaining after the polyoxometalate treatment was monitored. Positive results, relative to controls, are more pronounced after 
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	subsequent extraction of the pulp with 1.0% aqueous area under the curve decreases. The spectra are disNaOH (VE sequence). In several cases, the VE sequenplayed as comparisons of polyoxometalate treated pulps ces were followed by an alkaline hydrogen peroxide and control pulps at specified stages of the bleaching stage (P stage) to demonstrate that the polyoxometalate sequence. Sets of spectra were obtained for each of the treated pulps are easier to brighten than the control 5 bleaching Examples 1-S and 
	General method. Bleaching experiments were carried 10 fl.EP, for a bleaching experiment using Hs[PV2Mo1
	out as follows: Aqueous polyoxometalate solutions, 0.01 to 0.10 M, were prepared. The pH ofeach solution was adjusted to 1.S to 2.S. Mixed pine Kraft pulp (kappa number=33) was then added to the polyoxometalate solution to a consistency of approximately 3.0% and the 15 mixtures heated at 100° C. for four hours in a sealed vessel (V stage). In some cases the reactions were run anaerobically, under nitrogen. 
	After exposure to the pulp, the polyoxometalate solutions were then collected, and several aliquots were 20 titrated with eerie ammonium sulfate to determine the extent of polyoxometalate reduction. A color change in the solution, from red or orange to dark brown, green or blue, also indicates reduction of the polyoxometalates. The bulk of the polyoxometalate solutions were 25 then reoxidized with air, dioxygen, hydrogen peroxide and other organic or inorganic peroxides (free acid or salt forms), or ozone
	The pulps were washed with water and extracted for C. in 1.0% NaOH (E 30 stage). In some cases, this cycle was repeated in a VEVE sequence, followed by an alkaline hydrogen peroxide (P) stage. 
	one to three hours at 60°-8S
	0 

	After each stage, the pulps were analyzed for lignin content both spectroscopically (Uv-vis and FT Raman 35 spectroscopy) and chemically (kappa numbers). Fiber damage was monitored by measuring the viscosities of pulp solutions according to TAPPI methods. Technidyne brightnesses were obtained according to TAPPi methods. Reoxidation of the reduced polyoxometalates 40 by air, hydrogen peroxide, peroxyacids and ozone was monitored by Uv-vis spectroscopy, and the integrity of the material in the reoxidized pol
	Control experiments were carried out using identical 4S conditions in parallel sequences, but with no added polyoxometalates. We call the control version of the V stage, in which no polyoxometalate was added, the a stage. 
	Two spectroscopic techniques, transmission Uv-vis so spectroscopy and FT Raman spectroscopy, were used to monitor the removal of lignin-derived material from the chemical pulp upon treatment with the polyoxometalates. 
	Uv-vis spectroscopy. Uv-vis spectra of the pulp sam-SS pies exposed to the four different polyoxometalate compounds were obtained after each stage V, VE and VEP, and after the control sequences fl., fl.E and AEP. For each spectrum, approximately 10 mg of oven dried pulp was dissolved slowly in 8S% phosphoric acid at room 60 temperature. Uv-vis spectra of the resultant solutions were obtained using a Perkin Elmer Lambda 6 spectro· photometer, and displayed as plots of extinction coefficients (E in units of
	Uv-vis spectroscopy. Uv-vis spectra of the pulp sam-SS pies exposed to the four different polyoxometalate compounds were obtained after each stage V, VE and VEP, and after the control sequences fl., fl.E and AEP. For each spectrum, approximately 10 mg of oven dried pulp was dissolved slowly in 8S% phosphoric acid at room 60 temperature. Uv-vis spectra of the resultant solutions were obtained using a Perkin Elmer Lambda 6 spectro· photometer, and displayed as plots of extinction coefficients (E in units of
	0040] (compound 1), carried out as described in Example 1 (VEP sequence; 40% H2020.D. pulp in the P stage). Raman spectra of pulp samples were recorded using a Nicolet 910 Raman instrument, using a 180" reflective sample geometry. The spectrometer was a dedicated near infra-red FT Raman bench using the 1064-nm line from a Nd3+: Y AG laser for excitation. 

