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Abstract

Morphological characteristics and proximate chemical analysis of E. binata showed it as a suitable
raw material for writing and printing grade paper. Maximum pulp yield (43.58%) of kappa num-
ber 17.38 with 0.9% screening rejects was obtained at 12% of active alkali (as Na;0) pulping
temperature 130°C, cooking time 120 min and solid to liquor ratio 1:4. During bio-soda pulping of
E. binata, pulp yield decreased slightly while pulp brightness, tensile index, burst index and double
fold numbers were improved by 4.1%, 24.94%, 14.03% and 48.45% respectively compared to so-
da pulping. During ethanol-soda pulping of E. binata, pulp yield, pulp brightness, tensile index,
burst index and double fold numbers were improved by 3.9%, 6.6%, 32.18%, 35.40% and 77.31%
respectively compared to soda pulping.
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1. Introduction

Annual production of paper, paperboard and newsprint in India is 10.11 million tonnes while consumption of
paper, paperboard and newsprint in the country is 11.15 million tonnes/annum till 2012. Indian pulp and paper
industry will require 22.0 million tonnes of paper and paperboard till 2025 with an average growth rate of 7.8%
per annum [1]. In India, the major raw materials for paper, paperboard and newsprint production were forest
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(31%), agricultural residues (22%) and secondary fibres (47%) in year 2011 [2]. There is a severe shortage of
forest based and conventional raw materials globally. Agro-residues and recycled fibre are the potential sources
for paper production but in recent year’s availability of agro-residues to paper mills in India decreases due to
utilization of agro-residues as animal feed, biomass fuel production, and composting [3] [4]. Although, utiliza-
tion of recycled fibre for paper, paperboard and newsprint production increased rapidly but recycled fibre have
limited recyclability (average 2.4 times worldwide) and pulp properties deteriorates on each recycling. Therefore,
virgin fibre always requires fulfilling the demand of paper, paperboard and newsprint [5]. The need of good
quality of fibre compelled paper industry to search other alternatives of fibre. Many fast growing annual and pe-
rennials plants have been identified, cultivated and studied for their suitability for pulp and paper industry [6].
Different grasses such as Arundo donax [7], Ipomea carnea and Cannabis sativa [8], dogs tooth grass (Cheno-
podium album) [6], Lemon grass (Cymbopogon flexuosus) and Sofia grass (Cymbopogon martini) [9], Phrag-
mites karka [10], Switchgrass and Elephant grass [11] have been studied for pulp manufacture.

Along with the search of new fibrous raw materials, it is also necessary to develop the environmental friendly
and cost effective processes for paper making. Kraft and soda pulping methods have been utilized predominant-
ly for the delignification of raw materials and production of pulp for papermaking. One major drawback for
these pulping methods is lower pulp yield due to low delignification selectivity [12] [13]. Therefore, some mod-
ified processes with higher selectivity towards lignin may be more useful to obtain the high yield of pulp with
better properties. Addition of organic solvent with kraft or soda pulping process may be used to enhance the de-
lignification selectivity during the process. Organic solvents such as ethanol, methanol, acetone, acetic acid,
formic acid, ethylene glycol and ethanolamine have been utilized in organosolve pulping [12]-[14]. Solvents af-
ter organosolve pulping are recovered by evaporation and distillation system. Lignin is precipitated after evapo-
ration by decreasing the pH of the liquor and can be collected after centrifugation [14] [15]. Bio-pulping is
another approach which has been proved to be environment friendly and cost effective method for delignifica-
tion of raw materials. Pretreatment of raw material with white rot fungi prior to pulping is called bio-pulping.
During bio-pulping, white rot fungi produce the lignin degrading enzymes such as lignin peroxidase, laccase and
manganese peroxidase. Bio-pulping improves the quality of pulp, properties of paper and reduces the energy
costs and environmental impact compared to traditional pulping processes [16] [17].

Present study was focused on anatomical and morphological characteristics of Eulaliopsis binata and assessed
for its suitability to manufacture pulp for writing and printing grades. The effect of various cooking parameters
was evaluated in terms of kappa number, screened pulp yield and rejects during soda pulping of E. binata. A
comparison among soda, ethanol-soda and bio-soda pulping of E. binata was also carried out.

