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Optimizing Refining Conditions of Pinus massoniana
Cellulose Fibers for Improving the Mechanical
Properties of Ultra-Low Density Plant Fiber Composite
(ULD_PFC)
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Response surface methodology was used to optimize the refining
conditions of Pinus massoniana cellulose fiber and to improve the
mechanical properties of ultra-low density plant fiber composite
(ULD_PFC). The effects and interactions of the pulp consistency (Xu),
the number of passes (Xz2), and the beating gap (Xs) on the internal bond
strength of ULD_PFC were investigated. The results showed that the
optimum internal bond strength (91.72 + 2.28 kPa) was obtained under
the conditions of 8.0% pulp consistency, two passes through the refiner,
and a 30.0 um beating gap. Analysis of the physical properties of the
fibers and handsheets showed that the fibrillation of fibers with optimum
refining conditions was improved. Also, the tear index of the optimal
specimen was 13.9% and 24.5% higher than specimen-1 with a lowest
beating degree of 24 °SR and specimen-6 with a highest beating degree
of 73 °SR, respectively. Consequently, the optimal refining conditions of
the fibers are valid for preparing ULD_PFCs.

Keywords: Refining; Physical properties; Handsheet; Internal bond strength; Optimization

Contact information: a: College of Material Engineering, Fujian Agriculture and Forestry University,
350002, Fuzhou, Fujian; b: Division of Wood Technology and Engineering, Luled University of
Technology, 93187, Forskargatan 1, Skellefted, Sweden; *Corresponding author: fjxieyg@hotmail.com

INTRODUCTION

Ultra-low density plant fiber composite (ULD_PFC) is a foaming material with
many advantages, such as low thermal conductivity and a high coefficient of sound
absorption (Xie et al. 2004, 2008a, 2008b, 2011). It is derived from plant fibers that are
renewable and biodegradable polymers, mainly consisting of cellulose, lignin, and
hemicelluloses (Liu et al. 2008). The plant fiber composite is produced using a liquid
frothing process without heating, pressing, or common adhesives. The network structure
is formed by the fibers, which are adhered through water bridging and a small amount of
adhesive (Xie et al. 2011). To improve the mechanical properties of ULD_PFC, it is
important to expose the fiber surfaces to improve bonding between fibers, which exposes
a number of hydroxyl groups that allow the polymer to form hydrogen bonds (Bhardwaj
et al. 2004, 2007; Kamel et al. 2004; Mutje et al. 2006; Gulsoy 2014; Chen et al. 2016).

Refining improves the properties of fibers by friction among fibers and
mechanical shear. The process mainly consists of three actions: internal fibrillation,
which is caused by the breakdown of the fiber walls into separate lamellas; external
fibrillation, which can increase the exposure of fibrils on the fiber surfaces; and the
generation of fines from fibers (Bhardwaj et al. 2004; Hou et al. 2011; Gao et al. 2012).
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The physical properties of fibers are significantly affected by many factors during
beating, such as the refiner speed of rotation, PFI mill revolution number, disc gap, and
pulp consistency (Wei et al. 2010; Hou et al. 2011; Chen et al. 2012; Gao et al. 2012).
For example, a reasonable beating time improves the properties of fibers. The
improvement of fiber quality is limited by a small beating time, which results in
incompletely beaten fibers. Conversely, a long beating time causes excessive shortening
of fibers, decreases fiber properties, consumes more energy, and increases costs (Chen et
al. 2012). Gao et al. (2012) showed that the beating degree of pulp was enhanced with an
increase in the PFI mill revolution number, and a decrease in length. Additionally, pulp
consistency is an important factor during beating. The friction between fibers plays an
important role in the high and medium consistency refining process, which can improve
the fibrillation of fibers and maintain their length. When the pulp consistency is too high,
it is more likely that fibers are shortened as they pass between two discs and are subject
to shear force (Wei et al. 2010; Gao et al. 2012).

