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ABSTRACT: Molded pulp is an eco-friendly packaging product popularly chosen nowadays. It is mostly used to
replace plastic containers such as polypropylene (PP), polystyrene (PS) and polyethylene (PE). Besides, the non-wood
pulps from agricultural crops and residues have been increasingly studied as alternative materials in pulp production.
Therefore, this study aimed to investigate the possibility of utilizing rice straw (R), pineapple leaf (P) and banana stem
(B) as raw materials to prepare pulps by using a soda-anthraquinone (AQ) pulping process. The pulping was carried
out with 4–7% sodium hydroxide solution and 0.1% AQ, a liquid-solid ratio of 10:1, and pulping time of 15–30 min
at 98±2 °C. Next, the obtained pulps unscreened (u-) were sieved into screened (s-) portions, and the molded sheets
from both u- and s-portions were formed using compression molding technique under pressure of 0.6 MPa at 130 °C
for 5 min. The molded sheets from R pulp showed higher tensile strength and tensile index (62 MPa and 63.28 Nm/g,
respectively) when compared to the sheets from P and B pulps. From SEM images, the cross-sections of the R pulp
sheets revealed less voids between fiber layers and, hence, better fiber-packing and bonding. Based on their mechanical
properties compared to commercial molded pulp products, it suggested that these agricultural residues and their pulps
can be considered promising alternative sources for pulp and molded pulp production.
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INTRODUCTION

Molded pulp is an alternative material popularly
used as containers, trays and other packaging these
days [1]. For pulp manufacturing, the raw materials
can be divided into 3 main types: wood, non-wood
and recycled pulp [2]. Wood resources from both
softwood and hardwood are typically the major raw
materials for pulp and paper production. However,
a limitation of wood plant is its long cultivation
period. An insufficient supply leads to deforestation
problem in some countries. This has influenced an
increasing attention to non-wood resources [3, 4].
In agricultural countries, abundant sources of non-
woods can be obtained from agricultural wastes.
Many of them are considered suitable for pulp pro-
duction due to their high cellulose content, low
lignin content, and desirable mechanical proper-
ties [5–7], for example, oil palm, sugarcane, rice
straw, banana stem, bamboo, corn stalk as well
as pineapple leaf [8]. Particularly, pineapple leaf
and banana stem contain relatively high cellulose

content (65–82%). On the other hand, rice straw
pulp shows the prominent tensile properties when
compared to other pulps [7, 8]. Basically, non-wood
raw materials require a simple chemical treatment
for pulping such as a soda process and the alkali
charge which can be lower than in the wood pulp-
ing [4]. It has also been reported that the non-wood
resources showed a higher production capacity and
pulp yield than the wood resources [9–11]. For bast
fibers, the soda-anthraquinone (AQ) pulping was
found to provide good strength and high yield [12],
and this process was also suitable for agricultural
crops and their wastes pulping [13]. This research
was aimed to investigate the possibility of using
rice straw (R), pineapple leaf (P) and banana stem
(B) as alternative resources in the molded pulp
manufacturing. The soda-AQ was used to prepare
the pulps from R, P and B raw materials. The
molded sheets from each pulp were formed by using
the compression molding technique. The physical
properties, morphology and tensile properties of the
resulting molded sheets were characterized and also
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Fig. 1 Preparation of rice straw, pineapple leaf and
banana stem pulps by using soda-AQ pulping process.

compared to commercial molded pulp products.

MATERIALS AND METHODS

Materials

All of the raw materials were collected from local
areas in Chiang Rai, Thailand. Rice straw (R)
residue was harvested from the rice field area in
Mae Lao subdistrict. It was pulverized (Nimut Engi-
neering Co., Ltd.), dried in a hot-air oven, and then
stored in a vacuum bag. Nanglae pineapple leaf (P)
was collected from the cultivation area in Nanglae
subdistrict. Banana stem (B) waste was provided by
the Botanical Garden of Mae Fah Luang University.
Both P and B were cut into pieces with a length of
approximately 10 cm. After washing, it was dried in
a hot air oven at 90 °C for 1–2 days, then pulverized
and stored in a vacuum bag. The size or length of all
particles obtained after pulverizing was in the range
of 0.5–4 cm.

Pulp preparation

The pulping of R, P and B pulps were processed
via the soda-AQ pulping process, and the procedure
was summarized in Fig. 1. The pulping condition
with 7 %w/w NaOH solution and cooking time
for 30 min was used for R and B pulp prepara-
tion. The P pulp was obtained, however, by pulped
with 4 %w/w NaOH solution and cooking time for
15 min. Liquid to raw material ratio of 10:1 with the
addition of 0.1 % AQ (based on the dried weight
of raw materials) was used, and the cooking tem-
perature was controlled at 98±2 °C for all batches.
After cooking, the pulp was washed with tap water
to rinse off the black liquor. The obtained pulp
or unscreened (u-) was then screened through a
metal mesh no. 18 and 200. The remaining pulp
on mesh no. 200 was collected as a screened pulp
(s-) portion. Then, the pulp slurries from both u-
and s- portions of R, P, and B pulps were prepared
for further use in the molded pulp forming step.

