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Abstract 

Fluorescence, UV-visible refllectance +,nd diffuse reflectance IR Fourier transform spectroscopy were used to study the 
changes caused by photoirradiation of t~nbleached, peroxide-bleached and ozone-bleached mechanical and chemimechanical 
pulps. Irradiations were performed selectively at 350 nm and emission spectra were obtained using the same excitation 
wavelength. Kinetic curves were obtained by plot*3ng the integrated emission intensity against the irradiation time. Different 
domains of photochemical behaviour were observed for unbleached and ozone-bleached mechanical pulps. For peroxide- 
bleached samples, an exponential decay of the emission ~ntensity was observed on irradiation, accompanied by a shift in the 
emission maximum to longer wavelengths. The observed emission spectra were deconvolutcd into several components, and 
attempts were made to identify the chromophores causing the emission by comparison with the fluorescence spectra of model 
compounds. 
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1. Introduction 

High-yield pulps contain mainly cellulose, hemicel- 
lulose and lignin, i.e. basically the same constituents 
as wood. Using modern techniques, it is possible to 
bleach such pulps to high brightness. The main barrier 
to the more extensive use of bleached lignin-containing 
pulps in high-value paper is their tendency to yellow 
on exposure to light. The detailed mechanism of the 
light-induced yellowing of lignin-containing pulp and 
paper is still not properly understood. The present 
knowledge concerning the mechanisms of photoyellow- 
ing has been reviewed recently by Heitner and Schmidt 
[1]. The predominant role of lignin in the photochemical 
discolouration process has been convincingly demon- 
strated [2--6], although the significance of the carbo- 
hydrate components in colour formation should be kept 
in mind [7,8], especially for irradiation wavelengths 
shorter than 300 nm [9]. High-yield pulps are often 
bleached with chlorine-free reagents such as oxygen 
and hydrogen peroxide. Today, chemical pulps are also 
bleached with ozone and peroxide in new bleaching 
processes with multistage ozone and peroxide sequences. 
It is mainly the lignin component which responds to 

* Corresponding author. 

bleaching, although cellulose and hemicellulose are also 
affected to a certain extent. Our understanding of the 
actions of the various oxygen-containing, chlorine-free 
bleaching agents at the molecular level is clearly in- 
sufficient. However, there seems to be little doubt that 
the chemical modification of lignin which occurs during 
bleaching also influences the light-induced yellowing 
of both mechanical (lignin-rich) and chemical (con- 
taining only residual lignin) pulp~. 

We have recently reported results from the irradiation 
of cellulose [9]. In this report, we present a systematic 
study of the effect of irradiation at 350 nm on pressure 
groundwood (PGW) and chemimechanical pulp (CMP) 
and on these pulps bleached with hydrogen peroxide 
and ozone. An attempt was made to identify some of 
the compounds that may be responsible for the fluor- 
escence observed from these samples. This was done 
by performing deconvolutions of the emission bands 
and by measuring the emission spectra of suitable model 
compounds. 

2. Experimental details 

Z1. Sample preparation 

PGW samples were made from fresh spruce (Picea 
abies) by pressurized grinding in a 110 kW pilot grinder 
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with a stone width of 120 mm and diameter of 500 
ram. The pulp was washed with ethylenediaminete- 
traacetic acid (EDTA) solution (2 g 1-1) and thick 
sheets (approximately 400 g m -2)  w e r e  prepared in 
deionized water. 

Peroxide-bleached samples of PGW (PGWB) were 
made by bleaching the corresponding pulp with a so- 
lution containing 4% hydrogen peroxide, 3.4% sodium 
hydroxide and 0.2% diethylenetriaminepentaacetic acid 
(DTPA), with 0.05% magnesium sulphate and 3.5% 
sodium silicate as stabilizers. Bleaching was performed 
at 15% consistency, with a bleaching temperature of 
65 "C and a reaction time of 3 h. The bleached pulps 
were washed with EDTA solution (2 g ! I ~) and deionized 
water. 

CMP was made as described previously [10], and 
peroxide-bleached CMP (CMPB) was made by bleaching 
CMP as described above. 

Ozone.bleached samples of PGW (PGWZ) and CMP 
(CMPZ) were made by treating the corresponding pulp 
with 1% ozone without adjustment of the pH at a 
consistency of 12.5%. The reaction time was 25 min, 
the starting pH was 4.1 and the final pH at the end 
of the reaction was 6.5. During the treatment the 
temperature increased from ambient to about 35 °C 
due to the occurrence of exothermic reactions. The 
bleached pulps were treated as the PGW pulps above 
and thick sheets (approximately 400 g m ~2) and thin 
sheets (15-20 g m- =) were prepared. The characteristics 
of the pulp samples are shown in Table 1. 

