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ABSTRACT • This study investigates the influence of different bleaching systems on the thermal aging behavior 
of old newspaper pulps (ONP) under controlled laboratory conditions. Hydrogen peroxide, sodium dithionite, 
and formamidine sulfinic acid (FAS) were applied at their respective optimum dosages, and the resulting pulps 
were subjected to accelerated aging at (103 ± 2) °C for up to 240 h. Aging was evaluated as a multidimensional 
process rather than being limited to brightness changes. Optical properties were assessed together with mechani-
cal strength retention and structural modifications associated with hornification and pore evolution. Brightness, 
whiteness, yellowness, and color difference (ΔE) were measured alongside breaking length, burst index, Cobb wa-
ter absorption, and air permeability to characterize the overall response of the fiber network during thermal expo-
sure. Statistical analysis was performed using one-way ANOVA followed by Duncan’s multiple range test. Distinct 
differences were observed among the bleaching systems. Peroxide-treated pulps maintained relatively stable opti-
cal and mechanical performance during aging. In contrast, dithionite-bleached samples showed pronounced color 
reversion and a reduction in strength. FAS-treated pulps exhibited intermediate behavior. The results indicate that 
initial brightness gain alone is insufficient to predict long-term performance, emphasizing the need to consider 
durability under thermal conditions when selecting bleaching strategies for recycled paper.

KEYWORDS: newspaper; aging; bleaching; stability; durability

SAŽETAK • U studiji je istražen utjecaj različitih sustava izbjeljivanja na toplinsko starenje papirne pulpe od 
starih novina (ONP) u kontroliranim laboratorijskim uvjetima. Vodikov peroksid, natrijev ditionit i formamidin-
sulfonska kiselina (FAS) primijenjeni su u optimalnim dozama, a dobivena pulpa podvrgnuta je ubrzanom starenju 
na 103 ± 2 °C tijekom 240 sati. Evaluacija starenja nije bila ograničena samo na promjenu svjetline nego je ono 
promatrano kao višedimenzionalni proces. Optička svojstva istražena su usporedno sa zadržavanjem mehaničke 
čvrstoće i strukturnim modifikacijama povezanima s hornifikacijom i razvojem pora. Mjereni su svjetlina, bjelina, 
žućenje i razlika u boji (ΔE), kao i duljina loma, indeks pucanja, upijanje vode prema Cobbu i propusnost zraka 
kako bi se upotpunio ukupni odgovor mreže vlakana tijekom toplinskog izlaganja pulpe. Statistička analiza pro-
vedena je primjenom jednosmjerne ANOVA-e, a zatim Duncanova testa višestrukog raspona. Uočene su znatne 
razlike među sustavima za izbjeljivanje. Naime, pulpe tretirane peroksidom održale su relativno stabilna optička i 
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mehanička svojstva tijekom starenja. Nasuprot tome, uzorci izbijeljeni ditionitom pokazali su izrazito veliku pro-
mjenu boje i smanjenje čvrstoće. FAS-om tretirana pulpa pokazala je srednje promjene svojstava. Rezultati upu-
ćuju na to da početno postizanje bjeline nije dovoljno za predviđanje dugoročnih svojstava, što nameće potrebu 
upoznavanja trajnosti u toplinskim uvjetima izbijeljenoga recikliranog papira.

KLJUČNE RIJEČI: novine; starenje; izbjeljivanje; stabilnost; trajnost

1 	 INTRODUCTION
1. 	UVOD

Recycling of waste paper, and especially old 
newspaper pulp (ONP), plays a major role in today’s 
pulp and paper industry. Increasing pressure to use sus-
tainable raw materials, reduce dependence on virgin 
fibers, and limit the environmental burden of conven-
tional pulping has strengthened the importance of re-
covered paper streams (Nestor, 1994; Kumar et al., 
2020). Within these streams, ONP represents a consid-
erable fraction. However, its high lignin content, to-
gether with residual printing inks and various additives 
from offset and gravure processes, restricts both opti-
cal and mechanical performance (Çiçekler and Tutuş, 
2025). Compared with many other recovered grades, 
ONP-derived pulps are more vulnerable to discolor-
ation and strength loss during storage or thermal expo-
sure. The presence of lignin-derived chromophores and 
printing-related contaminants contributes to reduced 
stability over time. For this reason, improving the du-
rability of ONP requires bleaching and stabilization ap-
proaches that not only account for initial brightness 
improvement but also for long-term aging behavior.

Bleaching of recycled fibers follows a different 
logic than bleaching of virgin chemical pulps. In re-
cycled systems, the goal is generally not extensive 
delignification. Instead, the focus is on improving 
brightness and visual appearance by modifying exist-
ing chromophoric groups and removing residual ink 
components, while preserving fiber integrity as much 
as possible. Maintaining mechanical performance dur-
ing this process is critical, since recycled fibers are 
already subjected to previous drying and reprocessing 
cycles that may have weakened their structure (Agui-
lar-Rivera, 2021; Zeb et al., 2021; Tofani et al., 2022). 
In recycled fiber processing, hydrogen peroxide 
(H2O2), sodium dithionite (Na2S2O4), and formamidine 
sulfinic acid (FAS) are commonly used bleaching 
chemicals (Koshitsuka, 2002; Bajpai, 2014; Saad et 
al., 2020; Sepahvand et al., 2025). Hydrogen peroxide 
is widely used because of its strong oxidative action 
and its capacity to permanently modify lignin-derived 
chromophoric structures. It is also generally consid-
ered more environmentally acceptable than many al-
ternative bleaching agents (Asha and Badamali, 2020; 
Miglbauer et al., 2020; Tofani et al., 2021). However, 
the efficiency of peroxide bleaching depends strongly 
on process conditions. Parameters such as pH, tem-

