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Abstract

UV screens used to photostabilise high-yield pulp do not work as well when deposited from water as they do when deposited from organic
solvents. For a water-soluble ultraviolet absorber (UVA) based on 2-hydroxybenzophenone, the water-effect is dramatic. For example,
during light exposure a 78% ISO brightness paper sheet made from lignin-containing peroxide bleached softwood thermomechanical pulp
(BTMP) lost 27 brightness points. ABTMP sheet treated with 0.5% by weight of the UVA 5-benzoyl-4-hydroxy-2-methoxy-benzenesulfonic
acid, 1 (Uvinul MS40™) delivered from ethanol lost only 19 brightness points. However, a sheet treated with 0.5% of the same UVA from
water lost 25 brightness points. For a benzotriazole UVA, 5-benzotriazolyl-4-hydragg-3utyl-benzenesulfonic aci@,(Cibafast W)
the adverse water-effect is smaller. Our experiments suggest several reasons for the poor performance of aqueouk-dtténeraibn
and broadening of the absorption spectra on paper when the additive is delivered from water, disruption of the internal hydrogen bond,
partial formation of phenolate ion, and changes in the distribution of the additive through the thickness of the paper sheet. This effect has
been found to be general across several water-soluble benzophenone- and benzotriazole-type UVAs. One exception to the rule is found for
a benzotriazole that has a PEO side chain on the hydroxyphenyl ring. Thus, choice of solvent used in testing new paper stabilisers is of

central importance to stabiliser performance.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mechanical, or high-yield pulps retain most of the lignin
that is present in wood. They have high bulk, stiffness and
opacity, properties that are desirable for high-quality print-
ing and writing papers. Other benefits include efficient con-
version of wood into fibre, and lower capital costs when
compared with kraft pulps. A major problem limiting the
wider acceptance of mechanical pulp in high-quality pa-
pers, however, is its propensity to yellow when exposed
to light. Various groups have made progress in inhibiting
light-induced yellowing[1-3]. McGarry et al.[4] have de-
veloped an inhibitor that gives mechanical pulp the bright-
ness stability of bleached kraft pulp for at least 1 year.
All these inhibition strategies employ ultraviolet light ab-
sorbers (UVASs) of either the 2-hydroxybenzophenone type
or the 2-(2-hydroxyphenyl)benzotriazole type, which act as

* Corresponding author. Tek:1-514-630-4101; faxi}1-514-630-4134.
E-mail address: pmcgarry@paprican.ca (P. McGarry).

efficient sunscreens to prevent damaging UV photons from
reaching the lignin in the pulp.

Many research groups have reported excellent yellow-
ing inhibition of mechanical pulp by benzotriazole and
benzophenone UVAs in generfl-3,5-10] and for ben-
zophenone UVA derivatives in particulf,11]. Kringstad
[12] first noted the ability of benzophenone UVAS to inhibit
light-induced yellowing in bleached groundwood-based pa-
per, while Castellan and coworkejk,2] first reported the
use of benzophenone UVAs in combination with reducing
agents and thiols. Ragauskas and C@&kalso reported
a similar system, and showed that benzophenone UVAs
are almost completely photostable on high-yield pulp. Ar-
gyropoulos et al[14a}! employed Allen’s approacfi3]

1 Argyropoulos attributes the drop in performance to the loss of radical

scavenging ability of the tertiary amine function in the inhibitors. Since
amines in general are known to darken pulps and do not inhibit yellowing
[14b], we suggest that the drop in performance is due to the change in
solvent for inhibitor delivery to the paper.

1010-6030/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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light-induced yellowing. The post-colour (PC) number

H X . )
o ? HO versus exposure time data is plottedHig. 2.
N 5-Benzoyl-4-hydroxy-methoxybenzenesulfonic acid (co-
@ @ C[/ N mpoundl) provided fair yellowing inhibition when applied
o =N to the handsheet from ethanol. Similar results were achieved
| SO3Na with toluene, dioxane or methanol used as the delivery
SO3Na . .
. ' solvent. Whenl was applied from an aqueous solution,
1, Uvinul MS40 2, Cibafast W however, yellowing inhibition diminished greatly. It has