2,2. Spectroscopic measurements 

Fluorescence spectra were obtained with a Shimadzu 
RF-5001PC speetrofluorometer using 350 nm excitation 
and a bandwidth of 3 nm, Appropriate filters were 
used on both the excitation and emission sides. The 
same scattering geometry and the same filters were 
used throughout the measurements. The emission prop- 
ertics of various samples were monitored as a function 
of the irradiation time over extended time periods. The 
sample position was not changed during the measure- 
ments. The emission spectra shown in this study were 

Table ! 
(~aracteristics of unirradiated and irradiated pulp samples 

P u l p  Brighto~;s (%) Heavy metals (ppm) 

Oh Sh 20h Fe Mo 

PGW 70,2 64,3 Y~,0 6,21 0,68 033 
PGWB 82.5 58,2 $6`5 8,94 0,47 0,06 
PGWZ 65,8 59,$ 49,8 20,8 0,29 0A0 
C_A~P 74,3 54,2 49.2 27,6 2.29 14.7 
CMPB 81.9 56.2 50.6 29.5 0.77 5.64 
~ Z  68.7 5/..5 483 31.6 0.29 4,28 

not corrected for the wavelength dependence of the 
emission monochromator efficiency or the detector re- 
sponse. However, this introduces only a small and 
constant distortion of the emission band shape because 
the same excitation wavelength (350 nm) was used and 
the same wavelength range (350-650 nm) was studied 
in all cases. Further experimental details are given 
elsewhere [10]. 

Kinetic curves were constructed by plotting the ap- 
parent emission intensity obtained as the area under 
the curve against the irradiation time. 

UV-visibl¢ reflectance spectra were measured in the 
wavelength range 250-750 nm with a Perkin-Elmer 
Lambda 15 instrument equipped with an integrating 
sphere. Difference spectra were calculated by subtract- 
ing the spectrum of the treated pulp from the spectrum 
of the untreated pulp. 

Fourier transform diffuse reflectance (DRIFT) spec- 
tra were measured with a Nicolet 740 instrument using 
a circular sampling area with a diameter of 1 mm. 

2.3. Curve fitting 

In order to perform meaningful deconvolution of the 
observed emission bands into components, the shape 
of the individual components must be known. Due to 
the mirror symmetry which is frequently observed be- 
tween the absorption and fluorescence spectra, the 
band shape should be the same in both cases if in- 
strument-related factors are compensated for. Inspec- 
tion of the spectra of complex molecules reveals that 
the bands always show a certain amount of skewness 
[11,12]. Although the main features of an absorption 
or emission band of a complex molecule may be de- 
scribed by a gaussian function, increasing systematic 
deviation from the gaussian band shape is observed in 
the wings of the band [13,14]. This is true even in the 
absence of instrument distortion. The deviation is prob- 
ably due to the anharmoniciW of the molecular vibrations 
[15] which, through the corresponding Franck-Condon 
factors, influence the band shape. If the skewness is 
neglected, there is a danger that a single asymmetric 
band will be erroneously analysed in terms of several 
purely gaussian components. The asymmetry of spectral 
bands can be taken into account by using either the 
log-normal distribution [16,17] or an exponentially mod- 
ified gaussian band shape, frequently used in chro- 
matographic applications [18]. The band analysis in this 
study was performed with PcakFit TM software [19] using 
exponentially modified gaussian components. The "nat- 
ural line shape" of the emission obtained with our 
experimental apparatus was checked by measuring the 
solution state spectra of several complicated molecules 
known to exhibit only a single emission band. In each 
case, curve fitting with a single exponentially modified 
gaussian band was performed and the band parameters 
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obtained in this way were used in the deconvolution 
procedure. 