perature, and the presence of transition metal ions 
must be carefully controlled, since unfavorable condi-
tions can lead to cellulose oxidation or subsequent 
brightness reversion. (Zeb et al., 2021). Sodium dithi-
onite is a reducing bleaching agent that has been wide-
ly used in the deinking and brightness enhancement of 
ONP. Its continued use is largely related to its rela-
tively low cost and its effectiveness in reducing conju-
gated chromophoric groups (Carreira et al., 2012; 
Krishnan et al., 2020). However, several studies have 
shown that dithionite does not permanently remove 
chromophoric structures. Instead, it reduces them to 
colorless forms without destroying the underlying 
conjugated systems. As a result, the chemical stability 
of the pulp remains limited, and noticeable brightness 
reversion may occur during storage or thermal aging 
(Pemberton et al., 1995; Lennholm and Iversen, 1998). 
To overcome these limitations, formamidine sulfinic 
acid (FAS) has been introduced as a more stable re-
ductive bleaching option. Compared with dithionite, 
FAS is reported to provide better resistance to oxida-
tive reversion and to present a comparatively lower 
environmental impact (Choi and Kim, 2006; Sepah-
vand et al., 2025). Earlier studies indicate that FAS 
can reach brightness values similar to those obtained 
with dithionite, while preserving acceptable initial 
strength properties in recycled pulps (Choi and Kim, 
2006; Yun and He, 2011; Bajpai, 2014; Zeb et al., 
2021). However, most of these studies concentrate pri-
marily on short-term optical results, while the long-
term durability of FAS-treated pulps under aging con-
ditions has received comparatively little attention.

In addition to initial bleaching efficiency, the ag-
ing behavior of recycled pulps is an important perfor-
mance parameter. Paper products are often exposed to 
storage over long periods or to elevated temperatures 
during use, which can gradually affect their properties. 
For this reason, thermal aging tests are commonly ap-
plied to simulate natural degradation processes. These 
processes typically involve cellulose depolymeriza-
tion, oxidation of residual lignin components, and a 
gradual weakening of inter-fiber bonding within the 
sheet structure (Małachowska et al., 2021a; Ornaghi et 
al., 2020; Kaszonyi et al., 2022). The type of bleaching 
chemistry used can significantly influence these degra-
dation processes, since oxidative and reductive agents 
alter fiber chemistry through fundamentally different 
reaction mechanisms (Bajpai, 2014; Li et al., 2020; Py-
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dimalla and Reddy, 2020). Earlier studies have largely 
addressed aging-related optical variations in bleached 
recycled pulps. In peroxide-bleached systems, bright-
ness reversion has been linked to residual chromo-
phores and oxidation reactions promoted by trace met-
al ions (Liu, 2003; Rundlöf et al., 2006; Jiao et al., 
2020; Kyene et al., 2019). In contrast, dithionite-
bleached pulps tend to lose their initial optical im-
provement more rapidly under thermal conditions, 
mainly because the reduced chromophoric structures 
can be easily re-oxidized (Pemberton et al., 1995; 
Lennholm and Iversen, 1998; Carreira et al., 2012; 
Krishnan et al., 2020). While FAS has been reported to 
improve optical stability compared with dithionite, 
comprehensive assessments under well-controlled 
thermal aging conditions remain scarce, and most in-
vestigations focus primarily on optical properties with-
out extending to mechanical or physical performance 
(Choi and Kim, 2006; Sepahvand et al., 2025).

Most of the available literature addresses aging 
primarily from an optical standpoint. In contrast, the 
simultaneous changes in mechanical performance and 
physical structure during aging have received compar-
atively less attention (Lennholm and Iversen, 1998; 
Choi and Kim, 2006; Yun and He, 2011; Carreira et al., 
2012; Saad et al., 2020). Aging-related changes such as 
fiber hornification, rearrangement of pore structure, 
and reduction of inter-fiber bonding area can directly 
affect tensile strength, burst resistance, water absorp-
tion, and air permeability. However, these structural 
and mechanical consequences are rarely examined to-
gether with the type of bleaching chemistry applied 
(Youssef et al., 2017; Jiao et al., 2020; Chen et al., 
2024; Sepahvand et al., 2025; Sevastyanova et al., 
2025). Although many studies have investigated 
bleaching strategies for recycled fibers (Lennholm and 
Iversen, 1998; Koshitsuka, 2002; Choi and Kim, 2006; 
Yun and He, 2011; Bajpai, 2014; Saad et al., 2020; Zeb 
et al., 2021; Sepahvand et al., 2025), a direct and sys-
tematic comparison of hydrogen peroxide, sodium di-
thionite, and formamidine sulfinic acid (FAS) under 
the same thermal aging conditions has not been thor-
oughly addressed. In particular, studies using identical 
raw material and controlled aging parameters for all 
three systems remain limited.

The present study aims to fill this gap through a 
controlled comparison of the thermal aging behavior 
of ONP bleached with hydrogen peroxide, sodium di-
thionite, and FAS. All three systems were evaluated 
under identical conditions in order to allow a direct 
assessment of their performance. In addition to opti-
cal stability parameters such as brightness, whiteness, 
yellowness, and color difference, mechanical proper-
ties including breaking length and burst index were 
examined. Physical changes related to hornification 

and pore structure development were also considered 
through Cobb water absorption and air permeability 
measurements. By combining these parameters, the 
study seeks to provide a broader understanding of 
how bleaching chemistry influences long-term dura-
bility. Particular attention is given to the relationship 
between initial property improvement and subsequent 
stability during thermal exposure. The findings are 
expected to contribute to more informed selection of 
bleaching strategies in recycled newspaper process-
ing and to support the optimization of sustainable pa-
per production practices.

2 	 MATERIALS AND METHODS
2. 	MATERIJALI I METODE

Old newspaper dated January 1 2023 was used as 
the raw material in this study. To ensure consistency 
among the experimental runs, the same type and num-
ber of pages were selected for each trial. Care was 
taken to avoid variations that could influence bleaching 
performance. Hydrogen peroxide (H2O2), sodium di-
thionite (Na2S2O4), and formamidine sulfinic acid 
(FAS) were used as bleaching agents. Additional 
chemicals required during bleaching were applied as 
specified in the experimental design. All reagents were 
of analytical grade and obtained from MERCK. Deion-
ized water was used throughout the study to prevent 
possible interference from dissolved ions or impurities.

2.1 	 Recycling and pulping of old 
newspaper (ONP)

2.1. 	Recikliranje i priprema papirne pulpe od 
starih novina (ONP)

The old newspapers were manually cut into piec-
es of approximately 2 cm × 2 cm, following the recom-
mendations of the International Association of the 
Deinking Industry (INGEDE, Method 11p – 5.5) to 
maintain uniformity. The prepared samples were 
placed in sealed polyethylene bags and stored away 
from light and heat until use.