2. Materials and Methods
2.1. Collection of Raw Material

Fresh E. binata grass was collected from Behat, Saharanpur district, located in the foothills of Shivalik Hills at
the end of rainy season. The fresh grass was washed with water, chopped into small pieces of 4 - 6 cm manually.
The chopped grass was dried in sunlight and stored in polythene bags for further use.

2.2. Anatomical and Morphological Studies

Anatomical and morphological features of E. binata were studied by light and scanning electron microscopy.
Small slivers were obtained for fibre length determination and macerated with 10 ml of 67% HNO; and boiled
on a water bath (100°C + 2°C) for 10 min. After that, the slivers were washed with distilled water and the fibre
bundles were separated with a small mixer having a plastic end to avoid fibre breaking. Cross sections were cut
on a Leitz base sledge microtome 1300 for fibre diameter, lumen diameter and cell wall thickness determination.
To enhance the visibility of cell wall, aniline sulphate-glycerine mixture (1:1) was used for staining of cross-
sections of fibre. A total of 100 randomly chosen fibres were analyzed under a calibrated microscope. The de-
rived wood properties such as flexibility coefficient [(fibre length/fibre diameter) x 100], Luce’s shape factor
[(fibre diameter? — lumen diameter?)/(fibre diameter’ + lumen diameter?)] [18], Runkel ratio [(2 x cell wall
thickness)/lumen diameter] [19], rigidity coefficient [2 x cell wall thickness/fibre diameter], slenderness ratio
[fibre length/fibre diameter], solid factor [(fibre diameter? — | umen diameter?) x fibre length] [20] and wall frac-
tion [(2 x cell wall thickness/fibre diameter) x 100] were determined using fibre dimensions [21].
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2.3. Proximate Chemical Analysis

For the proximate chemical analysis, E. binata was milled in a Wiley mill (Weverk, A-47054, Sweden) and the
portion passed through —40 size mesh and retained on +80 size mesh was used for proximate analysis. The
powdered fractions were subjected to water solubility (TAPPI T 207 cm-99), 1% caustic soda solubility (TAPPI
T 212 om-98), and alcohol-benzene solubility (TAPPI T 204 cm-97). Extractives were removed from E. binata
using Soxhlet apparatus and mixture of ethanol-benzene (1:2 v/v) before compositional analysis as per TAPPI
test method (TAPPI T 264 cm-97). Extraction was carried out for 5 h in Soxhlet apparatus after that evaporated
near to dryness. Then, extractives were placed in oven at 105°C £ 3°C for 1 h and determined the weight nearest
to 0.1 mg after cooling in desiccator. Extractive free sample of E. binata air-dried and subjected to chemical
composition analysis such as: ash (TAPPI T 211 om-93 “Ash in wood”), a-cellulose (TAPPI T 203 cm-99 “a-,
p-and y-cellulose in pulp), holocellulose (TAPPI T 249 cm-00 “Holocellulose in wood”), lignin (TAPPI T 222
om-02 “Lignin in wood™), pentosan (TAPPI T 223 cm-01) as per TAPPI Standard Test Methods 2007 [22].

2.4. Pulping Studies

The cooking of chopped E. binata was performed in an electronically heated WEVERK rotary digester of 0.02
m? capacity having four bombs of one liter capacity each. During soda pulping of E. binata, alkali dose was va-
ried from 8% to 16% (as Na,O) while keeping other variables constant as mentioned in Figure 2. Similarly, the
maximum cooking temperature was varied from 120°C to 160°C with an interval of 10°C while keeping other
conditions constant as shown in Figure 3. The cooking time was varied from 60 to 210 min with an interval of
30 min keeping other conditions constant as in Figure 4. The biomass to moisture ratio was varied from 1:1 to
1:5 at optimized cooking conditions. After optimizing the parameters associated with soda pulping, the effect of
ethanol to soda pulping process at concentration ranging from 20% to 35% (w/v) was also tested.