3. Results and discussion 

3.1. Fluorescence and DRIFT spectroscopy 

Samples of PGW display three clearly different do- 
mains of behaviour on irradiation at 350 nm. During 
the first hour of irradiation, a decrease is observed in 
the emission intensity without any shift in the position 
of the emission maximum (Fig. 1). The emission band 
can be deconvoluted into three exponentially modified 
gaussian components with maxima at 447, 484 and 522 
nm (Fig, 2 and Table 2). A small decrease in the 
intensity of the 447 nm band accounts for the observed 
intensity decrease in this region. In the second region, 
extending between 1 and 22 h of irradiation, a broad- 
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Fig. 1. Luminescence  spec t ra  of  P G W  irradiated at 350 nm in the 
sample  compar tmen t  o f  the spect rometer .  Excitat ion wavelength,  350 
nm. The  figure shows the first photochemical  region. Irradiation 
times: curve 1, 0 rain; curve 2, 15 min; curve 3, 60 min. The  inset 
shows the second photochemica l  region. I r radiat ion times: curve 1, 
1 h; curve 2, 3 h; curve 3, 6 h; curve 4, 13 h; curve 5, 22 h. 
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Fig. 2. Luminescence  spec t rum of  unir radia ted P G W  dcconvoluted  
with three exponent ia l ly  modified gaussian componen t s .  

ening of the emission band, a gradual increase in the 
emission intensity and a shift in the emission maximum 
to longer wavelengths occur (see Fig. 1, inset). This 
observation can be understood in terms of a small and 
simultaneous intensity increase for the bands centred 
at 484 and 522 rim. In the third region, for irradiation 
times longer than 22 h, shown in Fig. 3, a continuous 
decrease is observed in the amount of chromophores 
emitting at the shortest wavelength (447 nm), together 
with a build-up of chromophores emitting with maxima 
at wavelengths longer than 500 nm. An isosbestic point 
occurs near 510 nm. Its existence confirms that, in this 
region, only two chromophores, or perhaps more real- 
istically, two families of closely related chromophores 
are involved in the process. The deconvolution result 
for the emission spectrum recorded after an irradiation 
time of 175 h is shown in Table 2. 

Pulp samples of PGW treated with ozone (PGWZ) 
behave in the same way as PGW on irradiation at 350 
nm, although the build-up of chromophores emitting 
around 520 nm is clearer and the isosbestic point (now 
at 495 nm) is more pronounced for the ozone-bleached 
sample (see Fig. 3, inset). The deconvolution results 
are given in Table 2. The ozone treatment obviously 
affects the chromophore distribution; the decrease in 
the proportion of the component emitting at short 
wavelengths leads to a more pronounced appearance 
of the isosbestic point. Additional experiments were 
performed with GW sheets treated with ozone for 4 
and 24 h. The ozone treatment causes an increase in 
the width of the emission band, a shift of the band 
maximum to longer wavelengths and a small increase 
in the emission intensity. 

Samples of PGW bleached with hydrogen peroxide 
(PGWB) display slightly different emission spectra and 
behave differently on irradiation at 350 nm. The per- 
oxide.bleached samples show a higher apparent emission 
intensity, the emission maximum is at a shorter wave- 
length and a clear shoulder is seen on the short- 
wavelength side of the emission band (Fig. 4). The 
spectrum can be deconvoluted into four exponentially 
modified gaussian components with maxima at 397, 440, 
480 and 527 nm (Table 2). Irradiation at 350 nm causes 
a rapid decrease in the emission intensity and, for 
longer irradiation times, a shift in the emission maximum 
to longer wavelengths. The observed shift is caused by 
a fairly selective consumption of the two short-wave- 
length components during irradiation. After 50 h of 
irradiation, a clear isosbestic point develops at around 
475 nm. 

The emission intensity of CMP is considerably higher 
than that of PGW and the emission maximum is at a 
shorter wavelength (10 nm shorter, 443 rim, Fig. 5). 
This can be understood in terms of a less extensive 
conjugation for the chromophores in bisulphite-treated 
pulps. It has been shown by Gellerstedt [20] in a study 
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Table 2 
lZ___~_!ts of the peak analysis of the emission spectra 

Pulp Emission Components 
maximum 

X,..,, Area 
(~) 

Area .~h,,,,,, Area 
(%) (%) 

Area 
(~) 

Unirradiated pull~ 
PGW 453 
PGWZ 459 
PGWB 447 397 5.3 
CMP 443 397 7.2 
CMPZ 447 397 5,2 
CMPB 444 396 6.3 

Irradiated pulps 
POW 47"/ 441 19.9 
POWZ 488 441 17.1 
POWB 494 446 19,5 
U'~P 480 437 19,1 
CMPZ 481 440 19,8 
CMPB 494 434 12,4 