	Kappa numbers and brightnesses. Kappa numbers, obtained by permanganate oxidation of residual lignin, are an index of how much lignin is present within a wood or pulp sample. Although difficult to measure accurately or to interpret when only small amounts of lignin are present, kappa numbers are a widely used and easily recognized index of lignin content. Kappa numbers were obtained using T APPi methods T236 om-SS and um-246. 
	Kappa numbers and brightnesses. Kappa numbers, obtained by permanganate oxidation of residual lignin, are an index of how much lignin is present within a wood or pulp sample. Although difficult to measure accurately or to interpret when only small amounts of lignin are present, kappa numbers are a widely used and easily recognized index of lignin content. Kappa numbers were obtained using T APPi methods T236 om-SS and um-246. 
	Brightnesses are a measure of how much light is reflected from a sheet of paper made from a specific pulp sample. Higher numbers mean that more light is reflected. To the eye, brightness corresponds to a whiter sheet of paper. The untreated :((raft pulp used in this work has a brightness of 2S.4%. FulJy bleached commercial pulps can have brightnesses as high as 90%. The ultimate goal of bleaching is simply to achieve high brightness with minimal fiber damage. Handsheets for brightness tests were prepared
	EXAMPLE l 
	Hs[PV2Mo1o040](compound l); VEP Sequence 
	2.0 g oven-dried (O.D.) weight of mixed pine Kraft pulp was added to a O. lOOM solution of compound l, adjusted to a pH of l.4S by addition of lN NaOH, to a final consistency of 3.0% in a JOO mL round-bottomed flask. The pH of the mixture was l.S4. The flask was sealed in air and heated in a 100" C. bath for four hours. During heating, the solution changed from orange to dark green-brown. 
	The pulp, now somewhat darker and slightly reddishbrown in color, was coJlected on a Buchner funnel and the partialJy reduced polyoxometalate solution (pH= 1.98) was saved. 
	The partially reduced polyoxometalate solution was titrated to an orange endpoint with eerie ammonium sulfate. 3.2% of the vanadium(V) present, or 
	2.07 x J0-4 mol of vanadium(V) per l.O g O.D. pulp, had been reduced to vanadium(IV). 
	The pulp was washed three times with water and heated for three hours at ss• C. in 1.0% aqueous NaOH at a consistency of 3.2% in an open round-bottomed flask. At the end of this time the alkali solution was brown, and the pulp had lost some of its dark reddish color. After coJlecting and washing with water, the pulp was treated with 40% Hi02 (relative to the 0.D. weight of the pulp) at a consistency of 2.0% for 1.5 hours at 85" C. and an initial pH of 10.42. 

	5,302,248 .9 10 .
	A control experiment was performed in parallel 
	A control experiment was performed in parallel 
	TABLE 2
	under identical conditions, but without added polyox
	ometalates. In the control, no darkening of the pulp occurred in the first stage (A) and little color was observed in the aqueous NaOH solution after the E stage. 
	Prior to reuse of the polyoxometalate solution, air was bubbled gently through the polyoxometalate solution for 1.5 hours at 60° C., and the pH of the solution was then adjusted to 1. 5 with concentrated H2S04. The 
	'IJ 'IJ 
	v 6.52 11.04 'IJ(A-VJ = 4.52 E 6.58 12.03 'IJ(A-VJ = 5.45

	s 
	FIGS. la, 2b, 2c and 3 illustrate spectrophotometric 
	FIGS. la, 2b, 2c and 3 illustrate spectrophotometric 
	differences in pulps treated with compound 1. FIG. 2a 
	is a plot of E versus >. for pulps obtained after stages V 

	reoxidation was monitored spectrophotometrically (see 10 and A. FIG. 2b is a plot ofE versus>. for pulps obtained 
	Example 11). After reoxidation, the 31p NMR spectrum of the reoxidized polyoxometalate solution was obtained. No phosphorus-containing decomposition products were observed. 
	Example 11). After reoxidation, the 31p NMR spectrum of the reoxidized polyoxometalate solution was obtained. No phosphorus-containing decomposition products were observed. 

