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Improved Drainage of LNFC-reinforced Recycled Pulp
and Mechanical Properties of End Papers by the Zeolite-
Chitosan Microparticle Drainage Aid System
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Good drainage of the pulp suspension is vitally important for stable
papermaking. Although the addition of lignocellulosic nanofibers (LNFC)
in pulp could highly reinforce the end paper sheets, the application of
LNFC could diminished the pulp drainage. To solve this problem, the
impact of the zeolite-chitosan and bentonite-chitosan microparticle
drainage aid systems on the LNFC-reinforced recycled pulp was
systematically investigated. Results indicated that the mentioned
microparticle systems improved the drainage and retention especially in
applying 1% chitosan with 0.3% zeolite. In mechanical properties, applying
the microparticle systems, not only did not deteriorate these properties,
but also improved most of them, especially in treatment containing zeolite-
chitosan. It seems that the improved pulp drainage and the mechanical
properties of the end papers was due to successful mission of
microparticle system and synergistic interactions of pulp fibres, LNFC,
chitosan, and zeolite, which could also lead to denser and more uniform
structure of handsheets.
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INTRODUCTION

The increasing demand for cellulosic fibers, along with increasing environmental
concerns, has led to the development of products using recycled fibers. Approximately
60% of paper products are now made of recycled fibers (Rahmaninia et al. 2008;
Khosravani et al. 2016; Saxena and Singh 2017). Although recycled fibers can experience
negative effects such as hornification and shortening (Delgado-Aguilar et al. 2015;
Rahmaninia and Khosravani 2015; Campano et al. 2018), their portion in papermaking has
continued its positive trend (FAO 2021).

Applying different additives is a strategy for improving the process and product
properties of recycled paper (Garland et al. 2022). Lignocellulosic nanofibers, which also
can be called lignin-containing nanofibrillated cellulose (LNFC), have been introduced as
novel bio additives (He et al. 2018; Wu et al. 2021) to improve the mechanical properties
of recycled paper (Gonzélez et al. 2013; Osong et al. 2016; Yousefhashemi et al. 2019).
NFC/LNFC, as a natural polymer made from variety of cellulosic/lignocellulosic materials,
is a fibrous product with nano-size diameter and micrometer length including both
crystalline and amorphous regions. The unique characteristics of NFC/LNFC, such as fine
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diameter, high aspect ratio, considerable specific surface area, high potential of hydrogen
bonding along with its biocompatibility, biodegradability, and renewability (Du 2020),
presents it as a high potential product for various applications, especially papermaking
(Yousefhashemi et al. 2019). It seems that LNFC/NFC can improve the fiber bonding in
paper sheets due to its high specific area and the possibility of creating more hydrogen
bonds among components in the paper sheet (Ridgway and Gane 2012; Campano et al.
2018; Tajik et al. 2018). However, adding LNFC to paper pulp reduces the rate of drainage
(Rantanen and Maloney 2013; Hollertz et al. 2017), which could influence the process
stability of papermaking and increase process cost of drying for the paper sheets with more
water retention. The reason seems to be the high specific level of nano-cellulose and the
possibility of increasing the hydrogen bonding with water, as well as the rapid closure of
pores in the fiber sheet formed on the mesh, thus preventing faster and easier removal of
water from the sheet (Yousefhashemi et al. 2019). Some chemical additives can improve
the drainage of wet web fiber (Hubbe 2014; Amiri et al. 2019; Leib et al. 2022; Barrios et
al. 2023). These additives are used as single, dual, and multiple systems or as micro- or
nanoparticles. Microparticle systems, as one of well-known drainage and retention aid
strategy in wet end chemistry, consist of cationic polyelectrolyte and anionic microparticles
(Khantayanuwong et al. 2017; Rahmaninia et al. 2018).

Chitosan, as one of well-known cationic polyelectrolytes, has been considered in
different applications. This component is a natural polymer made of chitin (the second most
abundant polysaccharide in nature) (Zhang et al. 2016). This biopolymer is a linear
carbohydrate with high molecular weight that can be dissolved in acid and consists of (1—
4) linked 2-amino-2-deoxy-b-D-glucan units (Nicu et al. 2011). Chitin and chitosan, as
well as their derivatives, are widely used in the production of high value-added products,
including cosmetics, food supplements, pharmaceuticals, and semi-permeable membranes
(Gavhane et al. 2013).

Chitosan has been considered in the paper industry (Rahmaninia et al. 2018; Rohi
et al. 2023). The cationic groups associated with the cationic biopolymers can attract the
anionic groups available in the pulp suspension and increase the bonding among fibers and
fines. This can involve the mechanisms of bridging, charged patches, and neutralization
(Hubbe et al. 2009; Rahmaninia and Khosravani 2015). Studies have been conducted on
the application of chitosan as a papermaking additive for different purposes such as
improving the wet and dry strength of paper, fine-particle retention, the rate of drainage
aid, the stabilization of color stabilizer in the production of colored paper, and antimicrobial
properties, etc. (Sabazoodkhiz et al. 2017; Song et al. 2018; Rohi et al. 2023).

