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Abstract 
In this paper, four crops residues such as eggplant, cassava, okra and mulberry plants were assessed as papermaking raw 
materials. These crops residues had lower α-cellulose and holocellulose and moderate lignin content with syringyl:guaiacyl 
range of 1.05–1.63. The fiber length of eggplant, cassava, and mulberry plants were shorter (0.58–0.65 mm), while the same 
for okra plant was medium (1.14 mm). The Runkle ratios of these plant fibers were low (0.208–0.678), and flexibility coef-
ficient was low to medium (55–79). All these non-wood plants were difficult to cook except eggplant plant. Eggplant plant 
produced screened pulp yield of 33.21 with kappa number of 22.9 at the conditions 3 h cooking at 170 °C with 20 alkali 
charge. Cassava plant showed the lowest screened pulp yield of 17.7% with kappa number 30.3 at the conditions 2 h cooking 
at 170 °C with 20 alkali charge. The okra plant pulp showed the best papermaking properties among these crops residues. 
Eggplant and okra plants can be used for brown packaging grade pulp.
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Statement of Novelty

For the first time, chemical and morphological character-
istics and pulpability of eggplant and cassava plants have 
been evaluated. Although a partial chemical analysis of okra 

and mulberry plants was done, but no reports available on 
alkaline nitrobenzene oxidation and fiber quality analysis. 
A complete chemical and morphological characteristics 
and pulping and papermaking potential of eggplant, cas-
sava, okra and mulberry plants have been evaluated for the 
first time.

Introduction

GDP growth in Bangladesh has been above 7% for the last 
few years. Consequently, people’s living standard, as well 
as the demand for consumer products, has increased which 
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has subsequently led to an increased demand for packaging 
paper, tissue paper etc. In this context, many paper mills 
have been set up based on imported pulp and recycled paper. 
The fluctuation of pulp price in the world market, however, 
have made many paper mills’ owners to consider construct-
ing pulp mills based on local raw materials or imported 
wood chips.

Bangladesh is a forest deficient country, but self-sufficient 
in agriculture sector, which generates a large quantity of 
agricultural residues. After harvesting crops, most of the 
agricultural wastes are burned and incorporated into the soil 
for the following crop [1]. However, burning is becoming 
socially unacceptable because of its extensive atmospheric 
pollution [2], including greenhouse gas emissions [3] as well 
as smoke? (either add its demerits or delete it). Government 
policy is to increase income from agrarian products and by-
products through value addition with minimum or no envi-
ronmental damage. Therefore, utilization of agricultural 
waste will directly facilitate farmer’s economy, and conse-
quently improve their livelihood. In this situation, screening 
of most of the non-wood plant available in Bangladesh for 
pulping raw material has been carried out. In this paper, 
four non-wood plants, namely- eggplant, cassava, okra and 
mulberry have been characterized for pulping.

Among these, the okra plant (Abelmoschus esculentus) 
had previously been evaluated as a pulping raw material [4, 
5]. Chemical analysis of the mulberry plant was also done 
to evaluate the differences in its chemical composition in 
relation to plant age [6]. But no reports are available on 
Eggplant and cassava plant are however, yet to be evaluated 
as potential pulping raw material. For the first time, chemi-
cal and morphological characteristics of eggplant, cassava, 
okra and mulberry plants are presented in this paper along 
with the soda-anthraquinone (AQ) pulping of these four non-
wood plants.

Materials and Methods

Raw Materials

The eggplant plant, cassava plant, okra plant and mulberry 
plant were collected from Mymensing region of Bangladesh. 
These non-wood plants were chopped to 2–3 cm size. Then 
they were ground in a Wiley mill to about 40–60 mesh size, 
which were used for chemical analysis.

