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Abstract
Bangladesh is a densely populated agricultural country. As the allocated forestland for pulpwood production is very limited and a
substantial amount of crops residues are generated each year, the latter can substitute pulpwood. But it is hard to use crops
residues as pulping rawmaterials in a conventional pulping process due to its high content of silica and fines. It was observed that
formic acid (FA) pulping process can overcome these limitations. In this context, fourteen residues of crops produced in
Bangladesh were evaluated by FA pulping with varying FA charge for 4 h at the boiling temperature followed by peroxyformic
acid (PFA) treatment under constant conditions. It was observed that pulp yield and delignification degree decreased with FA
charge. Also, PFA treatment further reduced the kappa number of pulps. Final pulp yields were 39–51% with the kappa number
of 12–28 depending on crops residues. Holocellulose and α-cellulose content in crops residues were positively correlated (R2 =
0.95) with pulp yield at 0% level of significance. Pulps were bleached by alkaline peroxide bleaching and brightness reached to
about 80% with acceptable papermaking properties.
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1 Introduction

The source of pulping raw materials is the forests, the
total area of which is very small in number for a small
country like Bangladesh. Therefore, interest in using
straw and different crops residues for papermaking were
observed for a long time in countries with little or no
wood reserves. Bangladesh as an agricultural country
generates a substantial amount of crops residues [1].
According to the World Bank report, annual growth in
the agricultural sector of Bangladesh was reported at
2.7863% in 2016, thus it consequently increased crops
residues over the years [2].

Conventionally, agricultural residues are pulped by alka-
line processes. But most of the crops residues are high in ash
content. In alkali processes, pulp yield and properties are
good, but the main drawback is the dissolution of silica in

the black liquor, which causes problem during recovery of
the cooking reagents. A pulp mill cannot be environmentally
friendly without chemical recovery system. Another factor for
consideration is that the crops residues are bulky in nature,
making transportation of these types of rawmaterials difficult.
Therefore, organic solvent-based delignification has been ex-
haustively studied in recent years as an alternative to the tra-
ditional processes of chemical pulp production because of
strict regulations on environmental discharges. In the solvent
pulping, the major portion of silica remains on the fiber [3–6].
Formic acid (FA)/peroxyformic acid (PFA) treatment pro-
duced pulp yield of 43.4% with kappa number 15.5 from rice
straw [3]. Jiménez et al. [7] used a central composite design to
investigate the influence of the cooking conditions (time, tem-
perature, and acid concentration) for wheat straw with organic
acid-water mixtures on the properties of the pulp obtained
(yield and holocellulose, α-cellulose and lignin contents). A
second-order polynomial model, consisting of three indepen-
dent process variables, was found to accurately describe the
organosolv pulping of wheat straw. Delignification from rice
straw by FA of approximately 85%with a pulp yield of 44.4%
was obtained at the cooking conditions of, temperature,
100 °C; cooking time, 60 min; formic acid concentration,
90%. Pulp chemical and mechanical properties were
comparable with those found for pulp obtained in basic
environments [8].
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Dissolved lignin and hemicelluloses in the spent liquor of
organic acid pulping can be separated easily [3, 7–9], and
organic acid can be recovered by distillation and reused in
the process [10]. The detail organic acid fractionation of crops
residues are shown in Fig. 1 [11]. Organic acid lignin is char-
acterized a by higher phenolic group [12, 13], consequently
improved reactivity in using resins [14]. This lignin can also
be used for many value-added products due to its lower mo-
lecular weight and higher reactivity [15–17]. The spent liquor
lignin can also be used for producing carbon fibers [18], acti-
vated carbon [19], etc.

In this study, 14 important crops residues in Bangladesh
were chemically characterized. These crops are native and
available in Bangladesh. Both acetic acid (AA) and formic
acid effectively delignify lignocellulose, but AA needs miner-
al acid as catalyst, which is corrosive for the digester [3, 13].
Therefore, in the present study, formic acid (FA)
delignification of these crops residues were carried out with
varying FA charge at boiling temperature followed by
peroxyformic acid (PFA) pulping at 80 °C for 120 min. PFA
activate the pulp in alkaline peroxide bleaching [3]. Produced
pulps were bleached by two stages alkaline peroxide
bleaching and evaluated the papermaking properties.

