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Abstract.

In recent years, the tissue industry has been exposed to several challenges related
to the growing demand for high-quality materials and sustainability. An approach that
combined experimental and computational planning was implemented and presented
in this work. For this purpose, a simulator that established relationships between the
key fibre properties, the process steps that modify them, and the functional properties,
named the SimTissue, was developed and validated. Different scenarios and a
summary of the SimTissue research strategy are presented. The experimental planning
design consisted of examining the influence of refining, enzymatic treatment, and
incorporation of additives such as micro / nanofibrillated cellulose and biopolymers.
The correlations between these tissue process inputs, and the softness, strength and
absorption properties were established using the SimTissue. Overall, the SimTissue
predicted and optimized several case studies for the management and optimization of
sustainability formulations.

3D computational simulation, cellulose-based materials, furnish

optimization, tissue materials

Sustainable cellulose-based fibrous materials, such as tissue papers, are designed
for personal hygiene and utility purposes. Examples of tissue papers include toilet
papers, towel papers, napkins, facial tissue papers, among others. These materials are
recognized for their creped and embossed structures, with low basis weight, and high
porosity. Their key properties include bulk, softness, strength, and absorption, whose
contribution and importance differ and depend on the type of final product [1]. Significant
global growth in this sector is projected into the next decade, also related to the current

outbreak of COVID-19. Consumption of tissue materials was estimated to grow by
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around 55% in Eastern Europe and 45% in Western Europe between 2012-2022 [2].
The tissue industry is exposed to several challenges related to the growing demand for
sustainable products and furnish, namely the raw materials, process operations steps,
and additives incorporation [1]. A commitment to sustainable development is necessary
to guide process decisions, as well as to search for simultaneous strategies of economic
prosperity, environmental responsibility, and social equity [3]. Raw materials, such as
cellulose fibre pulp, are the main factor in tissue paper manufacture, accounting for 45%
to 59% of the total manufacturing cost [4]. Therefore, finding strategies to optimize the
use of these raw materials on the final product and offset the cost-effectiveness offers
substantial opportunities to drive consumer demand for optimized tissue products with
innovative functionality and added value.

Eucalyptus fibre pulps are traditionally used in tissue production because of their
ability to provide formation and softness to the materials, while softwood fibre pulps are
used to ensure strength and paper machine runnability [1]. Eucalyptus fibres present
the potential to be optimized to improve their mechanical properties while maintaining
existing benefits. A more recent example is the extended impregnation cooking process
which has shown the potential to increase tensile strength, reduce refining energy
through its physical and chemical properties, increase pulp production yield, with higher
product quality, lower consumption of chemical products in cooking, and cost reduction
[5]. In addition to these strategies in the pulping process development, fibre modification
strategies along the process steps have also been extensively investigated in recent
years [1,4,6-12]. Maximizing the Eucalyptus globulus fibres incorporation, and the total
or partial replacement of softwood pulps consists of a challenge since the required
adjustments represent consequences on the runnability of the paper machine and
converting lines. Obtaining tissue products with the best combination of fibres, and
maximization of Eucalyptus globulus fibres, suggests knowledge of the different pulps
on the market and the consequences on the finished product properties [6,7]. Due
to the fibres’ properties, such as high coarseness, the eucalyptus fibre’s structure can
be modified through enzymatic treatment processes [10], refining, and incorporation
of additives such as micro/nanofibrillated cellulose (MFC/NFC) and biopolymers [11,12],
minimizing the influence on the strength and stiffness properties that the structure
needs for the process operations [13,14].

This entire tissue furnish optimization process requires extensive research and
methodologies to overcome the issues, which involves the design and analysis of
laboratory and computational experiences. Computational methods for integrating all

important variables for analysing the behaviour and modelling of fibre materials, process
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modification steps, and functional properties have been increasingly investigated
in recent decades [8,9,14-19]. Computational tools allow us to significantly reduce
experimental work in the development and optimization of new materials, to present a
better synergy between experimental tests and simulation of specific properties. The
development of advanced computational tools with predictive capability for furnish is a
major milestone soon as it allows us to estimate which raw materials are most promising
for a particular tissue product and which process operations allow us to obtain tissue

with desired and optimized properties [20].

Therefore, an innovative design approach was implemented to create product differ-
entiation. To develop and optimize these premium materials, we designed a simulator
that allows us to compare various scenarios of furnish formulations, the SimTissue. This
simulator establishes relationships between key fibre properties, the fibre modification
process steps, and the tissue structural and functional properties. In this work, we
present different scenarios and a summary of all the research that is based on the
development of SimTissue for the management and optimization of sustainable furnish

materials, using experimental and computational methodology approaches.