	Table 1 describes kappa number and brightness mea-lS surements for the V stage, E stage and P stage of Exam-pie 1. The kappa number, indicating the amount of lignin present, is lower in the V and VE measurements as opposed to the A and AE measurements. Significant delignification is evident after the E stage in the polyox-20 ometalate treated pulp, while brightening does not occur until the P stage. 
	An asterisk in Table 1 or any of the following tables indicates that a value is too low to be determined accurately. 2s 
	TABLE I 
	TABLE I 
	Kappa No. Brightness Kappa No. Brightness 
	v 19.2 19.l ~ 24.7 31.7 

	E 10.7 26.7 E 18.9 33.5 p (1.7)• 71.2 p 7.2 S5.9 
	30 

	Pulp viscosity (TJ) is a measurement of the extent to which cellulose fibers have been damaged during bleaching. Before bleaching, the mixed pine kraft pulp JS had a viscosity in solution with cupric sulfate and ethylene diamine (according to TAPPi methods) of 30 mPa· sec-1• To determine the viscosity of the pulp after the V and A stages, compound 1 was used as described above, but with careful exclusion of dioxygen during 40 the V stage. Pulp viscosities, measured after V and A, and after VE and AE are ta
	In the present invention, the efficacy of the polyoxometalate compounds 1-4, was demonstrated at low pH values of 1.5 to 2.5. After heating at these pH values for 4S four hours at 100° C., substantial acid-catalyzed degradation of the cellulose fibers occurs. As a result of the low pH values used in the examples, pulp viscosities are all lower than they would have been if the reactions were done at higher pH values. Many polyoxometalates so are stable at higher pH values. For example, compound 3 is stable
	quickly as possible, we chose a low pH at which all of 60 the materials are stable at elevated temperatures. Therefore, although the viscosities reported here are low, the relatively small differences between the polyoxometalate-treated pulps and the control pulps heated at the same pH, but with no added polyoxometa-65 lates suggest that when run at higher pH values, the polyoxometalate-treated pulps should meet industry standards. 
	after stages VE and AE. FIG. 2c is a plot of E versus>. for VEP and AEP pulps. FIG. 3 is a comparison of untreated Kraft pulps with these V stage and A stage pulps. The P stage for the plots of FIG. 2 involved 40% H202 per O.D. pulp. 
	after stages VE and AE. FIG. 2c is a plot of E versus>. for VEP and AEP pulps. FIG. 3 is a comparison of untreated Kraft pulps with these V stage and A stage pulps. The P stage for the plots of FIG. 2 involved 40% H202 per O.D. pulp. 
	FIG. 2a and FIG. 2b indicate that there is less lignin present in the V stage than in the A stage and that there is less lignin present in the VE and VEP stage than there is in the AE and AEP stage. FIG. 3 indicates that significant decreases in residual lignin are not observed after the V stage alone. 
	EXAMPLE2 
	Hs[PV2Mo1o040] Compound 1); VEVEP Sequence 
	Compound 1 was used in a V 1EV 2EP sequence, with a control sequence denoted A1EA2EP. In the first stage, Vi. 5.0 g 0.D. weight of mixed pine kraft pulp was added to a O. lOOM solution of compound 1 to a final consistency of 3.0% in a 500 mL round-bottomed flask. The pH ofthe mixture was 1.52. The flask was sealed in air and heated in a 100° C. bath for four hours. 
	At the end of the reaction, the pH of the solution was 
	1.70 and 3.13% of the vanadium(V) present, or 2.03X 10-mol of vanadium(V) per 1.0 g O.D. pulp, had been reduced. Extractions were carried out in 1.0% NaOH as described above. After the second V stage, V2 (1.0 g oven dried weight of the V 1E treated pulp at a consistency of 1.0% in a 0.03M solution of compound 1 at a pH of l.SO), 4.38X 10-~ mol of V(V) per 1.0 g 
	4 

	0.D. pulp were reduced. After a second extraction stage, the pulp was treated with 10% H202, relative to the O.D. weight of the pulp, at a consistency of 2.0% for 1.5 hours at 85" C. and an initial pH of 11.19. The control sequence, A1EA2EP, was carried out in parallel with no added polyoxometalates. 
	Table 3 describes the kappa number and brightness measurements for the different stages in the above-described experiment. Kappa numbers are less at every stage of the polyoxometalate-exposed pulp than the control pulp. In particular, the effect of repeating the VE sequence is shown by the large differences in kappa numbers measured after V1EV2E and A1EA2E. Note that, due to repetition of VE, only 10% Hi02 per 0.D. pulp is needed to dramatically improve the brightness of the polyoxometalate treated pulp rel
	TABLE 3 
	___K_a.;..;pp'-a_N_o_._B_n-'·g;...h_in_es_•___K_•.:...:PP;..._N_0_·__B_ri.::.gh_in_ess_ V1 19.2 19.1 ~1 24.7
	8