2 Materials and methods

2.1 Materials

Wheat straw, corn stalks, mustard stalks, eggplant stalks, chia
plant, banana pseudo stem, banana leaf, banana peduncle,
bagasse, bamboo, kash (kans grass), okra plant, and kaun
(millet) plant were collected from Katiadi, Kishoreganj, and
rice straw was collected from Trishal, Mymensingh.

2.2 Chemical analysis

The chemical compositions of these crops residues were car-
ried out by following Technical Association of Pulp and Paper
Industries (Tappi) test methods: the extractive (T204 om88),
Klason lignin (T211 om83), ash content (T211 om93), and
pentosan (T223). The holocellulose was prepared by treating
extractive-free wood meal with NaClO2 solution [20]. The pH
of the solution was maintained at 4 by adding CH3COOH–
CH3COONa buffer, and α-cellulose was determined by
treating holocellulose with 17.5% NaOH (T203 om93).

2.3 Formic acid (FA) treatment

The crops residues were refluxed with formic acid in a
hotplate under the following different conditions:

– Formic acid concentration was 70, 80, and 90% (v/v)
– Reaction time: 4 h at boiling temperature.
– Liquor ratio 10.

After desired reaction time, pulp was filtered in a Buchner
funnel and washed with fresh formic acid followed by distilled
water. Then the pulp yield was determined gravimetrically.
The lignin content in pulp was determined by Tappi test
methods (T 222 om-98).

2.4 Peroxyformic acid treatment

FA-treated pulp was further delignified with peroxyformic
acid (PFA) at 80 °C. The reaction was carried out in a thermo-
static water bath. The PFA was prepared by adding 90%
formic acid with 4% H2O2 (on o.d. FA pulp). The time was
kept constant for 120 min. After completion of the pulping, a
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pulp was filtered off and washed with 80% fresh formic acid
and finally with water. Pulp yield was determined gravimetri-
cally on raw material. The kappa number of the resulting pulp
was determined in accordance with Tappi test methods (T 236
om-99). All experiments were carried out thrice and average
reading was taken.

2.5 Bleaching

Bleaching experiments of unbleached pulp (50 g) were carried
out at 10% pulp concentration. The pH was adjusted to 11 by
adding NaOH. The hydrogen peroxide was varied to 4% on
o.d. pulp. The bleaching temperature was 80 °C for 1 h. A
similar procedure was followed in the 2nd stage of peroxide
bleaching.

2.6 Evaluation of formic acid pulp

Bleached pulp was blended in wearing blender for 10 min,
and handsheets were prepared for tensile (T 494 om-96), tear
(T 414 om-98), and burst (T 403 om-97) tests. All character-
istics were determined according to Tappi standard methods
given in the parenthesis.

3 Results and discussion

3.1 Chemical characteristics

Table 1 shows the chemical characteristics of different crops
residues in Bangladesh. Lignin is undesirable polymer for
pulp production. Lower lignin content of raw materials makes
them suitable for delignification at milder pulping conditions

(lower temperatures and chemical charges) to reach a desir-
able kappa number. It is clearly seen from Table 1 that lignin
contents were varied from 18.1% in mustard stalks to 28.4%
in eggplant stalks. Lignin content in wheat straw and rice
straw was relatively higher as compared with other studies
[21, 22]. This was because of high ash content, which was
not corrected in this experiment. No reports have been found
on the chemical characteristics of eggplant stalks, kaun plant,
and chia plant. Lignin content in chia plant was 23.2%. The
lignin content in corn stalks was very close to the result ob-
tained by Ates et al. [23]. But the lignin content in different
portions of banana fiber was much higher than the result ob-
tained in previously published data [24]. This can be ex-
plained by the variation of banana species. Klason lignin con-
tent in these raw materials was close to hardwood lignin con-
tent [25]. Finally, it can be said that these crops residues are
characterized by relatively moderate amounts of Klason
lignin.

