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Feasibility of substituting soda
pulping with high consistency
kneaded chemi mechanical pulping
for discarded oyster farming
bamboo scaffolding
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In the previous study, discarded oyster farming bamboo scaffolding (BS) demonstrated the potential
for application in pulping and papermaking through the soda pulping process. However, soda pulping
involves high temperatures and chemical dosages. Therefore, this study develops an alternative
pulping process to lower temperature and chemical demands by utilizing a high-consistency kneader
(HCK), simultaneously promoting the utilization of BS in pulping and papermaking. This study

applies a factorial experimental design to assess the impact of thermo-alkali pretreating conditions
(temperature and NaOH dosage) by analyzing pulping yield, freeness, fiber appearance, and
handsheet properties. The factorial analysis shows that the temperature and NaOH dosage of thermo-
alkali pretreatment significantly affect the pulp properties. The optimal condition of 125°C and 7.5%
NaOH dosage has the highest accepts ratio, the best refining capacity, and the highest handsheet
strength. Further compared with previous soda pulping research, utilizing HCK can produce similar
pulp properties while increasing the pulping yield and reducing the temperature (-26.5%) and chemical
demands (-46.4%). In summary, HCK demonstrates feasibility and potential for application in the
pulping process, offering a new perspective on mechanical pulping as presented in this study, while
also creating an opportunity to promote BS utilization.

Keywords Bamboo scaffolding, Agricultural surplus, High-consistency Kneader, Greener pulping method,
Chemi-mechanical pulp

Abbreviations

BS Discarded oyster farming bamboo scaffolding
HCK  High-consistency kneader

CMP  Chemi-mechanical pulp

Due to an increasing awareness of environmentally friendly and sustainable development, establishing a circular
economy is becoming important. Especially the circular utilization of agricultural surplus materials, which has
gradually been focused on'2. Because of the increasing demand for fiber feedstock in papermaking industries?,
more and more agricultural surplus materials are used as non-wood fiber feedstocks for pulping to supply the
fiber demands of the global papermaking industry*>,thus, agricultural surplus materials in Taiwan also have the
chance to be applied in pulping and papermaking.

According to the previous study®, the discarded bamboo scaffolding (BS) obtained from the oyster farming
industry in Taiwan has the potential to be applied in pulping and papermaking, in which the BS can be pulped
by soda methods and produced the high strength handsheets. With consideration that the recovered amount of
BS is 4,000 to 5,000 tons per year and that the relevant controlling department is facing the challenge of applying
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it effectively and in a value-added manner, there is an opportunity to promote the use of BS in pulping and
papermaking.

Pulping methods can be divided into three different types, mechanical, chemi-mechanical, and chemical
pulping. Most agricultural surplus materials can be considered non-wood fibers, so the conventional pulping
process for these materials is soda pulping”®. The soda pulping process needs a higher temperature and chemical
dosage. To reduce environmental damage, soda pulping needs to build a chemical recovery system to support
the production, so the capital cost is relatively higher. However, the pulping production for agricultural surplus
materials needs a smaller scale and the increasing awareness of environmentally friendly,the economic benefit
and cost demands for soda pulping have limited the utilization of these materials®!!

In recent years, there have been gradually applied the mechanical methods on non-wood fiber pulping, in
which chemi-mechanical pulping (CMP) has a higher pulping yield and a lower chemical dosage compared to
chemical pulping. CMP is operated by softening the material by chemicals and refining by mechanical force!2.
Mboowa (2004)"* has indicated that non-wood fiber pulped by chemi-thermo mechanical pulping (CTMP) can
be operated under lower chemicals and mechanical force demands to soften lignin and disintegrate the fibers. It
can be assumed that CMP or CTMP has a better potential for greener pulping development.