Anatomical and Morphological Properties

For the measurements of fiber morphological properties, 
firstly, these samples were macerated in a solution contain-
ing 1:1 HNO3 and KClO3. A drop of the macerated sam-
ple was taken in a slide and fiber length and diameter were 

measured in image analyzer Euromex-Oxion using Image 
Focus Alpha software. For measuring fiber length and fiber 
width, 200 fibers were measured from the slides and average 
reading was taken.

For anatomical analysis, the three samples were sectioned 
with sliding microtome and transversal section slide was 
prepared and investigated under an image analyzer. SEM 
image of the cross-section was recorded using a scanning 
electron microscope (Model EV018, Carl Zeiss AG, Ger-
many), which are shown in Fig. 1.

Chemical Analysis

The extractive (T204 om88), 1% alkali solubility (T 212 
om98), water solubility (T207 cm99), Klason lignin (T222 
om83), acid soluble lignin (TAPPI  UM 250 1991) and 
ash content (T211 os76) were determined in accordance 
with Tappi Test Methods. Holocellulose was determined 
by treating extractive free wood meal with NaClO2 solu-
tion. The pH of the solution was maintained at 4 by adding 
CH3COOH-CH3COONa buffer and α-cellulose was deter-
mined by treating holocellulose with 17.5% NaOH.

Alkaline Nitrobenzene Oxidation (ANO)

Extractive free milled wood of bagasse, kash or corn stalk 
amounting to 10 mg was taken in a bomb and 4 ml of 2 M 
NaOH and 0.25 ml nitrobenzene were added, and the mix-
ture was kept at 170 °C for 2 h. The detail method of ANO 
was carried out following method described in elsewhere 
[7].

Pulping

In order to find out pulpability of eggplant plant, cassava 
plant, okra plant and mulberry plant, these samples were 
cooked by soda-AQ process with varying alkali charge. 
The cooking time was fixed for 3 h at 170 °C for eggplant 
plant, okra plant and mulberry plant and 2 h at 170 °C for 
cassava plant. The liquor ratio was maintained at 6. After 
digestion, pulp was washed till free from residual chemicals, 
and screened by flat vibratory screener (Yasuda, Japan). The 
screened pulp yield, total pulp yield and screened reject were 
determined gravimetrically as percentage of o.d. raw mate-
rial. The kappa number (T 236 om-99) of the resulting pulp 
was determined in accordance with Tappi Test Methods. 
Three replicates of all experiments were done and average 
reading was taken.

Evaluation of Pulps

Pulps from eggplant plant, cassava plant, okra plant and 
mulberry plant were beaten in a valley beater to different 
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freeness (°SR) and hand sheets of about 60 g/m2 were made 
in a Rapid Kothen Sheet Making Machine. The sheets were 
tested for tensile (T 494 om-96), burst (T 403 om-97) and 
tear strength (T 414 om-98) according to TAPPI Standard 
Test Methods. Fiber quality of screened pulp samples were 
by Fiber Quality Analyzer – 360, OpTest, Canada.

Results and Discussion

Chemical Characteristics

As shown in Table 1, cold water solubility and hot water 
solubility of eggplant plant was lower than cassava plant 
and okra plant. The cold-water treatment removes a part of 
extraneous components like tannins, gums, sugars, inorganic 
matter and colored compounds present in lignocellulosic 
biomass whereas hot water treatment removes, in addition, 
starches. One percent NaOH solubility of cassava plant was 
very high (40.74%) followed by okra plant (37.98%), while 
mulberry plant showed the lowest amount of one percent 
NaOH solubility. The higher one NaOH solubility of cas-
sava plant and okra plant can be explained by the presence 
of low molar mass of carbohydrates and other alkali soluble 
materials. A very high water and alkali solubility of cassava 
plant and okra plant indicated the lower pulp yield. Acetone 
extractives of mulberry plant were the highest (3.55%) and 
eggplant plant was the lowest (0.29%). Acetone extractives 
include waxes, fats, resins etc. Higher acetone extractives 
content adversely affects the runnability of paper machine.