Biological pretreatment of E. binata was carried out with a white-rot fungus Schizophyllum commune ARC-
11, isolated and identified previously [23]. During fungal pretreatment, initial moisture content of was adjusted
to 70% and incubated at 30°C for 12 days. After pretreatment, the soda pulping of E. binata was carried out at
optimum cooking conditions. After completion of E. binata digestion, residual cooking chemicals were removed
by washing with tap water on a laboratory flat stationary screen of 300 size mesh. The washed pulp was disinte-
grated and screened in a laboratory Weverk vibratory flat screen having a slot size of 0.15 mm. The screened
pulp was washed with tap water, pressed, crumbled and air-dried. All the pulp samples were evaluated for
screened pulp yield, rejects and kappa number (TAPPI T 236 cm-85 “Kappa number of pulp”) according to
TAPPI Test Standards 2007 [22] Reducing sugars in black liquor were determined as per DNS method (Miller
1959) [24].

2.5. Pulp Beating, Laboratory Handsheets Preparation and Testing

Unbleached pulp samples were beaten in a PFI mill (TAPPI T 248 sp-00 “Laboratory beating of pulp”) at fixed
beating level of 35° SR. Laboratory handsheets of 60 g/m?were prepared using British sheet former (TAPPI T
205 sp-2 “Forming handsheets for physical tests of pulp”). The handsheets were preconditioned at a temperature
of 27°C £ 2°C and relative humidity of 65% + 2% and evaluated for physical strength properties such as burst
index (TAPPI T-403 om-02 “Bursting strength of paper”), tensile index (TAPPI T-404 wd-03 “Tensile breaking
strength and elongation of paper and paperboard”), double fold (TAPPI T-423 ¢cm-98 “Folding endurance of
paper”) and tear index (TAPPI T 414 om-04 “Internal tearing resistance of paper”). Thick pads of 4 + 0.2 g were
prepared (TAPPI T 218 sp-02 “Forming handsheets for reflectance testing of pulp” (Blichner funnel procedure))
of unbleached soda, ethanol soda and bio-soda pulps for brightness determination according to TAPPI Test
Standard TAPPI T 452 om-02 (Brightness of pulp, paper, and paperboard (directional reflectance at 457 nm)).
All the pulps were also tested for viscosity according to TAPPI Test Standard (TAPPI T 230 om-04 “Viscosity
of pulp” (capillary viscometer method)) [22].

2.6. FE-SEM Analysis

Morphological studies of soda, ethanol-soda and bio-soda pulps were carried out by FE-SEM (Leo 435 VP,
England) analysis. Samples were dried before analysis and images were taken on at 15.00 kV using detector SE1
at desired magnifications. Before sample injection in sample chamber, samples were gold coated by a standard
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sputtering technique for 30 s.

2.7.XRD Analysis of Pulp Samples

XRD analysis was carried out to determine the crystallinities of soda, ethanol-soda and bio-soda pulps by a Ul-
tima IV Rigaku X-Ray Diffractometer using Cu Ka radiation (4 = 1.5405 A) at 40 kV and 40 mA. Samples were
scanned at angle 26 ranging from 5° to 60° with a speed of 2°/min* and a step size of 0.02°. Crystallinity index
was calculated as a ratio between the area of the crystalline contribution and total area by using XRD amorphous
subtraction method [25].

2.8. Statistical Analysis

All experiments were carried out in triplicate and experimental results were represented as the mean + standard
deviation of values.

3. Results and Discussion
3.1. Morphological Studies of E. binata

The role of morphological characteristic and their derived values such as flexibility coefficient, slenderness ratio,
rigidity coefficient, wall fraction, Runkel ratio and Luce’s shape factor have been well established [21] [26] and
reported in Table 1. Fibre length for E. binata was 2.20 mm which was higher compared to other grasses such
as bamboo (1.91 mm), lemon grass (1.09 mm) and sofia grass (0.87 mm). Fibre diameter for E. binata (10.85
pum) was less than bamboo (16.8 um), lemon grass (16.3 um) and sofia grass (14.7 um) respectively. A higher
fibre length showed higher tearing strength of paper [21] [27]. The fibre diameter and cell wall thickness con-
trolled the fibre flexibility. The thickness of cell wall affects most of the paper properties such as tensile strength,
burst strength and folding endurance. The paper made of thick-walled fibres has low tensile strength, burst
strength and folding endurance. The laboratory handsheets would be bulky, coarse-surfaced and had higher void
volume. Paper formed by thin-walled fibre would be dense and well formed [21] [27]. E. binata showed higher
slenderness ratio (202.76) compared to bamboo (114), lemon grass (66.9) and sofia grass (59.2). Slenderness ra-
tio (fibre length/fibre diameter) affects the paper properties positively. Generally, it is considered that if the
slenderness ratio for the fibre is less than 70 than pulp would have poor strength properties [27] [28]. Lumen
diameter for E. binata fibre was 5.86 um which was less than lemon grass (6.73 um) and higher than sofia grass
(5.07 um) and bamboo (3.31 um). Lumen diameter is an important parameter during pulp beating; a higher lu-
men diameter facilitates the penetration of liquid during pulp beating [21]. The Runkel ratio of E. binata (1.41)
was less than bamboo (4.08), lemon (1.45) and sofia grasses (1.52). If Runkel ratio of fibre is higher, than fibres
are stiffer, less flexible and forms bulkier paper with lower bonded area. The lower Runkel ratio and higher av-
erage fibre length results the good strength properties of paper [27] [28]. Runkel ratio was also related to paper