447 63.7 484 27.3 522 9,0 
449 64,0 487 27.3 525 8.6 
440 63.5 480 22,8 527 8A 
435 50,0 469 31.9 519 10,8 
438 51.9 478 35.2 527 7.6 
435 58.2 472 27,2 521 8.3 

482 57,2 530 22.9 
483 61.9 533 21,0 
493 60,1 536 20A 
474 42,8 521 38.1 
483 64.7 532 15.5 
479 52.3 529 35.3 

K 
>' t5 

z 
,.,tO 

5 

0 ~ 

400 450 500 550 600 650 
W A V E L [ N G T H  ( n n ; )  

Fill, 3, Luminetcence spectra of P e w  and PGWZ irradiated at 350 
nm ~towip4[ the third phe4oehemical gesion, Excitation wavelensth, 
Xq0 am, The fqptre ~ow's the spectra for PeW, Irradiation times: 
curve I, 22 h~, ¢ u ~  2, 28 h; curve 3, 55 h; curve 4, 109 h; curve 
$, !?$ h, The inset shows the spectra'for PGWZ, Irradiation times: 
eurv~ I, 22 h; curve 2, 28 h; curve 3, 59 h; curve 4, 100 h; curve 
5, l'/~ h. 

of model compounds and by Heitner and Min [2 + ] in 
a study of various chemithermomechanical pulp (CTMP) 
samples that sulphonation causes destruction of ring- 
conjusated double bonds. The band shape of the emis- 
sion also differs markedly from those of PGW and 
PGWZ, but is similar to that found for PGWB. As for 
peroxide-bleached PGW, the emission band is consid- 
erably broader and a component emitting in the short- 
wavelength region around 400 nm is clearly seen as a 
shoulder. Deconvolution of the spectrum yields four 
bands with maxima at 397, 435, 469 and 519 nm (Table 
2). Irradiation of CMP selectively at 350 nm causes a 
rapid decrease in the emission intensity during the first 

80 

70 

60 

50  

N 3o 
~ 2O 

10 

0 

=10 

} 

. . . .  I , , , , I  . . . .  I , , , , I , , , ,  I . . . .  , 

350 400 450 500 550 600 650 
WAVELENGTH 

FiB. 4. Luminescence spectra of PGWB irradiated at 350 nm for 
different times: curve I, 0 rain; curve 2. I0 min; curve 3, 30 min; 
curve 4, I h; curve 5, 3 h; curve 6, 6 h; curve 7, 14 h; curve 8, 26 
h; curve 9, 50 h; curve I0, 75 h; cL~rve II, 150 h. 

hour of irradiation, mainly due to consumption of the 
two short-wavelength components. For longer irradia- 
tion times, a gradually increasing shift of the emission 
maximum to longer wavelengths is observed (see Fig. 
5). After an irradiation time of 92 h, the chromophores 
emitting at 435 nm have reacted almost completely to 
form reaction products emitting at considerably longer 
wavelengths. 

The emission spectra of CMPZ, irradiated for dif- 
ferent times, ale shown in Fig. 5 (inset). The emission 
maximum is at 447 nm and the overall behaviour on 
irradiation at 350 nm is similar to that found for 
unbleached CMP, although the light sensitivity of the 
ozone-bleached sample is higher. 

CMPB behaves in the same mapn,~r as CMP, although 
the initial intensity is almost twi¢~ ~,s high as that of 
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Fig. 5 .  Luminescence spectra of CMP and CMPZ irradiated for 
different times at 350 nm. F.xcitation wavelength, 350 nm. The figure 
shows the spectra for CMP. Irradiation times: curve 1, 0 min; curve 
2, 30 min; curve 3, 1 h; curve 4, 4 h; curve 5 ,  6 h; curve 6, 12 h; 
curve 7, 20 h; curve 8, 36 ll; curve 9, 58 h; curve 10, 92 h. The 
inset shows the spectra for CMPZ Irradiation times: curve 1, 0 rain; 
curve 2, 15 min; curve 3, 30 mln; curve 4, 1 h; curve 5, 2 h; curve 
6, 5 h; curve 7, 14 h; curve 8, 29 h; curve 9, 67 h; curve 10, 128 
h. 
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Fig. 6. Luminescence spectra of CMPB irradiated at 350 nm for 
different times: curve 1, 0 min; curve 2, 5 min; curve 3, 15 rain; 
curve 4, 30 min; curve 5, 1 h; curve 6, 3 h; curve 7, 9 h; curve 8, 
24 h; curve 9, 50 h; curve 10, 100 h; curve 11, 145 h. 

