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Abstract: With the aim to explore the use of tree pruning waste as replacement material in papermaking, a study
was conducted to investigate the effect of soda pulping concentration on the tear resistance, FTIR spectroscopy and
surface morphology of the fabricated papers. By varying the concentration of sodium hydroxide solution from 5%
to 25%, tree pruning waste papers with different tear resistance, FTIR spectroscopy and surface morphology were
fabricated. The tree pruning waste papers with the optimum tear resistance (73049.68 mN) was produced when the
pulping medium was prepared at 20% of sodium hydroxide solution. As confirmed by the FTIR spectroscopy and
morphological study, the pulp fibres with improved interlocking surface morphology was produced at 20% of
sodium hydroxide solution. Beyond that, the tear resistance of the papers decreases subsequent to the cellulose
degradation and fibre fibrillation. The present study confirms the use of tree pruning waste as an alternative in
papermaking. Nonetheless, the soda pulping concentration must be properly regulated in order to optimise the
performance of the fabricated paper products.

Keywords: Tree pruning waste, paper, sodium hydroxide solution, concentration, tear resistance,
Fourier-transform infrared spectroscopy, morphology.

1. Introduction

The importance of paper and paper products in our daily lives has been directly reflected by the high consumption
of paper products such as corrugated cardboard, packaging, books and wallpaper. According to a statistical study [1],
paper production reached a record high of 400 million tonnes in 2014. More than half of the paper supply is mainly
used in the United States, China and Japan, three of which had a combined consumption of 269 million tonnes.
Notwithstanding, paper demand is expected to increase further and is anticipated to achieve 521 million tonnes per year
as the human population increases in the future. [2].

The pulp and paper industry is one of the manufacturing industries that has a significant impact on the
environment. This phenomenon is attributed to the use of the main raw material, namely wood fibres, which has
disrupted the balance of carbon dioxide concentration in the atmosphere due to the deforestation. In addition, the use of
wood fibres for papermaking has also contributed to illegal harvesting, human rights, social conflicts and irresponsible
plantation development [3]. Therefore, a great deal of efforts have been made to investigate the use of fibrous
biomasses for papermaking in order to reduce dependence on wood fibres. These fibrous biomasses include rice straw
[2], kapok fibre [4], napier grass [5], kenaf [6], pineapple leaves [7], oil palm empty fruit bunch [8], sago waste [9] and
tea waste [4]. As reported by the scholars, these fibrous biomasses are not only successfully fabricated into papers, but
also demonstrate their potential use in the development of other eco-friendly materials [10-21].
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Nevertheless, the use of tree pruning waste for paper production is scarcely reported. Thus, it retains an unknown
potential for papermaking. Also, unlike trees in the forests, tree pruning waste is free of charge as it is a type of garden
waste. If tree pruning waste is proven can be used as the replacement material for papermaking, not only the cost of
paper and pulp production can be reduced, but it also provides a solution to deforestation. With the aforementioned, the
main aim of this work is to investigate the use of tree pruning waste as replacement material for papermaking. For this
reason, the effect of concentration of sodium hydroxide solution (as the reaction medium of pulping process) on the
quality of the fabricated papers was investigated and reported in the present study. The quality of the fabricated tree
pruning waste papers was evaluated based on their tear resistance, Fourier-transform infrared (FTIR) spectroscopy and
surface morphology.

2. Materials and Methodology

Tree pruning waste (type of trees: hardwood) was collected from the vicinity of Taylor’s University as well as the
housing area in Taman Mawar, Puchong, Selangor, Malaysia. The tree pruning waste was ground into small chips by
using a grinder. Analytical grade sodium hydroxide (purity > 95%) was supplied by Fisher Scientific. To prepare the
pulping medium, sodium hydroxide pellets (5 %, 10 %, 15 %, 20% and 25% based on the mass of tree pruning waste)
was dissolved in 4 L of distilled water and heated to 85+5°C. The tree pruning waste (100 g) was then added into the
sodium hydroxide solution. After 1 hour, the tree pruning waste pulp was filtered and dried in an oven at 60°C. To
produce the tree pruning waste papers, the dried pulp was softened by using tap water and spread over a sheet mold.
After the sun drying process, hot pressing process (75°C and 5 tonnes) was applied to the fabricated tree pruning waste
papers by using a hydraulic press to improve the contact and bonding among the pulp fibres. The tear resistance of the
fabricated papers were evaluated by using an Elmendorf-type tearing tester (Brand and Model: Hung Ta, HT-8181)
according to the procedures described in the ASTM D689. The measurement was repeated for ten times for each
formulation and the average value was reported. The tearing force was calculated by using Equation (1).

