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Abstract 

The plant fibres or cellulosic fibres such as Banana, Flax, Hemp, Jute, Sisal etc. posses tremendous 

resource potential but have remained unexploited due to easy availability and advantageous properties of 

cotton which is the purest form of cellulose naturally available. Many efforts have been made to explore 

potential of these non-conventional fibres for various applications. In this study, use of statistical modeling 

has been done to understand the effect of various parameters of grafting for increasing absorbency of 

banana fibre. The parameters that have been taken into consideration are monomer concentration, initiator 

concentration and time of grafting. Grafting of the fibres was followed by hydrolysis and the effect of 

parameters such as alkali concentration, temperature and time of hydrolysis was also evaluated. The 

experiments were carried out according to Box-Behnken response surface design. 
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1. Introduction 

In recent years, considerable attention has been given and is being given to the development and utilization 

of natural fibres. There is a rising concern for ecological preservation which has also led to the quest for 

resources that are safe, biodegradable and re-cyclable [1].
 
Global trends towards sustainable development 

have brought natural, renewable, biodegradable raw materials into the focus. Fast growing population as 

well as eco- and health awareness creates large space for future expansion of natural fibres even other than 

cotton [2]. 
 

Natural cellulosic fibres have successfully proven their qualities while taking into account an ecological 

view of fibre materials [3]. Various cellulose fibres can be used for textile and technical applications, e.g. 

the bast or stem fibres, which form fibrous bundles in the inner bark (phloem or bast) of the stems of 

dicotyledonous plants, the leaf fibres which run lengthwise through the leaves of monocotyledonous plants, 

and the fibres of seeds and fruits [4, 5]. As such there are number of fibre giving plants, abundantly available 

in rural areas, which can be used for common application. However, many of these fibres are going as waste, 

since they are yet to be harvested profitably for lack of knowledge about their economic use. The potential 

of these fibres has not been exploited fully [6]. 

 

Information on use of the non-conventional fibres in medical textile is inadequate. So, adequate information 

of quality and quantity of these fibres is needed. This will help in increasing use of these fibres, which are 

abundantly found in India, and will help in development of rural areas of the country. Among various non-

conventional natural fibres, some fibres, like banana, sisal, jute, pineapple and flax are gaining importance 
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and interest of researchers. If these fibres are carefully studied, for non-conventional applications they may 

help in development of rural based industry [7]. 

 

Amongst many such fibres, in this study an attempt has been made to increase the absorbency of banana 

fibre by grafting method. A statistical relation has been developed among the many parameters of grafting 

and hydrolysis following it.   

 

2. Materials and methods 

 

2.1. Materials 

Banana fibres were supplied by CIRCOT, Matunga, Mumbai. Acrylamide, Sodium hydroxide pellets, Ceric 

ammonium nitrate were supplied by Ami Chemicals of SD Fine Chemicals, Mumbai.  

 

2.2. Experimental procedures 

2.2.1. Pretreatment of Banana Fibre 

Banana fibre is composed of cellulose, hemicellulose, lignin, wax, fatty material etc. All constituents other 

than cellulose had to be removed to make this fibre absorbent and usable for the desired products. The fibre 

was treated at boil for 4 hours using 4% owf solution of Sodium Hydroxide. Material to liquor ratio kept was 

1:40.  After the treatment, fibre samples were washed with water, then soured with 1% acetic acid at room 

temperature for 15 min. and further washed by hot water at 85
o
C for 15 min. Finally they were given cold 

wash and dried.  

 

2.2.2. Grafting of fibre   

Scoured banana fibres were inserted in a solution containing ceric ammonium nitrate 2.5-7.5 wt % of fibre 

in water acidified with nitric acid to pH 2 and agitated for 10 mins. Monomer acrylamide 1-5 times the 

weight of fibres was dissolved in water acidified with nitric acid to pH 2, added to the reaction mixture and 

the contents agitated for 2-6 hrs at room temperature. The mixture was then filtered and washed with water 

to remove any ungrafted material. 

Hydrolysis- 

The grafted fibers were added to a stirred 1-5% sodium hydroxide solution at approximately 85-95
o
C and 

allowed to react for 1-3hrs.  