The mechanical properties of ULD_PFC may be affected by the fiber’s original
properties, the strength of the fibers (i.e., fiber length), and the extent of bonding between
the fibers (Chen et al. 2016). Therefore, a suitable refining process is essential for
obtaining the desired mechanical properties of ULD_PFC. To systemically examine the
effects of refining on the mechanical properties of ULD_PFC, the refining conditions of
pulp consistency, the number of passes through a refiner, and beating gap were
considered in this study. Furthermore, a standard response surface methodology (RSM)
called the Box-Behnken design (BBD) was used, and the morphology of the fibers and
the mechanical properties of handsheets were analyzed.

EXPERIMENTAL

Materials and Pretreatment

Paperboard made of Pinus massoniana fibers (purchased from the Qingzhou
papermaking plant, Sanming, China) was utilized as a raw material to manufacture
handsheets and ULD_PFCs. The board was pretreated with water (15.0 wt.%) for 120
min and disintegrated by a beating machine (ZQS2 with 1.1 kW power, 23 L dimension,
and 586r/min revolving speed) which was purchased from Northwest Institute of Light
Industry Machinery Factory (Xianyang, China). Then, the pulps with 8° SR which were
separated to water by filtration were used for the mechanical pulping.

Aluminum sulfate and sodium silicate, purchased from Tianjin Fuchen Chemical
Reagents Factory (Tianjin, China) were used to generate the Si-Al compounds. The
corresponding preparation process was described in Chen et al. (2015a). Sodium
dodecylbenzene sulfonate was used as a foaming agent (Jiangsu Qingting Washing
Products Co., Ltd., Changzhou, China).

Methods
Mechanical pulping and experimental design

The pulps were refined in a disc refiner (ZDP-32 with 300 mm diameter, 3000
r/min spindle speed, and 30-300 r/min feedstock screw speed), which was manufactured
by the Jilin paper machinery manufacturing factory (Jilin, China). The pulping process
was described in Chen et al. (2016). The refining was processed with different
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parameters. The pulp consistency (X1), number of passes (X2), and beating gap (Xs) were
chosen as the variables.

The internal bond strength (Y) was regarded as a function of the controlled
variables. The RSM design of BBD was applied to study the effects of X1, X2, and X3 on
Y. The software Design-Expert (Trial Version 8.0.6; Stat-Ease, Minneapolis, USA) was
used to analyze data and build the models. The selected range of each variable is shown
in Table 1.

Table 1. Levels of Parameter Variables Used in RSM Design for Beating

Levels
Factors
-1 0 1
Pulp consistency (X1, %) 6 8 10
Number of passes (X, unitless) 1 2 3
Beating gap (Xs, pm) 20 30 40

Preparation of ultra-low density plant fiber composites

Ultra-low density plant fiber composites (200 mm x 200 mm x 50 mm) were
made of 55 g of dry refined Pinus massoniana pulp, with a target bulk density of 50
kg-m= to 90 kg-m=. They were manufactured separately using various parameters in a
demonstration line as described in Chen et al. (2015b, 2016). The additives of a Si-Al
compound, polyacrylamide resin, alkyl ketene dimer (AKD, water repellent), chlorinated
paraffin (fire retardant), and sodium dodecylbenzene sulfonate surfactant (10%
concentration, foaming agent) were added during the different manufacturing stages and
mixed with the refined pulp in all specimens at 500 mL, 20 mL, 50 mL, 46 g, and 80 mL,
respectively.

Testing of beating degree and properties of refined pulp

The beating degree of the pulps was determined by the Schopper Riegler method
using a beating degree tester (Z-DZY-100, Sichuan Changjiang Papermaking Equipment
Co., LTD, Yibin, China). Pulp samples of 2 g were diluted in 1000 mL of distilled water.
The beating degree value was calculated by Eq. 1, according to GB/T 3332 (2004),

Beating degree (°SR) = (1000 - Vwater') / 10 (1)

where Vwater is the volume of transudatory water.

The properties of the Pinus massoniana fibers including the fiber weight-average
length and degree of fibrillation were characterized by a fiber morphology analyzer
(Morfi Compact, Techpap Co., LTD, Saint Martin d'Heres, France).

Scanning electron microscopy (SEM)

The specimen surface was coated with gold, and the micromorphology was
characterized by SEM (Phenom ProX, Eindhoven, Netherlands) analysis using an
acceleration voltage of 15 kV.

