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                                                                Abstract                                                                                                                                                               

The wheat straw is seeing as alternate raw material for the production of pulp and paper due to 

less availability of woody raw material and environmental concerns. The chemical analysis of 

wheat straw and digested pulp were studied in the present work. The soda pulping method was 

adopted for the pulping of wheat straw. The soda pulping was done in lab scale pulp digester 

at various temperature and pressure. The temperature and pressure of the digester were 

maintained as 108-159 0C and 0.5-5.8 kgf/cm2. The feed rate of wheat straw and white liquor 

were varied as 70-87 g/l and 1-1.71 l/min, respectively. The composition of wheat straw was 

found as ash content 8.85%, cellulose content 40%, lignin content (acid-soluble + acid- 

insoluble) 18.3%, holocellulose content 68.1%, respectively. The digested slurry was also 

analysed in each case in terms of kappa number, klason lignin, total solids, residual alkali and 

viscosity of black liquor. The feed screw RPM 24 and white liquor flow rate 1.334 l/min.,     

13% NaOH concentration were found optimum values at 5.80 Kgf/cm2 pressure and 154 0C 

(tube 1) , 159 0C (tube 2) temperature. For this optimum case, the kappa number is 19.58 and 

total solids 5.4 g/l were obtained.                                                                                          
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1.1Pulp and paper history 

 Paper‘s demand is increasing day by day at the rate of 4-5% per annum. The global 

demand for paper projected at 521 million tonnes per annum in 2021 [1]. Annually, 

about 14 million tonnes of paper consumed in India.  The Projected demand in 2025 

would be 21.94 million tons in India [2, 3]. The First paper was made in china in first 

century [4]. Then, in 3rd century, the process of papermaking spread out of china first to 

Vietnam and then Tibet. Further, it was introduced to Korea in 4th century then in Japan 

in 6th century. Then spread slowly throughout Asia to Nepal and later to India. From 1st 

century to end of 18th century all paper throughout the world made up one sheet at a 

time.  Then in 1808, Louis Robert developed first papermaking machine, but this 

machine had very short life and unable to make paper continuously [5]. In India, the first 

paper mill was set up in Serampore (West Bengal) in 1812 and the first machine-made 

paper manufactured by using jute as a raw material. Large scale papermaking machine 

based technology was introduced in India in early 1905. Now, there are about 850 paper 

mills in India and around 14 mills are using wood as a raw material [2, 3]. This paper 

industry accounts for 3.7% paperboard and papermaking from the total paper 

production of the world. 

        1.2 Paper manufacturing: 

                                      Figure 1:- raw material flow diagram 
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The raw material for paper making are classified into two categories (ⅰ) woody and (ⅱ) non-

woody in fig. 1. Further, wood is divided into two types i.e. softwoods and hardwoods (table 

2). Hardwoods are mainly used for making printing papers and smooth papers. Pulp obtained 

from softwood is stronger than hardwood because softwood fibres are longer in length (3 - 4 

times longer) than hardwood fibres [6]. 

Table 1 list of softwood and hardwood 

Hardwood Softwood 

Ash Cedar 

Oak Pine 

Maple Spruce 

Popular Birch 

Walnut Beech 

Cherry Evergreen 

Eucalyptus Aspen 

Elm Fir 

 

The raw material for paper production depend upon availability of raw material in nearby 

region. Somewhere softwood are easily available and somewhere hardwood. Hence, there is 

scarcity of woody materials in countries like India because of large population and less forest. 

Many trees and forests cut down every year to fulfil the demand for paper and it takes minimum 

50 years to grow new forest [7]. These reasons forced Indian paper industry to see the alternative 

raw material for paper manufacturing like non-woody raw material. Some non-woody raw 

materials i.e. wheat straw, rice straw and jute listed in table number 3.  Approximately 70-80% 

million tons/year wheat straw produced in India from about 160 millions of acre, average of 

2.5-3.0 t/acre [8]. From this large amount, only small portion of straw 0.5 t/acre reserved for 

soil fertility, cattle feed and for household fuel. The remaining large amount of straw either 

burnt in field or remains unused [9]. So, Large amount of straw available for paper production. 

It is economically available and an agricultural waste. So, it is seems as an alternative raw 

material for paper production.  

There are many advantages of using non-woody raw material for paper production over woody 

raw material are as follows: 
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(ⅰ) it reduces dependency on wood and save trees.  

(ⅱ) the raw material cost is very cheap compare to the wood. 

(ⅲ) the pulping process takes less time and can be used as continuous operation which is not 

possible in case of wood. 

(ⅳ)The non-woody raw material contains higher contents of pentose and cellulose in 

comparison to woody or forest raw material.   

(ⅴ)They have less lignin contents that make it easy for pulping, bleaching and less utilization 

of chemicals [1]. 

Moreover, sheets produced form wheat straw has good strength properties in comparison to 

other non-woody raw materials like cotton stalks pulps and sunflower stalk pulp [10]. Therefore, 

wheat straw was selected as main raw material for our study (shown in figure 2). The soda 

pulping process was adopted to produce pulp for paper making. Main problem in non-woody 

pulping is high concentration of silica content which cause great economical loss to industries. 

Many researchers working on finding reliable way for this problem.  

 

 

 

 

 

Figure 2: Wheat straw 

The main components of wheat straw are cellulose, hemicellulose and lignin. Cellulose is an 

important fibre which is used in papermaking. It is composed of carbon, oxygen and hydrogen 

having general formula (C6H10O5)n, where n is repeating sugar units (in figure 3). It is insoluble 

in water and neutral organic solvents, naturally white and always occurs in fibrous form, which 

possesses high tensile strength.  These factors make cellulose desirable for paper 

manufacturing[11]. In addition to these three, some other diverse substances are also present 

that are soluble in water and other organic substances called as extractives. 
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Figure 3: cellulose [12] 

Hemicelluloses is consist of a heterogeneous group of branched polysaccharides (Saijonkari-

Pahkala 2001) [13]. The composition of hemicellulose depends upon particular type of plant. It 

is a polymer of glucose, mannose, galactose, xylose, arabinose. The hemicelluloses is easily 

degraded and dissolved than cellulose, so their percentage in pulp is always less than in wood.  

In hemicellulose xylose-β(1,4)-mannose-β(1,4)-glucose-α(1,3)-glactose are main repeated 

units (figure 4). 

