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In this study, the kraft pulps of European black pine (Pinus nigra Arn.) and European aspen (Populus tremula
L.) were fractionated according to fiber length in a Bauer McNett classifier and effects of fiber fractionation on
paper properties were investigated. Bauer McNett screens used for European black pine and European
aspen were 16, 30, 50, and 100 mesh and 30, 50, 100, and 200 mesh, respectively. The handsheet surface
of each fraction was observed by field emission scanning electron microscopy (FE-SEM). The results
showed that handsheet properties were statistically significantly affected by fiber fractionation. The effect of
fiber fractionation on tensile and burst indices of handsheets depended on the wood species. However, tear
index, apparent density, and surface roughness of handsheets showed similar trends in the two species.
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Abstract: In this study, the kraft pulps of European black pine (Pinus nigra Arn.) and European aspen (Populus tremula L.) were
fractionated according to fiber length in a Bauer McNett classifier and effects of fiber fractionation on paper properties were investigated.
Bauer McNett screens used for European black pine and European aspen were 16, 30, 50, and 100 mesh and 30, 50, 100, and 200 mesh,
respectively. The handsheet surface of each fraction was observed by field emission scanning electron microscopy (FE-SEM). The results
showed that handsheet properties were statistically significantly affected by fiber fractionation. The effect of fiber fractionation on
tensile and burst indices of handsheets depended on the wood species. However, tear index, apparent density, and surface roughness of

handsheets showed similar trends in the two species.

Key words: Bauer McNett, European aspen, European black pine, fiber fractionation, paper properties

1. Introduction
Fiber dimensions have a remarkable influence on the
papermaking potential of pulp. The paper properties
(strength, surface roughness, porosity, density, etc.) are
significantly affected by fiber length, fiber width, cell
wall thickness, fiber flexibility, and fiber collapsibility
(Pulkkinen et al., 2006). Hardwood fibers have been
generally used to achieve good surface properties, while
softwood fibers are used for high strength. Therefore, fiber
sources used in pulp mill have been appropriately selected
according to the quality requirements of the final product.
Fiber fractionation means separation of mixed fibers
into two or more parts based on properties such as length,
flexibility, and coarseness (Gooding and Olson, 2001;
Sood et al., 2005). In mill scale, pulp can be fractionated in
hydrocyclones, or in pressure screens using slotted or holed
screen plates/baskets (Asikainen et al., 2010). However,
Bauer McNett or Clark fiber classifiers are used in the
laboratory. The traditional approach in fiber preparation
is to use the fibers collectively without fractionating them.
Although this approach facilitates the process design, it
ignores the opportunity to use the natural advantages of
the individual fiber fractions (Gooding and Olson, 2001).
On the other hand, fractionation of pulp furnish offers
the potential to produce customer-valued products from
fiber sources. Thus, papermakers can produce paper with
optimum properties for specific applications by controlling
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process variables such as the refining conditions, use of
additives, and dewatering conditions at the wet end (Sood
et al., 2005; Azizi Mossello et al., 2010b).

Abubakr et al. (1995) in recycled fiber, Demuner
(1999) in bleached eucalyptus kraft pulp, Reyier (2008)
in Norway spruce (Picea abies), and Hafrén et al. (2014)
in mixed softwood (lodgepole pine, Sitka spruce, Western
balsam fir) studied the effects of fiber fractionation on
paper properties. Huang et al. (2012) investigated the
fiber morphology of each fraction after fiber fractionation
of Jack pine (Pinus banksiama) thermomechanical pulp.
However, there are no published data related to effects of
fiber fractionation on paper properties of European black
pine (Pinus nigra Arn.) and European aspen (Populus
tremula L.). In this scope, the objective of this study was to
determine the effects of fiber fractionation on handsheet
properties of European black pine and European aspen.

2. Materials and methods
The wood samples of European black pine and European
aspen were obtained from Bartin Province in Turkey. They
were debarked and chipped into approximately 3.0-1.5-
0.5 cm in size. Chips were air-dried and stored with less
than 10% moisture content until used.

Table 1 shows the kraft pulping conditions of European
black pine and European aspen. Kraft pulping was done
in an electrically heated laboratory cylindrical type rotary

This work is licensed under a Creative Commons Attribution 4.0 International License.
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digester of 15 L. Chips (750 g, oven-dried basis) for each
cooking experiment were cooked in the digester. After
cooking, pulps were washed with tap water to remove
residual liquor. After washing, pulps were disintegrated,
washed with tap water, and screened on a slot screen of
0.15 mm (TAPPI T 275).

The Bauer McNett classifier (model with 4 classifier
chambers) was used for fiber fractionation of kraft pulps
according to TAPPI T 233 cm-06. In fiber fractionation of
European black pine pulp, R16 (1.190 mm, retained fibers
of a 16-mesh screen), P16/R30 (0.595 mm, i.e. passed 16
mesh, retained 30 mesh), P30/R50 (0.297 mm), and P50/
R100 (0.149 mm) classifier screens were used. In fiber
fractionation of European aspen pulp, R30, P30/R50, P50/
R100, and P100/R200 classifier screens were used. Fiber
morphology of each fiber fraction was determined with a
light microscope. Fiber dimensions of each fractions were
measured (n: 100). The aspect ratio (fiber length/fiber
width) and flexibility ratio [(lumen width/fiber width) x
100] were calculated using the measured fiber dimensions.

Handsheets of 75 g/m? from each fiber fraction, made
with a Rapid-Kothen Sheet Former (ISO 5269-2), were
conditioned (TAPPI T 402). Tensile index, tear index,

burst index, and apparent density of the handsheets were
measured according to the T494, T414, T403, and T220
TAPPI standards, respectively. Also, roughness of the
handsheets was determined according to the ISO 8971-2
standard method.

The handsheets of each fiber fraction were coated with
gold (80%) and palladium (20%) using a sputter coater
(Quorum Q150 T) and were observed by field emission
scanning electron microscopy (FE-SEM) (Tescan MAIA3
XMU) operating at 10 kV. The coating thickness was
approximately 10 nm.

The data of handsheet properties for each fiber fraction
were subjected to analysis of variance (ANOVA) and
Duncan test at 0.05 probability level. Different lowercase
letters used in figures denotes that the difference in the
average values of properties among the compared groups
was statistically significant.

3. Results and discussion

The results of Bauer McNett and fiber morphology for
European black pine and European aspen are shown in
Table 2. It can be seen that the fiber length and fiber width
of both species decreased with increasing screen mesh.

Table 1. Kraft pulping conditions of European black pine and European aspen.

Conditions European black pine European aspen
Active alkali (%) 20 16
Sulfidity (%) 25 20
Temperature (°C) 170
Time to max. temperature (min) 90
Time at max. temperature (min) 60
Total cooking time (min) 150
Liquor/chip ratio 4/1
Table 2. The results of fiber fractionation of European black pine and European aspen.
Wood Fiber Fiber ratio |Fiber length |Fiber width | Double wall Lumen width | Aspect | Flexibility
species fractions (%) (mm) (pm) thickness (um) | (um) ratio ratio
R16 65.8 3.32+£0.02 40.40 £ 0.1 21.20£0.3 19.20 £ 0.2 79.70 47.52
R30 17.2 2.75+£0.04 39.00 £0.1 18.25+£0.2 20.75 0.3 72.56 53.21
El‘ﬁp;;’e R50 7.6 2134004 [37.10+05 [20.35+0.1 1675+0.1  |6226 |44.15
R100 3.9 1.33 £ 0.02 35.10£0.2 19.25+£0.3 15.85+0.2 38.46 44.16
R200 + fines |5.5 - - - -
R30 38.1 1.27 £ 0.01 25.0%0.1 11.35+0.1 13.65+ 0.2 50.40 54.60
R50 30.6 1.09 £ 0.01 245+0.1 11.50 £ 0.1 13.00 £ 0.1 45.31 53.06
aE:;:rIl’ean R100 25.9 0894002 [237+0.1  |11.80+0.2 1190 £0.1 3840  |50.21
R200 2.1 0.60 £ 0.01 214+0.1 1220+ 0.1 9.20£0.2 32.24 42.99
Fines 33 - - - -
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Also, increased screen mesh resulted in lower fiber aspect
ratio. The weight percentage of long fiber fractions was
83% and 68.7% for European black pine and European
aspen, respectively.

Fiber fraction had a statistically significantly effect
on tensile index (P < 0.05). Also, effect of fiber fraction
depended on the wood species (Figure 1). Tensile indexes
of R16, R30, R50, and R100 fractions in European black
pine kraft pulp were determined as 39.71 Nm/g, 45.30
Nm/g, 43.96 Nm/g, and 34.86 Nm/g, respectively (P
< 0.05). These results can be explained by long and stiff
fibers of lower screen numbered fractions, which have
poor bonding characteristics (Huang et al., 2012). Tensile
index depends on bonding ability of fibers (Rydholm,
1967; Levlin, 1999, Dutt et al., 2009; Jahan and Rawshan,
2009). Flexible fibers produce large contact areas for fiber-
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to-fiber bonding. In European aspen samples, tensile
indexes of R30, R50, R100, and R200 fractions were found
as 33.22 Nm/g, 38.47 Nm/g, 42.20 Nm/g, and 46.85 Nm/g,
respectively. This result can be attributed to increasing
vessel element numbers in high screen mesh fractions.
Thin-walled vessel elements collapse during papermaking,
and their wide surface increases the interfiber bonding.
On the other hand, it can be ascribed to the high apparent
density of handsheets of high screen mesh numbered
fractions. Higher density indicates better interfiber
bonding in the sheet. A positive correlation between screen
mesh number and tensile index has also been reported in
previous studies (Reyier, 2008; Hafrén et al., 2014).

The relationships between the fiber fraction and
tear index of handsheets are presented in Figure 2. As
can be seen in Figure 2, the tear index of handsheets
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Figure 1. Effect of fiber fractionation on the tensile index of handsheets.
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Figure 2. Effect of fiber fractionation on the tear index of handsheets.
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of both species decreased significantly (P < 0.05) with
increasing screen number. The highest tear index values
were determined in the R16 fraction at 11.35 mNm?/g
for European black pine and in the R30 fraction at 3.03
mNm?/g for European aspen. Increase in tear index with
decreasing screen mesh numbers could be attributed to a
positive correlation between fiber length and tear index
(Casey, 1961; Horn, 1978; Seth and Page, 1988; Mohlin,
1989; Horn and Setterholm, 1990; Seth, 1990; Scott et al.,
1995; Retulainen, 1996; Levlin, 1999; Shin and Stromberg,
2005, Azizi Mossello et al., 2010a), and also higher aspect
ratio of longer fiber (Rydholm, 1965; Shakhes et al., 2011)
(Table 2). In addition, the increase in fiber flexibility (a
higher sheet density and better interfiber bonding) causes
a higher tear index (Bronkhorst and Bennett, 2002). On
the other hand, the decrease in tear index with increasing
screen mesh numbers could be ascribed to increasing
vessel elements numbers with decreasing screen mesh
numbers. The vessel elements are generally short and thin-
walled, with pitting and open ends (Li et al., 2012). The
vessel element-rich fractions cause a decrease in the tear
index compared to that of vessel element-poor fractions
(http://www.eucalyptus.com.br/capitulos/ENG04_vessels.
pdf). Abubakr et al. (1995) noted that tear index of long
fiber fractions in recycled pulp fractionation was higher
than that of short fiber fractions.

The relationships between the fiber fractions and
burst index of handsheets are presented in Figure 3. Burst
index of European black pine handsheets decreased with
increasing screen mesh (P < 0.05), while burst index of
European aspen handsheets increased with increasing
screen mesh (P < 0.05). The lowest and highest burst index
values of European black pine samples were determined
in R100 and R30 fractions as 1.43 kPa m?*/g and 1.99 kPa
m?*/g, respectively. This result can be explained by fiber

2.5

1.5

Burst index (kPam?/g)

0.5

European black pine

R16 R30 R50 R100

flexibility differences between R100 and R30 fractions
(Table 2). Also, it can be attributed to decreasing fiber
length with increasing screen mesh (Table 2). The lowest
and highest burst index values of European aspen samples
were found in the R30 and R200 fractions at 1.12 kPa m?*/g
and 1.90 kPa m?/g, respectively. The high burst index with
rich vessel element fractions can be ascribed to improved
fiber bonding due to collapsed vessel elements during
papermaking. In recycled pulp fractionation, higher burst
index of long fiber fractions than short fiber fractions was
reported by Abubakr et al. (1995).