Among the natural anionic microparticles, the aluminosilicate minerals, such as
zeolite and bentonite, have found different applications in papermaking. Zeolites as
hydrated aluminosilicates, are minerals with octagonal structure. In fact, silicon and
aluminium atoms with contribution of oxygen atoms form a tetra-hydrate structure in
which aluminium or silicon is at the center and there are four oxygen around it (Montalvo
et al. 2012). Zeolites are one of the largest categories of known minerals, with more than
40 different natural and nearly 100 synthetic forms (Ko et al. 2010). Like zeolite, bentonite
or montmorillonite is another well-known aluminosilicate minerals with negative charge
in water. Bentonite or montmorillonite is a three-layer mineral consisting of two tetrahedral
sheets sandwiched around a central octahedral sheet with a very high surface area (Cui and
Chen 2023). Bentonite has different applications in pulp and paper industries such as
stickies control (in paper recycling), enhancement of optical properties and printability, as
well as improvement of product and process of papermaking (for example as a retention
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and drainage aid, (Diab et al. 2015; Merayo et al. 2017). However, using zeolite in different
applications of pulp and paper industries is in its early stages. For instance, zeolite has been
used in combination with cationic starch or cationic polyacrylamide as a retention aid in
pulp (Ko et al. 2010) or it was used as a filler in papermaking (Engin and Atik 2018).
Therefore, considering the considerable aluminosilicate mineral resources in the world,
finding more applications and using these environmental and low-cost additives in pulp
and paper industry can be a promising idea.

The purpose of the current study is to assess the performance of zeolite as a low
cost anionic microparticle along with chitosan biopolymer for improving the process
properties of papermaking especially drainage which has been negatively affected by
addition of LNFC in recycled pulp.

EXPERIMENTAL
Materials

Mixed old corrugated containers (OCC) were collected locally, repulped, and
named OCC pulp. Medium molecular weight chitosan (400 to 600 kDa) was purchased

from Sigma-Aldrich, Germany. Some general specifications of chitosan are in Table 1.

Table 1. Specifications of Chitosan

Degree of Viscosity at 24-25 °C Molecular Weight Powder color
Deacetylation (%) (cP) (kDa)
93 200-800 400-600 Yellow

Zeolite in powder form with 400 mesh size was a gift from Afrazand Company,
Iran. Bentonite in powder form with 400 mesh size was a gift from Farzan Powder Mashhad
Company, Iran.

LNFC were manufactured from OCC recycled fibers by using the mechanical
process with super disk mill (MKCAG6-2; Masuko Co., Japan) in Nano-Novin Polymer
Company, Iran. The OCC pulp was washed and screened with 200 mesh hole size to
remove contaminants. The obtained pulp with no additional treatment was passed 3 times
from super disk mill. The properties of the produced LNFC are in Table 2.

Table 2. The Properties of LNFC

Organic material
content (%)
94.97 5.03 1.58 Brown

Ash content (%) | Consistency (%) | Suspension Color

OCC waste paper was repulped and refined with laboratory Hollander beater up to
287 mm CSF according to TAPPI T 200 sp-01 (2007). Reverse osmosis (RO) water was
used for the process.

To prepare the bentonite/zeolite suspensions, 0.1 g bentonite/zeolite microparticles
were suspended in 100 mL distilled water, and the solution was stirred for 2 h at room
temperature (25 °C). Chitosan was dissolved in 1% acetic acid and stirred for 2 h at room
temperature.

LNFC was diluted to 0.5% consistency with distilled water and mixed for 5 min at
1000 rpm by a mechanical agitator.
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Field Emission Scanning Electron Microscopy (FE-SEM)
The FE-SEM technique (TESCAN MIRA3, Czechia Republic) was used to
characterize the microparticles and handsheets.

Atomic Force Microscopy (AFM)
The AFM technique (CP Il Veeco, USA) was used to study the size and size
distribution of the zeolite/bentonite.

Transmission Electron Microscope (TEM)

Transmission electron microscope images (EM 208S Philips, Netherlands) were
used to visualize the structure of LNFC. One drop of the diluted LNFC was put on formvar
carbon coated Cu grid, mesh 300 and dried slowly at room temperature. The images were
taken and analysed using related software.

Zeolite, Bentonite, and Chitosan Charge Detection with Zeta Meter
The zeta meter (Malvern, UK), was used to check the zeta potential of applied
microparticles dispersed in distilled water and also chitosan dissolved in 1% acetic acid.

Applying the Treatment in Pulp Suspension

The recycled OCC pulp was poured into a disintegrator jar. Then, 3% LNFC (based
on dried weight of pulp) was added to the pulp and the mixture was diluted with RO water
up to 0.5% consistency. The disintegrator speed was set to 25000 rpm for 15 min. The
control treatment was a pulp sample without any additives. The treated pulp with LNFC
was poured in a beaker. Then, 1% chitosan solution (based oven dried pulp weight) was
added to the mentioned pulp and mixed with mechanical agitator in 1000 rpm for 1 min.
In the next step, the microparticle was added to the mixture with 800 rpm for 45 s.