The experiments were planned according to the Box and Behnken response surface design. Second order 

design was used to ascertain the most favourable processing conditions and relationship between the 

influencing factors and dependent variables. The parameters selected as independent variables for the 

experimental design were time of grafting in hrs, concentration of monomer in terms of times of weight of 

fibre and initiator concentration in %, owf (on weight of fibre). The variables and their levels are given in 

Table 2.1 and Table 2.2 respectively. For hydrolysis, the independent variables were time in hrs, 

temperature in 
o
C and concentration of alkali in % owf [8]. The variables and their levels for hydrolysis are 

given in Table 2.3 and Table 2.4 respectively.     

 

Table 2.1 : Box- Behnken design for grafting of banana fibre at three levels 

Variables -1 0 +1 

Time, hr 2 4 6 

Monomer conc., times of 

weight of fibre 

1 3 5 

Initiator conc. , % owf 2.5 5 7.5 
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Table 2.2 : Experiments with various parameters of grafting 

Variables 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Time, hr 6 4 2 4 6 4 2 4 6 2 4 4 6 4 2 

Initiator conc.  

(%, owf) 

5 5 2.5 2.5 7.5 7.5 7.5 5 5 5 2.5 7.5 2.5 5 5 

Monomer conc.  

(times of 

weight of fibre) 

1 3 3 5 3 1 3 3 5 1 1 5 3 3 5 

 

Table 2.3 : Box- Behnken design for hydrolysis of grafted banana fibre at three levels 

Variables -1 0 +1 

Temp, 
o
C 85 90 95 

Time, hrs 1 2 3 

NaOH conc. , %owf 1 3 5 

 

Table 2.4 : Experiments with various parameters of hydrolysis 

Variables 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Time, hr 1 2 2 2 1 3 2 3 3 1 3 2 2 2 1 

NaOH conc.  

(%owf) 

3 5 3 5 1 5 3 1 3 5 3 1 3 1 3 

Temp, 
o
C 85 85 90 95 90 90 90 90 95 90 85 85 90 95 95 

 

2.2.3. Absorbency test
 
 

0.2 gms of dry fibre was immersed in 100ml distilled water for 15 mins to reach the swelling equilibrium at 

room temperature. The swollen fibres were filtered through a Nylon cloth and the remaining fibres were 

weighed. The water absorption Q (g/g) is given by; 

                               Q = Ws-Wd/ Wd. 

                                 Where, Ws is the swollen weight of the sample. 

                                       Wd is the dried weight of the sample. 

 

3. Results and Discussion 

Values of the response of the 15 experiments of grafting followed by 15 experiments of hydrolysis of fibre 

in terms of gm water /gm fibre are given in the Table 3.1.  

 

Table 3.1 : Absorbency observed for respective grafting followed by hydrolysis experiments 

 
Hydrolysis experiments 

Grafting 

expts 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 5.9 6.2 6.1 5.7 5.1 6.0 5.7 5.9 5.6 5.6 6.1 5.4 6.2 5.9 6.2 

2 6.0 5.8 6.9 6.5 5.9 7.0 6.1 5.0 6.3 5.4 6.2 6.4 6.6 5.8 6.4 

3 7.0 7.8 7.4 7.3 6.5 7.6 8.2 6.5 7.8 7.7 7.8 7.9 7.7 7.4 8.0 

4 5.3 4.9 6.6 6.7 5.0 5.8 5.8 5.5 5.7 5.4 5.0 5.2 5.3 4.9 4.7 

5 5.9 7.4 7.8 8.6 6.6 8.9 7.3 7.2 8.0 6.8 6.9 6.5 7.7 7.5 7.1 

6 4.5 4.6 6.0 6.4 4.3 5.8 5.4 5.4 5.5 5.3 5.0 4.1 5.4 4.8 5.0 
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7 3.9 4.3 5.6 6.3 5.1 5.0 5.2 5.1 6.2 5.2 4.5 4.6 4.9 5.3 5.3 

