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ABSTRACT

The inhibitory processes operating when a 2(-2'-hydr ox-
yphenyl) benzotriazole-based ultraviolet absorber (UVA)
and a hindered nitroxide freeradical are applied to high-
yield pulps were studied using milled wood lignin and
filter paper as a model. Using quantitative 3P NMR it
was determined that the UVA is almost completely pho-
tostable during irradiation, suggesting that its protective
mechanism is based primarily on ultraviolet absor ption.
Furthermore, the nitroxide was found to protect the
UVA from photodegradation. Analysis of irradiated lig-
nin samplesinvolved derivatization followed by reductive
cleavage of B-arylether groups. The phenolic-OH groups
thus released were quantified using 3P NMR. The ben-
zotriazole/nitroxide stabilizing system was found to co-
operatively inhibit the cleavage of B-arylether groups.
Furthermore, this system was found to have a synergistic
inhibitory effect on the formation of catechol structures.
These results suggest that the synergism observed be-
tween benzotriazole-based UV screens and nitroxyl rad-
icals on the inhibition of yellowing could be a result of
their ability to slow the formation of catechol structures
and B-O-4 cleavage in addition to the possibility of a
UVA-regeneration mechanism.

INTRODUCTION

Technological advances in mechanical pulping and bleac
ing have made it possible to produce high-yield pulps a
brightness and strength levels suitable for the production o
high quality papers. The major obstacle to the widesprea
utilization of such pulps is their tendency to photoyellow
upon exposure to light and heat. Undoubtedly, the mai
chemical species that causes the yellowing is lignin (1).
Numerous research efforts have been carried out in a
attempt to discern the exact mechanism by which mechan
cal pulps photoyellow. It is generally accepted that phenoxXN
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radicals are a key intermediate involved in the photoyellow-
ing process and that they can readily become oxidized to
form colored compounds in lignin (2). Phenoxy radicals can
be formed through a variety of pathways including direct
absorption of near-UV light by free phenolic groups or by
abstraction of phenolic hydroxyl hydrogen by excitedar-
bonyl groups (3). Gierer and Lin (4) first demonstrated that
phenoxy radicals are formed following the light-induced
cleavage of phenacyl arylethers. Recently, it has been shown
that the most significant photodegradative pathway leading
to the formation of phenoxy radicals is the ‘ketyl radical’
pathway and involves the breakdown of arylglycegeB-4-
arylethers (5,6).

Methods of inhibiting yellowing can be grouped into two
broad categories. The first approach involves chemically
modifying the structure of the reactive functional groups in
lignin so as to halt the initiation and subsequent radical-
based reactions leading to the formation of chromophoric
compounds in mechanical pulps. Proposals have included
reduction of lignin a-carbonyl groups (7-9), alkylation
(methylation or acetylation) of lignin phenolic groups
(10,11) and catalytic hydrogenation of lignin aromatic rings
(12,13); however, none of these methods has been fully ef-
fective (1).

The second category of inhibition efforts involves the use
of chemical additives applied to the paper to retard or elim-
inate the formation of colored compounds (14-16). Among
the additives proposed for the inhibition of photoyellowing,
ultraviolet absorbers (UVA)f and radical scavengers have
?onsistently provided encouraging results. Unfortunately, no

(ljpdividual additive has met all the commercial conditions

fequired for successful photoyellowing inhibition (2). Com-
bined approaches have been reported; however, they show

That the use of a radical scavenger and a UVA applied jointly

onto mechanical pulp can provide performance unmatched
IBy any single additive when applied alone (17,18).
Recently, a novel inhibition system has been found in
hich a benzotriazole-based UVA is applied to mechanical
pulp in combination with a hindered nitroxide free radical
(19). Nitroxides are known to combine rapidly with carbon-

ggentered radicals and thus act as efficient radical traps in
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chain oxidations (20,21). Most researchers agree that hin-
dered amine light stabilizers (HALS), which have been used
extensively to inhibit the photodegradation of synthetic poly-
mers, are converted to the corresponding nitroxide radicals
under photooxidative conditions. Furthermore, it is generally
accepted that the intermediate nitroxide radicals are the ac-
tive inhibiting species during such photostabilization reac-
tions (22).

