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The effect of metal ions on the reaction of
hydrogen peroxide with Kraft lignin model
compounds

Yujun Sun, Michael Fenster, Annie Yu, Richard M. Berry,
and Dimitris S. Argyropoulos

Abstract: Peroxide bleaching is significantly affected by transition and alkaline earth metals. Isolating the effects of
different transition and alkaline earth metals on the reactions of peroxide with different representative lignin structures
allows the separation of the positive from the negative contributions of these metal ions. In this work, five monomeric
or dimeric phenolic lignin model compounds were treated with alkaline hydrogen peroxide in the absence or presence
of Mn?*, CU?*, Fe*, and Md@*. We followed the disappearance of the starting material and the progress of
demethylation, radical coupling and oxalic acid formation were followed. Transition metals increased the reactivities of
all the lignin model compounds with hydrogen peroxide in the orde?'MnCw?* > Fe**, which is the same as the

order of activity toward peroxide decomposition while #Mgtabilized the system. Demethylation, radical coupling, and
oxalic acid formation were all increased by the presence of transition metals in the system and decreased by the
addition of M@*. The acceleration of the total degree of reaction and of the demethoxylation reactions improves
peroxide bleaching, but the increase in the radical coupling reactions can affect the further bleachability of pulp while
the increase in the formation of oxalic acid could lead to a greater probability of scaling.

Key words lignins, hydrogen peroxide, peroxide bleaching, reactivity, chemical pulps, metal compounds, alkali treat-
ment, transition metals, delignification.

Résumé: Le blanchiment au peroxyde est affecté d’'une fagon significative par les métaux de transition et
alcalinoterreux. En isolant les effets des divers métaux de transition et alcalinoterreux sur les réactions du peroxyde
avec diverses structures représentatives de lignine, on peut séparer les contributions positives et négatives de ces ions
métalliques. Dans ce travail, cinqg composés modeles de lignine phénoligue monomeére ou dimere ont été traités par du
peroxyde d’hydrogéne en milieu alcalin, en présence ou en I'absence tfe Glf*, FE* et Mg?*. On a suivi la

disparition du produit de départ et le progres de la déméthylation, du couplage radicalaire ainsi que de la formation
d’acide oxalique. Les métaux de transition augmentent les réactivités de tous les composés modeles de la lignine avec
le peroxyde d’hydrogéne et l'ordre de cet effet est?Mn CU?* > Fe**, le méme que celui de l'ordre d’activité vis-a-

vis de la décomposition du peroxyde; le Mgstabilise le systéme. En présence de métaux de transition dans le

systeme, les vitesses de déméthylation, de couplage radicalaire et de formation d'acide oxalique sont toutes
augmentées; I'addition de Mgles diminue. L'accélération du degré total de réaction et des réactions de
déméthoxylation améliore le blanchiment au peroxyde, mais I'augmentation des réactions de couplage radicalaire peut
éventuellement affecter la possibilité de pousser le blanchiment de la pulpe alors que 'augmentation de la formation
d’acide oxalique peut éventuellement conduire a une plus grande probabilité de d’encrassement.

