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ABSTRACT

The paper is focused on monitoring the impact of corn kernel's casing content added to
old corrugated containers on density, brightness, ultimate tensile load, tensile index, tensile
energy absorption, breaking length, tensile strength, relative elongation, air resistance of paper
sheet according to Gurley and zero-span tensile strength. A content of 40 % and 60 % corn
kernel's casing added to secondary fiber based on old corrugated containers was tested.
Suspensionsprepared by acidification and beating were subjected to chelation and three-stage
bleaching.The bleaching method consisting of three steps was applied in two series — acidified
and beaten pulp suspension with Schopper-Riegler (°SR) beating degree at level of 72
°SR.The first bleaching step includedperoxide bleaching with added sodium hydroxide,
chlorine dioxide bleaching and peroxide bleaching in an alkaline environment. The effect of
chemical and hydro-mechanical treatment on the resulting physical and mechanical
characteristics of prepared paper sheets was investigated.

KEYWORDS:Chemical treatment, corn kernel's casing, hydro-mechanical treatment, OCC
(Old Corrugated Containers), physical properties.

INTRODUCTION

Non-wood biomass with a high fiber content, or lignocellulosic network consisting
mostly of holocellulose, which has no significant utilization in the processing industries, or is
used for the production of feed mixtures, but necessarily with the addition of nutrients,
provides new processing possibilities for the production of paper from secondary fiber based
on defibered corrugated cardboards, so-calledold corrugated containers (OCC) with a
significant addition of unused non-wood biomass (Pazitny et al. 2025a).Example of such non-
wood biomass is first-generation by-product — distillery refuse based on corn kernel or corn
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bran. The first studies dealt with application of distillery refuse as a by-product of bioethanol
production of the first generation and spectral analysis of paper sheets (Pazitny et al. 2010,
Pazitny et al. 2011). In order to diversify the sources of raw materials, as there is currently a
shortage of domestic waste paper, which is caused by restrictions on the import of foreign
waste, other sources of non-wood lignocellulosic materials suitable for paper production have
been identified too.The interesting lignocellulosic materials utilized in papermaking
areMiscanthus and its species (Pahkala et al. 1999), various species of grass (Madakadze et al.
2010), sisal (Zidi 2025), kenaf (Jasmani and Ainun 2023) andhemp (Ahmed et al. 2022).
These fibers can be used to produce various types of paper, from durable banknotes
(especially cotton-based due to its strength and long fibers) to special art papers. A
papermaking process using waste residues from the textile, industrial and agricultural
industries as the main raw materials is also known (Singh et al. 2013, Zhenming 2019, Ling et
al. 2025).Some studies address the processing of waste paper to produce secondary fibers —
secondary pulp, for the production of newsprint and packing paper within the framework of a
circular economy (Li and Ma 2015). Recent studies have also demonstrated the potential of
cellulose extracted from recycled paper in functional composites and environmental
applications (Saberi et al. 2025, Raclavska et al. 2025, Mussalimova et al. 2025).Regarding
recycled or secondary fibers, studies address physical and mechanical parameters of papers
such as density (Okino et al. 2000, Sutcu and Sahin 2017,Rezekinta et al. 2024, Tikhomirova
et al. 2024),whiteness and brightness (Sutcu and Sahin 2017, Rezekinta et al. 2024,
Tikhomirova et al. 2024), tensile index (Rezekinta et al. 2024, Jirarotepinyo et al. 2025),tensile
energy absorption (Chung 1999), breaking length (Jirarotepinyo et al. 2025),tensile and burst
strength (Sutcu and Sahin 2017, Tikhomirova et al. 2024, Jirarotepinyo et al. 2025,
Mussalimova et al. 2025),relative elongation and air resistance of paper sheet according to
Gurley (Poticek et al. 2013).Another studied mechanical property is zero-span tensile
strength (Jirarotepinyo et al. 2025).Microscopic analysis of paper sheets using a microscope
equipped with digital camera was performed (Kibirkstis et al. 2013), as well as colorimetric
characteristics were determined for the recycled paperboards (Tikhomirova et al. et al. 2024).

The main objective of this paper is to show how fibrous compounds may be utilized such
as holocellulose from by-products of starch production based on corn treated by hydro-
mechanical and chemical processes in papermaking and to verify applicability of corn fiber
for mixtures of suspensions suitable for production of packaging materials by determination
of physical and mechanical properties of prepared sheet materials.