Table 1. Morphological characteristics of E. binata.

Particulars E. binata Bamboo [26] Lemon grass [21] Sofia grass [21]

Fibre length, (L) mm 2.20 1.91 1.09 0.87
Fibre width, (D) pm 10.85 16.8 16.3 14.7
Lumen diameter (d), pm 5.86 3.31 6.73 5.07
Cell wall thickness (w), um 4.14 6.75 4.62 3.86
Flexibility coefficient [(d/D) x 100] 54.00 19.70 311 30.0
Slenderness ratio (L/D) 202.76 114 66.9 59.2
Rigidity coefficient (2w/D) 0.76 0.80 0.57 0.53
Wall fraction (2w/D) x 100 76 80 57 53
Runkel ratio (2w/d) 1.41 4.08 1.45 1.52
Luce’s shape factor [(D?— d?)/(D? + d?)] 0.54 0.92 0.71 0.79

Solid factor (D?— d) x L 183.45 - 240.24 165.63
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conformability, pulp yield and fibre density [21]. Luce’s shape factor of E. binata (0.54) was less than lemon
grass (0.71) and sofia grass (0.79). Luce’s shape factor and solid factor are related to paper sheet density and
could be significantly correlated to breaking length of paper [29]. Solid factor of E. binata was 183.45 less than
lemon (240.24) and higher than sofia grass (165.63). Burst strength and breaking length are determined by col-
lapsibility of fibres to double walled ribbons on pressing. Thick walled, narrow lumen and higher fibre length is
attributed to maximum solid factor.

3.2. Proximate Chemical Analysis of E. binata

Cold water solubility of E. binata is more than bamboo and less than lemon and sofia grasses while hot water
solubility for E. binata is higher than bamboo and sofia grass and lower than lemon grass. The cold water treat-
ment removes a part of extraneous components like tannins, gums, sugars, inorganic matter and colored com-
pounds present in lignocellulosic biomass whereas hot water treatment removes, in addition, starches. The high-
er water solubility adversely affects the pulp yield [26]. Ethanol-benzene solubility of E. binata was 3.9% com-
pared to bamboo (2.3%), lemon grass (4.3%), and sofia grass (5.9%). Ethanol-benzene extractives include wax-
es, fats, resins, low-molecular weight carbohydrates, photo-sterols, non-volatile hydrocarbons, salts and other
water-soluble substances. Ethanol-benzene extractable content precipitates and adversely affects the runnability
of process equipment due to blocking of openings in Fourdrinier wire. It also affects the quality of paper because
of shadow marking and paper manufactured from such type of fibrous material might show reduced water ab-
sorbency [26]. 1% NaOH solubility of E. binata (38%) was higher compared to bamboo (24.7%), lemon grass
(30.6%) and sofia grass (28.2%) while it was lower compared to rice straw (57.7%), and sunflower stalks
(50.4%) [30] [31]. The higher NaOH solubility of E. binata was possibility due to the presence of low molar
mass of carbohydrates and other alkali soluble materials. Holocellulose and a-cellulose contents were 73.1% and
46.0% in E. binata which were comparable to bamboo, lemon grass, and sofia grass (Table 2). Lignocellulosic
materials with 34% or higher cellulose content are regarded as pulp and paper production from a chemical
composition point of view [32] [33]. Holocellulose and a-cellulose contents in plant biomass positively influ-
ence the yield of pulp during chemical pulping methods. The cellulose content of cellulosic raw materials also
determines physical strength properties of paper [33]. Lignin content of E. binata was 21.2% compared to bam-
boo (24.7%), lemon grass (17.4%), and sofia grass (17.0%). Lignin is undesirable polymer for paper production
and the removal of lignin during pulping requires the high amount of energy and chemicals. Lower lignin con-
tent of raw materials makes them suitable for delignification at milder pulping conditions (lower temperatures
and chemical charges) to reach a desirable kappa number [33] [34]. Ash content of E. binata was found lower
compared to lemon grass and higher than bamboo and sofia grass. The mineral components of lignocellulosic
biomass represented as ash content. Higher ash content is undesirable during refining and recovery of cooking
liquor. It is well established that transition metals such as Mn, Fe and Cu negatively affects pulp bleachability
(hydrogen peroxide and oxygen) and bleaching selectivity [27] [34].