Table 3. Research Treatments

Treatment Additives Material Content (*)
Zeolite Bentonite LNFC Chitosan

Control 0 0 0 0
LNFC 3% 0 0 3 0
Chitosan 1%+LNFC 3% 0 0 3 1
Bentonite Content 0.1 0 0.1 3 1
+Chitosan 1% 0.2 0 0.2 3 1
+LNFC 3% 0.3 0 0.3 3 1
Zeolite Content 0.1 0.1 0 3 1
+Chitosan 1% 0.2 0.2 0 3 1
+LNFC 3% 0.3 0.3 0 3 1

*based on oven-dry weight of pulp

Process Properties Determination

Fines content and fines retention were measured with Dynamic Drainage Jar (DDJ)
according to TAPPI T 261 ¢cm-00 (2007). Pulp freeness and drainage were determined
according to TAPPI T 227 om-99 (2007) using a Canadian Standard Freeness (CSF) Tester.

Measurement of Mechanical Properties of Handsheets
Handsheets with a basis weight of 120 g/m? were made in a handsheet maker
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according to TAPPI T 205 om-02 (2007). After pressing and drying process in a drum
dryer, the handsheet samples were prepared for mechanical tests. The tensile (and also
tensile energy absorption), tear, and bending resistance indices were measured according
to TAPPI T 494 om-01 (2007), TAPPI T 414 om-04 (2007), and SCAN-P 29:95 (1995),
respectively. To calculate the apparent density of handsheet samples, their basis weight
was divided by their thickness and reported with g /cm?® unit.

Statistical Analysis

Each treatment was tested with at least three replications. All results were analysed
using a completely randomized design (CRD), and the standard deviations were calculated.
Duncan’s multiple range test (DMRT) was applied to averages grouping. The Duncan
results were categorized alphabetically. The data groups that did not share the same letter
were significantly different from each other (99% confidence level). The statistical analysis
was conducted using SAS software (IBM, version 16.0, Armonk, NY, USA).

RESULTS AND DISCUSSION

Measurement of Fines Content in OCC pulp

The fines content (particles pass through 200 mesh screen) of recycled OCC pulp
after repulping was approximately 17%. The fines content in the paper pulp after 15
minutes intense disintegrating process with 25,000 revolutions of the disintegrator was
about 30%, which is probably due to the dispersing of cellulosic fines and other particles
that had been attached to fiber surfaces.
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Fig. 1. Topography and size distribution of zeolite
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Characterization of Zeolite Microparticles

The topography and size distribution of zeolite microparticles were estimated by
AFM (Fig. 1). The range of particles size was 0.4 to 0.8 um. There was a normal
distribution of microparticles with maximum dimension of approximately 0.6 pm.
Considering the FESEM images (Fig. 2), the shape and porous structure of these
microparticles was in accord with other reports (Jha and Singh 2016).

Fig. 2. FESEM images of zeolite microparticles

Characterization of Bentonite Microparticles

In Fig. 3, the topography and size of bentonite microparticles using AFM technique
was considered. Accordingly, the range of bentonite particles size was 0.3 to 1 um.
Furthermore, normal distribution of bentonite microparticles with maximum dimension
approximately 0.6 um was determined. The FESEM images (Fig. 4) show the plate-like
structure of bentonite microparticles.

Determination of Zeolite, Bentonite and Chitosan Zeta Potential

The results of the zeta potential test using the DLS method showed that the zeolite
microparticle suspension (with 10.0 ms / cm conductivity and 0.897 mpa.s viscosity) had
a negative charge of -26.8 mV. Also, the zeta potential of bentonite microparticle
suspension (with 0.95 mS/cm conductivity and 0.897 mPa-s viscosity) was 32.0 mV.
Moreover, the zeta potential for dissolved chitosan in 1% acetic acid (with 1.22 mS/cm
conductivity and 2/3 mPa-s viscosity) showed that the charge was positive with 1220 mV.
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Fig. 3. Topography and dimensions of bentonite microparticle

Fig. 4. FESEM images of bentonite microparticles (overlapped bentonite platelets)
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Characterization of LNFC by TEM

TEM images of LNFC made from OCC recycled fibers are shown in Fig. 5. Nano-
fibers are defined as fibers with nano size diameter and usually micrometer length. The
nano sizes of the fibers are completely obvious, which indicated that the production process
of LNFC from recycled fibers was successful.

Fig. 5. TEM images of LNFC. a: 1 micrometer, b: 500 nm

Drainage of Recycled Pulp

The drainage of pulp is one of the most important process properties in the paper
industry. The more water separated from the wet sheet (before pressing and drying steps),
the lower the cost of the product by consuming less energy in the dryers.

Figure 6 shows the results of pulp drainage after treatments. According to the
statistical results, there was a significant difference among the mentioned treatments at the
99% confidence level. The addition of LNFC to the control treatment reduced the drainage
from 178 mL to 132 mL (about 35% reduction). This decreasing trend has been confirmed
in various articles (Gonzélez et al. 2013; Rantanen and Maloney 2013; Osong et al. 2016;
Hollertz et al. 2017; Yousefhashemi et al. 2019). The reason seems to be the high specific
level of nano-cellulose and the possibility of increasing the hydrogen bonding with water,
as well as the rapid closure of pores in the fiber sheet formed on the mesh, blocking the
drainage channels, thus preventing faster and easier removal of water from the sheet
(Yousefhashemi et al. 2019).