the unbleached CMP sample (Fig. 6). Deconvolution 
yields four bands with maxima at 396, 435, 472 and 
521 nm. This pulp is extremely light sensitive if irradiated 
at 350 nm. However, as for PGWB, and contrary to 
the behaviour of unbleached CMP and CMPZ, an 
isosbestic point is observed at 470 nm for the peroxide- 
bleached sample for irradiation times longer than 50 
h. After 145 h of irradiation at 350 am, a strong yellow 
discolouration is observed in the area exposed to light. 
DRIFT spectra of the unirradiated and irradiated parts 
of the sample were recorded. The spectra are shown 
in Fig. 7 and integrated band intensities and intensity 
ratios are collected in Tables 3 and 4 respectively. It 
can be seen that irradiation causes a tenfold intensity 
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Fig. 7. Diffuse reflectance IR Fourier transform spectra of CMPB 
samples: spectrum A, unirradlated; spectrum B, irradiated for 145 
h at 350 nm. 

Table 3 
DRIFT absorption band inteasities at various frequencies of unir- 
radiated and irradiated peroxide-bleached chemimechanical pulp 
(CMPB). Irradiation wavelength, 350 am; irradiation time, 145 h 

Frequency range Unirradiated Irradiated 
( c m - ' )  

1192-1151 84.39 98.61 
1220-1192 4.65 6.19 
1246--1220 3.34 4.18 
1300-1246 66.83 45.52 
1398-1347 49.62 57.20 
1536-1492 99.34 79.02 
1645-1547 141.9 133.7 
1700-1800 16.25 210.5 
3027-2785 810.8 757.7 

increase in the C = O  band at 1734 cm -1, a small 
decrease in the intensity of the CffiC double bond 
absorption at 1645-1547 cm -I, a marked decrease in 
the intensity of the 1507 cm-~ band of the aromatic 
nucleus and a considerable decrease in the intensity 
of the 1270 cm- ~ band. These changes must be attributed 
to the reactions of hemicellulose and lignin because 
pure cellulose is not affected if irradiated with light 
at wavelengths longer than 310 nm [9]. 

Kinetic curves, obtained by plotting the apparent 
total emission intensity (calculated as the area under 
the emission band) as a function of irradiation time, 
are shown in Fig. 8. For PGW and PGWZ (curves 1 
and 2), the initial small decrease in the intensity during 
the first hour of irradiation is followed by an exponential 
increase, observed in the emission spectra as a broad- 
ening of the emission band, for irradiation times up 
to 22 h. For longer irradiation times, a gradual decrease 
in emission occurs. For PGWB and CMPB (curves 3 
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TaMe 4 
Ratios between the DRIFT absorption band intensities for certain pairs of  frequencies (cm- ' )  before and after irradiation of peroxide- 
bleached chemimechanical pulp (CMPB). Irradiation wavelength, 350 nm; irradiatior, time, 145 h 

Pulp 1270/1370 1508/1370 173411370 1270/2902 1508/2902 1740/2902 

Unirradiated 1.347 2.002 0.327 0.083 0.124 0.020 
Irradiated 0.7% 1.381 3.680 0.060 0.104 0.278 
Change (%) -40.9  - 31.0 + 1025 -27.7  - 16.1 + 1290 
m .  
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Fig. 8. Change in apparent emission intensity as a function of 
inadiation time for various pulp sampl©s: curve 1, PGW; curve 2, 
POW~ curve 3, PGWB; curve 4, C M ~  curve 5, CMPZ; curve 6, 
CMPB, 

and 6), an initial very rapid decrease in emission is 
observed during the first few hours of irradiation. The 
rate of cha~ge gradually levels off and, for irradiation 
times longer than 50 h, a small increase in intensity 
is observed, The increase in intensity observed for the 
peroxide-bleached pulps for irradiation times longer 
than 50 h is evidently due to ehromophore precursors 
formed only as a result of peroxide treatment. CMP 
and CIVlPZ (curves 4 and 5) show a similar behaviour 
on irradiation: an initial rapid decrease in the emission 
intensity during the first hour of irradiation is followed 
by a slower decrease on prolonged treatment. For both 
PGWZ and CMPZ, higher integrated intensities are 
observed than for the correspondh|g untreated pulps, 
and tl'~y also level off at slightly higher intensity values 
on irradiation. 