Mots clés: lignines, peroxyde d’hydrogene, blanchiment par le peroxyde, réactivité, pulpes chimiques, composés métal-
liques, traitement alcalin, métaux de transition, délignification.
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Introduction moieties with alkaline hydrogen peroxide in the presence
and absence of transition metals. In particular, a series of
Hydrogen peroxide interacts with lignin via two different model compounds representing typical structures found in
sets of reactions; perhydroxyl anions nucleophilically attackresidual Kraft lignin were allowed to react with alkaline hy-
and eliminate lignin chromophores, while free radical spe-drogen peroxide in the presence and absence of manganese,
cies, formed through the decomposition of hydrogen peroxiron, copper, and magnesium ions.
ide, cause the oxidative degradation of phenolic lignin
structures converting them to carboxylic acids (1). Free-
radical species have also been claimed to participate iEExperimental
chromophore elimination reactions (2-5). During hydrogen
peroxide bleaching of chemical pulps, the presence of transiMaterials
tion metal ions and in particular manganese, copper, and The model compounds used during this investigation were
iron is known to catalyze peroxide decomposition. In con-4-methylcatecholl), 3-methoxy-4-hydroxytoluene or creosol
trast, magnesium is known to stabilize peroxide. In the ab{2), the condensed dimer containing a Glibkage @), the
sence of transition metal ions, the decomposition ofcondensed dimer containing arb linkage @), and the con-
hydrogen peroxide proceeds via a homogeneous, pH dalensed dimer containing a methylene linkagg Catechol
pendent, bimolecular reaction involving hydroperoxy anions(1) and creosolZ) were purchased from Aldrich Chemicals
(6, 7). Earlier efforts aimed at revealing the reaction detailsand used without further purification. Model compourls
between lignin model compounds and alkaline hydroger, and 5 were synthesized following literature procedures
peroxide in the absence of transition metal ions have show(R4, 25). Hydrogen peroxide (30%) and magnesium sulfate
that hydrogen peroxide degrades phenolic units to low mo¢98.0%) were purchased from ACP Chemicals, and iron(lll)
lecular weight aliphatic carboxylic acids (8-14). However, sulfate (97.0%), sodium hydroxide of semiconductor purity
Gierer and Imsgard (15) have shown that phenolic units ar€99.99%) were purchased from Aldrich Chemical Co. Cop-
stable to alkaline peroxide but are reactive to hydroxy radiper(ll) sulfate (98.4%) was purchased from Baker Chemi-
cals arising from the decomposition of hydrogen peroxidecals, while manganese sulfate (99.8%) was purchased from
Abbot et al. (6, 7, 16) have also demonstrated that differFisher Scientific Co. The remaining reagents and solvents
ences exist in the catalytic action of manganese, coppewere of analytical grade or better. The water used in this
iron, and magnesium ions toward peroxide decomposition irstudy was first distilled and then passed through a nanopure
the presence and absence of pulp. Despite the fact thanalytical deionization system (Barnstead).
chelation and even an acid wash is frequently used to re-
move the transition metal ions from the pulp prior to bleach-Reactions of model compounds with peroxide
ing, it is undeniable that traces of such species still remain in The precise reagent Stoichiometry was established by con-
the system contributing to the complexity of the reaction sesidering a benzene ring as one unit. As such the ratio of
quences. The large variety of highly reactive species presemjodel compound/peroxide/NaOH was 1/3/2 (on molar ba-
in such reactions coupled with the complex structural feasijs) for mononuclear modelsand2 and 1/6/4 for dinuclear
tures of residual Kraft Ilgnln has made it difficult to define models 3, 4, and 5. The concentration of metal ions used
the interaction of alkaline peroxide with residual Kraft lignin during this study was 0.5% for compountisand 2 and 1%
and transition metal ions. for compounds3, 4, and5. This concentration was in excess
The continued international effort toward implementing of the solubility limit of the hydroxides under the alkaline
environmentally benign bleaching sequences, which now ofeonditions used in this work. Therefore, the metal ions pres-
ten include pressurized (17, 18) and high-temperature (1%®nt should be considered as being present as their hydrous
20) peroxide warrants closer attention to be paid at the funexide precipitates in equilibrium with the oxidation mixture.
damentals of the reactions of alkaline hydrogen peroxide The model compound (100 mg) was mixed with a known
with residual Kraft lignins and its model compounds. Resid-volume of deionized water, never exceeding 20 mL. The
ual Kraft lignin contains significant amounts of condensedpH was adjusted to 12 by adding a predetermined amount of
structures such as 53;5-5, diphenylmethane, and stilbene 1 N NaOH, and then the solution of the metal ion (0.01 N)
units (21-23). Despite such structures being abundant in revas added. Hydrogen peroxide was then added using a
sidual Kraft lignin, to date there have been no studies deali00 mL syringe. Finally, the total volume was made up to
ing with their reactions with alkaline hydrogen peroxide and25 mL with water. All reactions were carried out in stainless
the effect of transition metals in such a system. The aim obteel bombs equipped with a glass liner immersed in a hot
this work is to evaluate the reactivity of residual Kraft lignin water bath maintained at 80°C for 2 h.
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Table 1. The calculated KD, consumption (%) and the general product profiles as obtained using quantitative GC analyses for the
treatment of various model compounds with alkaline peroxide in the presence or absence of metal ions.

