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Abstract. An innovative approach of modifying the surface of natural, cellulose rich fibers of luffa 
cylindrica(LC) using nitrogen (N2) gas cold plasma is    discussed in this paper.  The cold plasma 
treatment utilizes ionized gas at low pressure to change the chemical structure and surface 
roughness of the fiber  with an objective of increasing the adhesion between matrix and fiber 
during fabrication of composite materials using plasma treated fiber. The LC  fiber  are exposed  
to  N2 cold plasma for  exposure time of  20sec at 1kV and 120 sec at 2kV .Before plasma exposure 
,the LC fibers are modified by Ca salts  so that the fiber can be explored to be used in biomedical 
terrain. The plasma treated fibers are characterized by XRD, FT-IR and TGA. The mechanism of 
molecular interaction between  LC  fiber and cold plasma are discussed in details along with the 
description of the cold plasma treatment experimental setup. The XRD pattern of plasma treated 
LC fiber revealed destruction of the glycosidic linkage present in the cellulose  of the fiber. The 
crystallinity index of the LC fiber increases with increase in exposure time. FTIR study indicates 
presence of amines in the backbone of cellulose chain which is an index of increased reactivity of 
fiber. Hydrophilicity which is a considerable drawback of natural fiber is got rid of as indicated in 
TGA curve thus can enhance the fiber-matrix adhesion. Therefore the findings of XRD, TGA and 
FTIR are encouraging and make the plasma treated LC fiber suitable to be used as reinforcement 
in synthesis of  biodegradable green composites. The plasma treatment on the fiber uses no 
chemicals, free from water and chemical waste, environment friendly, timesaving and cost 
effective. 
Significant statement 
The present study explores the innovative method of giving cold N2 plasma treatment(fast, free 
from chemical hazards, environment friendly) to agricultural cellulosic plant fiber with an 
objective of modifying the fiber surface .The modified fiber can be  utilized as reinforcement fillers 
in fabrication of biodegradable composite materials, green alternatives to synthetic materials.  
Keywords: Treated LC fiber, nitrogen cold plasma, XRD, FTIR, TGA 
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1. Introduction 

There has been growing interest for making sustainable and eco -friendly composite materials 
adopting natural fiber as an interesting option for the reinforcement of polymeric matrices. Natural 
fibers are non-hazardous (low CO2 emission), bio degradable and can be recycled with very low 
production cost.  However the use of natural fiber is limited due to   their poor thermal stability, 
poor bond strength , hydrophilic nature,  high affinity to water leading to poor interfacial bonding 
due to presence of hydroxyl(-OH)group in its back bone. Thus natural fibers are exposed to  several 
treatments like chemical treatment (alkali treatment), physical treatments (plasma treatment, 
electron beam irradiation, photon beam irradiation) and non-ionizing irradiation (visible, 
ultraviolet radiation) for surface modification. Chemical treatment of fiber  require  more amount 
of water along with toxic chemicals, more time consuming and not costeffective  Photon and 
electron beam irradiation requires more energy (>3MeV) for modifying the surface of the fiber , 
results in dissipation of excess heat  due to breakage of C-C, C-H bonds of cellulose, eventually 
destroying the fiber. Similarly non-ionizing radiations like UV radiation  are less energetic  and  
inadequate to  modify surface of fiber by breaking C-C, C-H bonds. Nonetheless plasma treatment 
on natural fiber is a convenient physical method among all the treatments,without use of chemicals 
and water ,requires less energy , reduces the use of hazardous substances and avoid generation of 
waste , low operating cost  and finally time saving [1] . In plasma treatment   gaseous plasma like 
nitrogen, oxygen, helium, methane, ethylene, air ,ammonia etc  are employed. N2 gas plasma is 
preferred for its low ionization level and low penetrating power. During plasma treatment a hard 
layer is deposited on the surface of the fiber  enhancing the surface roughness and hydrophobicity 
leading to enhanced bonding between fiber and matrix[1].Plasma is treated as ionized gas  having  
large concentration of free electrons , positive ions , negative ions and  neutral molecules .N2 
plasma contains the large concentration of active components like  N2, N2