As can be seen in Figure 4, apparent density of
handsheets in both species was positively correlated
with increasing screen mesh (P < 0.05) (Figure 4). These
results can be explained by short and narrow fibers of
higher screen numbered fractions, which give a compact
structured paper due to more fibers per area. The lowest
apparent density values were determined in the R16
fraction at 470 kg/m® for European black pine and in
the R30 fraction at 580 kg/m’ for the European aspen. A
positive correlation between apparent density and mesh
screen was also reported by Reyier (2008). It is known
that the relationship between bulk and apparent density is
negatively correlated. Demuner (1999) noted that the fine
fractions produced sheets with lower bulk than the coarse
fractions.

The results indicated that roughness of handsheets
increased with increasing screen mesh (P < 0.05) (Figure
5). Roughnesses of R16, R30, R50, and R100 fractions in
European black pine kraft pulp were determined as 1566
mL/min, 1228 mL/min, 1053 mL/min, and 826 mL/min,
respectively. In European aspen samples, roughnesses of
R30, R50, R100, and R200 fractions were found as 1275
mL/min, 891 mL/min, 654 mL/min, and 536 mL/min,
respectively. These findings can be explained by shorter

R30 R50 R100 R200

European aspen

Figure 3. Effect of fiber fractionation on the burst index of handsheets.

187



GULSOY and KILIC PEKGOZLU / Turk J Agric For

0.75

0.6

0.45

0.3

Apparent density (g/cm?)

R16 R30 R50

European black pine

R100

R30 R50 R100

European aspen

Figure 4. Effect of fiber fractionation on the apparent density of handsheets.
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Figure 5. Effect of fiber fractionation on the roughness of handsheets.

and finer fibers of high screen mesh fractions (Table 2;
Figures 6 and 7). This result can also be attributed to the
action of vessel elements in fractions of European aspen
samples that are rich in vessel elements (Malik et al., 2004).
Demuner (1999) reported that the smoothness of fine
fractions was higher than that of coarse fractions. FE-SEM
handsheet micrographs of each fractionation of European
black pine and European aspen are shown in Figures 6 and
7, respectively.

In conclusion, the results of this study have shown that
the handsheet properties were statistically significantly
affected by fiber fractionation. In European black pine
samples, tensile index, tear index, burst index, and
roughness of handsheets decreased with increasing screen
mesh number. In European aspen samples, tear index
and roughness of handsheets decreased with increasing
screen mesh number, while tensile index and burst

188

index increased. Apparent density of handsheets in both
species was positively correlated with increasing screen
mesh. Fiber fractionation may not be technically feasible
for mill-scale paper production, but papermaking from
unfractionated fibers ignores the opportunity to use the
natural advantages of the individual fiber fractions. Also,
selective refining of fractions results in paper quality
improvements. More studies related to effects of fiber
fractionation (especially the effect of vessel element-rich
and element-poor fractions) on paper properties of other
lignocellulosic materials have to be carried out.
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Figure 6. FE-SEM handsheet micrographs of each fractionation of European black pine
kraft pulp: a, b) R15; ¢, d) R30; e, f) R50; g, h) R100.
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Figure 7. FE-SEM handsheet micrographs of each fractionation of European aspen kraft
pulp: a, b) R30; ¢, d) R50; e, f) R100; g, h) R200.
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filler/coating industry, with using testing techniques; X-ray fluorescence (XRF), X-ray diffraction (XRD),
Scanning electron microscopy (SEM). The limestone assessment includes more examinations to confirm the
suitability of studied samples for alkaline paper manufacture such as, chemical analysis and physical
properties, brightness, refractive index, oil & water absorption, moisture content, water soluble, surface area
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This study introduces a contribution of using the El Minia carbonate filler pigment for paper making. El
Minia limestone samples were grind to very fine powder ranging from 2 to 10 pm, for utilization in paper
filler/coating industry, with using testing techniques; X-ray fluorescence (XRF), X-ray diffraction (XRD),
Scanning electron microscopy (SEM). The limestone assessment includes more examinations to confirm

the suitability of studied samples for alkaline paper manufacture such as, chemical analysis and physical
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properties, brightness, refractive index, oil & water absorption, moisture content, water soluble, surface
area and soundness tests as per paper industry standards.
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1. Introduction

Calcium carbonate “CaC03”, is one of the most important and
useful materials in many industries. It is extremely common and
found throughout the world in sedimentary rocks. It comprises
more than 4% of the earth’s crust. Calcium carbonates natural
forms are chalk and limestone, produced by the sedimentation of
the shells of small fossilized snails, shellfish, and coral over mil-
lions of years. Although all three forms are identical in chemical
terms, they differ in many other respects, including purity, white-
ness, thickness and homogeneity.

The paper industry uses limestone-based product to manufac-
ture fillers and coating pigments. Calcium carbonate pigment is
used for filling and coating, for example in making of printing
papers and board. CaCO3 valued worldwide for high brightness
and light scattering characteristics, as well as it is used as an inex-
pensive filler to make bright opaque paper. Also it helps to produce
papers with high whiteness and gloss and good printing properties.

In 2008, world production of paper and paperboard was 380
million tons according to Food and Agriculture Organization
(FAO). Over 90% of paper and paperboard is produced in Asia, Eur-
ope and North America. Asia is the biggest producer with 34% of all
production and Europe and North America are trailing with 30%
and 29% respectively.
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There are different grades of paper used for many purposes, for
example: coated, uncoated, bond, note book, offset, index, news-
print, computer, copier, gloss, picture and inkjet papers.

The main types of mineral filler for acid papers are talc, hydrous
kaolin, calcined kaolin, precipitated silica’s /silicates (PSS), and tita-
nium dioxide. For neutral/alkaline papers, talc, hydrous kaolin, cal-
cined kaolin, PSS, titanium dioxide, ground calcium carbonate
(GCC), and precipitate calcium carbonate (PCC) are used. The esti-
mated productions of some types of paper and paperboard in 2008
were illustrated in (Fig. 1).

Kaolin, calcium carbonate (GCC and PCC), and talc are the most
widely used mineral fillers, with regional variations depending on
local resources available (Fig. 2). Filler pigments must have a high
degree of whiteness, a high index of refraction, small particle size,
low solubility in water, and low specific gravity. It is also important
that the filler be chemically inert to avoid reactions with other
components in the sheet and in the papermaking system. The filler
should contain a minimum of impurities, and the grit content must
be low to avoid excessive wear of the wire and other processing
equipment such as cutting blades. Furthermore, unless the filler
has very unusual properties, it must be inexpensive [1-6]

The annual Egyptian production of paper in Egypt about
150,000 tons while the domestic consumption about 650,000 tons,
to compensate the difference between production and consump-
tion, there is a large import quantities cost a lot of hard currencies.
The percentage of filler used to produce different types of paper
products are indicated in Table 1.

There are many Egyptian companies for paper making, the most
important production companies rankled as annual production is
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Fig. 1. Global production of paper and paperboard grades in 2008 (Finnish forest
Industries 2009).

Fig. 2. Breakdown of filler pigment used for paper making at 2002 (Harris 2004).

Table 1

Paper product and filler contents.
0-15% Newsprint
20-32% SC gravure paper
6-10% LWC base paper
8-15% Wallpaper
5-10% Mechanical catalogue
5-20% Wrapping base paper
10-25% Wood free printing paper
10-25% Wood free writing paper
2-10% Corrugated board
2-10% wallpaper board

Qena company with annually production about 120,000 tons, Al
Ahlya (EMAC) with annual production 60,000 tons, and Rakta com-
pany produces 30,000 tons [7]

This article aims to contribute the utilization of El Mina huge
quantities of high grade calcium carbonate and its suitability for
making of filler/coating of paper and paperboard and stop the loss
of hard currency used for importing the same ore.

2. Geological setting

EI Minia-Maghagha area has a rectangular shape and lies on the
Eastern side of the Nile River. It is located between latitude 28 °
and 28 °40'N and longitudes 30° 50’ and 31° 30’ E.

The exposed carbonate rocks of El Minia-Maghagha areas
includes five units of Middle Eocene age. These units are composed
mainly of limestone [8,9]. The oldest exposed unit is El Minia For-
mation which is composed of white, hard, and fossiliferous lime-

stone, this unit is conformably overlain by snow white, soft,
fossiliferous limestone of Samalut Formation. Samalut Formation
overlain by creamy white, mictritic, marly limestone of the Magha-
gha Formation. This unit is conformably overlain by brownish yel-
low, sandy, fossiliferous limestone of Qarara Formation. The top
most part of Qarara Formation includes nodular, chalky, limestone
of Fashn Formation. The studied sample was collected from El
Minia and Samalut formations for laboratory examinations (Fig. 3).

3. Materials and methods

Thirty samples were collected from different localities along the
area in between El Minia city and Beni Khalid to represent the
studied limestone, the representative samples were ground to very
fine particles for measuring the physical properties, chemical anal-
ysis, and X-ray diffraction, and SEM studies.

Carbonate samples were subjected to specific tests and evalua-
tion compare with the international specification and standard to
determine their suitability for alkaline paper and paperboard
filler/coating manufacture.

The assessment of ground calcium carbonate characterizations
were conducted according to the following standards: Specific
gravity ASTM D 153, Oil absorption ASTM D 234 and ASTM D
281, Water absorption, Moisture content ASTM D 280, Particle size,
Particle shape, ASTM E 70 of Hydrogen ion concentration, ASTM D
2196 for Matter soluble in water: max 1%, Hardness, Appearance &
Color of powder, Brightness, purity as CaC03: 95%, Refractive
index, SEM, chemical analysis, XRD, and soundness test. Standard
properties of ground, precipitated and kaolin ores utilized in paper
making are listed in Table 2 as a references for studied sample.

4. Results and discussions

The physical and chemical assessment tests were accomplished
for El Minia carbonate samples as follows:

Calcium carbonate filler pigment represent a considerable part
of paper manufacture, the amount of filler vary from 5% to 30%
of the whole finish. Several reasons why fillers are used in paper-
making, the main reasons are their low cost compared to fibers
“The price of bleached chemical fiber is roughly five to seven times
as much as filler prices” and their ability to improve optical prop-
erties in the final product. Fillers can also improve surface proper-
ties of paper and by that have a positive effect on the printability of
the final product [10,11].

Also fillers can improve the surface properties of paper or
paperboard as well as have positive effects on the opacity, bright-
ness and colour. Opacity is increased because of filler particles
scatter light very well [12].

Fillers also have a smoothening effect on the paper surface,
because small filler particles settle in between of fibers they
together form a smooth paper surface, which is required in roto-
gravure printing. Although fillers are needed for good printing
image, excessive amount of filler will compromise the paper sur-
face strength.

The chemical analysis of samples collected from El Minia areas
were examined to ensure that the limestone samples used as a pig-
ment are inert, stable and not contain detrimental impurities. The
chemical analysis results revealed that the major elements is CaO,
accordingly the CaCO3 content ranging from 99.30 to 99.65%. The
physical and chemical analysis was conducted at the Egyptian Pet-
roleum Research Institute and Egyptian Mineral resources Author-
ity “Central laboratories Sector”, and the results obtained are
illustrated in Tables 4 and 5.

These testing for calcium carbonate powder were carried out
according the following techniques and testing:

http://dx.doi.org/10.1016/j.ejpe.2017.07.007

Please cite this article in press as: M.A.W. Gaber, Characterizations of El Minia limestone for manufacturing paper filler and coating, Egypt. J. Petrol. (2017),



http://dx.doi.org/10.1016/j.ejpe.2017.07.007

M.A.W. Gaber/Egyptian Journal of Petroleum xxx (2017) XxX—Xxx 3

a- Outcrop of limestone

c- Cutting of limestone building blocks

b- Quarry of chalky limestone

d- location of limestone quarry's

Fig. 3. Field photos showing outcrop and quarry of pure limestone at El Minia East Nile Valley.

Table 2
Properties standard limits of Kaolin, PCC and GCC fillers used in paper manufacture.

Property Kaolin PCC GCC

Brightness 80 85% 90-97% > 90-96%

Particle size 2 um Manufacture Required grinding
fine

Opacity Excellent high at high Moderate at high
load load

Loading level 20-30% Limited to 20% 20-30%

Sheet strength Good Moderate Excellent

Bulking Moderate Good Good

Absorption Low High Low

Chemical Inert Unstable in Unstable in acid

reactivity acid
Flexibility Filler/Coating Mainly filler Alkaline -
filler/coating

Processing Extensive Energy Grinding/sizing
extensive

Availability Restricted Satellite plants  Geologically

plentiful
Price Low (N. Based on cost Low (Europe)
America)

Table 3
Brightness of El Minia calcium carbonate.