Preparation of handsheets and testing of their properties
The refined pulps were dispersed into water using a standard pulp disintegrator (5
wt.% to 10 wt.%). The handsheets were prepared with a basis weight of 160 g-m2. When
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the handsheets were prepared, they were placed at a constant temperature and humidity,
according to the TAPPI T222 om-11 (2011) standard, for 24 h. The physical properties of
the handsheets including the tensile index, tear index, and burst index were tested in
accordance with GB/T 12914 (2008), GB/T 455 (2002), and GB/T 454 (2002),
respectively. The results reported are the average of 10 replicates.

Testing of internal bond strength

The internal bond strength (IB) of each ULD_PFC was tested in accordance with
GB/T 17657 (1999). The size of the specimens was 50 mm x 50 mm x 40 mm (L x W x
H). The results reported are the average of five replicates.

RESULTS AND DISCUSSION

Model Fitting

The Box-Behnken design and the results of the experiments for evaluating the
effectiveness of the three independent variables on the IB of ULD_PFC are presented in
Table 2. The IB of the ULD_PFC against the function of the independent variables within
the range under investigation is described as the following mathematical model (Eq. 2),

Y=91.72 + 9.84X1 + 2.73X2 + 11.41X3 + 0.78X1X2 — 2.80X1X3
— 2.83X2X3 — 23.74X1% — 33.51X2? — 15.99X32 (2)
where Y is the IB of the ULD_PFC, whereas X1, X2, and X3 are the coded variables for
the pulp consistency, number of passes, and beating gap, respectively.

Table 2. Box-Behnken Design and the Response Data, Internal Bond Strength

Coded Levels Internal Bond Strength (kPa)

Run Pulp consistency Number of passes | Beating gap . .
No. (X1, %) (X, unitless) (X3, um) Experimental Predicted

1 -1 (6) -1 (D 0(30) 25.1 22.7

2 1(10) -1 0 39.8 40.8

3 -1 1(3) 0 27.6 26.6

4 1 1 0 45.4 47.8

5 -1 0(2 -1 (20) 24.1 28.0

6 1 0 -1 52.8 53.2

7 -1 0 1 (40) 56.8 56.4

8 1 0 1 74.3 70.5

9 0(8) -1 -1 26.7 25.3
10 0 1 -1 39.2 36.4
11 0 -1 1 50.9 53.7
12 0 1 1 52.1 53.5
13 0 0 0 91.2 91.7
14 0 0 0 89.3 91.7
15 0 0 0 92.2 91.7
16 0 0 0 91.9 91.7
17 0 0 0 94.0 91.7
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Table 3. Analysis of Variance for Regression Model for Internal Bond Strength

Source Sum of squares Dfe grees of Mean square | F-value p-Value*
reedom
Model 10970.22 9 1218.91 112.98 <0.0001
X1 774.21 1 774.21 71.76 <0.0001
X2 59.40 1 59.40 5.51 0.0513
X3 1041.96 1 1041.96 96.58 <0.0001
X1X2 2.40 1 2.40 0.22 0.6514
X1Xs3 31.36 1 31.36 291 0.1320
X2Xs 31.92 1 31.92 2.96 0.1291
X1? 2512.00 1 2512.00 219.86 <0.0001
X322 4728.08 1 4728.08 438.25 <0.0001
X3? 1075.87 1 1075.87 99.72 <0.0001
Residual 75.52 7 10.79 -
Lack of fit 63.93 3 21.31 7.36 0.0618
Pure error 11.59 4 2.90 -
Correlation 11045.74 16 -
total

*Note: p < 0.01 is considered highly significant; 0.01 < p < 0.05 is considered significant; p > 0.05
is considered insignificant

As shown in Table 3, the model’s p-value was less than 0.0001, and the lack of fit
value was more than 0.05, indicating that the model exhibits good fitness (Sahu et al.
2010; Brown and Brown 2012; Singh et al. 2013; Mujtaba et al. 2014). A small
coefficient of determination (R?) value indicated poor relevance of the dependent
variables in the model. In this study, the value of R? was 0.9932, implying that 99.32% of
the variations can be explained by the fitted model. It is in reasonable agreement with the
the Ragi? (0.9844), indicating a high degree of correlation between the observed and
predicted value (Tang et al. 2011). Thus, this model established that the regression model
explained the true behavior of the system. The corresponding variables would be more
significant with greater F-values and smaller p-values (Amini et al. 2008; Xu and He
2010).