- , N2
+, N3- ,N3

- .When 
these active components are in contact with surface of the natural fiber ,it changes surface 
properties but not bulk properties  as a results free radicals like NH2, NO3,NH2

- ,NH2- is formed on 
the surface of the fiber. Plasma is known as the fourth state of matter,is partially ionized 
quasineutral gaseous system. Plasma system comprises of atoms in excited states, free radicals, 
metastable particles, electrons, gamma rays and +ve  ions. Every component interact with solid  
fiber surfaces both chemically and physically. Nitrogen gas   enclosed inside a vacuum chamber  
when subjected to electric field at radio frequency(RF) , free electrons are generated and  gain 
energy from the imposed RF electric field .The energetic electrons collide with neutral gas 
molecules and by way of  transferring energy, dissociate the neutral molecules to form numerous 
reactive species known as free radicals[1-6]. It is the interaction of these excited  free radicals  with 
fiber  surfaces placed in the plasma that results in the chemical and physical modification of the 
fiber surface . The  presence of these  free radicals boost the reactivity of the treated fiber leading 
to form strong covalent bonds between matrix and fiber. This can be represented as  
                                       e + M → M + 2e                                                            (1) ,  
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  M  is the gas molecules present in plasma and  M   denotes   gas molecules  ionized  by the  
bombardment of energetic electrons. Now when the electrons jumps from higher energy states to 
lower energy states, a photon having energy hf is emitted and is consequently absorbed by the gas 
molecules.The photon absorbtion again ionizes the gas molecules in the following manner 
                               hf + M → M + e                                                                      (2)  
  The   gaseous plasma molecules in metastable states  collide and ionize the neutral molecules. 
The energetic electrons strikes nitrogen gas molecules to form nitrogen free radicals. 
 
                                   e + N → N                                                                                  (3)         

                               e + N → N + N                                                                               (4)                          
However plasma states can be stated as hot plasma and cold plasma(non thermal ). Hot plasma 

is created by heating a gas until electrons have enough energy to break free from atoms.  In thermal 
plasma,   electron temperature is similar to temperature of ions(Te=Tgas) and  electrons and ions 
are in thermal equilibrium with each other. Hot plasma treatment of natural fibers are not preferred 
because it will melt the fibers. Cold plasma on the otherhand   ionizes gas molecules using an 
electric discharge.During cold plasma treatment, temperature of electron is more than ions and 
ions and electrons are not in thermal equilibrium .  Non-thermal plasma has recently become a 
promising technology due to its technical viability in   various applications such as industrial, 
environmental, biomedical, and agricultural terrain. Non-thermal plasma holds numerous 
advantageous over thermal plasma and other conventional technology such as low cost, low 
temperature, low heating losses, high removal efficiency, and smaller volume space[7]. When ions  
and electrons of cold plasma interact with surface of natural fiber its optical and electrical 
properties are changed[8] .However with  increase in higher output power and  treatment time , 
low temperature plasma treatment   can cause damage to the tensile property of natural fiber[9,10]. 
Fig. 1 gives the schematic molecular interaction between plasma and cellulose molecules present 
in natural fiber where the functional groups such as NO3 and NH2 are attached to the surface of 
the fiber. 

 

Figure 1 :   Molecular interaction between plasma and solid fiber 

Different researchers published series of paper on the effect of different cold plasma treatment 
on various natural fibers and their composites. Xuan Liu et al[10] in 2017 investigated  the 
influence of low temperature plasma treatment  on properties of ramie fibers with output power 
viz. 100W(1min), 150W(1.5min), 200W(2 min), 250W(2.5 min) and 300W(3 min)  and compared 
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with untreated fibers. Surface energy  of ramie fibers increased from  117.0% in untreated ramie 
fiber to 122.9% in treated fiber. The coefficient of friction in ramie fiber  is enhanced from  10.7%  
at  300W(3 min) exposure to 13.4% at  100W(1 min exposure).  Altgen et al[11]in 2016 studied 
the effect of air plasma treatment at atmospheric pressure on thermally modified wood surfaces 
and reported   increase in surface energy and thermal stability  due to  plasma treatment on  wood 
fiber.  Barra et al[12] in 2012 studied the effects of methane cold plasma in sisal fiber with 
exposure time 10,20,30 min at gas .flow 5cm3/s  and reported changes in structural and mechanical 
property of  fiber     with 10 min of exposure . 