Product weights determined by GC (wt.%)

Metal ion H,0, % Starting Total Unidentified Undetected
Model compound added consumed material identified product® products products
Catechol 1) No metal 95.3 40.5 42.9 6.8 9.8
Mn?+ 98.3 14.5 22.4 2.8 58.3
CuP+ 99.2 12.5 43.2 6.1 38.4
Fel+ 98.3 22.1 63.3 6.0 8.6
Mg+ 91.2 47.9 36.5 13.2 2.4
Creosol @) No metal 91.3 42.1 45.9 5.8 6.2
Mn?+ 98.3 20.9 19.7 7.4 52.0
Cu+ 98.0 18.6 33.7 5.4 42.3
Fel+ 97.2 25.2 26.7 5.2 42.9
Mg?+ 83.1 48.5 225 5.8 23.2
5-5 Dimer (3) No metal 81.8 57.8 33.9 0.5 7.8
Mn2+ 93.7 41.9 55 0.6 52.0
Cu+ 94.3 46.2 125 0.4 40.9
Fe+ 91.5 49.4 37.9 1.9 10.8
Mg?+ 45.8 84.9 7.8 0.4 6.9
a-5' Dimer () No metal 80.3 455 329 2.2 19.4
Mn2+ 91.5 13.3 23.8 8.8 54.1
Cu+ 88.6 33.6 29.2 6.6 30.6
Fe+ 94.3 38.5 354 3.9 22.2
Mg?+ 47.7 54.5 24.2 0.9 20.4
5-CH,-5' dimer () No metal 82.6 53.3 13.3 3.8 29.6
Mn2+ 92.8 32.3 9.2 4.3 54.2
Cu+ 93.4 35.5 9.5 1.9 53.1
Fel+ 92.8 41.2 14.8 2.9 41.1
Mg+ 49.4 66.8 6.9 1.6 24.7

“Total identified products excluding starting material.

Reaction work-up procedure by comparing their fragmentation patterns with those of
At the end of the reaction a 2.0 mL aliquot of reaction commercially available or independently synthesized au-
mixture was withdrawn, and the concentration of residuathentic samples.
peroxide was determined using an iodometric titration. The Product quantification was carried out by using a gas
pH of the reaction mixtures was then adjusted to 2 usinghromatograph coupled to a flame ionization detector under
10% HCI, and the acidified mixture was extracted with ethylconditions identical to those described previously. The prod-
acetate (3 x 50 mL) and chloroform (3 x 50 mL). The or- uct ratios were evaluated by using 4-methoxyphenol as the
ganic extracts were stirred over anhydrous magnesium suinternal chromatographic standard. The GC response factors
fate, filtered, and concentrated using a rotary evaporatofelative to the standard were determined using one of two
with the water bath set at 25°C. The aqueous phase wasethods. For commercially available compounds, their re-
freeze-dried, and the resulting solid was extracted with acesponse factors were obtained by mixing known volumes of
tone. The extracts from the organic and agueous phases wetige compound with standard solutions, followed by GC area
combined, dried at room temperature, and subjected teneasurements. For compounds that were not available, their
GC/MS analyses. The @, consumption data and reaction relative response factors were calculated by using the Effec-

yields are tabulated in Table 1. tive Carbon Number (ECN) concept (26, 27). The contribu-
tions to ECN for specific functional groups are shown in
Analytical methods Appendix.

GC/MS analyses were carried out on a Hewlett Packard The major MS fragmentation patterns for trimethyl-
5972 mass spectrometer interfaced to a Hewlett Packarsilylated compounds discussed in this work are as follows:
5890-A gas chromatograph equipped with a DB-5 30 m x—mz (relative intensity %): product: 268 (M, 35%), 253(6),
0.25 mm packed silica capillary column. The injection port180(10), 165(6), 149(6), 73(100); 1.01: 219 (M — 15, 3%),
temperature was 280°C, and the oven temperature wakd0(5), 147(81), 133(4), 73(100); 1.02: 233 (M — 15, 30%),
raised from 70 to 250°C with a gradient of 15°C/min. The 147(100), 117(23), 73(45); 1.03: 260 (M, 9%), 245(4),
products were analyzed after being silylated using N,0-147(29), 143(79), 73(100); 1.04: 356 (M, 26%), 341(2),
bis(trimethylsilyl)acetamide. The compounds were identified267(50), 179(40), 147(15), 73(100); 1.05: 534 (M, 16%),
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343(7), 305(8), 205(8), 147(10), 73(10®; 210 (M, 24), Fig. 1. The reactivity (reflected by the amount of remaining
195(14), 180(100), 165(8), 149(8), 73(13); 2.02: 205 (M —starting material) of the various residual Kraft lignin model

15, 12), 177(9), 147(81), 73(100); 2.03: 261 (M — 15, 7%),compounds examined during this work, in the presence and
186(3), 147(100), 129(7), 73(79); 2.04: 259 (M — 15, 9%),absence of various metal ionsa)(displays the data as a function
184(4), 147(100), 97(8), 73(41); 2.06: 418 (M, 37%), of the individual metal ions addedb) displays the data as a
403(16), 388(23), 314(4), 287(8), 179(6), 165(3), 73(100);function of the individual model compounds examined.