Average tearing force, mN = (16 x average scale reading x capacity, N) + (number of plies x 15.7 N) @

The Fourier-transform infrared (FTIR) spectroscopy of the tree pruning waste raw fibres as well as the pulp fibres
was studied by using an attenuated total reflectance-FTIR spectrometer (Perkin Elmer Spectrum 100). The spectra were
recorded in a frequency range of 4000 cm™ to 650 cm™ at a resolution of 4 cm™. The peak assignments were done
based on the works reported by L. G. Wade [22], Low et al. [23] and Horikawa et al. [24]. A Hitachi S-3400N variable-
pressure scanning electron microscope was operated at an accelerating electron of 10 kV to examine the surface
morphology of the tree pruning waste raw fibres and papers (magnification: 500X and 100X). Prior the surface
examination, the samples were coated with a thin layer of platinum by using an auto fine coater (Quorum Q150R S).

3. Results and Discussion

The tree pruning waste papers were successfully fabricated by using different concentration of sodium hydroxide
solution as pulping medium. The tear resistance, FTIR spectroscopy and surface morphology of the tree pruning waste
papers were then characterized and reported in section 3.1, 3.2 and 3.3, respectively.

3.1 Tear Resistance

The tear resistance of the tree pruning waste papers produced at different concentrations of sodium hydroxide
solution is shown in Fig. 1. As demonstrated by the trend line, the tear resistance shows an increasing trend with the
increase of concentration of sodium hydroxide solution up to 20%. In other words, tree pruning waste paper with the
highest tear resistance were produced when 20% sodium hydroxide solution was used for the pulping process. Beyond
that, adverse effect is observed on the tear resistance of the papers. In fact, the elevation of the tear strength is attributed
to the removal of impurities on the fibre surface, which increases the available surface area for inter-fibre bonding.
Undoubtedly, this circumstance increases the ability of the papers to withstand higher tear strength without rupture.
Moreover, the extent of delignification is also increased through the elevation of sodium hydroxide concentration,
which in turns, improves the tear resistance of the fabricated papers. The lignin removal process is important in pulp
and paper manufacturing since high lignin content makes the papers become brittle, and thus, lower the tear resistance.
On the other hand, adverse effect is observed on the tear resistance when the papers were prepared with high
concentration of sodium hydroxide solution. This phenomenon is ascribed to the degradation and dissolution of
cellulose molecules under vigorous alkaline condition. Owing to the cellulose is the main component to contribute the
supporting structure and strength to the fabricated papers, the degradation and dissolution of cellulose reduces the
molecular weight of cellulose in the produced pulp, and thus, the tearing force of the tree pruning waste papers.
Furthermore, the degradation and dissolution of cellulose molecules also disrupts the cellulose crystallinity, which in
turn, facilitates the diffusion of sodium hydroxide into the tree pruning waste fibres to hydrolyse other cellulose
molecules (especially the amorphous cellulose) into their monomer (glucose). This circumstance further reduces the
tear strength of the pulp as well as the papers produced. As shown in Fig. 1, the tree pruning waste paper with the
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highest tear resistance (73049.68 mN) was produced when the pulping medium was prepared at 20% sodium hydroxide
solution. Beyond that, the tear resistance of the papers declines and become 52178.34 mN. On the other hand, it can be
seen that right after the 10% sodium hydroxide solution, the tear resistance of the tree pruning waste paper slightly
decreases to 46960.51 mN at 15% sodium hydroxide solution. This observation is rationalised by the inconsistent
thickness of the tree pruning waste paper produced by using the traditional handmade approach in this work. This
argument is supported by the study conducted by Hanna Karlsson [25], whereby the thickness of the paper can have
significant effect on the tear resistance.