been reportedl16] that polyalkylene oxides improve UVA
performance, but we did not observe this when polyalkalene
oxides were used together with In fact, a sample treated
with 1% of 1 and 0.2% PEO showed no inhibition at all. The
5 - benzotriazoll- 4 - hydroxy - 3-sec-butylbenzenesulfonic
acid, compounc, applied in an aqueous solution also ex-
hibited an attenuated anti-yellowing ability compared to an
identical sheet treated with the same additive from ethanol.
Table 2includes a list of nine different UVAs and their
relative performance when introduced from water or from
ethanol. The structures of these compounds are summarised
in Fig. 3. A solvent effect is also evident in the study
of water-soluble UVAs by Argyropoulos and coworkers
[14a,b] This study showed that the UVAs worked much bet-
ter when applied from ethanol/water mixtures than from wa-
ter alone. This extends the list of UVAs exhibiting a dramatic
solvent effect to include eight more compounds, bringing
the total to 17. Based on this data, we conclude that this is
a general effect that can be considered a rule-of-thumb. The
one exception to the rule is compoudda benzotriazole
UVA with an poly(ethylene oxide) side chain.

Overall, the UVAs investigated (except compoudhe
detrimental water-effect averages tec@ PC units after 13
days of accelerated photo-ageing. The reverse behaviour ob-
served ford may be due to its similarity with polyoxyethy-
lated non-ionic surfactants, such as Triton X-100, which
readily form micelleq17]. In the case of micelle-like ag-
gregation of the UVA, the intramolecular hydrogen bond
2. Results and discussion (IMHB) should be stabilised in a hydrophobic region and

protected from competing intermolecular hydrogen bond

Handsheets (200gAn made from lignin-containing  formation with the polar cellulose environment (The ability
bleached softwood thermomechanical pulp (BTMP) were of 4 to form micelles is currently under investigation.).
treated with inhibitors according fBable 1 ISO brightness Various experiments, discussed below, show that several
of the handsheets was recorded before and after treatfactors contribute to the poor inhibition of UVAs when de-
ment. The treated sheets were then subjected to acceleratelivered from water.

Fig. 1. The water-soluble benzotriazole-based UVA, Cibafadtvénd
the water-soluble benzophenone UVA, Uvinul M3¥0are shown.

to generate hydroxybenzophenone derivatives with various
Mannich basesrtho to the phenyl hydroxyl group, in an
effort to improve compatibility with paper. In further stud-
ies, they found that intense UV irradiation of these UVAs
in the presence of milled wood lignin on filter paper led to
significant UVA photochemistry and degradati@5]. Thus
benzotriazole and benzophenone UVAs are an important
part of the search for efficient yellowing inhibitors.

Most studies of UVA inhibited light-induced yellowing
in paper have involved hydrophobic UVAs which are not
water soluble. Typically, these hydrophobic UVAs are added
to the pulp fromorganic solvents. This widely accepted
practice implicitly assumes that the solvent used to deliver
the chemicals to the paper is immaterial to the anti-yellowing
performance. Our results indicate that this assumptiontis
valid.

We report here a strong solvent effect for benzophenone
and benzotriazole UVA systemBi¢. 1). We note a general
decrease in activity of UVAs added to the pulp from water
compared to the same UVAs added from ethanol. This ad-
versewater-effect is reversed for a benzotriazole UVA with
a alkaleneoxide substitueptra to the phenolic hydroxyl

group.

Table 1

Accelerated photolysis of BTMP, additive loadings (percentage by weight on OD pulp) and ISO brightness

Sample UVA (%) Solvent Brightness (%) (befdte) Brightness (%) (aftef) Brightness (%) (final)
1 1.0 Water/PEO 80.7 79.5 49.8

1 0.5 Organi€ 78.1 77.8 59.2

1 0.5 Water 79.4 78.5 54.2

2 0.5 Water 77.4 78.6 60.6

2 0.5 Organi€ 78.8 79.4 64.7

Control - Water 77.4 775 49.6

aBrightness before application of additive.
b Brightness after additive addition.
¢ Ethanol:dioxane, 1:1.



P. McGarry et al./Journal of Photochemistry and Photobiology A: Chemistry 151 (2002) 145-155 147

- A -1,0.5%from EtOH
—/ 1, 0.5% from water
—6—1,1.0%, 0.2% PEO

from Water

—G0— 2, 0.5% from Water

PC Number

- @ -2,0.5%from EtOH

—&— control

Exposure time (days)

Fig. 2. A colour reversion experiment plotted as PC number versus exposure time showsdilatered to the sheet from ethanol-inhibited yellowing.
The same UVA delivered from water did not inhibit yellowing very well. When 0.2% PEO was presentlyiévided no protection, even at twice the
charge. A similar, but less dramatic, drop in activity occurred for the benzotriazole RIVRhe brightness data for this experiment are listedable 1

2.1. Paper chromatography side when water was used (deig. 4). Samples treated with
1, however, had similar yellowing inhibition regardless of