3.2. U~' -~de  repectance ,pecm~scopy 

Treatment of the initial PGW and CMP samples 
with ozone and peroxide causes different changes in 
the UV-visible difference reflectance spectra of the 
pulps, l~roxide treatment is known to bleach ground- 
wood and chemimechanical pulps, as reflected in 

changes in the spectrum at around 380 and 470 nm 
[22]. The corresponding changes are seen as minima 
in curves 3 and 4 in Fig. 9. Ozone (1% solution) causes 
a weak discolouration; two maxima are observed at 330 
and 440 nm for CMP and at 340 and 440 nm for P e w  
(curves I and 2, Fig. 9). 

Irradiation of the unbleached and bleached pulps in 
a Suntest apparatus causes a gradual decrease in the 
reflectance (R,,  457 nm) of the pulps (Table I, Fig. 
I0). The rate of discolouration varies, being fastest for 
the peroxide-bleached CMPs. The light-induced changes 
are greater for the sulphonated pulps regardless of 
whether they are bleached or not. The difference be- 
tween the behaviour of PGWB and CMPB is consid- 
erable, particularly after irradiation for 5 h. After long 
irradiation times (greater than 20 h), the reflectance 
values approach each other and the effect of bleaching 
is almost obliterated. The difference between the ozone- 
treated pulps PGWZ and CMPZ is much smaller, partly 
because the ozone treatment is considerably milder 
than the peroxide treatment with regard to the changes 
in reflectance. 

Both the specific absorption coefficient (k), which is 
directly related to the chromophore content, and the 
specific scattering coefficient (s) influence the reflec- 
tance value (R,). To relate the discolouration rates to 
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Fig. 9. UV-visible difference reflectance spectra (unt rea ted-  treated) 
of PGW and CMP showing the effect of ozone and peroxide treatment: 
curve 1, CMPZ; curve 2, PGWZ; curve 3, CMPB; curve 4, POWB. 
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Fig. 10. Reflectance value R ,  at 457 nm of various pulps as a function 
of Suntest irradiation time. 
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Fig. 11. Values of k and s evaluated at 457 nm of ozone-bleached 
pulps as a function of Suntest irradiation time. 

chromophore changes more clearly, the corresponding 
k and s values at 457 nm for the ozone-treated pulps 
PGWZ and CMPZ were evaluated from measurements 
on thin sheets (Fig. 11). A continuous decrease in 
scattering at 457 nm is observed during irradiation, but 
generally the changes are small, particularly for CMPZ. 
However, for the k values, an increase is observed with 
irradiation time, and the rate of increase is very similar 
for the two pulps. The results suggest that sulphonation 
does not change the rate of formation of chromophores 
appreciably in ozonized pulps. However, this must be 
verified using more effective ozone treatment conditions. 

Different domains of photochemical behaviour of the 
pulps are observed using fluorescence spectroscopy. 
Different behaviour at the beginning and in the later 
stages of the photoreaction is also observed using 
UV-visible spectroscopy. During the first 5 h of ir- 
radiation, the reflectance at 370 nm of the PGWZ pulp 
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Fig. 12. UV-visible difference reflectance spcctra of Suntest-irradiated 
ozone-bleached pulps: curve 1, PGWZ (irradiated for 5 h) - PGWZ 
(unirradiated); curve 2, CMPZ (irradiated for 5 h) - CMPZ (unir. 
radiated); curve 3, PGWZ (irradiated for 20 h) - PGWZ (irradiated 
for 5 h); curve 4, CMPZ (irradiated for 20 h) - CMPZ (irradiated 
for 5 h). 

decreases greatly, while the reflectance at 440 nm 
increases (see Fig. 12, curve 1). On further irradiation, 
no decrease in reflectance of PGWZ at 370 nm is 
observed, only a marked broadening of the "yellowing 
band" at 440 nm (curve 3). Interestingly, the changes 
for CMPZ are partly similar, although an increase in 
reflectance at 370 nm is observed for the first 5 h 
(curve 2), which on longer irradiation is eliminated 
(curve 4). The 440 nm band is broadened after longer 
irradiation times, indicating the formation of new re- 
action products. It is evident that chromophores ab- 
sorbing around 370 nm are photoreactive at the be. 
ginning of the reaction in both PGWZ and CMPZ, 
and these chromophores are almost totally consumed 
in the initial phase (0-5 h) of the photoreaction. Oa 
prolonged irradiation, the dominant changes in the 
chromophores occur in those absorbing around 440 nm. 
At the same time, the rate of change in the chromophore 
content levels off, which is also seen in the kinetic 
curves (Figs. 8 and 10). 