3.2 Fourier-transform Infrared (FTIR) Spectroscopy

Fig. 2 shown the Fourier-transform infrared (FTIR) spectroscopy of the tree pruning waste raw fibres as well as the
pulp fibres produced by using 5%, 20% and 25% of sodium hydroxide solution. Firstly, the residual lignin in the pulp
fibres produced with 5% and 20% of sodium hydroxide solution is directly reflected by the intensity of the absorption
bands. The characteristics peaks of the residual lignin were recorded at 3382.02 cm™, 2926.83 cm™, 2853.66 cm™,
1724 cm?, 1634 cm? and 1036.59 cm’, respectively. These absorption bands are attributed to the polymeric
association of —OH group (3382.02 cm™?), C—H stretching (2926.83 cm™, 2853.66 cm™), C=0 stretching (1724 cm™),
C=C stretching (1634 cm™), O—H bending and C—O stretching (1036.59 cm™) of n-propyl side chains of lignin. As
observed, the intensity of these absorption bands decreases when the concentration of sodium hydroxide solution was
elevated from 5% to 20%. This observation implies that the extent of delignification of the pulp fibres produced by
using 20% sodium hydroxide solution is higher than the one produced with 5% sodium hydroxide solution. In fact,
sodium hydroxide solution has been proven as the effective delignification agent for lignocellulosic biomass [26].
When the tree pruning waste raw fibres were subjected to the pulping process, the alkali-labile linkages between lignin
and cellulose are cleaved by the sodium hydroxide and dissolve the lignin in the pulping medium. Moreover, the rate of
lignin dissolution is also directly proportional to the concentration of sodium hydroxide solution. These phenomena
justify the discrepancies between the spectra of the pulp fibres (5% and 20%), whilst they also support the tear
resistance reported in section 3.1.
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Fig. 1 - Tear resistance of papers fabricated at different Fig. 2 — FTIR spectra of tree pruning waste raw fibres and pulp
concentration of sodium hydroxide solution fibres

Nonetheless, adverse effect is observed on the intensity of the absorption bands (3382.02 cm™, 2926.83 cm, 2853.66
cm?, 1724 cm?, 1634 cm™ and 1036.59 cm™) when the concentration of sodium hydroxide solution was further
elevated from 20% to 25%. As explained, the rate of lignin dissolution is directly proportional to the concentration of
sodium hydroxide solution. Thus, the intensity of these absorption bands should decrease due to the higher extent of
delignification. When the tree pruning waste raw fibres were subjected to the high concentration of sodium hydroxide
solution, not only lignin is removed from the fibres, but cellulose degradation also occurs during the pulping process
and give rise to fibre fibrillation. The production of cellulose fibrils increases the specific surface area of the pulp fibre,
which in turn, also increases the number of hydroxyl group (—OH attached to the C2, C3 and C6 of cellulose) which
can be found on the surface of the pulp. As a result, the intensity of the absorption band at 3382.02 cm™ (—OH group)
increases when the pulp was produced by using 25% of sodium hydroxide solution. Owing to the C—OH stretching
(C6) of cellulose fibrils coincides with the absorption band of n-propyl side chains of lignin at 1036.59 cm™ (O-H
bending and C—O stretching), this circumstance also gives rise to an increase in the intensity of this absorption band.
On the other hand, the use of high concentration of sodium hydroxide solution during the pulping process also
facilitates the oxidative alkaline degradation of the tree pruning waste fibres and result in the formation of carbonyl-
containing oxidised celluloses. These carbonyl groups (C=0) are attributed to the formation of ketone groups, aldehyde
groups and carboxyl groups in the celluloses during the oxidative alkaline degradation. The similar observation was
also reported by Sjostrom [27], Knill and Kennedy [28] in their alkaline degradation studies of biomass and cellulose.
Thus, there is an increase of the intensity at 2926.83 cm, 2853.66 cm?, 1724 cm™ and 1634 cm™ in the spectrum of
the pulp (25%) since these absorption bands are also the characteristic peaks of the C—H stretching of aldehyde
(2926.83 cm™ and 2853.66 cm), carbonyl (C=0) stretching of ketone and carboxylic acid (1724 cm™ and 1634 cm™)
of the oxidised celluloses. In other words, the FTIR spectroscopy of the pulp fibres is in line with the tear resistance,
whereby the decrement of tear resistance at 25% sodium hydroxide solution is due to the degradation of cellulose in the
pulp fibres.
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3.3 Scanning Electron Microscopic Analysis