Total carbohydrate content is defined as holocellulose.
Therefore, high holocellulose content is desirable for better
pulp yield and papermaking properties [26]. The holocellulose
content of these crops residues were very close (57–66%)
except banana peduncle, which was 73.7%. The α-cellulose
contents in lignocellulosic positively influence pulp yield dur-
ing chemical pulping [27, 28]. The cellulose content also de-
termines the physical strength properties of paper [1, 27]. As
shown in Table 1, the highest α-cellulose content in banana
peduncle was 45.2%, while the lowest α-cellulose content in
okra plant was 29.6%, which was close to the α-cellulose in
chia plant (30.5%). According to the Nieschlag et al. [29]
rating system, lignocellulosics with 34%, and over α-
cellulose content were characterized as promising for pulp
and paper manufacture from a chemical composition point

Table 1 Chemical characteristic of crops residues

Raw material Lignin (%) Holocellulose(%) α-cellulose (%) Pentosan (%) Extractive (%) Ash (%)

Wheat straw 25.1 65.6 37.0 18.0 0.57 9.12

Corn stalks 19.7 59.5 35.1 17.8 0.87 4.48

Mustard stalks 18.1 62.9 33.7 18.9 0.59 5.04

Eggplant stalks 28.4 63.2 35.0 14.3 0.29 1.66

Chia plant 23.2 60.5 30.5 13.2 1.82 2.58

Banana pseudo stem 24.1 66.2 40.2 13.4 0.08 6.85

Banana leaf 20.7 64.9 41.4 13.3 1.44 6.97

Banana peduncle 20.4 73.7 45.2 14.8 0.54 1.77

Bagasse 20.4 62.2 39.3 16.9 2.2 0.67

Bamboo 26.9 65.5 46.9 18.4 0.54 3.27

Okra plant 18.7 56.8 29. 6 15.1 1.54 0.77

Kaun plant 19.3 56.6 35.9 17.6 1.2 7.3

Kash 19.8 66.2 43.3 22.3 2.01 1.07

Rice straw 22.9 61.7 38. 7 18.0 2.1 15.1
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of view. The α-cellulose content in these crops residues was
above 34% except for the chia plant.

Pentosan content in these crops residues varied from 13 to
22%. The highest amount of pentosan was found in kash.
Pentosan is an important characteristic of papermaking pulp,
which facilitates H-bonding during sheet formation. Bai et al.
[30] showed that the addition of hemicelluloses increased ten-
sile index, burst index, tear index, and folding endurance of
paper sheet. The results were attributed to the role of hydroxyl
group (OH–) in hemicelluloses molecular which brought
about more H-bond formation between cellulose and hemicel-
luloses and benefited the bonding between the fibers.

The mineral components of lignocellulosic biomass repre-
sented as ash content. Ash content in these crops residues
found to be 1.7% in eggplant stalks to 15.1% in rice straw,
which was much higher compared with the wood [25]. Higher
ash content is undesirable during chemical recovery in the
process. Presence of transition metals such as Mn, Fe, and
Cu negatively affects pulp bleachability in peroxide and oxy-
gen bleaching [31].

As shown in Table 1, acetone solubility in these crops
residues was much lower than the reported data [32].
Acetone soluble content also adversely affects the paper ma-
chine run ability. High extractive contents in lignocelluloses
are undesirable for pulping, bleaching, and papermaking. It
also affects the quality of paper because of shadow marking
and paper manufactured from such type of fibrous material
might show reduced water absorbency [33].

3.2 Formic acid treatment

Delignification of chopped crops residues was carried out by
varying formic acid charge and results of yield and residual
lignin after formic acid treatment are shown in Figs. 2 and 3.
From our previous studies, it was observed that organic acid
deligninfication needs 4 h to get desirable deligninfication
degree, where raw materials were defibrated [4]. Therefore,

formic acid treatment was kept constant at 4 h in this investi-
gation. Yield and residual lignin decreased with increasing
formic acid charge. Residual lignin did not reach the desired
level until the formic acid charge was 90%. Complete
defibration of crops residues was considered as the desired
level of residual lignin. Residual lignin content in mustard
stalks was 11.0%, while the same in the banana pseudostem
was 13.7%. There was no correlation found between lignin
content in the raw materials and delignification degree with
formic acid. The difference in lignin structure of the raw ma-
terial was mainly responsible for deligninfication degree in
formic acid treatment. [34] showed that the higher syringyl
unit indicates higher delignification rate. [35] studied the or-
ganic acid delignification mechanism by using model lignin.
The α-aryl ether bonds of arylglycerol-1, 3-aryl ethers were
ruptured by acid treatment and generated carbonium ions in
the first steps. Most of the carbonium ions immediately lose
three protons to form vinyl ether which is then hydrolyzed, but
some undergo intra- or intermolecular nucleophilic attack by
aromatic rings to produce condensation products.

