
 

 
 
 

  

Seventh Framework 
Programme 
Capacities Programme 
Proposal no: FP7 – 243456 

Atmospheric PLASMA  
– Interim report on natural fibre treatment 

This report has been 
prepared by Martien van 
den Oever, Gülden Yilmaz, 
Jérôme Dutroncy, Arunee 
Venables and Martin Snijder 
for the UltraFibre project 
(01/2010 – 12/2012). 



 

Plasma - Interim report on natural 

fibre treatment  

  

  

  

 

 

Page 2 of 38 
  

Contents 

1	   Introduction 4	  

2	   Overview of activities, accomplishments and status 5	  

3	   Initial Conclusions 6	  

4	   Appendix A - Fibre modification survey – Scientific and patent literature 7	  
A.1	   Introduction 7	  
A.2	    Fibre-matrix coupling of composite systems exhibiting fibre refining during 

processing 7	  
A.2.1	    Introduction 7	  
A.2.2	  Extrusion compounds based on polypropylene (PP) 8	  
A.2.3	  Extrusion compounds based on poly lactic acid (PLA) 9	  
A.3	    Fibre-matrix coupling of composite systems retaining their fibre structure during 

processing 11	  
A.3.1	    Introduction 11	  
A.3.2	  Composites based on unsaturated polyester 11	  
A.3.3	  Composites based on biobased furan resin 14	  
A.3.4	  Composites based on natural fibres that retain their structure in PP composite 

processing 15	  
A.3.5	  Composites based on natural fibres that retain their structure in PLA composite 

processing 17	  
A.3.6	  Composites based on natural fibres that retain their structure in PHA composite 

processing 19	  
A.4	    Patents on plasma treatment of natural fibres 21	  
A.4.1	    Patents on plasma treatment of natural fibres for use in composites 21	  
A.4.2	  Patents on plasma treatment of natural fibres, NOT for use in composites 21	  
A.4.3	  Conclusions from patents found 22	  
A.5	    Overall conclusions literature survey 24	  
A.6	    References 25	  

5	   Appendix B Candidate strategies for natural fibre-polymer matrix coupling 28	  
B.1	   Introduction 28	  
B.2	   Aim and approach of UltraFibre project 28	  
B.3	   Candidate strategies for plasma treatment 28	  
B.4	   Further considerations 29	  

B.4.1	   PP 30	  
B.4.2	   PLA 31	  
B.4.3	   UP 31	  

B.5	   Overall conclusions strategy for using plasma 33	  

6	   Appendix C Plasma unit design 35	  
C.1	   Introduction 35	  



 

Plasma - Interim report on natural 

fibre treatment  

  

  

  

 

 

Page 3 of 38 
  

C.2	   Fibre specifications for use in selected applications (Input from WP1) 35	  
C.3	   Plasma processing technologies 36	  
C.4	   Plasma unit design 37	  

 
 



 

Plasma - Interim report on natural 

fibre treatment  

  

  

  

 

 

Page 4 of 38 
  

1 Introduction 
 
Fibre reinforced polymers find wide commercial application in the aerospace, leisure, 
automotive, construction and sporting industries. In recent years there has been much 
interest in developing natural fibre reinforced polymers for sustainable substitution of 
synthetic materials. However, natural fibres do not typically have good interaction with 
polymers, which is required for optimal material performance. The UltraFibre project aims 
to apply atmospheric plasma treatment processing for surface modification of natural fibres 
in order to obtain improved compatibility and adhesion to polymer matrices conferring a 
25% increase in mechanical properties compared with the untreated fibre. 
 
This document is an interim report on plasma treatment of natural fibres for use in a range 
of targeted polymers. 
 
In section 2, an overview of activities, accomplishments and current status is presented. In 
section 3 initial conclusions are given. 
 
An update to the available scientific and patent literature of techniques for natural fibre 
coupling has been carried out. The results have been described in Appendix A. Candidate 
strategies for coupling have been developed and are described in Appendix B. The plasma 
unit design is described in Appendix C. 
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2 Overview of activities, accomplishments and status 
Surface treatment development activities include: 

• Survey of literature on natural fibre surface modification for improved adhesion to 
polymers  

• Development of a plasma treatment unit  
• Surface treatment of natural fibres  

 
Available scientific and patent literature on techniques for natural fibre coupling has been 
reviewed and extensively described in Appendix A. Particular attention has been paid to the 
bonding between natural fibres and the 5 polymers selected for the project: polypropylene 
(PP), poly(lactic acid (PLA), unsaturated polyester (UP), furan resin and 
polyhydroxyalkanoate (PHA). Conclusions include the following: 
• Survey of scientific literature on natural fibre-polymer matrix adhesion shows that 

plasma treatment may result in improved fibre-matrix adhesion. All literature on plasma 
found was based on so called low pressure plasma, whereas in this project atmospheric 
pressure plasma will be addressed. 

• The review of patent literature (and scientific literature) suggests that atmospheric 
plasma technology for treatment of natural fibres for improved adhesion to polymer 
matrix systems may be patentable. 

• The literature review also delivered an overview of benchmark performance values for 
natural fibre-polymer matrix composites with improved fibre-matrix adhesion as a 
result of chemical modification. 

 
Candidate strategies for coupling have been developed and are described in Appendix B. 
Two routes for using plasma technology have been proposed. Based on literature, also 
several considerations for experimental trials have been addressed. 
 
After extensive discussions between project partners a design for a plasma treatment unit 
was developed. See Appendix C for technical details. As the UltraFibre project focuses on a 
range of applications (composite processing techniques), the design was chosen to allow a 
range of fibre forms to be treated, whereas normally plasma treatment units are designed 
for the processing of one form of material. The following fibre forms can be treated using 
the designed plasma unit: 

• short fibres, for extrusion and injection moulding purposes 
• sliver of long fibres for sheet moulding compound (SMC) applications 
• fibre non-wovens for vacuum formed polyester products 
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3 Initial Conclusions 
Atmospheric plasma units are typically designed for treatment of one form of material. 
The UltraFibre project focuses on 3 different fibre forms: short fibres, fibre roving and 
non-wovens. A design for a plasma treatment unit has been made which can handle 
each of these 3 fibre forms. 
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4 Appendix A - Fibre modification survey – Scientific and patent literature 
 

A.1 Introduct ion 
The UltraFibre project aims to develop a soft plasma process for treating natural fibre 
surface in order to achieve improved adhesion to polymer matrices. Good fibre-matrix 
adhesion is important in order to obtain good composite mechanical strength. The 
adhesion between natural fibres and many polymers/resins is poor, and insufficient to 
obtain good composite strength. A way to improve fibre-matrix adhesion is to modify the 
polymer matrix, for instance the grafting of maleic anhydride on polypropylene molecular 
chain (MAPP). To avoid repetition of previously carried out experimental studies, the 
available literature has been reviewed for methods and techniques reported for natural fibre 
coupling. ‘Coupling’ is considered throughout this report as either chemical bonding or 
physical interaction. Although the UltraFibre project focuses on the plasma treatment 
process to improve fibre-matrix coupling, other literature on chemical and physical 
coupling agents will be reviewed. Also the effect of the methods on the performance of the 
natural fibre composites will be summarized, especially data reported for flax and hemp 
composites. However, because only a limited number of publications on flax and hemp 
reinforced unsaturated polyester (UP), poly lactic acid (PLA), and biobased thermosetting 
furan resin (Biorez) were found, also compounds based on other natural fibres will be 
reviewed.  
 
The discussion of coupling methods and data from literature will be divided into 2 parts, 
one for processing methods during which fibres are refined to fibres with smaller diameter, 
in particular extrusion compounding (section A.2), and one for processing methods during 
which the fibres retain their initial structure (section A.3). Within each group, composite 
performance data will be discussed per type of matrix. These data will serve as benchmarks 
for the SoftPlasma process to be developed in this project. 
Further, a patent literature on plasma treatment of natural fibres will be reviewed (section 
A.4) in order to obtain an indication of the patentability of plasma treatment development 
in this project. 
 