 

 

 

 

 

 

Figure 4: hemicellulose (main repeated units) 

The Lignin is an organic substance that binds cellulose fibres in wood. It is a highly branched 

phenolic polymer [13]. In which phenyl propane units linked together in three dimensions shown 

(figure 5). It can be isolated either by using strong sulphuric `acid or by hydrochloric acid. This 

method is called Klason used, which is used to estimate lignin content of straw and pulp [11]. 
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Figure 5: lignin structure[14] 

Table 2. List of non-woody raw materials 

 

 

 

 

 

 

 

 

 

 

 

S.no. Non-woody raw material 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

 

Wheat straw 

Rice straw 

Bagasse 

Bamboo 

Jute 

Cotton 

Cereal straw 

Reed 
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1.2.1Pulping process:-    

It is important here to describe pulping process before moving further. Pulping is a process of 

separation of cellulose from woody/non-woody raw material by removing lignin and this 

process is also known as delignification process. The main purpose of pulping is a separation 

of cellulose from lignin on which paper quality depends. Pulping process is of three types, 

mechanical pulping, chemical pulping and semi-chemical pulping (combination of chemical 

puling and mechanical pulping) shown in figure 6. 

 

Figure 6: Flow-diagram of types of pulping 

Mechanical pulping is one of the oldest forms of pulping. The mechanical pulping involves 

forcing of logs into grinders which convert the logs into pulp with the help of mechanical 

energy. The paper produced from mechanical pulp is of low quality, due to high lignin content. 

That Pulp has to be bleached for further improvements in quality [15].The mechanical pulp is 

used without bleaching for lower quality papers, magazines and newspapers. The main 

advantage of mechanical pulping is high yield of production than chemical pulping as well as 

cheaper than chemical pulp but the energy required for mechanical pulping is more than the 
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chemical pulping. Further mechanical pulping is of four types (a) Chemi-thermomechanical 

process, (b)Thermo-mechanical process, (c)stone Ground-wood mechanical 

process,(d)Refiner mechanical process ( figure 6 ). 

Chemical pulping serves as the most suitable basis for translating the wood refinery concept 

into practice [16].In this pulping process, wood or other materials are treated with various 

chemicals under high pressure and temperature. Lignin dissolved in the liquor phase and turned 

in the black liquor which is sent for recovery to recover the most of the chemicals. Raw material 

and chemicals are put into a large digester where heat and other chemicals break the lignin 

which binds the cellulose fibres. After digestion complete, the pulp was collected in blow tank. 

The Chemical pulping process is further classified as: (1) soda process, (2) Kraft or sulphate 

process (3) sulphite process. Paper produce by chemical pulping are of good quality, but their 

yield is very low and require high production cost in comparison to mechanical pulping 

Soda pulping was the first successful chemical process. This method is a chief practice for 

agro based pulping  [1, 17]. The Caustic soda is used as a main chemical agent with small traces 

of Sodium carbonate, Sodium sulphate and Sodium chloride to increase pulp yield. The sodium 

hydroxide used is called white liquor. This process was suggested by Hugs Burgess and Charles 

Watt in England in 1851. The soda process pulp has lower tear strength than other chemical 

pulping process. Now in these days, AQ- soda pulping become an important pulping method, 

which is used as an additive to reduce silica scaling caused due to the presence of silicates in 

raw materials. Many of the early soda mills converted to Kraft mills [18]. 

In chemical pulping, digester operates in two ways, continuous and batch basis. Traditionally, 

Batch digester are used as pulping equipment for production of paper. In this digester there are 

5 to 6 digesters in a plant. The Vessel is filled with chips and white liquor to cover chips and 

heated until the maximum cooking temperature is achieved approximately 90 minutes. Heat 

and other non-condensable gases are released through pressure valve which is on the top of 

digester. As people shifted from woody to non-woody raw material the continuous pulping 

digester become feasible. In continuous digester process, a large tube shaped which contains 

pre-steaming, liquor impregnation, heating, cooking, and washing all these in a continuous 

manner. It is easy to operate and less labour is required to run this digester. In continuous 

digester, lower amount of energy is required, but this digester is unsuccessful to give high yield, 

high strength and better quality paper. 



9 
 

 The Semi-chemical pulping is third type of pulping. In this process, wood chips are converted 

into pulp by using chemical as well as mechanical pulping method. The chips are cooked with 

chemicals like sodium sulphite with small quantity of alkali salts, such as sodium carbonate, 

sodium hydroxide and remaining pulping action is done mechanically. The pulp yield of semi-

mechanical pulping is between 60%-80%.There are three types of semi-chemical pulping 

process (a) neutral sulphite semi-chemical pulping,(b) green liquor (c) no- sulphur.  

In the present work, Soda pulping of wheat straw at different alkali concentration and screw 

RPM had been performed. The physical and chemical analysis of wheat straw as well as of 

digester slurry were done. Three tube continuous digester was used for pulping process. In this 

process, white liquor and wheat straw was main raw material for pulp production. The wheat 

straw used was firstly soaked into water for 36-48 hours for biomass softening. Then this 

soaked wheat straw was fed in pulp digester through screw feeder at very high pressure. It was 

important here the feeding of wheat straw at such high pressure and temperature was very 

crucial. Hence, a continuous screw feeder were used to feed wheat straw into the digester. A 

compressed plug of soaked wheat straw injected continuously in the pulp digester at elevated 

pressure. This solid plug was maintained at higher pressure than digester operating pressure 

with the help of screw feeder. For cooking of straw, steam was injected at multiple points of 

digester to maintain desire pressure and temperature. The steam was taken from the boiler. In 

addition to white liquor, the steam condensate directly mixed with pulping slurry in the digester 

and it maintains its bath ratio and fluidity of pulping slurry in the digester. In digester tubes 

steam get condensed and mixed with mixture to fulfil the additional water requirement. Pulp 

mixture moves with the help of screw conveyor feeder in the digester tube. Pulping had been 

carried out at very high temperature (160-170 0C) and pressure (7-8 kgf/cm2) [2, 19]. At this high 

temperature and pressure, raw material (wheat straw) and alkaline solution (white liquor) react 

and delignification taken place. The lignin from raw material dissolved into white liquor and 

white liquor turns black. At the end, mixture of pulp and black liquor obtained from output of 

digester. The quality of pulp analysed and it includes determination of kappa number and 

percentage of klason lignin and determination of residual alkali, total solids and viscosity for 

black liquor. 
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The stones, bricks, bark and leaves of trees were used for collecting the ideas in written         

form [4]. Firstly, the paper was invented by Cai Lun, which was made from rags and various 

plant fibres. Subsequently, different types of raw materials were used for paper making such 

as wood, linen, cotton rags and hemp ropes. Then, the use of wood fibres for paper making was 

invented by German inventor Keller and by Canadian inventor Charles Fenerty, independently 

in 1844  [20]. At the same time the wheat straw was also used for first time as raw material for 

paper making and the first paper mill was started in 1827 in USA [21] based on wheat straw. 