Despite their remarkable effectiveness as stabilizers for
polyolefins, HALS has never before been found successful
for the stabilization of mechanical pulps (14,19,23). In con-
trast, McGarry et al. (19) have demonstrated that the appli-
cation of the hindered nitroxide radical 4-hydroxy-2,2,6,6-
tetramethylpiperidine N-oxyl (4-hydroxy-TEMPO) in
amounts as low as 0.1% will inhibit both light-induced and
thermally-induced yellowing of mechanical pulps. More-
over, these compounds have been shown to behave syner-
gigtically with UVA, imparting brightness stability to me-
chanical pulps, which is comparable to the stability of
bleached kraft pulp (19). The authors provide a series of
suggestions as to how exactly this additive combination
lends UV stability to lignin-rich pulp, but at present the
mechanism is still uncertain. This uncertainty has prompted
us to embark on an investigation into the precise photochem-
ical interactions that occur when high-yield pulps are treated
with a 2-(2'-hydroxyphenyl) benzotriazole-based UVA in
conjunction with the hindered nitroxide. In this paper we
report on our studies into the photochemistry of lignin-rich
pulp in the presence of this stabilizing system using milled
wood lignin (MWL) as a model.

MATERIALS AND METHODS

The MWL sample used in this work (Klason + UV lignin content
93.06%) was isolated from black spruce (Picea mariana) wood chips
according to the methods of Brownell (24) and Bjorkman (25). Test
sheets were prepared using Whatman No. 1 filter paper. Base-hy-
drolyzed Tinuvin 1130 (Scheme 1) was received as a gift from Dr.
A. P. Rodenheiser. The hindered nitroxide 4-hydroxy-2,2,6,6-tetra-
methylpiperidine N-oxyl free radical (Scheme 1) is commercialy
available from Ciba Specialty Chemicals. All solvents were pur-
chased from Aldrich (St. Louis, MO) and used as received.

Impregnation and irradiation protocols. Tinuvin 1130 and/or 4-
hydroxy-TEMPO were mixed with MWL and dissolved in a mini-
mum of acetone/water (80:20 vol/vol). These solutions were then
applied homogeneously to both sides of precut Whatman No. 1 filter
paper sheets using a syringe. The treated test-sheets were dried over-
night under partial vacuum over P,Os. The total amount of lignin
impregnated onto the filter paper comprised approximately 30% of
the weight of the sheet in order to mimic the lignin content in me-
chanical pulp papers. The applied charge of UV stabilizer was 1.0%
(wt/wt) for Tinuvin 1130 and 0.5% (wt/wt) for the 4-hydroxy-TEM-
PO. These charges were chosen based on the values used in the
work of McGarry et al. (19); in addition, a 1% charge of base-
hydrolyzed Tinuvin 1130 was determined to be sufficient for accu-
rate integration in the 3'P NMR spectrum.

Samples of MWL absorbed onto cellulose in the absence of any
UV stabilizers were used as controls and all experiments were car-
ried out in triplicate.

For accelerated exposure, lignin-impregnated test-sheets were
placed in a custom-made photoreactor that was maintained at 30°C
and contained four 350 nm black lights. The intensity of the irra-
diation was measured using a digital power monitor; the incident
light energy supplied by this experimental setup was determined to
be 166.5 mJcm? min-1. Each side of the paper was photolyzed for
half of the desired irradiation period.

After irradiation, the products were recovered by exhaustively ex-
tracting the filter paper with an 80:20 (vol/vol) acetone/water mix-

ture (5 X 5 mL). The combined extracts were filtered and concen-
trated under reduced pressure at 22°C. The photolyzed lignin/addi-
tive samples were freeze-dried and then further dried with a high-
vacuum pump at room temperature for 24 h. This procedure
typically yielded 80-95% lignin recovery.