	107 267 33.S
	~· · !. ·9
	18

	2 
	E s.2 E 17.1 P (1.4)" 68.3 P 9.9 so.a 
	FIG. 4 is a plot of E versus >. for the VEVE stage versus the AEaE stage and the VEVEP stage versus 
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	is less lignin present in the polyoxometalate-exposed pulps. 
	is less lignin present in the polyoxometalate-exposed pulps. 
	the ll.E/l.EP stage. The plot indicates that there 

	FIG. 5 is a comparison of VEP (with 40% H102. /O.D. pulp in the P stage) and VEVEP (with 10% H102/0.D. pulp in the P stage) with ll.EP (40% H102. /O.D. pulp in Hi02/0.D. pulp in the P stage). FIG. 5 indicates that 10% H202. /O.D. pulp in the P stage, after the repetitive sequence VEVE gives a result similar to that obtained using 40% H2020/D. pulp after a single VE sequence. 
	P) and ll.Ell.EP (with 10% 

	EXAMPLE3 
	Na.[PVW11040) (Compound 2); VEP Sequence 
	1.0 g O.D. weight of mixed pine kraft pulp was added to a 0.09M solution ofcompound 2 to a final consistency of 3.0% in a 100 mL round-bottomed flask. The pH of the mixture was adjusted to I.SO with concentrated H2S04. The flask was sealed in air and heated in a 100° 
	C. bath for four hours. During heating, the solution changed from orange to greenish-brown. The pulp, now somewhat lighter in color, was collected on a Biichner funnel and the partially reduced polyoxometalate solution (pH= 1.67) was saved. 43.6% of the vanadium(V) present, or 1.27 X 10-3 mol vanadium(V) per 1.0 g 0.D. pulp, had been reduced to vanadium(IV). 
	The pulp was washed three times with water and heated for three hours at BS" C. in 1.0% aqueous NaOH at a consistency of 3.2% in an open round-bottomed flask. At the end of this time the alkali solution was brown, and the pulp was lighter in color. After collecting and washing with water, the pulp was treated with 40% Hi02 (relative to the 0.D. weight of the pulp) at a consistency of 2.0% for 1.S hours at 85° C. and an initial pH of 10.48. 
	The reduced polyoxometalates in the solution of compound 2 were reoxidized by addition of oxone (potassium monopersulfate compound) (30 mg/mL polyoxometalate solution) and heating to 100° C. for 10 minutes. The reoxidation was monitored spectrophotometrically and the 31p NMR spectrum of the reoxidized polyoxometalate solution was obtained (see Example 
	12). Phosphorus-containing products of rearrangement or isomerization were observed at concentrations ofless than approximately S.0%. No phosphorous-containing decomposition products were observed. 
	Table 4 describes the kappa number and brightness measurements for the different stages of the above-described experiment. Notably, the kappa number after VE is dramatically lower than that after ll.E and is too low to measure accurately after the P stage in the VEP sequence. Once again, the brightness measurement indicates that the polyoxometalate treated pulp is easier to brighten than the control pulp. 
	TABLE4 
	Kappa No. Brightness Kappa No. Brightness 
	~ 24.7 31.7 E 7.6 E 18.9 33.5 p 67.8 p 7.2 55.9 
	v 