The chemical pulping of wood was developed for paper making and the wood become very 

popular raw material for paper production in 20th century due to higher fibre strength and longer 

fibre length. The longer and higher strength fibre gives good quality paper whereas non-woody 

material provides low strength and shorten fibres. At the same time, the availability of wood 

was not a problem, i.e., wood was abundantly available. Hence, the wood become a popular 

raw material for the paper production in 20th century. Conversely, now a days, the forests are 

sinking and the paper demand is growing and the availability of wood is suffering. It has 

negative impact on the environment, also. Now, it is necessary to replace woody raw material 

by non-woody raw material due to environmental and economic consideration. Non-woody 

raw material contains higher cellulose and less lignin content.  

During the industrial development, many researches worked on wheat straw pulping and 

established the pulping methods at industrial level. They performed the pulping of wheat straw 

using various cooking chemicals such as soda, soda-AQ, etc. [22, 23]. Some of them used the 

catalysts [29,31] and enzymes [26, 27, 28, 10] to enhance the delignification process. The kinetics of 

delignification was also established [34, 35]. 

As per our limited knowledge, there are little literature is available on the soda pulping of wheat 

straw. The available literature on wheat straw pulping are summarized in the proceeding 

section.   

 The chemical pulping of wheat straw was performed by Montane et al. 1998[22] using a 

conventional soda process and two stage cooking sequence was followed, which involves 

impregenation of wheat straw with white liquor (caustic soda), withdraw of excess liquor and 

stream treatment of impregenated material at 160-2100C. The impregenation-rapid-steam 

pulping process of wheat straw shortens the processing time (impregenation + cooking). The 

strength properties of rapid pulp was found comparable with wheat straw soda pulping and the 

hardwood kraft pulping. 
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Soda-AQ pulping of wheat straw were studied by Zhinan and  Raimo 2001[23] at effective 

alkali concentration of 12% to 18%, maximum temperature 145 to 165 0C, time to maximum 

temperature 70 to 110 min (pulp yield, kappa number and viscosity). The maximum 

temperature, effective alkali and time to maximum temperature effected the pulp yield and 

kappa number with almost equal intensity. It has been observed by them that the viscosity of 

wheat straw increased as kappa number decreases. 

The pulping of wheat straw using dimethyl form amide was performed [24] in order to 

investigate the effects of cooking variables temperature, time and organic solvent ratio 

dimethyl formamide (DMF + water) on cellulose degradation and polymerization of 

organosolv pulp. The DMF had been shown a significant influence on reducing carbohydrates 

degradation. They suggested that pulp yield can be improved by increasing DMF ratio at all 

temperature and time.  Further, the pulp with high mechanical properties were obtained at 210 

0C 150 min with 50% DMF. Their results showed that the protective action of organic solvent 

on non- cellulosic polysaccharides wheat straw against degradation under Kraft pulping 

conditions. It was pointed out a main reason for high yield organosolv pulping by Y. Shirkolaee 

et al. 2008[24]. 

Further, Kham et al.2005[25] used a mixture of carboxylic acid and peroxides for pulping of 

wheat straw by organosolv pulping. They mixed peroxides and acetic acid in unbleached pulp 

for easier bleaching and the influence of temperature and reaction time were observed. The 

improved strength properties of peroxides treated pulp were found and it became easier to 

bleach with low kappa numbers and high viscosity. 

The enhancement in the soda pulping using xylanase enzyme was studied by Zhao et al. 

2002[26]. The enzyme treatment lowers the kappa number and rejects of pulp. It also decreases 

the consumption of active alkali (8%). The obtained enzyme treated pulp had higher brightness, 

higher tear index, low tensile strength and burst index than pulp obtained at similar operating 

conditions.  

P. Bajpai et al. 2004[27] performed the biochemical pulping of wheat straw. Prior to pulping, 

the wheat straw was treated with C. Subvermispora and it reduced lignin contents up to 16.5% 

and extractives 44.3%. In case of chemical pulping, kappa number was reduced by 22-27% and 

the treated wheat straw cooked with less cooking time. In this case less black liquor solids was 

generated, which reduced the effluent load. 
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The pre-treated wheat straw with enzymes (Penicillium A10 and aspergillus L22 at 4IU/g 

xylanase) were studied by Zhao et al.2006[28]. It reduced the Kappa number 6.29% and 12.07% 

with enzymes A10 and L22, respectively. The improved pulp properties, enhanced soda 

pulping, improved drainage of wheat straw pulp and higher level of delignification were 

observed.  

Dedhia et al.2012[10]  were used pre-treated wheat straw with xylanase and ultrasound to reduce 

lignin content. The xylanase treatment was found effective to reduce kappa number. The klason 

lignin content was reduced in ultrasound pulping as compared to alkaline pulping. As compared 

to other two methods the total pulp yield was found less in case of ultra-sound pulping. The 

combined pre-treatment with xylanase and ultrasound did not shown any significant reduction 

in lignin content.  

The pulping of wheat straw under atmospheric conditions were performed by Pan et al. 1999[29] 

using acetic acid. It was compared with anthraquinone pulping. The H2SO4 was used as a 

catalyst and delignification rate was varied by varying the amount of the catalyst. The acetic 

acid pulp was different from anthraquinone pulp (in terms of strength, chemical composition 

and fibre morphology). Approximately, 70% of ash and 90% of silica were kept in AcOH 

pulping of wheat straw. The AcOH pulp was easily bleached by short ECF sequence and 

bleached pulp has high ash content of 14%.  

Further, enzymatic hydrolysis oxidative pre-treatment of wheat straw was carried out by 

Nicoletta et al. 1996[30]. This treatment was performed in two steps, first alkali step (1% NaOH 

for 24 hours) to dissolve hemicellulose and added 1% NaOH and 0.3% H2O2 (for 24 hours) for 

oxidative step (2nd step) to dissolve and oxidise lignin. The recovery of cellulose after double 

treatment reached 90% as compared to starting and 81% of lignin was degraded. 