A.2  Fibre-matr ix coupl ing o f  composi te  sys tems exhibi t ing f ibre re f ining during 
process ing 

A.2.1  Introduct ion 
During extrusion compounding of natural fibres in thermoplastics, the fibres may be 
refined to fibres with smaller diameter than the fibres entering the process [Bos, 2006]. 
This means that during extrusion compounding fresh fibre surface is created. Also during 
injection moulding, fibres may be refined further. This is certainly the case for bast fibres 
like flax and hemp in the form in which they are commercially available these days. If such 
fibre surface is modified prior to extrusion compounding, the freshly created fibre surface 
during compounding will be an unmodified surface. As a consequence, the fresh fibre 
surface will not exhibit improved adhesion. Considering that, for instance, flax fibres with a 
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modified surface and having an average diameter of 80 µm are refined during extrusion 
compounding to fibres with a diameter of 20 µm, then the initial fibre surface is increased 
by a factor of 4, meaning that only 25 % of the fibre surface after extrusion compounding 
is modified. Surface modification of such bast fibres for extrusion compounding 
applications will be inefficient.1  
 
Therefore, coupling of natural fibres, like flax and hemp with thermoplastic matrices that 
are processed by extrusion compounding needs to be achieved during the compounding 
process itself. Batch kneading processes may be considered to have a similar effect on fibre 
refining as extrusion compounding. The thermoplastics which will be evaluated in this 
project include PP and PLA. Available literature data of flax-PP and natural fibre-PLA 
compounds studying the effect of coupling agents are presented. 
 
Literature on the coupling of natural fibre to polymer matrices which do not exhibit fibre 
refining during processing will be addressed in section A.3. Composite mechanical 
performance will be taken into account when discussing the effect of plasma treatment of 
natural fibres. 
 
If ultrasonic extraction as described under WP2 in this project will deliver flax, hemp or 
kenaf fibres in their elementary plant cell form, then it may be worthwhile to evaluate 
surface treatment of such fibres prior to compounding into a thermoplastic as probably no 
fresh fibre surface will be formed during composite processing. 
 

A.2.2 Extrusion compounds based on polypropylene (PP) 
To date, commercially available maleic acid anhydride grafted PP (MAPP) coupling agents 
are used to improve the adhesion between natural (bast) fibres and PP in composites. 
MAPP is available as granules and can be compounded into the PP matrix together with 
the natural fibres in one processing run. Different grades exhibit different levels of strength 
improvement [Snijder, 2000]. Typically 1 – 5 wt.% of MAPP is added to natural fibre-PP 
compounds. Generally speaking, MAPP may be considered as an efficient coupling agent 
for natural fibres and PP. An overview of  performance data is presented  in Table 1 & 
Table 2. Impact strength also increases when using MAPP as a coupling agent in short fibre 
reinforced extrusion compounds [Snijder, 2000; Bos, 2006]. 
 
Also, the positive effect of MAPP on adhesion can be derived from SEM analysis of a 
fractured composite, where it has been shown that the polymer matrix adheres to the fibres 
if  MAPP is used  as a coupling agent, whereas the fibres are completely free of polymer if 
no MAPP is used [Snijder, 2000; Bos, 2006].  

                                                
1  It is not known to the authors whether natural fibres show refining during production of BMC. Depending on the 

level of refining, natural fibre based BMC can be positioned in Chapter 2 or 3. 
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Table 1 Effect of MAPP coupling agent on flexural properties of natural fibre-PP composites. 
Fibre, content Reference modulus (GPa) strength (MPa) 
  PP PP/MAPP PP PP/MAPP 
Flax, 30% Snijder, 2000   48 54-75 
Flax, 30% Keener, 2004   49 53-81 
Flax, 30% Bos, 2006 2.8-4.0 3.0-3.6 50 80 
Flax, 50%   4.5-5.5 50 100 
 
Table 2 Effect of MAPP coupling agent on tensile properties of natural fibre-PP composites. 
Fibre, content Reference E-modulus (GPa) strength (MPa) 
  PP PP/MAPP PP PP/MAPP 
Flax, 30% Keener, 2004   33 36-53 
Flax, 30% Bos, 2006 4.5 3.8-5.5 33 45-55 
Flax, 50%   5.8-6.0  50-65 
Hemp, 40% Beckermann, 2007 4.8 4.3 31 38 
 
Conclusions PP 
MAPP can increase flexural strength of natural fibre-PP extrusion compounds up to 100% 
and tensile strength up to 60%. Herewith, MAPP is the best commercial solution to 
improve natural fibre-PP adhesion to date. Further, (E-)modulus of extrusion compounds 
hardly increases with the use of MAPP. 
 

A.2.3 Extrusion compounds based on poly lac t i c  ac id (PLA) 
A few candidate coupling agents in natural fibre-PLA extrusion compounds have been 
found in literature. The reported coupling agents are supposed to work in an extrusion 
compounding process for any natural fibre composite, although the fibres used are 
probably not refining during extrusion compounding: bamboo, sugar beet pulp and wood 
fibres. L-Lysine-diisocyanate (LDI) increased the strength of batch kneaded bamboo-PLA 
composite, however, the strength level was still below that of the pure PLA, being 50 MPa 
[Lee, 2006]. The use of polymeric diphenylmethane diisocyanate (pMDI) improved the 
fibre-matrix adhesion in extrusion compounded sugar beet pulp (SBP)-PLA composites 
[Chen, 2008]. The strength level of 30 wt.% SBP-PLA composites could be increased to 
the level of pure PLA, whereas the composite without coupling agent showed only half the 
strength (Table 3). Petinakis et al [2009] have shown that methylenediphenyl-diisocyanate 
(MDI) slightly increases the performance of wood-PLA extrusion compounds to a level 
slightly above that of pure PLA. This performance is poor compared to increase of tensile 
strength found for flax, ramie and cotton fibre reinforced PLA composites [Wageningen 
UR – FBR, 2006]. Poly(ethylene-acrylic acid) copolymer (PEAA) however caused a huge 
decrease in composite strength (Table 3). 
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Table 3 Effect of fibre treatments on tensile properties of natural fibre-PLA composites 2. 
Fibre, content Pre-

treatment 
Reference Modulus (GPa) Strength (MPa) 

   Untreated Treated Untreated Treated 
Bamboo, 30% LDI Lee, 2006 2.6 ‡ 2.9 ‡ 30 ‡ 45 ‡ 
SBP, 30% pMDI Chen, 2008 4.8 5.0 37 61 
Wood, 40% MDI Petinakis, 

2009 
7.4 8.9 60 66 

 PEAA   8.0  39 
Flax, 50% - Wageningen 

UR, 2006 
  89-104  

 
 
Conclusions PLA 
A few attempts have been made to improve natural fibre-PLA adhesion in extrusion 
compounds. Non renewable MDI exhibits the best results, an increase of E-modulus by 
20% and tensile strength by 10%. The strength increase however is small compared to the 
strength of pure PLA. 
 

                                                
2  Data indicated with ‡ represent flexural data. 
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A.3  Fibre-matr ix coupl ing o f  composi te  sys tems re taining the ir  f ibre s tructure 
during process ing 

 

A.3.1  Introduct ion 
If natural fibres retain their structure during composite production and processing, fibre-
matrix adhesion may be enhanced by fibre surface modification prior to application in 
composites. Natural fibres retain their structure in thermoset polymers and in fibre mat 
reinforced thermoplastics. The composite systems relevant in this project include those 
based on unsaturated polyester (UP) and biobased thermosetting furan resin (Biorez), to be 
processed by SMC technology and VA-RTM technology. In addition,  
polyhydroxyalkanoates (PHA) based composites would be included in this survey. 
 
