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SUMMARY: The change in colour of different types of unblea-
ched and bleached high-yield pulps under both accelerated and
long-term ambient light-induced ageing conditions was studied
using the CIELAB colour system. It was found that accelerated
ageing conditions that mimic indoor daylight exposure tend to
increase mainly the b*-value and decrease the L*-value (i.e.,
yellow/darken the pulp). Long-term ambient ageing without
indirect sunlight also increases the a*-value, which makes the
pulp more reddish. It was also found that accelerated light-indu-
ced ageing is characterised by rapid initial discoloration that is
followed by a slower, secondary phase. The discoloration cau-
sed by long-term ambient light-induced ageing with no indirect
sunlight present was more even over time.
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The major obstacle to the use of mechanical or chemi-
mechanical pulps in high-quality long-life paper products
is the rapid brightness reversion that occurs upon
exposure to daylight or indoor illumination. These pulps
can be produced with lower capital costs and have less
impact on the environment than chemical pulps. They
also have high yield and bulk, good printing properties,
high opacity and light-scattering ability, all of which
make it possible to lower the basis weight of the
produced paper or paperboard. But all these positive fac-
tors are offset by the inferior brightness stability.

When paper from mechanical and chemimechanical
pulps is subjected to ultraviolet radiation, chromophores
that absorb light in the blue-green region are formed.
This discoloration, which leads to a decrease in bright-
ness, is ascribed to the lignin component in the pulp
(Gratzl 1985; Heitner 1993; Leary 1994; Davidson 1996;
Forsskahl 2000; Lanzalunga, Bietti 2000). There have
been a number of investigations of the type of chromo-
phores that are initially formed, but the results are contra-
dictory. Leary (1968) proposed that the chromophores
formed during light-induced yellowing were of the
quinone, cyclohexadienone and/or quinone methide
types. Lin and Kringstad (1971) suggested, based on
lignin model compound studies, that both ortho- and
para-quinones can be formed, although the latter to a
lesser extent (cf. Lebo et al. 1990). Others suggest that
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para-quinone structures contribute to the formation of
colour during light-induced yellowing (Gellerstedt,
Pettersson 1977; Forsskdhl et al. 1991; Hirashima,
Sumimoto 1994). This suggestion was supported by
Agarwal (1998), who proposed a hydroquinone/para-
quinone redox couple as a leucochromophoric/chromo-
phoric system responsible for the discoloration.
Hydroxystilbenes have also been proposed as the leuco-
chromophores that are largely responsible for the initial
photo-induced discoloration of bleached high-yield pulps
(Gellerstedt, Zhang 1993).

There could be many reasons for the discrepancy in
these reported results. A high-yield pulp contains a variety
of organic compounds, and the complexity of the ligno-
cellulosic system makes it likely that different types of
chromophores are formed during light-induced ageing.
The discrepancy in the results could also be due to the
fact that the studies used different equipments and
experimental setups. Moreover, most of the investigations
employed accelerated ageing procedures, which some-
times give other results than ageing under conditions
closer to the practical everyday situation (Paulsson,
Parkas 2001; McGarry et al. 2004; Fjellstrom et al. 2007).

The brightness stability of high-yield pulps has been
reported as differing depending on the wood species and
the mechanical pulping processes employed. It has been
claimed that hydrogen peroxide bleached chemithermo-
mechanical pulps (CTMPs) are somewhat more prone to
yellowing than hydrogen peroxide bleached thermo-
mechanical pulps (TMPs) (Agnemo et al. 1991).
However, other investigations (Heitner, Min 1987;
Johnson 1989, Johnsson 1991) contradict this finding and
report that CTMPs are slightly more stable than TMPs or
groundwood pulps and, moreover, that hardwood pulps
are more stable than softwood pulps. Paulsson and
Ragauskas (1998a) reported that hydrogen peroxide blea-
ched aspen CTMP is more stable under accelerated light-
induced irradiation than dithionite bleached spruce TMP
and hydrogen peroxide bleached spruce CTMP, even
though the aspen CTMP showed some variation in stabili-
ty depending on the source of the irradiation.