8 5.7 5.4 6.5 7.3 6.3 6.1 5.8 4.9 6.0 5.2 5.8 5.2 5.4 6.5 5.6 

9 5.5 5.6 6.2 7.1 5.2 7.2 6.5 6.6 6.7 6.3 6.4 5.7 6.1 6.5 6.7 

10 5.1 5.5 5.0 4.7 4.8 4.6 4.4 4.6 5.3 4.3 5.5 4.6 4.9 4.4 4.3 

11 4.9 5.1 4.9 4.4 4.3 4.1 4.0 4.3 4.6 4.8 4.2 5.1 4.9 4.9 4.9 

12 4.1 5.0 4.0 6.8 4.1 4.0 4.2 4.1 5.3 3.6 4.9 4.1 4.1 4.1 4.0 

13 6.6 6.6 5.8 5.5 4.9 6.0 6.5 5.5 5.6 5.5 6.3 6.0 6.0 5.9 5.5 

14 5.5 5.1 6.6 7.0 6.1 6.7 5.9 5.1 5.8 5.2 5.6 5.2 5.6 5.5 5.9 

15 4.4 4.9 5.2 6.4 5.1 5.5 4.7 5.0 5.1 4.7 5.6 4.9 5.3 4.7 4.5 

  

The scoured banana fibres were grafted with the above mentioned 15 experiments containing various 

parameters and the grafted fibres were then hydrolysed with the various parameters mentioned in the 15 

experiments of hydrolysis. The final product i.e. grafted followed by hydrolysed fibres was then tested for 

absorbency. 

 

 

3.1. Effect of independent variables on absorbency   

 
Figure 3.1 : Effect of initiator concentration and monomer concentration on absorbency of grafted 

fibres with constant time of treatment 

 

From Figure 3.1 it can be observed that, when the treatment time is kept constant, as the initiator 

concentration increases the absorbency of the fibres increases which may be due to the higher amount of 

grafting taking place on the fibre due to more availability of active sites because of the increased 

concentration of initiator. Whereas, in the case of monomer concentration, as the monomer concentration 

increases there is an increase in the absorbency up to certain limit after which the absorbency of the fibres 

decreases. This may be due to the increase in the formation of homopolymer at high concentration of 

monomer rather than  grafting on to the fibre.    
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Figure 3.2 : Effect of time and monomer concentration on absorbency of grafted fibre with constant 

initiator concentration 

When the initiator concentration of grafting is kept constant and the time of grafting  increased, there is an 

insignificant increase in the absorbency while as the monomer concentration is increased, the absorbency 

initially increases and then decreases which may be due to either limited availability of initiator to enhance 

the reaction or increase in the amount of homopolymer formation.   

  

 
Figure 3.3 : Effect of time and initiator concentration on absorbency of grafted fibre with constant 

monomer concentration  

 

Figure 3.3 depicts the trend of effect of time of treatment and initiator concentration on absorbency of the 

fibre maintaining the monomer concentration. It can be observed that the absorbency remains almost 

constant with time whilst as the initiator concentration increases, the absorbency of the fibre increases which 

may be due to more grafting taking place on the fibres due to more active sites present.  
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Figure 3.4 : Effect of time and temperature on absorbency of hydrolysed grafted fibre with constant 

alkali concentration  

 

After grafting of banana fibres, to further increase the absorbency, the hydrolysis of the fibres was carried 

out using varying concentrations of sodium hydroxide with varying time and temperature. As the time of 

hydrolysis increases, the absorbency increases which is due to more amount of hydrolysis taking place of the 

grafted fibre but later the absorbency remains almost constant. On the other hand no prominent effect was 

seen with change in temperature from 85
o
C to 95

o
C.  

 

 
Figure 3.5 : Effect of time and alkali concentration on absorbency of hydrolysed grafted fibre with 

constant temperature 

During hydrolysis, as the concentration of alkali is increased, there is an increase in the absorbency observed 

up to about 3% after which it remains almost constant indicating almost complete hydrolysis. As far as 

effect of time is concerned, there is no prominent effect of time of hydrolysis on absorbency of the fibre but 

the absorbency decreased marginally with increase in time.  
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Figure 3.6 : Effect of temperature and alkali concentration on absorbency of hydrolysed grafted fibres 

with constant time of treatment 

 

When the time of treatment is kept constant, as the concentration of alkali i.e. NaOH increases, the 

absorbency of the fibre gradually increases which is due to more and more hydrolysis taking place. As 

observed earlier, there is no significant effect of temperature of hydrolysis on the absorbency of fabric.    