MATERIAL AND METHODS

Material

Air-dried corn fiber sample based on corn kernel's casing was obtained from Tate & Lyle
Boleraz, Ltd. (Slovak Republic). The original substance had dry matter content 41.6%. Old
corrugated containers were obtained from collection yards in Bratislava region (Slovak
Republic). Their dry matter aftertreating by defibration and beating to 72°SR was finally
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22.1%. Sodium hydroxide NaOH, sulphuric acid H,SOsand magnesium sulfate heptahydrate
MgS0,4.7H,0 were obtained from Slavus Ltd. (Slovak Republic).

Diethylenetriaminepentaacetic acid (DTPA) was obtained from E. Merck KG (Germany).
Hydrogen peroxide H,0, was obtained from Mondi Stéti JSC (Czech Republic). Content of
H,0, in aqueous solution was determined iodometrically with 0.1 N sodium thiosulfate
NayS,0; at 459 g/1. The water solution of chlorine dioxide ClO, with concentration 8 g ClO,
per litre of solution was obtained from Mondi St&ti JSC (Czech Republic).

Methods

Beating of pulp suspension

The beating of pulp suspension composed of corn fiber and OCC in a ratio of 40:60 was
performed in laboratory beater Valley holander according to the ISO 5264-1 at consistency of
2%. Hydro-mechanically treated samples of pulp were taken at period of 0, 20, 40 and 60
min. The Schopper-Riegler (°SR) values of the pulp samples were measured according to the
STN ISO 5267-1.

Acidification of pulp suspensions

The acidification of pulp suspension composed of corn fiber and OCC in a ratio of 60:40
was performed in 7.5 L laboratory reactor (Czech Republic) at atmospheric pressure and
consistency of 10%. 4 N H,SOswas used to acidify the suspension. The acidification was
performed at pH = 5.0, retention time 1 hour and temperature 50°C. The obtained sample was
taken as the reference sample for comparing of mechanical properties with other
samples.Acidification was performed for the first series without beating as sample BO.
Sample B1 had reverse ratio of corn fiber and OCC — 40:60 and was beaten and subsequently
acidified. Both samples were washed separately with hot water at the dilution factor DF = 3.5.

Chelation process

Metal removal was carried out with DTPA in 7.5 L laboratory reactor (Czech Republic)
at atmospheric pressure and consistency of 10%. In chelation process the acidified and
washed samples BO and B1 were used. The chelation was performed at pH = 5.0, retention
time 3 h and temperature 80°C. 4 N H,SO, was used to acidify the suspension to boost the
chelation process and the final samples was washed with hot water at DF = 2.5.

Peroxide bleaching with added alkali

The first bleaching stage in combined bleaching of samplesBO and B1 was peroxide
bleaching with added alkali — P1 stage and it was performed in 7.5 L laboratory reactor
(Czech Republic) at atmospheric pressure, consistency of 10%, pH = 9.2, retention time 3 h
and temperature 90°C. MgS04.7H,O was added to prevent the cellulose degradation in
amount of 1.8 kg anhydrous MgSO4 per 1000 kg o0.d. mixed pulp. The amount of H,O, was
10 kg per 1000 kg o.d. mixed pulp. The final samples was washed with hot water at DF = 2.8.
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Bleaching in D stage

Chlorine dioxide bleaching as total chlorine free process was used to bleach the treated
samples B0 and B1. The equivalent of 15 kg of active chlorine per 1000 kg o.d. mixed pulp
was used. 4 N H,SO4 was used to acidify the water suspension. The bleaching was performed
in 7.5 L laboratory reactor (Czech Republic) at atmospheric pressure, consistency of 10%, pH
= 3.8, retention time 70 min and temperature 75°C. The final samples was washed with hot
water at DF = 3.0.
Peroxide bleaching in alkaline environment

P2 stage known as peroxide bleaching in alkaline environment was performed for
samples BO and B1 in 7.5 L laboratory reactor (Czech Republic) at atmospheric pressure,
consistency of 10%, pH = 12.0, retention time 3 h and temperature 90°C. MgS04.7H,0 was
added to prevent the cellulose degradation in amount of 2.0 kg anhydrous MgSO, per 1000 kg
o.d. mixed pulp. The amount of H,O, was 20 kg per 1000 kg o.d. mixed pulp. The final
samples was washed with hot water at DF = 2.5.