In paper chromatography experiments using water as elu-which side of the sheet was exposed. The sidedness of the
ent,1 was more mobil€R; = 1.00) than2 (R; = 0.45), in- two inhibitors was reversed when ethanol was used. In this
dicating a higher polarity fot. This was observed both fora casel had better inhibition on the treated side, whereas the
lignin-free kraft blotter and for a lignin-containing hardwood sheet treated witR showed similar stability on both sides.
bleached chemithermo-mechanical pulp (BCTMP), indicat- One explanation consistent with these observations is that
ing that the presence of lignin is not important. We also used 2 performs better in water because it accumulates at the
ethanol as the eluent in the chromatography experiments andsheet surface. Surface accumulation would allow 2he
found thatl (R = 0.86) was less mobile tha@ (R; = compete more effectively for incident photons. The results
1.00) in this case, although the difference in mobility was in Fig. 4infer, if yellowing inhibition is proportional to UVA
less pronounced. The implication of the amount of move- concentration, that the penetration of the inhibitor through
ment(R; < 1.00) of the two compounds is that a sidedness the sheet is solvent and inhibitor dependent.
could result from a surface treatment of paper with the in-  The corollary to this explanation would be that water-
hibitors. Thus, we evaluated the reversion inhibition of both deliveredl fails because it is distributed into the sheet. This
sides of paper samples treated with UVA on one side only. contradicts a mechanism proposed by Davidson €tLél,

We applied the inhibitors to one side of the samples using who observed enhanced activity of UVAs in the presence
a syringe. BTMP handsheets treated wtlshowed much  of polyethylene oxide and polypropylene glycol. They as-
better inhibition on the treated side than on the untreated serted that the effect of the polymers was due to enhanced

Table 2

Accelerated photo-ageing of BTMP, UVAs at 0.5% by weight on OD pulp

UVA UVA type PC number final PC number final Solvent effect in PC
(from water) (from ethanol) number difference

1 BP 28.0 247 3.3

2 BZT 25.8 19.6 5.2

3 BZT 323 21.6 10.7

4 BZT 14.5 19.2 4.7

5 BZT 27.4 24.2 3.2

6 BZT 29.5 24.3 5.2

7 BP 29.0 25.8 3.2

8 BP 26.7 23.1 3.6

9 BP 25.0 18.9 6.1

Controls None 30.8 29.0 18

2BP: benzophenone-type and BZT: benzotriazole-type UVAs. Structures are listéd.iB. Final brightness after 13 days accelerated irradiation.
All pulps samples started at between 82.7 and 82.9% ISO brightness.
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Fig. 3. The structures of the water-soluble UVAs listedTable 2

distribution of the UVAs into the paper. It is also possible

67 that the polymers could aid in localising the UVAs to the
Final ISO Brightness paper surface. It appears, however, that additive distribution
65 through the thickness of the BTMP sheet is not the only
factor affecting BP UVA performance.
63
2.2. Absorption spectra
61 The ethanol results point to another effect, since regardless
of the sidedness the performance from ethanol was always
59+ better. Ermakova et aJ18] have shown that the acidity of
phenols (both UVAs are phenolic) declined in solvents in the
57 order: water, 50% methanol, 50% ethanol, 56%utanol,
methanol, ethanol artebutanol. Solution absorption spectra
of 1in water and in ethanol are shownkig. 5a In water, the
557 bands between 300 and 400 nm were slightly blue-shifted,
broadened, and the absorption intensity decredsiegd.5b
53 shows spectra of compouridas a function of pH. As pH
increases, absorption between 280 and 340 nm decreases, at
51 the same time a new peak appears between 340 and 420 nm.
S b2 2 Comol fo4 22 This new peak is attributed to the phenolate, the deproto-

nated form of the UVA[19]. It is apparent from comparing
the spectra irFig. 5athat some phenolate is present at neu-
Fig. 4. The bar graph shows the final brightness of BTMP 206 gieets tral pH in water, while none is present in ethanol. In con-
treated with 1% ofl or 2 after 14 days of accelerated exposure. The trast,2 shows only a small difference between the spectra
UVAs were applied to one side via syringe. Identically treated samples in water and ethanol (not shown Kig. 5 but summarised

were exposed on the treated side (front) and the untreated side (back). Thqn Table 3 consistent with the knowortho-effect found in
UVA 1, exhibited roughly the same inhibition on both sides, indicating benzotriazole$20]

homogeneous distribution through the thick sheet, when applied from .
water. Compounc, however, showed much better yellowing inhibition Although solvent has an effect on the UVA solution spec-

on the front side and thus likely accumulated at the surface. tra of 1, it does not necessarily follow that the solvent used

water ethanol
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Fig. 5. (a) Solution spectra of the benzophenone UVA in alcohol and water solutions are shown for 0.10mM solutions. In letiaswhed more
strongly than in water. The maxima of the two wavelengths also were blue shifted in water. (b) Solution sptasaaofunction of pH. The equilibrium
concentration of phenolate increases with pH indicated by the increasing absorption at 380 nm.