3.3. Identification of chromophores 

~t is evident from an inspection of the width and 
shape of the emission bands, and also from previously 
published studies, that several chromophores are re- 
sponsible for the emissions of mechanical and chemi- 
mechanical pulps. Even pure cellulose shows a weak 
background emission [23] which changes with irradiation 
[9,24]. For high-yield pulps, to this background can be 
added contributions mainly from the hemicellulose and 
lignin components and also from the modifications of 
lignin formed during the pulping and bleaching pro- 
cesses. Castellan et ai. [25] obtained different emission 
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spectra from milled wood lignin and peroxide-bleached 
lignin in solid 2-hydroxypropylcellulose films on exci- 
tation at different wavelengths. Zhu and Gray [26] 
studied the emission spectra of various lignin-containing 
pulps excited at wavelengths longer than 300 nm and 
concluded that there was more than one emitting species 
in the samples. 

To account for the observed emission, we need 
consider only model compounds with extended con- 
jugated systems. We have examined the fluorescence 
spectra of 26 different model compounds that could 
serve as candidates for the observed emission. The 
structures of the compounds studied are shown in 
Scheme I and the results are collected in Table 5 
(which should be compared with the deconvolution 
results shown in Table 2). Of the compounds studied 
many show an emission spectrum with a maximum at 
too short a wavelength, indicating that the conjugated 
system of these compounds is too small. Suitable struc- 
tures that could account for the short.wavelength com- 
ponent of the emission are the differently substituted 
cinnamic acids (5 and 6), various coumarins (7-9), 
flavone-type structures exemplified by compound 10 
and the substituted stiibene 23. For the coumarins 7 
and 8, with a hydroxyl group in the "]-position, a large 
shiR in the emission maximum to longer wavelengths 
is observed when water is used as solvent instead of 
ethanol. Doping experiments with 7-hydroxy-4-methyl- 
coumarin (8) show, however, that the emission maximum 
for this compound applied to filter paper is close to 
the value found in ethanol solution. Cinnamic acid and 
its analogues play a central role in the formation of 
various plant phenols. It is also well known that sub- 
stituted cinnamic acid structures, after hydro~iation 
in the ortho position with respect to the side chain, 
followed by an £mg isomerization caused by light wave- 
lengths shorter than 360 rim, underso spontaneous 
lact¢~ivation to form coumarin-type structures [27,28]. 
S~h changes are likely to occur during the production 
and aging of high-yield pulps. Beyer et aL [29] have 
previously su88ested that 4-hydroxy-3-(l-phenyl)-pro- 
pylcoumarin, which has an emission maximum at 375 
rim, is a model luminophore.of the short-wavelength 
emission of CTMP samples. '~l'he second component 
for which the deconvolution of the emission spectra of 
the unirradiated pulps yields a A.,. value around 440 
nm could be accounted for only by one model compound, 
coniferaldehyde (4). This compound Shows a rather 
weak emission with a band maximum at 440 nm. 

two long-wavelength components with decon- 
voluted band maxima around 480 and 525 nm (Table 
2) are not easily accounted for. Oxidative coupling 
reactions of phenols occur with hydrogen peroxide both 
in the presence and absence of peroxidases [30-32], 
yielding coupling products with extended conjugated 
systems. The coupling of vanillin to dehydrodivanillin 

(16) has been studied [33,34]. Dehydrodivanillin shows 
a very weak fluorescence with two maxima at 355 and 
498 nm. Diferulic acid, which emits in the blue-green 
region, is formed when synthetic ferulic acid esters of 
polysaccharides are oxidized with peroxidase-hydrogen 
peroxide [35]. Bound diferulic acid has also been found 
in the cell walls of certain plants [36,37]. 

