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Abstract 
 
The biorefinery of lignocellulosics generates lignin-rich fractions, which are potential source of phenolic 
molecules for chemistry and polymeric materials. The LignoStarch project aims at using such fractions to 
functionalize a renewable material, starch, by a clean physical grafting process, without any synthetic chemical 
additive and without any by-products generation. Previous works suggested that the low-molar-mass phenolic 
compounds in technical lignin could be responsible for the reactivity of starch-lignin system under electron-
beam irradiation and improvement of starch water resistance. A particular aspect of the current studies is focused 
on the role of lignin phenolic extractables and to investigate the different chemical and physical parameters 
likely to impact the surface properties of starch-lignin materials. 
 
1. INTRODUCTION 
 
The biorefinery of lignocellulosics generates lignin-rich fractions, which are potential source of 
phenolic molecules for chemistry and polymeric materials. The aim of the LignoStarch project is to 
contribute to the development of original technologies producing biodegradable materials from 
biomass, using a combination of two different types of biomacromolecules, starch and lignins, with 
contrasting structures and properties, thus with poor mutual compatibility [1]. To overcome the 
thermodynamic limitation to the formation of an alloy of materials with adjustable intermediate 
properties, a grafting process induced by high energy radiation processing, as a green method (solvent-
free, with no or limited need for additive, no by-products) which is proposed to induce covalent 
linkages between the constituents [2-4]. 
 
In one of its main research axes for improving the mechanical properties, the process will be driven in 
a way to induce major modifications in the molecular architecture of starch and/or of its orientation by 
exploiting the high potential of reactivity of lignins and lignin-like compounds. The judicious 
association of blending of properly selected constituents (nature, proportions), of chemical 
transformations (radiation induced, enzymatic), and of physical processing of conventional 
thermoplastics (thermal profiles control, orientation) is expected to overcome a number of limitations 
currently restricting the development of starch-based thermoplastics. 
 
A second research axis of the LignoStarch aims at using such lignin fractions to modify the bulk and 
the surface hydrophilicity of thermoplastic starch [5-7]. Previous works suggested that the low-molar-
mass phenolic compounds in technical lignin could be responsible for the reactivity of starch-lignin 
system under electron-beam irradiation and improvement of starch water resistance. A particular 
aspect of the current studies is focused on the role of lignin phenolic extractables and to investigate the 
different chemical and physical parameters likely to impact the surface properties of starch-lignin 
materials. The present report is particularly focused on that latter objective of both basic and 
application-oriented interest. 
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2. GENERAL APPROACH OF THE PROJECT 
 
From a physico-chemical viewpoint, the bulk hydrophilicity of blended materials is reduced to the 
expectable extent depending on intrinsic hydrophobicity of the type of lignin that was used. 
Additionally, surface analyses showed that combining the presence of lignins with the treatment by 
ionizing radiation (electron beam) strongly reduces the material surface wettability by water, 
suggesting the formation of a particular hydrophobic structure at the surface. 
 
Various other aspects are being implemented in the frame of the LignoStarch project. 
 
At the molecular level, the efficiency of the grafting process under high energy radiation, as 
established from various types of analytical (HPLC of extracts form irradiated blends) and 
spectroscopic experiments (FTIR, 1H and 13C NMR, Maldi-Tof MS) is performed on blends natural 
starch and lignins, as well as on their model compounds. 
 
The important structural aspects of aging are also examined. The comparison between an irradiated 
sample aged for one year under standard conditions (RT, 55% relative humidity) and a reference blend 
non subjected to the ionising treatment clearly showed the absence of retrogradation in the first 
material, whereas the presence of crystallinity was revealed by new and intense lines in the X-ray 
diffractograms.  
 
Not only lignin and lignin like compounds thus contribute to these various positive effects but they 
were also proved to exert a protecting action against some detrimental effects of ionising radiation 
onto polysaccharides molecules and materials. Increasing the amount of lignins or lignin-like 
compounds in the blends was shown to allow stronger irradiation treatments without dramatic loss of 
elongation at break. 
 