Table 3
Solvent-induced differences in solution spectra of the UVAs

UVA Solvent Long-wave band, Short-wave band,
Amax (NM) Amax (NM)
1 Ethanol 326 288
Water 318 284
2 Ethanol 334 302
Water 325 298

to deliver UVAs will affect their spectroscopic behaviour on
the paper matrix, since the delivery solvent is removed. To

examine this, we used reflectance spectroscopy to obtain ab-
sorption spectra of the UVAs adsorbed on thin sheets made

from lignin-free cellulose.

The spectra of on 10g/n? sheets are shown ifig. 6.
We observed little difference between sheets with additive
applied from water or from ethanol. It is useful to compare

the peak maxima and other spectral parameters observed for E

the adsorbed statdgble 4 and the solution stat@éble 3.

In general, the absorption spectra measured on paper exhib-

Table 4
Thin sheet spectroscopic parameters

UVA Solvent Long-wave band, Short-wave band,
Amax (NM) Amax (NM)
1 Ethanol 330 289
Water 324 289
2 Ethanol 336 308
Water 330 308

ited small shifts in the peaks to longer wavelengths. There
was slight attenuation of the absorption between 300 and
380nm, and a measurable increase in absorption between
380 and 450 nm. This latter region is where the phenolate ion
absorbg19]. The spectra 02 on cellulose, regardless of de-
position solvent, resemble the solution spectrum in ethanol.
Unlike 2, the absorption spectra faradsorbed on cellu-
lose Fig. 7) were affected by the deposition solvent. The
absorption intensity fol deposited from water was up to

120 . .
. -— ethanol
100 | — \\ ——water .
80 HO ]
o N |
=< N
N ©:\N'
60 SO3Na T
X
<
40
20 -
0. . . , ——
250 300 350 400 450

Wavelength, nm

Fig. 6. Absorption spectra d? delivered from water and from ethanol
onto lignin free cellulose fibre. The slight enhancement in absorption
above 380 nm may be due to a small amount of phenolate present.



150 P. McGarry et al./Journal of Photochemistry and Photobiology A: Chemistry 151 (2002) 145-155

0 — stant equilibrium wittB (this is shown by the equivalence of
I ] the benzotriazole ring protons in thel NMR spectra indi-
50 i —— ethanol ] cating interconversion between tAeandB rotomers on the

-— water p NMR timescale[21,23,26] similarly for o-hydroxyphenyl
----- PEO water ] ketoneg27,28]) In apolar environments the equilibrium lies

40 F ] far to theA side. Polar, protic environments, however, will
2 ’ OH ] favour theB form due to intermolecular H-bonding, shifting
~ [ © © ] the equilibrium to the righf19,24,29,30]
E 30 o 1 The second equilibrium is the acid-base equilibrium be-
< L ognal ] tween the phenolB, and its conjugate base, the phenox-

20 [ ] ide, C. As the pH increases, this second equilibrium will be

[ ] shifted toward<C (we measure thelfy, of 1 and2 to be 8.35
10 [ and 7.85, respectively). These equilibria must be operating

in solution and wet paper during the addition and drying of
] additives. They are important to the stabilising ability of the
R S S —=iaraa additive becausA is the only form that is an efficient UVA
280 320 360 400 440 [20,22,25,31-34]This can be understood based on the typ-
Wavelength ical photochemistry of UVA$35—42]

The unique property of UVAs is that internal conversion is
Fi.g. 7. Absorptior} spectrg fat on lignin-free cellulose fibre are shown_ so rapid that other pathways for relaxation from the excited
with the UVA delivered either from water or ethanol. The spectrum in . .
water showed significant attenuation in intensity in the 260-350 nm region state cannot compe{81]. All light energy absorbed is dis-
and an increase in the 380-420nm region. This is consistent with the SiPated to the environment as vibrational energy (heat). This
presence of phenolate in the sheet with the UVA delivered from water. rapid internal conversion occurs when the IMHB is present,

because it allows the phenoxy proton to transfer rapidly to

30% less than that for ethanol deposition, in the wavelength the hydrogen bond acceptor atom (nitrogen or oxygen) and
range between 260 and 360 nm. At wavelengths higher thanthen to return. ThusA has an IMHB and behaves as an
380 nm, the absorption intensity increased, an indication thatenergy-wasting UVAB and C, however, do not have the
phenolate ion is generated under these conditions. ThesdMHB and will have very slow internal conversion allowing
effects were magnified when 0.2% of PEO was included; all the other possible relaxation processes to occur, includ-
indeed, the discrete long-wave maximum at 330 nm disap- ing emission of light (luminescenc§)5,34,36,43]
peared completely into a long tailing absorption under these  One hypothesis for the failure of UVAs when deposited