	FIGS. 6a and 6b describe spectroscopic measurements for the V and fl. stages (FIG. 6a) and the VE and 63 VEP versus /l.E and ll.EP stages (FIG. 6b). The Figures indicate that there is less lignin present in the pulp treated with compound 2. 
	EXAMPLE4 
	EXAMPLE4 
	H9[P2V3W15<>62) (Compound 3); VE Sequence 
	0.10 g. O.D. weight of mixed pine Kraft pulp was added to a O. IOM solution of compound 3 to a final consistency of 2.7% in a IS mL round-bottomed flask. The pH of the mixture was adjusted to I.SO with concentrated H2S04. Air was removed in three freeze-pump-thaw cycles, and the flask was seaJed under purified nitrogen and heated in a 100° C. bath for four hours. During heating, the solution changed from red-orange to dark orange brown. The pulp, slightly changed in color, was collected on a Buchner funne
	The pulp was washed three times with water and heated for three hours at BS" C. in 1.0% aqueous NaOH at a consistency of 3.2% in an open flask. At the end of this time the alkali solution was light brown. The reduced polyoxometalates in the solution of compound 3 were reoxidized immediately upon addition of oxone (potassium monopersulfate compound) ( 11.3 mg/per mL solution) at room temperature. The reoxidation was monitored spectrophotometrically and the 3lp NMR spectrum of the reoxidized polyoxometalate 
	FIGS. 7a and 7b are plots ofE versus>. for the V and fl. stages (FIG. 7a) and the VE and ll.E stages (FIG. 7b). 
	EXAMPLE S .N86[Vio02s] (Compound 4); VE Sequence .
	0.10 g oven-dried weight of mixed pine Kraft pulp were added to a O. lOM solution of compound 4 to a final consistency of 2.7% in a 1 S mL round-bottomed flask. The pH of the mixture was adjusted to 2.S with concentrated HiS04. Air was removed in three freeze-pumpthaw cycles, and the flask was sealed under purified nitrogen and heated in a 100" C. bath for four hours. During heating the solution changed from orange to red-brown and precipitate of the same color fell out of solution. The mixture of pulp an
	FIG. 8 is a plot ofE versus>. for pulps obtained after stages VE and /l.E. 
	Reoxidation Of Used Bleaching Liquors Containing Reduced Polyoxometalates 
	All of the oxidants mentioned below are thermodynamically capable of reoxidizing all of the reduced polyoxometalates. Nonetheless, differences in rates have been observed, and no clear pattern of reoxidation rates is yet discernible. The most desirable oxidants are probably air, dioxygen, or hydrogen peroxide, with air the most desirable. 
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	reduction potentials listed here show that V(IV) are
	reduction potentials listed here show that V(IV) are
	EXAMPLE 6 
	thermodynamically capable of reoxidation by all of the 

	Solutions of Hs[PV2Mo1o040] (compound 1), partially reduced after reaction with Kraft pulps at elevated temperature, were exposed to air as described in S Example 1. Moist air was bubbled gently (approximately 0.1 L/min air) through the dark blue-green polyoxometalate solutions for 1.5 hours at 60° C. During this treatment the blue-green color was discharged to give dark orange solutions that became lighter in color upon treatment with mineral acid. The reoxidation was monitored by Uv-vis spectroscopy a
	31 

	tra of the solutions were obtained. Compound 1 exists as a mixture of positional isomers. Although the distribu-IS tions of these isomers changed during bleaching and 
	reoxidation, no new signals were observed. 
	reoxidation, no new signals were observed. 
	In addition to air, ozone was also used as a reoxidant. The solutions were exposed to a stream of ozone (O. l L/min of a 3.0% mixture of oin o) at ° c. for several minutes. The result was identical to that obtained upon prolonged exposure to air. 
	3 
	2
	100 

	EXAMPLE? 

	Solutions ofN14[PVW11040] (compound 2), partially 25 reduced after use in bleaching, were not reoxidized at a convenient rate by air or ozone. However, they were readily reoxidized by incremental addition of oxone (potassium monopersulfate compound, Du Pont) or ammonium persulfate at 100" C. Reoxidation Was monitored by Uv-vis spectroscopy. The integrity of compound 2 was confirmed by 31p NMR spectroscopy. Although compound 2 remained largely unchanged, small signals, comprising approximately 5.0% or less
	35

	EXAMPLE 8 
	EXAMPLE 8 

	Solutions of H9[P2V3W1s062] (compound 3), partially reduced after use in bleaching, were not reoxidized at a convenient rate by air, but were reoxidized rapidly, at room temperature, by oxone, and within several minutes at 100° C. after incremental addition of 30% hydrogen peroxide. Reoxidation was monitored s visually, and indicated by a change in color of the solution from dark orange-brown to bright red-orange. Two new 31 P NMR signals, mentioned in Example 3, were observed in roughly the same proport
	4

	EXAMPLE9 
	EXAMPLE9 
	Selectivity of the Vanadium-Substituted Polyoxometalates for Lignin 