The highest yield after 90% formic acid treatment was
81.3% in banana peduncle, and the lowest yield was 41.2%
in chia plant. This can be explained by α-cellulose content in
the original raw materials. Eggplant stalks showed 68.6%
yield after 90% formic acid treatment, which was not consis-
tent with the α-cellulose content in the original raw materials.
The higher residual lignin can be explained by a higher yield.

3.3 Peroxyformic acid treatment

Formic acid treated crops residues were cooked with
peroxyformic acid (formed by 90% formic acid and 4% hy-
drogen peroxide) for 2 h at 80 °C. Longer cooking time in
PFA pulping resulted in lignin condensation reaction, which
increased kappa number [6]. Therefore, in this study, PFA
treatment time was kept constant for 2 h. Pulp yield and kappa
number of PFA treated pulp decreased accordingly as the yield
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and residual lignin content decreased in 70, 80, and 90% treat-
ment of FA (Figs. 2, 3 and 4). Ninety percent of FA-treated
crops residues produced pulps of almost similar kappa number
than the conventional alkaline pulping process. As shown in
Fig. 5, a kappa number of PFA banana leaf pulp was only
10.9, while the same raw material produced pulp with kappa
number 23–17 in the kraft process [24]. A higher kappa num-
ber was observed for the banana pseudostem, which is still
better or equal kappa number as compared with conventional
pulping [24]. The kappa number of mustard stalks was 21.9
which is very close to the kappa number obtained by organic
acid mixture treatment followed by peroxy acid pulping [36].
A very high pulp yield of 60.7% was obtained from banana
peduncle after PFA cooking with kappa number 19.1. This
higher pulp yield can be explained by higher α-cellulose con-
tent in banana peduncle (Table 1). The lowest pulp yield
(39.9%) was obtained from the chia plant as its α-cellulose
content was lower. Pulp yield from corn stalks was 41.1%,
which was much lower than the other studies in conventional
pulping processes [24, 37, 38]. This can be explained by dif-
ferent variety and location of raw material, which differentiate

the chemical characteristics of the corn stalks. Pulp yield from
kash was 54.0% with kappa number 17.8, which was very
close to soda-AQ pulping [39]. Crops residues with high ash
content such as rice straw andwheat straw showed higher pulp
yield as compared with conventional pulping. This can be
explained by the retention of silica on pulp during organic
acid pulping [3]. There are no reports found on pulping of
eggplant plant, chia plant, and kaun plant. Therefore, these
raw materials for conventional pulping need to be studied
further.

3.4 Bleaching and papermaking properties

PFA-treated pulps were bleached by two stages of alkaline
peroxide bleaching. Pulp bleachability was improved with
increasing FA charge during FA treatment (data are not
shown). Organic acid pulps from bagasse (85.0%) and rice
straw (81.3%) showed the best bleachability among these 14
crops residues. Cornstalks, wheat straw, and banana peduncle
pulps reached to above 75% brightness in two stages alkaline
peroxide bleaching, while mustard stalks and banana pseudo
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stem pulps did not show good bleachability. In another study
of organic acid pulping, kash pulp reached to 83% brightness
at 4% peroxide charge, while the brightness of banana stem
and dhaincha pulps were 79 and 75%, respectively at the same
peroxide charge [13].

Brightness can be increased to above 80% by increasing
peroxide charge by 2% in each stage (data are not shown).