Il

conditions. to paper from water is that the concentration8@&ndC are
higher in water than in ethanol. Thus, more molecules are in
2.3. Therole of hydrogen bonding these forms as the paper is dried from water. This is easily

tested by spotting very dilute solutions of these compounds

The diminished yellowing inhibition of and2 when they onto kraft blotter paper from either alcohol or water solution.
are applied from water can be explained as a consequencéf 1 or 2 are predominantly in fornd\, viewing them under
of the two consecutive equilibria shown ftig. 8 The first UV light will show dark spots on the kraft blotter where
involves interconversion of the two rotamers denoted\as the light is absorbed and energy dissipated through normal
and B by twisting about the C—N bond joining the phenol UVA action. If B or C is present, they may appear as lumi-
to the benzotriazolf20-24] RotamerA is usually favoured nescent spots on the sheet (for example, phosphorescence
due to the strong IMHB between the phenoxy hydrogen and and fluorescence has been observed in polar solvents and
the acceptor atom (nitrogen or oxygen), shown by a dashedmatrices[24,25,40,44]and on wool fibred45,46). When
line [24,25] This stabilising bond is not possible for tBe spotted from ethanol bothh and 2 were dark spots, thus
rotamer. Despité\ being favoured, in solution it is in con-  they were predominantly in th& form. When these two

H\O
i Nonpolar ©i N 0@
C[ Polar : [OH] \N/ —Q
A planar B non-planar C phenoxide
i-H-bond no i-H-bond

Fig. 8. Two equilibria possible for UVAs in water and alcohol are shown here. The increased polarity of water should makB #orth€ more
important. The planar formA, is the only one expected to maintain the IMHB responsible for the UVA’s ability to act as a light stabiliser.
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Fig. 9. Delayed emission spectra collected 40ms after the flash. The Fig. 10. Excitation spectra are shown where the exciting light was changed
excitation wavelength was 385nm. Compouhdvith PEO showed the from 300 to 448 nm in 2nm increments and the emission intensity was
highest emission intensity, followed Hyalone from water] from ethanol, monitored at 500 nm.

2 from water and finally2 from ethanol which showed no delayed emission

at all.

files (Fig. 11). The excitation spectra indicate that the phos-
additives were spotted on the paper from water, how- phorescent species has a maximum absorption at 380 nm for
ever, 1 gave a bright green luminescence, whereas2zhe compoundl and at 395 nm with a shoulder at 424 nm in the

remained as a dark spot. Clearly the IMHB 1nis dis- case of2. It is evident from the differences in these spec-
rupted in water and remains disrupted upon drying the tra that, despite the similarity in the two emission spectra
paper. shown inFig. 9, two distinct species are responsible for the

The emission was further characterised with a fluorom- emission. The spectra shown were from samples where the
eter with a phosphorescence attachment that is sensitiveUVAs were deposited from alkaline solution (pH 8.8). They
to delayed phosphorescence and excludes prompt fluoresare identical for samples from neutral solution except they
cence. As seen ifrig. 9 no phosphorescence was evident have better signal to noise ratios. This matches nicely with
for 2 added from ethanol, and very little was measured for assignment of the phosphorescence to the triplet of the cor-
2 added from water. Compouridexhibited a broad emis-  responding phenolate ions. The decay profiles also corrob-
sion with aAmax at 500 nm, typical of phosphorescence orate this assignment to the phenolate ions of the respective
from the lowest triplet state of a benzophenone substituted UVAs. The decay ofl is best fit with a double exponential
at the 4 or 5 position of the phenyl ring7]. Compound and yields lifetimes of 0.10 and 0.85 nmf&q. 11). It returns
2 also exhibitedimax of 500 nm in line with that found for to baseline within 4 ms of the excitation pulse. W2{tonly a
2-(2-hydroxyphenyl)benzotriazole compounds in low tem- partial decay is shown in the first 4 ms. The full decay takes
perature glassd23]. The spectra were broad and structure- about 30 ms to return to baseline (inseFaj. 11) and is best
less, unlike those measured in low temperature glasses. Thidit to a mono-exponential function which yields a lifetime
is typical of room temperature phosphorescence on paper,of 5.4ms or about six times the lifetime of the long-lived
where the substance participates in strong hydrogen bond-component ofl.. The short-lived phosphorescence for com-
ing with the substrat¢48]. It is analogous to studies of poundl is typical of ng* triplet expected for a benzophe-
benzophenone and benzotriazole UVAs in the photoprotec-none and the long-lived emission 2fis typical of am,m*
tion of wool fibres[45,46] The emission intensities fol-  triplet consistent with a 2-(zhydroxyphenyl)-benotriazole
lowed the ordel from water < 1 from ethanol< 1 from chromophore. Leaver et §15,46]also attributed room tem-
water < 1 from water with PEO. These results match per- perature phosphorescence of UVAs on wool fibres to the
fectly with the increased absorption observed between 350respective phenolate ions.