	Example 9(a) Oxidation potentials of the polyox-SS ometalates. The standard electrode potential for the vanadium(V)/vanadium(IV) couple in IM acid is 
	+1.00 V versus the normal hydrogen electrode (NHE). This should be compared to the standard potentials for one-electron reductions of lN204 (+ 1.07), 1/402( + 1.23), Cl02 ( +1.27 V), IC'2 ( +1.36), !H202 ( + 1.78) and 1/203 ( +2.07), all versus NHE. Although the rates of lignin oxidation by these materials depend upon the mechanism(s) of electron transfer operating in each case, the one-electron redox potentials suggest that 65 vanadium(V) containing polyoxometalates may be more selective than many of the a
	+1.00 V versus the normal hydrogen electrode (NHE). This should be compared to the standard potentials for one-electron reductions of lN204 (+ 1.07), 1/402( + 1.23), Cl02 ( +1.27 V), IC'2 ( +1.36), !H202 ( + 1.78) and 1/203 ( +2.07), all versus NHE. Although the rates of lignin oxidation by these materials depend upon the mechanism(s) of electron transfer operating in each case, the one-electron redox potentials suggest that 65 vanadium(V) containing polyoxometalates may be more selective than many of the a
	oxidants, including dioxygen and hydrogen peroxide, commonly used in bleaching. 

	Example 9(b) Oxidation of model compounds as a measure of selectivity. Hs[PVMoio040] (compound l, and its sodium salt Nas[PV Moo0], oxidize activated phenols to quinones (Lissel, M., et al. Tet. Lett.; 33, 1795-1798, 1992) and benzylic alcohols to a-ketones (Neumann, R. et al., J. Org. Chem., 56, 5707-5710, 1991). Both phenols and benzylic alcohols are constituents of lignin. Significantly, primary alcohols (constituents of cellulose) are not oxidized even after 22 hours at 
	Example 9(b) Oxidation of model compounds as a measure of selectivity. Hs[PVMoio040] (compound l, and its sodium salt Nas[PV Moo0], oxidize activated phenols to quinones (Lissel, M., et al. Tet. Lett.; 33, 1795-1798, 1992) and benzylic alcohols to a-ketones (Neumann, R. et al., J. Org. Chem., 56, 5707-5710, 1991). Both phenols and benzylic alcohols are constituents of lignin. Significantly, primary alcohols (constituents of cellulose) are not oxidized even after 22 hours at 
	2
	2
	1
	40

	• C. In our hands, 2-methoxy-4-methyl phenol and 4hydroxy--methoxybenzyl alcohol (vanillyl alcohol) 
	90
	3

	were readily oxidized by compound 1, and veratryl alcoho} was oxidized to veratryl _aldehyd~ in 30 minutes at 100 C. However, after heating~ mixture of compound 1 (10.0 mL of a O.OlM solution at Pf! 1.5) and 
	0.25 g ofcotton cellulose for four hours at 100 C. under anaerobic conditions, only about 0.1 % of the polyoxometalate present had been reduced. These results demonstrate that the vanadium-substituted polyoxometalates are highly selective for lignin-derived material, implying that minimal oxidative degradation of cellu
	losic fibers should occur during the use of these materials in bleaching. 
	EXAMPLE to 
	FT Raman Spectroscopy 
	FIGS. 9a, 9b, 9c and 9d describe results obtained in the FT Raman study of solid pulp samples. FT Raman spectra were obtained from solid pulp samples after each stage V, VE and VEP, and after control sequences .6., .6.E and .6.EP for a bleaching experiment using compound I carried out as described in Example 1. For the VEP sequence, 40% H202 per O.D. pulp was used. 
	The bands observed in the FT Raman spectra of lignocellulosic materials correspond to both lignin and carbohydrate components of the pulp. The broad band, observed at 1590 cm-l in the present study, is due to the ring-breathing mode of phenyl rings present in the residual lignin. The intensity of this band correlates well with the amount of residual lignin in the sample. 
	EXAMPLE 11 
	Uv-vis Spectroscopy of Polyoxometalate Solutions 
	Upon reduction, solutions containing only fully oxidized vanadium-substituted polyoxometalate solutions darken to blue, green, or brown, depending upon the concentration of polyoxometalate in solution, the percentage of total available vanadium(V) ions that have been reduced, and the nature and composition of the reduced species. Upon reoxidation, the dark color is discharged, and the solution returns to its original color. Reduction and reoxidation of the polyoxometalates was monitored quantitatively by 
	A 0. toM solution of Hs(PV2Mo1o040) (compound I) was used in a bleaching (V) stage as described in Example I, and subsequently reoxidized with air as described 
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	in Example 6. The reduced (red) and reoxidized (ox) MG is a main group ion, n+m+o+l+pE;4, ands Uv-vis spectra are shown in FIG. 10. is sufficiently large that x>o, under conditions of EXAMPLE temperature, time, consistency, pH and reactor
	12 
	12 