This chapter presents a summary of literature on the effect of different coupling systems 
on the mechanical performance of natural fibre reinforced matrices which do not exhibit 
fibre refining during processing. The literature will be discussed per matrix system selected 
in this project in the following sections, including available data on plasma treatment. 
 

A.3.2 Composi tes  based on unsaturated polyes ter  
Approaches to improve the interaction and thereby the stress transfer between 
lignocellulosics and unsaturated polyester resin include the use of chemical, physical and 
plasma modifications on the fibre surface. Several researchers have found improvement of 
mechanical performance due to surface modification using: silane [Pothan, 1997]; 
methacrylic anhydride [Sèbe, 2000]; formic acid and sodium hydroxide+acetic acid [Baley, 
2006], epoxypropyl methacrylate and hydroxyethyl methacrylate [Aziz, 2005] (Table 4 & 
Table 5). It may be noted that the flexural properties of UD composites are a good 
indicator for fibre-matrix adhesion, however not for the strength and stiffness of a fibre 
non-woven type of composite. On the other hand, others have observed a decrease in 
performance: methacrylic anhydride and propionic anhydride [Hughes, 2007]; sodium 
hydroxide [Baley, 2006]. It may be noted that the strength of the untreated banana-UP 
composite [Pothan, 1997] was low compared to the strength of the pure UP resin, being 44 
MPa. 
Green hemp has shown lower reinforcing potential than retted hemp [Burgueño, 2004]. 
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Table 4 Effect of fibre treatments on tensile properties of natural fibre-UP composites 3. 
Fibre, content Pre-

treatment 
Reference E-modulus (GPa) Tensile strength 

(MPa) 
   Untreated Treated Untreated Treated 
Hemp mat, 
30% 

Methacrylic 
anhydride 

Sèbe, 2000 5.3 ‡ 6.4 ‡ 80 ‡ 80 ‡ 

Hemp mat, 
20% 

Not retted Burgueño, 
2004 

6.2 4.7 19.5 15.6 

UD Flax, 
55% 

Methacrylic 
anhydride 

Hughes, 
2007 

30 28 304 165 

UD Flax, 
55% 

Propionic 
anhydride 

Hughes, 
2007 

30 28 304 234 

Banana, 
20% 

Silane Pothan, 
1997 

0.7 0.5-0.8 32 35-41 

UD Kenaf, 
56% 

NaOH + 
‘more polar’ 
resin 

Aziz, 2005 18 ‡ 36 ‡ 155 ‡ 390 ‡ 

UD Kenaf, 
±60% 

NaOH + 
2,3-
epoxypropyl 
methacrylate 

Aziz, 2005 18 ‡ 25 ‡ 155 ‡ 260 ‡ 

UD Kenaf, 
±60% 

NaOH + 2-
hydroxyethyl 
methacrylate 

Aziz, 2005 18 ‡ 30 ‡ 155 ‡ 290 ‡ 

 
Table 5 Effect of fibre treatments on interfacial shear strength of single natural fibre-UP composites. 
Fibre Pre-treatment Test 

method 
Reference IFSS (MPa) 

    Untreated Treated 
Flax NaOH Droplet pull 

out 
Baley, 
2006 

14.2 6.2 
 NaOH+acetic anhydride  16.1 
 Formic acid  16.4 
 
Gamma-glycidoxypropyltrimethoxy-silane treatment of jute reduces the specific damping 
capacity of jute woven-UP composites, which means that the silane treatment has increased 
the fibre-matrix adhesion [Gassan, 2002]. 
Bessadok et al. [2009] show that strength and stiffness of alfa fibres increase with styrene 
treatment. However, the mechanical properties of UP composite decrease. They suggest 
that the lateral cohesion between fibrils is reduced due to polyester resin penetrating in the 
heart of the fibre bundle. 
 
                                                
3  Data indicated with ‡ represent flexural data. 
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Modification of UP resin 
Haq et al [2008] have used epoxidized methyl soyate (EMS) and modified nanoclay in 
standard UP resin to improve hemp composite properties. The use of EMS exhibited a 
decrease of tensile modulus and strength and an increase of impact strength. Tensile 
modulus increased as a result of nanoclay addition, tensile strength and impact strength 
decreased. 
Aziz et al [2005] show that for UD kenaf fibre composites, UP polymer with a ‘more’ polar 
nature exhibited nearly 100% higher flexural modulus and over 100% flexural strength than 
a standard UP resin designed for glass fibre reinforced composites (Table 4). The ‘more’ 
polar nature of the UP resin has not been disclosed. The kenaf fibres were alkali pre-
treated. Addition of 2,3-epoxypropyl methacrylate to a standard UP resin did not improve 
the mechanical properties of kenaf composites, addition of 2-hydroxyethyl methacrylate 
showed about 60-70% improvement of flexural modulus and strength. It may be noted that 
the flexural properties of UD composites are a good indicator for fibre-matrix adhesion, 
however not for the strength and stiffness of a fibre non-woven type of composite. 
De Albuquerque et al [2000] have evaluated a wetting agent in UP resin, which significantly 
increased E-modulus of jute-UP composites, but not tensile strength. 
 
Plasma treatment 
Marais et al [2005] have evaluated the adhesion of flax non-woven-UP composites 
produced by compression moulding. The flax non woven was plasma treated in helium at 
50 W for 5 min at reduced pressure. They find an improvement of composite modulus and 
a reduction of composite strength (Table 6). 
Research on plasma treatment of jute fibres has shown that it is difficult to correlate 
contact angle measurements and composite mechanical properties [Sinha, 2009]. Whereas 
contact angles show rather a linear correlation with 5 – 15 min treatment time at 20 W in 
argon at 0.1 mbar pressure, it also shows that composite mechanical properties have an 
optimum at 10 minutes treatment time (Table 6). 
 
Table 6 Effect of plasma treatment on tensile properties of non-woven natural fibre-UP composites 4. 
  E-modulus (GPa) Tensile strength (MPa) 
  Untreated Treated Untreated Treated 
Flax, 50 wt.% Marais, 2005 11.5 13.4 115 102 
Jute, 15 wt.% Sinha, 2009   158 ‡ 143-181 ‡ 
 
It may be noted that plasma treatment can cause weakening of natural fibres, which may be 
responsible for some poor strength performance data in literature [Gassan, 2000; Yuan, 
2002]. 
 
Conclusions UP 
The largest improvement in natural fibre-UP adhesion has been achieved with a UP 
polymer with a ‘more’ polar nature, flexural strength and stiffness of UD kenaf composites 

                                                
4  Data indicated with ‡ represent flexural data. 
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increased by 100%. Also 2-hydroxyethyl methacrylate improved mechanical properties of 
UD kenaf-UP composites by 60-70 %. 
Papers on (low pressure) plasma treatment indicate that an improved adhesion of natural 
fibres with UP is possible, improvement levels are lower than reported for modified UP 
resin compositions, however. 
 

A.3.3 Composi tes  based on biobased furan res in  
Although furan based resins are known and applied since the 1950s, scientific publications 
are scarce. Thygesen et al [2007] have evaluated UD hemp-furan composites. Stiffness was 
12-20 GPa for 15-35 vol.% fibre composites, corresponding to an effective fibre modulus 
of 62 GPa. SEM revealed that fibre-matrix adhesion was fairly good in the sense that 
hardly any gaps between fibre and matrix were observed. For reference reasons, the 
mechanical performance of uncoupled composites is presented in Table 7. 
 
Table 7 Tensile properties of natural fibre-furan resin composites 5. 
  E-

modulus 
(GPa) 

Tensile 
strength (MPa) 

+/- 90 wt.% Wood fibre, mat, 1.1 g/cm3 Wageningen UR 
- FBR, 2008 

5 ‡ 80 ‡ 

15–35 vol.% Hemp, UD Thygesen, 2007 12-20 30-50 
80 wt.% hydrolyzed lignocellulosic fibre, 
mat 

Spence, 1952  81 ‡ 

97 wt.% Wood chips Johns, 1983 1.2 5.5 ‡ 
 
A number of patents have been published which disclose natural fibre-furan compositions 
for applications similar to those of fibre reinforced composites, none of these mentioning 
coupling between fibre and furan. An overview of these patents is presented in Table 8, 
mechanical performance, as far as provided in the patents, is presented in Table 7. 
 