Besides the pros of CMP and CTMP, compared to chemical pulping, Westenbroek! has indicated that the
mechanical process operated by extrusion for non-wood fiber pulping has a better feasibility of technique and
economy, which can produce the pulp with lower consumption of energy and chemicals. The extruding process
is mainly operated through the high-consistency extruder with a pulp consistency of 20 ~70%"°. Liang et al.'¢
applied a twin-screw extruder (TSE) and a model screw device (MSD) to investigate the impacts on CTMP
production of bamboo. The process began with bamboo softening, extruding, and finally chemical treatment,
which the pulping yields after refining are 62.52% (TSE) and 79.78% (MSD). Hu et al.'” extruded the bamboo,
treated the materials with ZnCl,, and then refined the materials, which had a pulping yield of 75.5% under the
10% ZnCl, treatment. The above research applied the extruder to pulp the bamboo, which indicates that the
high-consistency mechanical treatment has the potential to be applied in bamboo CMP or CTMP. Thus, this
study is going to develop a CMP process for the BS by a high-consistency kneader with a similar operating
mechanism to an extruder.

Kneader is a type of high-consistency treatment facility, which has conditions with lower rotating speed
(100~200 rpm) and high consistency (25 ~40%) to lead the materials that generate the rubbing action between
each other to furtherly disintegrate or disperse'®. It has a similar screwing structure and operating conditions to
TSE and MSD. Besides, according to the number of cylinders or kneading chests deployed, the functions of the
kneader include dewatering, steam heating, washing, and chemical adding that each cylinder can be controlled
separately!®!*2%. The functions show benefits in the development of CMP pulping applications. Our previous
research?! applied HCK as the pretreatment process in bio-mechanical rice straw pulp, showing the potential for
applying HCK in mechanical pulping. However, no research has applied HCK as the refiner in the defibration
stage of the mechanical pulping process. Based on the features of HCK and the literature review of TSE and
MSD, this study assumes that HCK is feasible for defibration. Therefore, this study plans to apply HCK for the
defibration process of CMP, aiming to develop a pulping process with lower temperature and chemical demands
compared to soda pulping, further enhancing the feasibility of the BS applied in the pulping and papermaking
industries.

The purpose of this study is to develop a CMP process as an alternative to soda pulping for the application
of BS in pulping and papermaking, by incorporating HCK into the defibration process, which will be named
the CMP-K process for the following description. The CMP-K process begins with a thermo-alkali pretreatment
to soften the BS and then disintegrate the BS with a high-consistency kneader. This study applies a factorial
experimental design to assess the impact of conditions (temperature and NaOH dosage) during the thermo-
alkali pretreatment by analyzing the pulping yield, freeness before/ after refining, fiber appearances, and
handsheet properties. After the assessment, this study will select an optimized condition to compare the pulping
results with the optimized soda pulp in the previous study®, hoping that the CMP-K can promote the application
of the BS in pulping and papermaking.

Experimental

Materials

The dried and chopped discarded oyster farming bamboo scaffolding (BS) chips are provided by Tainan City
Fishing Harbor and Coastal Fisheries Management Office (Tainan City, Taiwan), with a moisture content of
9.21%, and size with a length of 0.5-1.0 cm, a width of 0.5-1.0 cm and a thickness of 0.3-0.5 cm. NaOH (extra
pure grade) is provided by KATAYAMA PURE CHEMICAL Co., Ltd., Changhua, Taiwan.

High-consistency kneader

The high-consistency kneader (HCK, ALL NEW BONAFIDE Co., Ltd., New Taipei City, Taiwan) applied in this
study is shown in Fig. 1 (A). This HCK is equipped with three kneading cylinders in a series (three kneading
sections), and each cylinder is paired with a cover with 9 fixed kneading blocks on it as shown in Fig. 1 (B). The
cover is locked to the cylinder during the kneading operation, and the motion of the fixed kneading blocks and
the moving blocks Fig. 1 (C) is staggered to produce the shear force on the materials. This study only operates
the third cylinder of HCK with the constant condition, 500 g materials, 30% material consistency and 20 min
retention time, to simulate the whole kneading process at the experimental scale.