2.07: 476 (M, 15%), 461(2), 358(13), 299(4), 207(3), _ =

179(4), 147(8), 73(100); 2.08: 346(43%), 331(29), 316(56),5 w a) Catechol
287(15), 241(47), 213(13), 165(11), 147(L1), 73(100); 2.09:5 | 1 | SY cooe
404 (M, 46%), 389(11), 374(13), 300(8), 193(21), 73(100); £ ®f .

3.03: 238 (M, 5%), 223(100), 208(34), 179(8), 165(7), £ “¢ ] g ] | S s
151(7), 73(14); 3.04: 311 (M — 15, 75%), 281(8), 238(10).8 “ENA 01 A A N1 |, -~
207(11), 179(11), 151(12), 133(14), 73(100); 3.05: 436 (M, £ ¢ §§§ N é ,§§ §§§ S0H2-§ Dimer
4%), 305(100), 215(4), 188(6), 115(5), 73(3®):418 (M, £ ot A A N4 NA Al A | e ssome
100%), 403(35), 388(79), 373(10), 358(23), 193(8), 179(14)2 £ A INA N N N

73(74); 4.02: 247 (M — 15, 15%), 147(100), 73(73); 4.03: Cowa W an R W

245 (M — 15, 100%), 147(58), 143(17), 115(9), 73(98); 4.06:

335 (M — 15, 7%), 245(13), 233(24), 147(63), 133(10), 3 7 oo

73(100); 4.07: 312 (M, 67%). 297(100), 282(35), 267(64), 5 ¥ b)
253(41), 223(53), 193(20), 126(24), 73(76); 4.08: 396 (M
25%), 338(34), 308(11), 209(90), 179(40), 147(9), 73(100):=
4.09° 346 (M, 20%) 331(12), 316(48), 301(16), 241(13),"
179(13), 115(11), 73(100)S: 432 (M, 68%), 417(27),
402(35). 329(8). 299(7), 193(16), 179(7), 73(100): 5.03: 490:
(M, 16%), 475(3), 372(15), 360(9), 195(19), 180(13),
147(6), 73(100); 5.04: 410 (M, 17%), 352(6), 277(15). = o
220(11), 208(13), 193(31), 147(19), 73(100): 5.05: 450 (M,
17%), 435(14), 390(10), 243(14), 217(10), 251(26), 147(11)py the groups present on the aromatic rings, i.e., OH >
73(100); 5.06: 538 (M, 3%), 404(17), 263(32), 231(29),0CH, > CH, > CsCs. The high reactivity of catechol moi-
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147(14), 73(100). eties is in accord with the finding of Francis and Reeve (28).
Our data also show that the more activated the aromatic
Results and discussion structure, the greater its reactivity toward alkaline hydrogen

peroxide, irrespective of the metal ion being added. The
Table 1 shows the 0, consumption, the total amounts presence of metal ions did not significantly alter the above
of identified products (excluding any remaining starting ma-reactivity order but did change the extent of reactions.
terials), the amounts of unidentified compounds, and those Johansson and Ljunggren (29) have demonstrated, using
that could not be detected by GC. The yields of products remodel compounds, that during oxygen delignification the
covered after the reaction varied between 67 and 92%. Sgyresence of two phenolic hydroxyl groups on an aromatic
vere degradation of model compounds with the formation oking considerably increases its reactivity toward oxygen;
volatile and highly water soluble products likely accountsmethylcatechol was found to be more reactive than creosol.

for the unrecovered material. In addition, Johansson and Ljunggren (29) have shown that
the reactivity of a mononuclear aromatic structure is greater

Effect of metal ions on the reactivity of hydrogen than its dinuclear analogue. Similarly, using critical oxida-

peroxide with residual Kraft lignin model compounds tion potential data, Kratzl et al. (30) have arrived at the same