and 450 nm in the absorption spectra foand 2 (Figs. 6 If the delayed emission is due to the phenolate ions of
and 9. 1 and 2 then phosphorescence would be enhanced further
The phosphorescent species could be either C in if the UVAs were introduced to the paper in their ionised

Fig. 8 We further characterised the species responsible byforms from alkaline water. The results of an experiment
measuring excitation spectraig. 10 and kinetic decay pro-  where UVAs were deposited from aqueous solutions at pH
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Fig. 11. Phosphorescence decays with non-linear least squares best lin
to that exhibited by the anion &.

8.8 are shown ifrig. 12 As expected, the emission intensity

e fits. The phosphorescence decay due to thesavéop k@pid compared

2, however, less UVA is in the phenolate form on paper

increased dramatically in each case. Thus we conclude thatand good inhibition is maintained even when added from
under neutral conditions from water, substantial amounts water.

of the phenolate ofl are present in the paper even after

As an interesting aside, it is tempting to suggest that the

drying and are responsible for a decreased anti-yellowing reason UVAs in general work better at lower pt6] is due

activity compared to addition from ethanol. In the case of

7000 [T
6000 [
5000 [

4000 [

Relative Intensity

3000 f
2000 f

1000 f

550
Wavelength, nm

600 650 700

Fig. 12. Enhanced emission is obtained for bibtand 2 when the paper

is treated with additive solutions with high pgpH = 8.8). Under these
conditions1 and 2 are in the fully ionised form @ of Fig. 8 when
introduced to the paper. This result lends strong support to assignment o
the respective phenolate ionS, of 1 and 2 as the species responsible
for the phosphorescence.

to the effect on the two equilibria outlined earlier. The lower
pH will decrease the amount &f[45,46]and photostabilise

B since in its first excited statB’s principal mode of re-
laxation is to formC [19]. Another possibility, suggested
by Davidson et al[16], is that lignin phenolate ion concen-
trations are reduced. However, this should be less impor-
tant since the I, of the UVAs (8.35 forl and 7.85 for2)

are lower than that expected for most lignin phenol groups
(9.4-9.9)[49].

3. Conclusion

UVAs added to paper perform more poorly when added
from water than when added from ethanol or organic
solvents in general. We observed this effect for nine ben-
zophenone and benzotriazole UVAs indicating that the
adverse effect of water is a general phenomenon. For an
o-hydroxybenzophenone UVAL, the decrease in perfor-
mance is striking. Spectroscopic evidence indicates that the
benzophenone UVAL, and, to a lesser extent, the ben-
zotriazole UVA, 2, are partly in the phenolate form when
added to cellulose fibres from water. Accelerated ageing
and chromatography experiments show that distribution of
¢the 1 through the thickness of the sheet is more homoge-
neous when it is added from water than when it is added
from ethanol and that this adversely affects the yellowing
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inhibition. Finally, substantial phosphorescence occurs for Low basis weight sheets (10 g#nwere prepared ac-
water-deliveredl, whereas for2 the emission intensity is  cording to a previously published proceduf&?] from
weak. This luminescence indicates that a significant por- lignin-free kraft pulp and from the peroxide-bleached soft-
tion of 1 on the paper has lost the important intramolecular wood TMP. Only the spectroscopic results on lignin-free
H-bond, and hence anti-yellowing activity. These multiple paper are presented here since the short wavelength UVA
factors contribute to the dramatic drop in anti-yellowing bands are obscured by the lignin absorption bands on the
activity of benzophenone UVAs on high-yield paper when wood-containing sheets. The low basis weight sheets were
delivered from water instead of ethanol. Thus, choice of air dried. The absorption spectra changes are attenuated for
solvent, aqueous or non-aqueous, is of crucial importancehigh UVA charges, and when the samples are dried on a
when testing chemical additives for colour stabilisation of contact drier.
mechanical pulp.
3.1.1. UV-\s
3.1. Experimental details Reflectance spectra were acquired with a Varian Cary 3
UV-visible spectrophotometer equipped with an external