CMP-K process
The pulping process is shown in Fig. 2. First, 500 g BS chips were replaced in the digestor and soaked in measured
tape water for 5 min, then added the measured NaOH and started digesting. The constant conditions of thermo-
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Fig. 1. High-consistency kneader (A) appearance, (B) cover (C) kneading screw.
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Fig. 2. Thermal-alkali pretreatment and high-concentration kneaded pulping process.
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Fig. 3.. 2%-factorial experimental design of thermal-alkali pretreatment in pulping.

alkali pretreatment include a heating rate of 1.5°C /min, solid-to-liquid ratio of 1: 5, and retention time at a target
temperature of 90 min. After the pretreatment, the pretreated BS chips were washed with tap water and a 200-
mesh filter till the filtered water turned clear, and then the materials were conditioned to the consistency of 30%
for kneading. At the beginning of the kneading step, the materials with a consistency of 30% were replaced in
the third cylinder of HCK (Fig. 1) and preheated by injecting a 1.2 kg/m? steam till the temperature approaching
85°C, then started to knead for 20 min. After kneading, the pulp was collected by a 200-mesh filter and cooled
down with tape water washing, then shortage by a plastic bag for the following screening and analysis.

Experimental design

In addition to the constant conditions mentioned above, this study applied a 22-factorial experimental design
to determine the impact of two variables of thermo-alkali pretreatment, temperature, and NaOH dosage, on
pulping properties. The variables are designed to further decrease the demands of temperature and chemical
dosage from the previous study®. The experimental design of this study is shown in Fig. 3. Factor X, is the
temperature of the pretreatment, which is designed at a high level of 170°C and a low level of 80°C; Factor X, is
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the NaOH dosage, which is designed at a high level of 10.0% and a low level of 5.0%. This study also designed a
middle point of two variables (125°C; 7.5%) with a duplicate experiment to assess the significance of the impact.

Pulp properties

Pulping yield

After the kneaded pulping, the unscreened pulp is screened through a flat screen with a slot width of 0.25 mm
(Model 302, LESSON INDUSTRIAL Co., Ltd., Taiwan) according to TAPPI UM204. The shives are defined as
the materials that cannot pass the slot; the accepted fibers (accepts) are defined as the pulp that can pass the slot
and be retained by a 200-mesh filter; the fines are defined as the subjects that are washed out by the 200-mesh
filter during the pulping and screening process. The shives and accepts are collected separately after the screening
process. The shives and accepts are collected separately after the screening process. As the oven-dried weight of
shives and accepts are measured, each containing ratio is calculated according to the following Egs. (1), (2), (3).

Shives ratio (%) = Shivesovendriedweight(g)

= 1
Rawmaterialovendriedweight(g) x 100 M

A t driedweight
Accepts ratio (%) = cceptsovendriedweight(g)

1
Rawmaterialovendriedweight(g) X 100 @

Fines ratio (%) = 100(%) — Shives ratio (%) — Accepts ratio (%) (3)

Pulp freeness

A Canadian standard freeness (CSF) tester (Model 305, LESSON INDUSTRIAL Co., Ltd., Taiwan) measures the
before and after refining pulps of accepted fibers according to TAPPI T227 om-17. Each sample does a duplicated
measurement and is calibrated according to the temperature and the oven-dried weight of the testing pulp.

Accepted fiber appearance

The appearances of accepted fibers in the pulps, both before and after refining, were observed under an optical
microscope (ECLIPSE E100, Nikon, Japan) equipped with a microscope camera (HDC588, MicroTech, Canada),
and the images were captured using the MicroCam V5 software (M&T Optics Co., Ltd., Taipei).