Table 8 Patents on furan resin bonded natural fibre board panels. 
Inventor/Assignee Patent number Fibre grade(s) Application 
Spence, 1952 US 2,612,445 Hydrolyzed 

lignocellulosic fibre 
Hardboard 

Johns, 1983 US 4,376,745 Wood chip particles Particle board 
Van Raemdonck, 2008 US2008/0206537 Flax, several forms Construction 

material 
 
 
 

                                                
5  Data indicated with ‡ represent flexural data. 
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Conclusions Furan resin 
Only a limited number of publications on natural fibre-furan resin composites have been 
found. Furan resins seem to exhibit fairly good bonding to natural fibres. All reference data 
found are presented in this report. 
 

A.3.4 Composi tes  based on natural  f ibres  that re tain the ir  s tructure in PP 
composi te  process ing 

Although silanes are commercially applied on glass fibres, they have not found commercial 
application for natural fibres composites. This is due to MAPP being a more effective 
coupling agent, while at the same time having a wider application range, including extrusion 
compounds.  Mieck and co-workers have performed a first standard piece of research on 
silanization of flax fibres for improved adhesion with PP [1995]. The use of 
vinyltrimethoxysilane, (3-methacryloyloxypropyl)-trimethoxysylane and vinyltris(2-
methoxy-ethoxy) silane result in about 20% higher tensile strength for 30 wt.% UD flax-PP 
composites. 
 
Plasma treatment 
Research by Yuan et al [2002] shows that argon plasma treatment conditions may have a 
huge negative effect on sisal fibre tensile strength. 
 
Yuan et al have evaluated the adhesion in wood fibre-PP and sisal-PP composites produced 
by compression moulding of a mixture of wood and PP fibres [Yuan, 2004 & 2004a]. 
Fibres were plasma at conditions indicated in Table 9. They find an improvement of 
composite modulus and strength (Table 10). 
Ragoubi et al [2010] show that Corona treatment of hemp fibres causes an etching effect, 
which results in a significant improvement of composite performance (Table 10). Fibres 
were treated at conditions indicated in Table 9. It must be mentioned that the strength of 
the 30 wt.% treated hemp-PP composite is lower than of the 20 wt.% fibre composite, 
whereas composite strength is expected to increase with fibre content at least up to 50 
wt.% fibres. The authors do not refer to refining of the fibres. 
Belgacem et al [1994] have evaluated the adhesion in wood-PP composites produced by the 
Brabender mixing technique, after Corona (= plasma using air as feed gas) treatment. Both 
fibres and polymer were Corona treated in a 5 ml (!) cell at conditions as indicated in Table 
9. Treated polymer was in powder form. They find an improvement of composite modulus 
and a slight improvement of composite strength (Table 10). 
Martin et al. [2003] studied the effect of plasma treatment of sisal fibres and PE powder in 
the presence of dichlorosilane on the mechanical performance of kneading compounds. 
Conditions applied are indicated in Table 9. They found that only treating the PE powder 
exhibited best composite performance, in particular tensile strength and impact strength. 
 
With regards to hardwood veneer and PP films an improved adhesion could not be 
demonstrated between the 2 constituents after oxygen plasma treatment at conditions 
indicated in Table 9 [Mahlberg, 1998]. 
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Table 9 Plasma treatment conditions. 
Fibre grade Author Power 

(W) 
Voltage 

(kV) 
Time 

(s) 
Pressure 

(Pa) 
sisal Yuan, 2002 40-120  30-120 133-400 
wood Yuan, 2004 40-120  30 266 
sisal Yuan, 2004a 40-120  30 266 
hemp Ragoubi, 2010  15 900 ‘vacuum’ 
wood Belgacem, 1994 15-35 mA 11-14 30-180 Not specified 
sisal Martin, 2003 200  150 35 
HDPE Martin, 2003 300  300 27 
wood Mahlberg, 1998 200  120-480 27 
PP Mahlberg, 1998 60-100  15-45 33-40 
 
 
Table 10 Effect of plasma treatment on tensile properties of natural fibre-PP composites 6. 
  E-modulus (GPa) Tensile strength (MPa) 
  Untreated Treated Untreated Treated 
20 wt.% wood Yuan, 2004 2.7 2.9-3.3 22 25-27 
20 wt.% sisal Yuan, 2004a 2.6 2.9-3.1 22 24-26 
20 wt.% hemp Ragoubi, 2010 1.1 1.2 29 38 
30 wt.% hemp Ragoubi, 2010   23 32 
30 wt.% wood Belgacem, 1994 0.99 1.1-1.5 21 # 22-26 # 
30 wt.% sisal Martin, 2003 2.6 2.7 24 23 
30 wt.% sisal 7 Martin, 2003 2.6 3.1 24 30 
 
Conclusions PP 
Silane modification of natural fibres for improved adhesion in PP composites exhibit a 
significant positive effect on composite mechanical properties, however, the increase is less 
than for composites with MAPP as a coupling agent. 
Plasma modification of natural fibres for improved adhesion in PP composites presented 
in the found literature are all based on treatment at low pressure and/or in extremely small 
reactor cells. Plasma treatments have a positive effect on composite mechanical properties. 
However, the increase is less than for composites with MAPP as a coupling agent. Plasma 
treatment conditions must be selected carefully as they may largely affect natural fibre 
tensile strength. 

                                                
6  Data indicated with # represent yield stress. 
7  Only HDPE is plasma treated. 
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A.3.5 Composi tes  based on natural  f ibres  that re tain the ir  s tructure in PLA 
composi te  process ing 

Huda et al [2008] have applied alkali, 3-aminopropyltriethoxysilane, and a combined 
alkali+silane treatment on kenaf fibre mats in order to improve adhesion to PLA. 
Composites were produced by film stacking and compression moulding. Both flexural 
modulus and strength increase after each of 3 treatments (Table 11). However, it must be 
noted that the strength of pure PLA is about 100 MPa, so addition of the kenaf fibres has 
caused a huge decrease of composite strength. 
Also Lee et al [2009], applying 3-glycidoxypropyl trimethoxy silane on kenaf fibres achieve 
improved flexural strength for PLA composites (Table 11), yet lower than pure PLA 
strength. 
 
Grafting of maleic anhydride (MA) on bamboo fibre for improved adhesion in PLA was 
studied by Lee et al [2004]. The researchers expect a cross linking reaction of the 
unsaturated group of the esterified MA with PLA in the presence of a radical initiator such 
as dicumyl peroxide. Indeed they find improved tensile strength and E-modulus (Table 11) 
for batch kneaded 30% fibre-PLA composites. The strength of the coupled composite 
however is still 30 % lower than the strength of the pure PLA. 
Okubo et al [2005] have mixed bamboo fibre with PLA and micro fibrillated cellulose 
(MFC) in an aqueous dispersion and produced composites. They find a slight improvement 
of flexural strength (Table 11) and fibre-matrix adhesion (Table 12). 
 