The mechanism of alkaline hydrogen peroxideconclusions. In these respects, our findings are in complete
delignification of chemical pulps is complicated due to theagreement with the literature claims despite different sys-
complexity of the lignin structure and the large variety of re-tems having been examined. Since hydroxyl and superoxide
active species formed during the process. Figugearid b  anion radicals are the two major radical species produced
display the reactivities of the examined lignin model com-from the stepwise reduction of oxygen and from the decom-
pounds toward alkaline J@, in the presence or absence of position of hydrogen peroxide (31) and since these radicals
metal ions. By presenting the same data in different waysare more reactive toward phenolic compounds than peroxide
two sets of evaluations and comparisons can be made: o oxygen, it is not surprising that the data that emerges
addressing the reactivity of the various lignin models in thefrom the present study parallels the mechanistic information
presence (or absence) of the same metal ion (Fay.abhd already described for oxygen delignification.
the other the influence of the various metal ions on the same Compared to our control runs, the addition of metal ions
model compound (Fig. H). dramatically affected the reactivities of the examined model

The plots of Fig. & show that, in general, the reactivities compounds toward alkaline hydrogen peroxide (Fid). 1
of the five model compounds examined was of the followingThe transition metals increased the extent of reaction be-
order: catecholl) > creosol @) > a-5 dimer @) > 5-CH,-5  tween hydrogen peroxide and the model compounds, as evi-
dimer 6) > 5-3 dimer 3). This reactivity order is what one denced by the decreased amounts of remaining starting
would expect by considering the degree of activation causethaterial present after the reaction (compared to the control).
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The presence of magnesium ions, however, protected athdicals have arrived at the conclusion that under alkaline
model compounds from being decomposed as evidenced lyonditions coupling is the dominant reaction.
the increase of the remaining starting material (Fip). 1 In an effort to examine the role of the different transition
Of the transition metals evaluated in most cases, the manwetal ions in inducing the formation of radical coupling
ganese ions caused the greatest increase in reactivity, whifgoducts in phenolic residual Kraft lignin moieties, particu-
iron caused the least. The range of reactivity was particular attention was paid to accurately quantifying the fraction
larly large for the dinuclear model compounds. Similar con-of products which were of high molecular weight. Such
clusions describing the effect of these ions towardcompounds could not be volatilized and consequently could
decomposing peroxide have appeared in the literature (160t be detected by gas chromatography. To these values the
32). Smith and McDonough (33) have demonstrated that thamount of identified and (or) rearranged products was then
oxidation of compound and the decomposition of peroxide added, yielding the total amount of radical coupling products
was aided by transition metals in the following order: ¥In formed. More specifically, the following identified products
> CW?* > Fe, their results being somewhat different at lon- (Table 2) were considered the result of radical coupling reac-
ger reaction times. tions: for compound.: 1.05; for compoun@: 2.06—-2.09; for
Our data are also in agreement with the speculation oEompound3: 3.05, 3.06; for compound: 4.09; for com-
Brown and Abbot (16) that transition metals decompose perpound5: 5.05 and 5.06.
oxide with the subsequent formation of a number of reactive The data of Fig. 2 show that of transition metal ions in-
species and that these species in turn react with lignin corduced the formation of considerable amounts of coupling
siderably faster than alkaline peroxide itself. The transitionproducts. Manganese ions caused the highest formation of
metals can also affect the reactivity of alkaline peroxideradical coupling products for all examined model structures.
with phenolic moieties in lignin. Transition metal ions such  Of the three transition metal ions examined in this effort,
as Mrf*, Cl?*, and Fé* may act as electron acceptors cata-Fe** jons were found to generate the least amount of radical
lyzing phenoxy radical formation. The formation of such coupling products. This is consistent with the data of
radicals is thought to be the rate-determining step in the oxitanducci (34) who reported that, in alkaline media2Fe
dation of phenols, with copper ions being particularly effec-ions cannot abstract an electron from a phenol or a
tive (33, 34). This increase in reactivity caused by coppephenolate anion. The beneficial effects of ¥gons are
ions is seen in this present work. Cateclichnd creosoR  once again apparent in the data of Fig. 2. The presence of
were oxidized more efficiently in the presence of copperMg?* significantly reduced the amount of radical coupling
ions than in the presence of any other metals (Fim. 1 products being formed, except for creosol, which was also
The mechanism of action of magnesium salts in peroxidgarticularly sensitive to all of the transition metals.
and oxygen delignification has been the subject of consider- In summary, the data presented in this section suggest that
able literature discussions (7, 32, 35-37). In general, magnehe negative effects of transition metals in peroxide bleach-
sium ions are thought to stabilize alkaline hydrogen peroxidéng are not only due to peroxide decomposition reactions
either by deactivating the transition metals, by forming pro-which reduce its efficiency, but also to the formation of sta-
tective Mg-metal complexes around them (37), or by stabible structures through radical coupling reactions which also
lizing superoxide anion radicals via the formation of stablemake residual Kraft lignin harder to oxidize. The radical
magnesium superoxide complexes, thereby disrupting freecoupling data of Fig. 2 can explain the relatively poor re-
radical chain decomposition reactions (32). The stabilizingsponse of Kraft pulp toward chlorine dioxide after oxygen or
action of magnesium ions is clearly reflected in the data ofperoxide delignification (41). Radical coupling products
Fig. 1b, since in its presence, the reactivity of all model formed in residual Kraft lignin during an oxygen and a per-
compounds with alkaline hydrogen peroxide was signifi-oxide stage are more susceptible to reaction with chlorine or