In another study by Saberikhah et al. 2011 [31] the influence of catalyst on wheat straw pulping 

were observed. The glycerol was used for pulping with/ without catalyst (2% NaOH) at variable 

cooking time and temperature. The results showed delignification process is depends upon only 

on cooking time other factors were having no influence on it. The kappa number was decreased 

by increasing cooking time and the effect of catalyst was comparatively low. 

Furthermore, the kinetics of wheat straw delignification in soda and Kraft pulping was studied  

by Epelde et al. 1998[32]. The wheat straw pulping were described in three phases initial ,bulk 

and residual phase and 90% of the lignin was dissolved in initial phase. The initial phase 

follows first order kinetics with reaction rate 0.12 min-1. The each phase followed first order 
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kinetics with respect to lignin. The soda cooking of wheat straw results in lower yield as 

compared to Kraft cooking, this is due to residual phase lignin.  

Huang et al. 2006[33] was performed wheat straw pulping with NH4OH-KOH and studied its 

kinetics. They investigated that use of aqueous ammonia with a small amount of KOH to 

remove lignin. It was found that there are three delignification phases (similar to previous study 

[32]), first bulk delignification phase in which 64.70% of lignin removed, second phase in 

which 20.99% lignin removed and called as supplementary delignification phase and the third 

phase was residual phase in which 91.63% of lignin removed. The delignification followed 

first order kinetics. 

The Wheat straw lignin content after pre-treatment with soda-AQ and kraft pulping were 

characterized in this study by Yang et al. 2016 [34]  using FT-IR, NMR, GPC and UV. After 

pre-treatment, most of the lignin (lignin inter units and lignin carbohydrate complex linkages) 

degraded and dissolved in black liquor and little left with cellulose fibres. From 13C and 2D-

HSQC analysis, it was found that more lignin degraded in kraft pre-treatment than soda-AQ 

pre-treatment.  

Some other researcher (Ahmet et al. 2003[35] and Ahmet et al. 2004[36])were also 

performed the investigation to see the influence of silica content of wheat straw on pulping.  
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 Objectives 

1. Optimization of temperature and pressure for lab scale pulp digester. 

2. Physical and chemical analysis of raw material. 

3. Investigation of digested slurry. 
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3.1Pulping procedure: 

The chemical pulping of wheat straw was carried out in pilot scale three tube continuous pulp 

digester. The helical screw conveyer are fitted in each digester tube to convey solid raw 

material from inlet to outlet of the tube. The digester tubes are connected to each other by a 

vertical neck to pass the digester slurry from one tube to another.  The Raw material was fed 

in digester tubes through the screw feeder, mounted at the inlet of first digester tube. The white 

liquor was fed in the first digester tube by the separate inlet mechanism using plunger pump. 

The white liquor was the aqueous solution of sodium hydroxide. The schematic diagram of the 

digester is shown in fig.7. The wheat straw was collected from the farms of Punjab region. The 

air-dried wheat straw put in a water tank for 36-48 hours for soaking and softening of biomass. 

Firstly, the steam boiler was started, when the boiler temperature reached near 110 0C, the 

white liquor pump was switched on. Then, steam was injected through a connecting pipe from 

boiler to all of three digester tubes at different locations. It the caution here that the water level 

should be maintained at required level all the time during the operation otherwise the steam 

production may interrupt and the whole operation may shut down. The wheat straw feeding 

started, when the first digester tube temperature was reached 110 0C. The wheat straw was 

added very slowly and in a constant rate. The wheat straw and white liquor mixture moves 

horizontally in tubes with the help of screw conveyer and reached at the inlet of second digester 

tube. Then the mixture moves from second digester tube to the third digester tube. The 

delignification process was continue during the movement of the mixture inside the digester. 

At the end of the third digester tube, the digested slurry was obtained.  The process of removal 

of lignin from cellulose fibres is called delignification process. During the delignification 

process, the wheat straw come in contact with white liquor, a chemical reaction takes place, 

which broken down the lignin and cellulose bond and make cellulose fibres free for pulping. 

The mixture movement inside the tubes can be change/ control by setting the rpm of the screw 

conveyer from control panel.  The wheat straw was added continuously, with its addition the 

pressure and temperatures raised. When the digester reached at pre-set temperature and 

pressure blow down valve open automatically at set temperature and pressure. The wheat straw 

and white liquor mixture were obtained in the form of solid material and black liquor, which 

was further used for testing its properties.  
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 Figure 7:Flow diagram of  3 tube continuous digester 

Table 3. Operating conditions for Soda pulping 

Set no. Run 

no. 

RPM W.L. flow 

rate 

(l/min) 

NaOH 

(%) 

Feed rate 

(g/l) 

Temp 

(0C) 

Tube 1 

Temp 

(0C) 

Tube 2 

Pressure 

(kgf/cm2) 

S1 R1 24 1 16.7 70 142 147 1.8 

5.5 R2 24 1 16.7 70 142 148 

R3 24 1.24 16.7 70 130 135 1.2 

 R4 24 1.344 13 70 154 159 5.80 

S2 R5 30.9 1.344 13 70 154 159 2 

3  R6 30.9 1.344 13 70 154 159 

S3 R7 34 1.36 9.2 87 108 116 0.70 

 R8 34 1.36 9.2 87 110 117 1 

S4 R9 39.4 1.37 9.2 87 117 123 1 

0.5  R10 39.4 1.71 9.2 87 117 123 
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3.2 Wheat straw testing 

3.2.1 Chemical analysis of wheat straw:  

The chemical analysis of the farm fresh wheat straw had been performed to obtain chemical 

composition of it. In chemical analysis, the ash content, acid- insoluble had been estimated 

using Technical Association Of Pulp and Paper Industry (TAPPI) standard procedure, whereas, 

acid- soluble lignin, cellulose content, hemicellulose and Holocellulose content were 

determined as the procedure suggested in the literature [37] [38]. 

The detailed procedures for individual testing are given below: 

(a)Sample preparation:  

Method followed: TAPPI Test methods T 257 cm-85[39] and T264 cm-88[40]. 

Chemicals required: Ethanol-Benzene mixture (1:2) 

Apparatus: 40 screen mess (0.4mm), soxhlet apparatus, filtering flask, Buchner funnel, water-

bath, extraction thimble or Gooch crucible no. 1-30ml. 