Quantitative 3P NMR spectroscopy. Functional group analyses of
the recovered lignin/additive samples was accomplished using quan-
titative 3P NMR following published procedures (26,27). Samples
were prepared by dissolving 3040 mg of recovered lignin in a pyr-
idine/CDCl; solution (1.6:1 vol/vol) and all labile protons were
phosphitylated using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphos-
pholane. Cholesterol was used as the internal standard and chromi-
um acetylacetonate (Cr(acac);) was added as the relaxation reagent.

All spectra were recorded at 81.0 MHz using inverse-gated de-
coupling on a Varian XL 200 NMR spectrometer equipped with a
5 mm broad-band probe. In each case at least 256 transients were
acquired with a pulse width corresponding to a 90° flip angle and a
pulse delay of 5 s. All chemical shifts are reported relative to the
reaction product of the derivatization reagent with water, which has
been observed to give a sharp signal at 132.2 ppm.

Derivatization followed by reductive cleavage. The derivatization
followed by reductive cleavage (DFRC) procedure used was similar
to that developed by Lu and Ralph (28,29); however, the precise
amounts of lignin and reagents used were modified as suggested by
Tohmura and Argyropoulos (30). Acetyl bromide (AcBr), dioxane,
acetic acid and zinc dust were purchased from Aldrich and used as
supplied.

Acetyl bromide derivatization. To a 50 mL round bottom flask
containing approximately 50 mg (accurately weighed) of lignin was
added 15 mL of an acidic AcBr stock solution (AcBr:acetic acid,
10:90 vol/val). The flask was sealed and gently stirred at 50°C for
3 h. The solvent was then evaporated to dryness under reduced pres-
sure at 35°C.

Reductive cleavage. The above residue was dissolved in 15 mL
of an acidic reduction medium (dioxane:acetic acid:water, 5:4:1 vol/
vol/vol). Zinc dust (approximately 235 mg) was added and the mix-
ture was stirred at room temperature for 30 min. The reaction mix-
ture was then quantitatively transferred to a separatory funnel using
methylene chloride (10 mL). To this 100 pL of an internal standard
solution (cholesterol, 195.0 mg in 5 mL of methylene chloride) was
added for subsequent 3P NMR analysis. Saturated ammonium chlo-
ride (NH,CI) solution (8 mL) was added and the organic layer was
separated. The water phase was extracted two more times with meth-
ylene chloride (2 X 8 mL). The combined extracts were dried with
anhydrous sodium sulfate and the filtrate was evaporated to dryness
under reduced pressure. Finally, the residue was redissolved in ap-
proximately 5 mL of a dioxane/water solution (80:20 vol/vol) and
then the sample was freeze-dried overnight. Functional group anal-
ysis of the recovered lignin samples was accomplished using quan-
titative 3P NMR as described by Tohmura and Argyropoulos (30).
Error bars provided in al figures represent standard deviation values.

RESULTS AND DISCUSSION

At present, the effectiveness of UV stabilizing systems for
mechanical pulp is evaluated primarily by measuring bright-
ness values and absorption/scattering coefficients. Although
this information is important, it provides little insight into
the precise chemical mechanism of the exerted photostabil-
ization. In the present effort, quantitative 3P NMR has been
used to systematically examine for photoinduced molecular
changes within MWL under conditions of benzotriazole/ni-
troxide inhibition. Furthermore, by combining 3P NMR
techniques (26,27) with a procedure known as DFRC
(28,29), it became possible to quantitatively evaluate the
photoinitiated cleavage of noncondensed B-arylether groups
as a function of time under controlled conditions of irradi-
ation/inhibition.



Table 1. The percentage (%) of remaining phenolic hydroxyl be-
longing to Tinuvin 1130 in the presence of MWL as a function of
irradiation time

Tinuvin 1130 in Tinuvin 1130

Irradiation time the presence of on a cellulose

(h) Tinuvin 1130 TEMPO support
0 100 100 100
24 95.2 99.9 100
72 93.5 99.2 100
120 90.5 97.9 100

The photochemical fate of the UV stabilizers

The photochemical sustainability of a UVA is of extreme
importance in relation to its photostabilization efficiency
when applied on high-yield pulps. Traditionally, UVA based
on 2-hydroxybenzophenone and hydroxyphenyl benzotria-
zole derivatives were thought to function by absorbing UV
light and redistributing it as nonharmful thermal energy
through reversible intramolecular transformations (31); how-
ever, this has recently become a matter of significant dis-
cussion. Some researchers suggest that UV absorbers may
also operate as excited state quenchers of active chromo-
phores (32—34) while others propose that these types of sta-
bilizers act through radical scavenging or antioxidant reac-
tions (18,35,36). According to some studies, 2-(2'-hydrox-
yphenyl) benzotriazoles may act exclusively as UV absorb-
ers, whereas 2-hydroxybenzophenones confer additional
stability through energy transfer reactions (37,38).