In addition to the ageing conditions, the optical
parameters measured are of the utmost importance when
interpreting the ageing characteristics of a pulp. Studies
commonly determine the ISO brightness, light absorption
coefficient, and post colour number of pulps because
these are well-known parameters in the pulp and paper
industry. But other optical properties may be of interest
when it comes to characterising and understanding the
events occurring during light-induced brightness
reversion. Several researchers have used the CIELAB
system, which displays changes in both lightness and
colour, but most of the data reported apply only to acce-



lerated light-induced ageing conditions (Luo et al.
1988,1989; Andrady et al. 1991; Paulsson, Ragauskas
1998a; Paulsson, Parkds 2000; Ramos et al. 2003). In
studies of accelerated ageing, Luo et al. (1988, 1989)
demonstrated that the a*-value does not change signi-
ficantly and that brightness reversion results from
changes in the L*- and b*-values. They also used the
Vergilbungsvektor (VV), which excludes the a*-value.
Paulsson et al. (1996) studied long-term accelerated
irradiation of unbleached and hydrogen peroxide
bleached spruce TMP. Their general conclusion was that
the L*-value decreases and the b*- and a*-values
increase, and that the magnitude of change is more
pronounced for hydrogen peroxide bleached pulp. Similar
results were later reported for a hydrogen peroxide
bleached aspen CTMP (Paulsson, Parkas 2000).

The present study describes the darkening (brightness
reversion) characteristics by means of colour changes iden-
tified using the CIELAB system. A broad range of unblea-
ched and bleached mechanical and chemimechanical pulps
produced from softwood or hardwood on a commercial or
pilot plant scale were investigated using both long-term
ambient and accelerated light-induced ageing.

Materials and Methods

Pulp samples

High-yield pulps, produced on a commercial or pilot
plant scale, were used as received for the experiments
described in this work. The unbleached and bleached
(with dithionite and/or hydrogen peroxide) mechanical or
chemimechanical pulps were produced from both soft-
woods (mainly spruce) and hardwoods (aspen or birch).
For more detailed information about the pulp samples,
see Fjellstrom et al. 2007.

Preparation of paper sheets

Hand-made sheets with a grammage of 60 g/m’ were
prepared according to the SCAN CM 64:00 test method.
The paper sheets were conditioned at 23°C and 50%
relative humidity before being subjected to either
ambient or accelerated light-induced ageing.

Accelerated light-induced ageing

The accelerated ageing of the paper samples was
performed with a Xenotest 150 (Heraeus, Hanau,
Germany) equipped with a xenon lamp and with filters
(ultraviolet and window glass) that eliminate radiation of
wavelengths below 310 nm. The spectral characteristics
of the transmitted light are similar to those of average
indoor daylight (sunlight behind window glass). For more
detailed information about the accelerated ageing
procedure, see Fjellstrom et al. 2007.

Long-term ambient light-induced ageing

Long-term ambient light-induced ageing was performed
by keeping the paper samples in an office environment in
which the samples were exposed to light from two Philips
TLD 18W/29 warm white fluorescent light tubes placed

approximately 0.8 m above them. The paper samples
were exposed to light from the fluorescent lamps for 10 h
per day to simulate an office environment. No indirect
sunlight reached the paper samples. More information
about the long-term ambient ageing procedure can be
found in Fjellstrom et al. (2007).

Optical measurements

The optical properties of the pulp sheets were measured
using an Elrepho SE 071 spectrophotometer (Lorentzen
& Wettre), the colour of the samples was described using
the CIELAB colour system (ISO standard method
5631:2000). During accelerated and ambient ageing the
samples were measured after 0, 0.5, 1, 2, 4 and 24 hours
and 0, 1, 3, 8, 12, 15, 20, 30 and 52 weeks, respectively.
Peroxide bleached birch CTMP and all dithionite
bleached pulps were also measured at 40 weeks during
ambient ageing.

Results and Discussion

Figs la—d show the change in colour of a large number of
high-yield pulps that were subjected to accelerated or
ambient light-induced ageing. The abbreviations used in
the figures and text below are explained in 7able 1. The
change in colour during ageing is described using the
CIELAB colour system, which is a three dimensional
colour space where L* represents the lightness (or grey
scale axis), a* is the red (positive)/green (negative) axis
and b* the yellow (positive)/blue (negative) axis. The
general effect of ageing is darkening of the pulp (due to
stronger light absorption, especially at short wave-
lengths), which means that L* decreases upon ageing in a
rather similar way for all pulps. It was therefore chosen to
represent the change in colour using only the a* and b*
coordinates in Figs /a-d. Since the ageing behaviour of
high-yield pulps produced from hardwoods was different
over time, an ambient ageing period of up to 52 weeks
was chosen to fully elucidate their behaviour (see
Fjellstrom et al. 2007). Comparable ageing results were
obtained after 24 hours of accelerated light-induced
ageing for most chemimechanical and mechanical pulps
produced from spruce and birch. Note the different scales
on the a*- and b*-axis in Figs la—d. The samples were
generally more prone to move towards yellow (increase
in b*-value) in the a*-b* diagram, but there was also a
significant change in a*-value (green/red) for most pulps.
The comparatively small increase in a* was clearly

Table 1. Abbreviations used in figures and text.