Fig. 2 Preparation of molded pulp sheets from rice
straw, pineapple leaf and banana stem pulps by using
compression molding technique.

Preparation of molded pulp sheets

The procedure for sheet preparation followed the
steps in Fig. 2. The pulp slurry was firstly pre-
formed into rectangular shape. Then it was partially
dewatered by a hydraulic pressing machine (M.S.
Industry Supplied Co., LTD) under pressure of 0.6
MPa for 5 min [14]. After that, it was hot-pressed to
form a molded sheet by using compression molding
under pressure of 0.6 MPa for 5 min at 130 °C.
All sample sheets were prepared with the same
procedure.

Sheet density determination

All sample sheets were measured for their thickness
randomly at 10 locations for an average value using
a digital Vernier caliper, then pre-conditioned at
50 % RH, 25 °C, for at least 24 h before weighing.
The density was calculated by the sheet weight
divided by volume of sheet sample.

Sheet morphology

The surface and cross-section of the molded sheets
were observed by scanning electron microscopy
(SEM, LEO/1450 VP) at an accelerating voltage of
10 kV. All samples were cut into small pieces and
then coated with gold by sputtering.

Tensile testing

The test specimens were cut from the sheets into
the size of 80 mm×15 mm with a gauge length
of 50 mm. The specimens were pre-conditioned
at 50 % RH, 25 °C at least 24 h before testing,
according to TAPPI T402. The tensile test followed
the procedure of TAPPI T494 by using a universal
testing machine (Instron Model 5566) with 1 kN
load cell. The test was performed at a constant
crosshead speed of 7 mm/min. After testing, the
tensile index, tensile strength, and elongation of
the prepared molded sheets were evaluated. The
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Fig. 3 Molded sheets from unscreened and screened pulp
from rice straw (R), pineapple leaf (P) and banana stem
(B) pulps.

Table 1 Tensile properties of the molded sheets from
unscreened and screened pulp of rice straw, pineapple leaf
and banana stem pulps.

Sample Tensile strength Elongation Tensile index
(MPa) (%) (Nm/g)

u-R 57.90±5.69 2.18±0.22 60.49±4.48
u-P 57.16±3.27 2.73±0.38 56.06±1.95
u-B 37.25±3.63 1.51±0.14 44.19±2.49

s-R 62.01±4.02 3.67±0.76 63.28±2.27
s-P 45.10±5.66 2.20±0.70 43.71±4.17
s-B 34.60±4.16 2.45±0.46 38.93±2.13

reported values of their tensile properties were av-
eraged from 10 specimens.

RESULTS

Molded sheet morphology

The appearance of all prepared molded sheets is
shown in Fig. 3. The molded sheet color var-
ied depending on the initial color of their pulp
sources. The u-R, u-P and u-B codes represented
the molded sheets from unscreened pulp of rice
straw, pineapple leaf and banana stem, respectively.
The various fiber sizes dispersed in these sheets
from unscreened pulps could be observed by the
naked eye. The surfaces of u-R, u-P and u-B sheets
were rougher while the surfaces of s-R, s-P and
s-B (screened pulp) sheets were smoother. The
grammage of unscreened molded sheet was ap-
proximately 240±28 g/m2 and screened pulp sheet
was 256±40 g/m2. From SEM images (Fig. 4), all

sheet surfaces showed that different size fibers were
randomly entangled. The average diameters of R,
P and B fibers were 5.72±1.66 µm, 5.13±1.70 µm
nd 17.46±5.77 µm, respectively. Long fibers on the
surfaces of u-sheets were clearly seen whereas the s-
sheets showed less long fibers on their surfaces. For
the observation on their cross-sections, the u- and s-
sheets from R and P pulps looked more similar and
denser (Fig. 5) than those from the B pulp. Gaps or
spaces between fiber layers were obviously observed
in both u-B and s-B sheets.

Tensile properties

The tensile properties of all samples were summa-
rized in Table 1. The R sheets had the highest tensile
strength and tensile index, followed by the P and
B sheets. The elongation of all sheets was in the
range of 1.5–3.7%. The s-sheets of R and B pulps
showed no significant difference from their u-sheets
in the tensile properties. On the other hand, the
tensile strength and index of the s-P sheet were
visibly lower than those of the u-P sheet (Fig. 6).
In comparison with other commercial molded pulp
products, both u-R and s-R sheets showed higher
tensile indices than the non-wood molded pulp and
being close to the wood molded pulp properties.
Besides, the tensile index of u-P, s-P, u-B and s-B
sheets was also above or near that of the commercial
non-wood molded pulp.