Table 11 Effect of fibre treatments on flexural properties of natural fibre-PLA composites 8. 
Fibre, content Pre-

treatment 
Reference Modulus (GPa) Strength (MPa) 

   Untreated Treated Untreated Treated 
Kenaf mat, 
50% 

alkali Huda, 2008 6.0 8.5 40 55 
silane  6.0 9.5 40 60 
Alkali+silane  6.0 10.0 40 70 

Kenaf mat, 
50% 

silane Lee, 2009 4.7 5.8 50 67 

Bamboo, 
30% 

Maleic 
anhydride + 
dicumyl 
peroxide 

Lee, 2004 2.7 † 3.1 † 29 † 35 † 

Bamboo, 
50% 

MFC Okubo, 2005   105 120 

 
Pommet et al. [2008] discuss natural fibre surface modification by depositing bacterial 
cellulose onto hemp and sisal fibre for improving adhesion to PLLA and CAB matrices 

                                                
8  Data indicated with † represent tensile data. 
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The interfacial shear strength (IFSS) of single sisal fibre in PLLA improved from 12.1 to 
14.6 MPa (Table 12), and in CAB from 1.02 to 1.49 MPa, IFSS of single hemp fibre in 
CAB improved from 0.76 to 1.83 MPa. Whereas this method will exhibit limited effect in 
extrusion compounding of e.g. PLA, the method may work for thermosetting resins, by 
creating a large surface area. 
 
Table 12 Effect of fibre treatments on interfacial shear strength of single natural fibre-PLA composites. 
Fibre Pre-treatment Test method Reference IFSS (MPa) 
    Untreated Treated 
Sisal Bacterial cellulose Droplet pull out Pommet, 2008 12.1 14.6 
Bamboo MFC Droplet pull out Okubo, 2005 5 7 
 
Further, the cooling rate of PLA composites appears to have an effect on IFSS as well [Le 
Duigou, 2010]. IFSS increases with reducing cooling rate, and seems to be directly related 
the degree of PLLA crystallinity (Table 13).  
 
Table 13 Effect of cooling rate on interfacial shear strength of single natural fibre-PLLA composites. 
Fibre Cooling rate Test method Reference IFSS 

(MPa) 
Crystallinity 

(%) 
Flax Air Droplet pull out Le Duigou, 2010 15.3 - 
 10 °C/min   18.2 11.7 
 1 °C/min   22.2 43 
 
Plasma treatment 
No literature has been found on the use of plasma treatment of natural fibres for use in 
PLA composites. 
 
Conclusions PLA 
Several researchers have evaluated different kinds of adhesion promoters in natural fibre-
PLA composites which showed an increase of composite mechanical performance. The 
composite strength performance in these studies, however, is lower than for the pure PLA 
itself. 
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A.3.6 Composi tes  based on natural  f ibres  that re tain the ir  s tructure in PHA 
composi te  process ing 

Mohanty et al [2000] have evaluated the effect of alkali treatment and of a combined 
alkali+acrylonitril treatment of jute yarns on UD fibre-PHBV (8% hydroxyvalerate, HV) 
composites. Composites were produced by filament winding and compression moulding. 
Alkali treatment had a slight positive effect on tensile strength, acrylonitril treatment had a 
negative effect (Table 14). Zini et al [2007] applied acetylation and PEG modification of 
bleached flax fibres to improve adhesion to PHBH (12% hydroxyhexanoate). Compositers 
were produced by batch kneading and subsequent compression moulding. Due to the 
bleached nature, it may be assumed that the flax fibres are in the form of elementary plant 
cells already which do not refine further during compounding. This however is not 
addressed by the authors. They find slight improvement of composite strength after 
applying acetylation, PEG hardly contributes to an improved mechanical performance 
(Table 14). Improved adhesion due to acetylation is confirmed with SEM. Jiang et al [2008, 
2010] have studied the effect of maleic ahydride grafted PHBV (8% HV, MA-PHBV) and 
polymeric diphenylmethane diisocyanate (pMDI) on the adhesion between bamboo pulp 
fibre and PHBV (8% HV). The coupling agents are blended together with fibre and matrix 
using batch kneading and injection moulding. Tremendous improvement of modulus 
values by 100% was obtained. Considering Cox-Krenschel model for composite modulus, 
however, it is difficult to understand how such an increase could be achieved. Also, 
composite strength was significantly improved (Table 14). 
 
Table 14 Effect of fibre treatments on tensile properties of natural fibre-PHA composites 9. 
Fibre, content Pre-

treatment 
Reference Modulus (GPa) Strength (MPa) 

   Untreated Treated Untreated Treated 
UD jute yarn, 
10-23% 

Alkali Mohanty, 
2000 

   + 10% 
Alkali + 
Acrylonitril 

   - 10% 

Flax bleached, 
25 vol.% 

Acetylation Zini, 2007 1.5 1.5 17 22 
PEG 1.5 1.5 17 18 

Bamboo pulp 
fibre, 20% 

MA-PHBV Jiang, 2008 4.5 9.5 40 53 
3.6 ‡ 6.1 ‡ 74 ‡ 85 ‡ 

Bamboo pulp 
fibre, 20% 

pMDI Jiang, 2010 4.5 8.5 40 52 
3.6 ‡ 4.7 ‡ 74 ‡ 84 ‡ 

 
PHA properties 
PHAs are linear polymers produced by bacterial fermentation. A wide range of different 
monomers can be combined within this family to give materials with a range of 
properties [Chen, 2005]. The papers cited in this section mention properties in the 

                                                
9  Data indicated with ‡ represent flexural data. 
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following range: tensile strength 19-43 MPa, E-modulus 0.6-3.5 GPa, elongation at 
break 3.6-850%, melting temperature 120-180 °C.  
 
Plasma treatment 
Lee et al. [2003] have evaluated plasma treatment on flax fibres to improve adhesion to 
polyhydroxybutyrate (PHB). After cleaning with argon plasma, ethylene plasma is applied 
to make the fibres more hydrophobic. From the gas flow of 0.17-0.84 cm3/s, a power 
consumption of 15-100 W and a treatment time of 5 min, it may be derived that vacuum 
plasma is applied. Interfacial shear strength (IFSS) between fibre and PHB was determined 
using micro droplet test. An improvement of IFSS was achieved from 8.8 MPa for 
untreated fibre to 12.4 MPa for ethylene plasma treated fibre. 
 
Conclusions 
Huge improvement of fibre-PHA adhesion has been reported using pMDI and MA-PHBV 
coupling agents. 
Plasma treatment of natural fibres can have a positive effect on fibre-PHA adhesion. 
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A.4  Patents  on plasma treatment o f  natural  f ibres  
Many patents can be found on plasma treatment of natural fibres. This chapter discusses 
the content of the patents found in short. 
 

A.4.1  Patents  on plasma treatment o f  natural  f ibres  for  use in composi tes  
- US 2010/0029809 A1 / WO 2008/053817 A1: 1) Grafting of polystyrene onto natural 
fibre (in particular Kenaf) by introducing a peroxide group on the fibre surface using 
plasma, and subsequently polymerizing in styrene. Examples refer to low pressure of 20 Pa, 
a high frequency power source of 13.56 MHz, plasma power of 10 - 50 W, and plasma 
treatment times of 5 - 15 minutes. Grafting is performed in reaction tube where fibres were 
placed together with styrene and the same amount of water at 60 °C for 12 hours in 
nitrogen atmosphere. 
- US 2009/0234047 A1: Plasma treatment of natural fibres (in particular Curaua) for 
reinforcement of polyamide (in particular polyamide-6). The fibres are plasma treated with 
cold plasma of oxygen or nitrogen in a quartz reactor, and subsequently treated with 
NaOH and dried. In particular plasma treatment with RF source of 13.56 MHz, at a power 
of 30 W and a pressure of 0.04 Torr10 for 15 minutes is claimed.  
- JP 4377540 B2 (2002-2009): Plasma treatment (or ozone treatment) of natural plant fibre 
based yarn prior to impregnation with thermoplastic resin. In Japanese language, no further 
details in English found. 
 