Abbreviation Explanation

GWP Groundwood pulp

BGWP Bleached GWP

T™MP Thermomechanical pulp

BTMP Bleached TMP

CTMP Chemithermomechanical pulp
BCTMP Bleached CTMP

HTCTMP High temperature CTMP
BHTCTMP Bleached HTCTMP

APMP Alkaline peroxide mechanical pulp
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Figs 1a-d. Discoloration of mechanical or chemimechanical pulps a), b) spruce, ¢) aspen, d) birch monitored over 52 weeks of ambient ageing (solid lines) and 24 hours of
accelerated ageing (broken lines). The circled symbols represent the starting points (i.e., unaged paper sheets). The abbreviations used in the figure can be found in Table 1.

visible for the human eye as a more reddish appearance
of the sheets.

The influence of light-induced ageing method

The change in colour during light-induced ageing of
high-yield pulps is dependent on the conditions.
Fjellstrom et al. (2007) showed that accelerated light-
induced ageing that mimics indoor daylight exposures
can be used to predict the yellowing characteristics of
softwood (i.e., spruce) high-yield pulps. This result aligns
with the fact that spruce mechanical and chemimechani-
cal pulps finally reach almost the same value on the
yellow part of the b*-axis regardless of the ageing met-
hods (and bleaching processes) used, see Fig la and 1b.
The accelerated light-induced ageing method more or
less had the same impact on all mechanical and chemi-
mechanical pulps studied (see Figs /a—d). The b*-value
increased (more yellow) and the L*-value (cf. Figs 2a—b)
decreased as expected.

The change in a*-value was, however, influenced by
the bleaching chemical used. Hydrogen peroxide
bleached pulps show at first no change, or a slight
decrease in a*-value followed by an increase, giving an
overall small increase in a*-value (i.e., a colour shift
towards red). The increase in a*-value was in the range of
1.2-2.2 and 0.3-1.1 for the hydrogen peroxide bleached
softwood and hardwood pulps, respectively. Dithionite
bleached pulps on the other hand showed a small decrea-
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se in a*-value, ie. a slight shift towards green.
Unbleached spruce TMP and unbleached birch CTMP
display the same behaviour as the dithionite bleached
pulps. The a*-value of unbleached spruce HTCTMP was
increased with 0.92, and unbleached aspen CTMP
showed a small increase of 0.12 in a*-value. The discolo-
ration was mainly caused by the pulps turning more
yellow and darker, but in addition a smaller but signifi-
cant change towards red or, in some cases, green could be
observed.

The ambient light-induced ageing method revealed
three different ageing profiles depending on whether
high-yield pulp was produced from spruce, aspen or
birch wood. Bleached hardwood high-yield pulps showed
a smaller change in a*-value (0.6-3.0), especially birch
pulps which showed the smallest change, compared to
spruce pulps (3.3-5.8). Aspen pulps showed the smallest
change in b*-value.

Like spruce mechanical and chemimechanical pulps,
birch pulps have different colour before ageing, depen-
ding on the bleaching method used, but they also have
different colour end points as well. Moreover, the beha-
viour of the a*-value over time for birch is different from
that for spruce and aspen. At first, the a*-value increased
with time; then there is a phase in which the a*-value is
nearly constant; and at the end, after about 30 weeks of
ambient ageing, the a*-value increases again, giving the
paper a both measurable and visible reddish hue.



Fjellstrom et al. (2007) showed that the yellowing
tendencies of hardwood high-yield pulps (especially
aspen pulps) were overestimated when using an accelera-
ted light-induced ageing procedure. This finding is in
agreement with the results in Fig /c, where it can be seen
that the b*-values from the ambient ageing do not reach
the same level as the b*-values from the accelerated
ageing. There is, however, one exception, the unbleached
CTMP, which reaches about the same b*-value with both
accelerated and ambient ageing. The unbleached aspen
CTMP had an initial ISO brightness of 66% whilst the
hydrogen peroxide bleached aspen pulps all had an
unaged brightness of at least 78% ISO and this might be
one explanation to the discrepancy in obtained results.

The mechanical pulping process seems to have only a
minor impact on the colour change during ageing of both
softwood and hardwood pulps, although there are a few
exceptions. Stone groundwood pulps are slightly more
stable, independent of the bleaching method used. Pulps
produced principally from aspen act the same regardless
of the pulping process used. It might, however, be possi-
ble to identify a slight increase in a* (slightly more red)
for the CTMP samples. The birch APMP is distinct from
the other birch pulps, and its behaviour is more like that
of the aspen pulps. Like aspen, birch APMP displays a
smaller change in b*-value, they also lack the increase in
a*-value at the end of the ambient ageing period.
Regardless of the wood raw material used, the alkaline
peroxide mechanical pulps had the least change in colour
despite having the highest initial brightness.