Limestone samples Brightness (z-direction)

Sample 1 91

Sample 2 93.5
Sample 3 90.5
Sample 4 91.5

4.1. Specific gravity

The representative samples of limestone measured according to
[13] and the results are ranging from 2.6 to 2.7 g/cm? as indicated
in Table 4., as per standard the low specific gravity is preferred for
paper manufacture.

4.2. Oil absorption

The test were carried out using linseed oil mixed with carbonate
powder and the specific paste obtained at the ratio of oil quantity is
ranging from 32 to 36 g/100 g (g of oil/g of powder), as per [14,15].

4.3. Moisture content

The moisture content of limestone powder was determined at
105 °C and the results ranging from 0.05 to 0.07% and considered
low percentage moisture according to [16].

4.4, Particle size

Calcium carbonate pigments for paper making occurs in the
form of a fine powder or lumps by using crushing equipment’s
was ground to very fine grains. The recommended size of lime-
stone powder pigment shall be in limit of 2-10 pm as shown in
(Fig. 4). The vast majority of particles are much smaller in size than
10 pm; there is some evidence that a mixture of particle sizes is
desirable for increased durability, reduced absorption and reduced
permeability of the film, also the particle size distribution graph
(Fig. 5), showing that the 80% of analyzed sample is less than 10
pum in size.
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Table 4
Physical properties of limestone filler pigment.

Ore Type Physical Properties
Sp. Sp. gravity g/cm® oil absorp. % Moisture % pH Acid soluble hardness water soluble
Limestone sample 1 2.70 33 0.05 8.5 99.0 3.0 0.96
Limestone sample 2 2.69 32 0.06 9 99.0 3.00.86
Limestone sample 3 2.72 36 0.05 8 98.0 3.0 0.95
Limestone sample 4 2.70 34 0.07 9 98.5 3.00.93
Table 5
Chemical compositions of limestone at some localities of El Minia.
Ore Type Chemical composition
Ca0 Al203 Fe203 MgO H20 LO.I
Limestone sample 1 55.61 0.11 0.12 0.07 0.20 43.80
Limestone sample 2 55.70 0.14 0.16 0.11 0.11 43.70
Limestone sample 3 55.56 0.10 0.07 0.13 0.10 43.75
Limestone sample 4 55.67 0.11 0.13 0.11 0.10 43.80

(a) Grinding machine of limestone

(b) Final product of grind limestone

Fig. 4. (a) Grinding machine of limestone (b) Final product of grind limestone.

Fig. 5. Particle Size Distribution.

4.5. Particle shape

Particle shape and size influence on the properties of carbonate
powder pigment such as consistency, oil absorption, hiding power
of paper coating and filler, the carbonate examined grain shape is
rounded and sub round.

4.6. Hydrogen ion concentration (pH value)

The pH test carried out to collected sample as per [17] to mea-
sure the value of alkaline or acidity of carbonate powder and the
results shows that pH is 8.5%, it means the pH range is alkaline.

4.7. Matter soluble in water

The carbonate powder pigment shall be insoluble in water,
except traces of soluble salt. The test result indicates that the
amount of soluble matter is 0.4%, meanwhile the standard limit
as per [18], shall be not exceed than 1% as shown in Table 4.

4.8. Moh’s hardness

The hardness of carbonate powder utilized in paper filler and
coating is most important for the paper product and production
equipment (wear on wire, doctor and slitter wearing), the lime-
stone studied samples hardness is 3 as per Moh'’s scale (1: talc to
10: diamond).

4.9. Appearance & Color of powder

The color of ore powder is useful in identify the pigment into
white or colored pigment, however the history of mineral forma-
tion. The visual inspection of limestone sample is milky white to
white due to high purity of calcium carbonate content.
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Fig. 6. Brightness of El Minia carbonates.

4.10. Brightness of El Minia calcium carbonate

In paper industry the high dry brightness is preferred to pro-
duce the high quality paper. The limestone were crushed to very
fine size and tested using Dr. Lange equipment (Fig. 6), and the
results achieved the requirements of paper making brightness
value ranging from 91 to 93.5% as shown in Table 3.

(@) SBM for H Minialimestone

4.11. Purity as CaCO3: 95%

The CaCO3 content in studied samples are ranging from 99.30
to 99.65%, which called high purity limestone as per [19].

4.12. Refractive index

Refractive Index is the difference between the speed of light in a
vacuum and the speed of light in the gemstone. As light passes
through a gemstone, it slows down because a gemstone is denser
than air. The angle of refraction in the gemstone determines its
RI [20]. The Rl is easily measured using a refractometer. Limestone
fillers are mainly composed of strongly birefringent calcite mineral
with refractive indices ranging from 1.49 to 1.65.

4.13. Specific surface area

Specific surface area is measured by the nitrogen adsorption
method (BET: Brunauer, Emmet, Teller). The particle fineness, the
particle size distribution, and the particle morphology are, depend-
ing on the structure, indirectly reflected in the specific surface area
of the filler. Finer, non-structured fillers exhibit a higher specific
surface than coarser ones. There is, a direct correlation between
the specific surface area of filler and, the internal sizing agent
demand. An internal sizing agent is applied to the wet end in order
to make the paper more hydrophobic. The specific surface area of
regular paper fillers ranges between 2.5 and 14 m?/g~!, while fiber
fines show specific surface areas of 6-8 m?/g~'. The surface area

(b) SBEM for el Minia Chalk

Fig. 7. (a) SEM for El Minia limestone (b) SEM for el Minia Chalk.
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Fig. 8. XRD of Limestone at Samalout area.
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for calcium carbonate powder ranging from 2 to 12 m?/g-! as per
[21].

4.14. Scanning electron microscope (SEM)

The structure of fillers can be observed and characterized best
by scanning electron microscopy (SEM). The particle morphology
has an influence on light scattering via the number and size of
air microvoids in the sheet. For different morphologies, there is a
different optimum for light scattering in terms of particle size.
The particle morphology has an impact also on the packing of
the filler particles in the flocculates usually formed during the
papermaking process.

The crystallite habit of natural ground CaCO3 filler is rhombo-
hedral Fig. 7. For high brightness demand, GCC fillers based on
limestone and marble are preferred by the paper industry. Lower

brightness chalk is used as filler in the production of regular
newsprint.

4.15. Chemical analysis

The XRF analysis of collected limestone revealed that the major
element is CaO 55.70; accordingly the CaCO3 is 99.65% as indicated
in Table 5. These results reflect that the studied ore possess high
purity and suitability for industrial proposes and paper making.

4.16. X-Ray diffraction

Four samples were analyzed by XRD and the data of identified
minerals of powder samples were plotted in the following
diagrams:
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Fig. 9. XRD of Samalout Limestone.
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Fig. 10. X-ray diffraction of Beni Khalid carbonate.
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The XRD analysis of studied samples were collected from
Samalout areas indicates that the calcite mineral is the most pre-
dominant minerals of limestone ore with average ratio 99.5% as
shown in (Figs. 8and 9).

The XRD of Beni Khalid limestone (Fig. 10), shows that the sam-
ples are composed mainly of calcite, the XRD results complies with
chemical composition analysis that the CaCO3 is 99.30%.

4.17. Soundness test

Residues, impurities, contamination, can be coming from origin,
processing the industrial mineral, transportation, and from other
sources (run-ability in paper machine or coating or calendaring
causes streaks and breaks, which are expensive), the test was car-
ried out according to [22], and the obtained results are ranging
from 10 to 12% loss of impurities, meanwhile the maximum stan-
dard is 15%.

5. Conclusions
This study indicates some positive conclusions:

- Presence of huge outcrop calcium carbonate reserve in El Minia
areas can be mined open cast with low cost.

- El Mina limestone possesses high purity CaCO3 “99.65%" con-
tent suitable for industrial purposes, further more paper filler/-
coating pigment.

- The calcium carbonate brightness reading ranging from 91 to
93.5% and suitable for paper pigment fillers.

- The more investigation and cooperation with paper Manufac-
ture Company for trial testing using local ores are required.
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produced with 10 mmol of NaClO per gram of dry pulp improve tensile index of ONP ~30%. For OCC, the
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Abstract: The recycled paper and board industry needs to improve the quality of their products
to meet customer demands. The refining process and strength additives are commonly used to
increase mechanical properties. Interfiber bonding can also be improved using cellulose nanofibers
(CNF). A circular economy approach in the industrial implementation of CNF can be addressed
through the in situ production of CNF using side cellulose streams of the process as raw material,
avoiding transportation costs and reducing industrial wastes. Furthermore, CNF fit for use can be
produced for specific industrial applications.This study evaluates the feasibility of using two types of
recycled fibers, simulating the broke streams of two paper machines producing newsprint and liner
for cartonboard, to produce in situ CNF for direct application on the original pulps, old newsprint
(ONP), and old corrugated container (OCC), and to reinforce the final products. The CNF were
obtained by 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-mediated oxidation and homogenization
at 600 bar. Handsheets were prepared with disintegrated recycled pulp and different amounts of CNF
using a conventional three-component retention system. Results show that 3 wt.% of CNF produced
with 10 mmol of NaClO per gram of dry pulp improve tensile index of ONP ~30%. For OCC, the same
treatment and CNF dose increase tensile index above 60%. In both cases, CNF cause a deterioration
of drainage, but this effect is effectively counteracted by optimising the retention system.

Keywords: nanocellulose; cellulose nanofibers; recycled paper; mechanical properties; drainage;
retention; circular economy

1. Introduction

Papermaking is an industrial sector characterized by its commitment to develop sustainable
production processes [1,2]. In Europe, 52.4% of the papermaking industry’s raw materials come from
recovered paper, which corresponds to a paper recycling rate of 72.3% [3]. Nevertheless, the quality
levels required in the utilization of secondary fibers are continuously increasing according to the
customer demands. Besides, paper consumption has decreased due to the replacement of paper by
other supports for the information, causing cost pressures in the paper and board industry. Despite
the fact that natural and synthetic strength additives are commonly used in recycled paper, the main
source of complaints is still the poor tensile strength. Therefore, other strategies to improve interfiber
bonding have been explored, and the use of cellulose nanofibers (CNF) is a promising alternative to
increase mechanical properties of recycled products with some additional advantages, such as their
renewable nature, biodegradability, high surface area, and high availability.
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CNF have gained more attention due to their high strength and stiffness joined to the low weight [4,5].
For these reasons, CNF is promising in multiple sectors such as papermaking [6], composites [7,8],
cement [9], packaging [10], electronic devices [11], coatings, biomedicine [12], or automotives [13].
Regarding the papermaking industry, CNF can improve paper quality, and many studies have shown that
their addition to the pulp suspension increases the mechanical properties of the recycled paper [6,14-16].
The majority of CNF applied in papermaking as strength additive are produced from virgin pulp [17-19],
but also from pulps from valueless agriculture residues [15,20,21]. Recently, nanocellulosic materials
from papermaking streams such as solid waste from a dissolving cellulose pulp mill have been studied.
Jonoobi et al. (2012) [22] produced and characterized these nanofibers as a potential biobased nanomaterial
for different applications, but they did not study their use as reinforcement agent in the papermaking
process. On the other hand, Campano et al. (2016) [23,24] isolated cellulose nanocrystals (CNC) from
recycled newspaper and evaluated their effect on the recycled paper enhancement achieving increments
of up to 30% in the tensile strength index when 3 wt.% of CNC was added into the recycled pulp;
long pulping times and a polyacrylamide-based retention system were used. In situ produced bacterial
cellulose (BC) in recycled pulps has also achieved increments in both tensile and tear indexes of 12.2%
and 14.2%, respectively, when BC was produced in agitation culture [25]. However, to the best of our
knowledge, there are no studies of the use of CNF produced in situ from recycled paper, simulating the
broke streams of the recycled papermaking process, and, subsequently, evaluating their effect as strength
agent in the same industrial process.