Recently, Peng and Argyropoulos (39) demonstrated that
the phenolic hydroxyl groups of various UV screens could
be analyzed using 3P NMR. Using this technique, it was
demonstrated that 2-hydroxybenzophenone-based UV
screens are actively involved in photochemical reactions
with lignin, resulting in partial elimination of their phenolic-
OH groups. In contrast, we used the same 3P NMR tech-
nique to follow the fate of the phenolic-OH of base-hydro-
lyzed Tinuvin 1130 and found it to be almost completely
photostable under identical irradiation techniques. As shown
in Table 1, even after 120 h of irradiation in the presence of
MWL over 90% of the original Tinuvin 1130 was found to
be intact. It can also be seen that the presence of 4-hydroxy-
TEMPO has been found to protect the Tinuvin 1130 from
photodegradation (Table 1). After 120 h of irradiation in the
presence of MWL and 4-hydroxy-TEMPO, 97.9% of the
original Tinuvin 1130 was recovered unaltered. These results
suggest that the beneficial photostabilization effects ob-
served when a UV absorber and an antioxidant are jointly
applied onto mechanical pulp can be partly attributed to
UVA-regeneration mechanism (40). Obviously, it would
have been quite informative to follow the fate of the hy-
droxyl group of the 4-hydroxy-TEMPO as a function of ir-
radiation time using 3P NMR. Unfortunately, due to the free
radical nature of the compound it was impossible to obtain
a signa in the NMR spectrum.

Irradiation of the benzotriazole on a cellulose support in
the absence of lignin showed that this stabilizer is complete-
ly photostable. This indicates that the small amount of deg-
radation that does occur is most likely caused by a photo-
induced chemical reaction with the lignin. This result isin
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Figure 1. Plots of the increase in catechol structures as a function
of irradiation time for a control MWL sample and samples impreg-
nated with Tinuvin 1130 (1.0% wt/wt), 4-hydroxy-TEMPO (0.5%
wt/wt) and a combination of both Tinuvin 1130 and 4-hydroxy-
TEMPO (1.0 + 0.5%, respectively).

accordance with conclusions drawn by other researchers
(18,41) and lends support to the theory that 2-(2'-hydroxy-
phenyl)-benzotriazoles act exclusively as UV absorbers,
whereas 2-hydroxybenzophenones confer stability through
other mechanisms.

Formation of catechol structures during irradiation

The formation of catechol structures during the photodeg-
radation of lignin is intimately related to the formation of
chromophores and to ortho-quinoid formation in particular
(42,43). In this effort, it was possible to use 3P NMR to
quantify the formation of catechol structures in irradiated
MWL samples as a function of time. As outlined in Fig. 1,
the results of this work show a steady increase in the amount
of catechol units with irradiation. Furthermore, it can be seen
that Tinuvin 1130 displays a moderate inhibitory effect on
the formation of catechol structures. It is reasonable to as-
sume that this UVA retards catechol formation by reducing
the total flux of light that is able to reach and interact with
the lignin to form phenoxy radicals.

The hindered nitroxide, 4-hydroxy-TEMPO, appears to
slow the formation of catechol structures somewhat more
efficiently than Tinuvin 1130. Assuming that the amount of
catechol structures formed is qualitatively related to the
amount of yellowing observed on high-yield pulp, this result
mirrors that obtained by McGarry et al. (19) in which the
hindered nitroxide was found to give better yellowing inhi-
bition than a benzotriazole-based UVA (Tinuvin 328). Pre-
sumably, the protective effect of 4-hydroxy-TEMPO rests on
its ability to scavenge carbon-centered radicals and thereby
sow the formation of phenoxy radicals via the ketyl radical
pathway.
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Figure 2. Quantitative 3P NMR spectra of recovered MWL samples
before and after irradiation and DFRC.