A.4.2 Patents  on plasma treatment o f  natural  f ibres ,  NOT for use in composi tes  
- US 2009/0155530 A1: Oxygen plasma treatment of ready made WPCs for improved 
adhesion of water-based acrylic coatings. In particular plasma treatment operating at a radio 
frequency of 12 - 15 MHz, a temperature of 20 - 25 °C, a pressure of 13 - 110 Pa, and at an 
oxygen flow rate of 10 - 52 cm3/min for 10 - 30 minutes is claimed. 
- WO 2008/085139 A1: Plasma apparatus operating at atmospheric pressure for treatment 
of solid wood (fibres), focusing on improving the adhesion properties of wood. The key of 
the invention is that the electrodes are constructed in such a way that the electric filed flux 
lines are not intersecting the surface of the wood, thus avoiding 'burning' of the wood 
surface. Claimed is a device with 1) a particular positioning of the electrodes, 2) operating 
at 50-1,000,000 Hz, 0.5-100 kV, gas pressure of 1 - 500 kPa (0.01-5 bar), 3) for wood and 
wood based materials. Further the patent mentions as part of the invention: 4) gases 
containing N2, O2, H2O, CO2, monomer vapours, 5) gas flow rates less than 10 m/s (even 
no gas flow), exposure times of 0.1-1 s. Example refers to phenol formaldehyde bonding 
which is 158% increased due to plasma treatment. 
- CN 101117764 A (2008):  Plasma treatment method (corona or glow discharge at 
atmospheric pressure for 3s-20min) for softening and decontaminating finishing 

                                                
10 1 Torr = 133 Pa. 
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of synthetic or natural fibre fabrics without chemical assistants. In Chinese language, no 
further details in English found. 
- WO 2004/113426 A1: Cold plasma treatment of natural and/or synthetic fibres to 
improve adhesion to plastic for clothing and footwear applications, as well as improve 
breathability and humidity transport. Gases may be air, or CO2, or N2, or O2, or Ar, or He, 
or NH3. Examples refer to air and CO2 as gases, 100 Pa pressure, current discharge of 150 
A, fabric travel speed of 5 - 15 m/min, corresponding to a treatment time of 30 - 90 s. 
- WO 2004/101891 A1: Plasma treatment of paper and cardboard and associated fibres, 
aiming at modification of the surface, including: 1) etching, 2) grafting of atoms or 
chemical groups, 3) depositing a thin film of for example metals, (bio-)polymers, 4) 
activation of the surface through breaking chemical bonds and the generation of free 
radicals to be used subsequently to form chemical bonds with molecules of various types 
(organic molecules or polymers), 5) formation of new bonds (cross linking). Claims include 
parameters like: 1) noble gases like He, Ar, Ne, inert gases like N2, fluorinated gases 
not being SF6, hydrocarbons, O2, CO2, H2, air, silicones, siloxanes, organosilanes, chlorine 
compounds, acrylates, vinyl monomers, metals, polymers in gas or liquid state, mixtures of 
said gases, 2) low frequency or radiofrequency source, microwave source, 3) pressure 
below 0.01 mbar per cm3/s, OR between 0.1-2 bar (atmospheric plasma), times of 10 
microseconds to 10 milliseconds, 0.1-50 W/cm2 (or corona plasma at 50-2000 W, at 1-200 
kHz, at 1-30 W minute/m2, for 0.01-0.5 s), electron temperature of 0.04 - 15 eV, pre-drying 
or not of material, 4) continuous, semi-continuous, discontinuous process.  
- US 5344462 A (1994): Plasma treatment of natural fibre fabrics or polymer films to 
improve hydrophilic surface properties. In particular the following processing parameter 
ranges are claimed: 1) O2, N2, NO, air and Ar as gases, 2) water vapour content of 0,.05 - 
0.5 %, 3) electrical power source of frequency between 1 and 40 MHz, specific power of 
0.003 - 3 W/cm3, pressures of 0.01 - 10 Torr, and treatment times of 3 s - 10 min. 
- JP 6099409 A (1994): Plasma assisted formalization (treatment with formaldehyde 
derivative) of timber to obtain timber with superior dimensional stability. In Japanese 
language, no further details in English found. 
- JP 5295656 A (1993): Plasma assisted hydrophobation of (semi)synthetic and natural 
fibres for application in water repellent fabrics. In Japanese language, no further details in 
English found. 
 

A.4.3 Conclusions from patents found 
Regarding natural fibre composite applications a few patents have been found. Among 
these patents no details could be traced for a Japanese patent. The other patents all (3) 
relate to 'vacuum' plasma treatment, which has the disadvantage of being limited to batch 
mode, requiring subsequently 1) vacuum application, 2) plasma treatment, 3) increasing 
pressure to atmospheric conditions [US 201/0035496].  
With regards to the patents on plasma treatment of natural fibres not intended for use in 
composites, the majority is on 'vacuum' plasma treatment as well. Only 3 are based on 
atmospheric plasma treatment, and may be considered during experimental planning in the 
present project. WO 2004/113426 focuses on paper and cardboard applications, it claims 
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the use of a wide range of gasses to modify the materials surface. WO 2008/085139 
describes an apparatus for treatment of solid wood to improve gluing properties. CN 
101117764 addresses softening and decontamination of natural fibres. 
  
The review of patent literature (and scientific literature) suggests that atmospheric plasma 
technology for treatment of natural fibres for improved adhesion to polymer matrix 
systems may be patentable. 
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A.5  Overal l  conc lus ions l i t erature survey  
Scientific literature survey 
Maleic anhydride grafted polypropylene (MAPP) is the best commercial coupling agent for 
natural fibre-PP composites to date. Using a few % of MAPP, the theoretical maximum in 
mechanical composite performance can be achieved. Other adhesion promoters like f.i. 
silanes exhibit a significant positive effect on composite properties. However, the increase 
is less than for composites with MAPP as a coupling agent. 
Plasma modification of natural fibres for improved adhesion in PP composites presented 
in the found literature are all based on treatment at low pressure and/or in extremely small 
reactor cells. Plasma treatments have a positive effect on composite mechanical properties. 
However, the increase is less than for composites with MAPP as a coupling agent. 
 
A few attempts have been made to improve natural fibre-PLA adhesion in extrusion 
compounds, fossil oil based MDI exhibiting the best results. However, the overall 
performance level hardly exceeds that of pure PLA. 
 
The largest improvement in natural fibre-unsaturated polyester (UP) adhesion has been 
achieved with a UP polymer with a ‘more’ polar nature. 
Papers on (low pressure) plasma treatment indicate that an improved adhesion of natural 
fibres with UP is possible, reported improvement levels are lower than reported for 
modified UP resin compositions though. 
 
Only a limited number of publications on natural fibre-furan resin composites have been 
found. Furan resins seem to exhibit fairly good bonding to natural fibres already. 
 
Patent literature survey 
Only a few patents on natural fibre composite applications have been found. Of a Japanese 
patent no details could be traced. The other 3 patents relate to 'vacuum' plasma treatment, 
which has the disadvantage of being limited to batch mode. 
Also, a number of the patents on plasma treatment of natural fibres not for use in 
composites were traced. The majority is on 'vacuum' plasma treatment as well. Only 3 are 
based on atmospheric plasma treatment. The subjects of these patents, being paper and 
cardboard applications, solid wood, and decontamination of natural fibres, are not 
interfering with the subject of the present project. 
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5 Appendix B Candidate strategies for natural fibre-polymer matrix coupling 
 

B.1 Introduct ion 
The route to obtain optimal coupling between natural fibres and polymer matrices depends 
on the polymer and the method of composite production. The UltraFibre project focuses 
on plasma treatment of 2 fibre types: flax and hemp, and on 4 matrices: unsaturated 
polyester (UP), biobased thermosetting furan resin (Biorez), polypropylene (PP) and poly 
lactic acid (PLA). The foreseen composite production methods include: SMC technology 
and VA-RTM technology for thermosetting resins, and extrusion compounding followed 
by injection moulding for thermoplastics. To focus the project activities, a number of target 
products. Based on the fibre requirements for these target products, and based on 
possibilities and limitations of plasma treatment (also see Appendix C), in this appendix 
candidate strategies for coupling natural fibres and polymers using atmospheric plasma 
treatment will be described. 
 