Procedure: The wheat straw was grinded in a grinder to obtain powdered form of it. The 

obtained powder was screened with 40 mesh screen (0.4mm) and collected in a container. A 5-

6 grams of powder sample was taken in a thimble and placed in soxhlet extraction tube. Then, 

extraction was performed with 200 ml of Ethanol: Benzene mixture (1:2) for 8 hours. The 

height of thimble was adjusted above the siphoning point and liquid was kept boiled vigorously, 

so that at least 4 extractions per hour taken place. After completion of 8 hours extraction, an 

excess of solvent was removed using suction pump and sample was washed with ethanol to 

remove benzene. Again, extraction was performed with ethanol only for next 4 hours or more 

until siphons become colourless. Then, excess solvent was removed with suction pump and 

sample was washed with distilled water to remove the solvent. The sample was transferred into 

1000 ml conical flask and added 500ml of boiling distilled water. Further, flask was heated for 

1hour in constant temperature water bath at 100 0Cand cooled, then, washed it with 500 ml of 

boiling distilled water with the help of suction pump. At last, the Sample was air dried and 

stored in airtight container for further analysis. 

(b) Ash content: 

Standard followed: TAPPI test method, T211 om- 85 [41]. 
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Apparatus: muffle furnace, crucibles (50-100ml) and desiccator. 

Procedure: The empty crucible was heated in muffle furnace at 575 + 25 0C for 15 minutes. 

Then it was placed in a desiccator for 40 minutes to cool it. 0.1 mg of Sample was added into 

crucible and   placed in muffle furnace at 100 0C, raised the temperature up to 575 + 25 0 C. 

Kept the  Sample in furnace for 30 minutes at constant temperature, so that material is 

completely ignited. After that crucible was cooled in desiccator and weighed.   

Calculations: 

ash(%) =
weight of ash(g)

weight of sample(g)
× 100                                                                                         (ⅰ)    

(c) Acid-insoluble lignin content: also called klason lignin. 

Standard followed: TAPPI test method, T222 OM-85 [42]. 

  

Apparatus: Filtration flask 2000ml, Buchner funnel 9cm diameter, whatman filter paper of 

9cm diameter, constant temperature bath, flasks 1000 ml and 2000 ml or distillation flask, 

reflux condenser, oven, beakers 100ml, cylinder 50 ml, pipettes 10 ml, glass rods. 

Chemicals or reagents required: 72% sulphuric acid 

Procedure: 1.0 g of sample was taken in a beaker and 15.0 ml of 72% of cold sulphuric acid 

added to it. The Acid was added in small increments with continuous stirring using glass rod, 

so that sample become softens. Then, beaker was put in an ice bath at 20C (± 1) for complete 

dispersion of the material. Then, beakers were kept in a water bath at 20 ± 1 0C for 2 hours and 

solution was stirred continuously. Further, the material was transferred into distillation flask 

with water to a volume 575ml to 3% concentration of sulphuric acid and solution was total 

refluxed for 4 hours. After the completion of 4 hours refluxation operation, the insoluble 

material was allowed to settle for overnight in an inclined position. Then at last solution was 

filtered with pre-weighed whatman filter paper, then washed with hot water to remove acid, 

subsequently, the remaining material washed with cold water. Then, oven-dried the filter paper 

with lignin at 105 0C until constant weight appear, cooled in a desiccator and weighed it. 

Calculations: 

lignin(%) =
A

W
× 100                                                                                                                          (ⅱ) 
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Where, 

 A = weight of the sample, g and W = oven dry weight of test tube, g. 

(d) Acid- soluble lignin: 

Standard followed = TAPPI test method, T222 OM-85 [42], Chemical analysis and testing task 

LAP-004[43]. 

Apparatus: reflux Condenser, distillation flask, constant temperature bath, glass beakers, glass 

rod, Buchner funnel, whatman filter paper, cylinder 100ml and pipettes 10ml. 

Reagents: 72% and 4% of sulphuric acid. 

Procedure: 15ml of 72% of cold sulphuric acid added slowly in 1g of the sample in small 

increments [which were prepared in section 2.2(a)] with continuous stir, so that sample got 

soften and then beaker was kept in ice bath at 20C (± 1)  for dispersion of the material. After 

that, the material was transferred in to the distillation flask with 575ml of water and constant 

volume was maintained by frequent addition of hot water. The insoluble material was allowed 

to settle for overnight in an inclined position. Then the sample was filtered using whatman 

filter paper and absorbance of hydrolyzate was measured at 205nm, using 1-cm path cuvette, 

4% H2SO4 was used as a reference blank. If absorbance reading exceeds 0.7 then the sample 

was diluted with 4% H2SO4 and reading should be in between 0.2-0.7percent. 

Calculation: 

Acid − soluble lignin(g/l) =
A

b × a
× D                                                                                 (ⅲ) 

Where, 

A= absorbance at 205nm, a= absorptivity, equal to 110 l/gcm, b= cell path length, 1cm, D= 

dilution factor. 

(e) Cellulose content: The cellulose is an organic compound, having formula (C6H10O5)n. It is 

a main constituent of wheat straw.  

Standard followed: Updegroff, D.M. Anal. Biochem., 32, 420(1969) [38].  

Apparatus: test tubes, graduated cylinder 50& 100ml, reagent bottles, pipette, conical flask, 

centrifuge tubes, boiling water bath, UV spectrometer. 
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Chemicals /reagents: all chemicals used were of AR grade. 

 (ⅰ) Acetic acid/nitric acid: 150 ml of 80% acetic acid mixed with 15 ml of concentrated nitric 

acid.  

(ⅱ) Anthrone reagent: 200 mg of anthrone dissolved in 100 ml chilled concentrated sulphuric 

acid. Freshly prepared and chilled for 2 hours before use. 

(ⅲ) 67% sulphuric acid. 

Procedure: The sample of 0.5g was taken in test tube, in which 10ml of acetic acid/nitric 

reagent added, mixed on cyclo mixer and then placed in water bath at 100 0C for 30 min. The 

mixture was cooled at room temperature and then centrifuge for 10-15 minutes at speed of 

2000-3000rpm. The supernatant of the centrifuge solution was discarded and the residue was 

washed with distilled water for 4-5 times. After that, 67% of sulphuric acid was added to 

residue, mixed it well and allowed to stand for 1 hour, then the weight of the residue was noted. 