Adding 1% of chitosan to the pulp containing LNFC increased the rate of drainage
by about 43%. Probably, as a linear biopolymer and polyelectrolyte, chitosan was able to
flocculate cellulosic suspension components (lignocellulosic fibers, fine, nano-fibers) with
bridging mechanism and electrostatic interactions (Rahmaninia et al. 2018). The use of
chitosan (at constant level of 1%) along with 0.1, 0.2, and 0.3% dosage of zeolite
microparticle to paper pulp containing LNFC, considerably increased the drainage about
42%, 52%, and 66%, respectively. By adding chitosan (at constant level of 1%) along with
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different levels of bentonite (0.1, 0.2 and 0.3%) to the pulp containing LNFC, the drainage
increased properly (about 52%, 35% and 43%, respectively). The high performance of the
bentonite at the lowest addition level is consistent with its very high specific surface area.
Similar results were reported previously (Rahmaninia et al. 2018).

The favourable results of both microparticle systems in improving drainage,
especially at the level of 0.3% zeolite, showed the success of the designed systems to
improve pulp drainage. In fact, the designed microparticle systems have been able to
improve drainage by formation of suitable and fine flocs in suspension. The possible
mechanism of this phenomenon is shown in Fig. 7.
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Fig. 8. Visualizing of flocculation phenomenon in: a: pulp containing LNFC, b: pulp containing LNFC
only treated with 1% chitosan and c: pulp containing LNFC treated with 1% chitosan + 0.3%
microparticle (zeolite).

Figure 8 shows the flocculation phenomenon after introducing the chitosan itself
into the pulp with LNFC (Fig. 8b) and also addition of zeolite-chitosan microparticle
system in pulp suspension containing LNFC (Fig. 8c). No flocculation happened in the
pulp containing LNFC (Fig. 8a). Large non-uniform flocs were formed in sample treated
with 1% chitosan (Fig. 8b), as well as uniform and smaller flocculation in sample
containing microparticle system.

Fines Retention in Recycled Pulp

One of the most important issues in papermaking is the retention of fine particles
in the pulp, which can affect the properties of the final products along with quality of water
recirculated in a paper mill. Fines retention, especially in products with higher grammage,
happens with physical entanglement of fines in fibrous structure of paper web during sheet
formation. Additives can help to retain more fines in sheet structure with more flocculation
of fines and fibers in the pulp suspension (Hubbe 2014). The retention of fines in the system
has a close relation with drainage. Higher drainage in forming section can remove more
fine particles from the forming fabric. However, during the forming process, including the
deposition of the first layer of fibers on the fabric, and also plugging the wire holes, the
drainage would decrease.

Figure 9 contains the results of fines retention after applying different treatments.
By adding LNFC to the pulp, the fines retention experienced a 14% increase (changing
retention from 41% to 48%), confirming the results of previous studies (Hollertz et al.
2017; Yousefhashemi et al. 2019). This increase can be related to drainage decrement of
pulp suspension because of plugging the wires holes and also blockage of fiber web pores.

Adding 1% chitosan to paper pulp containing LNFC did not significantly change
the fines retention. This interesting result can be because of chitosan’s dual function.
Considering the result of drainage in previous section, although chitosan increased the
drainage successfully (which could help to release more fines with filtrate), this linear
biopolymer with high positive charge has the ability to make bridges between different
components of recycled pulp suspension, especially LNFC. Hence, less fine particles
would be removed by this higher flocculation.

With the addition of microparticles, the retention of fine particles increased
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compared to the treatment containing only LNFC. This retention gain is indicative of the
successful performance of the system. The micro-particle system usually has the ability to
create small and stable flocs that help to retain more fine particles. The best retention results
achieved in the treatment containing 1% chitosan with 0.3% zeolite. It appears that the
electrostatic interaction between chitosan polyelectrolyte and zeolite micro particle played
the main role (Sabazoodkhiz et al. 2017).
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Fig. 9. The effect of treatments on fines retention of recycled pulp suspension. Plotted points that
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Apparent Density of Paper Sheet

Figure 10 shows the changes in the apparent density of papers produced by applying
different treatments. There was not a significant difference in apparent density among the
papers made by applying additives in the pulp, but all the treated paper showed significant
increment compared to control sample (with no additive). The highest density was achieved
in samples prepared by addition of 1% chitosan and 0.3% zeolite which showed the proper
performance of treatment containing micro particle system. The comparison of FE-SEM
images related to control papers and papers prepared with consumption of 1% chitosan and
0.3% zeolite (Fig. 11) confirmed this density result. Applying the micro particle system
could make a proper fine floc in the pulp suspension which led to denser handsheets with
less thickness, as shown by the thickness results in Table 4.