This appendix provides a short description of the aim and approach of the UltraFibre  
project (section B.2). 2 Candidate strategies proposed for plasma induced coupling between 
natural fibres and a selection of polymers are addressed in section B.3. Some further 
considerations are addressed in section B.4. 
 

B.2 Aim and approach o f  UltraFibre pro jec t  
The aim of this work is to find a way of using the plasma technology which improves 
natural fibre-polymer matrix adhesion. The general strategy will be the introduction of 
chemical groups onto natural fibres which improve interaction with the polymer matrix. 
The stepwise approach is as follows: 

• Collection of basic requirements related to fibre requirements 
• Design of experimental set-up for plasma treatment 
• Evaluation of the experimental set-up, including basic effect on fibres 
• Experimental evaluation of several fibre-polymer matrix combinations 
• Optimisation of processing of selected material combinations. 

 The main driver for applying plasma treatment on natural fibres is obtaining optimal 
composite performance at lowest costs. 
 

B.3 Candidate  s trateg ies  for  p lasma treatment 
Based on the collected info, the following routes for using plasma technology are 
proposed: 

1)  Natural fibres are plasma treated using a selection of feed gasses in order to obtain 
chemical activation of the fibre surface. The feed gas may contain compounds 
different from the ‘standard gasses’ already being used. Next, the modified fibres 
are processed into composites. 
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2)  First the natural fibre surface will be made more reactive using plasma treatment. In 
a subsequent step, chemical compounds will be reacted to the activated sites of the 
fibres. Finally, the modified fibres are processed into composites. 

 
Preferably, the chemical group introduced to the fibre surface reacts with the polymer 
matrix. As it is not known which chemical groups are actually introduced under certain 
plasma conditions, it seems to be of importance to analyse the formed groups. If such 
groups are expected to interact with particular polymers, the coupling effect may be 
quantified. 
 
If such groups are expected not to interact with the polymers, it must be considered which 
kind of chemical compounds could be introduced to the groups present on the fibre 
surface which may interact with the polymers (route 2). The form of such chemical 
compounds must be considered: gas versus liquid. For PP and PLA, the grafting a 
component onto fibres which resemble the structure of a chain extender for PP or PLA 
may be considered. For PLA, peroxides and epoxides are used in chain extenders for 
PLA11. 
 
Parameters to be investigated include: 

• Feed gas composition 
• Treatment time (treatment energy transferred to fibre surface) 
• Life time of activation by plasma treatment 
• Fibre grade and fibre form 

 
Plasma treatment conditions must be selected carefully as they may largely affect natural 
fibre tensile strength. 
 
At a certain moment, it is suggested to focus on smaller selection of the initially selected 4 
polymers. For instance, the target applications in this project are based on PP, PLA and 
UP, but not on furan resin. Moreover, based on the available info from literature, there is 
little improvement of fibre-furan resin adhesion to be expected. 
 

B.4 Further considerat ions 
Research by Yuan et al [2002] shows that plasma treatment conditions may have a huge 
negative effect on sisal fibre tensile strength. In this project a method will be developed to 
optimize cold plasma treatment of the natural fibre surface only, without affecting the bulk 
properties of the fibres. In this way, an improved fibre-matrix adhesion is aimed at, while 
retaining the fibre strength. 
 
Issue of plasma treatment may be the uniformity of fibre surface modification throughout 
the fibre layer thickness, either a fibre sliver or a fibre mat. It seems logical that the highest 

                                                
11  Schennink GGJ, personal communications, 2010.  
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treatment 'density' will be obtained at the top of the fibre layer. Attention will be paid to 
this issue. 
 

B.4.1 PP 
As discussed in section A.2.2 and section A3.4, MAPP is an effective coupling agent for 
natural fibre-PP composites (Figure 1). With the use of MAPP, the mechanical 
performance of these composites approaches its theoretical maximum [Bos, 2006; Van den 
Oever, 2000]. Also, MAPP is commercially available, however it costs about €3.60/kg. 
Plasma surface treatment of natural fibres may have additional value if the plasma 
processing allows the use of less MAPP while maintaining the same level of composite 
performance. The costs of plasma treatment should be lower than the savings made by 
using less MAPP. Optimally, the treated fibres show good adhesion to PP (Figure 1).  
The discussion on natural fibre plasma treatment is different for 2 types of PP composites: 
extrusion compounds and fibre mat based composites. With respect to extrusion 
compounds, fibres like flax and hemp will need to be plasma treated in the elementary 
plant cell fibre form. Fibres with elementary plant cell dimensions may be obtained using 
ultrasonic extraction12. In order to get an estimate of economically feasible plasma 
treatment costs, the following calculations may be performed. Considering a compound 
with composition natural fibre:PP:MAPP = 50:45:5, and assuming a MAPP price of 
€3.60/kg, coupling agent costs are €0.36/kg of fibre. If plasma treatment will show a 
similar coupling effect as MAPP, then plasma treatment is economically feasible if 
treatment costs are less than € 0.36/kg of fibre. If plasma treatment allows a reduction of 
MAPP content by 50%, then plasma treatment is at least economically feasible if treatment 
costs are less than €0.18/kg of fibre. These cost levels may act as a benchmark for plasma 
treatment of natural fibre surfaces for PP compounds. 
 
For fibre mat reinforced PP applications, any kind of natural fibre may be considered. In 
analogy to the extrusion compound, direct MAPP coupling costs are €0.36/kg of fibre for 
a natural fibre mat composite with composition fibre:PP:MAPP = 50:45:5. However, 
bearing in mind that the MAPP has to be blended with the PP prior to impregnation of the 
fibre mat which may cost about €0.25/kg of PP/MAPP blend, then the total coupling 
costs are estimated as €0.61/kg of fibre in a 50 wt.% fibre-PP sheet. If plasma treatment 
allows a reduction of MAPP content by 50%, then plasma treatment is economically 
feasible if treatment costs are less than €0.30/kg of fibre. 
 

                                                
12 Hypothesis brought forward by Frank Rawson during RTD meeting 18 March 2010. 
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Figure 1 Structures of PP (atactic and isotactic) and MAPP. 
 

B.4.2 PLA 
It is not clear at the moment which maximum levels of performance theoretically may be 
expected from natural fibre-PLA composites. 
A rough calculation exercise using Kelly-Tyson model for injection moulded composite 
strength 13, and using tensile strength data of flax fibre-PLA composites [Wageningen UR, 
2006], and estimating parameters for fibre-matrix adhesion and for fibre orientation in 
analogy to flax-PP and flax-MAPP composites [Van den Oever, 2000; Bos, 2006], suggests 
that a 30% increase in composite tensile strength may be expected if fibre-PLA adhesion 
can be improved to the level as has been observed for flax-MAPP composites. This 30% 
increase is significantly lower than the nearly 100% increase in strength experimentally 
found for flax-PP using MAPP, however, techno-economic advantage/disadvantage 
depends on actual plasma treatment costs and level of natural fibre-PLA adhesion 
improvement. The chemical structure of PLA is indicated in Figure 2. 
 

 
Figure 2 PLA structure. 
 

B.4.3 UP 
It is not clear at the moment which maximum levels of performance theoretically may be 
expected from natural fibre-UP composites. A rough calculation exercise using the Kelly-
Tyson model for composite strength, and using tensile strength data of flax fibre-UP 

                                                
13  Kelly A, Tyson WR. Tensile properties of fibre-reinforced metals: copper/tungsten and copper /molybdenum. J 

Mech Phys Solids 1965;13:329-350. 
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composites 14, and estimating parameters for fibre-matrix adhesion and for fibre orientation 
in analogy to flax-PP and flax-MAPP composites [Van den Oever, 2000], suggests that a 
60% increase in composite tensile strength may be expected if fibre-UP adhesion can be 
improved to the level as has been observed for flax-MAPP composites. The techno-
economic advantage/disadvantage will depend on actual plasma treatment costs and the 
level of natural fibre-UP adhesion improvement. 
 