Table 2. Proximate chemical analysis of Eulaliopsis binata.

S. No. Particulars (%) E. binata Bamboo [26] Lemon grass [21] Sofia grass [21]
1 Cold water solubility 5.8 3.7 10.9 8.6
2 Hot water solubility 9.3 6.7 12.1 7.4
3 NaOH solubility 38.0 247 30.6 28.2
4 Ethanol-benzene solubility 3.9 2.3 4.3 59
5 *Holocellulose 73.1 73.8 72.1 72.2
6 *a-Cellulose 46.0 45.1 44.2 45.6
7 *Pentosan 214 16.0 25.6 21.9
8 **_ignin 21.2 247 174 17.0
9 Ash content 6.1 2.6 7.05 5.1

Note: *Extractive free basis, “Corrected for ash.
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3.3. Effect of Cooking Parameters on Pulp Yield, Rejects and Kappa Number

Morphological characteristics and proximate chemical analysis of E. binata indicated that, the raw material has
the potential to produce good quality of pulp with low active alkali and milder cooking conditions. Lower lignin
content and higher 1% NaOH solubility of the material indicated that low active alkali may results satisfactory
separation of cell wall to produce the pulp of acceptable quality. FE-SEM analysis of E. binata revealed the
loose and open anatomy of substrate which facilitates the penetration of cooking liquor throughout the raw ma-
terial (Figure 1).

Soda pulping of E. binata was carried out using 8% to 16% of active alkali (as Na,O) while keeping other
conditions constant like pulping temperature, pulping time and bath ratio. The screened pulp yield increased up
to 12% of active alkali (as Na,O) and declined thereafter. Maximum screened pulp yield (40.21%) of kappa
number 17.25 was obtained at an alkali dose of 12% (as Na,O) (Figure 2). Kappa number and screening rejects

HV 'Mag. WD Det HFW 500.0 um HV 'Mag| WD
20.0kV 100x 8.0 mm ETD 1.49 mm IITR

200.0 pm:
20.0 KV 400x 8.1 mm ETD 0.37 mm 1ITR

Figure 1. SEM images of transverse section of Eulaliopsis binata, (a) at 100 magnification, (b) at 500 magnification.
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Figure 2. Effect of active alkali charge on screened pulp yield and kappa number [pulping conditions: time from ambient
temperature to 105°C = 45 min, time from 105°C to 150°C = 45 min, time at 150°C =150 min, bath ratio = 1:5, temperature =