Pulping was carried out using a Hobart-type 
laboratory pulper. The ONP samples were pre-soaked 
at 10 % consistency for 10 minutes and then pulped at 
10 % consistency for 22 minutes at speed level 1 – 2. 
During pulping, the chemical formulation recom-
mended in INGEDE Method 11p – 4.2 was applied. 
The mixture consisted of 0.6 % sodium hydroxide 
(NaOH), 0.7 % hydrogen peroxide (H2O2), 1.8 % so-
dium silicate (Na2SiO3), and 0.8 % oleic acid, calcu-
lated on an oven-dry pulp basis.

After pulping, the recycled pulp was thoroughly 
washed and dewatered to a solids content of approxi-
mately 20 – 25 %. The pulp was then stored in sealed 
polyethylene bags at +4 °C until bleaching experiments 
were conducted. 
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2.2 	 Bleaching procedure
2.2. 	Postupak izbjeljivanja

The bleaching conditions used in this study are 
presented in Table 1. All bleaching trials were carried 
out under controlled and constant conditions. Tempera-
ture, reaction time, and pulp consistency were kept the 
same for all treatments to allow direct comparison be-
tween the bleaching systems. When required, auxiliary 
chemicals such as NaOH, EDTA, MgSO4, and sodium 
silicate were added to improve process stability and to 
reduce possible side reactions.

All bleaching experiments were carried out in an 
electrically heated water bath with a temperature con-
trol accuracy of ± 0.5 °C. The recycled ONP and the 
calculated amounts of chemicals were placed in sealed 
polyethylene bags. The bags were manually mixed to 
ensure uniform distribution of the chemicals within the 
pulp and then immersed in the water bath for the speci-
fied reaction time. Each bleaching condition was re-
peated three times in order to improve reliability and 
reduce possible experimental variation.

After bleaching, the pulps were diluted to 1 % 
consistency and formed into standard laboratory hand-
sheets using a Rapid-Köthen RK-21 sheet former in 
accordance with ISO 5269-2. The target basis weight 
of the sheets was approximately 70 g/m². For each 
bleaching condition, ten handsheets were prepared. 
The sheets were dried under standard laboratory condi-
tions and then conditioned at 23 °C and 50 % relative 
humidity for 24 hours before testing.

2.3 	 Thermal aging procedure
2.3. 	Postupak toplinskog starenja

The prepared handsheets were subjected to ac-
celerated thermal aging according to ISO 5630-
1:1991 to evaluate long-term stability. Only the 
sheets produced under the optimum bleaching condi-
tions for each chemical were used in the aging tests. 
Samples were placed in a forced-air oven and aged at 
(103 ± 2) °C for 72, 120, 168, and 240 hours. During 

aging, all samples were positioned to allow uniform 
heat exposure.

At the end of each aging period, the correspond-
ing set of handsheets was removed from the oven and 
allowed to cool to room temperature. The sheets were 
then conditioned at 23 °C and 50 % relative humidity 
before optical and mechanical testing.

2.4 	 Test methods
2.4. 	Ispitne metode

Optical and mechanical properties of the hand-
sheets were measured in accordance with the relevant 
ISO standards. Brightness was determined according 
to ISO 2470-1:2016. Whiteness and yellowness indices 
were measured based on ISO 11475:2017 and ISO 
11476:2016, respectively. Opacity was evaluated ac-
cording to ISO 2471:2008, and CIE L*a*b* color co-
ordinates were determined following ISO 5631-1:2015.

Color changes after thermal aging were assessed 
using the ΔE parameter, which represents the overall 
difference between two color measurements. The ΔE 
value was calculated using Eq. (1).

	 	 (1)

Mechanical properties were evaluated by mea-
suring tensile strength (breaking length) according to 
ISO 1924-2:2008 and bursting strength in accordance 
with ISO 2758:2014. Surface wettability was assessed 
using the Cobb water absorption test (ISO 535:2014), 
and air permeability was measured following ISO 
5636-5:2013 (Gurley method).

All tests were performed under standard labora-
tory conditions of (23 ± 1) °C and (50 ± 2) % relative 
humidity, as specified in ISO 187:1990. For each pa-
rameter and experimental condition, a minimum of five 
replicates was tested.

Statistical analysis was conducted using one-way 
ANOVA, followed by Duncan’s multiple range test at a 
95 % confidence level. Each bleaching system was 
analyzed separately to evaluate the effects of chemical 
dosage and aging time.

Table 1 Process conditions for bleaching experiments
Tablica 1. Parametri procesa izbjeljivanja

Parameters
Parametri

Hydrogen peroxide 
(H2O2)

Vodikov peroksid 
(H2O2)

Sodium dithionite 
(Na2S2O4)

Natrijev ditionit 
(Na2S2O4)

Formamidine sulfinic 
acid (FAS)

Formamidinsulfonska 
kiselina (FAS)

Reagent charge, % / udio reagensa, % 3 – 5 – 7 0.5 – 1.0 – 1.5 0.5 – 1.0 – 1.5
NaOH, % H2O2/0.75 – 0.25 – 0.5 – 0.75
pH 10.9 5.5 –
Temperature, °C / temperatura, °C 70 65 65
Time, min / vrijeme, min 60 60 60
Pulp consistency, % / konzistencija, % 12 5 5
EDTA, % 0.5 - -
MgSO4, % 0.5 – –
Sodium silicate, % / natrijev silikat, % 2.0 – –
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3 	 RESULTS AND DISCUSSION
3. 	REZULTATI I RASPRAVA

3.1 	 Determination of optimum dosages for 
different bleaching agents

3.1. 	Određivanje optimalnih doza različitih 
izbjeljivača

To identify the most suitable bleaching dosage 
for each chemical, the optical and mechanical proper-
ties of the handsheets were evaluated statistically. One-
way ANOVA was applied, followed by Duncan’s mul-
tiple range test to compare group means. The analyses 
were performed separately for hydrogen peroxide, so-
dium dithionite, and formamidine sulfinic acid (FAS), 
so that the effect of the dosage could be examined 
within each bleaching system.