 

Having studied the effect of various independent variables on the response, regression equation was 

developed relating all six independent variables; time of grafting, initiator concentration, monomer 

concentration, alkali concentration, time of hydrolysis and temperature of hydrolysis with the dependent 

performance response i.e. absorbency of the fibre. In the regression equation, the regression coefficient 

value was found to be as 81%. It can be observed that an error of about 5-9% is prevalent in each step of the 

experimentation which can be understood by the variation in results of same experiments when carried out 

multiple times. This can be attributed to the fact that fibre being natural, is known for variation in 

composition leading to this error. Also, since the experiment is in two steps i.e. grafting and hydrolysis, a 

cumulative error of about 10-15% is obvious due to which the regression coefficient is 81%. Here, the 

independent variables are large enough to lead to practical error. The equation depicting the relation of the 

independent and response variables is given below :  

 

Absorbency =    28.46 - 2.08 Tg - 2.64 I + 0.78 M + 0.13 Th  - 1.3 N - 0.29 t + 0.14 Tg * Tg 

                                       - 0.004 I*I - 0.24 M*M -0.19 Th * Th  - 0.026 N*N + 0.00084 t*t  

                          + 0.19 Tg*I + 0.011 Tg*M + 0.029 Tg*Th + 0.013 Tg*N + 0.0006 Tg*t  

                          - 0.078 I*M + 0.0662500 Th*I + 0.0175 I*N + 0.021 I*t + 0.058 Th*M 

                          + 0.015 M*N + 0.0103 M*t + 0.073 Th*N - 0.00033 Th*t + 0.014 N*t 

    

 Where    Tg = Time of grafting in hrs 

           I = Initiator concentration, % on weight of fibre  

      M = Monomer concentration, times of weight of fibre  

                Th = Time of hydrolysis in hrs 

              t = temperature of hydrolysis, 
o
C 

     N = NaOH concentration, % on weight of fibre 

 

Considering the highest value of absorbency, optimised conditions for grafting followed by hydrolysis for 

attaining highest absorbency were obtained. The optimised conditions for grafting are treatment time of 6hrs 
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with 7.5% owf initiator concentration and monomer concentration of 3 times of weight of fibre, while that of 

hydrolysis are 3hr hydrolysis time with 5% owf NaOH concentration at 90
o
C. 

 

Having obtained fitting regression equations, three experiments were randomly planned, in which 

independent variables were selected. Actual experiments were carried out and the responses observed were 

compared with the responses predicted and were found to be in good agreement, indicating that regression 

equations have the precision to give a realistic picture of the response once the specific parameters of 

grafting and hydrolysis are chosen.  

  

While studying the relation of the independent variables with the response, it could be seen that temperature 

did not have a prominent effect on the absorbency value of the fibre. Thus, an attempt was made to form a 

relationship between the other independent variables with the response, not taking into consideration the 

temperature of hydrolysis. A regression equation was formed with regression coefficient 82% which can be 

given as :   

    

Absorbency =    8.46 - 2.02 Tg – 0.74 I + 1.70 M + 0.33 Th  + 0.11 N + 0.13 Tg * Tg 

                                       - 0.006 I*I - 0.25 M*M - 0.25 Th * Th  - 0.044 N*N + 0.20 Tg*I  

                          + 0.011 Tg*M + 0.043 Tg*Th + 0.013 Tg*N - 0.075 I*M + 0.063 Th*I  

                          + 0.0062 I*N + 0.066 Th*M + 0.017 M*N + 0.056 Th*N  

 

It is to be noted that the regression coefficient did not decrease which shows that temperature of hydrolysis 

had an insignificant effect on the output response. Using this relationship too, predicted responses as well as 

observed response showed close agreement.  

 

4. Conclusion 

Relationship between the parameters of grafting such as time of grafting, initiator concentration, monomer 

concentration followed by hydrolysis parameters such as time of treatment, temperature and alkali 

concentration were established with absorbency as output response. The relationship was tested for 

predictability and the observed as well as calculated values showed good agreement. The optimised 

conditions for grafting are treatment time 6hrs with 7.5% owf initiator concentration and monomer 

concentration 3 times of weight of fibre, while that of hydrolysis are 3hr hydrolysis time with 5% owf 

NaOH concentration at 90
o
C. 
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