150°C, alkali dose = varied (8% - 16%, as Na,O)].
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declined sharply up to 12% of active alkali charge and became almost constant thereafter. 12% of active alkali
was found optimum for the delignification of E. binata. Active alkali is one of the major factors which affect the
degree of delignification and breaking down of carbohydrates significantly in the process of soda pulping.
Another set of experiments showed that E. binata produced screened pulp yield of kappa number and screening
rejects by 36.76%, 23.23% and 6.34% respectively at a pulping temperature of 120°C. Further, increase in tem-
perature from 120°C to 130°C, screening rejects reduced to 0.9% and screened pulp yield improved to 41.12%
(Figure 3). Beyond a cooking temperature of 130°C, screened pulp yield decreased while delignification in-
creased slightly. The temperature of 130°C was found optimum to produce maximum pulp yield with acceptable
kappa number. The dissolution of lignin and cellulose was accelerated by increasing the pulping temperature
[35]. Figure 4 shows the effect of cooking time on delignification of E. binata during soda pulping, while keep-
ing other variables constant. The maximum screened pulp yield (42.36%) with kappa number (17.27) was ob-
tained at cooking time of 120 min and further increase in cooking time decreased the screened pulp yield signif-
icantly while change in kappa number was insignificant. Therefore, an optimum cooking time for soda pulping
of E. binata was 120 min. The increase in solid to liquor ratio 1:1 to 1:4 at optimum pulping conditions im-
proved the screened pulp yield from 38.57% to 43.58% while kappa number dropped from 24.74 to 17.38 units.
Further increase in solid to liquor ratio adversely affected the screened pulp yield (Figure 5). Finally, it was
concluded that maximum pulp yield (43.58%) of kappa number 17.38 with 0.9% screening rejects was obtained
at 12% of active alkali (as Na,O) pulping temperature 130°C, cooking time 120 min and solid to liquor ratio 1:4.
Kaur et al. [9] studied the soda pulping of sofia and lemon grass, reported a maximum pulp yield of 43.5% dur-
ing soda pulping of Sofia grass with 14% active alkali (as Na,O) at pulping temperature 160°C and pulping time
90 min. Likewise, a maximum pulp yield of 41.4% was obtained during soda pulping of lemon grass at the sim-
ilar conditions except temperature (150°C).

3.4. Effect of Soda, Ethanol-Soda and Bio-Soda Pulping on Pulp Yield and Properties

E. binata was delignified by ethanol-soda and bio-soda pulping processes and compared with soda pulping
process in terms of screened pulp yield, kappa number, brightness and physical strength properties. Ethanol was
mixed with soda liquor varying the doses from 20% to 35% (v/w) with a gap of 5% and delignified as per opti-
mum conditions maintained during soda pulping of E. binata.
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Figure 3. Effect of pulping temperature on screened pulp yield and kappa number
[pulping conditions: time from ambient temperature to 105°C = 45 min, time from
105°C to 130°C = 35 min, time at temperature 120°C - 160°C =150 min, bath ratio =
1:5, temperature = varied (120°C - 160°C), alkali dose = 12%, as Na,O].



A. Gautam et al.

50 6

40 A

4

= Fo4
g

T —
Tg 304 L3 &
>~3 ~
oc 2
>

Q§ —2'%
T & 20+ o
c X

[

o

5 Fo1
a

10 A

—@— Screened pulp yield (%)

—v— Kappa number ro

—A— Rejects (%)

0 T T T T T
30 60 90 120 150 180 210 240

Cooking time (min)

Figure 4. Effect of cooking time on screened pulp yield and kappa number
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Figure 5. Effect of moisture ratio on screened pulp yield and kappa number
[pulping conditions: time from ambient temperature to 105°C = 45 min, time
from 105°C to 130°C = 35 min, time at 130°C = 120 min, bath ratio = varied
(2:1 - 1:5), temperature = 130°C, alkali dose = 12%, as Na,O].

The maximum pulp yield of 47.48% with a kappa number of 16.13 was obtained using 30% ethanol during
soda pulping. The pulp yield was improved by 3.9% and 4.72% compared to soda and bio-soda pulping
processes respectively while kappa number reduced by 1.25 units compared to soda pulping process and bio-
soda pulping process did not show any significant reduction in kappa number (Table 3).

It is well established that cleavage of a-O-4 and -O-4 linkages in the lignin is necessary for lignin dissolution
during pulping. After cleaving of these linkages, lower molecular weight and solvent soluble fragments of lignin
are formed. Addition of ethanol to soda cooking liquor may cause improvement in the solubility of lignin in the
liquor. Depolymerized lignin fragments that are larger than pore size of substrate cell wall solubilized in cooking
liquor and removal occurred through cell wall [12] [13]. Hilder-brand’s solubility of the solvent is an important
parameter for the polymer solubility. A solvent should have the solubility parameter close to 11 (as much as
possible) for higher solubility of lignin and the solubility parameter of ethanol is 12.7 whereas solubility
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Table 3. Comparison of soda, ethanol-soda and bio-soda pulping of E. binata.