Holocellulose and α-cellulose contents are the most 
important factors for pulping raw material. These parameters 
positively affect the pulp yield in chemical pulping process. 
The α-cellulose contents of eggplant plant, cassava plant, 
okra plant and mulberry plant were 35.0, 30.4. 29.6 and 
38.8%, respectively. Cellulose content in a raw material also 
determines physical strength properties of paper [8]. Most of 
the non-wood hemicellulose contains mainly xylan, which is 

reflected by pentosan. The pentosan in these four non-wood 
plants ranged between 14 and 16%. Hemicellulose content 
affects pulp yield and especially papermaking properties. 
Sitch and Marshall [9] showed that the presence of hemi-
cellulose reduced average fiber length during beating, thus 
indicating a correlation between fiber flexibility and hemi-
cellulose content, thus pulps of high strength were prepared.

Lignin is undesirable polymer for paper production and 
the removal of lignin during pulping requires a high amount 
of energy and chemicals. Lower lignin content of raw mate-
rials makes them suitable for delignification at milder pulp-
ing conditions (lower temperatures and chemical charges) 
to reach a desirable kappa number. The highest total lignin 
content was in eggplant plant (30.44%) and lowest in okra 
plant (22.32%). The lignin content in eggplant plant was 
similar to that of Acacia hybrid [10].

Ash content represents inorganic minerals present in the 
raw materials. Ash content of these four non-wood plants 
was lower (0.77–3-15%) than other rice and wheat straws 
[8].

Alkaline Nitrobenzene Oxidation

Alkaline nitrobenzene oxidation (ANO) is a common tech-
nique for characterizing lignin’s constituent through the 
chemical degradative technique. In the ANO, the three 
constitutive monomeric lignin, p-hydroxyphenyl, guaiacyl 
and syringyl unit produce the corresponding p-hydroxyben-
zaldehyde, vanillin and syringaldehyde. Table 2 shows the 
yield of alkaline nitrobenzene oxidation products from the 
eggplant plant, cassava plant, okra plant and mulberry plant. 
The predominant product was identified to be syringalde-
hyde (S), which comprised 18.6% for eggplant plant lignin, 
18.1% for cassava plant lignin, 17.9% for okra plant lignin 
and 14.8% for mulberry plant lignin. It was obtained from 
the degradation of noncondensed syringyl unit. Therefore, 
mulberry plant lignin contains more condensed structure 
than other plant lignins. Vanillin (V) appeared as the second 

Table 1   Chemical 
characteristics of crops residues

Eggplant Cassava plant Okra plant Mulberry plant

Hot Water Solubility (%) 17.96 33.17 21.9 13.39
Cold Water Solubility (%) 12.10 28.37 13.2 13.07
1% NaOH Solubility (%) 25.75 40.74 37.98 21.0
Extractives in acetone (%) 0.29 1.1 1.54 3.55
Ash Content (%) 1.66 2.49 0.77 3.15
Holocellulose (%) 63.2 50.2 56.8 70.2
Alpha Cellulose (%) 35.0 30.4 29. 6 38.8
Klason lignin (%) 28.4 20.6 18.7 26.3
Acid soluble lignin (%) 2.04 3.64 3.62 2.58
Total lignin (%) 30.44 24.14 22.32 28.88
Pentosan (%) 14.3 14.8 15.1 16.2
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major degradation products resulted from the noncondensed 
guaiacyl unit, which consisted of 11–17%. Okra plant lignin 
had the highest amount of vanillin, 17.1%. The presence of 
small quantities (2–9%) of p- hydroxybenzaldehyde from 
the noncondensed p-hydroxyphenyl unit (H) was found in all 
these non- plant lignin. Mulberry plant showed the highest 
amount of H unit, 9.1%. Similar results have been reported 
in abaca fibre, oil palm fibre Iignins [11, 12].