Table 4. The Effect of Treatments on Thickness of Recycled Paper

T Thickness Standard Duncan Grammage Average

reatment Average Deviati G A m2
(mm) eviation rouping (g/m?)

Control 0.250 0.011 Ab 130.03

LNFC 3% 0.237 0.006 Bc 115.4

Chitosan 1%+LNFC 3% 0.255 0.011 A 129.81

Bentonite Content 0.1 0.244 0.013 Ab 127.06

+Chitosan 1% 0.2 0.249 0.013 Ab 127.36

+LNFC 3% 0.3 0.249 0.006 Ab 128.05

Zeolite Content 0.1 0.258 0.006 A 130.36

+Chitosan 1% 0.2 0.234 0.008 Bc 115.85

+LNFC 3% 0.3 0.225 0.013 C 116.13

* The treatments that do not share the same letters were found to be significantly different from
each other (99% confidence level).

Fig. 11. FE-SEM images of made papers with: a) no additive (control), b) only 3% LNFC, c) 3%
LNFC+1% chitosan +0.3% zeolite.

FE-SEM Images of Handsheets
Figures 11 shows FE-SEM images of handsheets made of control pulp, pulp
containing only 3% LNFC and pulp with 3% LNFC + 1% chitosan + 0.3% zeolite. The
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handsheets with LNFC had more uniform and denser structure compared to control sample
without any additives. The presence of LNFC in the paper structure improved the fibrous
components bonding along with more fines retention, leading to more uniform, denser
sheets. The same results were reported in another study (Yousefhashemi et al. 2019). Even
by applying the microparticle system and forming the flocs in the pulp suspension, the final
structure of paper made of this treatment did not show considerable difference compared
with the sample containing only LNFC. As mentioned previously, there may be an
advantage to forming paper with a fine scale of flocs in the pulp. The drainage and retention
as main process properties improved without negative effect on formation of final paper
made by using these components, which can be a great achievement in this study.

Tensile Strength of Prepared Papers

Figure 12 contains the results of the tensile index in different treatments. Tensile
strength is one of the important properties in papermaking, which is strongly influenced by
the fibers bonding in the fiber sheets. The tensile index of control samples was 27 Nm/g,
which was the lowest among all treatments. By adding LNFC (3% dry weight of pulp), the
tensile index increased about 12% compared to control, which could be related to the
improvement of the fiber bonding in paper sheets due to the high specific area of LNFC
and the possibility of creating more hydrogen bonds among components in the paper sheet.
Various studies have reported the same results (Ridgway and Gane 2012; Campano et al.
2018; Tajik et al. 2018; Yousefhashemi et al. 2019).
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Fig. 12. The effect of treatments on tensile index of recycled paper. Plotted points that do not share
the same letter were found to be significantly different from each other (99% confidence level).

By introducing chitosan (1% constant consumption) to the control pulp, the tensile
index was improved. The addition of chitosan in the sample containing LNFC did not
change the strength significantly. This result was contrary to some investigations that
reported tensile enhancement by accompanying chitosan with nanofibers (Merayo et al.
2017; Campano et al. 2018).
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Applying treatments containing the microparticle system increased the tensile
strength index by about 9% compared to the control treatment. Also, the addition of
microparticle system in sample containing LNFC did not change the tensile index by much.
Considering this result along with the mentioned results of drainage and retention showed
the successful mission of microparticle system. In fact, according to our previous
knowledge, application of additives in pulp suspension can deteriorate the formation of
final paper sheets. The microparticle could improve the process properties without negative
impact on tensile strength which can be referred to the proper impact of this system
(especially system containing zeolite particle) on formation of suitable fine flocs in pulp
suspension as mentioned before.

The amount of tensile energy absorption in the paper samples is presented in Table
5. The tensile energy absorption (TEA) is the amount of work done when the paper is
stretched until it breaks. Considering the results, the proper coordination of TEA and tensile
index can be observed.

Table 5. The Effect of Lignocellulosic Nano-fiber and Chitosan-bentonite / zeolite
System on Tensile Energy Absorption in Papers

Treatment Tensile Energy Standard Duncan
Absorption (J/m?) Deviation Grouping*

Control 87611.70 24317.37 ab
LNFC 3% 78001.91 17173 ab
Chitosan 1%+LNFC 3% 84861.76 16992.61 ab
Bentonite Content Ol 8184889 482253 a
+Chitosan 1% 0.2 98290.28 6742.36 a
+LNFC 3% 0.3 102856.56 14470.68 a
Zeolite Content 0.1 100666.41 18929.61 a
+Chitosan 1% 0.2 69358.17 16477.79 b
+LNFC 3% 0.3 95357.13 15309.17 ab

* The treatments that do not share the same letters were found to be significantly different from
each other (99% confidence level).

Tear Strength of the Paper

The effect of different treatments on tear index of handsheets is presented in Fig.
13. The tear strength depends on the fiber length, strength, and bonding (Ek et al. 2009).
The tear index of control was 5.84 mN/g, which was the lowest value among others.
Different mechanical forces applied on waste fibers in recycling process (especially in
repulper) usually have a negative impact on the fibers length, which can reduce tear
strength (Kermanian et al. 2013). Addition of LNFC to control pulp increased the tear
index by 19%. This strength depends primarily on the length of the fibers and the strength
of the fibers. These two factors were consistent in this study. The increased tear strength
was a result of improved the bonding in paper sheets and the high surface area of LNFC.