Alkali dose (%) Addition of ethanol (%) Screened pulp yield (%) Kappa no. Rejects (%)
Ethanol-soda pulping
12 20 43.02 £0.83 17.52 +0.45 0.82+0.03
12 25 4450 £ 0.86 16.68 + 0.39 0.79+0.03
12 30 47.48 £0.72 16.13+0.34 0.65 +0.02
12 35 45.66 * 0.62 15.84 £ 0.25 0.53+0.01
Bio-soda pulping
12 - 42.76 £ 0.57 16.12 +0.54 0.75+0.02
Soda pulping
12 - 43.58 £0.75 17.38 £ 0.40 0.88+0.04

+ refers standard deviation.

parameter for water is 23.4 [13] [36] [37]. Soda pulping showed the higher yield losses due to degradation of
carbohydrates and less selective delignification. On the other hand, addition of ethanol to soda liquor improved
the selective delignification [12] [13]. The addition of ethanol to soda liquor reduced the dissolving power of
liquor which protected the cellulosic fibre against degradation, thereby improving the pulp yield [12] [35] [38].
Several researchers have reported improvement in pulp yield up to 10% by ethanol-soda pulping compared to
soda pulping [12] [35] [39]. The amount of reducing sugars released in black liquor during soda pulping (2.27
mg/ml) was higher compared to 1.92 and 1.62 mg/ml for bio-soda and ethanol-soda pulping of E. binata respec-
tively. Crystallinity index of ethanol-soda was 46.21% compared to 43.39% and 42.54% for soda and bio-soda
pulps respectively (Figure 6). During soda pulping cellulose and hemicelluloses undergoes peeling reactions in
which single monosaccharide units sequentially are removed from the reducing end of carbohydrate chain. The
higher crystallinity index in ethanol-soda pulping can be due to the fact that ethanol protects the carbohydrates
against reactions during cooking processes and recrystallization of amorphous glucan occurred concurrently
during pulping [12] [39]. The results of viscosity also validated the increased pulp yield during ethanol-soda
pulping of E. binata. Ethanol-soda pulp showed maximum pulp viscosity (29.22 cps) compared to 23.16 and
21.54 cps for bio-soda and soda pulps respectively (Table 4).

Similar findings were also reported by Akgul et al. [40], who observed 14.4% and 17% increase in viscosity
during with the addition of 40 and 50% of ethanol to soda pulping of cotton stalk compared to soda pulping.
Pulp yield of ethanol-soda of cotton stalk was also increased by 13.5% and 14% with the addition of 40% and 50%
of ethanol to soda pulping [40]. Gumuskaya et al. [39] reported an increase of 9.85% in pulp yield and during
ethanol-soda pulping of cotton linters at 160°C compared to soda pulping at the same cooking conditions. High-
er pulp viscosity of ethanol pulp with higher pulp yield was also reported by Sridach [14]. Pulp brightness (1SO)
after ethanol-soda and bio-soda pulping of E. binata was improved by 6.6% and 4.1% respectively compared to
soda pulping. The improvement in pulp brightness was due to selective removal of lignin fragments during
ethanol-soda and bio-soda pulping processes. A comparison among physical strength properties were done for
all the three types of pulps at a fixed beating level of 35° + 1° SR. An improvement in physical strength proper-
ties was observed in case of ethanol-soda and bio-soda compared to soda pulping. Addition of 30% ethanol dur-
ing soda pulping of E. binata, improved the pulp brightness by 6.6%, tensile index 32.18%, burst index 35.40%
and double fold numbers 77.31% compared to soda pulping (Table 5). On contrary to this, tear index of etha-
nol-soda pulp decreased by 9.95% compared to soda pulp. Similarly, bio-soda pulp showed an improvement in
tensile index, burst index and double fold numbers by 24.94%, 14.03% and 48.45% respectively compared to
soda pulp. Following the same pattern, tear index of bio-soda pulp decreased by 12.86% compared to soda
pulping. SEM analysis showed higher bonding among the fibres of ethanol-soda and bio-soda pulps compared to
soda pulp (Figure 7).

The bonding of fibres is an important factor for paper properties. The bonding among fibres depends on hy-
drophilic nature of fibre surface, and consequently on hydrogen bond formation ability of fibres. The presence
of hemicelluloses favors the hydrogen bond formation ability and bonding of fibres which in turn improves the
paper properties. The hydrophobic nature of lignin in fibre may directly affect the properties of paper. During
delignification by soda pulping, lignin condensation and precipitation on fibre surface occurs which may affect
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Figure 6. XRD analysis of soda, bio-soda and ethanol-soda pulps.