cantly reduced. ozone rather than chlorine dioxide (42). Since the role of
magnesium ions in the presence of different transition metal
Radical coupling reactions ions has not been addressed in detail, the focus of a subse-

Literature accounts have documented that aqueous hydrguent investigation in our laboratory will be precisely this,
gen peroxide decomposes to yield molecular oxygen anaith emphasis on radical coupling product formation.
water via various free-radical intermediates, particularly
when the process is catalyzed by transition metal ions (38Reaction product profiles
39), i.e., Scheme 1 shows the structures of the main reaction prod-
ucts detected for all examined model compounds, while Ta-
H,O, + OH- < HO; + H,0 ble 2 depicts the determined amounts for each product.
However, some minor identified products and certain inter-
H,O, + HO; - HO + OE" + H,O mediates are not shown. The following discussion will be
focused on the effect of the various metal ions on product
HO + OE" - OH-+ O, profiles without delving into the detailed reaction mecha-
nisms responsible for the formation of these products, since
The various radical species formed interact with phenolicsuch efforts have been adequately covered by other authors
compounds, giving rise to phenoxyl radicals, which then be{9, 40, 43).
come involved in coupling and (or) rearrangement reactions. If the main reactive species during alkaline hydrogen per-
Gierer et al. (40) who have examined the detailed chemistrpxide bleaching was the hydroperoxide anion, enone and
that operates between lignin model compounds and hydroxydarbonyl containing moieties would react while phenolic or
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Table 2. The determined amounts of products formed from the interaction of model compdubdshen treated with alkaline
hydrogen peroxide in the presence or absence of various transition metél ions.

Model Metal ion Product profiles (%)
Catechol 1) 1.01 1.02 1.03 1.04 1.05
None 4.4 10.6 8.2 10.7 2.8
Mn2+ 7.1 2.0 2.3 3.4 6.5
Cu+ 16.5 7.2 8.4 5.4 3.9
Fe+ 19.7 8.1 17.5 8.7 3.4
Mg?+ 1.6 10.0 9.3 10.3 0.5
Creosol ) 2.01 2.02 2.03 2.04 2.05 2.06 2.07 2.08 2.09
None 2.9 2.6 16.4 14.2 0.5 0 2.6 0.5 0
Mn2+ 5.1 1.9 1.0 0.6 3.0 1.0 5.9 3.1 1.0
CuA+ 8.0 2.1 1.4 4.3 2.9 0.7 6.3 7.2 1.4
Fel+ 6.8 35 1.6 4.9 2.2 0.5 5.5 1.5 1.0
Mg? 1.9 2.2 5.7 3.8 1.5 0.9 0.5 0 0
5-5 Dimer (3) 3.01 3.02 3.03 3.04 3.05 3.06
None 1.0 1.9 0.0 31.1 0 0
Mn2+ 0 0 0 4.6 0.9 0.0
CuA+ 0.5 0.5 0.0 10.0 1.5 0.0
Fe+ 2.0 2.4 1.7 29.1 1.0 1.7
Mg+ 0 0 2.4 5.4 0 0
a-5' Dimer (4) 4.01 4.02 4.03 4.04 4.05 4.06 4.07 4.08 4.09
None 6.1 3.0 4.7 1.6 4.1 9.1 0.9 0.6 2.6
Mn2+ 7.8 0.6 1.1 1.0 1.4 2.6 1.0 1.5 6.6
Cu+ 8.5 0 42 2.2 2.1 4.0 0 1.2 5.3
Fe+ 9.3 2.6 4.3 1 4.1 6.5 1 1.7 3.5
Mg?+ 2.3 1.3 2.0 3.1 1.4 11.4 0.8 0.7 1.1
5-CH,-5' dimer ) 5.01 5.02 5.03 5.04 5.05 5.06
None 1.5 3.9 0.5 3.0 3.9 0.5
Mn2+ 0 0.7 6.0 1.7 0.4 0.4
CuA+ 1.4 3.3 1.1 1.8 1.8 0
Fel+ 0.9 3.9 4.9 2.8 1.7 0
Mg?+ 2.3 1.2 0.6 0.8 2.0 0

#Product numbering corresponds to the structures shown in Scheme 1.