Preliminary assessments of biodegrability showed a level of biodegradability comparable to starch 
samples (according to CO2 production under reference composting conditions), only is the process 
slowed to some extent, presumably as consequence of reduced hydrophilicity and higher resistance to 
disaggregating in the early stage of the composting test. 
 
3. MATERIALS AND METHODS 
 
3.1. Surface properties of starch films functionalized by lignins 
 
Previous works have shown that the EB irradiation of starch materials in the presence of alkali lignin 
improved the surface hydrophobicity of the material while preserving its biodegradability [8]. Ferulic 
acid present in alkali lignin was shown to be involved in the reactivity of starch-lignin system and 
supposed to be responsible for grafting and cross-linking reactions. However, no attention was paid to 
possible contribution of the surface physical state to hydrophobation. 
 
The objective of the present study was to better understand the hydrophobation mechanisms of starch-
lignin systems by investigating the impact of the EB irradiation on the film surface topography and 
morphology, in parallel to wettability tests. Two different starches (wheat and potato) were 
implemented in order to assess the influence of the matrix structure on the system reactivity. An alkali 
lignin sample was selected as technical lignin available at industrial scale from agricultural crops and 
blended with starch by a thermo-mechanical process of extrusion-pressing. 
 
3.2. Preparation of starch films 
 
Two different methods based on extrusion combined with compression moulding were implemented 
for the film preparation (Table 1). Method A: Starch-lignin films were obtained directly using a single-
screw extruder (Rheocord 20). In this method the starch/glycerol blend was dried in oven before 
extrusion; Method B: Starch-lignin films were extruded from starch-lignin pellets obtained using a two 
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steps extrusion process. First, plasticized starch was obtained using a co-rotating twin screw-extruder 
(Clextral BC45). 
 
In a second step, a dry mix of obtained plasticized starch pellets and lignin powder was extruded on a 
single-screw extruder (Rheocord 40). Starch films were obtained by processing the obtained pellets on 
a single-screw extruder (Rheocord 40) equipped with a cast die and a calander. In both methods a 
compression molding step using Teflon sheet was included in order to reduce the film thickness and 
roughness. 
 
TABLE1. COMPARISON OF THE TWO DIFFERENT STARCH-LIGNIN FILM PREPARATION 
METHODS (ALL THE GLYCEROL, STARCH AND LIGNIN PROPORTION ARE EXPRESSED WITH 
RESPECT TO DRY WEIGHT). 
 
 Method A Method B 
Extrusion 1. 85/15 starch/glycerol pre-

treated in an oven at 170°C 
for 45 min 

 plasticized starch 
 

2. 80/20 plasticized 
starch/lignin processed on a 
single-screw extruder (3 
heating zones: 100, 105, 
110°C with cast die at 115°C 
at a screw speed of 50 rpm) 

 TPS-lignin films 

1. 80/20 starch/glycerol extruded with twin-screw 
(5 heating zones: 105°C, 110°C, 110°C, 115°C and 
115°C with slit die heated to 120°C at a screw speed 
of 40 rpm) 

 thermoplastic starch (TPS) pellets  
2. 80/20 TPS/lignin extruded with twin-screw 

(3 heating zones: 105, 110, 110°C at a screw speed of 
40 rpm)  

 TPS-lignin pellets  
3. TPS/lignin pellets processed on a single-screw 

extruder (3 heating zones: 105, 110, 110°C, with cast 
die at 115°C at a screw speed of 40 rpm). 