Large-scale production of CNF is still very limited and produced from virgin pulp. Therefore,
the industrial implementation of CNF in the papermaking industry is still a challenge [26]. The main
drawbacks to use CNF in large volume applications, such as papermaking, is their cost due to both the
high amount of energy required and transportation, the difficulties in producing uniform nanocellulosic
particles and the difficulties associated with both dewatering and pumping [6,27]. Some of those
drawbacks can be addressed and eventually avoided through the implementation of a circular approach
that will lead to an even more sustainable papermaking process. In order to achieve this, one of the
key points is the in situ production of CNF (Figure 1) using process and waste cellulose streams, such
as fines-rich streams, coming from the filtering of the screw presses or from the white-waters, dry and
wet broke from the paper machine, and rejects from the flotation processes. Some of the advantages
associated with this approach are the increase in the yield of the process, the avoidance of drying
and/or transportation costs, and the decrease of waste generation. Moreover, the in situ production of
CNF would help the papermakers to determine the relation between the minimum CNF quality and
the needs required for a certain recycled paper product, allowing the online control of the properties of
the CNF and their adjustment to the production needs. In addition, the negative effects related to the
dispersion of the CNF in the pulp suspension would be also avoided. Futhermore, CNF could also
be sold in the local market as additive for other industries. In this way, the benefit of this industrial
symbiosis will allow papermakers to aford the cost of CNF production.

Therefore, the objective of this study was to evaluate the feasibility of using two different types
of recycled pulps—Old Newsprint (ONP) and Old Corrugated Container (OCC)—with 14 wt.% and
11 wt.% ash content, respectively, to simulate the broke streams of paper machines, produce in situ CNF,
and study its direct application on the recycled pulp suspension to reinforce the final product, recycled
newsprint, and recycled cartonboard, respectively. The production of CNF was studied at different
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)-mediated oxidation levels (2.5, 5, 10, and 15 mmol of
NaClO per gram of pulp) before the homogenization mechanical process. TEMPO-mediated oxidation
is the most common pretreatment to facilitate cellulose defibrillation reducing the energy consumption
in homogenization. The obtained CNF were characterized, and several doses of CNF (1, 2, and 3 wt.%)
were added to the recycled pulp to evaluate their effect in terms of paper strength enhancement,
using a three-component retention and drainage system (TRDS) containing cationic polyamine as
coagulant (C), cationic polyacrylamide as flocculant (PAM), and hydrated bentonite (B). The mechanical
properties measured on handsheets include tensile strength index, tear strength index, and porosity in
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the case of addition of CNF from recycled ONP. For CNF from recycled OCC, bursting strength index
and short-span compressive strength (SCT) were also measured to evaluate the recycled cartonboard

enhancement. Also, the effect of both kinds of CNF on retention and drainage was studied, using
different CNF doses and TRDS.

Figure 1. In situ production of cellulose nanofibers (CNF) from recycled papermaking streams to be
used as additive in the process.

2. Results and Discussion

2.1. Characterization of CNF from Recycled ONP and Recycled OCC Pulps

The content of carboxylic groups of the recycled ONP was very low—below 0.2 mmol of COOH/g
of dry pulp—compared to the content of carboxylic groups of recycled OCC (~0.85 mmol of COOH/g
of dry pulp). In the case of recycled ONP, the COOH level increased linearly with increasing oxidation
treatment up to a dose of 15 mmol of NaClO/g of dry pulp (Figure 2). In the case of recycled OCC, the
first addition of NaClO decreased the content of carboxylic groups but higher additions produced
an increase of the values, obtaining similar content of carboxylic groups to recycled ONP. This was
probably due to the higher content of lignin and other impurities present in the recycled OCC (Table 1)
that consume part of the NaClO [21].

Figure 2. Carboxylic groups in recycled old newsprint (ONP) and old corrugated container (OCC)
pulps oxidized by NaClO in presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO).
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Table 1. Morphology of recycled old newspaper.

Item Units Recycled ONP Recycled OCC
Fibers
Length weighted in length (um) 861 1054
Average width (um) 214 222
Coarseness (mg/m) 0.141 0.159
Microfibrils (%) 1.72 1.35
Broken ends (%) 37.2 34.1
Average angle ©) 130.3 133.5
Kinked fibers (%) 13.70 13.54
Average curl (%) 5.89 5.64
Pulps
Kappa index 40 72
Fibers (number X 106/g) 15.82 11.80
Aggregates (number/g) 98,837 92,667
Fines (number/g) 118,646 92,322

The yield of nanofibrillation increased with the degree of oxidation, reaching values close to 80%
and 100% when 15 mmol of NaClO per gram of dry pulp was used to produce CNF from recycled
ONP and recycled OCC, respectively (Figure 3a). As expected, catalytic oxidation with TEMPO
and NaClO had an important impact on the transmittance and on the cationic demand of the CNF
suspensions, obtaining higher values when the degree of oxidation applied to the recycled pulp
increased (Figure 3b,c). The production of CNF from recycled OCC pulps with a degree of oxidation
of 2.5 mmol of NaClO per gram of pulp was not possible due to the obstruction of the homogenizer,
requiring a minimum degree of oxidation (5 mmol of NaClO per gram of pulp) to carry out the
mechanical treatment.

Figure 3. Characterization of CNF from recycled ONP and recycled OCC pulps oxidized by NaClO in the
presence of TEMPO. (a) Yield of nanofibrillation, (b) transmittance at 800 nm, and (c) cationic demand.
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Results showed that CNF produced from recycled OCC with 10 mmol of NaClO/g of dry pulp or
a higher dose of NaClO are more nanofibrillated than CNF produced from recycled ONP, although the
chemical pretreatment and homogenization conditions were the same. This effect could be related to
the higher amount of lignin of recycled OCC compared to ONP, as shown in the Kappa index values
(Table 1). Delgado-Aguilar et al. (2016) [28] and Ferrer et al. (2012) [29] reported that lignin content is a
key factor for the nanofibrillation process, obtaining better results when a certain amount of lignin is
presented in the pulp. They reported that a good balance between hemicellulose and lignin content
facilitates the mechanical defibrillation of the cellulose fibers due to increased swelling caused by
hemicelluloses and the formation of mechanoradicals stabilized by residual lignin [28-30]. Probably,
the amount of hemicelluloses in CNF suspensions from recycled ONP, which has a negligible quantity
of lignin, was not enough to reach the higher nanofibrillation yields and transmittances values of
the CNF of recycled OCC, even though they had the same carboxylic content at the higher oxidation
degrees. In addition, the lower amount of aggregates in the recycled OCC pulp (6.2% less) (Table 1)
could also help to improve the defibrillation process.

2.2. Effect of CNF Content on Recycled Paper and Cartonboard Properties

Once the feasibility of producing CNF from recycled fibers was established, they were applied in
mass to evaluate their effectiveness as a reinforcing agent in the recycled pulp (ONP and OCC) using a
TRDS for retention of the CNF. The presence of 3 wt.% CNF produced from recycled ONP with low
levels of oxidation (2.5 and 5 mmol of NaClO/g of dry pulp) increased the tensile index of the recycled
pulp by 18%. CNF with higher degrees of oxidation (10 and 15 mmol NaClO/g of dry pulp) increased
the tensile index by 18% and more than 25% using 1 and 2 wt.% of CNF, respectively (Figure 4).
A higher increase in the tensile strength (28.5% and 34.5% with 2 and 3 wt.% CNF, respectively) was
obtained with the addition of CNF produced with the higher oxidation degree (15 mmol of NaClO/g of
pulp), these being the highest nanofibrillated fibers in terms of nanofibrillation yield and transmittance.
The CNF obtained from the recycled ONP pulp, oxidized with 10 mmol of NaClO/g of pulp, appears
to be adequate for the improvement of mechanical properties of recycled paper, as there is high tensile
index enhancement, similar to that obtained with 15 mmol of NaClO/g of pulp (only 5% less), but
requiring 33% less NaClO. Results showed that there is a relationship between the quality of the
CNF and the improvement in the mechanical properties, but this relationship is complex and it is
not proportional. In other studies the quality of the CNF did not have a simple direct relation on
the mechanical properties of the recycled paper [21] due to the influence of other factors, such as the
dispersion of the CNF in the pulp suspension, the interaction between the CNF and the rest of the
components present in the pulp, as well as the flocculation processes that may occur and affect the
uniformity of the final paper [31]. This shows the importance of the application methodology for the
CNF industrial application.

The effect on the tear index is not very significant although there were improvements achieved
at 10 mmol of NaClO/g of pulp for 1 and 2 wt.% of CNF (Figure 5). As expected, the porosity of the
handsheets is lower when the amount of CNF increases and the lowest values of porosity were obtained
at high TEMPO-mediated oxidation level due to the high yield of the nanofibrillation achieved at these
conditions (Figure 6). Both an increase in CNF content and a higher fibrillation produces a higher
block of pores that reduces the porosity. The reduction of porosity produce a higher interaction in
the hydrogen bounding improving the tensile strength. However, the tear strength does not show a
clear trend due to the dependence of several factors. On the one hand, the tear index improves with
the hydrogen bounding that increases with CNF content and the block of pores. However, the same
property is reduced with short fibers that facilitate the tear of the sheet.

Comparing the improvement in tensile strength with published data, available only for CNF
produced from virgin and agriculture residues pulps, the conclusion is that the effect depends on both
the type of CNF and the used retention system. Merayo et al. (2017) [32] used bleached Eucalyptus
pulp to produce CNF (TEMPO-5 mmol of NaClO/g of pulp and six steps of homogenization at 600 bars)
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and the tensile index of newsprint increased around 60%, using 3 wt.% of CNF and the same retention
system as in this study. In a similar study, Delgado-Aguilar et al. (2015) [16] obtained an increase
up to 52% when cationic starch was used as retention system; although the real improvement by the
3% CNF addition was lower since cationic starch is also a strength agent. When corn stalk pulp was
used to produce CNF (TEMPO-15 mmol of NaClO/g of pulp and six steps of homogenization at 600
bars) tensile index of newsprint also increases by 60% using the same TRDS as in this paper [32]. On
the other hand, when 3 wt.% of CNF (obtained by bleaching with 8 wt.% NaClO/g of pulp and a
homogenization cycle of three steps at 300 bars, three steps at 600 bars, and three steps at 900 bars)
from sawdust of pine; Eucalyptus and triticale were used with the same TRDS and the tensile index of
newsprint increased by 15%, 8%, and 3.5%, respectively [33]. Even more interesting is the comparison
of the obtained data with the use of CNC, produced and applied to the same recycled newspaper. In
this case, similar increments up to 30% in the tensile strength index were achieved when 3 wt.% of
CNC was added into the recycled pulp using a similar polyacrylamide-based retention system [24].

Figure 4. Effect of CNF dose and TEMPO-oxidation degree on tensile index increment of the recycled
ONP paper using a three-component retention and drainage system (C-PAM-B).

Figure 5. Effect of CNF dose and TEMPO-oxidation degree on tear index increment of the recycled
ONP paper using a three-component retention and drainage system (C-PAM-B).
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Figure 6. Effect of CNF dose and TEMPO-oxidation degree on porosity of the recycled ONP paper
using a three-component retention and drainage system (C-PAM-B).

CNF from recycled OCC were prepared by TEMPO-mediated oxidation using 10 mmol of NaClO
per gram of pulp before the homogenization because those were the optimal mechanical properties
of the handsheets obtained previously for recycled ONP. The effect of the CNF on the short-span
compressive test (SCT) and burst index of the cartonboard—the same raw material as the one used
to prepare CNF, besides tensile index, tear index, and porosity—was studied at 1, 2, and 3 wt.%
doses of CNF. The retention and drainage system C-PAM-B was added to the pulps, and handsheets
were formed and characterized. In this case, 3 wt.% CNF increased the tensile index above 60%, and
decreased the porosity, as it was expected (Figure 7). Burst index and SCT increased above 15% for
a 3 wt.% CNF dose. The mechanical properties obtained are similar than the results of Balea et al.
(2016) [14] that used virgin pulps, namely bleached Eucalyptus and pine, to produce CNF using cationic
starch as retention system. They applied 3 wt.% CNF reaching only 20-25% tensile index improvement;
however, they achieved 30% and 37% increases in burst and tensile indexes, respectively.

Figure 7. Effect of CNF dose on mechanical properties of the recycled OCC paper using CNF produced
from recycled OCC using 10 mmol of NaClO per gram of pulp before the homogenization and a
three-component retention and drainage system (C-PAM-B).
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2.3. Effect of CNF on Retention and Drainage Process

The effect of the addition of CNF was assessed on the retention and drainage process of recycled
ONP and recycled OCC with and without a retention system. In both cases, drainage effect was studied
only with CNF oxidized with 10 mmol of NaClO/g of pulp before the homogenization. Figure 8 shows
the drainage curves of experiments performed with and without TRDS for recycled ONP (Figure 8a)
and recycled OCC (Figure 8b). To compare drainage results, drainage time was calculated when 300 g
of water were drained (W300). Figure 9 shows the effect of CNF dose on the W300 time, the total solid
retention and ash retention in recycled ONP and OCC pulps (Figure 9a,b, respectively) using TRDS.