In the Duncan test, mean values sharing the same 
letter were considered not significantly different at the 
95 % confidence level. The average results for all mea-
sured parameters, together with their statistical group-
ings, are given in Table 2.

Among the peroxide treatments, the 3 % dosage 
provided the highest whiteness (59.50 %) and bright-
ness (47.27 %), and the differences were statistically 
significant (p < 0.05). At this level, mechanical proper-
ties were also maintained at acceptable values, with a 
breaking length of 3.83 km and a burst index of 2.60 
kPa·m²/g. Increasing the peroxide dosage to 5 % and  
7 % did not lead to a meaningful improvement in 
brightness. In fact, whiteness decreased slightly, and a 
noticeable reduction in breaking length was observed 
at 7 %. When optical results are considered together 
with mechanical performance, chemical consumption, 

and process practicality, the 3 % peroxide treatment 
appears to offer the most balanced outcome.

Sodium dithionite treatment led to moderate in-
creases in optical properties, but tensile strength gradu-
ally decreased as the dosage increased. At 1 %, white-
ness (43.71 %) and brightness (39.56 %) were 
significantly higher than those of the unbleached pulp, 
while the corresponding strength values remained 
within an acceptable range. Increasing the dosage be-
yond 1 % resulted in only slight additional improve-
ments in optical properties. However, these limited 
gains were accompanied by higher chemical usage and 
a potential increase in effluent load. Considering both 
performance and process efficiency, the 1 % dosage 
appears to represent a reasonable balance for dithionite 
bleaching.

In the case of FAS, optical properties increased 
gradually with higher dosages. The highest whiteness 
(48.33 %) and brightness (40.99 %) were obtained at 
1.5 %. However, statistical analysis showed that the dif-
ferences between 1 % and 1.5 % FAS were not signifi-
cant for several parameters. Although the 1.5 % dosage 
provided slightly higher optical values, the improve-
ment was limited. Considering the additional chemical 
consumption and its potential impact on process cost 
and environmental load, the 1 % dosage appears to pro-
vide a more practical balance between optical enhance-
ment and preservation of mechanical properties.

Based on the statistical results, and taking into 
account economic and environmental aspects, the most 
suitable dosages were 3 % for hydrogen peroxide, 1 % 
for sodium dithionite, and 1 % for formamidine sul-

Table 2 Optical and mechanical properties of ONP bleached with hydrogen peroxide, sodium dithionite, and FAS at different 
dosages
Tablica 2. Optička i mehanička svojstva ONP-a izbijeljenoga različitim dozama vodikova peroksida, natrijeva ditionita i 
FAS-a 

% Breaking L., 
km

Duljina 
loma, km

Burst In., 
kPa·m2/g

Indeks loma, 
kPa m2/g

Whiteness 
(ISO), %
Bjelina 

(ISO), %

Brightness 
(ISO), %
Svjetlina 
(ISO), %

Yellowness
(E313)
Žućenje 
(E13)

Opacity 
(ISO) %

Prozirnost 
(ISO), %

L* a* b*

UBP** 0 3.80a* 2.28b 42.85c 38.63b 14.57a 99.12a 71.5b -0.54c 6.29a

Per 3 3.83a 2.60a 59.50a 47.27a 19.92b 98.11ab 81.6a -1.47a 13.9d

Per 5 3.92a 2.36ab 56.07b 46.80a 20.87b 95.89c 81.6a -1.13b 9.55c

Per 7 3.40b 2.49ab 54.88b 46.92a 15.27a 96.47bc 82.1a -0.54c 7.43b

FAS 0.5 2.94b 2.42a 44.19c 38.73b 16.98b 98.90ab 72.3b -0.90a 7.75b

FAS 1 2.90b 2.25a 46.14b 39.10b 19.50c 98.95ab 73.2c -0.61b 8.85c

FAS 1.5 2.73b 2.22a 48.33a 40.99a 21.14d 98.35b 74.3d -0.50c 9.33d

Dit 0.5 3.00b 1.85b 43.43b 39.20c 13.78a 99.10a 71.9b -1.01b 6.29a

Dit 1 2.70c 1.78b 43.71b 39.56b 13.63a 98.12b 72.1b -1.10ab 6.19a

Dit 1.5 2.41d 1.75b 45.01a 40.70a 14.11ab 97.61b 72.9a -1.18a 6.54a

*Mean values with the same lower-case letters are not significantly different at the 95 % confidence level according to Duncan’s mean 
separation test. **UBP refers to unbleached pulp.
*Srednje vrijednosti označene istim malim slovima ne razlikuju se značajno na razini pouzdanosti od 95 % prema Duncanovu testu. **UBP se 
odnosi na nebijeljenu pulpu.
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finic acid. The final selection was therefore not deter-
mined solely by statistical differences. Chemical con-
sumption, possible environmental effects, and practical 
applicability in industrial conditions were also consid-
ered in the evaluation.

3.2 	 Optical stability and color reversion
3.2. 	Optička stabilnost i promjena boje

Changes in optical properties during accelerated 
thermal aging varied depending on the bleaching agent 
used (Table 3). Statistical analysis carried out separately 
for each bleaching system showed that aging time had a 
significant effect on several optical parameters. Howev-
er, the magnitude of these changes and their statistical 
significance differed among the bleaching treatments.

The peroxide-treated samples showed the most 
stable optical behavior during aging. Whiteness de-
creased slightly from 61.90 % ISO to 61.16 % ISO af-
ter 240 h. Although this change was statistically sig-
nificant (p = 0.0079), the difference was small in 
practical terms. Duncan’s test indicated considerable 
overlap between aging periods, suggesting a gradual 
change rather than a sharp decline. Brightness and yel-
lowness were more affected by thermal exposure. Both 
parameters changed significantly over time (p = 0.0000 
and p = 0.0003, respectively). However, even in these 
cases, the overall variation remained relatively moder-
ate compared with the other bleaching systems.

The total color difference (ΔE*) increased gradu-
ally from 0.94 at 72 h to 2.14 at 240 h. Despite this 
upward trend, the effect of aging time on ΔE within the 

peroxide group was not statistically significant (p = 
0.8512). This suggests that color change occurred in a 
steady manner rather than through distinct stages. The 
relatively low ΔE* values observed for peroxide-treat-
ed samples indicate a higher resistance to thermally 
induced color reversion compared with the other 
bleaching systems.