Then, 1 ml of sample from this solution was taken and diluted to 100 ml. 1ml of sample of 

diluted one was taken in another test tube and placed the test tube in ice bath, 5 ml of chilled 

anthrone reagent added, mixed well and keep in ice bath for 5 min. Then test tubes were heated 

in boiling water bath for 10 min, cooled in ice bath for 5 min and colour intensity was measured 

at 630 nm. Blank was set with 1ml distilled water and anthrone reagent. 

Standard curve: 50 mg of cellulose  (pre-dried in an oven at 105 0C for 6hour) were taken in 

test tube, then 10 ml of 67% sulphuric acid were added to residue, mixed well, allow to stand 

for 1 hour with gentle heating, whole content was diluted to 500ml in distilled water. Then 

series of volumes were taken (0.2-1.0ml) at 0.1ml difference. Then, the volume of each sample 

were maintained by adding distilled water. So similar to the cellulose testing, the colour of the 

samples were makeup and the absorbance measured at 630nm. The cellulose standard curve 

shown in figure 9. 

(f) Holocellulose content:  

Standard followed: Wise, E., MURPHY, M. and D’ Addieco, A.A., paper Trade J., 112(2). 

35 (1946).[44]. 

Apparatus: water bath, G-1 crucible, filtration unit, Erlenmeyer flask 250 ml with ground 

stopper. 

Reagents: acetic acid (AR grade) and Sodium chlorite (NaClO2). 
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Procedure: The sample of 2.0g was taken in 250 ml of ground stopper erlenmeyer flask, 80 

ml of hot distilled water, 2.0g of sodium chlorite, 0.5 ml of acetic acid were added and the flask 

was loosely stooped. Then mixture was heated at 70-80 0C in water bath with shaking and fresh 

mixture of 0.5ml of acetic acid and 1.0 ml of Sodium chlorite were added with shaking, after 

each succeeding hour. Previous step was repeated for times until white or near white colour 

appeared. After that, contents were cooled below 10 0C in ice bath, filtered, washed and dried 

at 105 ± 3 0C in an oven for 24 hour. At last, cooled in desiccator and weighed it. 

Calculations: 

Holocellulose(%) =
OD wt of holocellulose

OD wt of sample
× 100                                                                   (ⅰⅴ) 

(g) Hemicellulose content: 

Standard followed: Deschatelets, L. and Errest, K.C.U., Appl. Microbial. Biotechnol. , 24: 

379-385(1986)[45]. 

Apparatus: Erlenmeyer flasks 250 ml, cylinders 100 ml, test tubes, pipettes, reagent bottles, 

Autoclave, pH meter, UV-VIS spectrometer. 

Reagents: (ⅰ) H2SO4 3% w/v, (ⅱ) 10 N NaOH, 

(ⅲ) Standard xylose solution (0.1%): 0.1g (oven-dried for 6h at 105 0C of xylose was dissolved 

in 100ml distilled water. 

(ⅳ) p-bromoaniline reagent: 4g of thiourea dissolved in 100 ml acetic acid then then 2g p-

bromoaniline was added, shaken well until dissolution completed and then stored in coloured 

bottle (all chemicals were of AR grade). 

Procedure: The sample of 2 g was taken in conical flask and 20 ml of 3% of H2SO4 w/v was 

added in it (or in solid to liquid ratio of 1:10). The solution was autoclaved for 1 h (121 0C, 15 

psi).Then, solution was cooled at room temperature and the 60-70 ml of distilled water was 

added in it. The pH of sample adjusted was to 7.0-7.5 and then volume make up to 100 ml and 

filtered it. After that, a Series of samples 0.1, 0.2 and 0.3 ml from the above sample were taken 

in test tubes and 0.9, 0.8 and 0.7 ml of distilled water added in it. Then, 5 ml of p-bromoaniline 

was added and incubated at 70 0C for 10 min. and at room temperature for 70 minutes in dark. 

The Absorbance of sample was measured at 540 nm. A blank was set with 1ml of distilled 

water and p-bromoaniline reagent. 
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Standard curve: The standard curve for (0.4-1ml) the range of volumes were taken from 0.1% 

xylose standard in test tubes and total volume was increased up to 1.0ml with addition of 

distilled water and 5ml of p-bromoaniline was added in it. The test tubes were incubated at 70 

0C for 10 minutes and at room temperature for 70 minutes. Then, absorbance was measured at 

540nm. 

3.2.2 Physical properties of wheat straw:  

The Physical properties of wheat straw were estimated such as bulk density, moisture content 

and porosity. The procedures given by Zhang et al. 2012[46] were followed and given below. 

(a)Bulk Density (𝝆𝒃):-It is defined as the weight of particles divided total occupied volume. 

To calculate bulk density, an empty beaker (200 ml) was weighed using a digital weighing 

balance. The beaker was filled with a wheat straw tightly with tapping, so that no air space was 

left. The beaker/ container with wheat straw was weighed and the same procedure was repeated 

for 2-3 times. The bulk density was calculated according to the equation given below. 

ρb =
W2 − W1

V
                                                                                                                                       (ⅴ) 

ρb= the bulk density of the sample (g/cm3), W2= the weight of the container and sample (g),  

W 1 = the weight of the container (g),V = the volume of the container (cm3). 

(b)Moisture content: The moisture content was determined by using oven drying method. The 

crucible was weighed (using digital weighing balance) and the sample was placed in it and 

weighed. The crucible with sample was placed in an oven at 105 0C until constant weight was 

not obtained and then placed it in a desiccator to cool it and then weighed. 

moisture content(%) =
W1−W2

W1
× 100                                                                                         (ⅴⅰ) 

Where, 

W1= weight of wet sample and crucible (g), W2= weight of dry sample and crucible (g),  

(c) Porosity: It is a measure of empty space in a material. The sample of 33ml was taken in 

100 ml cylinder. The mess screen was placed on the sample, so that it can’t flow above its 

level. Then, the water was added slowly in cylinder until the level rises above the sample. The 

cylinder was rocked 8-9 times to remove air bubbles and then the final volume was recorded. 
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Calculations: 

P(%) =
Vf−Vi

Vs
× 100                                                                                                                          (ⅴⅱ) 

Where, 

 Vf   = final volume, Vi= volume when water added to sample and Vs = volume of sample. 

3.3 Preparation and analysis of caustic soda liquor 

Standard followed: TAPPI test method T624 CM-00[47]. 

Reagents and Chemicals:  NaOH, 1N HCl and phenolphthalein indicator. 