Figure 8. Effect of CNF dose and three-component retention and drainage system on the drainage
process. (a) ONP and (b) OCC.

Figure 9. Effect of drainage time (W300), solid retention, and ash retention of the handsheets with
different doses of CNF and TRDS. (a) Recycled ONP pulp and (b) recycled OCC pulp.

In general, the drainage time of the recycled ONP pulp was lower than OCC in all conditions
studied, probably due to the higher amount of fines that the recycled ONP pulp has compared to the
recycled OCC pulp (Table 1). Cellulose fines usually consist of a very complex and heterogeneous set
of materials, thus a certain fraction of fines is similar to cellulose microfibers [19]. The drainage results
obtained in this study are according to Taipale et al. (2010) [19] and Johnson et al. (2016) [34], which
demonstrated that lower content of fines in the pulp decreased the dependence of the drainage time
with the CNF content. In both recycled pulps, higher doses of CNF absorbed more water in the pulp,
making more difficult the drainage process, thus increasing the W300 by 334% and 77% when 3 wt.%
CNF from recycled ONP and recycled OCC were added into the pulp in absence of TRDS. However,
this effect can be reduced by 48% and 30%, respectively with the incorporation of TRDS as retention
agent. These results are according to several authors, which demonstrated that the addition of CNF
into a pulp suspension gets worse the drainage rate but this effect can be counteracted by the addition
of different retention systems [19,21,32,34].
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For total solids retention, determined through gravimetric analysis, the addition of both CNF
reduced their retention, reaching a minimum of 95% when a 3 wt.% of CNF was added to the recycled
pulps. Finally, the trend of the ash retention was similar as that of total solids retention, decreasing as
CNF content increased. Both recycled ONP and OCC pulps without CNF have an ash retention ~85%,
whereas these values decrease until 70 wt.% when a 3 wt.% of CNF was added (Figure 9).

3. Materials and Methods

3.1. Materials

Recycled old newsprint (ONP) and old corrugated containers (OCC), manufactured by Holmen
Paper Madrid (Madrid, Spain) and Répina Paperivabrik AS (Répina, Estonian), respectively, were used
as raw materials to simulate broke streams to produce both the CNF and the recycled pulps in which
CNF were added at different dosages. Table 1 presents the results of the morphological analysis of the
ONP and OCC pulps, obtained using a Morfi analyzer V7.9.13E (Techpap, France).

A three-component retention and drainage system (C-PAM-B) was assessed as it is commonly
used in the recycled paper industry. The doses used for the laboratory experiments are based
on industrial recommendations [35]. The three-component system selected was a bentonite-based
microparticle system that contains: 1.25 mg/g of cationic polyamine as coagulant (cationic charge
density of 0.035 meq/g and high molecular weight); 0.75 mg/g of cationic polyacrylamide (PAM) with
high molecular weight (cationic charge density of 3.66 meq/g) as flocculant; and 1.7 mg/g of hydrated
bentonite clay, all of them supplied by BASF (Ludwigshafen, Germany).

3.2. Methods

3.2.1. CNF Production and Characterization

CNF produced from recycled ONP and OCC were obtained by TEMPO -mediated oxidation by
using 2.5, 5, 10, and 15 mmol of NaClO/g of pulp. The reaction was performed at room temperature,
maintaing pH at ~10, and using a NaOH solution at 0.5 M [36]. After the oxidation process, the
pulp was cleaned through filtration steps using tap water to reach a neutral pH. Finally, CNF were
homogenized in a PANDA PLUS 2000 laboratory homogenizer (GEA Niro Soavi, Italy) at 600 bar.
The number of passes through the homogenizer was the required to obtain a gel suspension of CNF
and depend on the oxidation grade (in the case of CNF with 2.5 and 5 mmol of NaClO, 15 passes were
applied, for 10 mmol of NaClO the number of passes was 5 and, finally, 3 passes were applied for CNF
with 15 mmol of NaClO).

To characterize the oxidized cellulose pulp the amount of carboxyl groups was measured as
an indicator of the oxidation degree achieved after TEMPO-mediated oxidation by conductimetric
titration according to Balea et al (2016) [15] and calculated based on the method development by
Habibi et al. (2006) [37]. As for CNF characterization, nanofibrillation yield was measured in a diluted
CNF suspension (0.1 wt.%) by centrifugation at 4500x g for 30 min. The nanofibrillated fraction is
isolated in the supernatant from the nonfibrillated fraction deposited in the sediment. Transmittance
of the CNF suspensions diluted at the same concentration as previously were measured between 400
and 800 nm of wavelength using a Cary 50Conc UV-visible spectrophotometer (Varian Australia
Pty Ltd, Victoria, Australia). Cationic demand was measured by colloidal titration of the diluted
suspension at 0.05 wt.%, with 0.001 N polyDADMAC, using a Miitek PCD04 particle charge detector
(BTG Instruments GmbH, Herrsching, Germany). Finally, polymerization degree was calculated
from the limiting viscosity number of CNF suspensions, using cupriethylendiamine as a solvent
and determined by the international standard 1SO5351/1, based on Mark-Houwink-Sakurada (MHS)
equation and the studies of Marx-Figini (1978) [38] and Henriksson et al. (2008) [39].
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3.2.2. Handsheet Preparation and Characterization

Recycled pulps (ONP and OCC) were prepared through disintegration of 20 g of dry recovered
paper in 2000 mL of water using a Messmer pulp disintegrator (Mavis Engineering Ltd, London, UK).
The recovered paper with the correspondent amount of CNF (1.0, 2.0, and 3.0 wt.%) was left to soak at
least 24 h before disintegration to favor swelling. A three-component retention system was added to the
pulp (1.25 mg/g of coagulant, 0.75 mg/g cationic polyacrylamide as flocculant, and 1.7 mg/g hydrated
bentonite clay based on industrial recommendations). The pulp was used to prepare handsheets with
basis weight of 80 g/m? for both recycled papers in a normalized handsheet former Rapid-Kéthen (ISO
5269/2, DIN 54 358).

Mechanical properties were determinated by measuring tensile strength index (kN-m/kg), tear
strength (mN), porosity (um/Pa-s), short-span compressive test (SCT) index (N-m/g), and bursting
strength index (kPa-mZ/g). Tensile strength was measured in a MTS Criterion Mode 43 from MTS
Systems Corporation (Eden Prairie, MN, USA), following ISO 1924-3 (2014) standard. Tear strength was
determined according to ISO 1974:2012 using a tearing resistance tester. Bendtsen porosity (um/Pa-s)
was measured with a Bendtsen Porosity Tester n° 8699 from Andersson & Serensen (Copenhague,
Denmark) according to ISO 5636-3 (2013). To measure the cross directional short-span compressive
strength a short span compression tester (Messmer Biichel, Veenendaal, The Netherlands) was used
according to TAPPI T826 standard (2013). Finally, bursting strength was measured in a Messmer Biichel
digital hydraulic board burst tester according to standard ISO 2759 (Veenendaal, The Netherlands).

3.2.3. Retention and Drainage Measurements

Drainage measurements of the pulp suspensions were carried out in a MiitekTM DFR-05 (DFR)
from BTG Instruments (Siffle, Sweden), which provided the drainage curves of the pulp when it is
drained by gravity through 150 mesh. Experiments were performed with 500 mL of pulp suspension
at 0.5 wt.% consistency. First, the pulp suspension was placed in an agitation chamber and it was
agitated at 300 rpm. After 30 s of initial stirring, the retention aids were added to the pulp in the DFR
(coagulant was firstly added, then, at consecutive intervals of 30 s, cPAM and bentonite were also
added). Finally, after a further 30 s of mixing, the stirring was stopped, and the filtration step began
monitoring and recording the weight of the drained on real time. Solids retention was measured by
gravimetric analysis of the total solids in the drained water at 105 °C, and ash retention was determined
by incineration at 525 °C (ISO 1762, 2015).

4. Conclusions

In situ production of CNF, from recycled ONP and OCC that simulate broke streams of the paper
machines, is feasible in terms of improving the final product quality. The potential increase of the
strength properties depends on the CNF properties, which are linked to the CNF production, the CNF
dosage, and the retention system used. Implementation of this strategy would reduce the costs and
difficulties of CNF transportation and application, valorizing the waste streams containing cellulose
and contributing to the sustainability and circular economy in the process. Furthermore CNF could be
also sold in the local market for other applications to contribute to the economy of the process.

The use of 10 mmol of NaClO/g of pulp in TEMPO-mediated oxidation before the homogeneization
is enough to improve mechanical properties of recycled ONP pulp with an increase of tensile index
around 30% with a 3 wt.% of CNF and with slightly impact on tear index. These results are very
similar to the application of 3 wt% CNC obtained from the same raw material and applied to the
same newsprint pulp. A further increase in the oxidation conditions to produce CNF do not improve
efficiently the mechanical properties.

On the other hand, the optimal conditions to prepare CNF from ONP were also applied to prepare
CNF from OCC. In this case, tensile index increased above 60% with a 3 wt.% CNF, whereas tear, SCT,
and bursting indexes raised ~15-20%. Finally, CNF from both cellulose sources had worse drainage,
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but this effect was effectively counteracted with the optimization of the three-component retention
system used.
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decomposition depends mainly on the degradation time and type of soil. Paper pots in all tested
configurations degraded most quickly in agricultural and forest soils, each stimulating growth of
microorganisms responsible for the decomposition of paper. The obtained results allow selection of products
with optimal composition for specific applications and to design the packaging containers degradation time in
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Introduction

Over 67 million tons of packaging wastes are gener-
ated annually in the EU, containing up to 30% of
slowly degrading plastics. The Packaging and Pack-
aging Waste Directive, which standardizes the pro-
duction of packaging materials, waste management
and the use of recycling, composting, and energy
recovery by incineration regulates the bio-based
packing sector (European Parliament and Council
Directive 1994). There are clear targets regarding
waste reduction in the EU. Seventy-five percent of
packaging waste should be recycled by 2030 (Niero
and Hauschild 2017). Re-utilization of waste paper is
therefore important for reducing waste generation but
also for saving wood resources (Kose et al. 2016).
According to Chartered Institution of Waste Manage-
ment, the reduction of waste quantity might save 72
billion € per year and create over 400,000 new jobs in
Europe (Cheshire 2016).

The increased use of bio-based materials is essen-
tial in order to reduce the environmental impact of
materials, including reuse and ultimately, disposal. It
is expected that use of biodegradable materials will
contribute to sustainability and reduction in the
environmental impact associated with disposal costs
(Song et al. 2009). Moreover, increased bio-based

@ Springer

material use is in line with Circular Economy (CE)
objectives, which aims to maximize value at each
point in a product’s life by keeping products, compo-
nents and materials at their highest utility at all times
(Stahel 2016).

Currently, landfilling is the dominant method of
packaging waste disposal, followed by recycling,
incineration, and composting (Valdés et al. 2014).
However, it is considered as “leakage” from circular
system, meaning that valuable resources are wasted
and lost from environmental and economical point of
view (Cheshire 2016). The most favorable way for
transformation of ligno-cellulosic wastes is by recy-
cling. The feasibility of recycled fibers for the
production of high value-added papers to be used for
packaging purposes was recently reported by Tarrés
et al. (2018). However, fibres recovered from paper
wastes after re-pulping process have reduced mechan-
ical properties. According to Wistara and Young
(1999) tensile strength, bursting strength, and apparent
density of the pulps decreases when recycling paper.
After a maximum of 6-7 recycling cycles, fibres
become too short for further processing. Conse-
quently, additives (new fibres or fillers) are necessary
to enrich recycled pulp and to minimize depreciation
of its quality (Villanueva and Wenzel 2007). In some
circumstances increased use of fillers leads to decrease
paper strength (Balea et al. 2018). Moreover, physical
recycling may be impractical in case of packaging
materials contaminated with foods or other biological
substances (Kale et al. 2007). Composting paper waste
is considered as one of the less costly disposal routes,
and is an option for recycling (Lopez Alvarez et al.
2009). In this scenario, biodegradability becomes a
desirable feature for several everyday products,
including packaging. Although ultimate biodegrad-
ability in the natural environment is important,
sustainable packaging products are required to biode-
grade in a controlled and industrially acceptable way
(Scott and Wiles 2001). However, the main factor that
affects the formation and manufacturing of bio-based
packaging is related to economic aspects.