Handsheet properties

After the screening, the accepts are refined by a Hollander beater (Model 304, LESSON INDUSTRIAL Co., Ltd.,
Taiwan) according to TAPPI T200 sp-96 for 120 min. The refined pulps are made the handsheets of 100 g/m2
according to TAPPI T205 sp-12 to analyze the grammage (TAPPI T410 om-08) and the thickness (TAPPI T411
om-21) first, and then select 6 handsheet samples with similar weight and thickness to record the bulk value
and analyze the strength properties, including tensile index (TAPPI T494 om-01), burst index (TAPPI T403
om-15), and ring crush index (TAPPI T818 cm-18). In addition, the sample with the highest accepts ratio in the
factorial experiment is refined by the Hollander beater for 60 min, compared with soda pulping properties from
Sun et al.%. All the handsheets and analyses are conditioned and operated under 50.0+2.0%RH and 23.0+1.0°C
according to TAPPI T402 sp-13.

Statistical analysis

This study applies factorial experimental design on thermo-alkali pretreatment to investigate the impact of
temperature and NaOH dosage on pulp properties. The analysis is calculated by Excel (Microsoft, USA) and
follows the guidelines outlined in ‘Design and Analysis of Experiments 7/€’ written by Montgomery?2.

Results and discussion

Pulping yield

Based on the factorial analysis chart of the pulping yield (Fig. 4), it can be observed that the pulping accepts ratios
are around 34.96-47.39%, close to the bamboo chemical pulping yield results (35.7-51.7%) from laboratory
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Fig. 4. Factorial analysis chart of pulping yield.
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Factor Accepts ratio (%) | Shives ratio (%) | Fines ratio (%)
Factor X, 3.125* -21.745* 18.625*

Factor X, 4.215* -12.635* 8.425*

XX, interaction -6.625 % 6.055 0.575

Assessed value 0.719 7.727 7.008

Pooled standard deviation (s) | 0.057 0.608 0.552

Table 1. Factorial impact analysis of pulping yield. * means the factor impact is significant; Factor X :
Temperature; Factor X,: NaOH dosage.

Factor Accepted fiber (mL) | Refined (mL)
Factor X -5 -45*

Factor X, -15 85*

XX, interaction -10 30

Assessed value 134.8 44.9

Pooled standard deviation (s) | 10.6 35

Table 2. Factorial impact analysis of freeness. * means the factor impact is significant; Factor X|: Temperature;
Factor X,: NaOH dosage.
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Fig. 5. Factorial analysis chart of freeness.

research??%, but lower than the bamboo mechanical pulping through refiner (50.7-79.78%)'. Although the
accepts ratios are lower than the other mechanical pulping research, the total yields (accepts plus shives ratio:
47.58-74.62%) in this research are still in the yield range from other research, which can be indicated that the
accepts yield still have an opportunity to be increased by further enhancing the defibration process.

increasing either the temperature or the NaOH dosage during pretreatment reduces the shives ratio while
increasing the generation of fines. When both factors are at their highest levels in the factorial experiment,
significant disintegration of shives occurs; however, this also leads to a higher production of fines, preventing the
accepts ratio from reaching its highest value (Fig. 4(A)).

The results of the factorial impact analysis are shown in Table 1. All three factors significantly influence the
accepts ratio, with the impact values ranked from highest to lowest as follows: X X, |-6.625|>X, [4.215]>X,
|3.125|. This indicates that the interaction between temperature and NaOH dosage (X, X,) has the greatest effect
on the accepts ratio. The shives and fines ratios are affected by both X, (temperature) and X, (NaOH dosage),
with X, showing a greater absolute impact value. This suggests that the temperature of the thermos-alkali
pretreatment has a more significant impact on BS disintegration and fiber degradation than the NaOH dosage.
From the above, both temperature and NaOH dosage significantly impact the shives and fines ratios, and their

interaction results in the highest accepts ratio (47.39%) at the middle point conditions (125°C; 7.5% NaOH
dosage).