Phenylcoumaran units, in this work exemplified by 
dehydrodiisoeugenol (12), have been shown to be pres- 
ent in lignin. As shown by an acidolytic method, the 
number of phenylcoumarans in spruce Bj6rkman lignin 
has been estimated by Adler and Lundquist [38] to be 
25 units for each 100 units of /3-0-4. A somewhat 
higher value, 36 units, based on two- dimensional nuclear 
magnetic resonance (NMR) measurements, has been 
reported by Brunow et al. [39]. It has also been shown 
by Lee and Sumimoto [40] that stilbene-typo structures 
containing hydroxyl groups on both rings, under sim- 
ulated bleaching conditions with alkaline hydrogen per- 
oxide, yield degradation products and phenylcoumaran 
in 21% yield. The emission maximum of dehydrodi- 
isoeugenol (12) is at 342 nm, which means that un- 
modified units cannot even account for the short- 
wavelength component of the observed emission of 
high-yield pulps. However, different pathways, such as 
acidolysis [38], may lead from phenylcoumaran to the 
formation of phenylcoumarone, which has a fairly ex- 
tensive conjugated system, especially if an unsaturated 
side chain is present. Castellan et ai. [41] have observed 
that phenylcoumarone units cause a strong discolour- 
ation when applied to bleached softwood chemical paper 
and exposed to UV light. Phenylcoumarans are also 
known to react with aqueous sodium hydroxide at 
elevated temperatures to form stilbene-type structures 
[40]. Therefore, a substituted stiibene (23) and a stilbene 
quinone (24) were included among the model com- 
pounds studied. Of these, the stiibene (23) shows a 
fairly strong emission at 387 nm, close to the value of 
397 nm found for the short-wavelength component of 
the emission for the unirradiated pulps. The stilbene 
quinone (24) and the lignin.carbohydrate model (26) 
emit at much shorter wavelengths, 310 nm and 313 nm 
respectively. 

The occurrence of pinoresinol-type structures in soft- 
wood lignin is well established [42]. The compound 
(+)-pinoresinol (2S) emits strongly with a maximum 
at 310 nm, indicating the two isolated aromatic rings. 
However, diarylfurofuran iignans react under oxidative 
conditions to form 4-pyrones [43], with an extended 
conjugated system, consisting of the two aromatic units 
linked together via the 4-pyrone ring. Such compounds 
might well he formed from pinoresinol-type structures 
and could therefore account for part of the long- 
wavelength emission. 
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Table 5 
Emission properties of selected lignin model compounds measured in absolute ethanol solutions. Wavelengths given in parentheses refer to 
water solutions. Numbering according to Scheme 1 

Number Compound A~ Am, Intensity 
(nm) (nm) 

l Apoc~ol 270 315 m 
2 Acetoguaiacone 330 384 vw 
3 4,5-Dimethyl-l,2-quinone 290 322 m 
4 Coniferaldebyde 350 440 vw 
S F, cmlic acid 350 391 w 
6 3.Hydrmy.4-metho.wcinnamic acid 330 425 w 
7 7.Hydrolycoumarin 320 388 (454) m 
II 7.Hydro~y-4.mel hylcoumnrin 320 384 (449) m 
9 7.Methoxycoumartn 320 384 (390) m 

IO 7 . ~ a v o n e  308 400, 521 vw 
II  (+).Cateddn 280 316 s 
12 Deh~ImdllK~eugenol 276 342 w 
13 Dttsoet~enol 280 324 m 
14 Bicreom~l 292 379 vs 
15 Dehydrodi.tert.butylguaiacylcarbinol 290 376 w 
16 Dehydrodtvanillln 281 355, 498 vw 
17 $.Methoxy.2.(ZS~lihydro~-4-methox'yphenyl) 1,4-quinone 330 434 vw 
18 4,4'.Dtmethoxybiphenyl-2,5,2',5'-bisquinone 370 440 vw 
19 8.Hydro~.3,7.dimethoxydibenzofuran-l,4-quinone 260 327, 362, 442 vw 
20 2.Met hoxydibenzofuran 290 345 s 
21 C.oerultgnone 228 345 m 

2,5-Dtphenyl-l,4-bemn)qulnone 235 379 m 
23 3,3'.Dimethoxy.4,4'-dihydro,wstilbene 350 387 m 
24 3,5,Y,5'-Tetra-tert-butylstilbcne-4,4'-quinone 240 310 vw 
25 ( + )-Pinoresinol 277 310 s 
26 Ugnin-carbohydrate model compound 278 313 vw 

m, m~dium; w, weak;, s, strong; v, very. 

4. Conclusions References 

The results obtained from the irradiation of high- 
yield pulps at 350 nm clearly show the existence of 
three different photochemical regions for PGW and 
POW treated with ozone. In the different regions, the 
bchaviour is determined by different chromophores, 
which to some extent were pinpointed by the decon- 
volution of the emission spectra and comparison with 
the fluorescence spectra of model compounds. Never- 
theless, it seems that much basic work still needs to 
be done before the identification of the various chro- 
mophores can be considered complete. This is especially 
true for those units emitting at longer wavelengths. 
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