Paper sheet preparation

From selected samples of mixed pulp were prepared the samples of paper sheets using
standard procedure in Rapid-Kothen sheet former (Frank-PTI, Germany) according to the ISO
5269-2. Mixed pulp suspensions adjusted to consistency of 0.5% as paper stock were
processed in the wet part of papermaking system by thickening in a suction cylinder with
standard cross-section, into which such an amount of water was poured that the resulting basis
weight of paper sheet was 60 g.m™. The thickened paper stock was then transferred to felt or
paper substitute and, with auxiliary paper placed on the other side of the thickened paper
stock. The final paper sheets were dried in the drying part of papermaking system at
temperature of 85°C.

Determination of physical and mechanical properties

Selected paper sheets were characterized with physical and mechanical properties.
Density was determined according to the ISO 534 based on thickness and basis weight.
Brightness of prepared sheets was measured by an apparatus ELREPHO (Lorentzen & Wettre,
Elrepho 950 ERIC®, Sweden) at diffuse blue reflectance at 457 nm and illuminant C,
according to the ISO 2469 and ISO 2470. Ultimate tensile load, tensile index, tensile energy
absorption, tensile strength and relative elongation were determined with Instron instrument
(Instron Corporation, USA) according to the ISO 1924. Air permeance Gurley was used as a
standard method for determination air resistance of paper sheets according to the ISO 5636-5.
Air resistance of paper sheets was determined using Gurley densometer (Lorentzen &Wettre,
Sweden). Zero-span tensile strength was determined using Z-Span 1000 Tester (Pulmac Inc.,
Canada) according to TAPPI T-531.
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RESULTS AND DISCUSSION

Major compounds of corn fiber and OCC

Corn fiber has visually similar properties such as wooden materials although content of
extractives is higher than in coniferous kraft pulp (Pazitny et al. 2025b).The chemical
composition of corn fiber,in case of some components, is comparable to wood pulp.
Additionally, holocellulose content (60.1%) comparable with coniferous kraft pulp (69.7%)
suggests similar properties of pulp slurry or pulp utilizable in papermaking and also
the characteristics of paper sheets.The chemical composition was discussed and published in
our previous paper (PaZitny et al. 2025b), but we present it in Tab. 1 for demonstration.

Tab. 1: Differences in holocellulose, total lignin content and content of other selected
components in corn fiber and coniferous kraft pulp (PaZitny et al. 2025b).

Proportion of analyzed components(% w/w o.d.)

Component Corn fiber Kraft pulp Method
Holocellulose 60.10 69.69 Wise
Cellulose 19.90 41.90 ISO 692
Ash 1.67 0.25 ISO 1762
Extractives 291 2.70 ISO 624
*Klason lignin 6.84 27.17 Tappi T 222 om-98
Acid soluble lignin (ASL) 8.54 0.19 Tappi UM 250
Total lignin 15.38 27.36 -

In contrast, materials based on OCC contain relatively more cellulose, as it is processed
pulp. Kog et al. presented that OCC paper contains 83.87% holocellulose, of which 74.62% is
a-cellulose (Kog et al. 2017). However, it is interesting fact that lignin content in OCC paper
(15.40%) is comparable to lignin content in corn fiber (15.38%) and it is almost half that of
coniferous kraft pulp. Therefore, we worked with the hypothesis that due to the similar lignin
content, a combination of OCC and corn fiber is more suitable for papermaking.

Treatment of corn fiber and OCC suspension by beating in Valley holander
The similar cellulose content of corn fiber and OCC and almost identical lignin content at
about 15 % can cause similar properties and, in particular, the possibility of making paper
sheetsfrom the beaten pulp slurry. Fig. 1 shows the time dependence of °SR for hydro-
mechanically treated samples of slurry composed of corn fiber and OCC in a ratio of 40:60.
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Fig. 1: Time-dependence of °SR for hydro-mechanically treated samples of corn fiber and
OCC in a ratio of 40:60 (B1 series).
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In Fig. 1 it can be seen increasing trend in the time-dependence of beating degree. The
Schopper-Riegler (°SR) values of some studied furnishes range from 43 to 97 (Koponen et al.
2023). However, due to the presence of fine particles, it was practically non-effective to beat
for a longer time period to prospectively higher °SR, as the particles were dispersed
throughout the entire volume of water suspension (Fig. 2).