The chemical structure of UP is indicated in Figure 3. In a conventional UP system, the 
double bond in unsaturated polyester reacts with styrene resulting in a 3-D cross-linked 
structure. The cross-linking is initiated through an exothermic reaction involving an organic 
peroxide, such as methyl ethyl ketone peroxide (Figure 3 & Figure 4). 
 
 
 

                

 
Figure 3 Structure of unsaturated polyester oligomer, styrene and methyl ethyl ketone 

peroxide (MEKP). 
 
 
 

                                                
14  Wageningen UR, unpublished data, 2009. 
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Figure 4 Possibilities for reaction between UP and styrene 15. 
 
 
To conclude 
The aim of the project is to find a way of using atmospheric plasma technology to improve 
natural fibre-polymer matrix adhesion. To achieve the improved adhesion, 2 routes for 
using plasma technology are proposed. Based on literature, also several considerations for 
experimental trials have been addressed. 
 
As it is not known which chemical groups actually are introduced under certain plasma 
conditions, it is of importance to analyse the formed groups. In order to introduce the right 
chemical groups onto the fibre surface, the feed gas for plasma processing may be doped 
with compounds different from the ‘standard gasses’ already being used by AcXys. 
 

B.5 Overal l  conc lus ions s trategy for  us ing plasma 
The aim of the project is to find a way of using atmospheric plasma technology to improve 
natural fibre-polymer matrix adhesion. To achieve the improved adhesion, two routes for 
using plasma technology are proposed: 
- Natural fibres are plasma treated in order to obtain chemical activation of the fibre 

surface. Next, the modified fibres are processed into composites. 

                                                
15  Marais S, Métayer M, Labbé M, Valleton JM, Alexandre S, Saiter JM, Poncin-Epaillard F. Surface 

modification by low-pressure glow discharge plasma of an unsaturated polyester resin: effect on water diffusivity and 
permeability. Surf Coat Tech 1999;122(2-3):247-259. 
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- Natural fibre surface will be made more reactive using plasma treatment. Subsequently, 
chemical compounds will be reacted to the activated sites of the fibres. Finally, the 
modified fibres are processed into composites. 

 
Because it is not known which chemical groups actually are introduced under certain 
plasma conditions, it seems to be of importance to analyse the formed groups. It may be 
possible that by using standard feed gasses, the formed groups are expected not to interact 
with the polymers. For introducing more promising chemical groups, the feed gas for 
plasma processing may be doped with compounds different from the ‘standard gasses’ 
already being used by AcXys, or the plasma activated fibre may be reacted with chemical 
compounds. 
 
At a certain moment, it is suggested to focus on smaller selection of the initially selected 4 
polymers in order not to diffuse the available labour force. 
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6 Appendix C Plasma unit design 
 

C.1 Introduct ion 
Currently, atmospheric plasma units are produced for treatment of 1 form of material. The 
UltraFibre project focuses on 3 different fibre forms: short fibres, fibre roving and non-
wovens. These fibre forms are addressed in more detail in section C.2. The advantages and 
limitations of various plasma processing technologies are described in section C.3. Based 
on project discussions a design for a plasma treatment unit which can handle short fibres, 
fibre roving and non-wovens has been produced (section C.4).  
 

C.2 Fibre spec i f i cat ions for  use in se l e c t ed appl i cat ions (Input from WP1) 
The main fibre specification relevant for plasma treatment is the fibre form. The fibre 
forms for different types of composites are listed below: 

• Extrusion:      short fibre 
• Injection moulding:   short fibre 
• Compression moulding: short fibre, long fibre, continuous roving, non-

woven, fabric 
 
Target applications defined are: injection moulded natural fibre reinforced thermoplastic 
composites and a natural fibre reinforced polyester SMC. For the injection moulded 
products short fibres are of interest. The preparation of SMC mix makes use of fibre 
roving. 
A substitute for a vacuum formed glass reinforced polyester product was targeted. For such 
an application, a non-woven mat will be required. 
 
Further, the purity of the fibre surface will be of importance. Impurities on the fibre 
surface may prevent the load bearing cellulose chain from being modified. 
 
For accurate testing of fibres properties, length of 100 mm or more is required. 
 
Other fibre specifications which are relevant for composites, but which do not seem 
relevant for plasma treatment, are: fibre fineness, strength, colour. 
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C.3 Plasma process ing technolog ies  
The strategy for coupling natural fibres and polymers using plasma treatment of natural 
fibres depends on the possibilities and limitations of a plasma treatment device which can 
be developed in this project. This section presents a summary of advantages and limitations 
of the basic atmospheric plasma treatment technologies available: ULS and ULD. 
 
ULD advantages: 
- Large treatment area per unit, seems more suitable for treatment of natural fibres than 

ULS 
- The method operates in ‘post-discharge’ plasma, which means that rather surface 

modification than in depth modification of a material is obtained. 
- Re-use of feed gas, about factor 4 
 
ULD limitations: 
- Lower energy intensity than with ULS, however energy level supposed to be sufficient 
- Not known what will be the effective penetration depth through the fibre layer to be 

treated 
- The re-use of feed gas may cause pollution of the plasma unit by small fibre particles 
- Plasma flow speed is about 2 m/s (which is much smaller than for ULS, however which 

may still blow away fibres and particles and cause the problem addressed in the 
previous item) 

 
ULS advantages: 
- Higher energy intensity than with ULD (not certain whether this is required) 
- Higher potential processing speed expected than with ULD (may be of interest for 

treatment of fibre roving) 
- Like for ULD, also the ULS method operates in ‘post-discharge’ plasma, which means 

that rather surface modification than in depth modification is obtained. 
 
ULS limitations: 
- Small treatment area per unit 
- Not known what will be the effective penetration depth through the fibre layer to be 

treated 
- No re-use of feed gas 
- Plasma flow speed is about 30 m/s, which is very high and may pose a problem for 

keeping the fibres in place 
 
Potential fibre transfer mechanisms include: 
- Conveyor belt and XY-table: conventional and well known techniques. Penetration 

depth in fibre layer will need to be a research parameter. 
- Fluidized bed system: We have experience within the consortium for treating powder 

in the fluidized bed system. Variation in treatment time will need to be a research 
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parameter, as variation in residence time may be expected for fibres with different 
dimensions. 

- Vertical shaft in which fibres fall down: Variation in treatment time will need to be a 
research parameter, as variation in residence time may be expected for fibres with 
different dimensions.  

 
The treatment of fibre quantities large enough for evaluation in ‘industrial’ pilot composite 
production trials will require a continuous process system. ‘Continuous’ does not 
automatically mean that the system can be operated 100% automatically. For reason of 
limited resources and flexibility in the project, the fibre process system likely requires 
manual assistance for treatment of larger quantities of fibres. 
 
General issues regarding the plasma treatment will be: 
- which chemical groups (activated sites) are introduced to the natural fibre surface 
- what is the ‘shelf life’ of the activated sites 
 
For reference: Vacuum plasma treatment is a batch process, with low production rates 
because of time required to apply and release vacuum, and with lower specific energy input 
levels than with atmospheric plasma treatment. 
 

C.4 Plasma unit  des ign 
Based on discussions, involving the partners, a design for a plasma treatment unit was 
developed (Figure 5). This unit allows treatment of short fibres, continuous sliver (roving), 
and non-wovens. Short natural fibres are mostly used in extrusion and injection moulded 
products. Natural fibre roving is of interest in sheet moulding compound (SMC) based 
products. Non-wovens are used in vacuum formed polyester products.  
 
The plasma treatment unit aims at treatment of natural fibres like flax and hemp. The 
ultimate goal of the plasma treatment of natural fibres is to achieve a significantly better 
adhesion to polymer matrices compared to untreated fibres. 

 



 

Plasma - Interim report on natural 

fibre treatment  

  

  

  

 

 

Page 38 of 38 
 

 
Figure 5 Design of atmospheric plasma treatment unit based on ULD technology. 
 
 