The molar ratio of S to V was 1.63 for eggplant plant 
lignin, 1.55 for cassava plant lignin, 1.05 for okra plant 
lignin and 1.14 for mulberry plant lignin. The results 
appeared to be in general agreement with the range of S to 
V ratios obtained from hardwood lignin [13].

Morphological Properties and its Derived Values

The role of morphological characteristics such as fiber 
length width, wall thickness, lumen diameter and their 
derived values such as flexibility coefficient, slender ratio 
and Runkel ratio of eggplant plant, cassava plant, okra 
plant and mulberry plant are given in Table 3. Fibre length 
of okra plant longer than that other plants (1.14 mm vs 
0.58–0.65 mm). Okra plant consists of long fibre bast fibre 
and and short fibre stick, this bast fibre contributing to 
increase average fibre length. The fibre length of eggplant 
plant, cassava plant, and mulberry plant was shorter as 
compared to other grasses such as bamboo (1.91 mm), 
lemon grass (1.09 mm) and sofia grass (0.87 mm) [14, 15]. 
A higher fibre length contributes higher tearing strength 
of paper [15]. Fibre diameter eaggplant plant (13.2 μm) 
and mulberry plant was less than cassava plant (25.5 μm), 
okra plant (21.0 μm). The fiber wall thickness of these 

non-wood plant was thin (2.09–2.75 μm). Paper formed 
by thin-walled fibre would be dense, and well formed [16].

As shown in Table 3, cassava plant showed the low-
est slender ratio (25.49). There is a positive correlation 
between slenderness ratio and folding endurance [17, 18]. 
Generally, it is considered that if the slenderness ratio for 
the fibre is less than 70, the pulp would have weak strength 
[18]. The highest and lowers Runkel ratios were found in 
eggplant plant (0.678) and cassava plant (0.208), respec-
tively. Runkel ratio of these non-wood plants was very 
similar to A. auriculiformis fibers grown in Bangladesh 
(0.24 to 0.41) [20]. Fibers which have Runkel ratio less 
than 1.0 are considered as thin-walled fibers [21] and fib-
ers having Runkel ratio above 1.0 are considered as thick-
walled, stiffer and rigid in nature and form bulky and more 
opaque paper with lower bonded area [22]. Based on the 
results, these non-wood plants had comparatively thin 
walled fibres (Table 3).

The fibre diameter and cell wall thickness controlled the 
fibre flexibility. The flexibility coefficient of cassava and 
okra plant fibers was 79% and 77%, respectively, while it 
was 56% for eggplant plan fiber. Fibers of low flexibility 
coefficient do not collapse easily thus retain their tabular 
structure on pressing consequently lesser surface for bond-
ing. Such type of fibers produces paper sheets of higher 
tear, bulk and opacity. The laboratory handsheets would 
be bulky, coarse-surfaced and had higher void volume, 
and between flexibility coefficient and burst [18], breaking 
length and tear resistance [23]. Fibre flexibility influences 
the number of interfibre bonds because more flexible fibres 
have more interfibre contact [24].

Table 2   Alkaline nitrobenzene 
oxidation of eggplant plant, 
cassava plant, okra plant and 
mulberry plant

S Syringyldehyde, V Vanilin, H p-hydroxybenzaldehyde

Crops residue S (%) V (%) H (%) V + S + H(%) S/V

Eggplant stalks 18.63 ± 0.85 11.40 ± 0.26 3.42 ± 0.81 33.45 ± 0.58 1.63
Cassava plant 18.06 ± 0.24 11.63 ± 0.88 2.01 ± 0.12 31.70 ± 0.57 1.55
Okra plant 17.93 ± 0.05 17.07 ± 0.28 2.71 ± 0.13 37.72 ± 0.20 1.05
Mulberry plant 14.80 ± 0.89 12.98 ± 0.51 9.07 ± 0.07 36.84 ± 0.43 1.14