These results can be explained by the oxidative 
mechanism of hydrogen peroxide. Peroxide is known 
to break down conjugated chromophoric structures, es-
pecially those associated with lignin-derived function-
al groups (Liu, 2003; Rundlöf et al., 2006; Jiao et al., 
2020; Li et al., 2020). In contrast to reductive bleach-
ing systems, peroxide modifies or removes these chro-
mophores rather than simply converting them into tem-
porarily colorless forms. As a result, the fiber structure 
tends to remain more chemically stable, which may 
contribute to the lower degree of brightness reversion 
observed during thermal aging (Chen et al., 2015).

By contrast, dithionite-treated samples showed a 
more pronounced decline in optical stability during 
thermal aging. Aging time did not significantly affect 
whiteness (p = 0.5941), but clear changes were ob-
served in brightness and yellowness (p = 0.0003 and  
p = 0.0000, respectively). In particular, yellowness in-
creased from 10.24 at the beginning of the test to 17.80 
after 240 h, which corresponds to an increase of nearly 
95 %. Duncan’s test separated the longer aging periods 
into distinct statistical groups, indicating that optical 
deterioration became more evident with extended ex-
posure.

Table 3 Optical properties of bleached pulps during thermal aging
Tablica 3. Optička svojstva izbijeljene pulpe tijekom toplinskog starenja

Group
Grupa

Duration, h
Trajanje, h

Whiteness (ISO), %
Bjelina (ISO), %

Brightness (ISO), %
Svjetlina (ISO), %

Yellowness (E313)
Žućenje (E13)

ΔE

Peroxide 0 61.90ab* 50.86c 26.74c 0.00c

72 62.76b 50.04bc 27.22bc 0.94bc

120 62.88b 50.20bc 27.82bc 0.96bc

168 62.08ab 49.04ab 28.64ab 1.30ab

240 61.16a 47.92a 29.80a 2.14a

p values 0.0079 0.0000 0.0003 0.8512
FAS 0 56.20ab 48.54a 18.88d 0.00e

72 55.98b 47.98ab 20.32c 1.04d

120 56.84a 48.22a 20.94c 1.38c

168 56.42ab 46.92bc 22.78b 2.08b

240 56.44ab 46.20c 24.46a 3.00a

p values 0.5430 0.0004 0.0000 0.8505
Dithionite 0 50.76ab 47.14a 10.24e 0.00e

72 50.92a 46.50ab 12.36d 1.10d

120 50.34b 45.48bc 13.80c 1.56c

168 50.50ab 44.70cd 15.32b 2.72b

240 50.44ab 44.06d 17.80a 3.52a

p values 0.5941 0.0003 0.0000 0.3254
*Mean values followed by the same lowercase letter within the same column are not significantly different at the 95 % confidence level 
according to one-way ANOVA and Duncan’s multiple range test
*Srednje vrijednosti označene istim malim slovom unutar istog stupca ne razlikuju se značajno na razini pouzdanosti od 95 % prema 
jednosmjernoj ANOVA-i i Duncanovu testu višestrukih raspona.
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The ΔE values also increased noticeably during 
aging, reaching an average of 3.52 at 240 h. In some 
cases, individual measurements were as high as 4.40. 
Although the differences between aging periods were 
not statistically significant (p = 0.3254), the overall ΔE 
values were clearly higher than those measured for per-
oxide- and FAS-treated samples. This higher color dif-
ference suggests that dithionite-bleached pulps experi-
enced more pronounced optical changes during thermal 
exposure.

The observed trend is consistent with the chemi-
cal action of sodium dithionite. As a reducing agent, 
dithionite converts chromophoric groups into colorless 
forms but does not eliminate the underlying conjugated 
structures (Carreira et al., 2012; Krishnan et al., 2020). 
These reduced structures can be unstable under ther-
mal or oxidative conditions and may revert to their 
original-colored state. This explains the rapid increase 
in yellowness and color difference during aging. Simi-
lar patterns have been described in earlier studies on 
dithionite-bleached mechanical and recycled pulps, 
where low initial yellowness was followed by pro-
nounced thermal yellowing and brightness reversion 
(Friman et al., 2004; Boeva and Radeva, 2014; El-
Sakhawy et al., 2021; Vaysi and Ebadi, 2021).

FAS-treated samples showed optical behavior 
that fell between peroxide and dithionite systems. Ag-
ing time did not have a significant effect on whiteness 
(p = 0.5430), suggesting that overall perceived white-
ness remained relatively stable throughout the aging 
period. However, brightness and yellowness were af-
fected by thermal exposure (p = 0.0004 and p = 0.0000, 
respectively). The changes were gradual, and although 
deterioration was evident over time, it was less pro-
nounced than in the dithionite-treated samples.

The ΔE values increased from 1.04 at 72 h to 3.00 
at 240 h. As observed in the other bleaching systems, 
aging time did not lead to statistically significant dif-
ferences among ΔE values (p = 0.8505). Nevertheless, 
the overall ΔE levels measured for the FAS-treated 
samples were consistently lower than those of the di-
thionite group. This suggests that FAS provides better 
resistance to thermal color reversion compared with 
conventional dithionite bleaching.

This trend is consistent with previous reports 
suggesting that FAS behaves as a more stable reducing 
agent than dithionite. Earlier studies have indicated 
that FAS can delay oxidative reversion while still pro-
viding the benefits associated with reductive bleaching 
systems (El-Sakhawy, 2002; Yun and He, 2011; 
Fišerová et al., 2018; Paranjape and Athalye, 2024).

Although one-way ANOVA did not show statisti-
cally significant differences in ΔE values over time 
within each bleaching group (p > 0.05), this does not 
contradict the general optical trends observed. The ΔE 

parameter represents the combined change in L*, a*, 
and b* values. When color variation progresses gradu-
ally and continuously, it may not produce clearly sepa-
rated statistical groups, even though a steady shift is 
present. Similar observations have been reported in 
other accelerated aging studies, where ΔE increased 
over time without distinct statistical separation.