DISCUSSION

Properties of molded sheets from different pulp
types

As shown in Fig. 4, the characteristic of R, P and
B fibers was slightly different. The surfaces of u-
R and u-P sheets (Fig. 4ab) presented smaller size
fibers than those found on the u-B sheet (Fig. 4c).
The density of all R and P sheets was close and in
the range of 0.96–1.02 g/cm3 (data in Fig. 5). But
the density of B sheets was slightly lower (0.87–
0.88 g/cm3). Possibly, with smaller size fibers,
both R and P pulps could better pack together and
became closer leading to an increase in their sheet
densities as compared to the B pulp sheets. In line
with the cross-sections of R and P sheets (Fig. 5),
the SEM images also showed less voids or gaps
between the fiber layers compared to the B sheets.
These gaps indicated poor fiber-fiber bonding within
the B sheet structures and supposedly led to their
lowest tensile properties (Table 1). Another reason
that the R and P pulps gave higher sheet proper-
ties than the B pulp was also that the thinner R
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Fig. 4 SEM images of R, P and B molded sheet surfaces prepared from unscreened pulp (a)–(c) and screened pulp
(d)–(f) (observed at 1000×magnification).

Fig. 5 SEM images of cross-section areas of the sheets prepared from unscreened pulp (a)–(c) and screened pulp
(d)–(f) (observed at 1000×magnification).

and P fibers with higher slenderness ratio (fiber
length/width) provided a higher surface area for
fiber-fiber bonding [15, 16]. For R pulp, both u-R
and s-R sheets showed higher tensile strength and
tensile index than the P and B sheets. The tensile
indices of R sheets in this work were also higher
or similar to those of the paper sheets from rice
straw pulp (alkaline pulping) previously prepared
by Jani et al [17] with the reported tensile index
of 67.28 Nm/g. These R sheets also showed higher

tensile indices when compared to those of the rice
straw paper sheet prepared from a soda-AQ process
(38.0–57.6 Nm/g) in the work of Shao et al [18].
Furthermore, the tensile indices of the present P
sheets were also comparable to the values reported
in the previous work of Wutisatwongkul et al [19].
They prepared the handsheets from pineapple leaf
pulp by a soda pulping process, having the tensile
index of around 35.0–46.6 Nm/g. Although without
bleaching, the B sheets in this study already had
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Fig. 6 (a) Tensile strength and (b) tensile index of un-
screened pulp sheets compared with screened pulp sheets
from R, P and B pulps.

the tensile properties close to the sheets from semi-
bleached banana sheath pulp (47.8–52.0 Nm/g) in
the previous research of Goswami et al [20].

Effect of unscreened (u-) and screened (s-)
pulps on sheet properties

Fig. 4 showed the SEM images of the surfaces of
all s- and u-sheets from R, P and B pulps. Ran-
dom fiber arrangement and entanglement were ob-
served. However, on the surfaces of the s-P and s-B
sheets, long fibers which could create more fiber-
fiber interaction were hardly presented when com-
pared to their u-sheets. This might be the reason
why these s-P and s-B sheets showed lower tensile
properties than the u-sheets. On the other hand,
some long fibers were observed on both s-R and u-R
sheet surfaces (Fig. 4ad). The tensile strength and
tensile index of the s-R and u-R sheets were also
found to be not significantly different (Fig. 6).

Molded pulps from R, P and B pulps versus
commercial molded pulp products

From Fig. 7, the u-R and s-R sheets exhibited
higher tensile indices than the commercial non-
wood molded pulp and were comparable to the
wood molded pulp product. Therefore, the R pulp

Fig. 7 Tensile index of all prepared molded pulp sheets
in this work compared to the commercial molded pulp
products from non-wood and wood pulps.

is very promising to use alternatively to both non-
wood and wood pulps. In case of the P and B
molded sheets, it is suggested that both pulps could
be considered alternative non-wood pulp resources
for molded pulp packaging.

CONCLUSION

The molded pulp sheets from rice straw (R), pineap-
ple leaf (P) and banana stem (B) were success-
fully prepared. The R and B molded sheets from
unscreened (u-) and screened (s-) pulps showed
only a slight difference in their tensile properties
except for the P molded sheets. The u-R and s-R
sheets showed the highest tensile strength of 57.90
and 62.01 MPa, respectively, and tensile index of
60.49 and 63.28 Nm/g, respectively. These values
were well above those of the commercial non-wood
molded pulp product and as good as the commercial
wood molded pulp product. With the tensile perfor-
mance of the current molded sheets considered, the
results indicated that all R, P, and B pulps had good
potential for utilizing as raw materials in the molded
pulp manufacturing.
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