Freeness

The factorials impact analysis and the charts of the accepted fiber and the refined pulp are presented in Table 2
and Fig. 5. It can be observed that the accepted pulp at each factorial point all have a freeness exceeding 700 mL
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(Fig. 5(A)) which is higher than the mechanical pulp produced by a refiner (Guerra et al.,?’; Ref.?8). From these
results, it can be assumed that the kneading process does less fibrillation on pulp fibers. According to the impact
analysis, the freeness of accepted fiber is not affected by the pretreatment factors. However, after a 120-min
refining using a Hollander beater, the freeness at each point exhibits different changes and outcomes. In Fig. 5
(B), pulp subjected to higher temperatures and lower NaOH dosages during pretreatment demonstrates a lower
freeness after refining. In Table 2, both factors X, and X, significantly affect the refined freeness, in which the
absolute value shows X, |85|> X, |-45|. This trend aligns with the observations in Fig. 5 (B). From the above, it
can be inferred that the pretreatment condition affects the refined capacity refining capability of the accepted
fiber. Changes in the chemical properties of fiber, such as chemical compositions and the lignin distribution
resulting from the thermos-alkali pretreatment, impact the refining characteristic of the fibers*>*. In this study,
the middle point of the factorial experiment achieves the lowest freeness (172.5 mL), indicating that the fiber is
easier to refine under these conditions.

Fiber appearance

Accepted fiber

The accepted fiber appearances at each factorial point are shown in Fig. 6, with images captured at 40X
magnification. In Fig. 6, it can be observed that all accepted fibers exhibit an unbroken surface and a long,
slender shape. The pulp fiber that is produced through the refiner shows fibrillation and extended fines on the
surface?>?%. This suggests that the kneading process effectively separates the softened BS chips into single-strand
fibers without causing fibrillation. The fiber appearance of CMP-K is similar to the previous soda pulping study®,
both demonstrating a slender shape and unbroken surface. With the freeness of accepted fiber exceeding 700 mL
and no fibrillation observed on the fiber surface, it can be concluded that HKC does not exert a refining impact
on fibers during the kneading process.

After refining

The accepted pulps are refined by a Hollander beater for 120 min to prepare them for handsheet making. The
appearances of refined fiber are shown in Fig. 7. Compared to the fibers before refining (Fig. 6), the refined fibers
exhibit extended fibrils on their surface, indicating the occurrence of external fibrillation. Additionally, slender
fibers still can be observed in the images, as indicated by the red arrow in Fig. 7. The tethered fibril on the surface
can increase the contact area, while the slender fibers contribute to forming a strong fiber network structure
during papermaking (Smook,?!; Ref32). The refined fiber appearance shows an excellent fiber processing
capability, as the fibers maintain their long and thin shape after refining. This indicates that the CMP-K process
can produce an applicable fiber from the BS.
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Fig. 6. Microscope image of accepted fibers (40X).
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Fig. 7. Microscope image of refined fibers (40X).

Factor X 19.96 * 1.26* 4.40* -0.51*
Factor X, 10.74* 0.46 * 1.16 -0.11
XX, interaction -2.04 0.00 -0.89 -0.10
Assessed value 10.51 0.45 3.14 0.27
Pooled standard deviation (s) | 0.83 0.04 0.25 0.02

Table 3. Factorial impact analysis of handsheet properties. * means the factor impact is significant; Factor X :
Temperature; Factor XZ: NaOH dosage.

Handsheet properties

Physical properties

The BS CMP-K pulps were refined by a Hollander beater for 120 min, and handsheets of 100 gsm were prepared
for testing. The factorial impact analysis and corresponding chart are shown in Table 3 and Fig. 8. As shown in
Fig. 8, under the same refining conditions, the higher temperature and NaOH dosage of pretreatment results in
a handsheet with higher strength, while higher temperature results in a lower bulk. The trends are confirmed
by the factorial analysis in Table 3. X, significantly affects all the handsheet properties, and X, affects only the
tensile and burst index. A comparison of the impact values for X, and X, reveals that temperature (X,) causes
more impact on the handsheet properties.