In the present case, ΔE is more useful as a com-
parative indicator between bleaching systems rather 
than as a precise marker of aging stages. Based on 
overall ΔE* levels, peroxide-treated samples showed 
the most stable optical behavior, whereas dithionite-
treated pulps experienced faster and more pronounced 
color change. FAS-treated samples displayed interme-
diate performance, performing better than dithionite 
but not reaching the stability observed with peroxide 
treatment.

3.3 	 Mechanical strength and durability
3.3. 	Mehanička čvrstoća i trajnost

Accelerated thermal aging led to a general reduc-
tion in the mechanical properties of the bleached pulps. 
This decline can be related to gradual weakening of 
inter-fiber bonding and cellulose chain degradation, as 
reported in previous studies (Hirn and Schennach, 
2017; Fišerová et al., 2018; Małachowska et al., 2021b; 
Paranjape and Athalye, 2024). The extent of this reduc-
tion, however, varied depending on the bleaching sys-
tem used (Table 4). Statistical analysis conducted sepa-
rately for each group showed that aging time had a 
significant effect on some mechanical parameters, 
while others changed more gradually without reaching 
statistical significance. These patterns suggest a pro-
gressive deterioration process rather than a sudden loss 
of mechanical integrity.

Among the tested systems, peroxide-treated sam-
ples showed the most stable mechanical behavior dur-
ing thermal aging. The breaking length decreased from 
3.80 km to 3.33 km after 240 h, which corresponds to a 
reduction of about 12 %. Although aging time had a 
statistically significant effect (p = 0.031), the overlap 
observed in Duncan’s test suggests that the decline oc-
curred gradually rather than in clearly separated stages.

The burst index followed a similar trend. After 240 
h of aging, it decreased slightly from 2.28 to 2.12 
kPa·m²/g and remained within the same statistical group 
as some intermediate aging periods. These results indi-
cate that peroxide bleaching helps maintain fiber bond-
ing and sheet integrity more effectively under thermal 
exposure compared with the reductive systems.

The mechanical stability observed in peroxide-
treated samples can be related to its oxidative action on 
lignin-derived structures. By irreversibly modifying 
these chromophoric groups, peroxide reduces the num-
ber of thermally reactive sites that may contribute to 
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Table 4 Mechanical properties of bleached pulps during 
thermal aging
Tablica 4. Mehanička svojstva izbijeljene pulpe tijekom 
toplinskog starenja

Group
Grupa

Duration, h
Trajanje,h

Breaking 
length, km

Duljina loma, 
km

Burst index, 
kPa·m2/g

Indeks loma, 
kPa·m2/g

Peroxide 0 3.80a* 2.28a

72 3.54ab 1.91b

120 3.53b 2.20a

168 3.25b 2.12ab

240 3.33b 2.12ab

p-value 0.031 0.018
FAS 0 3.47a 2.39a

72 3.27ab 1.77c

120 3.39a 1.85bc

168 3.49a 1.94b

240 3.27b 1.76c

p-value 0.214 0.000
Dithionite 0 3.64a 2.30a

72 3.45ab 1.75c

120 3.54ab 1.71c

168 3.53ab 1.86b

240 3.42b 1.81bc

p-value 0.047 0.000
*Mean values followed by the same lowercase letter within the same 
column are not significantly different at the 95 % confidence level 
according to one-way ANOVA and Duncan’s multiple range test
*Srednje vrijednosti označene istim malim slovom unutar istog 
stupca ne razlikuju se značajno na razini pouzdanosti od 95 % prema 
jednosmjernoj ANOVA-i i Duncanovu testu višestrukih raspona.

further degradation during aging (Chen et al., 2015; 
Fišerová et al., 2018; Jiao et al., 2020; Zeb et al., 
2021). With fewer reactive groups present, secondary 
reactions during thermal exposure are limited. This 
may help slow down hornification and preserve inter-
fiber bonding, which in turn supports better mechanical 
retention over time. Similar trends have been described 
in previous studies on peroxide-treated recycled and 
mechanical pulps.

FAS-treated samples showed relatively stable ten-
sile behavior during thermal aging. The breaking length 
decreased only slightly from 3.47 km to 3.27 km after 
240 h, and the effect of aging time was not statistically 
significant (p = 0.214). This suggests that FAS bleaching 
is able to maintain tensile load-bearing capacity to a cer-
tain extent under thermal exposure. The burst index, 
however, responded more sensitively to aging. It de-
clined from 2.39 to 1.76 kPa·m²/g, corresponding to a 
strength reduction of approximately 26 %, and the effect 
of aging time was statistically significant (p < 0.001). 
Duncan’s test distinguished early and late aging periods, 
indicating a progressive weakening of inter-fiber bond-
ing. Although FAS is often regarded as more stable than 
conventional dithionite, the present results indicate that 
extended thermal exposure still leads to noticeable 
bonding deterioration. In this respect, FAS appears to 

offer improved tensile stability compared with dithion-
ite, but it does not match the mechanical retention ob-
served for peroxide-treated samples.

Dithionite-treated pulps showed the most pro-
nounced mechanical decline during aging. The break-
ing length decreased from 3.64 km to 3.42 km, with a 
statistically significant effect of aging time (p = 0.047). 
While the tensile reduction remained moderate, the 
burst index dropped more markedly, from 2.30 to 1.81 
kPa·m²/g (p < 0.001). The decrease in burst strength 
points to progressive loss of inter-fiber bonding and 
sheet integrity. Duncan analysis separated longer aging 
durations into lower statistical groups, confirming con-
tinued mechanical deterioration over time. After 240 h, 
the burst index of dithionite-treated samples remained 
clearly lower than that of peroxide-treated pulps under 
the same conditions.

The mechanical trend observed for dithionite-
treated samples can be related to its reductive bleaching 
mechanism. Dithionite reduces chromophoric groups to 
colorless forms but does not eliminate the underlying 
conjugated structures (Pemberton et al., 1995; Lennholm 
and Iversen, 1998; El-Sakhawy et al., 2021; Vaysi and 
Ebadi, 2021). Under thermal conditions, these reduced 
structures may be re-oxidized. Such reactions can gener-
ate reactive species that contribute to cellulose chain 
scission, increased fiber brittleness, and gradual loss of 
bonding strength. Similar behavior has been described 
in previous studies on recycled and mechanical pulps, 
where dithionite bleaching was associated with acceler-
ated mechanical deterioration under thermal or oxida-
tive stress (Małachowska et al., 2021b; Vaysi and Ebadi, 
2021; Kaszonyi et al., 2022; Chen et al., 2024; Sevasty-
anova et al., 2025).