The current research uses the fruit of LC, which is an agricultural waste, common tropical 
fruit of Odisha,India, but rich in cellulose .The LC fiber is commonly called sponge gourd, bath 
sponge or dish cloth gourd. It is a member of cucurbitaceous family.The fibers are composed of 
60% cellulose, 30% hemicellulose and 10% lignin . However there is lack of scientific resources 
about the N2 plasma irradiated LC fiber and its subsequent effects. The main objective of this 
study is therefore to modify the surface of LC fiber by cold N2 plasma treatment with  variation 
in exposure time and operating voltage. 

2 Experimental 

The LC fiber was collected from local agricultural land. The oven dried LC fiber was immersed 
in CaCl2 solution (3 moles/litre, pH = 9), for 12 h at room temperature of 30˚C to deposit Ca on 
its surface. The LC fiber modified with CaCl2, were re-immersed in Na2HPO4  solution (2 moles/ 
litre, pH = 10) for 12 h at 280C to deposit compounds of calcium phosphate over it.  LC fiber was 
exposed to N2 cold gas plasma vacuum reactor installed at  Institute of Physics,Bhubaneswar, 
Odisha, India. Two different samples B1 and B2 are prepared for characterization. In sample B1 , 
the LC fiber is irradiated with nitrogen cold plasma for 20 sec at 1kV and in sample B2 , the LC 
fiber is irradiated with cold plasma  for 120 sec at 2kV. The LC fibers are hydrophilic in nature.The 
fibers were dried in oven maintained at pressure 0.04atp and temperature 600C for 2h.It was then 
soaked in liquid nitrogen for 30 minutes followed by grinding in mortar –pestle to get powdered 
sample for study of XRD. The X-ray diffraction pattern of the  unirradiated and irradiated fibers  
were obtained from WXRD/SHIMADZU/JAPAN at a scanning speed of 5˚/minute. To prevail the 
presence of free radicals and functional group FTIR spectra (FTIR Nicolet 6700/Thermofisher 
Scientific  ) of  unirradiated and irradiated fiber  were recorded in the region 450 cm-1 – 4000 cm-

1.The thermal decomposition of irradiated LC fiber was examined using thermo-gravimetric 
analysis (TGA; Q50, TA instrument, USA) from 270C to 5000C at a rate of 100C/min under 
nitrogen atmosphere. 

The experimental set up for production of N2   cold plasma was developed at Institute of 
Physics(IOP) , Bhubaneswar, Odisha , India as shown in Fig.2. Pure  N2  gas was kept in a 
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container which is  attached with a control valve.The control valve regulates the inflow of gas. 

The gas flow rate was measured using a flowmeter and observed to be  3200
min

ml

ute
. 

A vacuum valve  is attached between plasma chamber and control valve   to isolate the  plasma  
chamber or allow the direct flow of gas in to the chamber. Gas pressure is monitored by   vacuum 
gauges.  The plasma chamber also known as vacuum chamber  is made of stainless steel with 100 
cm outer diameter. Power supply was given to rotary pump and turbo pump, both  acting as vacuum 
pump and responsible for maintaining   high vacuum inside the  plasma chamber . Gate valve is 
used for opening or closing for the particles to come out of the plasma chamber during the 
vacuuming .After maintaining the vacuum inside plasma chamber,  N2  gas  is allowed to flow 
inside the plasma chamber and get ionized because of high potential difference created between 
two electrodes by high voltage supply. Current Integrator measures total amount of electric charge   
produced during the ionization.  As the experimental setup is maintained at low pressure and 
ambient  temperature,   thermal degradation of the fiber is avoided. When the LC fiber is irradiated 
with nitrogen cold plasma for 20 sec at1kV ,the chamber pressure was maintained at 