To implement the computational studies, initially, a characterization of the fibre dimen-
sions in the paper structure was carried out, in the three dimensions, through the
development of methodologies using SEM image analysis and advanced computa-
tional tools for fibre and structure modelling [8,9]. The experimental planning also
consisted of the characterization and selection of different cellulosic pulps, obtained
from hardwood (HW) and softwood (SW) species and different pulping processes of
industrial interest [6,7]. The effect of fibre modification was also investigated, either
by mechanical (refining) process, either by enzymatic treatment, or a combination
of both [10], and the incorporation of additives such as MFC/NFC and commercial
biopolymer (CBA) [11,12]. All experimental conditions used can be found in our referenced
and cited publications. The properties of bulk (ISO 12625-3), softness (using Tissue
Softness Analyzer (TSA Emtec) equipment), tensile strength index (ISO 12625-4), water
absorption capacity (ISO 12625-8 adaptation), and capillary rise (ISO 8787 adaptation)
were evaluated on laboratory structures of 20 g/m? (ISO 5269-1 adaptation). This was
a proposed methodology to mimic the tissue-based sheets. The relationships between
these properties were established, using different innovative computational tools, such

as Lasso regression, robust multi-linear regressions (MLR), artificial neural networks
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(ANN), among others, and using simulation and experimental data, to obtain predictive
capacity. Then, the structures were 3D computationally simulated, to calibrate the tissue
model and validate its predictive character [8,9,15,16]. This entire process allowed
the computational implementation of the SimTissue through the calculation engine
algorithm programming, database, and user interface integration, to be used in specific

cases to support furnish’s industrial management.

For the SimTissue development, a methodology that combines an experimental and
computational approach was designed (Figure 1). SimTissue establishes relationships
between input variables of fibre properties and output variables of tissue functional
properties. Through experimental and computational data, SimTissue quantifies the
changes that occur due to the use of different pulps and process operations of tissue
paper production. The validation of the final end-use properties’ prediction was carried
out with experimental and simulated structures, to develop this simulator for the fibrous
materials and furnish optimization [21]. Different furnish scenarios with industrial interest
are investigated including different fibre combinations and the design and optimization
of each tissue product. In our previous works, this simulator was also used to obtain pre-
dictive capacity for the creping and embossing influence on the softness, strength, and
absorption properties of industrial and laboratory structures produced with eucalyptus
and softwood fibers [20]. Therefore, the computational implementation of SimTissue
also supports industrial furnish management considering structures with creping and
converting operations. In the present work, we are presenting only a furnish optimization
approach, not considering these operations.

The results indicate that SimTissue predicts the influence of various types of raw
materials used to produce tissue products, process operations, and additives at the
micro and nanoscale. An important achievement is the comparison of structures pro-
duced with 100% eucalyptus fibres, with different percentages of other fibres, and
additives. In this work, we present different comparative scenarios of case studies
predicted by SimTissue to design new tissue paper formulations, compared to typical
industrial formulations (75%HW+25%SW) with typical mill drainability values (~25°SR).
These formulations presented a softness of 59.9 HF, a tensile index of 18.5 Nm/g, a

water absorption capacity of 7.5 g/g, and a capillary rise of 121 mm.
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Figure 1: Outline of the methodology approach used in this work to develop the SimTissue for furnish
management and optimization.

Figure 2 presents the percentage of variation in the final end-use tissue properties for
formulations with different fibrous compositions and MFC/NFC incorporation. Formula-
tions were simulated with a eucalyptus pulp (HW), and a softwood pulp (SW) with higher
strength properties, in percentages of 1%, 5%, and 10% (Figure 2a). Formulations with
MFC/NFC incorporation were also simulated, at the same percentages (Figure 2b). A
formulation was further proposed that contained these three fibrous elements, namely,
90%HW+5%MFC/NFC+5%SW (Figure 2b). All formulations with HW and SW presented
25°SR, and formulations with MFC/NFC presented drainability between 26 and 44°SR.
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Figure 2: Percentage of variation in the tissue final end-use properties for formulations with (a) HW and SW;
and (b) HW and MFC/NFC, compared to the typical industrial structures (75%HW+25%SW), and predicted
using the SimTissue.