It can also be seen in Fig. 1 that when Tinuvin 1130 and
4-hydroxy-TEM PO were applied jointly onto the lignin-con-
taining samples, the combination was found to display are-
markable synergistic effect on the inhibition of catechol for-
mation. Specifically, the presence of both Tinuvin 1130 and
4-hydroxy-TEM PO reduces the formation of catechol struc-
tures by 0.048 mmol/g over the unprotected sample. In com-
parison, the formation of catechol structures is reduced by
0.018 mmol/g in the presence of Tinuvin 1130 alone and by
0.024 mmol/g in the presence of 4-hydroxy-TEMPO alone.
If the effect of Tinuvin 1130 and 4-hydroxy-TEMPO to-
gether were additive, then the combined reduction of cate-
chol structures would amount to only 0.042 mmol/g. These
data indicate that the protective effect of the UV A/nitroxide
combination is greater than the effect of the UVA plus the
effect of the nitroxide.

Once again, the effect of these stabilizers on the inhibition
of catechol structures mirrors the effective photoyellowing
inhibition that was observed by McGarry et al. (19). Spe-
cifically, these researchers found that the combination of a
benzotriazole-based UVA and 4-hydroxy-TEMPO provided
mechanical pulp with remarkable additive photoyellowing
inhibition. Of course, these values cannot be quantitatively
compared due to the fact that different light sources and
irradiation times were used. In fact, the light source used in
this work was considerably more intense than that used by
McGarry et al. (19) in order to ensure that the light-induced
changes within the lignin were significant enough to quantify
in the NMR spectrum. Moreover, catechol formation is re-
lated to the formation of yellow color in paper; however, it
is not the only source of reversion.

Due to its observed photostability, it is likely that the Ti-
nuvin 1130 protects the lignin by acting primarily as a UV
absorber and that the 4-hydroxy-TEMPO cooperates by re-
acting with carbon-centered radicals; however, one would
expect this type of cooperation to be additive rather than
synergistic. It has been shown in this work that although the
Tinuvin 1130 is relatively photostable during irradiation, the
nitroxide does provide protection from the small amount of
degradation that is seen to occur. Alternatively, it is feasible
that the presence of the benzotriazole is protecting the ni-
troxide from photodegradation, thereby improving its per-
formance. Unfortunately, the likelihood of this suggestion
could not be evaluated using 3P NMR.
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Figure 3. Plots of the observed cleavage of noncondensed B-O-4-
arylether units in irradiated lignin samples for a control MWL sam-
ple and samples impregnated with Tinuvin 1130 (1.0% wt/wt), 4-
hydroxy-TEMPO (0.5% wt/wt) and a combination of both Tinuvin
1130 and 4-hydroxy-TEMPO (1.0% + 0.5%, respectively).

The cleavage of B-O-4-arylether linkages during
irradiation

Quantitative 3P NMR spectroscopy allows for the structural
elucidation of all hydroxyl-bearing moieties in lignin
(26,27); however, it is limited in that it cannot provide in-
formation about the etherified bonding patterns of lignins.
Given that the cleavage of B-O-4-arylether linkages is be-
lieved to be the most significant mechanistic pathway at
work during the photoyellowing of mechanical pulps, thisis
a considerable limitation with respect to using 3P NMR to
study the brightness reversion mechanism of MWL. This
shortcoming can be circumvented, however, by first cleaving
the arylether groups using a mildly depolymerizing tech-
nigue known as DFRC (28,29). Once cleaved, the corre-
sponding phenolic hydroxyl moieties that are released can
be readily phosphitylated and quantified using 3P NMR. The
various experimental and other issues pertaining to the quan-
titative reliability of the technique have been reported else-
where (30).