Fig. 2. The amounts of radical coupling products formed during the presence and absence of the various transition metal ions
the reaction of alkaline hydrogen peroxide with various residual indicate that the primary route for the breakdown of such
Kraft lignin model compounds in the presence or absence of  phenolic moieties consists of ring opening followed by more
various metal ions. severe fragmentation (9). In addition, 5dhd 5-O-4 cou-
e [ contral pling products were present (products 1.05 and 2.06—-2.09)
60 7 7 > as a consequence of carbon- and oxygen-centred radical cou-
ZZ pling reactions. As well, the detected radical coupling prod-
ucts were found to increase in the presence of MG,
and Fé* ions (Table 2). Carbon-centred radicals are thought
\ Fe to efficiently recombine, since the resulting dimers have
lower critical oxidation potentials (COP) than the original
( Mg™ monomers (30).
Catschol Greosol 5-5'imer -5 Dimer  5-CH2-6' Dimer Oxalic acid (entries 1.01, 2.01, and 4.01; Table 2) is of
particular significance to peroxide bleaching operations,
catecholic centres would not (15). The structures of the desince oxalate salts are known to form detrimental deposits
tected products, however (Scheme 1), show that significamn bleach plant process equipment. Table 2 and Fig. 3 show
degradation and radical coupling reactions have occurredhat compoundd, 2, and4 generated a large amount of ox-
Such products are formed from the interaction of the decomalic acid, and catechdl produced the most. The amount of
position products of hydrogen peroxide with model com-formed oxalic acid increased in the presence of transition
poundsl1-5. metal ions, while the presence of magnesium ions signifi-
The reaction products detected from the interaction oftantly suppressed the formation of oxalic acid, bringing it to
catecholl and creosoP with alkaline hydrogen peroxide in levels lower to those of the control experiments.
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Scheme 1.The main identified products obtained from the interaction of model compolrsisvhen treated with alkaline hydrogen
peroxide in the presence and absence of various transition metal ions. The product numbering corresponds to the amounts shown in
Table 2.
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Fig. 3. The amounts of oxalic acid formed during the reaction of siders that these compounds contain a benzylic carbon
alkaline hydrogen peroxide with three Kraft lignin model which is known to be relatively labile. That tlee5 dimer 4
compounds in the presence and absence of various metal ions. was slightly more reactive than dimgmay be explained on
the basis of spin density considerations, taking into account

20

- L1 conwo the stability of the resulting radicals after cleavage at the

2 15[ 20 e b_enzylic centre. It is also worth noting that compou#d _

g | yielded the rearrangement product 4.09 (Scheme 1), which

3 L B o is formed by the coupling of a phenoxy and a benzyl radical

g L o v § S . followed by_rearomauzatlon. Similar reaction products were

2 L z% W e found by Gierer et al. (40) when they treated creosol with

3 I /§ - hydroxyl radicals. The presence of lactonic acids 5.05, 5.06,

03 § amongst the degradation products of moBeprovides evi-

Gatecnol Creosol o5 Dimer dence that the muconic acid pathway was also operational.

This pathway involves the initial formation of catechols pos-

Products 2.05, 2.07, and 2.09 show the occurrence ofiPly via an initial, radically induced, demethylation reaction
demethoxylation reactions. These are significant reactiondollowed by their oxidation tartho-quinones. Such moieties
since free phenolic hydroxyl groups predispose the structurB’@y then be attacked by hydroperoxide anions, forming
of lignin to further oxidation. The sum of product 2.05, 2.07, dioxetanes, followed by carbon—carbon bond scission of the
and 2.09 shows the scale of demethoxylation reaction; procgdioxetane ring, giving rise to the corresponding carbonyl-
uct 2.05 is likely the precursor of products 2.07 and 2.09containing fragments (15). Structures of similar nature were
The sum of 2.05, 2.07, and 2.09 shows that demethoxylatiof!SO Present amongst the degradation products of diers
reactions prevail in the presence of transition metal com&nd4, i.e., products 3.05 and 4.08.
plexes. Hydroxyl radicals forming from the decomposition
of hydrogen peroxide are known to induce demethoxylatiofGoncluding remarks