Table 3   Morphological 
characteristics and derived 
values of crops residues

Eggplant Cassava plant Okra plant Mulberry plant

Fiber length, L (mm) 0.58 0.65 1.14 0.65
Fiber width, D (μm) 13.2 25.5 21.0 16.3
Fiber wall thickness, w (μm) 2.49 2.09 2.75 2.21
Lumen diameter, d (μm) 7.34 20.13 16.22 11.31
Runkel ratio (2w/d) 0.678 0.208 0.339 0.391
Slender ratio (L/D) 43.94 25.49 54.29 39.88
Flexibility coefficient (d/DX100) 55.61 78.94 77.23 69.38
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Pulping

Therefore, these three non-wood plants were cooked at 
170 °C for 3 h and cassava plant were cooked at 170 °C 
for 2 h with varying alkali charge in soda-AQ process and 
results are shown in Table 4. As shown in Table 4, screened 
pulp yield increased and reject decreased with increasing 
alkali charge. All these four raw materials were difficult 
to cook even in drastic cooking conditions. At 20% alkali 
charge, screened rejects were 2.9%, 0.78%, 16.0% and 4.17% 
for eggplant, cassava plant, okra plant and mulberry plant, 
respectively, while screened pulp yield at this condition was 

33.21%, 17.7%, 21.55% and 27.84%. Cassava plant has the 
lowest pulp yield due to high starch, tannin, extractive etc. 
as indicated by hot, cold and one percent alkali solubili-
ties (Table 1). In an earlier study, it was also observed that 
mulberry plant was difficult to cook [6]. As shown in Fig. 2, 
the pulp yields from these non-wood plants were much 
lower than other crops residues [25–27]. This lower pulp 
yield can be explained by lower α-cellulose and holocel-
lulose (Table 1). Mulberry plant had the highest pulp yield 
among these four non-wood plants due to higher α-cellulose 
content.

The delignification of these non-wood plants was very 
difficult. Eggplant plant showed comparatively better del-
ignification as compare to cassava, okra and mulberry 
plant. The kappa number of eggplant plant pulp was 38.0 
at 14% alkali charge, which decreased to 22.9 with the 
increase of alkali charge to 20% at 170° for 3 h of cook-
ing. At 20% alkali charge for 3 h cooking at 170°, kappa 
numbers of okra plant and mulberry plants were 47.4 and 

Fig.1   Cross section of eggplant and okra plants

Table 4   Soda-AQ pulping of crops residues

Raw materials NaOH 
charge 
(%)

Total Kappa number

Screened Reject Total

Eggplant 14 18.49 29.7 48.19 38.0
16 29.56 14.4 43.96 31.0
18 27.77 11.6 39.37 27.5
20 33.21 2.9 36.11 22.9

Cassava plant 14 19.6 8.90 28.50 54.3
16 20.8 4.43 25.23 42.6
18 21.4 1.33 23.73 36.6
20 17.7 0.78 18.48 30.3

Okra plant 14 8.18 39.83 48.01 71.0
16 9.25 36.33 45.58 66.9
18 13.11 28.0 41.11 55.0
20 21.55 16.0 37.55 47.4

Mulberry 
plant

14 15.73 34.0 49.73 48.24
16 23.1 24.0 47.1 46.64
18 26.66 10.83 37.49 41.64
20 27.84 4.17 32.01 40.0
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Fig. 2   Pulp yield- kappa relationship of eggplant cassava, okra and 
mulberry plants pulping
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40.0, respectively. High delignification can be observed 
when S/V ratio is higher. Tsutsumi et al. [28] showed that 
ß-aryl ether of syringyl lignin model was cleaved much 
faster delignification than that of guaiacyl lignin model by 
soda and soda/anthraquinone treatment. The S/V eggplant 
plant was higher than other plants (Table 2). As shown in 
Fig. 2, kappa number of eggplant pulp was lower at any 
pulp yield than other plants (by extrapolation).