Biodegradable pots, developed as an alternative for
traditional petroleum derived plastic containers are
environmentally friendly and frequently used for
silvicultural and agricultural purposes. Such contain-
ers reduce overall costs, as seedlings with the bio-
degradable pots can be planted quickly while avoiding
root disturbance or any interruption to plant growth.
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The most commonly used disposable pots are made of
peat or a mixture of peat with wood fibres. Such pots
can be easily embedded into the soil with plants or
converted into bio-gas (digested) after removing the
plant. On the other hand, such containers are mechan-
ically unstable and possess high permeability to water
vapour. Salt deposition on pot walls is frequently
observed and causing nutrient content to become
unavailable. This may have a negative impact on plant
production and therefore horticulturalists are not
always confident to use pots made of peat (Treinyte
et al. 2014). Moreover, some consumers avoid the use
of peat because peat harvesting may be unsustainable
and possibly contribute to global climate change
(Mitsch et al. 2013). Containers produced from
coconut fibres or bird feathers are interesting alterna-
tives, as these are mechanically more resistant and
retain moisture well. However, these cannot be
embedded in soil with plants and can only be disposed
or digested afterward (Treinyte et al. 2014). Recycled
plastic geotextiles are other option recently introduced
to the market. These are not easily biodegradable or
compostable, but will slowly disintegrate when
exposed to the soil. A common limitation of these
products is their relatively high price, therefore
continuous research regarding development of novel
packaging products is ongoing.

Natural fibres and agricultural residues are becom-
ing attractive fibre reinforcement solutions for bio-
composites (Ochi 2011; Schettini et al. 2013; Nam-
buthiri et al. 2015; Tesfaye et al. 2017). Substances
from plant waste materials (such as: cellulose, hemi-
cellulose, starch, dextrin, and other carbohydrate
polymers) are the most convenient solution as they
solve two problems simultaneously: they contribute to
efficient waste management and avoid or minimize the
use of chemical additives as binders (Miiller et al.
2007). A solution that fulfils both of these require-
ments is cereal bran. In typical flour production
processes, cereal bran is devoid of nutrients, and is
most often separated for disposal, leading to handling,
storage and disposal costs. According to Formela et al.
(2016) bran are interesting alternative for commer-
cially available cellulosic fillers and could be success-
fully applied as a low-cost filler in polymer
composites. Therefore, bran may be an ideal filler
for the extruded paper or pulp containers used
extensively in horticulture. It may also serve as an

inhibitor controlling the bio-degradation rate in var-
ious products (Sandak et al. 2011).

Evaluation of paper products decomposition in
laboratory conditions with selected microorganisms
was previously reported (Modzelewska et al. 2010;
Jaszczur and Modzelewska 2011; Sandak et al. 2015).
However, Lopez Alvarez et al. (2009) have empha-
sized the necessity to establish biodegradation curves
for different packaging products in landfill and/or
composting end-of-life scenarios. Such experiments
conducted in different soil types and climates are
essential before adopting containers made with alter-
native materials. It is important to note that the same
physical characteristics that promote degradation
during composting could also contribute to premature
degradation during production and transportation.
Depending on their capacity to degrade at their end-
of-life, alternative containers are usually classified as
plantable, compostable or recyclable (Nambuthiri
et al. 2015).

Various types of soil have different influence on
degradation rates mainly due to variability in water-
holding capacity (Rahman and Chattopadhyay 2007),
available nitrogen, pH, presence of microorganisms
and organic matter content (Nambuthiri et al. 2015). In
soil with neutral or slightly acid pH (6.0-7.0),
favourable microorganisms and minerals necessary
for plant roots are present (Yeomans 1954). Such
beneficial bacteria are not present in more acidic soils,
leading to uncontrolled mould fungi growth. More-
over, most of minerals are insoluble in soils possessing
low pH. Sandy soil is airy and highly permeable. It has
rather low water storage capacity, is fast drying and
easily loses nutrients due to leaching. In practical
applications, it can be improved by adding organic
matter or fertilizers. Soil present in coniferous forests
contain litter compost composed primarily of pine or
spruce needles, ericaceous understorey plant species
and mosses (Hilli et al. 2010). The compost is highly
acidic but has good leavening properties and can be
used as an optimal peat substitute providing favour-
able conditions for plant growth (Drozd et al. 2002).

Recycled paper containers have been proven to
have the comparable wet and dry vertical and lateral
strength, similar to those of plastic containers, and
showed no algal or fungal growth on the container wall
(Nambuthiri et al. 2015). However, additives and
fillers might influence the performance of packaging
products.
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The goal of this work is to increase the positive
footprint of packaging products by designing “eco-
effective” solutions according to the Cradle to Cradle
design framework. Reutilization of two kinds of
materials (waste paper and cereal bran) is proposed
here in order to close the loop at the end of product life
cycle. The aim was to design, manufacture and
examine the degradation intensity of waste papers
containing cereal bran with a special focus on the
effect of the soil type. Both, paper sheets and paper
pots were evaluated. It is expected that by understand-
ing the degradation rate of the investigated products it
will be possible to optimize paper pots manufacturing
to assure sufficient mechanical resistance and the
desired rate of degradation.

Materials and methods
Materials

Two forms of paper products were examined in this
study including flat sheets of paper and paper pots.
Five configurations were made for both products
(Table 1). In case of paper sheets, 24 samples with
dimension of 15 x 95 mm, were cut from each
configuration of paper. Fifty pots were manufactured
from individual paper type.

Paper sheets

Paper sheets were produced in the laboratory at
University of Life Sciences in Poznan on the Rapid-
Ko6then apparatus from recycled pulp type D (card-
board, paper, grey bags, corrugated board), weighing
100 + 5 g m~2. The pulp was milled on the labora-
tory mill PFI (till 28 + 2°SR value). The wetness was
measured with a Schopper-Riegler device. The pulp

Table 1 Summary of investigated samples composition

Sample code Mass content of additives (%)

Wheat bran Rye bran
WP 0 0
WP3W 3 0
WP5W 5 0
WP3R 0 3
WP5R 0 5
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was defibred using a defibrator and formed into sheets
of paper with a Rapid-Kothen device. Manufactured
papers were made of pulp without and with 3% or 5%
addition of wheat and rye bran. Both additives were
by-product of the flour production and were provided
by Gdarnskie Mtyny i Spichlerze Dr Cordesmeyer Sp. z
0.0. The fraction size of bran particles was below
0.4 mm. Details for the sample composition and
labelling of investigated papers are summarized in
Table 1.

Paper pots

Paper pots were manufactured in the laboratory from
the same pulp as reference flat paper sheets and with
identical additives configuration (Table 1). The cus-
tom machine for forming pots was developed at
University of Life Sciences in Poznan (grant number
N30900831). The pot was formed directly in the
container from water pulp solution with 2.5% dry mass
concentration. 600 cm® of the pulp solution was used
for manufacturing of each pot. The perforated mold
was used to deposit a layer of fibres with additives,
where water was removed from the cast by a vacuum
pump. The formed pots were dried for 12 h at 50 °C in
a climatic chamber. The final size of the manufactured
pot was 6.0 x 6.0 x 5.5 cm (width x length x
height, respectively). Degradation and characteriza-
tion were performed on commercially available prod-
ucts (pots manufactured with the addition of peat) in
order to compare their overall performance with
laboratory produced pots. Figure 1 presents images
of pots manufactured in the laboratory and alternative
commercially available products.

Methods
Degradation in soil

The substrate used in this experiment was a natural soil
sample collected close to Poznan (Poland). The soil
was sieved to less than 2-mm particle size before
degradation tests, and obvious plant material, stones, or
other inert materials were removed. The degradation
process was conducted in conditioned laboratory in
20 °C and 65% RH. Three different types of soil
(sandy, forest and agricultural) were selected as
degradation environments for the investigated paper
products. The pH of sandy soil was ~ 7.5 to 8.0.
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Fig. 1 Plants growing in the bio-degradable paper pots (a), laboratory manufactured prototype pots made of waste pulp with addition
of cereal bran (b), commercially available pots made of pulp with addition of peat (c)

Coniferous forest soil is usually enriched with cones
and needles, but is rather poor in nutrients. It was
the most acid soil studied and had pH of ~ 3.5t04.0.
Agricultural soil, which consisted of highly decom-
posed matter deeply mixed with mineral soil had pH
of ~ 5.0 and carbon to nitrogen ratio of ~ 10. The
laboratory experiment was conducted in plastic boxes
containing soils. Experimental samples (paper sheets)
were fully covered by the soil. Paper pots were placed
in the containers to the depth corresponding to ~ % of
the pot height. All the samples were exposed to the soil
for 2 months and the degradation progress was mon-
itored at the 2nd, 4th and 8th week of the experiment.
The moisture of the soil during the whole campaign
was kept constant in the range of around 55%. The
water capacity of the soil and the ambient temperature
was continuously monitored during the tests in order to
provide amount of water required to achieve an
adequate level of humidity. Containers with samples
after installation were kept in climatic chamber (20 °C,
60% RH). Once a month small amount of water was
added to the constant weight of the containers.

Evaluation of paper properties
The following tests were performed before degrada-

tion in soil (according to corresponding standards) in
order to characterize the produced paper sheets:

e Breaking length (PN-ISO 1924-1 1998) on the
Schopper apparatus.

e Extensibility (PN-EN ISO 1924-2 2009) on the
Schopper apparatus.

e Tearing resistance (PN-EN ISO 1974:2012P 2012)
on the Elmendorf apparatus.

e Burst test (PN-EN ISO 2758 2005) on the Mullen’s
apparatus.

e Air permeability according to Gurley (PN-ISO
11004 1995) on the Gurley apparatus.

e Rate of absorbency according to Cobb (PN-EN
20535 1996) on the Cobb apparatus.

In addition, crushing strength was tested on paper pots
on the Zwick/Roell Z005 (Zwick Roell AG, Ulm,
Germany) mechanical testing machine in compression
mode according to TAPPI T804 standard (2006). All
the samples were conditioned to 7 & 1% moisture
content before characterization. It was impossible to
perform all tests on some samples following degrada-
tion due to excessive disintegration.

Polymerization degree
The degree of cellulose polymerization (PD) for paper

products was determined on samples before and after
soil degradation. During the test, the intrinsic viscosity
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was determined in cupri-ethylenediamine solution
(CED) according to ISO 5351-1 (1981).

Chemical analysis

The concentration of cellulose was determined
according to the Seifert procedure by using acetylace-
tone-dioxane-hydrochloric acid (Browning 1967). The
quantities of other wood components were determined
according to the following standards:

e Hot water extractives (T207 cm-08 TAPPI 2008).
e 1% NaOH extractives (T212 om-07 TAPPI 2007).

The solubility in 1% H,SO,4 was performed following
the same procedure as in 1% NaOH (T212 om-07
TAPPI 2007). All the chemical analyses were per-
formed before and after degradation and were repeated
three times and the maximum standard deviation of
results was considered as the indicator of the mea-
surement error.

Statistical data analysis

A factorial one-way ANOVA was conducted to
compare mean values of chemical components con-
centration and paper properties at significance level
p < 0.05. In addition, Tukey contrasts simultaneous
test for general linear hypothesis with multiple com-
parison of means was performed post hoc to identify
groups of statistically similar samples. The analysis
were performed in R software (www.r-project.org) by
using multcomp module.

Electron microscopy

A scanning electron microscope (SEM; S-3400 N,
Hitachi High-Tech, Tokyo, Japan) in high vacuum

mode with a secondary electron detector was used for
imaging samples. It was necessary to coat samples
with a thin layer of gold in order to obtain quality SEM
images.

FT-NIR measurement

NIR measurements were made using a Vector 22-N
spectrophotometer (Bruker Optics GmbH, Ettlingen,
Germany). The measured spectral range was between
4000 and 12,000 cm ™" (2500 nm and 833 nm) with a
resolution of 8 cm™'. The spectral wavenumber
interval was 3.85 cm™ with zero-filling =2. An
average of 32 consecutive measurements (internal
scans) was acquired for each spectrum. The degrada-
tion stage of all papers was determined on three
representative paper strips and measured on three
spots, before and after 4 and 8 weeks of degradation in
each soil. The resulting spectra (9 spectra) were
averaged and stored in a data base for further analysis.
All measurements were performed in an air-condi-
tioned room (20 °C and 65% RH) in order to minimize
the effects of the temperature and moisture variations.