Applying the chitosan-bentonite and zeolite-chitosan to pulps containing LNFC did
not make any significant change in tear index. Thus, the microparticle system improved
process properties (drainage and retention), prevented deterioration of final papers, and
preserved the strengths of the final products.
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Fig. 13. The effect of treatments on tear index of recycled paper. Plotted points that do not share
the same letter were significantly different from each other (99% confidence level).

Bending Resistance Index
The bending resistance index of recycled paper is shown in Fig. 14. Although most
of the applied treatments showed no significant difference in bending strength,
microparticle system containing 0.3% zeolite showed the highest result. This was attributed
to appropriate performance of microparticle system in improving or preserving the paper
sheets strengths along with enhancing the process properties (drainage and retention).
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Fig. 14. The effect of treatments on bending resistance index of recycled paper. Plotted points that
do not share the same letter were significantly different from each other (99% confidence level).
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CONCLUSIONS

1. The addition of lignin-containing nanofibrillated cellulose (LNFC) prepared from
recycled old corrugated container (OCC) pulp improved the fines retention and
mechanical properties of recycled papers, but reduced the pulp drainage. These
behaviors can be related to that the high specific surface area of LNFC, their ability to
improve of hydrogen bonding, and also to the rapid closure of pores in the fiber sheet
formed on the mesh, blocking the drainage channels.

2. Applying chitosan with bentonite/zeolite microparticles enhanced the fines retention,
drainage, and mechanical strengths compared to samples with and without LNFC.

3. The best performance was achieved by applying 1% chitosan along with 0.3% zeolite.
This treatment improved the drainage and fines retention and made paper sheets with
higher density. These results reflect the performance of applied microparticle system
(especially containing 0.3% zeolite) in producing fines and stable flocs in the pulp
suspension. Visualizing the flocculation phenomenon in experiments confirmed this
conclusion.

ACKNOWLEDGMENTS

This work is based upon research funded by Iran National Science Foundation
(INSF) under project No. 99032248 and the authors are so thankful for the support. Also,
the authors are grateful to Tarbiat Modares University (TMU) for providing research
laboratory equipment and Eng. Farhad Kool for his scientific consultations.

REFERENCES CITED

Amiri, E., Rahmaninia, M., and Khosravani, A. (2019). “Effect of chitosan molecular
weigh on the performance of chitosan-silica nanoparticle system in recycled pulp,”
BioResources 14(4), 7687-7701. DOI: 10.15376/biores.14.4.7687-7701

Barrios, N. A., Garland, L. J., Leib, B. D., and Hubbe, M. A. (2023). “Mechanistic
aspects of nanocellulose-cationic starch-colloidal silica systems for papermaking,”
TAPPI J. 22(2), 107-115. DOI: 10.32964/TJ22.2.107.

Campano, C., Merayo, N., Balea, A., Tarrés, Q., Delgado-Aguilar, M., Mutjé, P., Negro,
C., and Blanco, A. (2018). “Mechanical and chemical dispersion of nanocelluloses to
improve their reinforcing effect on recycled paper,” Cellulose 25, 269-280. DOI:
10.1007/s10570-017-1552-y

Cui, Q., and Chen, B. (2023). “Review of polymer-amended bentonite: Categories,
mechanism, modification processes and application in barriers for isolating
contaminants,” Applied Clay Science 235, article 106869. DOI:
10.1016/j.clay.2023.106869

Delgado-Aguilar, M., Gonzélez, 1., Pélach, M. A., De La Fuente, E., Negro, C., and
Mutjé, P. (2015). “Improvement of deinked old newspaper/old magazine pulp
suspensions by means of nanofibrillated cellulose addition,” Cellulose 22, 789-802.
DOI: 10.1007/s10570-014-0473-2

Diab, M., Curtil, D., El-shinnawy, N., Hassan, M. L., Zeid, I. F., and Mauret, E. (2015).

Sayadi Milani et al. (2024). “Reinforced recycled pulp,” BioResources 19(1), 84-102. 99



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

“Biobased polymers and cationic microfibrillated cellulose as retention and drainage
aids in papermaking: Comparison between softwood and bagasse pulps,” Ind. Crops
Prod 72, 34-45. DOI: 10.1016/j.indcrop.2015.01.072

Du, H., Parit, M., Wu, M., Che, X., Wang, Y., Zhang, M., Wang, R., Zhang, X, Jiang, Z.,
and Li, B. (2020). “Sustainable valorization of paper mill sludge into cellulose
nanofibrils and cellulose nanopaper,” J. Hazard. Mater 400, 123106. DOI:
10.1016/j.jhazmat.2020.123106

Ek, M., Gellerstedt, G., and Henriksson, G. (2009). Paper Products Physics and
Technology, Walter de Gruyter. DOI: 10.1515/9783110213461.bm

Engin, M., and Atik, C. (2018). “The impact of zeolite filler on ageing and mechanical
failure of paper,” Nordic Pulp Pap. Res. J 33(3), 512-521. DOI: 10.1515/npprj-2018-
3047

FAO. (2021). Forest product Statistics, Utilization of recovered paper by country 2021.
https://www.fao.org/forestry/statistics/80571/en/

Garland, L. J., Leib, B. D., Barrios, N. A., and Hubbe, M. A. (2022). “Nanocellulose-
cationic starch-colloidal silica systems for papermaking: Effects on process and paper
properties,” TAPPI J. 21(10), 563-570. DOI: 10.32964/TJ21.10.563.