As can be seen in Table 3, the F-value (112.98) and p-values (less than 0.0001)
implied that the model was significant, and there was only a 0.01% chance that the result
could occur due to noise. However, the F-value (7.36) and p-value (0.0618) of the lack of
fit implied that it was not significant and that a 6.18% chance could occur due to noise.
According to the p-values in this model, the variables X1, Xs, and three quadratic terms
(X124, X22, and X3?) affected the IB of the ULD_PFCs significantly, whereas Xz and three
interactive terms (X1X2, X2Xs, and X1X3) were insignificant to the response. The results
also showed that the effects of the independent variable on the IB of ULD_PFCs were as
follows: beating gap (X3) > pulp consistency (X1) > number of passes (X2).

Analysis of Response Surface and Optimization

The effects of the variables on the IB of the ULD_PFC are shown in Fig. 1. A 3D
representation of the response surface and the corresponding contour plot are used to
illustrate the relationship between the parameters and response variable.

As shown in Fig. 1a, a maximal 1B was obtained for two passes of refining and a
pulp consistency of 8.0% to 9.0%. The IB of ULD _PFCs increased with the pulp
consistency first, but then declined at a higher pulp consistency. This is because the
combination among fibers and their intrinsic properties are crucial for the mechanical
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properties of ULD_PFCs. As an increase in the pulp consistency, the fibers are
remarkably broken and fibrillated because of the function of the friction among fibers
(Clark 1985; Chu and Ou 2001; Liu et al. 2008; Gao et al. 2012). As shown in Fig. 2,
some of the fibers longitudinal direction exhibited splitting (Fig. 2b-b1), and some of the
S1 layer of the fibers peeled away from the fiber wall (Fig. 2a-a1). Figure 2-as and bz
show an example of slight damage to the S2 layer. The pulp with a higher pulp
consistency is difficult to pass through the discs, leading to excessive shortening due to
the shear force. Figure 2a-a2 shows the fracture pattern at the end of the fiber caused by
the function of shear force (Molin and Daniel 2004; Chen et al. 2012). However, the
fibrillation of fibers is helpful to absorb the Si-Al compounds. During refining, the
specific surface area of the fiber is enlarged. The hydroxyl groups were made accessible,
and the chemical components become more easily absorbed on fibers (Fig. 2c-c1 and c2)
(Bhardwaj et al. 2004; Molin and Daniel 2004; Marais and Wagberg 2012).

Figure 1b shows the combined effect of the pulp consistency and beating gap on
the IB of ULD_PFCs at a constant two passes of refining. The contour plot result is
elliptical, indicating significant interactive effects of the two independent variables on the
IB of ULD_PFCs (Tang et al. 2011). The IB of ULD_PFCs increased with a decrease in
the beating gap, especially within the range from 30.0 um to 40.0 um, but declined
sharply when the beating gap was less than 30.0 um. This is because fibrillation of the
fibers was improved at a suitable beating gap, while their weight-average length was still
maintained. When the beating gap was less than the average width of the fiber
(approximately 31.1 um), then the fiber weight-average length sharply decreased with a
decrease in the beating gap. This is due to the increased probability shear force and
friction force on the fibers.

The 1B of ULD_PFCs increased with the number of passes, but it declined at
further higher number of passes (Fig. 1c). This is due to fibers not being adequately
affected the first time, it mainly breaking the fiber primary and secondary cell wall. When
they were processes a second time, the probability for the fibers to suffer from the shear
force and friction force increased. In this case, the breaking process caused the fibers to
become swollen and softer, and the beating degree and degree of fibrillation were
increased (Han et al. 2008). When the number of passes continuously increased, more
fibers were shortened, which decreased the weight-average length and width.
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Fig. 1. Response surface plots for the maximum IB of ULD_PFCs. (a) Effects of pulp consistency
and number of passes on the IB of ULD_PFCs; (b) effects of pulp consistency and beating gap
on the IB of ULD_PFCs; (c) effects of number of passes and beating gap on the IB of ULD_PFCs