14, 40). Copper ions caused the greatest degree of demeth- . . .
gxylatio)n, Wﬁﬁe the presence of gmagnesiurr? ions signifi- (i) Transition metals have the positive effects of accelerat-

cantly suppressed demethoxylation reactions, bringing theth.the total degree of reaction and the demethoxylatlpn re-
to levels lower than those of the control experiments. actions. They also have the negative effects of increasing the

During the 60's, Kartzl's team (30, 44) investigated the fate of radical coupling reactions, which can affect the fur-

fundamentals of the interaction of oxygen with phenols un—ther bleachabil_ity OT pulp, and significan?ly increas_ing the
mount of oxalic acid generated by peroxide bleaching reac-

r delignification conditions. Their r rch effor mongsf. . ‘ : ’
der delignification conditions. Their research efforts, amongs ons. (i) Magnesium ions have exactly the opposite effects

hers, | mprehensiv litative understandin ;0 -
others, led to a comprehensive qualitative understanding robably because of the deactivation of the small quantities

radical coupling reactions that cause the formation o ft i tal N trol o
biphenolic structures and their eventual degradation to 19" transition metals present in even contro sampms).((b_(—.
gen and peroxide delignification reactions are very similar.

methyl-3-methoxy-4-hydroxy benzoic acid, acetone, and. 9 e
carbon dioxide. Since the underlying chemistry of oxygen(Y) The order of reactivity of the phenolic lignin models to-
and peroxide delignification stages are similar, it was notvards hydrogen peroxide was determined by the degree of

surprising to discover that the dominant degradation produc?ciivatTi?]n of the aromfatic trirllg_ by(j’tr:je V‘?iolltjs rtlrr:g SUbStt.itl.Jt'
arising from the interaction of alkaline hydrogen peroxideen S. 1he presence of metal ion did not aiter this reactivity
with the biphenolic 5-5dimer was 1-methyl-3-methoxy-4- order. {) The addition of metal ions induced the formation

hydroxy benzoic acid (compound 3.04, Table 2). Residu«':lf)ferrlad'e(;glxisdpeef(')ersa gz;?s't:‘rw%ot?i;{gfozﬁpofﬁgofgrﬂfg%dr:%f
traces of the corresponding aldehyde (compound 3.03) wergen P dical directlv. In thi kyth 9 Il catalvii

also apparent in some cases, signifying that the aldehyde &E?.?OX#/ trha |tca _|tr_ec Y. tnl ,:S Wo(rj , the oyerath ca aytl_c
the precursor to the acid during the oxidation. The smalfP"'y Of the transition metals toward increasing the reactiv-

: +
amounts of the aldehyde also signified that the oxidation ofy of+pher}ol|q models was found mostly to F"? M Cu?
aldehyde 3.03 to acid 3.04 is a very rapid reaction under ar Ee3 » Which is th? same as the order of activity toward per-
kaline peroxide delignification conditions. oxide decomposition.

Since it is conceivable that the radical coupling product
2.06 (which is model compound) would convert to acid Acknowledgements
3.04 and traces of aldehyde 3.03, it is interesting to note that
no 1-methyl-3-methoxy-4-hydroxy benzoic acid (3.04) was
detected amongst the degradation products of comp@und
This may indicate that under alkaline peroxide delignifi-
cation conditions the formation of radical coupling products
is faster than their further degradation. The precise determi-
nation of the energies of activation for these reactions ma)heferences
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76, 506 (1998). c Aliphatic 1

F.X. Douglas, W. Reeve, and A.B. McKague. J. Wood Chem.c Aromatic 1
Technol.16(1), 35 (1995). c Olefinic 0.95
(P;.97K1r)atzl and F.W. Virhopper. Monatsh. Chemi02 425 c Acetylenic 13
J.T. Scanlon and D.E. Willis. J. Chrom. SB, 333 (1985). g gz:gggy: g
W.A. Dietz. J. Gas Chrom. 68 (1967). : Eth y .
R.C. Francis and W.D. Reeve. J. Pulp Paper £8(6), 171 .er -
(1987) Cc Primary alcohol -0.5
E. Johansson and S. Ljunggren. J. Wood Chem. Techno® s Secondary alcohol  -0.75
14(4), 507 (1994). TMS-derivatives:

K. Kratzl, P. Claus, W. Lonsky, and J.S. Gratzl. Wood Sci. H-C-O-TMS 3.70
Technol.8, 35 (1974). CO,-TMS 3.0
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