8.5 × 10 mbar . The rate of flow of charge was 0.001
C

count


  with total count of 326.4.  When 

the LC fiber is irradiated with nitrogen cold plasma for 120 sec at2kV , the chamber pressure was 

maintained at 4.8 × 10 mbar.. The rate of flow of charge was 0.001
C

count


  with total count of 

574.2 counts . The plasma frequency is the fundamental characteristic frequency of the plasma and 
indicates  the frequency at which the electron cloud oscillates with respect to the ion cloud. As 
mobility of the electron is always higher than that of ion, electron cloud always  oscillate around 
ion cloud due to electrostatics force of attraction.  
 
 
The plasma frequency is given by 
 

f =
1

2π

n e

ϵ m
   

  If the electron density  increases by  increasing  the pressure or by increasing the  applied voltage 
, the oscillating frequency  also increases.electron density is  increased by increasing the applied   

voltage. The electron density increases from 12.90 × 10   to  22.69 × 10  when the 

applied voltage increases from 1kV to 2kV.At 1kV the plasma frequency is 22.3MHz and at 2KV 
the plasma frequency is 29.5MHz.  
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Figure2:Experimental setup for coldplasma irradiation 

In the present indigenously developed cold plasma system, there is no optical emission 
spectroscopy set up for N2  cold plasma analysis. However viewing via-viewport in the naked  eye  
, visualization of sky blue colour emission of light confirms the production of N2 cold plasma 
inside the plasma chamber.   
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3.Results and discussion 

 

Figure3: XRD pattern of  unirradiated   LC fiber 

 

The Fig.3  depicts the XRD patterns of chemically treated or unirradiated LC fiber. It shows 
two intense peaks at 15.87o and 22.86o corresponding to amorphous cellulose or cellulose II of 
[101] crystallographic plane and crystalline cellulose [cellulose I] of [002] crystallographic plane 
respectively[13,14].The presence of these peaks  indicate that the chemically modified LC fibers 
are partly crystalline and partly amorphous in nature. Cellulose is a long chain polymer with  large 
number of identical monomers known as glucopyranose units. The amount of crystalline cellulose 
or cellulose I in the total cellulose  is  expressed by X-ray crystallinity index as defined by equation  

100
I

II
(%)I am

C 


  . I and Iam denote the integrated intensity count of 002 crystalline   plane   

and intensity of the  101 amorphous phase respectively. The crystallinity index was found to be 
60.3%.  

However XRD patterns of plasma irradiated sample B1 (20 sec, 1kV) and B2 (120 sec, 2kV) 
are given in Fig.4. The crystalline peak at 22.460 for sample B2 (120 sec, 2kV) is obtained sharp 
compared to broad peak of sample B1 (20 sec, 1kV) at 280.  This indicates that LC fiber exposed 
for 120 sec at 2kV is more crystalline .Again it is observed from figure 2 that crystalline peak 
intensity count  increases from 32 in sample B1 (20 sec, 1kV) to 104 in sample B2 (120 sec, 
2kV).Similarly the amorphous peak intensity `count   increases from 20 in sample B1 to 35 in 
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sample B2. The peak amplitude of both crystalline and amorphous phase increases with increase 
in exposure time and voltage but increase in crystalline peak amplitude is more prominent 
compared to amorphous peak amplitude.  Crystallinity index CI (%)  of sample B1 (20 sec, 1kV) is 

obtained as 37.5% and while  for sample B2(120sec, 2kV),it is 66.35% .With increase in exposure 
time and operating voltage, the fiber became more crystalline. The sample B2(120sec, 2kV) 
happens to be more crystalline with crystallinity index 66.35% compared to crystallinity of 
unirradiated fiber sample with crystallinity index 60.3% .The change in crystallinity of the 
irradiated LC fiber indicates molecular interaction between LC fiber and coldplasma. 

 

 

Figure  4.:XRD pattern of sample B1 and B2. 