In this work, the combined use of DFRC and quantitative
31P NMR provided a unique opportunity to quantify the
amount of noncondensed B-arylether linkages present in the
recovered MWL and to monitor the decrease in the concen-
tration of these units as a function of irradiation time. Typ-
ical quantitative 3P NMR spectra and signal assignment of
MWL before and after irradiation and DFRC are shown in
Fig. 2.

The plots in Fig. 3 demonstrate the decrease in the con-
centration of B-O-4-arylether groups as a function of irra
diation time in the presence and absence of UV stabilizing
systems. The total amount of noncondensed B-arylether link-
ages that were found to have cleaved in the control sample
following 120 h of irradiation is equal to 0.213 mmol/g or
27% of the origina units present before irradiation.

It can be seen that the application of Tinuvin 1130 acted
to inhibit the photoinduced cleavage of B-arylether linkages
in the lignin. If Tinuvin 1130 acts solely as a UV absorber,
as suggested earlier, it is likely that this additive inhibits this
cleavage by reducing the flux of UV light that is able to
react with the lignin and generate free radicals. It therefore
reduces the cleavage of B-O-4-arylether units by reducing
the amount of free radicals that are available to abstract a
benzylic hydrogen to initiate the reaction.

It is also apparent in Fig. 3 that 4-hydroxy-TEMPO is



effective in inhibiting the cleavage of B-arylethers, most
likely by scavenging carbon-centered radicals in competition
with the lignin. It can be seen that the nitroxide is dlightly
more effective in inhibiting this reaction than the Tinuvin
1130, which is reminiscent of the earlier observation regard-
ing the inhibition of catechol formation. This also supports
the observation made by McGarry et al. (19) that the 4-
hydroxy-TEMPO is somewhat more effective in inhibiting
the photoyellowing of mechanica pulps than is the benzo-
triazole UVA. However, in this case it appears that at later
time scales the inhibitory effect of the 4-hydroxy-TEMPO
may begin to slow down, after which Tinuvin 1130 may
begin to out-perform the nitroxide free radical.

A very significant result evident from the plots of Fig. 3
is that the Tinuvin 1130 and 4-hydroxy-TEMPO appear to
be working cooperatively to inhibit the cleavage of p-O-4-
arylether units. In fact, after approximately 72 h, all cleavage
appears to have halted, and 88% of the origina noncon-
densed B-arylether units remain intact. Because the effec-
tiveness of the 4-hydroxy-TEMPO declines dlightly at later
time scales, an effect that is not seen when nitroxide is com-
bined with Tinuvin 1130, one possible suggestion for this
cooperétive effect is that the benzotriazole is acting to pro-
tect the 4-hydroxy-TEMPO from photodegradation. This
data provides evidence that the remarkable photostabiliza-
tion of mechanical pulps provided upon application of 4-
hydroxy-TEMPO in combination with a benzotriazole-based
UVA isdue, at least in part, to the ability of these molecules
to inhibit the cleavage of B-O-4-arylether linkages in lignin.

CONCLUSIONS

Using quantitative 3P NMR, it has been determined that the
benzotriazole-based UV A Tinuvin 1130 (base-hydrolyzed) is
almost completely photostable when irradiated in the pres-
ence of MWL, suggesting that the inhibitory mechanism of
this molecule is based purely on UV absorption. It has also
been shown that the hindered nitroxide 4-hydroxy-TEM PO
acts to protect this UVA from photodegradation, which sug-
gests the possibility of a UV A-regeneration mechanism and
provides some insight into the cooperative action that is ob-
served when these molecules are applied jointly onto me-
chanical pulp.

It has been shown that the combination of 3P NMR with
the DFRC procedure allows for the quantification of non-
condensed B-arylether groups present in a sample of lignin
and that this technique can be used to follow the cleavage
of B-arylether groups as a function of irradiation time. Fur-
thermore, it can be concluded that both Tinuvin 1130 and
4-hydroxy-TEMPO free radical are able to inhibit the cleav-
age of B-arylether groups.

Finally, quantitative 3P NMR has been used to demon-
strate that both the Tinuvin 1130 and 4-hydroxy-TEMPO
inhibit the formation of catechol structuresin MWL and that
when these materials are used in combination, their inhibi-
tory action on catechol formation is synergistic.
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