From these scenarios, the results indicated that the production of tissue structures
with reduced SW incorporation or its replacement by MFC/NFC promoted an increase

in softness properties. Structures with HW and SW contributed positively to the strength
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development compared to structures with MFC/NFC. The formulations whose balance
between the softness and tensile index properties, and with the highest potential to
replace this industrial reference, were 90%HW+10%SW and 95%HW+5%MFC/NFC. This
evidence is suggested by comparison with industrial base tissue papers. Despite the
51% loss in the tensile index, structures with 5% MFC/NFC showed strength values in the
range of these industrial tissue papers (6.9 - 12.0 Nm/g), and consequently, unsustainable
breaks are expected to be unlikely to occur. The results also indicated that SW fibres
remain an important element to confer strength and absorption properties, especially
in products such as wet strength papers. MFC/NFC presents a good potential to be
used in tissue products such as toilet and facial papers, produced with the eucalyptus
maximization. The 90%HW+5%MFC/NFC+5%SW formulation also presented a good
combination between softness, strength, and absorption, essential to produce premium
materials [11].

Regarding fibre modification studies, a kraft eucalyptus pulp with higher tensile index
values and a sulphite pulp with higher softness values were separately subjected
to enzymatic treatments [10]. The information about fibre flexibility and biometry is
determinant to predict tissue paper properties. These two raw materials correspond to
the two extremes of eucalyptus pulps, regarding fibre wall thickness, degree of collapse,
refining ability, flexibility values, and softness and strength properties. All these fibre
properties and dimensions are essential to model them in 3D, resulting in a structure
with optimized bulk, for example. Therefore, the results constitute valuable information
applicable for other pulps of interest, with fibre dimensions in this range. Through
this optimization, the variation of time and enzyme dosage can be predicted, using
data-driven statistical mathematical models. Table 1 presents examples of simulated
scenarios for the enzymatic treatment of these pulps. First, and regarding kraft pulp,
SimTissue predicted softness and tensile index values in the same range as typical
industrial formulations (softness: 60 HF; tensile index: 19 Nm/g; capillary rise: 121 mm).
Therefore, SimTissue predicts the formulation properties with variation in these two
process variables: reaction time and enzyme dosage. In these simulation studies, similar
softness and strength properties are obtained with an enzyme reaction time of 30
minutes, and with a dosage of 50 g/ton, or also with twice the enzyme reaction time,
and with a lower dosage of 20 g/ton. The same analysis can also be performed for

other pulps of interest.

To obtain new formulations with 100% eucalyptus pulps, it is important to select the
process conditions that allow a good trade-off between them, to adjust the furnish

for the tissue properties development. A design was proposed that combines 80% of
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TABLE 1: Scenarios for the enzymatic treatments of kraft and sulphite pulps, predicted by SimTissue.

Enzyme Reaction Time Softness Tensile Capillary
Dosage (minutes) HF Index Rise (mm)
(g/ton) (Nm/g)
Simulation 150 30 53 18 108
(Kraft pulp)
Simulation 2 20 60 53 20 108
(Kraft pulp)
Simulation 3 100 30 81 7 17
(Sulphite pulp)
Simulation 4 30 60 82 7 116

(Sulphite pulp)

the enzymatically treated kraft eucalyptus pulp and 20% of the sulphite pulp with and
without enzymatic treatment [10]. Figure 3a presents the percentage of variation in the
final end-use tissue properties for formulations with different combinations, compared to
formulations with 75%HW+25%SW. Overall, the simulated combinations contributed to
increased softness with good tensile and absorption properties, ensuring the necessary
strength to obtain premium tissue papers. Considering the inverse progression of
softness HF and tensile index, the identification of different mixture conditions that allow
the best balance between these two properties can be identified for different types of
tissue papers. Despite the difference found between the strength of the combinations
and the industrial reference, the tensile index values of the combinations (14 — 17 Nm/qg)
were higher than the range of values for industrial base creped tissue papers (6 — 11
Nm/qg) [20].
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Figure 3: Percentage of variation in the tissue final end-use properties for fibre modification formulations,
compared to the typical industrial structures (75%HW+25%SW) and predicted using the SimTissue. (a)
Combination 1: 80% kraft pulp with 10 g/ton, 30 minutes + 20% sulphite pulp without treatment; Combination
2: 80% kraft pulp with 10 g/ton, 60 minutes + 20% sulphite pulp without treatment; Combination 3: 80% kraft
pulp + 20% sulphite pulp, both with 100 g/ton, 30 minutes; Combination 4: 80% kraft pulp + 20% sulphite
pulp, both with 100 g/ton, 60 minutes. (b) Simulation 1: kraft pulp treated with 50 g/ton, 120 minutes followed
by mechanical treatment (500 PFI revolution); Simulation 2: kraft pulp treated with 350 g/ton, 120 minutes
followed by 500 PFI revolution; Simulation 3: kraft pulp with 500 PFI revolution followed by 50 g/ton, 120
minutes; Simulation 4: kraft pulp with 500 PFI revolution followed by 100 g/ton, 120 minutes.
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One of SimTissue’s features is also to allow the simulation of scenarios that combine
different process operations, such as mechanical and enzymatic treatments. To this end,
the same kraft pulp was subjected to enzymatic pre-treatment followed by refining,
and vice versa. Examples of these simulations, compared to the industrial reference
(75%HW+25%SW), are shown in Figure 3b. From this study, SimTissue predicted that
similar properties were obtained with an enzymatic pre-treatment with an enzyme
dosage of 350 g/ton, followed by refining (simulation 2) and a pre-refining followed
by enzymatic treatment with an enzyme dosage 7 times less, 50 g/ton (simulation 1).
With this approach, several scenarios for enzymatic and mechanical treatments with
equivalent energy consumption can be foreseen. Overall, formulations were obtained
with improved softness and absorption properties compared to the industrial reference,
and with strengths in the commercial tissue paper range. Although a pre-refining
followed by an enzymatic treatment presents a negative impact on the fibres, namely
the decrease of fibre length and the increase of fines content, this procedure can be
advantageous in obtaining pulps with strength characteristics. Therefore, a pulp with this
fibre modification process can be used as an additive in pulps with good softness and
absorption properties. Consequently, the production of tissue papers with a composition
of 100% eucalyptus pulp and with optimized tissue properties can be achievable.