 TPS-lignin films 
Pressing 120°C, 250 bars, 5 sec 

 ~ 200 µm thick film 
110°C, 160 bars, 3 min 

 ~ 150 µm thick film 
 
3.3. Film irradiation  
 
Electron beam irradiation was applied to starch lignin films with a 180 kV accelerator tot a total dose 
of 200 or 350 kGy in an inert atmosphere. The dose was applied in a single pass, which could lead to a 
slight temperature increase but avoid contact with air during the process. After irradiation, films were 
stored for two weeks at 58% HR and 23°C. 
 
3.4. Physico-chemical characterization 
 
Film wettability. Wettability was assessed by the temporal change of shape of a sessile water drop 
deposited on the film surface. Values of the static contact angle at the air/liquid/solid-phase boundary 
were determined at 23 ±2 °C using a contact angle DSA10 Drop Shape Analysis system (Krüss, 
Germany).  
 
3.5. Surface morphology 
 
Atomic force microscopy (AFM) in acoustic mode (PicoLE, Molecular Imaging, ScienTec, France) 
was used to characterize the topography of starch-based films in air at 22 C at a nano-scale level. 
Silicon nitrides gold-coated oxide-sharpened cantilever was equipped for analyse operation (ScienTec, 
France). Topographic and phase images were acquired at a resonant frequency of 69 KHz in fluid with 
a scanning rate of 0.5 nm/s. Film morphology was observed by scanning electron microscopy (SEMS-
4500; Hitachi, Tokyo, Japan) 
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4. RESULTS AND DISCUSSION 
 
4.1. Influence of the extrusion processing on the film wettability by liquid water 
 
To assess the influence of processing on the film surface wettability by a water droplet, two methods 
for film preparation were compared (methods A and B). The processing parameters of method B were 
chosen in order to improve the homogeneity of the blends, in particular via the use of two additional 
extrusion steps with twin-screw extruders known for its higher shear rate: one for the production of 
thermoplastic starch (TPS), the other for the production of TPS-lignin homogeneous blends. 
Moreover, the pre-heating step (170°C, 45 min) of the starch/glycerol mixture was suppressed in order 
to prevent starch thermal degradation and glycerol evaporation. 
The processing method did not significantly affect the initial contact angle values relative to starch-
lignin films before compression moulding (MP= 6.3% difference, and MW= 12.6% difference; Figure 
1), which suggests that this parameter is mainly governed by the chemical composition of the film 
rather than by the physical state of the matrix. However, all the films recovered from method B exhibit 
a slower drop absorption rate than the films from method A (drop still not absorbed 30 minutes after 
the deposition; Figure 1). This improved barrier property may be due to the higher homogeneity of the 
materials and is of particular relevance regarding applications in the field of packaging. 
 

 
 

FIG. 1. Water wettability of films before compression moulding (contact angle measured at t0 and t30’ after drop 
deposition). MP: lignin/potato starch; MW: lignin/wheat starch film; A: method A; B: method B. 
 
4.2 Compared hydrophobicity of potato and wheat starch based films 
 
Two types of starch commonly used for the investigation of starch-based biodegradable materials, 
wheat and potato starch, were used for the preparation of starch-lignin films by two different methods 
of extrusion combined with compression moulding. Potato starch was easier to process, leading to 
lower extrusion pressures than wheat starch. This different behaviour during extrusion was more 
particularly observed with the single-screw extruder of method A (maximum pressure of 350 bars 
reached with wheat starch-lignin blends). In agreement with previous results obtained on water-spin-
coated glycerol/starch films [9], wheat starch lead to higher contact angle values than potato starch 
(Figure 1). This result is observed both before and after compression moulding and whatever the 
processing method. It reflects the more hydrophilic molecular properties of potato starch which 
contains phosphoryl groups and is exempt of lipids in contrast to wheat starch [10]. 
 