Peroxide-bleached softwood TMP (a mixture of black Labsphere DRA-CA-30 integrating sphere. Absorption co-
spruce and balsam fir) was obtained from an eastern Canaefficients were calculated by measuring sample reflectance
dian mill. The ethanol used was the highest quality commer- over black and white backings. Complete details of the tech-
cially available. The water-soluble UVAs employed in this nique have been published bef@s8]. Absorption spectrain
study are 5-benzoyl-4-hydroxy-2-methoxy-benzenesulfonic solution were recorded on a Hewlett-Packard 8452A diode
acid, 1 (Uvinul MS40™ BASF) and 5-benzotriazolyl-4-  array spectrophotometer.
hydroxy-3sec-butyl-benzenesulfonic acid,2 (Cibafast
W™ Ciba Specialty Chemicals) were used as received. 3.1.2. Chromatography

The structures of these compounds are showrrign 1 An 8in. x 8in. kraft paper sheet (180gAn was
Compounds3-5, 7, and8 were provided by Ciba Specialty spotted with ethanol solutions of and 2. The com-
Chemicals. Compounfl was provided by BASF. pounds were eluted up the sheet with distilled water.

Handsheets (200 gApwere prepared according to PAP- The spots were visualised using a long-wavelength UV
TAC method C.5. The handsheets were cut into four equal lamp (365nm). Compound luminesced with a greenish
(5 x 5¢n?, ca. 0.509) squares and the ISO brightness wasyellow colour, wherea® appeared as a dark spot. Com-
measured. Inhibitors were applied using a glass syringe. Thepound1 travels with the solvent front, whil@ has anRs
amount of inhibitor required was dissolved in 1 ml of either of 0.45. Similar results are seen using softwood BCTMP
ethanol or distilled water and applied evenly to a horizon- paper.
tally suspended sheet. The sheets were then placed on a con-
tact dryer at 105C for 4 min and held in place by stretched 3.1.3. Emission
felt backing. Phosphorescence was measured with a SPEX Fluorolog
Recently, Fernandez et g60] reported that a dipping  Model-F112 spectrofluorometer equipped with a pulsed light
method for application of inhibitors to paper is to be pre- source, a single grating excitation monochromator, a dou-
ferred to the drop method we used here since it provides able grating emission monochromator and a 1934D phos-
more homogeneous distribution of the additives studied. We phorescence accessory. A front-face mode with an angle
prefer the drop method for the following four reasons. of 22.5 from the excitation beam for detecting emission
was employed. For emission spectra, phosphorescence was
measured at every 4nm from 400 to 700 nm with excita-
tion centred at 385 nm. Each point represents the average
of 10 lamp pulses sampled at a 0.04 ms delay for a dura-
€lion of 4 ms in the case df or for a duration of 10ms for
2. For excitation spectra, emission was monitored at a fixed
wavelength of 500 nm, while the excitation wavelength was
scanned from 300 to 448 nm in 2nm intervals. Decay life-
times for the two compounds were recorded with the ex-

thod of drvina th hdBil. Th thod citation and the emission monochromators set to 385 and
method of drying the paper shq8il]. Thus, our metho 500 nm, respectively. The emission decay profile was col-

a]so incorporates_speed drying. as mentioned ahove. Thislected by integrating the emission intensity witha 4 or

simulates _mdustrlal paperr_n_akmg and promotes surface 20 ms time window as a function of an increasing delay time

accumulation of some additives. following the excitation lamp pulse (i.e. from 0.03 to 4 ms

The inhibitor-treated brightness tabs of BTMP exhibit uni- in 0.01 ms intervals fod or from 0.04 to 30 ms in 0.40 ms
form post-treatment brightness across the square to withinincrements for2). Each point is the average of 50 lamp
+0.25% ISO at any time during the exposure testing. flashes.

1. Additives lacking fibre affinity will likely require a sur-
face application that more resembles the drop method.

2. When water is used as the additive delivery solvent, sub-
mersion of the sheet becomes impractical since the she
will readily disintegrate in water.

3. The distribution of the additive on the sheet will depend
on its affinity for the sheet components, and hence on the
chemical nature of the additives and solvent.