Gavhane, Y. N., Gurav, A. S., and Yadav, A. V. (2013). “Chitosan and its applications: A
review of literature,” Int. J. Res. Pharm. Biomed. Sci. 4(1), 312-331

Gonzalez, 1., Vilaseca, F., Alcala, M., Pélach, M. A., Boufi, S., and Mutjé, P. (2013).
“Effect of the combination of biobeating and NFC on the physico-mechanical
properties of paper,” Cellulose 20(3), 1425-1435. DOI: 10.1007/s10570-013-9927-1

He, M., Yang, G., Chen, J., Ji, X., and Wang, Q. (2018). “Production and characterization
of cellulose nanofibrils from different chemical and mechanical pulps,” J. Wood
Chem. Technol 38(2), 149-158. DOI: 10.1080/02773813.2017.1411368.

Hollertz, R., Duran, V. L., Larsson, P. A., and Wagberg, L. (2017). “Chemically
modified cellulose micro-and nanofibrils as paper-strength additives,” Cellulose 24,
3883-3899. DOI: 10.1007/s10570-017-1387-6

Hubbe, M. A. (2014). “A review of ways to adjust papermaking wet-end chemistry:
Manipulation of cellulosic colloidal behavior,” Lignocellulose 3(1), 69-107.

Hubbe, M. A., Nanko, H., and McNeal, M. R. (2009). “Retention aid polymer
interactions with cellulosic surfaces and suspensions: A review,” BioResources 4(2),
850-906.

Jha, B., and Singh, D. N. (2016). Fly Ash Zeolites: Innovations, Applications, and
Directions, Springer, Singapore. DOI: 10.1007/978-981-10-1404-8 2

Kermanian, H., Razmpour, Z., Ramezani, O., Mahdavi, S., Rahmaninia, M., and Ashtari,
H. (2013). “The influence of refining history of waste NSSC paper on its
recyclability,” BioResources 8(4), 5424-5434. DOI: 10.15376/biores.8.4.5424-5434

Khantayanuwong, S., Khemarom, C., and Salaemae, S. (2017). “Effects of shrimp
chitosan on the physical properties of handsheets,” Agric. Nat. Resour. 51(1), 53-56.
DOI: 10.1016/j.anres.2016.07.006

Khosravani, A., Asadollahzadeh, M., Rahmaninia, M., Bahramifar, N., and Azadfallah,
M. (2016). “The effect of external and internal application of organosilicon
compounds on the hydrophobicity of recycled OCC paper,” BioResources 11(4),
8257-8268. DOI: 10.15376/biores.11.4.8257-8268

Ko, S., Pekarovic, J., Fleming, P. D., and Ari-Gur, P. (2010). “High performance nano-
titania photocatalytic paper composite. Part I: Experimental design study for TiO2
composite sheet using a natural zeolite microparticle system and its photocatalytic

Sayadi Milani et al. (2024). “Reinforced recycled pulp,” BioResources 19(1), 84-102. 100



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

property,” Mater. Sci. Eng, B 166(2), 127-131. DOI: 10.1016/j.mseb.2009.09.023

Leib, B. D., Garland, L. J., Barrios, N. A., and Hubbe, M. A. (2022). “Effects of orders of
addition in nanocellulose-cationic starch-colloidal silica systems for papermaking,”
TAPPI J. 21(9), 572-579. DOI: 10.32964/TJ21.10.572.

Merayo, N., Balea, A., de la Fuente, E., Blanco, A., and Negro, C. (2017). “Synergies
between cellulose nanofibers and retention additives to improve recycled paper
properties and the drainage process,” Cellulose 24, 2987-3000. DOI:
10.1007/s10570-017-1302-1

Montalvo, S., Guerrero, L., Borja, R., Sanchez, E., Milan, Z., Cortés, I., and De La La
Rubia, M. A. (2012). “Application of natural zeolites in anaerobic digestion
processes: A review,” Appl. Clay Sci (58), 125-133. DOI:
10.1016/j.clay.2012.01.013

Nicu, R., Bobu, E., and Desbrieres, J. (2011). “Chitosan as cationic polyelectrolyte in
wet-end papermaking systems,” Cellul. Chem. Technol 45(1), 105-111.