4.3 Surface modification of the film by electron beam irradiation 
 
Non-pressed starch-lignin films recovered from method B were submitted to irradiation at two doses 
(200 and 350 kGy) slightly lower than the 400 kGy dose previously applied by Lepifre et al. on potato 
starch-lignin films [8]. We show here that whatever the starch matrix (wheat or potato) irradiation 
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dramatically improves the surface hydrophobicity of the materials. The contact angle values at t0 and 
t30’ for a water droplet both increase with increasing irradiation dose with maximum hydrophobicity 
reached at 350 kGy with wheat starch. Such an irradiation-mediated hydrophobation can be explained 
by structural chemical changes as previously proposed in view of experiments carried out on lignin 
and starch model compounds. However, it can also be suggested that the decrease in water wettability 
may result from a change in the film surface roughness. Indeed, surface roughness is a key parameter 
likely to govern wettability [11]. 
 

 
FIG. 2. Water wettability of native and irradiated non-pressed films (contact angle measured at t0 and t30’ after the water 
drop deposition). MP: lignin/potato starch; MW: lignin/wheat starch film; A: method A; B: method B. 
 
Both SEM and AFM observations (example given in Figure 3) indicate that irradiation may lead to a 
reduction of the roughness parameters, either by partial superficial fusion of the film during irradiation 
processing or by an ablation of the asperities. Since roughness has been shown to exacerbate the 
wettability of hydrophilic surfaces (contact angle < 90°) [12], the decrease in roughness due to 
irradiation could significantly contribute to the apparent surface hydrophobization of starch-lignin 
films. 
 

 

 

5 µm 

5 µm 

5 µm 

 
 
FIG. 3. SEM observation of the MPA film. From top to bottom: native thermoplastic starch-lignin film , film after irradiation 
at 200 kGy, film after irradiation at 350 kGy. 
 
In order to elucidate the contribution of roughness to the film behaviour, highly smooth films were 
compression molded after extrusion between Teflon sheets. This compression moulding step leads to 
very glossy materials, especially starch-lignin films recovered from method B. In agreement with the 
hypothesis that roughness enhances the film wettability by water, all the films recovered after 
compression moulding exhibit higher contact angle values that the non-pressed films (87° instead of 
54° for MPB). Moreover, whatever the film processing method (A or B) irradiation applied to smooth 
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films did not dramatically increase the hydrophobicity of the films. Only a slight irradiation-mediated 
increase of contact angle values was observed for the wheat-starch based film recovered from method 
A (MWA). 
 
5. CONCLUSIONS 
 
The results obtained in the frame of the LignoStarch project confirm the potential interest of radiation 
grafting for adjusting the properties of starch-based thermoplastic materials. The study of model 
blends allow us to assess quantitatively the conversion degree of the reactive additives added to 
amorphized starch and to model polysaccharides. The proposed structure for the adducts observed 
after irradiation of representative model compounds involves the reactivity of hydroxyl and cinnamyl 
functions of the unsaturated aromatic alcohol. This supports the occurrence of similar reactions in the 
blends of starch with industrial lignins.  
 
On-going experiments explore the potentialities of the controlled scission and coupling reactions 
taking place under radiation for improving the mechanical properties of thermoplastic starch 
formulated with lignin or with aromatic addiditives and subjected to moderate irradiation treatments. 
 
Radiation processing of thermoplastic starch-lignin blends is shown to reduce noticeably surface 
hydrophilicity and to impede starch retrogradation very efficiently. Controlling the surface 
hydrophobicity of agromaterials is one important challenge regarding the development of applications 
of thermoplastic starch in fields such as packaging. Electron beam irradiation can be seen as a “green” 
technology for modifying the surface of starch-based films since it does not require synthetic chemical 
reagents and avoid the production of waste or by-products. This study brings new original results 
concerning the factor governing the surface hydrophobicity of starch-based films functionalized by 
lignins. The botanical origin of starch as well as the nature of the lignin extracts used in the blends 
exert a strong influence with induction of distinct properties. In particular, the film roughness was 
shown as a primary parameter to take into account to understand and control the impact of the film 
processing, especially irradiation, on the surface wettability by water. 
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