Fig. 2: Samples of hydro-mechanically treated samples ofcorn fiber and OCC suspension
with lower proportion of corn fiber taken at time period of 0, 20, 40 and 60 min.

Properties of paper sheets prepared from corn fiber and OCC in a ratio of 40:60

Tab. 2 shows the properties of paper sheets based on hydro-mechanically treated samples
of corn fiber and OCC in a ratio of 40:60.

Tab. 2: Physical properties of paper sheets prepared from corn fiber and OCC in a ratio of
40:60.

Physical property (unit of parameter) Parameter value
Density (kg.m™) 540
Brightness after ISO 2469 and 2470 (%) 28.38+0.14
Ultimate tensile load (kN.m™) 2.7
Tensile index (N.m.g™) 43.6
Tensile energy absorption — TEA (J.m?) 25.2
Breaking length (km) 4.4
Tensile strength (MPa) 23.4
Relative elongation (%) 1.1
Air resistance of paper sheet according to Gurley (s) 28.9
Zero-span tensile strength (N.cm™) 45.3

The literature reports densities of recycled paper in the range from 620 to 700 kg.m™and
it depends on the used raw material (Cardoso et al. 2012). Tensile index, TEA and other
physical and mechanical properties are comparable to the literature data about OCC, or the
values of monitored properties are higher compared tosome grass-based pulps combined with
OCC (Cardoso et al. 2012, Pazitny et al. 2013). However, air resistance of paper sheets
prepared from corn fiber and OCC in a ratio of 40:60 according to Gurley is an order of
magnitude lower compared to paper sheets based on Elephant grass (Pazitny et al. 2013). In
contrast, whiteness is comparable, as expected (Pazitny et al. 2013).

Properties of paper sheets prepared from corn fiber and OCC in a ratio of 60:40

Tab. 3 shows the properties of paper sheets based on corn fiber and OCC in a ratio of
60:40. The sample was treated with acidification without beating in Valley holander.

740



WOOD RESEARCH

Tab. 3: Physical properties of paper sheets prepared from corn fiber and OCC in a ratio of
60:40 treated with acidification without beating in Valley holander.

Physical property (unit of parameter) Parameter value
Density (kg.m™) 500
Brightness after [ISO 2469 and 2470 (%) 28.48 £0.37
Air resistance of paper sheet according to Gurley (s) 5.6
Zero-span tensile strength (N.cm™) 33.6

It is evident that air resistance of prepared paper sheets is lower compared to sample
based on beaten corn fiber and OCC in a ratio of 40:60 and also compared to literature
(Pazitny et al. 2013). Other mechanical properties are not revealed because they were non-
measurable by our equipments.

Properties of paper sheets prepared from corn fiber and OCC under various conditions

The samples from series BO were subjected to acidification, chelation process, peroxide
bleaching with added alkali, bleaching in D stage and peroxide bleaching in alkaline
environment. Series BO was not subjected to any hydro-mechanical treatment in Valley
holander. In contrast, series B1 was first subjected to beating in Valley holander. Only then
chemical treatments such acidification, chelation process, peroxide bleaching with added
alkali, bleaching in D stage and peroxide bleaching in alkaline environment followed. This
procedure has proven itself to us and it is a part of the patent documentation within submitted
patent application (Pazitny et al. 2025a). Chelation process mentioned above is basicprocess
for removing metals from the bleaching systems. In our experiments, we used DTPA as a
chelating agent, as it forms complex with biological ligands into a new, non-toxic complex
between the metal ion and chelator and to excrete this complex from the bleaching system or
living body (Blanusa et al. 2005, Tominaga et al. 2021). Chelation processes are usually
preceded by the sequence P1-D-P2, within which basic and acidic stages alternate (Starrsjo et
al. 2021). The goal of the bleaching sequence P1-D-P2 is to obtain the purest cellulose
possible as cellulose within lignocellulosic materials is the most common biopolymer on
Earth (Pazitny 2019) and this macromolecule forms very strong hydrogen bonds and thus it
ensures high mechanical properties (Marinho 2025).Tab. 4 shows the physical and mechanical
properties of paper sheets based on bleached corn fiber and OCC in two ratios of corn fiber
and OCC. The first ratio of chemically treated and bleached corn fiber and OCC — 60:40
forms series BO without beating. The second one forms series B1 with beating in Valley
holander, however, this ratio of corn fiber and OCC is reverse — 40:60. The ratio was
decreased as the planned industrial production involves a smaller addition of fiber compared
to OCC.