When the handsheet properties are discussed alongside freeness, it can be found that the change in handsheet
properties does not directly correlate with the freeness. Although the highest level of the two factors produces
a pulp with higher refined freeness, the pulp still exhibits a better strength and lower bulk compared to points
1-3. This suggests that higher levels of factors can produce the pulp with better strength and drainage ability.
However, the highest strength and the lowest bulk of the handsheet exhibits in the middle in this study, probably
due to the lowest freeness (172.5 mL).

Surface structure

The SEM images of the handsheet surface at 50X magnification are presented in Fig. 9. It can be observed that
higher temperature produces the handsheet with a denser fiber formation, where the external fibrils contact and
entangle more tightly with each other (highlighted by the red circles at points 2 and 4). The phenomenon aligns
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Fig. 8. Factorial analysis chart of handsheet properties.

with the bulk result in Fig. 8 (D), and the denser handsheet has higher strength properties. At the middle point,
which has the lowest freeness, a denser fiber formation is observed from the surface, with the tethered fibril
forming a net between the main strand of fiber (the red circle at point 5). Based on these observations, better
handsheet strength is associated with lower bulk, which is attributed to denser fiber formation.

Comparing with soda pulp

From the above, the middle point (125°C; 7.5%) of the factorial experiment demonstrates the highest accepts
ratio, the best refining capacity, and the best handsheet performance, which is asserted as the optimal condition
in this study. The condition is compared with the optimal condition of the previous soda pulping research®, as
shown in Table 4. Soda pulping achieves an accepts ratio of 40.28%, whereas the CMP-K exhibits a higher ratio
0f 47.39%. Besides the higher accepts ratio, in Fig. 10, it can be observed that CMP-K and soda pulp have similar
fiber appearances. However, CMP-K shows fewer freeness changes, in which the freeness of soda pulp decreases
by 415 mL and CMP-K only decreases by 272.5 mL under a 60-min refining process by the same Hollander beater.
This study infers that the difference in refining properties between CMP-K and soda pulp is related to lignin
content. The delignification level is lower in CMP-K, causing stiffer fiber that is more challenging to refine®?,*.
At lower freeness, the soda pulp also shows a higher handsheet strength and a lower bulk. However, based on the
handsheet results of CMP-K, extending the refining time can further improve its handsheet strength. Although
CMP-K requires more refining time to reach a similar quality to soda pulp, the CMP-K process has significantly
lower demands for temperature (a 26.5% reduction) and NaOH dosage (a 46.4% reduction) during the pulping

process compared to soda pulping. It also has a higher accepts ratio and similar accepted fiber appearances to
soda pulp, which exhibits the feasibility of substituting soda pulp.

Conclusion

Based on the results, the CMP-K process demonstrates the potential to be applied in high-consistency mechanical
pulping. The temperature and NaOH dosage conditions of the thermos-alkali pretreatment significantly influence
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Fig. 9. SEM image of handsheet surface (50X).

CMP-K 47.39 742.5 470 21.61+0.48 4.27+0.05 8.53+0.12 2.40+0.02

Soda 40.28 765 350 43.40+1.52 2.54%0.06 12.86+0.51 2.08+0.03

Table 4. Comparison of the kneading process and soda pulping. Soda®: 170°C, 14% NaOH dosage, digestion
time 90 min.

the pulping properties of the CMP-K process. The optimal condition of 125°C and 7.5% NaOH dosage results in
the highest accepts ratio (47.39%), the best refining capacity, and the highest handsheet strength. Compared to
the previous soda pulping research, the CMP-K process achieved a higher yield and similar pulp characteristics
while requiring lower temperature and reduced chemical dosage. These advantages exhibit the potential and
feasibility of the CMP-K process as a substitute for soda pulping in utilizing agricultural surplus materials for
pulping and papermaking. Furthermore, the application of HCK in this study pulping process provides new
insight into high-consistency mechanical pulping.
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Fig

(A) Kneading process (B) Soda pulp (Sun et al.,2023)

. 10. Comparison of accepted fiber appearance between the kneading process and soda pulping (40X).

Data availability

The datasets presented in this current study are available from the corresponding author on reasonable request.
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