4. Additive distribution will be highly dependent on the
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3.1.4. Colour reversion experiments [14] D.S. Argyropoulos, P. Halevy, P. Peng, Photochem. Photobiol. 71
For accelerated exposure, samples were placed in a  (2000) 141-148;
LuzChem (Saint Sauveur, Que., Canadaw.luzchem.com (b) P. Fornier de Violet, A. Nourmamode, N. Colombo, J. Zhu, A.

. . . Castellan, Cellulose Chem. Technol. 24 (1990) 225.
model XL photoreactor equipped with 24 cool white fluo- [15] P.P. Peng, D.S. Argyropoulos, Photochem. Photobiol. 71 (2000) 149—

rescent minitube lamps according to a previously published 156.
procedurd4]. [16] R.S. Davidson, L. Dunn, A. Castellan, A. Nourmamode, J. Photo-

ISO brightness was recorded as a function of photolysis ___ chem. Photobiol. A 86 (1995) 275-282.
i ith a Technidyne Micro TB-1C reflectometer accord- [17] M.W. Samaha, V.F. Naggar, Int. J. Pharm. 42 (1988) 1-9.
time with a y [18] M.I. Ermakova, M.F. Kiryushina, M.Y. Zarubin, Khim. Drev. 6 (1985)

ing to PAPTAC method E.1, and converted to PC numberas  61-64.

shown inEgs. (1) and (2) [19] P.F. McGarry, S. Jockusch, Y. Fujiwara, N. Kaprinidas, N.J. Turro,
J. Phys. Chem. 101 (1997) 764-767.
PC k k 100 1 [20] J. Catalan, P. Perez, F. Fabero, J.F.K. Wilshire, R.M. Claramunt, J.
= 5 T\ X 1) Elguero, J. Am. Chem. Soc. 114 (1992) 964-966.

after befor [21] J. Catalan, F. Fabero, M.S. Guijarro, R.M. Claramunt, M.D.S. Maria,
k (1— Roo)2 M.C. Foces-Foces, F.H. Cano, J. Elguero, R. Sastre, J. Am. Chem.
o Tl (2) Soc. 112 (1990) 747-759.
N 2R [22] J. Catalan, J.C.D. Valle, F. Fabero, N.A. Garcia, Photochem. Photo-

. biol. 61 (1995) 118.
In Eqs: 1) anq _(2)k and s ref_er to the gbsorpno_n and 23] J. Reiker, E. Lemmert-Schmitt, G. Goeller, M. Roessler, G.J. Steuber,
scattering coefficients, respectively, aRg, is ISO bright- H. Schettler, H.E.A. Kramer, J.J. Stezowski, H. Hoier, S. Henkel,
ness expressed as a fractional value. The relationship be-  A. Schmidt, H. Port, M. Weichmann, J. Rody, G. Rytz, M. Slongo,

tween nd the chromophor ncentration is non-linear J.-L. Birbaum, J. Phys. Chem. 96 (1992) 10225-10234.
eenRy, and the chro ophore conce onisno ear, [24] G. Woessner, G. Goeller, J. Rieker, H. Hoier, J.J. Stezowski, E.

whereas the PC number is linearly related to chromophore Daltrozzo, M. Neureiter, H.E.A. Kramer, J. Phys. Chem. 89 (1985)
concentration for homogeneous samples. A smaller PChum-  3629-3636.
ber indicates a lower chromophore concentration. While [25] T. Werner, J. Phys. Chem. 83 (1979) 320.

strict homogeneity of the sample is not maintained during [2¢! 'J“-%hDsebg'r”svCRHeKr-nR;’giﬁg;gyvl&Sﬂ‘;do'”ikv C. Hendricks-Guy,

Ilght?lnC?uced yelloyvmg, the PC number is still useful for [27] S. Nggaokf’ N. Hirota, M. Sumitani, K. Yoshihara, J. Am. Chem.

qualitative comparisons. Soc. 105 (1983) 4220-4226.

[28] S. Nagaoka, N. Hirota, M. Sumitani, K. Yoshihara, E. Lipczynska-
Kochany, H. lwamura, J. Am. Chem. Soc. 106 (1984) 6913-6916.

[29] K.P. Ghiggino, A.D. Scully, I.H. Leaver, J. Phys. Chem. 90 (1986)
5089-5093.

[30] M. Lee, J.T. Yardley, R.M. Hochstrasser, J. Phys. Chem. 91 (1987)

We acknowledge the technical expertise of Jocelyn Math- 4621-4625.

ieu in execution of many of the experiments reported here. [31] C. Chudoba, E. Riedle, M. Pfeiffer, T. Elsaesser, Chem. Phys. Lett.
263 (1996) 622-628.
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