Tab. 4: Physical properties of paper sheets prepared from chemically treated corn fiber and
OCC in ratios of 60:40 (sample B0 without hydro-mechanical treatment) and 40:60 (sample
B1 with included hydro-mechanical treatment).

Physical property (unit of parameter) Parameter value of bleached samples
Sample BO Sample B1
Density (kg.m™) 610 600
Brightness after ISO 2469 and 2470 (%) 26.92+0.89 33.08+0.31
Ultimate tensile load (kN.m™) 2.7 32
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Tensile index (N.m.g™) 37.6 62.4
Tensile energy absorption — TEA (J.m?) 14.6 38.0
Breaking length (km) 3.8 53

Tensile strength (MPa) 23.0 31.2
Relative elongation (%) 0.65 1.40
Air resistance of paper sheet according to Gurley (s) 44.1 159.3
Zero-span tensile strength (N.cm™) 41.8 54.4

When density and brightness of the paper sheets of series BO without hydro-mechanical
treatment and Bl with included hydro-mechanical treatment compared, there are not
dramatically various values of the properties. However, for packaging papers and papers
requiring better mechanical characteristics, parameter values such as ultimate tensile load,
tensile index, tensile energy absorption, breaking length, tensile strength, relative elongation,
air resistance of paper sheet according to Gurley and zero-span tensile strength are more
interesting. The most dramatic increase is in case of air resistance of paper sheet according to
Gurley. The increase of this parameter between the bleached sample without hydro-
mechanical treatment BO and the sample with included hydro-mechanical treatment B1 is
over 261% which represents almost fourfold increase of air resistance of paper sheet by
inclusion of beating in Valley holander. Other monitored mechanical parameters that increase
dramatically by inclusion of hydro-mechanical treatment are TEA — tensile energy absorption
(from 14.6 J.m™ to 38.0 J.m™) and relative elongation (from 0.65% to 1.40%). TEA and
relative elongation increase by about 160% and 115%, respectively. Other mechanical
properties are also increased by inclusion of hydro-mechanical treatment However, the
increase is not so dramatic and it is under 100 %. Here we suppose the negligible effect of
different ratios of corn fiber and OCC on physical or mechanical properties of paper sheets
prepared from suspensions of blended corn fiber and OCC. Due to mentioned relatively good
properties corn fiber can be considered as additional lignocellulosic material to produce
packaging paper grades.

CONCLUSIONS

The suspensions made from non-wood biomass and secondary fiber was used for the
study of paper sheets prepared from bleached mixture of corn fiber and OCC (old corrugated
containers). Mixture composition of corn fiber and secondary fibers based on OCC was
hydro-mechanically and chemically modified with resulted changes in mechanical and optical
properties of prepared paper sheets. We suppose the negligible effect of different ratios of
corn fiber and OCC on change of physical properties. The properties such as density and
optical characteristics of studied paper sheets based on bleached suspension with hydro-
mechanical treatment compared to suspension without inclusion of such treatment
werechanged very little or mildly. In contrast, the mechanical properties such as air resistance
of paper sheets according to Gurley, TEA — tensile energy absorption and relative elongation
were changed dramatically. TEA was changed from 14.6 J.m™ to 38.0 J.m™(by about 160%)
and relative elongation was changed from 0.65% to 1.40% (by about 115%) when hydro-
mechanical treatment of suspension before acidification included. The most dramatic increase
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was in case of air resistance of paper sheets according to Gurley. The increase of air resistance
of paper sheets between the bleached sample without hydro-mechanical treatment and the
sample with included hydro-mechanical treatment was by 261%. It represented almost
fourfold increase of air resistance of paper sheets by inclusion of beating in Valley holander.
Due to mentioned relatively good mechanical characteristics andrelatively high holocellulose
content corn fiber from by-products of starch production is suitable lignocellulosic material
for papermaking, especially packaging paper production with required better mechanical
characteristics.
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