The surface morphology of the tree pruning wastes as well as the pulp fibres produced was examined by using a
scanning electron microscope (SEM). The micrographs of the tree pruning waste raw fibres as well as the pulp
produced at 5%, 20% and 25% of sodium hydroxide solution are shown in Fig. 3, 4, 5, 6 and 7, respectively. As shown
in Fig. 3 (a) and (b), the tree pruning waste raw fibres show a rough surface due to the adhesion of lignin [29] and other
impurities such as wax, hemicellulose and dirt particles on the surface of the fibres. Moreover, there are also some
splits and cracks accompanied by pieces of debris can be observed on the surface due to the fibre grinding process prior
the pulp and paper manufacturing process.

(b)

G (b)
Fig. 5 - Scanning electron micrographs of pulp produced by using 20% sodium hydroxide solution at (a) 500X and (b) 100X magnification

Fig. 6 - Scanning electron micrographs of pulp produced by using Fig. 7 - Fibrillation of pulp fibres produced by usin
25% sodium hydroxide solution hydroxide solution

g 25% sodium

By subjecting the tree pruning waste to the pulping process at 5% sodium hydroxide solution, it can be observed
that the surface of the pulp produced (Fig. 4 (a) and (b)) looks much cleaner and smoother compared to the raw fibres.
In spite of there are some impurities still can be found on the surface of the pulp, the examination confirms that most of
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the lignin and impurities were removed during the pulping process by using sodium hydroxide solution. On the other
hand, the surface cleanliness of the pulp was further improved when the concentration of sodium hydroxide solution
was elevated to 20%, as shown in Fig. 5 (a) and (b). This observation indicates the extent of delignification as well as
the removal efficiency of impurities are improved with the increase of the concentration of sodium hydroxide solution.
In addition, the surface of the pulp becomes rough accompanied by strong ridges compared to the one produced by
using 5% sodium hydroxide solution. This phenomenon is desired since the increased surface roughness and
appearance of strong ridges provide better interlocking between fibres and promote the inter-fibre bonding, which in
turns, provides beneficial effect on the mechanical strength of the fabricated papers. This argument is supported by
Muhammad Arsyad [30], whereby the similar observation was reported when the coconut fibres were treated by using
sodium hydroxide solution. Moreover, the surface examination of the pulp produced is also in line with the findings of
tear resistance (section 3.1) and FTIR spectroscopy (section 3.2), since the tree pruning waste paper with optimum tear
resistance is identified at 20% of sodium hydroxide solution.

In contrast, the surface of the pulp fibres produced by using 25% sodium hydroxide solution becomes rougher and
followed by signs of flaking, as shown in Fig. 6. The surface changes is attributed to the degradation of cellulose due to
the disruption of hydrogen bond network under vigorous alkaline condition during the pulping process. This argument
is consolidated by the surface examination in Fig. 7. As recorded, the fibre bundle experienced fibrillation and
degraded into fibrils when the concentration of the sodium hydroxide solution was increased to 25%. This phenomenon
reduces the strength which can be supported by the fibres without rupture, and thus, the strength of the fabricated
papers. In other words, the examination of the surface morphology confirms the cellulose degradation as observed in
the FTIR spectroscopy as well as the reduction in the tear resistance of the tree pruning waste paper.

4. Conclusion

Papers were successfully developed in this work by using tress pruning waste as the raw material. As evidenced by
the tear test, FTIR spectroscopy and morphological study, the tear resistance of the fabricated tree pruning waste papers
is directly influenced by the concentration of the sodium hydroxide solution. The tree pruning waste papers with the
highest tear resistance were produced when 20% sodium hydroxide solution was used as the soda pulping medium.
Under the optimum soda pulping condition, pulp fibres with better interlocking surface morphology were produced,
and thus, the paper products. Adverse effect on the tear resistance is observed when the pulping concentration beyond
20%. Under this pulping condition, cellulose degradation and fibre fibrillation is the main reason which depressed the
tear resistance of the fabricated tree pruning waste papers. Tree pruning waste has demonstrated its potential for
papermaking in the present work. To gain more insight into the effect of soda pulping concentration on the tree pruning
waste papers, further study should focus on their physico-chemical properties.
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