The phases of light-induced ageing
Generally, light-induced discoloration is reported to be
characterised by a rapid initial phase during which most
of the discoloration takes place, followed by a slower,
less detrimental phase (Lewis et al. 1945; Francis et al.
1991; Ek 1992). However, the irradiation source is
known to influence the appearance of the two phases.
Light-induced ageing using low intensity UV/VIS-fluo-
rescent lamps generates a less pronounced initial phase
(Paulsson et al. 1998a). Luo et al. (1988, 1989) subjected
a bleached groundwood pulp to five hours of accelerated
light-induced ageing and observed the typical rapid
initial phase for the L*- and b*-values, followed by a
slower phase. According to Andrady et al. (1991),
illumination with wavelengths below 400 nm cause yello-
wing (higher b*-value, while a* remain unchanged) and
wavelengths above 400 nm have a bleaching effect (no
change in b* and a small change towards greenish in a*).
This finding is supported by Paulsson and Ragauskas
(1998b), who used three sets of lamps with different
spectral distributions to study accelerated ageing of
hydrogen peroxide bleached aspen and spruce CTMP.
Figs 2a—b show the behaviour of hydrogen peroxide
bleached CTMPs produced from spruce, aspen or birch
when subjected to accelerated or long-term ambient
light-induced ageing. The CTMPs are the same pulps as
before and can also be found in Figs /a—d. As previously
reported (Fjellstrom et al. 2007), the initial phase is
absent when high-yield pulps are aged under ambient
conditions with no indirect sunlight present (Fig 2b). The

two ageing phases could, however, clearly be seen for the
b*- and L*-values when the accelerated ageing procedure
was used (Fig 2a). The long-term ambient ageing method
reveals diverse appearances depending on the wood raw
material. For spruce, the change in L*-, a*- and b*-values
is nearly linear. The first 1-2 weeks the discoloration of
the spruce pulps is due to an increase in a*-value (Figs
la—b) whilst the b*-value remains constant. Aspen and
birch did not show any change in b*-value for the first
three weeks. This period was followed by a linear
increase in b*-value until week 15 (birch) and week 30
(aspen), after which the increase in b*-value become
more pronounced. It may therefore be somewhat
misleading to think of light-induced ageing as pure
yellowing, indeed on the time scale of a few weeks the
pulp may become more reddish before any pronounced
increase in yellow begins.

Several suggestions have been made about the type of
chromophores that are formed during light-induced
ageing of lignocellulosic materials (see Introduction).
The chemical composition of the mechanical or chemi-
mechanical pulp, which is dependent on the fibre source
(e.g., softwood or hardwood species) and to a lesser
extent on the production method (e.g., fibre separation
and bleaching processes), will influence the extent of
discoloration. In addition, the ageing method itself is of
the utmost importance when it comes to the formation of
coloured substances.

It is evident from this investigation that high-intensity
accelerated and low-intensity ambient light-induced
ageing generate either different types of chromophores or
different compositions of chromophores as indicated by
differences in the CIE a*- and b*-values obtained.
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Figs 2a-b. The change (aged - unaged) in CIE L*-, a*- and b*-values of hydrogen
peroxide bleached spruce, aspen and birch CTMP during a) accelerated light-
induced ageing and b) long-term ambient light-induced ageing. The CTMPs are
the same pulps as before and can also be found in Figs 7a—d. The unaged bright-
ness of the CTMPs was in the range of 76—79% ISO.
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Ambient ageing tends to generate coloured substances
that have absorption at higher wavelengths than the
chromophores generated during accelerated ageing. This
finding underscores the importance of using the right
experimental set-up when evaluating the mechanism of
light-induced ageing or the photo-stability of untreated,
additive-treated or chemically modified high-yield pulps.
Using the right ageing method is also important when
choosing the proper mechanical or chemimechanical pulp
for a particular end-product.

Conclusions

Using the CIELAB colour system to investigate the
change in colour of different types of unbleached and
bleached high-yield pulps revealed considerable diversity
between the results obtained under accelerated and long-
term ambient light-induced ageing conditions.
Accelerated ageing conditions that mimic indoor daylight
exposure tend to increase mainly the b*-value and
decrease the L*-value (i.e., yellow the pulp), whereas
long-term ambient aging with no indirect sunlight present
also increases the a*-value, which makes the pulp more
reddish. Long-term ambient light-induced ageing causes
a continuous discoloration over time, whilst accelerated
light-induced ageing is characterised by rapid initial
discoloration followed by a slower, less detrimental
secondary phase. Softwood pulps display a greater
change in a*-value than hardwood pulps, which on the
other hand shows a less linear increase with time. Papers
produced from alkaline peroxide mechanical pulps
display the smallest change in colour, making them suita-
ble for use in long-life paper and paperboard products.
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