Bleached pulps were blended in warring bender for
5 min and handsheets were prepared for determining
papermaking properties. As shown in Table 2, cornstalks
pulp showed the highest tensile index (66.9 N.m/g)
followed by chia plant (60.0 N.m/g), wheat straw
(59.9 N.m/g), and kash (55.0 N.m/g) pulps. Longer fiber
length, lower coarseness, higher fines, and degree of
external fibrillation may explain higher tensile index

(Table 3). The coarse fibers have a greater tendency to
flocculate during sheet making that is detrimental to for-
mation [40], which consequently produced the lower
tensile index. The fines of chemical pulps have a strong
tendency to intensify the interaction between fibers.
Retulainen et al. and Kang and Paulapuro [41, 42]
showed that external fibrillation, increased tensile index
about 20%. But Hartman [43] showed that external fi-
brillation resulted in increased density without affecting
tensile strength. Tear index and burst index of these
pulps did not reach the desired level except wheat straw
and chia plant pulps. This may be attributed by the
poorly bonded fibers with fines [44]. Similar behavior
of low tear and burst index of organic acid pulps were
observed in elsewhere [45, 46].

Table 2 Physical properties of bleached pulp

Raw material Tensile index
(N.m/g)

Tear index
(mN.m2/g)

Burst index
(kPa.m2/g)

Elongation (%) TEA (J/m2) Brightness (%)

Wheat straw 59.9 ± 3.1 5.9 ± 1.0 1.2 ± 0.2 1.4 ± 0.2 24.9 ± 2.3 76.7 ± 3.6

Corn stalks 66.9 ± 4.2 4.4 ± 0.8 2.9 ± 0.5 2.4 ± 0.3 64.1 ± 4.3 75.2 ± 3.1

Mustard stalks 54.1 ± 3.2 3.1 ± 0.6 1.4 ± 0.2 1.7 ± 0.2 32.4 ± 3.5 53.5 ± 4.3

Eggplant stalks 35.7 ± 2.3 4.5 ± 0.9 2.1 ± 0.3 2.3 ± 0.3 46.0 ± 4.1 72.2 ± 3.4

Chia plant 60.0 ± 4.1 5.7 ± 1.1 3.4 ± 0.6 3.3 ± 0.5 80.0 ± 4.8 73.8 ± 4.1

Banana pseudo stem 41.8 ± 1.8 2.0 ± 0.6 1.0 ± 0.2 2.1 ± 0.4 34.1 ± 3.6 60.0 ± 2.4

Banana leaf 50.2 ± 2.7 3.1 ± 0.7 1.8 ± 0.4 1.9 ± 0.3 38.9 ± 2.9 70.9 ± 3.6

Banana peduncle 51.7 ± 2.3 4.1 ± 1.0 2.0 ± 0.3 1.9 ± 0.2 40.7 ± 2.8 77.6 ± 3.4

Bagasse 35.3 ± 1.9 2.4 ± 0.4 1.0 ± 0.1 1.3 ± 0.1 14.3 ± 2.1 85.0 ± 4.0

Bamboo 31.6 ± 2.0 5.0 ± 0.8 1.2 ± 0.1 2.4 ± 0.3 27.7 ± 2.2 78.8 ± 4.1

Okra plant 46.8 ± 1.8 3.2 ± 0.8 1.9 ± 0.2 1.5 ± 0.3 25.2 ± 2.3 76.2 ± 3.6

Kaun plant 27.5 ± 2.1 3.6 ± 0.5 0.56 ± 0.1 1.6 ± 0.2 15.1 ± 2.0 72.9 ± 3.0

Kash 55.0 ± 3.2 3.3 ± 0.3 2.0 ± 0.3 2.1 ± 0.3 42.4 ± 3.2 73.8 ± 3.3

Rice straw 45.0 ± 3.1 2.6 ± 0.3 1.9 ± 0.4 2.1 ± 0.3 33.6 ± 3.4 81.3 ± 4.1
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3.5 Correlation

There is a strong positive correlation between holocellulose
(%) and pulp yield (r = 0.891), and this relationship is signif-
icant (p = 0.002 < 0.05) at 5% level of significance. The cor-
relation between α-cellulose (%) and pulp yield is positive
and moderately strong (r = 0.717), and the association be-
tween these two parameters of pulp is significant as well
(p = 0.004 < 0.05) at 5% level of significance.