1

Spectral data analysis

The interpretation of spectra based on Schwanninger
et al. (2011) and corresponding band assignments are
summarized in Table 2. A narrow range, between
4000 and 6000 cm_l, was selected for spectra inter-
pretation. Computation of the second derivative [21-
point smoothing, Savitzki and Golay algorithm
(1964)] was applied for spectra pre-processing. Spec-
tra were also pre-processed with extended multiplica-
tive scatter correction (EMSC) algorithm for
investigation of the degradation rate. Principal com-
ponent analysis (PCA) was used for data analysis. The
commercially available OPUS 7.0 (Bruker Optics

Table 2 Interpretation of

nr Band assignment
the FT-NIR molecular

Chemical component Wavenumber (cm™')

vibrations (Schwanninger
et al. 2011)

C—H def.
C-H def. 4+ C-H str.

C-H def. + O-H str.
C-H def. 4+ O-H str.
O-H def. + O-H str.
C-H def. 4+ O-H str.

N O R W N =

C-H, def. + C-H, str.

Holocellulose 4198
Cellulose 4280
Cellulose 4404
Cellulose 4620
Cellulose 4890
Water 5219

Semi-crystalline/crystalline cellulose 5464
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GmBH) and Unscrambler® X (CAMO Software AS)
software packages were used for spectra post-process-
ing and data evaluation.

Results and discussion

The overview of material flow representing manufac-
turing of design-for-purpose packaging products is
presented in Fig. 2. The transition from open loop to
closed loop systems is important in order to assure
sustainable use of resources and the economic viabil-
ity of modern bio-based industries. Production of
packaging containers proposed here allows valorisa-
tion and utilization of waste generated during diverse
industrial processes. This approach is in line with the
industrial symbiosis concept, where studies regarding

flow of materials between industries leads to creation
of opportunities to use “waste” from one industry as a
raw material for another (Cheshire 2016). In this case
fit-for-purpose paper packaging containers are manu-
factured by combining resources generated by pulp
and paper with milling industries. Increasing the
recycling and reuse rates of virgin wood fibres leads to
increased availability of this resource for other use.
However, any recycling round requires a certain
amount of virgin paper input, usually from 20% to
95% (Villanueva and Wenzel 2007). Incorporation of
cereal bran into packaging products allows minimiz-
ing virgin wood fibre inputs while maintaining (or
improving) the required properties. The set of
expected product characteristics can be optimized by
adjusting proportion of recycled fibres, virgin fibres
and bran (Fig. 2). Moreover, it solves a costly disposal

—
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NATURAL RESOURCES MANUFACTURING

paper products

pulp & virgin fibers

<

products with programmed lifetime

forests products

|

4

production wastes (bran)

!
=

i Yl
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design-for-puropuse packaging products

USE PHASE CASCADE USE

Fig. 2 Scheme of materials flow for manufacturing materials of fit-for-purpose packaging containers
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problem from industrial mills by providing a solution
for cereal processing by-products use. Finally, control
of the biodegradability rate of manufactured products
allows predicting their use phase performance and
duration of deterioration.

Effect of the bran additives on the properties
of investigated paper products before degradation

The effect of additives on the chemical composition of
manufactured paper products is summarized in
Table 3. The effect was minor, but for all analysed
components the differences between means were
statistically significant (ANOVA, p < 0.05). The most
noticeable differences are in cellulose content
(88.6-91.2%). Cellulose content in control samples
was highest and with increased amount of bran (both
types) diminished. It was a direct effect of dilution, as
the amount of cellulose is low in bran when compare to
the pulp and paper. The cellulose content in bran as
reported in literature ranges between 5 and 13%
(Kamal-Eldin et al. 2009; Chalamacharla et al. 2018).
In fact, such a high variation in composition within
both wheat and rye brans is influenced by the cereal
species, provenance, batch and milling techniques
applied for flour production. The chemical

composition of brans used in this study was researched
by Modzelewska and Adamska (2006) and is summa-
rized in Table 4.

The differences in extractives content augmented
with the bran share increase.

It is an additional dilution effect of mixing compo-
nents present in waste paper and bran. The bran itself
contains several solvable substances that are con-
tributing to the overall content of extractives. These,
beside of cellulose include ash, dietary fibre, proteins,
starch and diverse phytochemicals, among the others
(Onipe et al. 2015). The relatively high amount of
starch in cereal bran (estimated to be 15.8-18.9% of
the dry mass) simplifies the coupling of cellulose
fibres and paper forming as well as aids in filling
micro-pores. However, as previously reported by the
authors, the presence of starch in paper products may
advance the degradation rate as it is a favourable
breeding ground for bacteria and microfungi (Sandak
et al. 2011).

NIR analysis of investigated papers with addition of
the rye and wheat brans did not reveal any noteworthy
differences between spectra due to presence of bran
fillers (Sandak et al. 2011). Only slight variations were
noticed for CH, CH, and OH functional groups
assigned to cellulose and holocellulose.

Table 3 Chemical composition of papers (% of dry mass) estimated before and after degradation in agricultural soil

Paper type  Before degradation After degradation in agricultural soil

Cellulose*  Extractives PD Cellulose*  Extractives PD

H,O* 1% NaOH* 1% H,SO,* H,O* 1% NaOH* 1% H,SO,*

SD 0.1 0.1 0.1 0.1 - 0.1 0.1 0.1 0.1 -
WP 91.2¢ 2.4% 15.1% 10.2% 1102 83.5¢ 2.8% 16.0° 13.8° 949
WP3W 90.0° 29  155° 10.5° 1100  82.0° 3.3%  15.8% 13.6*° 954
WP5W 89.6° 3.1¢ 16.7¢ 12.7¢ 1097  76.9° 3.5° 15.7% 13.5% 950
WP3R 90.0° 25% 165 11.5° 1101 77.1° 3.2° 15.9% 13.4% 955
WP5R 88.6% 27% 16.3° 12.5¢ 1097 76.2° 3.4% 1577 13.5% 954

*Differences significant at p < 0.05, letters in superscript correspond to the statistically similar groups determined with Tukey post
hoc test

SD, maximum standard deviation of results; PD, polymerization degree

Table 4 Chemical composition (% of dry mass) of rye and wheat bran

Bran type Cellulose Holocellulose Starch Lignin Hot water extractives Cold water extractives Ash
Wheat 12.7 43.1 18.9 10.4 25.8 25.1 3.7
Rye 10.5 20.8 15.8 9.3 44.5 26.6 35
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Table 5 Selected properties of papers with added bran

Paper Breaking length* Extensibility* Tearing resistance* Burst test* Air permeability* Absorbency*
type (km) (%) (mN) (kPa) () (g/m?)

WP 2.9 0.97° 980" 567% 4.5° 166°

WP3W 3.4° 0.87° 879° 678" 4.8 184¢

WP5W 3.4° 0.93° 880° 689" 5.0 190¢

WP3R 3.8° 0.97° 960" 683" 6.1° 123?

WP5R 3.9° 1.05¢ 870° 689° 5.1° 182¢

*Differences significant at p < 0.05, letters in superscript correspond to the statistically similar groups determined with Tukey post

hoc test

The influence of bran additives on selected paper
properties is summarized in Table 5. The breaking
length of papers with bran additives is about 25%
higher than control samples. It can be explained by a
positive effect of the filler increasing the number of
connections between paper fibres and therefore the
degree of bonding (Retulainen and Ebeling 1993). In
this case the bran particles take part in the hydrogen
bonds promoting consolidation of the paper structure.
It was also noticed that the effect of mixing fibres with
bran additions was not following the linear rule of
mixture (Karlsson 2007). The breaking length increase
was not significantly higher in 5% bran content
compare to 3%. The breaking length was highest for
paper products with rye bran.

The addition of bran seems to have rather casual
influence on the paper extensibility, even if increased
share of bran slightly augmented extensibility value.
Conversely, tearing resistance diminished with
increase of the bran content. It was expected as tearing
is usually inversely correlated with the tensile strength
and breaking length (Caufield and Gunderson 1988).
The reduction of tearing can be explained by the fact
that addition of bran particles affects fibre—fibre

Table 6 Results of the crushing strength of paper pots (kPa)

bonding promoting pulling up of fibres out the
network (Yu 2001).

The burst resistance index, frequently used to
determine the quality of paper, does not depend on
the kind, but rather on the amount of filler introduced.
It is lowest for the paper without additives, and slightly
increases with the added bran content. The trend
corresponds to that expected as the burst resistance is
as well correlated to the tensile strength (Caufield and
Gunderson 1988).

Air permeability and absorbance increased in
papers with additives. Both properties might be
desirable when increased barrier properties against
water are required. In the case of waste paper, adding
bran leads to early disassembly of the structure of the
paper while exposed to degradation; consequently,
affecting the air permeability. This peculiarity has a
beneficial effect for paper pots, where high air
permeability improves the natural ventilation of the
root system and stimulates plant growth (Nambuthiri
et al. 2015; Akelah 2013).

The results of mechanical tests for the compression
strength of paper pots before degradation are pre-
sented in Table 6. The lowest crushing strength was

Pot type Crushing strength* (kPa) SD (kPa) The crushing strength after 3 compression cycles* (kPa)  SD (kPa)
WP 414° 12 388¢ 11
WP3W 3599 15 320° 6
WP5W 339°¢ 300* 7

WP3R 330 299* 6

WP5R 357¢ 14 315° 6
Commercial pots ~ 291% (e -

*Differences significant at p < 0.05, letters in superscript correspond to the statistically similar groups determined with Tukey post

hoc test

**Experimental samples were damaged already after first compression cycle
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Fig. 3 Effect of soil type on the biodegradation of the recycled paper with addition of 5% wheat bran for 8§ weeks

observed for commercial pots. Pots without additives
(WP) possessed the highest mechanical resistance
among all laboratory-manufactured products and any
bran addition lowered the crushing strength. It was
also found that paper pots with added peat were brittle,
as did not retain any strength after first compression
cycle. Conversely, pots manufactured from waste
paper with added bran were elastic, maintaining
integrity after several cycles.

Changes to paper due to biodegradation in soil

Degradation processes take place in the natural
environment constantly and on a large scale (Pagga
1999). Biodegradation in soil is an important end-of-
life option for bio-based materials used in agricultural
applications. The rate of degradation can vary signif-
icantly, depending not only on the molecular structure
of the material, but also on soil characteristics and
conditions (temperature, water and oxygen availabil-
ity which influence microbial activity) (Briassoulis
et al. 2014). Biodegradation occurs in two steps. First,
the polymers are fragmented into lower molecular
mass by means of abiotic reactions (oxidation, pho-
todegradation or hydrolysis) or biotic reactions
(degradations by microorganisms). Then the polymer
fragments are assimilated and mineralized by microor-
ganisms (Vroman and Tighzert 2009).

The effect of soil type on the biodegradation of
investigated papers was analysed by means of NIR
spectroscopy. Figure 3 presents an example of
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degradation progress, where the evolution of the
spectra acquired after degrading sample WP5W
(waste paper with addition of 5% wheat bran) in
various soils is presented. All peaks mentioned in
Table 2, with exception of region 5464 cm ™! (7) were
affected by the degradation process. However, the
spectra of paper placed in a sandy soil seems to be
most similar to the control samples. It demonstrates
that the sandy soil containing the lowest organic
content and persistent low humidity has the lowest
impact on the speed of degradation, as in Mostafa et al.
(2010). In contrast, the agricultural and forest soil
accelerated the degradation speed.

Analyses of the chemical composition of the papers
after degradation in agricultural soil for 8 weeks are
summarized in Table 3. Cellulose changed consider-
ably after degradation, including quality and quantity
alterations, as observed also by Shogren (1999). The
amount of cellulose decreased in all investigated
cases, where major changes (over 12%) were observed
for paper with rye bran and with 5% of wheat bran.
Conversely, the cellulose polymerization degree PD
drop was slightly higher for papers without any bran
additives. The content of extractive components was
higher after biodegradation, especially in the case of
extraction in 1% H,SQOy,. It can be explained as a result
of constitutive polymers degradation due to hydrolysis
and biotic factors (Witkowska et al. 1989).

Microscopic analysis allows the assessment of
changes in the micro structure of cellulose fibres as
results of the degradation. Selected SEM microscopic
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Fig. 4 Microscopic pictures of the paper WP3W surface before and after biodegradation in sandy, forest and agricultural soils
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images of the WP3W paper samples (waste paper with
addition of 3% wheat bran) before and after degrada-
tion are shown in Fig. 4. The apparent presence of
both bacteria and fungi are noticed on the degraded
paper surface. It was particularly evident in the outer
layer, where fungal hyphae and spores are clearly
visible. Swelling of the cellulose fibres caused by
breaking bonds stimulated the microorganism’s
growth and their further penetration toward paper
bulk. It was especially noticeable in samples collected
from agricultural soil, where the water reservoir was
maintained at high level, and where degradation was
more advanced.