	design wherein the polyoxometalate is reduced and Phosphorus-31 Nuclear Magnetic Resonance Spectra of S enhanced delignification occurs. Polyoxometalate Solutions 2. The method of claim 1 where in the polyoxometa-
	The integrity of phosphorus-containing polyox-late is of the formula lVnO,Jx-, where n6;4, rE; 12 and ometalates, in aqueous solution, was confirmed by 31p x=2r-5n. NMR spectroscopy. N114(PVW 0o40) (compound 2) 3. The method of claim 2 additionally comprising a was prepared at the Forest Products Laboratory, and, 10 step of reoxidizing the reduced polyoxometalate with unlike its close relative, the potassium salt an oxidant. K.t[PVW110-40), may not be a previously isolated mate-4. The method of claim l wher
	11

	The lip NMR spectrum of a sample of compound 2 5. The method of claim 4 additionally comprising a was diluted with 020, and phosphoric acid was added step of reoxidizing the reduced polyoxometalate with as an internal reference. The lip NMR spectrum of this an oxidant. solution is shown in FIG. 11. The chemical shift of 6. The method of claim l wherein the polyoxometaphosphorus-31 was reported relative to that of phos-late is of the formula [V,.MomWo(MG)p<>,Jx-where phoric acid reference which was set at 0
	20 
	4
	11
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	desired material, N34[PVW 110-40). [V p ]6-. EXAMPLE lJ 9. The method of claim 8 additionally comprising a step of reoxidizing the reduced polyoxometalate with Use of Compound 1 in Pulping an oxidant. 
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	3 grams of 96% aspen wood meal (the remaining 4% 10. The method of claim 1 additionally comprising a being water) were heated at 84° C. for 1.5 hours, with step of reoxidizing the reduced polyoxometalate with stirring and gentle aeration (ca. 0.1 L/min of air) in a an oxidant. 
	35 

	. O. lOM solution of compound 1 at a pH of 0.30. A con-11. The method of claim 10 wherein the oxidant is trol was performed by heating 3 grams of 96% aspen selected from the group consisting of air, dioxygen, wood meal under identical conditions but with no po-peroxides and ozone. lyoxometalates. The two samples were each subjected 12. The method ofclaim 10 wherein the step of reoxito a short Kraft cook and the Jignin content of each dizing the reduced polyoxometalate is simultaneous sample was determined.
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	The lignin contents of the two samples were analyzed 13. A method for delignifying wood comprising the according to T APPi methods T222 and um-249. The 45 steps of control sample was found to be 18% delignified, while obtaining a sample of wood fibers; and the sample treated with compound 1 was shown to be exposing the wood fibers to a solution of polyox50% delignified. ometalate of the formula [VnMOmW1N
	We claim: b0Tap(TM)q(MG),Oi}x-where n is 1-18, mis 0-40, 
	1. A method for delignifying wood pulp comprising so 1 is 0-40, o is 0-10, pis 0-10, q~6. r~6, TM is a 
	the steps of: d-electron-containing transition metal ion, and MG obtaining a wood pulp; and is a main group ion, n+m+o+l+p5::;4 and s is exposing the wood pulp to a solution of a polyox-sufficiently large that x>o, under conditions of 
	ometalate of the formula [V,.MomW1N-temperature, time, consistency, pH and reactor boTap(TM)q(MG),Os]x-wherein n is 1-18, m is 55 design wherein the polyoxometalate is reduced and 0-40, I is 0-40, o is 0-10, pis 0-10, q:1!6, r;;i!6, TM enhanced delignification occurs. is a d-electron-containing transition metal ion, and • • • • • 
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