Preparation of 1N HCl: Normality of laboratory used Hydrochloric acid is 12N. To prepare 

1N HCl, 8.3 ml of HCl was taken in a 100ml volumetric flask with the help of pipette, HCl was 

added slowly to the volumetric flask with continuous shaking. 

According to Normality equation, 

𝑁1 × 𝑉1(1𝑁 𝐻𝐶𝑙) = 𝑁2 × 𝑉2(𝐻𝐶𝑙)                                                                                                         (ⅷ)        

1𝑁 × 100 = 12N ×  𝑉2                                                                                                                       (ⅰⅹ)                                                                                                                                                                                       

V2 = 8.3ml 

Preparation of NaOH: 100 g of NaOH were dissolved in 1 litre of water in a beaker, allowed 

them to settle overnight. 

Procedure: The caustic soda sample of 5ml was taken in a 250 ml beaker. Then, 25 ml of 

distilled water was added to a sample solution and 2-3 drops of phenolphthalein (indicator). 

After that, the solution was titrated against 1N HCl and the titration was performed 2-3 times. 

Observations: 

In a conical flask, 5 ml NaOH + 25 ml distilled water + 3 drops of phenolphthalein indicator. 

In burette, 1N HCl,  
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Table 4: titration readings table 

S.no. Initial volume (in ml) Final volume (in ml) 

1. X P 

2. Y Q 

 

HCl used =
(p − x) + (q − y)

2
= x ml 

3.4 Chemical analysis of digester slurry 

 The Digester slurry from blow down valve was divided into 2 parts one is black liquor (which 

was the liquid part of digester slurry) and another is solid material. This slurry was further 

analysed, for slurry kappa number and klason lignin content were calculated and black liquor 

analyses contains RA, total solids and viscosity, respectively. 

3.4.1 Solid material analysis 

(a)Kappa number: Kappa number is a volume of 0.1N Potassium permanganate solution 

consumed by moisture free pulp. It indicates the residual lignin content in the pulp sample and 

it is directly proportioned to lignin content, more the kappa number more is the residual lignin 

content in the pulp. Its value lies between 1-100[48]. 

Method followed:-TAPPI test method T 236 0M-99[49]. 

Chemicals and reagents required are 4N H2SO4, 0.1N KMnO4 and 0.1N Na2S2O3. 

Apparatus used:-magnetic stirrer, beaker (2000ml), pipettes (10ml and 25 ml), burette, 

 Stop-watch.  

Preparation of 4N H2SO4: The normality of laboratory used H2SO4 is 36N. To prepare 4N 

H2SO4, 11.1 ml of H2SO4 was taken in a 100 ml volumetric flask with the help of pipette and 

make up the volume up to given mark. These calculations were done according to normality 

equation. 

According to this equation, 
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N1V1(4NH2SO4) = N2V2(H2SO4)     
                                                                                                           (ⅹ) 

4N × 100ml = 36N × 𝑉2                                                                                                                       (ⅹⅰ)                                                                                                                                                          

V2 = 11.1 ml 

Preparation of 0.1N KMnO4: The 0.316 g of KMnO4 was taken in 100 ml volumetric flask 

and shake it well, so that all KMnO4 dissolved properly and volume was make up to a given 

mark.  

We know  

molarity =
(given mass × 1000ml) 

(molecular mass × X)
                                                                                           (ⅹⅱ) 

Where, X is volume of water in which we want to prepare solution. 

For normality, we use equivalent mass instead of molecular mass, 

Equivalent mass of KMnO4 = 31.6068 g/equivalents. 

Normality =
(Z g × 1000ml)

(equivalent weight × 100ml)
                                                                             (ⅹⅲ) 

0.1N =
(Z g × 1000ml)

(31.6068 g × 100ml)
                                                                                                       (ⅹⅳ) 

Z =0.316 g 

Preparation of 0.1 N Na2S2O3: To prepare 0 .1N Na2S2O3, 2.4819 g of Na2S2O3 was taken in 

100 ml volumetric flask and then mixture was well shaken, so that Na2S2O3 properly dissolved. 

Equivalent weight =248.19 g/equivalent 

0.1N =
(A g × 1000ml)

(248.19 × 100ml)
                                                                                                            (ⅹⅴ) 

A= 2.4819 g 

Procedure: The oven dried sample of 1g of digester slurry was taken into 1 l beaker and 800 

ml of distilled water added in it. Then, the beaker was put on magnetic stirrer with continuous 

stirring, so that test sample disintegrated properly and completely dissolved. The temperature 
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was noted down time to time, to make sure that it can’t raise above 25 0C. In another beaker, 

100 ml of sulphuric acid and 100 ml of KMnO4 were taken and temperature was maintained at 

25 0C. When the sample temperature reached 25 0C, a mixture of sulphuric acid and KMnO4 

were added into it and the stopwatch was started. After exactly 10 minutes, the 20 ml of KI and 

2-3 drops of starch indicator were added into it test specimen and with this reaction stopped. 

Then, the test specimen was titrated against using Na2S2O3 (0.1N). The Same procedure was 

repeated without test sample for blank reading. 

Calculations:- 

Calculation of kappa number:- 

K =
(p × f)

w
                                                                                                                                          (ⅹⅵ) 

P =
(b − a)

0.1
                                                                                                                                        (ⅹⅵⅰ) 

Where, 

K = kappa number, wt. = weight of moisture-free pulp in specimen (g), p = amount of 0.1N 

permanganate actually consumed by the test sample (ml), b = amount of thiosulfate consumed 

in blank titration, a = amount of thiosulfate consumed by test sample (ml), N = normality of 

thiosulfate, f = factor for correction to 50% permanganate consumption dependent on           

value of f(table 5). 

Table 5.  Factors f to correct for different percentages of permanganate used 

f   +        0              1             2            3             4            5           6           7          8            9 

30         0.958      0.960      0.962     0.964      0.966     0.968    0.970    0.973    0.975     0.977 

40         0.979      0.981      0.983     0.985      0.987     0.989    0.991     0.994    0.996    0.998 

50         1.000      1.002      1.004     1.006      1.009     1.011    1.013     1.015    1.017    1.019     

60         1.022      1.024      1.026     1.028      1.030     1.033    1.035     1.037    1.039    1.942 

70         1.044 
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(b) Klason lignin content: Klason lignin content is the acid- insoluble lignin content in 

digester slurry. It is equal to 0.15X kappa number of sample. 

Calculations:  

Klason lignin (%) = 0.15 × kappa number. 