Fiber Quality of Pulps

Table 5 shows the average arithmetic, length and weighted 
length, average width, fine percentage curl, kink indexes, 
degree of fibrillation and coarseness of pulp samples 
from eggplant plant, cassava plant, okra plant and mul-
berry plant. Such measurements are essential since they 
directly impact the properties of the pulps and the quality 
of the produced papers. All these non-wood plant except 
eggplant plant contains many fines, generated from nonfi-
brous parenchymatic cells (Fig. 1). Cassava plant had the 
highest amount of fines 53.2% followed by mulberry plant, 
36.7% and eggplant plant pulp showed the lowest amount 
of fines. The lowest amount of fines in eggplant plant 
pulp can be explained by wood like anatomical structure 
(sclerenchyma). The high fines content may correspond to 
the fibers that are more flexible. The length–weight fiber 
length of okra plant pulp was the longest. Okra plant con-
sists of bast fiber and stick and the fiber length of bast 
fibre was more than 3 mm, which contributed to average 
longer fibre length [4]. Paper formation has a large effect 
on fines and fiber length. Reducing fibre length has a little 
direct impact on the sheet structural and optical properties 
but does reduce papermaking properties.[29]. The coarse-
ness of these non-wood plants fibre had a lot of variation 
(3.4–14.3 mg/100 m). This parameter is related to the fiber 
wall thickness and influences the fiber collapse degree and 
development of bulk [30]. Curl and kinks index of okra 
plant pulp were higher. Curl and kinks are fiber deforma-
tions that contribute to a more developed network, generat-
ing less inter-fiber bonds and leading to a potential develop 
bulk, porosity, and smoothness in the final product.

Papermaking Properties

The papermaking properties were significantly improved 
by the refining operation. It is interesting to note that the 
unbleached okra plant pulp exhibited excellent properties in 
terms of tensile, bursting and tearing strengths. This can be 
explained by longer fiber length of okra plant pulp (Table 5).

Figures 3, 4 and 5 report the papermaking properties of 
the handsheets obtained from these four non-wood plants. 
From these data, it appears that the tensile and burst index of 

Table 5   Fiber quality analysis of eggplant plant, cassava plant, okra plant and mulberry plant

Sample Mean length (mm) Mean Curl 
Index

Mean 
Kink Index 
(mm−1)

Mean 
Width 
(μm)

Degree of 
External 
Fibrillation 
(%)

Coarse-
ness 
(mg/m)Fines (%) Arithmetic Length 

Weighted
Weight 
Weighted

Eggplant 18.2 0.367 0.449 0.54 0.067 1.4 16.4 1.7 0.058
Cassava plant 53.2 0.283 0.436 0.642 0.040 0.938 26.9 1.0 0.034
Okra plant 31.6 0.631 1.236 1.9 0.101 1.75 21 1.4 0.143
Mulberry plant 36.7 0.268 0.434 0.731 0.064 1.35 19.0 1.4 0.04
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produced papers increased with increasing beating degree, 
while tear index decreased. Okra plant pulp exhibited the 
highest tensile index at any SR followed by mulberry plant 
pulp. At 41° SR, the tensile index of okra plant pulp was 
68.7 N.m/g and tear index was 7.06 mN.m2/g.

Conclusion

Cassava and okra plants were characterized with lower 
α-cellulose and moderate lignin content, while eggplant 
and mulberry plants were characterized with moderate 
α-cellulose and higher lignin contents. Morphologically, 
these non-wood plants fibers have thinner cell wall and 
shorter fiber length except okra plant fiber, which can be 
considered as medium. Cooking of these non-wood plants 
was difficult to bleachable grade level. As compare to other 
non-wood plants, eggplant plant showed better pulp yield of 
33.2% at kappa number 22.9 (at the conditions of 22% alkali 
charge, 3 h cooking at 170 °C). Okra plant pulp showed the 
best papermaking properties among these non-wood plants. 
Finally, it can be concluded that eggplant and okra plants can 
be used for board grade brown pulp.
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