Fig. 2. (a) SEM micrographs of ULD_PFC made from a refined Pinus massoniana cellulose fiber;
(b and c) the surface of fiber from the frame in (a) at high magnification

Based on Eq. 2, the optimal refining conditions for ULD_PFCs are 8.10% pulp
consistency, 2.06 passes through the refiner, and a 34.20 um beating gap. Taking the
practical operating condition into consideration, the modified conditions are as follows: a
pulp consistency of 8.0%, 2 passes through the refiner, and a beating gap of 30.0 pum.
Under these conditions, an average of 91.72 + 2.28 kPa is obtained, which is close to the
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predicted values of 94.00 kPa. These results confirmed that the model adequately
reflected the expected optimization and that Eq. (2) is satisfactory and accurate.

Physical Properties of Cellulose Fibers and their Handsheets

Based on the beating degree, specimen-1, specimen-6, and the optimal specimen
are chosen and compared. Their beating degree, fiber weight-average length, degree of
fibrillation of fibers, and the corresponding properties of paper are presented in Table 4
and Fig. 3.

Table 4. Physical Properties of Cellulose Fibers and their Handsheets

Beating Conditions Properties of Fibers Properties of Papers
Beating | Fiber Degree Tensile Burst Tear
X1 X2 X3 of . . .
%) | (time) | (um) degree | length fibrillation index index index
H (°SR) (um) (%) (KN/m) (kPa) (mN)
1 6 1 30 24 2132 0.723 39.9 203 13.0
6 10 2 20 73 1764 1.137 59.3 342 11.4
Optimal | 8 2 30 45 1827 0.911 52.6 325 15.1

*Note: Xi-Pulp consistency; X2-Number of passes; Xs-Beating gap.
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Fig. 3. Physical properties of fibers (a), and handsheets (b), for specimen-1, specimen-6, and the
optimal specimen

Table 4 and Fig. 3a show that fibers with a beating degree of 24 °SR had a longer
fiber weight-average length and a smaller degree of fibrillation, as compared with a
beating degree of 73 °SR. This is because the probability for fibers to be affected by the
shear force and friction force increased with a high beating degree. The increase of the
fibrillation increases the bonding ability and flexibility of fibers, which is beneficial to
the properties of the handsheets (Gulsoy 2014). Theoretically, the tensile index and burst
index of handsheets are mainly affected by the combination of fibers, while the tear index
is mainly affected by the average length and strength of the fibers (Yuan 2004; Gao et al.
2012). As shown in Table 4 and Fig. 3b, specimen-1 with a low beating degree of 24 °SR
and a long fiber weight-average length of 2132 um had a lower tensile index and burst
index of handsheets than specimen-6, except for the tear index. For the optimal specimen,
its fibrillation was improved, and the fibers weight-average length was also maintained.
The tensile index and burst index were 11.3% and 5.0% less, respectively, than
specimen-6, but the tear index was increased by 24.5%. Taking these factors into
consideration, the optimal refining conditions of the Pinus massoniana fibers are valid
for preparing ULD_PFCs.
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CONCLUSIONS

1. A suitable refining process effectively improved the mechanical properties of
ULD_PFCs. Taking the practical operating condition into consideration, a good
internal bond strength of 91.72 + 2.28 kPa was obtained with the conditions of 8.0%
pulp consistency, 2 passes through the refiner, and a 30.0 um beating gap.

2. The physical properties of fibers and handsheets showed that the fibrillation of fibers
with optimum refining conditions was improved. Specimen-1 with a lowest beating
degree of 24 °SR had a lower tensile index and burst index of handsheets than
specimen-6, except for the tear index. For the optimal specimen, its fibrillation was
improved. Their tensile index and burst index were 11.3% and 5.0% less,
respectively, than specimen-6 which had a highest beating degree of 73 °SR, but the
tear index was increased by 24.5%. Consequently, the optimal refining conditions of
fibers are valid for preparing ULD_PFCs.
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