Osong, S. H., Norgren, S., and Engstrand, P. (2016). “Processing of wood-based
microfibrillated cellulose and nanofibrillated cellulose, and applications relating to
papermaking: a review,” Cellulose 23, 93-123. DOI: 10.1007/s10570-015-0798-5

Rahmaninia, M., and Khosravani, A. (2015). “Improving the paper recycling process of
old corrugated container wastes,” Cellul. Chem. Technol 49(2), 203-208.

Rahmaninia, M., Latibari, A. J., Mirshokraei, S. A., and Azadfallah, M. (2008). “The
influence of newspaper aging on optical properties of its de-inked pulp,” Turkish J.
Eng. Environ. Sci 32(1), 35-39.

Rahmaninia, M., Rohi, M., Hubbe, M. A., Zabihzadeh, S. M., and Ramezani, O. (2018).
“The performance of chitosan with bentonite microparticles as wet-end additive
system for paper reinforcement,” Carbohydr. Polym 179, 328-332. DOI:
10.1016/j.carbpol.2017.09.036

Rantanen, J., and Maloney, T. C. (2013). “Press dewatering and nip rewetting of paper
containing nano-and microfibril cellulose,” Nordic Pulp Pap. Res. J 28(4), 582-587.
DOI: 10.3183/npprj-2013-28-04-p582-587

Ridgway, C. J., and Gane, P. A. (2012). “Constructing NFC-pigment composite surface
treatment for enhanced paper stiffness and surface properties,” Cellulose (19), 547-
560. DOI: 10.1007/s10570-011-9634-8

Rohi, M., Rahmaninia, M., and Hubbe, M. A. (2023). “A comprehensive review of
chitosan applications in paper science and technologies,” Carbohydr. Polym 309,
article 120665. DOI: 10.1016/j.carbpol.2023.120665

Sabazoodkhiz, R., Rahmaninia, M., and Ramezani, O. (2017). “Interaction of chitosan
biopolymer with silica nanoparticles as a novel retention/drainage and reinforcement
aid in recycled cellulosic fibers,” Cellulose 24, 3433-3444. DOI: 10.1007/s10570-
017-1345-3

Saxena, A., and Singh Chauhan, P. (2017). “Role of various enzymes for deinking paper:
A review,” Crit. Rev. Biotechnol 37(5), 598-612. DOI:
10.1080/07388551.2016.1207594

SCAN-P 29:95., 1995. Bending resistance.

Song, Z., Li, G., Guan, F., and Liu, W. (2018). “Application of chitin/chitosan and their
derivatives in the papermaking industry,” Polymers 10(4), 389. DOI:
10.3390/polym10040389

Tajik, M., Torshizi, H. J., Resalati, H., and Hamzeh, Y. (2018). “Effects of cationic starch
in the presence of cellulose nanofibrils on structural, optical and strength properties of

Sayadi Milani et al. (2024). “Reinforced recycled pulp,” BioResources 19(1), 84-102. 101



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

paper from soda bagasse pulp,” Carbohydr. Polym 194, 1-8. DOI:
10.1016/j.carbpol.2018.04.026

TAPPI T 200 sp-01. (2007). “Laboratory beating of pulp (Valley beater method),” TAPPI
Press, Atlanta, GA.

TAPPI T 205 om-02. (2007). “Forming handsheets for physical tests of pulp,” TAPPI
Press, Atlanta, GA.

TAPPI T 227 om-99. (2007). “Freeness of pulp (Canadian standard method),” TAPPI
Press,” Atlanta, GA.

TAPPI T 261 cm-00. (2007). “Fine fraction by weight of paper stock by wet screening,”
TAPPI Press, Atlanta, GA.

TAPPI T 414 om-04. (2007). “Internal tearing resistance of paper, TAPPI Press,
Atlanta,” GA.

TAPPI T 494 om-01. (2007). “Tensile properties of paper and paperboard (using constant
rate of elongation apparatus),” TAPPI Press, Atlanta, GA.

Wu, M., Liao, K., Liu, C., Yu, G., Rahmaninia, M., Li, H., and Li, B. (2021). “Integrated
and sustainable preparation of functional nanocellulose via formic acid/choline
chloride solvents pretreatment,” Cellulose 28(15), 9689-9703. DOI: 10.1007/s10570-
021-04157-2

Yousefhashemi, S. M., Khosravani, A., and Yousefi, H. (2019). “Isolation of
lignocellulose nanofiber from recycled old corrugated container and its interaction
with cationic starch-nanosilica combination to make paperboard,” Cellulose 26,
7207-7221. DOI: 10.1007/s10570-019-02562-2

Zhang, D., Yu, G., Long, Z., Xiao, H., and Qian, L. (2016). “Bio-wax latex-modified
paper as antimicrobial and water-vapor-resistant packaging material,” J. Wood Chem.
Technol 36(3), 182-191. DOI: 10.1080/02773813.2015.1104545

Acrticle submitted: September 23, 2023; Peer review completed: October 14, 2023;
Revised version received and accepted: October 19, 2023; Published: November 7, 2023.
DOI: 10.15376/biores.19.1.84-102

Sayadi Milani et al. (2024). “Reinforced recycled pulp,” BioResources 19(1), 84-102. 102