3.5.2 Black liquor analysis: The black liquor is waste product of soda pulping which contains 

dissolved lignin, undissolved alkali and some other minerals. It was also further analysed to 

estimate the residual alkali contents, total solids and viscosity. In which total solids and RA 

was determined by using Tappi test methods, Viscosity was measured by using Brookfield 

viscometer. 

(a)Total solids: The total solid measure all the solid particles present (suspended, dissolved, 

colloidal and dissolved salts also) in the black liquor. 

Method followed: TAPPI 650-om 89[50]. 

Apparatus required: 50 ml beaker or sample bottle, 50 ml measuring cylinder, weighing 

balance, oven. 

Procedure: The black liquor was filtered to remove fibres present in it. Then, 30 ml of black 

liquor was taken in pre-weighed empty beaker/sample bottle. The sample bottle/beaker was 

placed in oven, so that it dried properly or became solid. Then, bottle/beaker with sample was 

weighed. 

Calculations: 

Total solids(𝑔/𝑙) =
weight of dry sample(W2)

weight of liquid sample(W1)
                                                                (ⅹⅵⅰⅰ) 

 

(b)Residual alkali test: The residual alkali is the amount of alkali left in black liquor, if 

effective delignification is not takes place, value of residual alkali is also vary. 

Standard followed : TAPPI test method T624 CM-00[47]. 

Apparatus: burette, pipette, 100ml measuring cylinder, beaker. 

Chemicals used: 0.1N HCl, 20% barium chloride. 
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Preparation of 0.1N HCl: To prepare 0.1N HCl solution, 8.3 ml of HCl solution were taken 

in 100 ml volumetric flask. The solution was well shaken and the volume was make up to given 

a mark. 

According to normality equation: 

 N1V1(0.1N HCl) = N2V2(11N HCl)                                                                                                        (ⅹⅰⅹ) 

12 ×  𝑉2 = 0.1𝑁 ×  100                                                                                                                   (ⅹⅹ) 

V2 = 8.3 ml 

Procedure: In a 500 ml of measuring cylinder 25 ml of black liquor and 25 ml of 20% Barium 

Chloride were taken. The volume of the sample make up to 500 ml by adding distilled water 

and placed the mixture undisturbed for 30 minutes. Then, the 25 ml of sample was taken in 

conical flask and titrated against 0.1N HCl, using phenolphthalein as an indicator and the 2-3 

readings were noted down. 

Calculations: 

RA(𝑔/𝑙) =
P × 0.1 × eq. weight

sample weight
                                                                                               (ⅹⅹⅰ) 

Where, P = titration reading. 
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The wheat straw was used as a main raw material for this pulping process using three tube 

continuous digester. The operating conditions are given in table 3. The delignification process 

had been taken place at these operating conditions (table 3). The degree of delignification was 

estimated in terms of kappa number and residual alkali. Based upon the degree of 

delignification (kappa number and residual alkali) the optimal pulping process has been 

identified. 

It was noted that, the expensive exposure of chemicals lead to over cooking of the materials 

and the cellulose fibres degraded. Overall, we can say that pulping process has three 

delignification phases (ⅰ) initial phase, (ⅱ) bulk phase and (ⅲ) residual phase. In initial phase 

α-aryl ether and β-aryl ether linkages were cleavage into phenolic unit [51]. Removal of lignin 

in initial phase can be cleavage of α-aryl ether linkages and saponification of ester linkages. 

Reaction in this phase is diffusion-controlled. In initial delignification phase 67.40% lignin 

removed and this phase was from beginning to 100 0C [33]. Wheat straw lignin contains p-

hydroxyphenyl and fewer β-aryl-ether linkages [52]. Second is bulk delignification phase, from 

100 0C to 150 0C in 45 min., in this phase 20.99% of lignin were removed and total 

delignification reached 85.69%, raw material turned into pulp [33]. In bulk phase cleavage of β-

aryl ether in to non-phenolic group is rate determining step. Third phase i.e. residual phase in 

which is attributed to aryl ether linkage cleavage and C-C linkage rapture without any 

participation of neighbouring group [51].  This phase was up to the end of the cooking, in this 

phase delignification increased from 85.69% to 91.63%, degree of degradation of 

carbohydrates increased and pulp yield decreased which was not favourable for cooking [33]. 

Pulping is a process of conversion of wheat straw in to pulp, which is further bleached and used 

for paper making.  

The study of above literature shows that the almost ~ 67.40% delignification taking place in 

initial phase, ~20.09% delignification takes place in bulk phase and around 7-10% in residual 

phase takes place. 
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4.1 Physical properties of wheat straw 

Table 6. Physical properties 

1. Bulk density                                        0.189 g/cm3  

2.Moisture content                                  2.01 % 

3. Porosity                                               65.30% 

4. Fibre length                                         30-40µm 

5. Fibre diameter                                     15-20µm 

 

The measured physical properties of wheat straw are bulk density, moisture content and 

porosity. The properties has been estimated for the raw material (wheat straw). The estimation 

procedure given in chapter 3 (experimental section) and results are given in table 5. 

Bulk density of wheat straw was obtained as 0.089 g/cm3, which was in accordance with 

literature [46]. 

Moisture content in our case was 2.01%, which was again align with literature [46]. 

Porosity of wheat straw was 65.30%. According to literature porosity of wheat straw within 

the range of 46%-84% [46]. 

       

 

 

 

(a) (b) 

Figure 8: SEM images of powdered wheat straw at 10µm 

The SEM images of wheat straw obtained at 10µm shows that the average fibre length ~30-40 

µm and average diameter of fibres ~ 15-20 µm (figure 8).  
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4.2 Chemical composition of wheat straw 

Table 7: Chemical Composition  

  

 

 

 

 

 

 

The measured chemical composition of wheat straw are given in table 7. The ash content, acid-

insoluble and soluble lignin, cellulose content and holocellulose content were estimated as per 

the standard procedure given in chapter 3.  

The observation of table 7 show that the total lignin content (18.3%) was present in our raw 

material. The cellulose content was observed as (40%) along with 8.85% ash content. The 

Holocellulose content was 68.1%. The obtained values of the wheat straw component matching 

with the values given in the literature [53]. 

 

 

 

 

 

 

  

 Ash content                                                                                                         8.85% 

Cellulose                                                                                                              40%  

Acid soluble lignin                                                                                              1.3% 

Acid insoluble lignin                                                                                           17.00% 

Total lignin                                                                                                          18.3% 

Holocellulose                                                                                                       68.1% 
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