Regarding the incorporation of additives, in addition to MFC/NFC, SimTissue also
allows the study of other additives such as CBA [12]. This computational platform
predicted the tissue properties as a function of the CBA incorporation in eucalyptus
pulps and compared with the industrial reference (Figure 4a). Overall, the incorporation
of this additive increased the softness and absorption at the expense of decreasing
strength, up to 3% incorporation. On the other hand, after the 4% incorporation, the
softness and strength properties increased at the expense of absorption. Note also that
the 4% CBA incorporation has practically the same tensile index value as the industrial
reference. This means that this incorporation can allow the replacement of SW in terms
of strength properties compared to 75%HW+25%SW.

Another planning design that included the selection of eucalyptus and softwood
pulps, the combination of process operations and incorporation of two additives was
carried out and foreseen by SimTissue. Two scenarios were simulated on our compu-
tational platform and compared to the industrial reference (Figure 4b). The simulations
were carried out to study the effect of the conjugation of two additives on tissue
properties and to study their implication in softwood pulp reduction [12]. In Simulation 1,
the scenario of selecting 75%HW, 25%SW with mechanical refining treatment followed

by enzymatic treatment of 30 g/ton for 60 minutes, and incorporation of 2% MFC/NFC
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Figure 4: Percentage of variation in the tissue final end-use properties for formulations with (a) HW and
CBA; and (b) HW, SW, MFC/NFC, and CBA, compared to the typical industrial structures (75%HW+25%SW),
and predicted using the SimTissue. Simulation 1. 75%HW+25%+2%MFC/NFC+2%CBA; Simulation 2:
90%HW+10%+2%MFC/NFC+2%CBA.

and 2%CBA, as additives, was proposed. In Simulation 2, the same previous conditions
of process operation and additives were proposed, but with a selection of 90%HW and
10%SW. Compared to 100%HW formulations, the addition of both additives improved
strength at the expense of decreased softness and absorption. With the softwood pulp
reduction, the additives’ incorporation promoted an increase in softness and absorption,
with good strength properties similar to commercial tissue papers. The understanding
of the possibility of producing tissue structures with different additives, softwood pulp
reduction, and fibre modification treatments, in the range of industrial drainage, was

possible through these simulations.

With this research work, we present an experimental and computational methodology
to develop sustainable cellulose-based tissue materials. A simulator with predictive
capability, the SimTissue, was developed and validated to optimize innovative furnish
formulations, saving laboratory, and industrial resources. SimTissue was applied to
identify the more adequate eucalyptus and softwood pulps from a set of raw material
pulps. The results indicated the optimized combination of pulps to produce toilet and
facial papers, in which softness is the key property, as well as towel papers and
napkins, in which strength and absorption are essential. Simulation studies were used
to optimize different furnish formulations, predicting different scenarios with enzyme
dosages reduction, extending its reaction time, translating into refining energy gains.
The effects of incorporating additives, such as MFC/NFC or CBA, were also estimated
by SimTissue. Several hypotheses of industrial interest were simulated, and the trade-

off between softness, strength, and absorption properties was quantified in different
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scenarios. In conclusion, the SimTissue is a computational tool with predictive capacity

useful for furnish management and sustainable process optimization.
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