Table 4. Comparison of crystallinity index and viscosity of pulp after soda pulping, organosolve pulping and bio-pulping.

Reducing sugars (mg/ml

Types of pulping Kappa number Yield* (%) Crystallinity index (%)  Pulp viscosity (cps) of black liquor)
Soda 17.38 +0.37 43.58 +£0.76 43.39 £ 0.42 21.54+£0.19 2.27£0.07
Bio-soda 16.12 + 0.40 42.76 £ 0.68 42.30 £ 0.54 23.16 +0.21 1.94 £0.05
Ethanol-soda 16.13+0.33 47.48 £0.72 46.21 £ 0.47 28.22 +0.28 1.62£0.03

*Oven dry basis, * refers standard deviation.

Table 5. Comparison of brightness and strength properties after soda, ethanol-soda and bio-soda pulping of E. binata.

Alkali dose Addition of Brightness Tensile index Double fold Burst index Tear index

(%) ethanol (%) (%) 1SO (Nm/g) (Numbers) (kPam?/g) (mNm?/g)
Ethanol-soda pulping
12 20 41.3+0.3 68.56 + 2.14 293+4 6.53+0.17 12.41+0.27
12 25 43.2+0.2 85.56 + 2.18 326 +6 6.86 £0.16 11.76 £0.23
12 30 439+04 89.24 £2.25 344 +7 8.49+0.15 11.76 +0.19
12 35 439+04 81.62+1.94 3025 7.18+0.18 10.38+0.18
Bio-soda pulping
12 - 414+03 84.35+1.96 288+4 7.15+0.13 11.38+0.20
Soda pulping

12 - 37.3+05 67.51 +2.07 194+3 6.27 £0.14 13.06 +0.22

Note: all the pulps were beaten at 35 + 1° SR, + refers standard deviation.

the hydrogen bonding of fibres. Moreover, pulps with higher lignin content show slow beating and poor inter-
fibre bonding which results into low sheet density and inferior strength properties [12] [41] [42]. In ethanol-soda
pulping, the selective lignin removal and retention of hemicelluloses and less degradation of cellulose chains
resulted into superior physical strength properties of paper.

The fibre strength and degree of bonding between fibres govern the tensile strength of paper. Tear strength
depends upon fibre length as well as on fibre boding. The tear strength starts to decline due to an increase in
bonding strength beyond a certain level [12] [21] [41] [42]. The necessary work that has to be done to pull the
fibers loose depends on the length of the fibers as well as the bond strength. At higher levels of beating the inter
fiber bond strength will be higher and fibers start to break instead of being pulled out intact. It takes less work to
break a fiber than to pull it out (at least for long fibers) and the tear strength goes through a maximum as bond
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Figure 7. SEM image of (a) soda pulps and (b) bio-soda pulp (c) ethanol-soda pulp.

strength increases. The higher strength properties for ethanol-soda pulp compared to soda pulp have been re-
ported by various researchers [12] [14]. Sahin [12] observed 34.88% and 11.84% improvement in burst and ten-
sile strength after ethanol-soda pulping of jute compared to soda pulping. Akgul and Tozluolu [40] reported,
56.52% and 44.71% enhancement in burst and tensile index of ethanol-soda pulp respectively (40% ethanol and
18% NaOH) compared to soda pulp delignified at 18% active alkali and at a fixed beaten time of one min.

In the present study, during ethanol-soda pulping of E. binata higher pulp yield, superior physical strength
optical properties and lower kappa number were observed due to the selective removal of lignin, retention of
hemicelluloses and less degradation of cellulose. Further work can also be carried out on ethanol recovery dur-
ing pulping process and the reduction of alkali dose during ethanol-soda pulping of E. binata.

4. Conclusion

During soda pulping of E. binata, maximum pulp yield with acceptable kappa number was obtained at milder
cooking conditions such as 12% of active alkali (as Na,O), pulping temperature 130°C, cooking time 120 min,
and solid to liquor ratio 1:4. Pulp yield and strength properties were improved significantly during ethanol-soda
pulping of E. binata due to selective lignin removal, retention of hemicelluloses and less degradation of cellu-
lose chains.
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