Fig. 5 gives FT-IR spectra of   plasma irradiated fiber sample B1 (20 sec, 1kV) and B2 (120 
sec, 2kV). The transmission band around 3291.6cm-1 and 2186 cm -1in both samplesB1 and B2 
indicates the presence of amine group (_NH2) and nitrile group(C-N) introduced due to N2 cold 
plasma irradiation on the LC fiber.The presence of these functional groups again indicates the 
molecular interaction between LC fiber and cold plasma. A strong covalent bond is expected 
between LC fiber and matrix due to presence of this amine group. The OH intra H-bonds in 
amorphous cellulose is characterized by bands around 3646.2 cm-1 in sample B1(20 sec, 1kV). But 
the absence of this peak in sample B2 (120sec, 2kV) suggests that amorphous cellulose is largely 
destroyed by N2 cold plasma irradiation in sample B2 (120sec, 2kV). It corroborates the high 
crystalline index of sample B2 as obtained from XRD analysis. 
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Figure 5.:FTIR spectra for both B1 and B2 samples. 

The variation in weight of the plasma irradiated fiber  samples with temperature   is given in Fig. 
6. When the LC fiber is heated up to 1000C, weight loss of 3.79% for sample B1 (20 sec, 1kV) and 
5.08% for sample B2 (120 sec, 2kV) is reported. Loss of very minimal   weight of plasma irradiated 
LC  fiber   ( sample B1 and B2 )in the temperature range between 00C to 2000C is an important 
result . Weight loss in the temperature range 00C to 2000C  is due to presence of moisture and 
hydrophilic nature of the LC fiber. The reduced mass loss in this temperature range   substantiates 
the fact that    hydrophilicity is decreased due to cold plasma treatment. The region around 00C-
2000C  in the TGA curve  indicates enhanced thermal stability  and  no degradation  .Within this 
temperature range , the fiber can be processed during fabrication of composite materials.The loss 
of weight in the temperature range   2000C-3000C is due to degradation of hemicelluloses in the  
LC fiber. Major loss of weight of LC fiber is reported between 3000C-4000C which is attributed 
to degradation of cellulose present in the fiber.  Weight loss in the range 4000C-5000C is due to 
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degradation of lignin present in LC fiber. The mass loss in sample B1(20 sec,1kV)  in the 
temperature range from  260C-5000C   is reported to be 81.91 % where as  in sample B2(120 
sec,2kV) , the mass loss is reported to be  85.25% in the same range of temperature. That indicates 
LC fiber sample B1 (20 sec 1kV)     is thermally  more stable compared to the LC fiber  sample B2 
(120 sec ,2kV) . 

 

Figure 6. TGA curve for sample B1 and B2. 

4.Conclusion 

The degree of crystallinity of cellulose for sample B1 (20sec, 1kV) and B2 (120sec, 2kV)are  found 
to be 37.5% and 66.35% respectively. Crystallinity index increases with exposure time and 
operating voltage and  this is considered as an important finding of this study. This high % of 
crystallinity of cellulose   can be explored while fabricating composite materials using   plasma 
treated LC fibers.The change in crystallinity index of cellulose in plasma irradiated LC fiber as 
compared to that in unirradiated LC fiber indicates molecular interaction between plasma and solid 
fiber. The molecular interaction between LC fiber and plasma is also observed from the FT-IR 
spectra of both plasma irradiated LC fiber samples, that  show attachment of nitrogen functional 
groups  resulting  in increased reactivity of the plasma treated fibers.Nitrogen(N2) cold plasma 
treated LC fiber shows 3.79% mass loss   in sample B1(20 sec) and 5.08% mass loss in sample 
B2(120 sec) in  temperature range 00C-2000C   indicating   enhanced thermal stability and 
decreased hydrophilicity of LC fiber   due to N2 cold plasma treatment. The presence of –OH 
groups in LC fiber makes the fiber hydrophilic. When composite materials are fabricated using 
these fibers as reinforcement, these –OH groups  have a tendency to form  bond with moisture 
present in the surrounding rather than with the polymer matrix. Thus, the  increase in hydrophobic 
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nature of LC fiber due to plasma treatment was confirmed from TGA analysis and this will lead 
to better fiber matrix adhesion.[15] 
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