In some cases, particularly for breaking length, 
aging time did not lead to statistically distinct groups 
(p > 0.05). However, this does not mean that degrada-
tion was absent. Thermal aging generally progresses 
through gradual microstructural changes rather than 
sudden strength failure. Processes such as hornifica-
tion, reduced fiber swelling, and a slow decrease in 
bonding area develop progressively over time (Hirn 
and Schennach, 2017; Zhao et al., 2022; Sjöstrand et 
al., 2023; Hashemzehi et al., 2024). As these changes 
occur continuously, strength values measured at differ-
ent aging intervals may still overlap statistically, even 
though a practical decline is present. Therefore, the ab-
sence of clear statistical separation should be interpret-
ed cautiously in the context of long-term material per-
formance.

For this reason, the mechanical results in the 
present study should be evaluated not only in terms of 
statistical significance but also through direct compari-
son among bleaching systems. When the overall trends 
are considered, peroxide-treated samples showed the 
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most stable mechanical behavior during aging. In con-
trast, dithionite-treated pulps experienced a more pro-
nounced decline in strength properties. FAS-treated 
samples displayed intermediate performance. Tensile 
strength was relatively well preserved, whereas burst 
strength showed greater sensitivity to prolonged ther-
mal exposure. These differences highlight the influ-
ence of bleaching chemistry on long-term mechanical 
stability.

3.4 	 Physical properties and surface 
characteristics

3.4. 	Fizička svojstva i svojstva površine

Accelerated thermal aging led to noticeable 
changes in the physical properties of the bleached 
pulps. These changes are associated with modifications 
in fiber surface characteristics, pore structure, and in-
ter-fiber contact within the sheet. The degree of varia-
tion differed depending on the bleaching system used 
(Table 5). Statistical analysis conducted separately for 
each group showed that aging time had a significant 
effect on Cobb water absorption and air permeability. 
However, the extent and consistency of these changes 
were not the same for all bleaching treatments.

Peroxide-treated samples showed relatively stable 
physical behavior during thermal aging. Air permeabili-
ty changed only slightly, decreasing from 21.72 s to 
21.46 s after 240 h. Duncan’s test grouped early and late 

aging periods together, indicating that pore structure and 
overall sheet compactness were largely maintained.

Cobb values decreased from 162.0 g/m² to about 
145.0 g/m² (p < 0.001). This reduction suggests limited 
hornification and a moderate decrease in fiber swelling 
capacity. However, the magnitude of change remained 
controlled, implying that peroxide treatment helps pre-
serve fiber surface characteristics and pore structure 
during thermal exposure. Similar observations have 
been reported in earlier studies, where peroxide bleach-
ing was associated with reduced pore collapse and 
more stable sheet morphology.

FAS-treated pulps displayed intermediate be-
havior. Cobb values declined from 162.8 g/m² to 
140.8 g/m² (p < 0.001), corresponding to roughly a 13 
% decrease. Air permeability also decreased from 
14.70 s to 11.12 s (p < 0.001), indicating changes in 
pore connectivity and some loss of compactness. 
Compared with peroxide-treated sheets, FAS samples 
showed a greater tendency toward structural rear-
rangement during aging.

Dithionite-treated pulps experienced the most 
pronounced changes. Cobb values dropped from 161.2 
g/m² to 95.2 g/m² after 240 h, and statistical analysis 
clearly separated aging stages. This substantial reduc-
tion points to marked hornification and reduced swell-
ing ability. Air permeability likewise decreased signifi-
cantly, suggesting progressive alteration of sheet 
structure under thermal stress.

The lower physical stability observed in dithion-
ite-treated pulps is likely related to its reductive bleach-
ing mechanism. As dithionite does not eliminate lig-
nin-derived structures, certain reactive components 
remain within the fiber matrix. During thermal aging, 
these structures may contribute to surface oxidation, 
pore rearrangement, and gradual fiber embrittlement, 
which in turn affect both hydrophilicity and porosity. 
Similar trends have been reported for dithionite-
bleached mechanical and recycled pulps exposed to 
thermal or oxidative conditions (Zhu et al., 2018).

Although all bleaching systems showed statisti-
cally significant changes in Cobb and air permeability 
values (p < 0.05), these results should be interpreted in 
light of the continuous nature of physical aging. Pro-
cesses such as hornification, pore collapse, and redis-
tribution of surface energy develop progressively rath-
er than abruptly. For this reason, gradual but consistent 
changes can be practically relevant even when numeri-
cal differences appear moderate. When the overall 
trends are considered, peroxide-treated samples main-
tained the most stable surface and pore structure during 
aging. Dithionite-treated pulps exhibited more pro-
nounced physical alteration, while FAS-treated sam-
ples showed intermediate behavior under prolonged 
thermal exposure.

Table 5 Physical properties of bleached pulps during 
thermal aging
Tablica 5. Fizička svojstva izbijeljene pulpe tijekom 
toplinskog starenja

Group
Grupa

Duration, h
Trajanje,h

Cobb,  
g/m²

Air permeability, s
Propusnost zraka, s

Peroxide 0 162.0a* 21.72a

72 162.2a 18.94b

120 144.8b 18.64b

168 145.0b 20.60ab

240 145.0b 21.46a

p-value 0.000 0.021
FAS 0 162.8a 14.70a

72 138.0b 11.92b

120 128.8c 12.24b

168 137.2b 11.50b

240 140.8b 11.12b

p-value 0.000 0.000
Dithionite 0 161.2a 15.12a

72 137.2b 15.02a

120 113.2c 13.34b

168 109.8c 11.64c

240 95.2d 12.00bc

p-value 0.000 0.000
*Mean values followed by the same lowercase letter within the same 
column are not significantly different at the 95 % confidence level 
according to one-way ANOVA and Duncan’s multiple range test
*Srednje vrijednosti uz koje stoji isto malo slovo unutar istog stupca 
ne razlikuju se značajno na razini pouzdanosti od 95 % prema 
jednosmjernoj ANOVA-i i Duncanovu testu višestrukih raspona.
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3.5 	 Evaluation of aging performance 
across bleaching systems