3.6 Regression model

For predicting the percentage of pulp yield on the basis of
lignin, holocellulose, α-cellulose, and pentosal, the fitted lin-
ear regression model is given in Eq. 1. Pulp yield and kappa
number of crops residues treated with 90% FA followed by
PFA treatment were considered for developing the model.

Pulp yield ¼ −28:50−0:273� Ligninþ 1:2

� Holocelluloseþ 0:176

� α−cellulose−0:208� Pentosanþ 0:712

� Extractivesþ 0:062� Ash ð1Þ

The model is significant (p = 0.002) at 5% level of signif-
icance with R2 = 0.95 and adjusted R2 = 0.91.

In this model, only two parameters, holocellulose, and α-
cellulose are significant. If we consider these two parameters,
only then the model becomes significant at 0% level of
significance.

In case of predicting kappa number on the basis of these
parameters, the model becomes

Kappa Number ¼ 141:389−1:480� Ligninþ 0:299

� Holocellulose−1:524

� Alfa−cellulose−2:639

� Pentosan−12:140

� Extractive−0:212� Ash ð2Þ

This model is not significant (p = 0.52) at 5% level of sig-
nificance with R2 = 0.91 and adjusted R2 = 0.40. Neither of the
parameters is individually significant for predicting kappa
number. It was expected that the amount of lignin in raw
material will be positively correlated with kappa number.
But this model did not show this hypothesis. This can be
explained by the syringyl to guaiacyl ratio of lignin present
in the raw material. Nimz [47] reported that β-O-4 linkages in
guaiacyl units are hydrolyzed at a slower rate than syringyl
units.

4 Conclusion

In this study, 14 crops residues were evaluated in organic acid
pulping. The α-cellulose contents in these samples are quite
acceptable to consider as pulping raw materials. Most of these
residues are high in ash content, which is challenging.
Therefore, formic acid pulping was assessed in this study.
The formic acid concentration had a remarkable effect on

Table 3 Fiber quality of organic acid pulps from crops residues

Sample Fines (%) Length weighted
(mm)

Mean curl
index

Mean kink
index (mm−1)

Mean width
(μm)

Degree of external
fibrillation (%)

Coarseness
(mg/m)

Wheat straw 53.5 0.869 0.174 2.74 15.4 0.77 0.106

Corn stalks 46.6 0.683 0.175 2.82 17.3 1.18 0.077

Mustard stalks 51.0 0.722 0.175 2.64 19.6 1.13 0.164

Eggplant stalks 24.5 0.426 0.102 1.92 17.8 1.27 0.102

Chia plant 44.6 0.591 0.159 2.62 16.5 1.24 0.079

Banana pseudo stem 66.8 0.489 0.140 2.42 17.0 0.62 0.134

Banana leaf 57.8 0.909 0.184 2.83 15.5 0.78 0.114

Banana peduncle 53.5 0.529 0.116 2.13 21.1 1.63 0.075

Bagasse 51.4 0.617 0.200 3.1 18.3 1.74 0.148

Bamboo 60.8 1.407 0.230 2.8 15.3 1.60 0.042

Okra plant 49.5 0.740 0.168 2.71 20.8 0.95 0.113

Kaun plant 59.2 0.503 0.133 2.70 12.6 1.00 0.138

Kash 54.0 0.779 0.101 1.88 18.4 1.55 0.187

Rice straw 42.1 0.564 0.068 1.89 10.4 0.96 0.059
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the delignification of crops residues. Peroxyformic acid treat-
ment reduced the residual lignin remarkably. Pulp yield after
peroxyformic acid treatment was better than the conventional
pulp. Holocellulose andα-cellulose were positively correlated
(R2 = 0.95) with pulp yield at 0% level of significance, but
kappa number did not show good correlation with lignin.
Organic acid pulps from bagasse, bamboo, rice straw, wheat
straw, banana peduncle, okra plant, and corn stalks showed
comparatively good bleachability in two stages alkaline per-
oxide bleaching. Crops residues generated a very high amount
of fines in organic pulping. A good tensile index of most of the
bleached pulp was observed, while tear and burst index suf-
fered. Considering all parameters, especially pulp yield,
delignification, papermaking properties, and bleachability,
kash and banana peduncle showed the best raw materials for
pulping.
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