The mechanical properties of paper were measured
on the experimental samples before and after degra-
dation. Table 7 presents the progression of the break-
ing length before testing, and after 2, 4, and 8 weeks of
soil exposure for all investigated papers. The results
obtained from samples before exposure confirm the
positive impact of fillers on the mechanical resistance
of paper products and corresponds to trends reported
by other researchers (Nechita et al. 2010; Gonzalo
et al. 2017). None of the samples were suitable for
mechanical testing after 8 weeks of exposure due to
excessive degradation. The highest degradation kinet-
ics, as related to the breaking length loss, were
observed on samples degraded in the agricultural soil.
Mechanical properties had dropped significantly
already after two weeks of exposure. According to
Sridach et al. (2007) 50-80% of tensile strength is lost
during the first week of burial process depending on
the type of paper product and its composition. There
are several thousands of paper types produced nowa-
days by the pulp and paper industries. The paper
products differs due to composition, formula, addi-
tives, binders, fillers, retention agents, among the

others. However, the highest impact has a variation
within cellulose mass used for paper making that is
produced with variety of pulping, bleaching, sizing,
strengthening, drying and/or coating processes. The
raw resource used in this research was of recycled
paper origin. The composition of fibers was therefore
highly anisotropic as well as each resource batch may
be different than another. In addition, printing resid-
uals with other impurities introduce important dis-
crepancy to the paper products derived. It affects also
the degradation processes of papers when exposed to
soil, making universal determination of the detailed
degradation mechanism rather difficult.

The effect of degradation duration on the NIR
spectra of sample WP5W (waste paper with addition
of 5% wheat bran) is shown in Fig. 5. Curves for most
spectra bands differ from the control state (not
exposed for degradation) after exposure for 4 weeks.
Spectra are similar at 4 and 8 weeks exposure. This
implies that partial decomposition of the examined
paper products in forest soils had occurred by week
four.

The chemical decomposition of different papers
can be compared with principal components analysis
(PCA) derived from NIR spectra. Figure 6 presents a
PCA plot for three series of spectra corresponding to
samples at different degradation stages of the tested
papers in forest soil. Samples before degradation are
grouped together in relatively small cluster. The
highest dispersion of spectra was observed at 4 weeks’
exposure, while tighter clustering was observed again
after 8 weeks. The high degree of scatter observed at
4 weeks exposure, together with minor cluster over-
lapping signifies a high heterogeneity within all tested
papers as well as varied degradation kinetics, being
dependent on the paper type.

Table 7 Breaking length

. ; Soil type Before After

(km) of investigated paper

before and after soil Forest Sand Agricultural

degradation . X
Degradation time 0 2 4 8 2 4 8 2 4 8
WP 2.85 137 038 0 159 0 0 1.00 012 0
WP3W 3.38 137 040 O 1.50 038 0 060 045 O
WP5W 3.40 139 072 0 156 064 0 078 042 O
WP3R 3.81 142 062 O 162 050 0 077 030 O
WP5R 3.88 145 085 O 169 08 0 083 062 O
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Fig. 5 Effect of time on the biodegradation of the recycled paper with addition of 5% wheat bran in the forest soil

The vulnerability of the paper to degradation in soil
was assessed by comparing the expected time to
complete paper degradation. These degradation rat-
ings for both sheets and pots, are summarized in Fig. 7
for all examined samples. Values were determined by
visual estimation according to expert persons as the
number of days until a terminal state would be
reached. Disintegration of the paper sheet or decom-
position > 75% of the paper pot was considered as a
terminal state.

The lowest rate of degradation is expected when
paper is exposed to sandy soil, where the degradation
process is estimated to take between 60 and 70 days
(depending on paper composition) (Fig. 7a). A higher
degree susceptibility to degradation was observed for
samples exposed to the forest soil, regardless of paper
type; it was estimated that complete biodegradation
occurred in 40-50 days for all paper types in forest
soil. Agricultural soil was considered to be the most
aggressive because complete paper destruction was
expected after only 30 days (compared to approxi-
mately 60 days for sandy soil). It corresponds to the
previous studies where Tumer et al. (2013) reported
that changes related to the decomposition were most
intense in organic soil, when compared to sandy soil
The presence of fillers reduced life of the paper
products, despite products with 5% bran filler being
observed to be more resistant to biodegradation than
those with 3% bran filler.

0 weeks

4 weeks

8 weeks

Fig. 6 PCA analysis of NIR spectra of paper before degrada-
tion tests and decomposed in forest soil for 4 and 8 weeks. Note
spectral range: 11,000-4150 cm ™", pre-processing: 2nd deriva-
tive + vector normalization

The estimated biodegradation rates of pots were
similar to those of paper sheets (Fig. 7b). Commercial
pots were found to decompose more rapidly than the
products manufactured in the laboratory. This was due
to the relatively large share of additives that increase
water absorption and hasten decomposition. The
laboratory-made pots with rye bran filler decomposed
slightly faster than other samples. Therefore, it might
be possible to adjust the degradation rate of waste
paper by adding specific fillers and to deliver products
most suitable for specific applications.
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Conclusions

The cereal bran used in this experiment was charac-
terized by a relatively high starch content. Starch
promotes the binding of natural fibres during paper
manufacturing and consequently improves the paper
strength. Mechanical properties are particularly impor-
tant in the production and utilization of paper pots
manufactured from recycled fibres. The addition of
cereal bran improved the mechanical properties of
paper products tested in this study; paper pots with bran
fillers were less susceptible to mechanical damage,
when compare with commercial products. The
biodegradation rate of pots changes with the quantity
of added bran. Biodegradation in these pots is generally
slower than in commercial pots containing peat, but
faster than in pots without fillers.

It was concluded that the extent of decomposition does
not extensively depend on the type of filling (rye or wheat
cereal bran), but rather on the quantity of filler added,
exposure time and soil type. Depending on the soil type,
water holding capacity and pH, soil may stimulate or
inhibit the growth of microorganisms responsible for the
decomposition of paper products. Paper samples (both
sheets and pots) in all tested configurations degraded
most rapidly in agricultural and forest soils, while
biodegradation proceeded slowly in the sand soil.

Analysis of NIR spectra revealed that the most
advanced degradation occurred in agricultural soil.
The organic content accelerated the degradation rate
within all investigated papers. In contrast, sandy soil,
which is low in organic matter, resulted in the lowest
degradation rate and inhibited degradation processes.

@ Springer

All tested paper configurations could be suitable for
manufacturing plantable bio-containers that will
slowly disintegrate during their lifespan. Their use
improves both the sustainability and public perception
of the investigated products. However, in addition to
environmental and economic aspects, the effect of
alternative containers on plant growth and quality
should be considered. Therefore, our future work will
be related to calculation of environmental impact of
manufactured paper packaging products. Proper use of
the experimental results may help in selection of
products with optimal composition for specific appli-
cations, including pots used in horticulture or for forest
nurseries. Moreover, by proper fillers selection, pack-
aging products with custom degradation rate best
suited to certain crop cycle durations and adopted for
specific types of soils may be designed.
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Analysis of cellulose nanocrystals (CNCs)
with flow cytometry

Anders STRAND, Lari VAHASALO, Elias RETULAINEN and Anna SUNDBERG

Cellulose nanocrystals (CNCs) were prepared from kraft pulps of eucalyptus, birch, and softwood. The
different kraft pulps were hydrolysed using strong sulfuric acid in order to obtain colloidally stable CNCs. The
CNCs were studied using flow cytometry (FCM). The light scattering properties of the CNCs in side direction
and forward direction were documented. The use of a selective staining agent in combination with FCM
analysis enabled detection of the hydrophobic particle populations within the CNC suspensions. The
hydrophobic particles were seen clearly in the CNCs from the eucalyptus and birch kraft pulps, but not in the
CNCs from softwood pulp. These particles were shown to be linked with the content of lipophilic extractives,
especially sterols, present in the kraft pulps. From this fact, it was concluded that FCM analyses offer useful
information about the properties of CNCs in suspension. It was also concluded that the content of lipophilic
extractives in different raw materials should be determined and considered prior to CNC production. Pre-
extraction steps might be needed in order to produce high-quality CNCs from various raw materials, even
from kraft pulps.
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Abstract Cellulose nanocrystals (CNCs) were pre-
pared from kraft pulps of eucalyptus, birch, and
softwood. The different kraft pulps were hydrolyzed
using strong sulfuric acid in order to obtain colloidally
stable CNCs. The CNCs were studied using flow
cytometry (FCM). The light scattering properties of
the CNCs in side direction and forward direction were
documented. The use of a selective staining agent in
combination with FCM analysis enabled detection of
the hydrophobic particle populations within the CNC
suspensions. The hydrophobic particles were seen
clearly in the CNCs from the eucalyptus and birch
kraft pulps, but not in the CNCs from softwood pulp.
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These particles were shown to be linked with the
content of lipophilic extractives, especially sterols,
present in the kraft pulps. From this fact, it was
concluded that FCM analyses offer useful information
about the properties of CNCs in suspension. It was also
concluded that the content of lipophilic extractives in
different raw materials should be determined and
considered prior to CNC production. Pre-extraction
steps might be needed in order to produce high-quality
CNCs from various raw materials, even from kraft

pulps.
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Introduction

Cellulose nanocrystals (CNCs) have received a lot of
attention in research due to their physical and chem-
ical properties, renewability, sustainability, and use-
fulness in composite materials (Favier et al. 1995a, b;
Ruiz et al. 2000; Habibi et al. 2010; Wang et al. 2012).
CNCs are a strong contender for various future
applications in composite materials, due to their low
cost and abundancy. CNCs are produced by acid
hydrolysis of the amorphous and para crystalline
regions of cellulose fibers, while the crystalline
regions are left intact as rod-like particles (Marches-
sault et al. 1961; Habibi et al. 2010). The crystallites of
CNCs are, therefore, similar to the crystallites of the
cellulose fiber raw materials. A wide array of different
raw materials have been tested for CNC production
and specific hydrolysis and separation protocols have
been established for each of these (Beck-Candanedo
et al. 2005; Habibi et al. 2010). The cellulose raw
material is normally hydrolyzed by addition of strong
acid, in combination with controlled reaction condi-
tions, i.e. temperature, agitation, and time (Revol et al.
1994; Dong et al. 1998; Wang et al. 2014).

The length of the cellulose crystals after hydrolysis
depends on the leveling-off degree of polymerization
(LODP) of the starting material. It has been reported
that milder hydrolysis conditions will eventually reach
the LODP of the starting material with lower losses of
material, but that the reaction times need to be severely

@ Springer

prolonged (Battista 1950; Hakansson and Ahlgren
2005). The LODP for bleached wood pulp has been
reported as 140-200 units (Dong et al. 1998; Habibi
et al. 2010). The surface charge of the CNCs will be
very different depending on the choice of acid; sulfuric
acid introduces sulfate half ester groups to the CNC,
while e.g. hydrochloric acid does not (Araki et al.
1999; Beck-Candanedo et al. 2005). The introduction
of the anionically charged groups on the surface of the
CNCs will greatly increase its colloidal stability and
even prevent sedimentation. It was reported that initial
hydrolysis of the cellulose raw material by hydrochlo-
ric acid can be followed up by a separate sulfuric acid
treatment to introduce sulfate half ester groups on the
cellulose microcrystals (CMCs), and fine-tune the
viscosity properties of the suspension (Araki et al.
1999).

CNC particles and suspensions have previously
been characterized with a wide array of analytical
methods, such as transmission electron microscopy
(TEM), atomic force microscopy (AFM), photon
correlation spectroscopy (PCS), x-ray diffraction
(XRD), conductometric titration, elemental analysis,
viscosity measurements, sedimentation measurements
(Marchessault et al. 1961; Dong et al. 1998; Beck-
Candanedo et al. 2005; Hakansson and Ahlgren 2003;
Hirai et al. 2009; Chen et al. 2015). However,
additional analysis techniques may still provide useful
information, relevant to the ever-growing CNC
community.

Flow cytometry (FCM) is a relatively new tech-
nique in the field of pulping and papermaking. The
technique was adapted from medical science, where it
is used mainly for the cou