3.5. 	Evaluacija utjecaja starenja u sustavima 
izbjeljivanja

To strengthen the statistical interpretation of the 
data, a two-way ANOVA was performed to evaluate 
the individual and interactive effects of bleaching agent 
and aging time on optical, mechanical, and physical 
properties. The analysis revealed that both bleaching 
agent (p < 0.05) and aging time (p < 0.001) had signifi-
cant effects on the evaluated properties. More impor-
tantly, a statistically significant interaction between 
bleaching agent and aging time was observed (p < 
0.05), indicating that the influence of bleaching treat-
ment varies depending on the duration of thermal ag-
ing. This finding confirms that different bleaching 
chemistries exhibit distinct degradation behaviors 
across optical, mechanical, and physical performance 
over time.

Accelerated thermal aging led to noticeable 
changes in the physical properties of the bleached 
pulps. These changes are associated with modifications 
in fiber surface characteristics, pore structure, and in-
ter-fiber interactions. The degree of variation differed 
depending on the bleaching system used (Figure 1). 
Statistical analysis conducted separately for each 
bleaching group showed that aging time had a signifi-
cant effect on Cobb water absorption and air permea-
bility. However, the extent and consistency of these 
changes were not the same for all bleaching treatments.

Figure 1 presents an integrated visualization of 
aging performance by combining optical, mechanical, 
and physical stability within a unified framework. The 
radar chart is based on normalized values derived from 
experimental measurements, enabling direct compari-

son between bleaching systems despite differences in 
parameter scales. Rather than replacing statistical anal-
ysis, it provides a visual synthesis of multi-parameter 
behavior and highlights the balance between different 
performance aspects during aging. This approach dem-
onstrates that bleaching chemistry not only affects indi-
vidual properties but also their combined contribution 
to long-term stability, indicating that evaluations based 
solely on initial optical improvement may be insuffi-
cient for selecting appropriate bleaching strategies.

Peroxide-treated pulps showed stable behavior 
across the optical, mechanical, and physical parame-
ters evaluated in this study. This trend can be related to 
the oxidative action of hydrogen peroxide, which mod-
ifies lignin-derived chromophoric structures and re-
duces the number of thermally reactive sites within the 
fiber matrix (Choi and Kim, 2006; Li et al., 2020; Mi-
glbauer et al., 2020; Zeb et al., 2021). With fewer reac-
tive groups remaining, peroxide-treated fibers tend to 
display lower brightness reversion, more gradual me-
chanical decline, and relatively stable surface charac-
teristics during aging. Similar findings have been re-
ported in earlier studies, where peroxide bleaching was 
associated with improved resistance to thermal and 
oxidative aging in recycled and mechanical pulps, 
largely due to the stabilization of residual lignin com-
ponents (Liu, 2003; Fišerová et al., 2018; Kyene et al., 
2019; Jiao et al., 2020; Vaysi and Ebadi, 2021).

FAS-treated pulps showed aging behavior that 
can be described as intermediate between peroxide and 
dithionite systems. Optical properties remained rela-
tively stable, but mechanical and physical parameters 
were more sensitive to prolonged thermal exposure. 
Although FAS is generally considered more stable than 
sodium dithionite, it still operates through a reductive 
mechanism and does not completely remove chromo-
phoric structures from the fiber matrix. As aging pro-
gresses, gradual oxidative reactions may continue, in-
fluencing fiber bonding and pore structure. Similar 
observations have been reported in earlier studies com-
paring FAS and dithionite treatments, where FAS was 
found to slow down aging-related degradation but not 
fully prevent losses in strength-related properties 
(Lennholm and Iversen, 1998; Choi and Kim, 2006; 
Carreira et al., 2012; Hirn and Schennach, 2017; 
Peşman and Laloğlu, 2018).

Dithionite-treated pulps showed a less stable ag-
ing response compared with the other systems. Al-
though the initial optical values were satisfactory, more 
pronounced changes were observed in mechanical and 
physical properties during thermal exposure. The re-
ductive action of sodium dithionite converts chromo-
phores into colorless forms but does not eliminate their 
conjugated structures (Carreira et al., 2012; Vaysi and 
Ebadi, 2021). As a result, these structures may be re-
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oxidized during aging, contributing to progressive hor-
nification, pore modification, and weakening of inter-
fiber bonding. This sequence of changes can lead to a 
gradual decline in both functional and structural paper 
properties. Similar trends have been reported in previ-
ous studies on reductively bleached recycled fibers 
subjected to thermal or oxidative conditions.

Figure 1 is therefore not only a visual summary 
but also an interpretive tool that supports the statistical 
findings by revealing system-level differences in aging 
behavior. The combined evaluation clearly indicates 
that peroxide-treated pulps provide the most balanced 
and stable performance, followed by FAS and dithion-
ite systems.

4 	 CONCLUSIONS
4. 	ZAKLJUČAK

This study compared the optical, mechanical, and 
physical behavior of ONP bleached with hydrogen per-
oxide, FAS, and sodium dithionite under accelerated 
thermal aging at 103 ± 2 °C. The results show that 
bleaching chemistry has a clear influence on the long-
term stability of recycled paper properties. From an 
optical standpoint, peroxide-treated pulps displayed 
higher initial brightness and whiteness and maintained 
these properties relatively well during aging. Dithion-
ite-treated pulps, although characterized by low initial 
yellowness, exhibited a more pronounced increase in 
yellowness and color difference over time. This sug-
gests that initial optical improvement alone is not suf-
ficient to predict aging performance. Mechanical and 
physical results followed a similar pattern. While all 
samples experienced some reduction in strength and 
changes in surface-related properties, peroxide-treated 
sheets showed a more gradual decline. Dithionite-
treated pulps were more sensitive to aging, particularly 
in terms of burst strength and water absorption behav-
ior. FAS-treated pulps showed intermediate perfor-
mance. Overall, the findings indicate that bleaching 
agent selection plays an important role in balancing 
initial quality with long-term durability in recycled pa-
per applications.
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